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ABSTR ACT 

The aim of th is thesis was to investigate the effects of carbon dioxide 
on ethylene-fo rming enzyme (EFE) and its regulatio n  in both Hosui and 
G ranny S mith fruit discs. 

1. From measurement of respi ration rate and ethylene production  after 
harvest and response of them to propylene treatment, it has been shown 

c.v 
that Japanese pear 1/f Hosui g rown in N ew Zealand is a noncl imacteric fruit. 
G ranny Smith apple showed different respiration and ethylene production 
patterns i n  different seasons. Because fruit produced typical cl imacteric 
respirat ion and ethylene peaks, Granny Smith apple is a cl imacteric fru it. 

2 . The rapid rise of ethyle ne production and respiration measu red at 21 oc 
showed no time lag in G ranny Smith fruit after storage for 20 days at low 
temperature (1 °± 1 °C) compared to those immediately measured after 
harvest at 2 1 °C. Ethylene production and resJ?iration  rate also i ncreased 
faster and to a greater extent i n  fruit expo� to low temperature than in 
fruit measu red immediately after harvest. This ripen i ng behavior is s imilar to 
that of Eu ropean pears and Golden Del icious apple. I n  contrast to Granny 
Smith apple, ethylene production and respi ration patterns of Hosui were not 
changed by low temperatu re storage. 

3 .  A rel iable method for testing ethylene forming enzyme (EFE) activity in 
fruit discs of Hosui and G ranny Smith was developed. 

4. At harvest time EFE activity was present in  Hosui  fruit, but not in Granny 
Smith apple. EFE development showed a simi lar pattern in both fruits , 
i ncreasing  steadily i n  fruit stored at low temperature .  

i i  

5. Carbon dioxide stimulated EFE synthesis i n  fruit discs o f  precl imacteric 
G ranny S mith, but not i n  those of Hosui. Carbon dioxide stimulated EFE .·�·e-4 
activity i n  Hosui fruit discs during the short term storage at 1 °± 1 oc, after t.g.t 
C02 lost its stimulatory effect. In contrast to Hosui ,  C02 stimulated EFE 
activity in G ranny Smith fruit discs throug�the measuri ng period tested. 

· - rut 



6 .  Carbon dioxide was not able to reverse eo++ (an EFE activity i nhibitor) 
-.14�·" 

i nh ibitory effect on  EFE activity i n� types of fruit discs. This result 
showed that C02 could di rectly stimu late EFE activity. 

i i i  

7. The sti mu latory effect of C02 on EFE activity was dependent on 
exogenous ACC. EFE activity in  both types of fru it discs was lower i n  0 .4  M 
mannitol solution than i n  0 .8 M solution ,  but EFE lost the capabi l ity to 
respond to C02 in 0 .8 M mannitol so lution. This suggests that the EFE 
located in the p lasma membrane is the main form to respond to C02 in  both 
types of fruit discs. 

8 .  Results from kinetic studies i ndicated that EFE i n  discs of both Hosui and 
G r�nny S mith fruits was not al losteric. The apparent Km values of EFE for 
ACC were 0 . 1 66 mM for Hosui ,  and 0 . 1 93 mM for G ranny Smith apple.  
Carbon dioxide i ncreased the maxim u m  reaction rate of conversion  of ACC 
to ethylene without chang ing apparent Km values of EFE for ACC in discs of 
both Hosui and G ranny Smith fruits. l t  suggests that the mechanism of the 
di rect stimulatory effect of C02 on EFE activity was due to the formation of a 
co2-EFE-ACC complex and/or EFE-ACC-C02 complex which increased 
the maximum rate of the reaction wh ich resu lted in the conversion of ACC to 
ethylene. 

9 .  S i lver ions inhibited ethylene production i n  Granny Smith fru it discs, but 
not in Hosui fruit discs which did not produce detectable ethylene. Low 
concentrations (<0.25 mM) Ag+ stimu lated, but h igh concentrations (>0 .5  
mM)  i nhibited , EFE activity i n  both types o f  fruit discs. Carbon dioxide did not 
reverse the inh ibitory effect of Ag+. Because only System I ethylene recaptor 
is thought to occur i n  Hosui ,  a noncl imacteric fruit, and the inh ibito ry effect of 
Ag+ on EFE activity in discs of both types of fru it were similar, results 
suggest that EFE activity was regu lated by the System I ethylene recaptor. 

1 0. Norbornadiene (NDE)  is a competitive ethylene action inhibitor, which • 

i nh ibits ethylene synthesis by binding to the ethylene bindi ng site of ethylen e  
receptors. At 0 .5% (v/v) ,  N DE inh ibited EFE activity in  both types of fruit 
discs, and this i nhibition was partial ly  reversed by co2 in discs from unripe 
Hosui and preclimacteric G ranny S mith fruit. These results suggest that C02 
might ind i rectly stimulate EFE activity by binding competitively to the System 
I ethylene recaptor at the ethylene binding site. When Granny Smith was at 



the cl imacteric stage C02 did not reverse the NDE inhibitory effect on  EFE 
activity. 

iv 

1 1 .  Accordi ng to the response of EFE to C02 and the mechanisms of the 
response, cel ls in  Hosui and G ranny Smith fruits were dist inguished i nto four 
different types. During ripen ing,  cells in  fru its changed their  type, thereafter 
the responsiveness of EFE to C02 changed . A model is presented to 
explain the mechanism of C02 on EFE synthesis and its activity through 
i nteractions with EFE directly and the ethylene receptors indirectly. 



ACKNOWLEDGEMENTS 

Grateful acknowledgements are made to my supervisors, Prof. E.W. 

Hewett and Dr. R. Lill for their encouragement and guidance in this project, 

and their patient assistance in the writing of this thesis. 

Special thanks to the New Zealand Ministry of Agriculture and 

Fisheries (MAF), Trigon Packaging Systems (NZ) Ltd and a Helen E. Akers 

Scholarship from Massey University for funding during my study. Thanks 

also extended to Dr. M. Hopping and Dr. D.J. Klinac from the Ruakura 

Research Orchard, MAF and Mr. P. Wood from the Manatuke Research 

Orchard, MAF, and Mr. S. Cayzer from Fruit Crops Unit Orchard, Massey 

University in supplying experimental fruits. 

V 

I would also like to acknowledge the assistance given by Mr. J. Dixon 

and Mr. C. Tod in techniques. 

� 
Finally I would like to thank Prof. S.F. Yang and Prof. J. Lat;(rvitch �wp 

from Department of Vegetablxand Prof. A. Kader from Department of 

Pomology, University of California, Davis, USA., Dr. C.Y. Wang from U.S. 

Ministry of Agriculture, Beltsville, Washington D.C. USA., Dr. P. Marcellin 

(retired) from Lab de Physiologie des Organes Vegetaux Apres Recolte, 

Meudon, France, Dr. W.B. McGiasson from University of West Sydney, 

Australia, Prof. K.S. Milne from Department of Plant Health, Massey 

University, Palmerston North, N.Z., Dr. 1.8. Ferguson from DSIR of Fruit and 

Tree, Auckland, N.Z., Dr. J. Heyes and Dr. C.M. Kingston from MAF, 

Horticulture Research Centre, Levin, N.Z. for their encouragement. 



CHAPTER 

ABSTRACT 

ACKNOWLEDGMENTS 

TABLE OF CONTENTS 

LIST OF TABLES 

LIST OF FIGURES 

CON TENTS 

CHAPTER 1 :  GENERAL INTRODUCTION 

1 . 1 Two fruit ripening types. 

1 .2 Regulation of ethylene biosynthesis and action. 

1 .2 . 1  Ethylene biosynthesis. 

1 .2 .2 Enzymes of ethylene biosynthesis and 

their regulation. 

1 .2 .3  Regulation of ethylene biosynthesis by ethylene. 

1 .2 .4 Ethylene action and its inhibitors. 

1 .3 Effects of carbon dioxide on ethylene biosynthesis. 

1 .3. 1 Effects of carbon dioxide on ethylene production 

vi 

PAGE 

ii 

V 

vi 

X 

xiii 

1 
1 
1 
2 

5 
1 3  
1 5  
2 1 

of vegetative organs and tissues. 22 
1 .3.2 Effects of carbon dioxide on ethylene 

production of whole fruits. 23 
1 .3 .3  Effects of carbon dioxide on ethylene 

biosynthesis of fruit tissues. 24 
1 .4 The possible mechanisms of carbon dioxide 

effects on EFE. 25 
1 .4. 1 The direct effect of carbon dioxide on EFE. 25 
1 .4.2 The indirect effect of carbon dioxide on EFE. 27 
1 .5 Projects investigated in this thesis. 28 

CHAPTER 2 : GENERAL MATERIALS AND METHODS 29 
2. 1  Materials. 29 
2. 1 . 1  Japanese pear (Pyrus serotina cv. Hosui). 29 
2. 1 .2 Apple (Malus domestica Borkh. cv. Granny Smith). 30 
2.2 Methods. 30 
2.2 . 1  Testing fruit maturity indices. 30 
2.2 .2 Buffers. 31 



vii 

2.2 .3  Preparation of fruit discs. 32 
2.2 .4 Incubation techniques. 32 
2.2 .5  Procedures for treatment with different 

gas (propylene or carbon dioxide) concentrations 32 
2.2 .6 Measuring respiration rate and ethylene production 33 
2.2 .7 Gas Liquid Chromatograph (GLC) for ethylene 

analysis. 34 
2.2 .8 Gas Liquid Chromatograph for carbon dioxide 

and oxygen analysis. 35 
2.3 Chemicals. 35 
2.4 Statistical methods. 35 

CHAPTER 3: MATURITY INDICES, RESPIRATION AND ETHYLENE 

PRODUCTION IN HOSUI (PYRUS SEROTINA) AND GRANNY 

SMITH APPLE (MALUS DOMESTICA BORKH) 36 
3. 1 Abstract. 36 
3.2 Introduction. 37 
3.3 Materials and Methods. 41  
3 .4 Results. · 44 
3.4 . 1  Maturity indices. 44 
3.4. 1 . 1  Hosui fruit. 44 
3.4. 1 .2 Granny Smith apple. 46 
3.4.2 Respiration and ethylene production patterns. 50 
3.4.2. 1  Hosui. 50 
3.4.2 .2 Granny Smith apple. 50 
3.4.2 .3 Respiration and ethylene production 

of Hosui fruit treated with propylene. 

3.4.2.4  Respiration, ethylene production and 

EFE activity at harvest time. 

3.5 Discussion. 

CHAPTER 4: DEVELOPMENT OF ASSAY METHODS FOR 

ESTABLISHING ETHYLENE-FORMING ENZYME (EFE) 

ACTIVITY 

4. 1 Abstract. 

4.2 Introduction. 

4.3 Materials and Methods. 

4.4 Results. 

57 

60 
60 

69 
69 
70 
73 
77 



4.4.1 Wound ethylene production. 

4.4.2 Isotonic solution for fruit discs. 

4.4.3 EFE activity in 0.4 M and 0.8 M mannitol solution. 

4.4.4 Comparison of different methods to saturate ACC. 

4.4.5 EFE activity measurement. 

4.4.6 Effect of pH on EFE activity. 

4.4. 7 Effect of different sugars (0.4 M) on EFE 

viii 

77 

77 

77 

80 

84 

84 

activity and ethylene production from fruit discs. 89 

4.5 Discussion. 89 

CHAPTER 5: EFFECTS OF CARBON DIOXIDE ON EFEJ_ETHYLENE 

FORMING ENZYME) IN HOSUI AND GRANNY SMITH FRUITS 101 

5.1 Abstract. 1 o 1 

5.2 Introduction. 1 02 

5.3 Materials and Methods. 1 05 

5.4 Results. 1 09 

5.4.1 EFE activity at different carbon dioxide levels. 1 09 

5.4.2 EFE development, and its response to carbon 

dioxide in fruits stored at low temperature. 

5.4.3 Does carbon dioxide stimulate EFE activity 

and its synthesis ? 
5.4.4 Is the stimulatory effect of carbon dioxide 

on EFE activity dependent on exogenous ACC ? 
5.4.5 EFE activity and the response to carbon 

dioxide in 0.4 M and 0.8 M mannitol solutions. 

5.4.6 Effect of carbon dioxide treatment on EFE 

kinetics. 

5.4.7 Effect of pH on response of EFE activity 

to carbon dioxide. 

5.5 Discussion. 

109 

114 

116 

117 

117 

122 

122 

CHAPTER 6: INTERACTION BETWEEN CARBON DIOXIDE AND THE 
I 

, EFE INHIBITOR (COCI2), AND BETWEEN CARBON DIOXIDE AND 
() 

THE ETHYLENE ACTION INHIBITORS (AgN03 AND 2,5-

NORBORNADIENE) ON EFE ACTIVITY 138 

6.1 Abstract. 138 

6.2 Introduction. 

6.3 Materials and Methods. 

139 

143 



6.4 Results. 

6.4.1 Effects of CoCI2 on EFE activity. 

6.4.2 Interaction between CoCI2 and 

carbon dioxide on EFE activirty. 

6.4.3 Effect of AgN03 on EFE activity and 

respiratory rate. 

6.4.4 Interaction between AgN03 and carbon dioxide 

on EFE activity. 

6.4.5 Effects of NDE and carbon dioxide on EFE 

activity. 

6.5 DJscussion. 

CHAPTER 7: FINAL DISCUSSION 

7.1 EFE may be regulated by the System I ethylene 

recaptor. 

7.2 The effect of carbon dioxide on EFE biosynthesis. 

7.3 The effect of carbon dioxide on EFE activity. 

7.4 A possible model of the regulation of EFE 

by carbon dioxide. 

7.6 Final conclusion. 

R EFERENCES 

APPENDIX • 

Appendix 1. Colour grades of Japanese colour chart and 

their relevant L, a, b values of chromameter. 

Appendix 2. Methods used for the calculation of fruit 

respiration rate and ethylene production. 

ix 

146 

146 

146 

149 

150 

154 

155 

164 

166 

170 

172 

179 

182 

187 

202 

202 

203 



X 

LIST OF TABLES 

TABLE PAGE 

1-1 Different buffers and solutions for measuring EFE 

activity. 9 

1-2 Several methods in EFE measurement for saturating 

ACC into tissue discs. 10 

3-1 Maturity indices of Japanese pear (Hosui) harvested 

at different times before optimal harvest date in 

1989. 45 

3-2 Differences of maturity indices of Hosui fruit from 

different orchards and in different seasons. 47 

3-3 Maturity indices of Granny Smith apples harvested at 

different times before optimal harvest date in 1989. 48 

3-4 Differences in maturity indices of Granny Smith 

apples harvested at the optimal date in different 

seasons. 49 

3-5 Respiration rates, ethylene production and ethylene 

forming enzyme (EFE) activity in Hosui and Granny 

Smith fruits at harvest time (in 1988). 61 

4-1 A listing of factors which influence EFE activity in 

plant tissues. 72 

4-2 Wound ethylene production by fruit discs of Hosui 

and Granny Smith at 27°C (1989). 78 

4-3 Fresh weights of Hosui and Granny Smith fruit discs 

incubated in different buffer (pH 6.5) and mannitol 

solutions (pH 6.5) for 2 hours at 27°C (1988). 79 

4-4 EFE activity in fruit discs of Hosui and Granny Smith 

in 0.4 M and 0.8 M mannitol solution at 27°C (1990). 80 

4-5 EFE activity of Hosui and Granny Smith fruit discs 

after vacuum-infiltration of 5 mM ACC for different 

periods of time (1989). 83 

4-6 EFE activity in fruit discs of hosui (1989) and Granny 

Smith (1988) after 2 hours incubation in 5 mM ACC 

followed by 1 hour immersion in medium, placement on 

medium impregnated filter paper or placement in air. 84 



xi 

4-7 EFE activity of Hosui (1989) and Granny Smith (1988) 

fruit discs after incubation in Na+-citric acid 

buffer containing 5 mM ACC of different pH values over 

3 hours at 27°C. 88 

4-8 EFE activity of Hosui and Granny Smith fruit discs 

immersed for 2 hours in 0.4 M sugar solutions at 

pH 6.5 (1989). 90 

5-1 EFE from fruit discs of Hosui stored for 4 days 

and 40 days at 1°±1°C incubated in a medium containing 

5 mM AOA and 5 mM ACC treated with 20% C02 and 1 mM 

cycloheximide (CHI) (1990). 114 

5-2 Ethylene production and EFE activity in fruit 

discs of Granny Smith (stored for various 

lengths of time at 1 °± 1 °C) treated with 20% C02 and 

1 mM cycloheximide (CHI) in 1988 and 1989. 115 

5-3 Effects of C02 treatments on ethylene production 

and EFE activity in Hosui fruit discs (1990). 117 

5-4 EFE activity and the response to C02 in 0.4 M and 

0.8 M mannitol solutions at 27°C in fruit discs of 

Hosui and Granny Smith (1990). 118 

5-5 Linear regression results of EFE kinetics for ACC 

treated with 20% C02 in fruit discs of Hosui 

(1989). 120 

5-6 Linear regression results of EFE kinetics for ACC 

treated with 20% C02 in fruit discs of Granny 

Smith (1989). 122 

5-7 EFE activity in fruit discs of Granny Smith 

incubated in Na+ -citric acid buffer containing 5 mM 

ACC and 1 mM CHI at different pH levels treated with 

20% C02 (1989). 123 

6-1 EFE activity of Hosui fruit discs treated with 

1 mM CoCI2 and 20% C02 for 1 and 4.5 hours at 27°C 

(1990). 149 

6-2 Ethylene production and EFE activity of Granny Smith 

fruit discs treated with 1 mM CoCL2 and 20% C02 
(1989). 150 

6-3 EFE activity of Hosui fruit discs treated with 

1 mM AgN03 and 20% C02 (1989). 153 



6-4 Ethylene production and EFE activity in Granny Smith 

xii 

fruit discs treated with 1 mM AgN03 and 20% C02 (1989). 153 

6-5 EFE activity of Hosui fruit discs treated with 
( . 

0.5% norb�_nad1ene (NDE) and 20% C02 (1989). 154 

6-6 EFE activity of Granny Smith fruit discs treated 

with 0.5% norbornadine (NDE) and 20% C02 (1989). 155 

7-1 Summary of effects of carbon dioxide on EFE 

synthesis and its activity. 177 



xiii 

LIST OF FIGURES 

FIGURES PAG E 

1-1 The methionine cycle in relation to polyamine and 

ethylene biosynthesis (Miyazaki and Yang, 1987). 3 

1-2 Ethylene biosynthesis pathway and its regulation in 

higher plants (From Yang, 1985). 6 

1-3 The chain of events between ethylene and a {;H '-'t' 

responses (From Yang, 1985). 16 

1-4 A model showing the sequence of ethylene action 

on the regulation of ethylene biosynthesis in fruit 

maturation and ripening (From Yang, 1987). 19 

3-1 Respiration rate of Hosui fruit harvested from 

Manatuke (1989). 51 

3-2 Respiration rate (a) and ethylene production (b) 

of Granny Smith fruit at different temperatures 

(1987). 52 

3-3 Respiration rate (a) and ethylene production (b) 

of Granny Smith fruit maintained at 2°, 6° and 15°C 

after transfer from 20 days at 1 °± 1 oc (1987). 54 

3-4 Respiration rate of Granny Smith fruit harvested 

at different dates (1989). 55 

3-5 Respiration rate and ethylene production of Granny 

Smith fruit harvested at 18 May, 1989. 56 

3-6 Respiration rate and ethylene production of Granny 

Smith fruit harvested at 25 April, 1989 and measured 

at 21 oc after being stored at 1 °± 1 oc for 20 days. 58 

3-7 Respiration rate of Hosui fruit harvested at 

different dates treated with propylene (0.5%) 

during 2-4 days. 59 

4-1 Double reciprocal plot (a) and data (b) of EFE 

activity against ACC concentrations in Hosui fruit 

discs. 81 

4-2 Double reciprocal plot (a) and data (b) of EFE 

activity against ACC concentrations in Granny Smith 

.fruit discs.· 82 

4-3 Effects of pH on EFE activity of Hosui fruit discs. 



xiv 

Fruit were stored for 9 (a) and 17 days (b) 

at 1 °+ 1 oc; The pH values of medium were measured 

at initial and complete time of incubation in the 

medium in (b). 85 

4-4 Effects of pH on EFE activity of Granny Smith fruit 

discs. Fruit were stored for 30 (a), 70 days (b) and 

80 days at 1 °± 1 °C. The pH values of medium were 

measured at initial and complete time of incubation 

in the medium in (b). 87 

5-1 EFE activity in Hosui fruit discs exposed to 

different C02 levels (1988). 110 

5-2 EFE activity in Granny Smith fruit discs exposed to 

different C02 levels (1989). 111 

5-3 EFE development and the response to C02 in Hosui 

fruit (1988). 112 

5-4 EFE development and the response to C02 in Granny 

Smith fruit (1988). 113 

5-5 Double reciprocal plot (a) and data (b) of EFE 

activity against ACC concentrations in Hosui fruit 

discs (1989 ) . 119 

5-6 Double reciprocal plot (a) and data (b) of EFE 

activity against ACC concentrations in Granny Smith 

fruit discs (1989). 121 

6-1 EFE activity of Hosui fruit discs treated with 

various eo++ concentrations (1989). 147 

6-2 EFE activity of Granny Smith fruit discs treated 

with various eo++ concentrations (1989 ). 148 

6-3 Effects of AgN03 on EFE activity and respiration 

rate of Hosui fruit discs (1990). 151 

6-4 Effects of AgN03 on EFE activity and respiration 

rate of Granny Smith fruit discs (1989). 152 

7-1 Model outlining possible mechanisms by which C02 
regulates the biosynthesis and regulation of the EFE 

located at the plasma membrane. 180 



CHAPTER 1 

GENERAL INTRODUCTION 

Pome fruit ,  such as apples, pears and Asian pears are among the 
most important and popular fruits consumed i n  temperate countries. Much 
research work has been done on control led atmosphere (CA) and modified 
atmosphere (MA) storage for delaying fruit senescence and reducing 
postharvest losses. Most studies have involved the technology of CA or MA 
storage o r  in developing the optimum CA conditions for each commodity 
(Brecht, 1 980 ; Kader, 1 980; Kader, 1 985 ; Kader and Morris,  1 981 ; Lipton, 
1 975 ; Meheriuk and Richardson,  1 982) .  Only a very few reports have 
reported investigations of the biochemical and physiolog ical effects of 
modifications in the C02 and 02 contents of the storage atmosphere 
(Burton ,  1 97 4, 1 978 ; Kader, 1 986, 1 989 ; Knee, 1 973, 1 984 ) .  Ethylene is a 
plant hormone which regulates many aspects of g rowth ,  development, and 
senescence (Abeles, 1 973) . Thus it is important to investigate the role of 
ethy lene in fruit ripen ing, its biosynthesis and regulat ion.  

1.1 TWO FRUIT RIPENING TYPES 

1 

Fruit have been  divided into nonclimacteric and cl imacte ric classes on  
the basis of respiration and ethylene production patterns during maturation 
and ri pen ing (McMurchie et al., 1 972 ; Biale and Young ,  1 981  ) .  Cl imacteric 
fruit u ndergo a disti nct ripening phase which is characterized by a rise in 
respi ration and ethylene production, noncl imacteric fru it do not show th is 
peak; rather respiration and ethylene continue to decl ine steadily after 
harvest. The two classes of fruit are disti nguished by their responses to 
treatment with ethylene or its analogues, for example ,  propy lene .  In 
immature (precl imacteric) fruit of the climacteric type , ethylene  treatment 
can accelerate the onset of climacteric of ripening, especial ly autocatalytic 
ethy lene  synthesis and the respi ration climacteric rise .  Ethylen e  treatment 
does not change the cl imacteric patterns and magnitude of respiration and 
ethylene  evolution, thus responses of respi ration and ethyle n e  biosynthesis 
to ethylene are concentration independent. In a climacteric fru it if a sufficient 
concentration over  a long enough period is applied to cause a respi ratory 
rise, no  return to a pre-climacteric stage wi l l  occur upon  removal of the gas. 
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I n  noncl imacteric fru it, the magn itude of the respi ratory response increases 
as a function of ethylene  concentration,  but this i ncrease in respi ratory 
activity is not accompanied by an increase i n  ethylene production (Biale and 
Young , 1 981 ) .  In noncl imacteric fru its respi ration rate wi l l  return to the level 
of u nt reated control fruit i f  ethylene is removed at any t ime du ring treatment.  
The i nternal ethylene levels in  cl imacteric fru it can range from low to h igh ,  
but  i n  nonclimacteric fruit levels are low. 

The main pome f ru its are apples and pears which i nclude Euro pean 
and Asian pears .  Apples and European pears are cl imacteric fruits, they 
show diffe rent ripening characteristics. For Asian pears, there are only a few 
of reports on their  post-harvest behaviour. Some Chinese pears ,  such as 
Ya-l i ,  Tsu-l i ,  and some Japanese pears, such as Hosui, Sh insui ,  Kosui , 
Yakumo and Ki kusui are classified as climacte ric fruits (Kitamura et al. , 

1 981 ; Kaj iura et al., 1 98 1  ) ,  whereas others, such as Nijisse iki and Niitaka 
are nonclimacteric fruits in  Japan (Kitamura et al. , 1 981 ) .  I n  New Zealand ,  
Japanese pear is a new crop. N ew Zealand reports on fruit maturity indices 
and storage disorders have been publ ished (Lal lu ,  1 985a,b ) ,  but there is l itt le  
knowledge about their  ripening patterns. In p revious work i n  1 986, I found 
·that n either Hosui nor N ijisseiki fru it showed postharvest respi ration and 
ethylene  production cl imacteric peaks. In  contrast with Nij isseiki , Hosui f ruit 
did not develop the serious physiological disorders, f lesh spot decay and 
core browning. In this thesis Hosui was sel ected as experimental material 
which represented a noncl imacteric type of fruit . 'Granny Smith' is an 
i mportant apple cultivar g rown in New Zealand for local and export markets. 
G ranny Smith has a long storage l i fe compared to other apple cultivars and it 
was selected as being a representative of cl imacteric fru it for this study. The 
ripen ing patterns and maturity characteristics of both Hosui and Granny 
Smith fru its g rown i n  New Zealand have been investigated . 

1 .2 R EG ULATION OF ETHYLEN E BIOSYNTH ESIS AND ACTION 

1 .2.1 Ethylene biosynthesis 

1 .2 . 1 . 1  1 -aminocyclopropane- 1 -carboxyl ic acid (ACC) pathway 

Ethylene synthesis in  higher  plants occurs predominantly via the  ACC 
pathway (Fig . 1 - 1 ) (Miyazaki and Yang, 1 987) . Lieberman et a/. ( 1 966) 
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Fig.1 -1 The methionine cycle in relat ion to ethylene biosynthesis. 

Abbreviations :  ACC, 1 -aminocyclopropane-1 -carboxyl ic acid;  Ade, aden ine ;  

KMB, 2-keto-4-methion ine ; Met, Methion ine ;  MTA, 5'-methylth ioadenosine ;  

MTR, 5-methylthioribose ;  MTR-1 -P, 5-methylthioribose- 1 -phosphate ; SAM, 

S-adenosylmethionine (From Miyazaki and Yang,  1 987). 
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showed that the 2 carbons of ethylene were derived from the number  3 and 
4 carbons of the amino acid methioni ne. Adams and Yang ( 1 977, 1 979) and 
LOssen et al. ( 1 979) demonstrated that S-adenosyl methion ine (SAM) and 
ACC were intermediates in the biosynthesis pathway from meth ion ine to 
ethylene (Fig. 1 - 1 ) .  The enzyme which converts SAM to ACC was named 
ACC synthase (Yu et al., 1 979 ; Boiler  et al., 1 979).  ACC convers ion to 
ethylene  is mediated by a membrane-associated complex termed ethylene­
formi ng enzyme (EFE) (Yang and Hoffman , 1 984) . I n  addition to its 
conversion to ethylene,  ACC can be metabo lized to N-malonyi-ACC (MACC) 
catalyzed by ACC N-malonyltransferase (Am rhein et al. , 1 981 , 1 982 ; 
H offman et al. , 1 982a). 

Here it is worth mention ing that a cycle of reactions in ethylene 
b iosynthesis l eads to ACC through SAM (S-adanosylmethionine) ­
decarboxylated SAM - MTA (5'-methylthioadenosine) - ACC, releasi ng one 
of the carbon atoms of methyl th ioribose as C02 (Miyazaki and Yang , 1 987). 
Tan and Thimann ( 1 989) indicated that C02 was needed for the conversion 
of exogenous ACC to ethylene ,  but not for the endogenous formatio n  of 
ethylene  and suggested that this C02 might remain associated with 
e ndogenous ACC, so that satisfied the C02 requi re m ent. 

1 .2. 1 .2 A non-ACC/EFE pathway 

Not all plants posses the methionine or  intermediates to p roduce 
ethylene through this ACC/EFE pathway (Osborne ,  1 989). lt is poss ible that 
th is pathway is a evolutionary development which has arisen in h igher 
plants. 

In the fern Regnellidium diphyllum, a non-ACC ethylene biosynthetic 
pathway has been found although  this plant contains low levels of both ACC 
and malonyi-ACC (Cookson and Osborne ,  1 978 ; Waiters and Osborne, 
1 979). The characteristics of ethylene biosynthesis in this plant are : ( 1 ) no 
conversion of methion ine to C2H4 ; (2) no conversion of ACC to c2H4; (3) no 
IAA-induced c2H4 formation (Waiters and Osborne, 1 979) ;  (4) no wounded­
i nduced C2H4 formatio n ;  (5) C2H4 production not blocked by AVG ; (6) ACC 
does not substitute for C2H4 in cell g rowth responses (Osborne,  1 989).  

Osborne ( 1 989) has shown that although ethy lene was produced in  a 
range of lower plants ( Bryophytes, Pteridophytes and certai n plants classed 



i n  the Gymnosperms), they cou ld not convert ACC to ethylene .  Therefore it 
is l ikely that an alternative, and as yet unknown pathway for ethylene 
biosynthesis exists in  such plants, where EFE is  not an essential 
i ntermediate enzyme.  She has suggested that ethylene biosynthesis via 

methion ine ,  SAM and ACC evolved as a modern adaptation to the land. 

