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Molecular Cloning and Structural Analysis of the Cucumber (Cucumis 
sativus L) Phosphoenolpyruvate Carboxykinase (C'sPC'K) Gene 

Dae-Jae Kim* 
School of Science Education, College of Education, Chungbuk National University, Chungbuk 361-763, Korea 

Genomic sequence of the ATP-dependent phosphoenolpyruvate carboxykinase (CsPC'K) gene has been determined 
first from cucumber. Several putative clones were isolated in three rounds of genomic library screening with desig- 
nated cDNA probes. These clones were analyzed via restriction digests, Southern hybridization, and nudeotlde 
sequencing to ascertain the structure of the CsPCK gene. Analysis of a selected positive clone (~scpk-4A) demon- 
strated that this gene consists of 13 exons and 12 intronsp spanning 9 kb in the cucumber genome. Exon 1 contains 
only 23 nucleotldes of the 5'.noncoding re ,  on of cucumber PCK cDNA, whereas Exon 2 comprises 12 nucleotides of 
the 5'-noncoding re,  on with an N.termlnal PEPCK coding sequence. All the exon.intron junction sequences agree 
with the GT/AG consensus, except for the 5 donor site of Intron 7, where GC replaces the GT consensus. As with rice 
(Or)rza sat/va), cucumber contains only one copy of the CsPC'K gene in its haploid genome. The overall number of 
exons and the structure of this gene are similar to those for both Arabidopsis Chromosome 4 (At84)/~K land the rice 
PCK genes, which contain 13 and 12 exons, respectively. Two additional Arabldopsis PC'/(" genes can be found in the 
fifth chromosome (Ate), which contains 9 exons and B introns (with 628 and 670 amino acidsp respectively) of the 
pFPCK peptide. The CsPC'K gene promoter has conserved plant-specific c/s-acting elements within 2 kb of the 5' flank- 
ing re~)n. Several common c/s-acting elements of the isocitrate lyase (ic/) and malate synthase (ms) gene promoters, 
identified in the CsI~K gene, are responsible for the sugar response during plant development, especially at germi- 
nation. These conserved elements are discussed here. 
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The ATP-dependent enzyme, phosphoeno/pyruvate 
carboxykinase (PEPCK or PCK; EC 4.1.1.49), catalyzes 
reversibly (PEP ~ oxaloacetate) in the gluconeogenic 
pathway during the early phase of germination, pro- 
ceeding from lipids to sugars in C3 oil-seed species (e.g., 
cucumber, pumpkin, watermelon, and Arabidopsis) 
(Thomas and Rees, 1972; Trevanion et al., 1995). 
Together with glyoxysome-specific isocitrate lyase (ICL) 
and malate synthase (MS), PEPCK is synthesized and 
accumulated rapidly in the cotyledons for a few days 
immediately after imbibition (Kim and Smith, 1994). 
Afterward, gene expression is strongly repressed when 
photosynthesis begins in those tissues. Nevertheless, 
small amounts of PEPCK proteins still can be detected 
via western blot analysis in green leaves and developing 
roots. Furthermore, both transcripts and the proteins 
of cucumber PEPCK reappear in senescing cotyledons 
and leaves as nutrients are recycled (Graham et al., 
1992; Kim and Smith, 1994). During this second phase 
of activity, lipids can be converted to carbohydrates 
via the glyoxylate cycle and gluconeogenesis in order 
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to supply energy and source molecules. 
The role of PEPCK appears to be more complex in C4 

species than in C3 plants because enzymes in the former 
are involved in carbon, sulfur, and nitrogen metabolisms 
(Edwards et al., 1971; Gervvick and Black, 1979; Hatch, 
1997). PEPCK is a component of the C4 carbon-con- 
centrating cycle in one subgroup of C4 grasses as well 
as a wide range of CAM plants. Although this C4 PEPCK 
has been extensively investigated per its physiological 
and molecular aspects, no complete genomic analysis 
has been conducted for its related genes (Finnegan and 
Burnell, 1995; Finnegan et al., 1999; Furumoto et al., 
1999). 

It is not surprising that amino acid sequences are 
dissimilar between C3 and C4 plants because different 
developmental processes and cell types are involved 
in each (Tsuyoshi et al., 1999). For example, in the C4 
grass Urochloa panicoides, four PCK genes are differ- 
entially expressed-- PCKI and PCK2 in the photosyn- 
thesizing leaves versus PCK3 and PCK4 predominantly 
in the developing roots (Finnegan et al., 1999). Nev- 
ertheless, high levels of activity for C4 enzymes have 
also been detected in subtype C3 plants (Hibberd and 
Quick, 2002). In particular, PEPCK activity has been 

231 



232 Dae-Jae Kim J. Plant Biol. Vol. 46, No. 4, 2003 

shown to be 9-fold higher in the cells surrounding the 
xylem and phloem than in the leaves of tobacco. This 
clearly indicates that some C4-1ike biochemical path- 
ways are associated with photosynthesis in C3 species. 
Therefore, the role of PEPCK may be more complex in 
those plants, requiring further physiological and bio- 
chemical studies to elucidate the function of decar- 
boxylation enzymes and corresponding genes. 

The primary structure of ATP enzymes is homologous 
to the ATP-dependent PEPCK found in bacteria, yeast, 
trypanosomes, and plants (Kim and Smith, 1994). 
However, those enzymes share little similarity in their 
primary structure with the GTP-dependent PEPCK 
enzymes from animals, which catalyze the first com- 
mitted step in gluconeogenesis (Utter and Kolen- 
brander, 1972; Kim and Smith, 1994). C4 plant genes 
for PEPCK have been cloned and partially sequenced 
from U. panicoides (Finnegan et al., 1999). Genome- 
sequencing projects have demonstrated three complete 
PCK gene sequences from Arabidopsis thaliana (Acces- 
sion nos. AL021684, NP_680468, and ALl 61592) as well 
as a single PCK gene sequence (AC099325) from rice 
(Oryza sativa). 

