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ABSTRACT

9
A tomato mutant called JL5 is defective in the wound signaling 

cascade leading to defense against insects. A deficiency in allene oxide 

synthase (AOS), an enzyme involved in the biosynthesis of jasmonic acid, has 

been suggested as the cause of this defect. In an effort to test this hypothesis,

we attempted to clone the AOS gene from tomato. Two strategies were used to

achieve this goal. In the first cloning strategy, Polymerase Chain Reaction

(PCR) experiments were performed using oligonucleotide primers that were 

designed from a comparison of the published flax and rubber tree AOS cDNA 

sequences. These experiments revealed amplified DNA fragments from a 

tomato cDNA library template of the predicted size. In the second cloning 

strategy, an AOS cDNA clone from Arabidopsis thaliana (At) was used to screen 

a tomato cDNA library. Ten positive plaques from a primary screen were 

purified. DNA sequence analysis revealed a full length clone (called AOS1) 

encoding a polypeptide of 510 amino acids. Comparison of this sequence with 

those in protein sequence databases suggests that AOS1 encodes an allene

oxide synthase.
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INTRODUCTION AND LITERATURE REVIEW

Nearly three decades of research have led to the elucidation of the

signaling pathway for the expression of genes coding for proteinase inhibitors

and other defense proteins found in plants (Schaller and Ryan, 1995). The

discovery of a serine proteinase inhibitor I (InhI) in potato and tomato plants in 

the early 1960’s triggered more in depth studies of it’s characteristics (Ryan and 

Balls, 1962). Inhl was found to inhibit the activity of chymotrypsin and trypsin, 

two common proteases found in the digestive system of animal and insect 

herbivores. Further, it was determined that wounding of plant leaves, either by 

insect attack or by mechanical means, caused the accumulation of Inhl in both 

damaged leaves and leaves far removed from the wound site. This suggested 

the existence of a systemic signal that travels from the wound site to aerial parts 

of the plant ( Green and Ryan, 1972). Because Inhl can effectively hinder the 

metabolism of an attacking insect, it was hypothesized that the Inhl makes plants 

less palatable and thus serves a protective function in plants (Green and Ryan,

1972).

Another serine proteinase inhibitor, designated as proteinase inhibitor II 

(InhlI), was purified from tomato leaves in 1976. That this protein also inhibits 

the action on chymotrypsin and trypsin strengthens the defense

l
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hypothesis that this class of proteins serves a role in plant defense (Bryant et

al., 1976). In addition to Inhl and Inhll, many other proteins are now known to 

accumulate systemically in response to wounding. These proteins, which 

include polyphenol oxidase (PPO), leucine aminopeptidase (LAP) and cathepsin 

D inhibitor (CDI), are collectively known as systemic wound-response proteins 

(swrps).

The discovery of the systemic wound response sparked a long series of

studies aimed at identifying the systemic signal, which presumably is released at

the wound site and travels to other parts of the plant. It was found that certain 

oligosaccharides present in the plant cell wall can initiate the wound response 

(Darvill and Albersheim, 1984; Doares et al., 1995). However, these compounds 

are not mobile in the plant vascular system (Baydoun and Fry, 1985). Thus, they 

are thought to be for defense gene induction in tissue very close to the site of 

wounding.

A signal for the systemic induction of swrps was isolated from tomato 

leaves and characterized. It is an 18-amino acid polypeptide called systemin 

and is the first peptide hormone to be discovered in plants. The polypeptide is 

named systemin because of its ability to be transported out of the wound site to 

distal tissues where it induces proteinase inhibitor accumulation (Pearce et al., 

1991). The precursor molecule of systemin has been identified as a 200-amino 

acid polypeptide called prosystemin (McGurl et al., 1992). The systemin peptide 

is located near the C terminus of the prosystemin precursor. It is hypothesized

3



that prosystemin is proteolytically processed upon wounding to produce 

systemin, but the enzymes responsible for the processing are yet to be identified

9 (Schaller and Ryan, 1995).

In 1990, jasmonic acid (JA) was found to be a potent inducer of

proteinase inhibitors (Farmer and Ryan, 1990 ). Jasmonates are known to be 

involved in plant growth inhibition, plant growth promotion, in chemical signaling 

in response to certain stresses such as desiccation, and in tendril coiling (Moore, 

1993). The studies of Farmer and Ryan have further demonstrated the role of 

JA in plant defense. The compound (+) 7-iso-JA is the end product of the

octadecanoid pathway in plants, also known as the lipoxygenase pathway. The 

entire pathway for the biosynthesis of JA was elucidated between 1978 and 

1983 through the efforts of Vick and Zimmerman (1984). The pathway begins 

with the conversion of a fatty acid called linolenic acid into hydroperoxylinlenic 

acid (13S-HPOT). The reaction involves the incorporation of molecular oxygen 

into the fatty acid substrate through the action of an enzyme called lipoxygenase 

(Vick, 1993). Lipoxygenases are found in a variety of plant organs including the 

cotyledons, leaves, coleoptiles and some fruits (Moore, 1993). In the next step 

of the pathway, the hydroperoxide product serves as a substrate for 

hydroperoxide dehydrase, also known as allene oxide synthase (AOS). AOS 

catalyzes the dehydration of 13S-HPOT to allene oxides (Vick, 1993). These

9 unstable intermediates are quickly transformed to 12-oxo-phytodienoic acid (12-

oxo-PDA) by allene oxide cyclase (AOC) (Vick, 1993). The substrate 12-oxo-
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PDA is reduced and subsequently p-oxidized three times, two carbon losses 

with each oxidation, to JA (Fig. 1).

