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The hormonal action of abscisic acid (ABA) in plants is

controlled by the precise balance between its biosynthesis

and catabolism. In plants, ABA 80-hydroxylation is thought

to play a predominant role in ABA catabolism. ABA 80-

hydroxylase was shown to be a cytochrome P450 (P450);

however, its corresponding gene had not been identified.

Through phylogenetic and DNA microarray analyses dur-

ing seed imbibition, the candidate genes for this enzyme

were narrowed down from 272 Arabidopsis P450 genes.

These candidate genes were functionally expressed in

yeast to reveal that members of the CYP707A family,

CYP707A1–CYP707A4, encode ABA 80-hydroxylases.

Expression analyses revealed that CYP707A2 is responsi-

ble for the rapid decrease in ABA level during seed

imbibition. During drought stress conditions, all

CYP707A genes were upregulated, and upon rehydration

a significant increase in mRNA level was observed.

Consistent with the expression analyses, cyp707a2 mu-

tants exhibited hyperdormancy in seeds and accumulated

six-fold greater ABA content than wild type. These results

demonstrate that CYP707A family genes play a major

regulatory role in controlling the level of ABA in plants.
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Introduction

Abscisic acid (ABA) is a sesquiterpene phytohormone that

controls numerous aspects of plant life cycle, including seed

dormancy, germination and adaptive responses to environ-

mental stresses (Zeevaart and Creelman, 1988). Endogenous

ABA content is the determinant of these physiological pro-

cesses and therefore ABA-deficient mutants exhibit reduced

seed dormancy and wiltiness (McCarty, 1995). ABA content

increases during seed development and when a plant is

subjected to various stresses such as dehydration.

Conversely, ABA content rapidly decreases during seed ger-

mination and when the plant is recovering from stress. ABA

content in plants is determined by the balance between its

biosynthesis and catabolism. When high levels of ABA are

maintained, both ABA biosynthesis and catabolism are ac-

tive. Consequently, ABA catabolite levels continue to increase

(Harrison and Walton, 1975; Zeevaart, 1980; Pierce and

Raschke, 1981). Accordingly, constitutive expression of an

ABA biosynthetic gene in transgenic plants leads to higher

accumulation of the catabolites compared to the moderate

increase observed in ABA content (Qin and Zeevaart, 2002).

In recent years, considerable progress has been made in the

identification and characterization of ABA biosynthetic genes

(Seo and Koshiba, 2002; Schwartz et al, 2003). However, the

molecular mechanisms underlying ABA catabolism are still

poorly understood.

ABA is catabolized into inactive forms either by oxidation

or conjugation (Figure 1) (Milborrow, 1969, 1975; Walton

and Sondheimer, 1972; Sondheimer et al, 1974; Xu et al,

2002; see the review Cutler and Krochko, 1999). The oxida-

tive pathway is predominant in ABA catabolism and it is

triggered by hydroxylation at C-80 to produce 80-hydroxy

ABA. The 80-hydroxy ABA is then spontaneously isomerized

to form phaseic acid (PA) (Cutler and Krochko, 1999).

Therefore, the major regulatory step during inactivation is

likely to be the 80-hydroxylation of ABA to PA. This reaction

has been shown to be catalyzed by a cytochrome P450

monooxygenase (P450) (Gillard and Walton, 1976; Krochko

et al, 1998). However, despite many reports that describe the

kinetics of PA accumulation before and after stress treat-

ments, the gene encoding ABA 80-hydroxylase is yet to be

identified. The identification of this gene is necessary to gain

a more complete understanding of the molecular mechanisms

controlling ABA levels during various stages of the plant life

cycle.

P450s constitute a large family of enzymes that catalyze

the oxidation of various low-molecular weight compounds.

In mammals, P450s play a central role in drug metabolism

and have been a major focus of research in the pharmaceu-

tical field. In plants, P450s participate in numerous metabolic

processes including phytohormone biosynthesis and catabo-

lism, and secondary metabolism (Schuler, 1996; Chapple,

1998). Completion of Arabidopsis genome sequencing re-

vealed at least 272 P450 genes (Werck-Reichhart et al,

2002). More recently, completion of rice genome sequencing

revealed approximately 450 P450 genes (http://drnelson.

utmem.edu/rice.html). These numbers reflect the diverse
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evolution of P450 genes and their important role in the plant

life cycle. The genome-sequencing efforts were successful in

generating vast amounts of sequence information; however,

it remains a major challenge to deduce the function of each

gene. Elucidation of gene function will be a major task in the

post genomic era and will require novel approaches in

addition to the systematic analysis of genes. P450s are

especially challenging, because in most cases the substrate

of the enzyme cannot be easily predicted. Furthermore, the

number of steps in metabolic pathways that P450s participate

in is largely unknown.