1.2.2 Enzymes of ethylene biosynthesis and their regulation 

5 

The pathway and regulation of ethylene  biosynthesis are summarized 
i n  Fig. 1 -2 (Yang, 1 985). Ethylene production  is known to be regulated at the 
reactions involving in  ACC synthesis, conversion of ACC to ethylene and 
ACC conjugation  by a variety of developmental and enviro n mental factors 
(Yang and Hoffman ,  1 984) . 

1 .2.2. 1  ACC synthase 

ACC synthase is the key enzyme which catalyzes the reaction from 
SAM to ACC. This is the main site of control of ethylene production (Yang 
and Hoffman, 1 984). The molecular mass of ACC synthase is 55-57 KO in 
tomato pericarp tissue (Kende, 1 989) and the Km of ACC synthase for SAM 
(S-adenosylmeth ion ine)  is 1 3  uM (Boi ler et al. , 1 979) .  This e nzyme requires 
pyridoxal phosphate for activity and is sensitive to pyridoxal phosphate 
inhibitors, such as aminoethoxylvinglycine (AVG) (Ki=0.2 u M, Ki is the 
dissociat ion constant for the enzyme-inh ibitor complex) and aminooxyacetic 
acid (AOA) (Ki=0 .8  uM). The substrate for the ACC synthase is (-)-SAM, 
which has the S-configuration at the sulfon ium position and is the naturally 
occurring isomer  of SAM, with a Km of 20 uM ,  whereas (+) -SAM is an 
effective i nh ibitor (Khani-Oskouee et al. , 1 984) . ACC synthase can be 
inactivated when i ncubated with SAM and this process may be responsible 
for the short half- l i fe (25-30 min) of the ACC synthase in vivo. lt is proposed 
that the SAM, when activated by the ACC synthase, can i rreversibly modify 
the e nzyme i n  a 'suicide-inactivation' (Satoh and Esashi ,  1 986) . ACC 
synthase can be i nduced by auxin .  This shows the interaction of 
phytohormones, and represents a mechanism for fine  endogenous 
regu lation of ACC production levels in the plant. This 'rate control reaction '  is 
regu lated by phytoch rome, wounding and by almost any ki nd of 
envi ronmental stress, e.g. chi l l ing injury,  drought stress, f looding (Osborne ,  
1 989 ; Thomas and Yang, 1 987; Yang, 1 985; Yang and Hoffman, 1 984). 
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Fig. 1 -2 Ethylene biosynthesis pathyway and its regulation i n  h igher plants 
(From Yang, 1 985) . 
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Because the main work in  this thesis is involved i n  EFE and its regulation ,  

the regu lation o f  t he  conversion o f  SAM to ACC wil l  not be  reviewed i n  
detail . 

1 .2.2 .2 ACC N-malonyltransferase 

This transferase is present i n  a wide range of plant tissues and has 
been isolated and partially puri fi ed from mungbean hypocotyls (Kionka and 
Amrhe in ,  1 984). The malonyl donor is malonyi-CoA, with a Km of 0 .25 m M ;  
at concentrations g reater than 0.75 mM, malonyl CoA inhibits the 
transferase (Kionka and Amrhei n, 1 984) . The Km for ACC is 0 . 1 5  mM;  the 
( 1  R,2S)- and ( 1  R,2R)-aminoethyl cyclopropane carboxylic acid (AEC) 
isomers, which have a D-amino acid configu ration, are more effective 
substrates and inh ibitors of malonyltrasferase than the (1 S ,2R)- and 
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( 1  S ,2S)-AEC isomers,  which have an L-configuration (Liu et al. , 1 984a,b) . 
When ACC levels increase duri ng development or when plants are u nder 
stress, ACC is malonyl ized by malonyltransferase which prevents 
overproduction of ethylene.  Thus ethylene production in vivo is reduced by 
malonylation of ACC and promoted by blocki ng malonylation (Liu et al., 

1 983).  The malonyltrasferase activity in precl imacteric tomato fruit is 
markedly stimulated by ethylene treatment (Liu et al. , 1 985b) ,  thereby 
proving an autoregulatory mechanism for l imit ing ethylene production .  I n  this 
work EFE activity was measu red after fruit t issues were satu rated with a 
high concentration of exogenous ACC (3-5 mM) ,  thus the reaction of ACC 
malonyl ization did not affect results of measu rement of EFE activity. 

1 .2 .2.3  Ethylene-formi ng enzyme (EFE) 

Another impo rtant react ion of ethylene biosynthesis is the conversion 
of ACC to ethylene wh ich is catalyzed by the ethylene-forming enzyme 
(EFE) .  The activity of  EFE was fi rst described by Adams and Yang ( 1 979) ,  
who demonstrated that 02 was essential for  the conversion of  ACC to 
ethyle ne. EFE is present in most tissues of higher plants with the exception 
of u n ri pe fruit (Yang and Hoffman, 1 984). Because EFE has not been 
isolated independent of intact cel lular material (vacuoles, protoplasts o r  
tissue ) ,  most characterization of the EFE has been done in vivo. This 
situation necessari ly compl icates interpretation of many experiments 
because observed effects on EFE can be attributed to direct or i ndirect 



action. Despite this problem, important i nformation  about EFE has sti l l  been 

obtained. 

Generally the activity of EFE is measured by ethylene p roduction in 
the p resence of a satu rat ing concentrat ion of ACC (Yang and Hoffman ,  
1 984). lt is possible that different types of plant material o r  different tissues 
have optimum conditions which are specific for that tissue .  However on ly 
very few pape rs have reported comparative evaluat ions of the diffe rent 
methods fo r measuri ng EFE activity. 

(a) D ifferent buffer or sugar solutions with a wide range of pH values have 
seen used fo r measuri ng EFE activity (Table 1 - 1 ) .  

(b) Several methods fo r satu rating ACC have been used (Table 1 -2) ,  but no 
comparisons have been made between these techn iques .  

(c) EFE activity has been measured: 
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( 1 ) I n  medium,  such as i n  buffer for Granny Smith apple (Chaves and 
Tomas, 1 984) , in water contai n i ng ACC for oat leaves (Preger and Gepstein, 
1 984), Golde n  Del icious apple and pi nto beans (Phaseolus vulgaris L) 
(Apelbaum et al. , 1 981 ) ,  and leaves of Xanthium strumarium L. and Zea 

mays L (Grodzinski et al. , 1 982) ; or  after discs have been preloaded i n  
water contain i ng ACC fo r  3 hours,  t hen  t ransferred i nto water for etiolated 
wheat seedl i ng  (J iao et al. , 1 987) ; 

(2) On filter paper wetted with buffer for Granny Smith apple 
(Cheverry et al. , 1 988) ; 

(3) I n  a i r  with no buffer for peel of Golden Del icious apple (Butler, 
1 986) ,  tobacco leaf discs (Ph i losoph-Hadas et al., 1 986) , wheat leaves 
(McKeon et al. , 1 982) ,  rice leaf segments and tobacco leaf- discs (Kao 
and Yang , 1 982) , citrus leaf discs (Riov and Yang , 1 982b) .  

The wide range of apparently successful methods used for measuring 
EFE ,  i ndicate the robustness of EFE i n  different systems. Unfortunately 
none of these techn iques i ndicate the eff iciency of the methods . Therefore it 
is n ecessary to establ ish a techn ique which is simp le ,  re l iable and efficient 
for measuri ng EFE activity , and which g ives consistent results for particular 
tissue systems. 



Table 1-1. Different buffers and solutions for measuring EFE activity. 

--·--------------------------------------------·-------------·------·-----------------------------------------
Plants and solutions References 

------------------------------------------------------------------------------------------------------------------
Fruits: 
Avocado and tomato 

0.028 M citrate, 
0.047 M phosphate, 
0.4 M sucrose (pH 4.6) 
2% sucrose, 

Cantaloupe melons 
2% sucrose, 
50 mM phosphate buffer (pH 6.8) 

Granny Smith apples 
1 0 mM phosphate buffer (pH 6.8) 
0.6 M sorbitol (pH 7) 

Golden Delicious apples 
10 mM Mes buffer (pH 6.0) 
2% sucrose, 
50 mM phosphate buffer (pH 6.8) 
0.4 M sucrose 

Vegetative organs or tissues: 
Hypocotyls of mung bean 

2% sucrose, 
50 mM phosphate buffer (pH 6.8) 

Rose petals 
Distilled H2o 

Leaves 
Cotton 

1 0 mM Mes buffer (pH 6.1) 
Citrus 

50 mM K-phosphate buffer (pH 5.3) 
Oat 

Distilled H2o 
Soybean 

Distilled H2o 
Sunflower 

Distilled H2o 
Tobacco 

10 mM Mes buffer (pH 6.1) 
Distilled H2o 

Tomato 
50 mM Na-phosphate buffer(pH 6.1) 
Distilled H2o 

Wheat 

Distilled H2o 

Xanthium strumarium L. 
Distilled H2o 

Zea mays L. 
Distilled H2o 

Lieberman et al., 1977 

Hoffman et al., 1982b 

Chaves and Tomas, 1984 
Cheverry et.al., 1988 

Butler, 1986 

Hoffman et al., 1982b 
Lieberman et. al., 1977 

Hoffman et al., 1982b 

Faragher et al., 1987 

Suttle, 1986 

Riov and Yang, 1982a 

Gepstein and Thimann, 1980 

Bassi and Spencer, 1983 

Bassi and Spencer, 1983 

Philosoph-Hadas et al., 1986 
Gepstein and Thimann, 1980 

Philosoph-Hadas et al., 1985 
Gepstein and Thimann, 1980; 
Bassi and Spencer, 1983 

McKeon et al., 1982 

Grodzinski et al., 1982 

Grodzinski et al., 1982 
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Table 1-2. Several methods in EFE measurement for saturating ACC into tissue discs. 

·-----------------·----------·-------------·----------------------------------------------·---------------------------

Methods Plants References 

·---------------·-------------------------------------------.. ----------.. --------------· .. ---------------------.. ---- ----

Incubation 

for 2 hours 

for 3 hours 
vacuum-infiltrated 

Granny Smith apple 
tobacco leaves 
wheat leaves 
oat leaves 

Granny Smith apple 
intermittent vacuum-infiltration 

Golden Delicious apple 

Chaves and Thomas, 1 984 
Philosoph-Hadas et el., 1 986 
McKeon et al., 1982 
Preger and Gepstein, 1984 

Cheverry et al., 1 988 

Saltveit et al., 1978 

I n  h igher plants a number of plant enzyme preparations,  such as IAA 
oxidase (Vioque et a/., 1 981 ), peroxidase (Rohwer and Mader, 1 981 ), 
l ipoxygenase (Gardner  and Newton, 1 987 ; Ni lsen et al. , 1 988;  Wang and 
Yang, 1 987), etiolated pea seedl ing homogenates (Konze and Kende, 
1 979), carnation (Mayak et al., 1 980) and pea (McRae et al., 1 982) 
microsomal preparations, can convert ACC to ethylene in the presence of 
various cofactors, but they lack the specificity and high affi nity for ACC 
characteristic of native EFE (Guy and Kende, 1 984; McKeon et al., 1984;  
Venis, 1 984). These enzymic systems display Km's for ACC over the range 
of 3 mM to 389 mM, indicating a lower affin ity for ACC relative to that found 
Km for EFE, they also do not disti nguish among the 2-ethyi-ACC 
stereoisomers as does E FE (Guy and Kende, 1 984; McKeon et al. , 1 984;  
Venis, 1 984). 

The main characteristics of EFE are: 
( 1 ) lt has a high affi n ity for ACC, its substrate. 

lt was demonstrated that EFE had Km values of 66 uM for ACC i n  
pea hypocotyl segments (McKeon et al. , 1 982), 6 1  uM in pea-leaf vacuoles 
(Guy and Kende, 1 984) and 1 25 uM i n  ripe kiwifruit (John et al. , 1 989) . 
Hoffman et al. (1 982b) described a test to distinguish between artifactual 
and natu ral ACC-dependent ethylene-forming activities. When one of the 
ring hydrogens of  ACC is substituted with an ethyl group, fou r stereoisomers 
of 1 -amino-2-ethyl-cyclopropane-1 -carboxylic acid (AEC) are generated. 
Only one  of these, (1 R,2S)-AEC, is converted preferentially to 1 -butene by 
the same enzyme that oxidizes ACC to ethylene  (EFE). Artifactual ethylene­
formi ng systems do not show this ste reospecificity (Venis, 1 984). 
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(2) EFE is probably a membrane-bound enzyme.  
lt is  difficult to measu re EFE activity in vitro because its activity 

disappears when cell integrity is lost. Some di rect information  is avai lable on 
the location of EFE in plant cel ls. Mattoo and Lieberman ( 1 977) observed 
that sl ices of apple i ncubated in the presence of cel l-wall degrading enzymes 
lost the abil ity to generate ethylene from endogenous substrates and from 
methionine supplied in the reaction medium. They suggested that the 
ethy lene-synthesizing enzyme system is in the cell membrane-cel l  wall 
complex. This suggestion finds support in more recent work. Bouzayen et al. 

( 1 987) presented results which showed that the EFE activity of suspension 
cultu red Acer cells was largely localized at the cel l  membrane-cel l  wal l 
region.  I ntact protoplasts and vacuoles isolated from pea leaves possessed 
functional EFE properties and vacuoles produced 80% of the ethylene  
evo lved by protoplasts (Guy and Kende, 1 984).  However when the  plasma 
membrane or vacuolar membrane were ruptu red, EFE activity was lost. The 
EFE activity of intact tissues was destroyed by homogenization and activity 
of EFE in the vacuole was destroyed by lysis of the vacuo le (Guy and 
Kende , 1 984 ; Mayne and Kende,  1 986). Work using isolated vacuoles of 
Vicia faba provided evidence that EFE was associated with the inside face of 
the tonoplast and that the activity of this e nzyme depended on membrane 
i ntegrity (Mayne and Kende, 1 986).  I n  additio n  to the fai l u re to isolate EFE 
except in i ntact vacuoles, protoplasts or cells, the sensitivity of EFE to 
detergents and to chi l l i ng-treatment suggests a requirement for an intact 
membrane. John et al. (1 989) reported that EFE activity was largely retained 
when sl ices of apple (Malus sylvestris) tissue were incubated i n  the 
presence of the cel l-wall deg rading enzymes, Pectolyase and Caylase (a 
Cel lu lase) ,  even  though the action of these e nzymes resulted in  the loss of 
cell wall material so that more than 90% of the tissue could pass throug h a 
0 .2 m m  mesh. Activity of the EFE disappeared after this treatment on ly when 
the cells and protoplasts were released from the tissue. John  et al. ( 1 989) 
also reported that membranes present in  the juice squeezed from ripe 
kiwifruit (Actinidia deliciosa) possess an EFE activity which shows the two 
essential features ( the low Km and the stereospecificity for the substrata) of 
the enzyme  activity observed in vivo. In addition ,  the EFE activity of the 
kiwifruit requ i red membrane integrity, as the loss of  activity occurred when 
the membrane vesicles were denied osmotic support. F ractionation of these 
membranes o n  continuous density g radients revealed that the EFE activity 
was confined to a particular species of membrane vesic le .  When a variety of 
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marker enzymes characteristic of specific cell o rganel les were assayed in 
the fractions col lected from the g radient, two enzymes were found to be 
associated with the fractions that contained the EFE activity. These were 
GOT (glutamate oxaloacetate transaminase), characteristic of plastids (John 
et al., 1 989; Mifli n ,  1 97 4) , and a-man nosidase, characteristic of  vacuolar sap 
(Boile r  and Kende, 1 979) .  But when membranes were separated by flotation 
through a l inear g radient of Nycodenz, there was no distinct band of protein ,  
GOT o r  cx-mannosidase associated with the EFE activity. I n  particu lar there 
was a sign ificant lack of cx-mannosidase activity in  fractions in which the EFE 
was concentrated (John  et al. , 1 989). Using the response to osmoticum ,  
Bouzayen et al. ( 1 987, 1 990) and Pech et al. ( 1 989) distinguished different 
EFE localizations in  cel ls of different g rape cultivars. They repo rted that EFE 
was mainly located at the plasmalemma in  cel ls of one grape cu ltivar 
(Muscat) ,  whereas it was located at the tonoplast in cells of another  g rape 
cultivar (Gamay). 

There are several possible functions for the membrane-bound nature 
of EFE. EFE activity may be coupled to a transmembrane proton flow (John, 
1 983) as EFE can be i nhibited by 2,4-din itrophenol ,  an uncoupler  of proton 
transpo rt system.  Alternatively, EFE may require a membrane-bound 
e lectron  transport system .  Since the oxidation of ACC by EFE i nvolves 
sequential e lectron transfers, disruption of the membrane could lead to loss 
of activity by i nterfering with the integrity of the electron transport chain .  
Final ly, the membrane m ay protect the EFE by maintai ning it i n  a h igh  

· concentration i n  the present of  an as yet uncharacterized cofactor, or  by 
otherwise protecting the EFE from inactivation (Thomas and Yang, 1 987) . 

Many inh ibitors of EFE activity have been reported . Colbaltous ion is 
a very effective i nhibitor of EFE activity when  applied in  the range of 1 0 to 
1 00 uM (Lurssen  et al. , 1 979 ; Yu and Yang , 1 979) . Alpha-aminoisobutyrate , 
a structural analogue of ACC, competitively inhibits the conversion of ACC to 
ethylene  (Satoh  and Esashi ,  1 980). Free radical scavengers such as n­
propyl gal late and sodiu m  benzoate represent another class of i nhibitors 
(Lieberman, 1 979) .  Othe r  compounds such as Vitamin K5 and menadione 
are effective in blocking the conversion of ACC to ethylene in vivo, although 
they lack the specificity for targeted action desired in enzyme inhibitors for 
physiological studies (Saltveit, 1 980 ; Yang and Hoffman, 1 984) . 
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The level of EFE increases markedly fol lowing some stress condit ions 

and ethylene treatment, or with physiological development {such as fruit 

ripening) and thus can effectively regulate ethylene production  (Yang and 

Hoffman, 1 984) . In h igh temperatures {>35°C) EFE activity decreases and at 

40°C is lost {Yang and Hoffman, 1 984) . I n  un ripe fruits of cantaloupe and 
tomato, levels of E FE are low, but they increase markedly fol lowing 
treatment with ethylene {Liu et al., 1 985a). 

1 .2.3 Regu lation of ethylene biosynthesis by ethylene 

The development of ACC synthase and EFE differs during fruit 
ripening. Ethy lene can regulate ethylene biosynthesis by auto inhibit ion o r  
autocatal ization ,  the nature o f  the  response depending on  the ripeness of 
the fruit. Treatment of an immatu re climacteric fru it with ethylene or 
propylene resu lts in  a decrease of ACC content followed by a decreased 
ethylene production {autoinhibition) {McMurchie et al. , 1 972) .  This indicates 
that ethylene has an i nhibitory effect on the synthesis of ACC synthase {Riov 
and Yang , 1 982a) . I n  such system there is also an increase of the 
malonylation of ACC {Liu et al. , 1 985b). When  fruit tissue becomes more 
sensitive to low ethylene {more than threshold) ,  ethylene can i nduce a g reat 
deal of ethylene  production {autocatalization )  by stimulating of development 
of ACC synthase.  Ethyl ene also stimulates EFE development during the 
various fruit ri pen ing stage {Yang et al., 1 986) . 

Trewavas ( 1 982) concluded that the l im iting factor i n  plant 
development was the sens_!!ivity of tissues to plant growth substances and 
not the change in concentration of these substances. McMurchie et al. 

{ 1 972) suggested that in  climacteric fruit {banana) ethylene biosynthesis is 
i nitiated by receptor System I .  The ethylene produced reaches a threshold 
l evel i n  the fruit sufficient to i nitiate the respi ratory cli macteric and associated 
ripen ing changes. The rise i n  respi ration is induced by a further large 
i ncrease in  autocatalytic ethylene production {System 1 1). McGiasson { 1 985) 
subsequently defi ned that ethylene biosynthesis in climacteric fruit is 

�·regulated by two systems. System I is involved in  the regulation of aging 
processes and is responsible for the low rate of ethylene production duri ng 
g rowth ,  and System 1 1  is responsible for the autocatalytic increase i n  
ethylene  production which accompanied ripen ing.  Noncl imacteric fruit has 
System I ,  but not System 1 1 .  I n  the context of fruit ripening,  the change i n  



sensitivity to ethylene can be explai ned as a change in  the nature and 
concentratio n  of receptors , which means development of System I (in non­
climacteric fruit and precl imacteric fruit) and System 1 1  receptors ( in  
climacteric stage of  cl imacteric fruit), and increas�synthesis of  these 
receptors. 
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The difference between  System I and System 1 1  ethylene biosynthesis 
does not l ie  i n  the ethylene biosynthetic pathway, but rather in the tissues 
capacity to develop ACC synthase, the rate-l imiting e nzyme in ethylene 
biosynthesis (Hoffman and Yang,  1 980 ; Sitrit et al. , 1 986 ; Yang , 1 985). 
Although an immatu re fruit is responsive to ethylene with respect to the 
development of EFE, it is un responsive with respect to the development of 
ACC synthase (Liu et al. , 1 985a) .�us,  the responsiveness of a fruit to 
develop ACC synthase is dependent upon not only the presence of ethylene,  
but also on  the fruit developmental stage.  Generally speaking, the increase 

-
i n  ACC synthase is preceded by the increase in EFE when precl imacteric 
fruits are exposed to exogenous ethy lene (Liu et al. , 1 985a) ; it is not known 
whether this is also true  during natu ral ripening. Many workers have 
investigated the changes in ACC, ethylene ,  EFE activity ,  and ACC synthase 
activity duri ng fruit ripening (Biankenship and Richardson, 1 985 ; Butler, 
1 986 ; Knee,  1 984; 1 985) . Their resu lts i ndicated that the increases in these 
are highly coordinated. I n  'Golden Delicious' apples, EFE increases 
concu rrent ly with the rise of internal ethylene concentration (System I 
ethy lene) .  EFE increases not o nly earl ier, but also greater in  magn itude than 
ACC (Yang et al. , 1 986) .  These data i ndicate that it is the increase in EFE 
which is responsible for this slight, but significant, increase in  ethylene 
production rate before the cl imacteric rise in ethylene production .  Knee 
( 1 984) also reported that i n  'Cox's Orange Pippi n' apples, the rise of 
ethylene  sl ightly preceded the rise in  ACC level .  Blankenship and 
Richardson ( 1 985) observed that EFE developed before the increase in ACC 
and ethylene synthesis duri ng the cold storage required for ripen ing of 
d'Anjou pears .  Simi lar conclusions were reported for apple (Butler, 1 986 ; 
Mansou r  et al. , 1 985) . 
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1 .2.4 Ethylene action  and its inh ibitors 

1 .2 .4 . 1 Ethylene action 

One hypothesis of  ethylene  action is that the conversion of ethylene  
to  ethylene oxide and some subsequent action o f  that metabolite is  the 
mode of actio n  of ethylene (Beyer, 1 979).  Although the corre lation  of 
ethyle n e  oxidation and action was fai rly good, i t  has been shown that 
i nactivation of the ethylene-oxidizing system does not prevent the action of 
ethylene  (Abeles, 1 984). This seems to rule out the oxidatio n  of ethylene as 
the p rimary mode of ethylene action. 

Anothe r  theory of ethylene action is that as in the case of other  
hormones, ethylene was thought to  bind to  a receptor, forming an activated 
ethylene-receptor complex which in turn triggers the primary reaction (Sis ler 
and Wood, 1 987) . In their work several l ines of evidence i ndicate that 
ethy lene is binding to a physiological receptor: ( 1 )  the type of compound that 

f',duces a resoonse also competed with ethylene for bindi ng ; (2) the half 
Jljllt.pc.\;, �.e. maximumJo� ethylene action and ethylene binding were very close ;  (3) the 

time of diffusion of  ethylene to and from the site was simi lar to  the more 
rapid ethylene  responses, and (4) inhibitors of ethylene responses and 
i nhib itors of ethy lene action i nhibited ethylene binding. Ethylene is thought to 
bind to a receptor, forming an activated complex which triggers the primary 
reaction .  This primary reaction then in itiates a• chain of reactions which 
i ncluded modification of gene expression ,  and leading to various 
physiological responses (Yang , 1 985, 1 987a). 

Veen ( 1 986) suggested that the ethylene receptor  is composed of a 
sub-�it A of protei naceous nature and one or more enzymic ·sub-un its (sub­
un it B) .  Binding of ethylene to sub-unit A wil l  cause its activating change.  
The activated sub-unit A leads to activation of  sub-unit B and fi nal ly to the 
physiological and biochemical responses. 

Yang ( 1 985) has presented a model which suggested a possible 
mode of actio n  of ethylene (Fig . 1 -3). This model proposed that ethylene 
i nit iated its effects i n  plants by bi nding reversibly to a metal-containing 
receptor site ( Bengochea et al. , 1 980a,b; Sisler, 1 979) .  lt has been 
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Fig . 1 -3 The chain o f  events between ethylene and its responses (From 
Yang , 1 985). 
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suggested that the metal i n  the ethylene receptor might be coppe r  (Burg and 
surg, 1 967 ;  Yang , 1 985).  This ethylene-receptor complex then reacted 
further to produce the p hysiological and biochemical responses (Grierson ,  
1 987) . No detai ls in  Yang's model ( 1 985) mentioned how the ethy lene 
receptors regu late the activity and biosynthesis of enzymes. 

Both models for ethylene act ion did not disti ngu ish the nature of 
different characteristics and functions between  System I and 1 1  ethylene 
receptors. 

Yang ( 1 985) pointed- out that the i ncrease i n  the sensitivity to ethylene 
action is  the important factor triggering the onset of ripening. Measurements 
of ethylene pro�ction i n  cl imacteric fruit have revealed three types: type 1 
fruit in which ethylene concentration increases before the onset of  ripen ing 
as shown by the respi ratory increase (such as banana, tomato) ,  type 2 fruit 
i n  which a rise in ethy lene production coincides with the onset of ripening 
(such as apple and apricot) and type 3 fruit in which ethylene production 
i ncreases fol lows the onset of respiration (Fuerte avocado and feijoa) (Biale 
and Young,  1 981 ) .  The re is evidence that the ripening sensitivity of fruit 
response to ethylene i ncreases during development, and that fru it attached 
to the plant are less sensitive to ethylene than detached fruits (Knee,  1 985; 
Yang et al. , 1 986). These results suggest that there may be high l evels of a 
' ripening i n hibitor' in i m m ature fruit which desensitize the fru it to respond to 
ethylene and,  as a consequence, ripening is not in itiated. The three types of 
fruit ripen ing i ndicated above could be explai ned by an increase in the 
sensitivity of fruit tissue to ripening with t ime as the fruit matures, due to a 
progressive disappearance of the ' ripening inh ibitor' regulated by the low 
levels of System I ethy lene.  When the resistance to ripening decreases to a 
point at wh ich the fruit t issues become respo nsive to their endogenous 
ethylene levels, the autocatalytic burst of System 1 1  ethylene production 
occurs and ripening proceeds. 

Application of exogenous ethylene can accelerate a decrease in  
ripening resistance and consequently, the ripening process is accelerated . 
Conversely the decrease i n  resistance to ripening is arrested or delayed 
when ethylene  synthesis or action is inh ibited, resulti ng in l ittle change i n  
resistance to  ripen ing ; consequently t he  ripen ing process i s  not i nitiated 
(Yang , 1 985) . 
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Although resistance to ethylene action cannot be measu red directly, it 

can be determ ined as the concentration  of ethylene requi red to induce 

ripen ing . The more immature the fru it ,  the higher  the ethylene level required 

to trigger fruit ripen ing (Peacock, 1 972) .  

Yang ( 1 987b) summarized t h e  above observations and presented a 
model showing the sequence of ethylene action on the regu lation of ethylene  
biosynthesis i n  fruit maturation and ripening (Fig . 1 -4) . This model 
disti nguished clearly the functions of the System I and System 1 1  ethyl ene 
receptors .  The System I ethylene receptor which exists in  nonclimacteric 
fru it, and immatu re and mature cl i macteric fruit is responsible fo r promoti ng 
development of EFE,  ACC N-malonyltransferase as well as respi ration rate .  
The System 1 1  receptor develops or  becomes functional in mature cl imacteric 
fruits possibly as a resu lt of in hibitor decl ine ,  and is responsible for the 
development of autocatalytic ACC synthesis and the subsequent 
development or i nduction of ripeni ng-associated enzymes (e.g .  
polygalacturonase) .  Fruit development (maturation) can be  regarded as a 
transit ion from a noncl imacte ric ( immature) state i n  which t issue lacks the 
System 1 1 receptor, to a cl imacteric (mature)  state , where System 1 1 receptor 
develops i n  tissue (Yang and Hoffman,  1 984) . According to this model the 
lack of ethylene biosynthesis that occu rs in  noncl imacteric fru it fol lowi ng 
ethylene appl ication ,  which does induce a respi ration rise, can be interpreted 

. as a lack of System 1 1  ethylene receptor. 

1 . 2.4 .2 I nh ibitors of ethylene action 

1 . 2. 4.2. 1 Carbon dioxide 

it is we l l  known that C02 delays ripen ing in  fruit by reduci ng 
respiration rate as wel l as i nh ibiting ethylene action (Kader, 1 986) . This 
knowledge has been used commercial ly fo r enhancing storage l i fe of fruits 
by development of CA or MA storage.  The mode of action of C02 inhibition 
is not known. Burg and Burg ( 1 967) have suggested that C02 reduced 
ethylene action and the  effect appears to be competing with ethylene for the 
bindi .Q_Q site on  the ethylene receptor with a Ki of 1 5  ml/1 . Sisler and Wood 
( 1 980) suggested that C02 is not the type of compound that usual ly binds to 
metals to which ethy lene bi nds, thus co2 does not appear to i nh ibit ethylene 
binding competitively .  Some work (Beye r, 1 979) reported ethylene action  
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Fig . 1 -4 A model showing the sequence of ethylene action o n  the regu lation 
of ethylene biosynthesis in  fruit maturation and ripening. + and - indicate the 
m etabolic processes are positively or negatively regulated by the specific 
ethylene receptor  complex or the ripening i nhibitor (Yang, 1 987b) . 
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involving ethylene metabolism, thus Beyer ( 1 985) suggested that C02 can 
affect ethylene metabolism by inh ibiti ng ethylene oxidation to C02 through a 
feedback inh ibition mechanism. 