We have previously used Southern blot analysis to 
theorize that the cucumber genome contains a single 
copy of the PCK gene, and have also reported a cDNA 
clone for the 74-kD subunit of PEPCK (Kim and Smith, 
1994). A mature form of this subunit has now been 
purified from cucumber (Kim and Smith, 1994; Walker 
and Leegood, 1995). Although the plant PEPCK enzyme 
plays a role in central metabolic processes for lipid 
mobilization and carbon metabolism in C3 species 
(Walker et al., 1999), little information is available on 
how the gene is organized and regulated in plant 
development. Though the Arabidopsis and rice PCK 
gene sequences have been opened to the public, their 
molecular structures have not been examined yet. 
Therefore, as a first step in evaluating the structural 
organization of this gene, we report here the isolation 
of the CsPCK gene from the cucumber leaf genomic 
library to determine its entire genomic structure and 
analyze its putative regulatory sequences. Our objective 
was to identify common cis-acting elements as they 
coordinate plant development in this species. 

MATERIALS AND METHODS 

Plant Material 

Seeds of cucumber (Cucumis sativus L.), were obtained 
from Heunong Jong Myo (Korea), then imbibed in 

sterile water at 4~ for 12 h and sown in wet vermic- 
ulite. The resultant plants were maintained in a growth 
chamber (LAB-LINE Instrument Inc. USA) at 25~ and 
70% humidity, with a 12-h photoperiod. The first emerg- 
ing leaves were collected for genomic DNA isolation 
approximately 10-14 d after seed imbibition, and 
were immediately frozen in liquid nitrogen. 

Bacterial Strains, Plasmids, and Media 

Bacterial plasmids were propagated (via pBlueScriptll) 
in an Escherichia coil XL-1 Blue MRF strain (Stratagene, 
USA). The phage was manipulated on E. coil strain 
XL-1/Blue MRA P2, following the manufacturers pro- 
tocol (Stratagene). A pBlueScriptll vector was used for 
subcloning and nucleotide sequencing of the cloned 
genomic DNA fragments. Bacteria were cultured with 
either LB broth or LB-containing agar. Competent 
cells were prepared with a SOB medium (Sambrook 
et al., 1989). 

Nucleic Acid Isolation 

We used a DNAeasy Plant Maxi Kit (Qiagen GmBH, 
USA) to extract genomic DNA from cucumber leaves. 
Phage DNA was purified with a Qiagen Lambda Mini 
Kit (Qiagen GmBH) after being propagated on an LB 
agar plate (Sambrook et al., 1989). The plasmid DNA 
isolation was carried out with a Plasmid Isolation Kit 
(Bioneer, Korea). A QIAEXII Gel Extraction Kit (Qiagen 
GmBH) was used to purify the DNA fragments from the 
agarose gel. We estimated the concentration of purified 
DNA at 260 nm with a UV spectrophotometer (Sun-ll 
Science, Korea). 

Construction of C, enomic DNA library and Screening 

A cucumber genomic library was constructed using the 
Lambda Fix II Vector Cloning System (Stratagene). The 
prepared genomic DNA was partially digested with 
Sau3AI enzyme (Roche, Switzerland). After agarose-gel 
electrophoresis, the fraction having the maximum den- 
sity of partially digested DNA (range of 10 to 30 kb) 
was chosen for a fill-in reaction on both ends of the 
partially digested genomic DNA fragments. This reaction 
was performed with a Ktenow Fill-In Kit (Stratagene). 
The filled-in genomic DNA fragments were then inserted 
into the Lambda Fix II vector, using T4 DNA ligase 
(Stratagene). After overnight ligation at 4~ the prod- 
ucts were in vitro-packaged with the Gigapack III Gold 
packaging extract (Stratagene). The phages were then 
used to infect the host E. coil cells. Titer of the initial 
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library was estimated to be 0.8 x 105 pfu ml -~. The initial 
library was amplified immediately and stored at -80~ 
as suggested by the manufacturer (Stratagene). 

We used standard procedures, according to the 
manufacturers instructions (Stratagene), to screen the 
genomic library. For the first screening of the CsPCK 
gene, approximately 5 x 10 s plaques were plated out 
on a pair of 24.5-cm-square Bio-assay dishes (Nunc, 
USA). The plaque lifts were prepared using a Hybond- 
N + membrane (Amersham Pharmacia Biotech, UK). 
Pre-hybridization and hybridization reactions were 
carried out in ECL gold buffer (Amersham Pharmacia 
Biotech). The ECL direct-labeled cDNA probe was 
added to the hybridization reaction buffer after 1 h of 
pre-hybridization at 42~ hybridization lasted for 16 h 
at 42~ The probes used to screen the genomic library 
were three different fragments of cucumber PCK cDNA 
(Fig. 2; Kim and Smith, 1994) that were prepared from 
pBRPCK-7A by restriction-enzyme treatments a-0.23- 
kb Pstl fragment, a 1.4-kb EcoRI/Xhol fragment, and a 
0.7-kb BamHI fragment (Fig. 2; Kim and Smith, 1994). 
The cDNA probes were applied to detect the relevant 
portion of the CsPCK gene. Washing was done first in 
5X SSC for 5 min at 55~ then three times in 0.5X 
SSC and 0.4% SDS for 15 min each at 55~ and, finally, 
twice in 2X SSC for 10 rain at room temperature. A 
hybridization signal was detected with ECL direct detec- 
tion reagents (Amersham Pharmacia Biotech). After the 
third round of genomic library screening, two putative 
clones were selected and named g.cspck-4A and 
Xcspck-11 B. 

Southern Blot Hybridization 

Purified cucumber genomic DNA and recombinant 
phage DNA were digested with restriction enzymes 
(Takara), separated on a 0.8% (w/v) agarose gel, and 
transferred onto a Hybond-H + membrane by capillary 
blotting (Sambrook et al., 1989). The blot was washed 
in 5X SSC for 1 rain and dried briefly on 3 MM paper 
0Whatman, USA). Afterward, the transferred DNA was 
fixed on the membrane by illumination for 40 sec at 
1.2 x I 0 r IJ.J/CM 2, using a UV cross-linker (UVP, USA). 
Labeling of the DNA probes was performed with the 
ECL Direct Nucleic Labeling System (Amersham Phar- 
macia Biotech). The labeled DNA was then added to 
the reaction buffer, and hybridization was carried out 
for 12 to 15 h at 42~ The membrane was washed 
three times at 55~ for 10 rain each, using 5X SSC 
containing 0.1% (w/v) SDS, and twice (10 min each) 
at room temperature with 0.5X SSC before detection. 
Hybridized signals were generated using ECL direct 

detection reagents (Amersham Pharmacia Biotech). 
They were then visualized by pre-flashed X-ray film 
(AGFA), with exposure ranging from 1 rain to overnight, 
depending on the strength of the signal from the first 
exposure. 

