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The rice (Oryza sativa) retrotransposon Tos17 is one of a few active retrotransposons in plants and its transposition is
activated by tissue culture. Here, we present the characterization of viviparous mutants of rice induced by tissue culture to
demonstrate the feasibility of the use of retrotransposon Tos17 as an endogenous insertional mutagen and cloning of the
tagged gene for forward genetics in unraveling the gene function. Two mutants were shown to be caused by the insertion
of Tos17. Osaba1, a strong viviparous mutant with wilty phenotype, displayed low abscisic acid level and almost no further
increase in its levels upon drought. The mutant is shown to be impaired in the epoxidation of zeaxanthin. On the other hand,
Ostatc, a mutant with weak phenotype, exhibited the pale green phenotype and slight increase in abscisic acid levels upon
drought. Deduced amino acids of the causative genes of Osaba1 and Ostatc manifested a significantly high homology with
zeaxanthin epoxidase isolated from other plant species and with bacterial Sec-independent translocase TATC protein,
respectively. This is the first example of transposon tagging in rice.

Transposable elements are ubiquitously present in
almost all plant genomes and constitute a major por-
tion of the genome (Kumar and Bennetzen, 1999).
These elements belong to class I (also called retro-
transposons) and class II (DNA-based transposons).
Class I elements transpose through reverse transcrip-
tion of an RNA intermediate, the so-called copy-and-
paste mode, and therefore induced mutations are
usually stable. On the other hand, class II elements
transpose through cut-and-paste mode, thus induc-
ing unstable mutation. These elements comprise
well-characterized Ac/Ds, En/Spm, and Mu elements
of maize, Tam elements of snapdragon, and dTph1 of
petunia. Because of their ability to induce mutations
at high frequency and at the same time tag the caus-
ative genes molecularly, they have been used as mo-
lecular genetic tools for cloning genes (transposon
tagging). Among these elements, the maize Ac/Dc
element has been successfully used in heterologous
plant species such as petunia, tobacco, Arabidopsis,

and tomato (Sundaresan, 1996). In Arabidopsis, En/
Spm has also been shown to be a powerful tool (Wis-
man et al., 1998). Besides these elements, T-DNA was
also used as an insertional mutagen, which was
proved to be very successful in Arabidopsis (Krysan
et al., 1999).

Rice (Oryza sativa) is recognized as an important
model plant because of its small genome size among
cereals and development of efficient transformation
system. In contrast to another model plant Arabidop-
sis, an efficient tagging system, which is one of the
most important methods for plant molecular biology,
is still not established in rice. Although the exoge-
nous elements such as Ac/Ds and T-DNA are being
used in rice as insertional mutagens to establish a
tagging system, the use of endogenous insertional
mutagens is desirable. That is because mutant lines
induced by exogenous insertional mutagens are
transgenic and thus a matter for environmental con-
cern. We have succeeded recently in finding active
endogenous retrotransposons in rice (Hirochika et
al., 1996). The most active one was called Tos17,
whose activation by tissue culture resulted in an
increase in its copy number by 5 to 30, and these
increased Tos17 copies were shown to be inserted
throughout the genome (Yamazaki et al., 2001). Im-
portant features of Tos17 are summarized as follows
(Hirochika, 1997; Hirochika, 1999): (a) transposition
can be regulated because Tos17 is activated by tissue
culture and becomes silent in regenerated plants; (b)
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highly mutagenic during tissue culture, Tos17 trans-
poses preferentially into gene-rich, low copy regions
and about eight loci on an average are disrupted in
each plant regenerated from 5-month-old culture; (c)
integration target loci were widely distributed over
the chromosomes so that random insertion for satu-
ration mutagenesis is feasible; (d) induced mutations
are stable; (e) original copy number is quite low, one
to four depending on varieties, so that it is easy to
identify the transposed copy responsible for the spe-
cific mutation; and (f) endogenous transposon, so
that screening and characterization of mutants in the
field are possible without considering environmental
issues. Considering these features, it is believed that
Tos17 can be used as a useful tool for forward and
reverse genetic studies of rice. We recently have dem-
onstrated the use of Tos17 for reverse genetic studies
(Sato et al., 1999). Therefore, to assess the feasibility
of Tos17 in tagging the rice genes and in exploring
their biological functions, a forward genetic ap-
proach was applied, and approximately 30,000 regen-
erated rice lines (A. Miyao and H. Hirochika, unpub-
lished data) were screened for viviparous mutants.
Although the feasibility of Tos17 based transposon-
tagging system was assessed on a part of our vivip-
arous mutant collection, results presented here indi-
cate that Tos17 can be successfully used to tag the rice
genes and explore their function.

