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ROS1, a Repressor of Transcriptional Gene
Silencing in Arabidopsis, Encodes a DNA
Glycosylase/Lyase

gard, 2001). Some transgenes driven by endogenous
promoters can cause the methylation and transcrip-
tional silencing of the corresponding endogenous genes
in trans, which may be mediated by RNAs (Mette et
al., 2000). Evidence for RNA-directed DNA methylation
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(RdDM) came from a study on an RNA viroid in tobaccoTucson, Arizona 85721
(Wassenegger et al., 1994). It was shown that viroid2 Departamento de Genética
cDNAs integrated into the host genome became methyl-Universidad de Córdoba
ated only when viroid RNA-RNA replication had taken14071 Córdoba
place. In other studies, cytoplasmically replicated virusSpain
RNAs were found to specifically induce the methylation
of its homologous DNA integrated in the host plant ge-
nome, suggesting that the signals for triggering nuclearSummary
DNA methylation come from the cytoplasm (Jones et
al., 1998). DsRNAs can either initiate TGS by triggeringMutations in the Arabidopsis ROS1 locus cause tran-
the hypermethylation of homologous promoter DNAscriptional silencing of a transgene and a homologous
(Mette et al., 2000) or cause PTGS by targeting the tran-endogenous gene. In the ros1 mutants, the promoter
scribed region of genes (Dalmay et al., 2000). Recentof the silenced loci is hypermethylated, which may be
work shows that smRNAs originated from DsRNAs maytriggered by small RNAs produced from the transgene
provide the signal that triggers RdDM (Mette et al., 2001).repeats. The transcriptional silencing in ros1 mutants

Several genes that maintain TGS in plants have beencan be released by the ddm1 mutation or the applica-
cloned recently. DDM1, a SWI2/SNF2-like protein, regu-tion of the DNA methylation inhibitor 5-aza-2�-deoxy-
lates both DNA methylation and TGS (Jeddeloh et al.,cytidine. ROS1 encodes an endonuclease III domain
1998, 1999; Vongs et al., 1993). MOM1 is another puta-nuclear protein with bifunctional DNA glycosylase/ly-
tive chromatin remodeling protein that participates inase activity against methylated but not unmethylated
TGS, but mom1 mutations release the TGS of trans-DNA. The ros1 mutant shows enhanced sensitivity to
genes without reducing methylation (Amedeo et al.,genotoxic agents methyl methanesulfonate and hy-
2000). In addition, histone H3 methyltransferase anddrogen peroxide. We suggest that ROS1 is a DNA re-
DNA methyltransferase have been shown to function inpair protein that represses homology-dependent tran-
TGS in Arabidopsis (Jackson et al., 2002; Lindroth etscriptional gene silencing by demethylating the target
al., 2001; Bartee et al., 2001).promoter DNA.

In contrast to the substantial progress toward under-
standing how silent (trans)genes are maintained in si-

Introduction
lenced states, little is known about how active (trans)-
genes are maintained in active states or kept from being

Epigenetic control of gene expression plays vital roles in silenced. In this study, we isolated an Arabidopsis muta-
development as well as in cellular responses to viruses, tion, ros1, which causes transcriptional gene silencing
transposons, and transgenes in eukaryotes (Habu et of an active transgene and an endogenous gene with a
al., 2001; Vaucheret and Fagard, 2001; Moazed, 2001; homologous promoter. The ros1 mutation triggers hy-
Richards and Elgin, 2002). The silencing of transgenes permethylation in the promoter of the silenced loci, but
and endogenous genes in plants can occur at either the does not alter the methylation levels in rDNA, centro-
transcriptional (transcriptional gene silencing, TGS) or meric DNA, or transposon DNA regions. The transgene
posttranscriptional (posttranscriptional gene silencing, repeats produce similar amounts of smRNAs in the wild-
PTGS) levels. Genetic analysis indicated that PTGS in type and ros1 mutant plants. Removing the transgene
diverse organisms is triggered by double-stranded repeats from ros1 mutant plants regains the expression
RNAs (DsRNAs) (Zamore, 2002; Matzke et al., 2001). of the homologous endogenous gene, suggesting that
DsRNAs are cleaved into small sense and antisense smRNAs produced by the transgene may act as a trigger
RNAs (21–25 nt) by a double-stranded RNA specific ribo- for DNA hypermethylation and TGS in ros1 mutants.
nuclease III, Dicer (Bernstein et al., 2001). These small The silenced state of ros1 mutants can be completely
RNAs (smRNAs) are proposed to interact with other pro- released by the application of the DNA methylation in-
teins to form an RNA-induced silencing complex (RISC) hibitor 5-aza-2�-deoxycytidine and partially released by
and target homologous mRNAs for degradation (Za- the ddm1 mutation. Some ros1 mutants show develop-
more, 2002). mental abnormalities in later generations. The ROS1

TGS of transgenes is often associated with a high gene was cloned and predicted to encode a nuclear
copy number of the transgenes, or insertion of the trans- protein of 1393 amino acids containing an endonuclease
genes in certain genomic regions (Vaucheret and Fa- III domain. The ros1 mutant shows enhanced sensitivity

to hydrogen peroxide or the DNA alkylating agent methyl
methanesulfonate, suggesting that ROS1 also functions3 Correspondence: jkzhu@ag.arizona.edu
in DNA repair. Our results suggest that ROS1 is a critical4 Present address: College of Biological Sciences, China Agricultural

University, Beijing 100094, China. repressor of smRNA triggered DNA hypermethylation
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Figure 1. Transcriptional Gene Silencing in ros1 Mutant Plants

