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Crops	and	male	sterility	

• Hybrid	plants	demonstrate	hybrid	
vigor	– increased	yield

• Precise	control	of	mating	cross	
ensures	desired	offspring
– Control	mating	by	sterilization	of	male	
plants	to	avoid	self	pollination

– 3	major	methods:
• Cytoplasmic	male	sterility
• Nuclear	genomic	sterility
• Physical	destruction	of	male	reproductive	
organs



Hybrid	Rice
• Maintained	cytoplasmic	sterile	male	rice	(CMS)
– Occurs	naturally,	been	used	for	decades
– Used	as	female	parent	àmale	sterile	offspring	=	no	self	
pollination

– Fertilize	female	with	another	fertile	male	lineage
– About	20%	higher	production	in	hybrid	
– Mitochondrial	gene	WA352	interacts	with	nuclear	gene	
COX11

Singh,	S.	et	al.	(2013).	



• Research	question:	
How	are	mitochondrial	genes	involved	in	male	sterility?

• Hypothesis:	
WA352	causes	male	cytoplasmic	sterility	by	interacting	with	
COX11,	leading	to	abortion	of	pollen	cells	following	oxidative	
damage

Gene	jargon:
WA352:	Encoded	by	mitochondria,	unknown	function
COX11:	Encoded	in	nucleus	– cytochrome	C	oxidase	
(manages	damaging	reactive	oxygen	species)
Rf3,	Rf4:	“Restorers	of	fertility”



Approach

1) Identify	factors	by	looking	at	mitochondrial	
transcription	– RNA	probing

2) Build	transformation	constructs	of	WA352
3) Analyze	WA352	transcription	with	blotting
4) Identify	how	Rf genes	affect	WA352	expression
5) Identify	proteins	interacting	with	WA352	by	

yeast	two	hybrid	assay
6) Confirm	WA352	and	COX11	protein	interactions
7) Mechanism	of	sterility:	ROS	production,	

localization	and	origin
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promoter (P35S) and transferred them into the male-fertile japonica 
(O. sativa ssp. japonica) variety Zhonghua11 (ZH11) and Arabidopsis 
thaliana. Almost all (27/28) T0 transgenic plants with MTS-WA352 
and most (27/42) of those with MTS-GFP-WA352 had abnormal 
anthers with aborted pollen but no other phenotypes, and sterility  
co-segregated with MTS-WA352 (Fig. 1b and Supplementary Table 1).  
Likewise, most (39/45) transgenic A. thaliana with MTS-WA352 were 
male sterile (Supplementary Fig. 2a and Supplementary Table 1). 
However, all 27 rice and 20 A. thaliana transgenic plants with WA352 
(lacking MTS) were male fertile (Fig. 1b, Supplementary Fig. 2b and 
Supplementary Table 1), demonstrating that male sterility requires 
mitochondrial localization of WA352. Other transformations with 
truncated MTS-WA352 constructs and suppression of the WA352-
interacting gene O. sativa COX11 (OsCOX11) also produced male 
sterility (Fig. 1c,d and Supplementary Fig. 2b). Thus, WA352 is the 
causal gene for CMS-WA.

We next characterized WA352 transcription. RNA blotting using 
probe 1 (rpl5; Fig. 1a) identified a longer transcript in ZS97A than the 
rpl5 transcripts in ZS97B (Fig. 2a), but probe 2 (an orf288 homolog) 
detected three transcripts (Fig. 2b and Supplementary Fig. 3). 
Quantitative RT-PCR showed that orf288, which is of unknown func-
tion, was expressed in vegetative tissues but not in anthers of a fertile line 
(Supplementary Fig. 4). Using circularized RNA RT-PCR for detecting 
transcript termini20, we identified three transcription initiation sites 
and two termination sites for these transcripts (Fig. 1a, Supplementary 
Figs. 1b and 5). The longest mRNA is dicistronic and contains rpl5 
and WA352; the other two mRNAs containing WA352 only are tran-
scribed from different initiation sites in the intergenic region, suggesting 
that this new gene became active through de novo transcription and  
co-transcription with rpl5. RNA editing is widespread for mitochondrial 
genes, but no editing occurred in the WA352 mRNAs.

