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Ataxia telangiectasia-mutated and Rad3-related (ATR) plays a central role in cell-cycle regulation, transmitting DNA damage

signals to downstream effectors of cell-cycle progression. In animals, ATR is an essential gene. Here, we find that

Arabidopsis (Arabidopsis thaliana) atr�/� mutants were viable, fertile, and phenotypically wild-type in the absence of

exogenous DNA damaging agents but exhibit altered expression of AtRNR1 (ribonucleotide reductase large subunit) and

alteration of some damage-induced cell-cycle checkpoints. atr mutants were hypersensitive to hydroxyurea (HU),

aphidicolin, and UV-B light but only mildly sensitive to g-radiation. G2 arrest was observed in response to g-irradiation in

both wild-type and atr plants, albeit with slightly different kinetics, suggesting that ATR plays a secondary role in response

to double-strand breaks. G2 arrest also was observed in wild-type plants in response to aphidicolin but was defective in atr

mutants, resulting in compaction of nuclei and subsequent cell death. By contrast, HU-treated wild-type and atr plants

arrested in G1 and showed no obvious signs of cell death. We propose that, in plants, HU invokes a novel checkpoint

responsive to low levels of deoxynucleotide triphosphates. These results demonstrate the important role of cell-cycle

checkpoints in the ability of plant cells to sense and cope with problems associated with DNA replication.

INTRODUCTION

The detection of DNA damage is an important aspect of damage

resistance. Cells do not routinely express all DNA repair

mechanisms, but instead upregulate these functions as required,

concomitantly slowing the cell cycle to permit time for repair

before S-phase (as replication past damaged sites may be

mutagenic) or before M-phase (after which point double-strand

breaks and lesions in daughter strand gaps may become far

more problematic to repair). Damage is generally detected by

protein complexes in the form of single-stranded DNA (Crowley

and Courcelle, 2002; Zou and Elledge, 2003), created when the

replication fork is physically blocked by DNA lesions or during

the process of DNA repair (e.g., homologous recombination,

nucleotide excision repair, and mismatch repair). These damage

sensors then activate downstream checkpoint mechanisms to

prevent progression into the next phase of the cell cycle as well

as upregulate DNA repair (Nyberg et al., 2002).

Some damage sensors also are involved in the regulation of

deoxynucleotide triphosphate (dNTP) pools, which may in turn

influence the mode of DNA replication. One of the primary targets

for dNTP pool regulation is the enzyme ribonucleotide reductase

(RNR), which catalyzes the final reduction step in the production

of dNTPs. Genetic studies in Saccharomyces cerevisiae suggest

that the elevation of dNTP levels (through transcriptional and/or

posttranslational regulation of RNR) in response to DNA damage

may result in more efficient translesion DNA synthesis, enabling

the cell to complete replication in spite of the presence of

persisting lesions (Tanaka et al., 2000; Chabes et al., 2003; Yao

et al., 2003).

The proteins that sense damaged or single-stranded DNAs

and trigger these elaborate responses have been extensively

characterized in organisms ranging from bacteria to human

(Crowley and Courcelle, 2002; Melo and Toczyski, 2002). In

plants, however, the regulation of DNA replication and repair and

the cell cycle in response to DNA damage is only beginning to be

understood.

The Schizosaccharomyces pombe Rad3 homologs (ataxia

telangiectasia-mutated and Rad3-related [ATR] and ataxia

telangiectasia-mutated [ATM] in mammals, Mec1 in S. cerevi-

siae) are essential regulators of cell-cycle checkpoints, sensing

DNA damage and/or single-stranded DNA and activating

downstream effectors of cell-cycle progression and DNA repair.

ATM is activated primarily by DNA double-strand breaks. ATM-

deficient plants and animals are hypersensitive to g-irradiation

but not to replication-blocking agents such as UV-B light,

hydroxyurea (HU), or aphidicolin (Abraham, 2001; Garcia et al.,

2003; K. Culligan and A. Britt, unpublished data). Furthermore,

the Arabidopsis (Arabidopsis thaliana) ATM homolog is required

for the transcriptional induction of repair genes in response to

g-irradiation and for efficient progression through meiosis

(Garcia et al., 2003), though its role in plant cell-cycle responses

to DNA damage has not yet been determined. In animals,

activated ATM phoshorylates downstream components of
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checkpoint pathways that include p53, BRCA1, NBS1, and

CHK2, initiating G1-, S-, or G2-phase arrest and/or apoptosis.