0 Several octadecanoid precursors of JA have been found to induce

proteinase inhibitor activity in plants. Linolenic acid, 13S-HPOT, and 12-oxo-

PDA were found to induce proteinase inhibitor accumulation in tomato leaves

(Farmer and Ryan, 1992). This study also demonstrated that the activation of 

proteinase inhibitors by octadecanoid precursors is specific for intermediates

derived from linolenic acid as opposed to intermediates derived from linoleic

acid, another fatty acid substrate for lipoxygenase.

Recent studies suggest that systemin activates defense gene expression

by turning on the octadecanoid pathway. This hypothesis is supported by the 

fact that systemin, like oligosaccharide elicitors and wounding, causes a rapid 

and transient increase in JA levels (Doares et al., 1995). With this new 

information concerning systemin, a more complete picture of the sequence of 

events that occur in response to wounding has been proposed (Fig. 1). It is 

believed that prosystemin is made and stored in the cytoplasm. Wounding 

causes the activation of prosystemin and its cleavage in the apoplast at the 

wound site. The systemin molecule is then transported through the phloem to 

distant parts of the plant (Schaller and Ryan, 1995). The search for a systemin 

receptor on the surface of the cell plasma membrane is ongoing. Nevertheless,

H it is hypothesized that the activation of a lipase in the membrane causes the

release of linolenic acid from either the plasma membrane or chloroplast
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membranes. The release of linolenic acid activates the octadecanoid pathway 

and subsequent accumulation of JA and defense gene activation. The

6 conversion of linolenic acid to 12-oxo-PDA is proposed to occur in the

chloroplast while the P-oxidations are believed to occur in the peroxisome 

(Schaller and Ryan, 1995).

In an effort to provide a complement to the predominantly biochemical and

biophysical approaches used to study and understand the mechanisms involved

in the defense signaling pathway in plants (Lightner et al., 1993), an alternative

genetic approach using tomato mutants was undertaken. Two tomato mutants, 

designated JL1 and JL5, were isolated and found to be deficient in the 

accumulation of proteinase inhibitor I and II in response to wounding. Crosses 

between the mutant and the parental wild type revealed that the mutations in 

both JL1 and JL5 are caused by a single recessive nuclear mutation. Further, 

reciprocal crosses between JL1 and JL5 plants revealed data consistent with 

unlinked recessive mutations. Exposure of each mutant to methyl jasmonate, 

the methyl ester of JA, resulted in the accumulation of Inhl and Inhll. This 

finding demonstrates that both mutants are blocked at an essential step in the 

defense signaling pathway between wounding and the synthesis of JA. That 

both mutants retain the ability to produce proteinase inhibitors close to the 

wound site suggests that they are deficient in the systemic defense signaling 

pathway but not in the ability to respond to oligosaccharide elicitors which act

locally.

6



The JL5 mutant was further characterized in a separate study (Howe et 

al., 1996). Residual levels (5-10% of wild-type) of Inhl accumulation in response 

to wounding were exhibited by the JL5 mutant. Similar results were obtained 

when other swrps were assayed. Consistent with the inability of JL5 to 

accumulate defense related transcripts is its susceptibility to insect attack. The

JL5 mutant is compromised in its natural defense against tobacco hornworm 

larvae (Fig. 2). The susceptibility of JL5 to insect attack appears to be mediated 

by a defect in JA biosynthesis (Howe et. al., 1996). Feeding trials using

Manduca sexta larvae revealed 10- to 25- fold less Inhl and Inhll accumulation in

the JL5 mutant as compared to the wild type plants. In addition, the weights of

the larvae fed on mutant plants were two to three times that of larvae fed on wild-

type plants. Visually, the compromised resistance of the JL5 mutant is readily 

apparent as more of the JL5 foliage is consumed compared to the wild type

(Fig. 2). The name defenselessl (def1) was proposed for the mutation the JL5 

line responsible for the compromised defense response (Howe et. al., 1996).

In this same study (Howe et al., 1996) the site of mutation in the signaling

pathway was localized. This was determined by testing the response of the JL5 

mutant to certain elicitors of defense gene expression and to octadecanoid

pathway intermediates. Systemin, polygalacturonic acid (PGA) from tomato cell 

walls, and chitosan oligomers from fungal cell walls were ineffective in inducing

the accumulation of inhibitor I and II proteins in def1. These

7
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JL5 WILD-TYPE

Fig. 2. Hornworm larvae feeding experiments (Howe et al., 1996)

results indicated that def1 must block the wound response pathway after the

initial reception event mediated by these elicitors.

Biochemical “feeding” experiments, in which plants were supplied through

their cut stems with intermediates of the octadecaoid pathway, showed that

linolenic acid and 13S-HPOT are ineffective in inducing Inhl and Inhll. However,
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12-oxo-PDA was observed to be a potent inducer. These observations indicate

that the def1 mutation is localized downstream of 13S-HPOT but upstream of 12- 

• oxo-PDA action (Howe et al., 1996). The determination that the def1 mutation

blocks a step between 13S-HPOT and 12-oxo-PDA suggested that the precise

biochemical lesion is either allene oxide synthase (AOS) or allene oxide cyclase

(AOC) (Fig. 1).

The cDNA sequence of AOS from flax, the desert shrub Guayule 

(Parthenium argentatum) (Pan et al., 1995), and Arabidopsis has been 

determined. AOS was first cloned from flax and the full-length transcript was

found to encode a protein of 536 amino acids (Song et al., 1993). In addition, 

flax AOS has a 58-amino acid N - terminal sequence displaying features of a 

chloroplast transit peptide. This suggests that flaxseed AOS is located in the 

chloroplast (Song et al., 1993). Purification of the AOS protein from flax also 

established its structure as a cytochrome P-450. Cytochrome P-450 enzymes 

are heme proteins that use molecular oxygen as a co-substrate to form carbon- 

oxygen bonds in the product, e.g., hydroxylation reactions. Flaxseed AOS was 

determined to be an unusual type of cytochrome P-450 that uses hydroperoxy 

substrates to form unstable allene oxides (Song et al., 1993).

