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Abstract

Expression of carrot ECP (DcECP) genes encoding late - embryogenesis abundant proteins is

embryo - specific and ABA- inducible. The expression is regulated by C-AB[3, a carrot homologue of

Arabidopsis AB13. To understand the molecular mechanisms controlling ABA- inducible and embryo -

specific gene expression, we compared and analyzed the promoter regions of some ECP genes. The

accumulation of DCECPS mRNA in response to ABA was not inhibited by an inhibitor of protein

synthesis, cycloheximide. These results indicate that the ABA- inducible expression of the DCECPS did

not require de novo protein synthesis. Sequence comparison among some ECP gene promoters revealed

that the promoters contained several conserved motifs including ABRE (ABA responsive element)- Iike

ACGT core motifs, and an Sph box (CATGCATG), which has been identified as a motif mediating gene

activation of maize antoc)'anin regulatory gene C1. To investigate the prornoter activity of DcECP31

prornoter region, we carried out a deletion analysis with a transient assay system using protoplasts of

embryogenic cells or with a transformation system using embryogenic cells of carrot. We found that the

- 250 bp upstream region of the DcECP31 promoter is sufficient for embryo-specific and ABA-
inducible promoter activlty Following deletion analysis of DcECP40 promoter, we clarified that the

distal (-670--390) and proximal regions (-140--50), are essential for the ABA- inducible

expression.

Introductioll

Embryogenesis is the process that constructs the

basic body system of plants. During embryogenesis,

the zygote undergoes a series of morphological and

cellular changes resulting in the formation of a

mature embryo composed of an embryonic axis with

shoot and root poles and cotyledon (West and

Harada, 1993). Studies on plant embryogenesis,

especially characterization of genes which are spe-

cifically expressed during embryogenesis, are nec-

essary in order to understand the molecular

mechanisms controlling plant development. How-

ever, molecular analysis on early embryogenesis is

not available, because it is impossible to prepare

enough embryos at the same developmental stage

(Zimmerman, 1993). On the other hand, it is thought

that somatic embryogenesis can be utilized as a
model of zygotic embryogenesis because the spatial

and temporal changes in some aspects of both

somatic and zygotic embryogenesis are quite similar

(Zimmerman, 1993). Carrot has been used as a
model plant for somatic embryogenesis, because in

carrot large amounts of somatic embryos at the

same developmental stage can be readily induced by

a relatively simple manipulation.

A number of genes have been isolated from

somatic embryos, and several genes that are pre-

ferentially expressed in somatic embryos have char-

acteristics of a class of protein called late embryo-

genesis abundant (LEA) proteins (Dure lll et al.,

1981, 1989. Galau et al., 1986). The timing of their

expression in embryogenesis and their abscisic acid

(ABA) inducibility have led to the postulation that

in zygotic embryos, they play a role in protecting
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the embryo during desiccation (Baker et al., 1988).

Because the expression of many LEA genes are
regulated by ABA, studies on LEA genes have been
directed toward understanding the molecular

mechanism of hormonal regulation (Busk and
Pag~s, 1998). Among the LEA genes, wheat Em,
rice rabl6A and rice Osem from rice are particularly

well characterized in regard to regulation by ABA
(Marcotte et al., 1989, Mundy et al., 1990, Hattori

et al., 1995). From sequence comparison and func-

tional analysis of the promoters of these genes,

ABA- responsive elements (ABRE) have been iden-

tified (Mundy et al.
,
1990). At present, more than 20

functional ABRES have been identified in ABA-
inducible promoters. The element is defined as a
sequence of 8- 10 base pairs with the core sequence
ACGT (Busk and Pag~s, 1998). The ACGT core
motifs have been found to have related responses to

diverse environmental signals in plants, including

light (Donald and Cashmore, 1990), anaerobiosis

(Mckendree et al., 1990), coumaric acid (Loake et
al., 1992), methyl jasmonate (Mason et al., 1993)
and UV- Iight (Weisshaar et al.

,
1991). Therefore, it

has been considered that combinatorial interactions

between the ACGT core motifs and other regulatory

sequences in the promoter may determine the signal

specificity. Ho and coworkers identified cis-ele-

ments called coupling elements which are active in

combination with an ABRE but not alone (Shen et

al., 1995, 1996). In the promoters of barley genes
HVA22 and HVA1, the coupling elements CE1
(TGCCACCGG) and CE3 (ACGCGTGTCCTG) are
required for activation by ABA. Recently. Hobo et

al. (1999) have also demonstrated that ACGT-
containing ABRES and CE3 are functionally

equivalent to cis
-
acting elements in the promoter of

Osem gene.

