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Spinach (Spinacia oleracea L.) i s  a long-day (LD) rosette plant in  
which stem growth under LD conditions i s  mediated by gibberellins 
(CAs). Major control points in spinach are the later steps of sequen- 
tia1 oxidation and elimination of C-20 of C,,-GAs. Degenerate 
oligonucleotide primers were used to obtain a polymerase chain 
reaction product from spinach genomic DNA that has a high ho- 
mology with GA 20-oxidase cDNAs from Cucurbifa maxima L. and 
Arabidopsis thaliana Heynh. This polymerase chain reaction prod- 
uct was used as a probe to isolate a full-length cDNA clone with an 
open reading frame encoding a putative 43-kD protein of 374 amino 
acid residues. When this cDNA clone was expressed in Escherichia 
coli, the fusion protein catalyzed the biosynthetic sequence CA,,+ 
CA,,+ CA19+ CA,, and CA,,+ CA,,. This establishes that in 
spinach a single protein catalyzes the oxidation and elimination of 
C-20. Transfer of spinach plants from short day (SD) to LD condi- 
tions caused an increase in the level of all CAs of the early-13- 
hydroxylation pathway, except CAS3, with GA20r GA,, and CA, 
showing the largest increases. Northern blot analysis indicated that 
the level of CA 20-oxidase mRNA was higher in plants in LD than in 
SD conditions, with highest level of expression in the shoot tips and 
elongating stems. This expression pattern of CA 20-oxidase i s  con- 
sistent with the different levels of CA,,, CA,, and CA, found in 
spinach plants grown in  SD and LD conditions. 

Spinach (Spinacia oleracea L.) is an LD rosette plant in 
which exposure to LD conditions results in stem elongation 
and subsequent floral development. There is considerable 
evidence that photoperiodic control of stem elongation in 
rosette plants is mediated by GAs. Application of GA to 
rosette plants under SD conditions promotes stem growth, 
whereas treatment with inhibitors of GA biosynthesis sup- 
presses stem elongation under LD conditions (Zeevaart, 
1971; Zeevaart et al., 1993). In another LDP, Silene armeria, 
the GA content increases severalfold after the transfer of 
plants from SD to LD conditions, particularly in the sub- 
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apical region (Talon et al., 1991a; Talon and Zeevaart, 
1992). In spinach, severa1 steps of GA biosynthesis were 
shown to be regulated by photoperiod, ent-kaurene biosyn- 
thesis, an early step of the GA biosynthetic pathway, being 
enhanced by long photoperiods (Zeevaart and Gage, 1993). 
In addition, [3H]GA,, was metabolized more rapidly in 
spinach plants in LD than in SD conditions (Metzger and 
Zeevaart, 1982). Photoperiod was also shown to regulate at 
least another two steps in GA metabolism, namely the 
conversion of GA,, to GA,, and of GA,, to GA,,. Here, the 
levels of GA,3 and GA,, decreased, whereas GA,, in- 
creased when spinach plants were transferred from SD to 
LD conditions (Talon et al., 1991b). This coincided with 
increases in GA,,-oxidase and GA,,-oxidase activities (Gil- 
mour et al., 1986; Zeevaart et al., 1990). 

GA 20-oxidase (GA, 2-oxog1utarate:oxygen oxidoreduc- 
tase [20-hydroxylating, oxidizing], EC 1.14.11-) catalyzes 
the sequential oxidation at C-20, ultimately leading to its 
loss as CO, (Fig. 1). Previously, cDNA clones encoding GA 
20-oxidases from pumpkin (Lange et al., 1994; Zeevaart et 
al., 1994) and A. tkaliana (Phillips et al., 1995; Xu et al., 1995) 
were isolated. Heterologous expression of these cDNA 
clones in Esckerichia coli has shown that their fusion 
proteins can catalyze the biosynthetic sequence GA53+ 
GA,,+ GA,,+ GA,, and GA,,+ GA,,, suggesting that a 
single protein is responsible for the oxidation and elimina- 
tion of C-20. To further understand how the photoperiod 
regulates these GA biosynthetic steps in spinach, we have 
cloned a GA 20-oxidase gene from spinach. Our results 
indicate that expression of GA 20-oxidase in spinach is 
regulated by photoperiod, with a higher level of transcrip- 
tion in plants grown in LD conditions than in those grown 
under SD conditions. 

MATERIALS A N D  METHODS 

Plant Mater ia l  

Spinach (Spinacia oleracea L., Savoy Hybrid 612; Harris 
Seed Co., Rochester, NY) was grown as described earlier 
(Zeevaart and Gage, 1993). The SD conditions consisted of 
8 h of light from fluorescent tubes and incandescent bulbs 
(450 pmol mp2 s-') at 23"C, followed by 16 h of darkness 
at 20°C. For the LD condition, the 8-h main light period 
was followed by 16 h of weak light from incandescent 
bulbs (10 pmol mp2 spl) at 20°C. 
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Figure 1. Reactions catalyzed by GA 20-oxidase in the early-13-hydroxylation GA biosynthetic pathway. 