The Guayule AOS protein sequence shows significant similarity to 

flaxseed AOS (Pan et al., 1995). The full length Guayule AOS cDNA encodes a

4) protein of 473 amino acids. Further, Guayule AOS shows 65% identity and 85%

similarity to the flax AOS amino acid sequence. [Identity represents the
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proportion of amino acids that is exactly the same when two sequences are 

compared. Similarity represents the likeness between the two amino acid

• sequences when conservative amino acid changes are considered]. The 

homology between Guayule AOS and flaxseed AOS, their nearly identical heme

binding regions, and the determination that Guayule AOS has AOS activity, 

indicate that Guayule AOS is a cytochrome P-450 like flaxseed AOS. Guayule 

AOS does not, however, possess the leader sequence characteristic of flaxseed

AOS. It was suggested that Guayule AOS is localized in rubber particles, not on

the chloroplast membrane (Pan et al., 1995).

Finally, a cDNA encoding AOS has been cloned from Arabidopsis

thaliana (At). The full length cDNA encodes a protein of 517 amino acids 

(Laudert et al., 1996). The mature enzyme of 496 amino acids shows 58.5% 

similarity and 73.1% identity to flax AOS. Further, At AOS possesses a leader 

sequence like flax AOS. This At AOS leader sequence is only 21 amino acids 

long, but has many of the necessary characteristics to make it a possible 

chloroplast transit peptide.

In the present study, we chose to clone the gene encoding allene oxide 

synthase from tomato in an effort to test the hypothesis that it is defective in JL5. 

The cloning of AOS from tomato will also serve as a first step in studying the 

role of AOS in the regulation of JA biosynthesis during plant defense. These

• goals were facilitated by the information already available on flax, Guayule AOS,

and At AOS sequences.
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MATERIALS AND METHODS

Polymerase Chain Reaction (PCR) experiments

Four upstream degenerate primers were designed through a comparison 

of the published Guayule and flaxseed AOS cDNA sequences. Alphabetical

designations were given to each primer. Degenerate primer A [5'-GA(C/T) 

(C/A)Gdl (C/T)Tdl GA(C/T) TA(C/T) TT(C/T) TA(C/T)-3'] was designed from the 

amino acid sequence DRLDYFY; degenerate primer E [5'-(C/T)T(A/G/C/T) 

TT(C/T) GCN GTN TG(C/T) TT(C/T) AA(C/T)-3'] was designed from amino acid 

sequence LFAVCFN; degenerate primer F [5'-TT(C/T) GCN ACN AA(A/G) 

GA(C/T) CCN AA(A/G)-3'] was designed from amino acid sequence FATKDPK; 

degenerate primer G [5'-TT(C/T) GA(C/T) (C/A)Gdl CCN GA(A/G) GA(A/G) 

TT(C/T)-3'] was designed from amino acid sequence FDRPEEF. N represents

the random insertion of G, A, C or T and dl represents an inosine substitution.

An Arabidopsis thaliana AOS cDNA clone and tomato cDNA library were used as 

templates for the PCR reaction. Both the At AOS and the tomato library are 

cloned into the pBluescript II SK(+/-) phagemid vector (Stratagene, Inc.). TheT7 

primer (5'-GTA ATA CGA CTC ACT ATA GGG C-3') was used each time as the

downstream primer.

Polymerase chain reactions were carried out in 50 pi total volume using

11



the following components: 5 pi 10X PCR Buffer, 2.5 pi (5 ng) At AOS template or

0.8 pi (8 ng) tomato library template, 3 pi (30 pmol) T7 primer, 10 pi (100 pmol)

degenerate primer A, E, F, or G, 2.5 pi 50mM MgCI2, 5.0 pi dNTP mix, 21 pi or

22.7 pi water (depending on template used), and 1 pi Taq polymerase. The

thermocycler program consisted of 35 cycles of denaturation (30 sec @ 94°C),

annealing/hybridization (30 sec @ 58°C), and extension (1 min @ 72°C).

Twenty pi of each completed reaction were electrophoresed on 1.5% TBE 

(Tris Borate EDTA) agarose gel at -100 v. Gels were stained with ethidium 

bromide (30 pi 10mg/ml EtBr in 100 ml water) for 30 min and then destained for

45 min in water. Gels were visualized and photographed with UV light

illumination.

E. coli transformation with pAt AOS plasmid

E. coli strain JM 109 was grown on minimal medium plates to obtain 

single colonies. An overnight culture was prepared from one colony inoculated 

into LB (Luria-Bertani) medium. The transformation was carried out by the

procedure of Mandel and Higa in which treatment with CaCI2 renders cells 

competent to take up plasmid DNA (Maniatis et al., 1982). Fifty ml of LB broth 

was inoculated with 0.5 ml overnight culture and grown at 37°C with vigorous

• shaking to an OD600 of 0.396. The cell suspension was centrifuged at 4000 x g

12



at 4°DC for 7 min. After discarding supernatant, cells were resuspended in 25 

ml of ice-cold solution of 50 mM CaCI2 and 10 mM Tris*CI (pH 8.0), placed in an

9 ice bath for 15 min and centrifuged again as before. The supernatant was

discarded and cells were resuspended in 2 ml of the CaCI2/Tris»CI solution.

