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Ribonucleotide reductase (RNR), comprising two large (R1) and two small (R2) subunits, catalyzes a rate-limiting step in the

production of deoxyribonucleotides needed for DNA replication and repair. Previous studies in yeast and mammals

indicated that defective RNR often led to cell cycle arrest, growth retardation, and p53-dependent apoptosis, whereas

abnormally increased RNR activities led to higher mutation rates. Because plants are constantly exposed to environmental

mutagens and plant cells are totipotent, an understanding of RNR function in plants is important. We isolated and

characterized mutations in all three R2 genes (TSO2, RNR2A, and RNR2B) in Arabidopsis thaliana. tso2 mutants had

reduced deoxyribonucleoside triphosphate (dNTP) levels and exhibited developmental defects, including callus-like floral

organs and fasciated shoot apical meristems. tso2 single and tso2 rnr2a double mutants were more sensitive to UV-C light,

and tso2 rnr2a seedlings exhibited increased DNA damage, massive programmed cell death, and release of transcriptional

gene silencing. Analyses of single and double r2 mutants demonstrated that a normal dNTP pool and RNR function are

critical for the plant response to mutagens and proper plant development. The correlation between DNA damage

accumulation and the subsequent occurrence of apoptotic nuclei in tso2 rnr2a double mutants suggests that perhaps

plants, like animals, can initiate programmed cell death upon sensing DNA damage.

INTRODUCTION

Plants are distinct from animals in their lifestyle and their de-

velopment. A sedentary lifestyle subjects plants to constant

exposure to environmental mutagens, including UV irradiation

and reactive oxygen species. Accordingly, plants must have

evolved active surveillancemechanisms to protect their genomic

integrity. A key element for genome surveillance is DNA repair.

This essential function of plants must be tightly regulated by the

surveillance mechanisms known as DNA damage checkpoint

pathways.

Ribonucleotide reductase (RNR) is an important target of the

DNA damage checkpoint pathways in yeast, mammals, and

possibly higher plants (Huang et al., 1998). RNR catalyzes the

reduction of all four ribonucleotide diphosphates (NDPs) into

their corresponding deoxyribonucleosides (dNDPs), a rate-

limiting step in DNA precursor synthesis (Elledge et al., 1992;

Kolberg et al., 2004). RNR consists of two large subunits (R1) and

two small subunits (R2). The R2 subunit houses the di-iron tyrosyl

radical cofactor essential for the reduction of NDP to dNDP. The

well-known chemotherapeutic agent hydroxyurea is a specific

but reversible inhibitor of the R2 subunit, acting as a scavenger

of the tyrosyl free radical. The R1 subunit binds the nucleoside

diphosphate substrates and allosteric effectors to ensure the

production of a balanced deoxyribonucleoside triphosphate

(dNTP) pool. R1 is the target of feedback regulation, which

ensures that dNTPs are not overproduced and that enough

NDPs are left for RNA synthesis.

Genetic analyses of rnr mutants in yeast and mammals in-

dicated that defective RNR often led to cell cycle arrest, growth

retardation, and p53-dependent apoptosis. For example, failure

to maintain a sufficient and balanced dNTP pool can lead to

misincorporation of dNTPs into DNA, resulting in genetic abnor-

malities and cell death, as shown in the murine hemopoietic cell

line (Oliver et al., 1996). Defective feedback regulation of R1 in

budding yeast led to increased dNTP levels, resulting in in-

creased mutation rates but enhanced resistance to mutagens

(Chabes et al., 2003a). Loss-of-function rnr1 and rnr2mutants of

budding yeast showeddepleted dNTPpools anddisplayed a cdc

terminal phenotype, arresting at S/G2-phase as a large budded

cell (Elledge et al., 1992). In humans, p53R2, an RNR small

subunit, is a direct regulatory target of the tumor-suppressor

protein p53 (Tanaka et al., 2000). It was suggested that p53R2

supplies dNDPs to the DNA damage-repair system outside the

S-phase of the cell cycle. Most of the p53R2 knockout mice died

from severe renal failure by the age of 14 weeks, and a greater

number of apoptotic cells in kidneyswere detected (Kimura et al.,

2003). These genetic studies in mammals and fungi demon-

strated that RNR plays a key role in maintaining genomic

stability.
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Considering the critical role of RNR inDNA synthesis and repair,

it is not surprising that RNR expression and activity are under

exquisite control both transcriptionally and posttranscriptionally,

as shown by studies of yeast andmammalian cells. These include

controlled degradation of RNR protein by Anaphase-Promoting

Complex-Cdh1–mediated proteolysis in mouse (Chabes et al.,

2003b), the redistribution of RNR2 and RNR4 proteins from

nucleus to cytoplasm in response to DNA damage in yeast (Liu

et al., 2003; Yao et al., 2003), the control of RNR mRNA stability

by the yeast cytoplasmic Constitutive Invertase Derepression13

poly(A) polymerase (Saitoh et al., 2002), the inhibition of RNR

activity by the Suppressor of mec1 Lethality1 protein in yeast

(Chabes et al., 1999; Zhao et al., 2000), and the repression of RNR

transcriptionbyConstitutiveRNRTranscription1, a yeast homolog

of the mammalian RFX family of DNA binding proteins (Huang

et al., 1998). The existence of multiple regulatory mechanisms for

RNR activities underscores the importance of a proper dNTP pool

for the fitness and survival of an organism.

In contrast with yeast and mammals, our knowledge of RNR

function and regulation in plants is limited.R1 andR2 genes have

been isolated from tobacco (Nicotiana tabacum) andArabidopsis

thaliana (Philipps et al., 1995; Chaboute et al., 1998), and their

S-phase–specific expression was shown to depend on the E2F-

like motifs in their promoters (Chaboute et al., 2000, 2002).

Transient translocation of a green fluorescent protein–R1 protein

from cytoplasm to nucleus in response to UV irradiation was

reported recently (Lincker et al., 2004). However, no mutation in

any of the plant RNR genes has been reported, and the function

of RNR in maintaining plant genomic stability and genetic

variability has not yet been demonstrated.

Here, we report the functional dissection of RNR in higher

plants. Mutations in TSO2 were isolated in ethyl methanesulfo-

nate (EMS) mutagenesis screens that caused defects in shoot

apical meristem (SAM), flowers, leaves, and fertility. We show

that TSO2 encodes one of the three R2 genes in Arabidopsis,

revealing a direct role of TSO2 in DNA replication. Subsequent

identification and characterization of mutations in all three R2

genes in the Arabidopsis genome provided insights into RNR

function for plant growth and development and the response to

environmentalmutagens.Moresignificantly, extensiveprogrammed

cell death (PCD) was found in tso2 rnr2a double mutants, which

correlated with accumulating DNA damage in this double mu-

tant. One possible explanation for this correlation between DNA

damage and PCD is that perhaps plants, like animals, can initiate

PCD upon DNA damage, despite the absence of a p53 homolog

in the Arabidopsis genome. Finally, release of transcriptional

gene silencing (TGS) was observed in tso2 rnr2a doublemutants,

demonstrating an interesting link between DNA replication/

chromosome integrity and epigenetic inheritance.

RESULTS

tso2Mutants Exhibit Various Developmental Defects

Four independent tso2 mutants (tso2-1, -2, -3, and -4) were

isolated from EMS mutagenesis screens in the Arabidopsis

Landsberg erecta (Ler) background (seeMethods). Thesemutants

were named tso2 because of their resemblance to tso1mutants,

with TSOmeaning ‘‘ugly’’ in Chinese (Liu et al., 1997). All four tso2

alleles are recessive and phenotypically similar to each other.

Therefore, tso2-1 was chosen for further analysis. At the seedling

stage, tso2-1 mutants were similar to the wild type, with normal

roots, cotyledons, and young leaves. Abnormalities first appeared

in the fifth rosette leaf and persisted in all subsequent leaves, floral

organs, and siliques. The abnormalities included white sectors in

green organs (Figures 1A and 1B), uneven thickness, rough

surfaces, and irregular margins of leaves or floral organs (Figures

1C and 1D). Stamens occasionally exhibited carpel character-

istics indicating homeotic transformation (Figure 1E). The rough

and uneven sepals apparently resulted from abnormally enlarged

cells as well as cell clusters projecting above the epidermis

(Figures 1F and 1G). The white sectors appeared to result from

an absence of chloroplasts in patches of mesophyll cells and the

formation of large air spaces or tiny cells in subepidermal cell

layers (Figures 1H and 1I). Occasionally, tso2 mutants exhibited

fasciated stems on which a single SAM, a group of self-renewing

cells at the shoot tip, was enlarged and split into multiple SAMs

(Figures 1J to 1L). Finally, tso2mutants exhibited reduced fertility,

with;29% aborted seeds (Figure 1M).

