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Abstract 

Acute or chronic exposure of potato plants to ozone (03) induces ethylene production. We isolated a 
1586 bp cDNA (pOIP-1) encoding 1-aminocyclopropane-l-carboxylate (ACC) synthase from a cDNA 
library constructed with mRNA extracted from O3-treated leaves. The clone has a 1365 bp open reading 
frame and a 221 bp trailing sequence. The active site found in all ACC synthases and 11 of the 12 amino 
acid residues conserved in aminotransferases are found in pOIP-1. Northern analysis showed that the 
mRNA encoding ACC synthase was detectable 1 h after the onset of 03 exposure, and the message 
increased over time as did ethylene production. Concurrent with the increased ACC synthase mRNA 
was a decrease in the message for the Rubisco small subunit (rbcS) with no change in the large subunit 
(rbcL). When the plants were treated with aminooxyacetic acid (AOA), both ethylene production and 
level of ACC synthase transcript were inhibited. The decline in rbcS was also inhibited by AOA sug- 
gesting a correlation between ethylene production and loss of rbcS. Based on nuclear run-on studies it 
appears that the increase in ACC synthase mRNA may result from O3-induced transcriptional activ- 
ity. 

Introduction 

There are many stresses, both biotic and abiotic, 
which are associated with an increase in the rate 
of foliar senescence [18]. Ozone (03) is a phy- 
totoxic chemical that is thought to induce accel- 

erated foliar senescence in susceptible plant spe- 
cies [22]. Symptoms associated with 03 stress 
include premature leaf yellowing and abscission. 
Ozone accelerates loss of ribulose 1,5-bisphos- 
phate carboxylase/oxygenase (Rubisco) [6], de- 
creases levels of Rubisco mRNA [24], and in- 

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under 
the accession number L20634. 
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creases ethylene production [ 15, 21, 24, 28], all of 
which are indications of leaf senescence. 

Ethylene production is involved in many 
plant physiological processes including stress re- 
sponses and has frequently been shown to be 
associated with foliar senescence [ 1 ]. There are 
numerous reports in the literature showing that 
biotic stresses due to bacteria, fungi, insects, 
nematodes or viruses and abiotic stresses, both 
natural and anthropogenic in origin stimulate eth- 
ylene production. Studies using non-enzymatic 
model systems initially suggested that methionine 
is a precursor of ethylene biosynthesis in plant 
tissues. This conclusion has since been confirmed 
by tracer experiments using radioactive methion- 
ine in a variety of plant tissues [33]. Since 
AdoMet is involved in numerous pathways, the 
key regulatory step in the ethylene biosynthetic 
pathway is the conversion of AdoMet to 1-ami- 
nocyclopropane- 1-carboxylic acid (ACC) which 
is catalyzed by ACC synthase. 

When potato plants (Solanum tuberosum L. cv. 
Norland) are subjected to acute or chronic expo- 
sure of 03, there is an increase in the ethylene 
precursor, ACC [24]. The increases in ACC syn- 
thase activity, noted in many developmental and 
inducible systems, in many cases, result from in- 
creases in expression of mRNA for ACC syn- 
thase. Using antisense RNA, Oeller etaL [19] 
were able to inhibit the expression of ripening- 
induced mRNAs from ACC genes resulting in the 
inhibition of ethylene production. Expression 
studies using cDNAs from a variety of plant tis- 
sues show that increased ACC synthase activity 
is often correlated with increases in expression 
of mRNA for ACC synthase [ 13]. A multigene 
family for ACC synthase genomic sequences has 
been reported in zucchini [ 10], tomato [25], Ara- 
bidopsis [16, 30] mung bean [4], rice [34] and 
potato (van der Straeten, personal communica- 
tion). There are also numerous reports showing 
differential expression of the ACC synthase genes 
in a variety of plant systems suggesting an impor- 
tant regulatory mechanism in many physiological 
processes [ 13]. 

Picton et al. [20] reported that transgenic to- 
mato plants underproducing ethylene had delayed 

foliar senescence. More recently, Lanahan et al. 
[ 14] showed that transgenic tomato plants over- 
producing ethylene did not show increased foliar 
senescence, leaving the question remaining how 
ethylene involved is in the senescence process. In 
this study we have successfully cloned a cDNA 
encoding ACC synthase from the foliage of 03- 
treated potato plants, and have demonstrated that 
03 induces expression of mRNA for ACC syn- 
thase. We have also found that there appears to 
be a correlation between the induction of ethylene 
and the loss of rbcS mRNA, suggesting that ethy- 
lene may play a key role in stress-induced foliar 
senescence. 

