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ABSTRACT The ga3 mutant of Arabidopsis is a gibberel-
lin-responsive dwarf. We present data showing that the ga3-1
mutant is deficient in ent-kaurene oxidase activity, the first
cytochrome P450-mediated step in the gibberellin biosynthetic
pathway. By using a combination of conventional map-based
cloning and random sequencing we identified a putative
cytochrome P450 gene mapping to the same location as GA3.
Relative to the progenitor line, two ga3 mutant alleles con-
tained single base changes generating in-frame stop codons in
the predicted amino acid sequence of the P450. A genomic
clone spanning the P450 locus complemented the ga3-2 mu-
tant. The deduced GA3 protein defines an additional class of
cytochrome P450 enzymes. The GA3 gene was expressed in all
tissues examined, RNA abundance being highest in inflores-
cence tissue.

Gibberellins (GAs) are a large group of diterpenoid com-
pounds, some of which are active plant growth regulators. GAs
are involved in the regulation of a number of plant growth and
developmental processes including germination, stem elonga-
tion, and reproductive development (1). The GA biosynthetic
pathway can be conveniently divided into three parts: (i) the
synthesis of ent-kaurene from geranyl geranyl diphosphate by
copalyl diphosphate synthase and ent-kaurene synthase activ-
ities; (if) the conversion of ent-kaurene to GAsz by cytochrome
P450 enzymes; and (iii) the further metabolism to biologically
active GAs by dioxygenases.

Substantial progress has been made in isolating the genes
encoding the enzymes of the GA biosynthetic pathway from a
variety of species (2). Copalyl diphosphate synthase and ent-
kaurene synthase genes have been isolated (3—-6) and genes
encoding the soluble dioxygenases of several of the later steps
in GA biosynthesis have also been isolated—20-oxidases (7-9),
a 7-oxidase (10), 3B-hydroxylases (11, 12), and a 2B,38-
hydroxylase (13). The genes encoding the microsomal steps of
the GA biosynthetic pathway (Fig. 1) have proved more
difficult to isolate. The maize Dwarf3 gene encodes a cyto-
chrome P450 (14) and mutations in this gene produce a
GA-responsive dwarf. The available data suggest that Dwarf3
may encode a 13-hydroxylase activity, converting GAj, to
GAs3. The dwarf3 mutant has low levels of GAs3 (15) consis-
tent with a block before GAs; synthesis. In feeding experi-
ments, the dwarf3 mutant responded to GAs; but not to
ent-kaurene (16). Therefore the block in dwarf3 is between
ent-kaurene and GAs3, but the exact point of the lesion in GA
biosynthesis has not been defined (14).

The first microsomal step of the GA biosynthetic pathway is
catalyzed by ent-kaurene oxidase. Pea /A mutants are blocked
in the oxidation of ent-kaurene, ent-kaurenol, and ent-kaurenal
(17), suggesting that ent-kaurene oxidase catalyzes three steps
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in the GA biosynthetic pathway (Fig. 1). ent-Kaurene oxidase
is a cytochrome P450 enzyme (18, 19).

The ga3 mutant was identified as a nongerminating, GA-
responsive dwarf after an ethyl methanesulfonate mutagenesis
of Arabidopsis ecotype Landsberg erecta (L.er) (20). Two
alleles (ga3-1 and ga3-2) have been identified, both being
recessive. ga3-1 is a more severe dwarf and requires exogenous
GA for good germination rates, whereas ga3-2 will germinate
in the absence of GA (C.A.H. and C.C.S., unpublished results).

We show that the GA3 gene encodes a cytochrome P450
enzyme which we identify as ent-kaurene oxidase on the basis
of data which show that ga3-1 is deficient in ent-kaurene
oxidase activity.

MATERIALS AND METHODS

Plant Material. A mapping population was generated by
crossing the triple mutant line #g ga3-2 ch5 (stock no. NW134,
Nottingham Arabidopsis Stock Centre, Nottingham, U.K.) with
either the Niederzenz or RLD ecotypes. F, plants were
selected that showed recombination between either the 77G
or CH5 and GA3 loci. The mapping population generated
contained 150 recombinants between 77G and GA3 and 57
recombinants between GA3 and CHS5. The ga3-1 mutant was
obtained from the Nottingham Arabidopsis Stock Centre, line
no. CS60.

Plant transformation was by vacuum infiltration (21). Seeds
from vacuum-infiltrated plants were grown on Murashige and
Skoog agar plates, supplemented with 50 mg/liter kanamycin
and 107> M GA; where appropriate.

ent-Kaurene Measurements and Feeding Experiments.
Plants for ent-kaurene measurements were grown in short day
conditions initially, then transferred to long days (9). After
transfer to long days plants were watered daily with water or
2 X 107> M tetcyclacis. Rosettes (10-15) were harvested for
each treatment (=1 g dry weight). ent-Kaurene levels were
measured as described (22) by isotope dilution (23) using
combined GC-selected ion monitoring.