CMS-WA is genetically sporophytic21,22, meaning that 
WA352 acts in the diploid anther cells to cause CMS. CMS-WA 
can be restored by either of two dominant Rf genes, Rf3 or Rf4 
(Supplementary Fig. 6), located on chromosomes 1 and 10, respec-
tively21,22. We examined how the Rf genes affect WA352 expres-
sion using three near-isogenic lines with WA cytoplasm and the 
nuclear background of ZS97A but that carry different genotypes 
of Rf genes: ZSR1 (Rf3Rf3rf4rf4), ZSR5 (rf3rf3Rf4Rf4) and ZSR11 
(Rf3Rf3Rf4Rf4)21. In the Rf4-carrying lines, the amounts of the 
WA352 and rpl5-WA352 transcripts were decreased to ~20–25%  
of those in ZS97A but were not affected by Rf3 (Fig. 2a,b and 
Supplementary Fig. 7a,b). This decrease may affect rpl5 function; 
thus, CMS-WA may be an ideal model system to study the negative  

pleiotropic effects and cost of fertility restoration23. An immuno-
blot detected WA352 in young anthers of CMS-WA lines but not in 
those carrying Rf3 or Rf4 (Fig. 2c). Therefore, Rf4 and Rf3 suppress 
WA352 by different mechanisms, probably with Rf4 functioning post-
transcriptionally and Rf3 functioning post-translationally. Notably, 
in CMS-WA plants, WA352 mRNAs were ubiquitously expressed 
(Supplementary Fig. 3), but WA352 accumulated in anthers only at 
the microspore mother cell (MMC) stage and not in leaves (Fig. 2c,d). 
In leaves of the transgenic plants, WA352 (without MTS) accumulated 
steadily, but the mitochondrial-targeted protein MTS-WA352 was 
undetectable (Fig. 2e). Furthermore, anti-GFP immunohistochemistry  
of the P35SøMTS-GFP-WA352 transgenic line indicated that the 
fusion protein was present mainly in the tapetum at the MMC stage 
and was largely reduced after the meiotic prophase I stage (Fig. 2f ). 
These results suggest that, besides suppression by the Rf genes, there 
are also spatial-temporal regulations of WA352 production, similarly 
to the male organ-specific accumulation of ORF239 in CMS lines 
of common bean24. Therefore, the tapetum-specific production of 
WA352 determines CMS specificity.

To further probe the molecular mechanism of CMS-WA, we 
screened for rice WA352-interacting proteins by yeast two-hybrid 
(Y2H) assay with WA352 as bait and identified 11 candidate proteins 
(Supplementary Table 2). We selected a nuclear-encoded mitochon-
drial transmembrane protein, OsCOX11, for further analysis. COX11 
proteins are conserved in eukaryotes (Supplementary Fig. 8) and 
function in the assembly of cytochrome c (Cyt c) oxidase25. OsCOX11 
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Figure 1 Identification and functional analyses of the new mitochondrial 
gene WA352 for CMS-WA. (a) Structure of WA352, located downstream of 
the ribosomal protein gene rpl5 and the pseudogene rps14. Shown are 
nucleotide identities (%) of the mitochondrial genome-derived fragments 
to those of an indica line, 93-11, illustrating the composite origin of 
WA352. Long horizontal arrows indicate the transcripts. Probe 1 and  
probe 2 were used for RNA blotting. (b–d) Anther (top) and pollen 
(bottom) phenotypes of rice transgenic plants (T0 or T1 generations) with 
the indicated transgene constructs. The nontransgenic plant was a progeny 
from the cross of a heterozygous MTS-WA352 T0 plant with pollen of the 
host parent from the japonica variety Zhonghua11 (ZH11). The entire 
or truncated WA352-containing constructs were driven by the P35S 
promoter, and OsCOX11 RNAi was driven by the rice RTS tapetum-specific 
promoter26. The MTS sequence was derived from the Rf1b restorer gene12. 
Pollen grains were stained with 1% potassium iodide; dark staining 
indicates viable pollen. Scale bars, 1 mm (anthers); 50 m (pollen).
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Regulation	of	WA352	in	naturally	CMS	rice	
(immunoblot)
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is constitutively expressed (Supplementary Fig. 9). A. thaliana  
AtCOX11 (287 residues), which shares 80% identity with OsCOX11, 
also interacted with WA352 (Fig. 3a). Y2H deletion assays identified 
two regions (residues 218–292 and 294–352) of WA352 that interact 
with OsCOX11 (Fig. 3a). Similarly, a 37-residue sequence (184–220) in 
the highly conserved region of OsCOX11 confers the WA352 binding 
(Fig. 3b,c). A bimolecular fluorescence complementation (BiFC) assay 
confirmed the mitochondrial localization of OsCOX11 and its in vivo 
interaction with WA352 (Fig. 3d and Supplementary Fig. 10).