Materials and methods 

Plant material and treatment 

Solanum tuberosum L. cv. Norland plants were 
grown in a greenhouse with supplemental light 
and charcoal-filtered air. Ozone exposures were 
performed when the plants were 4-5 weeks old 
with about 14 leaves. Plants were treated in con- 
tinuous stirred tank reactors [8] with charcoal- 
filtered air or 0.30 #1/1 O3 for 4 h or as otherwise 
designated. For inhibitor experiments, plants 
were sprayed with 100/~M AOA and 0.1 ~o Tween 
20 or distilled H20 and 0.1 ~o Tween 20 one h 
prior to the 03 exposure. Unless otherwise indi- 
cated, after exposure the fifth leaf from the apex, 
which was fully expanded, was cut from the plant 
at the base of the petiole. The excised leaf was 
sealed for 2 h in a 250 ml bottle with the base of 
the petiole immersed in 25 ml of distilled water. 
The ethylene produced was measured by gas 
chromatography under the conditions outlined 
[2]. Leaf4, which was still expanding, was re- 
moved from the plant, frozen in liquid N2 and 
stored at -80 °C until analyzed. 

Construction of cDNA library 

A 15 g portion of potato leaves taken from plants 
treated with 0 3 w a s  ground to a fine powder in 
liquid N 2. The RNA was extracted by resuspend- 



ing the powder in 50 ml of 25 mM sodium citrate 
(pH 7) containing 4 M guanidine thiocyanate, 
50 mM EDTA, 0.5~o Sarkosyl (w/v), 100 mM 
2-mercaptoethanol and 1.5 M CsC1. The extract 
was filtered through two layers of Miracloth and 
centrifuged at 27 000 x g for 15 min. The clarified 
supernatant was layered onto a 5.7 M CsC1 cush- 
ion and centrifuged at 85 000 x g for 24 h. The 
RNA pellet was washed in 70 ~o ethanol and re- 
suspended in DEPC-treated water [5]. The so- 
lution was extracted once with phenol/chloroform 
(1:1), once with chloroform and the RNA recov- 
ered by ethanol precipitation. Poly(A) + RNA 
was purified by oligo-dT cellulose according to 
Sambrook etal. [27]. Double-stranded cDNA 
was prepared using Amersham's cDNA Syn- 
thesis System Plus kit (Amersham, Arlington 
Heights, IL). A 0.8~o agarose gel was run, dried 
and autoradiographed to evaluate the size and 
quality of the cDNA. Amersham's cDNA Clon- 
ing System 2gtl 1 kit was used for preparation of 
the library. Recombinant phage DNA was pack- 
aged and Escherichia coli strain Y1090 was in- 
fected. 

Generation of  PA C-1 by RNA-PCR 

A 200 ng portion of total RNA from 03 treated 
leaves was reverse-transcribed with 2.5 U of 
moloney murine leukemia virus (MMLV) reverse 
transcriptase in a reaction mixture of 10 mM 
Tris-HC1 pH 8.3 containing 50/zM KCI, 5 mM 
MgCI2, 1 #M of each dNTP, 1 U RNase inhibi- 
tor and 0.75 #M of oligonucleotide primer OLE-4 
[3]. The reaction proceeded for 30 min at 42 °C 
then the mixture was heated to 99 °C for 5 min 
to inactivate the reverse transcriptase. The cDNA 
produced was then amplified with 2.5 U Ampli- 
Taq DNA Polymerase in a reaction mixture 
of 10 mM Tris-HC1 pH 8.3 containing 2 mM 
MgCI> 50/~M KC1, 0.1 ~o gelatin, 0.2 mM of each 
dNTP, and 0.15 #M of OLE-5 and OLE-4 [3] in 
a total volume of 100/~1. The PCR parameters 
were 1 min template denaturation at 94 ° C, 1 min 
primer annealing at 48 °C and 2 min primer ex- 
tension at 72 °C for 45 cycles. 