Cenomic D N A  lsolation and PCR with Degenerate Primers 

Total genomic DNA from spinach was extracted as de- 
scribed by Dellaporta et al. (1983). The degenerate primers 
used for PCR to amplify a GA 20-oxidase sequence from 
spinach were designed after comparison of the amino acid 
sequences of the pumpkin and Arabidopsis thaliana GA 
20-oxidases with those of other plant dioxygenases. A total 
of three antisense primers (JZ14, JZ16, and JZ20) and three 
sense primers (JZ15, JZ17, and JZ19) were synthesized, 
based on six regions of conserved amino acid sequences: 

JZ14 5‘-GG(AG)CACA(AG)(AG)AAGAAIGCIA(AG)IG-3‘; 
JZ15: 5’-GA(AG)CTT(CT)TIGGICT(AT)AG-3’; 
JZ16: 5’-GAAIGT(AG)TCICCGAT(AC)TT-3’; 
JZ17: 5’-AGGCTIAA(CT)TA(CT)TA(CT)CC-3’; 
JZ19: 5’-AA(AGCT)CT(AGCT)CC(AGCT)TGGAA(AG)- 

GA(AG)AC-3‘; 
JZ20: 5’-GTC(CT)TG(AG)TG(AGCT)AG(AGT)AT(AGCT)- 

These primers were used in PCR reactions to amplify 
spinach genomic DNA fragments. Each 50-pL reaction 
mixture contained 0.5 pg of genomic DNA, 5 pL of PCR 
buffer, 1.5 mM MgCl,, 0.2 mM of a11 four deoxyribonucleo- 
side triphosphates, 0.5 p~ each primer, and 1 unit of Taq 
polymerase (GIBCO-BRL). The reaction mixtures were 
heated to 94°C for 4 min and then subjected to 30 cycles of 
94°C for 1 min, 48°C for 1 min, and 72°C for 2 min. A final 
extension was performed at 72°C for 7 min. The products 
were analyzed by agarose gel electrophoresis and purified 
with a Wizard PCR purification system (Promega). The 
purified PCR products were cloned into the PCRII vectors 
(Invitrogen, San Diego, CA). 

GT-3‘. 

cDNA Library Screening 

A cDNA library was constructed in AZAPII (Stratagene) 
starting with poly(A)’ RNA isolated from young leaves of 
spinach grown in the LD condition. The 32P-labeled PCR 
product, SP26, was used to screen the cDNA library. Pre- 
hybridization and hybridization were performed at 60°C in 
0.5 M Na,HPO, (pH 7.2), 7% SDS, and 1 mM EDTA. Filters 
were washed once for 15 min in 2X SSC with 0.1% SDS at 
room temperature and then twice for 20 min in 0.1X SSC, 
0.1% SDS at 60°C (high stringency) or 37°C (low stringen- 
cy). The damp filters were autoradiographed at -80°C 

using two intensifying screens. Filters were stripped in 5 
mM Tris-HC1, pH 7.5, 1 mM EDTA, 0.05% SDS at 100°C for 
2 min when reprobing was required. 

D N A  Sequence Analysis 

Dye primer sequencing of cDNA clone inserts in pBlue- 
script SK+ and dye terminator sequencing of PCR products 
were performed using an automated sequencing system 
(Applied Biosystems). The DNA sequence analysis was 
carried out using the DNASIS program. Protein sequence 
analysis was performed using PROSIS (Hitachi Software 
Engineering Co., Ltd., Tokyo, Japan). 

Heterologous Expression of a cDNA Clone in 
Escherichia coli 

A full-length cDNA pSPC261 cloned in pBluescript SK’ 
was transformed into Escherichia coli strain DH5a. A fresh 
overnight culture of 10 mL was added to 1 L of Luria- 
Bertani broth (Sambrook et al., 1989) with 50 mg/L ampi- 
cillin and incubated at 37°C with vigorous shaking. When 
the optical density at 600 nm reached 0.5, isopropyl-P-D- 
thiogalactopyranoside was added to a final concentration 
of 5 mM and the culture was incubated for another 2 h. The 
cells were pelleted by centrifugation, washed with 25 mL of 
Luria-Bertani broth, and then recentrifuged. The resulting 
pellets were resuspended in 2 mL of lysis buffer (100 mM 
Tris-HCI, pH 8.0, 3 miv DTT, and 2.5 mg/mL lysozyme) 
and incubated at room temperature for 10 min. Samples in 
tubes were submerged in liquid N, for 5 min and then 
thawed in an ice bath for 15 min (Johnson and Hecht, 1994). 
The lysates were centrifuged in a microcentrifuge at 14,000 
rpm for 15 min. The supernatant was used for enzyme 
assays. 

C A  20-Oxidase Activity Assay 

The assay for GA 20-oxidase activity was performed 
according to the method of Gilmour et al. (1986) with some 
modifications. The reaction mixture contained 100 mM Tris 
buffer (pH 7.5), 1 mM FeSO,, 10 mM 2-oxoglutarate, 10 mM 
ascorbate, 100 pL of enzyme extract, and [14C]GA,, (30,750 
dpm, 125 pmol) or [l4C]GAI9 (31,400 dpm, 107 pmol) in a 
total volume of 250 pL. Cofactors were replenished after 1 
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and 3 h. The mixture was incubated for up to 6 h at 30°C 
with gentle shaking. Products were separated by HPLC 
with on-line radiocounting (Zeevaart et al., 1993). For prod- 
uct identification by GC-MS (Zeevaart et al., 1993), the 
reaction mixtures were scaled up to a volume of 2 mL with 
106 dpm (4.2 nmol) [l4C]GAS3 or 106 dpm (3.4 nmol) 
[14C]GA,, as substrates. 

Southern and Northern Blot Analysis 

For Southern blots, spinach genomic DNA was digested 
with restriction enzymes, separated by agarose gel electro- 
phoresis, and transferred to nylon membranes (Sambrook 
et al., 1989). For northern blot analysis, total RNA was 
isolated from 1 to 2 g of spinach tissues using an Extract- 
A-Plant RNA isolation kit (Clontech, Palo Alto, CA). The 
poly(A)' RNA was then isolated by chromatography on 
oligo(dT)-cellulose (GIBCO-BRL). Northern blots were pre- 
pared by electrophoresis of 2- to 3-pg samples of poly(A)+ 
RNA through agarose gels in the presence of formaldehyde 
(Strommer et al., 1993), followed by transfer to Duralon-UV 
membranes (Stratagene). Southern and northern blots were 
probed with 32P-labeled spinach GA 20-oxidase cDNA 
clone pSPC261. Hybridization was carried out at 42°C us- 
ing the same hybridization solution as used for screening 
of the cDNA library, except that 50% formamide was in- 
cluded in the solution. Blots were washed and stripped as 
described for cDNA library screening. As a control, a11 
northern blots were also probed with an A. thaliana actin 
(clone 40Fll from T. Newman, Michigan State University, 
East Lansing) probe. The blots were then exposed to phos- 
phor screens, and relative amounts of mRNA were deter- 
mined with a PhosphorImager (Molecular Dynamics, 
Sunnyvale, CA). 

