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ABSTRACT

Mutant plants deficient in the phytohormone ab-

scisic acid (ABA) are typically unable to control their

stomatal behavior appropriately in response to water

stress, leading to a ‘‘wilty’’ phenotype. In plant

species showing strong seed dormancy, ABA

deficiency of the seed results in a second clearly

recognizable phenotype, that is, early germination.

Mutants selected by means of this latter character

are often collectively termed ‘‘viviparous.’’ These

two broad classes include mutants that are defective

in their ability to synthesize ABA. A number of these

genetic lesions have been assigned to specific steps in

ABA biosynthesis and have been invaluable in elu-

cidating many important features of the pathway.

Most of the genes encoding ABA biosynthetic

enzymes have now been cloned and their expression

has been studied and manipulated. Genetically

modified plants constitutively overexpressing ABA

biosynthesis genes have been produced and ana-

lyzed over the last 6 years. In some cases these plants

have been found to have elevated ABA concentra-

tions, leading to altered stomatal behavior and

increased seed dormancy. Genetic manipulation of

ABA synthesis in photosynthetic tissues has been

most effectively achieved through overexpression of

the key rate-limiting biosynthetic enzyme 9-cis-ep-

oxycarotenoid dioxygenase, and downregulation of

the major catabolic enzyme ABA 8¢-hydroxylase.

However in non-photosynthetic tissue manipulation

of ABA synthesis is a more complex task because of

the limiting supply of xanthophyll precursors. The

recent cloning of genes encoding enzymes control-

ling important pathways of ABA catabolism has

been reviewed elsewhere, and so only information

relevant to the regulation and manipulation of ABA

synthesis, including supply of xanthophyll precur-

sors, is discussed in this review.
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INTRODUCTION

The phytohormone known as abscisic acid (ABA) is

important in the control of plant responses to abiotic

stress, notably water deficit. In seeds, ABA content

is developmentally regulated, peaking in the mat-

uration phase, in preparation for desiccation, and

falling to low levels in the dry seed. After imbibition,

ABA accumulation once again becomes an impor-

tant factor in determining whether the seed will

germinate or remain dormant (reviewed in

Nambara and Marion-Poll 2003). In vegetative tis-

sues (shoots and roots) ABA levels are also subject

to developmental control, but they can be more

dramatically increased in response to adverse envi-

ronmental conditions, particularly drought stress.

Although ABA is very unevenly distributed be-

tween different tissues, cells, and sub-cellular com-

partments, the overall ABA content of a plant is

determined by the relative rates of synthesis and

breakdown/catabolism—that is, by ABA metabo-

lism. The regulation of these two processes and the

prospects for manipulating them to artificially ele-

vate ABA concentrations is important. But the main

focus of this review is ABA synthesis, because the

latest advances in ABA catabolism have been re-

viewed very recently (Nambara and Marion-Poll

2005). Because ABA synthesis is likely to be limited

by production of xanthophylls in non-photosyn-

thetic tissues, we have included a review of the

regulation and manipulation of the pathway leading

to xanthophyll biosynthesis.

ABA SYNTHESIS

Direct versus Indirect Pathways

Abscisic acid is a 15-carbon sesquiterpene that is

assembled from isomeric 5-carbon isoprenoid

building blocks known as isopentenyl diphosphate

(IPP) and dimethylallyl diphosphate (DMAPP). Be-

yond this, it is difficult to make a universal state-

ment about ABA synthesis that is applicable to all of

the organisms in which it has been detected. Two

fungal genera, Cercospora and Botrytis, contain spe-

cies known to accumulate substantial amounts of

ABA. In these fungi, ABA is derived from IPP and

DMAPP molecules that have themselves been syn-

thesized via the well-established mevalonate (MVA)

pathway (Hirai and others 2000). Two IPP and one

DMAPP precursor molecules are used to synthesize

the important 15-carbon compound known as

farnesyl diphosphate (FPP). The precise sequence of

intermediates between FPP and ABA has been

found to vary in different fungal species (see

Nambara and Marion-Poll 2005 for a recent re-

view); because they are all 15-carbon compounds,

the fungal route of ABA biosynthesis has often been

referred to as the ‘‘direct pathway.’’

The overall route of ABA synthesis in plants is

more complex than in fungi and has become known

as the ‘‘indirect pathway.’’ This is so because 40-

carbon oxygenated carotenoid (or xanthophyll)

precursor molecules are oxidatively cleaved to form

the first 15-carbon intermediate in ABA biosyn-

thesis, as originally proposed in the 1960s (Taylor

and Smith 1967). The substantial body of evidence

demonstrating that plants use an indirect pathway

of ABA biosynthesis via xanthophyll precursors has

been summarized in several reviews (Liotenberg

and others 1999; Zeevaart 1999). More recent

comparative genomic approaches have provided

support for the idea that the ABA pathway in land

plants has evolved with few changes from that used

by green algae, such as Chlamydomonas reinhardtii

(Yoshida and others 2003), and by ‘‘primitive’’

plants such as the ‘‘model’’ moss species Physcomit-

rella patens (Knight and others 1995). Evidence

relating to the evolution of ABA metabolism in

different taxonomic groups has been recently re-

viewed (Nambara and Marion-Poll 2005) and is not

detailed in this article.

Plants synthesize many terpenoid compounds

from IPP and DMAPP molecules that have been

formed in the cytosol via the MVA pathway; but

ABA is not one of them. Instead, the xanthophyll

precursors of ABA in plants are assembled from IPP

and DMAPP building blocks formed from pyruvate

and D-glyceraldehyde 3-phosphate in plastids, by

the 2-C-methyl-D-erythritol 4-phosphate (MEP)

pathway (Arigoni and others 1997; Lichtenthaler

and others 1997). It is therefore important to note

that the ultimate precursor of ABA is not MVA, as

originally assumed (Milborrow 1974). The early

steps in the ‘‘plastidial/MEP pathway’’ are poten-

tially important in maintaining adequate supplies of

the precursors needed to sustain high levels of ABA

accumulation and they are therefore considered in

detail in the paragraphs that follow.

The Plastidial/MEP Pathway (Leading to
all-trans-lycopene)

Abscisic acid biosynthesis in plants is perhaps best

considered a minor (but important) branch of

carotenoid synthesis in plastids. In specialized ‘‘ca-

rotenogenic’’ organs, such as ripening tomato fruit,

the red pigment known as all-trans-lycopene can be

the major end product of carotenoid synthesis tak-
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ing place in the chromoplasts, using the ‘‘plastidial/

MEP’’ pathway. In immature green tomato fruit and

more general photosynthetic tissues such as leaves,

lycopene is synthesized in the chloroplasts and is

required as an intermediate in the synthesis of more

complex carotenoids, including the xanthophylls

that can be used as precursors of ABA.

DXS to HDR: Enzymes involved in the formation of IPP

and DMAPP. A number of important steps in the

early parts of the plastidial pathway, leading to the

formation of the simple linear carotenoid all-trans-

lycopene, are illustrated in Figure 1. The first reac-

tion involves the condensation of pyruvate and D-

glyceraldehyde 3-phosphate to form 1-deoxy-D-

xylulose 5-phosphate (DXP), catalyzed by the en-

zyme 1-deoxy-D-xylulose 5-phosphate synthase

(DXS). This condensation reaction is likely to rep-

resent one key control point at the start of the

pathway. However, it should be noted that DXP is

an important precursor of thiamine diphosphate

and pyridoxal phosphate, as well as being essential

for the synthesis of the universal isoprene building

blocks IPP and DMAPP. It has been pointed out that

the conversion of the DXP substrate to 2-C-methyl-

D-erythritol 4-phosphate (MEP) by 1-deoxy-D-

xylulose 5-phosphate reductoisomerase (DXR),

thereby diverting DXP away from the thiamine/

pyridoxal route, represents an important branch

point and is arguably the first step specific to iso-

prenoid synthesis within the plastidial pathway

(Carretero-Paulet and others 2002).

In Arabidopsis thaliana there appears to be only a

single DXS gene, which is impaired in a mutant

known as cla1. This mutant has an albino phenotype

associated with very low levels of chlorophyll and

carotenoid pigments. Phenotypic reversion of the

mutant has been achieved by feeding the DXS en-

zyme product, that is, DXP (Estevez and others

2001). The Arabidopsis genome may be atypical in

having only one DXS gene. Evidence has been ob-

tained for the presence of two DXS genes in a

number of monocotyledonous and dicotyledonous

species, including maize and tomato (Walter and

others 2002).

Transgenic Arabidopsis plants constitutively over-

expressing the CLA1 gene (Estevez and others 2001)

were found to have increased amounts of the DXS

enzyme. This increase was correlated with increases

in total chlorophyll and carotenoid content in 15-

day-old seedlings. In the context of a review on ABA

synthesis, it is interesting to note that a DXS over-

expressing line contained 4 times more ABA than

the wild type. The only clear phenotypic effect of the

elevated ABA reported was in delaying seed germi-

nation (Estevez and others 2001). This suggests that

in both photosynthetic (that is, young seedlings) and

non-photosynthetic (that is, seed) tissue, the first

step in the MEP pathway, catalyzed by DXS, can be a

rate limiting step in ABA biosynthesis.

