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Abstract. In an effort to understand the molecular mecha- 
nism of gibberellin (GA) action, we have cloned and per- 
formed an initial characterization of three cDNAs (GAD 1, 
2, and 3) which correspond to RNAs that become less 
abundant by 2 h after treatment of tomato (Lycopersicon 
esculentum Mill.) shoot tissue with gibberellic acid (GA3). 
Treatment with either auxin or ethephon also decreases 
the abundance of all three of the GAD RNAs. The tomato 
ethylene-insensitive mutant, Nr, and the GA-deficient mu- 
tant, gibl, were used to show that GA or auxin regulation 
of GAD RNA abundance is not dependent on ethylene 
sensitivity, and that ethylene or auxin regulation is not 
dependent on normal levels of gibberellin biosynthesis. 
Treatment with abscisic acid (ABA) antagonizes the GA- 
induced suppression of the GAD1 and GAD2 RNAs. 
GAD1 is similar to type-II wound-inducible plant pro- 
teinase inhibitors. Like the well-characterized proteinase 
inhibitor II (pin II) of tomato, the GAD1 and GAD2 
RNAs are wound inducible. Induction of pin II and 
GAD1 RNA in gibl was found to require less-severe 
wounding than was required using wild-type plants or 
plants doubly mutant for gibl and sit (the sit mutation 
causes ABA deficiency). The predicted GAD2 protein 
sequence is similar to 2-oxoglutarate-dependent dioxy- 
genases while the predicted GAD3 protein sequence 
is similar to proteins belonging to the nonmetallo- 
short-chain alcohol-dehydrogenase family, especially the 
T A S S E L S E E D 2  (TS2) gene of maize and bacterial hy- 
droxysteroid dehydrogenases. 
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Introduction 

Little is known of the molecular mechanism of gibberellin 
(GA) action. Genetic analysis has identified two main 
classes of gene mutation which affect GA perception or 
signal tranduction. The first comprises GA-insensitive 
mutants which do not properly respond to GAs, and 
the second comprises slender-type mutants which have 
a phenotype similar to that of plants which have been 
repeatedly treated with GAs (Scott 1990). A complement- 
ary approach to understanding GA action is to isolate 
genes which are regulated by GAs and use these genes 
both as molecular markers for response to GA and also to 
isolate the molecules which are responsible for this regula- 
tion. Both approaches are necessary for a full understand- 
ing of the components of the signal transduction pathway 
from GA perception to gene activation. 

Gibberellins are known to regulate gene expression in 
the aleurone layer of germinating cereal seeds (reviewed in 
Hooley 1994), in vegetative shoot tissue (Chory et al. 1987; 
Shi et al. 1992) and in flowers (Weiss et al. 1990; Jacobsen 
et al. 1994). Although most studies of GA-regulated genes 
focus on genes whose mRNAs are increased in abundance, 
studies of barley or wheat aleurone layers have also found 
RNAs which decrease in abundance following GA treat- 
ment, but with a relatively late time course (Baulcombe 
and Buffard 1983; Nolan and Ho 1988; Heck et al. 1993). 
In barley aleurone layers, three RNA species were found 
to decrease in abundance following treatment with Gib- 
berellic acid (GA3). One RNA which was detected with an 
alcohol-dehydrogenase clone from Zea mays was de- 
creased in abundance within 8 h after GA treatment, 
while two additional mRNAs, one encoding a putative 
a-amylase/protease inhibitor and another encoding a 
storage globulin, were suppressed after 8-16 h of GA 
treatment (Nolan and Ho 1988; Heck et al. 1993). 

Recent work indicates that treatment of GA-deficient 
(gibl) tomato shoots with GA3 causes a rapid decrease in 
the abundance of a number of translatable mRNAs 
(Jacobsen et al. 1994). These results prompted us to screen 
for eDNA clones corresponding to RNAs that decrease 
in abundance following GA treatment of gibl shoots. 
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This paper  describes the c loning and  initial  characteriza- 
t ion  of three such c D N A  clones. 

Materials and methods 

Isolation and sequencing of GAD clones. Twenty-four hours after 
gibl plants were sprayed with a GA3 solution [5 x 10- 5 M GA3, 
0.05% (v/v) Tween-20 (polyoxyethylene-sorbitan monolaurate)] or 
with a control solution (0.05% Tween-20), the entire shoot above the 
fourth internode (except for inflorescences) was harvested, frozen in 
liquid nitrogen, and stored at - 80 ~ Polyadenylated RNA was 
then isolated from these samples as previously described (Shi et al. 
1992). The Poly(A)+RNA from the control sample was used to 
construct a cDNA library using the Lambda-ZAP cDNA Synthesis 
kit, as described by the manufacturer (Stratagene Cloning Systems, 
La Jolla, Calif., USA). Three thousand plaques (total) were plated on 
four 10-cm Petri plates containing LB agar medium supplemented 
with 10 mM MgSO4 (Sambrook et al. 1989). Duplicate phage lifts 
onto nitrocellulose filters (HATF 085 50; Millipore Corporation, 
Bedford, Mass., USA) were produced as described in Sambrook et 
al. (1989). The first duplicate filter from each plate was hybridized 
with a a2P-labeled cDNA probe synthesized using poly(A)§ 
from the GA3 sample. The second duplicate filter was hybridized 
with a similar probe made using poly(A)§ from the control 
sample. The prehybridization, hybridization and washing conditions 
were those described in Olszewski et al. (1989). Each of 46 plaques 
that hybridized more strongly to the control probe than to the GA3 
probe was removed from the agar with the small end of a Pasteur 
pipette and placed in 0.5 ml of a solution containing 100 mM NaC1, 
8 mM MgSO,~, 50mM Tris-C1 (pH 7.5) and 0.01% gelatin, and 
stored at 4 ~ Of this solution, 5 lal was used as a template for 
polymerase chain reaction (PCR) using the oligonucleotide primers 
5'-CCGGGCCCCCCCTCGAG and 5'-CGCTCTATAATACGAC- 
TCACTATAGGGCTGCAGGAATTCGGC. These primers are 
homologous to the lambda-ZAP vector and to the EcoR1 adaptor 
used in the Lambda-ZAP cDNA Synthesis kit. Each 50-1al PCR 
reaction included 1 • PCR buffer (Promega; Madison Wis., USA), 
1.5 mM MgC12, 50 IaM dNTPs (Pharmacia LKB Biotechnology 
AB, Uppsala, Sweden), 30 pmol of each primer, and 1.25 units of 
Taq DNA polymerase (Promega). After 25 cycles of 94 ~ for 30 s, 
50 ~ for 30 s and 72 ~ for 2.5 min, 10 ~tl of each reaction was 
spotted onto each of two nylon membranes (Genescreen plus; NEN 
Research Products; Boston, Mass., USA) using a dot-blotting appar- 
atus, according to the manufacturer (Schleicher and Schuell, Keene, 
N.H., USA). These duplicate dot blots were then probed with the 
control and GA3 cDNA probes described above. This analysis 
identified 22 clones that hybridized more strongly to the control 
probe than to the GA3 probe. Further analysis divided these clones 
into 9 groups. One group consisted of 14 clones which cross-hybrid- 
ized to each other at high stringency. The clone from this group 
which contained the largest insert (GAD1) was selected for further 
analysis. The remaining 8 groups each consisted of a clone which did 
not cross-hybridize with other clones. To confirm the GA regulation 
of the RNA corresponding to each of these clones, RNA blot 
analysis (described below) was performed with poly(A)§ from 
an independent experiment in which plants were treated with GA3 
or a control solution for 24 h. The RNA corresponding to GAD1, 
and RNAs corresponding to two of the unique clones (GAD2 and 
GAD3) were significantly decreased in abundance in the sample 
from GA3-treated plants relative to the sample from control plants. 
RNAs corresponding to clones in the remaining 6 groups did not 
exhibit significant GA regulation when retested. 