By contrast, ATR is activated primarily by agents that block

the progression of replication forks. ATR dominant-negative

and conditional knockout mammalian cell lines display hyper-

sensitivity to UV-B light, HU, and aphidicolin but are also sen-

sitive to g-radiation. Thus, in animal cells, ATR is thought to

play a more generalized role in response to DNA damage than

ATM. Activated ATR phosphorylates CHK1 to initiate G2-phase

arrest but may also act at other points of the cell cycle, as

evidenced by ATR-dependent phosphorylation of BRCA1

(Tibbetts et al., 2000; Melo and Toczyski, 2002). However, the

determination of the full extent of ATR’s role in genome main-

tenance has been complicated by the fact that ATR homozygous

knockouts die early in embryogenesis (Brown and Baltimore,

2000; de Klein et al., 2000); cre/lox-induced nulls survive only

a few rounds of cell division, and the dominant-negative re-

duction-of-function cell lines have yielded conflicting results

(Cliby et al., 1998; Wright et al., 1998). Thus, a tractable genetic

system in which a null allele of ATR could be tolerated throughout

the development of a higher organism would be particularly

desirable.

Here, we investigate the effects of an ATR T-DNA insertion

allele in the plant Arabidopsis. The allele has a 6-kb insertion

within the kinase domain and is presumably null. We find that

the mutant plant (atr) is viable and developmentally normal in

the absence of exogenous DNA-damaging treatments but is

hypersensitive to the replication-blocking agents UV-B light,

HU, and aphidicolin. Thus, AtATR does appear to act as a

functional homolog of its mammalian counterpart. However, the

Arabidopsis atr mutants differ from mammalian mutants not

only in terms of their viability but also in their degree of sensitivity

to g-radiation.

In the course of these experiments, we also observed

a differential response to HU versus aphidicolin in wild-type

cells, with HU primarily inducing a G1 arrest, whereas aphidicolin

induced arrest in G2. This stands in contrast with the G2 arrest

induced by both agents in yeast and mammals (at concen-

trations that allow S-phase progression) and suggests that plants

may possess a novel G1 checkpoint response to low dNTP

levels. The G2 arrest in response to aphidicolin was abrogated in

atr mutants, suggesting that ATR regulates the G2 checkpoint

response to replication blocks, as it does in mammals. Moreover,

programmed cell death was observed in atr mutants in response

to aphidicolin, but not HU, under our experimental conditions.

We propose a model that suggests that the HU and aphidicolin

hypersensitivities of atr mutants are the result of its defect in the

G2 checkpoint response to blocked replication forks.

RESULTS

Identification of the ATROrtholog in Arabidopsis

ATR orthologs, including Mec1 of S. cerevisiae and Rad3 of S.

pombe, are members of a large gene family in eukaryotes that

encode Ser-Thr kinases, whose C-terminal catalytic domains

share similarity to yeast and mammalian phosphoinositide

3-kinases (Tibbetts and Abraham, 2000). We searched the

Arabidopsis genome for homologs of ATR, using the S. pombe

Rad3 C-terminal domain as a query sequence, and found

several candidate genes. Phylogenetic analysis of the corre-

sponding predicted full-length protein sequences indicated that

one was an ortholog of Target of Rapamycin (TOR), one an

ortholog of ATM, and one was an ortholog of ATR (Figure 1A).

No other candidate genes fell into these broad categories. The

ATR-orthologous sequence (previously reported in GenBank as

mRNA AtRad3 [AB040133], which we designate here as AtATR)

revealed high similarity throughout its entire length to other ATR

proteins, but its similarity to ATM and TOR sequences was

limited only to the highly conserved middle and C-terminal

regions. We confirmed the GenBank sequence and intron/exon

boundaries by isolating and sequencing cDNAs of AtATR

(�8.1 kb, ecotype Wassilewskija [Ws]) using RT-PCR, and the

resulting sequence predicted 17 exons encoding a protein of

2702 amino acids (Figure 1B).

Identification of T-DNA Insertion-Mutation Alleles

in AtATR

To study the function of ATR in Arabidopsis, we searched for

lines with T-DNA insertions within ATR. Three independent lines

were identified from different collections and were termed atr-1

(Arabidopsis Knockout Facility, ecotype Ws), atr-2 (SIGnAL data-

base, ecotype Columbia), and atr-3 (FLAG database, ecotype

Ws). atr-1 and atr-2 contain insertions in the middle of ATR, in

exons 7 and 10, respectively (Figure 1B). atr-3 contains a single,

�6-kb T-DNA insertion within the highly conserved C-terminal

kinase (PI3Kc) domain (Figures 1B to 1D), which causes a 30-bp

deletion adjacent to the catalytic Asp required for kinase function.