Initial studies on the relative importance of DXS

and DXR in carotenoid synthesis in tomato fruit

indicated that DXR was constitutively expressed and

Figure 1. Outline of the plastidial/

MEP pathway leading to all-trans-lyco-

pene. Abbreviations of key enzyme

names are given in bold italics: DXS,

1-deoxy-D-xylulose 5-phosphate syn-

thase; DXR, 1-deoxy-D-xylulose 5-

phosphate reductoisomerase; HDR, hy-

droxymethylbutenyl diphosphate

reductase; GGPS, geranylgeranyl

diphosphate synthase; PSY, phytoene

synthase; PDS, phytoene desaturase;

ZDS, f-carotene desaturase; CRTISO,

carotenoid isomerase. Note that GGPS

performs three successive condensation

reactions: IPP is first condensed with its

isomer DMAPP (not shown) forming

GPP, before successively condensing

each product with IPP to form FPP,

and finally GGPP.
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therefore ‘‘non-limiting,’’ whereas DXS transcript

levels were strongly correlated with increases in all-

trans-lycopene during the ripening process (Lois and

others 2000; Rodriguez-Concepcion and others

2001). In contrast, Arabidopsis DXR expression ap-

peared to be modulated throughout development

and was found to closely parallel that of DXS. Both

were highly expressed in young photosynthetic

tissues following induction by light; but they were

also detected in non-photosynthetic tissues, such as

adult roots. It was suggested that both DXS and DXR

genes ‘‘participate’’ in regulating the plastidial/MEP

pathway (Carretero-Paulet and others 2002).

Several plant-encoded enzymes are involved in

the conversion of MEP to the universal isoprene

intermediates IPP and DMAPP. All of the genes

encoding these ‘‘early’’ MEP pathway enzymes in

bacteria and in plants have been identified (re-

viewed by Rodriguez-Concepcion and Boronat

2002). The final step of this part of the pathway

involves an enzyme termed ‘‘hydroxymethylbute-

nyl diphosphate (HMBPP) reductase (HDR),’’ which

controls a branch point that results in the inde-

pendent formation of IPP and its isomer DMAPP

from HMBPP (Hoeffler and others 2002). Downre-

gulation of the HDR gene in plants results in an

albino phenotype (Page and others 2004).

The tomato LeHDR gene was substantially upreg-

ulated throughout carotenoid formation during fruit

ripening. After illumination of dark-grown Arabid-

opsis seedlings, AtHDR transcript levels doubled at 1

hour and increased 10-fold after 6 hours in the light

(Botella-Pavia and others 2004). Dark-grown Ara-

bidopsis seedlings from a line (LH13) transformed

with a 35S::LeHDR construct showed no significant

differences in carotenoid levels in comparison to

untransformed control plants; whereas in the light

they produced around 50% more of each of the

major carotenoids/xanthophylls—that is, b-caro-

tene, lutein, and violaxanthin (Botella-Pavia and

others 2004). The same study also revealed that the

imbibed seeds of this transgenic line (LH13) germi-

nated more slowly than the untransformed control,

suggesting that increased xanthophyll precursor

pools are ‘‘channeled to the biosynthesis of ABA in

transgenic seeds.’’ The authors also point out that

‘‘future attempts to efficiently increase metabolic

flux through the MEP pathway to carotenoids and

other plastidial isoprenoids should take into account

the requirement to target multiple steps simulta-

neously, including HDR.’’

GGPP synthase. Enzymes catalyzing condensa-

tion reactions in terpenoid biosynthesis have at-

tracted attention as potential key control points.

In this context, geranylgeranyl diphosphate syn-

thase (GGPS) enzymes appear to be of central

importance to the operation of both the MVA

(cytosolic) and non-MVA (plastidial/MEP) path-

ways. These enzymes are responsible for three

reactions in which the 5-carbon molecule IPP is

successively condensed with its isomer DMAPP to

form 10, 15, and 20-carbon intermediates, known

as geranyl diphosphate (GPP), farnesyl diphos-

phate (FPP), and geranylgeranyl diphosphate

(GGPP), respectively.

It has been noted that there are 12 GGPS-like

genes within the Arabidopsis genome (Hirschberg

2001). In vitro assays have shown that five GGPS

enzymes, encoded by the AtGGPS genes known as

GGPS1, GGPS2, GGPS3, GGPS4, and GGPS6, have

detectable activity (Okada and others 2000). Only

two of these gene products, GGPS1 and GGPS3,

have transit peptide sequences that indicate that

they would be targeted to chloroplasts and could

therefore be directly involved in the plastidial/MEP

pathway of terpenoid biosynthesis. From a number

of localization/expression studies, Okada and others

(2000) concluded that ‘‘the GGPS1 and GGPS3

proteins supply GGPP for the biosynthesis of chlo-

rophyll, carotenoids, and ent-kaurene, precursor of

gibberellin, in the plastids.’’ These authors also no-

ted that GGPS1 promoter activity was high in upper

plant parts, but that there was almost no activity in

roots. This contrasted with the expression pattern

for GGPS3 which appears to be mainly root-specific

(Okada and others 2000).

Prior to this, it had been demonstrated in the

highly carotenogenic fruit of bell pepper plants

(Capsicum annuum) that the chloroplast-to-chromo-

plast transition was associated with a strong induc-

tion of a CaGGPS transcript. This transition was

correlated with enzyme activity, except at the end

of the ripening process, when the mRNA levels fell

and yet GGPS polypeptide content remained high

(Kuntz and others 1992).

Phytoene synthase and the subsequent formation of all-

trans-lycopene. The 20-carbon compound known as

GGPP is a precursor for the biosynthesis of gibber-

ellins, the phytol tail of chlorophylls, phylloqui-

nones, and tocopherols. These pathways are

potentially in competition with carotenoid biosyn-

thesis for the supply of GGPP available in plastids.

The condensation of two GGPP molecules to form

the colorless 40-carbon compound known as phy-

toene represents the first committed step in carot-

enoid biosynthesis. It is therefore not surprising that

over the last 10 years genes encoding phytoene

synthase have represented a major target of a
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succession of attempts to increase the carotenoid

content of a variety of plant tissues/organs by ge-

netic manipulation.

Pioneering work in this area followed from the

characterization of the yellow flesh (or r) mutant of

tomato, which has an almost carotenoid-free peri-

carp in ripe fruit and pale yellow petals in the ma-

ture corolla (Fray and Grierson 1993). The R gene

encodes a chromoplast-specific phytoene synthase

(PSY1) (Fray and Grierson 1993). A chloroplast-

specific phytoene synthase (PSY2) was detected in

leaves and green tomato fruit (Bartley and Scolnik

1993). Transcripts encoding the PSY2 enzyme have

been detected by reverse transcriptase polymerase

chain reaction (RT-PCR), although not by northern

analysis, in r mutant and wild-type tomato fruit

throughout ripening (Fraser and others 1999). It

was demonstrated that extracts from ripe r mutant

fruit could synthesize phytoene in vitro, but they

were unable to synthesize carotenoid in vivo. Fraser

and others (1999) concluded that although the

mutant has an enzyme activity theoretically able to

synthesize phytoene in ripe fruit, the PSY2 enzyme

is in reality unable to compensate for the absence of

PSY1.

Partial purification of phytoene synthase from

tomato chloroplasts has revealed that it can form

part of a larger protein complex, together with other

carotenoid biosynthesis enzymes, for example,

GGPS (Fraser and others 2000). It is very likely that

differential multi-enzyme complex assembly is an

important feature of carotenoid synthesis in the

chloroplasts, chromoplasts, and etioplasts of various

plant cells, and this probably represents one factor

that has complicated the many attempts to engineer

plants with increased carotenoid contents. Many of

these compounds are also involved in the ABA

biosynthetic pathway. Therefore, information

gained from attempts to manipulate carotenoid pool

sizes in transgenic plants is highly relevant to the

problem of providing adequate levels of the xan-

thophyll precursors needed to sustain high rates of

ABA accumulation in shoots, roots, and seeds.