To determine whether WA352-caused sterility requires the 
WA352-COX11 interaction, we transferred three WA352 constructs 
into rice and A. thaliana; these constructs encoded truncated pro-
teins with (MTS-WA352218–300 and MTS-WA352282–352) or without 
(MTS-WA3521–227) one of the COX11-binding domains (Fig. 3a). 
Most of the transgenic rice plants with MTS-WA352218–300 (8/9) 
and MTS-WA352282–352 (9/15) were male sterile, but those with 
MTS-WA3521–227 were fertile (Fig. 1c and Supplementary Table 1). 
Transgenic Arabidopsis plants with MTS-WA352218–300 also were 
male sterile (Supplementary Fig. 2b and Supplementary Table 1). 
Furthermore, RNA interference (RNAi) of OsCOX11 driven by a 
tapetum-specific promoter26 also produced male sterility (Fig. 1d  

and Supplementary Table 1). These results demonstrate that 
WA352-induced male sterility requires the COX11-interacting 
domains, and COX11 function is necessary for male fertility.

In yeast, Saccharomyces cerevisiae COX11 (ScCOX11) has a role 
in hydrogen peroxide degradation27. Reactive oxygen species (ROS) 
affect the mitochondrial permeability transition and promote Cyt c 
release to the cytosol, triggering animal apoptosis or plant PCD28–30. 
Tapetum degeneration by PCD at the proper developmental stage(s) is 
crucial for pollen development16,31,32, and ROS may promote tapetal 
PCD33. To investigate how the WA352-COX11 interaction causes male 
sterility, we examined ROS in anthers using a cytochemical assay of 
the reaction of hydrogen peroxide with cerium chloride29. We detected 
high amounts of hydrogen peroxide around the mitochondrial outer 
membranes in the ZS97A tapetum at the MMC stage but not in ZS97B 
or in the later-stage tapetum of ZS97A (Fig. 4a). Immunoblotting 
indicated that Cyt c release occurred only in ZS97A anthers at the 
MMC stage (Fig. 4b,c), consistent with WA352 accumulation and the 
ROS burst. Furthermore, in situ TUNEL assays showed that in ZS97B 
and ZSR11, tapetal PCD initiated at the dyad stage for the most part; 
however, in ZS97A and MTS-WA352 transgenic rice, PCD occurred 
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Figure 2 Regulation of WA352 expression. (a,b) RNA blots of WA352 
transcripts in anthers with probes 1 and 2. J23A (Jin23A) and ZS97A are 
CMS-WA lines with recessive alleles rf3; ZS97B is the CMS maintainer 
line Zhenshan97B with male-fertile cytoplasm and rf3rf3 and rf4rf4; 
ZSR1, ZSR5 and ZSR11 are the near-isogenic lines carrying the Wild 
Abortive cytoplasm and nuclear background of ZS97A but also containing 
Rf3Rf3rf4rf4, rf3rf3Rf4Rf4 and Rf3Rf3Rf4Rf4, respectively; and Nip  
is the O. sativa spp. japonica line Nipponbare. Nip and ZS97B do not carry 
WA352 but do have orf288. The atp6 mRNA (a) and ribosomal RNAs (b) 
indicate equal loadings. (c,d) Immunoblot of WA352 (39 kDa; arrows) in 
anthers with a WA352 antibody. Spor, sporogenous cell stage; MMC/Meio, 
stages of microspore mother cell to meiosis I; Msp, microspore stage.  
(e) Transgene-expressed WA352 (arrow) detected in leaves of transgenic 
ZH11 plants with P35SøWA352 but not those with P35øMTS-WA352. 
Asterisks (c–e) indicate a cross-reacting unknown protein in all tested rice 
lines. (f) Immunolocalization of the fusion protein MTS-GFP-WA352 (brown) 
in anther sections of a male-sterile transgenic line (Fig. 1b) probed with a 
commercial GFP antibody. Leptoten and pachytene stages belong to meiotic 
prophase I. E, epidermis; En, endothecium; ML, middle layer; T, tapetum. 
ZH11 (MMC), nontransgenic negative control. Scale bars, 25 m.
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Figure 3 WA352 interacts with the nuclear-encoded mitochondrial 
protein COX11. (a) Interaction of WA352 with COX11 proteins of rice and 
A. thaliana by Y2H assay and mapping of WA352 regions (shaded) for 
the interaction. The combination of WA352 with the empty prey vector 
pGADT7, and that of the empty bait vector pGBKT7 with OsCOX11, 
served as negative controls. The yeast cells were grown on SD/-Leu/-
Trp/-His/-Ade medium. TM, predicted transmembrane segment. aa, 
amino acids. (b) Y2H assay mapping of the OsCOX11 region (shaded) 
interacting with WA352. (c) The WA352-interacting domain in OsCOX11 
and the conserved sequence in A. thaliana COX11 (AtCOX11). (d) Rice 
protoplasts were co-transformed with four constructs that expressed, 
respectively, MTS-mOrange (a red fluorescent protein variant) for marking 
mitochondria, OsCOX11-CFP (cyan fluorescent protein) for mitochondrial 
localization of OsCOX11, and MTS-SPYNE-WA352218–352 and MTS-
SPYCE-OsCOX11 for a BiFC assay of the in vivo WA352-OsCOX11 
interaction. Scale bars, 10 m.
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formation	of	the	microspore	mother	cell.	
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WA352	– COX11	protein	interactions