Plants used for the feeding experiments were grown initially
in short-day conditions. After transfer to long days the GA
precursors (ent-kaurene, ent-kaurenol, and ent-kaurenoic acid)
or GA, were applied. The applications were 2.5 ug per plant
for the precursors and 1.0 pg per plant of GA;. The applica-
tions were repeated after 4 days. The stem height was mea-
sured after 25 days.

DNA Methods. Bacterial artificial chromosomes (BACs)
were subcloned by partially digesting with Sau3A1l and size-
selecting fractions of 2—4 kbp using agarose gel electrophoresis
followed by agarase digestion of the gel. Fragments were
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Fig. 1. Outline of the gibberellin biosynthetic pathway from
ent-kaurene to GAss. The reactions catalyzed by ent-kaurene oxidase,
ent-kaurenoic acid hydroxylase, GAj,-aldehyde synthase, 7-oxidase
and 13-hydroxylase are shown together with the structures of the
intermediates.

cloned in to pBluescript KS* (Stratagene). Larger fractions of
6-10 and 10-15 kbp were also isolated and cloned into pBin19
(24).

Large-scale plant genomic DNA extraction was by the
method of Dellaporta (25). Small-scale extraction of PCR-
grade plant genomic DNA was by the method of Edwards (26).
PCR was carried out by using 1 unit/50 ul reaction of Amplitaq
DNA polymerase (Perkin—-Elmer) using the manufacturer’s
buffer, 1.5 mM MgCly, 250 uM dNTPs, 1 uM oligonucleotide
primers (shown in Fig. 3, also Columbia ecotype (Col)-specific
primer 5'-CTTGAGAGTAATAGGTAGG-3" and L.er-
specific primer 5'-AATGTGAATTGACTCGGTG-3") and
~(.1 ug genomic DNA. Cycling program; 95°C, 5 min, 95°C,
20s; 50°C, 15s; 72°C, 30 s; 35 cycles, 72°C, 5 min. Products were
assessed by electrophoresis of a 5 ul sample on 1% agarose
gels. PCR products were prepared for sequencing by using
Wizard PCR preps (Promega). Sequencing reactions were
carried out by using the Applied Biosystems dRhodamine Dye
Terminator sequencing mix according to the manufacturer’s
instructions and analyzed using an Applied Biosystems 377
sequencing machine. DNA sequences were analyzed by using
the GCG suite of programs and BLAST searches were carried
out via the Australian National Genome Information Service.

RNA Methods. Total RNA was extracted from ~1 g of plant
material (27). RNA probes were synthesized by using the
Promega Riboprobe system according to the manufacturer’s
protocol. RNase protection assays were carried out using the
Hybspeed RPA kit (Ambion, Austin, TX) with 10° cpm of the
GA3 sense-specific probe and 10 ug of total plant RNA
(determined spectrophotometrically and by ethidium bro-
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mide-stained agarose gels) in each reaction, following the
manufacturer’s protocol. Protected fragments were precipi-
tated and separated on 5% acrylamide/8 M urea gels. Position
and intensity of radioactive bands was determined by Phos-
phorImager.

RESULTS

The ga3-1 Mutant Is Deficient in ent-Kaurene Oxidase
Activity. The ent-kaurene content of four GA-deficient mu-
tants of Arabidopsis together with wild-type L.er was measured
by isotope dilution by using GC-selected ion monitoring (22,
23). ent-Kaurene content was determined at 3 and 5 days after
transfer to long days, both with and without the application of
the P450 inhibitor tetcyclacis (Table 1). The gal-2 and ga2-1
mutants (deficient in copalyl diphosphate synthase and ent-
kaurene synthase, respectively) did not show any ent-kaurene
accumulation under any of the conditions, consistent with
them being blocked in ent-kaurene synthesis. The wild-type
L.er had low levels of ent-kaurene in the untreated control
plants; the level increased ~50-fold with the application of
tetcyclacis. The ga4-1 mutant (deficient in 3pB-hydroxylase
activity) also accumulated ent-kaurene after tetcyclacis treat-
ment. These results show that the tetcyclacis application was
inhibiting the oxidation of ent-kaurene. The untreated ga3-1
mutants had levels of ent-kaurene similar to those measured in
the tetcyclacis-treated wild-type plants and did not accumulate
ent-kaurene to higher levels after application of tetcyclacis.
Therefore in ga3-1 the oxidation of ent-kaurene must be
blocked.