Quantification of CAs 

The GAs were extracted, purified, and quantified by the 
methods described earlier (Zeevaart et al., 1993), except 
that for identification of radiolabeled GAs by GC-MS the 
gas chromatograph was equipped with a DBSMS capillary 
column (30-m X 0.32-mm X 0.25-~m film; JSLW Scientific, 
Folsom, CA). Experiments on quantification of GAs in 
different plant parts were repeated at least once with sim- 
ilar results. 

RESULTS 

PCR Amplification of C A  20-Oxidase Sequence using 
Degenerated Primers 

The degenerate primers used for PCR to amplify GA 
20-oxidase sequences from spinach were designed by com- 

parison of the amino acid sequences of the pumpkin and A. 
tkaliana GA 20-oxidases (Lange et al., 1994; Phillips et al., 
1995; Xu et al., 1995) with those of other plant dioxygenases 
(Prescott, 1993; De Carolis and De Luca, 1994). These prim- 
ers were used in a11 combinations in PCR reactions to 
amplify spinach genomic DNA fragments. Only one pair of 
primers, JZ16 and JZ17, yielded products of expected size 
(about 160 bp). The PCR-amplified products were cloned 
into PCRII vectors (Invitrogen) and sequenced. Sequence 
analyses identified three different PCR products, SP167, 
SP149, and SP26, with 39, 54, and 69 amino acid identity, 
respectively, with the GA 20-oxidase from pumpkin 
(Fig. 2). 

lsolation of a Full-Length GA-20 Oxidase cDNA Clone 
from Spinach 

Since the PCR product SP26 shows highest homology to 
the GA 20-oxidase genes of pumpkin and A. tkaliana, it was 
used for screening a AZAPII cDNA library of spinach. A 
total of 5 X 10' recombinant phage plaques from the cDNA 
library were screened with 32P-labeled SP26 by hybridiza- 
tion at high stringency. Five positive clones were recovered 
from this screening. Restriction endonuclease digestion 
showed that these clones contained inserts of about 1.5 kb. 
Sequence analysis indicated that two of them were identi- 
cal and were designated pSPC261. Complete sequence 
analysis of pSPC261 confirmed it to be a full-length cDNA 
(Fig. 3). The other three clones were found to be chimeric, 
with 770 bp of the 3' region of pSPC261 being fused to an 
unrelated cDNA fragment. 

To investigate the copy number of pSPC261 genes in the 
spinach genome, a 32P-labeled pSPC261 DNA probe was 
hybridized at high stringency to total spinach genomic 
DNA that had been digested with EcoRI, HindIII, NkeI, and 
SpeI restriction enzymes (Fig. 4). A single band was ob- 
served in each lane, indicating that the pSPC261 gene is 
probably present as a single locus in the spinach genome. 

The deduced amino acid sequence of pSPC261 shares 52 
and 65% identity with the pumpkin GA 20-oxidase and 
GA5 of A. tkaliana, respectively (Fig. 5). Thus, pSPC261 may 
encode a GA 20-oxidase. The open reading frame of 
pSPC261 encodes a putative 43-kD protein of 374 amino 
acid residues. This agrees with the estimated molecular 
masses of partially purified GAS3-oxidase and GA,,-oxi- 
dase from spinach leaves by gel-filtration HPLC, which are 
in the range 38 to 43 kD (Gilmour et al., 1987). GA 20- 
oxidase has been classified as a member of the family of 
2-oxoglutarate-dependent dioxygenases (Prescott, 1993; De 
Carolis and De Luca, 1994). The highly conserved consen- 
sus sequence N-Y-Y-P-X-C-X-X-P (residues 223-231 of 
pSPC261, Fig. 3), which is proposed to be involved in the 

p16 RLNYYPTCDRPWVLGTGPHTDPTSVTXLHQDPVSG. -LQVCSNDQ.WSZPPNPEAFVXNIGDTF 
SP149 MSgDRFVLaTQPHSDRSALTILHQEE.G4..CFQVW.DQ.RSSIPLIPVAGVf 
SP167 CPRPDLVLGLSPHSDGSllLTfLQQKE.GGSVGLQfrLK.D~XVSIIPIPGALW 
SP2 6 CQKPELTLGTGPHCDPTSLTILHQDHVGG. ..LEVFV.DQKrWSIRPNQXAFW 

Figure 2. Predicted amino acid sequence of PCR products (SP149, SP167, and SP26) amplified from spinach genomic DNA, 
using degenerate primers J Z l 6  and JZl7 .  Amino acids of the CA 20-oxidase from pumpkin ( p l 6 )  that are conserved in the 
PCR products are shaded. 

 www.plantphysiol.orgon July 18, 2019 - Published by Downloaded from 
Copyright © 1996 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


550 Wu et al. Plant Physiol. Vol. 110, 1996

ACCTCCATTTTCCTAACAAAGCTAGCTTAATTGGCTTCAAACCAACAAAAA
1 ATGATOCAACCACTTCTTACCATTCCACCACCACTTCCAACAACCTCATTG
1 M M g P L L T I P P P L P T T S L

