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Arginine decarboxylase (ADC) i s  the first enzyme in  one of the 
two pathways of putrescine biosynthesis in plants. The genes en- 
coding ADC have previously been cloned from oat and Fscherichia 
coli. Degenerate oligonucleotides corresponding to two conserved 
regions of ADC were used as primers in polymerase chain reaction 
amplification of tomato (Lycopersicon esculentum Mill.) genomic 
DNA, and a 1.05-kb fragment was obtained. This genomic DNA 
fragment encodes an open reading frame of 350 amino acids 
showing about 50% identity with the oat ADC protein. Using this 
fragment as a probe, we isolated severa1 partial ADC cDNA clones 
from a tomato pericarp cDNA library. The 5’ end of the coding 
region was subsequently obtained from a genomic clone containing 
the entire ADC gene. The tomato ADC gene contains an open 
reading frame encoding a polypeptide of 502 amino acids and a 
predicted molecular mass of about 55 kD. The predicted amino 
acid sequence exhibits 47 and 38% identity with oat and E. coli 
ADCs, respectively. Cel blot hybridization experiments show that, 
in tomato, ADC i s  encoded by a single gene and is expressed as a 
transcript of approximately 2.2 kb in  the fruit pericarp and leaf 
tissues. During fruit ripening the amount of ADC transcript ap- 
peared to peak at the breaker stage. No significant differences 
were seen when steady-state ADC mRNA levels were compared 
between normal versus long-keeping Alcobaca (alc) fruit, although 
alc fruit contain elevated putrescine levels and ADC activity at the 
ripe stage. The lack of correlation between ADC activity and 
steady-state mRNA levels in  alc fruit suggests a translational and/ 
or posttranslational regulation of ADC gene expression during 
tomato fruit ripening. 

The diamine putrescine and the polyamines spermidine 
and spermine are apparently of ubiquitous occurrence in 
plants, and changes in their levels and biosynthesis have 
been correlated with a variety of plant developmental proc- 
esses (Evans and Malmberg, 1989; Slocum and Flores, 1991). 
However, the specific physiological role(s) of polyamines in 
the various plant processes with which they have been as- 
sociated remains unclear. Furthermore, very little is known 
about either of the mechanisms that regulate polyamine 
biosynthesis or their subcellular localization, two aspects 
critica1 to understanding their role in plant growth and de- 
velopment. In animal systems, the role of polyamines in cell 
division, growth, and differentiation and the mechanisms 
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that regulate their intracellular levels are better understood 
(Heby and Persson, 1990; Auvinen et al., 1992). This has 
largely been facilitated by the isolation of polyamine mutants 
and application of molecular biology techniques. 

In plants and bacteria, putrescine, also a precursor for the 
polyamines spermidine and spermine, is synthesized via one 
of two pathways. Putrescine can be formed directly from L- 

Om by ODC; this pathway represents the only route to 
putrescine biosynthesis in animals and most fungi (Tabor and 
Tabor, 1984; Pegg, 1986). Altematively, putrescine may be 
produced from L-Arg by ADC via agmatine (Tabor and Tabor, 
1984). In plants, these two pathways appear to have specific 
roles in growth and development. For example, in nondivid- 
ing mature tissues and in plant tissues subjected to environ- 
mental stress, ADC appears to be the primary enzyme for 
putrescine synthesis, whereas in meristematic and reproduc- 
tive tissues and other actively dividing cells, ODC activity 
seems to correlate with changes in polyamine levels (Slocum 
et al., 1984; Tabor and Tabor, 1984; Evans and Malmberg, 
1989). 

Recently, molecular analysis of polyamine biosynthesis in 
plants has been initiated. Bell and Malmberg (1990) reported 
the cloning of oat ADC cDNA. Hammill et al. (1990) pro- 
duced transgenic tobacco roots overexpressing yeast ODC. 
Recently, a partial cDNA clone, isolated from a tomato mer- 
istem library and showing homology to the oat ADC, was 
reported to be expressed in the meristem in a tissue-specific 
manner (Fleming et al., 1993). The use of molecular ap- 
proaches including the cloning of polyamine biosynthetic 
enzymes, production of transgenic plants over- and under- 
expressing these enzymes, and analysis of gene promoters 
fused with reporter genes should allow a better understand- 
ing of the function of polyamines in plant growth and 
development. 