In-vivo excision of pBluescript plasmid sequences from the 
GAD1, GAD2 and GAD3 lambda ZAP clones was used to generate 
the pGAD1, pGAD2 and pGAD3 plasmids according to the manu- 
facturer (Stratagene). These plasmids were then used for DNA se- 
quencing of both strands of the GAD1, GAD2 and GAD3 cDNA 
inserts using the Sequenase Version 2.0 DNA sequencing Kit 
(United States Biochemical Corporation; Cleveland, Ohio, USA). 
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Analysis of RNA blots. This analysis was performed as described in 
Shi et al. (1992) except that the hybridization solution was similar to 
that of Church and Gilbert (1984). The hybridization solution con- 
tained 0.8 x SSPE (Sambrook et al. 1989), 7% sodium dodecyl 
sulfate, 50% formamide, 100 ~tg. ml- x sheared salmon sperm DNA, 
0.5% nonfat dry milk, and 125 ~tg. ml-~ poly(A) § RNA (Sigma, St. 
Louis, Mo., USA). Blots were hybridized with antisense RNA probes 
(made according to Stratagene) synthesized from each of the GAD 
clones, a GAST1 cDNA clone (Shiet al. 1992) or from a potato 
proteinase inhibitor II (pin II) clone. The pin II clone was construc- 
ted by directionally subcloning the EcoR1 to SphI restriction en- 
donuclease fragment from plasmid pRT55 [kindly provided by Dr. 
Robert Thornburg; Iowa State University, Ames Iowa] into the 
EcoR1 and SmaI sites of pBluescript II KS- (Stratagene). This 
plasmid, pKSPINII contains the first exon, the intron, and a portion 
of the second exon of the potato pin IIK gene (Thornburg et al. 
1987).The largest region of homology between pKSPINII and the 
tomato pin II mRNA (Graham et al. 1985) is 186 nucleotides of 
the second exon which shares 83% nucleic acid identity. Blots 
were hybridized at 50 ~ (GAST1), 53 ~ (pin II) and 58 ~ (GAD1, 2 
and 3). The most stringent wash was 0.2 • SSC, 1% SDS at 50 ~ 
(GAST1), 65 ~ (pin II) and 77 ~ (GAD1, 2 and 3). 

Each lane was loaded with 10 ~tg of total RNA based on spectro- 
photometric determination of RNA concentrations. Hybridization 
with a 32p-end labeled polyuridine probe as described by Medberry 
et al. (1990) indicated that each lane contained equal amounts of 
poly(A) § RNA (data not shown). 

The sizes of the GAD RNAs were determined by comparing their 
mobility with that of a 0.24-9.5-kilobase (kb) RNA ladder (GIBCO 
BRL, Grand Island, N.Y., USA). Sizes were approximately 1.1, 1.5 
and 1.2 kb for GAD1, GAD2, and GAD3, respectively (data not 
shown). 

Plant culture and hormone treatments. Seeds of the gib l , sit, and gib l ; 
sit double mutant (in the background Lycopersicon esculentum Mill. 
cv. Moneymaker) were obtained from M. Koornneef, Department of 
Genetics, Agricultural University, Wageningen, The Netherlands. 
Theflacca mutation was in the Ailsa Craig background. Wild-type 
tomato L. esculentum cv, Moneymaker seeds were from Thompson 
and Morgan (Jackson, N.J., USA). The gibl seeds were germinated 
in 5 x 10 -5 M GA3 in Petri dishes and then transferred into 15-cm- 
diameter pots. Growth chamber conditions were 24 ~ day, 18 ~ 
night, and a 16-h photoperiod. Chambers contained cool-white 
fluorescent tubes and incandescent lamps which emitted 
300 mol-s- a. m-  2 at plant level. The Never ripe mutant of tomato 
and the wild-type tomato cultivar Pearson were kindly provided by 
M. Lanahan (Monsanto Company, St. Louis, Mo., USA). 

2,4-Dichlorophenoxyacetic acid (2,4-D), kinetin, GA3, and ab- 
scisic acid (ABA) were from Sigma; 2,4-D was recrystallized from 
benzene. These hormones were dissolved in 95% ethanol and then 
diluted into water. Ethrel (39.5% ethephon) was from Union Car- 
bide (Triangle Park, N.C., USA). 

Results 

Abundance of  GAD R N A  is suppressed by GA treat- 
ment. Three c D N A  clones (GAD1,  G A D 2  and  GAD3)  
which correspond to RNAs whose a bunda nc e  was de- 
creased by t rea tment  of gibl t oma to  plants  with GA3 were 
isolated by differential screening of a c D N A  l ibrary (see 
Materials and methods). Figure  1 shows a t ime course for 
the decrease in a b u n d a n c e  of the G A D  RNAs in gibl 
shoots following t rea tment  with GAa.  Since the basal  level 
of G A D  R N A  in the un t rea ted  control  samples often 
varied (the cause of this var ia t ion  is unknown) ,  each G A  3- 
treated sample was accompanied  by a control  sample 
harvested at the same time. Decreases in the a b u n d a n c e  of 
RNAs  corresponding to the G A D  clones were detectable 
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Fig. 1. Time course for the decrease in abundance of GAD RNAs. 9ibl tomato plants were sprayed to run-off with a GAa solution 
(5 x 10-5 M GA3, 0.05% Tween-20) (GA) or with a control solution (0.05% Tween-20) (C). After the indicated number of hours, the entire 
shoot above the fourth internode (except for inflorescences) was harvested and total RNA from these tissues was isolated and used for RNA 
blot analysis. As indicated, blots were hybridized with antisense RNA probes made from the GAD1, GAD2, GAD3 and GAST1 cDNA clones 