An At AOS cDNA clone in pBSK vector (pAt AOS) was kindly provided to

us by Hieke Hollandar-Czytko of the Ruhr-University, Bochum, Germany. The

lyophilized sample (10 pg) was resuspended in 50 pi TE (10mM Tris«CI and

2mM EDTA buffer pH 8.0) to arrive at a final concentration of 0.2 pg/pl. pAt 

AOS plasmid was added to the CaCI2 treated competent cells. A negative

control (2.5pi TE in 2 ml competent cells) was prepared as well.

The transformed cells were spread onto LB-ampicillin plates, which were

inverted and incubated at 37°C for ~16 hr. Two amp-resistant colonies

transformed with the pAt AOS plasmid, referred to as AOS I and AOS II, were

restreaked onto LB-amp plates and incubated to obtain single colonies.

Purification of pAt AOS plasmid DNA

To isolate the pAt AOS plasmid DNA from E. coli, the lysis by alkali 

method was used (Maniatis et al., 1982). 500 ml LB-ampicillin cultures of AOS I 

and AOS II were grown overnight. Cell lysis was carried out according to

• Maniatis (1982). Freshly made solution II (40 ml of 0.2 N NaOH and1% SDS)

was added to facilitate the denatuation of DNA, the degradation of the bacteria

13



membranes, and to cause the final stages of cell lysis. Solution III (20 ml of 60

ml 5M potassium acetate, 11.5 ml glacial acetic acid, and 28.5 ml water) was

then added, which caused plasmid DNA, but not bacteria chromosomal DNA, to

denature. The acetate solution and SDS produce a tangled network of bacterial 

chromosomal DNA and cell debris. Centrifugation causes this matrix and most 

proteins to settle out in a pellet while plasmid DNA and some bacterial cellular

RNA remains in the supernatant. The supernatant was strained through two 

layers of cheesecloth. Approximately 80 ml of supernatant were recovered from 

each preparation. Isopropanol was added to precipitate the nucleic acids. DNA 

was pelleted by centrifugation and then washed with 70% ethanol. The ethanol 

was discarded and the nucleic acid pellet was dried in a vacuum desiccator.

DNA pellets were then dissolved in 4.5 ml TE.

Plasmid DNA was further purified by centrifugation to equilibrium in a 

cesium chloride-ethidium bromide gradient (Maniatis et al., 1982). Cesium

chloride (4.5 g) and ethidium bromide (450 pi) were added to isolated DNA 

samples. Samples were centrifuged to remove any protein precipitate. Samples 

were then transferred to centrifuge tubes and ultracentrifuged at 50,000 rpm for

18.35 hr.

The plasmid DNA band in the lower portion (most dense) of the 

CsCI/EtBr gradient was collected with a syringe through the side of the tube. 

Ethidium bromide was removed from the plasmid DNA by extraction with N- 

butanol. Plasmid samples were then dialyzed against two changes of TE (pH

14



8.0) overnight.

After dialysis, the DNA in solution was subjected to ethanol precipitation

* as described above. The small pellet was dried and resuspended in 0.5 ml TE. 

The DNA yield was quantified by measuring the OD260. Plasmid DNA yield from 

the AOS I sample was 177 pg/ml and from the AOS II sample was 35 pg/ml.

Restriction analysis of plasmid DNA

AOSI plasmid DNA was cut with Kpn1 and EcoR1 restriction enzymes to 

release the insert from the vector. The Kpn1 digestion was carried out first in a 

total volume of 50 pi. The reaction contained 30 pg AOS I DNA, 1X buffer J 

(Promega, Inc. Madison, Wl), 11 pi water and 4 pi Kpn1. The reaction was

incubated at 37°C for 2 hr. A portion of this digest (0.5 pi) was saved for 

analysis by gel electrophoresis. The remaining reaction was brought to a final 

volume of 100 pi by the addition of the following components to the desired 

concentrations: 2X buffer H, 36 pi water, and 4 pi EcoR1 enzyme. The reaction

was incubated at 37°C for 2 hr. The digestion products were analyzed by 

electrophoresis on a TBE gel. The gels were stained with ethidium bromide and 

bands of interest were located by UV light, excised, and isolated from the 

agarose gels by the modified “Freeze-Squeeze” method (Tautz and Renz, 1983). 

The isolated DNA was electrophoresed on a 1.0% TBE gel using a 1.0 Kb ladder

• as a DNA size standard.

15



Restriction digests with other enzymes were carried out in a similar

manner.

RNA blot analysis

A protocol for RNA blot analysis, adapted from Howe et al. (1996) was 

performed as follows: electrophoresis of 4 fig of total RNA isolated from tomato 

was performed. The gels were stained with ethidium bromide before blotting to 

ensure equal loading of samples. Nitrocellulose filters were hybridized to the

following tomato cDNAs, radiolabeled with a T7 Quickprime Kit (Pharmacia 

Biotech, Uppsala, Sweden): cathepsin D inhibitor (Schaller et al., 1995), and At

AOS (Laudert et al., 1996). Washed filters were exposed to x-ray film. AOS 

filters were then washed again under more stringent conditions. Filters were

exposed again for ~ 24 hr.

Tomato cDNA library titer

A tomato cDNA library was kindly provided by Daniel Bergey. Results 

from a previous experiment performed 2 mo earlier showed the titer to be 0.5 x

* 1010 pfu/ml. A new titer was carried out to confirm the previous titer. Two 1000-

fold serial dilutions of the library were made, assuming the 0.5 x 1O10 pfu/ml. 100

16



(j,l XL1 Blue bacterial culture (suspended in ice cold 10 mM MgSOJ was mixed 

with 1 pi, 5 pi, 20 pi or 50 pi of each phage dilution. The mixture was then

q incubated for 20 min at 37°C and added to 4 ml of 0.7% top agarose, poured on

LB agar plates and incubated overnight at 37°C.