(A) Expression of the RD29A-LUC transgene in ros1 mutants. Wild-type, ros1-1, and ros1-2 seedlings grown on MS agar plates for one week
were treated with cold (4�C) for 24 hr, 100 �M ABA for 3 hr, or transferred to a filter paper soaked with 300 mM NaCl for 5 hr. Luminescence
images were taken after each treatment. WT: wild-type.
(B) The endogenous RD29A gene is silenced in ros1-1 mutant plants. Steady-state transcript levels of RD29A and other genes in wild-type
and ros1-1 mutant plants were determined by RNA blot analysis. Plants were either untreated (C) or treated with cold (4�C) for 24 hr, 100 �M
ABA for 3 hr, 300 mM NaCl for 5 hr, or 30% PEG for 5 hr. The ACTIN gene was used as a loading control. WT: wild-type.
(C) Nuclear run-on assays of RD29A-LUC, NPTII (driven by the CaMV 35S promoter), and RD29A genes. COR47 and rDNA were used as
controls.
(D) Kanamycin sensitivity of ros1 mutants. The seeds of wild-type (WT), and ros1-1 and ros1-2 mutants were planted on MS medium containing
35 mg/l kanamycin, and were cultured for two weeks.

and transcriptional gene silencing. Recombinant ROS1 failed to emit significant bioluminescence after treat-
ment with low temperature, ABA, or osmotic stress. Twoprotein is able to incise methylated but not unmethylated
allelic mutants from this group were selected for detailedDNA in vitro, suggesting that the anti-silencing activity
characterization. Figure 1 shows the luminescence im-of ROS1 may be achieved by demethylation of the pro-
ages of the wild-type and mutant seedlings before treat-moter DNA.
ment and after being treated with cold, ABA, or NaCl.
Compared with the wild-type, all of the mutant seedlings

Results emitted virtually no luminescence (Figure 1A). This non-
luminescent phenotype is stable from the young seed-

Identification of ros1 Mutations that Cause ling stage to late in development (data not shown). Sub-
the Silencing of a Transgene and a sequent studies led us to believe that the mutations
Homologous Endogenous Gene caused the silencing of the RD29A-LUC transgene and
We developed a system to screen for Arabidopsis thali- the endogenous RD29A gene. The wild-type gene de-
ana mutants with deregulated expression of the RD29A- fined by the mutations was therefore named as ROS1
LUC transgene, which consists of the firefly luciferase for Repressor Of Silencing 1. The ros1 mutants were
reporter under control of the ABA, drought, salt, and each backcrossed with the wild-type plants. F1 plants
cold stress-responsive RD29A promoter (Ishitani et al., resulting from the crosses between ros1 mutant and
1997). Expression of the RD29A-LUC transgene in our wild-type plants showed a wild-type luminescence phe-
transgenic Arabidopsis line has been very stable for notype, and selfed F2 progenies segregated approxi-
many generations over the last seven years. The RD29A- mately 3:1 for wild-type:mutant, indicating that the ros1
LUC plants (referred to as wild-type) were mutagenized mutations are recessive, and in a single nuclear gene
with ethyl methanesulfonate (EMS) and mutants with (data not shown). Crosses between the two mutants
abnormal bioluminescence in response to cold, osmotic revealed that they are allelic (thus referred to as ros1-1
stress, or ABA treatment were screened from the M2 and ros1-2) (data not shown).

To determine whether the expression of the endoge-population (Ishitani et al., 1997). One group of mutants
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nous RD29A and other stress-responsive genes is af- methylated (Figure 2A). Four out of seven CG sites in
this region are completely methylated. Noticeably, nofected by the ros1 mutation, total RNA from ros1-1 mu-

tant and wild-type plants treated with cold, NaCl, PEG, cytosine residue is methylated in the �85 to �150 region
in the wild-type, but these are heavily methylated in theor ABA was analyzed by Northern hybridization. Figure

1B shows that RD29A expression under all treatments ros1-1 mutants. To determine whether both the RD29A-
LUC transgene and the RD29A endogenous gene arewas almost completely blocked by the ros1 mutation.

In contrast, expression of the control gene ACTIN or hypermethylated in the mutant, we carried out Southern
analysis using two methylation sensitive restriction en-other stress responsive genes representing various

stress gene regulation pathways was not affected at all. zymes, BstUI (CGCG) and MluI (ACGCGT), and the
RD29A coding sequence and the luciferase gene asIdentical results were obtained with the ros1-2 mutant

(data not shown). These data suggest that the block of probes. The CGCG/ACGCGT site is localized in the
RD29A promoter region (Figure 2A). As shown in Figureexpression of the RD29A-LUC transgene and the endog-

enous RD29A gene in ros1 mutants is because of gene 2B, the ACGCGT site was completely digested by MluI
in the wild-type but not digested in ros1-1 mutant whensilencing and not a defect in stress signaling. This notion

is further supported by our later finding that ros1 muta- the luciferase gene was used as probe, and the CGCG
site was completely digested by BstUI in the wild-typetions also block the expression of the NPTII gene (Fig-

ures 1C and 1D), which is unrelated in sequence to but not in ros1-1 when the RD29A coding sequence
was used as probe. These results show that the ros1-1RD29A-LUC or RD29A.
mutation causes DNA hypermethylation in the promoter
region of both the RD29A-LUC transgene and the RD29A
endogenous gene. We did not find any methylationThe Gene Silencing Caused by ros1 Occurs

at the Transcriptional Level changes in the coding regions of RD29A or LUC as
revealed by digestion with methylation sensitive en-In order to differentiate PTGS from TGS, nuclear run-on

assays were carried out (Dorweiler et al., 2000). Figure zymes HpaII (CG methylation) and MspI (CNG methyla-
tion) (data not shown).1C shows that the pre-mRNA transcript levels of both

the RD29A gene and the LUC gene are much lower in We also checked the DNA methylation status in rDNA,
centromeric DNA, and two retrotransposons (Jacksonros1-1 than in wild-type plants. In comparison, there

was no difference between ros1-1 and wild-type plants et al., 2002). As shown in Figure 2C, no differences were
detected in rDNA, centromeric DNA, or the retrotranspo-in the pre-mRNA transcript level for the COR47 gene