Subcloning and Sequencing of Phage DNA Carry- 
ing CsPCK 

Xc.spck-4A and kc.spck-11 B were propagated on Petri 
dishes (~ [5 cm) to near-confluence. The phages were 
then suspended in 5 ml of SM buffer, precipitated, 
and extracted (Sambrook et al., 1989). Purification was 
carried out with a Qiagen Lambda Mini Kit (Qiagen 
GmBH). The phage DNA was subcloned into the 
plasmid vector pBlueScriptll SK, according to standard 
procedures (Sambrook et al., 1989). Purified Xcspck- 
4A and Xcspck-11B DNA was digested with Sail, Sacl, 
and Notl, then fractionated on a 0.8% agarose gel and 
transferred to a Hybond-N + membrane for Southern 
blot hybridization. The DNA fragment that showed a 
positive signal was isolated from the gel and again 
subcloned into pBlueScriptll SK. Nucleotid e sequenc- 
ing of the DNA was conducted by ABI prism (Applied 
Bioscience, USA) at the Macrogen Co. (Korea). Plasmid 
subclones that carried a partial CsPCK gene were 
sequenced via primer-walking, using a CsPCK gene- 
specific internal primer and T7 and T3 primers (see the 
following section). This sequence was given the acces- 
sion number AF481231. 

Oligonucleotide Primers 

All primers were synthesized by the Bioneer Co. 
(Korea), except for T7 and T3, which were supplied by 
the Macrogen Co. The CsPCK gene-specific primers 
included: 5'- GGGTGAGTAATGGGTATTTATAAG - 3' 
(5 R-1 ); 5'-CCTGGACCATGGTTAAGTAAAACT-3' (5 R- 
2); 5'-AGATGGATGAAAGTI-GGTTTTAGC-3' (5R-3); 
5'-AAGTTACCTCCAATATTGTAACCT-3' (5 R-4) for the 
9-kb Sacl fragment subclone; 5'-GTAATTCTTCTTG- 
CITGTGATGCA-3' (3R-2); 5'-GCATTATCTCATGCCG- 
ATGCGCCA-3' (3R-1); 5'-AGATIGTGAATAGCAGA- 
I-I-CTGCT-3' (3F-2) for the 3.4-kb Sacl fragment sub- 
clone; 5'-ATCCACAAATGTCTFC-qqq-FAAATGGT-3' (2F- 
1); and 5'-ACGACAAAGGGTCATTCATAACGT-3' (2R- 
1) for the 3.0-kb Sacl fragment subclone. 

Computer Analysis of the DNA Sequences 

General analysis and an homology search of the 
sequenced DNA was carried out by BLAST (Altschul et 
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al., 1990). A comparative analysis was performed at the 
following web sites: NCBI (http://www.ncbi.nlm.nih. 
govlBLASTI~, CMSMBR (http:/Irestools.sdsc.edu/cmshp. 
html), and UK HGMP Resource Centre (http://www. 
hgmp.mrc.ac.uk). In addition, the TRES (http://biopor- 
tal. bic.nus.edu.sgltres/) comparative promoter analysis 
program, TRANSFAC (http:lltransfac.gbf.de/TRANSFAC/) 
eukaryotic promoter database, PlantCARE (http://oberon. 
rug.ac.be:8080/PlantCARE/index.html) plant promoter 
database, CMSMBR, and Cister (http://zalb.bu.edu) were 
used to locate c/s-acting elements in the promoter 
sequences. 

RESULTS 

Isolation of Cucumber CsPCK Genomic Clones 

In the first round of screening, the 5' end of the 
0.23-kb Pstl fragment (containing a 5' UTR with an 

Figure I .  Restriction enzyme digestion and Southern blot 
analysis for ~cspck-4A clone to examine restriction pattern 
and determine appropriate subcloning procedure. Phage 
DNA was purified and digested by Lambda Fix II vector 
unique restriction enzymes (Sac; Sacl, Sal; Sall and Not; 
Nod). DNA was size-fractionated on a 0.8% agarose gel (A), 
then Southern-blotted onto a Hybond-N § membrane for 
hybridization by three different ranges ofPCK cDNA probes, 
as in genomic library screening. Three sets of blots were 
hybridized in separate reactions, using 0.23 kb of labeled 
Pstl-digested cDNA fragments (B), 1.4 kb of EcoRl/Xhol- 
digested cDNA fragments (C), and 0.7 kb of BamHl-digested 
cDNA fragments (D) as probes. No/',/oil-digested DNA was 
included in Blot (D) since a well was not available on the 
agarose gel. M, 1-kb DNA ladder (Gibco-BRL), UN, undi- 
gested DNA. Three sized arrows represent relevant DN,A 
fragments with corresponding signals, which were hybrid- 
ized by designated cDNA probes. 

ORF for the 64 amino-acid portion of the N-terminal) 
was hybridized to membrane-bound phage DNA. The 
first probe produced 14 positive signals from about 5 x 
10 ~ pfu. After de-probing from the membrane, a second 
probe (1.4 kb of the EcoRllXhol fragment; Fig. 2), which 
spanned between the 5' end and the middle of the 
PCK cDNA, was hybridized to the same membrane. 
This second probe produced 36 positive signals, for a 
total of eight positive signals that overlapped from the 
two hybridization reactions. These double-hybridized 
positive plaques were used for second- and third-round 
screenings of the library. After the third round, two 
putative clones (i.e., Xcspck-4A and Xcspck-11 B) were 
chosen for further analyses. 

Based on restriction mapping and Southern blot 
analysis (Fig. 1 ), we had expected a 15.4-kb insert DNA, 
containing ~cspck-4A, to encompass the entire PCK 
gene. Instead, our restriction enzyme Sacl produced 
three fragments 9.0-kb, 3.4-kb, and 3.0-kb -- of insert 
DNA from Xc.spck-4A (Fig. IA). Moreover, applying the 
Sacl enzyme to kcspck-11 B produced 6.0-kb, 3.4-kb, 
and 2.8-kb inserts, without the 9-kb fragment found 
with ~c_spck-4A. Furthermore, the Sacl-digested Xcspck- 
11 B DNA did not show any hybridization signal from 
the first probe (0.23 kb Pstl cDNA). We later deter- 
mined that Xcspck-1 IB contained only a truncated, 
incomplete CsPCK gene (Fig. 2). Nevertheless, its DNA 
fragments were used in subcloning and partial sequenc- 
ing, and the plasmid subclones showed complete 
identity with the Xcspck-4A internal sequences from 
the 5' end of the second intron. Therefore, we believe 
that Xcspck-4A carries the complete cucumber CsPCK 
DNA sequence. 

