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'D'Anjou' pear fruits grown at Medford and Hood River, OR, re- 

quired 7 weeks and 4 weeks of -10C storage, respectively, to 

initiate ethylene synthesis, which was not sustained on transfer 

to 20oC. Additional time at -10C was needed for sustained ethyl- 

ene production and accelerated ripening and softening at 20oC. 

Immature pear fruits did not convert exogenously applied 1- 

aminocyclopropane-1-carboxylic acid (ACC) to ethylene, but mature 

fruits increased ACC conversion as storage time increased. 

During 6 days ripening of mature 'Packham's Triumph' pear 

fruits at 20oC, internal ethylene production and ACC synthase 

enzyme both showed maximum activity on the 5th day with 1120 ppm 

internal ethylene and 226 pmole ACC synthesized/g min at 370C, 

respectively.  Maximum activity of S-adenosylmethionine decar- 

boxylase was 4 p mole  C02/g min produced at 370C on 3rd day of 

ripening. 

Putrescine, spermidine, and spermine concentrations in im- 

mature Bartlett fruits were:  275, 208, 40 and in Cornice, 268, 



524, 244 nmole/g fw, respectively.  These decreased respectively 

to 11, 22, 10 and 5, 6, 1 nmole/g fw at harvest maturity.  Putres- 

cine decreased gradually for 40 days in Anjou fruits during -10C 

storage and then increased back to the initial level by day 74. 

Spermidlne continuously decreased from 28 n mole to 2 n mole/g fw 

by day 74.  Spermlne was initially 4 n mole/g fw and became unde- 

tectable after 60 days, about the time that these fruits produced 

maximum internal ethylene.  Flesh tissues of Anjou pears which 

were not able to synthesize ethylene at 20oC due to unfulfilled 

cold requirement, had putrescine and spermidlne decrease, but 

spermlne did not change during this period.  'Packham's Triumph' 

pear fruits that produced ethylene at 20°C, however, had spermlne 

decrease to an undetectable level during ripening.  Putrescine did 

not change, but spermidlne decreased gradually during ripening. 

The correlated reduction of spermlne concentration and ethyl- 

ene production indicate that spermlne may play a role in ethylene 

metabolism.  Moreover, exogenously applied spermlne reduced ethyl- 

ene production from pear tissue discs, but putrescine or spermi- 

dlne individually did not. 

The inhibitory effects of polyamines on pear ethylene appears 

to be at or prior to the ACC production step. 
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POLYAMINES AND ETHYLENE BIOSYNTHESIS IN PEARS 
DURING STORAGE AND RIPENING 

CHAPTER I 

INTRODUCTION 

Study of biochemical and physiological changes during fruit 

storage and ripening could provide useful information toward ex- 

tending storage life and fresh market availability of fruits and 

vegetables. Understanding of ripening metabolism and regulation 

of hormonal synthesis in softening of fruits will give us a tool 

for better control of ripening. 

Ethylene is structurally the simplest plant hormone and ex- 

ists in the gaseous state under physiological conditions and 

regulates many aspects of plant growth, development, and senes- 

cence including fruit ripening and softening. An understanding of 

regulation of ethylene biosynthesis is an important part of under- 

standing fruit ripening. 

Polyamines (putrescine, spermidine, spermine, and in some . 

tissues cadaverine and agmatine) are present throughout the plant 

world.  These amines have been implicated in several important 

processes involved in cell growth and development, especially 

those involving nucleic acids.  Both the activity of polyamine 

biosynthetic enzymes and polyamine titer have been reported to 

increase dramatically during rapid growth in many plant systems, 

such as germinating seeds, developing seedlings, ovaries of toma- 

toes, rapidly dividing tobacco cells in suspension culture, crown 

gall-tumor development and embryogenesis of carrot suspension 

cells.  Polyamines generally have been reported to decrease during 



aging and senescence.  Furthermore, exogenous application of poly- 

amines retards senescence in several monocotyledonous and di- 

cotyledonous plants.  Polyamines appear to inhibit senescence by 

preventing chlorophyll, protein, and RNA breakdown and by increas- 

ing macromolecular synthesis.  The anti-senescence activity of 

polyamines was also thought to relate to inhibition of ethylene 

synthesis in plant tissues.  Since ethylene tends to be a senes- 

cence inducer and polyamines senescence inhibitors, the endogenous 

balance of these two in plant tissues would be expected to be 

important. 

This thesis examines the ethylene biosynthesis in pear tis- 

sues and the relation of endogenous polyamine concentrations to 

ethylene production. 

The first manuscript (Chapter 3) describes the low tempera- 

ture requirements of Anjou pears harvested from two distant loca- 

tions in regard to ethylene biosynthesis.. The possible relation 

of cold temperature to the initiation of ethylene synthesis in 

fruits from different locations are discussed. 

The second manuscript (Chapter 4) describes the changes in 

activity of last step of ethylene biosynthesis pathway; namely, 1- 

aminocyclopropane-1-carboxylic acid (ACC) to ethylene in immature 

pear tissue discs through maturity and storage. The relation of 

low temperature storage on activity of different steps of ethylene 

pathway are discussed. 

The third manuscript (Chapter 5) describes the relative ac- 

tivity of ACC synthase, an enzyme that converts S-adenosyl- 



methlonlne (SAM) to ACC (ethylene pathway) and SAM decarboxylase 

that converts SAM to a decarboxylated form (polyamine pathway). 

The possible regulation of ethylene level by the activity of SAM 

decarboxylase is discussed relative to ripening of pear fruits. 

The fourth manuscript (Chapter 6) describes effects of exo- 

genously applied polyamines on ethylene production in pear tissue 

discs.  Inhibitory effects of polyamines on the various steps of 

ethylene synthesis are discussed. 

The fifth manuscript (Chapter 7) describes changes in endo- 

genous concentrations of different polyamines during pear fruit 

development, storage, and ripening.  The possible regulatory role 

of polyamines on ethylene biosynthesis in relation to low tempera- 

ture are discussed. 



CHAPTER II 

LITERATURE REVIEW 

Polyamines in higher plants 

The diamine putrescine (PUT) and the triamine spermidine 

(SPD) are found in almost all cells (22,28). Another common 

polyamine, the tetraamine spermine (SPM), is produced in only 

eukaryotes, although some thermophilic bacteria are able to pro- 

duce other tetraamines and even a pentamine (231).  Spermine has 

been in the literature since 1678, when Leewenhoek observed a 

stellate and needle-like precipitate in human seminal fluid (118). 

There has been recent interest in these compounds, because 

cancer patients with metastasizing tumors were found to excrete 

large quantities of acetylated putrescine, presumably a detoxifi- 

cation product (122,228).  It has also been observed that the 

regenerating liver produces large amounts of polyamines through an 

active, highly inducible enzyme called ornithine decarboxylase. 

Ornithine decarboxylase in mammalian systems is induced by hor- 

mones such as testosterone and estradiol (155) and by carcinogens 

(229).  In addition to these observations, the idea has emerged 

that polyamine biosynthesis must accompany nucleic acid bio- 

synthesis if the mitotic cycle is to be completed.  Greatly in- 

creased polyamine metabolism has been observed in rapidly dividing 

cells of plant tumors (275). 

The polyamines, PUT, cadaverine (CAD), SPD, and SPM are 

widespread in the plant kingdom (265). Recent interest in the di 

and polyamines, which occur in animals, microorganisms, and 



plants, is illustrated by the large number of reviews and books 

devoted to their study (22,23,78,118,121,248,268,269).  Spermidine 

has been found in Chlorella (158), tomato and Chinese cabbage 

leaves (297) and together with SPM in petunia pollen (190), high 

concentrations of SPD and SPM in the embryo of cereals (217), in 

all parts of wheat plant except roots and anthers (27), tomato 

juices (269), Jerusalem artichoke tubers (76), and seeds from a 

large variety of higher plants (269). 

Cadaverine is not present in all plant tissues; but has been 

detected in a number of leguminous plants.  Cadaverine was present 

in the third internode of 6-day-old Pisum sativum (107) at 546 n 

mole/gfw and in 13-day-old seedlings at 69 n mole/gfw (17) and 7.1 

y mole/g dry wt in roots of soybean grown in the ammonium medium in 

the light (269).  This diamine was also detected in Sedum secre 

(Crassulaceae) (182), soybean seedlings and its concentration was 

2.37 and 5.09 mM in 3-day-old radicles and hypocotyls, respective- 

ly (287).  However, it was not detectable in buds of Pisum sati- 

vum, Amaranthus cruentus, A. hypochondriacus, Avena sativa, and 

Lemna gibba (107).  Polyamines are present in vacuoles, chloroplast, 

mitochondria and ribosomes (31). The structures of these amines, 

and of their precursors and metabolites are shown in Table II.1. 

Response to environmental stimuli 

E. coli polyamine content is inversely related to the osmo- 

lality of the growth medium (220).  A similar phenomenon was also 

shown in mammalian cells (219). Certain types of plant mineral 

deficiencies are related to increases in some of the polyamines. 



Table II.1.  Free di- ard polyamines found in higher plants*. 

Amine Structure Source 

Diamino- 
propane 

Putrescine 

Cadaverine 

Spermidine 

Homo- 
spermidine 

Spermine 

Aminopropyl- 
pyrroline 

N-Carbamyl- 
putrescine 

Agmatine 

Homo- 
agmatine 

Areaine 

Tetramethyl- 
putrescine 

Tetramethyl- 
homo- 
spermidine 

NH2(CH2)3NH2 

NH2(CH2)4NH2 

NH2(CH2)5NH2 

NH2 (CH2)3NH(CH2)4NH2 

NH2(CH2)4NH(CH2)ANH2 

NH2(CH2)3NH(CH2)4NH(CH2)3NH2 

NH2(CH2)3N/7I 

NH0(CH0)/NHCNH0 2       2  4     |l     2 

0 

NH0(CH0)/NHCNH0 2V     2  4     ii    2 

NH 

NH,(CH9),NHCNH9 z       z a     ll    z 

NH 

NH0CNH(CH0)/NHCNH0 2,,    2 4  n 2 

NH        NH 

(CH3)2N(CH2)4N(CH3)2 

[(CH3)2N(CH2)4]2NH 

Gramineae 

ubiquitous 

Leguminosae 

ubiquitious 

Santalum 

ubiquitous 

Gramineae 

Sesamum 

ubiquitous 

Lathyrus 

Lathyrus 

RueIlia 

Solanaceae 

*(Source:  Reference #265). 



2+ 
Mg  deficiency was associated with PUT accumulation in bar- 

ley, pea, and bean leaves.  Putrescine was also higher in the 

leaves of older radish plants. However, in young radish leaves, 

2+ putrescine was less, and in spinach, Mg  deficiency was without 

any effect on putrescine (36).  The highest concentration of PUT 

+1   +2       +2 was found in plants suffering from K , Mg  , and Ca  deficien- 

cies in combination. However, SPM was low in K-deficient plants 

(36,270). 

Potassium deficiency caused PUT accumulation in the leaves of 

barley, pea, bean, and spinach plants (36).  Smith (269) demon- 

strated the accumulation of agmatine and PUT as well as an in- 

crease in arginine decarboxylase activity in K-deficient leaves of 

barley, tomato, cabbage, radish, lettuce, pea, clover, beet, oat, 

wheat, and rye. 

Putrescine content of 6 species of higher plants, was shown 

to be increased by K deficiency (271).  Putrescine increased 5 to 

15-fold in barley leaves in K deficiency (271). 

14 Barley shoots, incorporated 1,4-C  putrescine more to SPD 

and less in SPM in K deficient plants than in the controls 

(171,283). 

In Italian rye grass, PUT was increased from 0.72 n mole 

(control) to 14.2 n mole/g dry wt (K-deficient) (228). 

Reduction of leaf potassium similarly induced a 10-20 fold 

rise in the PUT content of apricot, apple, and grapevine leaves, 

and it was suggested that PUT is a more sensitive indicator of 

potassium status than the actual leaf potassium content (140). 
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However, K-deficiency in apple trees failed to induce PUT accumu- 

lation when root temperatures were above optimal (127). 

Spermidine, cadaverine, and especially putrescine content was 

increased in soybean seedlings grown on an ammonium medium as 

compared with seedlings grown in a medium with N0_ or urea as the 

nitrogen source (269).  This increase was about 25 to 100 fold on 

a dry weight basis.  The concentration of PUT and CAD also in- 

creased in tobacco and tomato by application of ammonium sulphate 

to the soil medium.  Application of KCl decreased the level of PUT 

in tobacco but increased the level of CAD in tobacco and tomato. 

Lesions similar to K-deficiency are formed by feeding PUT to 

tomato (145).  Putrescine was detected only in K-deficient leaves 

of apple, prune, and grape (110). 

Putrescine content of oat leaf cells and protoplasts in- 

creased 60-fold within 6 hours of exposure to osmotic stress by 

0.4 to 0.6 molar sorbitol. Barley, corn, wheat, and wild oat 

leaves showed the similar response (108). Arginine decarboxylase 

activity had a parallel response but ornithine decarboxylase ac- 

tivity remained unchanged. 

Stresses, for example, osmotic (108), pH, K -deficiency 

(120), and salinity (282) cause a rapid change in polyamine con- 

tent and their biosynthetic enzymes. 

The activity of arginine decarboxylase is controlled by phy- 

to-chrome in etiolated Alaska pea seedlings (120).  In this sys- 

tem, red light absorbed by phytochrome caused increased growth of 

terminal buds, but decreased elongation of epicotyls.  After red 



light irradiation to these plants for 5 minutes, arginine decar- 

boxylase activity doubled within 2 hrs and this increase was 

maintained over the 8-hr experimental period.  The usual photore- 

versibility effect was shown after successive red and far-red 

irradiation.  In subapical epicotyl sections, red light produces a 

reverse effect, causing a decrease in specific activity of argi- 

nine decarboxylase within 2 hrs; after 8 hrs the arginine de- 

carboxylase activity in the control epicotyl was twice that of the 

red-light irradiated material. Arginine decarboxylase is the only 

enzyme that is known to show simultaneous and oppositely directed 

control by phytochrome in different tissues of the plant.  In this 

experiment, polyamine concentration changed according to the argi- 

nine decarboxylase activity. However, Goren et al (123) showed 

that the effect of red-light on arginine decarboxylase activity in 

etiolated pea was not a consequence of red-light effect on growth. 

Seedlings excised just above the cotyledons (long epicotyl) show 

growth promotion of buds after red-irradiation; those excised 

directly below the second node (short epicotyl) do not.  Neverthe- 

less , red-irradiation induced an increase in arginine decarboxyl- 

ase activity in buds of both groups as compared with dark control. 

Functions 

Involvement in growth and cell division. The first growth 

effect of polyamines on higher plants were observed in 1965 in 

Bagni's laboratory on explants of dormant Helianthus tuberosis 

tubers (41). The growth observed with the administration of an 

-4 optimal concentration of SPM or SPD (10 M) was of the same order 
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as that obtained from the administration of 2x10 M 1AA.  In 

addition to the effects on callus formation (41), polyamines 

prevent senescence (164) and promote macromolecular synthesis and 

mitosis in oat leaf protoplasts (163). 

Palavan and others (232) showed that arginine decarboxylase had 

highest specific activity in all rapidly growing tissues of Phase- 

olus vulgaris:  root apices, hypocotyls, young internodes, young 

leaves, flower buds, young pods, and pericarps.  They were lowest 

in mature, non-growing tissues.  Similarly, PUT, SPD, and SPM 

content were highest in growing tissues and lowest in mature 

tissues.  Broadbean sprayed with 100-200 ppm PUT increased leaf 

area and dry weight significantly (21). However, PUT applied as a 

foliar spray may have stimulated growth by acting as a source of 

nitrogen. Putrescine was more effective than glutamate as a 

source of organic nitrogen for the growth of soybean cells in 

suspension culture, but less effective than (NH,)„S0,, glutamine 

or alanine.  Spermidine, spermine, and cadaverine were completely 

ineffective (38). 

Costa and Bagni (89) sprayed PUT, SPD, and SPM 9 days after 

full bloom on open and self-pollinated flowers of a spur-type 

apple. Low concentrations, 10  and 10 M, increased fruit set 

and yield/tree. Higher concentrations also increased flower bud 

formation. Polyamines increased in rice seed for 16 days after 

fertilization followed by a gradual decline.  On germination, the 

polyamine concentration was greatest after 24 hrs and the arginine 

decarboxylase activity showed a peak after 48 hrs (258). 
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In the habituated tissue and crown gall of Scorzonera hispani- 

cas cultivated in vitro, SPD and PUT occur in larger amounts than 

in the normal tissue.  The greatest increase is found in the crown 

gall tumor (32). Where there is high mitotic activity; there is 

also a high concentration of polyamines. Kanazawa et al (158) 

observed high concentration of polyamines at active mitosis of 

Chlorella cells.  Chlorella ellipsoida contains relatively large 

quantities of three kinds of aliphatic amines, namely, ethanol- 

amine, PUT, and SPD.  These cells contained no detectable SPM, 

CAD, or 1,3-diaminopropane. 

Several other studies indicate that polyamines may have impor- 

tant regulatory roles in plant growth and development and it is 

implicated as an essential growth factor in plant metabolism 

(11,29,31,165,215,269). 

There are many indications that these bases may act as regula- 

tors of polynucleotide and protein synthesis and can also stabi- 

lize nucleic acids, ribosomes, and certain enzymes, as well as 

mitochondrial and other biological membranes (79,83,286,300). 

Evidence in favor of such regulatory function are largely based on 

the correlation between concentrations of SPD and SPM during the 

growth of tissue vis-a-vis the formation of nucleic acids and 

other macromolecules.  Polyamines also affect isolated nucleo- 

tides, polynucleotide polymerizing enzymes, polyribosomal protein 

synthesizing systems and mitochondria (78,79,83,297,300). 

Optimal activity of chromatin-bound RNA polymerase from soybean 

+2 is obtained with ImM Mn  , but only when high ionic strength or 
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polyamines are included in the medium (126).  Spermine is an 

effective inducer of phenylalanine ammonia-lyase and pisatin in 

pea pods (128,129).  Putrescine, spermidine, and cadaverine were 

less effective in this regard.  Polyamines, CAD, SPD, and SPM 

stimulated the rate of oxygen-uptake catalyzed by the spinach 

ferrodoxin-NADPH-dependent flavoprotein and iron-sulfur system 

(225). 

Low concentrations of SPD (0.1-lmM) stimulated valyl-tRNA for- 

mation by the cytoplasmic enzyme from Phaseolus vulgaris, but was 

+2 only about 55% to 60% as effective as Mg  (62). Higher concen- 

trations of SPD inhibit the reaction.  Chloroplast valyl-tRNA 

forming enzyme, had comparable stimulation with low concentrations 

of SPD, but inhibition was observed only with SPD higher than 

lOmM.  Thus, a SPD concentration which is optimal for amino acid 

attachment with chloroplast aminoacyl-tRNA synthetase can almost 

completely inhibit the attachment of the cytoplasmic aminoacyl- 

tRNA synthetase. 

Interactions between polyamines and nucleic acids are well 

known.  Spermine bonds ionically to DNA, the amino group of poly- 

amine forming a cation for the ionized phosphate anion of DNA 

thereby imposing rigidity of structure (189).  Spermine binds 

tightly to DNA with a stoichemtry of one SPM per four DNA phos- 

phates (129). Spermidine also binds and is an integral component 

of some t-RNAs (82).  Ornithine decarboxylase activity, which 

synthesizes PUT, peaked at the second hour of the synchronized 

life cycle of Chlorella vulgaris (76) and DNA replication took 
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place between 6th and 8th hours of the cycle. As light intensity 

increased, DNA content doubled along with ornithine decarboxylase 

activity and polyamine content. Thus Chlorella vulgaris cell 

division appears related to polyamine biosynthesis and the se- 

quence of events that relates these two are as follows:  increased 

ornithine decarboxylase activity, accumulation of polyamines, DNA 

replication. Another enzyme responsible for PUT synthesis is 

arginine decarboxylase. Both arginine and ornithine decarboxylase 

enzymes are active in plant tissues and their relative contribu- 

tion to PUT biosynthesis is dependent upon the type of tissue and 

growth process (13).  Ornithinine decarboxylase showed maximal 

activity during intense mitosis in tomato and potato (13).  These 

correlations relate polyamine content and cell division and meta- 

bolic activity during both vegetative and reproductive development. 

As tomato fruits develop, ornithine decarboxylase activity 

increases.rapidly, peaks on the 3rd day after pollination, the 

same time as maximal cell division activity occurs in the setting 

fruit (136). 

During germination of Phaseolus mungo seeds, polyamine content 

increased to a maximum after 24 hours, and arginine decarboxylase 

peaked after 18 hours (68).  Polyamines, as well as arginine 

decarboxylase, showed two maxima during nodule initiation and 

growth.  The first was two weeks after nodule initiation and the 

second after five weeks.  Root polyamine concentration and argi- 

nine decarboxylase increased up to two weeks after sowing then 

gradually decreased.  RNA and DNA showed a similar pattern. 
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It is interesting to note that many aliphatic and cyclic 

amines have been tested as potential inhibitors of fungal spore 

germination.  Spermidine and spermine were particularly effective 

against spores of Penicillium digitatum (103). 

Involvement in senescence. L-arginine, L-lysine, CAD, PUT, 

and SPD inhibited senescence in oat leaf protoplasts (14). These 

3 
compounds promoted the incorporation of (H ) uridine into RNA and 

decreased the activity of ribonuclease.  Spermine, a tetraamine, 

was more effective than SPD, a triamine, which was more effective 

than the diamines, PUT and CAD. 

Isolated plant cells and protoplasts in culture usually have 

a shorter life span than similar cells in the intact plant, and 

tend to senesce rapidly.  In a few plant species (e.g., asparagus, 

carrot, petunia, and tobacco) protoplasts are capbale of cell wall 

formation and cell division.  By contrast, protoplasts of cereals, 

legumes, and other economically important plants do not readily 

divide. Morphological instability and deterioration of oat leaf 

protoplasts are thought to be related to a complex of senescence- 

induced changes following leaf excission and isolation of proto- 

plasts from mesophyll cells (14). Apart from their morphological 

instability, nondividing protoplasts also show a time-dependent 

decline in incorporation of precursors into protein and RNA, and 

an increase in ribonuclease activity and consequent breakdown of 

endogenous RNA (118). 

Protoplasts incubated in 0.6M mannitol linearly increased 

incorporation of tritiated L-leucine and uridine into trichloro- 
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acetic acid insoluble materials for at least 2 to 3 hours. There- 

after, incorporation declined and uridine decreased in total 

counts.  Protoplasts enzymatically isolated and incubated in the 

presence of L-arginine were more stable, as judged by morphologi- 

cal features and resistance to lyse (14). Putrescine at lOmM and 

CAD and SPD at ImM paralleled precursor incorporation similar to 

that of lOmM L-arginine and L-lysine. 20mM CaCl- + 2mM MgCl9 were 

less effective than CAD. Those amines and other substances that 

stabilized protoplasts against lysis and deleterious morphological 

changes also sustained continued uridine incorporation. 

Altman, et al (14) proposed two independent modes of action 

of these substances in stabilizing oat leaf protoplasts:  (a) 

stabilization of the negatively charged plasma membrane by surface 

binding; and (b) direct involvement in nucleic acid metabolism. 

2+ All amines and Ca  are positively charged molecules at physiolo- 

gic pH. L-arginine and related compounds prevented protoplast 

aggregation and adhesion to the culture vial which are related to 

surface charges. RNA synthesis in Helianthus tuberosus was stimu- 

lated by polyamines (28) and SPD increased chromatin-bound RNA 

polymerase activity of soybean hypocotyl (126). RNA synthesis 

-4 stimulated by 10 M SPD was similar to that caused by IAA (28). 