that has the same stress-responsive cis-elements as in sons between ros1 mutant and wild-type plants. Be-
cause the rDNA, centromeric DNA, and retrotransposonRD29A. These results indicate that the gene silencing

in ros1 mutants occurs at the transcriptional level. regions are already hypermethylated in the wild-type
genome, any methylation-enhancing effect of ros1 onTypically, TGS is related to a chromosomal region, and

not to a specific promoter (Rine, 1999). We hypothesized these regions may be difficult to detect using methyla-
tion sensitive restriction enzymes. The ddm1 mutationthat other genes that are adjacent to the LUC transgene

or the endogenous RD29A gene may also be silenced. causes global DNA hypomethylation in the Arabidopsis
genome. If the ros1 mutations could cause global DNATo determine whether the NPTII gene (linked to the LUC

gene in the inserted T-DNA) is silenced, we planted ros1 hypermethylation, it should be easier to detect this in
the ros1/ddm1 double mutant. As shown in Figure 2B,mutant and wild-type seeds on Murashige-Skoog (MS)

nutrient medium supplemented with 35 mg/l kanamycin. digestion with methylation sensitive restriction enzymes
did not reveal any difference between ddm1 and theAs shown in Figure 1D, wild-type plants were resistant

to kanamycin whereas the mutant plants were very sen- ros1/ddm1 double mutant in the methylation of rDNA,
centromeric DNA, and or the retrotransposons. Thesesitive and did not grow at all. Nuclear run-on assays

show that NPTII gene transcription in ros1 mutants is results suggest that ros1 mutation causes DNA hyper-
methylation in specific DNA regions but does not causemuch lower than that in wild-type plants (Figure 1C).

These results indicate that the entire T-DNA region in- global DNA hypermethylation.
cluding both the LUC and NPTII genes is silenced. How-
ever, the RD29B gene, which is adjacent to the endoge- DNA Methylation Inhibitor and the ddm1 Mutation
nous RD29A, is not silenced (Figure 1B). Release Transcriptional Gene Silencing

in ros1 Mutant Plants
The cytosine methylation inhibitor 5-aza-2�-deoxycyti-

The ros1 Mutation Leads to DNA Hypermethylation dine (5Aza-dC) has often been used to study the effect
Specifically in the Promoter of the Silenced Loci of DNA methylation (Chen and Pikaard, 1997). As shown
In Arabidopsis, the release of TGS by ddm1 mutations in Figure 3A, there is no difference between the RD29A-
is correlated with reduced DNA methylation (Jeddeloh LUC expression of ros1-1 and wild-type seedlings after
et al., 1998). However, mutations in MOM1 release the the 5Aza-dC treatment. When three-week-old seedlings
silencing of hypermethylated genes without noticeable were treated with 5Aza-dC, newly grown roots in ros1-1
changes in DNA methylation (Amedeo et al., 2000). To were found to have a strong luminescence response
determine whether there is any methylation change in similar to that in wild-type plants (data not shown). We
ros1 mutants, we sequenced the upper strand of a 188 tested whether the recovery of RD29A-LUC expression
bp region of the RD29A promoter after bisulfite treat- in ros1 by 5Aza-dC could be maintained after the inhibi-
ment. Compared with that of the wild-type, the promoter tor is removed. One week after 5Aza-dC was removed,

RD29A-LUC expression in the inhibitor-treated ros1-1DNA in ros1 mutant plants is substantially more heavily
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Figure 2. DNA Methylation Status in ros1 Mutant Plants

(A) Genomic sequencing of the upper strand of RD29A promoter core region (�272–85) after bisulfite treatment in ros1-1 (below sequence)
and wild-type (above sequence) plants. The percentage of cytosine methylation is indicated by the extent of black bars and no methylation
is indicated by white bars. Two binding sites of the CBF/DREB transcriptional activators are underlined.
(B) Methylation status of promoter regions in RD29A-LUC transgene and RD29A endogenous gene was analyzed by using methylation sensitive
enzymes MluI (AmCGmCGT) and BstUI (mCGmCG). The ACGCGT/CGCG site is boxed in (A).
(C) Methylation status of rDNA, centromeric DNA, and retrotransposons in wild-type, ros1, ddm1, and ros1/ddm1double-mutant plants. DNA
from wild-type (WT), ros1-1, ddm1, and ros1/ddm1double-mutant plants was digested with methylation sensitive enzymes HpaII (CG methyla-
tion) or MspI (CNG methylation), and hybridized with an rDNA, a 180 bp centromeric repeat, an Athila long terminal repeat (LTR), or a Ta3
probe (Jackson et al., 2002), respectively.

seedlings returned to untreated ros1 level (data not methylation and silencing of homologous gene promot-
ers (Mette et al., 2001). In ros1 mutants, both the trans-shown). These results show that the release of gene

silencing by 5Aza-dC in ros1 mutant plants cannot be gene and the homologous endogenous gene were
silenced. We hypothesized that smRNAs may be pro-maintained in the absence of the methylation inhibitor.

Because the ddm1 mutation can reduce DNA methyla- duced from the RD29A-LUC transgene repeats, and the
smRNAs subsequently causes the hypermethylation oftion in the whole genome, we also tested the effect of

ddm1 on the TGS in ros1. As shown in Figure 3B, the the RD29A promoter in ros1 mutants. The T-DNA in
our RD29A-LUC plants is arranged in a complex repeatluminescence response of the ros1/ ros1::ddm1/ddm1

double mutant was much higher than that of ros1/ configuration (data not shown). We tested whether our
wild-type and ros1 mutant plants produce small RNAsros1::DDM1/DDM1 plants, but was still lower than that

of ROS1/ROS1:: DDM1/DDM1 plants. The result sug- from the promoter of the RD29A-LUC transgene repeats.
As shown in Figure 4A, both the ros1-1 mutant and wild-gests a partial release of gene silencing in ros1 by ddm1.

