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Double-stranded RNA and male sterility in rice
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Summary. Double-stranded RNA (dsRNA) was isolated
from rice Oryza sativa ssp. japonica, but not from other
subspecies. The dsRNA has been found in all of the
examined cytoplasmic male-sterile (CMS) lines of BT
(Chinsurah Boro II)-type rice, but was not detected in
their companionate maintainer lines. It is uniquely and
positivley correlated with the CMS trait in BT-type rice.
Recently, the dsSRNA was also found in a nuclear male-
sterile (NMS) rice, Nongken 58s, but was not found in its
normal Nongken 58. The molecular weight of this dsSRNA
was estimated to be about 18 kb. Electron microscopic
analysis reveals that it is linear shapped. The double
strandedness of the RN A molecules was characterized by
CF-11 cellulose column chromatography and nuclease
treatments. It bound to CF-11 cellulose in the presence of
15% ethanol. It was sensitive to RNase A at low salt
concentrations, but insensitive to DNase I, S1 nuclease,
and RNase A at high salt concentrations. The dsRNA
was detected in both mitochondrial and cytoplasmic
fractions. Dot-blot hybridization reveals that there is no
sequence homology between this dsSRNA and mtDNA,
but there is homology between this dsRNA and nuclear
genomic DNA. We have not been able to transmit this
dsRNA to fertile rice.
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Introduction
DsRNAs have been detected in fungi and yeast for a long
time. Their presence was reported to be associated with

the virulent function of some plant pathogens (Koltin
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and Day 1976; Rogers et al. 1987; Newton et al. 1985;
Kim and Klassen 1989). The differences in size and num-
ber of the dsRNA segments have even been used as
molecular markers to delimit the taxonomic position of
several rust fungi (Newton et al. 1985). In recent years,
dsRNAs were found in some higher plants, such as maize
(Sisco et al. 1984; Finnegan et al. 1986), French bean
(Wakarchuk and Hamilton 1985), broad bean (Grill and
Garger 1981; Turpen et al. 1988), cassava (Gabriel et al.
1987), tobacco (Ikegami and Fraenkel-Conrat 1979), and
rice (Wang et al. 1988; Wang et al. 1989b; Zhang and
Wang 1990). Most of these are agronomically important
food crops. In some cases the dsSRNA was associated
with CMS lines. During the study of rice mitochondrial
DNA (mtDNA), we found that a special RNA always
co-purified with mtDNA. We have reported simply the
discovery of dsRNA in rice previously (Wang et al. 1988;
Zhang and Wang 1990). In an attempt to learn more of
its properties, function, cellular location, and relation to
male sterility, we began studying the dsRNA in more
detail. Here we report the results obtained.

Materials and methods
Plant materials

Seeds of rice (Oryza sativa ssp. japonica) Qiu Guang A (CMS
line) and B (maintainer line), Xiu Ling A and B, Li Ming A and
B were provided by Prof. Hong Lifang (Crop Institute, Beijing
Agricultural Academy of Sciences); Nong Hu 26 A and B were
provided by Prof. Dong Yanyu (Hunan Agricultural Academy).
All of the rice mentioned above has BT-type cytoplasm. Other
rice seeds with non-BT type cytoplasms were provided by Prof.
Chen Wanxi (The Agricultural Research Institute of Neijang
City, Sichuan Province). Photoperiod-sensitive genic male-ster-
ile rice, Nongken 58s, and its normal Nongken 58 were provided
by Prof. Lu Xinggui (Food Crop Institute, Hubei Academy of
Agricultural Sciences). All of the rice seeds were reproduced in
our Experimental Farm Station.