The products of the PCR reaction were further 
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amplified using a second set of oligonucleotide 
primers OLE-5 and OLE-6 [3]. The cDNA origi- 
nally obtained was incubated with 2.5 U Ampli- 
Taq DNA Polymerase in a reaction mixture of 
10mM Tris-HC1 pH 8.3 containing 1.5mM 
MgC12, 50/~M KC1, 0.2 mM of each dNTP, 0.1 ~o 
gelatin and 0.2 ~tM of each primer in a total vol- 
ume of 100/~1. The PCR parameters were 1 min 
template denaturation at 94 ° C, 1 min primer an- 
nealing at 54 °C and 2 min primer extension at 
72 °C for 30 cycles. The PCR products were ana- 
lyzed on 0.8~o agarose gels and visualized with 
ethidium bromide [27]. PAC-1, a 1098 bp cDNA 
ACC synthase fragment, was obtained from this 
preparation. 

Library screening and subcloning 

Filters were prehybridized at 60 °C in prehybrid- 
izion solution (6 x SSC, 5 x Denhardt's reagent, 
0.1~o SDS, 100/~g/ml denatured fragmented 
salmon sperm DNA) for 4 h. Hybridizations were 
performed overnight at 65 °C using 1 x 10 6 cpm/ 
mL of PAC-1 labelled with ~-32p-dCTP by the 
random priming method. Hybridized filters were 
washed at room temperature in 2 x SSC, 0.1~o 
SDS for 15 min, then 2 times in 0.2 × SSC, 0.1~ 
SDS at 65 °C for 15 min each. The dried filters 
were then exposed to Kodak XAR-5 X-ray film 
with one intensifying screen overnight at -80 ° C. 
Individual positive plaques were purified by sev- 
eral rounds of plating and hybridization. The in- 
sert cDNA from positive plaques was excised 
with Bam HI and ligated into pBluescript (SK + ) 
(Stratagene, La Jolla, CA). The ligation mixtures 
were used to transform E. coli DH5~t. Transfor- 
mants were selected on LB plates containing 
ampicillin (50/lg/ml) and X-gal (0.033~ w/v). 
Plasmid DNA was isolated using the alkaline lysis 
method [20]. 

DNA sequence analysis 

DNA was sequenced by the dideoxy chain ter- 
mination method [26] using Sequenase Version 
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2.0 (United States Biochemical, Cleveland, OH). 
Universal and reverse M13 sequencing primers 
were used (United States Biochemical, Cleveland, 
OH). DNA sequence analysis was facilitated by 
the use of the Intelligenetics Molecular Biology 
package installed on a SUN 3/50 computer. The 
percentage homology between ACC synthase 
amino acid sequences from the GenBank data- 
base with our gene was accomplished using a 
Clustal method with PAM 250 residue weight 
table and a MegAlign program (DNASTAR, 
Madison, WI). 

Northern analysis 

Samples of total RNA (10 #g) were separated by 
electrophoresis in a 1.2~ agarose gel containing 
2.2 M formaldehyde and transferred to a nylon 
membrane (Hybond-N; Amersham, Arlington 
Heights, IL). The filters were hybridized at 42 ° C 
for 16 h in 6 × SSC, 5 × Denhardt's solution, 
0.5~o SDS, 50~o formamide and 100 #g/ml de- 
natured salmon sperm DNA using a ~-32p-dCTP- 
labelled probe. The probes used in this study were 
as follows: a 900 bp Pst I fragment of a cDNA 
(rbcS) for the potato Rubisco small subunit [32], 
a 900 bp Barn HI/Eco RI fragment of a Rubisco 
large subunit gene (rbcL) from potato [7] and a 
1360 bp Spe I fragment pOIP-1 for ACC synthase 
mRNA. After hybridizion, the nylon membrane 
was washed two times in 2 x S SC, 0.1 ~o SDS for 
15 min at room temperature followed by a 20 min 
wash in 0.2× SSC, 0.1~o SDS at 65 °C and a 
15 min wash in 0.1 × SSC, 0.1~o SDS at 65 °C. 
The membrane was exposed to Kodak XAR-5 
X-ray film at -80 °C for 24-48 h with two in- 
tensifying screens. The blots were rehybridized 
with a pea ribosomal gene [ 11 ] to ensure equal 
amounts of RNA were loaded in each lane. 