The growth response of the gal-2, ga2-1, and ga3-1 mutants
to early intermediates of the GA biosynthetic pathway was
tested (Table 2). The gal-2 and ga2-1 mutants both respond to
applications of ent-kaurene, ent-kaurenol, ent-kaurenoic acid,
and GA as expected for mutants blocked in kaurene synthesis.
The ga3-1 mutant did not respond to ent-kaurene application,
showed a slight response to ent-kaurenol application, and a
larger response to both ent-kaurenoic acid and GA;. The gal-2
and ga2-1 plants treated with ent-kaurenol flowered and
produced fruits, whereas the ga3-1 plants showed slight stem
elongation, but did not flower. These feeding data confirm the
block in ent-kaurene oxidation and suggest that the three steps
between ent-kaurene and ent-kaurenoic acid may be blocked in
the ga3-1 mutant.

Identification of a Cytochrome P450 Gene Mapping to the
GA3 Locus. Restriction fragment length polymorphism anal-
ysis was used in conjunction with a mapping population of
recombinants between ttg and ga3-2 or ga3-2 and ch5 to place
the GA3 locus between the markers TINY (28) and the yeast
artificial chromosome end CIC2E3R on chromosome 5 (Fig.
2). A BAC contig was constructed between TINY and
CIC2E3R. The region (estimated to be ~200 kbp) was spanned
by two BACS, T12M10, and F8E12 and a third BAC T1N24
placed between TINY and CIC2E3L.

Randomly selected subclones of the two BACS spanning the
GA3 locus (T12M10 and F8E12) were mapped on the contig

Table 1. ent-Kaurene content of Arabidopsis L.er and GA-deficient
mutants with and without tetcyclacis treatment

ent-Kaurene, per pmol/g of dry weight

Treatment gal-2 ga2-1 ga3-1 ga4-1 L.er
3 days

Control 0 0 2,879 69 59

Tetcyclacis 0 0 2,750 3,470 2,266
5 days

Control 0 0 3,393 200 57

Tetcyclacis 0 0 3,374 7,092 2,811

Numbers are the average of two separate measurements.
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Table 2. Effects of ent-kaurenoids and GA; on stem growth of
three GA-deficient mutants

Stem height, cm

Treatment gal-2 ga2-1 ga3-1
Control 1.1 £0.11 2.6 =0.12 1.0 = 0.08
ent-Kaurene 7.8 = 0.47 6.3 +0.34 1.0 = 0.09
ent-Kaurenol 169 = 1.34 14.0 = 0.90 24 +0.15
ent-Kaurenoic acid 11.6 = 0.44 10.1 = 0.87 7.3 £0.67
GA; 18.3 = 0.64 11.8 = 1.23 10.1 = 1.14

Numbers are average stem heights = SEM of 7-13 plants for each
treatment taken 25 days after the initial application of the precursors
or GA;.

and sequenced from each end. These end sequences were
amplified from the parental ecotypes of the mapping popula-
tion and examined for sequence polymorphisms. A total of
eight sequences were tested in this manner, six of them
contained at least one sequence polymorphism between the
parental ecotypes. The polymorphisms were used to fine map
the GA3 locus to the FSE12 BAC by sequencing the corre-
sponding regions of relevant plants from the mapping popu-
lation.

The final part of the strategy was to search for a P450-
encoding gene in the FSE12 BAC. None of the P450-like
cDNAs in the Arabidopsis expressed-sequence tag collection
hybridized to FSE12 (data not shown) so we initiated random
sequencing of the BAC. We generated 92 random sequences
of F8E12 subclones, each at least 500 bp in length. These
sequences, along with preliminary sequence of TIN24 (http://
genome.wustl.edu/gsc/) were used to search the GenBank
database for putative P450 genes using the BLAST algorithm.
This search identified a putative P450 gene located on both the
F8E12 and T1N24 BACs. The putative P450 gene was in a
region that had been demonstrated to cosegregate with GA3
by using sequence polymorphism markers (Fig. 2).
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FIG. 2. Yeast artificial chromosome and BAC contig across the
GA3 locus. The yeast artificial chromosomes CIC2E3 and CIC12F5
were isolated from the CIC yeast artificial chromosome library (29).
The BACS were either from the TAMU (T prefix) or IGF (F prefix)
libraries (30). Dotted lines indicate molecular markers used in the
analysis of the recombinant mapping population. The recombinant
scores given for the markers are the numbers of plants that did not
show segregation of the marker with GA3. The data for all recombi-
nation events between the TTG and GA3 loci and for the GA3 and
CHS5 loci are summed.
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The ga3 Alleles Contain Point Mutations. The region con-
taining the putative GA3 gene was amplified as four overlap-
ping fragments from wild-type L.er and from the mutant lines
ga3-1 and ga3-2. These fragments were directly sequenced
from both ends. Fig. 3 shows the nucleotide sequence of the