5 2 TTTOATACATCATTTCTTAAACAIGAAOATAACATACCAAOCCAATTIATA
1 8 F D T S F L K H E D N I P S Q F I

103 TGGCCAGATGATGAAAAACCATGCTCGGAAACGCCTCCAGAGCTCGAGGTA
3 5 W P D D E K P C S E T P P E L E V

154 CCTCCCATTGATCTAGGGGGGTTCCTCTCAGGAGACCCAGTTGCAGTGTCA
5 2 P P I D L G G F L S G D P V A V S

205 AAGGCAACTACACTTGCCAATGAAGCATGCAAGTGGCATGGGTTCTTCTTG
6 9 K A T T L A N E A C K W H G F F L

256 ATTGTCAACCATGATATCTATTTCGAGCTCTTAGTTAAAGCTCATGAAGCT
8 6 I V N 8 D I Y F E L L V K A H E A

307 ATGGATTACTTTTTTAGTCAGCCGTTTTCCCAAAAACAAAAAGCTCTCAGG
1 0 3 M D Y F F S Q P F S Q K Q K A L R

358 AAACAAGGTGATCATTGTGGCTATGCTAGTAGCTTTCTTGGAAGATTTGCC
1 2 0 K Q G D H C G Y A S S F L O R F A

409 ACAAAACTTCCTTGGAAAGAGACTCTTTCCTTTCGATATTATGATGATGAT
1 3 7 T K L P W K E T L S F R Y Y D D D

460 GATGATAAGTCCTCAAAAAIGGTACAAAACTACATCTCCAACTTAATGGGG
1 5 4 D D K S S K M V Q N Y I S M L M O

511 ACTGACTTTCAAGAATTTGGGAGGGTGTACCAAGAATATTGIAAGGCTATG
1 7 1 T D F Q E F G R V Y Q E Y C K A M

562 AGCAAGTTGTCCCTTGGTATCATGGAGCTTTTGGGAATGAGCCTAGGAGTT
1 8 8 S K L S L G I M E L L G M S L G V

613 GGAAGAAACTATTTCAGGGAATTTTTCAAAGGGAATGACTCAATAATCAGA
2 0 5 G R N Y F R E F F K G N D S I I R

664 CTAAACTACTACCCGCCTTGCCAAAAACCCGAATTAACTCTTGGGACGGGG
222 L JT; T f P p C Q K ^ E L T L G T G

715 CCTCACTG1GATCCCACGTCGCTGACG ATTCTTCAICAAGATCATGTTGGT
2 3 9 P H C D P T S L T I L B Q D H V G

766 GGCCTTGAAGTCTTCGTCGACCAAAAATGGTACTCCATCCGTCCCAACCAG
2 5 6 G L E V F V D Q K W Y S I R P N Q

817 AAAGCATTTGTCGTCAACATTGGAGATACCTTCATGGCTTTGTCAAATGGG
2 7 3 K A P V V N I G D T F M A L S N G

868 AAATACAAGAGTTGCTTGCACAGGGCAGTGGIGAATAGCAAAACTCCTAGA
2 9 0 K Y K S C L B R A V V N S K T P R

919 AAATCAGTGGCTTTCTTTCTGIGTCCAAGGGGAAACAAAGTGATTCGTCCA
3 0 7 K S V A F F L C P R O N K V I R P

970 CCAATTGAGTTAGGGCATCCAAGGGTATACCCGGATTTTACATGGCCGCTT
3 2 4 P I E L G H P R V Y P D F T W P L

1021 CTTTTGGAGTTTACACAGAAACATTATAGGGCCGACACAAAAACTCTAGAT
3 4 1 L L E F T Q K H Y R A D T K T L D

1072 TCTTTTACAAAGTGGCTTCAAAAGAGATCAACTGAAGACGAGCGAGIAAAG
3 5 8 S F T K W L Q K R S T E D E R V K

1123 TAAAACCATGCAACAGCAACAGCAACAGCAACAGCAACAGCAGCACGCAAA
*

OOACATACATGTAAAAACATGATGCACTCGTTATAGAAAAOCATTOTACTC
CGTATATGAATTGAAGAGACAAAAGGGTGCCAATTGAAGTTAOCIAAAG6A
TCGATCTGATTAAA1TACAACTGAAGCACCGCTGTTGG

Figure 3. Nucleotide sequence of CA 20-oxidase cDNA pSPC261
and predicted amino acid sequence. Shaded residues are highly
conserved in 2-oxoglutarate-dependent dioxygenases, except for the
sequence L-P-W-K-E-T (residues 139-144), which is conserved only
in GA 20-oxidases (see text).

A. thaliana (Lange et al., 1994; Phillips et al., 1995; Xu et al.,
1995). Since this motif is highly conserved in all of the
GA 20-oxidases reported but diversified in other 2-
oxoglutarate-dependent dioxygenases, it was proposed
that this motif may be important for the GA substrate
binding (Xu et al., 1995).

Heterologous Expression in E. coli

To confirm that the pSPC261 clone encodes a GA 20-
oxidase, the function of its encoding protein was analyzed
by expression in E. coli. The pSPC261 clone was inserted, in
sense orientation and in frame, in the pBluescript SK+

vector (Stratagene) and maintained in a bacterial host, E.
coli strain DH5a. Protein extracts containing the pSPC261
insert were assayed for GA 20-oxidase activity by using
[14C]GA53 and [14C]GA19 as substrates, and the reaction
products were separated by HPLC (Fig. 6). The expression
product of pSPC261 was able to convert [14C]GA53
to [14C]GA44, [14]GA19, and [14C]GA20 (Fig. 6B). When
[14C]GA19 was used as a substrate, the major product was
[14C]GA20, and [14C]GA17 was a minor product, never
amounting to more than 5% of the total radioactivity re-
covered (Fig. 6D). All products were identified by their
full-scan mass spectra and retention times from GC-MS
analysis. No enzyme activity was detected in protein
extracts from E. coli DH5a containing pBluescript SK+

with the pSPC261 insert in antisense orientation (Fig. 6, A
and C).

Effect of Daylength on GA Levels in Spinach

The major GAs of spinach belong to the early-13-hy-
droxylation pathway (Talon et al., 1991b). It was shown
earlier that of these GAs only GA^ is active per se (Zeevaart
et al., 1993). No evidence has been obtained for qualitative
differences in GA composition between spinach plants
growing as rosettes in SD and bolting plants in LD condi-

1 2 3 4

" V.;
!*•*!»