Taken together, our data suggest that the ros1 mutation type plants produced �23 bp smRNAs that hybridize
with the RD29A promoter. The amount of smRNAs iscauses TGS by failing to prevent DNA hypermethylation.
similar in ros1-1 and wild-type plants. This result shows
that smRNAs are produced from the transgene repeatsSmall RNAs May Act as a Trigger for TGS in ros1

Recent studies suggest that small RNAs arising from and the ros1 mutation does not affect the accumulation
of these smRNAs.promoters in transgene repeats could trigger the hyper-
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Figure 3. Effect of 5-aza-2�-deoxycytidine
(5Aza-dC) and ddm1 Mutation on RD29A-
LUC Expression in ros1-1 Mutant Plants

(A) Seedlings grown in MS medium for three
days were transferred to an MS medium con-
taining 50 �M 5Aza-dC. After one week, lumi-
nescence images were taken following a
treatment with 100 �M ABA for 3 hr.
(B) RD29A-LUC expression from the ros1 mu-
tant, ros1/ddm1 double-mutant, and the wild-
type plants. The luminescence images were
taken after a treatment with 300 mM NaCl for
5 hr.

We crossed the ros1-1 mutant with wild-type plants transgene repeats may be involved in the promoter DNA
hypermethylation and TGS of the endogenous RD29Awithout the RD29A-LUC transgene. From the segregat-

ing F2 population, ros1 mutant plants without the gene.
RD29A-LUC transgene were selected. As shown in Fig-
ure 4B, expression of the endogenous RD29A gene was Epigenetic Effects of the ros1 Mutation

on Plant Developmentrecovered to the wild-type level in these transgene-
minus ros1-1 mutant plants. These transgene-minus In ddm1/som mutants, plant developmental abnormali-

ties accumulated after inbreeding for more than threeros1 mutant plants did not produce any smRNAs (Figure
4C), and showed a wild-type level of DNA methylation generations (Kakutani et al., 1996). In contrast, mom1

mutants did not show developmental abnormalitiesin the endogenous RD29A gene promoter (Figure 4D).
The results suggest that smRNAs produced from the even after many generations (Amedeo et al., 2000). In

Figure 4. The Silencing Effect of ros1 Mutation Is Dependent on smRNAs

(A) Detection of small RNAs in ros1-1 mutant and wild-type plants. Total RNAs were extracted from two-week-old plants. The enriched low
molecular weight RNAs were fractioned, blotted, and hybridized with 32P-labeled RD29A promoter probe.
(B) Expression of endogenous RD29A gene is recovered in the ros1-1 mutant plants when the RD29A-LUC transgene is removed (minus
RD29A-LUC). Total RNAs extracted from two-week-old plants treated with 100 �M ABA were blotted and hybridized with 32P-labeled RD29A
and COR47 gene probes.
(C) Small RNAs were not detected in ros1-1 mutant plants without the RD29A-LUC transgene.
(D) DNA methylation in the endogenous RD29A promoter is reduced greatly after the RD29A-LUC transgene was removed from the ros1-1
mutant. DNA from minus transgene ros1-1 mutant and minus transgene wild-type plants were digested with BstUI and hybridized with 32P-
labeled RD29A cDNA.
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Figure 5. Aberrant Developmental Phenotypes of Some ros1-1 Plants that Were Selfed for Four Generations

(A) The aberrant plant (right) is reduced in height compared to the wild-type (left).
(B) (a) The leaves of aberrant plants are narrower than those of wild-type plants. (b and c) Altered flower structure in aberrant ros1 plants
(right) as compared to flowers of wild-type plants (left). (d) The siliques of aberrant plants (right) are shorter and contain fewer seeds than
those of wild-type plants (left). (e) Seedlings originated from aberrant ros1 (right) and from wild-type (left) seeds.
(C) The germination of ros1 mutant seeds is more sensitive to a DNA double-strand break agent methyl methanesulfonate (MMS). The seeds
of wild-type (WT) and ros1-1 mutant plants were plated on MS medium containing 50 ppm MMS and kept under normal growth conditions
for 2 weeks. MS nutrient medium without MMS supplementation was used as control.
(D) ros1-1 mutant plants are more sensitive to hydrogen peroxide. Three-week-old plants were sprayed with 1 mM H2O2 and the picture was
taken one day later.

ros1-1 mutants, there were no apparent developmental malities appeared to occur early in development since
the entire plants and not just some specific organs dis-phenotypes in the first three generations. However, from

the fourth generation, some mutant plants showed aber- played the aberrant phenotypes. Some of the develop-
mental abnormalities in ros1, such as decreased staturerant phenotypes, which include flowering slightly earlier

than wild-type plants, abnormal flowers, shorter si- and narrower leaves, are similar to those in the caf1
mutant (Jacobsen et al., 1999), while the reduced fertilityliques, and a reduction in height to about 2/3 of wild-

type plants (Figures 5A and 5B). The aberrant ros1-1 phenotype has also been observed with the ddm1 mu-
tant (Kakutani et al., 1996).plants produced less than 5% of the amount of seeds

produced by wild-type plants. However, the seeds from
the aberrant ros1-1 plants weigh approximately 150% Map-Based Cloning of the ROS1 Gene

Initial mapping with selected markers from each of theas much as the wild-type seeds, suggesting that ROS1
may affect imprinting (Adams et al., 2000). The progenies five Arabidopsis chromosomes located ROS1 to chro-

mosome II. Fine mapping with Simple Sequence Lengthof the aberrant plants all appeared abnormal, with
shorter hypocotyls and aberrant cotyledons, and the Polymorphism markers that we have developed de-

limited ROS1 to a contig of four BAC clones, F2H17,leaves were narrower than those of wild-type plants
(Figure 5B). Later generations of these aberrant plants F1O11, F13K3, and T1J8 (Figure 6A). Candidate open

reading frames on these four BAC clones were amplifiedshowed more severe aberrant phenotypes. The abnor-
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Figure 6. Positional Cloning, Sequence of the Predicted ROS1 Protein, ROS1-GFP Protein Localization, and ROS1 Promoter::GUS Expression.