Purification and characterization of nucleic acid preparations

Rice mtDNA was isolated from 7-day-old dark-grown seedlings
by the procedure of Chase (Chase and Pring 1986). The total
mitochondrial nucleic acid (mtNA) was also isolated with the
same method but not digested with RNase. All of the NA prepa-
rations were dissolved in TE buffer except when otherwise in-
structed and stored at 4°C. Samples dissolved in TE buffer were
treated with DNase 1 (10 pg/ml) or RNase A (5 pug/ml, preheat-
ed at 95°C for 10 min) for 30 min at 37°C, and then extracted
with a phenol chloroform series as usual. Agarose gel elec-
trophoresis was performed on 1% or 0.8% agarose gel as de-
scribed previously (Wang et al. 1989a). CF-11 cellulose column
chromatograph was carried out according to method 2 reported
by Morris (Morris and Dodds 1979). Electron microscopy was
carried out according to the method of Kleinschmidt (Klein-
schmidt 1968). EcoRI-restricted total nuclear DNA or mtDNA
was denatured and dot-blotted onto nitrocellulose paper, then
hybridized with *?P-labelled dsSRNA probe at 65°C according to
Maniatis et al. (1982). The radioactive probe for the hybridiza-
tion study was prepared from electrophoretically purified dsSRNA
by 2P end-labelling techniques on the formamide-cleaved RNA
molecules (Negruk 1980).

Results
DsRNA in CMS and NMS rice

During the study of rice mtDNA, a special RNA band
was found in the agarose gel electrophoretic pattern of
CMS line Qiu Guang A, of BT-type rice, but not in its
companionate maintainer line, Qiu Guang B. The result
is shown in Fig. 1 A. Later, the RNA in this band proved
to be a dsRNA, and was detected in three other CMS
lines of BT type, but not in their corresponding maintain-
er lines. Up to the present, this dSRINA has been detected
in all of the four detected CMS lines of BT-type rice, but
not in their maintainer lines (Table 1). Recently, the
dsRNA was detected in an NMS rice, Nongken 58s, but
not in its normal Nongken 58. The result is shown in
Fig. 1B.

Electron microscopy and molecular weight determination

On agarose gel electrophoresis as shown in Fig. 1, the
dsRNA migrated in front of the major mtDNA band and
faster than the 21.8-kb marker. Determining the molecu-
lar weight of the dsRNA was difficult because of its large
size and the lack of adequate high-molecular-weight
dsRNA markers. In order to determine the molecular
weight of the dsRNA more precisely and to know its
configuration, we examined the dsRNA preparation un-
der the Hitachi H-500 electron microscope. As shown in
Fig. 2, the RNA molecules were found to be linearly
formed and double-stranded. The average length of the
dsRNA molecules was measured to be about 6 pm. Con-
sidering that 1 um is equal to 3 kb, the total molecular
weight was calculated to be 18 kb. Taking into account
the results from electron microscopy and electrophoresis,
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Fig. 1 AandB. The electrophoretic pattern of rice mtNA.
Lanes 1 and 6 —lambda DNA digested with EcoRT and HindI1I;
lane 2 — Qiu Guang A; lane3 — Qiu Guang B; lane4 —
Nongken 58s; lane 5 — Nongken 58

Table 1. The detection of dsRNA in rice

Rice line Subspecies  Cytoplasm DsRNA
CMS line

Qiu Guang A japonica BT +
Qiu Guang B japonica BT -
Xiu Ling A japonica BT +
Xiu Ling B japonica BT -
Li Ming A japonica BT +
Li Ming B japonica BT -
Nong Hu 26 A japonica BT +
Nong Hu 26 B japonica BT —
NMS line

Nongken 58s Jjaponica BT +
Nongken 58 japonica BT -

we estimated that the molecular weight of the dsRNA
was about 18 kb.