We previously isolated and characterized some
cDNAs for embryogenic cell proteins (ECPs) which

are specifically found in embryogenic cells from
carrot. DcECP31 (Kiyosue et al., 1992 a),

DcECP40 (Kiyosue et al., 1993), DcECP45 (unpub-
lished), DcECP63 (Zhu et al., 1997), and those of

Arabidopsis homologues, AtECP31 (Yang et al.,

1996) and AtECP63 (Yang et al., 1997). These

genes encode LEA proteins. The transcripts of

DCECPS are accumulated at high levels in embryo-
genic cells and disappear during the development of

somatic embryos. The level of DCECPS transcripts

increased after treatment with ABA in torpedo-
shaped somatic embryos but not in seedlings

(Kiyosue et al.
,
1992 a, Kiyosue et al.

,
1993, Zhu et

al., 1997). These results suggest that expression of

DCECP genes is regulated by ABA and unknown
embryonic factors. On the other hand, we pre-

viously isolated and characterized a carrot gene C-
AB13, homologous to the AB13 gene ofArabidopsis
from a carrot somatic embryo CDNA Iibrary (Shiota

et al., 1998). The expression of C-AB13 was de-

tected specifically in embryogenic cells, somatic
embryos and developing seeds. In transgenic mature
leaves of carrot in which C-AB13 was ectopically

expressed, expression of DCECPS Was induced by
treatment with ABA, which indicates that the ex-
pression of DCECP genes was controlled by the

pathway(s) that involved C-AB13 and ABA (Shiota

et al., 1998). These results indicate that embryo
specific expression of DCECP genes is specified by
C-AB13, and their expression is restricted to seed
tissues.

In this paper, in order to understand the molecular
mechanisms of hormonal regulation of the expres-
sion of embryo-specific genes, we compared and
analyzed the promoter regions ofECP genes.

Materials and Methods

Plant materia Is

Carrot (Daucus carota L. cv. US- Harumakigosun)
seedlings were grown for 10 days at 25 'C with 16 h
of light daily. Carrot embryogenic cells and somatic
embryos were obtained as described by Satoh et al.

(1986). Mature leaves were collected from plants

that had been grown for two months at 25 'C with
illumination as mentioned above.

Isolation ofRNA and Northern blot analysis

Total RNA was isolated from somatic embryos by
the phenol /SDS method (Ausubel et al., 1987).

The total RNA (20 /1 g per lane) was loaded on an
agarose (1.2 %) gel prepared with 2.2 M formal-

dehyde, subjected to electrophoresis and transferred

to a Gene Screen Plus nylon filter (NEW Research
products, Boston. MA, U.S.A.). Hybridization was
performed at 60 'C according to the manufacturer's
instructions.

Construction and screening of carrot genomic li-

brary

Carrot genomic DNA was isolated from leaves of

two-month-old plants using a modified method
reported by Wagner et al. (1987) and Bousquet et
al. (1990). The carrot genomic library was con-
structed by cloning Sau 3AI partially digested

genomic DNA into the phage vector A DASH
(Stratagene, La Jolla, CA, U.S.A., Maniatis et al.,

1982). Approximately 2 x loe independent plaques
of the primary library were screened by plaque
hybridization using 32P-labeled DcECP31 or 40
cDNA prepared with the random primed DNA



labeling kit (Pharmacia Biotech, Piscataway, NJ,

U.S.A.). Hybridized plaques were picked up and

purified by several rounds of plaque purification.

Cloned lambda DNAS were prepared and the re-

striction sites of several enzymes were mapped.

Chosen DNA restriction fragments were subcloned

into pBluescript 11 SK' vector (Stratagene).

Sequencing ofgenomic clones

For sequencing of the genomic DNAs, deletion

clones were constructed with a Kilo Sequence

Deletion Kit (TaKaRa, Kyoto, Japan). Double -

stranded plasmid DNAs were isolated and se-

quenced by the dye primer cycle sequencing method

according to the protocol supplied with the Dye
Primer Cycle Sequencing Kit (Applied Biosystems,

Forster city, CA. U.S.A.).