2 h after GA3 treatment, and the maximum suppression of 
the level of these RNAs occurred by 12-24 h post treat- 
ment. The GAD1 RNA levels remained maximally sup- 
pressed for at least 5 d following GA3 treatment (the 
longest time point tested), while the GAD2 and GAD3 
RNA levels remained maximally suppressed only for 24 h 
(Fig. 1). Interestingly, control wild-type and 9ibl plants 
contained similar amounts of GAD RNAs (Figs. 2, 4). 
This suggests that the levels of GAD RNAs are insensitive 
to the absolute level of GA but instead are more highly 
correlated with changes in GA levels. As a control for GA 
response, RNA corresponding to a known GA up-regu- 
lated gene from tomato, GAST1, was also analyzed in 
these experiments (Fig. 1). The abundance of the GAST1 
RNA was increased by treatment with GA3 with approx- 
imately the same kinetics as the GAD RNAs were de- 
creased (Fig. 1 and Shi et al. 1992). 

The effect of other plant hormones on the expression of the 
GAD RNAs. Figure 2 shows that GAD RNA levels were 
decreased by treatment with the synthetic auxin, 2,4-D, 
and the plant growth regulator ethephon, a compound 
that releases ethylene (Warner and Leopold 1969), but not 
appreciably affected by treatment with kinetin. Ethephon 
and 2,4-D affected the GAD RNAs both in wild-type 
tomato and in the 9ibl mutant, suggesting that these 
hormones do not act through changes in GA levels 
(Fig. 2). Figure 2 also shows that GA3 caused a decrease in 
abundance of the GAD RNAs both in 9ibl and in wild- 

Fig. 2. The effect of plant growth regulators on the expression of 
GAD RNAs. Total RNA was isolated 12 h after gibl or wild-type 
tomato plants had been sprayed to run-off with a control solution 
(C) or with 50 ~tM solutions of GA3 (GA), 2,4-D (D), or kinetin (K) 
or a 7 mM solution of ethephon (E). All solutions contained 
10 mM KH2PO4 (pH 6.5) and 0.01% Tween 20. Samples were ana- 
lyzed as described in Fig. 1 

type plants. GAST1 was again included as a control in 
these experiments. As shown by Shi et al. (1992), the 
GAST1 RNA abundance was not appreciably affected by 
treatment with ethephon, 2,4-D, or kinetin (Fig. 2). 
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Fig. 3. The effect of the Nr mutation on the response of GAD RNA 
levels to treatment with ethephon, GA3, or 2,4-D. Wild-type tomato 
cv. Pearson and Nr plants were treated with ethephon (E), 2,4-D (D), 
GA3 (GA), or a control solution (C) as described in the legend to 
Fig. 2. Samples were analyzed as described in Fig. 1 

To test the interaction of ethephon, 2,4-D, and GA3 
with respect to their effect on G A D  RNA levels, the effect 
of these plant growth regulators on the Never ripe (Nr) 
mutant  of tomato  was tested. This mutant,  first described 
by Rick (1956), has been shown to be insensitive to treat- 
ment with ethylene with respect to a number  of ethylene 
responses (Lanahan et al. 1994). Consistent with this 
conclusion, treatment of wild-type plants with either 
ethephon or 2,4-D caused severe leaf epinasty, but only 
treatment with 2,4-D caused epinasty in the Nr mutant  
(data not shown). Figure 3 shows that ethephon treatment 
decreased G A D  RNA levels in the wild-type cultivar 
Pearson but not in Nr plants. In contrast, treatment with 
GA3 or 2,4-D caused a decrease in the abundance of the 
G A D  RNAs, both in wild type and in Nr. Thus, regulation 
of the level of G A D  RNAs by GA3 and 2,4-D is not 
affected by the Nr mutation. 

Pena-Cortes et al. (1989) have shown that, although 
tomato  plants do not respond well to treatment with ABA 
when the foliage is sprayed with ABA, leaves respond to 
ABA treatment if they are allowed to take up ABA solu- 
tion through the cut petioles. Therefore, the effect of ABA 
on the expression of G A D  RNAs was tested by placing the 
petioles of freshly cut tomato  leaves in solutions contain- 
ing ABA, ABA + GA3, GA3, or water alone. Figure 4 
shows that treatment with 100 I~M ABA had little effect 
on the level of the GAD1 and GAD2 RNAs, and that 
ABA slightly reduced the level of the GAD3 RNA. How- 
ever, when ABA and GA3 were applied in combination, 
ABA antagonized the action of GA3, such that the levels 
of GAD1 and GAD2 RNAs were not reduced to the same 
extent. This effect was not observed, however, with RNA 
corresponding to GAD3. This effect of ABA on GAD1 
and GAD2 RNAs was observed both in the gibl mutant  
and in the wild-type. GAST1 RNA was analyzed in these 
experiments as a control. As previously shown by Shi 
et al. (1992), the level of GAST1 RNA was substantially 

Fig. 4. The effect of ABA on the abundance of GAD RNAs. The 
petioles of detached leaves of wild-type or 9ib1 tomato plants were 
incubated in solutions of 100 IxM ABA (ABA), 50 IxM GA3 (GA), 
both ABA and GA3 (ABA + GA) or in sterile water (C) for 12 h 
before harvesting. Samples were analyzed as described in Fig. 1 

decreased by treatment with ABA, and ABA antagonized 
the GAa-mediated increase in GAST1 RNA level (Fig. 4). 

The effects of wounding on the expression of pin II and 
GAD RNAs in wild-type, GA-deficient, and ABA-deficient 
plants. As discussed below, GAD1 shows sequence sim- 
ilarity to pin II  of tomato  and potato. These proteinase 
inhibitors are known to be induced by wounding 
(Graham et al. 1986; Sanchez-Serrano et al. 1986). To test 
whether the GAD1 RNA is also wound inducible, blots 
containing RNA from wounded or unwounded wild-type 
plants were hybridized with probes corresponding to 
GAD1 and to a pota to  pin II  gene (a probe derived from 
the pin I IK  gene described in Thornburg et al. 1987, see 
Materials and methods). Figure 5 shows that GAD1 RNA 
was highly wound inducible, as is the RNA for the pin II  
gene (also see Graham et al. 1986). In addition, Fig. 5 
shows that the level of GAD2 RNA was wound inducible, 
but to a lesser degree than GAD1 RNA, and that GAD3 
RNA was not wound inducible. 