We have investigated the role of polyamines in tomato 
(Lycopersicon esculentum Mill.) fruit ripening and storage 
using the Alcobaca ( a l c )  ripening mutant. The fruit of this 
line ripen more slowly than the standard commercial vari- 
eties, and if picked ripe they can be kept four times longer 
(Mutschler, 1984b). The delayed ovempening characteristic 
is conferred by the single recessive gene alc, whose inherit- 
ance, linkage, and effects on ripening-related mRNAs have 

Abbreviations: ADC, arginine decarboxylase; ODC, omithine de- 
carboxylase; PCR, polymerase chain reaction; SAMDC, S-adenosyl- 
methionine decarboxylase. 
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been previously described (Mutschler, 1984a; Mutschler et 
al., 1988). The U ~ C  fruit contain three times as much putrescine 
as the normal variety at the ripe stage (Dibble et al., 1988), 
and it has been suggested that the enhanced putrescine levels 
in this line may be responsible for its ripening and storage 
features (Davies et al., 1990). It was further shown that the 
elevated putrescine levels in alc fruit are not due to changes 
in putrescine conjugation or metabolism but are, instead, due 
to an increase in ADC activity (Rastogi and Davies, 1991). In 
this paper, we report the isolation and characterization of the 
ADC gene from tomato and examine the expression of ADC 
during ripening of normal and alc fruit. 

MATERIALS AND METHODS 

Plant Material 

The plants of tomato (Lycopersicon esculentum Mill.) iso- 
genic lines Alcobaca (alc) versus Alcobaca-Red (Alc-Red: a 
revertant of alc), near-isogenic lines Rutgers versus Rutgers- 
alc (alc backcrossed into cv Rutgers), and those of cv Jumbo 
were grown as described previously (Rastogi and Davies, 
1990). Leaf samples for isolation of genomic DNA for PCR 
amplification and genomic blot analysis were collected from 
cv Jumbo plants. The fruit from the above-described isogenic 
lines, collected at four ripening stages, immature green, ma- 
ture green, breaker (streaks of orange at the dista1 end), and 
ripe, were used for isolation of total RNA for northern blot 
analysis. 

Extraction of Genomic DNA 

Genomic DNA was isolated using a modified version of 
the method described by Fedoroff et al. (1983). Leaf tissue (1 
g) was powdered in liquid nitrogen and mixed with 6 mL of 
lysis buffer and 0.3 mL of 20% SDS. The mixture was 
extracted once with 75:24: 1 pheno1:chloroform:isoamyl al- 
cohol, once with 25:24:1 pheno1:chloroform:isoamyl alcohol, 
and finally once with 24:l ch1oroform:isoamyl alcohol. The 
nucleic acids were precipitated with 0.1 volume of 3 M sodium 
acetate and 2 volumes of ethanol, resuspended in 2 mL of 10 
mM Tris-HC1,45 mM EDTA (pH %O), and treated with RNase 
A. The DNA was ethanol precipitated and resuspended in 10 
mM Tris-HC1, 1 n m  EDTA (pH 8.0). 

PCR Amplification of Cenomic DNA 

Genomic DNA (1 pg) was used in a 1OO-pL PCR amplifi- 
cation containing 150 PM of each primer (ADI and AD2; Fig. 
I), 200 PM each deoxyribonucleotide triphosphates, and 5 
units of Taq polymerase, using a Coy Tempcycler. The PCR 
conditions were 94OC for 1.5 min for denaturation, 4OoC for 
2 min for primer annealing, and 72OC for 1 min for synthesis, 
for a total of 30 cycles. The PCR products were cloned into 
pBluescript (Stratagene, La Jolla, CA). 

Screening of cDNA and Cenomic Libraries 

A Xgtll library constructed from poly(A)+ RNA isolated 
from tomato fruit pericarp (breaker stage) and a X Fix I1 
(Stratagene) tomato genomic library were screened to isolate 

tomato ADC cDNA and genomic clones, respectively. Ap- 
proximately 300,000 recombinant plaques for each library 
were screened with the 1.05-kb tomato ADC PCR fragrnent 
(labeled with by random priming; Feinberg and Vogel- 
stein, 1983) using standard plaque lift methods (Sambrook et 
al., 1989). Filters were prehybridized at 42OC in 5X SSPE, 
1OX Denhardt's solution, 0.5% SDS for 2 to 3 h and then 
hybridized ovemight at 42OC in 50% formamide, 5X SSPE, 
0.5% SDS. Filters were washed at room temperature lor 15 
min each with 2X SSC, 0.1% SDS and 0.1X SSC, 0.1% SDS 
and then at 68OC for 1 h in 0.1X SSC, 0.1% SDS. Five 
positive cDNA clones and three positive genomic clones were 
identified. NotI cDNA inserts from the positive clones were 
subcloned into pBluescript. The three genomic clones were 
restriction mapped, and one of them was found to contain 
the entire tomato ADC gene. A 1.74-kb HindIII fragment 
from this clone, containing about 500 bp.of the 5' end iof the 
coding region and upstream sequences, was also subcloned 
in pBluescript. 