Protoplast isolation

Carrot protoplasts were isolated from log phase

culture of embryogenic cells using a modification of

the procedure of Goodall et al. (1990) and Liu et al.

(1994). After 4 days of subculture, the cell suspen-

sions were filtered through three stainless steel

meshes with 1000 tlm, 63 flm and 37 /Im pore sizes

and the small cell clusters that remained on the

37 /Im and 63 /dm meshes were collected. They

were sedimented at 300 xg for 5 min and resus-

pended in a solution containing 5 mM 2-(N-
morpholino) ethane-sulfonic acid (MES) (pH 5.7),

0.4 M sorbitol, and 2% (w '
v~') Driselase (Kyowa

Hakko, Tokyo). The cells were transferred to a Petri

dish and gently shaken at 20 'C for 4 to 5 h. Light

microscopy was used to monitor the time course of

protoplast release. The protoplasts were filtered

through 60 !Im nylon mesh and pelleted at 300 xg
for 5min. The protoplasts were gently suspended in

20 ml of W5 solution (Goodall et al., 1990) and

counted using a hemocytometer and light micro-

scope. The protoplasts were repelleted and sus-

pended in W5 solution at 2x 106 cells ' ml- l.

Transient expression in protoplasts

Freshly prepared carrot protoplasts in W5 solution

were pelleted and resuspended in MC buffer [5 mM
MES (pH 5.7), 20 mM CaC12 and 0.5 M mannitol]

at 6 x 10G cells '
ml-1. For transient assay, 2 x 106

cells in 0.3 ml MC buffer were mixed at room
temperature with 50 !tg of plasmid DNA constructs.

The protoplasts and plasmid DNAS Were mixed with

0.3 ml of 40 % (w '
v~1) polyethylene glycol 4000

containing O.1 mM Ca(N03 )2 and O.4 M mannitol

(pH 10.0), at room temperature for 5min. Six ml of

Murashige and Skoog's (MS) medium (pH 5.6)

(Murashige and Skoog, 1962) with or without ABA
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was added, and protoplasts were incubated in the

dark at 25 'C for 24 hrs. Following incubation, the

protoplasts were pelleted by centrifugation at 300 x

g for 5min and lysed by the addition of O.2ml GUS
extraction buffer [50 mM NaH2P04 (pH 7.0), 10

mM EDTA, 0.1% sodium lauryl sarcosine, 10 mM
2-mercaptoethanol]. After removal of insoluble

materials by centrifugation, a portion of the super-

natant was used to determine the protein content

according to the Bradford method (Bradford et al.,

1976). The remainder of the supernatant was
assayed for GUS activity using a fluorometric assay
(Jefferson et al.

,
1987).

Carrot transformation and GUS assay
Hypocotyl segments (10 mm) from one-week-

old carrot seedlings were transformed with

Agrobacterium tumefaciens harboring plasmids

containing different chimeric genes. Hypocotyl seg-

ments were co-cultivated with Agrobacterium for 3
days at 28 'C on MS medium containing 2,4- dichlo-

rophenoxyacetic acid (2,4-D ;Img '
1- l) (Fujii and

Uchimiya, 1991). After 3 days of co-cultivation,

the segments were placed on MS selection medium
containing 2,4- D (1 mg '

l-1), claforan (500 mg '
l-1

)and kanamycin (100 mg '

l-1). Selection for puta-

tively transformed callus was made over 5weeks in

a 25 'C constant temperature room. To initiate trans-

formed cell lines, each originating from a single

cell, transgenic somatic embryos were induced from

transformed callus in 2,4-D-free MS medium that

contained kanamycin (100 mg '
l-1) and the induced

torpedo-shaped embryos were dissected vertically.

A portion of dissected embryos were assayed histo-

chemically for GUS activity. The remaining cells of

the GUS-positive embryos were placed on MS
medium containing 2,4-D (1 mg '

l-1) and kana-

mycin (100 mg '
l-1) to establish cell lines. After 5

weeks of culture, somatic embryos were induced

from the transformed cells originated from a single

cell, and assayed histochemically for GUS activity.

Histochemical GUS assay was carried out according

to the method reported earlier (Jefferson et al.,

1987). Transgenic somatic embryos were dipped in

a staining solution containing I mM
X-gluc (5-brom0-4-chlol0-3-indoryl- ~-D-
glucuronide) and 50 mM NaH2P04･ They were
incubated overnight at 37 ~ ,

then observed under a
light microscope.