(A) Genetic and physical mapping and gene structure of ROS1 (i.e., F1O11.12).
(B) Predicted amino acid sequence of ROS1 and the positions of ros1 mutations. Underlined are three putative nuclear localization signals.
The region showing similarity to the HhH-GPD superfamily of proteins is highlighted in bold. The mutations in ros1-1 and ros1-2 are encircled.
(C) Sequence alignment of the HhH-GPD superfamily of proteins. The conserved HhH-GPD domain and distinct [4Fe-4S] cluster (FES motif)
were underlined. The sequences used for the alignment are: MUTY, P17802 (E. coli); MUTYH, NP_036354 (human); 2ABK, 1311214 (E. coli);
D75275 (Deinococcus radiodurans); and NTG2, Q08214 (yeast).
(D) ROS1-GFP protein is localized in the nucleus. The picture shows GFP signals in the nuclei of epidermis cells in a leaf of ROS1-GFP
transgenic plants.
(E) ROS1 promoter::GUS expression in various plant tissues. (a) Two-day seedlings. (b) Ten-day-old seedling. (c) Stem. (d and e) Flowers. (f)
Silique.

from wild-type as well as ros1-1 mutant plants and se- This family contains a diverse range of structurally re-
quenced. The sequence analysis revealed a single nu- lated DNA repair proteins including endonuclease III
cleotide substitution in the hypothetical F1O11.12 gene (DNA glycosylase/AP lyase) and MutY (A/G specific ade-
in the ros1-1mutant. This mutation (from TGG to TAG) nine glycosylase) proteins (Krokan et al., 1997; Scharer
is predicted to change Trp-469 to a premature stop and Jiricny, 2001).
codon (Figure 7B), resulting in an early truncation of the The fact that ROS1 contains a domain highly con-
protein and thus may be considered as a null allele. The served in the HhH family of DNA glycosylases strongly
F1O11.12 gene from ros1-2 plants was sequenced and suggests that one ROS1 function may be repairing dam-
a single nucleotide substitution (from GAT to AAT) was aged DNA in Arabidopsis. In order to determine whether
found that would change Asp-1310 to Asn (Figure 7B). ROS1 may function in DNA repair in planta, we tested
This mutation in an independent allele thus confirms the response of ros1 mutants to the genotoxic agent
that F1O11.12 is the ROS1 gene. methyl methanesulfonate (MMS), which causes base

damages to DNA. The seeds of ros1-1 and wild-type
plants were planted on MS nutrient medium or MS nutri-ROS1 Encodes a Nuclear Protein with an
ent medium containing 50 ppm MMS. As shown in FigureEndonuclease III Domain
5C, the germination of ros1-1 but not wild-type seedsA full-length ROS1 cDNA was obtained by reverse tran-
was decreased by 50 ppm MMS. The ros1-1 mutantscriptase (RT)-PCR. Comparison between the cDNA and
plants were also more sensitive to the oxidizing agentgenomic DNA sequences revealed that the ROS1 gene
hydrogen peroxide (Figure 5D). The hydrogen peroxide-consists of 20 exons and 19 introns (Figure 6A). ROS1
treated leaves in ros1-1 but not in the wild-type withered.is predicted to encode a protein of 1393 amino acids
The results show that ros1 mutant plants are more sensi-with an estimated molecular mass of 156.5 kDa (Figure
tive to genotoxic chemicals, and thus suggest a role of6B). ROS1 contains an endonuclease III domain with
ROS1 in DNA repair.significant similarities to base excision DNA repair pro-

teins in the HhH-GPD superfamily (Figures 6B and 6C). We hypothesized that since the wild-type ROS1 gene
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Figure 7. DNA Incision Activity of MBP-ROS1 Protein on Methylated DNA

(A) Purification of recombinant MBP-ROS1 protein. Fractions from various steps were separated on a 10% SDS-polyacrylamide gel stained
with Coomassie Blue. Lane 1, uninduced cells; lane 2, induced cells; lane 3, MBP-ROS1 purified through amylose affinity column; lane 4,
molecular mass markers with sizes indicated in kDa.
(B) DNA nicking activity. Purified closed-circular (CC) plasmid DNA was incubated with increasing amounts of MBP-ROS1, and the reaction
mixtures resolved by electrophoresis. An inverted image of the gel is shown. Control reactions with nonmethylated plasmid were carried out
in parallel.
(C) Quantification of the DNA nicking activity. The average number of nicks per plasmid molecule was estimated from the fraction of open-
circular form (OC).

suppresses smRNA-triggered TGS and has a role in DNA level upon IPTG induction. The fusion protein was affinity
purified by binding to an amylose column (Figure 7A).repair, the ROS1 protein may be localized in the nucleus.

The ROS1 protein has four predicted nuclear localization Since the results described above suggest that ROS1
might prevent hypermethylation at promoter sequencessignal sequences (http://psort.nibb.ac.jp) (Figure 6B). To

determine the localization of ROS1 protein, we fused by demethylation, we decided to test if the enzyme has
any activity against DNA containing 5-methylcytosine.ROS1 in-frame to the N terminus of the green fluorescent

protein (GFP). The ROS1-GFP fusion protein was ex- The amino acid sequence of ROS1 endonuclease III
domain shows a characteristic invariant lysine (lys-953)pressed in Arabidopsis plants under the cauliflower mo-

saic virus (CaMV) 35S promoter. Green fluorescence residue in the HhH motif. This suggests that it is a bifunc-
tional DNA glycosylase/lyase, able both to hydrolize theimaging of the transgenic plant leaves under a confocal

microscope showed that the ROS1-GFP fusion protein N-glycosyl bond linking bases to DNA and to cleave the
phosphodiester backbone at the site where a base hasis clearly localized in nuclei (Figure 6D).