It was hypothesized that nucleic acid synthesis by IAA could be 

mediated by SPD.  Excised leaves of barley, corn, oat, or wheat 

floated on ImM phosphate buffer (pH 5.7) for 48 hrs in darkness 

senesced rapidly (164). Chlorophyll content was reduced 30% of 

original value in corn and about 90% in barley leaves.  Treatment 
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with ImM SPM completely prevented chlorophyll loss.  In oat 

leaves, ImM CAD, PUT, and SPD were as effective as SPM in prevent- 

ing chlorophyll loss in the dark.  However, with cereal leaves, 

polyamine treatments promoted chlorophyll loss in the light. 

Excised oat leaves, peeled and floated on buffer for 48 hrs 

in dark or light, had an immediate and rapid increase in RNase 

activity, which continued with time to more than 3-fold after 48 

hrs in the dark.  Spermine (ImM) dramatically inhibited this 

initial rise in RNase activity throughout the 48-hr senescence 

period in both dark and light (164). Also, ImM SPM reduced pro- 

teolytic activity during senescence in both dark and light. 

All the polyamines tested in this experiment were more active 

+2 than kinetin or cycloheximide.  Ca  by itself had no effect on 

chlorophyll loss from oat leaves incubated in the dark but it 

reversed the action of SPM on chlorophyll preservation of oat 

leaves.  But calcium is not effective if the leaves are first 

floated on SPM for 4 hrs and then transferred to CaCl- solution. 

Since polyamines are positively charged at cellular pH and are 

known to bind strongly to the acidic phosphate groups of nucleic 

acids (128), they could possibly affect senescence of leaves by 

virtue of this cationic property.  The interference by calcium on 

the SPM chlorophyll retention supports this suggestion.  Since 

polyamines were effective in retarding senescence of excised 

leaves or leaf segments from eight different species of plants; 

including four monocots (barley, corn, oat, and wheat) and four 

dicots (pea, bean, rape, and tobacco); their action in delaying 
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senescence may be taken as general and polyamines could be useful 

anti-senescent agents for plants. 

2+ Polyamines in the absence of Ca  , reduced protein loss in 

apple pollen (276).  Polyamines might be involved in modulating a 

variety of secretory systems and other calcium-dependent processes 

(299).  Polyamines, to a certain extent, substitute for mineral 

cations of the culture medium.  This effect is mainly by contain- 

ing the loss of protein consequent to membrane disorganization due 

+2 to Ca -deficiency.  Speranza et al (276) hypothesized that poly- 

amines could interact and bind their basic groups with pollen 

membrane constituents, thus reforming the cation bridges necessary 

for membrane integrity. Moreover, because tube growth involves 

active membrane lipid biosynthesis and since polyamines were shown 

to be able to activate steps of triglyceric acid biosynthesis 

(154), it's possible that the polyamines had some affect in this 

regard. 

Guanidino-compounds, which are structurally related to poly- 

amines, are known to destabilize membranes and the effect is 

reversed by polyamines (277,278).  Spermidine and spermine were 

shown to decrease betacyanin efflux from beet root disks, possibly 

by surface binding and stabilizing cell membrane (223,224) and 

effectively decreased leakage which resulted from aging at high 

temperature, from freezing-thawing, and from treatments of discs 

with RNase and protease (10).  Survival of partially-imbibed mung 

bean seeds which were subjected to cryogenic storage in liquid N_ 
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was considerably increased by SPM (10).  Spermine also blocked the 

rise in peroxidase activity in discs of Duranta leaves (12). 

To answer the question "Does the stress-induced rise in PUT 

titer have any adaptive value for stressed cells?". Galston and 

Kaur-sawhney (120) stated that PUT could directly act as a buffer 

to resist changes in cellular pH.  Putrescine also inhibits ribo- 

nuclease and acid protease (119), two enzymes that are associated 

with injury and senescence. Accumulating evidence suggests that 

polyamines have a "protective" effect on plant tissues which have 

been wounded, either mechanically or by certain stress conditions. 

Thus, polyamines decrease betacyanin efflux (222,223) and decrease 

leakage which results from high temperature or freeze-thawing (10). 

Synthesis and degradation 

Biosynthetic pathways of major plant polyamines are shown in 

14 scheme 1. L-arginine-(U-C ) fed to rice (Oryza satlva) callus 

culture, resulted in labelled ornithine and citrulline after 2 

hrs, and then agmatlne (after 10 hrs) and putrescine after 24 hrs 

14 
(181).  Ornithine-(5-C) fed 1 hr to shoots of Limonium vulgaris, 

was strongly labelled in PUT and radioactivity was also found in 

arginine, citrulline, and agmatlne (268). Unlabelled agmatlne fed 

14 to shoots 3 hrs before adding labelled ornithine (-5-C ) signifi- 

cantly reduced the label in PUT, indicating that the main pathway 

of PUT synthesis is via arginine and agmatine. 

Higher plants and E^ coli, form SPD by the combined action of 

four enzymes: 
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a) L-ornithine or L-arginine decarboxylase, which catalyzes 

the formation of PUT and CO- from L-ornithine. 

b) Methionine adenosyl transferase, which forms S-adenosyl- 

L-methionine (SAM) from ATP and L-methionine with elimi- 

nation of Pi + PPi. 

c) S-adenosyl methionine decarboxylase (SAMD), catalyzes 

the relase of CO- from SAM with the formation of 5'- 

deoxy-S'S-CS-methyl-thiopropylamine) sulfonium adeno- 

sine, so-called decarboxylated SAM. 

d) Spermidine synthase (a propylamine transferase) which 

promotes transfer of a propylamine group from decarbox- 

ylated SAM to PUT to yield SPD; 5'-methylthio-adenosine 

(MTA) and H+ (269). 

Since PUT (1%) unlike N-carbamyl putresclne was toxic to pea 

seedlings, the possibility that putresclne carbamoylatlon might be 

a mechanism for putresclne detoxification was investigated.  Pu- 

14 trescine (C ) fed for 1 hr to pea seedlings, had 26% of the total 

radioactivity found in a-aminobutyric acid and no label could be 

found in N-carbamyl putresclne (269). Putresclne is formed from 

arginine with agmatlne and N-carbamyl putresclne as intermediate 

in barley.  The enzyme converting N-carbamyl putresclne to PUT, 

namely N-carbamyl putrescine-amidohydrolase, has been partially 

characterized in the leaves of barley seedlings (266). 
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Scheme 1.  Pathways of the major plant polyamines and ethylene. 

(1 

(2 

(3 

(4 

(5 

(6 

(7 

(8 

(9 

(10 

(11 

(12 

Methionine adenosyltransferase 

1-Aminocyclopropane-l-carboxylic acid synthase 

Ethylene forming enzyme 

Methylthioadenosine nucleosidase 

Methylthioribose Kinase 

S-adenosylmethionine decarboxylase 

Arginine decarboxylase 

Agmatine iminohydrolase 

Arginase 

Ornithine decarboxylase 

Spermidihe synthase 

Spermine synthase 

Note that SAM is a precursor not only of the senescence inhibitors 

SPD and SPM, but also of the senescence inducer, ethylene. 
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The arginine decarboxylase from oats was specific for L- 

arginine and inhibited by D-arginine. Activity was stimulated by 

pyridoxal phosphate and optimum pH was 7.0.  The enzyme could be 

separated into two fractions (MW195,000 and 118,000) (266). Argi- 

nine and ornithine decarboxylase were active in mung bean seed- 

lings (13) and during tuber formation of Helianthus tuberosus 

(26); both enzymes had optimum pH at 7.2. D-difluoromethyl orni- 

thine inhibits ornithine decarboxylase activity of excised roots 

while increasing arginine decarboxylase activity. 

S-adenosylmethionine decarboxylase was purified approximately 

500-fold from corn seedlings (285).  The approximate MW was deter- 

mined to be 25 K daltons and K for SAM was 5yM.  S-adenosyl- 

methionine decarboxylase from eukaryotes are stimulated by PUT 

except mung bean (88) . The purified enzyme from corn seedlings 

+2 was not stimulated by either PUT or Mg  .  This enzyme is inhib- 

ited by methylglyoxal-bis (guanylhydrazone) (MGBG), hydroxylamine, 

and sulfhydryl reagents such as p-hydroxymercuriphenyl sulfonate 

and N-ethylmaleimide.  Covalently-bound pyruvate is currently 

thought to be a prosthetic group for S-adenosylmethionine decar- 

boxylase (84,97,234). 

Mammals, birds, reptiles and yeast, S-adenosylmethionine 

+2 decarboxylase is activated by PUT and does not require Mg 

However, S-adenosylmethionine decarboxylase from mung bean sprouts 

+2 
and E. coli required Mg  , but not PUT (88).  Cell-free extracts 

of Vinca rosea seedlings exhibited S-adenosylmethionine decar- 

boxylase activity that was stimulated with PUT (37). 
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Cadaverine derives from lysine or homoarginine (266) (Scheme 

2). 
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Scheme 2.  CadaveriPe biosyrthesis pathway. 
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Spermine is derived from PUT by the addition of propylamino 

residues donated by decarboxylated SAM (284) (Scheme 1). 

Agmatine may be formed by transamidination from arginine to 
NH        NH 

PUT and arcain (NH2-C-NH(CH2)4NHC-NH2) is formed by transamidina- 

tion of agmatine.  In vivo, the transamidination of PUT is unim- 

portant quantitatively compared to the oxidation of PUT to - 

aminobutyric acid (45). 

In Oldenlandia affinis (Rubiaceae) tetramethyl putrescine 

comprised 0.1% of the dry weight of the aerial parts (269).  In 

leaves of the sandalwood tree (Santalum album) a higher concentra- 

tion (0.5-1.5% of dry wt) of sym-homospermidine has been isolated 

(178). 

Putrescine feeding to sandalwood leaves gave rise to a- 

aminobutyric acid, though dilution experiments showed that ot- 

aminobutyraldehyde may not be a free intermediate. 

Each of the amines formed can be catabolized by a diamine or 

polyamine oxidase.  Putrescine is oxidized by diamine oxidase to 

form a monoaldehyde, which then cyclizes spontaneously to form 

pyrroline. An analagous reaction catalyzed by polyamine oxidase 

converts SPD to 1,3-diamino-propane plus pyrroline and SPM to 1,3- 

diamino-propane plus aminopropylpyrroline. 

The amine oxidases are of considerable importance in the 

physiology of animals, plants and microorganisms (160). Diamine 

oxidases are widespread in the leguminosae.  The general oxidation 

of amines by this enzyme is:  RCH^NH, + O2+H2O->-H2O2 + RCHO +NH3. 
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Putrescine and CAD are the best substrates for the enzyme isolated 

from pea seedling (160).  The enzyme contains copper which can be 

removed by dialysis against chelating agents. The enzyme is 

sensitive to carbonyl reagents, though the presence of pyridoxal 

phosphate has not been demonstrated.  The purified enzyme is 

inhibited by sodium diethyldithiocarbamate, salicylaldoxime, po- 

tassium ethylxanthate, diphenylthiocarbazone, 8-hydroxyquinoline, 

Z^'-bipyridyl, and O-phenanthroline (160). 

Diamine oxidase is absent from the dry seeds of various 

legumes, and does not appear in the pea cotyledons until some 

hours or as long as 6 days (soybean) after germination. Maximum 

activity occurs in roots and hypocotyls 1 and 3 days later, re- 

spectively (268). 

The polyamine oxidase from barley leaves showed the greatest 

activity with SPM as substrate at optimum pH of 4.5.  Spermldlne 

was oxidized at only 7% of the SPM rate at an optimum pH of 8 

(266) (Scheme 3). 
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Scheme 3.  Metabolism of Spermine by Polyamine Oxidase. 
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Polyamine oxidase is abundant in the leaves of many gramin- 

aceae but absent from many other monocots and dicots.  It is high 

in seedling grown in the dark and low in seedlings grown in the 

light (268).  These enzymes appear to be localized in cell walls 

(121). 

Diamine oxidase has been purified and well-characterized from 

Pisum sativum (200) and Vicia faba (201). 

Diamine oxidase has been also purified to homogeneity from 

lentil (Lens culinaris) seedlings and has a MW of 154,000 and is 

composed of two apparently identical subunits.  It contains two 

2+ Cu  atoms and one carbonyl-like group per mole (108). Diamines 

and polyamines form a Schiff bases with pyridoxal or pyridoxal 

phosphate (9,64). Another form of putrescine conjugate is 

cinnamoyl-putrescine that is abundant in tobacco cell cultures 

(40). 

N-methyl transferase from tobacco roots catalyzes the forma- 

tion of N-methylputrescine from PUT and SAM (213,214). 

An excellent correlation was observed between the accumula- 

tion of nicotine and changes in ornithine decarboxylase, putres- 

cine N-methyl transferase (PMT) and N-rmethyl putrescine oxidases 

(MP0) acting in tobacco root (214). N-methylation of PUT and its 

subsequent deamination provides the 4-methylamino butanal (N- 

methylpyrrolinium) that is an intermediate in the biosynthetic 

pathway of the N-methylpyrrolidine ring of nicotine.  Decapitation 

of tobacco shoots stimulates nicotine synthesis, which reached a 

maximum 24 hrs after decapitation, then declined in 3 days to the 
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low level of non-decapitated control plants. Activity levels of 

ODC, PMT, and MPO were all simultaneously increased by 

decapitation, and reached maximum 24 hrs after decapitation, then 

declined but remained higher than levels in the control plants. 

Ornithine decarboxylase was present in all tobacco plant parts. 

PMT and MPO were detected only in the roots and not in the leaves. 

PMT amd MPO activities were not observed in extracts of barley 

seedlings nor in roots of tomato which do not produce alkaloids 

with the N-methylpyrrolidine moiety (214). 

Incorporation of CAD into the piperidine alkaloid, sedamine 

in Sedum acre (Crassulaceae) has been reported (182).  Cadaverine 

was a cofactor of uricase activity in soybean seedlings. 

Interaction of polyamines with plant hormones 

Although polyamines are found in sieve tube sap of Yucca, 

Quercus, and other species (120), there is no convincing evidence 

that polyamines are transported between cells. Moreover, Young 

and Galston (307) applied radiolabelled PUT, SPD, and SPM to 

cotyledons of 4-day etiolated pea seedlings and found very little 

transported radioactivity; none of the radioactivity in the axis 

could be recovered as polyamines. Their results indicated that 

polyamines in the growing regions of etiolated pea seedlings 

probably arise from transport and conversion of amino acid precur- 

sors. 

Polyamine oxidase, the enzyme that oxidizes SPD and SPM is a 

cell-wall bound enzyme (162). This enzyme destroys any apoplasti- 

cally transported polyamines. 



30 

Polyamines showed a stimulating and synergistic effect with 

plant hormones in many aspects of plant growth and development. 

Hypocotyl elongation in lettuce seedlings in the presence of 10~ M 

or 10~6M GA3 was enhanced 179% and 159%, respectively, by 3mM PUT, 

compared with GA_ alone (75).  Spermidine and spermine had no 

effect.  The growth-enhancing effect can be produced by agmatine 

and cadaverine as well as arginine and ornithine. The other basic 

amino acids, histidine and lysine, had no such effects. This 

suggests that the growth-enhancing effect of PUT is not only due 

to cations, but also to some other mechanisms. Hypopcotyl growth 

effects of PUT in lettuce seedlings suggests a regulatory role of 

PUT on the rapidly growing portion induced by GA,.  Growth inhibi- 

tion due to arcaine (a product of agmatine iminohydrolase that 

converts agmatine to N-carbamyl putrescine) was overcome by agma- 

tine, CAD, PUT, and SPD, while SPM had no effect. Putrescine, in 

spite of the presence of arcaine, recovered the growth-enhancing 

effect. 

"Cytokinins such as 6-benzyladenine, zeatin, and 6(Y, - Y 

dimethylallylamino) purine were found to increase the PUT content 

of lettuce cotyledons, but slightly reduced the SPD and SPM level" 

(74).  6-Benzyladenine was most effective; zeatin at 2 x 10 M and 

6(Y,Y-dimethylallylamino) purine at 5 x 10 M were moderate. 

"Kinetin also considerably increased the PUT content of lettuce 

cotyledons". 

Polyamine levels were observed to increase with indole- 

butyric acid (IBA) induced root formation in mung beans.  MGBG an 
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inhibitor of S-adenosylmethionine decarboxylase and polyamine 

biosynthesis, inhibited root formation (113). Also, SPD and SPM 

increase the number of adventitious roots on stem cuttings of 

Phaseolus aureus. 

Stem cuttings treated with IBA have more SPM and PUT in the 

hypocotyl prior to development of any root primorida (156). MGBG 

reduces the levels of SPM and SPD while increasing the level of 

putrescine.  Furthermore, MGBG prevents the IBA-induced increase 

in SPM and markedly inhibits SPD formation. These results are 

consistent with an essential role for polyamines and their metab- 

olism in the early events of adventitious root development. 

Suresh et al (282) studied the effect of phytohormones on the 

activity of arginine decarboxylase in Cucumis sativus cotyledons. 

This enzyme had a pH optimum of 8.3 and temperature optimum of 

40°.  Benzyladenine and kinetin elicited a measureable increase in 

arginine decarboxylase activity and PUT content as early as 12 hrs 

after incubation.  Cytokinin and kinetin increased arginine decar- 

boxylase specific activity 4 and 2-fold, respectively. Three days 

after benzyladenine treatment a 2.5-fold increase in PUT content 

occurred. Kinetin enhanced PUT 2-fold. 

Gibberellic acid (ImM) stimulated arginine decarboxylase 

activity 3-fold, and PUT increased 2-fold. 

KC1 treatment decreased arginine decarboxylase activity and 

PUT content in cotyledons, but this inhibitory effect was abolish- 

ed by benzyladenine, kinetin, and gibberellin. 
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Abscisic acid (ABA) at lyM decreased fresh weight and green- 

ing; and ABA at lOOyM, there was 65% reduction in arginine decar- 

boxylase activity and 50% loss of putrescine.  Growth inhibition, 

less arginine decarboxylase activity and less PUT due to 50yM ABA 

were overcome by 5yM benzyladenine or kinetin, or lOyM gibberellic 

acid. Higher concentration of these hormones besides annulling 

ABA inhibition, enhanced ADC activity and PUT levels above control 

values. 

Friedman et al (113) did not observe any promotion of adven- 

titious root formation in mung bean hypocotyl cuttings by applying 

exogenous polyamines.  Spermine or putrescine at 10 M inhibited 

IBA-induced root formation. Arginine did not affect natural root 

formation but partially inhibited IBA-induced root formation. L- 

canavanine, an arginine analog, totally prevented root formation 

in control cuttings and partially inhibited IBA-induced root for- 

mation. Arginine completely reversed the inhibition and this 

effect was concentration-dependent.  Similar results were found 

with L-ornithine and its analog, L-canaline. Root formation was 

completely arrested by 10 M L-canavanine, regardless of the time 

of application with respect to IBA application.  Surprisingly, low 

concentrations of this inhibitor resulted in a significant promo- 

tion of IBA-induced root formation when applied after IBA but 

inhibited it when administered prior to IBA. MGBG inhibited the 

root formation significantly. 
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IBA treatment of cuttings Increased endogenous polyamlne 

content 2-fold over the control.  Thus polyamlnes were concluded 

to be involved in auxin-induced root formation. 

Galston's group (120) also observed a 3-fold increase in 

arglnlne decarboxylase specific activity in the fourth internode 

of light grown 'Progress Dwarf pea seedlings after 2 days of 

spray by 5 g GA3/ml at which time the fourth internode length had 

increased from 9.8mm in controls to 16.0mm in treated plants. 

Polyamine levels increased sharply and rapidly in response to 

application of gibberellin (94), auxin (11), or cytokinin (282) 

with the promotion of growth by these plant growth stimuli. 

NAA treatment of Jerusalem artichoke tuber explants cultured 

in vitro stimulates growth, a rapid depletion of endogenous stored 

arglnlne and an accumulation of spermidine (256).  "The polyamlnes 

synthesized by the explants cannot, however, be labelled with 

exogenous arglnlne"; this indicates a compartmentation of the more 

active endogenous arglnlne. Exogenous and endogenous arglnlne do 

not mix and have different metabolic fates. Exogenous arglnlne, 

upon entry, is actively metabolized and does not reach the endoge- 

nous pool in significant amounts to contribute to polyamine syn- 

thesis. However, (C )-lysine injected into cotyledons of 4-day 

etiolated pea seedlings led to a significant transport of radio- 

activity into the axis, of which a large fraction was present in 

the form of the PUT or CAD (308). 

Pollination of tomato ovaries is followed by increased con- 

tent of endogenous auxin, which coincides with a period of inten- 
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sive cell division in the setting fruit. Fruit setting of tomato 

can be induced by auxin (183).  Ornithine decarboxylase activity 

was reported in tomato ovary by Heimer (136).  The basal ornithine 

decarboxylase activity in ovaries of flowers at full anthesis 

increased 10-fold 3-4 days after pollination.  Thereafter, activ- 

ity declines and returns to the prepollination level by the 10th 

day.  Cell division in the developing fruit also ceased by that 

time. Mizrahi and Heimer (212) showed that auxin, which mimics 

natural pollination in tomato flowers, induces fruit setting as 

well as a 3-fold increase in ornithine decarboxylase activity. 

GA, elicits dramatic stem elongation when applied to light- 

grown dwarf peas (193). AM01618 an antigibberellin substance, 

works in the opposite direction. GA, increased arginine decarbox- 

ylase more than 3-fold over controls in the fourth internode (94). 

AM01618 produced a slight inhibition of arginine decarboxylase 

activity.  GA, induced about 1.5 and 3 times as much elongation in 

fourth and fifth internodes, respectively, compared to controls. 

AM01618 inhibited elongation by about 10%. 

Putrescine and SPD increased about 1.5-fold after GA treat- 

ment and declined about 15% in fourth internodes after AM01618 

application. 

In fifth internodes, GA treatment strongly increased PUT and 

SPD levels which paralleled increased internode elongation.  Simi- 

larly, AM01618 decreased PUT and SPD levels and elongation (94). 

Spermine did not correlate well with growth; for this polyamine, 

the differences induced by GA, and AM01618 are slight. 
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Inhibition of arginine decarboxylase activity in epicotyl of 

etiolated 'Alaska' pea seedlings by red light can be completely 

reversed by GA_.  However, GA, had no effect on arginine decarbox- 

ylase activity in dark-grown plants. 

Interaction of polyamines and ethylene 

Red light turns off the production of ethylene (124), and 

causes hook opening in etiolated seedlings, also leads to enhanced 

production of PUT and SPD in the bud through activation of both 

arginine decarboxylase and probably SPD synthase activity 

(93,125). The contrasting effects of polyamines and ethylene in 

senescence warrants special attention.  It has been suggested 

(11,12) that the anti-senescence effect of polyamines may be 

related to inhibition of ethylene production via possible competi- 

tion on SAM, which is the precursor for both polyamines and 

ethylene. 

Suttle (283) observed reduced ethylene production by senes- 

cing petals of Tradescantia by adding PUT, CAD, SPD, and SPM, but 

these did not prevent the anthocyanin leakage from these same 

petals.  Spermidine and spermine were more effective than PUT and 

CAD in inhibiting ethylene production. All of the polyamines 

tested inhibited auxin-induced ethylene biosynthesis.  As with 

flower petals, inhibition was most pronounced at concentrations of 

lOmM but concentrations of ImM were also inhibitory. 