Construction ofpromoter deletion series

The DcECP31 or DcECP40 promoter deletions

were produced by synthesizing a set of oligo nu-
cleotide primers and using polymerase chain reac-

tion (PCR) to amplify the corresponding fragments.
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The template for PCR reaction was the genomic
clone of DcECP31 or DcECP40 promoter (either a
1.2 kb or 1.4 kb fragment subcloned into pBlues-

cript 11 SK+ vector, respectively). HindIII and

BamHI restriction sites were incorporated into the

5' and 3' primers, respectively. The amplified frag-

ments were subcloned into the PCR 11 vectors using

a TA Cloning Kit (Invitrogen, San Diego, CA,
U.S.A.), and confirmed by sequencing. They were
then subcloned into the HindIII and BamHI sites of

pBI 101 binary T - DNA vector or pBI 221 vector

from which the CaMV 35S promoter had been

removed (Clontech, Polo Alto, CA, U.S.A.). The
recombinant pBl 101 vectors were transferred into

Agrobacterium tumefaciens strain LBA4404 (pAL
4404) by triparental mating (Bevan, 1984).

Results

Induction of ECPs mRNA does not require de novo
protein synthesis

As a first experiment, we investigated whether
de novo protein synthesis is necessary for the ABA-
induced expression of ECP genes by using an
inhibitor of protein synthesis, cycloheximide. As
shown in Fig. 1, the ABA-induction of ECPs gene
expression was not inhibited by cycloheximide. On
the other hand, the expression of Dcem, a carrot

gene homologous to maize Em gene, was inhibited

by cycloheximide and thus requires de novo protein

synthesis. These results suggest that the induction

of ECPs mRNA by ABA does not require de novo
protein synthesis.

The promoter region of ECP genes contains some
ACGT core motlfs

As shown in Fig. 2, each promoter region of ECP
genes contains some ACGT core motifs that were
identified as conserved motifs in the ABA - respon-
sive regulatory element. Especially, the AtECP31
promoter region contains some ACGT core motifs

located in the proximal (-300 to -61) and distal

(-782 to -738) regions. A Sph box sequence
(CATGCATG), which had been identified as a
motif for mediating gene activation of maize anto-

cyanin regulatory gene C1 or of a number of seed

storage protein genes (Hattori et al.
,
1992, Batimlein

et al., 1992) was found in the AtECP63 promoter
region, from -201 to - 193.

GUS activity after
- 250 bp upstream deletion of

DcECP31 is similar to that with no deletion

Various DcECP31 or DcECP40 promoter dele-

tion :: GUS constructs (Fig. 3 and 4) were intro-

duced into carrot cells. Because the transformed

callus may be a mixture of cells originating from
separately transformed cells, we initiated cell lines

originating from a single transformed cell by the

following procedure. Somatic embryos were in-

duced from putative transformed cells. Embryos

were dissected vertically and a portion of dissected

embryos were assayed histochemically for GUS
activity. Embryogenic cells were induced again

from the GUS-positive remainders, and the cells

and somatic embryos induced from the cells were
assayed again histochemically for GUS activity

(Fig. 5 A-D). Embryogenic cells and somatic

embryos at all developmental stages (globular,

heart-shaped and torpedo-shaped stages) were
GUS positive when they were initiated from the

single somatic embryo containing constructs up to -
250 bp upstream deletion of DcECP31 promoter.

GUS activity was decreased in the late-torpedo

stage (Fig. 5E), and could not be detected in mature
leaf (data not shown). By contrast, the clones

containing constructs which had the three putative

ABA - - + +
Cycloheximide - + - +

1234
DcECP31 'i:i

Fig, l

DcECP40

DcECP63

Dcem

Effects of cycloheximide, an inhibitor of pro-
tein synthesis, on ABA- induced accurnulation of

transcripts of ECP genes.

RNAS used were prepared from late torpedo

stage somatic embryos that had been pre- incu-

bated without (lanes Iand 3) or with (lanes 2and
4) 10 ftM cycloheximide for Ihand then treated

without (lanes Iand 2) or with (lanes 3and 4) 50_

f!M ABA for I h. Twenty micrograms of total

RNA were fractionated by gel electrophoresis,

and transcripts were allowed to hybridize with

the 32P-labeled CDNA of ECPs as probes.