TSO2 Encodes a Small Subunit of RNR

Using a map-based cloning approach, we isolated the TSO2

gene and showed that TSO2 encodes the small subunit (R2;

At3g27060) of RNR (seeMethods). Alignment of R2 proteins from

different species revealed 16 amino acids that are absolutely

conserved from bacteria and plants to human. These invariant

residues are distributed throughout the protein. tso2-1, tso2-2,

tso2-3, and tso2-4 are all caused by missense mutations

affecting either invariant or highly conserved amino acids (Figure

2A). tso2-1 and tso2-4 affect the same invariant Asp-49 residue

known to be involved in binding to the R1 large subunit (Philipps

et al., 1995). tso2-2 and tso2-3 affect Gly-170 and Arg-97,

respectively, which reside in areas important for iron binding and

for tyrosyl radical environment (Philipps et al., 1995).

Do the tso2 mutations cause abnormal dNTP levels? We

measured dNTP levels in tso2-1 mutants using a polymerase-

based method (Roy et al., 1999). We found that in wild-type

Arabidopsis, the relative levels of the four dNTPs with respect to

each other were similar to those of other organisms, with dTTP

the most abundant and dGTP the least abundant (Figure 2B).

tso2-1 floral tissues were found to contain significantly reduced

levels of all four dNTPs (Figure 2B). Although dGTP level was

reduced to 60% of the wild-type level, dCTP was reduced to

35%of thewild-type level. These differential reductions in dNTPs

could lead to an imbalanced dNTP pool in tso2-1 floral tissues.

Therefore, a reduced and possibly imbalanced dNTP pool may

underlie the various phenotypes observed in tso2-1 mutants.

Functional Redundancy among the Three RNRGenes

Because tso2mutants are all viable and fertile, redundant genes

in the Arabidopsis genome may compensate for defective tso2.

Examination of the Arabidopsis genome revealed two additional

R2 genes named RNR2A (At3g23580) and RNR2B (At5g40942
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and AY178109), the protein products of which are 70 and 90%

identical, respectively, to TSO2. RNR2B is highly similar to TSO2

even at the nucleic acid level, with 82% identity. TSO2 and

RNR2B also possess similar gene structures: TSO2 has one

small intron and RNR2B has no introns (Figure 2A). By contrast,

RNR2A has a distinct gene structure, with eight introns and nine

exons, and exhibits almost no sequence similarity to TSO2 at the

nucleic acid level, indicating that RNR2A probably has a distinct

evolutionary origin from TSO2 and RNR2B.

Interestingly, RNR2B from the Columbia (Col) accession

possesses a 2-bp deletion resulting in a frameshift at Val-141

and a subsequent stop, deleting more than half of the protein,

including 11 of the 16 invariant residues (Figure 2C). A second

start codon could potentially direct the translational initiation of

a second peptide homologous with TSO2 at residues 141 to 332

(Figure 2C). This putative second peptide does not have the

N-terminal half of the protein containing 5 of the 16 invariant

residues. Given the severity of the frameshift mutation in Col

RNR2B, it is likely that it represents a loss-of-function or

reduction-of-function allele. We thus named Col RNR2B rnr2b-1.

Nevertheless, Col plants, which carry rnr2b-1, do not exhibit any

obvious phenotype.

By contrast, RNR2B from Ler and Wassilewskija (Ws) acces-

sions (which are identical to each other) do not harbor the 2-bp

deletion and differ from Col in 13 additional nucleotides (Figure

2C), resulting in an intact protein of 333 amino acid residues

(AAO62422). To test whether Ler RNR2B is a functional protein,

RNR2B genomic DNA from Ler (RNR2B-L) was fused to the

strong and constitutive promoter 35S and transformed into the

tso2-1mutant. This 35S:RNR2B-L transgene was able to rescue

all 36 tso2-1 plants, indicating that the RNR2B gene from Ler or

Ws performs a function similar to TSO2.

Figure 1. Phenotypic Analyses of Wild-Type and tso2-1 Plants.

(A) A wild-type (Ler) inflorescence.

(B) A tso2-1 inflorescence showing white sectors on leaves and sepals.

(C) A wild-type flower.

(D) A tso2-1 flower showing sepals with white sectors and rough surfaces.

(E) Partial homeotic transformation in a tso2-1 floral organ, in which stigmatic tissues characteristic of carpels are found on top of an anther (arrow).

(F) Scanning electron micrograph of a wild-type sepal epidermis. Immature stomata (arrows) are interspersed with rectangular cells.

(G) A tso2-1 sepal epidermis. Clusters of epidermal cells are projected above the epidermal surface, an example of which is indicated by the arrow.

Some epidermal cells are significantly large and are marked with asterisks.

(H) Cross section of a wild-type carpel valve. Chloroplasts that encircle and outline the photosynthetic mesophyll cells are stained purple and are

indicated by arrows.

(I) Cross section of a tso2-1/tso2-1; rnr2b-1/þ carpel valve. Although some mesophyll cells possess chloroplasts (white arrow), others completely lack

chloroplasts (black arrow) and are small. Abnormal air spaces (black arrowhead) are present beneath the epidermis.

(J) Scanning electron micrograph of a wild-type SAM showing spiral arrangements of young floral primordia.

(K) A tso2-1 SAM that is disorganized and is undergoing fasciation.

(L) A fasciated tso2-1 plant showing multiple splits of the shoot.

(M) An open tso2-1 silique showing mature seeds interspersed with aborted seeds or unfertilized ovules (arrows).

Bars ¼ 100 mm.

352 The Plant Cell



Figure 2. Functional Analyses of Three Arabidopsis R2 Genes.
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Previously, a cDNA encoding RNR2A was reported and its

mRNAwas shown to specifically accumulate during the S-phase

of the cell cycle in synchronized tobaccoBY2 cells (Philipps et al.,

1995). We tested RNR2A function by fusing the RNR2A cDNA to

the 35S promoter and transforming the construct into tso2-1

mutants. The 35S:RNR2A transgene was able to rescue the tso2-1

phenotype in all 40 transgenic plants, indicating that RNR2A can

substitute for TSO2 when it is expressed from the strong and

constitutive promoter. Using a reverse-genetics method known

as TILLING (for targeting induced local lesions in genomes)

(McCallum et al., 2000), we isolated an EMS-induced rnr2a

mutation (rnr2a-1) in the Col accession. rnr2a-1 is a nonsense

mutation that deletes one-third of the RNR2A protein (Figure 2A).

In the Col background, rnr2a-1 is actually an rnr2a-1 rnr2b-1

double mutant and is phenotypically wild-type (Figure 3A), in-

dicating that TSO2 alone provides sufficient RNR activity for

normal development.

Aided by PCR-based markers specific to each mutant allele,

we analyzed the F2 progeny of a cross between tso2-1 (Ler) and

rnr2a-1 rnr2b-1 (Col). tso2-1 rnr2a-1 and tso2-1 rnr2b-1 double

mutants were identified, which exhibited a much stronger

phenotype than either parent. First, tso2-1 rnr2a-1 seedlings

did not develop beyond the two- to four-leaf stage (Figure 3C).

Their SAMs were terminated with callus-like cells (Figure 3D),

and their leaves exhibited massively disorganized surfaces

(Figures 3E and 3F). Second, tso2-1 rnr2b-1 was embryo-lethal.