Spermidine was the most effective inhibitor of lAA-induced 

ethylene in etiolated soybean hypocotyls (283). 10 mM L- 
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methionine could not overcome inhibition of ethylene biosynthesis 

caused by lOmM spermidine. 

Conversion of lOmM ACC to ethylene was also inhibited by lOmM 

of SPD or SPM in senescing petals (283). However, application of 

SPD substantially reduced endogenous tissue levels of ACC. 

Polyamines also inhibited ethylene production in apple discs 

and protoplasts (19), but did not affect the respiration rate. 

Putrescine was the least potent inhibitor; at O.lmM, it had no 

effect, and at ImM it increased ethylene production slightly 

during the first 6 hours before inhibiting production sharply 

after 24 hours.  In contrast, 1 or lOmM of SPD or SPM inhibited 

ethylene production by 40% to 68% after 6 hours and by 90% to 100% 

2+ after 24 hours.  The presence of Ca  greatly relieved the inhibi- 

tory effects of 0.1 and lOmM SPM and SPD (19,264). The conversion 

14 14 of (C -3,4) L-methionine to C .H, in apple tissue was inhibited 

by ImM SPD or SPM. XAA-induced ethylene was also inhibited by 

polyamines in pinto bean leaf discs, much the same as in apple 

tissue without affecting CO- evolution. 

The effect of polyamines on the conversion of ACC to ethylene 

in tobacco leaf discs was also investigated (19,264). Putrescine, 

spermidine, or spermine (at O.lmM) stimulated the conversion of 

ACC to ethylene by 10% to 30%.  However, at ImM, SPD or SPM 

resulted in a 20% to 30% inhibition in 4 hours and 50% to 60% 

inhibition in 24 hours.  At lOmM, both of these polyamines strong- 

ly inhibited ethylene production by about 90% in 24 hours. Pu- 

trescine was inhibitory only at lOmM. 



37 

Apelbaum et al (20) investigated the effect of polyamines on 

the incorporation of radioactively labelled leucine and uridine 

into trichloroacetic acid insoluble material and ethylene produc- 

tion in apple fruit tissues.  In these experiments, 5mM of poly- 

amines had little or no effect on the ACC content of the tissues 

while inhibiting ethylene production and incorporation of labelled 

leucine or uridine into TCA-insoluble materials.  These authors 

suggested that the inhibition of macromolecule synthesis is re- 

sponsible for ethylene inhibition by polyamines. 

1,3-Diamino propane and SPD inhibited ethylene production in 

senescing oat leaves (116,253) by inhibiting ACC synthase and ACC 

2+ oxidase. Endogenous ACC was increased by these compounds. Ca 

antagonizes the diaminopropane and SPD inhibition of ACC conver- 

sion to ethylene. The inhibitory effect of these compounds on the 

conversion of ACC to ethylene was only 30% if the preincubation 

was carried out in the light, compared to 90% inhibition in the 

dark. 

The inhibitory effect of SPM on ethylene biosynthesis in 

apple discs was correlated with changes in microsomal membrane 

microviscosity (39). 

Inhibition of ethylene biosynthesis in apple fruit discs by 

calcium and SPM differed in three respects:  (1) as the fruit 

ripened inhibition due to SPM decreased, whereas that by calcium 

increased; (2) inhibition by calcium was transitory, whereas that 

by SPM was persistent; (3) at temperatures below 12CC, calcium 

inhibited more than SPM, whereas above 120C the reverse was true. 
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Microviscosity of microsomal membranes increased with temper- 

ature from 0° to 30oC.  Calcium preincubated discs had lower 

absolute values of microviscosity compared to controls.  Spermine, 

however, appeared to "freeze" or fix microviscosity of the micro- 

somal membranes at an almost constant value at temperatures above 

40C.  Similarly, rate of ethylene biosynthesis in spermine-treated 

discs remained constant at and above 120C but not at 40C. 

Even-chen et al (106) showed very clearly that applied AVG, 

PUT, and SPD all increased the incorporation of labelled methio- 

nine into spermidine, at the expense of labelled ACC which was 

2+ decreased compared to controls.  Ca  lessened the spermidine- 

mediated inhibition of 3, 4-(C ) methionine incorporation into 

ACC and the incorporation into radioactive SPD by allowing more 

labelled methionine into the ethylene pathway by allowing for more 

ACC formation and by inhibiting SPD formation. 

Methionine. is one of the biosynthetic pathways to polyamines 

through SAM.  SAM is also one of the precursors of the plant 

hormone ethylene, through the intermediate from 1- 

aminocyclopropane-1-carboxylic acid (ACC).  Since ethylene is a 

senescence inducer (5) and polyamines senescence inhibitors (164), 

the fate of SAM appears crucial.  Once decarboxylated, SAM is 

committed to the polyamine pathway.  In this connection, it is of 

importance that in etiolated pea epicotyls, red light (the conver- 

sion of Pr phytochrome to Pfr) immediately inhibits ethylene 

synthesis (124) and stimulates the formation of polyamines through 

the activation of arginine decarboxylase enzyme (93). 
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This interesting system abounds with feedback controls, since 

polyamines inhibit ethylene formation and ethylene might also have 

effects on polyamine synthesis (118). 

Interaction of polyamines with other plant hormones, espe- 

cially the inhibition of ethylene, suggests that these compounds 

might serve as a natural regulator in plants.  Galston and 

Kaursauney (120) summarized the following observations that imply 

that these compounds function as regulatros within plants: 

1) Polyamines and the enzymes controlling their biosynthe- 

sis occur in all plant cells tested. 

2) The titers of key polyamines and their biosynthetic 

enzymes are highest in meristematic and growing cells, 

and lowest in senescent cells. 

3) Each organ has its own specific polyamine profile (107). 

4) Various physiological stimuli and stress cause changes 

in polyamine content and biosynthetic capacity that seem 

logically connected with the resulting patterns of 

growth, morphogenesis and survival. 

5) The application of polyamines to plants can result in a 

variety of effects ranging from growth stimulation to 

senescence repression. 

In addition to these, there are now recorded instances of the 

increase of polyamine biosynthesis and titer in plant tissue 

following the application of each of the stimulatory plant hor- 

mones, auxin, gibberellin and cytokinin, leading to the possibil- 

ity that polyamines may serve as intracellular "second messen- 
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gers". A recent report of a polyamine activated nuclear protein 

kinase that phosphorylates a specific non-histone protein which in 

turn stimulates rRNA synthesis 5-fold by RNA polymerase I provides 

a possible analogy with the role of c-AMP, a well-recognized 

second messenger (118).  Suresh et al (282) reported a 2-fold 

increase in specific activity of arginine decarboxylase in Cucumus 

sativus cotyledons by 20yM dibutyryl adenosine 3-5 monophosphate 

and 70% increase by lOOyM 5-AMP. 

Ethylene in plants 

Ethylene, the simplest unsaturated carbon compound, a gas 

under physiological conditions of temperature and pressure, exerts 

a major influence on most if not all aspects of plant growth, 

development and senescence (!)• Ethylene is considered a plant 

hozmone because it is natural product of plant metabolism and acts 

in trace amount in conjunction with or antagonistic to other plant 

hormones.  It is neither a substrate or cofactor fot any known 

major developmental plant reactions. 

Biochemical and physiological studies of ethylene biosynthe- 

sis and mode of action have increased significantly and has been 

reviewed periodically (2,53,184,239,303). Nearly all plant tis- 

sues appear to be capable of producing ethylene, although the 

production rate is normally low. As part of the normal life of a 

plant, ethylene synthesis is induced during certain stages of 

growth, such as germination, developing and ripening of fruits, 

and abscission. External factors can induce ethylene production 
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such as wounding, disease, radiation, and certain chemicals, in- 

cluding auxins and other growth regulators (1,184,239,304). 

Changes of the levels of ethylene in plants by stimulation or 

inhibition are useful options in horticultural systems. Recogni- 

tion of the relation of ethylene with other plant hormones was of 

considerable importance in expansion of research on ethylene in 

plant physiology.  The rediscovery of the relationship between 

ethylene production and auxin (55,211,216) has led to interesting 

studies which also show interactions between ethylene and cyto- 

kinins (114,151,179,185), ethylene and GA (257,281) and ethylene 

and ABA (85,186). 

Influence of ethylene have been observed in practically all 

aspects of plant growth and development:  in seed germination 

(169), seedling growth (54), root growth (67), growth of leaves 

(230), and many kinds of stress phenomena (305) and in regulating 

ripening, aging, and senescence (4). Ethylene is, therefore, an 

important component in the mix of hormonal regulatory factors that 

control growth, development, and senescence. 

Ethylene and fruit ripening 

The early use of smoke or of burning incense as a ripening 

agent is undoubtedly attributable to the ethylene produced. Fol- 

lowing the advent of gas chromatagraphic instruments in the early 

1960's, postharvest physiologists established the essential role 

of ethylene as a ripening hormone (1,3,57,58,239). Aminoethoxy- 

vinylglycine (AVG), an ethylene synthesis inhibitor, sprayed on 

apples before harvest, delayed fruit ripening, reduced preharvest 
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fruit drop and increased fruit removal force (33).  This observa- 

tion strengthened the role of ethylene in ripening and senescence. 

Also, dipping of Anjou pears and vacuum infiltration of Bartlett 

pears in AVG retarded the ripening of these fruits (227,294). 

Ripening and senescence of many fruits and vegetables were 

also significantly retarded by removing ethylene under hypobaric 

(vacuum) conditions (99).  Ethylene also triggers ripening at low 

temperature and low oxygen tensions. One of the remarkable ef- 

fects of ethylene is that it induces ripening in green, mature, 

climacteric fruits and stimulates both the growth and the ripening 

of fig (102,199). 

Treatment of every climacteric type fruit (43,44), with 10 to 

100 ppm of ethylene promptly initiates the climacteric, and all 

such fruits produce ethylene during the climacteric. Therefore, 

there is considerable evidence to support a triggering role for 

ethylene'in fruit ripening. 

Burg and Burg (58,59) demonstrated ethylene production in 

mangos, avocados, and bananas prior to the climacteric and sug- 

gested that an inducing concentration of ethylene existed in the 

fruit prior to the climacteric rise. Pratt and Goeschl (239) 

found that, prior to induction of the respiratory climacteric, 

ethylene concentration in the central cavity of melons is suffi- 

cient to induce the climacteric. However, in "Fuerte" avocado and 

"Chaffey" cherimoya, the internal ethylene concentration was be- 

lieved to be insufficient at the beginning of respiratory climac- 

teric to induce the climacteric (174). 
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Metabolism of fruit ripening.  Softening of the flesh is one 

of the most dramatic changes accompanying the ripening of many 

fruits.  Softening is undoubtedly involved in the changes in cell 

walls of fruit tissues as the fruit progresses through ripening 

into senescence.  Once the process is initiated in mature fruits, 

the period of acceptable texture may be short, even with refrig- 

eration and controlled atmosphere storage. There are many enzymes 

that are involved in fruit softening. 

1. Cellulase.  Because of its abundance in fruit tissues and 

prominent role in cell wall structure, cellulase might be expected 

to be an important factor in fruit texture. Kertesz et al (168), 

working with many varieties of apples, found that the level of 

cellulase correlates with initial firmness of freshly harvested 

fruit, but they concluded that subsequent softening of apples is 

not due to changes in cellulase.  Hartley (34) confirmed that the 

cellulosic glucose content of apple cell walls did not change in 

ripening fruit.  Changes in molecular orientation in the micro- 

fibrils could be more important than changes in the level of 

cellulose.  Sterline (279) found that the crystalline micelles 

enlarge in diameter during peach ripening. 

2. Pectic enzymes.  Pectin solubilization occurs in apples 

(34), pears (157), peaches (238,240,241,263), tomatoes (166), and 

other fruits. The soluble pectin content of apples increased more 

than 3-fold during a change in firmness of 4.8 to 3.4 kg (34). 

a) Pectinesterase. It catalyzes the hydrolysis of methyl 

esters in pectin.  The activity of this enzyme increased during 
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ripening of tomato fruits (167). However, Hall and Dennis (130) 

did not find any correlation between pectinesterase activity and 

firmness. 

b) Polygalacturonase. This enzyme appears only during rip- 

ening of tomato fruits, it is absent in green tomatoes 

(137,138,167), in unripe peaches (241), dates (135), avocado, 

pears (204) and in softened cranberries (233). 

There are other changes that take place during fruit ripening 

that are not related to cell wall metabolism.  The activity of 

malic enzyme increased during ripening of pear and apple fruits in 

association with several other biochemical changes, including an 

increase in the respiratory quotient of intact fruits, increase in 

NADP and NADPH content of the fruit cortex (100,112,147,148,170, 

244), increased capacity of the fruit tissue slices to decar- 

boxylate malate (226) and decline in malic acid content of the 

fruit. ATP content decreases and ATPase activity increases during 

ripening of strawberries from green to red color (39). 

There is considerable evidence that changes in enzyme synthe- 

sis may be involved in fruit ripening (250). Ribonucleic acid 

synthesis peaked just before the onset of ripening of tomatoes 

(240).  In addition, cycloheximide, an inhibitor of protein syn- 

thesis of 805 ribosomes prevents ripening in pears (112), bananas 

(49), and citrus fruits (246). 

More direct evidence for the involvement of protein synthesis 

is provided by the observation that enhanced incorporation of 

radioactive amino acids into protein occurs during the early 
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climacteric in avocado slices (245), in whole pear fruits (112), 

bananas (251), apples (147), and tomatoes (98).  A similar stimu- 

lation of incorporation into RNA just before the climacteric peak 

in apples, pears, and tomatoes supports the suggestion that RNA 

synthesis is also required for the synthesis of new enzymes in- 

volved in ripening (98,147,175,195). 

Ethylene biosynthesis 

Methionine was first suggested as a possible precursor of 

ethylene by Lieberman and Mapson (188) based on the observation 

that methionine readily converted to ethylene in a model system 

2+ consisting of Cu  and ascorbic acid. Lieberman et al (187) and 

Yang (304), a few years later, showed that methionine is the 

biological precursor of ethylene in all higher plant tissues.  In 

the conversion, C-l of methionine is converted to C0„, Co to 

formic acid and CL ^ to ethylene. The sulfur atom, however, is 

retained in the tissues (60,304). 

2,4-Dinitrophenol, an uncoupler of oxidative phosphorylation, 

was shown to inhibit the conversion of methionine to ethylene in 

apple tissue, suggesting a requirement for ATP (51,221,304). Lat- 

er, Murr and Yang postulated that in the conversion of methionine 

to ethylene, S-adenosylmethionine is an intermediate, which is 

degraded into CO2, formic acid, ammonia, ethylene and S'methyl- 

thioadenosine (MTA). Later, in 1975, Murr and Yang (222) tested 

the possibility of MTA as an intermediate in the conversion of 

methionine to ethylene by applying MTA to apple tissue. They 

observed that MTA recycled back to methionine in apple tissue.  In 
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this work, they postulated that in the conversion of methlonlne to 

ethylene, MTA is an intermediate, probably through the formation 

of S-adenosylmethionine. 

This was tested further by Adams and Yang (6) by feeding 

14      35 (methyl-C ) or (S ) methlonlne into climacteric apple tissue. 

They identified radioactive 5-S-methyl-5-thioribose (MTR) as a 

35 predominant product and MTA as a minor one. When (S ) MTA was 

fed to climacteric or preclimacteric apple tissue, radioactivity 

was efficiently incorporated into MTR and methlonlne. However, 

35 when (S ) MTR was fed to apple tissue, radioactivity was observed 

only in methlonlne.  These observations suggested that the conver- 

sion of methlonlne into MTA and MTR are closely related to ethyl- 

ene biosynthesis and provided indirect evidence that SAM may be an 

intermediate in the conversion of methlonlne to ethylene. 

Adams and Yang (5) and Lurssen in 1979 (197) independently 

discovered that 1-aminocyclopropane-l-carboxylic, a non-protein 

amino acid is an intermediate in ethylene biosynthesis pathway. 

In Adams' and Yang's experiments, apple tissues were fed with (U- 

14 C ) methlonlne. One plug was incubated in air continuously, 

another under nitrogen for 6 hours without exposure to air, and 

the third one was incubated under nitrogen for 6 hours and then 

transferred to air for 6 hours.  Plugs under nitrogen produced 

very little labelled ethylene, whereas the one in air converted 

almost half of the radioactivity to ethylene. When the plugs were 

homogenized and the extracts were analyzed by paper radiochromato- 

graphy, they observed an unknown radiolabelled metabolite later 
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identified as 1-aminocyclopropane-l-carboxylic acid (ACC). When 

apple tissues were fed with L-(methyl-C  ) methionine, or L-(S  ) 

methionine and incubated in nitrogen, radioactivity was found 

subsequently in methylthioribose.  This suggested to them that 

methionine is first converted to S-adenosylmethionine, which in 

turn fragmented to ACC and MTA. MTA is then hydrolyzed to MTR. 

Backlund and Smith (24) showed the transfer of carbons from 

the ribose portion, the carbon and hydrogens of the methyl group, 

and the sulfur of S'-methylthioadenosine to methionine in rat 

liver. They also showed that S'-methylthioadenosine is first 

rapidly converted to 5-methylthioribose-l-phosphate, followed by 

its slower conversion to methionine. This system was also shown 

in Enterobacter aerogenes by Shapiro (262) . 

Conversion of MTA via MTR-l-P was also reported in higher 

plants (177). K. H. Yung et al (314) using dual labelled 5- 

methylthioribose, showed the transfer of both the CH3S-group and 

the ribose portion of MTR to methionine.  It was later shown by 

Kushad et al (176) that MTR-l-P converts to methionine via a- Keto-y 

- methylthiobutryric acid (a-KMB) and o-hydroxy-y- 

methylthiobutyric acid (o-HMB). 

Almost all agreed upon the regulation of ethylene production 

by the level of endogenous ACC in most plant tissues and at cli- 

macteric stage of fruit tissues (144,310,311). 

Therefore, ACC synthesis, conjugation of ACC, or an inactive 

form of ACC is important in respect to ethylene production. ACC 

was originally discovered in perry pears and cider apples (63). 
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The only reported conjugated ACC in plants is N-malonyl ACC 

(15,141,142,143). 

Dagani in 1984 (92) clarified the ethylene biosynthesis path- 

way and completed the last step of ethylene synthesis by reporting 

that ACC converts to ethylene and also cyanide (HCN) which rapidly 

incorporates into asparagine. From the above information, the up- 

to-date ethylene biosynthesis pathway is shown in Scheme 1. 

Regulation of ethylene biosynthesis 

Rates of ethylene production during the development of higher 

plants vary from organ to organ and time of development.  Factors 

that regulate ethylene production may be external or internal. 

External factors. 

1. Temperature.  The optimum temperature for ethylene pro- 

duction by apples is 30oC (1). As the temperature was raised, 

rate of production fell until ethylene production ceased at 40°C. 

This inhibition at 40oC was reversible. A similar effect had been 

reported for pears (1). The ability of plums to ripen at elevated 

temperatures was found to be correlated with the rate of ethylene 

production (289). 

A physiological disorder called "premature ripening" of Bart- 

lett pears has caused heavy economic loss in Washington, Oregon, 

and California (296). The drop was correlated to stimulation of 

ethylene due to low temperatures during the growing season. 

2. Carbon dioxide. Depending on the tissue, C0„ can in- 

hibit, promote, or have no effect on ethylene production. C0- 

concentration of 10% (1) and 80% (61) inhibited ethylene produc- 
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tion in apple fruits. Ethylene production by intact sunflowers 

was increased by exposure to 0.5% C0„  under light (35). 

3. Oxygen.  Low concentration of oxygen delays fruit ripen- 

ing (198). The effect is due to an inhibition of ethylene produc- 

tion.  Apple tissues stopped making ethylene soon after they were 

placed in nitrogen. When the sections were returned to air, 

ethylene production started immediately and at a rate greater than 

control (61). 

4. Light.  Ethylene production can be regulated by light. 

Depending on the tissue involved, light can promote or inhibit 

ethylene production.  Increase in ethylene production following 

illumination has been observed in sorghum seedlings (91), cranber- 

ries (90), lettuce seeds (3), and more (50,95,247). However, most 

investigators reported less ethylene production by light 

(124,152,159,252). 

The effect of light on ethylene synthesis was investigated in 

more detail to find out which step of the pathway is affected by 

light. Rohwer and Schierle (96,123) observed the increase in ACC 

content, ACC oxidase activity and ethylene production of etiolated 

pea seedlings after a pulse of red light. However, the rate of 

conversion of exogenously applied ACC to ethylene was reversibly 

inhibited by light in tobacco and oat leaves. 

5. Stress or wound.  In some tissues, a large amount of 

ethylene is produced following trauma caused by chemicals, temper- 

ature extremes, waterlogging, drought, radiations, insect damage, 

disease, or mechanical wounding (1,304).  Ethylene produced by 
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plants under this condition is referred to as "wound ethylene" or 

"stress ethylene". Mechanical wounding, such as cutting, abra- 

sion, or bruising, has been shown to cause fruit tissues to pro- 

duce large amounts of ethylene (7,149,150,196,203,205,206). 

The biosynthesis of wound ethylene was investigated by Yu and 

+2 Yang (311). The systems examined were Cu -induced C.H, produc- 

tion in mung bean hypocotyls and cutting-induced C»H, production 

in orange peel and in unripened green tomato. In all these sys- 

tems, ethylene was from methionine through the formation of ACC. 

Internal factors. 

1. Regulation by other plant hormones. McKeon et al (207) 

studied the effect of IAA, ABA, and benzyladenine on stress- 

induced ethylene production by wheat leaves.  Pretreatment of 

wheat leaves with ABA dramatically reduced the production of 

stress ethylene and ACC.  However, BA or IAA stimulated ethylene 

production and ACC content. Yu et al (311,313) and Yoshii et al 

(306,307) demonstrated that the effect of these plant hormones on 

ethylene production by mung bean hypocotyls was on ACC synthase, a 

key enzyme that produces ACC from SAM. 

2. Fruit ripening.  Climacteric fruits are characterized by 

a rise in internal ethylene and a surge of ethylene production at 

the onset of ripening, and it is recognized that ethylene plays an 

important role in the ripening process (239). Hoffman and Yang 

(144) examined the changes in endogenous ACC content during ripen- 

ing of avocado, banana, and tomato. ACC content paralleled the 

level of ethylene during ripening of these fruits.  It seems that. 
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in preclimacteric fruits, both the production and utilization of 

ACC are limiting steps in ethylene production.  During ripening, 

ACC synthase is first developed, leading to the formation and 

accumulation of small amounts of ACC that is adequate to produce 

small amounts of ethylene.  This small amount of ACC or ethylene 

then may induce the development of the higher activity of the 

system that converts ACC to ethylene, resulting in the massive 

production of ethylene.  The initiation of ethylene production in 

climacteric fruit tissue is not mediated by auxin.  Therefore, 

there are probably other endogenous compounds in fruits that 

inhibit the initiation of ethylene systems in preclimacteric 

states. 

Low temperature-induction of ethylene biosynthesis in pear fruits 

Some varieties of pear fruits do not produce ethylene unless 

they have been stored at low temperatures for a period of time 

(70,73,101,180,237,261). After one week at -1.10C, Anjou pears 

were not capable of synthesizing any ethylene at 20oC.  However, 

the longer the time at -1.10C, the higher and earlier becomes the 

ethylene peak when transferred to ripening temperatures near 20°C. 