Copy Number of the CsPCK Gene in Cucumber 

Southern blot analysis revealed simple patterns of 
hybridization signals, with a few minor bands in the 
Korean cucumber cultivar (Fig. 3). Selected Xcspck 
clones also manifested unique restriction patterns (data 
not shown). Partial sequencing of the subclones also 
showed complete homology with Xcspck-4A DNA. The 
number of restriction enzyme recognition sequences 
of the CsPCK gene entirely agreed with the number of 
bands found with our Southern blots. The full CsPCK 
gene sequences were entered into MBS SeqCUTTER 
(http://www.mbshortcuts.com) to identify known restric- 
tion enzyme recognition positions. Here, we found five 
EcoRI sites (at 2145, 2542, 7030, 7266, and 7405 bp 
from the 5' end), two each for/3amHI (5523 and 7236 
bp) and Hindlll (4404 and 7574 bp), but none for 
Xbal. We had previously suggested that the cucumber 
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Figure 2, Genomic organization of the CsPCK gene in cucumber. Schematic representation of physical map from overlapping 
genomic lambda clones cspck-11B and cspck-4A with Sacl and Sall recognition sites, according to the Southern hybridization in 
Fig. 1. Thick, straight lines indicate extension of the cucumber genomic DNA around CsPCK gene. Arrows with thick dashed 
lines show direction of DNA sequencing for subcloned genomic DNA fragments. Exons are indicated by thin broken lines. The 
pBRPCK-7A is a cucumber PCK cDNA (Kim and Smith, 1994) used for probe preparation. Reverse triangles represent cloning 
site in the Lambda Fix II vector (Stratagene), which contained unique Notl, Sacl and Sall sites. 

genome has a single copy of the CsPCK gene (Kim and 
Smith, 1994), a statement that was confirmed in our 
analyses in the current stud~ A The rice genome-sequenc- 
ing project has also demonstrated that a single copy of 
the PCK gene exists on Chromosome 10 of that species. 
This phenomenon may reflect a similar molecular 
structure between the two plant systems. Moreover, 
regulation of their CsPCK gene expression may be alike 
during development. 

Sequence and Organization of the CsPCK Gene in 
Cucumber 

We selected the Xcspck-4A clone for further analysis 
of the complete genomic sequence of the CsPC/< 
gene. Unique restriction enzymes (Sacl, Sail and Notl) 
first were applied to purified ~cspck-4A DNA to cut 
out the inserts and measure the insert genomic DNA. 
Size fractionation of the enzyme digests on the agarose 
gel showed relatively simple band patterns, with the 
total length of the insert DNA estimated at about 15.4 
kb (Fig. 1A). The fractionated DNA was then South- 
ern-blotted onto a Hybond-N + membrane for hybrid- 
ization with a range of PCK cDNA probes (Fig. 1 B, C, 
and D). Strong signals were revealed at 9 kb + 3 kb 
from Sacl, and at 10 kb from Sail, using the 5'-end 
cDNA probe (0.23 kb of the Pstl fragment; Fig. 1 B). 
The Notl-digested DNA produced a strong signal at 9 
kb; a weak one, at 1 kb. This indicated that kc.spck-4A 
contains the 5' end of the coding region for PEPCK and, 
most likely, a 5' flanking region for the CsPCK gene 
(Fig. 1 B). 

A second hybridization with a longer probe (1.4 kb 
of the EcoRI/Xhol fragment) resulted in stronger signals, 
as well as additional signals from each restriction 
enzyme. Therefore, we believe that the supplemen- 
tary 3.4 kb on Sacl, 6.0 kb on Sail, and the 3.5 kb + 
1.8 kb on the Notl fragments should contain the mid- 
dle section of the CsPCK gene (Fig. IC). Here, two 
Sacl fragments (9 kb and 3 kb) corresponded to the 
upstream region of the promoter. In addition, 3.4 kb 
of the Sacl fragment expanded the internal section of 
the CsPCK gene for the PEPCK peptide, from the 
middle to the C-terminal. 

The third hybridization, using the 3'-end cDNA 
probe (0.7 kb of the BamHl fragment) produced sig- 
nals at 3.4 kb of Sad and at 6.0 kb of Sall. We con- 
cluded that these fragments should contain a part of 
the 3' end of the CsPCK gene for the C-terminal cod- 
ing region of PEPCK (Fig. I D). Based on this, we sub- 
cloned three hybridized Sacl fragments (9.0 kb, 3.4 
kb, and 3.0 kb) into bacterial plasmid vector pBlue- 
script II SK. After sequence alignment, we obtained 
8646 bp of the genomic DNA sequence and directly 
compared it with the cucumber PCK cDNA sequence 
(Accession no. L31899). The genomic clone Xc3pck-4A 
contained the complete cucumber CsPCK gene, 
including the 5' end of the flanking region plus a 3' 
UTR (Fig. 2). 

Exon-intron junctions were also determined so that 
a precise molecular structure for the CsPCK gene could 
be confirmed by GENSCANW, http://genes.mit.edu 
(Fig. 4 and Table I). This gene comprised 13 exons and 
12 introns, although the first exon contained only 23 
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Table I. Exon-intron sturctures and boundaries of the CsPCK gene. Capital letters are intron sequences and lower case letters 
are exon with coding amino acids under the DNA sequences. 