RT-PCR analysis of the C-terminal region of ATR confirms

that the transcript is absent in atr-3 (Figure 7). Thus, we believe

atr-3 is likely to be a null mutation and have focused the major-

ity of our characterization on this line (termed atr below).

Nonetheless, all three lines exhibit a similar recessive phenotype

(see below) that cosegregates with their respective T-DNA

insertions in ATR.

Neither AtATR nor AtATM Is Required during Normal

Somatic Development

All three atr homozygous alleles are phenotypically wild-type in

growth (of the root and shoot) and development (leaf and flower

development, seed set and viability) under standard conditions.

Thus, ATR is not essential for normal somatic development in

Arabidopsis. By contrast, ATR is an essential gene in animals;

ATR knockout mice die early in embryogenesis (Brown and

Baltimore, 2000; de Klein et al., 2000), whereas conditional

knockout human cell lines divide only a few times before dying

(Cortez et al., 2001; Brown and Baltimore, 2003). Because ATR

and ATM are paralogs known to play partially overlapping roles

in animal cells (Abraham, 2001), it is possible that ATM could

compensate for ATR deficiency in Arabidopsis. To test this

hypothesis, we established atr atm double mutants and found

no obvious phenotypic differences (in vegetative growth and

development) when compared with wild-type or single-mutant

1092 The Plant Cell



Figure 1. Phylogenetic Analysis, Structure, and T-DNA Insertions of AtATR.

(A) The neighbor-joining tree of Rad3-like protein sequences was performed as described (Culligan et al., 2000). Numbers above each branch represent

the number of times the branch was found in 1000 bootstrap replicas. Arabidopsis sequences are in bold. No DNA-PKcs (DNA–protein kinase catalytic

subunit)-like sequences were identified in the Arabidopsis genome.

(B) Overview of the AtATR gene, positions of atr-1, atr-2, and atr-3 T-DNA insertions, and its corresponding cDNA structure. Numbered gray boxes

indicate exons of AtATR; the positions of the T-DNA insertions are denoted as triangles. The cDNA structure (bottom) shows the corresponding highly

conserved domains found in ATM, ATR, TOR, and FKBP12-rapamycin-associated protein sequences, including the kinase domain denoted as a black

rectangle (PI3Kc). The cDNA sequence was confirmed by isolating and sequencing independent cDNAs of AtATR (ecotype Ws) using RT-PCR. The

resulting sequence predicts 17 exons that encode a protein of 2702 amino acids.

(C) Structure of the atr-3 T-DNA insertion. Capital letters denote T-DNA insertion sequence. Corresponding amino acids are shown above the DNA

sequence. The left-border sequence encodes 10 new amino acids within the AtATR reading frame before a premature stop (boxed as TGA). The

approximate size of the entire insertion is 6 kb.

(D) Partial alignment of the kinase domain where atr-3 is inserted: 1 denotes a 30-bp deletion (equivalent to 10 amino acids) caused by the insertion, and

2 denotes the position of the catalytic Asp required for kinase function.
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plants, indicating that neither ATR nor ATM play an essential role

during normal vegetative (somatic) growth.

The double mutants, however, were completely sterile (Figure

2). atr mutant plants are fertile and produce normal gametes;

pollen staining for viable spores revealed no differences versus

the wild type, and the siliques were full (normal seed set). atm

mutant plants, however, are partially sterile because of abundant

chromosomal fragmentation during meiosis, resulting in a re-

duction in viable pollen and reduced seed set (Garcia et al.,

2003). We suggest that AtATM and AtATR play partially redun-

dant roles during meiosis in Arabidopsis.

AtATR Is Required for Full Transcriptional Induction of the

Large Subunit of RNR, AtRNR1

In the budding yeast S. cerevisiae, Mec1 (the ATR ortholog)

regulates expression of RNR at both the transcriptional and

posttranscriptional levels (Zhao et al., 2001). Null alleles of mec1

are lethal, but this lethality is suppressed by mutations in genes

that negatively regulate RNR (Huang et al., 1998; Zhao et al.,

1998), such as the transcriptional repressor Crt1 (Huang et al.,

1998) or the inhibitor of RNR activity Sml1 (Zhao et al., 1998).