Abscisic acid (ABA) plays a central role at least in
higher plants by regulating plant growth and devel-
opment, including seed maturation and dormancy as
well as adaptation to a variety of environmental
stresses (Zeevaart and Creelman, 1988; Bray, 1997).
Although considerable progress has been made in
understanding and establishing the ABA biosyn-
thetic pathway in plants mostly by characterizing
ABA-deficient mutants (Schwartz et al., 1997a, 1997b;
Tan et al., 1997; Burbidge et al., 1999; Qin and Zee-
vaart, 1999; Thompson et al., 2000), only two genes of
this pathway have been cloned by transposon-
tagging strategy from ABA-deficient mutants: the
aba2 gene encoding a zeaxanthin epoxidase (ZEP)
was cloned from a wilty mutant of Nicotiana plum-
baginifolia (Marin et al., 1996), and the vp14 gene
encoding a 9-cis-epoxycarotenoid dioxygenase
(Schwartz et al., 1997b) was cloned from a mutant of
Zea mays with reduced seed dormancy (Tan et al.,
1997). Considering the importance of ABA, and the
ease of mutant isolation, viviparous mutants were
chosen as one of our targets for tagging
experiments.

RESULTS

Screening of the Viviparous Mutant Lines

The regenerated rice lines (R0) were used to iden-
tify the viviparous mutants by screening for preco-
cious germination. These lines carry eight newly

transposed Tos17 copies per line on average. Of ap-
proximately 30,000 regenerated rice lines since 1998,
more than 1,400 mutant lines have been found to be
of vivipary nature. Precociously germinated seeds
were rescued from more than 100 lines and grown in
soil at 25°C in green house under 70% to 80% relative
humidity to establish/confirm their phenotype and
to perform the cosegregation analysis of transposed
Tos17 copies. Among the observed phenotypes,
wilty, slender, hyper-slender, albino, and pale green
were the main phenotypes; many lines showed
almost normal growth and wild-type-like phenotype,
even though they were from precociously germi-
nated seeds, implying that the causative gene(s) of
these mutants might be involved only in dormancy
of seeds. Furthermore, the cosegregation analysis of
XbaI-digested genomic DNA, isolated from these
100 viviparous mutant lines, was carried out by
Southern analyses, and it was found that seven mu-
tant lines cosegregate perfectly with one of the trans-
posed Tos17 copies (data not shown). Characteriza-
tion of two of seven viviparous mutant lines is
presented here.

Tagging of Osaba1 Mutant, Impaired in the
Epoxidation of Zeaxanthin, by Tos17

Precociously germinated seeds were rescued,
grown, and genomic DNA was isolated from indi-
vidual seedlings. Genomic DNA digested with XbaI
restriction enzyme was subjected to Southern analy-
sis to check the cosegregation of Tos17 with the ob-
served phenotypes. The analysis showed that the
phenotype of one of the mutant line, called ND7980,
was found cosegregating with one of the transposed
Tos17copies, as indicated by lower arrowhead (Fig.
1C; left panel). The cosegregation of Tos17 with the
observed phenotype was also confirmed in R2 popu-
lations (data not shown). To further confirm the co-
segregation, the sequence flanking the cosegregating
Tos17 was isolated by inverse PCR and used as a
probe to hybridize the same cosegregating mem-
brane used for probing with Tos17 (Fig. 1C; right
panel). As expected, only the mutant plants carried
homozygous mutations. These results strongly sug-
gest that the mutant phenotype was caused by the
insertion of Tos17.