Genomic Southern analysis 

Genomic DNA was extracted from the leaves of 
potato plants which had been held in the dark for 
3 days. Ten grams of tissue was ground to a fine 

powder in liquid N2, then stirred for 15 min in 
50ml of 100 mM Tris-HC1 pH 8 containing 
250 mM NaCl, 100mM EDTA, 1~  Sarkosyl 
(w/v), plus 1~o 2-mercaptoethanol (v/v). The 
mixture was centrifuged for 15 min at 27 000 x g, 
and the supernatant was filtered through two lay- 
ers of Miracloth. The solution was extracted once 
with 50 ml of phenol/chloroform (1:1) and once 
with 50 ml of chloroform. The nucleic acids were 
recovered by isopropanol precipitation. The 
DNA was resuspended in TE buffer (10 mM 
Tris-HC1 pH 8, 5 mM EDTA) and purified by 
centrifugation through CsC1 (1 g/ml). The DNA 
(10 #g) was digested with Barn HI, Eco RV and 
Sac I. After the DNA fragments were fraction- 
ated on a 0.6 ~o agarose gel they were transferred 
to a nylon membrane. The blot was then prehy- 
bridized, hybridized, and washed as previously 
described for northern analysis. 

Preparation of nuclei 

After 03 treatment the sixth leaf was assayed for 
ethylene, and the fourth and fifth leaves were fro- 
zen in liquid N2 and stored at -80 °C until ana- 
lyzed. Ethylene production by the fourth and fifth 
leaves was previously determined to be similar. 
In vitro transcription in nuclei isolated from fro- 
zen tissue was comparable to nuclei isolated from 
fresh tissue. The isolation of nuclei was done at 
4 °C using autoclaved glassware and sterile so- 
lutions. Nuclei were prepared from 10 g of leaf 
tissue, which was ground to a powder in liquid N2 
with a mortar and pestle. The powdered tissue 
was suspended in 10 volumes of nuclei isolation 
buffer (NIB) (10 mM MES pH 6, 0.75 M sucrose, 
10 mM NaC1, 5 mM EDTA, 0.5 mM spermidine, 
20 mM 2-mercaptoethanol, and 0.25~o nonidet 
P-40). The frozen powder was stirred in a beaker 
at 4 °C until thawed and the suspension was fil- 
tered through 4 layers of sterile cheesecloth, 100, 
50, 20/~m nylon mesh and centrifuged at 1000 x g 
for 5 min at 4 ° C in a HB-4 rotor. The nuclei were 
gently resuspended in a small volume of NIB 
without P-40. Buffer was added to a final volume 
of 30 ml, and the nuclei were centrifuged as above. 



The nuclei were resuspended in 0.5 ml NIB with- 
out P-40 and a 10 #l aliquot was removed, mixed 
with acetocarmine and counted with a hemocy- 
tometer. The remaining nuclei were diluted to 
30 ml with nuclei resuspension buffer (NRB) 
(50 mM Tris pH 8, 5 mM MgC12, 75 mM KC1, 
0.2 mM EDTA, 25 ~o glycerol, 2 mM DTE) and 
centrifuged as above. The nuclei were resus- 
pended in a minimum (known) volume of NRB. 
Aliquots of 10 6 ( f o r  DNA quantitation) and 
7.5 z 10 6 (for nuclear run-on assays) were stored 
at -80 °C until analyzed. The nuclear DNA was 
quantified as described by Wanner and Gruissem 
[31 ]. The aggregation of nuclei in NRB made it 
necessary to count nuclei while still in NIB. There 
was a direct correlation between the number of 
nuclei and DNA content of the nuclei prepara- 
tions. 

Nuclear run-on transcription 

Reintiation of nuclei transcription was done es- 
sentially as described by Wanner and Gruissem 
[31] except 7.5 x 10 6 nuclei (ca. 40 #g of DNA) 
were used with 125 ktCi of ~-32p-UTP (3000 Ci/ 
mmol) in a final volume of 200/~1, unlabelled UTP 
was omitted from the reaction mix, and transcrip- 
tion reaction were incubated at 27 ° C. DNA was 
digested with 10 units of RQ 1 RNase-free DNase 
(Promega, 1000 units/ml) and transcripts were 
not chromatographed on a spin column. Ethanol 
precipitated transcripts were resuspended with 
100 ~1 of hybridization solution. 