Pena-Cortes et al. (1989) have shown that the response 
of the pin II RNA to wounding is severely reduced in 
ABA-deficient mutants. This result ,  coupled with the 
observations that GA regulates the expression of the 
wound-inducible genes GAD1 and GAD2, prompted 
us to compare the wound induction of pin II  and GAD1 
RNAs in wild-type, gibl, ABA-deficient (sit or flacca) 
mutant  plants, and plants doubly mutant  for gibl and sit. 
In different studies (Tal and Nevo 1973; Linforth et al. 
1987), the sit and flacca mutants  have been shown to 
contain 8-12% and 17-21% of the wild-type level of ABA, 
respectively. Under  mild wounding conditions (see legend 
to Fig. 6), only gibl plants exhibited induction of pin II  
(Fig. 6A) or GAD1 (not shown). However, all genotypes 
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Fig. 5. The effect of wounding on the level of GAD RNAs. Wound- 
ing was performed by crushing leaves perpendicular to the midvein 
every 8 h with a hemostat (Graham et al. 1985; R. Thornburg, Iowa 
State University, Ames, Iowa, USA, personal communication). 
Wounds were made progressively closer to the leaf base at 5-mm 
intervals. Wounded leaves were harvested 24 h after the first wound 
was administered. RNA from wounded (W) or unwounded control 
leaves (C) was used for RNA blot analysis. RNA blots were probed 
with GAD1, 2 or 3 or a probe corresponding to a wound-inducible 
potato proteinase inhibitor II gene (PIN 11). The signal below the 
band in the GAD2 panel (W lane) is from a previous probing of this 
filter with the GAD1 probe. GAD1 and GAD2 RNAs can easily be 
discriminated based on their difference in mobility. It is not known 
why the GAD3 probe occasionally detects a doublet (compare Fig. 5 
with Figs. 1~4) 

showed an appreciable wounding response if the plants 
were wounded more severely (Fig. 6B). Thus, ABA-defi- 
cient plants are less sensitive to wounding than the wild- 
type (Pena-Cortes et al. 1989), while GA-deficient plants 
appear to be more sensitive. 

Sequence analysis of GAD1. The 830-base pair (bp) GAD1 
cDNA was found to be identical to a previously isolated 
cDNA (TR8) from the tomato cultivar VFN8 (Taylor et 
al. 1993). TR8 RNA was found to increase in abundance 
approximately 10-fold following auxin treatment of 12-d- 
old tomato seedlings, and was correlated with the induc- 
tion of lateral root initiation. This induction was ,first 
detectable by 24 h post treatment, was maximal at 72 h 
post treatment, and was observed in roots and hypocotyls 
but not in cotyledons or epicotyls. This positive auxin 
regulation of GAD1 (TR8) in roots and hypocotyls con- 
trasts with the negative regulation observed in this study. 
The two results are not inconsistent, however, since the 
present study only addresses GAD1 expression in mature 
leaves and stems. 

The GAD1 (TR8) deduced polypeptide sequence 
shows similarity to a group of plant proteinase inhibitors. 
The GAD1 polypeptide shares approximately 47% 
identity with pin II from tomato (Graham et al. 1985) 
or potato (Keil et al. 1986; Thornburg et al. 1987), and 

Fig. 6A, B. Wound induction of pin II RNA in GA- and ABA- 
deficient mutants. RNA from wounded (W) or unwounded control 
plants (C) from the indicated genotype was used for RNA blot 
analysis. WT, wild type plants; 9ib1, GA-deficient mutant; sit and 
flacca, ABA-deficient mutants. A Results from mild wounding con- 
ditions; plants were wounded once by crushing a leaf with a hemo- 
stat perpendicular to the midvien and half way across the blade, and 
wounded leaves were harvested 8 h later. B Results from severe 
wounding conditions (as described in Fig. 5) 

approximately 57% identity with a stigma-specific pro- 
teinase inhibitor from Nicotiana alata (Atkinson et al. 
1993). The putative GAD1 protein contains three 64- 
amino-acid domains which share between 89 and 97% 
amino-acid identity, and which each contains sequences 
thought to confer proteinase inhibitor specificity for tryp- 
sin (Taylor et al. 1993). 

Sequence analysis of GAD2. The GAD2 cDNA is 858 bp 
in length including a 40-bp poly(A) § tail. Since the esti- 
mated size of the GAD2 RNA is 1500 nucleotides (see 
Materials and methods), this cDNA most likely does not 
correspond to a full-length RNA. The GAD2 cDNA has 
an open reading frame that begins at nucleotide 1 and 
extends to a stop codon at nucleotide 684. The deduced 
polypeptide encoded by this open reading frame is similar 
in amino-acid sequence to a group of 2-oxoglutarate- 
dependent dioxygenase enzymes. The highest similarity 
[44% amino-acid identity (calculated with the Fastdb 
program, IntelliGenetics, Inc.)] is with hyoscyamine 6- 
dioxygenase from Hyoscyamus niger, an enzyme involved 
in alkaloid biosynthesis (Matsuda et al. 1991). Figure 
7 shows an alignment of the predicted GAD2 protein with 
amino-acid sequences of the five most closely related plant 
dioxygenase enzymes. Twenty-one amino acids are con- 
served in all six of the polypeptides, including two his- 
tidine residues and an aspartic acid residue (positions 100, 
102, and 155 in the GAD2 sequence) which are thought to 
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Fig. 7. Alignment of the predicted amino-acid sequence of the G A D 2  c D N A  with the predicted amino-acid sequence of the CANDI gene 
(Candi) of Antirrhinum majus (Martin et al. 1991; Weiss et al. 1993), ethylene-forming enzyme (Efe) from tomato (Kock et al. 1991), 
hyoscyamine 6-dioxygenase (Hyo6diox) from Hyoscyamus niger (Matsuda et al. 1991), flavanone 3-beta-hydroxylase (F3h) from petunia 
(Britsch et al. 1992), and flavonol synthase (Flavsyn) from petunia (Holton et al. 1993). Sequences were aligned using the pileup and prettyplot 
programs [Genetics Computer Group (1991), Madison, Wisconsin]. Identical residues are boxed if present in at least four of the six sequences. 
Asterisks denote invariant amino acids. Genebank accession number for GAD2 is U21800 

be involved in the iron-binding site of these enzymes 
(Britsch et al. 1993). 