Derepression of RNR transcription in response to DNA damage

is dependent on Mec1 and the downstream kinase Dun1, which

indirectly induces an inhibitory phosphorylation of Crt1 (Elledge

et al., 1992; Zhao and Rothstein, 2002). Whether Mec1 or ATR

also play a role in the normal cell-cycle specific regulation ofRNR

transcription in unchallenged cells remains unclear.

We therefore wanted to determine if RNR transcription is

regulated in an AtATR-dependent manner in challenged and/or

unchallenged plants. We searched GenBank and identified

the Arabidopsis homolog of RNR1, the large subunit of RNR

(accession number AF092841). Transcription of RNR1 has

already been shown to be regulated in a cell-cycle dependent

manner in tobacco (Nicotiana tabacum) (Chabouté et al., 1998,

2002), and transcription is induced by DNA damage in this plant

(M.E. Chabouté, personal communication). We probed RNA gel

blots with AtRNR1 and found that AtRNR1 transcript is reduced

in atr mutants, down �40% versus the wild type under

standard conditions (Figure 3), suggesting that ATR is required

to support normal expression of RNR1. Plants treated with

chronic doses of UV-B light, sufficient to inhibit but not eliminate

growth, display a level of RNR1 transcript similar to that

observed under standard (UV-free) conditions, and again atr

plants exhibit reduced levels of RNR1 transcript. Interestingly,

plants treated with acute doses of UV-B light displayed

a transient inhibition of AtRNR1 transcript (at 2 h postirradia-

tion), followed by a return to standard condition levels at 6 h

postirradiation. This UV-induced suppression is not ATR de-

pendent, though again, the overall level of RNR1 transcript is

reduced (Figure 3).

Because we used HU (an inhibitor of RNR activity) as a DNA

replication-blocking agent (see below) to characterize the pheno-

typic effects of the atr mutant, we wanted to determine the

effects of HU treatment on RNR expression in whole plants.

Surprisingly, in the presence of HU,RNR1 expression is the same

Figure 2. Siliques Harvested from Mature Wild-Type, atr, and atm-1 (Ecotype Ws) Mutants.

Wild-type, atr�/�, and atr�/� atm1/� on average produce �50 seeds per silique. atm plants, which are partially sterile, produce a range of silique

sizes with much fewer (<10 on average) seeds. The siliques from the double atr atm line produced no seeds and were unable to outcross as males or

females, suggesting complete sterility.
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in both the wild type and atr (Figure 3) with levels similar to the

wild type under standard conditions. This suggests that there

are additional ATR-independent levels of RNR1 regulation in

Arabidopsis and is consistent with previous studies showing that

HU induces RNR expression in plants (Chabouté et al., 1998).

Arabidopsis atrMutants Are Mildly Sensitive to

Acute Doses of g-Radiation but Proficient

in g-Induced G2 Arrest

Conditional mutants of ATR/Mec1 in mammalian cells and S.

cerevisiae, as well as Rad3 mutants in S. pombe, are

hypersensitive to g-radiation (Jimenez et al., 1992; Cliby et al.,

1998; Wright et al., 1998). Mutants of ATM/scTel1, including

those in Arabidopsis, are also hypersensitive to g-radiation

(Sedgwick and Boder, 1991; Garcia et al., 2003). This sensitivity

is generally interpreted as a failure of checkpoint responses to

double-strand breaks (Abraham, 2001) but may also involve

a failure to induce DNA repair genes (Garcia et al., 2003). To

determine whether ATR plays a role in g-resistance in Arabi-

dopsis, we challenged wild-type, atr, and atm lines with sublethal

doses of g-radiation. In contrast with atm mutants, atr lines

exhibited only mild sensitivity to g-radiation. The root length of atr

was reduced by�30% versus the wild type 7 d after seeds were

g-irradiated at 200 Gray (Gy), whereas atm root length was

reduced by >95% (Figure 4A).