Exon size 3' Acceptor site Exon 5' Donor site 
(bp) sequence sequence sequence 

1 (23) 

2 (302) 

3 (182) 

4 (154) 

5 (85) 

6 (i01) 

7 (299) 

8 (174) 

9 (66) 

i0 (179) 

ii (170) 

12 (169) 

13 (144) 

CAACTTCTCTTCctcttatccatcacaaatctccgGTACCCACCTAC 

GTGTTGCAGaggatacaaaaaatg ......... tatctcaatcagGTATGTATATCC 
M I S I S 

GAAACGTGGCAGtgcttcattggc ......... cctctcccgccgGTAAGAACTGTC 
A S L A S P A E 

GGAAAACGACAGagctttacgagc ......... ttggtggggcaaGTAAGAACATCC 
LY E Q W W G K 

TTTGTGTTGTAGgggatcacctaa ......... tcccttgataagGTAAAAAAATAT 
G S P N S L D K 

CTTTTTTTCCAGgtatttgtgaat ....... catgcacaacatGTATGCAAGATA 
V F V N M H N M 

TTTTGATGGCAGgtgcattcgacc ......... ttggattatcagGCATGTCCTATT 
C I R P G L S G 

ATGTTTCTATAGgtactgggaaga ........ agttcgggactgGTAACCTCCAAA 
T G K T F G T V 

TTTTGGCTGCAGttcttgagaatg ......... aatccgttacagGTATTAATTAGA 
L E N V S V T E 

CTGTCGATACAGagaacactcgag ........ tacactgctttgGTATTATTTACT 
N T R A Y T A L 

TTGCAAAATCA~gtggctggaact ........ gtcaggaggaagGTACAACATAAC 
V A G T S G G S 

ACTCTTCTGCAGctatggaagtgg ......... ccaataaacacgGTTAGTTTGATT 
Y G S G P I N T 

TTTGAACCACAGtggtcagacaaa ......... cctaccttgtaaTAAAATGGTTAA 
W S D K P T L * 

bp of 5' UTR. The UTR was estimated to be approxi- 
mately at the transcriptional start site from cDNA, 
most likely being longer than 23 bp of the non-coding 
first exon. A similar structure for a non-coding Exon 1 
was seen in the Arabidopsis Atg4 PCK gene, which 
contained 107 bp of the 5' UTR sequence (Fig. 4). In 
addition, the Arabidopsis Atg5 PCK gene possibly had 
a non-coding Exon 1, as in cucumber, because 
GENESACNW predicted 40 bp of a non-coding exon 
in that region (data not shown). The 3' UTR region 
was defined as being downstream of the polyadenyla- 
tion sites from the PCK cDNA. 

We compared the molecular organization of the 
CsPCK gene with four other PCK genes from two other 
plant species -- one from rice and three from Arabi- 
dopsis (Fig. 4). The overall exon organization of the 
CsPCK gene was very similar to Atg4 and the rice PCK 
gene, except for the beginning three exons for the N- 
terminal portion of PEPCK. Although the length of the 
following exons was almost identical in all three species, 
two Arabidopsis Atg5 PCK genes contained two longer 
exons, due to a reduction in their introns. However, 
this did not significantly change the length of the PEPCK 

peptide. The scale of the introns also differed somewhat 
among all four PCK genes. Cucumber has relatively longer 
intron sequences, the longest being Intron 5, at 1.6 kb 
(Fig. 4). In addition, an examination revealed that the 
exon-intron boundaries for the CsPCK gene AG (accep- 
tor-site) and GT (donor-site) positions were conserved 
except for the seventh intron, which replaced the 
donor-site signal with GC (Table 1 ). Although we first 
considered this to be a sequencing error, repeated 
sequencing and alignment confirmed that the single 
signal nucleotide was replaced. 

The primary structure of the C3 plant PEPCK showed 
high variability within the 140 amino-acid N-terminal 
region of the peptide sequences. These variations 
between cucumber and rice arose from Exons 1 and 
2 in their corresponding genes. Cucumber and rice 
PEPCKs consisted of 670 amino acids (Protein Id: 
P42066) and 636 amino acids (Protein Id: AAM18765), 
respectively. The cucumber PEPCK shared 78% sequence 
homology with that of rice even though the former 
contained a longer N-terminal portion (i.e., 44 amino 
acids). The overall primary structure of the cucumber 
PEPCK peptide also showed the same level of homology 
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the two PCK genes were almost identical, except for 
three longer exons (numbers 1, 2 and 7) and two shorter 
introns (numbers 1 and 7) in the 670 amino acid- 
encoding PCK gene (Fig. 4). Moreover, two different 
classes of the PEPCK peptide from Atg5 PCK genes 
shared 93% homology. Their 7% diversity arose from 
the missing 38 amino acids (85-122) in the N-terminal 
region, with four amino acids also being absent in the 
C-terminal region. Compared with cucumber, two Ara- 
bidopsis Atg5 PEPCK peptides showed less homology 
(76 and 73%) to 670 amino-acid Atg5 PEPCK and 
628 amino-acid Atg5 PEPCK, respectively. None of 
the C4 species contained such an extended N-termi- 
nal sequence in the PEPCK peptide, possibly a reflec- 
tion on the regulation of PEPCK enzyme activity 
between C3 and C4 plants. Therefore, this N-terminal 
extension may be necessary for the regulation of the 
PEPCK enzyme in C3 species. However, the genetic 
and enzymatic control of this enzyme should be fur- 
ther examined in both types of plants. 

Conserved Plant-Specific Cis-Acting Elements in 
the CsPCK Gene 

Figure 3. Southern blot hybridization of cucumber genomic 
DNA by full-length PCK cDNA probe. 20 I~g of genomic 
DNA was used in each lane. Cucumber leaf DNA was com- 
pletely digested with BamHl (B), EcoRI (E), Hindlll (H) and 
Xbal (X), then fractionated on a 0.8% agarose gel and trans- 
ferred to a Hybond-N + membrane using 20X sodium saline 
citrate (SSC). Hybridization was carried out using ECL 2.4. 
kb of direct-labeled PCK cDNA for16 hr in ECL-gold buffer 
(Amersham Pharmacia Biotech), then washed at low strin- 
gency [0.5 x SSC (pH 7.0), 0.1% SDS without urea, at 55~ 
After a final wash in 2 x SSC, the hybridized signal was gen- 
erated by ECL direct detection reagents. The membrane was 
exposed overnight to pre-flashed X-ray film (AGFA). 

(78%) with an Atg4 PCK-encoded PEPCK of 671 amino 
acids (Protein Id: CAB80452, http://rarge.ssc.riken.go.jp). 