Sequence analysis of GAD3. The 904-bp GAD3 cDNA 
has an open reading frame that begins at nucleotide 1 and 
extends to a stop codon at nucleotide 756. The deduced 
polypeptide encoded by this open reading frame is similar 
in amino-acid sequence to proteins belonging to the fam- 
ily of nonmetallo-short-chain alcohol dehydrogenases 
(Persson et al. 1991). The deduced GAD3 protein shares 
the highest level of amino-acid identity with the TASSEL- 
SEED2 (TS2) gene of maize (39%) (DeLong et al. 1993) 
and with 20-beta-hydroxysteroid dehydrogenase from 
Streptomyces exfoliatus (38%) (Marekov et al. 1990). 
GAD3 also shows 33-34% amino-acid identity with de- 
hydrogenase enzymes which operate on non-steroid sub- 
strates (Lampel et al. 1986; Sherman et al. 1989; Klein et 
al. 1992). Since the hydroxysteroid dehydrogenases do not 
contain conserved amino acids which are not present in 
the non-steroid dehydrogenases (Persson et al. 1991) it 
difficult to conclude that GAD3 acts on a steroid substra- 
te. Figure 8 shows an alignment of GAD3 and TS2 with 
three bacterial hydroxysteroid dehydrogenases and three 
non-steroid dehydrogenases. Seventeen amino acids are 
conserved in all eight of the sequences, including residues 
which are thought be part of the NAD- or NADP-binding 
site (the three glycine residues at positions 9, 13, and 15 in 
the GAD3 sequence) and residues which are thought to 
participate in substrate binding and catalysis (serine at 
position 136, tyrosine at position 149, and lysine at posi- 
tion 153 in the GAD3 sequence) (Ghosh et al. 1991; 
Persson et al. 1991). 

Discussion 

This work describes the cloning and initial characteriza- 
tion of three cDNAs (GAD1, 2, and 3) which correspond 
to RNAs that become less abundant 2 h after treatment of 
gibl tomato shoot tissue with GA3. The kinetics of GAD 
RNA suppression by GA3 correlate closely with the kinet- 
ics of the changes in the abundance of in-vitro translation 
products previously reported in gibl shoots (Jacobsen 
et al. 1994). One class of in-vitro translation products was 
found to decrease in abundance by 6 h post GA treatment 
and remain decreased in abundance for at least 48 h 
(similar to the kinetics of GAD1 RNA), while a second 
class of in-vitro translation products was found to de- 
crease in abundance by 6 h post GA treatment but be- 
come more abundant again by 24 or 48 h post treatment 
(similar to the kinetics of GAD2 and GAD3 RNAs). 

In addition to being regulated by GA3, the abundance 
of the GAD RNAs is also regulated by treatment with the 
synthetic auxin, 2,4-D, and the ethylene-releasing com- 
pound, ethephon. The regulation by 2,4-D and ethephon 
is likely to be gibberellin independent, since it occurs in 
both the wild type and in the gibl mutant. Similarly, the 
regulation by GA3 and 2,4-D is observed both in the wild 
type and in the Nr mutant of tomato, which is insensitive 
to ethylene (Lanahan et al. 1994). This suggests that GA3 
and 2,4-D do not act by affecting ethylene levels or by 
affecting any steps in the ethylene signal transduction 
pathway occurring at or prior to the block caused by Nr. 
These results suggest that the three hormones GA, auxin 
and ethylene act independently to regulate the abundance 
of the GAD RNAs. Our results, however, do not preclude 



84 S.E. Jacobsen and N.E. Olszewski: Gibberellin suppressed RNAs 

Acpr MATATAAG~GAVALK~LGGRRL~I~Q~LSpVLAG~G~HAA~s 9~ 
Polyk .............................................................. T TATATATATPGTAAKP AL VIT ~,AI~T ~ GI~ ~, LIA, I[A ' 34 

3bhsd . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ K V l A ~ V I T  GIGI~ISIGIV|GI b E V~V 23 
20bh~d . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  M N D L Sl~ KK~V AVB [ ~  [ A A ] ~  [ ~ I  G ~ A E A 2) 

TS2 ...................... MHASLA S YAAAAM PA h OL R PEI AHAHQPVllS P SHH G WDG MGATAV E T PllPK RLD V G EE~I 72 

Acpr G S L G K 
Polyks R R L A A 
Gluc,d I R F g K 

Gad3 R L F V E 
7abed K b F I 
3bhsd K L L L G 
20bh~d E Q A V A 

Ts2 RLFAK 

- - R EERLAQTVKELRGEG VDGTVC ADPA R L R FL - -CA 
E VINYYSNKQ NEVKE~VIK AV 
H R %/VA- - - - QDELGQKVVDSI SDKAS~RHC T K EET AY VEKu - Ill 
N g Sl GET~ E V DTALAQ L K E L ~ P E E VGS FAP TS DA llAAIVIG T V A Q K u R- VM 

AKL -E SMFV RE St A WT RRL - NVL E AFS ..... NEAAGQQLA EVMAAVQ 
A R Yb " LDEEGAATARE5 - AARYQ 
II VI DDAAGEALASA5 ~ VSFVRC SV D RRA DN LSEH R YY 

V RSGG GATAEIADELW Ii~ 
I LENP- VFSHEMPhKDW 109 
FS TLN-- -FCSVLDMBVLA i01 

V ISTGM ETESV .... E ,0~ 
C VL RQTRAARSILSFDAA 159 

Acpr 0 E[~']I D 
Polyks L D~ I T 
Glucld D K I G 

Gad3 D E M A 
7ahsd E N I ~ D 
3hhsd S R~L K 

20hhsd R KBV D 
Ts2 D R L R 

t * * * �9 

T 5T MTK NAG MLAKKE R I G K~ u S H v AbGL --L 
T 5T SRE IKY-FVENDIK N M H F- WPLFVH G ~ T ~L 

R K N E IL GAASLA I HA V A - H AKV - VDKKI I - V  VK 
I VN AWS YQC- KDAK-~ V T T IY SLSGIG A I GLGR - 
I TE CQOGIAA-KE-TG S 14 S WLPIEQYAG S AA S AlL TIR A AIA]L~ RK - W WN 
V AS M KH[~ARA - AFRRA- S V A VL GLGPHA %' NA C --L 

APKG N G AIN NAE 1~7 

IRKN G A VV TK 196 
QGYA S H GI .... I~0 
.... ~ S B H p~j~14 T . . . .  '89 
RAHG C S GVA INAW 249 

?olyks EHYAGIW .......... QVSEEETFDRITNRVIPILGW~VE ......... TR AM E D 272 
~ ................. KFADEKQKADVESMI~MGu ......... PE AVAAW E m 2~0 