1 TGACATTCGCTGGACCCGTTAATCCAACTTGGAAAATGGTCCGATTACCTCTATTAATTG

61 ATGATCCAAAGAAARACTCAATTATGTCGAGATAGGTAAAAAAACATTATTTTAAARGAA
121 ATAATGAATTTAAAATTAGTAARTAAAATTTAAAATTTAARAATCCTCCTATAAATTTTG
181 TGTCTCACAACTTTCTTTCAAACTTTTTTTCTTCAARARTATACCGTATGCTGATGAAAT
241 TTTTATCTTTACCAATTAAGAATATAATCTTTTGTTTCCATCTCARATCATCATCATCAC

primerl >

301 CTCCAAAGCGTTTAGCAACCCCAAAACCAACCACTTGGCGACTACACAGTATTTTACTCA
361 AAACATCACAAGTTTCTATGARACGTAAAACGATGAGTTTAGTAARARAAARCTAGAGAT
421 TATAGTCAGAAAAACTATAATAATAAGAAGATARCATTAAACGGATAGATTCATGTCTCT
481 TTTTTGAAATCCAAAATTGGGTAAAATCCAAAAACCARAATCTTGCCAAATGCCAATAAG
541 AGCAAAAATCCAAACTTTCCTTTCTCTTCACTATTACACAATGAAATCAACACTACATTT
601 TCACATCAAAATCACATTCCTTCCATGGCCTTCTTCTCCATGATCTCCATTCTCCTTGGC

M A FF s MI s I L L G 12

661 TTTGTTATCTCCTCCTTCATCTTCATCTTCTTCTTCAAGARACTTCTCTCCTTCTCCAGA
F VvV IS Ss§ F I F I F F F KJXULILS F 5 R 32

721 AAGAACATGTCTGAAGTCTCCACTCTCCCCTCTGTTCCAGGTTTTTTTTTTTTTTTTTCC
K N M s EV S TUL P S V PV 46

781 GATTTTGTAATCTGGGTTTTGCGATTCATAGGTTTGGTGACTACTTCTGTTTCAAAGTTT
841 GAAACTTTCTTTGATTCTAGTGATTTATGGAACTAAAAATTTGATCTTTGAGAACTTTAA
primer2 >

901 AAGTTGGGTTTTTGATGTAGTGGTACCAGGGTTTCCTGTTATTGGGAACTTGCTGCAACT
vV P G F P VI GNULILZGQL 59

961 AAAAGAGAAGAAACCTCACAAGACTTTCACTAGATGGTCAGAGATTTATGGTCCTATTTA
K E K K P HKTFTRWSETITYGZPTI Y 79

< primer 3

1021 CTCTATAAAGATGGGTTCTTCTTCTCTTATTGT CCTCAATTCTACTGAGACTGCCAAAGA
$ I KM G S $§ S LI VLN S5TETATI KE 99

1081 EGTTAGCTTTCTAGGTTTG}\TTGATATGTTTGGMTCGAAAAATCGTTCCTTTTTCGATC

1141 TTGAACACATGACTAAAGCCTTACACAACTTGATGATTGCTCTTGTTTATATGATTGTAG

1201 TCTGAACTTATGTAGAAAAGTTGAGTTGATGTCTTCTCTTATCGTTTAGGTTACTCTTTA

1261 TGTGTTTGTTTTCAGGCCATGGTGACGCGGTTTTCGTCTATCTCAACGAGGAAGTTGTCA

A MV TRTFS 51 5 TRIKTIL S 114

1321 AATGCGTTGATAGTCCTTACTTGTGACAAATCTATGGTTGCTACTAGTGATTATGATGAT
N AL TV LT CCDIE K S MV ATS DY DD 134

1381 TTCCACAAGTTGGTGAAACGGTGTCTCTTGAACGGTCTTTTGGGTGCTAATGCACAGGTG
F H K L VKURZ CILTULNGTILTULGANAZQQ 153

1441 AATTCATTGTTCGTTTATCC SGCAGCTTCTCCTTGGTATACATARTGGCAACTGAATCAA
1501 TCTTTTGTGTTGTGTTGGTTTTTTTTGCAGAAACGAAARAGACATTACAGAGATGCACTC

K R K RH Y RDAL 163
TAA(ga3-1}
1561 ATTGARAATGTGTCTTCCAAGTTGCATGCCCATGCTAGGGACCATCCACAAGAACCTGTA
1 EN V S 5 KL HAHARUDUBHEPOQEPV 183
primerd >
1621 AACTTCAGAGCTATATTTGAGCATGAGCTTTTCGGTGTAGCATTGAAGCAAGTGAGTGTT
N F RA I FEHETULTFG GV ATLKQ 290
< primer5

1681 TCGCTTATCCTATACATCATTTCTTCGTCAACATAAAGTATGAAAATGGATTTTTGGTTT

1741 TGTTTTCATAGGCTTTTGGGAAAGATGTGGAATCCATTTATGTTAAAGAACTCGGTGTGA
A F G X DV E S I YV IKTETLTGUV T 217

1801 CTTTGTCGAAAGACGAGATCTTCAAGGTTTTAGTACATGACATGATGGARGGTGCAATTG
L §s K D E I F KV LV HKDMMEGATI D 237

TGA(ga3-2)