Southern blot analysis of plasmid DNA was 
prepared by agarose gel electrophoresis of 5 #g of 
Bam HI-digested pOIP-1. The gel was blotted 
onto a nylon membrane by alkaline transfer [27]. 
The filter was prehybridized in 6 x SSPE, 10 x 
Denhardt's reagent, 1% (w/v) n-lauroylsarcosine, 
100/~g/ml salmon sperm DNA, 50% (v/v) for- 
mamide for 2 h at 42 ° C. Hybridization used the 
same solution (without Denhardt's reagent and 
50 #g/ml salmon sperm DNA) to which labelled 
transcripts were added. After hybridization at 
42 °C for 16-24 h, the filter was washed in 2 x 
S S PE, 0.85 % (w/v) n-lauroylsarcosine for 15 min 
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at room temperature, 2x  SSPE, 0.85% (w/v) 
n-lauroylsarcosine for 30 min at 65 o C, and 0.1 x 
S SPE, 0.85 % (w/v) n-lauroylsarcosine for 30 rain 
at 65 °C. The filter was autoradiographed at 
-80 °C with two intensifying screens. 

Results 

Isolation of  ACC synthase cDNA 

Using degenerate oligonucleotides corresponding 
to several conserved regions found in previously 
reported ACC synthase sequences, we used 
RNA-PCR to reverse-transcribe and amplify an 
1098 bp cDNA from the total RNA fraction ex- 
tracted from O3-treated potato plants. After sub- 
cloning and transformation, we screened the bac- 
terial colonies and found nine which had plasmids 
with inserts of the predicted length. Nucleotide 
sequencing revealed that the cDNA (PAC-1) had 
a high degree of homology with sequences re- 
ported for ACC synthase. 

In an effort to clone a full length cDNA we 
used PA C-1 to screen a cDNA library constructed 
from the poly(A) + RNA of O3-treated plants. 
After screening 300000 pfu we isolated 3 posi- 
tives. The largest cDNA (OIP-1) was subcloned 
into pBluescript (SK + ) and the plasmid was used 
to transform E. coli DH5~. 

The nucleotide and deduced amino acid se- 
quence of the cDNA (pOIP-1) is shown in Fig. 1. 
The clone is 1586 bp long with an 1365 bp open 
reading frame and a 221 bp trailing sequence. The 
absence of the initiator A TG signal indicates that 
the clone is not full length. Comparison with other 
ACC synthase clones suggests that our clone is 
lacking sequence encoding for the first ca. 30 
amino acids and any leader sequence. The open 
reading frame encodes 455 amino acids including 
the active site ofACC synthase. It is reported that 
among the different aminotransferases there are 
12 conserved amino acids [ 10] and 11 are present 
in all reported ACC synthases [3]. These 11 
amino acid residues are also conserved in pOIP-1 
(Fig. 1). 
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AAAGCATACGATAGCGATCCTTTCCACCCTCT~AGAACCCA~TGGAGTTATCCA~TGGGACTTGCTGAAAATCAG 78 
K A Y D S D P F H P L K N P N G V I Q M G L A E N Q  

CTTTGTTTAGACTTGATAGAGGATTGGATTAAGAGA~CCCAAAAGCTTCAATTTGTTCCAATGAAGG~TCAAATCA 156 
L C L D L I E D W I K R N P K A S I C S N E G I K S  

TTCAGGGCCATTGCC~CTTTC~GATTATCATGGCTTGCCTGAATTCAG~GAGCGATTGCGA~TTTATGGAGA~ 234 
F R A I A N F Q D ~ H G L P E F R R A I A K F M E K  

AC~GAGGAGG~GAGTTAGATTTGATCCAG~AGAGTTGTTATGGCTGGTGGTGCCACTGGAGCTAATGAGACAATT 312 
T R G G R V R F D P E R V V M A G G A T G A N E T I  

ATATTTTGTTTGGCTGATCCAGGCGATGCATTTTTAGTACCTTCACCATATTACCCAGCATTTAACAGAGATCT~GA 390 
I F C L A D P G D A F L V P S ~ Y Y P A F N R D L R  

TGGAG~CTGGAGTACAACTTCTTCCAATTCACTGTGAGAGCTCC~CAATTTCAAAATTACTTCAAAAGCAGTAAAA 468 
W R T G V Q L L P I H C E S S N N F K I T S K A V K  

G~GCATATGAAAATGCACA~TC~ACATCAAAGT~GAGGTTTGATTTTGACCAATCCATCA~TCCATTGGGT 546 
E A Y E N A Q K S N I K V R G L I L T N P S ~ L ~  

ACCACTTTGGACAAATACACACTGAAAAGTCTCTTGAGTTTCACCAACCAACACAACATCCACCTTGTTTGCGACGAA 624 
T T L D K Y T L K S L L S F T N Q H N I H L V C ~ E  