DNA Sequencing 

The PCR products, cDNA clones, and the 5' end geriomic 
fragment were partially sequenced using dideoxy sequencing 
(Sanger et al., 1977) and Sequenase version 1.0 (United %ates 
Biochemical) to confirm their identity. The complete seqiience 
of the various inserts in both directions was obtained by 
sequencing the restriction fragments and/or exonucleas,e III/ 
mung bean nuclease-generated deletion clones and by using 
specific primers. A11 DNA and protein sequence analyses 
were performed using the DNASIS and PROSIS software 
(Hitachi America Ltd., San Bruno, CA). 

Cenomic DNA Blot Analysis 

Genomic DNA (10 pg) was digested with HindIII and BglII, 
separated by electrophoresis on a 0.7% agarose gel, and 
transferred to a Zetabind membrane in 20X SSC. The mem- 
branes were prehybridized and hybridized as described a bove 
with the addition of 10% dextran sulfate and 50 pg pLT' of 
salmon sperm DNA. Blots were washed in 0.1X SSC, 0.1% 
SDS either at 5OoC for low-stringency washes or at 68OC for 
high-stringency washes. For the probes, the 1.05-kb PCR 
product and a 1.4-kb cDNA fragment were gel purifiecl and 
labeled by random priming (Feinberg and Vogelstein, 1'983). 

RNA Extraction and Blot Analysis 

Total RNA was extracted from leaf and pericarp ti., -sues 
according to the method of Jones et al. (1985), except the 
extraction buffer was replaced with 50 mM Tris-HC1 (pH 8.0) 
containing 4% p-aminosalicylic acid. RNA samples (20 pg 
each) were fractionated through a 1.2% agarose-formalde- 
hyde gel and transferred to a Zetabind membrane. Hybridi- 
zation conditions were the same as used for the genomic 
blots. The probe was the gel purified 1.05-kb PCR prolduct. 
Washing was done in 0.1X SSC, 0.1% SDS at 68OC. To verify 
loading of equal amounts of RNA in each lane, blots were 
reprobed with an Arabidopsis actin clone. RNA extractions 
and blot analysis were repeated once. 
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RESULTS 

PCR Amplification 

Two degenerate oligonucleotides (Fig. I), corresponding to 
two conserved regions in the oat and E. coli ADC proteins 
(Bell and Malmberg, 1990), were designed. PCR amplification 
of genomic DNA with these primers generated a single band 
of about 1.0 kb. The PCR product was cloned and sequenced; 
the sequence analysis revealed that this 1.05-kb fragment 
contained an open reading frame encoding 350 amino acids, 
which showed approximately 50% identity with the deduced 
amino acid sequence of the oat ADC (Bell and Malmberg, 
1990). In addition, it contained a11 of the corresponding 
conserved regions found in the oat and E. coli ADC gene 
products and hybridized to the tomato nuclear DNA under 
high-stringency conditions, thus confinning that this ampli- 
fied genomic fragment indeed represented the tomato ADC 
sequence. 

ADC Gene Cloning and Sequence Analysis 

The 1.05-kb PCR product was used as a hybridization 
probe to screen a tomato pericarp (breaker stage) cDNA 
library constructed in Xgtll. Five positive clones with insert 
sizes ranging from 1 to 1.5 kb were isolated. Hybridization 
of the PCR product to an RNA blot of fruit and leaf RNA, 
however, indicated that the ADC transcript is approximately 
2.2 kb; thus, the isolated cDNAs were not full-length ADC 
clones. Partia1 sequence of the cDNAs revealed that their 3' 
ends with the poly(A) tails were identical, and their 5' ends 
overlapped with the PCR product showing 100% DNA iden- 
tity. This indicated that a11 of the cDNAs were derived from 
the tomato ADC gene but lacked the 5' end of the coding 
region. To obtain the 5' end of the ADC coding region, a 
tomato genomic library was screened, and a genomic clone 
containing the entire tomato ADC gene was isolated. A 
HindIII fragment of 1.74 kb that contains the 5' end of the 
ADC gene, overlapping with the PCR product and the 1.5- 
kb cDNA, was subcloned from this genomic clone. 

The nucleotide and derived amino acid sequences of the 
tomato ADC-coding region are presented in Figure 2. The 
ATG start site is at position 25 (Fig. 2), given that there are 
nonsense codons upstream of this position in the same read- 

V C N G Y K D  
AD1 (SenSe) 5'-GTTTGTAATGGTTATAAAGAT 

C C C A C G C  
G 

G D S D C T  
A t 2  (antiSenSe) 5'-ACCATCACTATCACAAGT 

T G G G G G  
T 

Figure 1. Primers used for PCR amplification of tomato ADC ge- 
nomic fragment. The corresponding peptide sequences (in single- 
letter code) are shown above each oligonucleotide sequence. 
Primer AD1 corresponds to amino acid residues 151 to 157 of the 
oat ADC (Bell and Malmberg, 1990) and 170 to 176 of the  E .  coli 
ADC (Moore and Boyle, 1990). Primer AD2 corresponds to amino 
acid residues 474 to 479 of the oat ADC and 527 to 532 of the  
E.co/i ADC. 