1 . 2. 4. 2. 2 Silver ions 

The i nh ibitory effect of Ag+ on ethylene action has been  used 
commercially to extend the shelf l ife of • cut flowers (Reid et al. , 1 980 ; 
Veen, 1 979) .  I n  fruits appl ication  of Ag+ resulted in varied results ;  ethylene 
production could be stimu lated (Aharoni and Lieberman , 1 979b ;  Aharoni et 

al. , 1 979 ; Atta-Aiy et al., 1 987) , i nh ieited (Aharoni  and Lieberman , 1 979a ; 
Saltveit et al. , 1 978 ; Reid et al. , 1 980 ; Veen ,  1 979) o r  not affected (Atta-Aiy 
et al. , 1 987) by Ag+ depending o n  species, tissue types and ri pen ing stage 
of the tissues. A possible mechan ism for the inhibito ry effect of Ag+ on 
ethylene synthesis is that Ag+ i nteracts with the l igands on the ethy lene 
receptor. T�ands normally facil itate the binding of ethylene to the 
receptor, but in the presenfof Ag+ they are alte red so that the recepto r has a 
reduced capabil ity to bind ethy lene ,  or becomes biologically inactive (Yang, 
1 985). 

1 . 2. 4. 2. 3  Norbornadiene 

Sisler and Pian ( 1 973) , and Sisler  and Yang ( 1 984) reported that 
some  cycl ic o lefi ns counteracted ethylene-induced i ncreases i n  the 
respirato ry rate of  tobacco leaves and compared the structure-activity 
relationsh ip  of a number of olefi ns which posses"anti-ethylene activity in the 

I'  
pea seedl ing bioassay. Among those tested, 2,5-norbornadiene was the 
most active compound and it i nhibited ethyl ene action with a Ki of 1 70 ul/1 . 
Ethylene  was capable of counteracting the norbornadiene action ,  i ndicati ng 
a competitive inh ibition (Peacock, 1 972) and the inh ibito ry effect of 
norbornadiene on  ethylene action is reve rsi ble .  Recently ,  Liu et al. ( 1 989) 
reported that in tomato fru it which have been treated with norbo rnadiene 
(NDE) for three days at any stage ,  the rate of respirat ion was g radual ly 
restored u pon  transfer to N D E-free ai r ;  N D E  abolished the promotive effects 
of ethylene  on  both EFE and malonyltransferase i n  g reen tomatoes;  N D E  
treatment simultaneously raised the levels o f  ACC and MACC ; ACC 
synthase  was also inh ibited by N D E  at all stages of ripen ing. Therefore ,  they 
concluded that the reduct ion in ethylene production in N D E  treated tomato 



21 

fruits reflects the combi nation of all these effects of NDE.  lt is possible that 
norbornadiene attaches to the ethy lene binding site to form a norbornadiene­
receptor complex which is biologically i nactive. 

1 .3 EFFECTS OF CARBON DIOXIDE ON ETHYLENE BIOSYNTH ESIS 

Control led-atmosphere (CA) and modified-atmosphere (MA) storage 
and transport of fruits and vegetables have been used for a long time.  
Various aspects, i ncluding responses of  fruits and vegetables to CA have 
bee n  reviewed (Brecht, 1 980 ; Dewey, 1 983 ; lsen berg, 1 979 ; Kader, 1 980;  
Lipton ,  1 975 ; Smock, 1 979) .  Burton ( 1 974, 1 978) discussed some of the 
bioch e mical, biophysical , and physiological aspects of  modified atmospheres 
in relatio n  to qual ity maintenance of fru its and vegetables. But m uch 
research  has been di rected toward determination  of the optimum CA 
conditio n  for a large number of fruits and vegetables and specific cultivars of 
each commodity (Dewey, 1 977, 1 983; Dewey et al., 1 969 ; Meheriuk and 
Richardson ,  1 982) rather  than in i nvestigating the specific mechanism of 
action .  Only a few reports have dealt with the mode of action of reduced 
oxygen  and elevated carbon dioxide concentrations, i . e . ,  the biochemical 
and physiological basis for CA or MA effects on fruits and vegetables 
(Kader, 1 986). 

Generally, the effect of reduced 02 and/or e levated C02 on reduci ng 
respirat ion rate has been assumed to be the pri mary reason for the 
beneficial effects of CA on fruits and vegetables. C02 has been shown to 
i nh ibit ethylene production of ri pen ing fruit (You ng et al. , 1 962) .  This is an 
oversimpl ification ,  s ince postharvest deterioration of fresh produce can be 
caused by many factors in addition to high respi ration rate , i ncluding : 
metabolic changes (biochemical changes associated with respi ratory 
metabol ism ,  ethylene  biosynthesis and action ,  and compositional changes) ; 
physical i njuries ;  water  loss ; physiological disorders ;  and pathological 
breakdown. 

Reduced 02 levels decrease ethylene production by fresh fruits and 
vegetables, and reduce their sensitivity to ethylene (Burg and Burg ,  1 967; Li 
et al. , 1 983;  McGiasson ,  1 985; Peacock, 1 972 ; Yang, 1 985). Burg and Burg 
( 1 967, . 1 969) demonstrated that 02 is required for ethylene production and 
actio n .  EFE is known to be sensitive to 02 deprivation .  Because this thesis 
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deals specifical ly with the effects of C02 ( in an atmosphere where 02 is not 
l imiti ng)  SHf>flie" iii"Ciljii�Q�) on EFE activity and biosynthesis in 
noncl imacteric (Hosui)  and climacteric (Granny Smith) fruits, the effects of 
o2 on ethylene biosynthesis wil l  not be reviewed further. 

1 .3.1 Effects of carbon dioxide on ethylene production of vegetative 

organs and tissues 

Resu lts of studies on the effect of elevated C02 levels on  ethylene  
product ion are confl icting . Dhawan e t  al. ( 1 981 ) i ndicated that C02 has been  
reported to  promote , i nhibit, o r  have no  effect on  the rates o f  ethylene 
product ion at diffe rent stages of plant growth and development. For 
example ,  C02 stimulated ethylene production  of excised leaf segments in a 
closed system (Aharon i  et al. , 1 979;  Aharoni and Lieberman , 1 979b; Fu h re r, 
1 985;  Gepstein and Thimann,  1 981 ; Grodzinski et al. , 1 982, 1 983 ; Horton 
and Savi l le ,  1 984; Kao and Yang, 1 982 ; McRae et al. , 1 983 ; Ph i losoph­
H adas et al. , 1 985 ; Preger and Gepstein ,  1 984) and in intact plants (Bassi 
and Spencer, 1 982, 1 985; Dhawan et al. , 1 981 ). When C02 was removed 
fro m  the  atmosphere with KOH, ethylene production by infected sweet 
potato roots decreased ( lmaseki et al., 1 968) . During ethylene-st imulated 
e longation  of aquatic plants, C02 may enhance the action of ethylene rather 
than counte ract it (Suge and Kusamagi ,  1 975) ;  C02 may act synergistical ly 
with ethylene under conditions where ethylene stimulates seed germination ,  
o r  cou nte ract ethylene under conditions where ethylene inhibits germinat ion 
(Negm et al. , 1 972) .  

Carbon dioxide can stimulate ethylene production in vegetative 
tissues and intact seedlings. I n  some reports, C02 stimulated both basal 
(Aharoni et al. , 1 979 ; Aharoni  and Lieberman , 1 979b ;  Bassi and Spencer,  
1 982 ; D h awan et al. , 1 981 ) and ACC dependent (Bassi and Spencer, 1 985;  
Fuhre r, 1 985 ; Grodzinski et al. , 1 983; Horton and Savi l le ,  1 984;  Kao and 
Yang, 1 982 ; McRae et a/, 1 983 ; Philosoph-Hadas et al., 1 985 ; P reger and 
Gepste in ,  1 984 ; Tophof and Amrhein ,  1 985) ethylene production ,  but hardly 
affected ACC production (Kao and Yang, 1 982) .  This suggests that C02 
exerts its p romotive effect on the step of ACC conversion to ethylene i .e. on 

. E FE synthesis or activity. This effect is obtained when C02 is supplied either  
di rectly as a gas or  i ndirectly as bicarbonate (Grodzinski et al. , 1 983 ; McRae 
et al. , 1 983) .  
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Many i nvestigators have observed that light markedly inh ibited ACe­
dependent ethylene production of excised leaf segments enclosed in flasks 
(Bassi and Spencer, 1 983 ; De Laat et al. , 1 981 ; Gepstei n  and Thi mann ,  
1 980 ; Grodzinski et al. , 1 982 ; Kao and Yang , 1 982 ; Preger and Gepstein ,  
1 984;  Wright, 1 98 1  ) .  However, with intact plants in  an  open system the 
effect of l ight on ethylene production is marg inal (Bassi and Spencer, 1 983) . 
The inhib itory effect of lig ht observed with excised segments reflects partial 
depletion of e ndogenous C02 pools by photosynthetic fixation .  When 
sufficient C02 is provided, l ight becomes a stimulating factor, suggesti ng 
that the amount of ethylene generated by photosyntheticJl_ssues is control led 
by the avai labi l ity of C02 (Grodzinski et al. , 1 982, 1 983 ; Kao and Yang , 
1 982 ; Yang and Hoffman, 1 984) . The C02 effect on ethylene production 
from leaves does not seem to be a di rect result of stomatal control (Horton 
and Savi l le ,  1 984). Phi losoph-Hadas et al. ( 1 986) reported that co2 exerts 
its effect by activating and enhancing the development of EFE in vivo. 

1 .3.2 Effects of carbon dioxide on ethylene prod uction of whole fru its 

Kader (1 986) in his review observed that elevated C02 levels can 
reduce, promote ,  or have no effect on ethylene production rates by fruits, 
depending o n  the commodity and the C02 concentration .  

lt i s  possible that t h e  increase in  ethylene production by some 
commodities during and fol lowing exposure to C02 occu rs only when the 
C02 concentration is at levels high enough to cause physiolog ical injury to 
the tissue. lt is not known whether this h igh  co2-stress induced ethylene is 
due to a partial shift from aerobic to anaerobic conditio ns or to other  
mechanisms (Kader, 1 986) .  

Carbon  dioxide has been shown to inhibit ethylene  production from 
ripening fruit (Potter and G riffiths, 1 947 ; Young et al. , 1 962) .  High C02 
treatment of fru it during the first 1 0-1 5 days of storage can delay fruit 
senescence, i mprove fruit qual ity i n  some European pears ,  such as 'd'Anjou 
( 1 2% C02 for 1 4  days) (Couey and Wright, 1 977) , Bartlett (20% C02 for 4-6 
days) (Dangyang et al., 1 990) and Base (Chen et al. ,  1 985) ,  apples, Golden 
Delicious (Couey and Olsen ,  1 977) and Mclntosh (1 0-20% co2 for 1 0- 1 5 
days) (Bramlage, 1 977) and Kiwifruit ( 1 0% or 30% C02 i ntermittent 
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t reatment) (N icolas et al. ,  1 989) . The presence of 1 0% C02 abol ishes the 
bio logical activity of 1 ppm ethylene (Burg and Burg ,  1 969) .  I n  certain fru its, 
C02 accumulates in the intercel lu lar space and functions as a natu ral 
ethy lene antagonist (Yang, 1 985) . 

1 .3.3 Effects of carbon d ioxide on ethylene biosynthesis in fruit tissues 

Very l ittle  work has been done on the effects of C02 on enzymes 
i nvolvi ng ethylene  biosynthesis in  fruit tissuese. 

Seve_ral researchers have used fruit discs to investigate this problem 
and  different results have been reported on effects o f  C02 on  EFE : Chaves 
and Tomas ( 1 984) observed a reduction in  ethylene production by ent ire 
'Granny Smith' apples fol lowing exposure to 20% C02 for 2 hours .  A simi lar 
resu lt was observed in tissue sl ices. The inhibition continued even after an 
extended ae rat ion period. There is also an inhibition of ethylene emission in 
tissue  sl ices incubated with exogenous ACC (4 uM and 1 00 uM). This 
treatment increased the ACC content of the tissue ,  indicating a possible 
i nh ibitory effect of elevated co2 on the enzyme system responsib le for the 
conversion of  ACC into ethylene.  These resuls did not really show the effect 
of  C02 on  EFE activity, because, on  the one  hand these authors used 
u nsaturated ACC concentrations (0.04 and 0.1 mM) when measuring the 
conversion of ACC to ethylene ,  and, on  the other, ACC can be  converted to 
MACC by ACC N-malonyltransferase, 

I n  contrast, Cheverry et al. (1 988) reported that a high C02 
concentration (20%) at 20°C inh ibited the cl imacteric ethylene burst i n  
'Granny S mith' apple fruits , but did not change the ACC content. They also 
observed that that C02 stim u lated EFE activity in discs of precl imacteric 
G ranny S mith apple and avocado ,  but in hibited its synthesis. 

Tan and Thimann ( 1 989) i nvestigated effects of C02 on ethylene 
p roduct ion in several tissues including oat leaves, Golden Del icious apples 
and Anjou pears .  The resu lts indicated that there was a difference between  
ethy len e  productio n  fro m  endogenous and exogenous ACC (0.25 m M) .  The 
d ifference is in the C02 requ i rement .  Lowering the C02 by 99% in t he air  
(0 .03%) d ecreased the ethylene production from exogenous ACC, but it d id 
n ot d ecrease ( i n  fact s l ightly i ncreased) ethylene production from 
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endogenous ACC. This work also did not use the saturated concentrations 
of exogenous ACC when measuring the effect of C02 on the conversion of 
ACC to ethylene.  

1 .4 TH E POSSI BLE MECHANISMS OF CARBON DIOXI D E  EFFECTS ON 

EFE 

1 .4.1 The d i rect effect of carbon d ioxide on EFE 

McRae et al. ( 1 983) indicated that C02 from bicarbonate di rectly 
faci l itated the conversion of ACC to ethylene in m odel systems and intact 
tissues. Moyse ( 1 97 4) strongly suggested a di rect action of d issolved, 
unhydrated C02 gas rather than an i ndirect effect caused by a change in  
pH.  The control exercised by the di rect effect of  C02 is  also l argely 
i ndependent of C02 fixation .  Based upon the knowledge that carbon dioxide 
can reve rsibly change the physical ,  chemical and biochem ical properties of 
the cel lu lar constituents, it has been proposed by Mitz ( 1 979) that transient 
localized concentration changes of carbon dioxide withi n parts of the cell can 
markedly influence cell metabolism through dynamic changes in the 
constituents which react�·'6o2 (Mitz, 1 979). 

Mitz ( 1 979) summarized characteristics of direct C02 effects, and 
i ndicated that there were :  (a) 'Highly selective effects' : C02 m ay activate or 
i nhibit one  enzyme and may not influence anothe r closely re lated or even 
the same enzyme i n  other tissues. One part of  a membrane may respond to 
C02 but not anothe r; (b) 'Threshold concentration requirement' : different 
specific partial pressu res of C02 are required to in itiate specific activities, 
which m eans a threshold concentration of C02 is required ; (c) 'A rapid, 
almost instantaneous response ' ;  (d) 'A control range' :  as the C02 is slowly 
i ncreased above a certai n value,  the response is in one d irection and at a 
higher  C02 concentration the response is in  the opposite d i rection .  

Carbon dioxide can react with primary amines, such as the amino 
acids, peptides and proteins in the cell to form carbamates (Mitz, 1 979) .  The 
protei n carbamate can cause the formation of i nternal ionic attractions or 
repulsions which could result in  structural changes. One type of  cross 
l inkage could represent a salt bridge between  the  carbamic acid from one  
part of a protein  and an  amine on another part. Another form could be  the 
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carbamic acid complex cross l i nking with bound heavy metals, such as i ron ,  
magnes ium .  

There are several possible ways by which C02 may act on  
m em brane .  The change in charge on  the  surfaces of membrane is  caused 
by positive charged g roups of free amino groups ;  on exposure to C02 these 
m ay become negatively charged carbamic acid ions by the diffusion of 
positive ions such as Na+ and K+ i nstead of negative ions such as er and 
Hco3- ( Mitz, 1 971 , 1 979) .  The change in  charge may also cause an 
attractio n  of opposite or repulsion of simi lar charges to h elp  open or close 
the holes or channels in the membrane (DeHoal and Defelice-.--1 978) . C02 
tension may also i nduce water movement into and out o f  the  intermem brane 
spaces resulting i n  a membrane swel l ing.  

Some proteins and complexes are known to dissociate, and can be 
fractionated, in  the presence of C02 (Mitz, 1 979) .  l t  is possib le that an 
enzyme with its active site masked by the i nteraction with another prote in or 
other  polymeric structu ral element of the cel l  may be temporari ly dissociated 
and consequently activated by a C02 tension increase. Another possible 
effect is the inh ibition  by C02 of coenzyme binding to an enzyme.  The C02 
response appears to have all the characteristics of reactions  with an amino 
g roup  at the  enzyme active site for  the coenzyme.  The bi nding reaction with 
the C02 to fo rm carbamate prevents the binding of the coenzyme unti l the 
C02 is removed (Mitz, 1 979). 

In an imal sciences, some di rect C02 effects on enzymes in  whole 
tissues h ave been reported (Hastings,  1 970 ; Longmore et al. , 1 974). Turn i ng 
enzymes o n  and off by a direct C02 effect was demonstrated by these 
i nvestigators in rat l iver carbohydrate and fatty acid metabol ism. The C02 
may change the su rface properties (surface tension)  betwee n  the lipid-rich 
mitochondria and the water solutions,  which could result i n  the enzymes i n  
one  mediu m  acting more freely on  a substrate in  another medium.  I n  
additio n  the  l ipids i n  m itochondria concentrate C02 which could cause either 
a di rect change i n  the activity of the enzyme or a simple change i n  the 
solubi l ity and transport of the metabolic intermediates in the mitochondria. 
Further, C02 may u ncouple oxidative phosphory lation. Th is function of C02 
is simi lar to the effect of 2,4-di nitrophenol ,  progestrone and thyroxine 
(Fanestil et al. , 1 963) . 
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EFE is a membrane bound enzyme or enzyme system which 
catalyzes the conversion of ACC to ethylene. Thus all above possible effects 
of C02 on enzymes could affect the activity of EFE. 

1 .4.2 The indi rect effect of carbon dioxide on EFE 

The rate of ACC conversion to ethylene is determined by the ACC 
concentration (which may be altered by malonylation or compartmentation) 
and the activity of EFE (McKeon and Yang,  1 987) . The rate of ethylene 
synthesis by plant tissues is sensitive to a wide array of environmental and 
developmental factors (Yang and Hoffman , 1 984). Bradford, K. J .  
(Department of Vegetable Crops, University o f  California, Davis, personal 
communication )  questions how such a diverse range of conditions ,  i ncluding 
auxins, hypoxia,  wounding ,  chi l l ing, water stress, fruit ripening and 
senescence ,  l ig ht, C02 and numerous chemicals ,  can influence the 
expression of  ACC synthase or the conversion of ACC to ethyle ne .  Boiler 
and Kende ( 1 980) pointed out ' lt remains to be seen whether developmental, 
stress and hormonal stimul i all regulate the activity of ACC synthase through 
the same mechanism or whether different modes of control are exerted to 
modulate the activity of this important enzyme in ethylene synthesis'. After 
reviewing the l iterature,  Bradford suggested that in  many cases, alterations 
of intracel lu lar pH occt,J r duri ng conditions which influence the rate of 

(;'!Mt( ethylene synthesis�ould promottt:>oth the induction  and activity of ACC 
synthase and the ethylene-forming enzyme. This would provide a sensitive 
means of i ntegrating environmental and developmental factors i nto a single 
variable to regu late the rate of ethylene synthesis. lt had been found that in 
i l luminated g reen leaf tissues, ACC-dependent ethylene productio n  is very 
sensitive responding rapidly to C02 and intracel lu lar pH changes (Kao and 
Yang , 1 982) .  These results suggested that EFE activity may be regulated by 
pH which i n  turn can be influenced by C02. 

lt has been suggested that EFE activity required a transmembrane 
proton gradient (John et al. , 1 983; Mayne and Kende, 1 986), but John et al. 

( 1 985) reported that the depolarisation resulting from KCI treatment in  
hypocotyl segments of mung bean and in  discs of  red beet d id  not affect the 
EFE activity ; this was not consistent with his hypothesis above that EFE was 
located at the plasma membrane with its activity potential-dependent .  
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Thus there have been different opin ions put forward to explai n  the 
m echanism of effects of C02 on the enzymes i nvolved in  the b iosynthesis of 
ethylene .  Further research is required to resolve this problem.  

1 .5 PROJECTS INVESTIGATED IN THIS THESIS 

The aim of this thesis is to i nvestigate the effects of C02 o n  
regu lat ion o f  EFE synthesis and activity i n  Hosui ,  Japanese pear and 
G ranny S mith apple. In addit ion the i nteraction of C02 with EFE and 
ethylene action i nhibitors at different ripen ing stages in noncl i macteric and 
cl i macte ric fruit has been examined .  From these studies it is hoped that 
fu rther  i nformation wi l l  be obtained on the characteristics of the effects of 
C02 o n  the possible form of EFE, the possible b inding sites of EFE,  
i nteractions between C02 and the  substrate of  EFE (ACC) and between  
C02 and  ethylene receptors. 
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CHAPTER 2 

G ENERAL MATERIALS AN D METHODS 

2.1 M ATERIALS 

I n  this work, the optimum harvest date for climacteric fruit (G ranny 
Smith apple) used is the date when fruits reach or come close to ful l  
matu rity, but do not produce a significant quantity of ethylene,  which means 
that f ruits are at the precl imacteric stage of the transit ion between  the 
matu ration and ripen ing phase (Chu ,  1 984) .  The optimum harvest date fo r 
noncl imacteric Hosui fruit is the date when the fruit skin colour  was gett ing 
colour  g rade 2-3 (Japanese Colour Chart) (Lal lu ,  1 985a) . 

2.1 .1 Japanese pear (Pyrus serotina cv. Hosui) 

Fruit for the 1 988 and 1 990 experiments, and for the propylene 
treatment in 1 989, were harvested from 6-8 year-old trees g rown at the 
Ruakura Research Orchard , Ministry of Agricultu re and Fishe ries (MAF) in 
Hamilton .  Fruit were harvested on 1 2 February, 1 98g and 2 1 February ,  
1 990 .  I n  1 989, fruit for the propylene treatment were harvested on  1 7  
January, 26 January, 30 January, 8 February and 1 2 February which 
corresponded to 26 ,  1 4, 1 1 ,  4 and 0 days before the opt imum harvest date , 
respectively. For other experiments in 1 989 , fruit were harvested from e ight 
year-old trees grown at the MAF Manatuke Research Orchard , Gisborne o n  
1 7  January, 31  January, 7 February and 1 2 February. After each harvest 
fruit were stored at ooc until 1 3  February when all fruit were transferred to 
Palmerston North. 

After harvest, fruit were packed in Nashi  (Japanese pear) Fruit Trays 
(Cardboard trays with pocket packs covered with a polyl iner) and sto red at 
ooc for one n ight before air freighting to Pal merston North next morni ng .  On 
arrival fruit, except those for the propylene experiment, we re sorted i nto 
various colour grades accordi ng to the Japanese colour chart .  Fruit of colou r 
g rade 2-3 and fresh weight ( 1 80 ± 5g) were selected and then stored at 
1 °± 1 oc until ready for use. Fruit for the propylene experiment were weighed 
and maintained for 24 hours at 2 1 oc to equi l ibrate before the experi ment 



com menced. Internal ethylene concentrations in  all experimental f ruits 
harvested at different seasons were not detectable . 

2.1 .2 Apple (Malus domestica Borkh. cv. G ranny Smith) 

30 

Fruit were harvested from twenty, 8-1 1 year-old trees located at the 
Fruit Crops U nit o rchard, Massey University, Palmerston North on 30 April in 
1 987, 27 Apri l  i n  1 988, on 3 1  March, 20 Apri l ,  25 Apri l ,  4 May and 1 8  May in  
1 989 and on  25 Apri l ,  1 990. The harvest dates in  1 989 corresponded to  26, 
1 4, 1 1 , 4 and 0 days before the optimum harvest date. After harvest, fruit 
except those harvested at different days before the optimum harvest date in  
1 989 were weighed ; those in  the range 1 78- 1 92g (means :  1 85g) were 
selected and placed onto cardboard tray, then packed i nto commercial 
cardboard cartons ( 1  00 fruit/carton) before coolstore at 1 °+ 1 °C. I nternal 
ethylene concentrations were not detectable at harvest i n  any experimental 
fruit in the different seasons. 

2.2 METHODS 

2.2.1 Testin g  fruit maturity ind ices 

2.2 . 1 . 1  Skin colour  

Skin colour fo r Hosui fruit was measured at the two greenest parts of 
fruit equator using two methods : a MINOLTA Chromameter (CR-1 00) and 
the Japanese Colour Chart (Yamazaki and Suzuki ,  1 980) . The relat ionship 
between colour  measurement, (L,a,b mode),  as determi ned on the 
Chromameter and the Japanese colour chart values is s hown in Appendix 1 ;  
a h igh correlation was obtained between  colour  grades 1 -6 of the Japanese 
colour chart and 'a' values and the hue angle from the Chromamete r. Ski n 
colour  was measured as the 'L' , 'a' , 'b' values and then the  hue ang le was 
calculated. The values of the hue angle decreases as ski n colour changes 
from g reen to yel low (Kajiura et al. , 1 981 ; Litt le ,  1 975 ; Yamazaki and Suzuki , 
1 980) . 

For Granny Smith apples, skin colou r was measu red using a 
M I NOLTA Chromameter (CR-1 00) (L,a,b mode) on the two greenest parts of 
the fruit at the equator. 



2 .2 . 1 .2 Firmness 

Firmness (Newton)  was measured on pared surfaces from opposite 
sides of the fruit at the equator with an Effegi penetrometer fitted with :&a 
m m  diam. h ead after removal of a 1 -2 mm thick slice of peel .  

2 .2 . 1 .3  Sol uble sol ids 
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An Atago refractometer was used to measure soluble solids(%) in 
juice squeezed from 5 mm thick slices taken from opposite sides of the fruit 
at the equator. 

2 .2 . 1 .4  Starch contents as a maturity index for Granny Smith apple 

Starch accumulated by the apple fruit during development is 
conve rted to sugar. An apple fruit was cut equatorially and placed one half 
face down i nto iodi ne solution for 30 seconds ; the reaction between any 
starch present and the iodi ne causes a dark blue colour to develop. Iodi ne 
solution  was made by adding - 1  g potassium iodide and 0.25 g iodine to 1 00 
ml  water. The solution was stored in a sealed glass container  in  a dark place 
to prevent deterioration i n  the l ight. This starch test was carried out with in 30 
min after picking. The starch patterns, which indicated the relative amounts 
of starch decrease were scored on a scale of 0-6 (Reid et al. , 1 982 ; Watki ns, 
1 981 ) .  

2.2.2 Buffers 

2.2.2 . 1  K+-phosphate bL.:ffer (pH 6.5) 

Stock solutions of K2HP04 (0.2 M) and KH2P 04 (0.2 M)  were 
prepared separately. Appropriate amounts of the above solutions were 
mixed ti l l  pH value was 6.5 judged by an ORlON (Watson  Victor  LTD ,  N .Z . )  
pH met�. 
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2.2.2.2 Na+-citric acid buffer 

Stock solutions of 0 . 1  M C6Ha07.H20 (citric acid monohydrate)  and 
0 .2 M Na2H P04 were prepared. Appropriate amounts of these solutions 
were mixed u nti l the pH values required were obtained. 

2.2.3 Preparatio n  of fruit discs 

Radial plugs of Japanese pear (cv. Hosui) and apple (cv. Granny 
Smith) tissue were excised from the pericarp of the fruit at the equator with a 
cork borer  (7 m m  dia. ) .  Peel and locule�dge were discarded. Discs (7 m m  in  
dia. , 2 mm thick) were cut by razor blade, placed onto d ry tissue paper and 
used i m mediately. 

2.2.4 Incubation techniques 

Vials (36 ml ) ,  each contain ing six fruit discs, were placed in  the test 
tube racks and i ncubated at 27°C in a shaking waterbath ( 1 20 strokes/min ) .  

2.2.5 Procedu res for  treatment with different gas (propylene o r  carbon 

d ioxide) concentrations 

2.2.5. 1 P reparation of jars or vials 

Agee jars (600 or 1 1 00 ml ) ,  each contain ing one fruit, we re used for 
measuring the respi ration rate and ethylene production of whole fruit. The l id 
of each jar contained two holes i nto which were sealed rubber septum 
creating a gastight seal  and through which gas sample cou ld be taken .  

Vials (36 m l ) ,  each contai n ing six fruit discs, were used for measuring 
respi ration rate and ethylene production of fruit discs. Each vial was sealed 
by a gastight l id which contai ned two holes which were sealed by a rubbe r 
septum u nder the l id and through which gas sample could be taken .  

2 .2.5.2 Procedures used for obtain i ng gas atmosphere 

(a) I nject ing with the gas mixture .  
The  appropriate gas mixtures, contain ing different C02 

conce ntrations made up  with 02 , were i njected i nto the sealed vials, each of 
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which contai ned a second empty syringe into which the displaced ai r in the 
vial cou ld flow to mai ntain atmospheric pressure in each vial . 

(b) F lushing with the gas mixture . 
Each vial was flushed for 20 seconds with ethy lene-free gas 

contain ing 23% C02 , 21 %  02, balance N2, before bei ng sealed with a 
gastight l id. 