PCR-based genotyping detected tso2-1 rnr2b-1 only among

aborted seeds, and not among viable plants from tso2-1/tso2-1;

rnr2b-1/þ parents (Table 1). This finding strongly suggests that

Col RNR2B (i.e., rnr2b-1) does not have any or does not have the

same level of activity as the Ler RNR2B. Finally, tso2-1/tso2-1

plants heterozygous for rnr2a-1, rnr2b-1, or rnr2a-1 rnr2b-1 were

viablebut exhibitedamuchstronger phenotype than tso2-1/tso2-1,

as shown by their smaller stature, more severely reduced fertility,

more frequent stem fasciation, and larger white sectors (Figures

3G to 3J). These results indicate that the functions ofRNR2A and

RNR2B are essential in the tso2-1 background.

mRNA Expression Pattern of TSO2, RNR2A, and RNR2B

To test whether the R2 genes exhibit different tissue- or stage-

specific expression patterns, semiquantitative RT-PCR was

performed for all three R2 genes (Figure 4A). TSO2 transcripts

were found in roots, rosette and cauline leaves, stems, and

flowers. Although RNR2A transcripts were not detected in roots,

they were detected in rosette and cauline leaves, stems, and

flowers. By contrast, RNR2B transcripts were detected only on

DNAgel blots of RT-PCRproducts andwere present in all tissues

tested (Figure 4A, RNR2B.S). Thus, all three genes, in most

cases, are expressed widely, with RNR2B expression at a much

lower level than TSO2 and RNR2A.

To examine TSO2 transcription during the cell cycle, the

b-glucuronidase (GUS) reporter gene was fused to the TSO2

1.2-kb promoter. Transgenic seedlings harboring pTSO2:GUS

were treated with 5 mg/mL aphidicolin or 0.5% colchicine, which

arrest cells at S- or M-phase, respectively. GUS expression was

detected in more cells and at higher levels when the seedlings

were arrested at S-phase (Figures 4B and 4C). By contrast,GUS

expression was reduced dramatically when the seedlings were

arrested at M-phase (Figure 4D). Hence, TSO2 transcription

occurs predominantly at the S-phase of the cell cycle.

TSO2 mRNA distribution during reproductive development

was examined by in situ hybridization. The sporadic rather than

uniform pattern of TSO2 mRNA expression in developing floral

tissues (Figures 4E and 4F) is characteristic of cell cycle phase–

specific expression (Fobert et al., 1994). A large number of cells

in the young floral meristem and developing floral organ primor-

dia show a higher level of TSO2 mRNA expression (Figure 4E).

Cells in the developing ovules and carpel valves also express

TSO2 mRNA at a high level (Figure 4F). Therefore, the TSO2

mRNA expression pattern is consistent with its role in dNDP

biosynthesis during DNA replication in actively dividing cells.

tso2-1 Exhibits Defects in Cell Cycle Progression

Because yeast rnr mutants display a cdc phenotype, we tested

whether cell cycle progression is affected in tso2-1 mutants. In

situ hybridization examining the expression of cell cycle phase–

specific markers was performed. G2/M-specific Cyclin B1

(CycB1) and S-specific Histone4 (H4) expression was examined

in wild-type and tso2-1 floral tissues. CycB1 and H4 were both

expressed strongly in a sporadic manner in wild-type as well as

tso2-1 tissues (Figures 5A to 5D). Although theCycB1 expression

pattern was similar in the wild type and tso2-1, H4 expression

was significantly different between the wild type and tso2-1.

Many more cells in tso2-1 inflorescences expressed H4 than in

the wild type, suggesting a prolonged S-phase in these tso2-1

cells. We also examined CycB1 and H4 expression in tso2-1

rnr2a-1 seedlings (Figures 5E to 5H). Although wild-type seed-

lings expressed both CycB1 and H4 strongly in the SAM and

Figure 2. (continued).

(A) Scheme of three Arabidopsis R2 genes. Rectangular boxes represent exons. The start and stop codons and the position of each r2 mutation are

indicated. tso2-1 and tso2-4 are identical. Numbers indicate amino acid residues. Percentage identities between TSO2 and RNR2A or RNR2B are

indicated.

(B) Relative dNTP levels in wild-type (Ler) and tso2-1 floral tissues. Results from three different experiments were averaged and normalized to the wild-

type dTTP level. Error bars represent SD.

(C) Full-length RNR2B cDNA sequence from Col (BT004167). Two start codons are underlined, and two stop codons are boxed. The Ler RNR2B

sequence differs from the Col sequence at 14 positions, which are indicated immediately above the corresponding Col positions. An arrowhead

indicates a 2-bp (TG) deletion from Col resulting in premature translational termination at the first stop codon. A second start codon could potentially

direct the translational initiation of a second peptide. Single base pair changes at positions 659, 734, 822, 840, and 929 are missense, but the remaining

single base pair changes are silent. The RNR2B sequence from the Ws accession is identical to that of Ler.
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developing leaves, tso2-1 rnr2a-1 seedlings possessed little or

no CycB1- or H4-expressing cells, perhaps because of a com-

plete absence of cell division activity in tso2-1 rnr2a-1 seedlings.

DNA Damage Accumulation in tso2-1 rnr2a-1

Are the reduced dNTP levels in tso2-1 sufficient to impede DNA

replication fork progression and induce DNA strand breaks?

Using the comet assay (Angelis et al., 1999), we measured DNA

damage levels in 2-week-old seedlings of tso2 single and double

mutants. Although tso2-1 or rnr2a-1 rnr2b-1 did not exhibit

increased DNA damage, tso2-1 rnr2a-1 exhibited significant

increases in DNA damage (Figure 6A). Furthermore, the DNA

damage level in 5-week-old tso2-1 rnr2a-1 seedlings was much

higher than that in 2-week-old tso2-1 rnr2a-1 seedlings.

Consistent with the comet assay, only tso2-1 rnr2a-1 seedlings

were found to induce the expression of molecular markers

associated with DNA damage repair (Figure 6B). These markers

included poly(ADP-ribose) polymerase1 (ATPARP1), ATPARP2,

and ATRAD51 (Doutriaux et al., 1998; Doucet-Chabeaud et al.,

2001). BothATPARP1 andATPARP2 are transcriptionally induced

by increased levels of double-stranded DNA breaks. However,

ATPARP2 can also be induced by oxidative stresses.ATRAD51 is

involved in meiotic recombination and in homologous recombi-

nation repair and is induced by increased double-stranded DNA

breaks (Osakabe et al., 2002). The induction of ATPARP1,

ATPARP2, and ATRAD51 contrasts sharply with the nearly

complete shutdown of CycB1 and H4 expression in tso2-1 rnr2a

seedlings (Figures 5F and 5H), suggesting that tso2-1 rnr2a-1

doublemutants did not simply shut down transcription machinery

altogether but were able to selectively induce DNA repair genes.

Increased Sensitivity to UV-C Light in tso2-1

and tso2-1 rnr2a-1 Seedlings

Because RNR also provides dNTPs for DNA damage repair, the

reduced dNTP pool sizes in tso2-1might lead to hypersensitivity

to DNA-damaging agents. We tested the sensitivity of wild-type

(Ler), tso2-1, rnr2a-1 rnr2b-1, and tso2-1 rnr2a-1 seedlings to

Figure 3. Phenotypes of r2 Single and Double Mutants.

(A) An rnr2a-1 rnr2b-1 seedling showing no obvious phenotype.

(B) A tso2-1 seedling. White tissues are forming in the emerging leaves.

(C) A typical tso2-1 rnr2a-1 seedling, which will not develop further.

(D) The SAM of a tso2-1 rnr2a-1 seedling that terminates with callus-like cells.

(E) A wild-type leaf.

(F) A tso2-1 rnr2a-1 leaf showing a severely disrupted leaf surface.

(G) A wild-type Ler plant and a tso2-1 plant.

(H) Six-week old tso2-1/tso2-1 plants singly or doubly heterozygous for rnr2a-1 and/or rnr2b-1: tso2-1/tso2-1 (1); tso2-1/tso2-1; rnr2b-1/þ (2); tso2-1/

tso2-1; rnr2a-1/þ (3); and tso2-1/tso2-1; rnr2a-1/þ; rnr2b-1/þ (4).

(I) tso2-1 siliques showing small white sectors in the green carpel valve.

(J) tso2-1/tso2-1; rnr2b-1/þ siliques showing larger white sectors and smaller siliques.

Bars in (A) to (F) ¼ 1 mm.

Table 1. Results of Genotyping among the Progeny of tso2-1/tso2-1;

rnr2b-1/1 Parents

rnr2b-1/rnr2b-1 rnr2b-1/þ þ/þ Total

Number of plants

Expected 9 18 9 36

Observed 0 22 14 36

Number of seeds

Green (normal) 0 13 5 18

White (abnormal) 2 33 3 38

Only the genotype at RNR2B is shown, as all plants are also tso2-1/

tso2-1.