1 mt Pro lau Val Va1 hrg Phe PIO M p  V a l  lau Lyr 
1 M T  TTG GGT GGA CTT GGG CTC CIO hTG CCT CTT GTT GT€ CGT TTT CCT GAT GTT CTG MG 

13 As" Ar9 Leu Glu Thr Leu Gln Ser A l a  Phe M p  Met Ala l l e  I m  Se= Gln Gly Tyr Glu 
61 M C  CGT TTG GllG ACCT CTG C M  TCG GCT TTT UC ATG GCG ATT M T  TCT CAA VL TAT GAG 

33 A l a  H i s  Tyr Gln Gly V a 1  Tyr Pro Va1 Ly3 Cys MD Gln Asp Arq Phe V a l  V a l  G l u  Asp 
121 GCT CAC TIT C M  GGT GTT TAT CCG G I G  MA P3C M T  C M  GAT AGG TTC GTG GTG GAG GAT 

53 Ile Val Lys Phe Gly Ser Pzo Tyx Arq Phe Gly Leu Glu A l a  Gly Ser Lys PIO G l u  Leu 
i a 1  ITC GTG AAA TTC GGG TCG CCA TAC CGA TTC GGG CTG GM KC GGG TCT M A  CCG GAG CTC 

73 Leu Leu Ala M t  As" Cyr Leu Ser Lya Gly Ser Ala M p  A l a  M u  Leu Y a l  Cya A** Gly 
CTG TTG GCG ATG M C  TGT CTG TCA M G  VL AGT GCT GAT GCT CTT CTT gLI-TcC_&&U;T 211 

93 Phe LYD Asp Thr Glu Tyr Ile Ser Leu A l a  Leu Va1 Ala A r g  Lys Leu M u  Leu Mn Ser 
301 TTs-Gg.G&c ACT GAG TAT ATT TCG CTT GCT TTG GTC GCA AGA M G  CTC CTT TTG M C  AGT 

113 Va1 11s Va1 Leu G l u  Gln G l u  G l u  G 1 U  Leu Asp Leu V a l  11. ADp 11. Ser Ar9 Lyl MUr 
361 GTG ATT GTG CTT G M  CAA GAG GAG GAG CTT GAC CTG GTG ATT GAT ATC AGC CGT Lho ATG 

133 Ser Va1 Ar9 Pro V a l  Ile Gly Leu A r g  A l a  Lys Leu A r g  Thr Lys Bis Ser Gly 111s Pha 
121 TCT GTC CGG CCT GTA ATT GGA CTT CGT GCT AAG CTC AGG ACA MG CAT TC? bbc CAT TTT 

153 Gly Ser  Thr Ser Gly G l u  Ly3 Gly Ly, Phe Gly Mau Thi Tbr Thr G l n  I la  lau .Lrg Val 
4 8 1  GGA TCC ACT TCT GGT G M  M G  GGT M G  TTT GGG TTG ACA ACA ACC CAG ATT CTT CGT GTA 

113 V a l  Lya Lys L ~ Y  Asp Glu Ser Gly Mer Leu Asp Cys Leu Gln Leu Leu nir Phe His I1e 
541 GTG M O  AAG CTT GAT G M  TCT GGA ATG CTG GAT TGT CTC CAG =TA TTG CAT TTT CAC ATT 

193 Ile Pro Ihr Thr Glu Len Leu Ala Arp Gly Val Gly Glu Ala Thr G l n  11. 
601 GGA TCT CAG ATC CCC ACA ACA GAG TTG CTT GCT GAT GGT GTT GGT GAG GCC ACT CAG ATT 

213 Tyr Ser G l u  Leu Val Arg Lsu Gly A l a  Gly M t  Lya Phe Ile Asp 110 Gly Gly Gly lau 
661 TAC TCT G M  TTA GTC CGT CTT GGA GCT GGT ATG MA TTC ATT GAT ATC GGA GGG GVI CTT 

233 Gly Ile Asp Tyr Isp Gly Ser Ly* Sef  Ser Asn Ser M p  V a l  Ser V a l  Cys Tyr Ser Ile 
721 GGA ATC GIC TAT GAC GGT TCT AAA TCA AGC M T  TCT GAT GTC TCT GTT TGC T I T  NX ATT 

253 G l u  G l u  Tyr A l a  Ser Ala Va1 V a l  Gln Ala V a l  Leu Tyr V a l  Cys M p  A r 9  Lya Gly Gly 
781 G M  G M  TAT GCC TCT GCT GTT GTC C M  GCG GTC CTC TIT GTC TGT GAT CGT M G  GGC GGA 