Tomato cDNA library screening

The tomato cDNA library was plated using the top agarose method. Six 

LB plates were plated with -25,000 pfu/plate. Plates were incubated for 9 hr at

37°C.

Plaque lifts were prepared using Hybond nylon filters. Two lifts were

carried out, the first for 1.5 min. and the second for 3.0 min. The filters were 

probed with 32P-dCTP-labeled Xho1 At AOS DNA and washed two times. Filters 

were exposed to film at -80°C for 10 hr.

Positive plaques giving the strongest hybridization signals were picked 

using the large end of a pasture pipette and stored in 1.0 ml SM [0.6% NaCI, 

0.2% MgSO4*7H20, 5% 1M Tris*CI (pH 7.5), 2% gelatin] with three drops of

chloroform. A 1000-fold dilution was made assuming one million phage/plaque

and 20 plaques/plug. Plating and screening of these plates was carried out

under the same conditions as the first screen.

• Positive plaques giving the strongest hybridization signals from the

second screen were picked using the small end of a pasture pipette and stored

17



in SM/chloroform as before. Assuming 1.0 x 106 phage/plaque, several phage 

dilutions were plated with XL1 Blue bacteria. Screening of these plates was

9 carried out under the same conditions as the first screen. Because of a

temperature jump of the oven during hybridization, the third screen was

repeated with two lifts of 3.0 and 6.0 min. The filters underwent two washes

with SSPE/SDS and were exposed to film for 32 hr. Positive plaques were 

picked and stored in SM/chloroform at4°C.

Excision of phagemid from the Uni-ZAP vector

The ExAssist/SOLR system of STRATAGENE was used for the excision 

of the Bluescript phagemid from the Uni-ZAP vector. XL1 Blue and SOLR cells 

were grown to an OD600~1.0 XL1 Blue cells, phage stock, and ExAssist helper

phage were combined and incubated. To this was added 3 ml LB broth and the

mixture was incubated for 8 hr at 37°C. Cells were centrifuged at 2000 x g and 

supernatant was transferred to a fresh tube. The supernatant was heated to 

70°C for 15 min and centrifuged again for 15 min at 4000 x g. This supernatant, 

containing the excised phagemid Bluescript, was decanted to a sterile tube and

stored at 4°C.

Excised phagemids were plated onto LB-ampicillin plates. Plates were 

• grown overnight at 37°C. Ten well isolated colonies were grown in overnight

culture for DNA mini preps. The alkaline lysis method (Maniatis, 1982) was used

18



for this DNA mini prep, starting with 1.5 ml of culture. DNA was digested with

EcoR1. The digested samples were analyzed on a 0.8% TBE gel at 100v.

Sequencing of cloned cDNAs

The modified alkaline-lysis/PEG precipitation procedure was used to 

prepare DNA for sequencing (Applied Biosystem, Inc.). An overnight culture 

(3 ml) was pelleted in an eppendorf tube. The supernatant was removed and the 

pellet was resuspended in 200 pi solution I (see above). 300 pi of freshly 

prepared solution II was added and the mixture was put on ice for 5 min. To this 

was added 300 pi solution III, mixed and iced for 5 min. This mixture was 

centrifuged at room temperature for 10 min and the supernatant was transferred 

to a clean tube. RNase A (DNAse free) was added to a final concentration of 20 

pg/ml and incubated at 37 °C for 20 min. The supernatant was extracted two 

times with 400 pi of chloroform. Total DNA was precipitated by adding an equal 

volume of isopropanol and immediately centrifuging. The DNA pellet was 

washed with 70% ethanol and dried under vacuum. The DNA pellet was

dissolved in deionized water, precipitated with 13% PEG8000 and centrifuged.

The pellet was washed, dried, resuspended in deionized water and stored at - 

20°C. One pi of resuspended DNA was analyzed on a 0.8% TBE gel run at

• 100v.
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Cycle sequencing of the samples was then performed. Reagents for the

sequencing reaction were terminator premix, template DNA, T7 primer and water. 

The thermocycling program consisted of 25 cycles of denaturation (30 sec at 

96°C), annealing (5 sec at 50°C), and extension (4 min at 60°C). Spin columns 

were used to remove excess DyeDeoxy terminators from the completed 

sequencing reactions. Samples were dried and sequenced by the Washington 

State University DNA Sequencing Facility.
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RESULTS

Polymerase Chain Reaction experimentation

As one strategy for cloning tomato AOS, we designed upstream primers 

from a comparison of published flaxseed and Guayule sequences. A tomato

cDNA library was used as template for the PCR reaction. pAt AOS plasmid was

used as a positive control template.

ABCDEFGH I JKLM LANE TEMPLATE PRIMERS

* Lanes A - D -> 54°C annealing
temperature

* ‘Lanes E - H -» 58 °C annealing
temperature

‘A At AOS T7 + A

B At AOS T7 + E

C At AOS T7 + F

D At AOS T7 + G

**E At AOS T7 + A

F At AOS T7 + E

G At AOS T7 + F

H At AOS T7 + G

1 tomato library T7 +A

J tomato library T7 + E

K tomato library T7 + F

L tomato library T7 + G

M 100 bp ladder

Fig. 3. PCR fragments generated using pAt AOS and tomato library templates. Note the 
corresponding fragments formed with primers T7+G (lanes D, H, and L). Lanes
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Using PCR we hoped to obtain a DNA fragment of the predicted size from

the tomato cDNA library. Such a fragment from tomato, if obtained, could then 

t be used as a probe in a tomato cDNA library screen. The results of this

experiment revealed that a 480 bp fragment was amplified from the cDNA library

template using T7 and G primers (Fig. 3; lane L). This fragment also 

corresponds closely to the size of the product amplified from the At AOS

template (Fig. 3; lanes D and H). Other primer combinations did not produce a

PCR product of the expected size.