We have attempted to identify the gene encoding ABA

80-hydroxylase in Arabidopsis from the 272 P450 genes

that were revealed by genome sequencing. Identification of

the gene encoding ABA 80-hydroxylase could facilitate

the fine-tuning of ABA levels in plants and ultimately lead

to improved drought tolerance and/or the prevention of

precocious germination in crops. Such modifications would

have an enormous impact on the agricultural industry. Our

extensive and systematic prediction has led to the first

successful identification of CYP707A family members as

ABA 80-hydroxylase genes. Expression and genetic analyses

demonstrated that CYP707A genes play a regulatory role in

vivo in defining ABA levels during seed imbibition and

drought stress conditions.

Results

Phylogenetic and comparative analyses of Arabidopsis

P450s

In Arabidopsis, the 272 P450 genes identified have been

grouped into A type and non-A type (Durst and Nelson,

1995). The A type represents a more plant-specific branch,

whereas the non-A type appears more closely related to P450s

from other organisms. These genes are further divided into

smaller families according to the CYP number. The two

sequences will share the same CYP number when more

than 40% identity is seen, while further classification into

subfamilies is based on the sequence identity of more than

55% (Schuler and Werck-Reichhart, 2003). In Arabidopsis

there are 45 CYP families, within which the number of genes

varies considerably. CYP71 and CYP705 are the largest fa-

milies in Arabidopsis and contain 54 and 33 genes, respec-

tively. Initially, we concentrated on P450s that are involved in

phytohormone pathways, as the location of these genes in the

phylogenetic tree should point us towards the gene encoding

ABA 80-hydroxylase.

In Arabidopsis, 25 P450s have been functionally identified

to date (Werck-Reichhart et al, 2002; Schuler and Werck-

Reichhart 2003; see Supplementary data 1, available at The

EMBO Journal Online). Among these, 12 have been identi-

fied, which participate in phytohormone biosynthesis and

catabolism. Interestingly, with the exception of CYP701A3

and CYP79B2/B3 (Werck-Reichhart et al, 2002), all of these

genes belong to the non-A-type P450 branch, although

CYP701A3 is located in the upper half of the phylogenetic

tree, close to non-A-type genes (Supplementary data 2). In

contrast, the A-type branch contains many P450s that parti-

cipate in secondary metabolism and defense-related pro-

cesses (Supplementary data 1). Moreover, their substrates

appear to be mostly aromatic compounds, such as flavonoids

and indole derivatives. Therefore, it is possible that ABA 80-

hydroxylase is also located in the non-A-type branch of

P450s.

P450s that act on terpenoid substrates are mainly located

in the non-A-type branch, except for several CYP71s, which

are involved in terpenoid phytoalexin biosynthesis. This is

further supported by the fact that two P450s involved in

biosynthesis of diterpenoid taxol, taxane 10b-hydroxylase

(Schoendorf et al, 2001) and 13a-hydroxylase (Jennewein

et al, 2001), show the highest degree of similarity to the

non-A-type families CYP716 and CYP718. Furthermore, the

mammalian retinoic acid (RA) catabolizing P450, CYP26

(Fujii et al, 1997), also shows the highest degree of similarity

to the same families (Supplementary data 2). Both RA and

ABA share some degree of similarity in terms of their

chemical structure and biosynthesis (Kushiro et al, 2003).

This similarity is particularly interesting and may provide a

clue as to the nature of the ABA 80-hydroxylase gene.

In addition, we took advantage of the information from the

recently completed rice genome sequencing project. By com-

paring the P450s from Arabidopsis and rice, it was found that

some families are present in one, but not the other species

(Supplementary data 3). Clearly, an essential gene that func-

tions in a phytohormone pathway should be highly con-

served in both plant species. Furthermore, all of the P450s

involved in phytohormone pathways belong to small families

that typically contain only one or two members.

DNA microarray analysis on P450s during seed

imbibition

With the aforementioned predictions taken into account and

the notion that ABA 80-hydroxylase plays a major role in seed

imbibition, we conducted DNA microarray analyses on

Arabidopsis P450 genes during seed imbibition using

Affymetrix GeneChip ATH1 GenomeArrays (Supplementary

data 4). During seed imbibition, the ABA 80-hydroxylase gene

is expected to be highly expressed, causing inactivation of

ABA, leading to breaking of seed dormancy. Accordingly, we

have observed that the level of ABA in seed decreased

dramatically following imbibition and reached the basal

level after 12 h (see below).

Of the 272 Arabidopsis P450 genes, 217 were represented

on the microarray and their expression data were analyzed

comparatively. Among the potential candidate genes we

identified in the non-A-type branch, CYP97A3, CYP97B3,

CYP97C1, CYP704A2, CYP707A1, CYP707A2, CYP707A3,

CYP709B2, CYP714A1 and CYP721A1 were all significantly

expressed during seed imbibition, indicating that they are

potential candidate genes for ABA 80-hydroxylase

(Supplementary data 3). However, the mRNA for ABA

80-hydroxylase should also be present in dry seed in order
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Figure 1 Catabolic pathway of ABA in plants.
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to homeostatically maintain the appropriate ABA levels. This

would correlate with our detection of mRNA in dry seed for

ABA biosynthetic enzymes such as zeaxanthin epoxidase,

nine-cis-epoxycarotenoid dioxygenases (NCEDs) and abscisic

aldehyde oxidase 3 (data not shown). Moreover, the level of

ABA decreased dramatically immediately after imbibition and

reached half the normal level within about 6 h (see below).