Arabidopsis PEPCK can be separated into two classes 
according to peptide length and sequence variation in 
the N-terminal extension. The first class is a larger 
cucumber type (670 amino acids; Protein Id: 
At5g65690); the second, a smaller type having 628 
amino acids (Protein Id: CAA16690). These differ from 
those found with C4 Urochloa panicoides and Zea 
mays (Kim and Smith, 1994; Finnegan and Burnell, 
1995; Finnegan et al., 1999; Furumoto et al., 1999). 
Interestingly, two Arabidopsis PEPCKs were linked in a 
chromosome (Atg5), and the intron-exon structures of 

Initially, we compared 2 kb of the CsPCK promoter 
sequences with others present in the eukaryotic pro- 
moter databases (EPD) from NCBI (Altschul et al., 1990). 
In the second stage, we adopted the web-supporting 
TRES comparative promoter analysis program, TRANS- 
FAC eukaryotic promoter databases, and PlantCARE 
plant promoter databases. CsPCK, icl, and ms promoter 
sequences were then examined to identify common 
conserved cis-actJng elements. The first TATA signal 
(5'-TATAAAT) was seen 63 bp upstream (or -216 bp 
from the translation initiation point) from the relative 
transcription initiation site (Fig. 5). That site was deduced 
from cucumber PCK cDNA (Kim and Smith, 1994). Two 
conserved CAAT boxes were found 10 bp (-226 bp) 
from the 5' TATA box, and 24 bp downstream (-188 
bp) from the 5' TATA box. However, a CAAT box usu- 
ally was located about 40 nucleotides from the TATA 
box. An AT-rich palindrome sequence showed 90% 
homology from -1131 bp to -1092 bp in the forward 
and reverse directions (Figs. 5 and 6A). Moreover, a 
pair of inverted repeat sequences (92% homology) 
were positioned between -1200 bp--1173 bp and - 
998 bp--971 bp (Fig. 6B). We believe these palin- 
drome and inverted sequences may function in the 
control of CsPCK gene expression, either as recognition 
sequences for trans-acting factors or in the formation 
of secondary structures. 

We identified various transcription factors for binding 
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Figure 4. Molecular structure of PCK genes from cucumber (CsPCK), rice, and Arabidopsis (Atg4 and Atg5). Except for cucum- 
ber, four plant PCK gene sequences were obtained from NCBI. Accession numbers include AL161592 for Atg4 PCK gene 
(Chromosome 4), AL021684 and NP 680468 for linked Atg5 PCK genes (Chromosome 5) from Arabidopsis, and AC099325 
for the rice PCK gene on Chromosome10. Distances shown are in base pairs. Numbers in parentheses with Atg5 represent 670 
a.a. PEPCK encoded the change in lengths for exons and introns of PCK gene. Position of transcription start site (thin, straight 
line) was deduced from cDNA sequences, so the size of the 5 UTRs is not precise. The 3 UTR of Arabidopsis also is not precise, 
but the coding sequences in the last exons are equal (144 bp) for all five PCK genes. Black boxes indicate exons and numbers 
refer to length (in nucleotides) for both exons and introns. Lengthy introns were interrupted by broken lines for alignment in 
cucumber and rice. 

plant-unique cis-actJng elements within 1 kb of the CsPCK, 
icl, and ms promoters (Table 2). The GATA-motif (as its 
anti-sense sequence) for the sugar repression-responsible 
rice alpha-amylase gene (Ramy3D)-specific cis-acting 
elements was detected 3 bp downstream from the 
relative transcription initiation site (-151 bp), which 
was similarly situated from the relative translation ini- 

tiation site (Fig. 5). This motif has been located in the 
first exon with an I-Box (5'-GATAAG) on a comple- 
mentary sequence (-146 bp- -151 bp), using an 
overlapping mode (Donald and Cashmore, 1990; Rose 
et al., 1999). Furthermore, a plant promoter unique 
to the Dof transcription factor that binds three pyrimi- 
dine boxes (5'-CCTT-I-D has been reported at -412 
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Figure 6. A palindrome (A) and the inverted repeat 
sequences (B) of the CsPCK promoter region. Numbers 
begin from the 5"-end of the CsPCK gene sequences. 

Figure S. 5' flanking region DNA sequences from the CsPCK 
gene. Start codon (ATG) is boxed and in bold type. Capital 
letters are exons; lowercase letters, intron sequences. Firsl 
and second exons are highlighted with shaded boxes. The 
first non-coding exon starts from -153 bp to -130 bp, relative 
to the translation start site. Putative TATA-box is located-216 
bp from the relative translation initiation site (63 bp upstream 
from the relative transcription initiation site). Matching cis- 
acting core sequences are in bold type. Matchingcis-actin 8 
sequences are also summarized in Table 2. +1 indicates rel- 
ative translation initiation site. M, methionine. 

bp, -390 bp, and -301 bp (Mena et al., 1998). Most 
likel)~ one of those boxes is partially responsible for sugar 
repression under the control of the CsPCK gene as well 
as the rice RAMY gene (Morita et al., 1998). 

General sucrose-inducible SURE elements are well 
conserved in overlapping regions, at -547 bp for SURE2, 
and at -541 bp and -492 bp for SURE1 (c;rierson et al., 
1994). Here, we identified four additional SURE2 ele- 
ments within the 1 -kb 5' flanking region (i.e., at -939 
bp, -794 bp, -755 bp, and -712 bp) of the CsPCK 
promoter (Fig. 5). The SURE1 element was also con- 
served in both the icl and the ms promoters, whereas 
SURE2 sequences were seen only in the ms and 
CsPCK promoters (Table 2). Light activation and cal- 
cium/calmodulin stimulation can result in two GT-1 
binding boxes (5'-C;GTI-AA) being sandwiched between 
two pyrimidine boxes, from -337 bp on the coding 
strand and from -368 bp on the complementary strand 
(Lam and Chua, 1990; Gourrierec et al., 1999; Zhou, 
1999). These GT-1 core elements are possibly involved 
in the expression of both CsPCK and ms during 
cucumber development, as shown by the transcription 
of multiple genes in various organs (Eyal et al., 1995; 
Buchel et al., 1996, Lopes Cardoso et al., 1997). 
Together with a I-box, eight GT-1 boxes were found in 
thaumatin-like gene (MdTL1) promoter in apple (Kim 
et al., 2003). Therefore, it can be assumed that these 
elements in many plant promoters are responsible for 
light- or carbohydrate-responsive expression of the 
related genes. 

The recognition motif (5'-CAACA) for the Arabidopsis 
novel DNA-binding protein RAV1 (homologous to the 
AP2 DNA-binding domain) can be seen only at -826 
bp in the CsPCK promoter (Kagaya et al., 1999). Plant 
bZIP proteins that bind the ACC;T c/s-acting element 
(A-Box) may be functional in both CsPCK (-576 bp) 
and icl (-790 bp), in response to diverse environmen- 
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Table 2. Summary of common plant specific cis-acting elements in id, ms and CsPCK genes which are involved in lipid 
mobilization during early germination and senescence. Descriptions ofcis-acting elements are as follows under the table. * 
single nucleotide mismatch in the core sequences. ** matching signals are located further upstream before-1 kb region. 