1861 ATGTTGATTGGAGAGACTTCTTCCCATACTTGAAATGGATTCCAAATARARGTTTTGAAG
VvV DWRDTFF P Y L KWIPNIEKSTFEA 257

1921 CAAGAATCCAGCAAAAGCATAAACGTAGACTCGCGGTGATGAATGCTCTGATTCAAGATC
R I Q@ ¢ K H K R R L A M N A L I Q b R 277

1981 GACTGAAGCAGAATGGTTCAGAATCGGTTAGTTTTGTTTGARTAGTCTTTCATATATTGC
L K Q N G S E S 285

2041 ATTACACTGCTGATCTAATCTCTACTTATAAACAGGATGATGATTGCTATCTCAACTTICT
D DD C YL NTFL 294

2101 TGATGTCGGAAGCGAAAACACTAACCAAGGAGCAAATTGCTATCTTGGTTTGGGAGACGA
M S E A KT LT XK E I ATI LV WETTI 314

primeré >

2161 TTATCGAGACAGCTGACACTACTTTGGTTACAACT GAATGGGCCATCTATGAGCTCGCTA
I ET AUDTTTLV TTEWA ATIYETLAZK 33

2221 AGCATCCAAGTGTCCAAGATCGTCTGTGTAAAGAAATCCAARATGTCTGCGGAGGAGAAA
H P S V QD RULTC CIEKTETIUGQNVCGGE K 354

< primer?

2281 AGTTCAAAGAAGAGCAATTGTCTCAAGTTCCTTATCTCAATGGAGTATTCCATGARACGC
F K E E Q@ L §$ Q VPYULNGV FHETTL 374

2341 TTAGGAAATACAGTCCTGCTCCTCTAGTCCCCATTCGCTATGCCCACGARGATACGCAAA
R K Y S PA PLV P I RYAUHETDTOQTI 394

2401 TCGGAGGCTATCATGTCCCTGCAGGARGTGAGGTACACCGAGTCAATTCACATTTTGAAG
G 6 Y HV P A G 5§ E 404

< alternately spliced

2461 TTCATTTACAAAGTCTAGTTTCAAMATCTTGATGTGTAGATTGCAATAAACATCTATGGA
I A I NI Y G 411

region of intron 6 >
2521 TGCAACATGGATAAGAAGCGTTGGGAGAGACCAGAGGACTGGTGGCCGGAGCGETTTCTT

€C N M D KK RWERUPETUDU WWUPETRTFL 431
2581 GATGATGGCAAATACGAAACGTCGGATCTTCACAAGACAATGGCGTTTGGAGCGGGARAG

D DG K Y ET S DILHZKTMATFGAGK 451
2641 AGGGTTTGTGCTGGTGCTCTTCAAGCATCTCTCATGGCAGGCATTGCCATTGGGAGGTTA

R VCAGALOQASILMAGTIA ATILIGRIL 471
2701 GTGCAAGAATTCGAGTGGAAGCTTAGAGACGGTGAAGAAGAGAATCTGGATACATATGGC

V Q E F EW KLRUDGETETENVDTYG 491
2761 TTGACCTCTCAGAAGCTTTATCCTCTTATGGCTATTATCAATCCAAGGCGTTCTTAAGAC

L T S Q KL Y P LMATITINZEPRTU RS * 509

< primer8

2821 AGAAATCTCTTCTTTCTTTTGTTAGTTTTTAACCTTGTATCAACTTTTATTTGTAACARA
2881 TGCTGTTTTGTAGTACTATTTATGTTTTACTGTGTTATATTTTACTATCCTCTGAGATTG

Fi1G. 3. Nucleotide sequence of GA3. The nucleotide sequence of
the GA3 gene from the L.er ecotype of Arabidopsis is shown with the
sequence of the L.er cDNA clone underlined. The predicted amino
acid sequence is shown under the nucleotide sequence. The sequence
of the eight oligonucleotide primers used in the sequencing of the ga3
mutant alleles is shown italicized with the direction indicated by < or
>. The nucleotide changes in the ga3-1 and ga3-2 mutants are shown
above the sequence with the changed nucleotide underlined. The
alternatively spliced region 3’ of intron 6 is shown italicized and
indicated above the sequence. Putative TATA boxes are shown
underlined at bases 438 and 535. Nucleotides are numbered on the left,
amino acids on the right.
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P450 gene from L.er, together with the primers used to amplify
the gene. Comparison of the L.er and mutant sequences
identified a single base change in each of the mutants. In ga3-1
there was a change of C to T (nucleotide 1,609), leading to the
introduction of an in-frame stop codon in place of a glutamine
residue in the predicted ORF of the gene (Fig. 3). Similarly a
change of G to A (nucleotide 1898) in the ga3-2 mutant
introduced a stop codon in place of tryptophan in the predicted
reading frame. The base change in ga3-2 also generated an
EcoRTI site not present in wild-type L.er. This site was used to
generate a cleaved amplified polymorphic sequence marker
for the ga3-2 allele, which confirmed that the P450 gene
cosegregated with the ga3-2 dwarf phenotype in the mapping
population.