(c) Treating with propylene. 
Jars (600 ml) ,  each contain ing one whole fruit were f lushed (flow rate : 

1 5  m l/min) with the gas mixture contain ing 0 .5% propylene  i n  air which had 
been humidified by bubbling through water contained i n  a separated flask. 

(d) Flushi ng with the air. 
In some experiments, vials were flushed for 20 seconds with air by a 

fan to remove the accumulation of gases, such as C02 , C2H 4 or  c3H6 from 
around the tissues in  the vials. 

(e) Removing gas (carbon dioxide) from tissues by vacuum .  
I n  some experiments e .g .  testing if the stimulatory effect o f  C02 o n  

E FE activity i s  dependent on  exogenous ACC (see Chapte r  5) ,  fruit discs 
were treated with C02 two t imes. Discs in the vials contain i ng the medi um 
were placed in  a large contai ner, and then vacuumed by vacuu m  pump at 90 
Kpa for 1 min for removal of C02 from fruit tissues betwee n  treatments. 

(f) Taking of gas samples from vials. 
1 ml  gas samples from each jar or vial were taken usi ng a 1 m l  

gastight plastic syringe. The needle was i nse rted through the septum i n  the 
l id of jars or vials and the sample withdrawn. The syringe contai n ing gas 
sample was then i nserted i nto a rubber bung to preve nt gas leakage from 
the  needle. Gas samples were analysed as soon as possible by GLC.  

2.2.6 Measuri ng respirat ion rate and ethylene production 

2 .2 .6 . 1  Techn ique for measuring respi ration rate and ethylene production of 
whole fruit 

Fruit were equi l ibrated in the assay room (2 1 °C) for 24 hours ,  before 
being sealed i nto jars (600 ml for Hosui, 1 1 00 ml for G ranny S mith)  for 
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specific periods of time (0.5-2 hours) which depended o� rates of respi ration  
o r  ethylene production o f  fru its. The higher respi ration rate and ethyle n e  
production ,  the shorter the time  requi red to accumulate e nough C02 o r  
c2H4 for quantitative determination .  One m l  gas samples were removed and 
analysed by a gas l iquid chromatograph (GLC). Respirat ion rate (miC02/Kg 
f.w./h) and ethyle n e  production  (uiC2H4/Kg f.w./h ) of fruit were calcu lated 
accord ing to the form ula in  Appendix 2. When respiratio n  rate and ethy lene 
production Wf:!re measured at  different temperatures, the un its of respiration 
rate and ethylene  p roduction were calcu lated as mgC02/Kg f.w./h and 
ugC2H4/Kg f.w./h, respective ly. 

2 .2 .6 .2 Technique for measuring respiration  rate and ethylene production of 
fruit discs 

Six fruit discs were sealed in each 36 ml vial and i ncubated at 27°C 
for specific period of time (0.5- 1 hour) which depended o n  rates of 
respiratio n  o r  ethylene  production  of the fru it discs. One ml gas samples 
were then taken and analysed by GLC. Respi ration rate (uiC02/g f.w./h) and 
ethylene product ion (n iC2H4/g f.w./h) of fru it discs were calculated according 
to the  formula in Appendix 2. 

2.2 .6 .3  Technique for measuri ng internal ethylene concentrations in  whole 
fru it 

The needle of a 1 ml  gastight plastic syringe was i nserted into the fruit 
from the calyx end of fruit, which were submerged in water (Chu ,  1 984) . A 1 
ml  sample was withdrawn and the ethylene concentration (ppm) in  the gas 
sample was analysed by GLC.  

2.2.7 Gas Liquid Chromatog raph (G LC) for ethylene a nalysis 

Ethylene concentrations (ppm) in a 1 ml  gas samples were 
determ ined using either a Varian 3400 or a Pye Un icam Series 1 04 gas­
l iquid chromatog raph fitted with a flame ion izat ion detector (F ID )  and with a 
stai n less steel activated alum ina column (80/1 00 mesh, 6 '  long and 1 /8" 
diameter). Temperature of colu m n, injector and detector were 1 00°C, 1 00°C 
and 1 50°C respectively. The carrier  gas was n itrogen.  The flow rates for 
n itrogen ,  hydroge n  and air were 30 ml/min ,  30 ml/min and 300 m l/min ,  
respectively. 



2.2.8 Gas Liquid Chromatograph for carbon d ioxide and oxygen 

analysis 
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Carbon dioxide (%) and oxygen (%) in 1 ml samples were determined 
using a Sh imadzu GC-8A GLC, fitted with a thermal conductivity detector 
(TCD) and with a 6 ft concentric CTR 1 column (Cat. no. 8700 , Al ltech) 
which contai ned an outer column ( 1 /4" diameter) packed with activated 
molecular sieve and an i nner column (1 /8" diameter) packed with Porapak. 
Temperatures of the detector (TCD) and column were 60°C and ambient 
respectively. Current for the TCD was 80 mA. Flow rate of carrie r  gas 
(hydrogen )  was 30 m l/min .  

2.3 CHEMICALS 

All  the chemicals used in  this research were of Analar g rade and were 
obtained fro m  Sigma or  BDH.  

2.4 STATISTICAL M ETHODS 

E ach treatment had three or four replicates. Each expe riment was 
repeated at least twice . An SAS programme (SAS/STAT User's Guide) was 
used to analyse data from each one experiment for ANOVA (analysis of 
variances) ,  means and standard errors, paired comparison and D uncan's 
mult iple comparison at 5% level ,  and the l inear regression .  Methods of 
comparison of two regression l i nes were calculated accordi ng to Nete r and 
Wasserman ( 1 974) . 
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CHAPTER 3 

M ATURITY IN DICES, RESPIRATION AND ETHYLENE PRODUCTIO N  IN 

H OSUI (PYRUS SEROTINA) AND GRANNY SMITH APPLE ( MALUS 

DOMESTICA BORKH.} 

3.1 ABSTRACT 

Changes of fresh weight, flesh firmness, soluble sol ids, skin colour, 
respi ration and ethylene production were assessed for Hosui and G ranny 
S mith fruits duri ng maturation .  In addition starch iodine pattern was 
evaluated for G ranny Smith apple. The resu lts demonstrated that ski n  colour  
for  both species and starch i ndex for Granny Smith apple were suitable 
m aturity indices. 

Respiration rate of Hosui fruit at each maturation stage was enhanced 
i n  the  presence of 0.5% propylene and decl ined upon removal of the gas. 
Ethylene production was not enhanced by exposure of fru it to propylene ,  
and remained at  undetectable l evels through the experiment. The resu lts 
suggested that Hosui fruit g rown in New Zealand is noncl imacteric. 

Granny S mith fruit showed different respi ration and ethylene 
p roduction patterns. I n  1 987, fruit at 1 5°C showed typical climacte ric 
respiration and ethylene peaks, and the o nset of the respi ration  cl i macteric 
was 3 days earl ier than that of ethylene production .  Compared with the 
results in  1 987, fruit respi ratory and ethylene climacteric in 1 989 was 
de layed. Fruit produced high levels of ethylene, but no typical peak 
occurred. 

The ethylene  production and respirat ion rate of Granny S mith fruit 
measured at 2 1 °C after bei ng stored at 1 °+1 °C for 20 days showed rapid 
rise without tim e  lag compared to those in fruit immediately measured after 
harvest, and also ethylene production and respiration rate increased faster 
and greater in  fruit after sto rage at 1 °+ 1 °C. The ethylene product ion and 
respiration  rate of Hosui were not changed by coolstage. 

At harvest, EFE was present in  Hosui fruit, but not in Granny S mith 
apple. Neithe r  fruit produce�etectable level of ethylene  at harvest.  

" 



Key words:  cl imacte ric, EFE, ethylene  production ,  Granny Smith, Hosui, 
m aturity i ndices, noncl imacteric, propylene,  respiration rate. 
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Abbreviations :  ACC: 1 -aminocyclopropane-1 -carboxylic acid ;  AOA: 
aminooxyacetic acid ; G LC :  gas l iquid chromatograph; EFE :  ethylene-form ing 
e nzyme ; 

3.2 INTRODUCTION 

Based on observed respi ratory and ethy lene patterns du ring ripening,  
fru its can be  classed as climacteric (Kidd and West, 1 945) o r  nonclimacteric 
(Biale and Young,  1 947) .  D ifferent fruit and even different cu ltivars within a 
fru it species  may respond differently in  terms of the above defin itions 
depend ing on their matu rity or stage of ripening development at the time of 
harvest. Consequently process�s and enzym�1 normally associated with 

· �  
ripen ing such as those i nvolved ethy lene biosynthesis, respi ration and fru it ..�-
soften ing can be markedly different (Brady et al. , 1 987 ; Sacher, 1 973; Yang 
et al. , 1 986 ; Yang , 1 987) . Maturity and ripen ing indices were i nvestigated to 
aid selectio n  of fruit at the same physiological stage.  

For postharvest physiological research, i t  is  important to use 
experimental material which is of the same physiological age with known 
ripen ing patterns. Watada et al. ( 1 984) defined the termi nology for the 
descript ion of developmental stages of horticultural crops. The term, 
'physiological maturity' was defined as the stage of development when a 
plant o r  plant part wi l l  continue  ontogeny even if detached from the parent 
plant ; the ' ripening' was the composite of the processes that occu r from the 
latte r  stages of growth and development through the early stages of 
senescence which resu lts in characteristic aesthetic and food qual ity , as 
evidenced by changes i n  composition ,  colour, texture ,  or  other  sensory 
attributes. Reid ( 1 985) i ndicated that 'maturity' for fruits is defin ed as 'the 
stage at which a com modity has reached a sufficient stage of development 
that after h arvesting and postharvest handl ing i ncluding ripen ing ,  where 
requ i red,  its quality wi l l  be at least the min imum acceptable to the ultimate 
consumer' .  

A wide range of matu rity and ripening indices have bee n  evaluated for 
fruit species. The most com mo n  methods of assessing apple and pear 
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maturity i nclude size, f lesh firmness, soluble solids, starch content (iodine 
method ) ,  sugar content, ground colour, respiration rate, ethylene production ,  
i nternal ethylene concentration, titratable acidity, calendar date, number of 
days from ful l  bloom,  accumulated heat units, colour of seeds and 
development of fruit abscission layers (Kingston, 1 990 ; Reid, 1 985 ; Watkins, 
1 98 1  ) .  D ifferent species may have quite different suitable maturity indices 
(Ki ngston ,  1 990). 

Variations in  the time taken to reach matu rity arise fro m  a number of 
factors. Fruit are produced at many places within the tree canopy and this 
affects the amount of l ight, ambient temperature and endogenous hormone 
supply received by fruit (Kingston,  1 990). Maturity indices can vary from 
country to country, district to district and season to season probably as a 
result o f  e nvironmental variation (Chu ,  1 984; Reid et al. , 1 982 ; Shaw and 
Rowe, 1 982) .  Thus no one test can be used to predict fruit qual ity 
satisfactori ly; in fact generally a combination of factors is used i n  British 

� 
Columbia (Lau, 1 985l maturity indices used for pipfruit were the starch-
iodine test, internal ethylene concentration, flesh fi rmness, soluble solids and 
seed colour. The Apple Maturity Prog ram used in Washi ngton ,  USA, 
(Bartram ,  1 986) used flesh chlorophyl l level ,  ski n colour, fruit fi rmness, 
soluble solids, acidity, starch level and ethylene production .  Usual ly when  
th ree o r  four of these i ndices reach desired levels, harvest i s  in itiated . 

D ifferent species and cultivars of pipfru it show different ripening 
characteristics. On the basis of postharvest respi ration and ethylene 
product ion,  Suzuki et al. ( 1 981 ) and Kitamura et al. ( 1 981 ) classi fied some  
Japanese pear cu ltivars (Shinsu i ,  Kosui, Hosui, Yakumo and Kikusui)  and 
C hinese pear cultivars (Ya-l i ,  Rai-Yan-Tsu-l i  and Auto-l i )  as clim acteric, 
wh i le  other  Japanese pear cultivars (Nijisseiki and Niitaka) were classified as 
noncl imacteric. In the ir  work, respiration rate and ethylene production of 
Hosui fruit were tested at a high tem peratu re (30°C) without ethylene or  
propy lene treatment. Prel iminary experiments in  1 986 demonstrated that 
du ri ng  ripening, Hosui fruit from the DSIR Research Orchard i n  Nelson 
showed no respi rat ion and ethy lene peaks when maintai ned at 20°C for 20 
days after harvest (data not shown) .  lt has been reported that fruit l ike 
avocado can undergo the cl imacte ric on the tree (Sitrit e t al. ,  1 986). In o rder 
to clarify whether Hosui fruit grown in New Zealand is climacteric or non­
cl imacte ric, and whether fruit undergo a cl imacteric on tree, Hosui fruit were 



harvested at different times before what was regarded as the optimum 
harvest date , and were t reated with propylene  before measurement of fruit 
respiratio n  rate and ethylene production.  
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Studies i nvolving treatment of fruit with exogenous ethylene or 
pro py lene have i ndicated that fruit response to ethylene may serve to 
dist ingu ish whether fruit are cl imacteric or n ot (McMurchie et al. , 1 972) .  The 
response of harvested fruit to applied ethylene  depends on  various factors ,  
i nclud ing tissue sensitivity and stage o f  matu ration ,  as wel l  as whether o r  not 
the fru it is cl imacteric (Biale and Young, 1 98 1 ; Harkett et al. , 1 971 ; Kitamura 
et al. , 1 98 1 ; McGiasson ,  1 985). Application  of ethylene to nonclimacte ric fruit 
typical ly i ncreases the respiration rate ,  which , upo n  removal of the gas ,  
returns  to basal l evel ,  but it does not stimulate ethylene synthesis (Biale and 
Young,  1 981 ; Elkashif  et al. , 1 989). Propylene  is an active analogue of 
ethyle n e  which wil l  induce a half maximal response at 1 30 t imes the 
concentration of ethy lene requ i red to achieve the same di rect effect in apple 
(Sfakiotakis and Di l ley,  1 973a). Propylene has been used to stimulate the 
respiratio n  of  noncl imacteric and climacteric fruit as wel l  as the autocatalytic 
ethy lene production and ripen ing of cl imacte ric fruit ; this response is the 
same as that which occu rs after application of ethyl ene (Butler  and 
Bangerth ,  1 983 ; McMurchie et al. , 1 972 ; Eaks ,  1 980) . Neither  ethylene no r 
propylene  is able to stim ulate ethylene production of noncl imacteric fru it. By 
using propylene treatments, i t  is then known that any ethylene produced by 
the treatment is a resu lt of fruit response. 

McMurchie et al. ( 1 972) suggested that in  cl imacteric fru it ethylene 
biosynthesis is i nitiated by what they cal led ethy lene receptor system I .  I n  
th is system they suggested that the ethylene i s  produced at a low but 
constant rate and eventually reaches a level i n  the fruit sufficient to in itiate 
the respi ratory climacteric and associated ripening changes. The rise i n  
respiration  is accompanied by a further large increase i n  ethylene production 
due to the activation � development of ethylene receptor system 1 1 .  I n  the 
context of fruit ripen ing,  the change in sensitivity to ethylene can be 
i nterpreted as a change in development and of receptors. In a recent 
review, Yang ( 1 987) suggested that only System I exists i n  nonclimacteric 
fru it and immature clim acteric fruit i n  which ethylene or propylene can 
stimu late respiration rate, but not ethylene p roduction .  Yang postu lated the 
existence of a ripening inhibitor which prevents development of the System 1 1  
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receptor i n  immature climacte ric fruit. As the 'ripening inh ibitor', which 
desensitizes the fruit toward ethylene action and ripening, is i nactivated , the 
fru it tissue begins to develop a functional System 1 1  receptor. Together with 
the preexisting  ethylene,  an ethylene-system 1 1  receptor complex is formed, 
which in turn i nduces the development of ACC synthase, the rate- l im it ing 
e nzyme in ethyle ne biosynthesis (Hoffman and Yang, 1 980 ; Sitrit et al. , 

1 986;  Yang, 1 986) ; Yang ( 1 987) has suggested that the preexisting 
ethylene-system I receptor complex coordinates the development of EFE.  
Thus Yang ( 1 987) has postulated that fruit development (maturation )  can be 
regarded as a transition fro m  a nonclimacteric ( immature) state which lacks 
the System 11 receptor to a cl imateric (mature) state, in wbich the System 1 1  
receptor has developed. I n  this model ,  the difference between System I and 
System 1 1  ethyle ne production does not appear to l ie in the ethylene 
biosynthetic pathway, but rather in  the tissues abi lity to develop ACC 
synthase. 

In th is work EFE activity and response to C02 were i nvestigated in  
both Hosui and Granny Smith fruits which had been stored at low 
temperature .  lt has been widely reported that low temperatures can 
i nf luence fruit ripening behavior in  several different ways which may depend 
o n  species : (a) For most fruit, low temperature storage delays fruit ripening 
by depress ing respiratio n  and ethylene production (Metzidakis and 
Sfakiotakis, 1 989 ; Wi l ls  et al. , 1 986) ; (b) For European pears, fruit ripening 
does not occu r without low temperatu re treatments (Biankenship and 
R ichardson ,  1 985; Hartmann et al. , 1 987; Looney, 1 972) ;  (c) In peach ,  
nectari ne and other chi l l ing sensitive fruits, extended periods of low 
temperatu re cause chi l l ing i njury.  These fruits fail to ripen normal ly because 
of a loss i n  abil ity to synthesis ACC synthase when transferred to room 
temperatu re after storage (Anderson, 1 982) .  Therefore, i n  th is study 
respi ratio n  rate and ethylene production in the Japanese pear, Hosui ,  and 
apple ,  G ranny Smith, were measured in fruit that were stored at ambient or 
l ow temperatures after harvest i n  order to investigate effects of low 
temperatu re on their ripen ing behaviors .  

The maturation and ripen ing behavior of  Hosui and Granny Smith fruit 
were i nvestigated i n  several different ways :(a) Determination of the changes 
of differe nt maturity i ndices during development and maturatio n  in o rder to 
ensure that experimental fru it taken in different seasons were at the same� 
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� physiological stage when used i n  subsequent years ;  (b) Measurement of  
respiratio n  rate and ethylene production of  fruit harvested at several different 
dates before optimum harvest date in o rder to determine if fruit had reached 
the  cl imacteric on the tree ;  (c) Measurement of respiration and ethylene 
p roductio n  patte rns of  fruit kept at 2 1 oc or ooc after being harvested at 
optim u m  harvest date in  order to determine the effect of temperatu res on 
fruit ripen i ng characteristics ; (d) Determin ing the relationship between the 
o nset of respiration ,  ethylene  production  and EFE development to try and 
u nderstand the role of ethylene on fruit ripen ing and to see if ethyle n e  
synthesis was inh ibited by tree i nh ibitors ;  ( e )  Treatment o f  Hosui fruit, picked 
at different t imes before optimum harvest, with propylene and measu rement 
of respi ratio n  rate and ethylene production to check if th is cultivar of 
Japanese  pear was noncl imacteric when grown in  New Zealand.  

3.3 MATERIALS AND METHODS 

3.3.1 Materials 

3 .3. 1 . 1  Japanese pear (Pyrus serotina cv. Hosui) 

Fruit for the fol lowing experiments in  this chapter were harvested from 
Ruakura and Gisborne (See 'General Materials and Methods). All fru it 
requ i red for assessment of maturity parameters were evaluated fol l owing 24 
hour  equi l ibration at 2 1 oc. All other fruit were immediately placed at 1 °± 1 oc 
u nti l  used. 

3 . 3 . 1 .2 Apple (Malus domestica Borkh. cv. Granny Smith) 

Al l fruit were harvested from the Massey Fruit Crop U nit Orchard and 
were treated the same as for Hosui except the fruit for measurement of the 
starch i ndex (see 3 .3.2 . 1  ) .  

3.3.2 Methods 

3 .3 .2 . 1  Fruit maturity assessments 

On arrival of the Hosui f_ru it at Massey U niversity, Palmerston North or  
i m mediately after picking of Granny Smith fruit, ten sound fru it o f  equal size 
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were selected and placed at 2 1 oc to equi l ibrate for 24 hours before 
assessment. Skin colour, fi rmness and soluble sol ids were measured. I n  
1 989, i mmediately after harvest at the different dates, the starch index o f  the 
f lesh of Granny S mith apples were assessed. Al l methods for measuring 
maturity indices were described in 'General Materials and Methods'. 

3.3.2 . 2 Ethylene and carbon dioxide determination 

Single fruit were sealed in 5 X 600 ml  (Hosui) or 5 X 1 1  00 m l  (Granny 
Smith) jars at 2 1 °C for 1 -2 hours .  The length of time whe n  the jars were 
sealed depended on the amount of C2H4 (>0 . 1  ppm for Granny S mith apple) 
and C02 (>0. 1 %  for both fruits) that accumulated in jars. Two 1 ml  gas 
samples were withdrawn from each jar through a rubber septum with a 
gastight syri nge .  A one ml sample was used for both ethylene  and C02 
measu rements. Ethylene and C02 concentratio ns were measu red using 
GLC.  

I n  1 988, respiration rate and ethylene  production  of Hosui fruit were 
measu red with in  36 hou rs of harvest and having been transferred to Massey 
U nive rsity. 

After transferring from Manatuke to Palmerston North i n  1 989, five 
uniform Hosui fruit were selected from each of the different harvest dates 
and maintained for 24 hours at 21 ac before measuring respi ratory rates and 
ethylene production .  

I n  1 987, Granny Smith fruit were harvested and (a) stored at 2°C, 6°C 
and 1 5°C; (b) p laced i nto coolstore for 20 days at 1 °±1 °C before being 
transferred to 2°C, 6°C and 1 5°C. Al l fruit were equi l ibrated for 24 hours at 
these temperatu res prior to measuring respi ration rates and ethylene 
production .  

I n  1 988, respiration rate and ethylene  productio n  of Granny Smith 
apples were o n ly measured once with in 36 hours of harvest. 

I n  1 989 , G ranny Smith apples were harvested o n  20 Apri l ,  25 Apri l ,  4 
May and 1 8  May� After harvest fruit were placed at 2 1 °C, and fruit respiration 
rate and ethylene  production  were measu red at regular i ntervals over 20 



days. I n  another experiment, fruit were placed into coolstore at 1 o ± 1 oc 
i m mediately after harvest on 25 April and left for 20 days befo re being 
transferred to 2 1 oc, where respiration rate and ethylene production were 
measu red at regular i ntervals over 20 days in  o rder to investigate if low 
tem perature i nf luenced fruit respiration  and ethylene production .  

3.3.2.3  P ropylene treatment 

Hosui fruit were harvested from Hamilton at different dates i n  1 989 
(see Materials) . Five repl icate fruit fro m  each harvest were equi l ibrated at 
2 1 oc for 24 hours befo re treating with a current of humidified air-or a 
hum id ified gas mixtu re contain ing 0 .5% propylene in  air. Each fru it was 
placed i n  a 600 ml jar which was f lushed (flow rate : 1 5  ml/min)  with the 
appropriate gas.  Afte r  th ree days, gas flushing ceased and fruit were 
retu rned to air. For measuring the respi ration rate and ethyle n e  production 
du ri ng the propylene treatment, the gas flow to each jar was stopped , then 
g as samples were taken after 1 hour. C02 and c2H4 samples were taken ,  
and measurements were carried out  as described above. 

3 .3 .2 . 4  Measurement of EFE activity 
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I n  1 988, EFE activity of both Hosui and Granny Smith fruits was 
measured immediately after harvest . Discs were prepared accordi ng to the 
m ethod described in Chapter 2. Six discs in  each of 5 X 36 ml vials were 
i ncubated for 2 hours at 27°C with 3 ml K+-phosphate buffer (pH 6 .5) 
contain ing 1 m M  ACC and 1 mM AOA, then removed from solution ,  d ried o n  
paper tissues and sealed i n  36 m l  vials at 27°C for 1 hou r before ethylene  
product ion was measured by GLC. 

3.3.3 Data analysis 

Al l  data were analysed using as SAS computing program (SAS/STAT 
User's Gu ide) which generated means, standard errors, paired comparisons 
or multip le  compariso ns (Duncan) (Steel and Torrie ,  1 981 ) . 
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3.4 RESULTS 

3.4.1 Maturity indices 

Changes of fresh weight, flesh fi rmness, soluble solids, ski n colour, 
f ru it respiration rate and ethylene production for both Hosui and Granny 
Smith fruits were tested. Fruit skin colour  were assessed using the Japanese 
colour chart and the M I NOLTA Chromametre, L,a,b values for Hosui ,  and 
only L ,a ,b values for Granny Smith fruit. In addition ,  starch index was 
observed i n  G ranny Smith fruit (Table 3- 1 and Table 3-3) . 

3.4. 1 . 1  Hosui fruit 

During matu ration of Hosui fruit, fresh weight and soluble sol ids 
increased whi le flesh firmness and respiration rate decl ined (Table 3- 1 ). Skin  
colour 'a' value decreased from -2.52 at 26 days before harvest to  -3.44 at 
1 4  days and remained unchanged over the next 1 0  days before harvest, 
before increasing markedly in the 4 days immediately prior to harvest ( 1 2 
February, 1 989). As there was very l ittl e  change i n  the 'b' values,  the hue 
angle was calculated (see 'Appendix 1 ' ) ; the values obtained m ai nly 
reflected the change in 'a' values with a gradual i ncrease occu rri ng over the 
period from 26 to 4 days prior to harvest followed by a rapid and d ramatic 
reversal in the last 4 days before harvest. 

The magnitude of the changes of fresh weight and colour  g rade ( 'a' 
value) were greater than for the other indices tested. Over  the 26 days from 
1 7  January to  1 2 February, fresh weight increased more than th ree times 
from 60.85 g to 1 84.62 g, while skin colour became more russet, colour 'a' 
value  increased more than 2 t imes and Hue ang le became lower. Skin 
colour  as measured by the Japanese colou r chart showed s imi lar changes, 
with the colour grade changed from 1 -2 to 2-3 during this period (Table 3-1 ) .  
The most rapid change occurred i n  the  last 4 days before opti mum harvest. 
As it did i ncrease soluble solids from 1 1 .22% to 1 2 .25%, ski n colour 
changed as reflected in the increase in 'a'  values from -4. 1 3  to - 1 .08 and the 
decrease in hue angle from 97.56 to 9 1 .87, and respiration rate decreased 
from 1 1 .78 to 9.82 m iC02/Kg/h (Table 3-1 ) .  



Table 3 - 1 . Maturity indices of Japanese pear (Hosui) harvested at different 

t imee before optimal harvest date in 1 9 8 9 . 

Days li' . W .  Firmnes s  S . S .  Colour Skin Colour Re ap . 

before ( g )  (Newton) ( % )  grade - - - - - - - - - - - - - - - - - - - - - - - - - - - - rate 
harvest L a b Hue (m1C01 /Kg/h) 

n=1 0  n=1 0  n=10 n=1 0  n=1 0  Angle n=5 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

d a be ab b ab b a 
2 6  6 0 . 8 5 52 . 3 9  1 0 . 8 6  1-2 55 . 0 8 - 2 . 52 3 1 . 65 9 4 . 5 5 17 . 62 

c b be ab be b ab b 

1 4  1 1 8 . 2 9  3 8 . 1 1 1 0 . 5 6 1 53 . 7 6  - 3 . 4 4 3 0 . 3 6  9 6 . 3 6  12 . 5 6 

b c c a c a a cd 
1 1  1 6 5 . 2 6  3 1 . 8 3 1 0 . 0 0 1 57 . 6 8 - 4 . 22 32 . 6 9 97 . 3 0 1 0 . 17 

ab c b b c ab a c 

4 175 . 13 27 . 57 1 1 . 2 2 1 53 . 0 4 - 4 . 13 3 1 . 4 6 97 . 5 6 1 1 . 7 8  
a c a ab a ab c d 

0 1 8 4 . 62 27 . 37 12 . 2 5 2-3 53 . 8 7 - 1 . 0 8 32 . 0 5 9 1 . 8 7 9 . 8 2 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - -
Colour grades were obtained from Japanese Colour Chart . 
All values are means . Different letters within the s ame column represent 
s ignificant differences at the 5% level (Duncan ' s multiple comparison) . 

�. >· . 
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Soluble solids content and skin colour of Hosui fruit varied with district 
and between seasons (Table 3-2) .  In 1 988 and 1 989, fruit from both 
H am i lto n  and Manatuke were harvested at a colour grade between 2-3 as 
i nd icated on the Japanese colour  chart. Solub le sol ids content of fruit from 
H amilton in 1 988 and 1 989 were 1 1 .3% and 1 2 .27% respectively. I n  1 989, 
fruit fro m  Manatuke with a colour grade of 2-3 were much larger and 
contai ned lower soluble solids content ( 1 1 .52%) than fruit from Hamilton .  
Skin colour 'a' value  and hue  ang le for Hamilton fruit in  1 989 were -1 . 1 6 and 
92. 04 respectively. The 'a' value was higher, and the hue angle was lower 
than the values recorded in 1 988 from the same orchard for fruit harvested 
at the same colour  grade measured b_y the colour chart (Table 3-2) .  In 1 989 
fru it from Hamilton had a higher 'a' value, lower hue angle value and h igher 
soluble  solids content than fruit from Manatuke.  

3 .4 . 1 . 2 Granny Smith apple 

Starch i ndex of cortical tissue and respi ratory rate of Granny S mith 
apples increased during maturation (Table 3-3). Starch index increased from 
0 to 3-4 over the period tested. Respi ration rate increased from 3.99 to 8.47 
m iC02/kg/h in  the period 26 to 4 days before the optimum harvest date, with 
no  further change at harvest. Over the 26 days before optimum harvest date, 
fresh weight, so luble solids and respi ration rate increased and fi rmness 
decreased . In the final four days before harvest, fruit flesh fi rmness 
decreased fro m  42.48 to 36.54 (Newton) and soluble solids increased by 
1 0% from 1 1 .62% to 1 2 .77%. The hue ang le value decreased significantly 
because the 'b' value increased and the 'a' value remained unchanged over 
t hese 4 days i ndicating a yel lowing of the fruit (Table 3-3) . 