............. GLDAA ............ LEEAIg~NGHLKGVKLSTMHV QSAL E-~A T QN A 251 
A G-I ATTIS AY 249 7ahsd ............ . . . . . . . . . . . . . . . . .  G FPEILEDYLET-5 MK M K . . . . . . . . .  PE NVYL L 

3bhsd .............. MQAS PEGVSKEMVLHDP LN A~R 253 AYMPE ...... R Ob L E- SVM~ GE HA NS -~ ...... ILGMGL 
20bhsd ............ TAETGIRQG---EGNYPNT~MG~V~NE--P~ ...... GA VE T- S~V AE A WTTGPTVKYVMGQ-- 255 

Ts2 RQGHDDATADADRDLDLD~DVTVPSDQEVE[MEEVVRWLATLKGPTLRPR EA L E-AR~IS~HN~VIVDGGIVTTSRNLIGL ..... 336 

Fig. 8. Alignment of the predicted amino-acid sequence of the GAD3 eDNA with 3-oxoacyl-(acyl-carrier protein) reductase (Acpr) from 
Cuphea lanceolata (Klein et al. 1992), granaticin polyketide synthase (Polyks) from Streptomyces violaceoruber (Sherman et al. 1989), glucose 
1-dehydrogenase (Glucld) from Bacillus subtilis (Lampel et al. 1986), 7-alpha-hydroxysteroid dehydrogenase (7ahsd) from Eubacterium sp. 
(Gopal-Srivastava et al. 1990), 3-beta hydroxysteroid dehydrogenase (3bhsd) from Pseudomonas testosteroni (Yin et al. 1991), 20-beta- 
hydroxysteroid dehydrogenase (20bhsd) from Streptomyces exfoliatus (Marekov et al. 1990), and the predicted amino-acid sequence of the 
TASSELSEED2 (Ts2) gene of maize (DeLong et al. 1993). Identical residues are boxed if present in at least five of the eight sequences. Asterisks 
denote invariant amino acids. Genebank accession number for GAD3 is U21801 

the possibility that the regulation of the GAD RNAs by 
GA and/or  ethylene is accomplished through changes in 
auxin concentrations. 

Treatment with the plant growth regulator ABA had 
only a minor effect on the level of the GAD RNAs when 
applied alone. However, when applied in combination 
with GA, ABA antagonized GA's affect on the abundance 
of the GAD1 and GAD2 RNAs. In a similar manner, ABA 
has been shown to antagonize the effect of GA3 with 
respect to the suppression of a putative alcohol-dehydro- 
genase RNA and a putative alpha-amylase/protease in- 
hibitor RNA in barley aleurone layers (Nolan and Ho 
1988). Furthermore, the GA-suppressed barley embryo 
globulin 1 gene is known to be induced by ABA (Heck 
et al. 1993). Although these results imply a general role for 
ABA in antagonizing GA-induced suppression of RNA 
abundance, GA regulation of the GAD3 RNA was un- 
affected by ABA treatment (Fig. 4), suggesting that this 
interaction is not universal. 

The nucleic-acid sequence of the GAD1 eDNA is 
identical to a previously identified cDNA, TR8 (Taylor 
et al. 1993). An increase in the abundance of RNA corres- 
ponding to TR8 was found 24 h after treatment of roots 
and hypocotyls with auxin, and correlated with the induc- 
tion of lateral root formation (Taylor et al. 1993). Thus, in 
some tissues GAD1 RNA is up-regulated by auxin while 
in others it is down-regulated. 

Analysis of RNA blots indicates that, like other pro- 
teinase inhibitor RNAs, the GAD1 RNA is highly wound 
inducible. Recent studies have determined that a number 
of compounds may be involved in the signal transduction 
pathway leading to the induction of pin II and other 

wound-inducible genes (Farmer and Ryan 1992). These 
include oligosaccharides, auxin, ABA, jasmonic acid, lin- 
olenic acid and an 18-amino-acid polypeptide, systemin. 
Hildmann et al. (1992) have shown that a number of 
wound-inducible genes are responsive to the hormone 
ABA and that these genes are not induced by wounding in 
a mutant which is deficient in ABA. This has led to the 
proposal that ABA may be central to the molecular mech- 
anism by which wounding induces these genes (Hildmann 
et al. 1992; Pena-Cortes et al. 1989). Although previous 
work indicates that GA can block chitosan induction of 
the pin II gene of potato (Pena-Cortes et al. 1989), a role 
for GA in the regulation of other wound-inducible genes 
has not been suggested. 

In contrast to previously identified proteinase inhibi- 
tors, GAD1 RNA is not significantly regulated by 
exogenously added ABA but is repressed by GA. In the 
same experiments in which ABA was shown to have no 
effect on the level of GAD1 RNA, ABA decreased the 
level of GAST1 RNA (Fig. 4) and also increased the 
level of RNA corresponding to the pin II gene (data 
not shown). GAD1 therefore exhibits regulation which 
is distinct from the wound-inducible genes characterized 
thus far, and may be useful in determining the general 
mechanism by which all wound-inducible genes are 
induced. 

We have examined the expression of GAD1 and the 
pin II gene of tomato in the 9ibl mutant. These results 
indicate that in the gibl mutant, induction of both pin II 
RNA and GAD1 RNA is more sensitive to wounding than 
in wild-type plants (Fig. 6A and data not shown). Interest- 
ingly, this enhanced sensitivity is not observed in the 9ibl; 



S.E. Jacobsen and N.E. Olszewski: Gibberellin suppressed RNAs 

sit double mutant ,  indicating that  normal  ABA biosynth- 
esis is required for this phenomenon.  As ment ioned above, 
Pena-Cortes  et al. (1989) have shown that  the response of 
the pin II  R N A  to wounding  is severely reduced in the 
ABA-deficient sit mutant .  Our  studies using the sit and 
f lacca mutants ,  indicate that  pin II  expression is induced 
at wild-type levels if plants are wounded  severely (Fig. 6B). 
These results suggest that  GA and ABA m a y  act in an 
antagonist ic  fashion to determine the sensitivity of  plants 
to wounding.  

A model  in which ABA and G A  determine the sensitiv- 
ity of  plants to wounding  is attractive because ABA and 
G A  levels in the plant  are affected by the amoun t  of 
environmental  stress experienced by the plant. Gibberellin 
decreases with increasing stress while ABA increases 
under  these condit ions (Bensen et al. 1990). Thus  ABA and 
G A  levels may  act to regulate the magni tude  of  the re- 
sponse to fungal or  herbivore at tack such that  stressed 
plants m o u n t  a very s trong response while plants that  are 
healthy, and perhaps more  resistant to attack, moun t  
a smaller response. 