ATCTACGCAGCCACGGTCTTCGACACGCCTCAATTCGTCAGCATAGCTGAAGTCCTCGATGAAAAGGAAATGACTTAT 702 
I ~ A A T V F D T P Q F V S I A E V L D E K E M T Y  

TGCAAC~AGATTTAGTTCACATCGTCTATAGTCTTTCAAAAGACATGGGGTTACCAGGATTTAGAATCGGAATCGTA 780 
C N K D L V H I V Y S L S N D M G L P G F N I [ ] I V  

~ A ~ T C T T T T A A C G A T G A C G ~ ~ C ~ ~ ~ ~ C ~ ~  858 
Y S F N D D V V N C A R K M S S F G L V S T Q T Q Y  

TTTTTAGCCGCTATGCTATCGGACGA~AATTCG~AGTGCGATAAGGTTAGCTAAAAGACACAAACATTTTACCAAT 936 
F L A A M L S D E K F V D N F L T E S A I R L A K R  

GGACTCGAAGAAGTGGGAGTCGATAATTTTCTGACAATTAAATGCTTGAAAAAT~TGCGGGGCTTTTTTGTTGGATG 1014 
H K H F T N G L E E V G I K C L K N N A G L F C W M  

GATTTGCGTCCGCTTTTAAGGG~TCGACTTTCGATAGTGAAATGTCGTTATGGAGAGTTATTATAAACGACGTAAAG 1092 
D L R P L L R E S T F D S E M S L W R V I I N D V K  

CTC~CGTCTCGCCTGGATCATCGTTTG~TGTCAAGAGCCAGGGTGGTTCCGAGTTTGTTTTGCGAATATGGATGAT 1170 
L N V S P G S S F E C Q E P G W F ~ V C F A N M D D  

GG~CGGTGGATATCGCGCTAGCGCGGATTCGGAGGTTTGTACGTGTTGAGAAAAGTGGAGATG~TCGAGCGCGATG 1248 
G T V D I A L A R I R R F V R V E K S G D E S S A M  

GAA~GAAGCAAC~TGGAAGAAG~TAATTTAAGACTTAGTTTTTCGAAAAGAATGTATGATGAAAGTGTTTTGTCA 1326 
E K K Q Q W K K N N L R L S F S K R M Y D E S V L S  

CCACTTTCGTCTCCTATTCCACCCTCACCACTAGTTCGAtaggacttaattaaaagggaagaatttaatttatgtttt 1404 
P L S S P I P P S P L V R  

tttatatttgaaaaatatttgtaagaataagattatagaaggaaatctaggaggagtatttccagaaatagttgttag 1482 
cgtatgtattgacaactgatctatgtactttgacatcataatttgtctatctaattaattaatgaaatgtaaaagtaa 1560 
agttatgttaaaaaaaaaaaaaaaaa 1586 

~ .  1. The complete nucleotide and deduced ~ i n o  acid sequences ~r p O ~ - l .  The acrve site is ~derl ined ~ d  the eleven 
conse~ed  residues ~ u n d  in ~ i n o t r ~ s ~ r a s e s  ~ e  boxed. 

Genomic Southern blot analysis 

Southern analysis shows that each of the digests 
(Sac I, Eco RV, Barn HI) yielded a single band 
with molecular weight of ca. 2.01, 2.01, and 1.89 
(Fig. 2), respectively, when hybridized with 
the Sac I-Eco RV restriction fragment of OIP-1 
(Fig. 2). Concurrent with the digests we also ran 
ca. 1, 2, 4, and 8 copies of pOIP-1. By compar- 
ing the intensity of the digest bands with the in- 

tensity of the 01P-I bands, we estimate that OIP-1 
exists as 1 possibly 2 copies per haploid genome 
(Fig. 2). 

Expression of OIP-1, rbcS and rbcL in response to 
03 

Using Spe I-cut pOIP-1 as a probe, we evaluated 
expression of the ACC synthase message in re- 
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Fig. 2. Southern analysis of one-copy (lc), two-copy (2c), 
four-copy (4c), or eight-copy (8c) of pOIP-1 and potato leaf 
genomic DNA (10/~g) cut with Sac I (S), Eco RV (E), or 
Barn HI (B). Partial restriction map of pOIP-1. The Sac I- 
Eco RV fragment used as a probe in the Southern analysis is 
represented by the dashed box. 