Cold temperature induction of ethylene production in immature 

Bartlett pears was observed by Wang et al (296). Premature ripen- 

ing, a physiological disorder of Bartlett pears, was induced by 

exposure to 650F day and 450F night temperatures.  This cool night 

temperature caused an early acceleration in ethylene production 

and the climacteric rise in respiration. These changes were 

accompanied by fruit softening, and increases in soluble pectin 
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and protein nitrogen. The effect of ethylene on immature Bartlett 

pears may be on some substances or mechanisms controlling the 

normal pattern of development rather than on individual ripening 

reactions (131).  Ethylene-treated immature Anjou pears attained 

full ripeness without a concomitant change in respiratory activity 

(293).  Flesh firmness decreased and protein content increased 

even though the fruit remained in preclimacteric stage.  Threshold 

concentration of ethylene and length of exposure affecting respi- 

ration, ethylene, and softening, decreased progressively during 

maturation of Anjou pears (295). Ripening as measured by soften- 

ing was not dependent on development of the respiratory 

climacteric. 

Preharvest temperature even had an influence on ripening 

capacity of Anjou pears after long-term storage. Fruits that were 

exposed to daily-hourly average (DHA) temperature of 17.20C and 

13.90C ripened normally, but fruits from (DHA) temperatures of 

20CC and 11.70C failed to ripen properly and had lower quality. 

These temperatures were set during 6 weeks before harvest (210). 

Temperatures in the early part of the season of development 

are more important to determine the harvest time of Anjou pears 

than later in the season (209). Porritt (237) reported that, 

after harvest, low metabolic activity persisted about A days in 

Bartlett and 50 days in Anjou at 10oC and 21.10C. He also noticed 

that Anjou pears ripened only after a period of cold storage. 

Storage life of Anjou and Bartlett pears was respectively 35% and 

40% greater at -1.10C than at 0oC. 
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Chen et al (73) reported a similar observation in relation to 

ethylene production. They reported that Bosc pears were capable 

of ripening and synthesizing ethylene after 20 days at -1.10C 

while Anjou pears required at least 50 days at this temperature 

before ripening normally. 

Ethanol-insoluble matter, titratable acidity, soluble solids, 

proteins, amino acids, in both cultivars changes from season to 

season and was not related to their storage life. 

Low-temperature induction of ethylene was also observed in 

other fruits and plant organs.  Chilling temperatures (below 10oC 

but above the freezing point of the tissue) injure fruits of cold- 

sensitive crops native to tropical and subtropical areas (103). 

Sweet orange (Citrus sinensis, Osb.) fruits, even though mature 

internally, may not lose their chlorophyll on the trees when grown 

in the tropical climates. However, oranges grown on the northern 

edges of the subtropical regions of Florida, Texas, Arizona, and 

California lose their green color at the onset of cool autumn 

weather (103). Chilling temperatures stimulated ethylene produc- 

tion in grapefruits, avocado, sweet orange, and in leaves of the 

deciduous trifoliate orange before leaf abscission (87). Wang and 

Adams (291,292) showed that a chilling temperature of 2.50C in- 

duces ethylene production in cucumbers. 

Mode of action of low temperature on ethylene biosynthesis. 

Chilling-induced ethylene synthesis obeys the generally accepted 

pathway of methionine -> SAM -»■ ACC -»■ ethylene (292). ACC synthesis 

and ethylene production was readily stimulated by chilling temper- 
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ature in cucumbers (291,292).  This increase was inhibited by AVG, 

sodium benzoate, propylgallate, 2,4-dinitrophenol, and cyclo- 

heximide. Later it was shown that the increase in ACC by chilling 

temperature is due to an increase in ACC synthase activity (291). 

This increase in ACC content, ACC synthase activity and ethylene 

production occurs only after transfer of fruits to warm tempera- 

tures, raising the possibility that the message for ACC synthase 

is made during chilling period, but that translation occurs only 

during warming. 

It seems that optimum ripening of pear fruits, after 12 weeks 

in storage, is closely linked to a larger amount of ribosomes and 

mRNA (101). No increase in ribosome and mRNA were observed in 

pear fruits that were put at 150C immediately after harvest. 

However, after the required low temperature storage, ripening and 

ethylene production were accompanied by increases in rRNA and 

mRNA. Moreover, an ethephon treatment 3 days before harvest 

restores the ripening process, ethylene synthesis (180) and in- 

creases in mRNA and ribosomal material (101). Leblond (180) has 

shown that ethylene synthesis begins at 0oC but remains low until 

transferred to 15"C.  These observations suggest that ethylene at 

a low level is required at the beginning of storage or ripening at 

150C to obtain a high level of auto-stimulated synthesis of ethyl- 

ene. McMurchie et al (208) proposed two systems of ethylene 

synthesis in bananas.  In the naturally ripening fruit, ethylene 

synthesis is initiated by some factors involved in the regulation 

of aging process (system 1).  The ethylene so produced reaches a 
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level in the fruit sufficient to initiate the respiratory climac- 

teric and the associated ripening processes.  The rise in respira- 

tion is accompanied by a further large increase in ethylene pro- 

duction (system 2).  In the case of pears, the initiation of 

system 1 ethylene occurs at low temperature. At this temperature, 

new synthesis of mRNA and ribosomes occurs as a message for de 

novo synthesis of enzymes in the ethylene pathway.  This system is 

active only at low temperature. By transferring to warmer temper- 

ature, translation steps occur and initiate the normal ripening 

changes that cause the production of larger amounts of ethylene 

(system 2) (101,291,302).  System 2 is active only at higher 

temperatures. 
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CHAPTER III 

Changes in Ethylene, Firmness, and 

1-Aminocyclopropane-l-Carboxylic Acid 

During Storage and Ripening of Pears 

Abstract 

'Bartlett', 'Bosc', 'Cornice1, and 'Anjou' pear fruits  (Pyrus 

communis L.) were stored 8 weeks at -10C and then ripened at 20oC. 

Endogenous 1-aminocyclopropane-l-carboxylic acid (ACC) was ini- 

tially 0.5, 10, 17, and 0.3 nmole/g FW for the respective varie- 

ties above, but most of the ACC was lost within 2 days of ripen- 

ing.  Peak ethylene production was 133, 70, 23, and 10 yl 

C-H./kg/hr, respectively, and occurred on days 2, 5, 12, and 15, 

respectively.  Changes in ACC did not parallel ethylene production 

at 20oC. 

A comparison of Anjou pears grown at two distant locations 

with respect to chilling requirement for ripening revealed that 

Medford pears produced detectable (0.09yl/L) internal ethylene 

only after 7 weeks of -1CC storage.  Hood River pears, however, 

had detectable internal C2H, after 4 weeks at -1
0C. At these 

stages, C2H, synthesis was not sustainable on transfer to 20
oC. 

However, an additional week at -10C allowed for sustained C.H, 

production in Medford pears on transfer to 20oC, and longer times 

at -10C resulted in progressively greater sustained ethylene syn- 

thesis and accelerated the rate of ripening and softening. 

Firmness of Anjou pears from both locations decreased at 20°C 

despite no detectable ethylene evolution. 
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Introduction 

The several varieties of winter pear fruits require different 

periods of low temperature storage before they ripen normally at 

20oC (9,10,17).  The physiological bases for the low temperature 

requirements and the differences in duration of this requirement 

for different cultivars are not known.  Two systems of ethylene 

biosynthesis in pears, one active at low temperature (0-4oC) and 

another one active at or above 150C, have been suggested (11). 

Ethanol insoluble material, titratable acidity and soluble solids 

in Anjou pear (long storage life) compared to Bosc (shorter stor- 

age life) fruit could not be related to the length of storage life 

of the two cultivars (9). Temperatures during fruit development 

and fruit location on the tree might affect the chilling 

requirements of a variety. 

Ethylene is considered to be the major ripening hormone 

(1,7,18).  Pear fruits are not able to ripen normally, i.e., with 

good dessert quality unless they produce ethylene or are exposed 

to externally applied ethylene.  This ability to produce ethylene 

is attained after a period of chilling storage for most of the 

winter pear varieties. ACC is an intermediate in ethylene biosyn- 

thetic pathways (2).  Avocado, banana, and tomato fruit endogenous 

ACC concentration has been reported to parallel ethylene produc- 

tion (12).  The present study monitored internal concentration of 

ACC, evolved ethylene, CO- and firmness of Bartlett, Cornice, Bosc, 

and Anjou pear during ripening at 20oC after 2 months of storage 

at -10C.  Attempts were also made to find the minimum days of low 
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temperature required for Anjou pears to attain the ability to 

produce ethylene at -10C and to sustain ethylene synthesis at room 

temperature. 
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Materials and Methods 

Bartlett, Bosc, Anjou, and Cornice pear fruits were harvested 

at the recommended commercial maturities of 84, 71, 62, and 53 

newtons firmness.  Sources of the fruit were the Mid-Columbia 

Experiment Station, Hood River, OR and the Southern Oregon Experi- 

ment Station, Medford, OR.  Prior to -10C storage, fruits were 

dip-treated with 300 ppm thiobendazole or 1000 ppm benlate 

fungicide. 

Respiratory CO^ and evolved ethylene were measured from 4 or 

5 pears in 4 liter respiration jars (3 replicates) with 150 ml per 

minute air flow. 

A Beckman Model 865 Infra-red gas analyzer was used to meas- 

ure evolved CO2. A Carle Model 311 analytical gas chromatograph 

with 6' x 1/8" Porapak R column and flame ionization detector was 

used to measure ethylene. Ethylene samples were drawn by 1 ml 

plastic syringe from the outlet tubes of the respiration jars. 

Another set of fruits were put in ripening drawers to measure 

internal ACC and firmness periodically.  To determine the time 

that Anjou pears required to be at -10C before they produced 

ethylene, each week a number of fruits were transferred to 20oC 

ripening room and the internal ethylene of these fruit was meas- 

ured by individual vacuum extraction of submerged fruits and 

measured by gas chromatography (5).  Endogenous ACC concentration 

was measured using 12 g of flesh composite of three fruits homoge- 

nized in 3% salicylic acid or 9% perchloric acid (final concentra- 

tion) by a Brinkman Polytron.  The homogenate was centrifuged at 
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10,000 x g for 10 minutes and the supernatant was passed through 

Dowex 50W-X8 (H form).  After washing with distilled water, amino 

acids including ACC, were eluted from the column by the addition 

of 2 N NH.QH.  The eluent was put in a vacuum oven at 450C over- 

night and the dry residue was then dissolved in 0.5 ml distilled 

water. ACC was converted to ethylene and measured according to 

the method of Lizada and Yang (13).  ACC conversion to ethylene 

efficiency ranged from 69-80% and corrected values of ACC are 

reported.  Firmness was measured on the peeled flesh of two sides 

of each of three fruits with a Magness-Taylor firmness tester 

equipped with 8 mm tip. All measurements were in triplicate 

except those of ACC which were duplicate. 
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Results and Discussion 

Physiologic parameters which change during fruit ripening of 

Bartlett, Bosc, Cornice, and Anjou pears after 2 months of -10C 

storage are shown in Figures III.1A, B, C, and D. 

Bartlett (Fig. III.1A), a summer pear which needs no storage 

chilling to ripen, shows the typical very rapid onset of climac- 

teric phenomena: very high initial ethylene, high initial C0_ 

production with the climacteric peak at the 2nd day of 20° ripen- 

ing, and a rapid loss of firmness to about 10 N (= 2 lbs) in 3 

days.  Endogenous ACC was very low (0.5 nmole/g FW) initially and 

decreased to below 0.005 nmole ACC/g FW within 3 days at 20oC. 

This indicates very little impedance of the ethylene pathway. 

Bosc (Fig. III.IB), a winter pear which typically needs about 

1 month chilling to ripen adequately, after 2 months -10C storage 

exhibits some interesting contrasts to Bartlett.  Initial ethylene 

was about 40 yl/kg/hr, about one-fifth that of Bartlett, and then 

rose to 70 yl/kg/hr on the 5th day, near the times CO*  peaked 

between 5th and 6th day.  Firmness declined at a slower rate than 

Bartlett, reaching 10 N (= 2 lbs) about the 7th day.  Initial ACC 

for Bosc was 10 nmole/g FW, about 20 times that of Bartlett, but 

Bosc ACC decreased very rapidly within one day to about 1 nmole/g 

and thereafter slowly decreased to about 0.5 nmole/g.  Some of the 

rapid loss of ACC clearly contributed to the early ethylene rise, 

but the fact that there was some accumulation of ACC and then 

rapid conversion suggests that there was a short time when ACC to 
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ethylene conversion might not be fully functional, but became so 

within 1 or 2 days upon transfer to 20oC. 

Cornice (Fig. III.1C), another winter pear which typically 

needs 30 to 45 days chilling to ripen, exhibits patterns like Bosc 

and differs further from Bartlett.  Rate of softening was somewhat 

faster than Bosc but not as fast as Bartlett, approaching 10 N 

(= 2 lbs) on the 3rd day.  Respired CO- was similar in magnitude 

and trend to Bosc, although peak CO- occurred on days 11 and 12. 

Initial ethylene 38 yl/kg/hr rates were comparable to Bosc but 

declined to 12 yl/kg/hr after 1 day, then rose to peak at 20 yl/ 

kg/hr on day 11.  Initial ACC was very high 17 nmole/g FW which 

rapidly declined to about 0.6 nmole after 12 days at 20oC.  This 

can be interpreted as having some further interference in ACC to 

ethylene conversion compared to Bosc and considerably more than 

Bartlett. 

Anjou (Fig. III.ID), a winter variety with a long chilling 

requirement, typically 50-60 days, after 2 months -10C storage 

contrasts further with Bartlett, Bosc, and Cornice in ripening 

behavior at 20oC.  Although there is also a rapid loss of firm- 

ness, softening to 10 N in 4 days, C0-, ethylene, and ACC patterns 

have some distinct features. Respired C0_ peaks between the 11th 

and 12th day, but there is more of a lag to begin the climacteric 

rise which starts about the 6th day.  The ACC concentration is 

very low, about 0.3 nmole/g FW initially and even though it de- 

clined further to extremely low (Ca 0.007 nmole/g) levels, there 

was relatively little ethylene produced until the 9th day, which 
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rose to 10 yl/kg/hr on the 13th day.  ACC increased slightly 

during this later ethylene rise between days 11 and 13.  Thus in 

these Anjou fruits which had scarcely acquired adequate chilling, 

the fruit softening and, to a lesser extent, climacteric C0„ 

events seem to be considerably less associated with ACC and ethyl- 

ene events as seemed to be the case for the other pear varieties. 

One interpretation is that at this incipient stage of chilling 

satisfaction, the capability of sustained ACC and ethylene synthe- 

sis are both impaired and this then feebly initiates only after 9 

or 10 days at 20oC. As will be shown, the longer Anjou pears are 

held at -10C beyond 2 months, the more active the ethylene synthe- 

sizing system becomes. Furthermore, there apparently is some 

involvement of ethylene associated with accelerated softening. 

In most of these cultivars, evolved ethylene is high on day 

zero at 20oC and it might be due to faster diffusion rate on 

transfer to the higher temperature. To determine ethylene and 

carbon-dioxide on day zero, fruits were transferred from -10C to 

20CC and put in respiratory jars and left for about 4 hours for 

equilibration to take place before measurements.  This length of 

time at 20°C is long enough to increase the fruit temperature and 

increase the diffusion rate of ethylene from the intercellular 

spaces to the surrounding atmosphere. 

Diffusion rate is temperature dependent and affects the evo- 

lution of gases (6).  Lower diffusion rates at -10C  cause the 

build-up of internal ethylene in free spaces, thus upon transfer- 

ring to 20oC, evolved ethylene is high for a few hours until 
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equilibrium occurs between outside atmosphere, inter- and intra- 

cellular spaces. 

Endogenous ACC was higher at -10C in all cultivars tested 

compared to concentration at 20°C. ACC concentrations decreased 

continuously after transfer to 20CC and did not parallel the 

ethylene evolution as reported in avocado, banana and tomato (12). 

This likely reflects its higher rate of conversion to ethylene 

than its synthesis from methionine (2).  Higher concentrations of 

ACC at -10C might be due to a greater low temperature effect on 

the enzymes that converts ACC to ethylene compared to the preceed- 

ing steps synthesizing ACC. During low temperature storage, there 

might be activation processes or de novo synthesis of ACC syn- 

thase.  Build-up of ACC might be due to decreased activity of ACC 

conversion to ethylene. This ACC oxidation system is very temper- 

ature dependent and its activity has been reported to decrease 

dramatically at temperatures below 120C and above 290C in apple 

discs (4).  Different periods of low temperature requirements 

among pear cultivars, before they initiate ethylene production 

(9), might be dependent upon the time required to make ACC syn- 

thase which may be rate limiting in ethylene biosynthesis (23). 

After this requirement is met, further storage of pears at -l0C 

may allow the ACC to accumulate.  Also, ACC concentration might be 

expected to be greater, the longer fruits are held beyond their 

chilling requirement. 

To find the low temperature requirements of Anjou pears for 

ethylene production, fruits were compared from two locations: 
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Hood River, in 1981 and from Medford, in 1982.  The number of days 

of storage at -10C necessary for Anjou pears to produce detectable 

amounts of internal ethylene was different for the two locations 

(Fig. III.2). Anjou pears from Hood River, needed 4 weeks of 

storage at -10C to begin to produce ethylene at this temperature, 

but for Medford fruits, 7 weeks were needed. Fruits from Hood 

River were not able to continue ethylene production after they 

were transferred to 20oC (Figs. III.3 and 4).  These fruits were 

monitored for ethylene synthesis for two weeks at 20oC, and no 

ethylene was detected. However, fruits from Medford at -10C only 

after eight weeks were able to continue ethylene production on 

transfer to 20oC.  This means that there was a physiological 

change in Anjou fruits which occurred between the seventh and 

eighth weeks at -10C. Up to seven weeks, Anjou pears were able to 

produce small amounts of ethylene at -10C but could not sustain 

ethylene production when transferred to 20°C. After eight weeks 

more ethylene was produced at -10C  and when transferred to 20oC 

ethylene synthesis was sustained.  This may be similar to the two 

temperature dependent systems of ethylene synthesis that was sug- 

gested in another study on pears (11).  During cold storage, 

ethylene biogenesis may be initiated by some factor (system 1) 

that is active only at or below 0oC and produces low level of 

ethylene that trigger ripening after a period of time at cold 

storage.  When transferred to ripening temperature fruits are able 

to ripen normally, and the ethylene present in fruit should trig- 
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ger (system 2) further, sustained, ethylene synthesis at ripening 

temperature. 

Anjou pears from Hood River were not able to continue ethyl- 

ene production at 20oC after five weeks at -10C (Fig. III.4). No 

further attempts were made on these fruits to discover when they 

were able to produce ethylene at 20°C.  This difference in the low 

temperature response of Anjou fruit obtained in different seasons 

and different locations might be influenced, among other factors, 

by the maturity stage at harvest and field temperatures during 

development (8,15,16). 

To measure endogenous ACC during storage of Anjou pears in 

1982, flesh tissues each week were homogenized in perchloric acid 

beginning from the time of harvest through eight weeks of storage. 

There was no detectable ACC during this period of storage at -10C. 

No further attempts were made to measure ACC. 

Firmness of Anjou pears decreases at 20oC, even during the 

period of undetectable internal ethylene (Figs. III.4 and 5). 

Early in -10C storage, firmness of 1981 Hood River Anjou pears was 

76 newtons and only lost 4 newtons over seven weeks due to low 

metabolism of fruit at this temperature, even though they produced 

ethylene after four weeks at -10C.  Firmness of Anjou pears har- 

vested from Medford in 1982 decreased appreciably at 20oC,  even 

though no ethylene production was observed (Fig. III.5). However, 

softening rate was faster when these fruits began to produce 

ethylene at 20oC after eight weeks of storage at -10C.  Softening 

enzymes seem to be active even in the absence of any internal 
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ethylene, but their activity accelerates once ethylene production 

begins (3,22).  The number of days at 20oC required for firmness 

to decrease to a given pressure, i.e., 17 newtons, are eight, six, 

and five days, for fruits that were stored for eight, nine, and 

thirteen weeks at -10C (Fig. III.5). 

Thus, in summary, comparisons of varieties of pears which 

differ in their chilling or cold storage durations for ripening to 

occur has raised some interesting relationships between softening 

mechanisms, respiration and ACC and ethylene involvements in the 

chilling response. While the development of ethylene synthesis 

capability apparently accelerates softening, clearly in the case 

of Anjou pears softening can occur with very little ethylene being 

synthesized.  Pear softening either has a very, very low threshold 

ethylene response, or it may be quite independent of ethylene 

synthesis. Another possibility is that some of the softening 

enzymes may function without ethylene, but that the full comple- 

ment or activity of all the softening enzymes may be ethylene 

dependent. 

There is also the suggestion, in view of the ACC concentra- 

tions found among the winter pears, but not Bartlett, that there 

are limitations in rate of ACC to ethylene conversions in addition 

to the postulated rate limiting step at ACC synthase.  The extent 

to which the chilling requirement of pears for ripening to occur 

parallels chilling injury in tropical fruits such as cucumbers 

(20,21) is somewhat difficult to assess. The accumulation of ACC 

and then its conversion to ethylene on warming may well be an 
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interesting area for further study as there appears to be a number 

of features common to both systems. 

The more intensive studies with Anjou pears suggest that 

further characterizations of subtle differences in fruit maturity, 

the effects of growing region, and possibly other factors such as 

mineral nutrition status of the fruit may have important roles in 

altering the chilling requirement. The practical importance of 

this is that for a given variety, and even between varieties, 

short chilling requirements mean reduced storage lifetimes, and 

longer chilling requirements are associated with long storage 

capability.  There is an added implication that some endogenous 

inhibitor may become inactivated during chilling satisfaction, but 

the nature of that inhibitor, if present, is not yet character- 

ized.  There have been some substances suggested, such as phenolic 

compounds (14), but so far roles for these compounds are only 

associative and speculative.  Perhaps more strongly associated is 

the role of calcium in the softening mechanisms and in parts of 

the ethylene pathway. High calcium fruits have long chilling 

requirements, whereas low calcium fruits have short, or no chill- 

ing requirements (19).  Again, the nature of this interaction is 

only speculative at this time. 

The dramatic shift within a relatively short period of time 

(one week) after 7 weeks in cold storage which allows for sus- 

tained ethylene production by Anjou pears on transfer to ripening 

temperatures was quite unexpected, at least how abruptly that 
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transition occurs. More studies are planned to characterize 

events which take place during that transition. 
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Fig. III.l.  Respiration rate, evolved ethylene, firmness, and ACC 
content of Bartlett (A), Bosc (B), Cornice (C), and 
Anjou (D) pears (Hood River, 1980) ripening at 20oC 
after 8 weeks -l0C  storage. 
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Fig. III.2.  Internal ethylene and firmness during -10C storage of 
Anjou pear fruit from Hood River (1981) and Medford 
(1982). 
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Fig. III.3.  Effect of time (weeks, w) in -1 C storage on internal 
ethylene of Medford (1982) Anjou pear fruits during 
20oC ripening. 
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Fig. III.4. Effects of 1, 2, and 5 weeks -10C storage on internal 
ethylene and firmness of Hood River (1981) Anjou pear 
fruits during 20°C  ripening. 
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Fig. III.5.  Effect of -10C storage time on firmness changes of 
Medford (1982) Anjou pear fruits during 20oC ripening. 
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CHAPTER IV 

Ethylene Formation From 1-Aminocyclopropane-l-Carboxylic Acid 

During Pear Fruit Development and Storage 

Abstract 

The ability of pear fruit (Pyrus communis L.) tissue discs to 

convert 1-aminocyclopropane-l-carboxylic acid (ACC) to ethylene 

during development, maturation, and storage was studied in several 

pear varieties which differ in ethylene synthesis patterns. Nei- 

ther 'Bartlett' nor 'Cornice' showed much ability to convert added 

ACC to ethylene during fruit development until harvest maturity 

was approached.  Bartlett discs showed slight ethylene synthesis 

if provided with ACC 10 days before harvest maturity.  IAA did not 

stimulate ethylene production in Bartlett or Cornice until after 

the pears had been in storage and satisfied their chilling 

requirement. 