Name of family Sequences Genes Position (+/-) Reference 
A-Box ACGTA CsPCK -576(+/-) 

icl -790(+/-) 
ms 

AMY B o x 1  TAACARA CsPCK -717(-), -61 (-) 
i d  -406(+), -282(+) 
ms -758(+) 

ERE(E4) A W T T C A A A  CsPCK** - 
icl -238(+) 
ms -789(-) 

GT-1 (Box II) GGTTAA C_sPCK -368(-), -337(+) 
icl 
ms -510 (-) 

I-Box GATAAG CsPCK -899(+), -151 (-) 
icl -182(-) 
ms -774 (+) 

NRR TAGTGGAT* CsPCK -671 (+), -320(+) 
icl 
ms -976(-), -197(+) 

NtBBF1 ACTTTA CsPCK - 
icl -465(+) 
ms -421 (+) 

Pyrimidine Box CCTTTT CsPCK -412(+), -390(-), -301(-) 
icl 
ms -931 (+) 

RGATAOS CAGMGATA* CsPCK -513(+), -15(+) 
icl -513(-), -258(+) 
ms -955(+) 

SP8 ACTGTGTA* CsPCK -24(+) 
icl -576(+) 

ms -832(+), -824(-) 
S U R E I  AATAGAAAA* CsPCK -541 (+), 492(-) 

i d  -734(+) 
ms -304(-), -155(-) 

S U R E 2  MTACTAAT* CsPCK -939(+), 7940, 755(+), 
-712(-), 547(+) 

icl 

TCA 1 TCATCI-FCTT 
ms --485(+) 
CsPCK 
id  -361 (-)* 
ms -253(-) 

Toyofuku et al. (1998) 

Huang et al. (1990), Morita et al. (1998) 

Itzhaki et al. (1994) 

Zhou (I 999) 

Donald and Cashmore (1990) 
Rose et al. (1999) 

Elliott and Shirsat (1998) 

Baumann et al. (1999) 

Morita et al. (1998), Mena et al. (2002) 

Yin et al. (1997) 

Ishiguro and Nakamura (1992, 1994) 
Kim et al. (1997) 

Grierson et al. (1994) 

Grierson et al. (1994) 

Goldsbrough et al. (1993) 

A-box, ACGT elements in RAMY3D gene for alpha amylase of rice; AMY-box, gibberellin-response cis-elements (or GARE) in alpha 
amylase gene promoter; ERE (E4), ethylene responsive element in the senescence-related gene expression; GT-1, Box II promoter 
c/s-acting element binding for many light regulated plant genes; l-box, conserved regulatory core sequences upstream of light- 
regulated genes (e. g. r/~s.S); NRR; negative regulatory sequences in promoter of Brassica napus extA (extensin) gene; NtBBFI, a Dof 
protein from tobacco binds to tissue specific and auxin regulated rolB oncogene promoter in Agarbacterium rhizogenes; Py, 
pyrimidine box for partially responsible for sugar repression in alpha amylase gene RAmyIA (Doff binding); RGATAOS, promoter 
elements for phloem-specific gene expression from the Tungro bacilliform virus (RTBV) in rice; SP8, conserved 5'-upstream region 
regulatory sequences in sweet potato three different genes (sporamin and beta-amylase) which interact with binding factor SP8BF; 
SURE, sucrose responsive elements first found in potato tuber protein patatin gene promoter; TCA1, tobacco nuclear protein 1 
binding c/s-acting element in stress-inducible genes by salicylic acid-inducible expression of many genes. 

tal and physiological stimuli (Foster et al., 1994). Five 
IMH (!CL-MS Homology) sequences have been sug- 
gested for the icl and ms genes in cucumber, but only 

two potential IMH-related sequences have been obser~  
in the CsPCK promoter (Sarah et al., 1996). The IMH2- 
homologous Myb-binding sequences (ACCA/TACC), 
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as well as the probable germination-responsive core 
element (TCTrCT) IMHI, are found at -124 bp and 
-180 bp, respectively (Sarah et al., 1996). We were 
unable to identify IMH sequences from the promoter 
sequence databases because no assignment has been 
made for them yet. 

Analysis of the CsPCK promoter region, together with 
icl and ms, revealed few common sugar response- 
related cis-acting sequences (such as AMY-box I, I-Box, 
SP8, or SUREI) within I kb of the 5 flanking region 
(Table 2). The SP8 regulatory sequence-binding SPF- 
l-type protein (a WRKY family), which encodes the 
cDNA sequence, has been reported from cucumber 
cotyledons (Kim et al., 1997). Since homologous SP8 
c/s-acting sequences are conserved in three cucumber 
promoters, the CsPCK gene can be controlled during 
germination through the coordination of the id and ms 
genes. The response to senescence by CsPCK may also 
be associated with the activity of the icl and ms genes 
during cotyledon development in that species ( l ( im 
and Smith, 1994). An ethylene-responsive element (ERE 
or E4), involved in senescence-related GST1 gene 
expression in carnation (Itzhaki et al., 1994), was found 
within the previously described 1 -kb region in both icl 
and ms, but not in CsPCK. However, three conserved 
ERE elements locate further upstream of the promoter 
region, at-2089, -1872, and -1546 bp. 

DISCUSSION 

Cucumber PEPCK is encoded by a single gene 
throughout plant development, from germination to 
cotyledon senescence. Our genomic DNA Southern 
analysis detected simple hybridization bands, confirm- 
ing the presence of that single gene. Although a few 
additional weak bands were detected in this stud~ the 
recognition positions for restriction enzymes agreed 
with b~e number of Southern-detected bands. Therefore, 
we have further demonstrated that a single CsPCK 
gene is active throughout development. In contrast to 
that species, C4 grasses, such as Urochloa panicoides, 
contain PCK multigene families with at least four 
members (Finnegan et al., 1999). This multigene 
encoding of the subunits for PEPCK may be ubiquitous 
in higher plants. For example, the sequencing project 
for Arabidopsis has revealed three PCK genes in its 
genome (NCBI Accession nos. AL021684, NP__680468, 
and AL161592). Likewise, three species in the genus 
Brassica (B. napus, B. campestris, and B. oleracea) 
contain several PCK genes (Saez-Vascluez et al., 1995). 
Nevertheless, genome sequencing of rice, a C3 plant, 

has shown that a single PCK gene (NCBI Accession no. 
AC099325) exists on Chromosome 10. Therefore, our 
results add to the information available for the bio- 
chemical study of PEPCK, as well as the molecular 
genetic investigation of PCK genes in two C3 species. 