• Yeast	2	hybrid	
assay:	identify	
protein	
interactions

• 2	interacting	
domains	in	
WA352,	only	one	
on	COX11

• Images:	Red =	
mitochondria,	Blue
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is constitutively expressed (Supplementary Fig. 9). A. thaliana  
AtCOX11 (287 residues), which shares 80% identity with OsCOX11, 
also interacted with WA352 (Fig. 3a). Y2H deletion assays identified 
two regions (residues 218–292 and 294–352) of WA352 that interact 
with OsCOX11 (Fig. 3a). Similarly, a 37-residue sequence (184–220) in 
the highly conserved region of OsCOX11 confers the WA352 binding 
(Fig. 3b,c). A bimolecular fluorescence complementation (BiFC) assay 
confirmed the mitochondrial localization of OsCOX11 and its in vivo 
interaction with WA352 (Fig. 3d and Supplementary Fig. 10).

To determine whether WA352-caused sterility requires the 
WA352-COX11 interaction, we transferred three WA352 constructs 
into rice and A. thaliana; these constructs encoded truncated pro-
teins with (MTS-WA352218–300 and MTS-WA352282–352) or without 
(MTS-WA3521–227) one of the COX11-binding domains (Fig. 3a). 
Most of the transgenic rice plants with MTS-WA352218–300 (8/9) 
and MTS-WA352282–352 (9/15) were male sterile, but those with 
MTS-WA3521–227 were fertile (Fig. 1c and Supplementary Table 1). 
Transgenic Arabidopsis plants with MTS-WA352218–300 also were 
male sterile (Supplementary Fig. 2b and Supplementary Table 1). 
Furthermore, RNA interference (RNAi) of OsCOX11 driven by a 
tapetum-specific promoter26 also produced male sterility (Fig. 1d  

and Supplementary Table 1). These results demonstrate that 
WA352-induced male sterility requires the COX11-interacting 
domains, and COX11 function is necessary for male fertility.

In yeast, Saccharomyces cerevisiae COX11 (ScCOX11) has a role 
in hydrogen peroxide degradation27. Reactive oxygen species (ROS) 
affect the mitochondrial permeability transition and promote Cyt c 
release to the cytosol, triggering animal apoptosis or plant PCD28–30. 
Tapetum degeneration by PCD at the proper developmental stage(s) is 
crucial for pollen development16,31,32, and ROS may promote tapetal 
PCD33. To investigate how the WA352-COX11 interaction causes male 
sterility, we examined ROS in anthers using a cytochemical assay of 
the reaction of hydrogen peroxide with cerium chloride29. We detected 
high amounts of hydrogen peroxide around the mitochondrial outer 
membranes in the ZS97A tapetum at the MMC stage but not in ZS97B 
or in the later-stage tapetum of ZS97A (Fig. 4a). Immunoblotting 
indicated that Cyt c release occurred only in ZS97A anthers at the 
MMC stage (Fig. 4b,c), consistent with WA352 accumulation and the 
ROS burst. Furthermore, in situ TUNEL assays showed that in ZS97B 
and ZSR11, tapetal PCD initiated at the dyad stage for the most part; 
however, in ZS97A and MTS-WA352 transgenic rice, PCD occurred 

a

c

f

d e

b
J2

3A

ZS97
A

J2
3A

J2
3A

ZS97
A

ZS97
A

ZS97
A

ZS97
B

ZS97
B

ZSR11

ZSR11
ZSR5 ZSR5

ZSR5

Probe 1 Probe 2

nt
Nip

4,552

2,395

1,527
1,500

atp6

2,300

ZSR1 ZSR1

ZSR1

Anther
(MMC/Meio stages)