Wilty phenotype is one of the characteristic fea-
tures of ABA-deficient or ABA-insensitive mutants
(McCarty, 1995). Therefore, we asked whether the
above mutant showing wilty phenotype is an ABA-
deficient or an ABA-insensitive mutant. To answer
this question, we checked the water loss in the de-
tached leaves and the effect of applied ABA on the
mutant seedling. The water loss analysis indicated
that the mutant leaves lost more than 50% of their
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fresh weight (FW) within 50 min at room tempera-
ture, whereas in the same period, wild-type leaves
lost only 15% FW (Fig. 1A). Furthermore, when
young mutant seedlings were treated with alternate
day spray of a 40-mm ABA solution for 2 weeks,
mutant seedlings were restored to wild-type pheno-
type; moreover, the detached leaves of ABA-treated
mutant seedlings showed water loss almost like wild
type (data not shown). Based on above results, it was
inferred that ND7980 mutant is most likely to be
ABA deficient.

To determine the ABA content in the mutant and
its wild type before and after drought treatment,

detached leaves gathered from five individual seed-
lings for three independent assays were collected in
the beginning (representing 0 h) and after 3 h of
drought treatment (Fig. 1B). ABA levels were mea-
sured by using an ELISA kit and an internal (6) ABA
as a standard. Wild-type leaves contained 251 6 30
pmol ABA per gram of FW, whereas the mutant
contained only 50 6 15 pmol ABA. On the other
hand, under 3 h of drought condition, ABA level in
the leaves of wild type increased tremendously by at
least 11-fold to that of the untreated wild-type leaves,

Figure 2. Structural features of the OsABA1 and position of Tos17
insertion. A, Diagrammatic representation of the OsABA1 ORF show-
ing the initiation codon (ATG) and the stop codon (TGA), and the
positions of Tos17 insertion. Nucleotides of OsABA1 flanking the
Tos17 insertion or an intron are also given. Hatched lines indicate
the putative chloroplast transit peptide. B, Four regions of the to-
bacco ZEP (ABA2) protein are compared with the OsABA1 protein.
The identical amino acid is marked by asterisk. C, Northern analysis
of OsABA1 in wild type and mutant (Osaba1). Total RNA (20 mg) was
subjected to northern analysis and probed with the 32P-labeled
OsABA1. Equal loading was confirmed by staining with ethidium
bromide.

Figure 1. A, Water loss assay. Detached leaves of wild type (WT) and
mutant (M) were weighed every 10 min until 60 min. Mean and SD of
three independent experiments are shown. B, ABA levels in WT and
M at 0 h and after 3 h of drought treatment. Mean and SD of three
independent experiments are shown. C, Tagging of OsABA1 by
Tos17. Cosegregation analysis of XbaI-digested genomic DNA (0.5
mg) was carried out by Southern analyses, and probed with a 32P-
labeled Tos17 (left) or the cloned OsABA1 gene (right). Numbers on
the top of each lane represent individual seedling, and the genotype
of each seedling is also given on the top of each lane. Lane 1 carries
the genomic DNA of Nipponbare and serves as a control for other
seedlings. The size of marker (lDNA digested with HindIII) fragments
is indicated on the left hand in kilobase pairs.
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whereas the mutant leaves showed only a 1.3-fold
increase in ABA level (Fig. 1B). This result further
indicates that this mutant is ABA deficient, and the
causative gene of this mutant might be involved in
ABA biosynthesis.

To identify the causative gene of the mutant and to
know the Tos17 insertion point, the cDNA library
was screened with the cloned Tos17-flanking se-
quence, and three independent cDNA clones were
obtained. The longest cDNA is 2,345 bp long and has
a single open reading frame (ORF) of 626 amino acid
residues (Fig. 2A). A homology search by BLAST
showed its considerable similarity at amino acid level
to the gene encoding ZEP isolated from N. plumbag-
inifolia (66% identity; Marin et al., 1996) and other
plant species. Considering the adopted nomenclature
in Arabidopsis, where the gene encoding ZEP was
called ABA1 (Marin et al., 1996), we call the rice gene
as OsABA1 (DDJB Nucleotide Sequence Database ac-
cession no. AB050884). As shown in Figure 1C (right),
the OsABA1 gene is a single copy gene in the rice
genome. Four regions of ZEP are supposed to be of
functional importance (Marin et al., 1996). So, we
compared these four regions of OsABA1 with the
tobacco protein (ABA2), as shown in Figure 2B. One
appears to be a typical plastid transit peptide signal,
whereas other three regions showing high level of
identity are FAD binding site, ADP binding bab fold,
and the central motif of unknown function.