The gene sequence was also determined from the Columbia
ecotype. Comparison of the Col and L.er sequences identified
15 single base differences between the two ecotypes within the
putative protein-coding region. None of these differences
changed the putative amino acid sequence. The Col allele of
the gene also contained an extra 12 bp within the putative
intron 6. DNA gel blot analysis at high stringency showed that
there is a single copy of the GA3 gene in Arabidopsis (data not
shown).

The Isolated P450 Gene Complements the ga3 Mutation. A
complementation test confirmed that the P450 gene is the GA3
gene. A genomic clone from the Columbia ecotype containing
the whole coding region together with 2.4 kbp of 5’ flanking
region and 3.0 kbp of 3’ flanking region was constructed. This
fragment did not contain any other P450 sequences The
Arabidopsis line used for transformation was homozygous for
the ga3-2 and ttg (transparent testa glabra, distinguishable by
lack of trichomes and pale seed coats) mutations.

Among 8,000 seeds obtained after the transformation treat-
ment, 19 kanamycin resistant plants were identified and trans-
ferred to soil. The #g ga3-2 mutant line and wild-type L.er were
grown under the same conditions without kanamycin selection.
The ttg ga3-2 mutant line showed typical ga3-2 phenotypes,
including dwarfism, reduced leaf elongation, dark green
leaves, poor flower formation, and short siliques. These plants
also lacked trichomes and had yellow seeds due to the presence
of the #tg mutation. The 19 kanamycin resistant plants were of
wild-type height, had more elongated leaves, were the same
shade of green as the wild type, had normal flower formation,
and elongated siliques. They all lacked trichomes and had
yellow seed, indicating that they were homozygous for the #g
mutation, showing they were from the ttg ga3-2 line used for
the transformation process. Three of the kanamycin resistant
plants were selected for further analysis; these plants are shown
together with L.er and #tg ga3-2 in Fig. 44. A PCR method
showed that the kanamycin resistant plants contained the
Columbia GA3 transgene. The extra 12 bp in intron 6 of the Col
copy of the gene enabled oligonucleotide primers to be
designed to differentiate between the Col and L.er genes.
These were used in conjunction with primer 4 (Fig. 3) to
amplify a DNA fragment from the region containing the point
mutation in ga3-2. The results of this analysis are shown in Fig.
4B. PCR using Col specific primer shows that the Col gene is
present in the kanamycin resistant plants. PCR using the L.er
specific primer shows that the L.er copy of the gene is also
present in the resistant plants as expected. Digestion of the L.er
specific PCR products with EcoRI shows that the L.er copies
of the gene have the ga3-2 point mutation. This confirms that
the kanamycin resistant plants were mutant at the GA3 locus
and were restored to wild-type phenotype when the Col
transgene is present.

The GA3 ¢cDNA Encodes an Additional Class of Cytochrome
P450 Protein. The PCR products generated to sequence the
L.er GA3 gene were used as probes against a cDNA library
constructed from mRNA prepared from developing siliques of
L.er with embryos at the 8- to 16-cell stage (A. Koltunow,

Proc. Natl. Acad. Sci. USA 95 (1998)
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FiG. 4. Complementation of the ga3-2 mutant. (4) Photographs of
three kanamycin resistant plants from the transformation of ga3-2 with
a genomic clone containing the P450 gene (I-111), the ga3-2 t1g line and
wild-type L.er. All plants were germinated on medium containing GA3
(the seeds from the transformation were germinated on medium that
also contained kanamycin), transferred to medium without GA after
cotyledons were expanded (11 days) and transferred to soil after a
further 13 days growth. Photographs were taken 10 days after transfer
to soil. (B) PCR analysis of kanamycin resistant plants. PCR was
carried out using primers specific to the L.er and Col copies of the
gene. L.er specific products were digested with EcoR1 to distinguish
between ga3-2 and GA3 copies of the gene.

CSIRO Plant Industry, Adelaide, Australia). This library was
chosen because the ent-kaurene biosynthesis rate is high early
in seed development in Arabidopsis (31, 32). A cDNA was
isolated that was 1,678 bp in length (Fig. 3) and encoded a
putative polypeptide of 509 amino acids. Comparison of the
cDNA sequence to the L.er genomic sequence showed six
introns in the gene. An in-frame start codon is present in a
sequence corresponding to a good translation start consensus,
with putative TATA box motifs upstream. The amino acid
sequence contains conserved P450 motifs (33) and has a
hydrophobic N terminus, consistent with it being localized in
the endoplasmic reticulum.