Northern Blot Analysis

Northern blot analysis, a method whereby labeled probes are hybridized 

to RNA transcripts immobilized to a solid phase support, was performed in an 

effort to determine the complimentarity between the cDNA sequence of the At 

AOS clone and tomato RNA transcript sequences. A specific signal obtained

from Northern analysis would suggest homology between the At AOS cDNA 

sequence and a sequence in the tomato RNA. Such a signal would therefore

indicate that the At AOS clone could be used to screen the tomato cDNA library

directly.

Restriction digestion with Kpn1 and EcoR1 was performed to release the 

AOS- encoding cDNA fragment from pAt AOS. The insert obtained from this

• digestion was utilized as a probe for Northern analysis of tomato RNA

transcripts.
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The restriction digestion of pAt AOS sample revealed a 3.0 kb fragment and a

1.8 kb fragment (Fig. 4; lane D). The latter fragment corresponds to the At AOS

cDNA.

LANEA B C D E

H 1.6

- 2.0

r 3.0

SAMPLE

A STOCK pAt AOS- uncut

B

C

PREP pAt AOS - uncut 
(same as lane B)
Kpn1 cut

D Kpn1/EcorR1 cut

E 1.0 Kb ladder

Fig. 4. Restriction digestion of pAt AOS with Kpn1 and EcoR1. Note the 
3.0 Kb and 1.8 Kb fragments (lane D).

In order to use the 1.8 Kb fragment as a probe for Northern blot analysis,

the DNA fragment was isolated from the agarose gel. A small portion of the 

isolated fragment was analyzed by gel electrophoresis to confirm that the DNA 

had not been lost during isolation (Fig. 5).
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LANEABC

A

B

C

SAMPLE

Kpn1/EcoR1 cut

Kpn1/EcoR1 cut

1.0 Kb ladder

Fig. 5. Kpn1/EcoR1 cut At AOS DNA isolated from an 
agarose gel. Note 1.8 Kb fragments (lanes A and B).

The isolated 1.8 kb fragment was radiolabeled with 32P and used to probe 

a tomato RNA blot. The results revealed that the AOS probe hybridizes to two

mRNA’s of slightly different size. The accumulation of these two RNAs appears 

to be up regulated in prosystemin overexpressing plants (35S:PS), and 

castlemart (CM) plants subjected to mechanical wounding (Fig.6; lanes A-D).

Neither of the two bands were induced by treatment of plants with

methyljasmonate (lanes E-H). As a control for the integrity of the RNA and the 

effectiveness of the treatments (wounding and methyljasmonate), the same RNA

samples were hybridized to CDI probe. The accumulation of CDI is up regulated 

in prosystemin overexpressing plants (35S:PS), castlemart plants
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At AOS probe CDI probe

A BC DE FGHABCDEFGH

LANE

A

B

C

D

E

F

RNA sample

35S:PS

CM Unwounded 
Control

CM Wounded (3 hr)

CM Wounded (7 hr)

CM Unwounded 
Control 

CM + MJ

G JL5 Unwounded
Control

H JL5 + MJ

Fig. 6. Northern blot analysis of tomato RNA transcripts using the 1.8 Kb At AOS and CDI probes.
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subjected to wounding and methyljasmonate as well as JL5 plants subjected to 

methyljasmonate (Fig. 6; lanes A, D, F, and H respectively).

•

Heterologous cloning approach

The titer of the cDNA library was determined to be 0.5 x 101° pfu/ml. The 

primary screen of 275,000 plaques from the tomato cDNA library with a 1.1 Kb 

Xho1 fragment excised from the At AOS clone (Fig. 7) resulted in the

identification of 10 positive plaques which were subsequently chosen and further

purified in a secondary screen. The 1.1 Kb Xho1 fragment was used to screen 

the tomato cDNA library because this fragment contains only approximately 100 

bp of the pBSK vector still attached at one end of the fragment. This was an

important consideration as we wanted to use the most specific probe possible.

The secondary screen resulted in an even greater amount of positive plaques, of

which 12 were chosen and further purified in a tertiary screen. The tertiary

screen resulted in a number of well isolated positive plaques of which 12 were

picked for sequence analysis.

Ten of the 12 plaques picked from the tertiary screen were grown in 

overnight culture for DNA preps. Only seven of these were actually used 

because of a failure in overnight growth of three of the cultures. Restriction

# digestion of the seven preps with EcoR1 and Kpn1 revealed ~1.4 Kb inserts

(except for one prep labeled #3 which apparently failed to digest) upon analysis
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by gel electrophoresis. DNA samples labeled A0S1, AOS4, and AOS 12 were

used as templates for DNA sequencing. The sequence data obtained revealed 

£ that the three clones represent the same cDNA. However, the three clones

differed slightly in the length of the insert. Clone AOS1 contained the longest 

cDNA (1741 bp), and was sequenced in it entirety. The cDNA sequence for

AOS1 is displayed in Fig. 8.

A B C D E F LANE SAMPLE

A Prep pAt AOS - uncut

id
T3 B EcoR1 cut

•S'JSt
ima tesJ “ L3.0 C Xho1 cut

toeUt
L2.0

-1.6 D EcoR1/Xho1 cut

— E EcoR1/Knp1 cut

_____________ I F 1.0 Kb ladder

Fig. 7. Restriction digest revealing 1.1 Kb Xho1 fragment (lane C) and 
position of Xho1 site in relation to EcoR1 and Kpn1 restriction sites.