Early attempts to consitutively overexpress the

endogenous PSY1 gene in tomato plants resulted in

transformants exhibiting a number of abnormal

phenotypes (Fray and others 1995). Most notably,

the 35S::PSY1 mRNA levels were inversely corre-

lated with internode length. Plants exhibiting ex-

treme dwarf phenotypes arose from seedlings that

had shown novel pigment patterns in the hypocotyl

and cotyledons. In the most severe examples young

leaves were pale pink, with reduced levels of chlo-

rophyll (Fray and others 1995). Vegetative tissues

from an extreme dwarf transgenic line contained

substantial amounts of phytoene, phytoene epox-

ide, and lycopene, all of which were at undetectable

levels in untransformed control plants. The pres-

ence of the fruit chromoplast-specific phytoene

synthase enzyme (PSY1) in stems and leaves ap-

peared to result in the conversion of excessive

amounts of its substrate, GGPP, to its product,

phytoene. Diversion of GGPP to phytoene and away

from gibberellin (GA) and phytol biosynthesis pro-

vides a probable explanation for the GA and chlo-

rophyll deficiencies that were observed; both of

them were thought to have contributed to the ex-

treme dwarf phenotype. Another phenotype noted

in constitutive Psy1 overexpressing tomato plants

was an increase in their root pigmentation (R. G.

Fray, personal communication), suggesting that

phytoene synthase catalyzes an important rate-

determining step in carotenoid biosynthesis in roots.

Fray and others (1995) reported that there was

‘‘little evidence of elevated ABA levels in the

dwarfs.’’

More recent approaches involving tissue-specific

overexpression of phytoene synthase constructs in

tomato fruit (Fraser and others 2002), Brassica napus

seeds (Shewmaker and others 1999) and Arabidopsis

seeds (Lindgren and others 2003), resulted in an

increased carotenoid content, whilst avoiding cre-

ating GA deficiency and dwarfism in the vegetative

parts of the plant. Overexpression in seeds resulted,

in both cases, in decreased germination rates.

A pattern should be noted here, in that the

overexpression of DXS, HDR, and PSY in transgenic

seed has often resulted in increased ABA levels,

accompanied by decreased germination rates. It

would appear that it is relatively easy to upregulate

the ABA biosynthetic pathway in seeds enough to

have a detectable effect on seed germination rates.

A slightly different picture emerged recently for

potato tubers. Tuber-specific overexpression of

phytoene synthase using crtB constructs could in-

crease total carotenoid content of tubers, without

any detectable elevation of ABA content (Ducreux

and others 2005).

Ducreux and others (2005) also reported a con-

sistent two- to threefold increase in expression

levels of the gene encoding the next enzyme in the

pathway, phytoene desaturase (PDS), from quanti-

tative RT-PCR analysis of RNA extracted from their

crtB over-expressing developing tubers; but there

was no clear evidence suggesting a similar upregu-

lation of the f-carotene desaturase (ZDS) gene or

any of the genes involved in later steps in caroten-

oid/xanthophyll biosynthesis that were analyzed.

Both PDS and ZDS enzymes in plants catalyze

two desaturation reactions that successively extend
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the chromophore of the colorless carotenoid phy-

toene to form the red pigment lycopene. These two

enzymes carry out similar dehydrogenation reac-

tions; each of them contains FAD and both of them

require plastoquinone (Norris and others 1995) and

a plastidic terminal oxidase as electron acceptor

(Carol and Kuntz 2001). Phytoene desaturase car-

ries out the first two symmetrical desaturation steps

to form f-carotene via phytofluene; ZDS then uses

f-carotene as a substrate to form lycopene via

neurosporene (see Figure 1).

The bacterial phytoene desaturase known as

CRTI, catalyzes all four of the desaturation steps

required to form all-trans-lycopene directly from

phytoene. For this reason it has often been used,

together with phytoene synthase, in constructs de-

signed to increase carotenoid content (see, for

example, Paine and others 2005). The plant path-

way is more complex, not only because two differ-

ent desaturase enzymes are used but also because

an isomerase is involved. Arabidopsis PDS and ZDS

expressed in Escherichia coli have been shown to

convert phytoene to a tetra-cis isomer of lycopene

(known as pro-lycopene) rather than to all-trans-

lycopene (Bartley and others 1999). It has been

proposed that ZDS may form a complex with an

isomerase enzyme termed CRTISO to be able to

carry out the conversion of the poly-cis isomers of

f-carotene to all-trans-lycopene in plant plastids in

the dark (Isaacson and others 2002).

Isaacson and others (2002) used a map-based

approach to clone the CRTISO gene of tomato

(also known as the tangerine locus). They charac-

terized a mild tangerine mutant allele and a severe

‘‘null’’ mutant allele leading to the complete loss

of functional CRTISO enzyme. When tomato

seedlings homozygous for the null-mutant allele

were grown in the dark for 7 days, the major

carotenoid in their leaves was prolycopene, and

there was no detectable b-carotene, violaxanthin,

or lutein. In complete contrast, the leaves of wild-

type seedlings, grown under identical conditions,

contained 4% b-carotene, 19.8% violaxanthin,

and 76.2% lutein, with no detectable lycopene.

These differences in percentage carotenoid com-

position were much less pronounced when the

seedlings were grown for 10 days in the light after

germination. There was 33.2% b-carotene, 22.5%

violaxanthin, and 29.2% lutein in the mutant

leaves; versus 28.5% b-carotene, 3.3% violaxan-

thin, and 59.6% lutein in the corresponding wild-

type leaves (Isaacson and others 2002). These

authors concluded that ‘‘in view of the possibility

of substituting the activity of carotenoid isomerase

for light in green cells, it is hypothesized that the

function of carotenoid isomerase in plants is to

enable carotenoid biosynthesis in non-photosyn-

thetic tissues or in the dark. The isomerase must

be essential in germinating seedlings and roots, as

shown by Park and others (2002), and also in

chromoplasts in the absence of chlorophyll

sensitization.’’

Genuinely root-sourced ABA biosynthesis will

therefore depend on functional CRTISO enzyme to

form the all-trans-lycopene required as a precursor

of ABA (see Figures 1 and 2). Photoisomerization

can more or less compensate for the lack of isom-

erase activity in green leaves of the tangerine null-

mutant and in the outer layers of unripe fruit.

However there is no compensation in the chro-

moplasts of petals and ripe fruit, or the deeper

layers of immature tangerine fruit, where light fails

to penetrate sufficiently (Isaacson and others

2002).

Cyclization and Hydroxylation: the a- and
b-Branch Points in the Pathway

In terms of the genetic manipulation of ABA bio-

synthesis, it is essential to be aware that two alter-

native routes for the cyclization of lycopene

represent a major branch point in the carotenoid

pathway in plants. These routes can be termed a- or

b-branches of carotenoid synthesis, and it should be

noted that only the latter leads to ABA (Figure 2).

Therefore the supply of xanthophyll precursors

needed to sustain artificially elevated rates of ABA

synthesis could potentially be maintained by

increasing flux through the b-branch; perhaps

partly at the expense of the a-branch. This approach

could be carried out by manipulating one or more of

a number of genes encoding enzymes involved in

the cyclization of lycopene or in the subsequent

hydroxylation to form the first xanthophylls.

It has been hypothesized that homodimeric b,b-

cyclase complexes catalyze the formation of the

symmetrical molecule b-carotene from lycopene.

Heterodimeric b,�-cyclase complexes are thought to

catalyze the conversion of lycopene to the asym-

metric bicyclic compound, a-carotene

(Cunningham and Gantt 1998). Park and others

(2002) have suggested that the CRTISO protein may

interact directly with these complexes and that its

absence may preferentially destabilize b,�-cyclase

complexes, favoring the b-branch at the expense of

the a-branch in crtiso mutant leaves.

Lycopene b-cyclase (LCY-B) enzymes catalyze

the formation of a b-ionone ring at each end of

lycopene to form the bicyclic compound b-carotene

(Figure 2). In contrast, lycopene �-cyclase (LCY-E)
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Figure 2. Abscisic acid (ABA) biosynthesis from lycopene to ABA. Abbreviations of enzyme names are given in bold

italics: LCY-B, lycopene-b-cyclase; BCH, b-carotene hydroxylase; ZEP, zeaxanthin epoxidase; VDE, violoxanthin deep-

oxidase; NSY, neoxanthin synthase; NCEI, 9-cis-epoxycarotenoid-forming isomerase; NCED, 9-cis-epoxycarotenoid diox-

ygenase; AS-SDR, ABA-specific short-chain dehydrogenase/reductase; AS-AO, ABA-specific aldehyde oxidase.
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normally forms a single epsilon ring on only one

end of lycopene to synthesize the monocyclic

compound known as d-carotene. Genes encoding

these enzymes are usually downregulated in rip-

ening tomatoes, allowing the fruit to turn red fol-

lowing the accumulation of large amounts of

lycopene.