Functional Dissection of Plant RNR Genes 355



UV-C light (Figure 7A). tso2-1 rnr2a-1 exhibited significantly

increased sensitivity to UV-C light. tso2-1 exhibited slightly

increased sensitivity to UV-C light, but only at high UV-C light

levels. rnr2a-1 rnr2b-1 exhibited a level of UV-C light sensitivity

similar to thewild type (Ler), indicating thatTSO2alone is sufficient

to provide wild-type levels of protection against UV-C light.

Release of TGS in tso2-1 rnr2a-1

The phenotype of tso2-1 associated with meristem fasciation

and increased sensitivity to DNA-damaging agents resembles

that of several Arabidopsis mutants defective in DNA/chromatin

replication and assembly, including mutants of BRU1, FAS1,

FAS2, ATCAP-E1, ATCAP-E2, and ATMRE11 (Kaya et al., 2001;

Bundock and Hooykaas, 2002; Siddiqui et al., 2003; Takeda

et al., 2004). All of these mutants were found to release TGS

(Kaya et al., 2001; Takeda et al., 2004) at the pericentromeric

repeats called Transcriptional Silent Information (TSI) (Steimer

et al., 2000). We found that tso2-1 rnr2a-1 seedlings also re-

leased silencing at TSI but tso2-1 seedlings did not (Figure 7B).

Because tso2-1 plants exhibit more severe mutant phenotypes

at reproductive stages, we tested tso2-1 inflorescence tissues

for the release of TSI. No TSI expression was observed in tso2-1

inflorescence tissues (data not shown).

PCD in tso2-1 rnr2a-1

In animals, genomic instability often induces PCD in a p53-

dependent manner (Chernova et al., 1995; Vogelstein et al.,

2000). Furthermore, apoptosis was reported to occur in p53R2

knockout mice (Kimura et al., 2003). Therefore, we tested

whether the accumulating DNA damage in tso2-1 rnr2a-1 seed-

lings described above could lead to PCD using histochemical

markers. Trypan blue was used to stain dead cells (Rate et al.,

1999). Large patches of trypan blue–stained cells were observed

in the leaves of 10-d-old tso2-1 rnr2a-1 seedlings but not in wild-

type or tso2-1 seedlings (Figure 8; data not shown). Furthermore,

a high level of H2O2 and a large number of callose depositions

were detected in the leaves of 10-d-old tso2-1 rnr2a-1 seedlings

(Figure 8). Both H2O2 production and callose deposition are

indicators of plant cells undergoing hypersensitive PCD during

incompatible plant–pathogen interactions (Dietrich et al., 1994;

Brodersen et al., 2002), suggesting that the cell death observed

in tso2 rnr2a is likely programmed.

To further characterize tso2 rnr2a–mediated PCD, the first two

leaves of 3-week-old wild-type (Ler) and tso2-1 rnr2a-1 plants

were fixed, sectioned, and processed for terminal deoxyribonu-

cleotidyl transferase–mediated dUTP nick-end labeling (TUNEL).

TUNEL can sensitively detect DNA fragmentation, one of the

hallmarks of PCD, by labeling exposed 39 hydroxyl ends of DNA

fragments with fluorescein-dUTP. The same leaf sections were

simultaneously stained with 49,6-diamidino-2-phenylindole

(DAPI) to reveal all nuclei in each section (Figures 9A, 9C, and

9F). None of the nuclei in wild-type sections was TUNEL-positive

(Figure 9B). By contrast, some but not all nuclei in tso2-1 rnr2a-1

leaf sections were TUNEL-positive (Figures 9C and 9D), indicat-

ing that not all cells in tso2-1 rnr2a-1 leaves had undergone PCD.

Some TUNEL-positive nuclei in tso2-1 rnr2a-1 leaves exhibited

Figure 4. mRNA Expression of TSO2, RNR2A, and RNR2B.

(A) Expression of TSO2, RNR2A, and RNR2B mRNA measured by 20

cycles of RT-PCR with gene-specific primers. RT, root; RL, rosette

leaves; CL, cauline leaves; ST, stems; FL, flowers. The RT-PCR products

of RNR2B were detected only by DNA gel blot hybridization with

a RNR2B-specific probe (lane RNR2B.S). Actin2was the loading control.

(B) pTSO2:GUS expression in a 3-d-old wild-type root. Note the sporadic

GUS activity.

(C) pTSO2:GUS expression in a 3-d-old root treated with 5 mg/mL

aphidicolin, revealing an increased number of GUS-expressing cells and

an increased level of GUS expression.

(D) pTSO2:GUS expression in a 3-d-old root treated with 0.5% colchi-

cine. Note the significantly reduced GUS activity.

(E) In situ hybridization showing TSO2 mRNA expression in a wild-type

Ler SAM. Note the sporadic TSO2 expression throughout the young floral

primordia.

(F) In situ hybridization showing sporadic TSO2 expression in developing

ovules (Ov) and carpel valves.
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nuclear morphologies characteristic of apoptotic nuclei, includ-

ing marginalization of chromatin on the nuclear membrane,

fragmentation of the nucleus into small bodies, and peripheral

nuclear crescents (Figures 9E and 9H to 9J). The apoptotic

nuclear morphology provides the most convincing evidence for

the occurrence of PCD in the tso2 rnr2a mutants, as DNase I–

treated nuclei in wild-type leaf sections fail to show apoptotic

nuclear morphology even though they are TUNEL-positive (Fig-

ure 9K). This observation is consistent with other published work

(Kressel and Groscurth, 1994), indicating that TUNEL labeling

can only be considered specific for PCD when it is associated

with the characteristic nuclear morphology.

Does the DNA damage occur before the initiation of the

apoptosis-like PCD in these tso2-1 rnr2a-1 seedlings? DNA

damagewas already shown to occur in 2- and 5-week-old tso2-1

rnr2a-1 seedlings (Figure 6A). Subsequently, 6-d-old seedlings

were also tested for DNA damage using the comet assay. The

6-d-old tso2-1 rnr2a-1 seedlings showed 52% (610% SE) more

relative DNA damage units than the corresponding wild-type

seedlings, indicating DNA damage accumulation in the 6-d-old

tso2-1 rnr2a-1 seedlings. The TUNEL assay was then used to

determine the time course of cell death in tso2-1 rnr2a-1 at 6, 11,

and 16 d after germination. Although none of the 8-mm sections

of 6-, 11-, and 16-d-old wild-type seedlings (including cotyledon

and hypocotyls) was TUNEL-positive (data not shown), the tso2-1

rnr2a-1 seedling sections showed increased TUNEL signals with

age. Specifically, the majority of the 6-d-old tso2-1 rnr2a-1

seedling sections was negative for the TUNEL signal (Figures 9L

and 9M). By examining 200 sections, only an average of fewer

than one (0.62; n¼ 200) TUNEL-positive nucleus per section was

observed. At 11 d, an increased average number (1.8; n ¼ 160) of

TUNEL-positive nuclei per section was observed (Figures 9N and

9O). At 16 d, an average of 6.7 (n ¼ 180) TUNEL-positive nuclei

per section was observed. However, none of the TUNEL-positive

nuclei in 6- and 11-d-old seedlings exhibited the apoptotic

nuclear morphology (Figures 9L to 9O). Apoptotic nuclear

morphology was observed starting in 16-d-old tso2 rnr2a seed-

lings (data not shown) and continuing in 3-week-old tso2 rnr2a

seedlings (Figures 9E and 9H to 9J). Therefore, DNA damage

was detected at least 10 d before the appearance of nuclei

exhibiting characteristic apoptotic morphology in the tso2-1

rnr2a-1 seedlings.

To date, PCD in plants has been studied extensively in the

context of the hypersensitive response (HR) during incompatible

plant–pathogen interactions and senescence (Greenberg, 1996;

Kuriyama and Fukuda, 2002; Greenberg and Yao, 2004). PCD

during senescence is often accompanied by a rapid loss of

chlorophyll and reduced expressionof photosynthesis-associated

genes (PAGs), such as chlorophyll a/b binding protein (CAB1 and

CAB2) and ribulose-1,5-bis-phosphate carboxylase/oxygenase

Figure 5. In Situ Hybridization Examining the Expression of Cell Cycle Phase–Specific Marker Genes.