The target P450 gene would also be expected to follow this

trend. By applying these lines of reasoning, CYP709B2 and

CYP721A1, whose mRNA was not detected in dry seed but

was highly abundant following imbibition, were eliminated

as potential target genes. Therefore, these data led us to

propose that CYP97A3, CYP97B3, CYP97C1, CYP704A2,

CYP707A1, CYP707A2, CYP707A3 and CYP714A1 are the

most likely candidate P450s for the ABA 80-hydroxylase gene.

Functional expression of candidate P450 genes in yeast

Full-length cDNAs for CYP97A3, CYP97C1, CYP707A1,

CYP707A3 and CYP714A1, which were available at the

RIKEN Bio Resource Center (BRC) (Seki et al, 2002), were

functionally expressed in yeast. The yeast expression system

has been used successfully in the past to express functionally

several plant P450s (Urban et al, 1997; Bishop et al, 1999).

The microsomal fractions of the transformants were used for

in vitro enzyme assays where they were incubated with

0.5 mM NADPH and 38 mM (þ )-S-ABA at 221C, and analyzed

by HPLC and GC-MS. The expression of CYP97A3, CYP97C1

and CYP714A1 failed to produce a peak other than that of the

starting material, (þ )-S-ABA. Conversely, expression of

CYP707A1 and CYP707A3 under identical conditions pro-

duced a peak that was equal in retention time with authentic

PA (Figure 2A). The peak was not seen in the plasmid only

control. These samples were further analyzed by GC-MS after

methylation to confirm that the compound corresponding to

the peak was indeed PA (Figure 2B). [1,2-13C2]-(7)-ABA

(Asami et al, 1999) was incubated with the microsomal

fraction from CYP707A1- and CYP707A3-expressing yeast.

The product exhibited þ 2 mass unit increase in molecular

ion peak at m/z 296 upon GC-MS analysis, further confirming

that the product obtained was PA (data not shown). The

production of PA was not seen when NADPH was omitted

from the incubation mixture (data not shown). In our assay

system, we were unable to detect other peaks that could

correspond to 80-hydroxy ABA (a direct oxidation product of

the P450 reaction), which then spontaneously cyclizes to PA.

Furthermore, we were also unable to detect 70-hydroxy ABA

(a known minor catabolite) (Hampson et al, 1992).

To test whether the remaining two members of the

CYP707A family would also catalyze the same reaction,

CYP707A2 and CYP707A4 cDNAs were prepared from dry

seeds and siliques, respectively. Under identical conditions,

both clones produced a peak corresponding to PA as shown

in Figure 2A and, similarly, production of PA was confirmed

by GC-MS (data not shown).

(�)-R-ABA, an enantiomer of natural (þ )-S-ABA, exhibits

ABA-like activity and has previously been shown to be slowly

metabolized into minor catabolites in plant cells and cell-free

systems (Balsevich et al, 1994a, b). We were interested in

observing whether the cloned CYP707A family would cata-

lyze the conversion of (�)-R-ABA into any hydroxylated

products. However, we failed to detect products of (�)-R-

ABA from four of these clones. Balsevich et al (1994a)

reported that in maize suspension cells 70-hydroxylation

was catalyzed at the cell surface, while ABA 80-hydroxylase

activity was located inside the cell. This indicates that minor

catabolites produced in feeding experiments are likely to be

formed by another enzyme rather than by ABA 80-hydroxy-

lase. Our results support the notion that ABA 80-hydroxylase

is unable to use (�)-R-ABA as a substrate. However, this

cannot be ruled out, as it is possible that the levels of minor

catabolites produced are below the detection limit of our

system.

To study the biochemical properties of Arabidopsis ABA 80-

hydroxylase, the effect of an inhibitor of this enzyme was

investigated on CYP707A1. Tetcyclacis, which was originally

developed as an inhibitor of GA biosynthesis, has also been

shown to inhibit ABA 80-hydroxylase (Rademacher, 2000).

This inhibitor was added to our microsomal preparation. The

production of PA was significantly inhibited by the addition of

10mM tetcyclacis, whereas 1 mM tetcyclacis reduced the

amount of PA production to about 65% of the control non-

treated sample (Figure 3). We also tested the effect of another

P450 inhibitor metyrapone (Sato et al, 1978). In this case,

10mM metyrapone failed to inhibit the production of PA

(Figure 3), indicating that the enzyme-active site can discri-

minate between two different types of known P450 inhibitors.