A dominant allele, Beta (B), originating from a

wild green-fruited Lycopersicon species, was found to

encode a chromoplast-specific b-cyclase enzyme,

LCY-B (CYC-B). The B allele is upregulated during

ripening, and the presence of the LCY-B (CYC-B)

enzyme converts lycopene to b-carotene, changing

the tomato fruit color from red to orange (Ronen

and others 2000). The ‘‘normal’’ L. esculentum or-

thologue/allele at the Beta gene locus is not ex-

pressed in ripe fruit, but it is strongly expressed in

mature flower chromoplasts, in association with the

synthesis of bright-yellow xanthophyll pigments in

the petals. The tomato mutant known as old-gold

was originally named after its flower color pheno-

type, which is due to the accumulation of significant

amounts of lycopene and reduced quantities of a

number of different b-xanthophylls in the chro-

moplasts of the mature petals. Ronen and others

(2000) characterized two old-gold tomato mutants

and revealed that they were in fact null-mutant

alleles of the B locus, impaired in the function of the

LCY-B (CYC-B) enzyme in chromoplasts.

Pogson and Rissler (2000) commented, in rela-

tion to Arabidopsis, that genetic lesions of lycopene

b-cyclase are lethal, ‘‘indicating a requirement for

bicyclic carotenoid for plant viability.’’ It is likely

that equivalent tomato mutants impairing the

chloroplast-specific LCY-B (CRTL-B) enzyme could

also be lethal, in contrast to the old-gold mutants

affecting the chromoplast-specific LCY-B (CYC-B),

which are perfectly viable. On the other hand,

many mutations have been identified that disrupt

the activity of lycopene �-cyclase without affecting

plant viability. Arabidopsis lut2 mutations result in

lutein, the major product of the a-branch of the

pathway in leaves, being replaced by equivalent

amounts of various b-xanthophylls, particularly vi-

olaxanthin (Pogson and Rissler 2000). In plants,

elimination of lutein appears to have no obvious

detectable effect on growth and development in

normal environments, presumably because of the

functional complementation of this major a-xan-

thophyll by equimolar amounts of xanthophylls

synthesized via the b-branch (Pogson and others

1996).

Carotenoid synthesis via the a- and b-branches

appears to be tightly regulated, balanced, and

compensatory. Environmental, as well as genetic,

factors can alter the balance between the two

branches. It has been reported that there was a

fivefold increase in the ratio of LCY-B (CRTL-B)

mRNA to LCY-E (CRTL-E) mRNA when leaves were

subjected to strong light instead of low light inten-

sities. This effect of light was similar in both Ara-

bidopsis and tomato plants, resulting in an increase

in total xanthophyll content under strong light and

a decrease in the ratio of a-carotene–derived (lu-

tein) and b-carotene–derived (zeaxanthin + an-

theraxanthin + violaxanthin) xanthophylls

(Hirschberg 2001).

b-carotene itself represents a major fraction of

total carotenoid content in photosynthetic tissues

and should not simply be regarded as a transiently

formed precursor of the b-xanthophylls. The exis-

tence of this large pool indicates that the enzyme(s)

responsible for the conversion of b-carotene

to zeaxanthin is (are) closely controlled in

chloroplasts.

Genetic lesions of Arabidopsis affecting epsilon

ring hydroxylase activity of the ERH (CRTR-E)

protein (lut1 mutant alleles) are well known, and

the LUT1 gene was recently characterized by map-

based cloning (Tian and others 2004). In contrast,

there are two genes encoding b-carotene hydroxy-

lase, BCH (CRTR-B) in Arabidopsis (Sun and others

1996; Tian and DellaPenna 2001). The presence of

two BCH genes in Solanaceous species, for example,

pepper (Bouvier and others 1998) and tomato

(Hirschberg 2001), has also been reported. The facts

that the two Arabidopsis BCH genes are 79% iden-

tical at the nucleic acid level and that they are both

expressed in leaves apparently limited the efficiency

of downregulation of the two genes using one

antisense construct (Rissler and Pogson 2001). In

spite of this difficulty, Rissler and Pogson (2001)

reported that ‘‘the antisense b-carotene hydroxylase

transgene resulted in a maximal reduction in vio-

laxanthin of 64% and a maximal reduction in

neoxanthin of 41%. This reduction was reflected in

a 22% increase in b-carotene and a reduction in the

total carotenoid pool, whereas lutein levels were

relatively unaltered.’’ T-DNA knockout mutants of

the two BCH genes in Arabidopsis were combined to

produce double mutant plants with 20% of the

wild-type levels of b-carotene–derived xantho-

phylls. In these plants there was a compensatory

increase in lutein concentration, whereas the b-

carotene content remained unchanged (Tian and

others 2003).

Conservation of b-carotene pool size in photo-

synthetic tissues also seems to be a notable feature

of attempts to increase the synthesis of b-xantho-

phylls by upregulation of BCH genes in transgenic
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plants. Davison and others (2002) obtained a two-

fold increase in xanthophylls, mainly violaxanthin,

in leaves of transgenic Arabidopsis lines constitu-

tively overexpressing an endogenous BCH gene.

Similar results have been obtained in our laboratory

using 35S-driven LeCrtR-b2 (BCH) constructs to

produce tomato transformants with a twofold in-

crease in all-trans-violaxanthin concentration in

leaves; the other xanthophylls were not signifi-

cantly affected (R. Symonds and others, unpub-

lished data). In both of these studies on

transformants constitutively overexpressing BCH

genes, substantial violaxanthin increases occurred

without a corresponding decrease in b-carotene, the

substrate of the BCH (CRTR-B) enzyme. This may

be due to a feedback mechanism, preventing the

depletion of the b-carotene pool in chloroplasts

despite the extra demand caused by excessive BCH

(CRTR-B) enzyme activity. These balancing feed-

back mechanisms may take place over a period of

several days. A 24-hour period of tetracycline

induction of BCH mRNA in tobacco transformed

with a triple-op inducible promoter LeCrtR-b2 (BCH)

construct, resulted in a one third increase in

b-xanthophyll levels at the expense of the b-caro-

tene pool in leaf tissue (P. Royle and others,

unpublished data).

Overexpression of a BCH (CRTR-B) gene from

Capsicum annuum, together with an Arabidopsis

LCY-B (CRTL-B) gene, under the control of a fruit

ripening-specific promoter, resulted in significant

increases in b-carotene, b-cryptoxanthin, and zea-

xanthin concentrations in ripe transgenic tomatoes

(Dharmapuri and others 2002). Different mecha-

nisms for the control and manipulation of caroten-

oid pool sizes are applicable to different plant

tissues. Attempts to manipulate the supply of ABA

biosynthetic precursors in chloroplasts, chromop-

lasts, and etioplasts will have to be based on differ-

ent strategies, designed to take pre-existing

mechanisms that control carotenoid pool sizes into

account.

The Xanthophyll (or Violaxanthin) Cycle

ABA biosynthesis (see Figure 2) is inextricably

associated with the xanthophyll (or violaxanthin)

cycle, but a detailed introduction to the involve-

ment of various carotenoids/xanthophylls in light

harvesting and photoprotection is beyond the scope

of this review (instead, see Niyogi and others 1997).

In brief, the xanthophyll cycle features three closely

related b-xanthophylls, zeaxanthin (Z), anthera-

xanthin (A), and violaxanthin (V). Lutein is the

a-branch equivalent of zeaxanthin, and it has been

noted that excess amounts of ‘‘free’’ lutein can more

or less effectively substitute for zeaxanthin in

photoprotection. In the absence of both zeaxanthin

and lutein, mature Arabidopsis leaves become se-

verely photobleached when exposed to high light

intensities; but there is much less extensive

bleaching if zeaxanthin alone is eliminated (for a

review see Pogson and Rissler 2000).

Zeaxanthin is initially formed from b-carotene by

BCH (CRTR-B) enzymes, as discussed above (see

‘‘Cyclization and Hydroxylation: the a- and b-

Branch Points in the Pathway’’). It can also be

synthesized from violaxanthin by violaxanthin de-

epoxidase (VDE), an enzyme known to require low

pH in the lumen and relatively high light intensities

to become fully active. This activation of pre-exist-

ing VDE is part of a predominantly post-transla-

tional mechanism to enable plants to undergo an

‘‘emergency response’’ to sudden increases in light

levels, by rapid elevation of zeaxanthin content to

prevent photobleaching. High light intensities have

been found to decrease VDE mRNA levels and to

increase BCH (CRTR-B) mRNA levels (Rossel and

others 2002). This may indicate that increasing the

rate of zeaxanthin synthesis using b-carotene as

substrate, rather than violaxanthin, represents a

more appropriate longer-term response to condi-

tions where the light energy absorbed by chloro-

phyll is in excess of that used for photosynthesis.

This response would seem to have the added

advantage of increasing the supply of intermediates

needed to sustain ABA biosynthesis, whereas the

activation of VDE has precisely the opposite effect.

The epoxidation of zeaxanthin to form viola-

xanthin, via the mono-epoxy intermediate anther-

axanthin, catalyzed by zeaxanthin epoxidase (ZEP)

represents half of the xanthophyll cycle, but is also

required for ABA biosynthesis. The cloning of a ZEP

gene from Nicotiana plumbaginifolia was the first

major breakthrough in the molecular genetics of

ABA biosynthesis (Marin and others 1996). Mu-

tants impaired at the step catalyzed by ZEP accu-

mulated high levels of zeaxanthin instead of

epoxycarotenoids—for example, violaxanthin—and

they have a clear ‘‘wilty’’ ABA-deficient phenotype

due to abnormal stomatal behavior (Duckham and

others 1991; Rock and Zeevaart 1991).