273 LYS H i s  Pro va1 11e cys Ser Glu Ser Gly Arg  A l a  l le  V a 1  Ser Hia n i r  Ser Ile M u  
8 4 1  MG CAT c u  GTG ATT TGC AGC GM *GT GGC AGG GCA ATT GTT TCT CAC CAT TCA ATT CTG 

293 Ile Phe Glu Ala Vai Ser Ala Ser Thr Ser H i S  Val Ser Thr G l n  PIO Ser Ser Gly Gly 
901 ATT TTT G M  GCC GTG TCT GCT TCT ACT AGT CAT GTT TCT llCA CAG CCA TCT TCG GGT GGT 

Gly Ser G l n  

313 Leu G l n  Ser Leu V a l  G l u  Thr Leu rsn G l u  Asp Ala Ar9 Ala Asp Tyr Arg Asn Lsu Ser 
961 TTA C M  TCC TTG GTG GAG ACT CTC M T  G M  GAT GCC CGT GCT GAC TAC AGA M C  TTA TCT 

333 Ala Ala Ala V D l  Arg Gly Glu Tyr Asp Thr Cys Leu Ile Tyr Ser Asp Gln Leu Lys Gln 
1021 GCT GCT GCT GTC CGT GGA G M  TAT GAT ACA TGT CTC ATC TAT TCT G I T  CAG TTG MA CAG 

Arg Cya V a l  G l u  G l n  Phe Lys Asp Gly Ser  Leu Asp Ile G l u  G l n  Leu Ala A l a  V a l  M P  
AGI TGT GTT G M  CAG TTC M A  GAT GGG TCC TTG GAT ATT GAG CAG CTC GCT GCA GTG GAT 

Ser Ile Cys A3p T r p  va1 Ser LYS Ala Ile Gly va1 A l a  Aisp PIO Va1 Ar9 Thr Tyr R i s  
1141 AGC ATT TGT GAT TGG GTG TCG AAG GCT ATC GGG GTT GCT GAT CCT GTC CGC ACT TAC CAT 

353 
1081 

313 

393 
1201 

413  
1261 

433 
1321 

453  1381 

113 
1 4 4 1  

Y a l  Asn Leu Ser Va1 Phs Thr Ser 
GTG M T  CTG TCA GTT TTC ACC TCA 

Ile V a i  Pro Ile n i r  Ar9 Leu Asp 
ATT GTT CCA ATT CAC CGT CTG GAT 

Thr Cys Asp Ser Asp Gly LyP Va1 
5GG-LGL-S&E.P?-S&T.E& Lho GTT 

mia G1u Ile Gly Ser Gly asp Gly 
CaT G M  ATT GGA AGT OOT GAT GGT 

Tyr G l u  G l u  Ala Leu Gly Gly Leu 
TAT GAG GAG GCG CTC GGA GGA CTC 

IlC ero .LSP 
ATC CCT GAT 

G l u  Lys Pro 
G M  M G  CCT 

~ s p  Lys Phe 
GAT M G  TTC 

Gly Ar9 T Y ~  
GGG CGG TAT 

n i s  A m  M u  
CAC M T  CTA 

Pha Trp Gly 
TTT TGG bbc 

Thr ACA Uet ATG Arg AGA 

110 Gly Gly 
ATT CGG Goc 

Tyr Leu Gly 
TAT CTG GGG 

Phe Gly Gly 
TTT GGT GGA 

Phe Ser Gln 
TTC AGC C M  

Gly I1e M Y  
OCA ATA CTG 

Glu Ser Ser 
G M  TCA AGC 

mt Phe Leu 
ATG TTT TTG 

e m  ser va1 
CCA AGC GTT 

Ldu Phs 
TTG TTT 

ssr "op 
TCT GAC 

Leu Pr. 
TTG CCG 

Gly Gly 
GGT GGG 

V a l  A i g  
GTT CGG 

PrO 
CCT 

M" 
CTG 

Leu 
CTC 

A l a  
GCT 

V.1 
GTG 

493  mt Gln Sex Asp Ser Pro n i s  Ser Phe A l a  III] 
1 5 0 1  
1561 
1621 
1681 
1741 

ATO CAG AGC GAT AGC CCT CAC NX TTT GCG TGA CTC GCT CTG TCC CTG GTC CaT CGT GTG 
CTG ATG TGC TCC GGG CGA TGC &GT TTG AGC CTG M C  TCA TGT TCG AGA CTC TCA AGC ACC 
GTG CAG AGG M T  CCT TGG M C  AAG GAG M G  GAG M G  GCG M O  GTG T X  CCT TTG GAT CTT 
TGA CCA GCA GCT TAG CTC AGT CCT TCC ACA ACA TGC CTT ACC TTT CGT CTT GCT GCT TCA 
CTG UG Lho CCA CTG CCA ATG CCA ATA CCA ATA CCA ATA ATG GTG GCT ATT ACT ATT ACA 

i e o l  GTG MG ACA ATO CTG UG UG AGG MG ATG AGI TTT GGT CCT ACT MA CTC TGC TTG MG 
1861 TGT CTC TTG TT.L 
1921 
1981 
2041 ATG CTG TCT TTT TTT GTT TC 