The RIBOZYME software was used to identify an open reading frame of

510 amino acids encoded within the AOS1 sequence. Comparison of this

putative protein sequence with all known protein sequence was done using a 

BLAST search. The results of the BLAST search showed that the AOS1 open 

reading frame (Fig. 9) is homologous to AOS from At, flax and Guayule.

Comparisons of the amino acid sequence of tomato AOS1 (excluding the N-
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terminus, putative chloroplast targeting sequence underlined in Fig. 9) to AOS

from At, flaxseed, Guayule using the GAP function of RIBOZYME revealed the

percent identities and percent similarities displayed in Tables 1 and 2,

respectively.

1
51
101
151
201
251
301
351
401
451
501
551
601
651
701
751
801
851
901
951
1001
1051
1101
1151
1201
1251
1301
1351
1401
1451
1501
1551
1601
1651
1701

GAATTCGGCA
CCACCATTTT
TCTTCCTTCT
CTATTATTGT
ATAAAATTAT
TGGTCCATGG
ATTTTTTCGA
AATATGCCAC
GCTCGACGGC
AGAAGGATCT
GGTTATCGTA
ATTGAAAAAG
TACCTGAGTT
GAAATGGAGG
TGCGTTCAAT
CTAAGCTCGG
CAGCTTCATC
ACTCCTCCAT
AGAGACTTTA
GCTGAAAAAC
CGCTACTTGC
TGCTGAAATC
AACGAGATCC
GGCGATGGAG
GAGTTGATCC
AAGATCGAAT
ATTCGGGTAC
CGGGAGAGTT
TTGAAACATG
GGGGAATAAA
TATTCGTAAC
GGCACGTCGG
TTAATTTTAA
CACTATCGGC
TTCACAAAAT

CGAGACATTT
I I I IIIGTTC
CTTCACCAAA
TTCTTTATCC
CTACCAGGAC
AAAGATAGGC
ATCAAGAATT
CGGGACCATT
AAGAGTTTTC
CTTCACCGGA
TTCTTTCGTA
TTGATGTTCT
CCATGAAACT
AAAAAGGTAC
TTCTTAGCTC
AACTGATGGT
CTGTGATAAC
ACTTTCCGAT
CGATTTCTTT
TTGGCATTTC
TTCAATTCCT
GATAGCGAAA
GATCGGAAGT
AAAATGCCGT
TCCGGTAGCT
CACACGACGC
CAACCATTTG
CGTCGCCGAT
TATTATGGTC
CAGTGCGCCG
GGAGI I I I I I
CGTTAGGGTC
ATCGAGGTCG
CAGTGTATGT
GGGTGAAAAA

CATCAAACAC
AATGGCATTA
AAATTCCATC
GATAAATCAA
TATACCCGGC
TTGATTATTT
GCAAAATACA
CATCACTTCC
CGGTACTTTT
ACTTTCGTGC
TCTCGACCCA
TCCTTCTTTC
TATACAGAGC
AGTTGGTTTT
GGTCGTTATT
CCGGCATTGA
TCTCGGTCTT
TACCTCCGAT
TACACCAACT
TAAAGATGAA
TCGGTGGGAT
GCAGGGGTGG
AAAATCCGCC
TGATGAAATC
TCACAATACG
CGTTTTCGAG
CAACGAAGGA
CGGTTCGTCG
TAACGGACCG
GAAAAGATTT
CTCCGTTACG
TTCAATTACT
AGATCGAGAT
GTTGTTTGTA
AAAAAAAAAA

CTTTGTATCA
ACTTTATCTT
AAAATACTCT
CAATCGAAAT
GACTATGGGT
TTATAATCAA
AATCAACTAT
AACCCGAAGG
CGATGCATCG
CGTCGACTGA
TCTGAACCAA
TTCACGTCGT
TTTTCGAAAC
AACTCCGGCA
TGGAGTTAAC
TCGGAAAATG
CCGAAGTTTC
TCTGGTGAAG
CCGCCAATTT
GCTTGTCATA
GAAGATTTTC
AGATCCATAC
GGCGGGAAGA
AGTAGTATAT
GAAGAGCCAA
GTGAAAAAGG
TCCGAAAATT
GAGAAGAAGG
GAAACGGAAA
CGTTGTGATG
GTACACTCAA
ATTACTTCTT
CGAAATTTGG
ATTATAATTT
AAAAACTCGA

CTAACATTAC
TTTCTCTTCC
ACATTTCGTC
AACCCAACCT
TGCCGGGTAT
GGAAAAAATG
ATTTAGAACG
TAATTGTTTT
AAAGTTGAAA
ACTCACCGGT
ACCATGAAAA
GATCATGTTA
CCTAGATAAG
GTGATCAAGC
CCAGTGGAAA
GATTTTGCTT
TAGACGACGT
AAAGATTATC
GTTCATCGAA
ATCTTCTCTT
TTCCCGAATA
CCGTTTAGCA
TCACGATGTC
GAAGCTTTAC
ACAGGACCTT
GTGAAATCCT
TTTGACCGGC
AGAAAAATTA
GTCCTACAGT
GTTTCGAGAT
CGTCGACGTT
TGAAAAAAGC
TCTACACTGT
CAGTAATGTT
G

Fig. 8. cDNA sequence of tomato AOS1 clone. ATG = initiator methionine.