Tos17 was shown to be inserted into one of the
introns (Fig. 2A). To examine the effect of the Tos17

insertion on the OsABA1 RNA synthesis, total RNA
isolated from four individual seedling leaves of wild-
type and of mutant (Osaba1) was subjected to north-
ern analysis. Whereas a single 2.4-kb transcript was
detected in wild type, the level of the transcript was
decreased dramatically in Osaba1 (Fig. 2C). The exis-
tence of the low level of the normal transcript (ob-
served occasionally) may explain the residual level of
ABA in the mutant. In the mutant, the large tran-
script was also occasionally detected. This transcript
carries the Tos17 sequence, indicating the normal
splicing was inhibited (data not shown).

ZEP is shown to converts zeaxanthin to all-trans-
violaxanthin by a two steps epoxidation in the ABA
biosynthetic pathway (Marin et al., 1996; Fig. 3A).C-
onsidering the function of ZEP, the mutation of
OsABA1 should cause an accumulation of zeaxanthin
and the absence of its derived products of the ABA
biosynthetic pathway (Fig. 3A). The study of carot-
enoid composition carried out in the leaves of both
wild type and mutant (Osaba1) revealed significant
quantitative differences in zeaxanthin and its derived
products, as illustrated in Figure 3B. Zeaxanthin was
undetectable in the leaves of wild type but accumu-
lated to a significant level in the mutant leaves. In
contrast, cis- and trans-neoxanthin, and all-trans-
violaxanthin were undetectable in the mutant leaves.
This result along with the above mentioned results
clearly demonstrate that the Osaba1 mutant is im-
paired in the zeaxanthin epoxidation step of ABA
biosynthesis.

Figure 3. Analysis of carotenoid content in the leaves of wild type and Osaba1 mutant. A, The ABA biosynthetic pathway
from zeaxanthin. Adopted from the most recently proposed pathway in plants by Qin and Zeevaart (1999). B, Carotenoid
profile in the leaves of wild type and mutant (Osaba1). Presented carotenoid profile is one of three independent
measurements.
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Considering the mutant phenotype and the bio-
chemical function predicted from the mutant gene,
we concluded that the OsABA1 is a causative gene for
the viviparous mutation. This was further confirmed
by the analysis of an allelic mutant. Following the
PCR-screening strategy (Hirochika, 1999; Sato et al.,
1999; Hirochika et al., 2001), we were able to find an
allelic mutant, called A0397, of Osaba1. A0397 was
found to carry Tos17 insertion in the OsABA1 coding
region in an opposite direction, close to the stop
codon (Fig. 2A). As expected from the Tos17 insertion
site, A0397 displayed only weak viviparous pheno-
type, and the homozygous plants can grow normally
in the field and set seeds. It is interesting that the
leaves of homozygous mutant plants were interme-
diate in color between green and pale green.

Finding of a Novel Ostatc Mutant Displaying the Pale
Green Phenotype Genetically Linked with Tos17

Southern analyses performed using the genomic
DNA, isolated from another mutant line (called
ND5664) and its wild type, indicated that the pale
green phenotype (Fig. 4A) of mutant is tightly cosegre-
gating with one of the transposed Tos17 copies as indi-
cated by lower arrowhead in Figure 4B (left). The co-
segregation of Tos17 with the mutant phenotype was
also confirmed in R2 population (data not shown). To
further confirm the cosegregation, inverse PCR was
performed to isolate the sequence flanking the coseg-
regating Tos17 and used as a probe. As shown in Figure
4B (right), the mutant plants carried homozygous mu-
tation, suggesting that the mutant phenotype is caused
by the Tos17 insertion.

To identify the causative gene of this mutant and to
know the position of Tos17 insertion, the cDNA li-
brary was screened with the isolated sequence flank-
ing the cosegregating Tos17, and four independent
cDNA clones were obtained. The longest cDNAs is
1,781-bp long and has a single ORF of 359 amino acid
residues (Fig. 5A). Homology search by BLAST man-
ifested its significant similarity to the Arabidopsis
genome sequence (67% identity, accession no.
AAF18659) annotated as a putative TATC. OsTATC
showed a weak but considerable homology with
TATC of Eschericia coli (35% identity, 56% similarity).
TATC is known to be a Sec-independent translocase
protein in bacteria (Berks et al., 2000). The Sec-
independent translocase protein in bacteria is one of
the components of Sec-independent pathway, which
has been termed the TAT (for twin-arginine translo-
cation) system, because precursors are targeted to the
pathway by signal peptides (Berks et al., 2000 and
references therein). Considering the nomenclature
adopted in bacteria for the components of TAT sys-
tem and as Arabidopsis genome sequence annotated
as a putative TATC, we termed the rice gene as
OsTATC (DDJB Nucleotide Sequence Database acces-
sion nos. AB050885). This OsTATC gene exists as a
single copy gene in the rice genome (Fig. 4B; right).