The putative amino acid sequence was used to search the
protein database. The strongest similarities were with other
cytochrome P450s. The highest amino acid identity was 28%
with CYP77A14 from eggplant (34), a cytochrome P450 of
unknown function. There were no P450 amino acid sequences
with >40% amino acid identity to GA3 and therefore it falls
into a new class of cytochrome P450 proteins (35). It is
noteworthy that the identity to the maize Dwarf3 protein, also
implicated as being a GA biosynthetic P450, is only 20%.

A number of truncated GA3 cDNAs were also isolated and
sequenced. Of five cDNA clones analyzed, two had differential
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splicing of intron 6. The presumed aberrant splice results in the
removal of an extra 39 bp at the 3’ end of the intron. The
location of the second 3’ splice site is shown in Fig. 3. The
aberrant splicing maintains the ORF of GA3, however the 13
amino acids lost in the putative polypeptide produced from this
aberrant splice are conserved in other P450s. This suggests that
the polypeptide produced from the aberrantly spliced mRNA
may have reduced or no activity.

Expression of the GA3 mRNA Is Developmentally Regu-
lated. RNase protection was used to analyze the expression
pattern of the GA3 mRNA. The probe extended from 14 bp 5’
of intron 6 to 225 bp 3’ of the intron. This probe detects both
splicing products from the intron, giving protected fragments
of 225 bp for the shorter splice or 186 bp for the longer splice.
Fig. 54 shows expression in young seedlings; the transcript
abundance decreased ~50% as the seedlings aged from 5 to 19
days. The transcript abundance was relatively low in both
rosette and cauline leaves (Fig. 5B), but increased ~4-fold in
elongating stems, and 8-fold in inflorescence above the rosette
leaf measurement. Expression was also examined in inflores-
cences of L.er with and without GA treatment to investigate
whether there was evidence of negative feedback by GA on the
expression of the GA3 mRNA as has been reported for the
mRNAs of two C-20 oxidases operating later in the pathway
(8). No significant difference between expression levels was
observed in the RNA from GA-treated plants compared with
the untreated L.er plants (Fig. 5C). The expression of GA3
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Fi1G.5. Expression of the GA3 mRNA. The abundance of the GA3
transcript was determined by RNase protection. For each panel the
amount of input RNA for each lane was shown to be equal by
spectrophotometer and ethidium stained agarose gel analysis. The
sizes of the protected fragments from the full-length mRNA (225 nt)
and the product of aberrant splicing of intron 6 (186 nt) are shown.
Sizes of protected fragments were determined by comparison to
end-labeled single stranded DNA fragments from an Mspl digest of
pBR322. (4) Expression of the GA3 mRNA in Arabidopsis (L.er)
seedlings at 5, 12, and 19 days old. RNA was prepared from the aerial
parts of the plants. (B) Expression of the GA3 mRNA in tissues of
flowering Arabidopsis (L.er) plants. RL; rosette leaf, CL; cauline leaf,
Stem; elongating stems stem, Infl; inflorescence. (C) Effect of gib-
berellic acid (GA3) and ga mutations on the expression of the GA3
mRNA. RNA was prepared from the inflorescence of flowering
plants. Yeast control reaction contained 50 ug of yeast RNA hybrid-
ized to the GA3 probe and treated with RNase.
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mRNA was also measured in the gal-3, ga3-1, ga4-1, and ga5-1
mutants (Fig. 5C). The abundance of the message was reduced
to <50% of that in L.er in the ga3-1 mutant. This may be due
to an effect on the stability of the GA3 mRNA. No significant
changes in GA3 transcript abundance were detected in the
other three mutants. These experiments were also carried out
for leaf tissue of L.er and the mutants (data not shown), again
showing no effect of GA treatment or of the presence of the
ga mutations on the GA3 mRNA level.

In all cases the relative abundance of the two differently
spliced mRNAs was the same, the presumed correctly spliced
message being present at ~1.5-fold the abundance of the
aberrantly spliced message (taking into account the difference
in specific activity of the two protected fragments).

DISCUSSION

We have demonstrated that the ga3-1 mutant of Arabidopsis is
deficient in ent-kaurene oxidase activity. The mutant accumu-
lates ent-kaurene to the same level as tetcyclacis-treated
wild-type plants and shows a growth response to ent-kaurenoic
acid but not to ent-kaurene. It is therefore likely that GA3
encodes ent-kaurene oxidase, the first cytochrome P450-
mediated step of the GA biosynthetic pathway (18). We
isolated the GA3 gene by mapping the gene to a single BAC
and used DNA sequence data to identify a single putative
cytochrome P450 gene located on that BAC. We sequenced
the P450 gene from wild-type L.er and from the two mutant
alleles of ga3. Each of the mutant alleles contained a single
base change in the P450 gene. In both cases the mutation
introduced a stop codon into the predicted ORF of the P450
gene. To confirm that this P450 was the GA3 gene, we
complemented the ga3-2 mutant with a wild-type genomic
clone. The transformed plants containing the transgene were
restored to the wild-type phenotype.