Anther (97A)
Leaf

* *

Leaf

MTS-

W
A35

2

W
A35

2

kDa
72

55

43

34

Sporogenous MMC ZH11 (MMC)Prophase IProphase I

MMC Meio MspSpor

Figure 2 Regulation of WA352 expression. (a,b) RNA blots of WA352 
transcripts in anthers with probes 1 and 2. J23A (Jin23A) and ZS97A are 
CMS-WA lines with recessive alleles rf3; ZS97B is the CMS maintainer 
line Zhenshan97B with male-fertile cytoplasm and rf3rf3 and rf4rf4; 
ZSR1, ZSR5 and ZSR11 are the near-isogenic lines carrying the Wild 
Abortive cytoplasm and nuclear background of ZS97A but also containing 
Rf3Rf3rf4rf4, rf3rf3Rf4Rf4 and Rf3Rf3Rf4Rf4, respectively; and Nip  
is the O. sativa spp. japonica line Nipponbare. Nip and ZS97B do not carry 
WA352 but do have orf288. The atp6 mRNA (a) and ribosomal RNAs (b) 
indicate equal loadings. (c,d) Immunoblot of WA352 (39 kDa; arrows) in 
anthers with a WA352 antibody. Spor, sporogenous cell stage; MMC/Meio, 
stages of microspore mother cell to meiosis I; Msp, microspore stage.  
(e) Transgene-expressed WA352 (arrow) detected in leaves of transgenic 
ZH11 plants with P35SøWA352 but not those with P35øMTS-WA352. 
Asterisks (c–e) indicate a cross-reacting unknown protein in all tested rice 
lines. (f) Immunolocalization of the fusion protein MTS-GFP-WA352 (brown) 
in anther sections of a male-sterile transgenic line (Fig. 1b) probed with a 
commercial GFP antibody. Leptoten and pachytene stages belong to meiotic 
prophase I. E, epidermis; En, endothecium; ML, middle layer; T, tapetum. 
ZH11 (MMC), nontransgenic negative control. Scale bars, 25 m.
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Figure 3 WA352 interacts with the nuclear-encoded mitochondrial 
protein COX11. (a) Interaction of WA352 with COX11 proteins of rice and 
A. thaliana by Y2H assay and mapping of WA352 regions (shaded) for 
the interaction. The combination of WA352 with the empty prey vector 
pGADT7, and that of the empty bait vector pGBKT7 with OsCOX11, 
served as negative controls. The yeast cells were grown on SD/-Leu/-
Trp/-His/-Ade medium. TM, predicted transmembrane segment. aa, 
amino acids. (b) Y2H assay mapping of the OsCOX11 region (shaded) 
interacting with WA352. (c) The WA352-interacting domain in OsCOX11 
and the conserved sequence in A. thaliana COX11 (AtCOX11). (d) Rice 
protoplasts were co-transformed with four constructs that expressed, 
respectively, MTS-mOrange (a red fluorescent protein variant) for marking 
mitochondria, OsCOX11-CFP (cyan fluorescent protein) for mitochondrial 
localization of OsCOX11, and MTS-SPYNE-WA352218–352 and MTS-
SPYCE-OsCOX11 for a BiFC assay of the in vivo WA352-OsCOX11 
interaction. Scale bars, 10 m.
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is constitutively expressed (Supplementary Fig. 9). A. thaliana  
AtCOX11 (287 residues), which shares 80% identity with OsCOX11, 
also interacted with WA352 (Fig. 3a). Y2H deletion assays identified 
two regions (residues 218–292 and 294–352) of WA352 that interact 
with OsCOX11 (Fig. 3a). Similarly, a 37-residue sequence (184–220) in 
the highly conserved region of OsCOX11 confers the WA352 binding 
(Fig. 3b,c). A bimolecular fluorescence complementation (BiFC) assay 
confirmed the mitochondrial localization of OsCOX11 and its in vivo 
interaction with WA352 (Fig. 3d and Supplementary Fig. 10).

To determine whether WA352-caused sterility requires the 
WA352-COX11 interaction, we transferred three WA352 constructs 
into rice and A. thaliana; these constructs encoded truncated pro-
teins with (MTS-WA352218–300 and MTS-WA352282–352) or without 
(MTS-WA3521–227) one of the COX11-binding domains (Fig. 3a). 
Most of the transgenic rice plants with MTS-WA352218–300 (8/9) 
and MTS-WA352282–352 (9/15) were male sterile, but those with 
MTS-WA3521–227 were fertile (Fig. 1c and Supplementary Table 1). 
Transgenic Arabidopsis plants with MTS-WA352218–300 also were 
male sterile (Supplementary Fig. 2b and Supplementary Table 1). 
Furthermore, RNA interference (RNAi) of OsCOX11 driven by a 
tapetum-specific promoter26 also produced male sterility (Fig. 1d  

and Supplementary Table 1). These results demonstrate that 
WA352-induced male sterility requires the COX11-interacting 
domains, and COX11 function is necessary for male fertility.