-23.1 kb

- 9.4 kb

- 6.6 kb

- 2.3 kb

binding of the co-substrate, 2-oxoglutarate, is conserved in
the spinach putative GA 20-oxidase. The three His residues
(His89, His240, and His296 of pSPC261), which may be in-
volved in the binding of Fe2+, are also conserved. In addi-
tion, the sequence L-P-W-K-E-T (residues 139-144 of
pSPC261, Fig. 5) in the putative spinach GA 20-oxidase is
also conserved in the GA 20-oxidases of pumpkin and

Figure 4. Genomic Southern blot analysis of pSPC261. Spinach
genomic DMA (approximately 10 ng) was digested with Nhe\ (lane
1), Spel (lane 2), Hmdlll (lane 3), or fcoRI (lane 4) and then fraction-
ated by agarose gel electrophoresis and transferred to a nylon mem-
brane, where it was hybridized with the 32P-labeled spinach GA
20-oxidase cDNA insert of pSPC261. www.plantphysiol.orgon July 18, 2019 - Published by Downloaded from 
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pSPC2 6 1 

:i: 

:i: 

:i: 

:i: 

:i: 

pSPC261 

pSPC261 

pSPC2 61 

pSPC2 61 

pSPC261 

P16 
GA5 
pSPC261 

:i: 
pSPC2 6 1 

HTDPTSVTIL HQDPVSGLQV CSNDQWYSIP PNPEAFVINI GDTFTSLTNG 292 
HCDPTSLTIL HQDHVNOLQV FVENQWRSIR PNPKAFVVElf ODTFMALSND 296 
HCDPTSLTIL HODHVGOLEV PVDQKWYSIR PXVQKAPwblI QDTFMALBNO 289 

5220 5216 

VE KSP 
LD SIT 
.G H.. 

KWPMLLEM.Q KRYRPDCNTL EAFKTWVQEG KALDTGSTIT APSA 386 
TWSMFLEFTQ KHYRADMNTL QAFSDWLTKP I.............. 377 
TWPLLLEFTQ KHYRADTKTL DSFTKWLQKR STEDERVK....... 374 

Figure 5. Sequence alignment of the deduced amino acid sequence of the cDNA clone pSPC261 with amino acids from the 
CA 20-oxidases from pumpkin (p16) and A. thaliana (GA5). ldentical amino acids within the sequences are shaded. The 
amino acids underlined indicate the regions used in the design of the degenerate primers 1214, JZl5 ,  JZ16, JZ17, JZ19, and 
1220. 

tions. However, levels of most of the GAs are greatly 
affected by the photoperiod. Transfer of spinach plants 
from SD to LD conditions caused an increase in GAs of the 
early-13-hydroxylation pathway, with GA,,, GA,, and GA, 
showing the largest increases (see table 6 in Zeevaart et al., 
1993). 

Previous studies have established that more ent-kaurene 
is produced in petioles of spinach leaves than in the blades 
(Zeevaart and Gage, 1993). In the present study, we as- 
sessed the distribution of GAs in various organs of spinach 
(Table I). However, these data do not necessarily represent 
in situ GA biosynthesis, since transport from other sites of 
biosynthesis may have taken place. Nevertheless, on a dry 
weight basis, petioles had higher GA levels than their 
corresponding blades, and GA,,, a substrate for GA 20- 
oxidase, decreased in a11 parts, except in the shoot tips, 
after plants were transferred from SD to LD conditions. 
There was also a striking increase in the GA,, content 
following LD treatment and to a lesser extent in the levels 
of GA, and GA,. The highest GA contents were present in 
the shoot tips, the site where GA causes cell division prior 
to stem elongation (Talon et al., 1991a). Thus, the GA levels 
in spinach are highest in organs that undergo rapid elon- 
gation (petioles) and cell division (apex plus subapical 
meristems) in LD conditions. The increase in GA, under 
LD conditions, particularly in the subapical meristem, is 
most likely the primary cause of subsequent stem elonga- 
tion in spinach. 

Effect of Daylength on CA 20-Oxidase Cene Expression 

The expression patterns of GA 20-oxidase mRNA in 
different plant parts and their relationship to the photope- 
riod were investigated. Plants grown in the SD condition 
were placed in the LD condition for 14 d. Northern blots of 
poly(A)+ RNA extracted from shoot tips, stems, and blades 
and petioles of young leaves of spinach grown in SD and 
LD conditions were probed with 32P-labeled spinach GA 
20-oxidase cDNA pSPC261 (Fig. 7). An mRNA species of 
about 1.5 kb was identified that was of low abundance 
relative to actin mRNA, except in stems, where its abun- 
dance was similar to that of actin. Expression of GA 20- 
oxidase in leaf blades was too low for a reliable comparison 
of mRNA levels between SD- and LD-grown plants. The 
highest leve1 of expression was in stems, and moderate 
levels of expression were also observed in shoot tips and 
petioles of plants grown in LD conditions. The GA 20- 
oxidase was expressed at significantly lower levels in shoot 
tips and petioles of plants grown in SD than in those in LD 
conditions (Fig. 7). Thus, the accumulation of GA 20-oxi- 
dase mRNA in the organs that undergo rapid elongation 
(petioles) and cell division (shoot tips) in LD conditions 
coincides with their high GA levels. 

When plants grown in the SD condition were placed in 
the LD condition for increasing periods, a substantial in- 
crease in the levels of GA 20-oxidase mRNA in the shoot 
tips was detected (Fig. 8A). Conversely, when plants were 
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transferred to the SD condition after exposure to 8 long 
days, the levels of GA 20-oxidase mRNA decreased signif- 
icantly (Fig. 8B). These results are consistent with the ob- 
servation that the activities of the enzymes oxidizing GA,, 
and GA,, are increased in LD and decreased in SD condi- 
tions (Gilmour et al., 1986). 