(A) CycB1 mRNA expression in wild-type SAM and developing young flowers. The white arrow indicates the SAM. The inset shows a wild-type SAM

hybridized with the sense CycB1 RNA probe as a negative control.

(B) CycB1 expression in tso2-1 SAM and young flowers.

(C) H4 expression in a wild-type inflorescence. The black arrow indicates a lack of H4-expressing cells in the stem.

(D) H4 expression in a tso2-1 inflorescence. A dramatic increase in H4-expressing cells in flowers and in the stem (black arrow) is evident.

(E) CycB1 RNA expression in a wild-type 3-week-old seedling.

(F) CycB1 RNA expression in a 3-week-old tso2-1 rnr2a-1 seedling.

(G) H4 expression in a wild-type 3-week-old seedling.

(H) H4 expression in a 3-week-old tso2-1 rnr2a-1 seedling.

Bars ¼ 10 mm.
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small subunit (RbcS) (Miller et al., 1999). To test whether tso2

rnr2a–mediated PCD is caused by early senescence, we exam-

ined the expression of the PAGs CAB1, CAB2, and RbcS in

3-week-old seedlings of thewild type (Ler), tso2-1, rnr2a-1 rnr2b-1,

and tso2-1 rnr2a-1 by semiquantitative RT-PCR (Figure 10A). All

genotypes were similar to the wild type in expressing the three

PAGs, in contrastwithwhatwould havebeenexpected if tso2 rnr2a

had undergone early senescence. In addition, we tested the

expression of genes previously shown to be associated with

HR-mediated PCD in plants (Brodersen et al., 2002), includ-

ing Senescence-Associated Gene13 (SAG13), Peroxidase Cb

(PRXcb), Glutathionine-S-Transferase11 (GST11), Pathogenesis-

Related1 (PR1), and Enhanced Disease Susceptibility1 (EDS1).

Additionally, SAG12, a Cys protease specific to senescence-

induced PCD (Pontier et al., 1999), was tested. Using RT-PCR, we

compared the expression of these genes in the wild type (Ler) and

tso2-1 rnr2a-1 (Figure 10B). Although the expression of SAG13,

GST11, and EDS1was induced, the expression ofSAG12was not

detected under the RT-PCR conditions used. Overall, tso2 rnr2a–

mediated PCD appears similar to HR-mediated PCD in plants.

DISCUSSION

Ourmolecular genetic studies of tso2 led to the identification and

characterization of all three RNR2 genes in the Arabidopsis

genome. The analyses of single and double rnr2 mutants dem-

onstrated that normal dNTP pool and RNR function are critical

for the plant response to mutagens and for proper plant

development. Interestingly, although all four tso2 missense

alleles exhibited morphological defects, single rnr2a-1 and

rnr2b-1 and double rnr2a-1 rnr2b-1 mutants did not. It is likely

that TSO2 normally plays a more predominant role than RNR2A

andRNR2B. This is supported by the Affymetrix gene expression

profiling study at AtGenExpress (Schmid et al., 2005), which

shows that TSO2 is more abundantly and widely expressed than

RNR2A, and by a recent transcriptome profiling study showing

a 10-fold induction of TSO2 transcripts upon treatment with the

genotoxins bleomycin plus mitomycin C (Chen et al., 2003). It is

also possible that the four tso2 missense alleles are recessive

antimorphic alleles. Recessive antimorphism is possible if the

mutant TSO2 proteins interact with R1 or other R2 subunits,

inactivating R1 or other R2 subunits. But this negative effect is

masked by the wild-type TSO2 protein.

Although tso2 single mutants are viable, the tso2 rnr2a and

tso2 rnr2b double mutants are seedling- and embryo-lethal,

respectively, suggesting that both RNR2A and RNR2B function

are essential in the tso2 mutant background. Interestingly, tso2

rnr2a seedlings exhibited a range of phenotypes not observed in

tso2 single or rnr2a rnr2b double mutants, including the loss of

CycB1 and H4 expression (Figures 5F and 5H), DNA damage

accumulation (Figure 6), a high degree of UV-C light sensitivity

(Figure 7A), release of TGS (Figure 7B), and PCD (Figures 8 and

Figure 6. Increased DNA Damage in tso2-1 rnr2a-1 Seedlings.

(A) Results from the comet assay indicating the relative amount of DNA damage in different genotypes. Although tso2-1, rnr2b-1, or rnr2a-1 rnr2b-1

mutants exhibited levels of DNA damage similar to those in the wild type (Ler), tso2-1 rnr2a-1 double mutants exhibited an increased level of DNA

damage even at 2 weeks old. The DNA damage level was increased further in 5-week-old tso2-1 rnr2a-1 plants. The extent of DNA damage in each

nucleus is indicated by the units 0, 1, 2, 3, or 4. An increased unit correlated with a larger comet tail and a smaller comet head, as illustrated in the inset.

The DNA damage units per genotype were derived by summing the units from 100 nuclei on each slide. Error bars represent SD values averaged from

four slides.

(B) Twenty-seven to 30 cycles of RT-PCRwere used to detect the induction of ATPARP1, ATPARP2, and ATRAD51 in 3-week-old seedlings. Lanes 1, 2,

3, and 4 correspond to the wild type (Ler), tso2-1, rnr2a-1 rnr2b-1, and tso2-1 rnr2a-1, respectively.
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9). It is likely that a greater degree of reduced or imbalanced

dNTP pool in tso2 rnr2a could lead to greater DNA replication

block andDNAdamage, triggering subsequent phenotypes such

as the release of TGS and PCD. However, the tso2 rnr2a double

mutants did not just deregulate all genes nonspecifically. For

example, the photosynthesis-associated genes CAB1, CAB2,

and RbcS are expressed at a level similar to that in the wild type

(Figure 10A). In addition, although the cell cycle genes CycB1

and H4 are turned off (Figures 5F and 5H), the DNA damage

repair genes ATPARP1, ATPARP2, and ATRAD51 are specifi-

cally induced in tso2 rnr2a seedlings (Figure 6B). The identifica-

tion and construction of single and double r2 mutants offer the

opportunity to study the diverse functions of RNR in plant

development.

Decreased dNTP Levels Affect Organelle Replication

One unique feature of tso2 mutants is the formation of white

sectors on green organs. We observed a lack of chloroplasts in

the photosynthetic mesophyll cells, unusual air spaces beneath

the epidermis, and abnormally small mesophyll cells in tso2

tissues (Figures 1H and 1I). In yeast, lower RNR activity or

reduced dNTP level was shown to increase the formation of

mitochondrial DNA–deficient cells (petite cells) (Zhao et al., 1998,

2001), suggesting that organelle DNA replication is highly sen-

sitive to reduced dNTP levels. Therefore, stochastic depletions

of chloroplasts and/or mitochondria may underlie the white

sectors and small cells in tso2 mutants. The development of

white sectors occurring in the fifth leaf and in later-arising organs

of tso2 could result from a gradual dilution of dNTP, which may

be highly enriched in embryos/seedlings via salvage pathways

(Reichard, 1988; Saada et al., 2001).

Defects in TGSMay Underlie the Developmental

Defects of tso2

Previous research has suggested that stochastic release of TGS in

bru1 and fasmutants causedmeristem fasciation as a result of the

ectopic expression ofWUSCHEL (WUS), a keymeristem regulator

(Mayer et al., 1998; Kayaet al., 2001; Takedaet al., 2004). Here,we

showed that tso2-1 rnr2a-1 exhibited defects in epigenetic in-

heritance by releasing silencing at the TSI locus, suggesting that

the fasciated SAM and homeotic transformation of floral organs

observed in tso2-1 could be caused by stochastic release of

silencing at loci including WUS and AGAMOUS. Because we

Figure 7. Increased Sensitivity to UV-C Light and Epigenetic Misregu-

lation in r2 Mutants.

(A) Graph illustrating the survival rate of wild-type (Ler), tso2-1, rnr2a-1

rnr2b-1, and tso2-1 rnr2a-1 seedlings under increasing UV-C light levels.

(B) Twenty-five cycles of RT-PCR were used to detect TSI transcripts in

3-week-old seedlings. Lanes 1, 2, 3, and 4 correspond to the wild type

(Ler), tso2-1, rnr2a-1 rnr2b-1, and tso2-1 rnr2a-1, respectively.

Figure 8. Expression of Cell Death Markers in tso2-1 rnr2a-1 Mutants.