The sequence of  the G A D 2  c D N A  suggests that  the 
G A D 2  gene encodes a 2-Oxoglutara te-dependent  dioxy- 
genase. 2-oxoglutarate-dependent  dioxygenases perform 
m a n y  functions in the cell, including ethylene biosynthesis 
(Spanu et al. 1991), anthocyanin biosynthesis (Martin et al. 
1991; Britsch et al. 1992; Ho l ton  et al. 1993; Weiss et al. 
1993), alkaloid biosynthesis (Matsuda  et al. 1991) and G A  
biosynthesis (reviewed in Graebe and Lange 1988). How-  
ever, the predicted G A D 2  protein only shares 30-44% 
amino-acid  identity with enzymes known  to be involved 
in ethylene, anthocyanin,  or  alkaloid biosynthesis (Fig. 7), 
and only about  30% identity with the recently isolated 
gibberellin 20 oxidase (Lange et al. 1994). It is there- 
fore difficult to predict the specific function of  GAD2,  
and hence to unders tand the relevance of its regulation 
by GA. 

The predicted G A D 3  amino-acid sequence is similar 
to that  of  proteins belonging to the family of  nonmetal lo-  
short-chain alcohol  dehydrogenases.  These N A D -  or  
NADP- l i nked  oxidoreductase enzymes are involved in 
m a n y  aspects of  metabolism, including glucose, steroid, 
and fatty-acid metabol ism (Persson et al. 1991). Thus, 
sequence compar isons  do not  predict a specific biochemi- 
cal function for the putative G A D 3  protein. Al though it is 
interesting that  No lan  and H o  (1988) found that  a puta-  
tive alcohol dehydrogenase  m R N A  was decreased in 
abundance  following G A  treatment  of barley aleurone 
layers, the significance of the GA regulation of these 
dehydrogenases  is unclear. 

The long-term goal of these studies is to unders tand 
the molecular  mechanism of G A  action. Fur ther  studies of 
the structure and regulation of the G A D  genes may  help 
to elucidate the mechanisms by which GA coordinately  
regulates these three genes. 

We thank Carrie Ballard for her assistance with the RNA blot 
analysis and Mike Frohlich for reviewing the manuscript. This work 
was supported by a grants to N.E.O. from the National Institutes 
of Health (GM40553) and National Science Foundation (IBN- 
9317524), and by a predoctorat fellowship to S.E.J. from National 
Institutes of Health (GM07323). 

85 

References 

Atkinson AH, Heath RL, Simpson R J, Clarke AE, Anderson MA 
(1993) Proteinase inhibitors in Nicotiana alata stigmas are de- 
rived from a precursor protein which is processed into five 
homologous inhibitors. Plant Cell 5:203-213 

Baulcombe DC, Buffard D (1983) Gibberellin-acid-regulated expres- 
sion of a-amylase and six other genes in wheat aleurone layers. 
Planta 157:493-501 

Bensen RJ, Beall FD, Mullet JE, Morgan PW (1990) Detection of 
endogenous gibberellins and their relationship to hypocotyl 
elongation in soybean seedlings. Plant Physiol 94:77-84 

Britsch L, Dedio J, Saedler H, Forkmann G (1993) Molecular 
characterization of flavanone 3beta-hydroxylases: Consensus se- 
quence, comparison with related enzymes and the role of conser- 
ved histidine residues. Eur J Biochem 217:745-754 

Britsch L, Ruhnau-Brich B, Forkmann G (1992) Molecular cloning, 
sequence analysis, and in vitro expression of flavanone 3beta- 
hydroxylase from Petunia hybrida. J Biol Chem 267:5380-5387 

Chory J, Voytas D, Olszewski N, Ausubel F (1987) Gibberellin 
induced changes in the population of translatable mRNAs and 
accumulated polypeptides in dwarfs of maize and pea. Plant 
Physiol 83:15-23 

Church GM, Gilbert W (1984) Genomic sequencing. Proc Natl Acad 
Sci USA 81:1991-1995 

DeLong A, Calderon-Urrea A, Dellaporta SL (1993) Sex determina- 
tion gene TASSELSEED2 of Maize encodes a short-chain 
alcohol dehydrogenase required for stage-specific floral organ 
abortion. Cell 74:757-768 

Farmer EE, Ryan CA (1992) Octadecanoid precursors of jasmonic 
acid activate the synthesis of wound-inducible proteinase inhibi- 
tors. Plant Cell 4:129 134 

Ghosh D, Weeks CM, Grochulski P, Duax WL, Erman M, Rimsay 
RL, Orr JC (1991) Three-dimensional structure of holo 3alpha, 
20beta-hydroxysteroid dehydrogenase; A member of a short- 
chain dehydrogenase family. Proc Natl Acad Sci USA 88: 
10064-10068 

Gopal-Srivastava R, Mallonee DH, White WB, Hylemon PB (1990) 
Multiple copies of a bile acid-inducible gene in Eubacterium sp. 
strain VPI 12708. J Bact 172:4420-4426 

Graebe JE, Lange T (1988) The dioxygenases in gibberellin biosynthe- 
sis after gibberellin A12-aldehyde. In: Pharis RP, Rood SB (eds) 
Plant Growth Substances. Springer-Verlag, Berlin pp 314-321 

Graham JS, Hall G, Pearce G, Ryan CA (1986) Regulation of 
synthesis of proteinase inhibitors I and II mRNAs in leaves of 
wounded tomato plants. Planta 169:339~405 

Graham JS, Pearce G, Merryweather J, Titani K, Ericsson L, Ryan 
CA (1985) Wound-induced proteinase inhibitors from tomato 
leaves I. The cDNA-deduced primary structure of pre-inhibitor 
II. J Biol Chem 260:6561-6564 

Heck GR, Chamberlain AK, Ho THD (1993) Barley embryo 
globulin [ gene, Begl: Characterization of cDNA, chromosome 
mapping and regulation of expression. MGG 239:209-218 

Hildmann T, Ebneth M, Pena-Cortes H, Sanchez-Serrano J J, Will- 
mitzer L (1992) General roles of abscisic and jasmonic acids in 
gene activation as a result of mechanical wounding. Plant Cell 4: 
1157 1170 

Holton TA, Bruglier F, Tanaka Y (1993) Cloning and expression of 
flavonol synthase from Petunia hybrida. Plant J 4:1003-1010 

Hooley R (1994) Gibberellins: perception, transduction, and re- 
sponses. Plant Mol Biol 26:1529-1555 

Jacobsen S, Lifang S, Xin Z, Olszewski N (1994) Gibberellin-induced 
changes in the translatable mRNA populations of stamens and 
shoots of gibberellin deficient tomato. Planta 192:372-378 