Finally, to confirm that our expressed CYP707A1 does

indeed encode a P450, we mutated the highly conserved

cysteine residue (PFGNGTHSCPG), which is the putative

heme iron ligand. Cys411Ala mutation of CYP707A1 comple-

tely abolished the production of PA (Figure 2A). Therefore, in

accordance with previous studies (Wu and Chung, 1991), this

cysteine residue appears to be essential for catalysis.

Figure 2 Functional expression of CYP707A genes in yeast. (A)
HPLC profiles of reaction products on incubating (þ )-S-ABA with
2 mg of microsomal protein. Retention time is given in min, while
the vertical axis indicates UV absorbance at 254 nm. The positions
of authentic ABA and PA (with an arrow) under the same conditions
are labeled. (B) Mass spectra of the reaction product from (þ )-S-
ABA by CYP707A1.
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Expression analysis of CYP707A genes during seed

imbibition and drought stress conditions

To examine whether members of the CYP707A family have

different regulatory roles during seed imbibition and drought

stress conditions (where ABA is known to play a major role),

the following expression analyses were conducted.

Initially, the expression of each gene was measured in

different tissues by quantitative reverse transcription–PCR

(QRT-PCR) (Figure 4). CYP707A genes were expressed in all

tissues, although the relative abundance differed between

these genes. In particular, CYP707A2 mRNA predominantly

accumulated in dry seed. This observation was consistent

with our previous microarray analysis. On the other hand, the

highest expression level of CYP707A1 was seen in silique.

It has been reported in several plant species that ABA

levels decrease during seed imbibition (Yoshioka et al, 1998;

Grappin et al, 2000; Jacobsen et al, 2002). To compare the

changes in ABA levels to those in CYP707A gene expression

during Arabidopsis seed imbibition, we measured the levels

of ABA, PA and dihydrophaseic acid (DPA) in dry and

imbibed seeds. As shown in Figure 5A, the level of ABA

decreased immediately after seed imbibition, reaching the

basal level after 12 h. This pattern is consistent with those

reported in other plants, indicating that ABA catabolism is

active during this period. In support of this observation, the

total level of both PA and DPA increased following seed

imbibition (Figure 5A), indicating that the major catabolic

pathway operates through ABA 80-hydroxylation. It should be

noted that certain amounts of ABA and its catabolites leaked

into the medium (see Supplementary data 5) and therefore,

for accurate estimation of the catabolites, the level of both

endogenous and medium leaked fraction was added.

We then examined the temporal patterns of CYP707A gene

expression during seed imbibition. QRT–PCR for each gene

was carried out from seed samples collected at 0, 6, 12 and

24 h after imbibition (Figure 5B). CYP707A2 mRNA was

highly abundant in dry seed and was upregulated immedi-

ately after imbibition, reaching a maximum at 6 h and

decreasing thereafter. Furthermore, the expression of

CYP707A2 was induced by addition of exogenous (þ )-S-

ABA (Figure 5C). This rapid increase in CYP707A2 mRNA

levels correlated strongly with a sharp decrease in ABA

levels, supporting the notion that this gene should be respon-

sible for the rapid ABA catabolism during seed imbibition. On

the other hand, CYP707A1 and CYP707A3 were upregulated

after 12 h, while no significant expression was seen for

CYP707A4 during this period.

It has been shown that the levels of ABA and its catabolites

change dramatically in response to dehydration and subse-

quent rehydration (Pierce and Raschke, 1981). Therefore, we

analyzed the temporal pattern of the levels of ABA and its

catabolites, and CYP707A gene expression patterns during

dehydration. In a separate experiment, after 6 h of drought

treatment, the plantlet was rehydrated and the expression

was further measured. The ABA level increased in response

to dehydration and a sharp decrease in ABA level was

observed immediately after the plant was rehydrated

(Figure 6A). This dramatic decrease in ABA levels took

place within 1 h, after which, they decreased gradually. PA

and DPA levels increased similarly during dehydration; how-

ever, upon rehydration, a significant increase in PA level was

observed (Figure 6A). The increase in PA levels correlated

strongly with the sharp decrease in ABA levels.

The expression of CYP707A1 was gradually induced fol-

lowing drought conditions, while CYP707A2, CYP707A3 and

CYP707A4 also showed moderate induction (Figure 6C).

When water was supplied after 6 h, a dramatic increase

in CYP707A1 mRNA levels was observed. Levels reached

about 2.5-fold within 1 h and decreased sharply thereafter.

CYP707A3 expression also exhibited a temporal pattern simi-

lar to that of CYP707A1. This expression pattern during

rehydration is opposite to that of NCED3 expression (Iuchi

et al, 2001; Figure 6B) and clearly demonstrates that ABA

biosynthesis and catabolism are synergistically regulated to

control the level of ABA during water stress conditions.

Similarly, expression of CYP707A2 was induced significantly

upon rehydration and the maximum expression level was

maintained even after 6 h of rehydration. A similar pattern

was also observed for CYP707A4.