Gene expression studies in Nicotiana (Audran and

others 1998) and Lycopersicon (Thompson and others

2000a), confirmed by microarray studies in Arabid-

opsis (Schaffer and others 2001), have revealed that

steady state ZEP mRNA levels in leaves are under

the control of a circadian oscillator. The transcript

peaks during the day and then falls in anticipation

of the dark period, during which it remains at a low
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level before starting to increase again about an hour

before dawn. More recently, Woitsch and Romer

(2003) detected a close correlation between the

pattern of ZEP and BCH gene expression in tobacco

seedlings, predicting that in photosynthetic tissues

BCH, as well as ZEP, gene expression is ‘‘under cir-

cadian clock control.’’ Preliminary results in our

laboratory (R. Symonds and others, unpublished

data) indicate that LeCrtR-b2 gene expression can be

altered by water stress. We have also confirmed

earlier findings that the LeCrtR-b2 gene is highly

upregulated in mature tomato flowers, associated

with xanthophyll accumulation in the petals; but

our results with leaves appear to indicate that this

tomato BCH gene is not ‘‘exclusively expressed in

the flower’’ (Hirschberg 2001).

Circadian control of ZEP gene expression in

photosynthetic tissues seems to result in an ade-

quate supply of violaxanthin to sustain ABA accu-

mulation following drought stress, without the need

for further upregulation. The situation is different in

roots, which have much lower carotenoid levels

than leaves (Parry and Horgan 1992). It was re-

ported that steady-state NpZEP mRNA levels in

roots increased between three- and sevenfold after

an 8-hour period of water stress (Audran and others

1998). A more gradually imposed stress treatment

caused by withholding water from intact tomato

plants resulted in a fourfold increase in LeZEP

mRNA levels in the roots, with no corresponding

increase in the shoot tissues (Thompson and others

2000a).

Transgenic N. plumbaginifolia plants constitutively

expressing a 35S::NpZEP construct had no obvious

phenotype in the leaves, indicating that ZEP mRNA

levels are not limiting in photosynthetic tissues

(Frey and others 1999). However, increased steady-

state NpZEP mRNA levels were present during seed

development, together with increased ABA levels in

mature seed and a delay of up to 3 days in germi-

nation. It appears that the control of ZEP gene

expression is one of the rate-determining steps in

ABA biosynthesis in non-photosynthetic tissues

such as seeds.

When developing underground, potato tubers are

also composed of non-photosynthetic tissues. The

downregulation of endogenous StZEP gene expres-

sion, following transformation with a tuber-specific

antisense construct, resulted in the accumulation of

zeaxanthin rather than violaxanthin in developing

transgenic tubers (Romer and others 2002). This

result was predictable, but Romer and others (2002)

also reported a fivefold increase in total carotenoid

content of tubers in some of these ZEP antisense

transformed lines. In an expression profiling

experiment, an inverse relationship was reported

between ZEP mRNA levels and total carotenoid

content of tubers in a range of germplasm (Morris

and others 2004). It would be interesting to

understand the regulatory mechanisms that are

responsible for increasing flux through the carot-

enoid pathway in tubers, following the downregu-

lation of ZEP gene expression. This appears to be an

effective way of increasing the zeaxanthin content

of tubers for nutritional reasons, but it would

obviously be counter-productive in attempts to in-

crease ABA biosynthesis in this tissue.

Nine cis-Epoxycarotenoid Synthesis

After the synthesis of all-trans-violaxanthin by ZEP,

there is some ambiguity as to the exact route of ABA

biosynthesis, prior to oxidative cleavage to form

xanthoxin (Figure 2). The alternatives were listed in

detail in a previous review (Taylor and others 2000),

but it is still not possible to choose between them

with certainty. Because the enzymes known as

nine-cis-epoxycarotenoid dioxygenases, or NCEDs

(see the section below titled ‘‘Nine cis Epoxycarot-

enoid Cleavage’’), are specific to 9-cis isomers and

do not cleave any all-trans-epoxycarotenoids, there

are two obvious candidate substrates present in

plant tissues, the 9-cis isomers of violaxanthin and

of neoxanthin.

Schwartz and others (2003a) pointed out that

‘‘circumstantial evidence favors neoxanthin as the

primary precursor of ABA’’ but that ‘‘definitive

evidence of the endogenous substrate would require

identification of the C25 by-product in planta.’’ If 9-

cis-violaxanthin is the in vivo substrate, then C25-

epoxy-apo-aldehyde should be formed initially as a

by-product. Alternatively, if the allenic epoxyca-

rotenoid 9¢-cis-neoxanthin is the in vivo substrate,

then the C25-allenic-apo-aldehyde would be

formed as a by-product instead. Neither of these two

potential by-products has been found in leaves that

are actively synthesizing ABA, and it was therefore

proposed that there is a rapid further breakdown

(Parry and Horgan 1991). It is tempting to speculate

that there could be further oxidative cleavage of the

immediate C25 apo-aldehyde by-product, possibly

by a carotenoid cleavage dioxygenase (CCD), which

is directly or indirectly involved in by-product

metabolism, to form smaller apo-aldehyde

molecules.

Linforth and others (1987a) reported that leaf

tissue from the notabilis mutant of tomato, now

known to be impaired in the LeNCED1 gene (see the

section below titled ‘‘Nine cis Epoxycarotenoid

Cleavage’’), had threefold lower levels of 2,7-di-
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methyl-2,4-octadienedioic acid (ODA) than the

wild type. This could be explained by assuming that

the ODA detected in these leaf samples arose from

the breakdown of a labile C25 by-product formed in

the reaction catalyzed by NCED during ABA bio-

synthesis. It should be noted that ODA is virtually

absent in fresh leaf tissue subjected to GC-MS

analysis within 8 hours of removal from the plant.

However, the threefold difference in ODA concen-

tration between notabilis and the wild type can be

repeatedly observed in frozen leaf tissue stored for 2

months at )15�C (R. Linforth, unpublished data).

This C10 dicarboxylic acid was only formed by

oxidation during storage, probably from a C10

aldehyde, which was most likely derived by the

oxidative cleavage of the initial C25 apo-aldehyde

by-product. Establishing the fate of the by-product

would make it clear whether 9-cis-violaxanthin or

9¢-cis-neoxanthin is the in vivo substrate of NCED.

In light-grown tomato leaves all-trans-violaxan-

thin was found to represent almost half (49.9%) of

the total epoxyxanthophyll content, with 9¢-cis-

neoxanthin making up most of the other half

(46.6%). The all-trans isomer of neoxanthin and

9-cis-violaxanthin represented only 0.85% and

0.34%, respectively (Parry and others 1990). Two

enzymes are probably responsible for synthesizing

9¢-cis-neoxanthin from this large pool of all-trans-

violaxanthin: neoxanthin synthase (NSY) and a

putative nine-cis epoxycarotenoid-forming isomer-

ase (NCEI). Genes encoding these enzymes have not

yet been cloned, although Arabidopsis (H. North and

A. Marion-Poll, unpublished data) and tomato

(J. Hirschberg, unpublished data) mutants lacking

neoxanthin isomers have been reported in a recent

review (Nambara and Marion-Poll 2005). These

authors have mentioned that the Arabidopsis gene

has been cloned and that ‘‘further biochemical

analysis will indicate whether the encoded protein

exhibits NSY activity and produces only all-trans-

neoxanthin or both neoxanthin isomers.’’

Earlier (see the section titled ‘‘Cyclization and

Hydroxylation: The a- and b-Branch Points in the

Pathway’’) it was mentioned that Ronen and others

(2000) characterized two alleles of the B locus of

tomato, originally termed old-gold because of their

flower color, which were shown to be impaired in

the chromoplast-specific lycopene b-cyclase enzyme

LCY-B (CYC-B). Because there was some doubt

about the reaction catalyzed by this enzyme, we

have recently confirmed the function of this gene

in vivo by showing that its downregulation in RNAi

transgenic tomato plants resulted in a large increase

in lycopene accumulation in the mature petals,

reducing their b-xanthophyll content (R. Symonds

and others, unpublished data). Neither the mutant

nor the RNAi plants showed any sign of increasing

the all-trans-violaxanthin content of their leaves at

the expense of the neoxanthin isomers. This would

have been expected if this enzyme functioned as a

neoxanthin synthase in vivo, as has been suggested

(Al-Babili and others 2000; Bouvier and others

2000). The proposed NSY of tomato (Bouvier and

others 2000) was identical in DNA sequence to the

gene encoding LCY-B (CYC-B) and the ortholog

from potato (Al-Babili and others 2000) was very

similar. In vitro assays indicated neoxanthin syn-

thase rather than lycopene b-cyclase activity

(Bouvier and others 2000), but there is no evidence

suggesting that LCY-B (CYC-B) functions as a neo-

xanthin synthase in vivo.