Plants exposed to 16 long days were placed in darkness 
and harvested 24 h later. Levels of GA 20-oxidase mRNA 
were determined in shoot tips, stems, and young leaves. A 
decrease of about 2-fold in the leve1 of GA 20-oxidase 
mRNA in stems and shoot tips was observed after this 
transfer (Fig. 9). This agrees with the previous findings that 

A 
i !  
C ( i 9  

18 2; 3k b 15 25 35 
Retention time, min. 

Figure 6 .  HPLC profiles of radiolabeled products from incubations of 
[14C]GA5, and ['4C]GA,, with protein extracts from transformed E. 
coli that express pSPC261 as a fusion protein, either in sense (B and 
D) or in antisense (A and C) orientation. Substrates and products were 
identified by full-scan CC-MS as the methyl ester trimethylsilyl 
ethers. with GA,, as substrate (A and B), characteristic m/z ions 
(percentage of relative abundance) for GA,,: 456 (31 1, 448 (491, 424 
(1 3), 41 6 (1 6), 395 (20), 389 (31 ), 209 (1 001, 207 (89); for GA,,: 440 
(24), 432 (56), 379 (7), 373 (161, 240 (21), 238 (34), 209 (61), 207 
(100); for CA,,: 442 (23), 434 (36), 410 (8), 402 (14), 381 (13), 380 
(1 2), 375 (1 9), 374 (22); for GA,,: 426 (34), 41 8 (1 00), 381 (1 9), 375 
(53), 365 (6), 359 (1 6), 307 (61, 301 (1 3),  209 (1 7), 207 (32). with 
GA,, as substrate (C and D), characteristic m/z ions (percentage of 
relative abundance) for GA,,: 442 (100), 434 (99), 410 (351, 402 
(33), 381 (50), 380 (52), 375 (51), 374 (55); for GA,,: 426 (92), 418 
(1 OO), 381 (66), 375 (60), 365 (201, 359 (1 8), 307 (1 91, 301 (1 6), 209 
(46), 207 (41); for CA,,: 500 (40), 492 (39), 468 (30), 460 (26), 441 
(18), 433 (24), 409 (18), 401 (14), 379 (18), 373 (211, 253 (21), 251 
(20), 210 (100), 208 (77). 

Table 1. Comparison of GA levels in different organs ofspinach in 
the SD condition and after 8 long days 

Spinach plants were grown in the continuous SD condition or had 
received 8 long days at the time of harvest. The different parts were 
harvested as  described earlier (Zeevaart and Gage, 1993), and levels 
of GAs were determined by GC-MS-selected ion monitoring, using 
stable isotope interna1 standards (Talon et al., 1991 b). 

Plant Part GA,, CA,, CA,, CA,, CAI GA, 

Mature leaves 
Blades 

SD 
LD 

Petioles 
SD 
LD 

Blades 
SD 
LD 

Petioles 
SD 
LD 

(1.5-1 0 cm)  

lmmature leaves 

Young leaves' 

SD 
LD 

SD 
LD 

Shoot tipsb 

5 
1 

42 
14 

7 
1 

44 
13 

28 
1 2  

39 
53 

2 
1 

9 
18 

2 
2 

12  
32 

8 
30 

17 
80 

ng g- ' dry wt 

18 
9 

76 
148 

13 
18 

49 
104 

1 o1 
98 

108 
21 3 

3 
1 1  

3 
47 

4 
22 

4 
40 

5 
86 

4 
62 

2 36 
2 167 

3 70 
3 712 

3 25 
4 126 

4 119 
6 860 

10 46 
14 655 

12  188 
35 1266 

- 

a Blades and petioles not separated. Upper part of roots 
incl uded. 

the activities of GA,,- and GA,,-oxidizing enzymes de- 
creased when plants were transferred from LD conditions 
to darkness (Gilmour et al., 1986). 

DI SCUSSl ON 

The deduced amino acid sequence of the full-length 
cDNA pSPC261 shares high homology with GA 20-oxi- 
dases from pumpkin and A. tkaliana. This strongly suggests 
that pSPC261 is a GA 20-oxidase cDNA from spinach. More 
direct evidence comes from the heterologous expression of 
this cDNA in E. coli. The fusion protein of spinach GA 
20-oxidase was able to catalyze the biosynthetic sequence 
GA,,+ GA,,+ GA,,+ GA,, and GA,,+ GA,,. This es- 
tablishes that in spinach, as in pumpkin (Lange et al., 1994; 
Zeevaart et al., 1994) and A. tkaliana (Phillips et al., 1995; Xu 
et al., 1995), a single protein catalyzes the multiple steps of 
oxidation and elimination of C-20 (Fig. 1). 

The reaction catalyzed by the heterologous expression 
product of pSPC261 produced the major end product GA,,, 
as well as a small amount of GA,,. The expression products 
of A. thaliana GA 20-oxidase cDNAs also produced mainly 
GA,, (Phillips et al., 1995; Xu et al., 1995). In plants, GA,, 
is readily converted by 3P-hydroxylation to the bioactive 
GA,, whereas GA,, is biologically inactive. The production 
of GA,, as the major product thus ensures the synthesis of 
GA, that is necessary for petiole and stem elongation in 
these two rosette plant species. In contrast, the recombi- 
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Figure 7. Relative abundance of GA 20-oxidase mRNA in different
parts of spinach plants grown in SD and LD conditions. Poly(A)+

RNA was probed with 32P-labeled spinach CA 20-oxidase cDNA
insert of pSPC261. The RNA was isolated from various parts of plants
grown in the SD condition or from plants that were exposed to 14
long days. In the case of plants in the LD condition, "Tips" included
the upper 1 cm and "Stems" the next 1 to 2 cm of the elongating
stems.
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Figure 9. Effect of 24 h of darkness on CA 20-oxidase gene expres-
sion in spinach. Poly(A)+ RNA was isolated from young leaves,
stems, and shoot tips of plants grown in the LD condition for 16 d and
from plants that were transferred from the LD condition to darkness
after 24 h in darkness.

nant enzyme of pumpkin yielded GA]7 as the major prod-
uct (Lange et al., 1994; Xu et al., 1995). The spinach GA
20-oxidase is, therefore, similar to the enzymes of A. thali-
ana but different from the enzyme of pumpkin. Since the
cDNA clone of the pumpkin GA 20-oxidase was isolated
from immature seeds, and there is evidence that it is ex-
pressed only in the developing seeds and not in vegetative
tissues, it was suggested that a different enzyme (or en-
zymes) may be involved in the production of biologically
active GAs in vegetative tissues of pumpkin (Phillips et al.,
1995).