We also tested the effect of exogenous (þ )-S-ABA on

expression of these genes in the vegetative plant. Plantlets

(2-week old) were supplied with either water alone or 30mM
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(þ )-S-ABA. Again, the levels of PA and DPA, and the

expression levels of CYP707A genes, were measured. A sig-

nificant increase in PA level was observed upon ABA applica-

tion, indicating that rapid catabolism of applied ABA had

occurred, while DPA levels increased only moderately

(Figure 7A). Significant induction of expression immediately

after ABA application was observed for CYP707A1, while

CYP707A2, CYP707A3 and CYP707A4 exhibited moderate

inductions (Figure 7B). Induction of these genes was transi-

ent and decreased gradually thereafter.

Phenotypic analysis of CYP707A knockout lines

In order to evaluate the in vivo function of CYP707A genes,

we analyzed their corresponding insertion mutants. Our

expression analyses demonstrated that multiple CYP707A

genes are expressed in each tissue. Therefore, it is possible

that the loss-of-function of a single CYP707A gene might

not confer an apparent phenotype. However, CYP707A2 is

expressed predominantly during the early stage of seed

imbibition and loss-of-function of this gene could lead to

a phenotype. Several insertion lines for CYP707A2 and

CYP707A3 were available at the Arabidopsis Stock Center

(ABRC) (Alonso et al, 2003), and we have produced and

analyzed the homozygous lines (Figure 8A).

To assess whether CYP707A2 plays a predominant role in

controlling seed dormancy and germination, we performed

germination tests using wild type, cyp707a2 and cyp707a3

mutants. Seed for the cyp707a2-1 and cyp707a2-2 mutants

exhibited significantly delayed germination when it was sown

without stratification (Figure 8B). Hyperdormancy of the

cyp707a2 mutants was rescued by stratification for 4 days

(data not shown). Germination of the cyp707a2 mutants was

inhibited by application of 0.5 mM ABA after stratification

(data not shown). In contrast, seed for the cyp707a3-1 and
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of endogenous ABA, PA and DPA levels during dehydration and
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cyp707a3-2 mutants germinated similarly to wild type, with

or without stratification (Figure 8B). This is consistent with

our gene expression analysis which showed CYP707A2

mRNA to be highly abundant in dry seeds, and suggests

that it plays a major role in the rapid decrease in ABA content

during the early stage of seed imbibition.

In contrast to seed dormancy, the cyp707a2 and cyp707a3

mutants display only subtle phenotypes during other devel-

opmental stages in both turgid and dehydrated plants. Once

more, this is consistent with our gene expression analyses

and indicates that the physiological role of the CYP707A is

probably redundant.

Finally, the ABA content of the cyp707a2 mutant was

measured during seed imbibition. As shown in Figure 8C,

this mutant accumulated significant levels of ABA in dry

seeds (six times that of wild type) and high levels of ABA

were maintained even at 24 h after imbibition (Figure 8D).

These data clearly demonstrate that CYP707A2 is the major

ABA 80-hydroxylase that determines ABA levels in seeds.

Discussion

Identification of the candidate gene for ABA 80-

hydroxylase

The work presented here has demonstrated that members of

the Arabidopsis P450 CYP707A family, CYP707A1–CYP707A4,

code for ABA 80-hydroxylase. This enzyme plays a key role in

ABA catabolism and in controlling ABA levels in various

aspects of the plant life cycle. The gene encoding ABA
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80-hydroxylase has long been sought after. We have taken

advantage of the available sequences and phylogenetic rela-

tionship for the 272 Arabidopsis P450 genes and narrowed

down the number of possible candidates. These candidates

were cloned and identified through biochemical analyses. In

agreement with our prediction, CYP707A genes were located

in the non-A-type branch, in which most of the P450s

involved in phytohormone pathways are located. Moreover,

the CYP707A family belongs to the same clade as the CYP88A

family, which codes for the ent-kaurenoic acid oxidases

involved in the early steps of GA biosynthesis (Werck-

Reichhart et al, 2002). The CYP85 and CYP90 families from

brassinosteroid (BR) biosynthesis are also closely related.

Interestingly, many P450s that act on terpenoid substrates

are also clustered in this area, and inhibitors of GA biosynth-

esis were additionally shown to cross-inhibit P450s involved

in other phytohormone pathways. Tetcyclacis inhibits ABA 80-

hydroxylase, and paclobutrazol inhibits BR biosynthesis

(Rademacher, 2000). These findings indicate that active site

structures of these P450s share a high degree of similarity and

may have an evolutionary relationship.

The phylogenetic tree representing the CYP707A family

has rather long branches and a relatively simple branching

pattern. These characteristics were important in evaluating

the candidate gene, as essential P450s have presumably

remained unchanged for a long period of time.