Rosette leaves of 10-d-old wild-type and tso2-1 rnr2a-1 plants were examined for PCD using three different histochemical markers: trypan blue

staining, H2O2 production, and callose deposition. Dark blue patches stained by trypan blue, reddish-brown deposits (reaction products between

3,3-diaminobenzidine and H2O2), and callose deposition revealed by aniline blue staining indicated PCD in tso2-1 rnr2a-1 mutants.
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failed to detect TSI in tso2-1 single mutants, it is possible that

stochastic release of TSI or other regulatory genes is rare and

difficult to detect in tso2-1. Future in situ hybridization experiments

will be necessary to determine whether tso2-1 single mutants also

exhibit defects in TGS. To date, there are no reports of defects in

TGS in rnr mutants of yeast or mammals. It remains to be seen

whether release of TGS could be the underlying basis of the

growth abnormalities in rnr mutants of fungi or animals.

In addition to meristem fasciation and homeotic transformation

of floral organs, tso2-1mutants exhibited additional developmen-

tal defects, suchasdisorganized leaf cell layers (Figure 1I), aborted

seed development (Figure 1M), unfused carpels (Figure 1E), and

the formation of multiple carpels (data not shown). These de-

velopmental defects may be caused by additional mechanisms

other than epigeneticmisregulation. For example, the delayed cell

division cycle shown by the significant increase in H4-expressing

cells in tso2-1 (Figure 5) could lead to altered cell-to-cell commu-

nication, which is essential for proper organ fusion or proper cell

layer organization. Alternatively, RNR may have additional func-

tions not limited to the simple production of DNA building blocks

(Chabes and Thelander, 2003). Downes et al. (2000) suggested

that the normally high levels of intracellular purine dNDPs at

S-phase act as an intracellular signal for the S-phase, retarding the

progression toward M-phase. This may explain why RNR is more

involved in oncogenic transformation than is expected for a simple

metabolic enzyme (Downes et al., 2000).

tso2-1 rnr2a-1 Undergoes PCD

We demonstrated that cells in tso2-1 rnr2a-1 seedlings under-

went PCD. Histochemical markers, molecular markers, and the

TUNEL assay were used to analyze the cell death that occurred

in tso2-1 rnr2a-1 double mutants. The nuclear morphology

combined with the positive TUNEL signal indicative of DNA

Figure 9. PCD in tso2-1 rnr2a-1 Double Mutants Detected by the TUNEL Assay.

Images shown in (A) to (K) are from 3-week-old seedlings. Images shown in (L) and (M) and in (N) and (O) are from 6- and 11-d-old seedlings,

respectively. Images in (A) to (G) and (K) to (O) are magnified 388. Images in (H) to (J) are magnified 3366.

(A) DAPI staining of nuclei in a wild-type (Ler) leaf section.

(B) The same wild-type leaf section shown in (A) is TUNEL-negative, showing no green fluorescent signal.

(C) DAPI staining of nuclei in a tso2-1 rnr2a-1 leaf section.

(D)Many TUNEL-positive (green fluorescent) nuclei are found in the same tso2-1 rnr2a-1 leaf section shown in (C). Some nuclei (indicated by arrows in

[C]) are not fluorescent, indicating that some cells have not undergone PCD.

(E) TUNEL-positive nuclei in a tso2-1 rnr2a-1 leaf section. Nuclear morphologies characteristic of different stages of PCD are shown. The arrowhead

indicates a cell enlarged in (J).

(F) DAPI staining of nuclei in a tso2-1 rnr2a-1 leaf section.

(G) A negative control for the TUNEL. The same leaf section shown in (F)was not provided with terminal deoxyribonucleotidyl transferase during TUNEL

labeling.

(H) A TUNEL-positive nucleus in a tso2-1 rnr2a-1 leaf section. The crescent-shaped nuclear morphology was previously described for UV-C light–

treated protoplast cells undergoing PCD (Danon and Gallois, 1998).

(I) A TUNEL-positive nucleus of tso2-1 rnr2a-1 exhibiting marginalization of chromatin on the nuclear membrane and fragmentation of the nucleus into

small bodies.

(J) An enlargement of the TUNEL-positive nucleus shown in (E) showing fragmented DNA bodies at the nuclear peripheral.

(K) A wild-type (Ler) leaf section treated with DNase I before detection by the TUNEL. The DNA nicks created by DNase I give positive TUNEL signals.

However, none of the TUNEL-positive nuclei exhibit apoptotic characteristics, as shown in (H) to (J).

(L) DAPI staining of nuclei in a cotyledon section of a 6-d-old tso2-1 rnr2a-1 seedling.

(M) An absence of TUNEL-positive nuclei in the same cotyledon section shown in (L). Chloroplasts are visible as a result of their autofluorescence.

(N) DAPI staining of nuclei in a cotyledon section of an 11-d-old tso2-1 rnr2a-1 seedling.

(O) TUNEL-positive nuclei in the same cotyledon section shown in (N).
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fragmentation provided strong support for the occurrence of

apoptosis-like PCD in tso2 rnr2amutants. Our data also revealed

that the PCD in tso2 rnr2a plants resembles HR-mediated PCD

with regard to histochemical markers and gene expression,

suggesting that although the triggers of PCD may differ in tso2

rnr2a, many of the downstream effector genes of PCD may be

shared among different PCD pathways in higher plants.

Possible Mechanisms Triggering PCD in tso2 rnr2a

What could be the trigger for PCD in tso2 rnr2a double mutants?

In mammalian cells, DNA damage switches on the tumor-

suppressor protein p53, which induces cell cycle arrest and

PCD (apoptosis) (Chernova et al., 1995; Vogelstein et al., 2000).

Whether PCD occurs in response to DNA damage as a defense

mechanism in plants remains unresolved. A p53 homolog has not

been identified in plants, even though the entire genome of

Arabidopsis has been sequenced. Moreover, PCD was not

detected in telomerase-deficient lines (Riha et al., 2001), and

many mutants defective in DNA repair, such as mutants of the

single-copy Arabidopsis gene KU80, are viable and wild type–

like under normal growth conditions (West et al., 2002). However,

fragmented nuclei resembling apoptotic nuclei have been men-

tioned in Arabidopsis mutants of ATTOP6B, which encodes

a homolog of archaebacterial topoisomerase subunit B (Hartung

et al., 2002). Nuclear degradation in aphidicolin-treated ataxia

telangiectasia-mutated and rad3-related mutant cells was also

reported (Culligan et al., 2004). A more in-depth characterization

of UV light–induced PCD was performed using Arabidopsis

protoplast cells (Danon and Gallois, 1998). The UV-C light–

induced PCD was shown to be mediated by a caspase-like

activity, as it can be suppressed by the caspase inhibitor p35 and

Defender Against apoptotic Death (Danon et al., 2004). Because

the UV irradiation could cause damage to other cellular compo-

nents, whether DNA damage could directly induce PCD in plant

cells is still debatable. If a p53-related pathway exists in plants,

as suggested by Whittle et al. (2001), the p53-like gene might

have little sequence homology with its mammalian counterpart.

Could the DNA damage accumulated in tso2 rnr2a double

mutants directly trigger PCD? Among all r2 single and double

mutants examined, only the tso2 rnr2a double mutants accumu-

lated DNA damage and only tso2 rnr2a exhibited PCD. The

correlation between DNA damage and PCD in tso2 rnr2a

suggests that the DNA damage in tso2 rnr2a may trigger these

cells to undergo PCD to eliminate damaged cells. This sugges-

tion is further supported by the time course analyses, which

revealed DNA damage accumulation occurring at least 10 d

before the appearance of apoptotic nuclei in the tso2 rnr2a

seedlings (Figure 9). By examining whether PCD occurs in other

plant mutants defective in genome integrity, onemay identify the

DNA/cellular lesions required to switch on PCD.