Previous studies in this laboratory have established that
the activities of GA53- and GA19-oxidase, catalyzing the
first and the third oxidation at C-20 (Fig. 1), are light
dependent, whereas GA44-oxidase, which catalyzes the sec-
ond step, is not (Gilmour et al., 1986). Likewise, the Semi-
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GA 20-oxidase

Actin

Figure 8. Effect of daylength on CA 20-oxidase gene expression in
spinach. A, Poly(A)+ RNA was isolated from shoot tips of plants
grown in the SD condition and from plants that had received 2, 4,
and 8 LD treatments. B, Poly(A)+ RNA was isolated from shoot tips of
plants grown in the SD or 8 LD conditions and from plants that were
exposed to 8 long days and then transferred to the SD condition, after
2 and 5 short days.

dwarf ga5 mutant of A. thaliana, which has a point mutation
resulting in a truncated GA 20-oxidase protein (Xu et al.,
1995), appears to be blocked only at the first and the third
steps of GA 20-oxidase activity (Talon et al., 1990). Further-
more, GA53-oxidase and GA19-oxidase activities could be
separated from GA44-oxidase activity by anion-exchange
HPLC (Gilmour et al., 1987). Hence, these earlier findings
appear to be in conflict with the current results that all
three reactions are catalyzed by one enzyme with a single
active site. Therefore, we have to consider the possibility
that there are two enzymes that can convert GA44 to GA19:
the multifunctional GA 20-oxidase that catalyzes the se-
quential oxidation at C-20 and a second enzyme catalyzing
a single step, namely the conversion of GA44 to GA19. A
similar case was reported for Neurospora crassa in which the
methyl group of thymine is successively oxidized to hy-
droxymethyl, formyl, and carboxyl by a single 2-oxoglu-
tarate-dependent dioxygenase. However, for the last step,
there is an additional enzyme that is not dependent on
2-oxoglutarate (Liu et al., 1973).

There is considerable evidence indicating that the steps
catalyzed by GA 20-oxidase are important, regulatory steps
in GA biosynthesis. In maize seedlings, it was found that
bioactive GAs regulate their own biosynthesis through
control of GA 20-oxidase activity (Hedden and Croker,
1992). The gal and ga5 mutants of A. thaliana, which have
low levels of endogenous GAs (Zeevaart and Talon, 1992),
accumulate high levels of GA 20-oxidase mRNA compared
with wild-type plants (Phillips et al., 1995; Xu et al., 1995).
In addition, expression of three GA 20-oxidase genes in
flower buds and pedicels of the gal-2 mutant of A. thaliana
was considerably reduced after application of GA3 (Phillips
et al., 1995). These findings support the view that bioactive
GAs may control their own synthesis through a negative
feedback mechanism on the mRNA level of the GA 20-
oxidase genes.  www.plantphysiol.orgon July 18, 2019 - Published by Downloaded from 
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As described previously, the conversions of GA,,+ 
GA,, and of GAlg+ GA,, are regulated by the photoperiod 
(Gilmour et al., 1986; Zeevaart et al., 1990). Measurement of 
GA levels indicated that transfer of spinach plants from SD 
to LD conditions caused an increase in all GAs of the 
early-13-hydroxylation pathway except GA,,, with GA,,, 
GA,, and GA, showing the largest increases. This corre- 
lates well with the increases of GA,,-oxidase and CAI,- 
oxidase activities (Gilmour et al., 1986; Zeevaart et al., 
1990) and is compatible with the idea that in spinach the 
flow through the GA biosynthetic pathway is much en- 
hanced by long photoperiods. An increase in the later GAs 
of the early-13-hydroxylation pathway in long photoperi- 
ods also suggests that light may regulate other step(s) in 
the GA biosynthetic pathway in addition to the steps cat- 
alyzed by GA 20-oxidase (Metzger and Zeevaart, 1982; 
Talon et al., 1991b; Zeevaart and Gage, 1993). 

Studies of the expression of GA 20-oxidase in spinach 
plants indicate that there is a significantly higher leve1 of 
GA 20-oxidase mRNA in plants grown in LD conditions 
than in those in SD conditions (Figs. 7 and 8). When spin- 
ach plants were transferred from the SD to the LD condi- 
tion for up to 8 d, an increase in GA 20-oxidase mRNA 
abundance was observed, which parallels the increase in 
GA,, and GA, levels. If the steps catalyzed by GA 20- 
oxidase are rate limiting for GA biosynthesis, then in- 
creases in GA 20-oxidase transcription and / or mRNA sta- 
bility, as well as in enzyme activity, will lead to an increase 
in the GA,, content and subsequently in the GA, content 
(assuming GA,,+ GA, is not a rate-limiting step), with 
GA, being the effector of stem elongation. Conversely, 
when spinach plants grown in the LD condition were trans- 
ferred to the  SD condition or darkness for 24 h, there was 
a decrease in GA 20-oxidase mRNA (Figs. 8B, 9). In addi- 
tion, posttranscriptional regulation is likely, since GA 20- 
oxidase mRNA was still detectable after plants had been in 
darkness for 24 h (Fig. 9), whereas enzyme activity de- 
creased rapidly during the first 8 h in darkness (Gilmour et 
al., 1986). 