Phylogenetic analysis has placed the mammalian RA-cata-

bolizing enzyme CYP26 (Fujii et al, 1997), close to the

CYP707A family (Supplementary data 2). There is a close

resemblance between mammalian RA and ABA in terms of

structure and biosynthesis. For example, mammalian b,b-

carotene-15,150-dioxygenase that cleaves a carotenoid sub-

strate to produce RA was cloned through sequence analogy to

the NCED gene in plants (Lintig et al, 2000). It appears likely

that RA and ABA also share similar catabolic processes.

The CYP707A family appears to be highly conserved

throughout different plant species. Two CYP707A family

genes have been identified in the rice genome, CYP707A5

and CYP707A6 (http://drnelson.utmem.edu/rice.html).

CYP707A homologues have also been found in tomato and

soybean (http://drnelson.utmem.edu/CytochromeP450.html).

Our criteria requiring that the ABA 80-hydroxylase gene

should be equally conserved in different plants were highly

effective in narrowing down the number of candidate genes.

Combining the information from the genome sequences of

other plants (as they become available) will greatly facilitate

the identification of target genes of interest.

After considering the above point for narrowing down

the candidate genes, DNA microarray analysis during

Arabidopsis seed imbibition was highly effective. In addition

to the CYP707A family, a number of genes were also ex-

pressed during seed imbibition. These genes may participate

in other pathways that function during seed germination and

would be the targets of future studies.

CYP707As play a regulatory role in ABA catabolism

in vivo

ABA is catabolized into an inactive form either by oxidation

or conjugation. It has been generally assumed that ABA 80-

hydroxylation plays a prominent role in ABA catabolism as

PA or its derivatives are the predominant catabolites reported

in most ABA-related physiological processes. In comparison

to ABA, bioassays have shown that PA exhibits substantially

reduced biological activities. We have demonstrated that all

four members of CYP707A encode ABA 80-hydroxylase.

Moreover, to elucidate the regulatory role of CYP707As in

vivo, we showed that expression of these genes was tightly

regulated both developmentally and environmentally, such as

during seed imbibition, dehydration and subsequent rehydra-

tion of the plantlet. Expression levels also correlated closely

with endogenous ABA levels. Furthermore, the hyperdormant

phenotype exhibited by cyp707a2 mutants clearly renders this

gene crucial in defining the ABA content of seeds.

The expression of all the four CYP707A genes is responsive

to dehydration and subsequent rehydration (Figure 6C). As

upregulation in response to dehydration and strong induction

in response to rehydration of CYP707A gene expression were

observed in all CYP707A genes, it is likely that the function of

CYP707A genes might be partially redundant in these pro-

cesses. In contrast, CYP707A2 mRNA accumulates predomi-

nantly in dry seed and it increases dramatically immediately

after initiation of seed imbibition (Figure 5B). The prominent

role of CYP707A2 during this process was confirmed by the

hyperdormant phenotype of the cyp707a2 seeds (Figure 8B).

Furthermore, the cyp707a2 mutants accumulate and maintain

significant amounts of ABA in dry and imbibed seeds (Figure

8C and D). These findings clearly demonstrate that CYP707As

play a predominant role in vivo in ABA catabolism.

It has been shown that pretreatment of exogenous ABA

enhanced PA production in cultured Arabidopsis and potato

cells (Windsor and Zeevaart, 1997; Krochko et al, 1998). As

ABA 80-hydroxylation is presumed to be the regulatory step

leading to PA production, ABA 80-hydroxylase may also be

activated by ABA. In the present study, we have demon-

strated that expression of all the four CYP707A genes, in

particular CYP707A1, in vegetative plants was rapidly in-

duced by exogenous ABA (Figure 7B). Interestingly, the

induction of CYP707A1 by ABA application was significantly

reduced in abi1-1 mutant (Hoth et al, 2002).

Although our results indicate that CYP707A plays a

predominant role in ABA catabolism during seed imbibition

and drought stress response, several other ABA catabolic

pathways might also play a role in determining the ABA

content under specific conditions or in different plant

species. For instance, ABA glucosylation appears to be the

predominant pathway in ABA catabolism in lettuce seed

germination (Chiwocha et al, 2003). Further genetic analyses

involving the construction of multigenic cyp707a mutants, in

combination with studying additional pathways, are neces-

sary to fully understand the role of ABA catabolism and to

fine-tune the ABA content during particular physiological

processes.

Balance between ABA biosynthesis and catabolism

When ABA levels are increased and maintained upon dehy-

dration, PA levels also increase (Zeevaart, 1980; Pierce and

Raschke, 1981). Therefore, it has been argued that ABA levels

are maintained by the balance between its biosynthesis and

catabolism, rather than simply by biosynthesis alone. Our

results demonstrated that expression of CYP707A genes was

indeed activated upon dehydration (Figure 6C), although

their induction was slower than that of NCED3 expression

(Figure 6B). This difference in induction kinetics may define

the accumulation profile of stress-induced ABA (Figure 6A).
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Release from the stressed condition by rehydration greatly

stimulated CYP707A gene expression within 1 h. Conversely,

expression of NCED3 decreased in response to rehydration.