In yeast, Saccharomyces cerevisiae COX11 (ScCOX11) has a role 
in hydrogen peroxide degradation27. Reactive oxygen species (ROS) 
affect the mitochondrial permeability transition and promote Cyt c 
release to the cytosol, triggering animal apoptosis or plant PCD28–30. 
Tapetum degeneration by PCD at the proper developmental stage(s) is 
crucial for pollen development16,31,32, and ROS may promote tapetal 
PCD33. To investigate how the WA352-COX11 interaction causes male 
sterility, we examined ROS in anthers using a cytochemical assay of 
the reaction of hydrogen peroxide with cerium chloride29. We detected 
high amounts of hydrogen peroxide around the mitochondrial outer 
membranes in the ZS97A tapetum at the MMC stage but not in ZS97B 
or in the later-stage tapetum of ZS97A (Fig. 4a). Immunoblotting 
indicated that Cyt c release occurred only in ZS97A anthers at the 
MMC stage (Fig. 4b,c), consistent with WA352 accumulation and the 
ROS burst. Furthermore, in situ TUNEL assays showed that in ZS97B 
and ZSR11, tapetal PCD initiated at the dyad stage for the most part; 
however, in ZS97A and MTS-WA352 transgenic rice, PCD occurred 
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earlier, at the prophase I stage (Fig. 4d and Supplementary Fig. 11). 
In yeast, the knock out of ScCOX11 also caused higher amounts of 
ROS, Cyt c release, PCD and cell death (Supplementary Fig. 12a–d). 
These results indicate that COX11 proteins also function in peroxide 
metabolism and may act as negative regulators of PCD.

To understand how the premature tapetal PCD relates to CMS-WA, 
we examined anther cross-sections. We found no obvious differences 
in anther structure and microspore generation between ZS97A and 
ZS97B (Supplementary Fig. 13). In ZS97B, tapetum degeneration 
started at the middle microspore stage (before the microspore mitosis),  
which was then followed by gradual deformation of organelles and 
loss of cytoplasm until the bicellular pollen stage (the first mitosis 
completed). However, in ZS97A, tapetum degeneration started at 
the early microspore stage and finished before the late microspore 
stage (Fig. 4e), which was then followed by termination of microspore 
development (Supplementary Fig. 13).

To trace its origin, we examined WA352 in 17 wild rice species  
(390 accessions) and O. sativa. We detected WA352 by PCR and 
sequencing in some accessions of O. rufipogon (4/80), Oryza nivara 
(3/28) and indica rice (7/188) but not in other wild species or in 
japonica rice (Supplementary Table 3). Wild rice species with  
AA-type genomes diverged ~0.7–2 million years ago34. Therefore, 
WA352 probably arose 0.7–2 million years ago in an ancestor of  
O. rufipogon and O. nivara and was acquired by some O. rufipogon 
and O. nivara populations and further by indica cultivars. Indeed, 
we found that other types (GA, ID, Dissi, DA, K, Y and X) of rice 

 sporophytic CMS lines used for hybrid rice breeding, which were bred 
using female parents of indica rice or O. rufipogon9, also contained 
WA352 with 99.0–100% identities (Supplementary Table 3), demon-
strating that they belong to the same CMS-WA type. The maintenance 
of WA352 in these species during evolution might be attributed to the 
widespread presence of Rf gene(s)35 and CMS/Rf system–based gyno-
dioecy, a gender dimorphic genetic system with fitness advantages23. 
These results also suggest that indica rice had multimatrilineal origins 
from wild rice populations with fertile and CMS cytoplasms.

Our results demonstrate that WA352, produced specifically in the 
tapetum at the MMC stage in CMS-WA plants, interacts with COX11 
to suppress its function; this suppression induces mitochondrion-
driven premature tapetal PCD, thereby causing pollen abortion 
(Fig. 4f). This CMS model provides a mechanistic link between 
the gain of function of a newly identified mitochondrial CMS gene 
product and the loss of activity of the essential nuclear-encoded 
mitochondrial protein through their detrimental interaction. These 
findings reveal different layers of cytoplasmic-nuclear interactions for 
CMS induction and fertility restoration and suggest that plants have 
evolved complex systems for counteracting the negative effects of new 
mitochondrial genes resulting from genomic rearrangements. Some 
other CMS systems, such as sunflower CMS-PET1, which expresses 
the CMS-associated protein ORF522 (ref. 14) and undergoes pre-
mature tapetal PCD16, may also involve similar mechanisms of  
mitochondrial-nuclear gene interactions. This study provides insights 
into the evolutionary importance and biochemical mechanisms of 