Anjou pears at harvest maturity had virtually no internal 

ethylene and produced barely detectable amount between 30 and 50 

days of -1° storage, even though internal ethylene was increasing 

from 0.2 to 0.9 yl/1 during that time.  If disc tissues were 

provided with ACC, however, they could convert it progressively 

more rapidly as time in storage progressed beyond 30 days, and 

this paralleled but preceded disc tissue ethylene evolution. 

A comparison of the apparent Km and Vmax values for ACC to 

ethylene conversion activity showed that for Anjou pears, the 

apparent Km decreased from 1.1 x 10 M at 49 days storage to 0.13 

x 10 M at 74 days.  The apparent Vmax during this early period 
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did not change, but between 74 and 102 days storage it doubled. 

The apparent Km during this latter period remained nearly constant 

at about the 74 day value. 

Thus the increasing activity of ACC to ethylene conversion 

involves a shift in the apparent Km at early stages.  One inter- 

pretation of that could be an increased affinity of the enzyme(s) 

for the ACC substrate.  The increased activity at the later stages 

appears to relate to factors which alter apparent Vmax, rather 

than apparent Km.  The role that endogenous inhibitors might play 

in this is thus even more intriguing. 
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Introduction 

Some pear fruits, e.g., Bartlett pears, initiate ethylene 

synthesis soon after harvest and do not require a period of chil- 

ling and ripen normally at 20oC.  Winter pears, e.g., Bosc and 

d'Anjou, require varying periods of cold storage to do so (9). 

D'Anjou pears require between 30-60 days of cold storage (0 to 

-10C) to produce any measurable internal ethylene at 20oC although 

this may vary depending on the season and location (unpublished 

data) for as yet undetermined reasons. 

ACC has been identified as an intermediate in the biosynthe- 

tic pathway from methionine to ethylene (2,7,17) and ethylene is 

considered to be the fruit ripening and plant senescing hormone 

(1,20).  Bartlett pears exhibit very active ethylene synthesis 

after only 1 or 2 days in storage.  By contrast. Cornice, Bosc, 

d'Anjou, and other winter pear varieties (9,22,Chapter III, Appen- 

dix Fig. A.l) develop ethylene biosynthesis gradually during low 

temperature storage. However, which step(s) of the ethylene syn- 

thetic pathway are restricted in winter pears and what effects low 

temperature has on each step is not known. 

Yang and co-workers have suggested that the conversion of S- 

adenosylmethionine (SAM) to ACC but not ACC to ethylene is the 

rate limiting factor in ethylene biosynthesis (8,24,25).  However, 

in preclimacteric apples, cantaloupe and avocadoes, application of 

exogenous ACC only slightly increased ethylene production (3). 

These observations suggest that in preclimacteric fruits, both the 
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conversion of SAM to ACC and the conversion of ACC to ethylene are 

restricted steps and may be rate limiting. 

ACC synthase, the enzyme that produces ACC from SAM is re- 

ported to be a soluble enzyme (7,23).  However, some parts of the 

ethylene biosynthetic system, presumably the conversion of ACC to 

ethylene step(s) that is (are) the penultimate intermediate(s) in 

the ethylene pathway, are presumed associated with membranes 

(4,5,13,16,19,24) or cell walls, even though, a cell-free system 

from etiolated pea seedlings was reported to be capable of con- 

verting ACC to ethylene (14,21).  ACC to ethylene conversion was 

reversibly inhibited by light and cycloheximide (10), is oxygen 

dependent, inhibited by free-radical scavengers, ethylene diamine 

tetracetic acid (EDTA), n-propylgallate, cyanide, azide, CoCl_, 

and unaffected by AVG and aminooxyacetic acid (14,15).  This 

system is also inhibited by cyclopropane carboxylic acid, 

inhibitors of electron transfer and oxidative phosphorylation (5). 

The present study examines whether low temperature storage of 

pear fruits has any effect on ACC to ethylene conversion. 
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Materials and Methods 

Anjou pears were harvested at full maturity (67-74 newtons 

firmness) from the Mid-Columbia Experimental Station, Hood River, 

Oregon and dipped in 300 ppm thiabendazale fungicide and stored at 

-10C until used.  'Cornice' and 'Bartlett' pears used during devel- 

opment and ripening were harvested from the OSU Lewis-Brown 

Experimental Orchards at Corvallis. 

In an attempt to see if cell wall fractions might have ACC to 

ethylene conversion activity, cell wall fractionation of Anjou 

fruit and removal of cell wall bound proteins were done according 

to the method of Masuda and Sugawara (18).  Flesh tissue (100 g) 

was homogenized with 200 ml distilled water in a Wareing blender. 

The cell wall fraction was collected by passing the homogenate 

through two layers of cheesecloth, then washed with distilled 

water.  One part of this cell wall fraction was suspended in 0.1% 

sodium deoxycholate at room temperature for 2 hr, then washed 

thoroughly with distilled water to remove deoxycholate.  Cell wall 

fractions before and after treatment with deoxycholate were tested 

for the activity of the conversion of ACC to ethylene.  The cell 

wall fraction was then suspended in 200 ml of 1 M NaCl to release 

bound proteins.  After standing at 260C for 21 hr, the suspension 

was passed through two layers of cheesecloth, and filtered again 

to remove solids.  The filtrate was dialyzed (8000 MW cut-off) 

overnight against distilled water.  This fraction then was centri- 

fuged at 10,000 x g. Both supernatant and dissolved precipitate 

in 2 ml of 2 M NaCl assayed for ACC conversion to ethylene. 
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The attempt to investigate if a cell wall fraction or cell 

wall bound proteins in pear tissues show any ability to convert 

ACC to ethylene failed to show any activity.  Neither the cell 

wall fraction nor proteins that were removed from cell walls were 

able to synthesize any ethylene from 1 or 10 mM added ACC. 

Flesh tissue discs were used to determine the ability to 

convert ACC to C-H, during development and storage of pear fruits. 

Six discs of flesh tissue (ca. 3 g tissue) were cut with 8 mm 

diameter cork borer from six fruits each time after various peri- 

ods of storage and were arranged in a 25-ml erlenmeyer flask 

containing 3 ml of 300 mM sorbitol in 60 mM Na-acetate buffer (pH 

5.5) and 50 yM IAA (Sigma) and different concentrations of ACC 

(Sigma). 

Chemicals were vacuum infiltrated (740 mm Hg) for 70 seconds, 

and the remaining solution was decanted.  Flasks were then incu- 

bated in a 250C water bath.  All treatments were done in 3 or 4 

replicates and the results were analyzed statistically based on a 

completely randomized design. All flasks were flushed with air 

before sealing with a serum cap. After a given period, 1 ml of 

gas sample was withdrawn from the sealed flasks with a 1 ml plas- 

tic tuberculin syringe and assayed for ethylene by gas chromato- 

graphy (Carle-analytical gas chromatograph, model 311) equipped 

with flame ionization detector and alumina column at 550C. 

In all experiments, ethylene was collected at the intervals 

of 0-2, 8-10, and 22-24 hr of incubation.  However, during devel- 

opment of Cornice and Bartlett pears and at early stages of Anjou 
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pears storage flasks were left closed for 24 hr in order to 

collect ethylene at detectable concentrations. 

Also, at different times during storage, fruits were removed 

to determine internal ethylene of individual intact fruits by 

vacuum extraction and gas chromatographic analysis (6).  To deter- 

mine the apparent Km and Vmax, ethylene production at different 

ACC concentrations were plotted according to the Hanes-Woolf plot 

(22), that relates the apparent Km and Vmax as follows: 

1—  fsl + _££—> t*ie x-intercept is -Km, the y-intercept [s]   =   _   
v   Vmax L'"J  Vmax 

describes Km , and the slope is  1 . 
Vmax Vmax 
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Results and Discussion 

Tissue discs prepared during fruit development of 'Cornice' 

and 'Bartlett' pears did not produce any measurable evolved ethyl- 

ene during 20 hr of incubation.  Even infiltration of 50 yM IAA 

did not induce any ethylene formation (Table IV.1).  IAA is re- 

ported to induce the ACC synthase which converts SAM to ACC in 

mung bean hypocotyls (25).  The inability of IAA to induce ethyl- 

ene biosynthesis in immature pear fruits suggests that even if 

newly synthesized enzyme was induced by IAA, it becomes inactive 

perhaps due to the presence of inhibitors at this stage of fruit 

development.  Alternatively, it is possible that the amount of ACC 

stimulated by IAA is not above the threshold level to convert to 

ethylene. This possibility is evident by the absence of any 

activity converting ACC to ethylene (Table IV.1). ACC (10 mM) did 

not produce any ethylene during fruit development of Bartlett 

pears. However, 7 days before harvest, application of 3.3 mM ACC 

did produce a slight amount, 0.56 nl ethylene/g/hr.  Even though 

there is conversion of ACC to ethylene at this stage of fruit 

development, IAA must not stimulate enough ACC to convert it to 

ethylene.  When ACC conversion to ethylene is high in tissues 

(e.g., 45 days in storage of Bartlett pears) 50 yM IAA did stimu- 

late ethylene production by about 95% and this stimulation can be 

abolished by AVG (Table IV.1). Therefore, in immature pear 

fruits, the activity of the last step in the ethylene pathway, 

i.e., the conversion of ACC to ethylene is also restricted. This 
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supports the suggestion that in preclimacteric fruits both ACC 

production and utilization steps are restricted (3,11). 

D'Anjou pear fruits normally do not produce any ethylene 

after harvest until they have met their chilling requirement 

(about 30-50 days at -10C) in storage (9,22).  This study was 

undertaken to investigate how the activity of the ACC to ethylene 

step changes during low temperature storage.  Table IV.2 shows the 

ethylene production from intact fruits and disc tissues taken 

after different periods of storage.  Discs taken from Anjou pears 

after 7 and 32 days at -1CC did not produce any detectable ethyl- 

ene at 250C, even if flasks were left sealed for 24 hr.  However, 

discs from fruits after 38 days at -10C produced detectable ethyl- 

ene only after 24 hr incubation at 25CC.  Ethylene evolution 

during a 2 hour accumulation by Anjou disc tissues from fruits 

that were held 49 days and longer at -10C were measured at three 

different intervals (0-2, 8-10, and 22-24 hr) during 24 hr incuba- 

tion at 250C.  Discs taken from fruits after. 49 days of storage at 

-10C, evolved detectable amounts of ethylene only after the 22-24 

hr interval period.  However, discs taken from fruits after 74 

days of storage at -10C evolved detectable amounts of ethylene at 

the 0-2 interval and the amount of evolved ethylene increased 

during 24 hr of incubation.  Disc tissues prepared from fruits 

after 102 days of storage at -10C produced maximum ethylene at 8- 

10 hr of the 24 hr incubation period (Table IV.2).  Therefore, 

the longer the fruits were held at -10C, the earlier and higher 
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was ethylene production bt fruit discs observed during 24 hr 

incubation at 250C. 

Internal ethylene production from intact fruit also increased 

during storage at -10C (Table IV.2).  Internal ethylene from 

intact fruit was 0.24 yl/1 after 32 days at -10C, and increased to 

2.68 yl/l after 64 days with no further statistically significant 

increases.  Exogenously applied ACC to disc tissues produced eth- 

ylene during all periods of storage but at different rates.  Dur- 

ing early (from 7 to 38 days) storage at -10C, 5 mM ACC was used 

and flasks were left sealed for 24 hr at 250C to collect detect- 

able amounts of ethylene.  The conversion of ACC to ethylene at 

this early stage of storage is very low, 0.06 nl/g/hr at 7 days, 

increasing to 2.40 nl/g/hr at 38 days of storage at -10C (Table 

IV.2).  This is about a 39-fold increase in rate of ACC conversion 

to ethylene. However, internal ethylene from intact fruit was 

very low during this period and considerable fruit to fruit 

variation was observed.  Ethylene evolution from disc tissues 

without exogenously applied ACC was undetectable until after 38 

days of storage. ACC (1 mM) was infiltrated in Anjou disc tissues 

taken from 49 days to 102 days -10C storage.  During this later 

period, ACC conversion to ethylene was much higher than earlier 

stages of storage.  However, the increase in rate of conversion of 

ACC to ethylene between 49 and 102 days of storage is only about 

3-fold during 22-24 hr incubation at 250C.  The increase in ethyl- 

ene production from disc tissues without exogenous ACC is about 

1.6-fold during this period.  The ACC conversion to ethylene 
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system increases during 24 hr incubation of pear disc tissues at 

250C and showed a peak rate at 8-10 hr during incubation period. 

This may imply an ACC uptake time lag.  Ethylene production from 

control discs did not parallel the change in activity of the ACC 

conversion to ethylene except in discs taken from fruits after 102 

days of storage at -10C.  Tissue discs taken from Anjou fruits 

stored 49 to 102 days at -1CC were exposed to a range of ACC 

concentrations in order to calculate the changes in apparent Km 

and Vmax of ethylene production.  Figure IV.1 shows the Hanes- 

Woolf (22) plot to calculate apparent Km and Vmax in Anjou pear 

tissues after 74 days at -10C.  The apparent Km at this stage of 

storage did not change significantly during incubation, but ap- 

parent Vmax was maximum at 8-10 hr of incubation as was ethylene 

evolution from exogenously applied ACC (Table IV.2).  It seems 

that the activity of ACC conversion to- ethylene in pear discs 

during incubation at 250C  is controlled by changes in apparent 

Vmax of the system and not by changes in apparent Km.  The change 

in apparent Vmax during the incubation period might be due to 

changes in d£ novo synthesis of specific enzyme(s) involved in the 

conversion of ACC to ethylene. Also, it might be due to the 

activity of proteases that change the amount of active proteins 

involved in the ACC to ethylene step. 

Apparent Km and Vmax change during storage at different times 

of incubation at 250C (Fig. IV.2).  Apparent Vmax increased only 

2-fold from 49 to 102 days of storage regardless of the length of 

incubation time of disc tissues at 250C.  However, the highest 



96 

apparent Vmax occurred after 10 hr of incubation at 250C regard- 

less of storage stage (Fig. IV.2.A). 

—■a 
Apparent Km was very high, 3.26 x 10 JM ACC at the initial 2 

hr of incubation at 250C in fruit discs after 49 days of storage 

at -10C and decreased to a constant 0.15 x 10  M ACC at 74 days 

and thereafter.  This was also the trend in discs that were incu- 

bated for 10 or 24 hr at 250C.  No differences were observed in 

apparent Km for different periods of incubation or for periods of 

-10C storage beyond 64 days (Fig. IV.2.B).  However, apparent Km 

was highest at the initial 2 hr incubation compared to 10 and 24 

hr in tissues that had been stored for 49 days at -10C.  In these 

tissues, the maximum affinity was observed after 24 hr of incuba- 

tion at 250C.  Apparent Km was reported to be 15 mM in fresh 

carnation flowers and 0.5 mM in protoplasts of senescing flowers 

(14,18), thus our trend is similar. 

The highest increase in internal ethylene concentration of 

intact fruits (Fig. IV.2.B) was in the period between 49 and 64 

days of storage, which coincided with the greatest reduction in 

apparent Km of the conversion of ACC to ethylene.  Internal ethyl- 

ene production continued to increase but at a slower rate by 74 

days storage while apparent Km stayed constant.  During this 

period, apparent Vmax increased 2-fold in disc tissues after 2 and 

10 hr of incubation at 250C.  Thus, the increase in activity of 

ACC conversion to ethylene in d'Anjou pear fruit at early stages 

of storage might be controlled by an increase in the affinity of 

enzyiiie(s) for ACC or by different isozymes.  During later stages 
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of storage, increases in the amount of enzyme(s) which convert ACC 

to ethylene might be the controlling factor in the activity of 

this system.  However, during 24 hr incubation of disc tissues, 

the change in ACC conversion to ethylene seems to be due to the 

changes in the amount of endogenous enzyme(s) as evidenced by the 

parallel changes in the activity of the system and apparent Vmax 

(Table IV.2, Fig. IV.2.A).  Thus, the increase in ethylene produc- 

tion in Anjou pear fruit at an early stage of storage appears to 

be controlled by the rate conversion of ACC to ethylene as well as 

the rate of ACC production. 

D'Anjou pears produce less ethylene compared to Bartlett 

pears during -10C storage as well as during ripening.  Comparisons 

of ACC conversion to ethylene in these two cultivars (Table IV.3), 

shows the ethylene production from 0.1 mM ACC and apparent Km and 

Vmax for the disc tissues taken from these cultivars after 64 days 

at -10C storage.  Disc tissues from Bartlett produced 0.32 

nmole/g/hr ethylene compared to discs from d'Anjou that produced 

0.04 nmole/g/hr. ACC conversion to ethylene was 0.25 and 0.8 

nmole/g/hr in d'Anjou and Bartlett, respectively. Apparent Vmax 

of ACC conversion to ethylene by Bartlett disc tissues was 4.3- 

fold more than d'Anjou pears.  The higher activity of Bartlett 

pears is likely due to larger amounts of enzyme(s), particularly 

since the apparent Km of Bartlett discs was higher than for 

d'Anjou pears. 

Briefly summarizing these results:  the enzyme activity con- 

verting ACC to ethylene increases during maturation of summer pear 
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fruits and during cold storage of winter pears.  Initially, activ- 

ity is very low or even absent, but as pears are held in cold 

storage the activity increases many fold during early storage. 

This increase may be due to increased enzyme affinity (lower Km 

values) for ACC, different isozymes becoming active, or possibly 

the disappearance of some unknown inhibitor or the appearance of 

some needed cofactor. 

During satisfaction of the chilling requirement of intact 

winter pear fruit, ethylene production is paralleled by ACC con- 

version activity.  However, once chilling is satisfied, ethylene 

production no longer parallels ACC conversion activity and at this 

stage, and when pears have the ability to ripen, ACC synthase 

activity is more closely related to ethylene production as will be 

shown in Chapter 5, Figure V.2.  Once chilling has been satisfied 

and ripening can proceed, the trend of ethylene production of 

intact fruit and excised fruit discs are similar for pears in our 

study which is similar to that reported for whole fruits and aging 

fruit discs (12). 



Table IV.1.  Fruit disc ethylene evolution and exogenous IAA and ACC effects on ethylene produc- 
tion during development of Cornice and Bartlett pears. Values are mean + 1 SE. 

Cornice Bartlett 

Days After 
Full Bloom Treatments nl/g/hr 

Days After 
Full Bloom Treatments nl/g/hr 

54 Control 
50 yM IAA 
10 mM ACC 0, .17 

0 
0 
+ .02 

89 Control 
50 yM IAA 
10 mM ACC 

0 
0 
0 

80 Control 
50 pM IAA 
10 mM ACC 

0 
0 
0 

96 Control 
50 yM IAA 
10 mM ACC 

0 
0 
0 

87 Control 
50 yM IAA 
10 mM ACC 

0 
0 
0 

136 Control 
50 yM IAA 
3.3 mM ACC .56 

0 
0 
+ .13 

122 Control 
50 yM IAA 
3.3 mM ACC 0, .53 

0 
0 
+ 0.17 

45 days 
after 

harvest 

Control 
50 yM IAA 
3.3 mM ACC 
IAA + 10 yM AVG 

0.95 
1.85 

20.42 
0.72 

+ .08 
+ 0.14 
+ 1.08 
+ .18 



Table IV.2.  Internal ethylene of intact 'Anjou* pear fruit and ethylene evolution of fruit 
discs with and without added ACC following -10C storage for varying storage times. 
Values are means + 1 SE. 

Internal C-H^ 
Intact Fruit 

ul/1 

Tissue Di scs 

C H, Collection 
Interval in 
24 hrs  ' 

Incubation Period 

- ACC 
5 mM 1 mM 

+ 
(nl C2H4 

ACC 
/g/h 

Days 
at -10C nl C2H4g/hr r) 

7 0 0-24 0 .062 + .008 

32 0.24 + .08 0-24 0 1.42 + .13 

38 0.52 + .19 0-24 0.17 + .1 2.40 + .09 

49 0.86 + .19 0-2 
8-10 

22-24 0.64 

0 
0 
+ .1 

2.06 + .11 
7.25 + .25 
4.31 + .54 

64 2.68 + .15 0-2 
8-10 

22-24 
0.99 
0.99 

+ 
+ 

.11 

.11 
18.0 + 2.1 
8.5 + 1.09 

74 2.90 + .37 0-2 
8-10 
22-24 

0.55 
1.18 
1.50 

+ 
+ 
+ 

.02 

.13 

.005 

4.65 + .1 
16.1 + .89 
9.8 + .49 

102 3.60 + .91 0-2 
8-10 
22-24 

0.55 
6.30 
1.04 

+ 
+ 
+ 

.10 

.33 

.5 

12.8 + 1.24 
36.7 + 2.7 
12.8 + 1.0 

o o 
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Table IV.3.  Comparison of the activities of ACC conversion to 
ethylene in D'Anjou and Bartlett pear tissue discs 
after 64 days at -10C storage.  Ethylene concentra- 
tions in flasks were analyzed after 10 hrs of incuba- 
tion at 250C. 

Apparent 
Control     0.1 mM ACC       Vmax 
     Apparent 

Km 
nmole ethylene/g/hr (mM ACC) 

D'Anjou 
Pear Discs     .044 0.25 0.83       0.12 

Bartlett 
Pear Discs     0.32 0.8 3.57        0.22 
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Fig. IV.1.  Hanes-Woolf plot .[s] vs rsi) to determine apparent Km 

and Vmax of conversion of ACC to ethylene in Anjou 
pears after 74 days of storage at -10C. 
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Km "max 

25^   Exposure (hrs)      (mM)    (nmole/q/hr) 

2 0.15        0.23 

Figure IV.1 
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Fig. IV.2.  Changes in apparent Km and apparent Vmax of the 
conversion of ACC to ethylene system in Anjou pears 
during storage at -10C. 
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CHAPTER V 

S-Adenosylmethionine Decarboxylase and 1-Aminocyclopropane 

-1-Carboxylic Acid Synthase Activities 

During Ripening of Packham's Pears 

Abstract 

The activities of two key branch-point enzyme activities 

having S-adenosylmethionine (SAM) as substrate were studied in 

'Packham's Triumph' pear fruits stored at -10C for 77 days.  SAM- 

decarboxylase, which leads to polyamine synthesis, and 1-amino- 

cyclopropane-1-carboxylic acid (ACC) synthase which leads to eth- 

14 ylene were measured for activity using 1- C-carboxyl labelled SAM 

during 20oC ripening over 6 days.  SAM-decarboxylase generally 

exhibited a reciprocal relationship to ACC synthase activity.  On 

days 0, 1, 2, and 3 SAM-decarboxylase activity ranged from 30 to 

14 
55 pmole  C0_/g/15 minutes but declined to 10 to 15 units by days 

5 and 6.  On days 0, 1, 2, and 3 ACC synthase activity was low, 

although still about 10 times that of SAM-decarboxylase and then 

rapidly increased to 450 times that of the decarboxylase on day 5. 