The gene silencing phenotypes of ros1 mutants were been removed (Krokan et al., 1997). Therefore, its enzy-
matic activity may be analyzed by investigating its ca-observed throughout the plant life cycle, which suggests

that ROS1 functions constitutively in all developmental pacity to generate strand breaks in different DNA sub-
strates. We prepared plasmid DNA methylated in vitrostages. In order to determine the tissue and develop-

mental expression pattern of the ROS1 gene, ROS1 pro- with either SssI methylase, which methylates cytosine
residues within the sequence 5�-CG-3�, or MspI methyl-moter was fused with the �-glucuronidase reporter gene

(GUS), and the resulting construct was introduced into ase, which methylates the external cytosine residues at
5�-CCGG-3� sequences. As shown in Figures 7B andwild-type Arabidopsis plants. GUS expression was ob-

served in all plant tissues examined including both vege- 7C, recombinant MBP-ROS1 did not have any strand-
breaking activity on unmethylated or SssI-methylatedtative and reproductive organs (Figure 6E).
plasmid, but was able to incise MspI-methylated DNA.
The nicking activity was dependent on the protein con-Nicking Activity of ROS1 Protein on Methylated DNA

We fused a ROS1 cDNA in-frame to the maltose binding centration, and after 1 hr incubation, 16 pmol protein
induced an average of 0.18 strand breaks per plasmidprotein (MBP) gene and expressed the fusion protein in

E. coli. Cells containing the expression plasmid synthe- molecule. This activity is in the same range as that of
previously characterized endonuclease III homologs onsized the MBP-ROS1 fusion protein (167.9 kDa) to a high
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different damaged substrates (Roldan-Arjona et al., The fact that the silencing of RD29A-LUC in ros1
mutant plants can be released partially by the ddm12000). It is important to note that pBluescript contains
mutation and completely by DNA methylation inhibitor388 CpG sites recognized by SssI methylase and only
are consistent with a role of ROS1 in preventing DNA13 targets for MspI methylase. Thus, MBP-ROS1 incises
hypermethylation. There are two possible mechanismsDNA containing 5-methylcytosine, but its catalytic activ-
underlying this function of ROS1. One is that ROS1 mayity in vitro is highly sequence-specific.
prevent smRNAs from causing DNA methylation. An-
other possibility is that ROS1 may inhibit the hypermeth-Discussion
ylation of specific DNA sequences targeted by small
RNAs through participation in the demethylation of theWe have shown that recessive mutations in the ROS1
DNA. Our data support this latter hypothesis. ROS1 en-gene cause transcriptional silencing of two originally
codes a protein with motifs conserved in bifunctionalactive loci, a T-DNA region (very close to marker AthGA-
DNA glycosylases/AP lyases. DNA glycosylases initiatePab in chromosome III, data not shown) and the endoge-
the base excision DNA repair pathway, which in mostnous RD29A gene (at the bottom of chromosome V).
organisms removes common base modifications (oxida-The simple recessive nature of the silencing phenotype
tion, deamination, and alkylation) caused by endoge-suggests that the TGS is not sustained as soon as the
nous agents (Lindahl and Wood, 1999). Usually, they areros1 mutation is removed or rendered heterozygous.
relatively small monomeric proteins that hydrolyticallyDNA bisulfite sequencing of the RD29A promoter region
cleave the glycosylic bond between the target base andindicates that the ros1 mutation leads to DNA hyper-
deoxyribose, releasing the free damaged base and leav-methylation in the affected loci. Interestingly, cytosine
ing an apurinic/apyrimidinic (AP) site that must be furtherresidues are more heavily methylated in a defined tran-
processed. According to their catalytic activity, DNAscriptional region in ros1 (Figure 2A), which contains the
glycosylases are classified into two broad groups:binding sites of the CBF/DREB transcriptional activators
monofunctional DNA glycosylases, which catalyze only(Ishitani et al., 1997). This and other observations sug-
hydrolysis of the glycosylic bond, and DNA glycosyl-gest that ROS1 negatively regulates DNA methylation
ases/lyases, bifunctional enzymes with an associatedonly in some specific DNA regions and not in genomic
AP lyase activity that cleaves the DNA backbone at theDNA in general.
site where a base has been removed (McCullough etOur data show that the RD29A-LUC transgene repeats
al., 1999). Structural studies have revealed that all DNAresult in the generation of small RNAs from the RD29A
glycosylases fall into two main structural families. Thepromoter (Figure 5A). The WS ecotype of Arabidopsis
best characterized is the HhH-GPD family, which in-has four PAI genes at three sites: an inverted repeat at
cludes EndoIII, AlkA, MutY, and hOGG1 (Scharer andone locus and singlet genes at two unlinked loci (Luff
Jiricny, 2001). A lysine residue located at the HhH do-et al., 1999). The PAI inverted repeat induces methyla-
main is conserved in all the bifunctional enzymes of thistion and silencing of the unlinked homologous genes,
family (Krokan et al., 1997) and is also present in ROS1and this is likely also mediated through smRNAs (Luff
(Lys-953).