Althoughwe favor the hypothesis that the DNA damage in tso2

rnr2a triggers PCD, alternative mechanisms could not be ex-

cluded. For example, a reduction of dNTP may directly serve as

a signal to trigger PCD. Perturbation of dNTP pools has been

suggested to trigger DNA fragmentation and cell death in

mammalian cells (Oliver et al., 1996). Another possible trigger

for PCD may be the formation of defective chloroplasts or

mitochondria in these tso2 rnr2a mutants. The malfunction of

these organelles may lead to the release of reactive oxygen

species or cytochrome c, whichmay subsequently trigger PCD in

the tso2 rnr2a double mutants. Nevertheless, the leaves of tso2

rnr2a seedlings, which showed massive PCD, did not exhibit the

white sectors that are hallmarks of tso2-1 single mutants. A lack

of correlation betweenwhite sectors in leaves and PCD suggests

that chloroplast defects are unlikely to underlie PCD in tso2 rnr2a.

Future experiments are necessary to further test hypotheses

regarding the trigger for PCD in tso2 rnr2a. The availability of

single and double mutations in all three R2 genes provides

a unique opportunity to identify suppressor mutations in genes

that act upstream and downstream of RNR, providing insights

into DNA damage checkpoint pathways and DNA damage–

induced PCD in higher plants.

Figure 10. Expression of Molecular Markers Associated with Senes-

cence and HR-Mediated PCD.

(A) RT-PCR was used to examine photosynthesis-associated genes.

Twenty, 27, and 17 PCR cycles were used to examine RbcS, CAB1, and

CAB2, respectively. Actin2 was the loading control. Lanes 1, 2, 3, and 4

correspond to 3-week-old seedlings of the wild type (Ler), tso2-1, rnr2a-1

rnr2b-1, and tso2-1 rnr2a-1, respectively.

(B) Twenty-five cycles of RT-PCRwere used to detect molecular markers

associated with PCD in 3-week-old seedlings. SAG13, EDS1, PR-1,

GST11, and PRXcb were induced to various levels in tso2-1 rnr2a-1

mutants. GST6 remained the same in both the wild type and tso2-1

rnr2a-1. SAG12 and PR-5 were not induced. However, SAG12 could be

detected using 30 cycles of PCR (data not shown). A doublet was

amplified with the SAG13 primers as a result of a nearly identical gene

(At2g29350) encoding tropinone reductase. SAG13 corresponds to the

upper band of the doublet.
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METHODS

Plant Growth, Mutant Strains, and Materials

Arabidopsis thaliana plants were grown under a 16-h-light/8-h-dark cycle

at 208C. tso2-1, -2, -3, and -4 alleles were isolated in two separate EMS

mutagenesis screens (Liu and Meyerowitz, 1995; Levin et al., 1998), and

all four alleles were generated in the Ler background. rnr2a-1 was

identified by the TILLING facility (McCallum et al., 2000). Specifically,

the primer pair 59-TTTGCTGTGAGGCTGGTCGCTTTT-39 and 59-CTTCC-

AGATTCGATGGCGGATTCA-39 was used to amplify ;1 kb of RNR2A

genomic DNA from EMS-mutagenized Col-er M2 plants. HPLC-based

detection of DNA heteroduplex led to the identification of rnr2a-1. Finally,

primer pair 59-CGATTAAATCTTCTTCACCGGA-39 and 59-GGCTCCAA-

TCCTTTTTGGAT-39was used to PCR-amplify the entireRNR2B genomic

DNA from three different Arabidopsis accessions: Col, Ler, and Ws.

Sequence analyses revealed 14 differences between Col and Ler/Ws

(Figure 2C). TSO2 was provided by the Kazusa DNA Research Institute.

Microscopy

For scanning electron microscopy, inflorescences were fixed, coated,

dissected, and photographed as described previously (Bowman et al.,

1989). Images were directly captured with the semicaps software and the

AMRAY 1000A scanning electron microscope. Whole-mount floral pho-

tomicrographs were taken through a Zeiss Stemi SV6 dissecting micro-

scope. Slides containing longitudinal sections of inflorescence from in

situ hybridization experiments were examined and photographed with

a Nikon ECL1PSE E600W microscope with Nomarski optics equipped

with a DXM1200 digital still camera. Images from the comet assay and the

aniline blue staining were captured with the Nikon Labophot-2 micro-

scope equipped with fluorescein isothiocyanate and UV light filters using

320 objectives and a Nikon digital camera.

Map-Based Cloning of TSO2

tso2-1 (Ler) was crossed to sup-2 (Col). A total of 358 F2 tso2-1 plants

were assayed individually for linkage to various CAPS and dCAPS

markers (see Supplemental Table 1 online), which mapped TSO2 to

a 20-kb region within the P1 clone MOJ10. A cosmid library was

constructed from MOJ10 using binary vector pCLD04541. Two over-

lapped cosmids, D and G, were transformed into tso2-1 mutants, and all

eight transgenic plants harboring cosmidDbut none of the five transgenic

plants harboring cosmid G were wild type in phenotype, suggesting that

cosmid D, not G, contains the TSO2 gene. Sequencing of the four

candidate genes At3g27040, At3g27050, At3g27060, and At3g27070 in

cosmid D identified only a mutation in At3g27060 in tso2-1.

Molecular Analyses of TSO2, RNR2A, and RNR2B

p35S:RNR2B-L was constructed by PCR-amplifying the open reading

frame using Ler genomic DNA as a template and primer pair 59-GCT-

CTAGACGATTAAATCTTCTTCACCGGA-39 and 59-CGGGATCCGGCTC-

CAATCCTTTTTGGAT-39. The PCR fragment was inserted into the pBI121

vector (Clontech) using XbaI and BamHI. To construct p35S:RNR2A,

mRNA isolated from wild-type (Col) inflorescences was reversed-

transcribed into cDNA with oligo(dT) primer and SuperScript reverse

transcriptase (Invitrogen). The first-strand cDNA served as the template

for PCR with Expand high-fidelity DNA polymerase (Roche) using primer

pair 59-GCTCTAGAGAATTCGAGATAATGGGTTCG-39 and 59-CGGG-

ATCCCAATGGAGAAGGGACAAGTGA-39. The PCR products of RNR2A

cDNA were digested with XbaI and BamHI and inserted into the pBI121

vector. ThepBI121-RNR2Aclonesweresequenced toverify that theclones

contained no mutation.

For pTSO2:GUS reporter constructs, a 2.1-kb BamHI/EcoRI fragment

containing the GUS open reading frame and 39 Nos was excised from

pBI121 and inserted into theBamHI/EcoRI site of pBIN20 (Hennegan and

Danna, 1998) to create the pBIN20GUS vector. A 1.2-kb promoter

sequence of TSO2was PCR-amplified with primer pair 59-GCTCTAGAA-

TAAGGCCCTGTTCGTTTCC-39 and 59-CGGGATCCGAATCTGTCTGG-

GGTTGGTG-39. PCR products were digested with BamHI/XbaI and

inserted into BamHI/XbaI-digested pBIN20GUS vector. All PCRs were

performed with high-fidelity DNA polymerase Pwo or Tgo (Roche).

For semiquantitative RT-PCR, total RNA was isolated with Tri-Reagent

(Sigma-Aldrich) from the wild type (Ler), including 1-week-old roots and

seedlings, 2-week-old rosette leaves, and 4-week-old cauline leaves,

stems, and inflorescences. Two micrograms of total RNA was used to

synthesize cDNA with oligo(dT) and SuperScript II reverse transcriptase

(Invitrogen). PCR was conducted with 1 mL of diluted RT reaction at 948C

for 20 s, 578C for 20 s, and 728C for 40 s for 20 to 25 cycles. The PCR

products were DNA gel-blotted and hybridized with a RNR2B-specific

probe PCR amplified using primers 59-CAAGCTTGACGAGGATTTTT-39

and 59-GTGCTCCCTCTGCCAATAAA-39. To assay the induction of cell

death– and DNA damage–inducedmarkers and the induction of TSI, RNA

was isolated from 3-week-old seedlings using protocols and conditions

similar to those described above. Primer sequences for all RT-PCRs are

listed in Supplemental Table 2 online.

In situ hybridization was essentially as described previously (Liu et al.,

2000) except that the RNA probes were synthesized using the DIG RNA

labeling kit (SP6/T7) (Roche) and were not hydrolyzed. The TSO2 EST

clone (RZL13g10F) was linearized with HindIII and served as a template

for the TSO2 antisense probe using the T7 promoter. For the in situ

hybridization shown in Figure 5, a cDNA clone of CycB1 (pCYC1At)

(Hemerly et al., 1992) was obtained from Dirk Inze. pCYC1At was

linearized with ClaI and served as the template for transcription to

generate antisense and sense CycB1 RNA probes from T7 and SP6

promoters, respectively. AH4 EST clone (249N16) served as the template

for PCR with primer pair 59-TGGAAAGGGAGGAAAAGGTT-39 and

59-AACCCAGAAAACACAAACGC-39. The 339-bp PCR product was

cloned into the pCRII-TOPO vector (Invitrogen). Two clones containing

inserts in opposite orientations relative to the T7 promoter were linearized

with HindIII and served as templates for in vitro transcription from the T7

promoter to generate antisense and sense H4 RNA probes.