This rapid flux toward ACC was reflected in about a 4-fold in- 

crease in internal ethylene, which also peaked on day 5 near 1100 

yl/liter and was accompanied by the normal pattern of flesh soften- 

ing.  The highest activity of ACC synthase occurred during the 

lowest activity of SAM-decarboxylase and vice-versa. During days 

0, 1, 2, and 3 it was surprising to see some decline in ACC 

synthase activity while ethylene was beginning to increase. This 



no 

situation reversed after 3 days when ACC synthase activity ran 

parallel to the increase in internal ethylene. 

Thus it appears that the flux of SAM at this physiologic 

state of 'Packham's Triumph' pears is very heavily channeled 

toward the ethylene pathway and not toward polyamines and that 

ripening conditions further accentuate this. 
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Introduction 

An increase in ethylene is always accompanied by an increase 

in respiration and other ripening phenomenon in climacteric 

fruits.  The role of this increase in ethylene in order to initi- 

ate ripening has generally been established (1). Adams and Yang 

(2) and many others have studied ethylene biosynthesis and estab- 

lished the following sequence:  Methionine -*■ SAM-*- ACC -»■ Ethylene. 

ACC was first identified in perry pears and cider apples by 

Burroughs in 1957 (12).  It has been suggested that the conversion 

of SAM to ACC but not ACC to ethylene is the rate limiting factor 

in ethylene biosynthesis (29,30).  However, ACC accumulations 

raises some doubt as to whether this always applies to pears and 

apples. 

In vegetative tissue, ethylene production greatly increases 

following application of exogenous ACC (13). However, in precli- 

macteric apples, cantaloupe, and avocados, application of exoge- 

nous ACC only slightly increases ethylene synthesis.  It has 

further been shown that preclimacteric fruits were unable to 

convert SAM to ACC (3).  These observations suggest that in pre- 

climacteric fruits, both the conversion of SAM to ACC and the 

conversion of ACC to ethylene are restricted steps. 

Since SAM is known to participate in a variety of other 

reactions, e.g., as a methyl donor (14,19), and polyamine synthe- 

sis (17,23,24,28), the flow of SAM toward the ethylene biosynthe- 

tic pathway compared to other metabolic pathways involving SAM is 
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important to an understanding of the regulation of the ethylene 

system. 

(ACC synthase) 

Methionine—» SAM » ACC -»ethylene 

aminopropyl 
-transferase 

CO- ir    i  SAM decarboxylase 

decarboxylated SAM 

putrescine 

MTA 

I 
spermidine 

Evaluation of relative activities of SAM decarboxylase and ACC 

synthase during different stages of maturation and ripening will 

give an idea about the flow of SAM toward ethylene compared to 

polyamines.  This is particularly worthy of investigation since 

the polyamines, spermidine and spermine have been implicated as 

inhibitors of ethylene synthesis (6,7,16,25).  Furthermore, poly- 

amines are probably involved in protein synthesis and growth 

through interaction with nucleic acids and thus may play a criti- 

cal role in metabolic turnover during growth and senescence 

processes (7,8). 

In animals and microorganisms (27) polyamines are synthesized 

by two enzymes, namely, SAM decarboxylase and aminopropyl- 

transferase.  Comparatively little information about SAM decar- 

boxylase in higher plants has been reported (9,15,23).  It was 

shown that SAM synthase, which converts methionine to SAM is a 
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soluble enzyme in barley (20) and by applying methionine to 

preclimacteric apple tissue no ethylene increase was observed (4). 

Most researchers generally agree on the assumption that ACC 

synthase is the key enzyme in ethylene biosynthesis (29).  In this 

communication, the activity of SAM decarboxylase and ACC synthase 

are assayed in 'Packham's Triumph' pear fruit in attempts to 

evaluate the relative proportion of conversion of SAM toward 

polyamines or ethylene biosynthesis. 
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Materials and Methods 

Plant materials:  Packham's pears harvested from Medford, 

Oregon in September 1981, and stored at -10C for 77 days.  This 

was adequate to satisfy the chilling requirement to ripening to 

occur.  Six fruits from each subsequent sampling date were put in 

ripening room at 20oC for 0, 1, 2, 3, 5, and 6 days. 

Extraction procedure 

Fruits were peeled, the flesh was cut into small pieces, and 

50 grams homogenized in a Waring blender with 50 ml of 50mM Tris- 

HC1 buffer (pH 7.5) containing ImM 2-mercaptoethanol and O.lmM 

EDTA plus 2 g insoluble PVP. 

The homogenate was filtered through four layers of cheese- 

cloth, and the filtrate was centrifuged for 15 minutes at 10,000 x 

g.  The supernatant was used for enzyme assays directly or after 

concentration of protein with Lyphogel (polyacrylamide gel, Gelman 

Instrument Company).  Proteins were concentrated directly from the 

first supernatant or after dialysis and measured according to 

Bradford (10). 

Assay reaction mixture 

The assay mixture for SAM decarboxylase contained 300   of 

enzyme extract.  130 V*. of 100 mM Tris-HCl (pH 8.6) containing 1 

mM 2-mercaptoethanol, 0.1 mM EDTA, 25 yA of lOmM MgCl  15 y* of 

1.72 mM unlabelled SAM and 0.4yCi of l-C14-carboxyl labelled SAM 

(61mCi/mmole) in a total volume of 0.5 ml, or as otherwise stated. 

The reaction was carried out for 15 minutes at 370C water bath in 

a 25 ml  Erlenmeyer flask equipped with rubber stopper which 
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carried a polypropylene well.  The well contained 300 yJi of methyl 

benzethonium hydroxide (hyamine) to trap the released  CO-, a 

modification of Pegg's method (21).  The reaction was stopped by 

addition of 0.5 ml 1.8 M TCA or 0.1 ml glacial acetic acid to the 

enzyme.  In order to release and trap any dissolved C0„, flasks 

were gently shaken for an additional 30 minutes at room tempera- 

ture.  To count absorbed  CO-, the well and its contents were 

carefully removed and transferred to a scintillation vial contain- 

ing 10 ml of 2:1 (v/v) toluene and 100% ethanol plus 0.4% PP0 and 

counted in a Beckman LSC 7000 liquid-scintillation counter.  All 

values were corrected for quenching effects, and background, by 

subtracting the value obtained from boiled enzyme controls. 

14 Labelled ACC and unreacted 1-C -SAM, 30 y£ of aliquots were 

spotted on cellulose thin layer plates and chromotographed with 10 y£ 

of 20mM unlabelled ACC standard.  Developing solvent was butanol: 

acetonerglacial acetic acid:H2o (70:70:20:40, v/v/v/v).  Labelled 

ACC and SAM were detected by Rf values from authentic ACC and SAM 

(Rf 0.307 and 0.038 respectively).  Each spot was scraped off and 

put in 10ml counting liquid in scintillation vials.  The counting 

efficiency off the cellulose TLC plate was 73%. 

Ethylene and firmness 

Internal ethylene was vacuum extracted (1) and measured in a 

Carle-model 311 gas chromatograph equipped with flame ionization 

detector and alumina column at 55"C.  Firmness was measured on the 

peeled flesh of two sides of each fruit with a Magness-Taylor 
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firmness tester equipped with an 8inm tip and the force readings in 

pounds or Kg converted to Newtons (N). 
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Results and discussion 

Firmness along with ethylene synthesis was chosen to monitor 

the ripening stage of pear fruits (Fig. V.l).  Packham's pear 

after 77 days at -10C had a firmness of 68 N.  After five and six 

days at 20oC firmness declined to 12.4 and 8.5 N, respectively. 

Fruits had very low internal ethylene concentration (38 y^A) 

initially at 20oC and increased to a maximum, 1120y£/£, on the 

fifth day; and these pears exhibited normal ripening. 

Activities of SAM decarboxylase and ACC synthase are shown in 

Fig. V.2 and Table V.l.  ACC synthase activity varied from 3-fold 

on the second day to 400-fold on the 5th day compared to SAM 

decarboxylase, indicating that ethylene synthesis is the major 

pathway of the utilizing SAM in ripening pear fruit tissues. ACC 

synthase had its maximum activity on the fifth day at 20oC which 

coincided with maximal internal ethylene.  It has been suggested 

that ACC synthase is the rate controlling enzyme in the ethylene 

biosynthetic pathway (29,30).  In this experiment the coincidence 

of maximum ACC synthase activity with maximum internal ethylene 

concentration shows that the level of ethylene biosynthesis in 

Packham's pears after about 77 days at -10C is under the control 

of activity of ACC synthase enzyme.  However, it is surprising to 

see ethylene increasing while ACC synthase was showing decreases 

up to day 3. 

SAM decarboxylase had a maximum activity of 57 pmole evolved 

14 
CC^/s tissue on the third day at 20oC  and declined to 9 pmole 

CO«  /g tissue on the fifth day which coincides with the highest 
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activity of ACC synthase and maximal internal ethylene 

concentration. 

The product of SAM decarboxylase, i.e., decarboxylated SAM, 

is one of the substrates for the aminopropyl transferase enzyme to 

synthesize spermidine.  These changes of SAM decarboxylase and ACC 

synthase enzyme do not give any indication of which one might be 

under the control of the other.  However, it has been shown (16) 

that spermidine inhibit ethylene biosynthesis by reducing the 

incorporation of labelled methionine to ACC in orange peel disks• 

ACC synthase activity was too low to detect on the 3rd day and 

this coincided with the peak of SAM decarboxylase.  It is possible 

that the higher concentration of the products of SAM decarboxylase 

reduced the activity of ACC synthase. It is possible that the 

level of ethylene biosynthesis and degree of ripening may be 

somewhat depressed by the participation of SAM decarboxylase as an 

early enzyme in the synthesis of polyamines from SAM. 

The use of (1- COOH) SAM as the substrate for polyamines and 

(1- COOH) ACC raises the possibility that  CO. released during 

the SAM decarboxylase assay could also be contributed by the 

decarboxylation of already formed (1- COOH) ACC.  This latter 

possibility was precluded by demonstrating that the unlabelled ACC 

to the assay mixture did not cause radioisotope dilution and 

decrease the release of  C02 from ACC  •  As is shown in Table 

V.2, the addition of unlabelled ACC did not change the ^CO. 

counts significantly, thus verifying that little, if any  C0„, 

was coming from ACC decarboxylation.  In this particular experi- 
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ment the lyphogel concentrated protein was used.  As shown in 

Table V.3, acetone powder protein has very little activity 

compared to lyphogel concentrated protein. 

Apparently, pear fruits which are capable of ripening utilize 

SAM via the ACC to ethylene pathway to great predominance and 

there is relatively little flux from SAM toward the polyamine 

pathway as evidenced by the respective activities of ACC snythase 

and SAM-decarboxylase as measured.  Clearly, once ACC synthase 

activity increased there was even less labelled SAM moving toward 

polyamines.  The possibility that shifts in endogenous or exoge- 

nously applied polyamines can (and do) affect the course of 

ethylene synthesis is revealed in Chapters 6 and 7. 
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Table V.l.  SAM decarboxylase and ACC synthase activity of 

'Packham's Triumph' pear after 77 days -10C storage 

then ripened six days at 20oC.  Six fruits were used 

in each experiment. 

Days at 20oC 

0 

Pmole 14C02/g tissue      47* 

yg protein/g tissue       98 

Pmole 14C02/mg protein   480 

Pmole 14ACC/g tissue 

Pmole  ACC/mg protein 

25 52 57 9 18 

99 299 192 288 231 

256 175 298 33 79 

271 170 0 4043 757 

2743 568 0 14038 3276 

*A11 numbers are average of duplicate of one experiment. 
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Table V.2.  Effect of unlabelled ACC on  CO- evolution from SAM- 

14 
COOH in pear extract•  Reaction mixture contains: 

reaction buffer + extract + SAM- COOH + unlabelled 

SAM + MgCl2 + ACC in a total volume of 0.6 ml. 

I.  Concentrated protein by lyphogel of non-dialyzed extract. 

mole 
yg 

pmole 
pmole        C02/mg 

protein/ml     C02/mi    protein 

Extract 1625       24.63      15.15 

Extract + 25yl of 20mM ACC 
(.83mM) 1625      23.22      14.28 

II.  Concentrated protein by lyphogel of dialyzed extract 

yg        pmole     pmole CO-/ 
protein/ml     C02/mi   mg protein 

Extract 300        9.92       33.08 

Extract + ACC 300       9.71       32.36 



122 

Table V.3.  Different way of concentrating protein in pear 

extract. 

a. Centrifuged supernatant. 

b. 9 volume of 80% ice cold acetone is added to 25 ml 

extract and left in -150C for 5 hours.  Centrifuge 

to precipitate proteins.  Discard the supernatant 

and put precipitate in freeze-dryer to evaporate 

acetone.  Dried protein powder is dissolved in 3 

ml homogenizing buffer. 

c. 20.0 ml extract is added on 3 grams dried lyphogel 

and left on ice in 50C room for 7 hours.  The 

volume was decreased to 4.5 ml.  One ml 

homogenizing buffer is used to wash gels. 

Activity    Specific Activity 
=pmole 14C02/mi =pmole 14C02/mg 

Vg protein/ml    -15 min     protein-15 min 

Extract3 712.5 9.7 13.61 

Acetone powderb    2250 2.36 1.04 

Lyphogeledc        1500 20.06 13.37 
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Fig. V.l.  Change in firmness and internal ethylene synthesis in 
Packham's Triumph pear after 77 days of storage at 
-10C.  Each point is average of 3 fruits and each fruit 
is pressure tested on both sides. 
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Fig. V.2.  SAM decarboxylase and ACC synthase activity in 
Packham's Triumph pear.  Values are mean + 1 SE. 
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CHAPTER VI 

Inhibition of Ethylene Biosynthesis by 

Polyamines in Pear Discs and Fruits 

Abstract 

Polyamines, putrescine (PUT), spermidine (SPD), and spermine 

(SPM) applied singly or in composite at concentrations ranging 

••9       —f\ 
from 10  to 10  M to pear discs (Pyrus communis L.) and intact 

_3 
fruits were evaluated for effects on ethylene production.  A 10 

M polyamine mixture diminished ethylene production in 'Bartlett' 

disc tissues by 65% and 83% after 24 and 48 hr incubation, respec- 

_3 
tively. When tested individually at 10  M, only SPM inhibited 

pear disc ethylene production by 43% after 24 hr of incubation. 

ACC-stimulated ethylene in pear discs was not affected by the 

addition of polyamines.  Spermidine at 10  M inhibited D- 

methionine stimulated ethylene production.  IAA-stimulated ethyl- 

-4       -3 ene was inhibited by composite polyamines at 5 x 10  M and 10  M 

of each component SPM, SPD, and PUT. Thus, the effect of poly- 

amines on ethylene formation appears to be at, or prior to, ACC 

synthesis and does not affect ACC conversion to ethylene. 

Intact 'Bartlett' pears which before -10C storage were vacuum 

infiltrated with polyamine composites (3 x 10  M each) had de- 

layed initiation of ethylene synthesis by one day and evolved 

significantly less ethylene on days 5 through 8 during 8 days of 

ripening at 20oC.  Whole fruits treated with 10  to 10~6 M PUT, 

SPD, or SPM independently produced lower peak ethylene evolution 

but did not alter the timing of the peak during ripening at 20oC. 
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-3 
Putrescine had maximal inhibitory effect at 10  M concentration, 

and the higher the concentration, the earlier it inhibited ethyl- 

ene production without altering the day the maximum occurred 

during ripening at 20oC. However, lower concentrations of SPD or 

SPM were effective inhibitors of ethylene production from day 5 to 

day 8 of ripening at 20oC.  10~3 M of SPD or SPM had decreased 

ethylene production only on day 8 of ripening at 20oC. 

Polyamine treatments had no effect on the timing of the rise 

in C0„ respiration nor on the magnitude of the rate of respiration 

during ripening. 

Polyamines, applied as a composite to intact pear fruit, 

delayed ethylene initiation by one day, thus suggesting that the 

effect was early in the initiation steps. Applied singly, the 

polyamines did not alter the time to initiate ethylene synthesis, 

even though pear fruits produced significantly less ethylene. 
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Introduction 

Ethylene is an endogenous plant hormone involved in many 

phenomena during development, ripening, and senescence.  In 

climacteric-type fruits, an increase in ethylene is always accom- 

panied by an increase in respiration and other ripening phenomena. 

The role of this increased ethylene in initiating ripening has 

generally been established (1).  The main pathway of ethylene 

biosynthesis (2) is generally acknowledged to be as follows: 

methionine -»■ SAM -»■ ACC -*■ ethylene.  Initiation of ethylene biosyn- 

thesis is important in climacteric fruits, because it relates to 

storage life and ripening.  S-adenosylmethionine is a key branch 

point intermediate in both ethylene biosynthesis and in polyamine 

biosynthesis (9,17).  Putrescine and spermidine are ubiquitous in 

all cells whereas spermine is found only in eukaryotes (10).  The 

physiologic effects of polyamines are almost always opposite in 

effect compared to ethylene. Ethylene, for example, is a senes- 

cence inducer (1), whereas loss of chlorophyll during senescence 

of young barley leaves was retarded by PUT, SPD, and SPM (18). 

Therefore, the relationship between polyamine concentrations and 

ethylene biosynthesis might be very important in the metabolic 

regulation of the branched pathway.  Polyamines reduced ethylene 

production in soybean hypocotyls (19).  In aging orange peel discs 

14 (6), PUT and SPD increased the incorporation of 3,4-(C  ) methio- 

nine into spermidine by inhibiting ethylene synthesis at the step 

of SAM -*- ACC step.  These polyamines also reduced the incorpora- 

tion of labeled leucine and uridine into trichloroacetic acid- 
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insoluble material in apple fruit tissues that could otherwise 

affect ethylene production (3).  Recently, D-methionine reportedly 

increased ethylene production in cocklebur seeds (14,16).  Yang 

(14) has reported that D-amino acids cause increases in ethylene 

by interfering with the malonyl-conjugation of ACC.  The present 

research attempts to see if polyamines inhibit ethylene in pear 

disc tissues and intact fruits. Which sites of the ethylene 

pathway might be affected by polyamines was further explored by 

adding substrates (D-, DL-methionine, ACC) or inducer (IAA) in 

polyamine treatments.  The interaction between endogenous poly- 

amines and ethylene synthesis may be important during storage and 

the initiation of ripening of pears; 



134 

Materials and Methods 

Chemicals:  PUT, SPD, SPM, and ACC were purchased from Sigma. 

Pear fruits used were from OSU experimental orchards in Medford, 

OR. 

Experiment on pear disc tissues 

'Bartlett' and 'Packham's Triumph' pear fruit discs (0.5 g) 

Gere cut (#3 cork borer) from each of 6 fruits and composited to 

eliminate fruit-to-fruit variation. Discs (3 g) were placed in 25 

ml conical flasks with 1 ml 0.2 M sodium acetate buffer pH 5.5 and 

1 ml of 1.0 M sorbitol.  Solutions of polyamines and other chemi- 

cals adjusted to pH 5.5, were added to flasks to make the final 

volume 3 ml.  Putrescine, SPD, and SPM as a mixture were applied 

at 10  , 10~ , 10  , and 10  M concentrations of each polyamine. 

—3       —2 Individual polyamines were applied at 10  M or 10  M. All 

treatments were replicated 3-4 times.  The discs were vacuum 

infiltrated (740 mm Hg for 70 seconds) with the solutions.  The 

excess solution was decanted and the flasks sealed with rubber 

serum caps.  Flasks were then incubated in a 25<>C water bath for 2 

hr, a 1.0 ml gas sample withdrawn by syringe, then the flasks were 

opened. After 22 hr, flasks were again sealed for 2 hr and an- 

other 1 ml gas sample withdrawn and then opened.  This was re- 

peated at 46 hr.  Controls were infiltrated with buffer plus 

sorbitol.  Gas samples were analyzed for ethylene and C0„ in a 

Carle Model 311 gas chromatograph equipped with flame ionization 

and thermal conductivity detectors. 
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Experiment on intact fruit 

Whole, mature 'Bartlett' pear fruits after one week -10C 

storage were vacuum infiltrated 80 seconds at 740 mm Hg with 

individual or a mixture of polyamines in one liter 0.05 M tris- 

hydroxymethylaminomethane (TRIS) buffer, pH 7.0.  Putrescine, SPD, 

—3    -5        —6 and SPM were individually prepared at 10  ,10  , and 10  M in 

TRIS buffer as well as a mixture containing 3 x 10~ M of each. 

Controls were, treated with TRIS buffer only.  Each treatment was 

performed in 3 replicates.  After vacuum infiltration fruits were 

left to dry 2 hr on paper towels. 

Three fruits were placed in 4 liter glass respiration jars 

and air flow rate adjusted to 150 ml/min at 20oC. An outlet tube 

was connected to a Beckman Model 865 Infrared analyzer for C0„ 

measurement and 1.0 ml gas samples were drawn by syringe from the 

outlet tube for ethylene analysis by gas chromatography as de- 

scribed above. 
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Results and Discussion 

The effect of PUT, SPD, and SPM as a mixture on Bartlett pear 

disc ethylene production is shown in Fig. VI.1.  These compounds 

did not show significant inhibition of ethylene production during 

the first 2 hr of incubation.  However, after 24 and 48 hr of 

incubation, ethylene production was significantly lower in compar- 

ison to the control.  After 24 and 48 hr of incubation, the 10  M 

mixture resulted 65% and 83% inhibition of ethylene production, 

_3 
respectively.  This experiment was repeated with 10  M of each 

PUT, SPD, and SPM individually.  After 2 hr of incubation, none of 

the individual polyamines had any effect on ethylene production. 

However, after 24 hr of incubation, SPM caused a 43% inhibition 

(Table VI.1).  Putrescine and SPD individually did not show any 

inhibitory effect on ethylene production from pear disc tissues. 

But, in combination with spermine, they decreased ethylene 

production 20% more than spermine alone. 

Indole-acetic acid (IAA) reportedly stimulates ethylene pro- 

duction by inducing the synthesis of the enzyme that convert SAM 

to ACC (7,21).  In a preliminary experiment (Appendix C.l) 50 to 

100 M of IAA had maximum stimulatory effect on ethylene produc- 

tion by 'Bartlett' pear disc tissues.  However, 1 mM each of PUT, 

SPD, and SPM as a mixture, inhibited this stimulation (Tables VI.1 

and VI.4).  Ethylene from these tissues was about equal to tissues 

that were treated with only 1 mM spermine. 

Respiration level did not change significantly during the 

incubation period (data not shown) and treatments neither stimu- 
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lated nor inhibited C02 production over controls.  Table VI.1 

shows the percent C02 accumulated over 2 hr of incubation at 250C. 

In order for polyamines to have an inhibitory effect on 

ethylene production, fruit disc tissues need to be incubated with 

these compounds for more than 2 hr (Fig. VI.1 and Table VI.1). 

There was virtually no effect on ethylene production for the first 

2 hr of incubation.  However, the inhibition became greater during 

the latter period of incubation.  This may suggest that the key 

enzyme(s) involved in the inhibitory site of polyamine is initial- 

ly present in adequate quantity, but is somewhat labile and grad- 

ually turned over.  In the presence of polyamines, replacement 

snythesis of the enzymes is inhibited and consequently the rate of 

ethylene production decreased with time.  Since lAA-stimulated 

ethylene production is reported due to the d£ novo synthesis of 

ACC synthase enzyme (21) and also that lAA-stimulated ethylene is 

inhibited by polyamines, supports the above suggestion or it may 

be simply due to delayed uptake of polyamines. 