Isomerization of all-trans-neoxanthin to 9¢-cis-

neoxanthin is likely to be an important step in the

ABA biosynthetic pathway. It is probable that an

enzyme, rather than light, is mainly responsible for

catalyzing this isomerization in leaves, and that the

putative NCEI must be important in ABA synthesis

in non-photosynthetic tissues, such as roots. If a

gene encoding NCEI is cloned, it will be interesting

to see whether it resembles the CRTISO enzyme,

which catalyzes a cis to trans isomerization step

earlier in the pathway (see the above section titled

‘‘Phytoene Synthase and the Subsequent Formation

of all-trans-Lycopene’’), or NCED-related enzymes

that have been implicated in apocarotenoid isom-

erization (see below).

Nine cis Epoxycarotenoid Cleavage

Discovery and enzymology of carotenoid cleavage diox-

ygenases. Study of a viviparous, ABA-deficient,

transposon-tagged maize mutant vp14 led to the

discovery of the first carotenoid cleavage enzyme

(Schwartz and others 1997b). It has more recently

emerged that there is a large family of related en-

zymes now classified as carotenoid cleavage dioxy-

genases (CCDs) that cleave at several different

positions in the carotenoid polyene chain (Giuliano

and others 2003; Schwartz and others 2003a).

VP14 is a non-heme iron (II)-dependent dioxy-

genase that cleaves only 9-cis isomers of epoxyca-

rotenoids at the 11–12 position (Schwartz and

others 1997b) and the activity was originally named

neoxanthin cleavage enzyme (Burbidge and others

1997), but was subsequently renamed nine-cis-ep-

oxycarotenoid dioxygenase (NCED) at a meeting in

Aussois, France, in 1998. Recombinant VP14 is able

to cleave both of the natural 9-cis-epoxycarotenoids,

9-cis-violaxanthin and 9¢-cis-neoxanthin in vitro,

however, the in planta substrate specificity remains
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to be demonstrated experimentally, as discussed

above (see the section titled ‘‘Nine cis-Epoxycarot-

enoid Synthesis’’).

Availability of recombinant NCED has allowed

the development of abamine (Figure 3), a synthetic

inhibitor of NCED (Han and others 2004a, 2004b).

Previously, many researchers have used fluridone

and norflurazon, inhibitors of phytoene desaturase,

to block carotenoid and therefore ABA synthesis.

However, using this approach it is not possible to

distinguish ABA effects from the consequences of

depleting all carotenoids and apocarotenoids. More

specific inhibitors are likely to be valuable in eval-

uating the role of ABA in plant growth and stress

response in systems where genetic analysis is not

possible. New functions of abscisic acid in legume

nodulation have already been demonstrated using

abamine (Suzuki and others 2004).

Recently the crystal structure of apocarotenoid-

15,15¢-oxygenase (ACO), a Synechocystis enzyme

that cleaves b-apo-carotenals to produce retinal

(Ruch and others 2005), has been solved at 2.4 Å

resolution (Kloer and others 2005). This structure is

the first from the CCD family and contains a seven-

bladed b-propeller chain fold covered by a dome

formed by six large loops, and the active center

contains a mononuclear Fe2+ coordinated to four

histidines. In the CCD family the four histidines are

absolutely conserved, and the histidine environ-

ments are well conserved; it thus seems likely that

all members, including NCED, have a common

b-propeller fold and that substrate specificity could

be determined largely by the dome of loops (Kloer

and others 2005).

Earlier, 18O2-labeling suggested that NCED is a

dioxygenase because nearly 100% of ABA mole-

cules contained a carboxyl 18O (Zeevaart and

others 1989). The ACO structure is compatible

with the dioxygenase classification because the

distance between the Fe2+ center and the C15/

C15¢ of the substrate is around 5.0–5.5 Å (Kloer

and others 2005), large enough to accommodate a

bound O2. However, a member of the CCD family

from vertebrates, b,b-carotenoid 15,15¢ monooxy-

genase, gave only 50% incorporation of 17O from
17O2 into each aldehyde product; hence the des-

ignation as a monooxygenase (Woggon 2002). The

molecular mechanism of the NCED-catalyzed

cleavage reaction is not known; however, by

analogy with the non-heme iron (II)-dependent

extradiol catechol dioxygenases that catalyze the

oxidative cleavage of aromatic catechol substrates

(Bugg 2003), it seems likely that dioxygen acti-

vation occurs via a single electron transfer mech-

anism, and that the polyene substrate would allow

the formation of a stable substrate radical inter-

mediate (Figure 4). Formation of a C–O bond at

either C-11 or C-12 could then take place, to give

a substrate hydroperoxide, which might either

form a dioxetane ring or undergo a Criegee rear-

rangement, as shown in Figure 4. One feature of

the latter mechanism is the trapping of a carbo-

cation intermediate by water, which might explain

the reduced level of 17O incorporation observed in

the mammalian enzyme (Woggon 2002), and it

remains possible that all members of the CCD

family are dioxygenases sharing a common en-

zyme mechanism. The existence of a carbo-cation

intermediate also provides an explanation for the

potent inhibition of NCED by abamine (Han and

others 2004a, 2004b), because the protonated

form of abamine might resemble the putative

carbo-cation intermediate (see Figure 3).

The binding of an all-trans-apo-b-carotenol sub-

strate to ACO results in a trans-cis isomerization at

the 13,14, and 13¢,14¢ bonds prior to cleavage, and it

has been suggested that related proteins might be

isomerases rather than cleavage enzymes (Kloer

and others 2005). One intriguing possibility is that

an NCED-related enzyme may be responsible for the

all-trans to 9-cis isomerization required for ABA

biosynthesis.

Figure 3. Structural similarity be-

tween the NCED inhibitor abamine

and the putative NCED carbocation

reaction intermediate.
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NCED genes and gene families. The tomato gene

LeNCED1 was cloned based on homology to VP14

(Burbidge and others 1997). Mapping (Burbidge

and others 1999) and complementation studies

(Thompson and others 2004) demonstrated that the

ABA-deficient mutant notabilis is a null allele of

LeNCED1 containing a single A/T base pair deletion.

Other NCED genes have also been characterized:

PvNCED1 from bean (Qin and Zeevaart 1999),

PaNCED1 and PaNCED3 from avocado (Chernys and

Zeevaart 2000), and VuNCED1 from cowpea (Iuchi

and others 2000). The Arabidopsis genome contains

nine genes with sequence similarity to VP14 and

these have been classified as either AtNCED or At-

CCD genes (Tan and others 2003). AtNCED 2, 3, 5, 6

and 9 appear to encode NCED activity and are likely

to be involved in ABA synthesis (Iuchi and others

2001; Tan and others 2003). AtCCD1, 7 and 8 have

functions unrelated to ABA biosynthesis, whereas

the activity of AtCCD4 is unknown. AtCCD1 gene

product cleaves both the 9,10 and 9¢,10¢ double

bonds of several carotenoid substrates, to produce

b-ionone and a C14-apocarotenoid di-aldehyde

(Schwartz and others 2001). Both AtCCD7 and At-

CCD8 appear to act together to produce an unknown

apocarotenoid required for suppression of branch-

ing (Booker and others 2004; Sorefan and others

2003; Schwartz and others 2004).

Water stress-induced NCED expression. Water

stress-induced ABA accumulation is believed to be

triggered by loss of turgor (Creelman and Zeevaart

1985; Pierce and Raschke 1980), and before any

ABA biosynthesis genes were discovered, it was

suggested that cleavage of a C40 epoxycarotenoid

intermediate was the key regulatory step in water-

stress–induced ABA biosynthesis. This conclusion

was based on the abundance of xanthophyll sub-

strates in green tissues, the need for de novo trans-

lation, and the observation that non-stressed leaves

were readily able to convert xanthoxin to ABA

(Sindhu and Walton 1987). Higher plant species

each appear to have at least one NCED gene that

responds strongly and rapidly to leaf dehydration,

for example, the probable orthologs VP14 (Tan and

others 1997), PvNCED1 (Qin and Zeevaart 1999),

LeNCED1 (Thompson and others 2000a), AtNCED3

(Iuchi and others 2001; Tan and others 2003),

VuNCED1 (Iuchi and others 2000), and PaNCED1

(Chernys and Zeevaart 2000). Root dehydration

also results in increased NCED gene expression (Qin

and Zeevaart 1999; Thompson and others 2000a),

and protein levels reflect the increase in mRNA in

bean leaves and roots (Qin and Zeevaart 1999). This

provides good correlative evidence that increased

expression of NCED regulates water-stress–induced

ABA accumulation.