28



1 .......... ..MALTLSFS LPLPSLHQKI PS..KYSTFR PIIVSLSDKS 50
51 TIEI..... ....TQPIKL STRTIPGDYG LPGIGPWKDR LDYFYNQGKN 100
101 DFFESRIAKY KSTIFRTNMP PGPFITSNPK VIVLLDGKSF PVLFDASKVE 150
151 KKDLFTGTFV PSTELTGGYR ILSYLDPSEP NHEKLKKLMF FLLSSRRDHV 200
201 IPEFHETYTE LFETLDKEME EKGTVGFNSG SDQAAFNFLA RSLFGVNPVE 250
251 TKLGTDGPAL IGKWILLQLH PVITLGLPKF LDDVLLHTFR LPPILVKKDY 300
301 QRLYDFFYTN SANLFIEAEK LGISKDEACH NLLFATCFNS FGGMKIFFPN 350
351 MLKSIAKAGV EIHTRLANEI RSEVKS.AGG KITMSAMEKM PLMKSWYEA 400
401 LRVDPPVASQ YGRAKQDLKI ESHDAVFEVK KGEILFGYQP FATKDPKIFD 450
451
501

RPGEFVADRF
RLFVTEFFLR

VGEEGEKLLK
YGTLNVDVGT

HVLWSNGPET
SALGSSITIT

ESPTVGNKQC
SLKKA

AGKDFWMVS 500

Fig. 9. Tomato AOS protein sequence. S = starting serine amino acid used for the GAP
comparison. The underlined sequence represents the putative chloroplast targeting 
domain.

Table 1. Percent identity of AOS polypeptide sequences

tomato Arabidopsis flax Guayule

tomato 62.6 66.5 62.9

Arabidopsis 61.9 60.3

flax 66.5

Guayule
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Table 2. Percent similarity of AOS polypeptide sequences

tomato Arabidopsis flax Guayule

tomato ———————— 79.9 82.7 80.8

Arabidopsis 77.2 78.9

flax 81.3

Guayule
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DISCUSSION AND CONCLUSIONS

In conclusion, the gene that codes for allene oxide synthase in wild-type 

tomatoes was successfully cloned. The full length polypeptide was determined 

to be 510 amino acids (Fig. 9).

The PCR experiments revealed amplification of a 480-bp fragment from 

the tomato library. This result suggests that the primer is homologous not only to 

the At AOS template but also to the tomato cDNA library template, effectively

resulting in a fragment of approximately the same size (Fig. 3). The PCR 

fragment could have been cloned, and then used to screen the tomato cDNA

library. However, further work with this 480-bp fragment was abandoned in light 

of the results obtained using the 1.8 kb At AOS as a probe for tomato RNA 

transcripts. The homology between the 1.8 kb At AOS cDNA sequence and the

tomato RNA prompted us to use the At AOS fragment to screen the tomato 

cDNA library directly.

Restriction digestion of the pAt AOS with EcoR1 and Kpn1 revealed a 3.0 

kb and a 1.8 kb fragment. The 3.0 kb fragment corresponds to the pBluescript 

vector and the 1.8 kb fragment corresponds to the length of the At AOS cDNA.

When this 1.8 kb fragment was used to probe tomato RNA transcripts, a signal

was obtained (Fig. 6). Two bands with each sample indicate the possibility of two
t

different kinds of AOS encoding transcripts. The absence of a signal in the
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unwounded plants and the presence of a signal in the wounded plants is 

consistent with AOS being wound-inducible in wild-type plants. The hybridization

♦ observed with RNA prepared from 35S:PS plants (prosystemin overexpressing

transgenic plants) is consistent with the model: A plant overexpressing 

prosystemin will have a highly active octadecanoid pathway and thus a high 

accumulation of AOS mRNA. The high signal obtained with the JL5 control was

unexpected. Attempts to repeat this result were unsuccessful. Probing the blots

with the Cathepsin D Inhibitor cDNA served as a control for an inducible

transcript. CDI is inducible in wounded wild-type plants after 7 hr, in prosystemin 

overexpressing transgenic plants, and in methyl jasmonate-induced wild-type

and JL5 plants as expected.

The signals obtained from the Northern blot analysis prompted us to 

proceed with the screening of the tomato cDNA library directly, using the At AOS

clone as a heterologous probe. The 1.1 kb fragment obtained from the Xho1 

excision (Fig. 7) was used to screen the library. This fragment was used

because it lacks noncoding regions and poly A tails that could hybridize non- 

specifically to other cDNAs in the library. As shown in the results, many positive 

plaques were isolated from the library suggesting specific hybridization of the At 

AOS cDNA to homologous sequences in the tomato cDNA library. Sequence 

analysis of the clones obtained confirmed this. DNA sequence comparison of

< the clones demonstrated that they are all derived from the same gene. The

BLAST function of RIBOZYME confirmed that this sequence is homologous to
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previously cloned AOS cDNAs from At, flax and Guayule (Tables 1 and 2). The 

tomato cDNA sequence has a putative chloroplast transit sequence of

> approximately 46 amino acids. This can be seen at the N-terminus of the protein

and after the initiator methionine. This amino acid sequence is underlined in 

Fig. 9.

The cloning of the cDNA sequence for AOS in tomato plants was a 

necessary first step for testing the hypothesis that AOS is responsible for the

deficiency in the octadecanoid pathway in the JL5 mutant. Cloning and

sequencing the AOS cDNA in the JL5 mutant, to determine if there are any 

mutations in the sequence, is one strategy for determining whether or not AOS is 

the cause of the deficiency in the octadecanoid pathway in the JL5 mutant.

More has been learned about the characteristics of AOS since the

completion of this work. Northern blot analysis has confirmed that AOS mRNA is

wound- and jasmonate- inducible in wild-type plants as well as in the JL5

mutant. Southern blot analysis has suggested that there is only one copy of the 

gene. The next step is to express the enzyme in E. coli in order to make 

antibodies. The E. co//'-expressed protein will also be used to examine substrate

specificity of the AOS enzyme in vitro.
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