We performed a computer analysis to know the
structural features of this gene. Computer analysis
predicted that the OsTATC protein carries the puta-
tive chloroplast (Fig. 5A; hatched lines) and mito-
chondrial (Fig. 5A; horizontal lines) targeting signal
peptides, suggesting that OsTATC functions in the
organelle. In addition to this, it also carries six trans-
membrane helices (Fig. 5A; clear areas) of 17 amino
acid residues. Furthermore, the hydrophilicity of
OsTATC, as shown in Figure 5B, reveals two distinct
regions; the first stretch of 140 amino acid residues is
almost hydrophilic in nature, whereas the later part
of this protein is hydrophobic. In prokaryote, the
predicted topological structure of TATC protein has
also been shown to possess six transmembrane heli-
ces (Berks et al., 2000).

Figure 4. A, The phenotype of Ostatc mutant (M) and wild type (WT)
exhibited by 1-week-old seedlings grown on MS2 medium. B, Tag-
ging of OsTATC by Tos17. Cosegregation analysis of XbaI-digested
genomic DNA (0.5 mg) was carried out by Southern analyses, and
probed with a 32P-labeled Tos17 (left) or the cloned OsTATC gene
(right).
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The Tos17 insertion was found to be in the sixth
transmembrane helix (Fig. 5A). To examine the ef-
fect of Tos17 insertion on the OsTATC RNA synthe-
sis, total RNA isolated from the leaf and shoot of
two individual seedlings of both wild type and mu-
tant (Ostatc) was subjected to northern analysis (Fig.
5C). No transcript was detected in both the leaf and

shoot of the mutant, whereas a single 1.3-kb tran-
script was detected in the both leaf and shoot of
wild type and Nipponbare, indicating the loss-of-
function of OsTATC in the mutant. The Tos17 inser-
tion in the OsTATC ORF and no expression of Os-
TATC in the Ostatc mutant suggest that Ostatc is a
null mutant.

Figure 5. A, Diagrammatic representation of the OsTATC ORF showing the translation start point (ATG) and the stop codon
(TGA), and the position of Tos17 insertion. Nucleotide of OsTATC flanking the Tos17 insertion is given. The putative
chloroplast transit peptide (hatched lines), mitochondrial targeting peptide (horizontal lines), and six transmembrane helices
(clear areas) are also shown. B, Hydrophilicity analysis of OsTATC protein. Hydrophilicity was analyzed using the Tmpred
program. C, Northern analysis of OsTATC in wild type and mutant (Ostatc). Total RNA (20 mg), isolated from leaf and shoot
of two individual seedlings, was subjected to northern analysis, and probed with the 32P-labeled OsTATC. Equal loading was
confirmed by staining with methylene blue.
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Ostatc Mutant Is Deficient in Chlorophyll, Shows
Quick Water Loss, and Fails to Accumulate
ABA under Drought

Because the role of TATC in plants, including rice,
remains to be elucidated, we studied the ABA-related
biochemical and physiological parameters of this
mutant. We checked chlorophyll content, water loss,
and ABA content in the leaves of wild type and
Ostatc mutant (Fig. 6). The chlorophyll content was
measured in the third and fourth leaves of 1- and
2-week-old seedlings, respectively (Fig. 6A). As ex-
pected from the mutant phenotype, total chlorophyll
and chlorophyll a and b were significantly low in the
mutant than that in the wild type. The overall chlo-
rophyll in the third leaf of 1- and 2-week-old mutant

seedling was only 25% and 4%, respectively, whereas
the fourth leaf of 2-week-old mutant seedling was
found to have 11% total chlorophyll to that in its
wild-type leaf. Furthermore, the detached third leaf
showed almost 50% water loss of its FW within 50
min, whereas the fourth leaf of the same 2-week-old
mutant seedling showed only 15%, which was also
the same in case of wild type (Fig. 6B). Moreover, the
third leaf of 2-week-old mutant seedling showed
only the basal level of ABA even after drought treat-
ment, whereas the third leaf of wild type showed
rapid ABA accumulation just after 30 min of drought
treatment, reaching to its maximum near 4 h, fol-
lowed by decrease in ABA (Fig. 6C). Considering the
pleiotropic effect of the mutation, the OsTATC gene
might be indirectly involved in the regulation of ABA
biosynthesis.