Characterization of the dsRNA

Electron microscopy showed that the RNA molecules
were double-stranded. For further characterization, the
total mtNA was treated with DNase 1, RNase A, or S1
nuclease. The results are shown in Fig. 3. The dsRNA
was digested by RNase A (lane 4, Fig. 3), but not by
DNase 1 (lane 3, Fig. 3) or S1 nuclease (lane 3, Fig. 3).
Because dsRNA can specifically bind onto cellulose CT-11
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Fig. 2. Electron microscopy of dsRNA molecules. The bar rep-
resents 3 pm

1 2 3 4 5
Fig. 3. Nuclease treatments of mtNA. Lane 7 — lambda DNA
digested with HindIII; /ane 2 — mtNA from Qiu Guang A;
lane 3 — 2+-DNase 1; lane 4 — 2+ RNase A under low salt con-
ditions; lane 5 — 2+ S1 nuclease
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Fig. 4. Agarose gel electrophoresis of mtNA preparations.
Lane 1 — lambda DNA digested with HindIII; lane 2 — mtNA
from Qiu Guang A; lane 3 — CF-11 cellulose column bound
fraction; lane 4 — CF-11 cellulose column unbound fraction
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Fig. 5. RNase A analysis of dsRNA purified by CF-11 cellulose
column chromatography. Lane 1 — untreated dsRNA; lane 2 -
dsRNA ireated with RNase A at low salt; lane 3 — dsRNA
treated with RNase A at high salt

and Bio-Rad Cellex 410 in the presence of 15% ethanol,
we fractionated the total mtNA by CF-11 cellulose col-
umn chromatography. The dsRNA bound onto the CF-
11 cellulose column in the presence of 15% ethanol. The
unbound fraction (effluent void volume) was mainly
composed of mtDNA (lane 4, Fig. 4). The bound frac-
tion (elute) contained dsRNA but no mtDNA (lane 3,
Fig. 4); it was considered to be purified dSRNA. Because
the salt concentration in the eluate was 100 mM NaCl,
we adjusted the salt concentration to 50 or 300 mAM
NacCl, respectively, in order to determine the sensitivity
of dsSRNA to RNase A at low salt (50 mA NaCl) or high
salt (300 mM NaCl) concentrations. The result in Fig. 5
indicates that the dsSRNA was sensitive to RNase A di-
gestion at low salt concentrations (lane 2, Fig. 5) but
resistant at high salt concentrations (lane 3, Fig. 5).

Cellular location of the dsRNA

In order to determine the cellular location of the dsSRNA,
several cellular fractions from the mtDNA isolation pro-
cedure were analyzed on agarose gel electrophoresis. The
dsRNA was detected in both the mitochondrial fraction
(12,000-g sediment) and the supernatant fraction from
which mitochondria had been sedimented. (The superna-
tant was centrifuged at 45,000-g for 30 min, and dsRNA
was isolated from the 45,000-g sediment.) Results are
shown in Fig. 6.

DNA-RNA dot-blot hybridization

RNase A-treated rice nuclear DNA and mtDNA were
digested with EcoRI, then spotted onto nitrocellulose
paper, and hybridized with *?P end-labeled dsRNA
probe. As shown in Fig. 7, the dsRNA probe hybridized
with nuclear DNA (lane 1, Fig. 7), but not with mtDNA
(lane 2, Fig. 7).
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Fig. 6. The identification of rice dsRNA. Lane / — lambda
DNA digested with EcoRI; /lane 2~ mtNA prepared by centrifu-
gation at 12,000 -g; lane 3 — 2+ DNase 1; lane 4 — 2+RNase A
under low salt conditions; lane 5 — NA prepared from the super-
natant of 12,000-g centrifugation (the supernatant was cen-
trifuged at 45,000 -g, NA was isolated from the 45,000-g sedi-
ment); lane 6 — 5+ DNase 1; lane 7— 5+ RNase A under low salt
conditions
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Fig. 7. Dot-blot hybridization between >?P-labeled dsRNA and
nuclear DNA and mtDNA. Lane A — nuclear DNA; lane B —
mtDNA. Left part is the scanning of lane A. Dots 1, 2, and 3
each contain 2, 4, and 6 ug DNA equivalent