ACKNOWLEDGMENT 

We would like to thank Dr. Yun-Ling Xu for help and valuable 
comments concerning the manuscript. 

Received August 21, 1995; accepted November 16, 1995. 
Copyright Clearance Center: 0032-0889/96/ 110/0547/08. 
The GenBank accession number for the spinach sequence reported 

in this article is U33330. 

LITERATURE CITED 

De Carolis E, De Luca V (1994) 2-Oxoglutarate-dependent dioxy- 
genase and related enzymes: biochemical characterization. Phy- 
tochemistry 36: 1093-1107 

Dellaporta SL, Wood J, Hicks JB (1983) A plant DNA miniprepa- 
ration, version 11. Plant Mo1 Biol Rep 1: 19-21 

Gilmour SJ, Bleecker AB, Zeevaart JAD (1987) Partia1 purification 
of gibberellin oxidases from spinach leaves. Plant Physiol 85: 

Gilmour SJ, Zeevaart JAD, Schwenen L, Graebe JE (1986) Gib- 
berellin metabolism in cell-free extracts from spinach leaves in 
relation to photoperiod. Plant Physiol 82: 190-195 

87-90 

Hedden P, Croker SJ (1992) Regulation of gibberellin biosynthesis 
in maize seedlings. In CM Karssen, LC Van Loon, D Vreugden- 
hil, eds, Progress in Plant Growth Regulation. Kluwer Aca- 
demic, Dordrecht, The Netherlands, pp 534-544 

Johnson BH, Hecht MH (1994) Recombinant proteins can be iso- 
lated from E.  coli cells by repeated cycles of freezing and thaw- 
ing. Biotechnology 12: 1357-1360 

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 

Liu C-K, Hsu C-A, Abbott MT (1973) Catalysis of three sequential 
dioxygenase reactions by thymine 7-hydroxylase. Arch Biochem 
Biophys 159: 180-187 

Metzger JD, Zeevaart JAD (1982) Photoperiodic control of gib- 
berellin metabolism in spinach. Plant Physiol 69: 287-291 

Phillips AL, Ward DA, Uknes S, Appleford NEJ, Lange T, Huttly 
AK, Gaskin P, Graebe JE, Hedden P (1995) Isolation and ex- 
pression of three gibberellin 20-oxidase cDNA clones from Ara- 
bidopsis. Plant Physiol 108: 1049-1057 

Prescott AG (1993) A dilemma of dioxygenases (or where bio- 
chemistry and molecular biology fail to meet). J Exp Bot 44: 

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular Cloning: A 
Laboratory Manual, Ed 2. Cold Spring Harbor Laboratory Press, 
Cold Spring Harbor, NY 

Strommer J, Gregerson R, Vayda M (1993) Isolation and charac- 
terization of plant mRNA. In BR Glik, JE Thompson, eds, Meth- 
ods in Plant Molecular Biology and Biotechnology. CRC Press, 
Boca Raton, FL, pp 49-66 

Talon M, Koornneef M, Zeevaart JAD (1990) Endogenous gib- 
berellins in Arabidopsis thalinna and possible steps blocked in the 
biosynthetic pathways of the semidwarf gn4 and ga5 mutants. 
Proc Natl Acad Sci USA 8 7  7983-7987 

Talon M, Tadeo FR, Zeevaart JAD (1991a) Cellular changes in- 
duced by exogenous and endogenous gibberellins in shoot tips 
of the long-day plant Silene armeria. Planta 185: 487493 

Talon M, Zeevaart JAD (1992) Stem elongation and changes in the 
levels of gibberellins in shoot tips induced by different photo- 
periodic treatments in the long-day plant Silene armeria. Planta 
188: 457461 

Talon M, Zeevaart JAD, Gage DA (1991b) Identification of gib- 
berellins in spinach and effects of light and darkness on their 
levels. Plant Physiol 97: 1521-1526 

Xu Y-L, Li L, Wu K, Peeters AJM, Gage DA, Zeevaart JAD (1995) 
The GA5 locus of Arabidopsis tkaliuna encodes a multifunctional 
gibberellin 20-oxidase: molecular cloning and functional expres- 
sion. Proc Natl Acad Sci USA 92: 6640-6644 

Zeevaart JAD (1971) Effects of photoperiod on growth rate and 
endogenous gibberellins in the long-day rosette plant spinach. 
Plant Physiol 47: 821-827 

Zeevaart JAD, Gage DA (1993) ent-Kaurene biosynthesis is en- 
hanced by long photoperiods in the long-day plants Spinncin 
oleracea L. and Agrostemma githugo L. Plant Physiol 101: 25-29 

Zeevaart JAD, Gage DA, Talon M (1993) Gibberellin A, is re- 
quired for stem elongation in spinach. Proc Natl Acad Sci USA 

Zeevaart JAD, Li L, Schwartz S, Trai1 S, Xu Y-L (1994) Envi- 
ronmental control of plant development and its relation to 
plant hormones. l n  MSU-DOE Plant Research Laboratory An- 
nua1 Report 1993. Michigan State University, East Lansing, pp 

Zeevaart JAD, Talon M (1992) Gibberellin mutants in Arabidopsis 
thnliana. In CM Karssen, LC Van Loon, D Vreugdenhil, eds, 
Progress in Plant Growth Regulation. Kluwer Academic, Dor- 
drecht, The Netherlands, pp 34-42 

Zeevaart JAD, Talon M, Wilson TM (1990) Stem growth and 
gibberellin metabolism in spinach in relation to photoperiod. In 
N Takahashi, BO Phinney, J MacMillan, eds, Gibberellins. 
Springer, Berlin, pp 273-279 

849-861 

90: 7401-7405 

124-130 

 www.plantphysiol.orgon July 18, 2019 - Published by Downloaded from 
Copyright © 1996 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org