Genetic Analyses

tso2-1 (Ler) was crossed with rnr2a-1 rnr2b-1 (Col). The F1 progeny

heterozygous for all three mutations are wild type. dCAPS and CAPS

markers (see Supplemental Table 1 online) were used to screen tso2-like

F2 plants at RNR2A and RNR2B loci to identify the plants of various

genotypes shown in Figure 3H. PCR-based genotyping was performed

for individual seeds from tso2-1/tso2-1; rnr2b-1/þ parents. tso2-1 rnr2b-1

double mutants were detected only among aborted seeds (Table 1).

Finally, the rnr2a-1/rnr2a-1; tso2-1/þ plants, which are phenotypically

normal, were identified from the same cross described above by PCR-

based genotyping of normal-looking plants in F2. tso2-1 rnr2a-1 dou-

ble mutants were obtained from the self progeny of a rnr2a-1/rnr2a-1;

tso2-1/þ parent.

Drug Treatment of pTSO2:GUS Transgenic Plants

Seeds ofpTSO2:GUS transgenic T2plants of Ler ecotypewere germinated

onwet filter paper. One- to 2-d-old seedlingswere then transferred to a 24-

well plate containing 1mLofwater (nontreatment control), 0.5%colchicine,

or 5 mg/mL aphidicolin. After 26 h, the seedlings were rinsed twice with

water, stained overnight with 5-bromo-4-chloro-3-indolyl-b-glucuronic

acid based on a previously described protocol (Parcy et al., 1998), and

thenphotographed. FivedifferentpTSO2:GUS transgenic lines and15 to20
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T2seedlings of each transgenic linewereanalyzed. Three T2 lines exhibited

the same reported responses to different drug treatments.

Measuring dNTP Levels

The dNTP pool was measured by a polymerase-based assay (Roy et al.,

1999). Inflorescenceswith unopened flower budswere harvested in liquid

nitrogen, ground to a fine powder, weighed, and extracted with 60% cold

methanol by vigorous vortexing. The extracts were heated at 958C for

5 min and centrifuged at 17,000g for 15min. The supernatants were dried

in a Speedvac, resuspended in sterile distilled water, and stored at�208C.

One microliter of each sample was used for the polymerase assay.

Commercial dNTPs were tested in parallel to establish a linear calibration

curve. As the internal control, a portion of the ground tissueswas assayed

for alcohol dehydrogenase activity (Russell et al., 1990). The alcohol

dehydrogenase activity per gram of sample was then used to normalize

the dNTP level for each gram of ground tissues.

Comet Assay for DNA Damage

TheCometAssay kit fromTrevigen (Gaithersburg,MD)was usedwithminor

modifications. Seedlings were chopped with a razor in a Petri dish kept on

ice and containing 500 mL of 13 PBS plus 20 mM EDTA. The resulting

mixturewas filtered through a 60-mmnylonmesh. Fortymicroliters of nuclei

was mixed with 400 mL of 1% low-melting-point agarose (prewarmed at

378C) and placed onto Trevigen-precoated slides. After incubating in lysis

solution (2.5 M NaCl, 100 mM EDTA, pH 10, 10 mM Tris, 1% sodium lauryl

sarcosinate, and 1% Triton X-100) for 1 h at 48C, the nuclei on slides were

unwound in alkaline solution (0.3 N NaOH and 5 mM EDTA) for 40 min and

neutralized two to three times in 13 TBE (Tris-borate/EDTA) for 5 min. The

slides were run at 1 V/cm for 10 min in 13 TBE and then dipped in 70%

ethanol for 5 min. After air-drying, the slides were stained with a 1:10,000

dilution of SYBR green. Antifade solution (1% p-phenylenediamine dihy-

drochloride in 0.13 PBS and 90% glycerol) was added to slides that were

examined by epifluorescencemicroscopy. The percentage of DNA in each

comet tail (T DNA%) was evaluated with the Comet Score software (http://

www.autocomet.com) and assigned a number (0 to 4), with a higher

number corresponding to a higher T DNA% (Collins et al., 1997). DNA

damage units for each genotype were derived by averaging the data from

four slides. One hundred comets were scored per slide.

UV-C Light Treatment

Ten-day-old seedlings were irradiated at various doses of UV-C light

using Stratalinker 1800 (Stratagene). Because the UV light detector of

Stratalinker is situated 15 cm from the UV lamps, the UV-C light dosage

presented in Figure 7A was calculated to reflect the 5-cm distance from

seedlings to the UV lamps based on the formula that the UV-C dosage is

a function of the square of the distance. After UV-C irradiation, seedlings

were grown under F40GO gold fluorescent lights for 5 d to avoid

photoreactivation. Plants were returned to normal lighting for 1 to 2

weeks before survival rate was scored. To test tso2-1 rnr2a-1, a large

number of F2 seeds of tso2-1/þ; rnr2a-1/rnr2a-1were planted. Oneweek

after germination, tso2-1 rnr2a-1 double mutant seedlings were easily

distinguished from siblings of tso2-1/þ; rnr2a-1/rnr2a-1 or þ/þ; rnr2a-1/

rnr2a-1 genotype. These siblingswere pulled from the soil. Approximately

30 tso2-1 rnr2a-1 seedlings were left in each pot for UV-C light treatment.

Cell Death Assays

For trypan blue assay (Rate et al., 1999), 10-d-old rosette leaves were

boiled in lactophenol containing 10 mg of trypan blue for 1 min, cleared in

alcoholic lactophenol (95% ethanol:lactophenol, 2:1) for 2min, washed in

50%ethanol, and stored inwater. For aniline blue staining of callose (Rate

et al., 1999), 10-d-old rosette leaves were boiled for 2 min in alcoholic

lactophenol, rinsed in 50% ethanol, and then rinsed in water. Cleared and

rinsed leaves were stained for 1 h at room temperature in a solution of

0.05% aniline blue in 0.15 M K2HPO4. Stained leaves were examined

under UV epifluorescence. The 3,39-diaminobenzidine uptake method

(Thordal-Christensen et al., 1997) was used to detect H2O2. Ten-day-old

seedlings were placed in 1 mg/mL 3,39-diaminobenzidine in 10 mM

ascorbic acid for 2 h. The seedlings were then boiled in 96% ethanol for

10 min and stored in 96% ethanol. H2O2 production is visualized as

reddish-brown coloration.

The TUNEL assay was performed using the In Situ Cell Death Detection

Kit-Fluorescein (Roche Diagnostics). Before detection, wild-type (Ler)

and tso2-1 rnr2a-1 seedlings were fixed in 4% paraformaldehyde in 13

PBS at 48C overnight and embedded in paraplasts. Eight-micrometer

sections onglass slideswere dewaxed in xylene, rehydrated, and thenpre-

treated with 20 mg/mL proteinase K in 10 mM Tris-Cl, pH 7.5, for 20 min

at room temperature. Two slides, treated with 1500 units/mL DNase I in

50 mM Tris-Cl, pH 7.5, 1 mM MgSO4, and 1 mg/mL BSA for 20 min at

room temperature, served as positive controls. Two slides, labeled in the

absence of the terminal deoxyribonucleotidyl transferase enzyme, served

as negative controls. Vectashieldmountingmedium (Vector Laboratories)

and DAPI (1 mg/mL) were used to mount the slides before they were

viewed and photographed with a Zeiss Axiophot microscope.

Accession Numbers

The RNR2B sequence from Ler was submitted to GenBank with the

accession number AY178109. The locus identifier numbers for TSO2,

RNR2A, and RNR2B are At3g27060, At3g23580, and At5g40942, re-

spectively. The accession number for TSO2 cDNA is RZL13g10F

(AV546418).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Table 1. PCR-Based Molecular Markers Developed

for This Study.

Supplemental Table 2. Primer Sequences Used in Semiquantitative

RT-PCR.
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