Figure 4. Proposed reaction mechanism for NCED.
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In Arabidopsis, two further NCED genes, AtNCED9

and AtNCED5, appear to have a weak response to

dehydration stress in leaves (6-hour treatment),

whereas only AtNCED3 was able to respond over a

35-minute time course (Tan and others 2003). It has

been noted, where genomic sequences are avail-

able, that the rapidly responding AtNCED3,

LeNCED1, PvNCED1, and VP14 genes have a con-

served lack of introns (Tan and others 2003;

Thompson and others 2004). This may enhance

speed of response, or it may facilitate rapid expres-

sion under stress.

Diurnal and hormonal regulation of NCED. LeNCED1

has a diurnal cycle of expression in non-stressed

plants (Thompson and others 2000a), with expres-

sion peaking at the end of the light period, and with

no circadian component (constant low expression

under continuous darkness and no anticipation of the

light period). This is consistent with either a direct

response to light, or to the small drop in water status

associated with the imbalance between water uptake

and transpiration during the light period (Kramer

and Boyer 1995).

LeNCED1 and VuNCED1 expression did not respond

to application of ABA (Iuchi and others 2000;

Thompson and others 2000a), and LeNCED1 expres-

sion pattern was not altered by the low ABA content

in an ABA-deficient mutant plant (Thompson and

others 2000a). In Arabidopsis, AtNCED3 mRNA in-

creased in response to ABA in ecotype Landsberg

erecta (Cheng and others 2002; Xiong and others

2001b), but for ecotype C24 the response was seen in

one experiment but not in another (Xiong and others

2001b, 2002). Based on these data in Arabidopsis, it

was suggested that thresholds of ABA-induced NCED

expression may vary between ecotypes, and that

there may be a weak positive feedback loop to allow

activation of NCED expression by ABA (Xiong and

others 2002; Xiong and Zhu 2003). However, given

the weak response and ecotype differences in Ara-

bidopsis, and the lack of response in tomato and

cowpea as described above, it seems that there is not

an evolutionarily conserved positive or negative

feedback of NCED transcription by ABA. In has been

suggested that ethylene can trigger ABA biosynthesis

(Grossmann and Hansen 2001), but the authors are

unaware of any reports confirming regulation of ABA

biosynthetic genes by ethylene.

Subcellular localization. Known NCEDs have

proven or predicted N-terminal stroma-targeting

domains, for example VP14 and PvNCED1 (Qin and

Zeevaart 1999; Tan and others 2001), and they exist

in two forms, a soluble form in the stroma and a

form bound to the stromal face of thylakoid mem-

branes. In Arabidopsis, the five NCED proteins differ

in their fractionation between stroma and thylak-

oids (Tan and others 2003), and thus access to

membrane bound substrate may provide a regula-

tory mechanism for enzyme action, and competi-

tion experiments suggested a specific binding

interaction between VP14 and an unknown mem-

brane component (Tan and others 2001).

Tissue specificity and role in seed biology. ABA is

known to accumulate in fruit pericarp during

development and ripening—for example, in tomato

(Mcglasson and Idato 1976) and avocado (Adato

and others 1976)—and two genes encoding NCED

activity, PaNCED1 and PaNCED3 have been identi-

fied in avocado that increase their mRNA levels

during fruit ripening, supporting the role of NCED

in regulating developmental accumulation of ABA

in fruit. PaNCED1 is also responsive to water deficit

in leaves, but PaNCED3 was not detected in leaves

even under stress and may be fruit-specific

(Chernys and Zeevaart 2000). Tomato expressed

sequence tags (EST) databases reveal that LeNCED1,

the stress-responsive gene, is highly represented in

fruit libraries (17/22 ESTs are from fruit tissues:

www.sgn.cornell.edu).

The complex tissue specificity and developmental

regulation of five Arabidopsis NCED genes have been

described (Tan and others 2003). AtNCED3 and 2

were the major genes expressed in roots, whereas

AtNCED5, 6, and 2 predominated in flowers. A role

for internode tissue in modulating the intensity of

the ABA stress signal in the xylem has been de-

scribed (Sauter and Hartung 2002), and so it is

interesting that the stress-responsive AtNCED3 was

also highly expressed constitutively in stems (Tan

and others 2003).

In developing siliques, AtNCED6 was the most

highly expressed, but as siliques matured, AtNCED6

mRNA declined (although it was still the most

highly expressed NCED gene), and AtNCED3 and

AtNCED5 mRNAs increased. This suggests a role in

seed development for the latter two genes. AtNCED9

was highly expressed at both silique stages. Pro-

moter::GUS fusions showed that AtNCED5 and 6

promoters were active in embryo and endosperm

during seed development, whereas the water-defi-

cit–inducible AtNCED3 promoter was active in the

basal region of the seed during development, and it

was active in the tissue connecting the seed to the

placenta (funiculus) in mature siliques (Tan and

others 2003).

Null mutants of water-deficit–responsive NCED

genes have been described in three species, VP14
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(Tan and others 1997), LeNCED1/notabilis (Burbidge

and others 1999), and AtNCED3 (Iuchi and others

2001; Ruggiero and others 2004). Studies with these

mutants show that AtNCED3 is required to maintain

dormancy when seeds are imbibed at high osmoti-

cum (Ruggiero and others 2004), and the viviparous

VP14 is required to maintain dormancy on the

maize cob (Tan and others 1997). The funiculus-

specific expression of AtNCED3 suggests that sup-

plying ABA from fruit to seed might provide a

mechanism to maintain dormancy in the fruit, but

to allow germination upon dispersal; however, the

tissue-specificity of VP14 has not been reported. The

lack of observable vivipary or germination effects in

the notabilis mutant may simply reflect the different

fruit environment and lack of primary dormancy in

cultivated tomato.

Studies with inhibitors of carotenoid synthesis

show that in situ ABA synthesis is required to

maintain dormancy in imbibed seeds (Grappin and

others 2000). Arabidopsis ecotype Cvi provides a

useful model as it displays marked seed dormancy,

and alterations in seed dormancy can be explained

by the ability of the seed to synthesize ABA once

imbibed (Ali-Rachedi and others 2004). Non-dor-

mant Cvi seed, and seed in states of maintained

primary dormancy and induced secondary dor-

mancy were analyzed using microarray analysis. It

was observed that, compared to non-dormant seed,

both AtNCED6 and AtNCED9 mRNAs were more

than 10-fold higher under primary dormancy and

over fivefold higher under secondary dormancy

(B. Finch-Savage, University of Warwick, pers.

comm.). In contrast, in the same study, there were

no dormancy-related differences in the expression

of genes for other steps of the ABA biosynthetic

pathway (for example, AtZEP). Thus it appears that

various combinations of AtNCED3, 5, 6, and 9 may

be important in regulating synthesis of ABA during

seed development and dormancy.

Genetic manipulation. That NCED is a key regu-

latory step was predicted (Sindhu and Walton

1987), and correlative studies on gene expression

supported this prediction (Qin and Zeevaart 1999).

A series of overexpression studies have provided

definitive evidence that NCED is rate-limiting:

when LeNCED1 was overexpressed in tobacco leaves

using a tetracycline-inducible system, a 10-fold in-

crease in ABA was observed and, when the same

gene was constitutively overexpressed in tomato,

ABA content increased in leaves (Thompson and

others 2000b) and also in roots and xylem sap

(A. Thompson and others, unpublished data). Sim-

ilarly, DEX-inducible and constitutive overexpres-

sion of PvNCED1 in tobacco caused an increase in

leaf ABA content, as well as an accumulation of the

catabolite phaseic acid (Qin and Zeevaart 2002).

Although phaseic acid accumulated, it is clear that

any activation of catabolism caused by elevated

ABA was insufficient to counterbalance the artifi-

cially increased rate of synthesis. Constitutive

overexpression of AtNCED3 also caused a doubling

of plant ABA content in Arabidopsis (Iuchi and

others 2001). Overexpression of NCED was associ-

ated with physiological changes, including in-

creased seed dormancy (Qin and Zeevaart 2002;

Thompson and others 2000b), reduced stomatal

conductance, and an increased tendency to guttate

at high humidity, presumably because of ABA-en-

hanced root pressure (Thompson and others

2000b). Enhanced drought tolerance was reported

based on the appearance of pot-grown plants after

withholding of water (Iuchi and others 2001; Qin

and Zeevaart 2002), and improvements in water use

efficiency have been found (A. Thompson and

others and also I. Taylor and others, unpublished

data).