Our data suggest that there is a single ent-kaurene oxidase
activity in Arabidopsis. DNA gel blots show that GA3 is a single
copy gene and application of tetcyclacis to the ga3-1 mutant
does not result in increased ent-kaurene accumulation. This
contrasts with the GA 20-oxidase, catalyzing later reactions in
the pathway, for which there are three genes in Arabidopsis (8).
If there is an alternative ent-kaurene oxidase gene it is not
closely related to GA3 and the gene product may not be a
cytochrome P450 as its activity is not inhibited by tetcyclacis.

Swain et al. (17) showed that the pea /h-2 mutant is blocked
in the three steps from ent-kaurene to ent-kaurenoic acid.
Extracts from embryos of the /h-2 mutant were unable to
oxidize ent-kaurene, ent-kaurenol, and ent-kaurenal but were
able to synthesize ent-kaurene and also to oxidize ent-
kaurenoic acid to ent-7a-hydroxy kaurenoic acid, suggesting
that ent-kaurene oxidase catalyzes all three reactions. Our
feeding data show that ga3-1 responds to ent-kaurenoic acid
but not to ent-kaurene. A slight growth response to ent-
kaurenol was observed, but notably did not lead to flowering
as was the case when ga/-2 and ga2-1 were treated in the same
way. This slight response to ent-kaurenol may be due to
spontaneous oxidation or another oxidase activity that can act
on ent-kaurenol but not ent-kaurene.

We have observed that the ga3-7 mutant has a more severe
phenotype than ga3-2. The putative polypeptides encoded by
both alleles are truncated before the heme-binding domain
and would therefore not be expected to have ent-kaurene
oxidase activity. However the less severe ga3-2 phenotype
suggests that the ga3-2 gene product is capable of conferring
some ent-kaurene oxidase activity. This could be by alternate
splicing out of exon 5, which would restore the heme-binding
domain or be due to an interaction of the truncated polypep-
tide with other proteins.

The expression pattern of GA3 mRNA is consistent with its
role in GA biosynthesis. The transcript is high in young
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seedlings where there is a high proportion of dividing and
expanding cells and declines with increased age to a low level
in mature leaves. The GA3 transcript level is also high in the
elongating stems and further increased in the inflorescence.
Our cDNA library screening also indicates that GA3 mRNA is
expressed in developing seeds. GAs are particularly important
in germination, stem growth, and flowering.

A detailed study of expression of the GAI gene (36) has
shown that the GAI promoter directs highest GUS expression
in the rapidly growing tissues of transgenic Arabidopsis plants
including embryos, meristems, anthers, and vascular tissue.
GAI encodes copalyl diphosphate synthase, a chloroplast-
located enzyme catalyzing the first step of ent-kaurene syn-
thesis. Our expression data suggest that the expression patterns
of GA1 and GA3 may be closely related, as might be expected
of genes encoding enzymes catalyzing successive steps in the
GA biosynthetic pathway.

The three GA 20-oxidases of Arabidopsis show differential
tissue-specific expression; mRNA levels of at least one of the
genes are high in stems, inflorescences, and siliques (8).
Expression levels of the mRNAs of two of the 20-oxidase genes
are increased in the gal-2 mutant, and decreased in these
plants by the application of endogenous GA, suggesting that
there is feedback regulation in the pathway. We found no
evidence of this type of regulation of the GA3 gene.

Comparison of the derived amino acid sequence of the GA3
gene to other P450 enzymes shows that it encodes the first
member of a new class of cytochrome P450 enzymes. The GA3
protein is not closely related to the maize Dwarf3 protein, also
thought to be a GA biosynthetic P450. The number and
positions of the introns in the GA3 gene differ from those in
other known plant P450 genes. We plan to use the GA3 gene
as a probe at reduced stringency to isolate related P450s.
ent-Kaurenoic acid hydroxylase, the enzyme catalyzing the
conversion of ent-kaurenoic acid to ent-7a-hydroxy kaurenoic
acid is also a cytochrome P450 mediated reaction. There are
biosynthetic pathways in which adjacent steps are catalyzed by
related P450s (37, 38), so it is possible that the ent-kaurenoic
acid hydroxylase amino acid sequence may be related to that
of ent-kaurene oxidase.

Data from Thlaspi arvense, a species closely related to
Arabidopsis, demonstrate that the activities of ent-kaurene
oxidase and ent-kaurenoic acid hydroxylase increase specifi-
cally in the shoot tip after vernalization (39). These changes in
enzyme activities are coupled with a reduction in the pools of
ent-kaurene and ent-kaurenoic acid in the shoot tip (40). This
suggests that ent-kaurenoic acid hydroxylase and possibly
ent-kaurene oxidase have a controlling role in the GA biosyn-
thetic pathway and that the enzyme activities are under control
of low temperature.
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