We examined the entire genomic structure of the 
CsPCK gene to elucidate its molecular organization in 
cucumber. Since the first report was made on the single, 
complete cDNA sequence (Kim and Smith, 1994), 
several PCK cDNA sequences have been identified 
from the C4 grass U. panicoides (Finnegan and Burnell, 
1995), as well as Brassica napus (Saez-Vasquez et al., 
1995), Lycopersicon esculentum (Bahrami et al., 2001), 
Arabidopsis EST sequences (T06034), Zea mays 
(AB018744), and partial sequences in Medicago sativa 
(AF212090). Genome sequencing ofArabidopsis thaliana 
has also revealed three complete PCK gene sequences 
and several uncharacterized PCK-related sequences. 
However it is unclear which PCK gene or genes are 
active during phases in the Arabidopsis life cycle. 
Although that C3 species contains the smallest genome, 
multiple-copy genes are necessary to ensure its survival. 
One or two of its PCK genes may be a pseudogene, 
with their activity having been halted at one time. 
However, if three of its PCK genes can be detected 
during plant development, the control of gene expres- 
sion will be more complex compared with that for 
species, e.g., cucumber and rice, that contain only a 
single copy. 

Although four PCK genes have been identified in C4 
U. panicoides, no further information is known about its 
gene structure and regulation. Five complete PCK gene 
sequences are available for Arabidopsis, rice, and 
cucumber. A pair of linked Arabidopsis PCK genes 
(AL021684 and NP_680468) has 8 introns each on 
Chromosome 5 (Atg5) for 628 amino-acid and 670 
amino-acid PEPCK peptides. Another Arabidopsis PCK 
gene (AL161591) consists of 13 exons and 12 introns 
on Chromosome 4 (Atg4). Similarly, a PCK gene con- 
raining 11 introns can be found on Chromosome 10 
in rice (AC099325). The CsPCK gene, which contains 
12 introns, is the longest PCK gene, spanning >9 kb 
in the Cucumis sativus genome. This gene is closely 
related to those found in major crops and weeds, from 
rice to Arabidopsis. However, the 5' sequence of its 
coding region, which is responsible for the N-terminal 
peptide extension, is an exceptional configuration; N- 
terminal amino-acid sequences vary among plant PEP- 
CKs. Such extensions are also found in two Arabidopsis 
PEPCK (Accession no. CAA16690 and CAB80452) pep- 
tide sequences, although they differ somewhat [Finnegan 
et al., 1999). Overall, cucumber and tomato (Lycoper- 
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sicon esculentum) share >81% sequence homolog~ 
the highest among plant species (Bahrami et al., 2001). 
The primary structure of a single PEPCK subunit comprises 
670 amino acids in cucumber and 662 amino acids in 
tomato, with that difference in length mainly resulting 
from a smaller amount of N-terminal extension in the 
latter. The tomato PCK gene, however, is not yet avail- 
able. 

The control of plant gene expression is a complex 
biochemical process that is affected by numerous intemal 
and external factors, including nutrient status, hormonal 
levels, light intensity, and temperature changes. Carbohy- 
drates (i.e., sugars) are a key metabolic constituent of 
growth and development. Therefore, controlling intrac- 
ellular sugar levels is a central element for the regulation 
of metabolic pathways in living cells. Many of the genes 
associated with carbon assimilation and sugar transport 
are directly or partly regulated by fluxes in the sugar 
levels of target cells and tissues (Sheen, 1990; Graham 
et al., 1994; Koch, 1996; Sherson et al., 2000). Because 
of this, the metabolic regulation of plant gene expression 
is now a central focus in studying the plant sugar- 
transport mechanism. Several sugar-sensing systems 
and signal pathways have been suggested for this process 
(Smeekens, 1998; Gibson and Graham, 1999). In fact, 
the promoters of many metabolism- and transport- 
related genes contain common and essential regulatory 
elements for controlling their corresponding genes and 
regulating expression at the transcription level. Some 
of these intrinsic critical factors include c/s-acting ele- 
ments in individual promoter sequences as well as 
regulatory elements. 

Genes related to the metabolic pathway have been 
cloned and inspected to elucidate the regulation of 
expression during plant development (Sarah et al., 
1996; Morita et al., 1998). In particular, sequence 
comparisons and deletion analyses have been con- 
ducted for the promoters of two glyoxylate cycle-specific 
genes, icl and ms (Sarah et al., 1996). In our cucumber 
study, two highly conserved germination-response 
elements (IMHI and IMH2) were identified in the 
CsPCK gene as being necessary for germination and, 
possibly, senescence. Although the biological function 
of the IMHI sequence is not yet clear, similar sequences 
have been shown in fungi (Neurospora crassa) and yeast 
(Saccharomyces cerevisiae), suggesting that it may be 
required for either a sugar response (starvation) or ger- 
mination response (Graham et al., 1994). The IMH2 
sequences (with similarity to MYB binding sequences) 
in the icl, ms, and CsPCK promoters might direct the 
carbohydrate regulation of expression for many plant 
genes (Graham eta[., 1994; Grotewold et al., 1994). 

However, the IMH sequences from cucumber genes 
are apparently uncommon. Therefore, their biological 
roles should be further examined in other species. 

Our investigation of the cucumber CsPCK gene 
revealed a number of possible c/s-acting sequences 
within 1 kb of the 5' flanking region, sugesting that this 
gene can be regulated in several ways. First, develop- 
mental control is a key factor for its expression during 
germination and senescence. The germination-respon- 
sive IMH elements may play some role in controlling 
the C_sPCK gene in cucumber, as with the icl and ms 
genes. Second, either the palindrome or the inverted 
repeat sequences may help regulate CsPCK gene expres- 
sion in cucumber. Third, the non-coding first exon may 
be involved in gene expression for both cucumber and 
Arabidopsis. Based on our sequence analysis, the 
cucumber CsPCK gene contained highly conserved 
c/s-acting sequences within the putative promoter region; 
their functions were postulated based on those for other 
plant genes. Therefore, we are using deletion-analysis 
experiments to continue our study of the natural func- 
tion for these c/s-acting elements. 
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