Figure 4 WA352 triggers a ROS burst and Cyt 
c release to induce premature tapetal PCD and 
CMS. (a) Transmission electron micrograph 
(TEM) showing the localization of hydrogen 
peroxide in anthers. Electron-dense deposits of 
cerium perhydroxide (some typical deposits are 
shown with arrows) indicate the accumulation  
of hydrogen peroxide around mitochondrial  
outer membranes in a ZS97A tapetal cell at the 
MMC stage. No signal was detected in other 
samples as indicated. M, mitochondrion;  
N, nucleus; CW, cell wall. Scale bars, 0.5 m.  
(b,c) Immunoblot detection of rice Cyt c 
(12 kDa; arrows) using a commercial Cyt c 
antibody in cytosolic and mitochondrial protein 
fractions of the anthers at the MMC stage (b) 
and in the cytosolic fraction of different anther 
stages of ZS97A (c). Asterisks indicate cross-
reacting unknown protein(s). Meio, meiosis; 
Msp, microspore stage. (d) Detection of nuclear 
DNA fragmentation (indicating PCD) by TUNEL 
in developmental anthers. Red signal represents 
staining with propidium iodide, and yellow or 
green signal indicates TUNEL-positive nuclei of 
PCD cells. T, tapetum. Scale bars, 50 m.  
(e) TEM showing tapetum degeneration in 
ZS97B and ZS97A; the cell breakdown in 
ZS97A started earlier and ended more rapidly 
than that in ZS97B. En, endothecium;  
Er, endoplasmic reticulum; M, mitochondrion;  
P, plastid; Ub, ubisch body; TD, tapetum debris; 
PCW, pollen cell wall. Scale bars, 1 m.  
(f) A model for the mechanism of the CMS-WA 
system. WA352 originated in the mitochondrial 
genome of wild rice by multiple recombination 
events. Rf3 and Rf4 suppress WA352 
expression at different steps. In CMS-WA plants, the expression of WA352 protein is regulated to accumulate preferentially in the anther tapetum at the 
MMC stage. WA352 interacts with the nuclear-encoded COX11 (OsCOX11) to inhibit COX11 function in peroxide metabolism, leading to ROS burst and 
Cyt c release, which cause premature tapetal PCD and consequent sporophytic male sterility.
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earlier, at the prophase I stage (Fig. 4d and Supplementary Fig. 11). 
In yeast, the knock out of ScCOX11 also caused higher amounts of 
ROS, Cyt c release, PCD and cell death (Supplementary Fig. 12a–d). 
These results indicate that COX11 proteins also function in peroxide 
metabolism and may act as negative regulators of PCD.

To understand how the premature tapetal PCD relates to CMS-WA, 
we examined anther cross-sections. We found no obvious differences 
in anther structure and microspore generation between ZS97A and 
ZS97B (Supplementary Fig. 13). In ZS97B, tapetum degeneration 
started at the middle microspore stage (before the microspore mitosis),  
which was then followed by gradual deformation of organelles and 
loss of cytoplasm until the bicellular pollen stage (the first mitosis 
completed). However, in ZS97A, tapetum degeneration started at 
the early microspore stage and finished before the late microspore 
stage (Fig. 4e), which was then followed by termination of microspore 
development (Supplementary Fig. 13).

To trace its origin, we examined WA352 in 17 wild rice species  
(390 accessions) and O. sativa. We detected WA352 by PCR and 
sequencing in some accessions of O. rufipogon (4/80), Oryza nivara 
(3/28) and indica rice (7/188) but not in other wild species or in 
japonica rice (Supplementary Table 3). Wild rice species with  
AA-type genomes diverged ~0.7–2 million years ago34. Therefore, 
WA352 probably arose 0.7–2 million years ago in an ancestor of  
O. rufipogon and O. nivara and was acquired by some O. rufipogon 
and O. nivara populations and further by indica cultivars. Indeed, 
we found that other types (GA, ID, Dissi, DA, K, Y and X) of rice 

 sporophytic CMS lines used for hybrid rice breeding, which were bred 
using female parents of indica rice or O. rufipogon9, also contained 
WA352 with 99.0–100% identities (Supplementary Table 3), demon-
strating that they belong to the same CMS-WA type. The maintenance 
of WA352 in these species during evolution might be attributed to the 
widespread presence of Rf gene(s)35 and CMS/Rf system–based gyno-
dioecy, a gender dimorphic genetic system with fitness advantages23. 
These results also suggest that indica rice had multimatrilineal origins 
from wild rice populations with fertile and CMS cytoplasms.