TCT CCA GTT TGT TTT AGT TTG I G G  TCG ACG TCG TCT GTT TTT TTA 
T U  T U  TCC CAC CCC TTA GTT TGG GTG CAT GTT M T  TAC TTT TGT TTG CM TAG ATG CAG 
TAG ACT GTC ATC TCC TAT TGC AAC T M  GCT TAT GTT ATG ACC GCA ATC AGT TTT ATA TTA 

Figure 2. Nucleotide sequence and deduced amino acid sequence 
of coding region of the tomato ADC gene. The underlined regions 
correspond to the primers used for PCR amplification. 

ing frame. The tomato ADC sequence has an open reading 
frame of 1506 bp encoding a polypeptide of 502 amino acids, 
a stop codon, and a 530-bp-long 3' untranslated region 
before the start of the poly(A) segment. The derived amino 
acid sequence of 502 amino acids has a calculated molecular 
mass of 54.4 kD. 

The predicted amino acid sequence of the tomato ADC 
shows strong similarity to the oat (Bell and Malmberg, 1990) 
and E. coli (Moore and Boyle, 1990) ADC proteins (Fig. 3), 
with 47 and 38% identity, respectively. A sequence similarity 
of 34% is also seen between the oat and E. coli ADCs. 
Therefore, at the amino acid level, the tomato and oat ADCs 
are more similar to each other than to the E. coli ADC. 
Among the three sequences, there are severa1 regions of 
striking similarity that are completely conserved in both the 
amino acid sequence and spacing. These conserved regions 
are denoted by shaded areas in Figure 3. 
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TOMATO 1 M»LWK»»DVlKNRl.ETLOS»rDM»INSQGTEW(TOGVY»VKa«ODRFWEDIVKFGSPY 60
OAT £3 .PHILRFPDVLRHRINSLHTAFA.AIK. . .TGS .TQGVFFVK.HQHK. WQDMVHFG. .H 122
E.COLI 86 LP.L. .rPOILQHRL.SINAWKRA.ES.GYNGDY. .VY»IK.»QHR .VIESLIH .G£P- 144

61 RFffTllfftn*«I.LLAMNCLSKGSADALLyiJKtfEl>TETISUH.VARKLLLNSVIVLEQEE 120
123 SY8UBMi«P«LLIAMSCLTKAKPGA.LVaiBYI[DSArVAl»LAAR.M.LN.IIVLE,EE 182
145 -LOLUe*KAELM.VLA—. . G.T . SVIWCMBYJtD.ETIRLALlG.KM. . K . . LVIEK . S 201

TOHATO
OAT
E.COLI

TOHATO 121 ELDLVIDISRKMSVRPVI«L»ll<lRTKHSGHFGSTSGEKGEJGl.TTTQILRVVKiaDESG 180
OAT 163 ILDIVIE.SSKLGV.PVIOVWUtL.TK.PGHFGSTAGKHGKreLPAEKl. .VAKKLKA.N 242
E.COLI 202 EIAIVLD.A.RLNV.P.I«VIUUaRSQ.SGKM.SSGGEKSI»8lAATQVI,QLVETL.EAG 261

TOHATO 181 HLDCIlQLUraiOQIPTTELLADGVaiATQIISCLVR-LG-AGHKFIDiaaGLaitnaX; 238
OAT 243 KLH.LKLL»«va0.IPTTDIV.KAASEASDIYCALVK. .G.ETMT.LD.QaOLGVDTDC 303
E.COLI 262 RLDSLQIUraLCftQMANI . . IATGV .ESARFY. EL .K-LG-VNIQ. FDVOOOLGVDYEG 319

TOMATO 239 SKSSNBDVSVCYSIEEYiSAWQAVLYVCDRKGGKHPVICS
TRSGS«DM*V.TGLB*YASSIVQAV. . .CD . HG.PHPVLCTBSOmkMASYHSMI ILEALS
TR-SOSD.SV.YGLNEYANNII .AI. .ACE.NG. .HPTV.TBEGMVTAHHTVLV. N. IG

OAT
E.COLI

304
320

362
376

TOMATO 299 ASTSK—VSTQPSSGG——LQSLVET —— LNE-DARADYR——————NLSAAAVRGEYDTC 343
OAT 363 A .PKD—. EDEATTE .——LHG.I .D——LSS-K.QPT. .—————SMSS . AVH . K . HG. 409
E.COLI 379 V E . N E . . V P T A P A E D A . . . L Q S M . E T . . . M H E . G T R . S . R . . . . . . Q M D . . D I H . G Y S S . 437