ABA- inducible gene Dcem, a carrot gene homo-
logous to maize Ern gene, was used as a negative

marker, of which the expression is inhibited by

cycloheximide. The blot was reprobed with 18 S
rDNA to provide an internal standard.
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.1 47

-gg

.52

.787

.740

･3Q3

-25G

･209

-1 52

-1 15
.58

AGT~ATCAC~~I13 GGAATGGCAGAGT~GCCACATA TAAAGACAC
TGCAC~~ATCACATCCTCCACTATTAC~~~~~TTCGCTACTAAATCT

TAAATAATTCGATACAAATCTTATGTCTATCGACTATOAGCATATATC

TAGCT~CATTCCTCTAACCTGCAGCTTCTATTACTATATAATCAT
DcECP31

AATA~ACTCTCATTCGGTCAA~GTI~~~TTAGT~AGGCGTCGA
GG~AAGAAATATATATAAAATAGTCGAAAAACGAAAAAAAAGTGGG
TGAAGTAGTGAAATCTrrGATTT~AATGAA~AAAGAGAGATATGTA
G~GTGTAAAACTA~~~C;AAAAGATA

~GTI~~GGCAGTCTCTTCTACCTCTGCATAC~~G~ATTGCCT
CAG~GCATGCAGAAGCTCCCAACGCTCCACGTGTcc~CAACTITr
AAACTAACCACTTCTATATAATCCCCTGCAA~CT

DcECP40

TCCACAATCACC~~~IGGCAGTCCAAACGCI~~~~IIG~TATTTTACA

GCTAGCGAAATATAGI~~~GTOACAACCACGATGCCTCTAAATAGC

~AGTCTCCAACTAGCGCTrGTATATAATACATTrc

DC8 (=DcECP63)

GAGGC~~~GC~GTGATGCc~~~~~GGAGAGA CC~~~~~GAGCGTT
G(3~~~~~TA~ccAcCAG~CcCATATCT~G GTCTrTCAGGcCG

GAA~~~STCTACAAGAACAAAAACAAATA~GAAACAA~~GTC

CAATG~ATACGACTCATATGTG GTA~~~~GGAAACATGTCC1~~
CA~CACTCTTAAAACTAAATGACAAATrrACAAAAAGAAAAeTAAA
ATCCCTATCTCAATCTAAGCT~ATC~TrrAGCTACAAACTCGCAAA

CTeACACGAGTGTCCTAGTCACCTCATCTACGAGTAAGTGTCAAAAT
CTCAGA~~TGATCCCATACTCATGCACCTCTCTrrATATAATAGAC

AtECP31

-216 TCAAGAATCATGATC~~~~~~~AAAGTCC~~~GTCATACC~~]

-169 CCGTAGAAGATAAAGCTAAGTAAATTGTACGTGGCAGCTeTTGCGTC
.121 CCTCTATCTACC~~~I~GCGTCTCAACAGAAACAGAGCA~ACTATA

.75 AGAAGTAACAAAAGCAGCTCAACTGATAGC

AIECP53

Fig. 2 Nucleotide sequences of some ECP and DC8
gene promoters.

DC8 sequence was quoted from Franz et al

(1989) and it is sarne as DcECP63 (Zhu et al.,

1997). Numbers are relative to the putative site of

initiation of transcription determined from CDNA
sequences. The positions of TATA box are

underlined and ACGT core motifs are boxed.

Nucleotide sequences ofECP gene promoters are

deposited in the DDBJ under accession numbers

AB050961 (DcECP31), AB050962 (DcECP40),

AB050963(AtECP3_ 1) and AB050964 (AtECP-

63).

Fig. 4 Nucleotide sequence of the promoter region of

DcECP40.
Numbers are relative to the site of initiation of

transcription. The positions of TATA box are

underlined and ACGT core motifs are boxed.

The positions of oligonucleotide primers used for

PCR amplication are indicated by arrows.