To determine the role of Arabidopsis ATR as a cell-cycle

checkpoint regulator in response to g-irradiation, we established

homozygous wild-type and atr mutant lines carrying a cyclinB1

promoter coupled to b-glucuronidase (PcyclinB1:GUS) reporter

construct. This construct harbors a GUS gene fused to a mitotic

destruction sequence and a cyclinB1 promoter (Colon-Carmona

et al., 1999). The GUS fusion gene is expressed upon entry into

G2 (via the cyclinB1 promoter), and the fusion protein is

degraded just before anaphase during mitosis. GUS-positive

cells stain blue in G2/early M, allowing us to visually monitor the

progression of the cell cycle in root meristems (Preuss and Britt,

2003). To determine G2-specific arrest (versus post-G2 mitotic

arrest), we further stained root tips with 49,6-diamidino-2-

phenylindole (DAPI) to visualize mitotic nuclei. In response to

400 Gy of g-radiation, atr mutants showed only a slightly altered

cell-cycle response when compared with the wild type; both

wild-type and atr meristematic cells arrest in G2 (DAPI staining

revealed no accumulation of mitotic figures) but differ slightly in

the timing of the response. For instance, at 8 h postirradiation, atr

root tips accumulated more G2 cells versus the wild type, but at

1 d postirradiation the root tips accumulated less G2 cells ver-

sus the wild type (Figure 4B). This suggests that Arabidopsis

ATR is not absolutely required for the G2 checkpoint response to

acute doses of g-radiation but does influence its rate of induction

and persistence.

Arabidopsis atrMutants Are Hypersensitive to

Replication-Blocking Agents

hsATR, scMec1, and spRad3 deficiencies are also associated

with hypersensitivity to replication blocking agents. For exam-

ple, yeast mec1 mutants fail to undergo the G2 arrest normally

induced by stalled replication and instead proceed directly into

mitosis. Consequently, mutant cells accumulate single-strand

gaps and double-strand breaks, leading to cell death (Weinert

et al., 1994). In animals, this failure to arrest induces apoptosis

(Brown and Baltimore, 2000; Cortez et al., 2001). To determine

whether ATR is required for plant cell-cycle responses to

replication blocks, we challenged wild-type and homozygous atr

mutant plants with the replication-blocking agents HU (1 mM),

aphidicolin (12 mg/mL), and UV-B light. All of these agents

inhibit replication in fundamentally different ways. HU inhibits

RNR, thus depleting available dNTPs for DNA polymerases.

Aphidicolin is an inhibitor of the replicative DNA polymerases d

and e, and UV-B light creates physical replication blocks (e.g.,

cyclobutane pyrimidine dimers) in DNA. We chose to focus our

analysis on root meristems because we and others (Wiedemeier

et al., 2002) found that both HU and aphidicolin inhibit root

growth in wild-type plants, suggesting that these agents are

absorbed by the root. We germinated wild-type and homozy-

gous atr seeds on control MS agar plates or on plates

containing either HU or aphidicolin, selecting a dose of each

agent that had mild but perceptible effects on growth of the

wild-type root. Both the wild type and atr grew at very similar

rates on control plates. On plates containing 1 mM HU, wild-

type root growth was reduced �40%, whereas the atr root

growth was reduced >95% (Figures 5A and 5D) and produced

abnormally long root hairs that were densely clustered at the

Figure 3. RNA Gel Blot Analysis of the Wild Type and atr.

RNA samples were prepared from 7-d-old wild-type and atr plants

(whole seedlings) sown on MS agar plates plus 1 mM HU, in the presence

of UV-B (chronic dose), or left untreated (n.t.). For acute doses of UV-B

light, the wild type and atr were grown for 7 d on MS agar plates and

irradiated with UV-B light (10 kJ/m2) in the dark and then harvested 2 h or

6 h after UV irradiation. Approximately 30 mg (lanes 1 to 6) or 25 mg (lanes

7 to 10) of total RNA from each sample was blotted and probed with

a putative AtRNR1 (GenBank AF092841) mRNA sequence. The AtRNR1

mRNA sequence is 2.65 kb. The bands corresponding to 4.4 and 2.4 kb

of the RNA ladder (Ambion) are shown at the left and denoted as arrows.

The ethidium bromide–stained gel is shown (bottom), and the relative

rates of expression (Rel. exp.) were determined with respect to wild-type

no-treatment control. This experiment was repeated with independently

isolated RNA samples with very similar results.
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root tip. Moreover, lateral root growth initiated much earlier in

atr on HU plates compared with control plates. The shoot was

reduced in size and produced anthocyanins (stress-induced

pigments), perhaps as an indirect effect of the lack of root

growth. The same differences between the wild type and atr

(40% versus >95% growth inhibition, overproduction of root

hairs and lateral roots) were observed when germinated on

plates containing 12 mg/mL of aphidicolin or when 5-d-old seed-

lings were transferred to plates containing HU or aphidicolin,

starting �2 d after transfer (Figures 5C and 5D). Furthermore,

chronic doses of UV-B light had a similar phenotypic effect

on atr roots compared with the wild type (Figure 5B); the

mutant was also retarded (to a lesser extent at this dose) in

its root growth and formed root hairs at the tip of the root.