sponse to acute (0.30 #1/1) exposure to 0 3. In 
untreated plants message was absent; however, 
low levels of message were detected after 1 h of 
03 exposure with a corresponding increase in eth- 
ylene production from 0 to 25 #1 kg-  1 h -  1. Both 
the levels of ethylene and message increased dra- 
matically after 2 h, and only small changes were 
noted after 3 and 4 h of fumigation (Fig. 3). After 
4 h of exposure the 03 was removed. Within 2 h 
after the removal of 03, there was a sharp de- 
crease in ACC synthase message although ethyl- 
ene production remained constant. Within 4 h we 
could not detect any ACC synthase message 

Fig. 3. Expression of OIP-I, rbcS, rbcL mRNA, and ethylene 
production in response to 0 3 over time. Arrow indicates time 
at which 0 3 exposure was ended. Ethylene values represent 
the means of three replications + SE. 

and ethylene production decreased dramatically 
(Fig. 3). 

As ethylene increased there was a correspond- 
ing decrease in rbcS m R N A  (Fig. 3). When the 
03 was removed, there was a rapid recovery of 
rbcS associated with a decrease in ACC synthase 
expression, but the reduction in ethylene produc- 
tion was somewhat slower. Additionally, there 
was little or no change in the level of rbcL or 
ribosomal (used as a control) m R N A  in response 
to 03. 

We further investigated the association of 
ethylene and rbcS m R N A  by treating the plants 
with the ethylene biosynthesis inhibitor AOA 
prior to exposure to 03. Ethylene production and 
the ACC synthase message were suppressed 
(Fig. 4). With the decrease in ethylene, there was 
also reduced loss of rbcS mRNA. 
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that the induction of the mRNA for ACC syn- 
thase by ozone is transcriptionally regulated. 

Discussion 

Fig. 4. Effect of AOA on the expression of OIP-1, rbcS, rbcL 
mRNA, and ethylene production in response to 03. Ethylene 
values represent the means of three replications + SE. 

Nuclear run-on 

Transcripts produced by nuclei isolated from 
control tissue did not hybridize with OIP-1. How- 
ever, there was hybridization of transcripts pro- 
duced by nuclei isolated from O3-treated tissue 
with OIP-1 (Fig. 5), thereby providing evidence 

Fig. 5. Nuclear run-on assay of pOIP-l. Lanes 1 and 2, gel 
electrophoresis of Barn HI cut pOIP-1. Lane la, autoradio- 
gram of Barn HI cut pOIP-1 probed with transcripts produced 
by nuclei isolated from control tissue. Lane 2a, autoradiogram 
of Barn HI-cut pOIP-1 probed with transcripts produced by 
nuclei isolated from O3-treated tissue. 

At low concentrations, 03 can cause visible injury 
and a variety of physiological responses in sus- 
ceptible plant species (see for review, [12]). A 
response commonly associated with 03 is the 
promotion of accelerated foliar senescence as evi- 
denced by a reduction in the net photosynthetic 
rate and levels of Rubisco protein [23]. Acceler- 
ated loss of Rubisco has been attributed, in part, 
to enhanced degradation of the protein [23]; 
however, the actual mechanism by which 03 
causes this effect remains unknown. Although 03 
has been shown to induce ethylene production in 
a variety of test systems [ 1 ] the role which it plays 
in foliar senescence remains unclear [14, 20]. 
Ozone-induced emission of stress ethylene has 
been correlated with elements of senescence in- 
cluding loss of rbcS mRNA [9, 24]. It is possible 
that ethylene induces changes in gene expression 
which lead to accelerated senescence. 

In many inducible systems ethylene production 
is the result of an accumulation of the ethylene 
precursor ACC which is produced from AdoMet 
via the highly labile enzyme ACC synthase. This 
step is generally accepted to be rate limiting in the 
ethylene biosynthetic pathway [ 33]. In many in- 
ducible systems ACC synthase activity results 
from the de novo synthesis of a highly unstable 
mRNA for ACC synthase allowing for the rapid 
regulation of ethylene production in these systems 
[ 1 ]. When potato (Solanum tuberosum L. cv. Nor- 
land) plants are subjected to acute or chronic 03 
exposure, ACC levels in the tissue increase re- 
suiting in a stimulation of ethylene production 
[9, 24]. Large increases in ethylene resulting from 
acute or chronic 03 exposures are coupled with 
large decreases in Rubisco mRNA prior to loss of 
Rubisco protein [9, 24]. 