-81 o
-818 ATCCTCTTGGTCACAACTTceACTCTGAAAGGGAGGAAAATA

-776 TACATGTGTGCTTTTGTTAACATATATCTAATTAAGTAATAAA

-734 GAATAGATAAATAGTGTGAAATAGAGGAAGACTGTTGGAAT
-G60

-692 GTGCATGAAATTTTAACTCACAATAGTTAAGAGTTGATTTTTT

-650 AGGTGATTGTTGGAATTCTTCTTAGTCTTTTTACATTTATACA

-s08 CCTACTTTTAGAAAAAATTTAATCACATATATAAAATTTTATTT

-566 TATAAACAAAAATATGACACAAAAATATTTAAAACAAAATCT

-524 TTTAATATACGACCAAAATTTTAGATATACGTGAAAAAAGAA
-480

-482 TAAGTTAACAGCCTG cCTATCCAAACACAGCAAACAGAGeT
-440 ACGGGeTTGTTTGTTTTATAeAAGCAGAAACTACCGTTTGTTT

-398 TAACAAGTGAAAGTTTTTTTAeAAAATTAAGAATGTTAACTTT

-356 TCTCTTACAGCTTTCACTTTTTTTCCAAACATGTTATTAACTTA

-314 TTTACTTATTATTTCTTACTCCACTTCTTTCGTTTTTAAGTTAA
-250

-272 CCCAATCACCCCGCGGTAACATTTTTCTGGGCCATGTATTce
-200

-230 TAACTTTGTCGTATATTCGCCTGATTGTTCACAAGTTTATCAC
.1 58tif X

-1 88 ~~~i~~GGGAATGG CAGAGTTTGCCACATATAAAGACA CTGCA-115IGO1~~~~rHF ~

-146 C&~~~ATCACATCCTCCACTATTAC~~~rTCGCTACTAAATC

-104 TTAAATAATTCGATACAAATCTTATGTCTATCGACTATCAGCA

-62 TATATCTAGCTTTCATTTCCTCTAACCTGCAGCTTCTATTACT

-20 ATATAATCATCTTCCGTTCT

Fig. 3 Nucleotide sequence of the promoter region of

DcECP31
.

Numbers are relative tO the site of initiation of

tranSCription. The poSitions of TATA box are

underlined and ACGT core motifS are boxed.

The poSitions of oligonucleotide primers used for

PCR amplication are indicated by arrows.