DISCUSSION

Because the maize Ac/Ds system was used success-
fully in several plant species (Sundaresan, 1996), an
attempt was also made to develop a transposon-
tagging system in rice by using the maize Ac/Ds
elements (Izawa et al., 1997); but so far no direct
evidence for tagging has come to light. Considering
the socioeconomic importance of rice and an interna-
tional effort to sequence the rice genome (Sasaki and
Burr, 2000), it is time to have a well-developed and
suitable transposon-tagging system for systematic
functional studies of rice genes. Thus, one of the most
active retrotransposons, Tos17, was characterized in
detail, and it was considered as a tool for forward
and reverse genetics of rice (Hirochika, 1999;
Yamazaki et al., 2001). Although the feasibility of the
use of Tos17 for reverse genetics came to light (Sato et
al., 1999), the feasibility of gene tagging by Tos17
using the forward genetic approach remained to be
elucidated.

In this study, we have used forward genetic ap-
proach to isolate genes involved in ABA biosynthesis
by screening for viviparous mutants. Precocious ger-
mination is a clear sign of altered ABA levels. By
screening for precocious germination, several vivip-
arous mutants of maize have been identified (Mc-
Carty, 1995). This approach seems to be suitable for
finding both ABA-deficient and -insensitive mutants.
More than 1,400 putative mutant lines displaying
weak, mild, and strong viviparous phenotypes have
so far been identified. The environmental conditions,
such as wet soil and relatively high humidity needed
for rice growth, might be helpful in triggering even
the weak viviparous phenotype, which leads to high
frequency of viviparous mutant lines in rice. This
implies that rice might have an advantage over other
plants for cloning of novel genes. Cloning of a new
rice gene, OsTATC, demonstrates that this is the case.

TATC protein, which has only been studied in
bacteria, recognizes the twin-Arg signal peptide in its

Figure 6. Biochemical and physiological analyses of Ostatc. A, Total
chlorophyll (Chl), chlorophyll a, and chlorophyll b contents in the
leaves of M and WT are given as nmol g21 FW. B, Water loss assay.
Detached leaves of M and WT were weighed every 15 min until 120
min. Presented data are the mean of three independent experiments. C,
ABA levels in M and WT at 0 min (control) and after the drought
treatment. Presented data are the mean of three independent
experiments.
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substrates, and is supposed to be encoded in all the
genome(s) having a “TAT system” (Berks et al.,
2000). In E. coli, at least five components (termed
TATA to TATE) of TAT system have been found.
TAT system has a fundamental feature of transport-
ing folded proteins across the membranes. Previ-
ously, existence of a prokaryotic TATC system with
homologs in plastids and mitochondria was consid-
ered (Berks et al., 2000). Loss of chlorophyll of Ostatc
with its increasing age (Fig. 6A) and which eventu-
ally become dead 3 weeks after germination indicates
that OsTATC might also be playing an important role
at the later stage of leaf development and chloroplast
differentiation by means of protein translocation
across the membranes. In monocots, an intimate re-
lationship and a precise regulation between leaf de-
velopment and chloroplast differentiation have been
proposed (Kusumi et al., 1997 and references there-
in). A significant homology and structural similarity
between the OsTATC and prokaryotic TATC pro-
teins indicate that the rice genome carries a TAT
system for protein translocation of folded proteins,
and the OsTATC gene might be one of the potential
components of TAT system. Based on typical struc-
tural features of OsTATC as a protein translocator
and pleiotropic effect of its mutant (Ostatc), the loss-
of-function of OsTATC might block the proper devel-
opment of chloroplast, because most of the proteins/
enzymes needed for its development are imported
into the chloroplast. So, OsTATC is likely to be indi-
rectly involved in ABA biosynthesis because the ini-
tial steps of ABA biosynthetic pathway are catalyzed
in the chloroplast. Based on the characterization of
bacterial TATC gene, and the presence of its ho-
mologs encoded by the plastid genome of the algae
and also by the mitochondrial genome of Arabidop-
sis, it has been proposed previously that TATC-
dependent systems operate in chloroplast and mito-
chondria (Bogsch et al., 1998). Predicted chloroplastic
and mitochondrial targeting signal peptides in
OsTATC and also in Arabidopsis TATC, encoded by
nuclear genomes, support the above proposed idea.
Localization of OsTATC in the chloroplast and/or
mitochondria and finding of its potential substrate
will be needed to throw light on TAT system in rice
and in plants, in general.