Discussion

Rice is one of the most important food crops in the
world. Male sterilities (including CMS and NMS) are
very important characters for hybrid rice production,
and are now widely used in China, Japan, and other
Asian countries. However, little is known about the
molecular mechanism of male sterility. Some scientists
found mtDNA was responsible for CMS in rice just as in
other crops (Yamaguchi and Kakiuchi 1983; Kadowaki
et al. 1986; Kadowaki and Harada 1989; Wang et al.
1987). Some scientists found photoperiod-sensitive genic
male sterility was controlled by nuclear genes (Shi 1985;
Shi and Deng 1986). For many years, plant breeders
speculated that the CMS trait might be caused by virus
infection, but there was little evidence, especially at the
molecular level. In recent years, CMS-associated dsRNAs
found in corn and broad bean support the virus infection
theory. An interesting aspect of this study is the discovery
of a high-molecular-weight dsRNA in male-sterile rice. It
was found in all of the four examined CMS lines of
BT-type rice, but not in their companionate maintainer
lines. The dsRNA was also found in a nuclear male-ster-
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ile line, Nongken 38s, but not in its normal Nongken 58.
All of the rice lines in which dsSRNA was detected belong
to the japonica subspecies and have BT cytoplasm. It
appears that the presence of the dsRNA is associated
with male sterility (inctuding CMS and NMS) of japonica
rice.

The main point of this paper is the characterization of
the dsRNA. Electron microscopy revealed that the RNA
molecules were linear shapped. Its molecular weight was
estimated to be about 18 kb according to the results from
electron microscopy and agarose gel electrophoresis.
This agrees with Wang’s results (Wang et al. 1989b). It
was a little bit larger than the dsRNAs found in broad
bean (16.7 kb) and French bean (14.9 kb and 13 kb), but
much larger than that from corn (2.6 and 0.76 kb). Be-
cause the RNA is resistant to DNase 1, S1 nuclease, and
RNase A under high salt conditions, but sensitive to
RNase A under low salt conditions, we speculate that it
is double-stranded. The results from CF-11 cellulose col-
umn chromatography and electron microscopy confirm
that the RNA molecules are double-stranded. As to the
cellular location and origin of the dsRNA, this is still not
clear. In our experiments, the dSRNA was not only found
in mitochondria but also in cytoplasm. Attempts to
transmit the dsSRNA to fertile rice lines and make them
sterile have not been successful. Therefore, we think the
dsRNA might not come from viable virus-like particles.
The hybridization results showed that there was sequence
homology between this dsSRNA and nuclear DNA, but
not mtDNA. Similar results were observed in French
bean, corn, and broad bean. Based on the above results,
we speculate that this dsSRNA may be derived from an
integrated nuclear DNA fragment. The integrated frag-
ment may originally have come from virus during the
evolution history. The discovery of male-sterility-associ-
ated dsRNA in rice is very interesting for the study on the
mechanism of male sterility in rice. However, a lot of
work still needs to be done before a conclusion that
dsRNA is responsible for male sterility in rice can be
drawn.

Acknowledgements. This work was supported in part by a
Grant-in-Rice Biotechnology from Rockefeller Foundation.

References

Chase CD, Pring DR (1986) Properties of the linear N1 and N2
plasmid-like DNAs from mitochondria of cytoplasmic male-
sterile sorghum bicolor. Plant Mol Biol 6:53-64

Finnegan PM, Brown GG (1986) Autonomously replicating
RNA in mitochondria of maize plants with S-type cyto-
plasm. Proc Natl Acad Sci USA 83:5175-5179

Gabriet CJ, Walsh R, Nolt BL (1987) Evidence for a latent
virus-like agent in cassava. Phytopathology 77:92-95

Grill LK, Garger SJI (1981) Identification and characterization
of double-stranded RNA associated with cytoplasmic male
sterility in Vicia faba. Proc Natl Acad Sci USA 78:7043 -
7046