In order to better understand the relationship 
between O3-induced ethylene production and the 
loss in rbcS message in potato plants we isolated 
OIP-1, an O3-induced ACC synthase cDNA in 



potato (Fig. 1). It is now generally accepted that 
ACC synthase is encoded by a multigene family, 
and the ACC synthase polymorphism may be due 
to the evolution of a family of proteins with dif- 
ferent enzymatic properties in order to efficiently 
utilize AdoMet in different tissues during plant 
development or in response to stress conditions 
[25]. We compared OIP-1 with other ACC syn- 
thase amino acid sequences from the GenBank 
database using Clustal method with PAM 250 
residue weight table and a MegAlign program 
(DNASTAR, Madison, WI). OIP-1 has 43 to 
93 ~o homology at the amino acid level for ACC 
synthases found in other species reported thus 
far. The highest degree of homology (92~o) was 
found with tomato ACC synthase cDNA clones 
ptACC2 [25] and pcVV4A [29]. The ptACC2 
mRNA is expressed in ripening fruits and is in- 
duced by wounding of non-ripened fruits. The 
pvVV4A mRNA is expressed at low levels in rip- 
ening fruit; however, its expression is increased 
by wounding, thereby suggesting that the genes 
encoding these mRNAs are involved in stress- 
induced accelerated senescence. Interestingly, 
OIP-1 shows a greater degree of homology to the 
deduced amino acid sequences of ptACC2 [25] 
and pvVV4A [29] than the amino acid sequences 
encoded by 3 ACC synthase genes from potato 
recently reported (Van der Straeten, personal 
communication). 

The active site for ACC synthase has been 
identified in all plant species studied [13]. The 
amino acid sequence of the dodecapeptide in 
OIP-1 is SLSKMGLPGFR which is similar to 
other ACC synthase active sites reported [ 13]. It 
has been suggested that ACC synthase could be 
an aminotransferase since it contains 11 of 12 
amino acid residues conserved in aminotrans- 
ferases [ 10], OIP-1 also contains all eleven amino 
acid residues found in other ACC synthases re- 
ported thus far (Fig. 1). 

In this study we evaluated the effects of 03 on 
ethylene, OIP-1, rbcS and rbcL over time during 
a 4 h exposure to 03 and up to 4 h following re- 
moval. Acute 03 exposure caused a rapid increase 
in the mRNA for ACC synthase resulting in high 
levels of ethylene. The increased levels of mRNA 

101 

for ACC synthase and ethylene were sustained 
for the duration of the 0 3 exposure (Fig. 3). As- 
sociated with the rapid increase in ACC synthase 
mRNA is a dramatic transitory reduction in rbcS 
mRNA previously shown by Reddy et al. [24]. 
The rbcS message is lower throughout 03 expo- 
sure. Time periods when rbcS levels show the 
greatest reduction viz. 2, 3, and 4 h of 03 expo- 
sure coincide with the times of greatest OIP-1 
expression. The magnitude of reduction in rbcS 
during this time interval varied between the three 
replicate samples and over the 3 h time period, 
but was always significantly lower than levels be- 
fore or after exposure to 03. When 03 is removed 
there is a rapid decline in ACC synthase message 
which is associated with a parallel increase in 
rbcS mRNA, also shown by Reddy et al. [24]. 
The rapid increase/decrease in ACC synthase 
mRNA is in agreement with results previously 
reported in other test systems [13] and suggests 
a quick 'turn-on/turn-off mechanism of induction 
and rapid turnover of ACC synthase induced by 
03. We are showing for the first time that the 
O3-induced increase in ACC synthase message 
occur as a result of a change in transcription based 
on nuclear run-on studies (Fig. 5). The elevated 
levels of ethylene production were sustained 
somewhat longer than the message for ACC syn- 
thase. The extended emission of ethylene after 
mRNA for ACC synthase is no longer detectable 
which may reflect a saturation of the ACC oxi- 
dase present and build-up of ACC in the tissue. 
It has been shown that the ethylene biosynthetic 
inhibitor AVG has the ability to prevent 03 in- 
duced damage in plants [ 17, 28]. In this study the 
loss of rbcS message was reduced when plants 
were treated with the ethylene biosynthetic inhibi- 
tor AOA prior to 03 exposure (Fig. 4). Also, there 
was a substantial inhibition of ACC synthase 
message and ethylene, further showing a correla- 
tion between the amount of ethylene produced 
and rbcS mRNA loss. The implications of chronic 
03 exposure to emission of ethylene, reduction of 
rbcS message and accelerated foliar senescence is 
currently being studied in our laboratory [9]. 
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