Preliminary data of cosegregation analysis ob-
tained from 100 viviparous mutant lines, where
seven mutant lines were found to cosegregate with
one of the transposed Tos17 copies, implies that the
tagging frequency of Tos17-based system is 7%. A
significant fraction of mutations similarly has also
been shown to be not tagged in Ac/Ds and T-DNA-
based systems (Bancroft and Dean, 1993; Long et al.,
1993; Azpiroz-Leehan and Feldmann, 1997). In these
cases, non-tagged mutations are thought to be caused
by abortive insertion events, which results in a
rearrangement at the target site without integration
of the elements (Bancroft and Dean, 1993; Azpiroz-

Leehan and Feldmann, 1997). A rearrangement
caused by imprecise excision would be an another
important factor, as has been discussed in rice, where
the Ac/Ds system was used (Izawa et al., 1997). In
Tos17-based tagging system, mutations, if not tagged
with Tos17, might be due to insertion of unknown
transposable elements activated also by tissue culture
or due to other types of induced mutations caused by
tissue culture (Larkin and Scowcroft, 1981; Dennis et
al., 1987). So, to increase the transposon-tagging fre-
quency, it is important to find new transposable ele-
ments responsible for tissue culture induced muta-
tions and/or reduced mutation frequency, which is
not related with transposable elements. Because
transposition of plant retrotransposons including the
Tos17 is mainly regulated at the transcriptional level
(Hirochika, 1993; Hirochika et al., 1996), it might be
possible to alleviate the tissue culture associated
problems by modifying the promoter of Tos17. An
alternative way is to look for more suitable condi-
tion(s) under which Tos17 can be activated.

In conclusion, the evidence provided in the present
study demonstrates that Tos17 can be efficiently used
for forward genetics of rice. Moreover, isolation of an
Osaba1 allelic mutant by PCR screening further con-
firms that Tos17 is equally applicable for reverse
genetic studies.

MATERIALS AND METHODS

Plant Growth

Rice (Oryza sativa) mutant lines were grown in the rice
paddy field to identify the viviparous mutants by screen-
ing for precocious germination. In green house, seeds were
grown at 25°C under a relative humidity of 70% to 80%. In
case of Ostatc, seeds were grown in vitro on MS2 medium
(Murashige and Skoog basal medium, 1% [w/v] Suc, and
0.5% [w/v] gellan gum, pH 5.8).

Southern Analysis

Rice genomic DNA (0.5 mg), isolated according to the
cetyl-trimethyl-ammonium bromide method (Murray and
Thompson, 1980), was digested with restriction enzymes
over a period of 18 h and separated on a 0.8% (w/v)
agarose gel using the Multiblotter MB24 system supplied
by Labimap (Plaisir, France). The membrane was prehy-
bridized with Church-Gilbert hybridization buffer (Church
and Gilbert, 1984) for 3 h at 65°C. Probe was added directly
to the hybridization buffer, and hybridization was contin-
ued for 18 h. Probes were labeled by Multiprime DNA
labeling system (Amersham, Buckinghamshire, UK) using
[a-32P]dCTP (Amersham), and nonincorporated nucleo-
tides were removed by spin chromatography. The hybrid-
ized membrane was washed with 23 SSC and 0.1% (w/v)
SDS at the same temperature for 1 h, and exposed to an
x-ray film (Kodak, Tokyo) for 18 h.
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Water-Loss Assay

Plants were grown in soil in a green house (25°C) having
relative humidity of 70% to 80%. Detached leaves (300 mg
from 10 seedlings) of 2-week-old seedlings were kept on
aluminum foil at room temperature (25°C). Weight of
leaves was taken at 10-min intervals until 60 min or longer.
Each experiment was done in triplicate at the same time.