As a result of this difference in gene expression, the balance

between biosynthesis and catabolism might be disrupted,

causing an abrupt reduction in ABA content.

During seed imbibition, CYP707A1 and CYP707A3 were

moderately induced after 12 h (Figure 5B). Interestingly,

several NCED genes were also induced after 12 h (unpub-

lished data). Hence, it is likely that an equilibrium between

ABA biosynthesis and catabolism is established during this

period and prior to germination.

The present work has identified genes encoding the key

enzyme in ABA catabolism, ABA 80-hydroxylase, in

Arabidopsis. Once identified, we were able to study the role

of these genes during seed imbibition and drought stress

conditions. Furthermore, we have demonstrated the syner-

gistic relationship between biosynthesis and catabolism with

respect to the control of ABA levels. Our present findings will

lay the framework for more detailed and extensive studies

into the role and regulation of ABA action during various

stages of the plant life cycle.

Materials and methods

Plant materials and growth conditions
Plant materials used in this study were Arabidopsis thaliana (L.)
Heynh of ecotype Columbia. Plants were grown under continuous
light at 221C. Nonsterilized plants were grown in pots containing a
1:1 mixture of vermiculite:Jiffy mix (Sakatanotane). To isolate total
RNA from various organs, flowers and stems were harvested from
plants grown under nonsterilized conditions for 6 weeks. Siliques
were harvested at 10 days after flowering, while dry seeds stored for
4 weeks were used. To harvest rosette leaves and roots, plants were
grown for 2 weeks on 0.8% agar plates containing 1/2 MS salts. For
gene expression analysis during seed imbibition, dry seeds were
washed with 0.04% Triton X-100, rinsed with water several times,
sown and imbibed on filter papers moistened with water. For gene
expression analysis during dehydration and rehydration, 2-week-
old plants grown on agar medium were transferred onto the dried
filter paper in a sealed container. In a separate experiment, after 6 h
of dehydration, water was added to the filter paper. For ABA
induction experiments, 2-week-old plants grown on agar medium
were transferred onto the filter paper moistened with either water or
30 mM (þ )-S-ABA solution. For ABA quantification, the same plant
materials as those for RNA isolation were used. For germination
tests of cyp707a2 and cyp707a3 mutants, approximately 30 seeds
were used in triplicate experiments. The seeds were imbibed on
filter papers moistened with water.

Chemicals
(þ )-S-ABA was kindly provided by Toray Co Ltd. (�)-R-ABA was
prepared from a racemic mixture of (7)-ABA (Sigma) by HPLC
separation using Chiralcel OD (20 mm i.d.� 250 mm, Daicel
Chemical Industries) (flow rate 20 ml/min, detection with Multi-
wavelength detector (JASCO MD-910)) with hexane:isopropanol
(85:15), 1% acetic acid as a solvent. The retention times for (þ )-S-
ABA and (�)-R-ABA were ca. 8.5 and 11 min, respectively.
[1,2-13C2]-(7)-ABA was prepared according to Asami et al (1999).
Tetcyclacis was kindly provided by Dr W Rademacher (BASF,
Limburgerhof, Germany). Metyrapone was purchased from Aldrich.
Standard and deuterium-labeled PA and DPA were prepared as
reported (Hirai et al, 2003).

DNA microarray analysis
Total RNA was prepared from dry or imbibed seeds using
RNAqueous columns with Plant RNA isolation aid (Ambion)
according to the manufacturer’s protocol. The RNA was purified
through precipitations with 20% isopropanol containing 0.24 M
sodium citrate and 0.16 M sodium chloride, and with 2 M lithium

chloride. An aliquot of total RNA (7.5 mg) was used for microarray
analysis (GeneChip ATH1 GenomeArray, Affymetrix). cDNA synth-
esis, biotin-labeled cRNA synthesis, hybridization, washing and
staining were carried out according to the manufacturer’s instruc-
tion. Data analyses were performed using MicroArray Suite
(Affymetrix) software.