To examine which step of the ethylene pathway these compounds 

inhibit, the following experiments with ethylene precursors, name- 

ly, methionine and ACC, were performed in the presence or absence 

of polyamines. 

Effect of polyamines on methionine and ACC-stimulated. ethylene 

Methionine and ACC are intermediates in the ethylene pathway 

(2,13,20).  In these experiments, 10 mM each of D- or DL- 

methionine, ACC, and spermidine were used (Table VI.2).  'Pack- 

ham's Triumph' pear discs after 5 months at -10C produced high 
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amounts of wound ethylene for about 4 hr which then declines, 

followed by low amounts of ethylene at a steadier state (data not 

shown).  To collect enough ethylene, flasks were left sealed for 8 

hr in a 250C water bath (Table VI.2). D-methionine increased 

ethylene more than 2.8 times that of the control.  However, addi- 

tion of spermidine inhibited this increase by D-methionine. DL- 

methionine on the other hand did not stimulate ethylene production 

in these tissues. D-methionine was also reported to increase 

ethylene production in cotyledonary tissues of cocklebur seeds 

(15,16).  Those studies suggested that the increase of ethylene by 

D-methionine might be due to its conversion to the L-form in 

tissues.  However, the same concentration of DL-methionine did not 

have any significant effect on ethylene production (Table VI.2). 

Recently, it was reported that D-amino acids increase ethylene 

production by interfering with the conversion of ACC to malonyl 

ACC (14) a product that does not lead to ethylene. As a conse- 

quence, D-methionine, by forming malonyl-D-methionine, might leave 

ACC mostly as a free form which would result in higher production 

of ethylene.  Since polyamines decrease the D-methionine induced 

ethylene, it is possible that somehow these compounds interact 

with D-methionine, and ACC goes toward malonyl ACC and thus the 

amount of free ACC available to produce ethylene decreases.  The 

effect of SPD was mostly on the inhibition of D-methionine stimu- 

lated ethylene by this tissue, even though tissues treated with 

spermidine produce less ethylene compared to control. 
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Cellular membrane integrity is known to be essential for 

plant tissues to synthesize ethylene (13). D-methionine has been 

suggested to attach to a hypothetical stereospecific receptor site 

which could cause a membrane conformational change in favor of 

ethylene biosynthesis (15,16).  The presence of L-methionine in 

DL-methionine treated tissues might prevent these membrane changes 

and as a consequence, inhibit the D-methionine stimulation of 

ethylene (Table VI.2). D-methionine, in this respect, would have 

an indirect effect on ethylene biosynthesis.  In any event, sperm- 

idine inhibits this ethylene increase by D-methionine, for 

'Packham's Triumph' pear disc tissue at this storage stage. 

ACC is one of the last intermediates in the ethylene pathway. 

Control tissue produced 0.33 nl/g-hr ethylene (Table VI.2) com- 

pared to ACC-treated discs with 10.3 nl/g-hr thus there is about a 

31-fold increase in ethylene production by ACC.  Exogenous appli- 

cation of 10 mM SPD or SPM did not decrease the ACC-stimulated 

ethylene in 'Packham's Triumph' pear discs (Tables VI.2 and VI.3). 

-4 
The mixture of PUT, SPD, and SPM, each at 5 x 10  M, had no 

effect on ACC-stimulated ethylene in 'Bartlett' pear discs (Table 

VI.4). This contrasts with previous reports (19) where SPD or SPM 

at 10 mM both inhibited ACC-stimulated ethylene production in 

etiolated soybean hypocotyl and tobacco leaves.  While this dif- 

ference in comparing their results to ours is unclear, but might 

be related to the infilitration process.  They incubated the 

leaves with ACC and polyamine solution during the entire experi- 

mental period, whereas we exposed them only at the beginning. 
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Polyamines as composites inhibit ethylene production, individual- 

ly, SPM is the most effective one.  In the present study, the 

effect apparently precedes ACC production since lAA-induced ethyl- 

ene was inhibited, but ACC-stimulated ethylene was not 

significantly affected. 

Effect of putrescine, spermidine, and spermine on ethylene synthesis 

and respiration during ripening of intact 'Bartlett' pears 

Ethylene and CO^  evolution at 20oC were measured everyday for 

8 days.  Ethylene was detectable after 3 days at this temperature 

in all treatments except PUT + SPD + SPM treated fruits which 

delayed ethylene initiation by one day (Fig. VI.2).  Polyamine 

treated fruits always had lower evolved ethylene compared to 

control fruits.  However, this became statistically significant 

only after 5 days through the 8th day of ripening. 

In both pear disc tissue and intact fruits, polyamines as a 

mixture was very effective in lowering ethylene production. 

Putrescine was an effective inhibitor of ethylene production in 

intact pear fruit but not in pear tissue discs (Fig. VI.2.A) and 

higher concentrations resulted in lower ethylene production. 

_3 
Putrescine at 10  M decreased ethylene significantly by days 5 

through 8.  However, 10  M and 10  M treated fruits began to 

show significantly less ethylene by day 6 and 7, respectively. 

Therefore, the higher the concentration of PUT, the earlier the 

inhibition.  Spermidine showed significant reduction in ethylene 

evolution, by days 5 through 8 at 10"5 and 10~6 M (Fig. VI.2.B). 

—3 However, at 10  M, it showed a significant ethylene reduction on 
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day 7 through 8.  Spermine was also an effective ethylene inhibi- 

—5       —6       —^ 
tor at concentrations of 10  and 10  M.  10  M of this compound 

never decreased ethylene significantly (Fig. VI.2.C).  Compared to 

controls, ethylene production was 67% less by day 5 for the 3 x 

10~6 M polyamine composite (Fig. VI.2.D) while 10~6 M of SPD and 

SPM individually had 57% and 35% reduction respectively. 

_3 
Putrescine at 10  M had the highest inhibition (64%) among 

individually applied polyamines by day 8. 

Respiration rate followed the typical climacteric pattern of 

'Bartlett' pear and ranged from 12 to 40 ml C0„/Kg-hr during the 8 

days at 20oC  (Appendix D.l).  However, polyamine treatments nei- 

ther delayed the rise in respiration nor had any effect on the 

rate of respiration at any point during the 8-day period at 20oC. 

Figure VI.3 shows the lack of effect of the polyamine mixture on 

respiration rate.  Inhibition of ethylene production by these 

compounds is different when pear tissue discs are compared with 

intact fruit.  The intact fruit experiment was done on 'Bartlett' 

pears that were in storage for only one week, whereas 'Bartlett' 

pear tissue discs were from fruits that were in storage for one 

_3 
month.  Spermine at 10  M was the most effective ethylene inhibi- 

tor on 'Bartlett' tissue discs, while putrescine and spermidine 

did not decrease ethylene significantly; although spermidine in- 

hibited D-methionine stimulated ethylene in 'Packham's Triumph' 

_3 
pear.  Putrescine (10  M) did not alter ethylene production in 

'Bartlett' pear tissue discs, but ethylene production was reduced 

-3 
64% in intact fruit.  Spermine at 10  M was almost ineffective in 
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intact fruits. A mixture of putrescine + spermidine + spermine 

inhibited ethylene production in both disc tissue and intact 

fruit.  Different results of these compounds on the inhibition of 

ethylene in pear disc and intact pear fruit might be due to the 

different buffer system and pH used in intact fruit compared to 

disc tissues (see Materials and Methods). Alternatively, there 

likely are differences in penetration of discs vss intact fruits. 

Although the physiological changes and pattern of ethylene produc- 

tion in intact fruit and in excised fruit tissue are reportedly 

similar during aging of discs and ripening of whole fruits (8,12), 

some differences may exist in relation to the interactions of 

polyamines and ethylene.  Also, the effect of exogenous polyamines 

on tissue growth suggests that these compounds are effective only 

when the tissue has very low amounts of endogenous polyamines, 

which can occur due to unfavorable conditions (5).  Discs from 

'Bartlett' fruits that were in -10C storage for one month could 

have different levels of polyamine due to the stress and the 

length of storage period.  Consequently, the response to exoge- 

nously applied polyamines may be different than intact fruit that 

had been in storage for only one week. However, a mixture of 

putrescine + spermidine + spermine inhibited ethylene in both 

tissue discs and intact fruits and the effect was more pronounced 

in the later stages of ripening or incubation period, when tissues 

have a very active ethylene system.  In general, putrescine, 

spermidine, and spermine are able to inhibit ethylene both in 

excised tissues or in whole fruit.  This interaction may have some 
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relevance to the low temperature requirement of some pear culti- 

vars in relation to ethylene biosynthesis. Evidence implicating 

the relation between changes in endogenous polyamines and ethylene 

production during low temperature storage and ripening will be 

reported in Chapter VII. 
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Table VI.1.  Effect of individual polyamines and polyamines as a 
mixture on 'Bartlett' pear disc ethylene and C0_ 
production at 250C.  Ethylene and C0_ accumulated 
over 2 hr period after 24 hr incubation. Values are 
means + 1 SE of 3 replicates. 

Treatments 

Ethylene 
Production 
nl/g-hr % C02/fiask 

Control 

PUT, 1 mM 

SPD, 1 mM 

SPM, 1 mM 

IAA, 100 yM 

IAA, 100 yM + 
Mixture of PUT, SPD, 
SPM, 1 mM Each 

2.6 + 0.06 

3.3 + 0.4 

3.0 + 0.4 

1.5 + 0.08 

4.15 + 0.4 

1.6 + 0.2 

0.64 + .0001 

0.91 + .05 

0.74 + .08 

0.94 + 0.15 

0.69 + .008 

0.69 + .14 
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Table VI.2.  Effects of spermidine on methionine or ACC-induced 
ethylene production of 'Packham's Triumph' pear disc 
tissues from fruits stored 5 1/2 months at -10C. 
Discs were incubated in 1 ml 0.2 M sodium acetate 
buffer (pH 5.5), 1 ml of 1 M sorbitol and 1 ml 
distilled water and left at 20oC for 20 hrs in open 
flasks.  Then, all chemicals to be tested were vacuum 
infiltrated as described in "Materials and Methods". 
Flasks were then closed and ethylene accumulated over 
8 hrs of incubation at 25CC.  Values are means + 1 SE 
of 3 replicates. 

Ethylene Production 
Treatments nl/g-hr 

Control 0.33 + 0.06 

ACC, 10 mM 10.4 + 1.1 

D-Methionine, 10 mM 0.95+0.01 

DL-Methionine, 10 mM 0.25+0.07 

ACC + Spermidine, 10 mM 8.6 + 1.0 

D-Methionine + Spermidine 0.54 + 0.16 

DL-Methionine + Spermidine 0.52 + 0.16 

Spermidine 0.26 + 0.02 
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Table VI.3.  Effect of spermine on ACC induced ethylene production 
from 'Packham's' pear tissue discs.  Ethylene accumu- 
lated between 5-22 hrs of incubation. Values are 
means + 1 SE. 

C2H4 

Treatments nl/g-hr 

Control 3.53 + 0.23 

SPM, 10 mM 1.86 + 0.12 

ACC, 5 mM 90.2 + 5.9 

ACC + SPM 69.9 + 5.7 
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Table VI.4.  Effect of polyamine mixture (5 x 10" M of each of 
PUT, SPD, SPM) on IAA or ACC induced ethylene 
production from 'Bartlett' pears tissue discs. 
Ethylene collected during last 24 hrs of 40 hrs 
incubation period at 25°C.     Values are means + 1 SE 
of 3 replicates. 

Treatments nl C H,/g-hr 

Control 1.26 + 0.04 

IAA, 50 uM 2.53 + 0.25 

ACC, 5 mM 7.63 + 1.83 

IAA + Polyamine Mixture 1.07 + 0.2 

ACC + Polyamine Mixture 5.25 + 0.87 

Polyamine Mixture 0.48 + 0.17 
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Figure VI.1.  Polyamine mixture (PUT + SPD + SPM) concentration 
effects on 'Bartlett' pear disc ethylene production 
after 2, 24, and 48 hrs incubation at 250C.  Ethyl- 
ene accumulated over 2 hr period after incubation. 
Vertical bars are standard error.  Control discs 
produced 0.37 + .005, .42 + .03, .23 + .02 
nl ethylene after 2, 24, and 48 hrs incubation, 
flask-hr 

respectively. 
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Figure VI.2.  Effect of different concentration of putrescine (A), 
spermidine (B), spermine (C), and putrescine + 
spermidine + spermine (D) on ethylene production of 
intact 'Bartlett' pear fruits. Vertical bars are + 
1 SE. Values marked with * are significantly differ- 
ent (LSD .05) from buffer within given data. 
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Fig. VI.3.  Effect of PUT + SPD + SPM as a mixture (3 x 10~6M 
each) on respiration of intact Bartlett pears during 
20oC ripening. Values are means + 1 SE of 3 
replicates. 
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CHAPTER VII 

Endogenous Polyamine Concentrations During 

Development, Storage, and Ripening of Pear Fruits 

Abstract 

Concentrations of putrescine (PUT), spermidine (SPD), and 

spermine (SPM) were determined periodically in Bartlett and Comice 

pear fruits (Pyrus communis L.) from one month after full bloom 

(AFB) until harvest.  Concentrations of PUT and SPD in Bartlett 

were 275 and 208 nmole/g fw initially and decreased to 11 and 22 

nmole/g fw by 20 days before harvest.  Spermine was undetectable 

until 50 days after full bloom and was 10 nmole/g fw by 20 days 

before harvest.  Comice pears had 244 nmole/g fw SPM initially but 

only 1 nmole/g fw at harvest.  Putrescine and SPD in Comice de- 

creased from 268 and 524 nmole/g fw initially to 5 and 6 nmole/g 

fw respectively at harvest. 

The concentration of PUT, SPD, and SPM was also determined 

during storage of D'Anjou pears at -10C for 74 days.  Putrescine 

decreased gradually from 10 nmole/g fw for 40 days, then increased 

back to the initial level by day 74.  Spermidine continuously 

decreased from 28 nmole/g fw to 2 nmole/g fw by day 74.  Spermine 

was initially 4 nmole/g fw, but became undetectable after about 60 

days at -10C.  Anjou pears held 14 days at 20oC which were not 

able to ripen or synthesize ethylene due to unfulfilled low tem- 

perature requirement were also measured for polyamines.  In these 

tissues, PUT and SPD decreased from initial concentrations of 10 

and 28 nmole/g fw to 3 and 8 nmole/g fw, respectively, by 14 days 



157 

at 20oC.  For those same fruits, SPM did not change in concentra- 

tion significantly during 14 days at 20oC.  'Packham's Triumph' 

pears that had been long enough at -10C to produce ethylene and 

ripen normally at 20oC, had SPM decrease to undetectable level by 

day 4 of 6 days ripening period.  There was no significant change 

in PUT concentration, but SPD decreased gradually during ripening. 

It appears that SPM may play a role in ethylene metabolism, but 

the role of PUT and SPD is questionable. 

Changes in endogenous PUT, SPD, and SPM during storage and 

ripening are discussed in relation to ethylene biosynthesis. 
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Introduction 

Polyamines and ethylene have a common intermediate, S-adeno- 

sylmethionine (SAM), that also participates in a variety of other 

reactions, e.g., as a methyl-donor, among many others (9,19).  SAM 

is a substrate for ACC synthetase in the synthesis of ethylene via 

1-aminocyclopropane-l-carboxylic acid (ACC).  SAM is also a sub- 

strate for SAM decarboxylase in a pathway which leads to the 

synthesis of polyamines, SPD being the first polyamine product via 

this pathway (2,15).  Both pathways give rise to a common product 

methylthioadenosine (MTA) and other intermediates in recycling 

back to methionine. 

Normal ripening of pear fruits, i.e., to develop good dessert 

quality, is dependent on the biosynthesis of ethylene, a ripening 

hormone (1,8,21). Maturing pears lack the ability to produce much 

ethylene until shortly before harvest, or in the case of winter 

pear cultivars, only after a period of cold storage has satisfied 

some chilling requirement (10,11,20).  The physiological and bio- 

chemical basis for this requirement is not known, although two 

systems of ethylene biosynthesis, one apparently active at low 

temperature (0 to 40C) and another at 150C  in pears has been 

suggested (12). 

Cold temperature induction of ethylene synthesis is also 

observed in immature Bartlett pears (27) and cucumbers (29). The 

chilling-induced ethylene pathway apparently follows the generally 

accepted pathway of methionine -»■ SAM -* ACC ■+  ethylene (30). ACC 
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synthase activity, ACC content, and ethylene production was read- 

ily stimulated by chilling temperatures in cucumbers (29,30). 

There was no increase in ribosomal or mRNA of Passe-Crassane 

pear fruits that were held at 150C immediately after harvest (12). 

However, after 12 weeks in low temperature storage, ripening and 

ethylene production were accompanied by increased ribosomal and 

+2 mRNA.  Recently, fruit Ca  concentration has been found to exert 

some influence on the chilling requirement:  low Ca being associ- 

ated with a shorter chilling time to be capable of producing 

ethylene (27). 

Polyamines are apparently ubiquitous, but of fairly low con- 

centrations in mature tissues (24).  Since polyamines were effec- 

tive in retarding senescence of excised leaves or leaf segments 

tested from eight different species of plants, including four 

monocots and four dicots, their action in delaying senescence may 

be taken as general.  Polyamines could potentially be used as 

anti-senescence agents for plants (18). 

Exogenously applied polyamines stabilized protoplasts against 

lysis, inhibited the dark-induced rise in RNase and protease 

activity, and reduced the rate of chlorophyll loss in leaves and 

protoplasts (3,4,16,17,18). 

Polyamines have shown inhibitory effects on ethylene synthe- 

sis in a variety of plant tissues (5,6,7,13,25). Also, some of 

these exogenously applied compounds decreased ethylene evolution 

from pear discs as well as from intact fruit (26).  Since poly- 

amines inhibit ethylene biosynthesis in pear (see Chapter 6), it 
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might be expected that their endogenous concentration would de- 

crease by the time pear fruits begin to synthesize ethylene.  This 

paper characterizes changes in endogenous PUT, SPD, and SPM during 

pear fruit development, maturation, storage, and ripening. 
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Materials and Methods 

Extraction 

Flesh tissues of Bartlett, Cornice, and D'Anjou cultivars of 

pear fruits were used for determination of polyamines during 

development, storage, and ripening. 

The method of Flores and Galston (14) was used to identify 

and quantify different polyamines during fruit development.  Fruit 

tissues (1 g fresh weight) were homogenized in 10 ml of 5% cold 

perchloric acid (HCIO.) with a Brinkmann Polytron.  The macerated 

extracts in polypropylene centrifuge tubes were left in an ice 

bath for 1 hr, then centrifuged 20 min at 23,500 x g.  The super- 

natant phase containing the 'free' polyamines was used immediately 

for benzoylchloride derivatization or stored at -20oC in a plastic 

vial (polyamines may be absorbed on glass). 

Due to the low concentrations of polyamines as fruits reached 

maturity and during storage and ripening of fruit, the method of 

Smith (23) was used to extract and concentrate polyamines.  Twenty 

grams of flesh tissues were homogenized in 160 ml of 5% cold 

perchloric acid in a Wareing blender, left in an ice bath and 

centrifuged as described above. 

Resin preparation 

The Dowex 50W-X8, ion exchange resin (H form) was cleaned 

and activated before use, by being initially suspended in dis- 

tilled water (400 ml/100 g resin).  When the resin had almost 

completely settled, the fine particles were decanted (3 times). 

The resin was then rinsed twice with 95 percent ethanol (200 
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ml/100 g resin) to remove ethanol soluble impurities, then rinsed 

twice with 2 N HC1 (20 ml/100 g).  Concentrated HC1 was then 

added to the resin (500 ml/100 g resin), swirled for a few 

seconds, let stand for 5 minutes, and then rinsed with distilled 

water until pH was between 4 and 5. 

The supernatant was added to 3 grams of activated Dowex 50W- 

X8 (20-50 mesh), ion exchange resin (H form) in a 500 ml plastic 

bottle.  Fruit extract and resin were shaken for 1 hr.  Unbound 

extract was aspirated from the resin, followed by a brief water 

wash which was also removed by aspiration.  Bound polyamines were 

released from the resin by addition of 10 ml concentrated HC1 and 

2 hrs shaking.  The HCl-eluted polyamines were collected by aspi- 

ration through Whatman //I filter paper and the solution (the amine 

fraction) was concentrated to dryness at 60CC in a Buchler rotary 

evapo-mix.  After cooling, the amine fraction was dissolved in 1 

ml 0.01 N HC1.  This fraction was filtered through a 0.45 micron 

Metricel membrane and Metrigard filter (Gelman Science). 

Benzoylation and HPLC analysis 

The method of Redmond and Tseng (22) was used to benzoylate 

the extract and polyamine standards in preparation for HPLC sepa- 

ration and quantitation.  One ml 2N NaOH was added to 1 ml of 

extract or amine fraction followed by 10 yl of benzoylchloride 

(Eastman Kodak Chemicals).  After vortexing for 10 seconds and 

standing for 20 minutes at room temperature, 2 ml of saturated 

NaCl was added.  Benzoylated polyamine derivatives were extracted 

in 2 ml diethyl ether (anhydrous grade. Baker) that had been 
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cleaned through activated Alumina F-1, 80/100 mesh column (Supel- 

co, Inc.)*  After 5 min centrifugation at 1500 x g, 1 ml of the 

ether phase was transferred to a 1.5 ml HPLC standard vial and 

evaporated to dryness under a stream of air, then dissolved in 100 

1 methanol (HPLC grade) .  50 ul of this solution was injected to 

HPLC immediately or stored at -20oC for not more than two days 

before use. 

HPLC analysis was done with a solvent programmable Beckman- 

Altex Model 421 Controller.  The solvent system consisted of 60% 

methanol:40% water, run isocratically at 1 ml/min flow rate. 

Solvents were filtered through 0.45 micron pore size membrane 

filters (Altech Associates) and degassed before use.  The 

benzoylated extracts were eluted at 30oC through a 4.6 x 250 mm, 

10-micron reverse-phase (Clg)-column (Altex-octadecylsilane) and 

detected at 254 nm.  Under these conditions, retention times for 

PUT, cadaverine (CAD), SPD, and SPM were:  8.18+0.13, 9.65 + 

0.09, 14.2+0.3, and 24.6 + 1.26 minutes, respectively.  Peak 

areas were integrated by Columbia Scientific CSI-208 digital inte- 

grator and molar concentrations calculated from Standard Curve 

responses (see Appendix Fig. E.3) of the known polyamines (Sigma 

Chemicals). 
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Results and Discussion 

Changes in endogenous concentrations of PUT, SPD, and SPM 

during fruit growth and development of Cornice and Bartlett pears 

are shown in Figure VII.1.  CAD or Agmatine were not detectable 

during any stage of pear development and storage.  Number of days 

from full bloom to harvest were 145 for Bartlett and 157 for 

Cornice. 

The first measurement of Bartlett was from samples taken 34 

days after full bloom (23% development time).  The initial con- 

centration of PUT in Bartlett pears was 275 nmole/g fw and de- 

creased to 11 nmole/g fw by 20 days before harvest (Fig. VII.1.A). 

SPD concentration was 208 nmole/g fw initially and decreased to 21 

nmoles at 20 days before harvest.  However, SPM was undetectable 

initially and accumulated slowly during development and attained 

10 nmole/g fw by 20 days before harvest. 