Our results demonstrate that WA352, produced specifically in the 
tapetum at the MMC stage in CMS-WA plants, interacts with COX11 
to suppress its function; this suppression induces mitochondrion-
driven premature tapetal PCD, thereby causing pollen abortion 
(Fig. 4f). This CMS model provides a mechanistic link between 
the gain of function of a newly identified mitochondrial CMS gene 
product and the loss of activity of the essential nuclear-encoded 
mitochondrial protein through their detrimental interaction. These 
findings reveal different layers of cytoplasmic-nuclear interactions for 
CMS induction and fertility restoration and suggest that plants have 
evolved complex systems for counteracting the negative effects of new 
mitochondrial genes resulting from genomic rearrangements. Some 
other CMS systems, such as sunflower CMS-PET1, which expresses 
the CMS-associated protein ORF522 (ref. 14) and undergoes pre-
mature tapetal PCD16, may also involve similar mechanisms of  
mitochondrial-nuclear gene interactions. This study provides insights 
into the evolutionary importance and biochemical mechanisms of 

Figure 4 WA352 triggers a ROS burst and Cyt 
c release to induce premature tapetal PCD and 
CMS. (a) Transmission electron micrograph 
(TEM) showing the localization of hydrogen 
peroxide in anthers. Electron-dense deposits of 
cerium perhydroxide (some typical deposits are 
shown with arrows) indicate the accumulation  
of hydrogen peroxide around mitochondrial  
outer membranes in a ZS97A tapetal cell at the 
MMC stage. No signal was detected in other 
samples as indicated. M, mitochondrion;  
N, nucleus; CW, cell wall. Scale bars, 0.5 m.  
(b,c) Immunoblot detection of rice Cyt c 
(12 kDa; arrows) using a commercial Cyt c 
antibody in cytosolic and mitochondrial protein 
fractions of the anthers at the MMC stage (b) 
and in the cytosolic fraction of different anther 
stages of ZS97A (c). Asterisks indicate cross-
reacting unknown protein(s). Meio, meiosis; 
Msp, microspore stage. (d) Detection of nuclear 
DNA fragmentation (indicating PCD) by TUNEL 
in developmental anthers. Red signal represents 
staining with propidium iodide, and yellow or 
green signal indicates TUNEL-positive nuclei of 
PCD cells. T, tapetum. Scale bars, 50 m.  
(e) TEM showing tapetum degeneration in 
ZS97B and ZS97A; the cell breakdown in 
ZS97A started earlier and ended more rapidly 
than that in ZS97B. En, endothecium;  
Er, endoplasmic reticulum; M, mitochondrion;  
P, plastid; Ub, ubisch body; TD, tapetum debris; 
PCW, pollen cell wall. Scale bars, 1 m.  
(f) A model for the mechanism of the CMS-WA 
system. WA352 originated in the mitochondrial 
genome of wild rice by multiple recombination 
events. Rf3 and Rf4 suppress WA352 
expression at different steps. In CMS-WA plants, the expression of WA352 protein is regulated to accumulate preferentially in the anther tapetum at the 
MMC stage. WA352 interacts with the nuclear-encoded COX11 (OsCOX11) to inhibit COX11 function in peroxide metabolism, leading to ROS burst and 
Cyt c release, which cause premature tapetal PCD and consequent sporophytic male sterility.

a
ZS97A (MMC)

Prophase I Metaphase I Dyad ZS97B ZS97A

E
arly m

icrospore
M

iddle m
icrospore

Late m
icrospore

B
icellular pollen

Anther
stage

ZS97B (MMC)

MMC

MMC

Genomic
rearrangements

Mitochondrion

Nucleus Male sterility

Premature tapetal PCD and degeneration

WA352

OsCOX11

WA352

WA352

RF4

RF4

RF3

RF3

Rf3 Rf4

Fertility
restoration

(Tapetum at
MMC stage)

COX11

COX11

ROS burst

ROS
Cytosol

Cyt c

Cyt c

Z
S

97
B

Z
S

97
A

Meio Msp

Cytosol

Cytosol (ZS97A)

COX2
ACTIN1

ZS97
A

ZS97
A

ZSR11

ZSR11

ZS97
B

ZS97
B

kDa
55

26

17

34

26

Mitochondria

ZS97A
(metaphase I)

d

f

e

b c



Future	Directions
• Drivers	of	CMS	in	other	species	have	not	been	
identified
– Use	Transcriptomics to	identify	genes	in	Radish (Xie et	al.	
2016)	

• In	other	species	of	rice,	other	mitochondrial	genes	
appear	to	be	involved.	
– Utilize	mitochondria	whole	genome	sequencing	(Kazama,	
2016).	

• Identify	factors,	engineer	these	systems	into	plants	that	
don’t	have	natural	CMS;	or	improve	control	

• Other	methods	of	breeding	control	or	male	sterility



Key	Questions

• Transformation	of	WA352	into	plant	
mitochondria	required	attaching	the	MTS	factor.	
How	much	could	this	inhibit	the	activity	of	
WA352?	

• Transformation	was	not	100%	efficient	at	
inducing	sterility.	Why?	

• Transcript	data:	did	it	really	make	sense	and	was	
it	even	necessary?

• Y2H	protein	interaction	assay:	Did	they	have	all	of	
the	necessary	controls?	