Comparing maturity indices between  three seasons, Hue angle value 
was lower i n  1 988 than in 1 987 and 1 989, but 'a'  value did not change with 
season (Table 3-4) . Soluble solids were higher in 1 989 than in 1 987 and in 
1 988. Firmness of fruit harvested in 1 988 and 1 989 was lower than i n  1 987. 
Whi le fruit weight were higher  in 1 989 than in 1 987 and 1 988. These data 
suggest that ski n  colour, especially 'a' value ,  may be a relatively stable index 
that could be of some value in developing a suitable harvest maturity index 
for Granny Smith  apples. 



Table 3-2 . Differences of maturity indices of Hosui f ruit from different 
orchards and in different seasons . 

Orchard Harvest F . W .  Firmness S . S .  

date (g) (Newton) ( % )  L 

a a b 

Hamilton 2 2 /2 / 8 8  1 8 7 . 65 2 5 . 2 1  1 1 . 30 5 0 . 63 

Skin 

a 

b b 
- 3 . 62 

Colour 

b 

a 

3 1 . 8 5 

Hue 
Angle 

9 6 . 4 9 

a 

Resp . 
rate 

(mlC02 
/Kg/h) 

5 . 77 

b 

a , B  a , A  a ,  A a , B  a , A  a ,  A b, B a ,  A 

Hamilton 1 2 /2 / 8 9  1 8 4 . 62 2 5 . 4 1 12 . 27 53 . 8 8 - 1 . 1 6 32 . 2 4  92 . 0 4 9 . 82 
A A B A B A A A 

Manatuke 7 /2 / 8 9  232 . 5 6 23 . 8 4 1 1 . 52 5 8 . 25 - 2 . 2 4 33 . 1 4 93 . 8 9 8 . 9 0 

. All values are means . Values within the same column not followed by a letter in 
common are s ignificantly different at the 5% level between different seasons in 
s ame orchard ( small letter) or between different districts in same season 
( capital letter) (paired comparison) . 

� -...,J 



Table 3-3 . Maturity indices of Granny Smith apples harvested at different times 
before optimal harvest date in 1 9 8 9 .  

Days Starch 
before grade 

harvest 

n=l O  

2 6  0 

1 4  0 

1 1  1 

4 2 - 3  

0 3 - 4  

F . W .  Firmness S . S .  Skin Colour 
(g)  (Newton) ( % )  - - -- - - ----- - - - - - - - - - - - - - - - - - - - - - - -

n=lO n=l O  

b a 
1 5 8 . 0 8 42 . 0 4 

ab a 
1 65 . 1 9 4 0 . 52 

ab a 

1 6 9 . 2 0 4 1 . 0 1 

n=1 0 

c 
1 0 . 5 9 

b 
1 1 . 7 0 

ab 
12 . 0 9 

L 

a 
55 . 43 

a 
5 5 . 9 8 

a 
55 . 2 3 

a a b a 
1 7 4 . 6 9 42 . 4 8 1 1 . 62 55 . 1 4 

a b a a 
17 6 . 7 3 3 6 . 5 4 12 . 7 7 5 6 . 9 9 

a 

n=lO 

c 
- 2 0 . 9 3 

a be 
- 2 0 . 0 7 

a 
- 1 9 . 3 6 

ab 
- 1 9 . 92 

be 
- 2 0 . 2 8 

b 

a 
4 1 . 6 4  

b 
3 8 . 6 6 

b 
3 8 . 2 9 

Hue 
Angle 

ab 
1 1 6 . 7 0 

ab 
1 1 7 . 4 6 

ab 
1 1 6 . 8 5 

b a 
1 1 7 . 7 8 37 . 8 8  

a b 
4 1 . 0 5 1 1 6 . 3 4 

Resp . 
rata 

(mlC0:2 
/Kg/h) 

n=5 

0 
3 . 9 9 

b 
4 . 7 3 

d 
3 . 42 

a .  
8 . 47 

a 
8 . 43 

All values are means . Different letters within the columns represent significant 
differences at the 5% level (Duncan ' s  multiple comparison ) . 

� CX> 



Table 3 - 4 . Differences in maturity indices of Granny Smith apples harvested at 
the optimal date in different seasons . 

Harvest F . W .  Firmness s . s .  Skin Colour 
date (g) (Newton) ( % )  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

L a b Hue 
n=lO n=2 0 n=2 0 n=2 0 Angle 

ab a b a a b a 
3 0 / 4 / 8 7  1 6 5 . 57 3 9 . 63 1 0 . 8 1 57 . 47 - 1 9 . 5 1 4 1 . 12 1 1 5 . 4 1 

b ab b a a a b 
2 7 / 4 / 8 8  1 5 4 . 2 0  3 8 . 2 6  1 1 . 1 4 54 . 4 9 - 1 9 . 9 9 43 . 9 1 1 1 4 . 45 

a b a a a b a 
2 5 / 4 / 8 9  1 7 6 . 5 8 3 6 . 5 9 12 . 57 5 6 . 37 - 2 0 . 2 9 4 1 . 33 11 1 6 . 1 9 

All values are means . Different characters within the same column represent 
s ignificant differences at 5% level (Duncan ' s multiple " comparison) . 

� lD 
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3.4.2 Respiration and ethylene production patterns 

3.4 .2. 1  Hosui  

In  1 989 Hosui fruit from Manatuke from 4 different haNest dates, we,·-e 

sto red for various periods of t ime at ooc prior to transferring to 2 1 oc where 
respi ration  was measured. As results from each haNest date were s imi lar, 
t he  data were pooled (Fig.3-1 ). The average respiration rate was 7.07 
m iC02/Kg/h over the 1 0 day test period. No climacteric respiration peak 
appeared and no ethylene was detected in the system over the 1 0 days of 
m easure ment. 

3 .4.2 .2 G ranny Smith apple 

I n  1 987 respiration and ethylene production of  Granny Smith fruit 
were measured at different temperatures, and thus the respiration rate and 
ethylene production were calculated as mgC02/Kg/h and ugC2H4/Kg/h. At 
low temperatures (2°C and 6°C) , fruit respi ration rates and ethylene  
production were suppressed (Fig.3-2) and no peaks occu rred. At 2° 
respi ration  rates (2.69 mgC02/Kg/h) did not change in the fi rst 4 days of 
storage, but i ncreased to 4.2 after 8 days and to 5.26 mgC02/Kg/h after 1 3  
days, with no change occurring over the 38 days test period. Ethyl ene 
production was not detectable at haNest.  After 8 days at 2°C, t race amounts 
of ethylene were produced, and ethylene production then increased 
g radual ly from 0.09 ugC2H4/Kg/h at 1 0  days to 2. 1 7  ugC2H4/Kg/h at 1 9  
days. Thereafter it remained at this level .  Compared with results at 2°C, fruit 
respiration and ethylene production at 6°C showed sim i lar patterns, but their 
quantities were higher. At 6°no change of respiration rate (3.2 mgC02/Kg/h) 
occurred during the fi rst 4 days storage.  lt increased from 4.91  at 8 days to 9 
mgC02/kg/h at 1 4  days, then remained unchanged over the 38 days test 
period when the average respiration rate was 9.28 mgC02/Kg/h. Fru it at 6°C 
did not produce any detectable ethylene during the fi rst 4 days of storage. 
Ethylene production g radually increased from 0.3 at 8 days to 20 .86 
ugC2H4/Kg/h at 38 days. Fruit stored at 1 5°C produced ethylene  and 
showed a typical cl imacteric ethylene peak (1 00 ugC2H4/Kg/h) at 22 days 
after harvest. The respi ratory rate increased immediately after harvest, 
reached a peak (20 mgC02/Kg/h) after 1 0  days, remained at this l evel for 
about 7 days before it decl ined slowly and erratically. The onset of the 
respirat ion cl imacteric occurred 3 days earl ier than ethylene (Fig.3-2) .  
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Fig .3-1  Respiration rate of Hosui fru it harvested 
from Manatuke ( 1 989) . Vertical bars ind icate 
the standard error. 
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Fig .3-2 Respiration rate (a) and ethylene production (b) 
of Granny Smith fruit at different temperatures ( 1 987) . 
Vertical bars indicate standard error. 
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Fru it which had been maintai ned at 1 °+ 1 oc for 20 days before being 
transferred to 2°C, 6°C or 1 5°C produced higher  l evels of ethylene and C02 
than fru it which were placed at the same temperatures immediately after 
harvest ( Fig.3-3). Those fruit also had shorter (at 2°C) or no t ime lag (at 6°C 
and 1 5°C) before the rise of respi ration. Fruit respi ration rate at 2°C did not 
change during the fi rst 2 days (6 .8 mgC02/kg/h) but increased from 7.93 
mgC02/Kg/h after 4 days to 1 1  .53 mgC02/Kg/h at 15 days, and remained at 
this l evel thereafter. Ethylene production  of fruit at 2°C did not change during 
the fi rst 4 days ( 1 5 ugC2H4/Kg/h) ,  slightly increased to 20 .6 1  ugC2H4/Kg/h 
at 22 days before decreasing to 1 6.57 ugC2H4/Kg/h at 37 days. Respiration 
rate of fruit measured at 6°C increased from 1 0 .99 mgC02/Kg/h at the fi rst 
day to 1 6.2 mgC02/Kg/h after 4 days, then did not change over the period 
tested (37 days) .  No change of ethylene production (23.8 ugC2H4/Kg/h) 
occu rred with in the 1 5  days after fruit were transferred from 1 °± 1 oc to 6°C. 
Ethylene production then i ncreased slightly to 30 .6  ugC2H4/Kg/h at 22 days 
and remained the same ove r  the period tested. Respiration rate of fruit at 
1 5°C increased from 20 .2 to 27 mgC02/Kg/h with in the fi rst 4 days, then 
remained at the same level for 1 1  days before gradually decreasing to 1 8  
mgC02/Kg/h at 37 days. Ethylene  product ion of Granny Smith rapidly 
i ncreased from 32.5 to 81 .2 ugC2H4/Kg/h with in the fi rst 2 days at 1 5°C and 
remained at the same level for 1 3  days. Thereafter ethylene  production 
i ncreased to 98.5 ugC2H4/Kg/h at 22 days before decreasing to 74 
ugC2H4Kg/h at 32 days. No change occurred from 32 to 37 days. 

I n  o rder to clarify whether Granny Smith apples undergo  a climacteric 
on the tree ,  fruit were picked on 20/4, 25/4 and 4/5 in 1 989 , and the 
respiration rate and ethylene production were measured immediately after 
harvest (Fig.3-4). Fru it produced low C02 (8-9 miC02/Kg/h) at harvest and 
the respiration rate decl ined in these fru it during 20 days at 2 1 °C. No 
respiration peak was found and no ethylene  was detected duri ng the test 
period. 

Respiration rate of fruit harvested on 1 8  May, 1 989 was 8.03 
miC02/Kg/h ; this increased steadily to 1 0.79 m iC021kg/h duri ng 9 days, but 
no obvious cl imacte ric peak occurred over  20 days at 21 °C. I n  contrast to 
earl ier  harvested fruit ,  ethylene production occurred withi n 2 days at 2 1 oc 
and i ncreased rapidly du ring the next 6 days ; this was followed by a slower 
rate of increase ove r  the next 1 0 days befo re a peak of 45.76 u iC2H4/Kg/h 
was reached after 1 7  days (Fig .3-5) . 
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Fig .3-3 Respiration rate (a) and ethylene production (b) 
of Granny  Smith fru its mainta ined at 2 , 6 and 1 5  C 
after transfer from 20 days at 1 ±1 C ,  in  1 987. Vertical 
bars indicate the standard error. 
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Fig .3-4 Respiratio n  rate of G ranny Smith fru it harvested 
on d ifferent dates ( 1 989 ) .  Vert ical bars indicate the 
standard error. 
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Fruit that was harvested on 25 Apri l ,  1 989 then stored at 1 °±1 °C for 
20 days before being transferred to 21 oc showed a respiration  response that 
was typical of cl imacte ric  fruit (Fig.3-6) .  Ethylene production and respiration 
rate i ncreased i m mediately on transfer to 2 1 oc and reached peaks of 91 .2 
u iC2H4/Kg/h and 1 4.9  miC02/Kg/h respectively after 5 days at 2 1 °C. I n  
contrast, fruit harvested on the same date and placed at 2 1 oc i m mediately, 
without a period of exposu re to 1 °±1 °C, showed a relatively low rate of C02 
p roductio n  (about 6 miC02/kg/h) ,  no respi ration peak developed and no 
ethylene was detected during measurement over 1 6  days (Fig.3-4). 

3.4.2 .3  Respiration  and ethylene production of Hosui fruit t reated with 
propylene  

The  in it ial respi rat ion rates o f  Hosui fruit harvested at five different 
t imes was less at each successive harvest date (Fig .3-7) . The postharvest 
respiratory drifts varied i n  fruit f rom different harvest, but reached a sa-me s. .-Jt.-· ;··..¥ 

l evel  of 7.6 m iC02/Kg/h (means) after 3-9 days. Respiration rate was 
stim ulated by propylene ;  the more immature the fruit, the greater the 
respiration  i ncrease induced. Respiration rate was increased i m mediately 
after  exposure of fruit to propylene and this stimulation was maintained as 
long as propylene was present. Removal of propylene resulted i n  a reduction 
of the respirat ion rate (Fig .3-7) . With the exception  of fruit from the f irst 
harvest (Fig.3-7a) , resp i ration had returned to basal levels 7 days after 
rem oval of propylene ( Fig.3-7b-e).  

P ropylene  treatment did not stimu late ethylene production above the 
basal l evels of 0 . 1  uiC2H4/Kg/h duri ng or after 3 days treatment of fruit from 
any harvest date. 
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3 .4 .2 .4 Respiration. ethylene production and EFE activity at harvest time 

Hosui  fruit harvested on the 22 February, 1 988 had a respi ration rate 
of 5. 76 miC02/Kg/h at 2 1 °C. Ethylene production was not detectable in this 
fruit , eve n  though EFE activity was present (5.67 niC2H4/g/h) (Table 3-5) . 

Respiration rate of Granny Smith apple harvested on 27 Apri l ,  1 988 
was 6.83 miC02/Kg/h ; neither ethylene production nor EFE activity were 
detectable (Table 3-5). 

3.5 DISCUSSION 

Some postharvest physiological research has been done on 
J apanese pear and Granny Smith fruits in an attempt to define  matu rity 
i ndices, fruit storage requ i rements and physiolog ical storage disorders of 
H osui (Kitamura et al. , 1 981 ; Lal lu ,  1 985a,b ;  Suzuki et al. , 1 981 ) and Granny 
S mith fru its (Reid et al., 1 982; Shaw and Rowe, 1 982; Watki ns, 1 98 1  ) ,  but 
there are very few, or conflicting reports on their  ripening characteristics . 

Suzuki et al. (1 981 ) measu red respiration rate and ethylene 
productio n  of  Hosui fru it at 30°C. Respiration ( 1 60 uMC02/1 OOg/h) and 
ethylene peaks (8-9 nMC2H4/1 OOg/h) were detected during measu rement. 
No detai ls were reported on how rapidly peaks occurred after harvest or how 
long they were maintai ned. Fruit was not exposed to ethylene or propylene 
with respi ration and ethylene production being measured after fruit harvest . 
They concluded that Hosui was a climacteric fruit in  Japan . No further work 
has been done evaluating the response of this cu ltivars to ethylene or  
propylene treatment in  order to confi rm that i t  was climacteric. No evidence 
has been fou nd in these experiments to indicate that Hosui g rown in 
Hami lton and Gisborne in New Zealand is a cl imacteric fruit as reported for 
th is cultivar i n  Japan (Suzuki at al. , 1 98 1  ). Respi ration  rate after harvest of 
fruit picked at a range of maturities showed a simi lar pattern , a gradual 
decl ine over time with no evidence of the rise i n  C02 production which is 
one of the  characteristics of climacteric fruit (Biale and Young ,  1 98 1  ) .  After 
harvest, low temperatu re storage did not induce respiration  and ethylene 
production  cl imacteric peaks in Hosui f ru it from Manatuke. P ropylene 
treatment (0.5%) " of fruit of different maturities stimulated respi rat ion rates 



Table 3 - 5 . ReBpiration rates , ethylene product ion and ethylene forming enzyme 
( EFE) act ivity in Hosui and Granny Smith fruits at harveBt time (in 1 9 8 8 )  . 

SpecieB 

Ho sui 
Granny 

Harvest 
date 

2 2 / 2 / 8 0  
2 8 / 4 / 0 8  

All values are means . 
ND :  not detectable . 

Respiratary 

rate 
(ml C02 /Kg / h r )  

n=5 

5 . 7 6 
6 . 8 3 

Ethylene 

production 
( u l  c2H 4 /Kg/hr) 

n=5 

ND 
ND 

EFE Activity 

('Ill c2n 4 /g/hr)  
n=4 

5 . 67 
ND 

(J) 
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with the i ncrease being more marked in the less mature fru it . Removal of the 
pro pylene resu lted in a decl ine in respiration rate. Propylene did not induce 
any ethylene production duri ng or after treatment. These results i ndicate that 
the m echanisms for stimulation of respirat ion and autocatalysis of ethyle ne 
production are d ifferent. These resu lts support Yang's model which suggests 
that ethylene acts by regulati� of ethylene biosynthesis in maturi ng and 
ripen ing fruit (Yang , 1 987). The model hypothesizes that i n  immature fru it 
and nonclimacte ric fruit ,  ethy lene or propylene bind to the System I receptor 
which in turn stimulates fruit respiration. When cl imacteric fruit are mature, 
they develop the  System 1 1  receptor which regulates autocatalytic ethylene 
production .  Because there appears to be no System 1 1  receptor in  
noncl imacteric fru it and immature climacteric fruit, autocatalytic ethylene 
production does not occur in  these fruit. 

Because G ranny Smith fruit harvested at different maturities o r  
exposed to  low temperature did produce respiratory and ethylene climacteric 
peaks, it is classi fied as a cl imacteric fruit . lt has been observed that cold 
storage was requ i red for ripening of some pipfruit such as European pears 
cv. d 'Anjou (B iankenship and Richardson,  1 985 ; Knee, 1 987) . Knee (1 987) 
also fou nd that EFE developed before the increase in ACC and ethylene 
production .  l t  i s  possible that ACC synthase and EFE development can be 
i nduced by low temperatu re (Knee, 1 987). The present results could indicate 
that low temperatures accelerated ethylene production i n  Granny Smith 
apples by stimu lating biosynthesis of both  ACC synthase and EFE. 

Dependi ng on the relationship between ethylene evolution and the 
respiratory rise ,  cl imacte ric fruit can be classified into th ree types (Biale  and 
Young,  1 981  ) .  I ncrease in ethyl ene production can (1 ) precede,  (2) coi ncide 
with o r  (3) fol l ow the respiratory rise. In these results, the onset of the rise in  
ethylene production of  Granny Smith apple occurred later than the 
respiration  cl imacteric. This suggests that G ranny Smith apple belongs to 
the  th i rd type.  lt is possible that a ' ripen ing inhibitor'pfesent.e in  this type of 
fruit and prevented autocatalytic ethylene synthesis (Yang, 1 987) . I n  1 987 
and 1 989, typical ethylene peaks occurred in Granny Smith fruit. Therefore 
whi le  Granny Smith apple may sti l l  be classified as a cl imacteric fruit, its 
in itial increase i n  respirat ion rate does not seem to be very sensitive to an 
ethylene increase ta. �receett Different respi ration and ethylene production . 
patterns of G ranny Smith apple in  1 987 and 1 989 might be explained by 
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different e nvironmental factors during the g rowing season prio r  to harvest 
which could possibly : (a) delay the development of enzymes i nvolved in 
ethylene  biosynthesis d i rectly, and/or (b)  i nduce some ripening i nh ibitors 
which i nh ibit autocatalysis of ethylene production (Rhodes and Reid, 1 975; 
Sfakiotakis and Di l ley, 1 973b) . 

Because of the difference i n  EFE development in  the two species at 
harvest time ,  the presenfor absence of EFE in fruit at harvest tim e  does not 
al low us to dist inguish whether fruit will subsequently ripen in a cl imacteric or  
noncl imacte ric manner. This result supports Yang's model ( 1 987) which 
suggested that EFE is regulated by the System I recepror which exists in 
both cl imacte ric and noncli macteric fruits. The main difference between  
c l imacte ric and noncl imacteric fruit i s  the  capacity for autocatalyt ic ethylene 
production  to develop in cl imacteric fruit as a result of the biosynthesis of the 
e nzyme ACC synthase i n  response to the presence of the System 1 1  
ethylene receptor. 

The study on aspects of maturity has been conducted on Hosui fruit 
from Hami lton and Manatuke, and Granny Smith apples from F ru it Crop 
U nits Research Orchard ,  Massey U niversity. I n  Granny Smith apple fresh 
weight, starch g rades and respi ration  rate i ncreased, whi le changes of skin 
colour, as expressed by hue angle decreased sign ificantly duri ng the stages 
of fruit development and matu rity. Skin colour 'a' value was not significantly 
different between seasons. In Hosui fruit, fresh weight and solu ble  solids 
i ncreased, and firmness and respiration rate decreased. Colou r g rades as 
measu red by the Japanese colour chart increased with maturity, and 
correlated highly with 'a' value and hue angle (Appendix 1 . ) .  These l im ited 
studies suggest that ski n co lour 'a' value ( L, a, b mode) and starch index for 
G ranny Smith fruit, and colour grade (Japanese colour chart) for Hosui fru it 
m ay be useful aids in the assessment of maturity. 

Both fruit, Hosui and Granny Smith apple harvested in 1 989 
contained h igher soluble sol ids and lower f irmness than those in 1 987 and 

. . .  
1 988. D ata on firmn ess, soluble solids and colour  i ndex (Tabl e  3- 1 ,  3-2 , 3-3 
and 3-4) suggested that i f  fruit had been harvested 4 days earl ie r i n  1 989 
the re wou ld have been no significant difference between the th re e  years i n  
these m aturity parameters. 

o o rucl\ v l l u vv �:;;u 1 1u ::>1� r u 1 rc..;a rn  amerence. 1 t  nas oeen snown tnat mcreasea 
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preharvest temperatures influenced the qual ity of kiwifruit (Hopkirk et a/, 

1 989) and grape (Coombe, 1 987 ; Koblet, 1 985) . lt is possible that because 
of enviro n mental factors during the growing season in 1 989 , fruit were more 
mature than those in 1 987 and 1 988. 

lt can be concluded that the Hosui, Japanese pear grown in New 
Zealand is a noncl imacteric fruit and that Granny Smith apple is a cl imacteric 
fruit. Skin colour for both fruit and starch index for Granny Smith apple were 
suitable maturity indices. Both fruit can ripen o n  the tree. Fru it respiration 
and ethy lene production can be varied by seasons and districts and affected 
by postharvest storage conditions. 
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CHAPTER 4 

D EVELOPMENT OF ASSAY M ETHODS FOR ESTAB LISHING 

ETHYLENE-FORMING ENZYME ( EFE) ACTIVITY 

4.1 ABSTRACT 
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In  this work, several methods for measuring EFE activity in vivo in 
fruit o f  Hosui and Granny Smith apple were tested. These i nvolved 
evalu ation ofJ_he effects of pH levels, sugars and their osmotic potentials in  
the m edium, and methods of saturating the tissue with ACC. 

D iscs produced wounds& ethylene at 4 or 2 hours after discs "er-e 

prepar�by cutting H osui or  Granny Smith fruits, respectively. 

The isotonic buffers of K+-phosphate or Na+-citric acid (pH 6.5) were 
tested. The isotonic concentration for mannitol solution was 0 .4  M. 

The saturating concentration of ACC for EFE activity was 1 mM fo r 
discs of both Hosui and Granny Smith fruits. The apparent Km values of 
EFE for ACC were 0 . 1 66 mM and 0 . 1 93 mM for Hosui and Granny Smith , 
respectively. Several methods were suitable for saturating fruit discs with 
ACC. They were : (a) incubation of discs in a medium wh ich contained > 1 
m M  ACC for 2 hours at 27°C ; (b) vacuum-infiltration of discs 3 times for 1 
m inute at 90 Kpa; (c) vacuum-infi ltration of discs for 1 ,  2 o r  3 m in at 90 Kpa 
in the medium at 27°C. EFE activity was measu red with in 2 hours. 

Three methods for measuring EFE activity were tested.  The most 
suitable method i nvolved saturation of the discs with ACC, then drying of the 
discs on  tissue paper, placing them into seal ed vials at 27°C for a 
appropriate period of time before measuri ng EFE activity. 

The pH experiment showed that the low pH treatment stimulated EFE 
activity in discs of G ranny �mith apple with in 1 hou�{reatment, then E FE 

(\ 
activity decreased. The optimum pH values of EFE i n  Granny Smith and 
H osui  fruits changed with fruit ripening. 
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Based on these results, a quick, reliable and consistent EFE assay for 
Japanese pear and apple has been developed. The effects of various 
measuring methods upon the activity of EFE was discussed in terms of the 
enzym e  location in vivo. 
Key words : ACC saturat ion,  buffers ,  EFE activity, EFE local ization, G ranny 
S mith , Hosui ,  isotonic, Km, pH, sugars, V max• wounding. 

Abbreviations: ACC: 1 -ami nocyclopropane-1 -carboxylic acid ;  AOA: 
aminooxyacetic acid ;  C H I :  cycloheximide ; EFE:  ethylene-forming enzyme;  
GLC:  gas l iquid chromatograph ; Km: the  Michaelis-Menton constant ; V max : 
the  m aximum reaction rate. 

4.2 I NTRODUCTION 

The conversion of ACC to ethylene is carried out by an oxidative 
enzyme or enzyme system which is general ly referred to as the ethyle ne­
formi ng e nzyme (EFE) .  So far the EFE in plant organs has not been isolated 
i ndependently of intact cel lu lar material (vacuoles, protoplasts or tissues) ; 
characterization of EFE has been  done only in vivo (Bouzayen et al. , 1 990 ; 
Guy and Kende, 1 984;  John et al. , 1 989 ; McKeon and Yang ,  1 987) .  
Membrane vesicles i n  juice squeezed from the pericarp of ripe kiwifruit 
possessed EFE activity which showed the essential featu res of the in vivo 

e nzym e  (Mitchel l  et al. , 1 988) . 

E FE activity in vivo is expressed by measurement of ethylene 
production from tissues which are saturated by ACC at m M  concentrat ions 
(Joh n  et al. , 1 989). E FE shows two main features in vivo: EFE activity 
requ i res membrane i ntegrity. Treatments which perturb m e mbrane integrity 
can i nhibit EFE activity (Apelbaum et al. , 1 981 ; John et al. , 1 989;  Porter et 

al. ,  1 986) and it has a relatively h igh affi nity for its stereoselective substrate, 
ACC (Hoffman et al. , 1 982).  The reported Km values for ACC are varied 
rang ing from 8.7 uM in dark grown Lemna Minor L. (Fuhre r, 1 985) , 61  uM in 
pea-leaf vacuoles (Guy and Kende, 1 984) , 66 uM in pea hypocotyl segments 
( McKeon and Yang, 1 984) , to 1 25 uM in ripe kiwi fru it (John  et al. , 1 989 ; 
M itche l l  et al. , 1 988) . 

Many factors can stimulate o r  inhibit EFE activity. They are l isted i n  
Table 4- 1 . From this review on the  effects o f  various factors on  EFE activity , 
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it can be deduced that EFE has a high sensitivity to various chemical and 
physical stimul i ,  high requirement for membrane integ rity and a high energy 
(ATP) requirement for action .  A range of various methods have been  
published for measuring EFE activity in  fru it and vegetative tissues, bu t  few 
9it"attempts have been made to compare and contrast these methods for 
consist�':tnd efficiency. At least 3 major types of variable may affect the 
efficiency of EFE quantification .  These indicate:  

(a)  Buffer, pH and osmotica: EFE activity has been measu red in various 
buffer, sugar and osmotic solutions with different pH values (see Table 1 - 1 ) . 
N o  report has been found to  i nvestigate o r  compare their effects or)_ 
measurement of EFE activity. 

(b) ACC incorporation :  Several methods for satu rating ACC have been used 
(see Table 1 -2) .  No work had been done to compare different methods for 
ACC incorporation into discs from different species. Vacuum-infi ltrat ion 
methods increase the amount and rate of ACC uptake and reduce the risk of 
disc aging , although it is possible that vacuu m  might induce membrane 
damage and thus reduce EFE activity. 

(c) EFE measurements : E FE activity has been measured in tissues floating 
in medium such as buffer and water; on  fi lter paper wetted with buffer ;  or  i n  
ai r with no buffer (see Chapter 1 ) . EFE catalyzes the conversion o f  ACC to 
ethylene and is an oxidative reaction. lt is necessary to test if these various 
methods give different results due to l imitat ion in  oxygen avai labil ity. 

The procedures that have been used to measu re EFE activity in both 
fruit and leaf materials are very varied and have not been quantitatively or 
qual itatively compared for a given plant material . Therefore prior  to 
commencing research to study the response of EFE to various condit ions, it 
was necessary to devise a quick, rel iable and consistent EFE assay 
procedure that could be used for Hosui and Granny Smith fruits. 



Table 4- 1 .  A listing of factors which influence EFE activity in plant tissues. 

Factors 

Osmotic shock 
Vacuum 
Wounding 

High temperature 
Cold shock 
Light 

Low 02 1evel 
Cell-wall degrading enzymes 
(Pectolyase and Caylase) 
U ncoupling of oxidative 

phosphorylation 
DNP (2,4-dinitrophenol 
CCCP (carbonyl cyanide 
m-chlorophenylhydrazone) 

Free radical scavengers 
n-propyl gallate 

Various inhibitors 
cobaltous ion 
a-aminoisobutyric acid 

Carbohydrates 

High C02 

The pH values 

Effects 

inhibition 
inhibition 
inhibition 

inhibition 
inhibition 
inhibition 

inhibition 

inhibition 

inhibition 

inhibition 

inhibition 

inhibition 
stimulation 

stimulation 
(activity) 
stimulation 
(synthesis) 
inhibition 
(synthesis) 
* 

* The optimum pH values could be a wide range. 
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4.3 MATERIALS AND METHODS 

4.3.1 Materials (See ' General Materials and Methods') 

tt;t ;,d.•c,l. 
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The t ime � experiments carried out were written in the titles of tables 
or figures. Fruit of maturity at harvest time, colour  g rade 2-3 (Japanese pear 
colour chart) ,  fruit weight 1 80±5g for Hosui ,  and 'a' value (-20±0 .5) ,  starch 
grade 2-3 and fresh weight (means:1 85g) for Granny Smith  were used for 
experiments. 