Determination of ABA Levels

Leaves (100 mg FW) were weighed, freeze dried for 3 h,
and extracted for 16 h at 4°C in the dark with MilliQ water
(water/tissue ratio 50:1, v/w). Quantitative analyses of
ABA were performed using a Phytodetek ABA ELISA kit,
supplied by Agdia, and (6) cis-trans ABA (Sigma, St.
Louis) as a standard. Data were reported as mean se of
three repetitions. For determination of drought induced
ABA, detached leaves (100 mg) were kept on aluminum foil
under light at 25°C for desired period.

Northern Analysis

Total RNA was isolated from rice seedling leaf or shoot
using the Isogen kit as per the protocol provided by the
manufacturer (Nippon Gene Co., Tokyo). Total RNA (20
mg) was separated on a 1.2% (w/v) formaldehyde-
denaturing agarose gels according to Sambrook et al. (1989)
and blotted onto nylon membranes (Hybond N1, Amer-
sham). Hybridization was performed at 65° for 18 h using
Church-Gilbert hybridization buffer (Church and Gilbert,
1984). Hybridized membranes were washed with 23 SSC
and 0.1% (w/v) SDS at the same temperature for 1 h
followed by exposure to x-ray film. Membranes were re-
probed after stripping off the previous probe in 0.1% (w/v)
hot SDS. Probes were prepared as mentioned above (see
“Southern Analysis”).

Inverse PCR

Inverse PCR was basically carried out as described be-
fore (Ochman et al., 1988; Triglia et al., 1988) using the
Tos17 specific primers, as mentioned elsewhere (Miyao et
al., 1998).

DNA Sequencing and Sequence Analysis

Nucleotide sequences were determined using an auto-
mated DNA sequencer (models 310 genetic analyzer and
377 DNA sequencer, Applied Biosystems, Foster City, CA)
with either the universal or the gene specific primers. All
the sequencing data were analyzed using GENETYX soft-
ware (SDC Software Development, Tokyo). Searches for
information and homology of nucleotide and amino acid
sequence was analyzed using homology search with
BLAST against the sequences in the GenBank and EMBL
DNA Database.

Carotenoid Analysis

Plant materials (200 mg FW) were ground in liquid
nitrogen and extracted twice with methanol (20 mL each).
The extracts were combined, concentrated under vacuum,
redissolved in 80% (v/v) methanol (5 mL), and then loaded
onto a Bond Elut C18 cartridge column (gel size, 1 g;
Varian, Harbor City, CA). Carotenoids were eluted from
the column with 15 mL of methanol-water-chloroform
(62.5:7.5:30, v/v). Eluate was concentrated under vacuum,
redissolved in methanol, and subjected to HPLC analysis.

The HPLC was performed with Waters LC Module I
plus equipped with a column of Pegasil-B ODS column
(250 mm 3 4.6 mm, Senshu Scientific Co., Tokyo). The
column was eluted with a mixture of solvent A (85% [v/v]
methanol) and solvent B (methanol-chloroform, 1:1, v/v),
where the ratio of solvent B was increased from 10% to 30%
in 40 min, followed by increase to 100% in 20 min, and
continued for further 15 min at 100%. The elute was mon-
itored at 440 nm, and the peak for each carotenoid was
collected, concentrated under vacuo, redissolved in etha-
nol, and analyzed on a Beckman DU-640 spectrophotome-
ter (Fullerton, CA). In each step, samples were protected
from light by using aluminum foil as much as possible.

Chlorophyll Determination

Chlorophyll in leaf was determined by extraction with
cold 80% (v/v) acetone as described by Arnon (1949).

Construction and Screening of a Rice cDNA Library

Total RNA was isolated from leaves of 2-week-old rice
seedlings (Nipponbare) using Isogen kit (Nippon Gene
Co.), and poly(A1) RNA was purified using poly(A)
mRNA isolation kit (Stratagene, La Jolla, CA). The purified
poly(A1) mRNA was used to construct cDNA library using
a HybriZAP-2.1 cDNA cloning kit (Stratagene) according
to the recommended protocol. Plaques were also screened
following the protocol supplied along with the kit and of
Sambrook et al. (1989).
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