TOMATO 344 LIYSDQLKQRCVEQFKDGSLDIE-QLAAVDSICDWVSKAIGVADPVRTYHVHLSVrrSIP 402
.MY. ... . —————————————— .——————————LSKSVTTAHTl.NTHWML8VtS.MP 443
- I F S . Q . R A W . . Q . Y . S . C . E V Q . Q L D P . N R . . . . 1 . D E L . . . . A . K . Y - V H F L 8 F . S K P 496

OAT
E.COLI

410
438

TOHATO 403 DFHGFSQIiI»IVPIHRLDEKPTMRGILSDLTCD«DGKVDKFIGGESSLPLHEIGSGDGG 461
OAT 444 PYICI. HUPMMPV. RLPEKPT . KATLVDVTgmjCKVDKFl. DTETMPLH . LDP . . GG 502
E.COLI 497 D.lBIDQLTrVLPLE.LDQ.PERRAVL.DHCDSOC.IDHYIDGDG. .TMP. .E .D .EN 556

TOMATO 462
OAT 503
E.COLI 557

RYYLGMF:
-YYVAVLLTOUQBALSN.
P..LGFFM

iPSWRVMQSDSPHSFA 502
;PSLVRW.TGN. .AF. 542
iTEAV.V.......... 597

Figure 3. Comparison of the derived amino acid sequences of
tomato, oat (Bell and Malmberg, 1990; CenBank accession No.
X56802), and E. coli (Moore and Boyle, 1990; CenBank accession
No. M31770) ADCs. The three sequences were compared using
the PROSIS software (Hitachi America), which uses the algorithm
of Lipman and Pearson (1985). The numbers indicate the position
of the residues from the N terminus of the protein. Complete amino
acid sequence is shown for the tomato ADC, and for oat and £. coli
only amino acids that match the tomato sequence (identical and
conserved substitutions) are shown. Boldface letters indicate amino
acids that are absolutely conserved in all three sequences. Periods
represent amino acids in the oat and E. coli sequences that are
different from those in tomato. Gaps, indicated by dashes, were
introduced for maximum alignment. Shaded areas denote stretches
of absolutely conserved amino acid residues in the three sequences.

The N- and the C-terminal regions of the ADC proteins
appear to be the least conserved in the three species. Com-
pared with the oat and E. coli ADC proteins, the tomato ADC
polypeptide is shorter at both the N and the C termini, and
this accounts for its overall smaller size. Another divergent
region in the tomato ADC corresponds to amino acid residues
between positions 285 and 400. It is interesting that this
region is also divergent when the oat and E. coli sequences
are compared. For example, in this region oat ADC has 23
fewer and E. coli ADC has 14 extra amino acids relative to
that in the tomato protein (Fig. 3).

The 1.4-kb cDNA probe, which has two Hindll! sites [the
second site located only 53 bp upstream from the poly(A)
tract] and no Bglll sites, hybridized to two Hi'ndlll fragments
of 0.82 and 0.64 kb and to a 6.0-kb Bglll fragment (Fig. 4B).
The 6.0-kb Bglll band is the same as that detected by the
1.05-kb PCR product (Fig. 4A). When blots were washed
under lower stringency conditions (50°C), identical results
were obtained (data not shown).

ADC Expression during Tomato Fruit Ripening

To determine the pattern of ADC expression during tomato
fruit ripening, gel blot analysis of total RNA isolated from
normal and ale fruit at four ripening stages, i.e. immature
green, mature green, breaker, and ripe, and from leaf was
performed. Figure 5 shows an RNA blot (Rutgers versus
Rutgers-fl/c in this case) probed with the 1.05-kb PCR prod-
uct. In all samples, a single transcript of approximately 2.2
kb was observed. In both genotypes, the level of ADC
transcript in the fruit pericarp appeared to increase from
immature green to breaker stage and then decrease at the
ripe stage (Fig. 5). There were, however, no significant dif-
ferences between the normal and ale fruit at any given
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Genomic Organization

Southern blot analysis of genomic DNA was performed to
determine the number of ADC genes in the tomato genome.
Genomic DNA digested with either Hindlll or Bglll was
hybridized to either the 1.05-kb PCR product or the 1.4-kb
ADC cDNA fragment. In both cases, the pattern of hybrid-
izing bands observed was consistent with a single tomato
ADC gene based on the restriction map of the gene (Fig. 4C).
The 1.05-kb probe that contains one Hindlll site and no Bglll
sites hybridized to two Hind III fragments of 0.82 and 1.74
kb and to a Bglll fragment of approximately 6.0 kb (Fig. 4A).