4.3.2 Preparation of fruit discs (See 'General Materials and Methods') 

4.3.3 Ethylene and carbon d ioxide measurement (See 'General Materials 

and Methods') 

4.3.4 Methods 

4.3.4. 1 Wound ethylene production by discs 

Six discs were placed in each of 5 X 36 ml vials and i ncubated in a 
shaki ng waterbath ( 1 20 strokes/min )  at 27°C . Ethylene concentrations i n  
vials were measured after 0.5,  1 ,  2 , 3 ,  4 ,  6 ,  8 hours incubation .  For each 
measu rement, vials were sealed for 30 minutes before withdrawing a 1 ml  
gas sample for ethylene measu rement using G LC.  Immediately after each 
sampling ,  vials were flushed with air for 20 seconds to prevent C02 
accumulation and then retu rned to incubate at 27°C unti l the next ethylene  
determination was required. 

4.3.4 .2 Isotonic solution assessment 

The osmotic potential of the tissue was determined us ing a 
g ravimetric method (Harker, 1 986). Five discs were placed i n  each of three 
petrif d ishes and i ncubated in  the buffers or mannitol solution  for 2 hours at 
27°C .  Buffers used were K2H P04-KH2P04 buffer (pH 6 .5 ) ;  and Na2HP04-
citric acid buffer (pH 6.5) (see Chapter 2). Mannitol (pH 6 .5) concentrations 
used were 0 .2 M, 0 .3 M, 0 .4 M and 0 .8 M for Hosui and 0 .4  M and 0.8 M for 
Granny Smith tissues. Fresh weight of each disc was �easu red accurately 
before and after i ncubation by electronic balance (Metter  PE 360) to obtai n 

(\ 
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an indication of the osmotic potential of the tissues. 

4.3.4.3 EFE activity in 0 .4  M or  0 .8 M mannitol solution at 27°C 

Six discs were i m mersed in each of 4 X 36 ml vials containing 3 m l  of 
0 .4 M or 0.8 M mannitol solution  which contained 3 mM ACC and 1 m M  
cyclohexmide (CH I ) ;  the vials were incubated for 2 hou rs at 27°C, before 
being sealed for 1 hour at 27°C when a 1 m l  sample were withdrawn fro m  
each vial for ethylene analysis by GLC. 

4 .3.4 .4 Comparison of methods for saturati ng fruit tissue with ACC 

To determine the concentration of ACC which satu rated Hosui and 
Granny Smith tissues, six discs were placed in each of 3 X 36 ml vials 
contain ing 3 ml of medium and i ncubated at 27°C for 2 hours. The medi u m  
contained K+-phosphate buffer (pH 6 .5) and a range of ACC concentrations 
(0, 0 .005, 0.02, 0 .05,  0 . 1 ,  0 .2 , 0 .5,  1 .0 ,  2.0 ,  5 .0 mM) .  Discs were then dried 
on tissue paper and each of six disc replicates were placed dry and sealed 
in each of 3 X 36 ml vials for a further 1 hou r  incubation at 27°C. A 1 ml 
sample was then taken from each vial and ethylene concentration was 
measured by GLC. 

To evaluate the most efficient method of saturating tissue with ACC, 
several methods were used to expose discs to a medium containi ng 5 mM 
ACC in  K+-phosphate buffer (pH 6.5) . 

The methods used were : 
(a) I m mersion method: as a contro l ,  discs were immersed i n  above medi u m  
for 2 hours at 27°C. 
(b) Vacuum-infi ltration  method :  Discs were i nfiltrated with the medium by 
vacuu m  (90 Kpa) fol lowed by i ncubation for 2 hours at 27°C. The vacuum­
i nfi ltration  t ime were :  

- 3  minutes ; 
- 2 minutes ;  
- 1 minute ; 
- I ntermittent-vacuu m :  1 min vacuum, then release, repeated for 3 t imes.  



(c) Discs were i ncubated i n  the medium for 2 hours at 27°C, then vacuum­
i nfi ltrated with the same medium. The vacuum-infiltration time  were : 

- 3  m inutes ; 
- 2 m inutes ; 
- 1 m inute ; 
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- I nterm ittent-vacuum : 1 min vacuum,  then release, repeated for 3 t imes. 

After treatment with ACC, discs were dried on tissue paper. Six discs 
were then sealed in each of 3 X 36 ml vials for 1 hour at 27°C before 
ethylene concentrationf i n  a 1 ml sample withdrawn from each vial , was 
m easured by GLC. 

4 .3 .4 .5 Comparison of th ree methods for measuring E FE activity 

To obtain the highest EFE activity, three methods for measuring EFE 
activity were tested. After saturation with 5 mM ACC by i m mersion of discs 
i n  the medi u m  for 2 hou rs at 27°C, six discs were sealed in each of 4 X 36 
m l  vials with the following conditions: 

(a) Discs were immersed in 3 ml medium.  
(b)  Discs were put on fi lter paper wetted by the medium.  
(c) Discs were dried on filter paper, then placed i nto vials contain ing no 
medium .  

After i ncubation for 1 hou r at 27°C, 1 ml gas was taken from each vial 
for ethylene  analysis. Fresh weight of the six discs from each vial was 
determ ined and EFE activity was expressed as niC2H4/g/h . 

4 .3 .4 .6 Optimum media pH for determination of EFE activity i n  Japanese 
pear and apple tissues 

To determine the optimum pH for EFE activity i n  Hosui and Granny 
S mith fruit discs, Na+ -citric acid buffer was used to obtain different pH 
values for the incubation media. The pH values used for Hosui discs were 
3.0,  4 .0 ,  5 .0 ,  5.7, 6.2 , 6 .5,  7.2, and 8.2 , while those for Granny S mith discs 
were 2 .5 ,  3 .0 ,  3.5, 4.0 ,  4.3, 4.8, 5.2, 5.7, 6.2, 7.2 and 8.2. 
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Six discs were saturated by incubation i n  each of 4 X 36 m l  v ials 
contain ing 3 ml of the buffer contain ing 5 mM ACC at each pH level for 2 
hours at 27°C, then vacuu m-i nfiltrated at 90 Kpa for 1 m in  to reduce the 
possible difference of ACC uptake caused by different pHs. Discs were then 
sealed i n  the same vials and i ncubated for 1 hour before 1 m l  gas was 
removed from each vial for ethylene analysis. 

The pH values in the media were measured before and after 
i ncubation. 

4 .3 .4.7 Time  cou rse of effect of pH levels on EFE activity 

Six d iscs were immersed and i ncubated at 27°C in each of  4 X 36 ml 
v ials contain ing 3 m l  Na+-citric acid buffer with 5 mM ACC.  The pH values 
used for Hosui discs were 6 .2, 7.2 and 8.2, those for Granny Smith d iscs 
were 4.0,  6 .2 and 8.2 . Ethylene concentrations were measured after 0.5, 1 ,  2 
and 3 hours i ncubation .  For each measurement, vials were sealed for 30 
m inutes before withdrawing a 1 ml  gas sample for ethylene measure ment 
using GLC. I m m ediately after each sampl ing ,  vials were flushed with air for 
20 seconds to prevent C02 accumulation and then retu rned to i ncubate at 
27°C until the next ethylene dete rmination was required when the procedu re 
was repeated. 

4.3.4.8 Effect of sugars on ethylene production and EFE activity 

The i nfluence of 0 .4  M sucrose , fructose , glucose, mannitol and 
sorbitol on E F E  activity and ethylene production was tested by addi ng each 
sugar separate ly to the incubation medium with (for EFE activity 
measurement) or without (for ethylene production measurement) 1 m M  CH I 
and 5 m M  ACC, respectively. For EFE activity measurement a K+­
phosphate buffer contain ing 1 m M  CH I and 5 mM ACC was used as a 
control . For ethylene production, the same buffer was used but without ACC 
and CH I .  The pH value  of al l solutions was 6.5. Six discs were placed in 
each of 3 X 36 ml  v ials contai n ing 3 ml of  the appropriate sugar solution for 
each treatment .  After satu ration of the discs with the appropriate media 
using the immersion method for 2 hours, discs were dried on tissue paper. 
Six discs were sealed and incubated in each of 3 X 36 m l  vials for each 
treatment for 1 hour at 27°C before a 1 ml sample was removed for ethylene 
analysis. 



4.3 .4 .9 Statistical analysis 

Data were analysed by Duncan's multiple comparison ,  pai red 
comparison and l inear regression (Stee l  and Torrie ,  1 986) using the SAS 
statistical prog rams (SAS/STAT User's Guide ,  Release 6 .03 Edition) .  

4.4 R ESULTS 

4.4.1 Wound ethylene production 
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Hosui f ruit discs did not produce detectable ethy lene in the fi rst 3 
hours after cutt ing (Table 4-2) .  After 4 hours incubation ,  t race amounts of 
ethy lene were produced which i ncreased to 5.3 and 7.24 n l/g/h after 6 and 8 
hours at 27°C, respectively. I n  Granny Smith ,  fruit discs p roduced ethylene 
i mmediately after cutting ; production increased to a maximum of 55.78 nl/g/h 
after 5 hours before decreasing to the in itial level after 1 0  hours.  

4.4.2 Isotonic solution for fruit d iscs 

Fresh weights of Hosui fruit discs i ncreased sign ificantly in 0.2 M and 
0 .3  M mannitol (Table 4-3) ,  but decreased in both Hosui and Granny Smith 
discs exposed to 0.8 M mannitol after 2 hour  incubatio n  (Table 4-3) .  No  
significant changes occurred i n  the  fresh weights of either  Hosui o r  Granny 
S mith fruit discs during the two-hour incubation in different buffers or 0 .4  M 
mannitol solutions at 27°C. This indicated that the K+-phosphate buffe r, the 
N a+ -citric acid buffer tested and the 0 .4 M mannitol solution  at pH 6.5 were 
isotonic for f ruit discs of both Hosui and G ranny Smith fruits (Table 4-3). 

4.4.3 EFE activity in 0.4 M and 0.8 M mannitol so l ution 

W�.5 
EFE activity in both &{ Hosui fru it and Granny Smith  fruits � 

higher  in  0 .8  M mannitol t han in  0 .4  M (Table 4-4). 



Table 4 -2 . Wound ethylene production by f ruit discs o f  Hosui and 
Granny Smith at 2 7°C ( 1 9 8 9 )  . 

Time 
( hour) 

0 . 5  

1 . 0  

2 . 0  

3 . 0  

4 . 0  

5 . 0  

6 . 0  

7 . 0  

8 . 0  

1 0 . 0  

Ethylene production (nl /g/h) 
Hosui Granny Smith 

0 

0 

0 

0 

t race 

b 
5 . 3 0 

a 
7 . 2 4 

cd 
2 3 . 93 

cd 
2 3 . 17 

c 
31 . 9 4 

b 
4 1 . 4 6  

a 
55 . 7 8 

b 
4 4 . 95 

cd 
2 3 . 31 
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*All values a re me ans (n=5 ) . Different characters within the s ame  
column represent s ignificant di fferences a t  the 5 %  level (Duncan ' s  
mult iple comparison )  . 



Table 4-3 . Fresh weight of Hosui and Granny Smith cortical discs incubated in 
different buffe.ro ( pll G . 5 ) n n d  rnnnnitol oolutiono (pJI 6 . 5 ) for 2 hours at 2 7°C 

( 1 9 0 0 ) . 

( a )  . llosui . 

ll'.roo h woight ( g )  

K+ Na & +  Mannitol solution 

Timo 
-pho ll phn t o  -oi trio o .  a M 0 . 4  M 0 . 3  M 0 . 2 M 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
a a 

initial 0 . 27 0 1  0 . 2 7 0 0  
a a 

final 0 . 2 0 0 0  0 . 2 0 3 0  

(b) . Granny Smith . 

K+ 
Time 

-phoBphate 

a a 
0 . 2 0 0 5  0 . 2 9 0 0  0 . 2 G 9 6  

b 

b a a 
0 . 2 4 1 0  0 . 3 0 4 4  0 . 2 97 9 

Fresh weight ( g )  

b 
0 . 2 9 1 5  

a 
0 . 3 3 5 6  

Na + Mannitol s o lution 

-citric 0 .  0 M 0 . 4  M 
- - - - - - - - - - - - - - - - - � - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

initial 

final 

a 
0 . 25 9 6  

a 
0 . 2 5 4 5  

a 
0 . 2 2 5 9  

a 
0 . 22 9 7  

a 
0 . 2 0 8 0  

b 
0 . 17 7 0  

a 
0 . 2 3 0 7  

a 
0 . 2 3 2 0  

*All values are means ( n=3 ) . Different characters within the s ame column for 
each fruit represent s ignificant differences at the 5 %  level between initial and 
final valueB (paired comparison) . -.....! U) 
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Table 4 - 4 . EFE a ctivity in fruit discs of Hosui and Granny Smith in 
0 . 4  M and 0 . 8  M mannitol s olution at 2 7°C ( 1 9 9 0 ) . 

Species 

Ho sui 

Granny Smith 

EFE activity ( n1C2H4 /g/ h )  
in mannitol solution 
0 . 4 M 0 . 8 M 

b 
5 3 . 34 82 . 61 

b 
9 0 . 12 1 2 5 . 1 8  

a 

a 

A11 values are means (n=4 ) . Different characters in the s ame line 
represent significant differences at the 5% level (paired 
comparison) . 

4.4.4 Comparison of d ifferent methods to saturate ACC 

In  Hosui  f ru it ,  E FE activity increased from 1 2 n l/g/h at 0 .02 mM ACC 
to 1 1 2 n l/g/h (Vmax) at 1 mM ACC concentrations (Fig .4- 1 ) . 1 n  Granny Smith 
apple ,  the activity i ncreased from 20 nl/g/h at 0.04 mM ACC to 1 03 nl/g/h 
(V max) at 1 mM (Fig .4-2) .  When ACC concentrations were h igher than 1 
mM,  EFE activity i n  discs of both fruits remained unchanged. Thus the 
saturated concentration  of ACC for EFE was 1 mM for both fru its. Results of 
a double reciprocal plot of EFE activity vs. ACC concentrat ions indicated that 
the apparent Km values of EFE for ACC were 0 . 1 66 m M  for Hosui and 0 . 1 93 
mM for Granny Smith  apple (Fig.4-1 and Fig . 4-2) .  

I n  som e  experiments, it i s  necessary to  use  a vacuum-in fi ltration method 
to e nsure that (a) the discs were saturated with ACC, quickly to shorten the 
experimentaJ period to m inimize disc ageing ; (b) ions as Ag+ and ea++ ions 
penetrated i nto the  fruit tissue ; (c) C02 or c2H4 were removed fro m  fruit 
tissue after treatment. D iscs were vacum-treated before or after a 2 hou r  
i ncubatio n  with the medium at 27°C to  determine  t he  effect of  vacuu m­
infiltration o n  EFE activity. 

mediQIII a�. 

No significant change of EFE activity occurred when discs of Hosui 
fruit were vacuum-i nfi lt rated with 5 mM ACC before or after  incubation 
compared with control discs which were incubated for 2 hours in  the same 
medium (Table 4-SA) . 
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Fig .4- 1 Double reciprocal p lot (a) and data (b) of EFE activity against ACC concentrations 
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Fig .4-2 Double reciprocal p lot (a) and data (b) of EFE activity against ACC 
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Table 4-5 . EFE activity of Hosui and Granny Smith fruit 
di scs after vacuum-infiltration of 5 mM ACC for 
di fferent periods of time ( 1 9 8 9 )  . 

(A) . Hosui . 

Treatment 

Control 

Vac . 3 min 

Vac . 2 min 

Vac . 1 min 

3 X Vac . for 1 

EFE activity ( nlC2H4 /g/h) 
Vacuum after Vacuum before 

incubation incubation 

a a 
50 . 84 5 0 . 8 4 

a a 
49 . 82 4 7 . 22 

a a 
49 . 68 53 . 33 

a a 
5 0 . 94 51 . 8 5 

a a 
min 4 9 . 2 6 53 . 6 1  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

(B)  . Granny Smith . 

a a 
Control 1 2 0 . 2 8 1 0 2 . 37 

a b 
vac . 3 min 134 . 13 97 . 7 1 

a c 
Vac . 2 min 1 2 8 . 1 4 91 . 4 3 

a be 
Vac . 1 min 124 . 1 9 9 4 . 7 4 

a ab 
3 X Vac .  for 1 min 1 2 0 . 9 9 1 02 . 32 

All values a re means (n=4 for Hosui , n=6 for Granny 
Smith) . Different characters within each column for the 
s ame  species represent s ignificant differences at the 
5 %  level (Duncan' s multiple comparis on) . 
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Granny S mith fruit discs, i nfiltrated with ACC by vacuum for 1 ,  2 and 3 
minutes before incubation had lower EFE activities than control fruit discs 
which were immersed in the medium for 2 hou rs (Table  4-58) ; there was no 
effect when discs were vacuum-infiltration after incubation .  

No sign ificant difference was found between the  EFE activity i n  
control discs and  i n  discs exposed to the i ntermittent vacuu m  treatments for 
either Hosui and G ranny Smith. 
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4.4.5 EFE activity measurement 

The most efficient method for measuring EFE activity was found to 
occur  after incubation  of discs i n  ACC followed by placement into a d ried vial 
for both Hosui and Granny Smith. This treatment was 1 0% and 1 4% more 
effective than when wet fi lter paper was used, and 63% and 47% more 
effective than when discs were ful ly immersed i n  the mediu m  for Hosui and 
G ranny Smith, respectively (Table 4-6). 

4.4.6 Effect of pH on EFE activity 

E FE activity i n  both species was inf luenced by pH of the incubat ion 
m ed ium (Fig .4-3 & Fig .4-4) . In Hosui fruit which had bee n  stored for 9 days 
at 1 °+ 1 °C, EFE activity was not detectable at pH 3 to 4; EFE activity 
i ncreased at pH 5 reaching a plate� of activity between  pH 5.5 to 6 .5, 
before fal l ing away at higher pH levels (Fig .4-3) . After 1 7  days storage at 
1 °±1 °C,  E FE activity i ncreased from 1 2.31 nl/g/h at pH 3 to a maximum of 
3 1 .77 nl/g/h at pH 6.5 ,  then fell to 1 9.49 nl/g/h at pH 8.2 (Fig .4-3) . 

Table 4 - 6 .  EFE activity in fruit discs of Hosui ( 1 9 8 9 )  and Granny 
Smith ( 1 9 8 8 )  a fter 2 hours incubation in 5 mM ACC followed by 1 hour 
immersion in medium, placement on medium impregnated filter paper or 
placement in air . 

Species 

Ho sui 

Granny Smith 

Immersion 

b 
4 1 . 7 0 

c 
1 0 2 . 55 

With filter paper Dry discs 

a a 
1 0 2 . 64 1 1 3 . 97 

b a 
1 4 0 . 95 1 63 . 93 

All values are means (n=4 ) . Different characters i n  the same species 
represent significant di fferences at the 5% level ( Duncan ' s  multiple 
comparison) . 
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Fig.4-3. Effects of pH on  EFE activity of Hosui fruit in 1 990.  Fruit were stored 
for 9 days (a) and 1 7  days (b) at 1 °± 1 °C; The pH values of medium were 
measured at initial and complete time of incubation i n  the medium in  (b) .  
Vertical bars indicate standard e rror. 
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I n  Granny Smith apples stored for 30 days at 1 °± 1 °C, EFE activity 
i nc re ased steadi ly from 27.94 at pH 3 to a maximum of 64. 1 0  n l/g/h at pH 6.0-
7 .0  before it fel l to 52.47 n l/g/h at pH 8.0. After 70 and 80 days storage at 
1 °+ 1 °C, EFE activity i n  fruit discs was 1 00% higher than i n  fruit only stored for 
30 days. Although the pattern of response to various pH levels was simi lar. I n  
fruit stored for 70  and  80  days at 1 °± 1 o c  activity i ncreased from 70 .44 at pH 3 
to  1 30.81 n l/g/h at pH 6.2 , then decreased to 1 1 1 . 1 9  nllg/h at pH 7 .2 before 
fal l i ng to 95.62 n l/g/h at pH 8 .2 (Fig .4-4) . 

I n  spite of the react ion taking place in  a buffered system, smal l  pH 
changes (0. 1 -0.3 pH un its) occtJrred in the medium during the 2 hour 
i ncubation at 27°C (Fig.4-3 & Fig.4-4). With Hosui discs, there was a s l ight 
i ncrease i n  pH when the in itial pH values of the medium were i n  the range 3.0-
5 .0 ;  there was no pH change when the i nitial pH was 5.7-7.2 (Fig.4-3). There 
was 0 . 1  pH un it decrease i n  the medium at pH 8.2 after 2 hours incubation.  
With Granny S mith discs, a sl ight increase in  pH developed when the i n it ial 
valu es of the mediu m  were 2.5-4 .0 ;  there was slight decreased (0. 1 pH unit) i n  
the  m edia pH after incubatio n  at pH 4.8-8.2 (Fig.4-4). 

E FE activity in  discs of Hosui fruit decreased duri ng the fi rst hou r of 
i ncubation although rate of decrease was different at different pH's. In  d iscs of 
G ranny Smith , EFE activity did not change during the first hour of incubation at 
different pH's. 

During the fi rst hour, EFE activity in  Hosui was the h ighest at pH 6.2 . 
After  2 hours i ncubation ,  EFE activity was not significantly different between 
discs i ncubated at pH 6 .2 , 7.2 and 8.2 (Table 4-7).  Compared with the 0 .5  hour 
i ncubation,  EFE activity after 2 hours decreased 54% at pH 6 .2 , 45% at pH 7.2 
and did not change at pH 8.2 . 

The i nitial E FE activities in  Granny Smith fruit during  the fi rst hou r after 
i m m e rsion were not significantly different for a given different pH's (Table 4-7). 
After 2 hours i ncubation ,  EFE activity was highest at pH 6 .2 and there was no 
sig nificant diffe rence in activity between pH 4.0 and 8.2. Compared with 0.5 
hour, E FE activity decreased 52% for pH 4.0 and 34.6% for pH 8.2 afte r 3 
hours i ncubation .  EFE activity did not change during 3 hours i ncubation at pH 
6.2 (Table 4-7). 
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Fig .4-4. Effects of pH on  EFE activity of G ranny Smith fruit i n  1 988. Fruit were 
stored for 30 days (a) , 70 days (b) and 80 days (c) at 1 °± 1 °C. The p H  values of 
medium were measured at i n itial and complete time of i ncubatio n  i n  the 
medium in  (b) .  Vertical bars indicate standard error. 



Table 4 - 7 . E�E activitt of lloaui ( 1 9 0 9 )  and Granny Smith ( 1 9 0 0 )  cortical diece 
after incubation in Na· ·-cit ric acid buffer containing 5 mM ACC of different pH 

values over 3 hours at 2 7°C . 

PH values 
0 . 5  

Ho sui 6 . 2  6 3 . 0 4 

7 . 2 4 4 . 7 0 

0 . 2 2 4 . 0 9 

Granny Smith 4 . 0  132 . 5 5 

6 . 2  1 0 3 . 7 0  

0 . 2  9 9 . 3 0 

Eli'E activity (lllC2n 4 / g / h )  
after time ( hours ) 

1 . 0 2 . 0  

a ,  1\. a , B a , c  
3 9 . 3 9 2 9 . 2 5 

b , A b , B a , B 
2 4 . 2 4 2 9 . 4 6 

c ,  1\. c , B a ,  1\. 
1 0 . 1 0 2 4 . 2 4 

a '  1\. a ,  A b , B 
1 2 0 . 92 0 5 . 8 3 

a ,  1\. b, A . a ,  A 
1 0 5 . 9 9 1 0 3 . 7 2 

a ,  1\. b , A b , A 
9 1 . 3 9 7 9 . 3 0 

3 . 0  

a , D  
1 7 . 2 6  

a , B 
2 4 . 1 1 

a , AB 
2 0 . 9 9 

b , B 
63 . 5 0 

a ,  A 
92 . 97 

b , B 
6 4 . 9 4  

All values are means (n= 4 )  . Different small characters within the s ame column o r  
different capital characters i n  the same line for each species represent 
s ignificant differences at the 5 %  level (Duncan' s multiple comparison) . 

CX> CX> 



4.4.7 Effects of different sugars (0.4 M) on EFE activity and ethylene 

produ ction from fruit discs 
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I n  this experiment, C H I ,  as a protein synthesis inhibitor was added to 
the m edium for EFE activity measurement in  order to prevent the synthesis of 
new e nzymes duri ng the testing period. 

Compared with the K+-phosphate buffer, sugars stimu lated ethylene  
production and EFE activity in  discs from both fruit (Table 4-8) .  Hosui fruit 
discs did not produce detectable ethylene in  K+ -phosphate buffer. I n  sucrose 
and g lucose solutions, ethylene production was more than 7 n l/g/h , while i n  
fructose, mannitol and sorbitol solutions, i t  was half this. EFE  activity o f  Hosui 
fruit was approximately doubled when each sugar was added to the incubation 
med ium.  There were no significant differences i n  EFE activity between the 
different sugar treatments (Table 4-8). 

In buffer solution Granny Smith fruit discs produced a small amount of 
ethylene  (4.92 n l/g/h) ;  in addition EFE activity was higher  at 96 .61  n l/g/h (Table 
4-8) . Ethylene production and EFE activity were stimulated 2-3 fold by 
i ndividual sugars (Table 4-8). Glucose treatment produced sign ificantly less 
ethylene  than other  sugars. Fructose was slightly less effect on stimulat ing 
EFE activity than the other sugars tested. 

4.5 DISCUSSION 

Ethylene production in  plants can be stimulated by various 
environmental factors, e.g.  wounding , physical load (bruisi ng ,  
mechanical/physical damage) ,  disease, drought, wate r-logg i ng,  chi l l ing 
tem perature and exposure to various chemicals, al l of which result in 
production of stress-induced ethylene (Abeles ,  1 973) .  

Wounding i s  one of t he  most common factors i nduci ng ethylene  
production in  plants (Abeles, 1 973) . I n  this work, there were different 
responses in  wound ethylene production from Hosui and G ranny Smith f ruits. 
Fruit discs of Hosui ,  a nonclimacteric fruit, produced trace amounts of 
ethyle ne, but only 4 hours after excision .  Ethylene production was sti l l  low but 
continued to i ncrease gradually even after 8 hours. I n  discs from Granny Smith 
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Table 4 - 8 . Ethylene product�on and EFE act�v�ty of Hosu� and Granny 
Smith fru�t �scs immersed for 2 hours �n 0 . 4  M sugar solut�ons at pH 
6 . 5  ( 1 9 8 9 ) . 

Spec�es Treatment 

Hosu� Control 

Sucrose 

Fructose 

Glucose 

Mann�tol 

Sorb�tol 

Granny Smith Control 

Sucrose 

F ructose 

Glucose 

Mann�tol 

Sorb�tol 

Ethylene product�on 
(nlC2H4 I g /h) 

c 
0 

a 
7 . 2 7 

b 
3 . 62 

a 
8 . 4 5 

b 
3 . 4 0 

b 
3 . 21 

c 
4 . 92 

a 
12 . 8 4 

ab 
1 0 . 2 6 

b 
9 . 3 4 

ab 
1 0 . 5 9 

ab 
11 . 4 7 

EFE act�v�ty 
( n1C2H 4 /g/h) 

b 
4 7 . 1 8 

a 
9 6 . 4 8 

a 
8 6 . 8 6 

a 
8 7 . 4 5 

a 
9 2 . 0 1 

a 
9 2 . 32 

c 
9 6 . 61 

ab 
1 7 1 . 62 

b 
1 6 3 . 51 

a 
1 8 0 . 4 2 

a 
1 8 3 . 9 0  

ab 
1 6 9 . 3 5 

All values represent means ( n=3) . D�fferent characters w�th�n the same 
column for the s ame  spec�es represent s�gn�f�cant �fferences at the 
5% l evel (Duncan ' s  mult�ple compar�son ) . 

apples,  a climacte ric fruit, ethylene was produced immediately after cutting,  
i ncreasing to a peak of 55.78 nl/g/h after 5 hours, then decreasing to i nitial 
product ion l evels after 1 0 hours. 

S ince the discovery of the role of ACC in  ethylene synthesis by 
Adams and Yang ( 1 979) and Lussen et al. ( 1 979) ,  the ACC pathway has 
been establ ished as a major route for ethy lene biosynthesis in  higher  p lants 
(Yang and H offman,  1 984) . I n  this pathway, ACC synthase,  which catalyzes 
the conversion of S-adenosylmethionine (SAM) to ACC, is the key enzyme .  
l t  can  be i nduced by  various �i nds of stimul i ,  i ncluding wou nding,  and its 
i nc rease is associated with the i nduction of ethylene synthesis (Boi ler and 
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Kende, 1 980 ; Kende and Boi ler, 1 981 ; Saltveit and Di l ley, 1 978a) . Wounding 
stimulated biosynthesis of ACC synthase because the activity of ACC 
synthase in wounded pericarp of green and ripening tomatoes decl ined 
when CH I  (a m RNA coding i nhibitor) was added to the incubatio n  medium 
(Hyodo et al. , 1 989 ; Kende and Boi ler, 1 98 1  ) .  The present resu lts showed 
that wound ethylene was produced more rapidly and in large r  amounts i n  
wounded tissue from Granny Smith, a climacteric fruit, than from wounded 
H osui as a nonclimacteric fruit. lt might cause by m RNA coding for ACC 
synth� �i(oweh�"'::Hosui than in Granny Smith fruit. 