560

Tkegami M, Fraenkel-Conrat H (1979) Characterization of dou-
ble-stranded ribonucleic acid in tobacco leaves. Proc Natl
Acad Sci USA 76:3637-3640

Kadowaki K, Harada K (1989) Differential organization of
mitochondrial genes in rice with normal and male-sterile
cytoplasms. Jpn J Breed 39:179-186

Kadowaki K, Ishige T, Suzuki S, Harada K, Shinjyo C (1986)
Differences in the characteristics of mitochondrial DNA be-
tween normal and male sterile cytoplasms of Japonica rice.
Jpn J Breed 36:333-339

Kim WK, Klassen GR (1989) Double-stranded RNAs in mito-
chondrial extracts of stem rusts and leaf rusts of cereals.
Curr Genet 15:161-166

Kleinschmidt AK (1968) Monolayer techniques in electron mi-
croscopy of nucleic acid molecules. Methods Enzymol
12:361-377

Koltin Y, Day PR (1976) Inheritance of killer phenotypes and
double-stranded RNA in Ustilago maydis. Proc Natl Acad
Sci USA 73:594-598

Maniatis T, Fritsch EF, Sambrook J (1982) Molecular cloning:
a laboratory manual. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor/NY, pp 309-362

Morris TJ, Dodds LA (1979) Isolation and analysis of double-
stranded RNA from virus-infected plant and fungal tissue.
Phytopathology 69:854-858

Negruk VI, Grill LK, Semancik JS (1980) In vitro 32P-labelling
viroid RNA for hybridization. J Virol Methods 1:229-234

Newton AC, Caten CE, Johnson R (1985) Variation for
isozymes and double-stranded RNA among isolates of Puc-
cinia striiformis and two other cereal rusts. Plant Pathol
34:235-247

Rogers HJ, Buck KW, Brasier CM (1987) A mitochondrial
target for double-stranded RNA in diseased isolates of the
fungus that causes Dutch elm disease. Nature 329: 558 —560

Shi MS (1985) The discovery and study of the photosensitive
recessive male-sterile rice. Scientia Agric Sin 2:44-48

Shi MS, Deng JY (1986) The discovery, determination and uti-
lization of Hubei photosensitive genic male-sterile rice
(Oryza sativa ssp. japonica). Acta Genet Sin 13:107-112

Sisco PH, Garcia-Arenal F, Zaitlin M (1984) LBN, a male-sterile
cytoplasm of maize, contains two double-stranded RNAs.
Plant Sci Lett 34:127~134-

Turpen T, Garger SJ, Grill LK (1988) On the mechanism of
cytoplasmic male sterility in the 447 line of Vicia faba. Plant
Mol Biol 10:489-497

Wakarchuk DA, Hamilton RI (1985) Cellular double-stranded
RNA in Phaseolus vulgaris. Plant Mol Biol 5:55-63

Wang B, Li YN, Cheng W, Li DD (1987) Plasmid-like mitochon-
drial DNA associated with cytoplasmic male-sterile rice.
Rice Genet Newslett 4:118—120

Wang B, Wang JZ, Hu L (1988) Cytoplasmic dsRNA and male-
sterility in rice. Annual Research Report, Institute of Genet-
ics, Academia Sinica, pp 50-51

Wang B, Cheng W, Li YN, Li DD (1989a) Some physicochem-
ical properties of rice mitochondrial DNA. Theor Appl Ge-
net 77:581-586

Wang ZY, Zheng FQ, Guo XL, Hong MM (1989 b) Occurrence
and partial characterization of an RNA species in rice mito-
chondria. Plant Sci 61:227-234

Yamaguchi H, Kakiuchi H (1983) Electrophoretic analysis of
mitochondrial DNA from normal and male-sterile cyto-
plasms in rice. Jpn J Genet 58:607-611

Zhang XW, Wang B (1990) A newly discovered dsRNA associ-
ated with cytoplasmic male-sterile rice. Acta Genet Sin (in
press)