AT6

Probe 1
Probe 2

Figure 4. Southern blot analysis of tomato genomic DNA. DNA (10
Mg) was digested with either H/'ndlll or Bg/ll. The blot was hybridized
with the 1.05-kb tomato ADC PCR product (probe 1, A) or a 1.4-
kb fragment of tomato ADC cDNA (probe 2, B). Size markers (kb,
H/ndlll-digested X-DNA) are indicated on the left. A restriction map
of the ADC coding region (thick line), upstream region, and the
probes used is shown in C. H, H/'ndlll.
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- 25S (3.4 kb)
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- 17S (1.8 kb)

Figure 5. RNA blot analysis of ADC expression in fruit pericarp of
Rutgers (R) and Rutgers-a/c (RA) at four different stages of ripening.
Total RNA (20 *ig) was loaded in each lane, and the blot was
hybridized with the 1.05-kb ADC PCR product. The positions of
25S (3.4 kb) and 17S (1.8 kb) rRNAs are indicated on the right.

ripening stage (Fig. 5). The level of ADC expression in the
leaves of the two genotypes was similar to that in the mature
green fruit (Fig. 5). The RNA blots were reprobed with an
Arabidopsis actin clone, and an equivalent hybridization sig-
nal was detected for all RNA samples (not shown). Similar
results were obtained with RNA samples isolated from fruit
of the Ale-Red and ale isogenic pair (data not presented).

DISCUSSION

In this report we have described the cloning and nucleotide
sequence of the ADC gene from tomato. Two lines of evi-
dence confirm the identity of the clone. First, the overall
amino acid similarity to the oat and E. colt sequences is very
high. Second, a number of different regions conserved in the
oat and E.coli ADCs were identified in the tomato ADC
sequence. The tomato ADC gene contains an open reading
frame encoding a protein of 502 amino acids. Gel blot analy-
sis of RNA isolated from fruit and leaf indicated that the
tomato ADC gene is expressed as a transcript of approxi-
mately 2.2 kb, which is in agreement with the size of the
ADC transcript detected in tomato apex and root tissues
(Fleming et al., 1993). Analysis of genomic sequences indi-
cated that the tomato genome contains a single ADC gene.
Comparison of the predicted amino acid sequence of tomato
ADC revealed striking similarity to the oat and E. coli ADCs
(47 and 38% identities, respectively). As one might expect,
the tomato and oat ADC proteins are more closely related to
each other than to the £. coli ADC, because there is only 34%
amino acid identity between the oat and the E. coli sequences.

The most noteworthy feature is that, among the three
sequences, there are several distinct regions that are scattered
throughout the proteins and are conserved in not only amino
acid sequence but also in spacing. It is likely that the identical
amino sequences in tomato, oat, and E. coli may be involved
in catalytic function. Bell and Malmberg (1990) suggested
that the three conserved regions toward the C terminus of

the protein may be functionally associated with the active
site of the enzyme. Because most decarboxylases require
pyridoxal phosphate as a cofactor, it is possible that one of
these conserved regions is involved in the binding of pyri-
doxal phosphate.

During tomato fruit ripening, the steady-state levels of
ADC mRNA appear to increase from immature green to
breaker stage, with the ripe stage showing levels similar to
that at the mature green stage. Furthermore, there appear to
be no significant differences in ADC mRNA levels between
the normal and ale fruit at a given ripening stage. The pattern
of ADC expression during fruit ripening in ale fruit, therefore,
appears to be different from that observed for putrescine
levels and ADC activity. In both normal and ale fruit, putres-
cine levels are high at the immature green stage and decline
at the mature green stage. In normal fruit, this decline in
putrescine levels persists, but in ale fruit, putrescine levels
increase during ripening to a level similar to that at the
immature green stage; the ripe ale fruit contain approximately
three times as much putrescine as the normal fruit (Dibble et
al., 1988). The activity of ADC in normal and ale fruit during
ripening showed a pattern similar to that of putrescine (Ras-
togi and Davies, 1991).

The lack of correlation between ADC activity and ADC
mRNA levels in ripening ale fruit suggests translational and/
or posttranslational regulation of ADC expression in tomato
fruit. In animal systems, the regulation of ODC and SAMDC
expression at translational/postrranslational level has been
well documented, and polyamines themselves have been
shown to exert control over rates of translation of ODC and
SAMDC mRNAs as well degradation of ODC and SAMDC
proteins (Heby and Persson, 1990). In oat, it has been shown
that the ADC polypeptide is posttranslationally processed
(Malmberg et al., 1992), but whether this processing is related
to enzyme activation is not clear. Whether the tomato ADC
protein, like the oat protein, is also processed in vivo is not
known at this stage, and further work is needed to address
this question.
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