The first measurement on Cornice was 25 days after full bloom 

(16% development time).  The concentration of PUT in Cornice pears 

was 268 nmole/g fw initially, and remained high until 97 days 

after full bloom (61% development time), but decreased to 5 

nmole/g fw by harvest time (Fig. VII.l.B).  Initial concentration 

of SPD in Cornice pears was 524 nmole/g fw and declined to 190 

nmole/g fw by 41 days after full bloom and remained in this range 

until 2 months before harvest.  At harvest the SPD concentration 

was 6 nmole/g fw.  Cornice pears contained 244 nmole/g fw SPM at 

the initial sample and declined rapidly to 4 nmole at only 64 days 
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after full bloom (41% development time), and further decreased to 

1 nmole by harvest time. 

Cornice pears contained 45 nmole (SPM)/g fw SPM 41 days after 

full bloom (26% development time) compared to Bartlett pears with 

SPM that was undetectable at 34 days after full bloom (23% de- 

velopment time). At these stages of development, Bartlett pears, 

although at an earlier stage of development, contained less SPM 

than Cornice pears. 

These two cultivars are different from the standpoint of 

initiation of ethylene synthesis after harvest.  Bartlett pears 

begin to synthesize ethylene immediately after harvest in contrast 

to Cornice pears that usually require 40 to 45 days of low tempera- 

ture storage.  As far as the changes in concentrations of PUT, 

SPD, and SPM are concerned, the only pronounced difference between 

these two cultivars was the undetectable level of SPM at early 

stages of development in Bartlett pears. 

The question of whether high concentrations of SPM specifi- 

cally, at early stages of pear development, have any effect on 

postharvest behavior and initiation of ethylene is unknown.  How- 

ever, further work in this lab has shown that SPM was the most 

effective ethylene inhibitor in pear discs (26, Chapter VI) 

compared to PUT or SPD. 

D'Anjou pears, another winter type, were chosen to examine 

the change of these compounds during storage in regard to initia- 

tion and production of ethylene. 
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D'Anjou pears typically require 50-60 days of low temperature 

storage before they initiate any ethylene synthesis. Anjou pears 

were examined in 1981, 1982, and 1983 in this regard and the 

chilling requirement varied from 30-60 days depending on the 

season and location (Chapter II).  Some evidence suggests that 

fruit Calcium concentrations may be related to differing chilling 

requirements (27). 

Endogenous polyamines were also determined in storage of 

flesh tissues of D'Anjou pears for 1982 and 1983 and Figure VII.2 

shows the changes in concentration of PUT, SPD, SPM, and ethylene 

production during -10C storage of Anjou pears from Hood River, 

Oregon in 1983. 

These fruits began to produce ethylene at storage earlier 

than average.  However, the maximum ethylene production rate was 

between 59 and 66 days. 

The endogenous concentration of PUT in flesh tissues of 

D'Anjou pears after 7 days -1° storage was 10 nmole/g fw and 

eventually declined to 3 nmoles by day 42.  However, it gradually 

increased back to the initial level by 74 days at storage. 

Initial concentration of SPD was 28 nmole/g fw and steadily 

decreased to 2 nmoles by day 74.  D'Anjou pears contained lower 

amounts of SPM initially in comparison to PUT and SPD.  After 7 

days storage, SPM concentration was 4 nmole/g fw and decreased to 

2 nmoles between 28 and 60 days of storage, whereupon it became 

undetectable after day 67. This coincided with the time that 

D'Anjou pears produced maximum ethylene.  In general, SPD and SPM 
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decreased continuously during storage (Fig. VII.2).  It may be 

that the decrease in SPM is more important than PUT or SPD in 

regard to ethylene synthesis because it seems to be the most 

effective ethylene inhibitor compared to PUT and SPD in pear disc 

tissues (26).  Also, PUT and SPD decreased even in D'Anjou pears 

that do not produce any ethylene at 20oC due to the unfulfilled 

low temperature requirement (Fig. VII.3).  D'Anjou pears that had 

been in storage at -10C only for one week were tested for ripening 

at 20CC for 14 days. No ethylene was detected during this period. 

However, PUT and SPD decreased 71 percent and 81 percent, respec- 

tively, by days 5 and 9, during this period.  SPM, on the other 

hand, did not change significantly during this period. Therefore, 

in these fruits whose ethylene generating system is not yet active 

at 20oC, endogenous concentration of SPM remains almost the same, 

unlike PUT and SPD which decrease. However, if pear fruits have 

been in storage long enough to meet the low temperature require- 

ment for ethylene synthesis, SPM became undetectable during 

ripening at 20oC (Fig. VII.4.A). 

Packham's Triumph pears after 100 days at -10C storage, had 

already satisfied their chilling requirement and produced large 

amounts of ethylene at 20oC and softened very fast (Fig. VII.4.B). 

During 6 days ripening of these fruits, there were no significant 

changes in endogenous concentrations of PUT and SPD.  However, SPM 

decreased to undetectable levels on day 4 of ripening. 

Naturally occurring polyamines have been shown to play an 

important role in the regulation of cell division and growth in 
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higher plants (24).  The cell division period for pear fruit is 

about 7 to 9 weeks after anthesis or 45% of total development 

time.  In immature pear fruits, the concentrations of polyamines 

were high and decreased by maturation.  The high concentration of 

polyamines during the cell division period of pear fruits is in 

agreement with other researchers that these compounds are involved 

in growth and cell division. 

Polyamines have been shown to inhibit ethylene production in 

higher plants (5,6,7,13,25).  Spermine was shown to be the most 

effective ethylene inhibitor among the polyamines in companion 

studies described in Chapter 6. 

During storage of D'Anjou pears, SPM concentration decreased 

to an undetectable level by the time the fruits produce high 

ethylene. However, its concentration did not show any significant 

change during 20oC storage of non-ethylene producing D0Anjou pears 

due to unfulfilled low temperature requirement.  Spermidine and 

PUT decreased in both fruits.  Similarly, SPM declined signifi- 

cantly during the ripening of ethylene producing Packham's Triumph 

pears, but PUT and SPD did not. 

These observations suggest that there may be a strong rela- 

tionship between the SPM concentration and ethylene production in 

pear fruits. 



169 

Fig. VII.1.  Changes in polyamines during fruit growth of Bartlett 
pears (A) and Cornice pears (B). Vertical bars are + 
1 SE of 3 replicates. 
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Fig. VII.2.  Changes in polyamines and internal ethylene during 
storage of Anjou pears at -10C. Vertical bars are + 
1 SE of 3 replicates. 
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Fig. VII.3. Changes in polyamines of Anjou pears at 20oC after 7 
days at -1CC storage. Vertical bars are + 1 SE of 3 
replicates. 
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Fig. VII.4.  Changes in polyamines (A) and internal ethylene and 
firmness (B) during ripening of Packham's Triumph 
pear at 20oC. Vertical bars are + 1 SE of 3 
replicates. 
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CHAPTER VIII 

Conclusions 

Mature d'Anjou pear fruits, depending on season and location, 

required 30-60 days of cold storage after harvest, before being 

able to initiate sustainable ethylene synthesis at 20oC.  Longer 

times at low storage temperature resulted in progressively greater 

sustained ethylene level and accelerated the rate of ripening and 

softening. 

The total apparent activity of immature pear fruit conversion 

of 1-aminocyclopropane-l-carboxylic acid (ACC) to ethylene was 

very low but gradually increased by harvest maturity. Also, the 

total activity of ACC ■+ ethylene transformation increased during 

cold storage of d'Anjou pears.  The endogenous concentrations of 

putrescine, spermidine, and spermine were high in immature fruits, 

and all decreased by maturation. 

The step of ACC production in the ethylene pathway has been 

suggested to be the rate limiting and controlling step. However, 

for immature or mature pears that have not been in cold storage 

long enough to fulfill the low temperature requirement, the con- 

version of ACC to ethylene is also limiting.  Based on kinetic 

evaluations and calculated apparent Km and Vmax values, the grad- 

ual increase in total apparent activity of ACC to ethylene conver- 

sion during cold storage is apparently due to the increase in the 

affinity of enzyme(s) for the substrate, ACC.  At later stages of 

storage, however, an increase in the amount of enzyme(s) responsi- 
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ble for this conversion is thought to be the factor in the further 

gradual increase in activity of the system. 

During ripening of pear fruits at 20oC, internal ethylene 

production showed an activity peak in parallel with ACC synthase, 

the enzyme that is involved in the conversion of S-adenosylmethio- 

nine (SAM) to ACC.  SAM decarboxylase, the enzyme involved in the 

decarboxylation and conversion of SAM to the polyamine pathway 

showed an activity peak, prior to ACC synthase.  The regulation of 

flow of SAM toward ethylene or towards polyamines by these two 

enzymes is concluded to have some regulatory effect on the level 

of ethylene.  The ultimate products of decarboxylated SAM, poly- 

amines, are now thought to play some role in the regulation of the 

activity of ACC synthase and as a consequence the rate of ethylene 

synthesis. 

Putrescine, spermidine, and spermine were the main endogenous 

polyamines in pear fruits, with the other polyamines cadaverine 

and agmatine essentially absent.  Exogenously applied spermine 

reduced ethylene production in pear disc tissues, whereas putre- 

scine or spermidine showed little or no effects.  Spermidine, 

however, did show an interference with D-methionine-induced ethyl- 

ene in pear disc tissues.  Spermine did not inhibit conversion of 

ACC to ethylene significantly, but did abolish lAA-induced ethyl- 

ene production.  It is concluded that the effect of polyamines in 

inhibiting ethylene synthesis is at, or prior to, the production 

of ACC. 
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During cold storage of pear fruits, endogenous spermine de- 

creased to an undetectable level.  However, putrescine decreased 

gradually for 40 days and then increased back to the initial level 

by day 74.  Spermidine continuously decreased from 28 nmole to 2 

nmole/g fw by day 74.  In pear fruits that were ready to ripen and 

able to produce ethylene at 20oC, endogenous levels of spermine 

decreased, whereas endogenous putrescine and spermidine did not 

change in concentrations during ripening.  Pear fruits that had 

not met their cold storage requirement in regard to ethylene 

biosynthesis did not change endogenous concentration of spermine 

but endogenous putrescine and spermidine decreased. 

Thus it may be concluded that the endogenous concentration of 

polyamines do have some regulatory effects on initiation and level 

of ethylene production during storage and ripening of pear fruits. 
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The internal ethylene quantification to derive the information in 

Fig. A.l is described in Chapter III. After harvest. Cornice pears 

are stored at -10C and internal ethylene was determined after 27, 

34, 41, 48, and 55 days of storage. 
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Fig. A.l.  Internal ethylene of Cornice pears during storage at 
-10C. 
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The following procedures are used to derive the information in 

Fig. B.l.  Three tissue discs about one gram of Packham's Triumph 

were used in each of the following treatments.  This experiment 

was designed to find out which of the following treatments pro- 

duced highest and also continuous ethylene production during incu- 

bation of tissue discs at 250C water bath. A = 0.5 ml 0.1 M Na- 

acetate buffer pH 5.5 + 0.2 ml of 1 M Sucrose + 0.3 ml distilled 

water in a 25 ml flask.  Solution left with tissue discs for as 

long as the incubation period.  B = Same as (A) + 1 M KC1.  C = 

Incubation solution same as (A), but solution vacuum infiltrated 

and the excess solution decanded. D = Same as (C), but excess 

solution left in flask with tissue discs for as long as incubation 

period. Flasks were closed with a serum cap and accumulated 

ethylene were quanitified by gas chromatography. After 20 hrs, 

all flasks were opened and flushed with air and then closed again 

and accumulated ethylene were measured after 5 hrs. Values are 

means + 1 SE.  Arrow indicates the time that all flasks are opened 

and flushed with air. 



215 

Fig. B.l.  Accumulated ethylene evolution by Packham's Triumph 
pear tissue discs after 5 months of storage at -10C. 
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All the procedures and conditions for infiltration, incubation, 

ethylene, and CO- quantifications to derive the information in 

Fig. C.l, Table C.l, and Table C.2, are described in Chapter VI. 
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Fig. C.l. Dose response curve for IAA effect on ethylene evolu- 
tion in Bartlett pear tissue discs. Ethylene is col- 
lected last 2 hrs of 24 hrs incubation period at 250C. 
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Table C.l. Effect of polyamines and IAA on C0„ evolution from 
Bartlett tissue discs.  Incubation conditions and 
ethylene measurements are described in Chapter VI. 

0-2 Hrs of 
Incubation 

%C02/Flask 

22-24 Hrs of 
Incubation 

%C02/Flask 

Control 

ImM Putrescine (PUT) 

ImM Spermidine (SPD) 

ImM Spermine (SPM) 

.ImM IAA 

.ImM IAA + ImM PUT + SPD + SPM 

.75 + .035 

.76 + .004 

.69 + .14 

.65 + .017 

.7 + .03 

.71 + .03 

.64 + .001 

.91 + .09 

.74 + .15 

.94 + .25 

.69 +'.012 

.7 + .24 
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Table C.2.  Ethylene and CO- evolution of Anjou fruit discs with 
or without ACC after 49 days of storage at -1<,C. 
Ethylene and CO- collected during first 2 hrs of 
incubation. 

ACC Concentration (mM) nl Ethylene/g hr %C02/Flask 

0 

0.1 

1 

5 

10 

5mM ACC + lOmM AVG 

0 

0.2 + .1 

1.03 + 0.1 

1.3 + .2 

3.25 + .6 

1.43 + .45 

.7 + .054 

.67 + .06 

.7 + .02 

.74 + .068 

.77 + .053 

.73 + .057 
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The procedures to derive the information in Figs. D.l and Table 

D.l are described in Chapter VI.  Firmness in Fig. D.l were mea- 

sured on the peeled flesh of two sides of each of the three fruits 

with a Magness-Taylor firmness tester equipped with 8 mm tip. 

There was no statistical difference among the rates of firmness 

reduction of control, buffer, and polyamine treated fruits for 2 

days at ripening temperature. However, from day 2 to day 3 there 

was a sharp decrease in firmness in control fruits as well as 

buffer and polyamine treated fruits.  Control fruits had 70% 

reduction in firmness from day 2 and day 3.  Polyamine treated 

fruits, however, reduced only 48% and buffer infiltrated fruits 

57% in firmness during this period. Polyamine treated fruits 

maintained its firmness higher than buffer treated ones until 5th 

day and control fruits until 6th day. After 7 days at 20oC, all 

fruits had low and non-significant firmness among treatments. 

None of the treatments in Table D.l had any significant effect on 

respiration rate. 
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Fig. D.l.  Effect of polyamine mixture (PUT + SPD + SPM) 3 x 10~6M 
each on firmness at 20°C ripening of Bartlett pears. 
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Table D.l.  Effect of polyamlnes individually and as a mixture on respiration of intact)Bartlett pears during 20°C 
ripening. Values are means + S.D.  n = 3 for each treatment, ml CO. x kg   hr  . 

Polyaraine Treatments PUT 
+ 

10 3M    10"5M 10"6M 10"3M 10"5M 10"6M 10"3M 10"5M 10"6M 
SPD 
+ 

Days 
Buffer 

SPM 
3x10 M at 

210C (Control) Putrescine (PUT) . Spe rmidine (SPD) Spermine (SPM) of Each 

1 12.4+1.9 9.8+2.9 13.0+.4 12.9+.3 15.0+3.0 12.3+0.9 13.7+0.6 14.7+1.7 10.0+.5 12.1+2.0 10.1+2.4 

2 13.3+1.2 11.8+2.4  12.5+.1 12.7+.1 14.6+1.6 12.8+.8 13.5+1.0 13.6+.8 11.4+.7 13.0+1.2 12.3+0.5 

4 19.3+2.7 18.9+4.6 18.7+2.1 20.6+1.3 21.2+2.4 18.9+1.1 19.8+3.4 20.7+1.0 17.2+.7 17.7+3.8 16.6+1.2 

5 21.9+3.7 26.2+5.8 25.3+4.5 28.3+1.6 29.1+3.2 26.5+1.4 27.2+3.2 27.3+1.9 20.6+1.4 21.6+4.3 20.5+2.6 

6 29.0+3.6 29.4+5.2 30.17+3.3 31.4+.7 33.0+3.9 30.0+2.1 30.1+3.0 32.9+.5 27.6+1.3 27.8+4.8 28.4+4.0 

7 33.5+3.3 32.5+6.1  34.9+3.6 36.6+1.0 36.8+4.7 35.9+.9 34.7+2.6 36.7+.6 31.5+2.7 31.7+4.8 31.5+4.5 

8 37.9+2.8 34.6+5.2 40.1+2.1 41.2+1.4 41.3+5.3 40.2+1.7 38.9+1.6 40.8+1.2 36.2+2.8 36.7+4.3 37.2+3.5 
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The procedure to derive the infoirmation in Figs. E.l, E.2, and E.3 

are described in Chapters III, IV, and VI. 
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Fig. E.l. Standard curve for ethylene quantification by Carle-gas 
chromatography model 311 equipped with flame ionization 
detector on attenuation 1. 
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Fig. E.2.  Standard curve for CO quantification by Carle-gas 
chromatography model 311 equipped with thermal 
conductivity detector on attenuation 8. 
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Fig. E.3.  Standard curve for polyamine quantification by HPLC. 
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Fig. F.l.  Flow diagram of polyamire extractiop. 

A. Before Harvest B. After Harvest 

2 grams of flesh pear tissues 
+ 20 ml 5% cold perchloric 
acid (ip 40 ml plastic centri- 
fuge tubes) 

4- 
Homogerized by polytror, few 
seconds or setting 4, then on 
setting 7 

4- 
Solutions were left in an ice 
bath for 1 hr 

Centrifuged at 23,000 x g, 20 
min, at 0oC 

4- 
Recorded the supernatant vol- 
ume and used it immediately 
for benzoylation or store it 
at -20oC in a plastic vial 

20 grams of flesh pear tissues 
+ 160 ml of 5% cold perchloric 
acid 

4- 
Homogenized by Waring blender 

4- 
Solutions were left in an ice 
bath for 1 hr (in 500 ml 
plastic bottle) 

4- 
Centrifuged at 23,000 x g, 20 
min at 0oC 

4- f 
Supernatant added to 3 grams o 
activated Dowex 50W-X8 (20-50 
mesh) (Chapter 7) and shaken 
for 1 hr at room temperature 

4- 
Unbound extract removed by sue 
tion and resin washed briefly 
in water 

4- o 
10 ml concentrated HCL added t, 
resins in a 40 ml plastic vial 
and were shaken for 2 hrs 

4- 
Eluate removed by suction and 
the solution (the amine frac- 
tion) concentrated to dryness 
at 600C by a rotory-evapo mix 
(Buchler instrument) 

4- 
After cooling, the amine frac- 
tion dissolved 1 ml .01 N HC1. 
This fraction filtered through 
0.45 ym metricel membrane and 
metrigard filter (Gelman Sci- 
ence) 
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Fig. F.2. Flow diagram of polyamire preparation of benzoyl 
derivatives. 

Benzoylation 

1 ml 2 N NaoH added to 1 ml extract or amine fraction 
in a glass tube 

+ 
Added 10 yl benzoyl chloride 

+ 
Vortexed for 10 seconds 

+ 
Incubated for 20 mins at room temperature 

4- 
Added 2 ml saturated NaCl 

+ 
Added 2 ml diethyl ether 

4- 
Centrifuged at 1500 g x 5 min 

4- 
Removed 1 ml of ether phase and put in 1.5 ml HPLC standard vials 

4- 
Evaporated to dryness under a stream of air 

4- 
Added lOOyl HPLC grade methanol 

4- 
Inject 50 yl in HPLC 

(HPLC conditions are described in Chapter 7) 
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Pear fruits contains low amount of polyamines just before 

harvest and during storage.  To quantify endogenous polyamines in 

these stages of fruit development by the methods of HPLC described 

in Chapter VII required concentration of these compounds before 

HPLC injection to produce recordable peaks.  For this reason, 

attempts were made to concentrate these compounds with the Dowex 

resin column as follows: Dowex 50W-X8 and Dowex 1-X8 were washed 

and activated as described in Chapter VII.  Two 0.8 cm I.D. and 10 

cm height columns were placed one on top of each other.  The upper 

column was filled about 5 cm with Dowex 1-X8 and the lower one 

with Dowex 50W-X8.  lOOyl of standard polyamines adjusted to pH 6 

was added to the upper column and eluted with 10 ml water. The 

eluents passed directly onto the lower column. Polyamines from 

the lower column were then eluted with 2 N NaOH and 16 fractions 

of 1 ml each were collected in test tubes. Cadaverine and spermi- 

dine were not detectable in any of these fractions, but putrescine 

appeared in fraction #1 and gradually increased through fraction 

#16.  The same results were obtained when only one column of Dowex 

50W-X8 was used. Apparently these compound bind tightly or pene- 

trate into Dowex resins and diffuse out very slowly, perhaps due 

to the high cross-linkages of the resins. Therefore, the method 

of Smith (271) was used to remove the bound polyamines.  Compounds 

were eluted from resins by shaking with concentrated HC1 for 2 

hrs.  This method is described in detail in Chapter VII. 

Benzoylation;  Benzoylation of polyamines are described in 

Chapter VII.  However there are some points worth noting.  It is 



236 

recommended that polyamines be stored in plastic vials because 

they stick to glass walls.  With this recommendation in my mind, I 

initially attempted to benzoylate polyamine in plastic tubes. 

However, Table G.l shows that the benzoylated form of these com- 

pounds sticks to plastic tubes more than glass tubes.  Saturated 

NaCl is used to increase the partitioning coefficient of aquous 

phase and ether phase in partitioning of benzoylated polyamines. 

However, small amounts of salt that remain in the ether phase, 

cause damage to the injection port and guard column of HPLC by 

directly injecting benzoylated polyamines in ether phase. At- 

tempts were made to find out the partitioning of benzoylated 

polyamines into the ether phase in the absence of saturated NaCl. 

Table G.2 shows that to obtain good partitioning use of saturated 

salt is required. Washing the ether phase with water after satu- 

rated salt partitioning does remove some of the salts from the 

ether phase. However, water also pulls out some polyamines from 

this phase and decreases the recovery. Loss of 20 n mole putres- 

cine from the ether phase due to 1 and 2 times of water washing 

was 30% and 58%, respectively. 

In summary, use of saturated NaCl in this regard is essen- 

tial. However, at least 5 injections with distilled water after 

each sample injection was necessary to clean the injection port 

and guard column from any salt residue. These cleaning steps 

restricted the use of the automatic HPLC sampler in quantification 

of polyamines. 



Table G.l.  Derivatization of polyamine in a glass test tube vs plastic 
one. All steps of derivatization are described in Chapter 7. 

5 

Integrator Reading x + s Plastic Tubes 

Polyamines 
(mM) Plastic Test Tubes Glass Test Tubes Gl ass Tubes 

10 151988.5 + 18679.6 419925.5 + 115772.4 36.2% 
Putrescine 

30 519612.5 + 117719.8 1365482.5 + 155487.8 38% 

10 268465.5 + 34859.6 583814 + 201856.3 45.9% 
Spermidine 

30 1046649 + 385527.3 1852376 + 110946.4 56.5% 

10 434598.5 + 104184.4 827278 + 183847.7 52.5% 
Spermine 

30 916537.5 + 83068.7 2155425.3 + 480860.4 42.5% 

ISJ 
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Table G.2. Ether partitioning of benzoylated polyamines in the 
presence and absence of saturated NaCl.  Other 
benzoylation steps are described in Chapter 7. 

Integrator Counts of 50 n mole of 
Benzoylated Polyamines Quantified 
by HPLC, UV Detection, 254 run 

- NaCl 

+ NaCl - NaCl + NaCl 

Putrescine 960562 570989 

Cadaverine 1241880 667049 

Spermidine 1250222 328646 

Spermine 2811840 374912 

59% 

54% 

26% 

13% 