C15 Level of the Pathway (Conversion of
Xanthoxin to ABA)

ABA-specific short-chain dehydrogenase/reductase

(AS-SDR). Mutants at the aba2 locus were selected

based on their ability to germinate in the presence

of inhibitors of gibberellin biosynthesis (Leon-

Kloosterziel and others 1996; Nambara and others

1998), and they were found, using a biochemical

approach, to be blocked in the conversion of

xanthoxin to abscisic-aldehyde (Schwartz and oth-

ers 1997a). Subsequently, aba2 mutant alleles

(named gin1/sis4/isi4/sre1/sañ3) were isolated inde-

pendently by four groups through their ability to

germinate and develop on high concentrations of

glucose, sucrose, or NaCl (Cheng and others 2002;

Gonzalez-Guzman and others 2002; Laby and oth-

ers 2000; Rook and others 2001), or by screening for

high transpiration by thermal imaging (Merlot and

others 2002). The DNA sequences of 11 alleles have

been reported, and at least three are null mutations

(Cheng and others 2002). The aba2 gene was

identified as a member of the short-chain dehy-

drogenase/reductase (SDR) gene family (Rook and

others 2001), and it was then demonstrated to be a

cytosol-localized NAD-dependent oxidoreductase

with xanthoxin oxidase activity (Cheng and others

2002; Gonzalez-Guzman and others 2002). In two

examples, pairs of mutant alleles showed intragenic

complementation, suggesting complementation
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through interaction of the subunits of a multimeric

SDR enzyme (Merlot and others 2002; Rook and

others 2001). There are 56 putative SDR genes in

the Arabidopsis genome, and the most highly related

gene (AtSDR2) has only a 62% similarity to aba2; in

turn, AtSDR2 is 73% similar to TASSELSEED2

(Cheng and others 2002), a maize gene that is re-

quired for stage-specific pistil abortion (Delong and

others 1993). The possibility that other Arabidopsis

SDRs encode xanthoxin oxidases has not been ruled

out, nor has the possibility that TASSELSEED2 is

essential for pistil abortion through a tissue-specific

synthesis of ABA. The detection of ABA in non-

stressed seedlings of an aba2 null mutant (gin1-3) at

around one third of wild-type levels (Cheng and

others 2002) requires a second Arabidopsis xanth-

oxin oxidase gene, or synthesis of ABA through a

second pathway.

Expression of aba2 was not increased by osmotic

stress or ABA, and it was similar in roots, stems,

leaves, and siliques (Gonzalez-Guzman and others

2002). These findings are in agreement with reports

of the constitutive ability of plants to convert

xanthoxin to ABA (Sindhu and Walton 1987) and

suggest that aba2 is not a major regulatory step.

However, induction of aba2 by glucose was indi-

cated by northern and promoter::GUS analysis,

suggesting a regulation of ABA biosynthesis by

sugars (Cheng and others 2002). The same authors

report preferential aba2 promoter activity in vascu-

lar tissue, although alternative approaches are re-

quired to confirm that this is not an artifact of the

promoter::GUS approach (Martin and others 1992).

ABA-specific aldehyde oxidase (AS-AO). Two wilty

mutants of tomato, known as sitiens and flacca, were

the first genetic lesions shown to be impaired at the

last step in ABA biosynthesis (Sindhu and Walton

1988; Taylor and others 1988). The final precursor,

abscisic aldehyde (ABAld), is oxidized to ABA in

wild-type plants, but sitiens and flacca mutants re-

duce and isomerize ABAld to form mainly the trans

isomer of abscisic alcohol (tABAlc), which is bio-

logically inactive (Linforth and others 1987b).

The enzyme that oxidizes ABAld to ABA is an

aldehyde oxidase (AO), and four AO-encoding

genes from Arabidopsis have been investigated in

detail (Sekimoto and others 1998). Only one of

these, the aldehyde oxidase 3 (AAO3) gene encodes

an ABA-specific aldehyde oxidase (AS-AO). The

active enzyme is a homodimer, known as the AOd
isoform, which is highly active in producing ABA

from ABAld (Seo and others 2000). Arabidopsis

plants homozygous for a mutant allele at this gene

locus, aao3, have a wilty phenotype due to ABA

deficiency caused by defective AAO3 (Seo and

others 2000). Recently, two new aao3 mutant alleles

have been identified (Gonzalez-Guzman and others

2004), and it has been noted that aao3 mutants have

only slightly reduced seed dormancy compared with

other ABA-deficient mutants of Arabidopsis (Seo and

others 2004). It appears certain that AAO3 is the

major AO catalyzing ABA synthesis in leaves in

response to water stress, but there may be other AO

enzymes contributing to the oxidation of ABAld to

ABA in seed (Seo and others 2004).

Constructs based on the AAO3 gene of Arabidopsis

have been reported to complement the ABA-defi-

cient tomato mutant sitiens (Okamoto and others

2002), indicating that this tomato gene encodes an

ABA-specific AO (AS-AO), as proposed earlier

(Marin and Marion-Poll 1997). Sitiens may well be

an ortholog of Arabidopsis AAO3, but this is difficult

to prove because AAO3 resembles the other Ara-

bidopsis AO genes more closely than any of the to-

mato AO (TAO) gene family members (Min and

others 2000). None of the five TAO genes co-map

with sitiens (J. Okyere and others, unpublished

data), and, as far as the authors are aware, it has not

been possible to characterize the DNA sequence

changes associated with any of the known sitiens

mutant alleles. The only published AS-AO gene

sequence is that of the AAO3 gene from Arabidopsis.

In contrast, a flacca mutant allele of tomato has

now been fully characterized and was shown to be

due to a ‘‘6bp out-of-frame deletion’’ in a conserved

C-terminal region of a molybdenum cofactor

(MoCo) sulfurase (Sagi and others 2002). The aba3

mutant of Arabidopsis resembles flacca in that it too is

impaired in MoCo sulfurase function (Bittner and

others 2001; Xiong and others 2001a). These en-

zymes are required to produce a mono-oxo MoCo,

which has a terminal S-atom instead of a second

O-atom on the cofactor. Aldehyde oxidases are

molybdoenzymes that require mono-oxo MoCo for

activity (Mendel and Schwarz 1999). This explains

why flacca and aba3 mutants functionally resemble

sitiens and aao3 in terms of their failure to complete

the last step of ABA biosynthesis by catalyzing the

oxidation of ABAld to ABA.

As mentioned in the previous section, it has been

shown that cell free extracts prepared from water

stressed and unstressed leaves have the same level

of enzyme activity, in terms of oxidation of xanth-

oxin to ABA (Sindhu and Walton 1988). This

finding appeared to suggest that neither of the last

two steps in the pathway represent key control

points for drought-induced ABA accumulation.

Koiwai and others (2004) have recently reported

that AAO3 transcript levels in guard cells increased

substantially in response to drought stress, as did the
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bulk leaf AAO3 mRNA content overall. However,

these authors were unable to detect corresponding

increases in AAO3 protein levels in guard cells or in

bulk leaf tissues after dehydration. Possible control

mechanisms operating at the cytosolic/C15 level of

the ABA pathway are intriguing, particularly if they

involve oxidation of the aldehydes (xanthoxin and

ABAld) around the vascular tissues during transport

to potential target sites. However, it must be con-

cluded that regulation of this part of ABA biosyn-

thesis has not yet been fully elucidated.

CONCLUDING REMARKS: PROSPECTS FOR

INCREASING ABA BIOSYNTHESIS THROUGH

GENETIC MANIPULATION

In photosynthetic tissues, correlative gene expres-

sion studies and overexpression experiments have

conclusively shown that NCED is the major rate-

limiting step in ABA biosynthesis, and overexpres-

sion of this single enzyme is sufficient to obtain

plants with higher ABA content. In some circum-

stances it might also be necessary to engineer con-

version of part of the large pool of b-carotene to

violaxanthin to prevent depletion of xanthophylls,

vital components in photoprotection. Downregula-

tion of enzymes of ABA catabolism potentially

provides an additional route to ABA overaccumu-

lation in non-stressed green tissues (Kushiro and

others 2004).

In non-photosynthetic tissues it is likely that

supply of NCED precursors will become rate limiting

when ABA synthesis increases. Overexpression of

several genes at key points in the pathway from

pyruvate to 9-cis-epoxycarotenoids, combined with

overexpression of NCED to commit xanthophylls to

ABA production, may be required to achieve high

ABA synthesis rates. Aspects of pathway regulation

that are not fully understood may mean that over-

expression of enzymes at some early steps in the

pathway could result in activation of later steps

through feed-forward regulation.

Engineering or breeding of ‘‘high ABA’’ plants,

with ABA signaling pathways that are activated

under non-stressed conditions, is likely to cause

complex and subtle changes in whole plant physi-

ology through the involvement of ABA signaling in

a wide range of processes, as well as the cross-talk

with other hormones. Study of plants that develop

and grow with a long-term ‘‘high ABA’’ signal will

provide new insights into ABA action. In environ-

ments where water availability is limited there may

be agronomic advantages associated with high ABA

accumulation; however, it will be important to

determine whether the benefits of improved water-

use efficiency and pre-adaptation to stress outweigh

any effects on crop productivity. Tissue-specific

engineering of ABA synthesis offers the prospect of

fine-tuning to suit different agronomic needs.
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