Keil M, Sanchez-Serrano J, Schell J, Willmitzer L (1986) Primary 
structure of a proteinase inhibitor II gene from potato (Solanum 
tuberosum). Nucleic Acids Res 14:5641-5650 

Klein B, Pawlowski K, Horicke-Grandpierre C, Schell J, Topfer 
R (1992) Isolation and characterization of a cDNA from Cuphea 
lanceolata encoding a beta-ketoacyl-ACP reductase. Mol Gen 
Genet 233:122-128 



86 S.E. Jacobsen and N.E. Olszewski: Gibberellin suppressed RNAs 

Kock M, Hamilton A, Grierson D (1991) ethl, a gene involved in 
ethylene synthesis in tomato. Plant Mol Biol 17:141-142 

Lampel KA, Uratani B, Chaudhry GR, Ramaley RF, Rudikoff 
S (1986) Characterization of the developmentally regulated Ba- 
cillus subtilis glucose dehydrogenase gene. J Bact 166:238-243 

Lanahan MB, Yen H-C, Giovannoni J J, Klee HJ (1994) The never 
ripe mutation blocks ethylene perception in tomato. Plant Cell 6: 
521-530 

Lange T, Hedden P, Graebe JE (1994) Expression cloning of a 
gibberellin 20-oxidase, a multifunctional enzyme involved 
in gibberellin biosynthesis. Proc Natl Acad Sci USA 91: 
8552-8556 

Linforth RST, Bowman WR, Griffin DA, Marples BA, Taylor IB 
(1987) 2-trans-ABA alcohol accumulation in the wilty tomato 
mutantsflacca and sitiens. Plant Cell Environ 10:599-606 

Marekov L, Krook M, Jornvall H (1990) Prokaryotic 20-beta- 
hydroxysteroid dehydrogenase is an enzyme of the 'short-chain, 
non-metalloenzyme' alcohol dehydrogenase type. FEBS Letts 
266:51-54 

Martin C, Prescott A, Mackay S, Bartlett J, Vrijlandt E (1991) 
Control of anthocyanin biosynthesis in flowers of Antirrhinum 
majus. Plant J 1:37-49 

Matsuda J, Okabe S, Hashimoto T, Yamada Y (1991) Molecular 
cloning of hyoscyamine 6B-hydroxylase, a 2-oxoglutarate- 
dependent dioxygenase, from cultured roots of Hyoscyamus 
niger. J Biol Chem 266:9460-9464 

Medberry SL, Lockhart BEL, Olszewski NE (1990) Properties 
of Commelina yellow mottle virus's complete DNA sequence, 
genomic discontinuities and transcript suggest that it is a para- 
retrovirus. Nucleic Acid Res 18:5505-5513 

Nolan RC, Ho THD (1988) Hormonal regulation of gene expression 
in barley aleurone layers: induction and suppression of specific 
genes. Planta 174:551-560 

Olszewski NE, Gast RT, Ausubel FM (1989) A dual-labeling 
method for identifying differentially expressed genes: Use in the 
identification of cDNA clones that hybridize to RNAs whose 
abundance in tomato flowers is potentially regulated by gibberel- 
lins. Gene 77:155-162 

Pena-Cortes H, Sanchez-Serrano J J, Mertens R, Willmitzer L, Prat 
S (1989) Abscisic acid is involved in the wound-induced expres- 
sion of the proteinase inhibitor II gene in potato and tomato. 
Proc Natl Acad Sci USA 86:9851-9855 

Persson B, Krook M, Jornvall H (1991) Characteristics of short- 
chain alcohol dehydrogenases and related enzymes. Eur J Bio- 
chem 200:537~543 

Rick CM (1956) New mutants. Rep Tom Gen Coop 6:22 
Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning: 

A laboratory manual, Second Edition. Cold Spring Harbor 
Laboratory Press, Cold Spring Harbor, N.Y. 

Sanchez-Serrano J, Schmidt R, Schell J, Willmitzer L (1986) Nucleo- 
tide sequence of proteinase inhibitor II encoding cDNA of po- 
tato (Solanum tuberosum) and its mode of expression. Mol Gen 
Genet 203:15-20 

Scott IM (1990) Plant hormone response mutants. Physiol Plant 78: 
147-152 

Sherman DH, Malpartida F, Bibb M J, Kieser HM, Bibb M J, 
Hopwood DA (1989) Structure and deduced function of the 
granaticin-producing polyketide synthase gene cluster of Strepto- 
myces violaceoruber Tu22. EMBO J 8:2717-2725 

Shi L, Gast RT, Gopalraj M, Olszewski NE (1992) Characterization 
of a shoot-specific, GA3- and ABA-regulated gene from tomato. 
Plant J 2:153-159 

Spanu P, Reinhardt D, Boiler T (1991) Analysis and cloning of the 
ethylene-forming enzyme from tomato by functional expression 
of its mRNA in Xenopus laevis oocytes. EMBO J 10:2007-2013 

Tal M, Nevo Y (1973) Abnormal stomatal behavior and root resist- 
ance, and hormonal imbalance in three wilty mutants of tomato. 
Biochem Genet 8:291-300 

Taylor BH, Young RJ, Scheuring CF (1993) Induction of a pro- 
teinase inhibitor II-class gene by auxin in tomato roots. Plant 
Mol Biol 23:1005-1014 

Thornburg RW, An G, Cleveland TE, Johnson R, Ryan CA (1987) 
Wound-inducible expression of a potato inhibitor II-chloram- 
phenicol acetyltransferase gene fusion in transgenic tobacco 
plants. Proc Natl Acad Sci USA 84:744-748 

Warner HL, Leopold AC (1969) Ethylene evolution from 2-chloro- 
ethylphosphonic acid. Plant Physiol 44:156-158 

Weiss D, van der Luit AH, Kroon JTM, Mol JNM, Kooter JM 
(1993) The petunia homologue of the Antirrhinum majus candi 
and Zea mays A2 flavonoid genes; homology to flavonone 3- 
hydroxylase and ethylene-forming enzyme. Plant Moi Biol 22: 
893-897 

Weiss D, van Tunen A J, Halevy AH, Mol JNM, Gerats AGM (1990) 
Stamens and gibberellic acid in the regulation of flavonoid gene 
expression in the corolla of Petunia hybrida. Plant Physiol 94: 
511 515 

Yin S, Vagelopoulos N, Lundquist G, Jornvall H (1991) 
Pseudomonas 3-beta-hydroxysteroid dehydrogenase: Primary struc- 
ture and relationships to other steroid dehydrogenases. Eur 
J Biochem 197:359-365 