Thus, three treatments that block replication but differ in the

mechanism of inhibition produced similar gross phenotypic

effects in atr roots.

AtATR Regulates a G2 Checkpoint in Response to

Replication Blocks

Mec1 and ATR are required for the G2 checkpoint response to

replication blocks in fungi and mammals, respectively (Melo and

Toczyski, 2002). To determine whether ATR performs a similar

function in plants, we GUS and DAPI stained homozygous wild-

type and atr mutant lines carrying the PcyclinB1:GUS reporter

construct (described above) after growth on HU and aphidicolin.

As shown in Figure 6, the wild type and atr displayed typical

patterns of PcyclinB1:GUS expression on control plates (�10 to 20

blue cells per root tip), representing the fraction of G2/early

M cells present during normal growth. By contrast, the meri-

stematic cells of aphidicolin treated wild-type plants displayed

a substantial increase in the number of PcyclinB1:GUS-expressing

cells and perhaps in the density of their staining (Figure 6). Using

DAPI staining to visualize mitotic nuclei, we observed no

Figure 4. Root Growth and Cell-Cycle Arrest Phenotypes of g-Irradiated Wild-Type and atr Plants.

(A) Wild-type, atm, and atr seeds were g-irradiated at a dose of 200 Gy. The seeds were immediately germinated on MS agar plates, and root growth

was measured for 2 weeks. No-irradation controls grew as described (Garcia et al., 2003) and as in Figure 5D.

(B) Five-day-old wild-type and atr seedlings containing the PcyclinB1:GUS fusion construct (as described in the text and Figure 6) were g-irradiated with

400 Gy, and individual wild-type and atr plants were harvested at 8 h, 1 d, and 2 d time points for GUS staining (n > 12). Two representative examples

from each treatment are shown.
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significant aphidicolin-induced accumulation of mitotic figures in

either wild-type or atr meristematic cells, thus ruling out post-G2

mitotic arrest as a likely cause for the PcyclinB1:GUS accumula-

tion. This indicates that the dividing cells of wild-type plants

experiencing aphidicolin-induced replicational stress spend

a greater fraction of their cell cycle in G2 and that atr plants are

defective in this G2 arrest (Figure 6).

In contrast with the aphidicolin response, HU did not induce

G2-phase arrest in wild-type roots. In fact, a decline in the

fraction of G2 cells was observed from day 4 to 6 (as measured

by the lack of PcyclinB1:GUS staining; Figure 6). The cells are

presumably arresting in G1- or S-phase because no increase in

mitotic figures was observed via DAPI staining. This response

also occurred in atr root meristems but appeared to be slightly

accelerated.

To confirm the PcyclinB1:GUS analysis, we employed semi-

quantitative RT-PCR, with primers specific to the cyclinB1 gene

(which does not amplify the PcyclinB1:GUS transcript), on un-

treated, HU-, or aphidicolin-treated wild-type and atr root tips. As

shown in Figure 7, cyclinB1 gene expression is reduced �20%

(relative to untreated control root tips) in the wild type when

grown in the presence of HU but is elevated nearly threefold in

the presence of aphidicolin, consistent with our PcyclinB1:GUS

experimental conclusion that HU induces G1- or S-phase arrest

and aphidicolin induces G2 arrest. Furthermore, aphidicolin-

treated atr root tips display no enhancement of cyclinB1

Figure 5. Phenotypes of atr Challenged with HU, Aphidicolin, or UV-B Light.

(A) Wild-type and atr seeds were germinated on MS plates or MS plus 1 mM HU and grown for 3 weeks.

(B) Wild-type and atr seeds were germinated on MS plates and grown for 3 weeks in the presence or absence of UV-B light (see Methods).

(C) Wild-type and atr seeds were germinated on MS plates and grown for 5 d and then transferred to plates containing 12mg/mL of aphidicolin (Aph) for 5 d.

(D) Five-day-old wild-type and atr seedlings were grown as above in the presence or absence (n.t., no treatment) of HU or aphidicolin (Aph). However, to

make a more direct comparison of the effects of HU versus aphidicolin, we employed concentrations of HU and aphidicolin that inhibited wild-type root

growth by �40% for both treatments, in this case, 1 mM HU and 12 mg/mL of aphidicolin. We measured root growth (n > 30) from each treatment for

8 d after transfer. Standard deviations are shown as error bars.
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