-866

-824

-782

-740

-698

-656

-61 4

-572

-530

-488

-44s

-404

-3e2

-320

-278

-235

-1 94

-152

-110

-68

-850

TTCAAAAAGTCAAATTGACCAAATCTTGACTAAACGTTACAA

ATTATTTATTCATTTTTTCAATATCAAAAAATTGCATATTAAAA

GAGACTAAATATACTTTCGAATGATGTTATTTTTATTATTTTTT

TOGATTATATGATACATGTAAATTTCAGTTGAAATATAGTCAA
-670

TTTGACTGGTTAAAGATCAAAATGGACATATAAGATGAGACG

GAAGAAATATTA TTAAATATGAATATATTATTTTTGGTTTTTC

ATTTCTCAAATATGTGTTAAAAATGAAATAACTATATGTATAA

AATATTACTCTCATTCGGTCAATTGTTT~~~rTAGTTTAGGC

GTCGAGGTTAAGAAATATATATAAAATAGTCGAAAAACCAAA

AAAAAGTGGGTGAAGTAGTGAAATCTTTeATTTTTAATGAATT

AAAGAGAeATATGTAGTTGTGTAAAAGTA~~~l~AAAAGATA
-390

GAAAAAATceAAAGTGATGAGAACAATGATTATTTTTGTTAA

AATTTGAAATGTAAAGAAGGGATAATAATTGATACATCCAAA

AAGAAAAeAGTAAAAATGTTAGGATTCATTTGACTATTTTTGT

TTCGTTCGAGTTTAATAATATAAAATAAATTCACTTACGGATA

AeAATATTATCTCCGTTAAAGAAAGATGAGAATCCATCGTAA
-170

TGCGAGCCAAAGGGTAAACAGGTGTTGCACCATGTTTTGTT~]
-140

~~~GGCAGTCTCTTCTACCTCTGCATAC CGT TTATTGCCTC
-1 1O
AGTTGOATecAGAAGCTCC AACGCTCC~~~GTCCTTCAAC

TTTTAAACTAACCACTTCTATATAATCCCCTGCAATTCT
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ABRES (motif X, Y and Z) deleted did not show

any GUS activity in any developmental stage (data

not shown). These results indicate that -250 bp
upstream of the DcECP31 promoter region is suffi-

cient to confer GUS expression in embryogenic
cells and somatic embryos at all developmental

stages.

On the other hand, the pattern of GUS expression

pattern with the region
- 860 bp upstream of

DcECP40 promoter was quite similar to that ob-

served with the region -810 bp upstream of

DcECP31 promoter (data not shown).

The ability of the various promoter fragments to

confer GUS expression in transformed cells was
similar to that of transient expression

To determine the promoter regions required for

DcECP31 or DcECP40 transcription, we con-
structed a number of 5' deletions, as shown in Fig. 6
and 7, and analyzed the constructs in transgenic

A: Transformed assay (~***~
*oj~f*

-810 x Y Z TATA

- 660

- 480

- z50

-1 15 +
puc 19

B: Transient assay C"="+'d
~nt~*

-810 x Y Z TATA

- 660

- 480

- z50

-115 H-
puc 19

cells that were treated for 24 h with 50 ftM ABA
and compared to those which were not treated. Our
results showed that DcECP31 promoter activity was
retained in deletions up to - 250, but was drastically

decreased at - 115 in which putative ABRES Were
deleted, as shown in Fig. 6A. These results indicate

that -250 bp upstream of DcECP31 promoter re-

gion is sufficient to confer GUS expression. In

addition to the analysis of transgenic cells, we
performed transient assays using carrot protoplasts

with the various deletion fragments of DcECP31
promoter. Results of the transient assay were gener-
ally similar to those observed with transgenic cells

(Fig. 6B).

In the deletion analysis of DcECP40 promoter
with transient assay, the ABA -regulated expres-
sion of GUS was drastically reduced in the construct
deleted between - 670 - - 390. Although GUS activ-

ity was reduced to 20% of the
- 860 construct, ABA

inducible GUS activity was retained in region - 140

[]
- ABA

~1 + ABA

o Z(] 40 GO 80 100

[]
- ABA

~1 + ABA

Fig. 6

120

=" ~ '" *. '"
Relative GUS activity (o/o)

Quantitative fluorometric GUS assay in transformed embryogenic cells (A) and
transfected carrot protoplasts (B) on DcECP31 promoter.

The diagram in the left shows the 5' unidirectional deletions of the DcECP31 promoter.
Deletion end points are indicated in base pairs from the relative transcription start site.

pUC19 DNA was used as a negative control. GUS activity is given in relative units. (A)

GUS activity was determined in tissue homogenates of each independent transgenic line

cultured with (striped) or without (open) ABA (50 fl M). Bar graphs represent the average
GUS activity and standard deviation in three independent lines for each deletion construct.
(B) GUS assays in a carrot protoplast transient expression system. Eight transfections with
(striped) or without (open) ABA (50 /1 M) were conducted for each deletion construct. The
average GUS activity and standard deviation are given for each construct.
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Quantitative fluorometric GUS assay in transfected carrot protoplasts on DcECP40

promoter.

The diagram in the left shows the 5' unidirectional deletions of the DcECP40 promoter.

Deletion end points are indicated in base pairs from the relative transcription start site.

pUC19 DNA was used as a negative control. GUS activity is given in relative units. Three

transfections with (striped) or without (open) ABA (50 /1 M) were conducted for each

deletion construct. The average GUS activity and standard deviation are given for each

construct.

upstream containing two putative ABRES (Fig. 7).

These results suggest that DcECP40 promoter con-

tains some functional elements in the distal (- 670 -

-
390) and proximal (-140 - -50) regions, which

are essential for ABA-inducible expression. But,

we also can not exclude the possibility that one of

these regions might be an embryo-specific

enhancer.

Discussion