The experiment usi ng different osmoticum showed that 0 .4 M sugar 
was the isotonic concentration for discs of both Hosui and Granny Smith 
fruits, and EFE activity in discs of both fruits was higher in  0.8 M (h igh 
osmotica) than in  0.4 M ( isotonic) mannitol solution .  These results were 
similar to those found by other workers. B i r  and Bramlage ( 1 973) found that 
ion leakage from apple fruit tissue (Richared Del icious) was min im ized in  
solutions of  0 .3  M to  0.7 M sucrose , and Ferguson and Watkins ( 1 981 ) ,  and 
Harker ( 1 986) used 0.3 M and 0 .35 M sucrose to protect cells in  G ranny 
Smith fruit t issue from rupturi ng . John et al. ( 1 989) found that EFE activity 
was higher  i n  an 0.8 M solution than i n  0 .4  M, and reported that the  
maximum EFE activity i n  kiwifruit was at 0 .7  M mannitol o r  greater ;  however 
the reason why EFE activity was completely lost when osmotic support was 
removed was not understood. lt has been suggested that EFE activity 
requires a close associatio n  of particular su�-cel lular organel les that are 
maintained within an osmotically sensitive membrane vesicle (John  et al. , 

1 989) or an envi ronment� where transmembrane gradients of ions o r  
electrical potential exist (John,  1 983) . 

Carbohydrates ,  including sucrose, galactose, sorbito l ,  f ructose , 
glucose , and mannitol have been shown to enhance ethylene  production by 
stimulat ing ACC synthase activity and conversion of ACC to ethylene in  
various vegetative tissues, such as leaf discs (Meir et  al. , 1 985;  Phi losoph­
Hadas et al. , 1 985 ; Riov and Yang ,  1 982) and mung bean hypocotyls 
(Colclasure and Yopp, 1 976) .  Galactose stimulated ethylene  p roduction  of 
tomato fru it ,  but sucrose , fructose , g lucose and sorbitol did n ot (Kim et al. , 

1 987). I n  the present experiments, all sugars tested stimulated EFE activity 
i n  discs of both fruits, and no significant difference of EFE activity was 
observed between diffe rent sugar treatments. However etnyle n e  production . 
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of H osui discs treated with sucrose and g lucose �� higher than those 
treated with other sugars .  Ethylene production of Granny Smith discs treated 
with g lucose was lower than those treated with other sugars. lt has been 
reported that mannitol and sorbitol did not penetrate, or  only slowly 
penet rated the plasma membrane, while other sugars moved more rapidly 
across cell membranes (Berl iner  and Marti ndale, 1 981 ; Evans and Ti ng , 
1 973;  Ruesink, 1 978). Bouzayen et al. ( 1 990) suggested that EFE i n  g rape 
is p robably located i n  both the tonoplast and the plasma membrane.  Thus 
the present results might be i nterpreted to i ndicate that (a) all sugars tested 
stimu lated EFE activity (tested by adding saturated exogenous ACC) located 
i n  the plasma membrane ;  (b) some sugars (e.g. glucose for Hosui  and 
sucrose for Hosui and Granny Smith) stim ulated ACC synthase activity more 
than others, and (c) those sugars penetrat ing into the cytoplasm,  cou ld 
stimu late activity of the EFE (only l imited endogenous ACC avai lable) 
l ocated at tonoplast, thus they would stimu late ethylene productio n  more 
than other  sugars. The mechanism of the stimulative effect of sugars on  
ethylene production i s  unknown although it has been suggested that sugars 
stimu late the enzymic hydro lysis of i ndole-3-acetyl-1-alanine  to produce IAA 
which i n  turn stimulates ACC synthase (Meir  et al. , 1 989). 

The tim ing of vacuum- infiltration of ACC had a sign ificant effect on  
EFE activity in  Granny Smith fruit discs, but not i n  Hosui fruit discs. 
In fi ltration before incubation  reduced EFE activity in  discs of G ranny Smith 
fruit compared with infiltrat ion after incubation .  EFE activity was h igher in 
discs of both fruits kept dry after incubatio n  than those immersed in medium. 
l t  is l i kely that these treatments reduced the avai labil ity of 02 to the active 
site of EFE either by reducing 02 levels at the surface of discs (i mmersion) 
o r  by reducing 02 levels within discs (Rajapakse et al. , personal 
com m un ication) .  Low 02 concentration i nh ibited the formation of C2H4 from 
ACC and it is possible that vacuum-infi ltrat ion and immersion of tissues may 
result i n  i ,nternal 02 levels being low enough to reduce ethylene production 
(Saltveit and Di l ley, 1 978b) . Burg and Thi mann ( 1 960) have shown that EFE 
activity is reduced by vacuu m  treatment which was thought to have 
damaged membranes to which the EFE may have bound. 



93 

different ratios in the tonoplast and plasma membrane in discs of Hosui and 
Granny Smith fruits, and that these two sites had different sensitivities to 
vacuum treatment and 02 levels in tissues. The ratio of forms of EFE on the 
tonoplast/plasma membrane might be higher in  Hosui than in G ranny Smith .  
This result supported to the idea that EFE may be located at  different sites i n  
the cell (Bouzayen et al. , 1 990) .  

l t  has been suggested that EFE activity requires a t ransmembrane 
proton gradient (John ,  1 983;  Mayne and Kende, 1 986) . I n  isolated vacuoles, 
E FE activity depended upon the pH of the suspending medium ,  and 
ionophores, such as valinomycin,  nigericin ,  and A231 87, i n hibited ethylene­
stimulated ethylene formatio n  (Mayne and Kende, 1 986). In the present 
work, EFE activity in Granny S mith fruit tissue was stimu lated by low pH 
values (pH 4 .0)  with in a short t ime (1 hou r) after excision ,  but thereafter 
activity decreased. Simultaneously, pH values in the incubating mediu m  
i ncreased. E F E  activity i n  discs of both fruits were lower at higher pH (8.2) 
than at lower pH (< 8.2) with in  0.5 and 1 hour incubation.  Simultaneously, 
pH values in the incubating medium for discs of both fruits decreased 
sl ightly. The stimulation of E FE activity by low pH may possibly be a resu lt of 
a temporary i ncrease in the transmembrane proton gradient which then 
abates due to various i nternal regulatory mechanism, such as i ntracel lu lar 
buffers, ATP-dependent H+ transport and bicarbonate uptake (Smith and 
Raven, .1 979 ; Hager and Maser, 1 985) . The inhibition of EFE activity by h igh 
pH in both fruits might be caused by the opposite effects of  low pH.  

Compared w i t h  E F E  activity a t  opt i m u m  p H ,  after 2 h o u rs i ncubation at 
l t iy l t  pi  I (B .2 )  E F I-:  act iv it y in l l osui  was no siu ni f ica 1 1 t d i f fe re n t ,  hut WCI S 
sl ightly lower i n  G ranny S m i t h .  For bot h fru i ts ,  the opt i m u m  pH for E F E  
occurred over a wide ra nge a fter long t i m e  i ncubation (2 hours ) .  Some 
workers ( Sm i th a nd Haven , 1 979 ; Felle , 1 987 ; Robe rts,  et al. , 1 984 ) reported 
that cytoplasmic pH is mai ntained wi t h i n  fairly narrow l im its,  a l though i t  can 
chai tge up to 0 . 5  u n i t s  due to variot ts e n v i ro n rne n tCll or metabol ic i n flue nces 

without serious damage t o  cell funct ion.  The present resul ts m i g h t  suggest 

that t here was a high car>acity for bu fferi ng in cel ls from bot h Hosui and 
G ranny S m i t h  fruit  discs. As t he E F E  act ivity measu red in vivo a f t e r 2 hours 
i ncubation was· simi lar i n  a l l  3 r>H t reat ments,  th is  m i g h t  i ndicate t ha t  t h e  
cytor> lasmic p H  ei ther d i d  n o t  change i n  response t o  e x t e rnal  pH changes or  
that i n  the 2 hours i ncubat ion period the cytoplas 1 1 1 ic p ll  reversed to t i le 
optimum value (pH 6 .5) from t he h ig h e r  o r  lower pH's i n  the e x per imental  
t nediun l .  T he o p t i mu m p i I for EFE i n  G ra n ny Smith 
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m ig ht be sl ightly lower than that i n  Hosui ,  and it took longer time to return 
back from pH 8.2 to the optimum pH, thus after 2-3 hours i ncubation at pH  
8.2 EFE  activity in Granny S mith was sti l l  sl ightly lower than at optimum pH .  

This work has shown that E FE activity i n  both Hosui and  Granny 
S mith fruit discs can be markedly affected by a range of varied treatments. 
D ifferent sugars, which may or may not penetrate into cytoplasm ,  uni formly 
stimu lated EFE activity (with exogenous ACC) without significant difference ; 
H ig h  osmotic medium (0.8 M)  increased EFE activity compared with isotonic 
medium (0.4 M).  EFE activity decreased during the 2 hours fol lowing 
vacuum treatment, was affected by the pH in  the medium and E FE showed 
the differential sensitivity to low 02 levels in the medium.  Those results 
suggest that it is possible that there may be different forms of EFE in vivo 

which could be located at the plasma membrane and at the tonoplast. The 
range of Km values of EFE that have been obtained by other authors from 
different p lants might be caused by different aff in ity for ACC due  to the 
isozymes of the EFE or  different forms duri ng the various ripen i ng stages 
between species. Various sugars, h igh osmotic potential , vacuu m  treatment 
and different pH's might readi ly inf luence the EFE located at the plasma 
membrane .  This suggestion may appear to conflict with the kinetic analysis 
i n  which o nly one apparent Km value of EFE for ACC was attained in both 
fruits. These could be several reasons for this result. Because EFE activity 
was measured in vivo, the apparent Km values may have rep resented the 
combined Km's for different EFE forms or perhaps the different forms of E FE 
may have the same apparent Km values. lt is also possible that one  EFE 
form may have had a very low Km, which was not easy to assay in vivo in 
the experimental system used. 

From the present resu lts the fol lowing procedure provides the more 
s imple ,  consistent and effective method of assaying for EFE i n  Hosui and 
G ranny S mith fruit discs. Discs incubated for 2 hours ;  vacuu m-infi ltrated for 
1 m inute with isotonic buffer o r  0 .4 M mannitol solution (pH 6 .5) contain ing 
3-5 m M  ACC,  dried on paper tissue and sealed i n  36 ml vial at 27°C for 0.5-
1 hours before a gas sample is removed for ethylene  analysis measured by 
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GLC. For optimum pH experi ment, EFE activity has to be m easured i n  fruit 
discs i m mersed in the medium with different pH,  in case pH changed by 
i ntracel lu lar buffers (Smith and Raven, 1 979 ; Mayne and Kende,  1 986). 
Cycloheximide ( 1  mM) would need to be added to the medium in  order to 
differentiate betwee n  treatment' effects on EFE synthesis or activity. 
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CHAPTER 5 

EFFECTS OF CARBON DIOXIDE ON EFE (ETHYLENE-FORMING 

ENZYME) IN HOSUI AND G RANNY SMITH FRUITS 

5.1 ABSTRACT 

1 01 

I n  both � Hosui and Granny Smith fru its , EFE activity was stimu lated 
by C02 . In Hosui fruit, EFE activity remained u nchanged upto 5% C02, but 
i ncreased with C02 levels which were higher  than 5%. In G ranny Smith fruit, 
EFE i ncreased g radually as C02 i ncreased from 5 to 30%. 

Characteristics of EFE development at l ow temperature (1 °± 1 °C) and 
the response to C02 (20%) treatment were tested. The resu lts 
demonstrated that EFE developed with storage time at 1 °+ 1 oc in both fru its . 
EFE i n  short-term storage Hosui and Granny Smith fruits were more 
sensitive to C02 treatment than long term storage fru its. When Hosui fru it 

. were stored at 1 °± 1 oc for long pe riod, C02 no longer stim u lated EFE 
activity, but i n  Granny Smith fruit stored for 1 76 days at 1 °± 1 °C, C02 sti l l  · 

stimulated EFE activity. 

Treat� discs with cycloheximide showed that C02 i nduced EFE 
biosynthesis in  Granny Smith apple stored for short term, but  no{frrH:S�'Gf; 

" 
fruit. 

Several different methods were used to analyse ki netic data from the 
i nteraction of C02 and ACC or EFE activity. Results i ndicated that the EFE 
i n  both fruits was probably not an allosteric e nzyme because the plot of 
log [V/(V max-V)] vs. log [S] gave nH values that were around 1 .  C02 
i ncreased the Vmax of EFE in  discs of Hosui and Granny S mith fruit without 
changing the apparent Km values of EFE for ACC significantly. 

EFE activity in Hosui fruit discs was stimulated by C02 only when 
AGO was added exogenousfAt. c wa 5 &�. ��� .... '.J"'t.li . 

EFE activity was lower i n  an isoton ic mannitol solution (0 .4 M)  than it 
was at 0.8 M,  but C02 stimulated EFE activity in  discs of both Hosui and 
G ranny Smith fruits in 0.4 M mannitol , but n ot in  a 0.8 M solution .  
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E FE activity and the response to co2 were pH-dependent in  fru it 
d iscs of Granny Smith. At pH 6.2 ot:E:PE ,  the stimulat��tcentage of E FE 
activity by C02 was the lowest. 

J., y �-f, Of cl ..1 :C 
The present results can be explained �02 stimulate the  

activity of  EFE located i n  the  plasma membrane .  The possible mechan ism of 
the  stim ulatory effect of C02 on EFE activity may be that C02 combined 
with EFE or  ACC to form a C02-EFE-ACC or EFE-ACC-C02 complex which 
enhanced the maximum reaction rate of conversion of ACC to ethylene .  

Key  words. ACC, AOA, carbon dioxide, CH I ,  EFE,  ethyle n e  production ,  
G ranny S mith ,  Hosui ,  Km, pH, V max· 

Abbreviat ions : ACC, 1 -aminocyclopropane-1 -carboxylic acid;  AOA, 
ami nooxyacetic acid ;  CH I ,  cycloheximide ; EFE, ethylene-formi ng enzyme ;  
Km, t he  Michaelis-Menton constant ; V max• the maximum reaction rate.  

5.2 INTRODUCTION 

There have been many reports on the effects of C02 on ethylene  
biosynthesis i n  vegetative tissues. I n  photosynthetic tissues  the  promotive 
effect of C02 was observed with isolated protoplasts (McRae et al. , 1 983 ; 
Tophof and Amrhein ,  1 985) , excised leaf segments in closed systems 
(Aharoni et al. , 1 979 ; Aharoni and Lieberman , 1 979 ; Fuhrer, 1 985; Gepstein  
and Thimann ,  1 980 ; G rodzinski et al. , 1 983 ; Horton and Savi l le ,  1 984 ; Kao 
and Yang ,  1 982 ; McRae et al. , 1 983; Phi losoph-Hadas et al. , 1 985, 1 986 ;  
Prege r  and Gepstei n ,  1 984) , and intact plants ( Bassi and Spencer, 1 982 , 
1 985 ; D hawan et al. , 1 981 ) .  C02 stimulated both basal (Aharoni et al. , 1 979 ; 
Aharo ni and Lieberman, 1 979 ; Bassi and Spencer, 1 982 ; D hawan et al. , 

1 98 1 ) and ACC dependent ethylene production (Bassi and Spencer, 1 985 ; 
Fuh re r, 1 985;  Grodzinski et al. , 1 983 ; Horton and Savi l le, 1 984; Kao and 
Yang , 1 982 ; McRae et al. , 1 983 ; Phi losoph-Hadas et al. , 1 985 ;  Preger and 
Gepstein ,  1 984; Tophof and Amrhein ,  1 985), but did not affect ACC 
productio n  (Kao and Yang, 1 982) .  co2 exerted its stimulatory e ffect on the  
conversion of ACC to  ethylene by  enhanci ng not o nly the activity, but  also 
the  synthesis, of EFE i n  leaf discs (Phi losoph-Hadas et al. , 1 986).  



1 03 

There h ave been very few studies on the effect of C02 on ethylene 
biosynthesis in fruit tissues. Chaves and Tomas ( 1 984) reported that 
ethylene production i n  both whole fruit and in tissue slices of G ranny Smith 
apple were i nhibited by 20% C02. There was also an inhibition of ethylene 
emission i n  tissue slices i ncubated with exogenous ACC (0.04 mM and 0. 1 
mM) and C02 treatment i ncreased the ACC content of the tissue.  They 
suggested that the action  of co2 was di rected toward the enzyme  system 
responsib le for the conversion of ACC to ethylene.  Cheverry et a/. ( 1 988) 
obtained different resu lts. In their work, 20% C02 inhibited the development 
of the cl imacteric ethylene burst i n  Granny Smith apple and avocado fruits, 
but did not change ACC content. In the autocatalytic process, 20% co2 
antagonized the stim ulation of EFE synthesis by ethylene ,  but p romoted 
EFE activity. Tan and Thimann ( 1 989) reported that a clear difference 
existed between the endogenous production of ethylene and its production 
from appl ied ACC, a difference which holds equally for leaves and for fruit 
tissue.  The difference is in the C02 requirement ; lowering the C02 level by 
99% or more decreased the production of ethylene from applied ACC by 50-
60%, but it did not decrease (it even slightly increased) its production from 
endogenous precursors .  The conclusion i s  that whi le the need fo r  C02 has 
not been explai ned, it has at least been delimited. 

lt is clear that the several aspects of the effects of C02 on ethylene 
synthesis in  fruit tissues need to  be clarified : does C02 inhibit ACC synthase 
activity and/or its synthesis ; does C02 stimulate or inh ibit EFE activity and/o r 
its synthesis; does C02 have different effects on the EFE i n  tissues from 
noncl imacteric and cl imacteric fruits at various stages of matu rity and 
ripeness ; what � the mechanism of action of co2 on EFE activity and 
synthesis in fru it tissues. 

Cycloheximide (CH I )  is a protein synthesis inhibitor which i nhibits 
both the development of ACC synthase (Boi le r  and Kende , 1 980;  Yu and 
Yang , 1 980 ; Kende and Boi ler, 1 981 ) and the conversion  of ACC to ethylene  
(Hyodo and Nish ino ,  1 981 ; Riov and Yang, 1 982 ; Yu et  al. , 1 979) in  various 
excised plant tissues. Thus CHI was used for distinguishing between the 
effects of C02 on EFE activity and synthesis. 



Analysis of the kinetics of reactions provides a usefu l tool to 
i nvestigate the mechanism of enzyme reactions (Smith et al. , 1 983) . 
In fo rmation  o n  the nature of enzymes can be obtained accordi ng to the 
fol lowing equations:  

(a)  log[V/(V max-V)] = n H log[S] - logK 
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Where V and V max are the reaction rate and the maxi mum reaction rate 
respectively; [S] is the substrata concentration ;  K is a complex constant as K 
= [S]n H[(VmaxN)- 1 ] ;  nH is the Hi l l  coeffici ent with numerical values which 
indicates if the e nzyme is allosteric. 
Whe n  n H=1 ,  it is not allosteric. When nH > 1 or nH<1 , the  enzyme is 
allosteric. 

(b) 1 N = (KmNmax)*1 /[S] + 1 Nmax 
(c) V = -Km[V/S] + Vmax 

where Km is the Michaelis-Menton constant, a useful parameter 
characteristic of each enzyme and its substrata, which is equal to the 
substrata concentration that gives one-half the numerical maximum velocity 
(Vmax) .  From equations (b) and (c) , the nature of the enzyme (affin ity for its 
substrata) and types of its i n hibitors ,  such as the competitive, 
noncompetitive and uncompetitive inh ibito rs ,  can be inferred depending on 
the values of Km and V max (Smith et al., 1 983). 

V� 
Kinetics studies of EFE for ACC ha� been used to g ive some 

i ndicatio n  of the characteristics of EFE, e.g. its high affin ity and 
stereospecificity for its substrata, ACC (Hoffman et al. , 1 982 ; Venis, 1 984) , 
l ocal ization of EFE (Guy and Kende, 1 984; Mitchel l  et al. , 1 988) .  But no work 
has been reported on the mechanism of the  C02 effect on  EFE activity in  
fruit tissues. 

To further understand the relationsh ip between fruit ripening and the 
E FE response to C02, EFE development at low temperatu re ( 1  °± 1 °C)  and 
its response to C02 were tested. To dist ingu ish between the effects of C02 
o n  EFE activity and o n  EFE b iosynthesis, cycloheximide , a protein synthesis 
i nhibitor was used. In order to obtain some i nformation on EFE local izat ion 
and the form which responded to C02, EFE activity in 0 .4 M and 0.8 M 
mannitol with and without C02 treatment was measured. For u nderstand ing 
the mechanism of the C02 stimulatory effect on  E FE activity, E FE kinetics 
with and without C02 treatment, and the effect of pH on the response were 
i nvestigated. 
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5.3 MATERIALS AND METHODS 

5.3.1 Experimental materials (See 'Chapter 2') 

5.3.2 Methods 

5 .3. 2 . 1  Measurement of EFE activity (See 'Chapter  4') 

5 .3 .2 .2 Carbon dioxide treatment 

I n  all of the experiments involving C02 treatment, the 02 level was 
maintained at 20±1 %. 

In those experiments i nvolving a C02-free atmosphere ,  the C02 was 
absorbed by 0.2 ml of 20% KOH solution contained in a small plastic center 
wel l  hung in  each vial as control. 

For the C02 kinetic experiment, six discs were sealed in  each of 4 X 
36 ml vials. The appropriate gas mixtures, containing different C02 
concentrations made up with o2, were i njected into vials, each of which 
contained a second empty syringe into which the displaced air in the vial 
could flow to maintai n atmospheric pressure in each vial . The C02 
concentrations used were 5%, 1 0%, 20%, 30% and 38% for Hosui ,  and 5%, 
1 0%, 1 5%, 20% and 30% for Granny Smith apple. 

For othe r  experiments involving C02, fruit discs were sealed in vials 
after which they were flushed for 20 seconds with C2H4 free gas contain ing 
23%C02 ± 2 1 %02 with the balance being N2. When required 1 ml gas 
samples were removed by a syringe inserted through a septum l ocated i n  
the top o f  each sealed vial , and C02 and 02 concentrations were measured 
by GLC. 

5.3.2.3  EFE development at low temperature (1 o ± 1 °C) 

After harvest, fru it was stored at 1 °± 1 °C. Fruit was removed from 
coolsto re at different times and tissue discs were prepared as p reviously 
described (Chapter 2) .  For Hosui ,  fruit was stored for 2 , 1 8 , 2 1 ,  58, 70, 90,  
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1 05 and 1 1 7 days, and for Granny Smith 2, 8, 26 ,  50 72, 1 42 and 1 76 days 
before removal. EFE activity and the response to C02 were measured by 
seal ing d iscs i n  vials, with o r  without 20% C02, for 2 hours after saturatio n  
o f  the d iscs with 5 m M  ACC using t h e  i ntermittent vacuum-infi ltration method 
described previously (Chapter  4) .  

5.3.2 .4 Effect of 1 mM cycloheximide on EFE and the response to C02 

To disti nguish between the effects of C02 on EFE activity and its 
synthesis, CH I was used i n  this experiment. 

D iscs sampled from Hosui fruit stored for 4 and 40 days at 1 °± 1 oc 
were incubated for 2 hours at 2JCC in a K+ -phosphate buffer (pH 6 .5) 
medium contai ning 5 mM ACC, 5 m M  AOA and plus or minus 1 mM CHI .  
D iscs were then treated with 20% C02 for  1 hour. 

D iscs sampled from Granny Smith fru it stored at 1 °± 1 oc for 8, 26 and 
50 days i n  1 988, and 1 0  and 35 days i n  1 989 were incubated in the same 
medium and given the same C02 treatment described for Hosui .  

For both Hosui and Granny S mith fruit discs a separate series of 
discs were i ncubated i n  a K+-phosphate buffer (pH 6.5) medium without 
ACC and AOA for measurement of ethylene production. 

After 1 hour exposure to C02 , 1 ml of gas was sampled from each 
v ial and ethy lene concentration was measu red by GLC. EFE activity or 
ethylene  production were calcu lated as described previously. 

5 .3 .2 .5  Detect ing if the stimulatory effect of C02 on  EFE activity is 
dependent on  exogenous ACC in  Hosui 

Ethy lene production was measured in Hosui fruit discs treated without 
adding exoge nous ACC,  whi le EFE activity was measured in discs which 
had been suppl ied with exogenous ACC (5 mM) .  

To  measu re ethylene production ,  s i x  discs were placed i nto each o f  4 
X 36 m l  vials and i ncubated i n  ai r at 27°C. After 1 hour vials were f lushed 
with 20% C02 for 20 seconds, sealed and i ncubated for a further 1 hour 
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before a 1 ml gas sample was taken from each vial for ethylene analysis. As 
control , vials were sealed for a further hour without being flushed with C02 
before sampl ing for ethylene  analysis. 

EFE activity was measu red after exposing discs to C02 at different 
times after cutting in order to test if the stimulatory effect of C02 on EFE 
activity was ACC-dependent; i .e .  did C02 stimulate EFE activity on ly when 
exogenous ACC was added. All discs were treated with the same mediu m  
containing 5 m M  ACC, 5 m M  AOA and 1 m M  C H I  at 27°C .  The fol lowing 
treatments were evaluated : 

( 1 ) Control .  After cutting discs were kept in  air for 1 hou r before they were 
vacuum-infiltrated at 90 Kpa with the medium for 1 minute. Discs were then 
dried on paper tissue and sealed in vials for 1 hour before a 1 ml sample 
was taken for measuri ng ethylene concentration and calcu lation of EFE 
activity ; 

(2) C02 treatment. The same procedure as for the control t reatment was 
used, except that the discs were flushed with 20% C02 for 20 seconds 
before seal ing the vials. Thus discs were t reated with C02 after satu ration 
with ACC; 

(3) Pretreatment with C02. I n  this treatment discs were treated with C02 
befo re saturation with ACC. Discs were pretreated in  vials with 20% C02 for 
1 hour after cutting before being flushed with ai r. They were then vacuum­
i nfiltrated at 90 Kpa with the medium for 1 minute, before being dried on  
paper tissues and sealed in  vials for 1 hour. A 1 m l  sample was then  taken 
from each vial for measu ring ethylene and calculation of EFE activity ; 

(4) Double C02 treatment.  Discs were treated the same as the 
'Pretreatment with C02' except that they were flushed with 20% C02 for 20 
seconds before sealing the vials for 1 hour prior to ethylene measurement. 

5.3.2.6 EFE activity and response to C02 in  0.4 M and 0 .8  M mannitol 
solution in  discs of Hosui and Granny Smith fruits 

Six discs were incubated for 2 hours at 27°C in each of 3 X 36 ml 
vials contain ing 3 ml of 5 m M  ACC, 1 m M  CH I  and 0.4 M or 0 .8  M mannitol 



solution .  CH I i n  the medium prevented new enzymes being synthesized 
during  i ncubat ion.  After i ncubated in  the same medium for a further hou r, 
with or without 20% C02, a 1 ml sample was taken from each vial for 
measurement of  ethylene concentration and EFE activity was calcu lated. 

5 .3.2 .7  EFE ki netics 
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Fruit discs were taken from Hosui o r  Granny Smith fruit i n  which 
i nternal ethylene and ethylene  production were not detectable . Six discs 
were i ncubated for 2 hours at 27°C in each of 3 X 36 ml vials contain ing 3 ml  
of m edium contain ing 1 mM C H I ,  5 mM AOA in  K+-phosphate buffer (pH 
6.5) with various ACC concentrations (0, 0 .02, 0.04, 0. 1 ,  0 .2 , 0 .5, 1 .0 ,  3.0 
and 5 .0  mM). D iscs were then dried on the paper tissues before being 
i ncubated for a further  hou r in  an atmosphere with or without 20% C02 
before a 1 ml gas sample was removed from each vial for determination  of 
ethyle n e  concentration was measured and calculation  of E FE activity. 

5 .3 . 2 . 8  EFE activity at different pH levels 

Six discs from Granny Smith fruit were incubated for 2 hours at 27°C 
i n  e ach of 4 X 36 ml vials contain ing 3 ml of 5 mM ACC, 1 mM CHI in Na+­
citric acid buffer at pH 4.0 ,  6.2 , 7.2 o r  8.2 . Discs were then vacuum-infi l trated 
at 90 Kpa for 1 m in  to reduce possible differences in ACC concentrations 
caused by different uptake at the various pH levels. After i ncubation for a 
fu rthe r  1 hour at 27°C in the same medium, with or without C02, a 1 ml 
sample was taken from each vial for measu rement of ethylene concentration  
and  calculation o f  E FE activity. 

5.3.3 Statistical analysis 

E ach treatment had three or four replicates. Each experiment was 
repeated at least twice. An SAS computing prog ramme (SAS/STAT User's 
Guide)  was used to analyse data for means and standard errors ,  the l inear 
reg ression ,  pai red comparison and Duncan's mu ltiple comparison (Steel and 
Torrie ,  1 98 1  ) .  Methods of comparison of two reg ression  l ines were 
calcu lated according to Neter and Wasserman ( 1 974). 
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5.4 R ESULTS 

5.4.1 EFE activity at different carbon dioxide levels 

EFE activity of Hosui fruit discs was positively correlated to co2 
levels in  vials (Fig.5-1  ) .  There was no sign ificant difference i n  response 
between 0 and 5% C02 treatments, but EFE activity increased steadily with 
C02 concentrations up to 70.85 niC2H4/g/h at 38%. 

E FE activity in fruit discs of Granny Smith treated with 5% C02 was 
i ncreased 3 1 % ( 1 25.85 niC2H4/g/h) compared with control  (95.89 
niC2H4/g/h) (Fig.5-2) .  There was no  further i ncrease on EFE as C02 was 
i ncreased from 5 to 20% C02. At 30% EFE activity increased to 1 6 1 .78 
n iC2H4/g/h . 

5.4.2 EFE development and its response to carbon dioxide i n  fru its 

stored at low temperature 

Because EFE activity was o nly measu red in vivo, in this 
x;alu rement any i ncrease �1 EFE that occu rred in  fruits during storage 
would� combined results of EFE activity and EFE synthesis. 