Functional expression in yeast
Full-length cDNA of candidate P450 genes were obtained from
RIKEN BRC Experimental Plant Division, Arabidopsis full-length
cDNA collection (Seki et al, 2002). cDNAs were cloned into a yeast
expression plasmid, pYeDP60 (Pompon et al, 1996). The resulting
plasmids were transformed into Saccharomyces cerevisiae strain
WAT11 (Pompon et al, 1996). Transformants were grown in SGI
medium for 24–36 h, transferred to SLI medium and induced by
galactose for 12 h. The cells were collected, resuspended in 0.1 M
potassium phosphate buffer (pH 7.6) and passed through a French
press (20 000 psi). Microsomal fractions were suspended in 0.1 M
potassium phosphate buffer (pH 7.6). For assaying of ABA 80-
hydroxylase, (þ )-S-ABA was incubated with 2mg of microsomal
protein (in a 100 ml volume) containing NADPH, at 221C for 12–
15 h. The amount of protein was measured by the Bradford method.
For the P450 inhibitor assay, the inhibitor was added to the reaction
mixture at the indicated concentration, incubated and assayed using
the same condition as described above. The reaction was stopped
by adding 1 N HCl, extracted with EtOAc and analyzed by HPLC
using a PEGASIL-B ODS (4.6 mm i.d.� 250 mm, Senshu Scientific)
column (flow rate 1.0 ml/min, UV detection at 254 nm) with the
following gradient condition at ambient temperature: (A) 10%
MeOH, 0.1% acetic acid, (B) 60% MeOH, 0.1% acetic acid, 0–
3 min, 50% B, 3–33 min 50–100% B linear gradient. Retention times
for PA and ABA were 16 and 30 min, respectively.

cDNAs for CYP707A2 and CYP707A4 were PCR amplified from
cDNAs prepared from dry seeds and siliques as described above.
C411A mutant clone of CYP707A1 was constructed using an
appropriately mutated primer.

Identification of PA by GC-MS
For GC-MS analysis, samples were treated with ethereal diazo-
methane at room temperature for 5 min to obtain methyl esters of
PA. GC-EIMS (JMS-Automass SUN, JEOL) was carried out with DB-
1 column (250 mm i.d.� 30 m, film thickness of 0.25mm, J&W
Scientific) with a helium carrier (flow rate 1 ml/min). The column
temperature was maintained at 801C for 1 min, followed by the
program, step 1: 80–2201C, 201C/min; step2: 220–2401C, 51C/min;
step3: 240–3001C, 401C/min and finally 3001C for 5 min. The
retention time for PA methyl esters was 11 min under these
conditions.

Quantitative reverse transcription–PCR
The procedures for total RNA isolation from seeds or siliques were
described above. To isolate total RNA from other tissues, TRIZOL
Reagent (Invitrogen) was used. Total RNA (2mg) was treated with
RQ1 RNase-free DNase (Promega) to eliminate genomic DNA
contamination. First-strand cDNA was synthesized with random
hexamers using a Superscript first-strand synthesis system accord-
ing to the manufacturer’s instruction (Invitrogen). Quantitative
real-time PCR with Taq-Man technology (Holland et al, 1991) was
carried out using the first-strand cDNA as a template on a sequence
detector system (model 7000, Applied Biosystems). The mean value
of three replicates was normalized using a 1000 times diluted 18S
rRNA as the internal control. Nucleotide sequences of gene-specific
primers and Taq-Man probes were as follows. CYP707A1: forward
primer 50-CTCACTCTCTTCGCCGGAAG-30, reverse primer 50-
TTCCAAACTCCCACTCCCTCC-30, TaqMan Probe 50 FAM-
TGTCTAATCTCTCAGCGCCGCTTTGG-TAMRA 30. CYP707A2: for-
ward primer 50-CGTCTCTCACATCGAGCTCCTT-30, reverse primer
50-CCAAAAGTCCATCAACACCCTC-30, TaqMan Probe 50FAM-
TCCTCCAAACCCTTTCCTCTTGGACG-TAMRA 30. CYP707A3: for-
ward primer 50-CTCTGTTTCTCTGTTTACTCCGATTTA-30, reverse
primer 50-TGCAGCAAAACAGAGAAGATACG-30, TaqMan Probe 50

FAM-CCGCCGTAGCTCCTCCACGAAAC-TAMRA 30. CYP707A4: for-
ward primer 50-CCTGAAACCATCCGTAAACTCAT-30, reverse primer
50-TTCCTTACAATCTTGGGCCAA-30, TaqMan Probe 50 FAM-CTGA
TATCGAGCACATTGCCCTT-TAMRA 30. NCED3: forward primer 50-
GCTGCGGTTTCTGGGAGAT-30, reverse primer 50-ATCGTCTTCT
CAAAGCTCCGAC-30, TaqMan Probe 50 FAM-CTTGGTGGCAATCA
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TACTCAGCCGC-TAMRA 30. Individual data from duplicate experi-
ments are available at The EMBO Journal online (see Supplemen-
tary data 6).

Measurement of ABA, PA and DPA levels
Samples were harvested, extracted and quantified according to
Cheng et al (2002), except that EtOAc was used for extraction from
residual aqueous solution. ABA and PA were methylated as
described above, while DPA was TMS derivatized with N-methyl-
N-(trimethylsilyl)trifluoroacetamide at 601C for 5 min. For GC-
selected ion monitoring-MS, 297 (deuterated) and 294 (endogen-
ous) peaks were used for PA, while 429 (deuterated) and 426
(endogenous) peaks were used for DPA quantification. Individual
data from duplicate experiments are available at The EMBO Journal
online (see Supplementary data 6).

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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