et al., 1999). However, the methylation of the unlinked
The ability of recombinant MBP-ROS1 protein to in-

loci is maintained even after the PAI inverted repeat
duce strand breaks in DNA containing 5-methylcytosine

is removed, whereas the unlinked endogenous RD29A
suggests that ROS1 may be directly involved in DNA

promoter methylation is dependent on the presence of demethylation through a base excision repair mecha-
the RD29A-LUC transgene. In this regard, the smRNA- nism. A role for DNA glycosylases in genome demethyl-
dependent promoter DNA methylation and transcrip- ation during cell differentiation in vertebrates has been
tional silencing described here is more similar to that previously suggested (Jost et al., 1995). Although the
reported by Mette et al. (2000). Mette et al. (2000) re- observed strand breaks might reflect excision of mis-
ported that smRNAs generated by a compound NOSpro paired thymine residues arisen by spontaneous 5-meth-
transgene cause silencing of an unlinked NOSpro locus, ylcytosine deamination, the absence of nicking activity
and the silencing is dependent on the transgene repeats. on a heavily methylated plasmid at CpG sequences
However, the silencing of the NOSpro genes occurs seems to rule out this possibility. The significance of
in the wild-type background. This is in contrast to the this strong sequence preference for the in vivo activity
silencing described here, which only occurs in the ho- of the protein remains to be determined and will require
mozygous ros1 mutant background. The reason for the a complete characterization of the substrate specificity
different sensitivities between RD29A and NOSpro to of the enzyme. It should be pointed out that the RD29A
smRNA-induced silencing is unclear at present. It is promoter hypermethylation pattern observed in ros1-1
possible that different genes differ in their sensitivity mutant plants also includes CpG sequences. The se-
toward smRNA-induced DNA methylation and silencing. quence specificity of ROS1 in vivo may be affected by
Genes that are resistant to smRNA-induced silencing its potential interaction with smRNAs and other proteins.
and are only silenced in the ros1 mutant background The genome of Arabidopsis encodes several other
would be targets of ROS1. It is also possible that the dif- proteins belonging to the HhH family of DNA glycosy-
ference seen in the two systems has to do with the level lases, all of them with similar DNA repair activities to
of smRNAs, and that ROS1 may also control the silenc- homologs found in bacteria, fungi, or animals (Garcia-
ing of the NOSpro transgene. Therefore, in the ros1 Ortiz et al., 2001; Roldan-Arjona et al., 2000). However,
mutant background the frequency of NOSpro silencing there are several characteristics that make ROS1 an
might be increased. Future experiments will be able to atypical DNA glycosylase. It is much bigger (1393 amino

acids) than typical DNA glycosylases, which are in thetest these possibilities.
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and Skoog (MS) nutrient medium with 0.6% agar under constant200–400 amino acids range. The similarity to DNA glyco-
white fluorescent light at 22 � 2�C. For 5-aza-2�-deoxycytidine treat-sylases is limited to the endonuclease III domain, and
ment, seedlings grown for three days or three weeks were trans-the only recognizable feature in the rest of the sequence
ferred to MS liquid medium containing 50 �M 5Aza-dC (Sigma).

is a region rich in basic residues, which displays a weak Seedlings were subjected to luciferase imaging after being treated
similarity to H1 histones. A database search revealed with 100 �M ABA for 3 hr. Detection of small RNAs was as described

(Mette et al., 2000). Briefly, total RNAs were isolated from two-three other large Arabidopsis proteins that are similar
week-old plants grown in soil and small RNAs were enriched byto ROS1 in the endonuclease III domain and also with
precipitation with 5% PEG (MW 8000), 0.5 M NaCl. The enrichedan N-terminal basic region (data not shown). One of
small RNAs were separated on a 15% polyacrylamide-7 M urea gelthem is DME (Choi et al., 2002). DME is required for
in 1 � TBE buffer. The 21-mer oligo-DNA was loaded as markers.

endosperm gene imprinting and its ectopic expression RNAs were transferred to membrane and the filter was hybridized
induces MEA expression and nicks the MEA promoter. with 32P-labeled RD29A promoter probe (�650 bp) at 33�C in per-

fectHyb plus hybridization buffer (Sigma). The filter was washed twoInterestingly, DME may function by a mechanism other
times with 2XSSC, 0.1% SDS at 50�C for 15 min.than demethylation of the MEA promoter since no

5-methylcytosine residues were found in the promoter
Positional Cloning(Choi et al., 2002).
For genetic mapping, the homozygous ros1-1 mutant in the C24ROS1 in Arabidopsis may function as a regulator of
background with RD29A-LUC transgene was crossed to the wild-

smRNAs-triggered epigenetic control of gene expres- type of the Columbia ecotype without the RD29A-LUC transgene.
sion and development. The accumulated abnormal phe- The F2 population was screened for ros1 mutants based on lumines-
notypes in the later generations of ros1 mutants indicate cence imaging and PCR genotyping for the presence of RD29A-

LUC. Simple sequence-length polymorphism (SSLP) markers werethat some genes important in development must be
developed and used for mapping. Using SSLP markers, ros1 wasaffected by the loss of ROS1 function. The Arabidopsis
first mapped to chromosome 2 between the markers mi227 andddm1 and ddm2 mutations also lead to developmental
nga168. Markers T20F21-1, F2H17-1, F1O11-1, F13M22-1, T2N18-1,

abnormalities in later generations. However, the accu- T1J8-1, and F13K3-1 were then used to narrow down the ros1 muta-
mulated developmental phenotypes in ddm1 and ddm2 tion to within the following four BAC clones: F2H17, F1O11, F13K3,
are associated with DNA hypomethylation (Ronemus et and T1J8. To identify the ros1 mutation, candidate genes from wild-

type and ros1 mutant plants were sequenced.al., 1996; Kakutani et al., 1996), whereas the aberrant
phenotypes in ros1 mutant plants may be associated

Localization of ROS1-GFP Fusion Protein and Analysis ofwith DNA hypermethylation specifically in some genes.
ROS1 Promoter-GUS ExpressionThe fact that ros1 mutants were hypersensitive to
Arabidopsis poly(A) RNAs from seedlings were reverse transcribed

DNA base damage reagents indicates one of the in vivo with a 21-mer oligo(dT) primer and were used as templates for
functions of ROS1 is to repair damaged DNA. The repair PCR amplification of ROS1 cDNA by using the following primers:
of DNA damage is an important step during chromatin ROS1GFP-F: 5�-CCGCTCGAGTCAGAAATGGAGAAACAGAGGAGA