Our previous studies have shown that the expres-

sion of ECP genes is embryo-specific and ABA-
inducible (Kiyosue et al., 1992a, 1993, Yang et al.,

1996, 1997, Zhu et al.
,
1997). These characteristics

led us to study the molecular mechanism of embryo-

genesis. As shown in Fig. l, the induction of

DCECPS mRNA by ABA does not require de novo
protein synthesis. Furthermore, an embryo-specific

transcription factor C- AB13, a carrot homologue of

Arabidopsis AB13, involves in the control of the

expression of DCECP genes (Shiota et al., 1998).

Thus, it is considered that C-AB13 acts directly in

the regulation of the expression of ECP genes. On
the other hand, the induction of Rabl6 mRNA by

ABA require de novo protein synthesis, while the

l20

induction of Osem mRNA depends only partially on
such synthesis but wheat Em does not (Hattori et al.

,

1995, Williamson and Quatrano, 1988). However,

in the data presented here, the ABA - induced

expression of Dcem, a carrot homologue of wheat

Em, was inhibited by cycloheximide. This indicates

that the ABA induction of the expression of these

genes may be controlled by some different mecha-

nisms as reported by Shinozaki et al. (2000).

In sequence comparison of the ECP promoters, all

of the ECP promoters contain multiple, at least

three ACGT-core motifs within the
- 300 positions.

In the promoters, we found the ACGT-core motif

or Sph box sequence (CATGCATG) which was
identified as a motif for mediating gene activation

of maize antocyanin regulatory gene C1 or of a
number of seed storage protein genes (Hattori et al.

,

1992, Baumlein et al., 1992). DcECP63 which was
found in our laboratory as an ECP (Zhu et al., 1997)

showed a 94 % similarity to DC8 which is ex-

pressed in carrot seeds (Franz et al., 1989). It seems
that DcECP63 is the same gene as DC8. In the DC8
promoter, three ACGT-core motifs are located

within - 170 upstream (Franz et al., 1989). ACGT -

core motif of the DcECP31 promoter (motif X,

CACACGTGGG) and that of AtECP63 (TGTA-
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CGTGGC) resemble to Emla (GACACGTGGC) of

wheat Em and motif I(AGTACGTGGC) of rice

Rabl6B, respectively. These motifs function as
essential parts of the ABRE complex (ABRC) in

each promoter (Vasil et al., 1995 and Ono et al.,

1996). From the sequence comparison of ABRC, the

synergistic interaction between ACGT- core motifs
is considered, and in fact, the two ACGT-core
motifs in DcECP31 promoters act as cis-elements

(KO et al., in preparation).

Histochemical GUS assay with the DcECP31
promoter deletions showed that GUS activity in

-

250 bp upstream deletion was similar to that with no
deletion. On the other hand, in quantitative fluoro-

metric assays for GUS activity with the DcECP31
promoter deletions, the pattern of GUS expression

in the transformed embryogenic cells was qualita-

tively similar to those observed with transient assay
using embryogenic cell protoplasts (Fig. 6). How-
ever, responsiveness to exogenous ABA of the

DcECP31 promoter in the transformed embryogenic
cells was not conspicuous. Because endogenous
levels of ABA in carrot embryogenic cells are very
high (Kiyosue et al., 1992a and 1992b), it is thought
that the amount of DcECP31 transcripts does not
increase even by exogenous ABA treatment. In

transient assay, ABA responsiveness was more
conspicuous than that of transformed assay (Fig. 6).

The report indicating that protoplasts do not synthe-

size ABA (Zeevaart et al., 1988) may support this

idea.

In some cases, stable and transient transformation

analyses have led to different conclusions about the

activity of the promoter region (Bustos et al.
,
1991).

Accordingly, to remove these experimental limita-

tions, we compared both experimental systems and
showed that there was no qualitative discrepancy

between these systems in carrot. Thus we used the

transient assay system for identification of the

promoter region of DcECP31. In the promoter,
-250 upstream region containing three ACGT
motifs is sufficient for the ABA- regulated promoter
activity (Fig. 6 B). However, on the deletion anal-

ysis of the DcECP40 promoter with transient assay,

we identified the distal (- 670 - -390) and proximal
(- 140 - -

50) regions, which are essential for ABA-
induced expression (Fig. 7). The conserved motif is

only ACGT-core sequence of -550 and -420
position (TTTACGTTTA and GTAACGTGAA) in

the distal (- 670 - - 390) region. Although DcECP31
promoter contains the ACGT core motifs at -496
position (TATACGTGAA), this region could not
affect the ABA inducible promoter activity (Fig. 6).

This suggests that there is a different regulation

mechanism of gene expression between DcECP31

and DcECP40, although they are controlled by the

same transcription factor C-AB13. It is known that

different transcription factors control positivaly

alld /or negatively the expression of a LEA gene
(Busk et al., 1997, Chern et al.

,
1996). Therefore we

are carrying out more precise analysis of DCECP
promoters.
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