GAAG ROS1GFP-R: 5�-GGAATTCAGGCGAGGTTAGCTTGTTGTCCassembly and requires both the recognition of altered
CTTC. The resulting PCR fragment was cloned and sequenced, andDNA structures and the recruitment of repair proteins
inserted into the binary vector pEZTNL (kindly provided by Dr. Davidto the damage sites (Lindahl and Wood, 1999; Hu et al.,
W. Ehrhardt) downstream from the CaMV 35S promoter. Agrobac-

2001). After repair, the chromatin structure of repaired terium strain LBA4404 containing this ROS1-GFP translational fu-
DNA must be reassembled in order to faithfully restore sion was introduced into Arabidopsis.
preexisting structures, especially in transcribed regions. The promoter region (�25 to �1565 from first ATG) of the ROS1

gene was PCR-amplified and inserted into the pCAMBIA1380 binaryRecent studies have revealed a mechanistic connection
vector. This ROS1 promoter-GUS construct was introduced intobetween gene silencing or chromatin remodeling factors
Agrobacterium strain GV3101 and transformed into wild-type Arabi-and DNA repair proteins. For example, the mammalian
dopsis, and 27 independent lines of hygromycin-resistant transgenic

TIP60 histone acetylase complex (Ikura et al., 2000) and plants were obtained and analyzed.
the Drosophila RCAF complex (Tyler et al., 1999) are
involved in chromatin remodeling as well as in DNA ROS1 In Vitro Activity Assay
repair. Our results suggest that a DNA repair factor can A cDNA clone encoding the C-terminal 1099 residues of ROS1 pro-

tein was subcloned into the pMal-c2X vector (New England Biolabs)serve as a repressor of smRNA-triggered DNA hyper-
to obtain a malE-ROS1 in-frame fusion. Expression of the MBP-methylation and TGS.
ROS1 fusion protein in E. coli strain BL21(DE3) cells was induced by
the addition of isopropyl-1-thio-�-D-galactopyranoside. The fusion
protein was purified by affinity chromatography of the crude bacte-Experimental Procedures
rial lysate on an amylose column (New England Biolabs).

Plasmid pBluescript KS� (Stratagene) was purified from E. coliPlant Growth, Mutant Isolation, RNA and DNA Blot Analysis,
DNA Methylation Assays BL21 (DE3), a dcm strain, using a Maxi-plasmid purification kit (Qia-

gen). Twenty �g of plasmids were methylated in vitro in a 300 �lArabidopsis thaliana (ecotype C24) expressing the chimeric RD29A-
LUC reporter gene (referred to as wild-type in this study) was muta- reaction containing 20 U of MspI or SssI methylases (New England

Biolabs) under the conditions recommended by the manufacturer.genized with ethyl methanesulfonate. Mutant screening, plant
growth, and RNA analysis were as described (Ishitani et al., 1997). After methylation, DNA was purified using a Mini-plasmid purifica-

tion kit (Eppendorf). Nonmethylated plasmid was subjected in paral-Nuclei were isolated from two-week-old seedlings treated with 100
�M ABA for 3 hr. Nuclear run-on assays were carried out as de- lel to the same procedure and used as a control in assays. The

methylation status was confirmed by digestion with MspI and HpaIIscribed (Dorweiler et al., 2000). DNA methylation was determined
by Southern blot analysis using methylation sensitive restriction endonucleases.

For the nicking assay, a reaction mixture (20 �l) containing 40enzymes or by sequencing the genomic DNA after bisulfite treatment
using the CpGenome DNA modification kit (Intergen). A total of 15 mM Hepes-KOH [pH 8.0], 0.1 M KCl, 0.5 mM EDTA, 0.5 mM DTT,

0.2 mg/ml BSA, and 400 ng purified closed-circular plasmid DNA,clones were sequenced for each genotype. Mutants were back-
crossed to the wild-type for four times to eliminate other mutations was incubated at 37�C for 1 hr with increasing concentrations of

purified MBP-ROS1 protein. Reactions were stopped by adding 1from the genetic background. Seedlings were grown on Murashige
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�l of stop solution (0.4 M EDTA, 1% SDS), heated at 70�C for 5 min, Jackson, J.P., Lindroth, A.M., Cao, X., and Jacobsen, S.E. (2002).
Control of CpNpG DNA methylation by the KRYPTONITE histoneand the mixtures loaded onto a 1% agarose gel. Gel images were

captured to a DC120 Zoom Digital Camera (Kodak) and analyzed H3 methyltransferase. Nature 416, 556–560.
with Kodak DS 1D Image Analysis Software, version 2.0.2. The aver- Jacobsen, S.E., Running, M.P., and Meyerowitz, E.M. (1999). Disrup-
age number of nicks per plasmid molecule was estimated from the tion of an RNA helicase/RNAse III gene in Arabidopsis causes unreg-
fraction of remaining covalently closed-circular DNA by the Poisson ulated cell division in floral meristems. Development 126, 5231–
distribution. The greater fluorescence of nicked circular DNA over 5243.
closed-circular DNA was taken into account in all quantifications

Jeddeloh, J.A., Bender, J., and Richards, E.J. (1998). The DNA meth-(Wood et al., 1995)
ylation locus DDM1 is required for maintenance of gene silencing
in Arabidopsis. Genes Dev. 12, 1714–1725.Acknowledgments
Jeddeloh, J.A., Stokes, T.L., and Richards, E.J. (1999). Maintenance
of genomic methylation requires a SWI2/SNF2-like protein. Nat.We thank Xuying Chen, Liming Xiong, Manabu Ishitani, Yan Lin,
Genet. 22, 94–97.Chun-Hai Dong, Yan Guo, A. Dı́az-Bermúdez, Becky Stevenson, and
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The GenBank accession number for the ROS1 sequence reported
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