In both Japanese pear and apple, EFE developed steadi ly  duri ng 
coolstorage (Fig .5-3 and Fig .5-4) . I n  Hosui fru it ,  EFE activity was 5.77 
niC2H4/g/h at harvest t ime. lt increased steadi ly u nti l 1 05 days after which it 
i ncreased rapidly to 264.02 n iC2H4/g/h (Fig .5-3) .  EFE activity was enhanced 
by C02 treatment. The proportional i ncrease was greater in  fru i t  stored for 
short periods (a 50-60% increase in fruit stored for 2-1 8 days) than in  fruit 
stored for long periods (a 20-30% i ncrease in fruit stored for 2 1 - 1 05 days) .  
The C02 induced i ncrease was not significant i n  discs from fruit stored 1 1 7 
days. 

E FE activity was not detectable in Granny Smith fruit at harvest time  
or  8 days after storage (Fig .5-4). After 26 days storage ,  EFE activity 
appeared, after which there was an almost l i near increase with t ime u nti l a 
l evel of 1 63.25 niC2H4/g/h was measured after  1 76 days. Duri ng short tim e  
storage (about 30-50 days) ,  EFE synthesis was stimulated by C02. C02 
stimu iated EFE activity to 7.74 n iC2 H4/g/h i n  discs from fruit that had been 
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sto red for 8 days (Fig.S-4) . After 26 days, E FE activity had i ncreased 2 fold 
after C02 treatment compared with control discs (Table 5-2 ) .  Subsequently, 
the percentage i ncrease in EFE activity i nduced by C02 treatment was 
betwee n  35-65%. I n  contrast to Hosui ,  the percentage i ncrease i n  E FE 
activity varied, and there was no obvious change with fru it storage periods. 

5.4.3 Does carbon dioxide stimulate EFE activity and its synthesis? 

To further investigate the effects of C02 on EFE activity and its 
synthesis in both fruit types, the effect of 1 m M  cycloheximide (CH I )  on EFE 
activity was evaluated. 

Ethylene production from discs of Hosui  fru it stored for 4 o r  40 days 
was not detectable .  However after 4 days storage C02 increased EFE .f"t"tr..- ·t;i ll.-6 
activity by 86% � 6.75,.. niC2H4/g/h (Table 5- 1 ) . After 40 days storage,  EFE 
activity in  fruit discs had increased more than tt. fold to 75.58 n iC2H4/g/h 
and whi le C02 treatment sti l l  i ncreased E FE activity it did so by o n ly 45% 
(Table 5- 1 ) . CHI t reatment affected neither  the base level nor the C02 
i nduced i ncrease of EFE activity measured i n  discs from fru it stored for 
either 4 o r  40 days. 

Tab1e 5 - 1 . EFE f rom fruit di scs of Hosui stored for 4 days and 4 0  
days at 1 °±1 °C incubated in a medium containing 5 mM AOA and 5 mM 
ACC t reated with 2 0 %  co2 and 1 mM cycloheximide (CHI ) ( 1 9 9 0 )  . 

Treatments 

+AOA, +ACC 

+AOA, +ACC , +C02 

+AOA, +ACC , +CHI 

+AOA, +ACC , +CHI , +C02 

EFE activity (n1/g/h) 

days at 1 °±1 °C 
4 days 4 0  days 

b 
6 . 75 7 5 . 5 8 

a 
12 . 60 1 0 9 . 23 

b 
7 . 6 0 7 8 . 63 

a 
1 4 . 95 1 0 6 . 1 4 

b 

a 

b 

a 

A11 va1ues are means (n=3 ) . Different characters within the same 
column represent s ignificant di fferences at the 5% leve1 
(Duncan ' s  mu1tiple comparison ) . 
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Table 5 - 2 . Ethylene production and EFE activity in f ruit discs of 
Granny Smith ( stored for various lengths o f  t ime at 1°±1°C) 
treated with 2 0 %  co2 and 1 mM cycloheximide (CHI ) in 1 9 8 8  and 
1 9 8 9 . 

(a)  1 9 8 8 . 

Treatment 

8 

b 
+ACC, +AOA 0 

a 
+ACC, +AOA, +C02 7 . 7 4 

+ACC , +AOA, +CHI 

+ACC, +AOA, +CHI , +C02 

EFE activity ( nlC2H4 /g/h) 
Days at 1 °±1 °C 

26 50 

c b 
1 0 . 33 42 . 4 1  

a a 
32 . 2 8 61 . 75 

c b 
9 . 35 4 4 . 8 7 

b a 
2 1 . 33 6 8 . 02 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
( b )  1 9 8 9 . 

Treatment 

Control 

+C02 

+AOA, +CHI 

+AOA, +CHI , +C02 

Treatment 

+ACC, +AOA 

+ACC, +AOA, +C02 

+ACC, +AOA, +CHI 

+ACC, +AOA, +CHI , +C02 

Ethylene P roduction ( nlC2H4 /g/h) 
Days at 1 °±1 °C 

1 0  35 

a 
0 2 2 . 1 8 

a 
0 2 3 . 8 6 

b 
0 1 2 . 2 5 

b 
0 1 3 . 2 3 

EFE activity (nlC2H4 /g/h) 
Days at 1 °±1 °C 

1 0  35 

c b 
8 . 0 8 3 4 . 52 

a a 
31 . 9 0 62 . 50 

c b 
8 . 82 2 5 . 0 6 

b a 
1 9 . 05 7 1 . 9 6 

All values are means . Different characters within the same column 
at the same date represent significant differences at the 5 %  
level (Duncan ' s  multiple comparison) . 
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I n  1 988, EFE activity was not detectable in Granny Smith discs after 8 
days storage ,  but it increased to 1 0.33 and 42.41 n iC2 H4/g/h after 26 and 50 
days storage respectively (Table 5-2) .  C02 treatment resu lted in  E FE 
activity of 7.74 niC2H4g/h after 8 days storage. Th is stimulatory effect was 
maintained and co2 increased EFE activity by 21 2% and 45% after 26 and 
50 days respectively. CH I treatment had no effect on base level of E FE 
activity after 26 and 50 days. The stimulatory effect of C02 was reduced by 
33.9% in  presence of CH I  after 26 days storage,  but the stimu latio n  was not 
affected by C H I  after 50 days storage (Table 5-2a) . 

I n  1 989 ethylene p roduction  of discs and EFE activity were measu red 
after 1 0  and 35 days storage (Table 5-2b) .  Ethy�ne production was not 
detectable in discs sampled from 1 0 day stored fruit, but 22. 1 8  n iC2H4/g/h 
was produced in  fruit stored for 35 days. Ethylene production was not 
affected by co2 treatment,  but it was i nhibited about 55% by CHI .  E FE 
activity increased from 8.08 n iC2H4/g/h in  1 0  day fruit to 34.52 n iC2H 4/g/h in 
35 day fruits (Table 5-2b) . EFE activity was i ncreased 2 .9  and 0 .8 fold by 
C02 treatment in  1 0  and 35 day fruit respectively. CH I again  had no  affect 
on  the base level of EFE activity. C02 i ncreased EFE activity by on ly 2 fold 
after  1 0  days storage .i n CH I-treated discs compared with the 2 .9  fold 
i ncrease in  the absence of CH I .  However in fruit from 50 days storage CH I  
did not affect the  C02 induced EFE stimu lation .  

5.4.4 Is  the  stimulatory effect of carbon d ioxide on EFE activity 

dependent on exogenous ACC ? 

Ethylene production was not detectable in  control Hosui fruit discs 
and it was not stimulated by C02 (Table 5-3) .  

When discs were saturated with the medium contai n ing ACC,  AOA 
and CH I ,  EFE activity was 29 .63 n iC2H4/g/h and this was stimulated 54% by 
t reatment with C02 appl ied after i ncubation .  When discs were exposed to 
C02 before incubation,  EFE activity was s l ightly but sign ificantly reduced 
compared with control discs. However exposure to C02 after incubatio n  
reversed this inh ibitory effect of pretreatment C02. Thus t h e  stimu lat ion of 
C02 o n  EFE activity in Hosui fruit discs was dependent o n  exogenous ACC. 
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Table 5 - 3 . Effects of co2 treatments on ethylene production and EFE 
activity of Hosui fruit discs ( 1 9 9 0 )  . 

( a )  Ethylene production o f  discs t reated with co2 . 

Treatment 

Control. 
Treatment with co2 

0 
0 

(b) EFE activity measured after exposing discs to C02 at different 
times . 

b 
Control 2 9 . 6 3 

a 
co2 t reatment 4 5 . 5 3 

c 

P retreatment with co2 2 6 . 9 0 
a 

Double co2 treatment 4 5 . 0 1 

All values a re means ( n=4)  . Different characters within the column 
represent significant differences at the 5 %  level (Duncan ' s  multiple 
comparison )  . 

5.4.5 EFE activity and the response to carbon dioxide in 0.4 M and 0.8 M 

mannito l solutions 

EFE activity of Hosui fruit discs was greater in 0.8 M mann itol than i n  
0 .4  M mannito l .  C02 increased EFE activity by 4 1 .3% in 0 .4 M mannitol , but 
did not affect activity at 0 .8  M (Table 5-4). 

S imi lar results were obtai ned in Granny Smith fruit. EFE activity 
i ncreased by 39% i n  0.8 M mannitol compared to 0 .4 M. C02 stimulated 
EFE activity by 1 7.3% in 0.4 M mannitol, but had no effect on EFE activity i n  
an  0 .8  M solution (Table 5-4).  

5.4.6 Effect of carbon dioxide t reatment on EFE kinetics 

To prevent new protein biosynthesis during incubatio n  E FE activity 
was measured in the medium containing CHI .  
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Table 5 -4 . EFE activity and the response to co2 in 0 . 4  M and 0 . 8  M 
mannitol solutions at 27°C in fruit discs of Hosui and Granny Smith 
( 1 9 9 0 )  . 

Treatment 

Ho sui 
Control 

Granny Smith 
Control 

EFE activity (n1C2H4 /g/h) 
in mannitol solution 

0 . 4  M 

bB 
51 . 57 

aB 
72 . 8 7 

bB 
9 0 . 12 

aB 
1 0 5 . 7 4 

0 . 8  M 

aA 
1 0 8 . 13 

aA 
1 0 5 . 3 0 

aA 
125 . 1 8 

aA 
125 . 4 6 

�1 values are means ( n=3 ) . Different characters ( l ower case ) within 
the same column for each fruit and different characters ( upper cas e )  
within the same line represent significant differences at the 5% 
level (paired comparison) . 

Data obtained on EFE activity in  discs exposed to different ACC 
levels were transformed and plotted in several ways to investigate the 
mechanism of the C02 effect on EFE activity. 

In Hosui discs, plotti ng of log(VN max-V) vs. log[S] of EFE showed 
that nH values for control and C02 treatment were 0.9266 and 0.9 1 51 ,  
respectively, and not significantly different (Table 5-5). 

A plot of V vs. V/[S] showed that C02 increased V max from 1 09.99 
n iC2H4/g/h to 1 50.54 niC2H4g/h . However there was no significant effect of 
C02 on the apparent Km values for ACC which were 0 . 1 52 mM in the 
control and 0 . 1 70 mM in the C02 treatment (Table 5-5) . 

Resu lts of a double reciprocal plot also showed that C02 increased 
V max from 1 1 2.37 niC2H4/g/h to 1 37. 1 0 n iC2H4/g/h (Fig.5-5 and Table 5-5) . 
The apparent Km value of EFE was 0 . 1 67 mM and C02 treatment did not 
change this Km value. 
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Table 5 - 5 . Linear regres sion results o f  EFE kinetics for ACC with 
2 0 %  co2 in fruit discs of Hosui ( 1 9 8 9 )  . 

Plot methods 

log (V/Vmax-V) vs . log [ S ]  

V vs . V/ [ S ]  

1 /V v s . 1 / [ S ]  

Control 

n!t 0 . 92 6 6  
r 0 . 7 6 3 3  

Vmax 1 0 9 . 9 9 
Km 0 . 152 
r

2 
0 . 8 8 5 6  

Vmax 1 1 2 . 37 
Km 0 . 1 6 7  
r

2 
0 . 9 8 3 0  

0 . 9 1 5 1  
0 . 8 9 37 

1 5 0 . 5 4 
0 . 1 7 0  
0 . 7 8 63 

1 3 7 . 1 0 
0 . 1 5 6  
0 . 9 3 5 4  

SD 
ND 

SD 
ND 

* 

A11 values are the results of the linear regression ( n=3 for each of 
eight ACC concentrations ) . SD represent s significant differences and 
ND represents no significant differences between t reatments at the 
5% level . r

2 
is the regression coefficient for the linear 

regre s sion . 
V ( nlC2 H4 /g/h) : the reaction rate ; Vmax (n1C2H4 /g/h) : the maximum 
react i on rate ; S (mM) : concentrations of the subst rate (ACC) . 

I n  Granny Smith apple ,  a plot of log(VNmax-V) vs. log [S] indicated 
that there was no significant difference between the nH values of control 
(0 .8595) and C02 treated ( 1 .200) fruit tissues (Table 5-6) . 

Results of the V vs. V/[S] plot showed that C02 stimu lated V max by 
1 46% from 1 1 8.95 (contro l )  to 293. 1 2 n iC2H4/g/h. The apparent Km 
changed slightly from 0.227 mM to 0.484 mM, but this difference was not 
s ignificant. 

Resu lts of the double reciprocal plot also showed that C02 treatment 
i ncreased the V max of EFE from 1 03.87 niC2H4/g/h to 293.86 n iC2H4/g/h , 
whi le the apparent Km increased sl ightly from 0 . 1 93 mM to 0 .508 mM, but 
the difference was not significant (Fig .5-6 and Table 5-6) 



0.06 -r (a) 

0 .05 + / 

0 .04 + / / 
1 /E FE 0 .03 + / .  / +C02 

0 .02 

0.01  

0 �--���--�--�--�--�� 
- 1 0  -5 0 5 1 0  1 5  20 25 

1 /(ACC] 

300 T (b) 

E F E  
200� + 

n iC2H4/g/� 00 • � : 
0 

+ 
+ + 

t +C02 

I C K  . I 

0 1 2 3 4 5 
[ACC] mM 

Fig .S-6 Double reciprocal p lot (a)  and data (b) of EFE against ACC concentrations in G ranny 
Smith fruit discs. 

--4 
1\) --4 



1 22 

Tab1e 5 - 6 . Linear regres sion resu1ts of EFE kinetics for ACC treated 
with 2 0 %  C02 in fruit discs of Granny Smith ( 1 9 8 9 )  . 

P1ot Methods 

1 og (V/Vmax-V) vs . 1og [ S ]  

V vs . V/ [ S ]  

1 /V vs . 1 / [ S ]  

Contro1 

n� 0 . 8 5 9 5  
r 0 . 63 4 3  

Vmax 1 1 8 . 95 
Km 0 . 22 6 8  

r
2 

0 . 7 7 4 5  

Vmax 1 0 3 . 87 
Km 0 . 1 9 2 8  
r

2 0 . 8 8 9 5  

1 .  2 0 0 0  
0 . 7 6 6 8  

2 9 3 . 12 
0 . 4 8 38 
0 . 8 9 0 8  

2 93 . 8 6 
0 . 5 0 7 5  
0 . 9 833 

ND 

SD 
ND 

SD 
ND 

A11 va1ues are the resu1ts of the 1inear regres sion ( n=3 for each of 
eight ACC concentration s )  . SD represents significant differences and 
ND represents no significant differences between t reatments at the 
5% level . r

2 
is the regression coefficient for the linear 

regression . 
V (nlC2H4 /g/h) : the reacti on rate ; Vmax (nlC2H4 /g/h) : the maximum 
reaction rate ;  S (mM) : concentrations of the subst rate (ACC) . 

5.4.7 Effect of pH on response of EFE activity to carbon d ioxide 

E FE activity of Granny Smith fruit discs showed different sensitivity to 
C02 treatment at various pH values (Table 5-7) . In  the range of pH 3.5-6.2 , 
EFE activity i ncreased gradual ly from 36 .84 to 1 06. 1 n iC2H4/g/h, after which 
it remained constant through to pH 8.2. C02 stimulated E FE activity at each 
of t he  pHs' tested in this experiment .  C02 increased EFE activity more at 
l ow pHs (3.5-4.5) than at the h igher pHs tested . The lowest response to  co2 
of  E F E  was at pH 6 .2 where a 24% increase was measu red (Table 5-7) .  

5.5 DISCUSSION 

E FE in  both Hosui and Granny Smith fruits developed earl ier than 
ACC synthesis. Discs from Hosui ,  a noncl imacteric fru it ,  did not produce 
ethyle n e  at harvest indicating that they lacked either ACC synthesis o r  EFE 
o r  both .  However  when  these same discs were treated with exogenous 
ACC, ethylenewpfoduced indicat ing that EFE was present and that ACC 
synthase was�bsent. G ranny Smith, a cli macteric fruit, did not produce 
ethylene at harvest, but in contrast to Hosui ,  EFE was not present in th is 
fruit· 
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Table 5-7 . EFE activity in fruit discs of Granny Smith incubated in 
Na+

-citric acid buffer containing 5 mM ACC and 1 mM CHI at di fferent 
pH levels t reated with 2 0 %  co2 ( 1 9 8 9 )  . 

pH Increase 

( % )  

cB dA 
3 . 5  3 6 . 8 4  7 0 . 94 9 2 . 60 

cB bcA 
4 . 5  41 . 1 8 114 . 33 1 7 7 . 60 

bB eA 
5 . 5  63 . 9 4 9 8 . 94 5 4 . 7 4 

aB bA 
6 . 2  1 0 6 . 0 8 131 . 8 9 2 4 . 33 

aB aA 
7 . 2  99 . 72 1 7 0 . 3 6 7 0 . 8 4 

aB aA 
8 . 2  1 0 4 . 6 8 1 6 0 . 2 3 5 3 . 07 

All values are means (n=3) . Different characters (lower case) within 
the same column for s ame treatment (Duncan ' s  multiple comparison) 
and different characters (upper case) within the same line (paired 
comparison) represent significant differences at the 5% level . 

as exogenous ACC was not converted to ethylene.  Ethylene production 
appeared at least 1 0 days later after harvest than EFE activity in  Granny 
Smith apple discs (Table 5-2b). Blankenship and Richardson ( 1 985) 
reported that during the cold storage period requi red for ri pening of d'Anjou 
pears, E FE developed before the i ncrease in ACC and ethylene synthesis. 
Simi lar conclusions were reported for apple (Butler, 1 986; Mansour, et al. , 

1 985). No  work on the characteristics of EFE development in  noncl imacte ric 
Japanese pears has been reported. The present results i ndicate that the 
main difference between noncl imacteric and climacteric fruits in  relation to 
ethylene synthesis was the capabil ity for developing ACC synthase, but not 
EFE.  lt is also possible that a ripening inhibitor was present in G ranny Smith 
fruit which prevented development of ACC synthase during the 
precl imacteric stage.  

The activity of EFE increased gradually in  Hosui and G ranny Smith 
fruits during storage at 1 °± 1 °C. C02 treatment increased EFE activity i n  
discS of both fruits. EFE was not detectable i n  fruit discs o f  G ranny Smith 
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duri ng short-term storage after harvest, but EFE synthesis was i nduced by 
C02. This was demonstrated by using CH I ,  a protein synthesis i nhibitor, �,� 
CCIIftl reduce;

..{
co2 stimulation on EFE activity in  Granny Smith .  Applied 

along with ACC and AOA thus creating conditions where both ACC 
synthesis and EFE synthesis were inhibited by CH I ,  and ACC synthase 
activity was inhibited by AOA, EFE activity remained the same as i n  control  
discs. Application of CO? to discs from fruit up to 26 days in storage after 

N-.,7.\,.;;tl ) -� ·� harvest stimulated EFE moa61Jrea; a large proportion of this additiel"'a:l EFE 
which was due to EFE synthesis was reduced as it occurred when C H I  was 
added i n  the i ncubation medium. The C02 stimulation  of EFE synthesis 
became the: less the longer the fruit  was in store. These results are s imi lar to 
those found by Phi losoph-Hadas et al. ( 1 986) in tobacco leaf d iscs which 
sugges�ihat EFE in discs from precl imacteric fruit and vegetative leaf 
tissues are regulated by C02 through the same mechanism. 

lt is possible that C02 not only regulates EFE activity di rectly but also 
i nf luences E FE activity and/or biosynthesis indirectly through regu lati ng the 
b inding capabi l ity of the ethylene receptor and thus perhaps affecting the 
regulation of ethylene action (Yang , 1 987) .  Butler (1 986) demonstrated that 
C02 promoted ethylene action in  precl imacteric apple peel tissue .  Simi lar 
effects of C02 have been reported in ethylene-stimulated g rowth rate of rice 
colepti les (Ku et al. , 1 970) and in overcoming thermodormany of l ettuce 
seeds (Negm et al. , 1 972) .  At this t ime it was not possible to show which 
ethylene receptor was i nvolved in the C02 promotive effect on ethy lene 
action or which ethylene biosynthetic enzyme might have been regulated by 
t his receptor. lt is possible that in Hosu i ,  a nonclimacteric fru it, ethy lene 
biosynthesis was only regulated by the System I ethylene receptor 
(McMurchie et al. , 1 972 ; Yang, 1 987) and that this receptor was not affected 
by C02. Thus co2 did not stimulate EFE synthesis th rough inte raction  with 
the System I ethylene receptor in Hosui fruit discs. In Granny S mith apple, a 
different result was obtained. C02 stimu lated EFE synthesis in d iscs 
sampled from the short-term storage fruit (1 0 days after harvest) which did 
not produce ethylene. lt is most l ikely therefore that these fruit were at the 
p recl im�e ric stage (only possessl;d' the System I ethylene receptor) , � 
respong.to C02 by stimulating EFE synthesis. C02 is thought to  be a 
structural analogue of ethylene (Burg and Burg,  1 967) .  lt is possib le that 
c o2 could combine with the ethylene binding site of the System I ethylene 
receptor or alternatively C02 would possibly i ncrease the affi nity of ethylene 
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to bind to the receptor and as a consequence stimulate EFE synthesis at this 
stage of development. As fruit ripened and produced more ethylene, this 
stim ulatory effect of C02 on EFE biosynthesis was lost. lt seems l ikely that ,  
because there is more ethylene in the tissue arising from natural production ,  
the  System I ethylene binding site is  satu rated with endogenously produced 
ethylene,  and thus C02 no longer has a stimulatory effect on EFE synthesis 
(Burg and Bu rg,  1 967 ; Sisle r, 1 979 ; Sisler  and Wood, 1 987). 

These results indicate that the regulation of EFE by the System I 
ethylene receptor in Granny Smith apple and Hosui fru it were different. I n  
H osui fru it ,  C 02 could only regulate EFE activity through i nteraction  with the 

�ystem I ethylene receptor, but in  Granny Smith fruit i t  could regulate both 
E FE activity and its biosynthesis at the preclimacteric stage. This 
explanation d iffers from that proposed by Yang in his model on regu lat ion of 
ethylene biosynthesis by ethylene (Yang, 1 987) . In his model EFE was 
regulated by the System I ethylene recepto r and no difference of EFE 
regulation by the ethylene receptor between  climacteric and noncl imacteric 
fru it was me ntioned. 

To further develop an understanding of the mechanism by which C02 
di rectly stim ulated EFE activity, several hypothesis were proposed and 
checked by measuring EFE activity in  discs that were incubated in a range 
of ACC concentrations with o r  without C02 present. 

lt is possible that EFE is an alloste ric enzyme, its activity bei ng 
regulated by C02 as its effecter. Generally, an al losteric enzyme wil l show 
the fol lowing  characteristics (Barman, 1 969) : (a) The plot of V (the reaction 
rate) vs. S (the  substrate concentration) wi l l  often yield sigmoid rather than 
hyperbol ic curves; (b) these enzymes are usually unstable and therefore ,  
difficult to purify because of  their structural complexity. lt is  possible that 
several h ighly purified e nzymes possessing normal Michael is-Menton 
kinetics are i n  fact fragments of  more complex allosteric systems;  (c) The 
catalytic function of  al losteric enzymes may be affected and control led by 
i nteractio n  with a small molecular ligand , such as in the haemoglobi n-oxygen 
system.  
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EFE has some of the characteristics of allosteric e nzymes. For 
example, EFE had not yet bee n  purified fro m  plant tissues because any 
ext raction treatment which perturbed membrane integrity du ring purification 
caused a loss of EFE activity (Yang and Hoffman ,  1 984) . I n  research with 
carnation  petals and oat leaves, sigmoid-l ike curves were found when EFE 
ki netic studies were undertaken even though EFE was not identified as an  
al losteric enzyme (Adam et  al. , 1 985 ; Preger and Gepstei n ,  1 984) . C02 as a 
small molecule could bind and i nteract with the EFE enzyme,  as it can react 
with amino g roups of proteins,  peptides or  amino acids ; such reactions could 
change enzyme activity through forming a carbamate (Mitz ,  1 979) .  The refore 
for the above reasons, EFE mig ht be an al losteric enzyme in fruits and that 
C02, as an effector, could promote its activity. 

lt is possible to test this hypothesis by investigating the kinetics of the 
production of  an end product ( in th is  case c2H4) in response to varying 
concentrations of a substrate (in th is case ACC) where the rate of the 
reaction is determined by the activity of an e nzyme (in this case EFE) which 
may be affected by the presence or  absence of a particular cofactor ( in th is 
case C02).  lt is possible to gain an insight i nto the nature of  the interaction  
by  studyi ng t he  resu lts obtained from application of the fol lowing equation 
(Smith ,  et al. , 1 983) : 

l og[V/(V max-V)] = nH log[S] - logK 
When log[V/(V max-V) is plotted agai nst log [S] , the result is a straight l ine 
with s lope equal to nH . When  nH =1 ,  there is no cooperativity which means 
that the enzyme is not allosteric; if nH = 2, it is positively cooperative 
al losteric; when nH = 0 .5, it is negatively cooperative al loste ric (Smith, et al. , 

1 983). Results from this research showed that the nH values of EFE in both 
fruit types were approximately 1 which indicated that EFE was probably not 
an al losteric enzyme. Because E FE activity was tested in vivo, it might have 
been i nfluenced by many factors. For example pH levels cou ld cause 
dissociation of an al losteric enzyme into its component parts thus changing 
the sigmoid kinetics curve to an hyperbolic curve ; there might be the 
variat ion of EFE activity i n  different types of fruit discs ; differe nt endogenous 
ACC levels might result in  different EFE levels o r  EFE activities being 
m easured especial ly at low ACC l evels. lt probably wi l l  not be possible to 
determine the nature of the enzyme unti l E FE is finally purified. 
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lt has been shown that Hosui fruit discs did not synthesize detectable 
ethylene,  and that C02 did not affect ethylene  p roduction ( in  the absence of 
exogenous ACC). EFE activity did exist in  the discs, but 'Pre-C02 treatment' 
did not stimulate EFE activity ; 'C02 treatment' stimulated EFE activity o nly 
when discs had been saturated with ACC, and 'Double C02 treatment' 
stimulated EFE activity at the same level of 'C02 treatment' .  These results 
i ndicated that the stimulatory effect of C02 o n  EFE activity was dependent 
on  an exogenous supply of ACC, which is in  agreement with the work of Tan 
and Thi mann ( 1 989) .  They found that C02 is needed to stim ulate conversion 
of exogenous ACC to ethylene,  but not for the e ndogenous formation  of 
ethylene which is generally considered to proceed via ACC. They suggested 
that when ethylene is produced from a modified form, e .g . ,  'bound' or better, 
'activated' ACC, i n  the endogenous system,  a cycle of reactions leads to 
ACC releasing one of the carbon atoms of methyl thioribose as C02 
(Miyazaki and Yang , 1 987) ; it is possible that th is C02 might somehow 
remain associated with the ACC so that i t  satisfies the C02 requi rement. 
When exogenous ACC is added , more C02 is required to form this ACC­
co2 complex. lt is possible that C02 might combine reversibly with the 
EFE-ACC complex to i ncrease V max· 

I n  order to test if C02 combined to the bindi ng site of E FE ,  data from 
the EFE ki netic experiment us ing a range of ACC concentrations were 
transformated according to the fol lowing Lineweaver-Burk equatio n :  

1 N = (KmNmax)* 1 /[S] + 1 Nmax 
A plot of 1 N vs. 1 /[S] (a double reciprocal plot) yields a straight l i ne  with 
slope KmN max and ordinate intercept 1 N m ax· 
Alternatively, mu lt iplying the above equation  by V max gives : 

V = -Km[V/S] + V max 
which can be used graphical ly for determin ing Km (-Km is the slope) and 
V max ( intercept). 

Using the results obtained from the above relat ionsh ips a plot of V vs. 
V/[S] for EFE in both Hosui and Granny Smith fruits showed that treatment 
with C02 i ncreased V max without causing any change i n  Km values of  EFE. 
That is, C02 on ly increased the values of the intercepts without chang i ng 
the slopes. 
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A double reciprocal p lot showed that C02 significantly decreased the 
i ntercepts ( 1  N max) and slopes (KmN max) for both fruits. These resu lts 
were s imi lar, but opposite to the mechanism of noncompetitive inhibitio n  
w hich increases i ntercept ( 1  N max) and slope (KmN m ax) without chang ing 
Km· A noncompetitive inhibitor decreases the V max without changing Km, 
because the inh ibito r  does not b ind with the enzyme at the substrate bindi ng 
site (Smith et al. ,  1 983) .  Combining the above results together with the  fact 
that the C02 stimulation of E FE was dependent on exogenous ACC; it is 
suggested that (a) EFE possesses more than one substrate binding site, for 
e xample,  an ACC binding site and an ACC-C02 binding site which m ight be 
located on the same or on d ifferent subunits. (b) co2 com bines with a non­
su�strate binding site of EFE to i ncrease EFE activity. Whe n  C02 reacts 
with different binding sites to form an EFE-ACC-C02 complex and/or an 
c o2-EFE-ACC complex, the V max of the reaction of conversion of ACC to 
C2H4 would be increased. 

Carbon dioxide is reviewed to have marked effects on metabol ism in 
plant cel ls. Mitz ( 1 979) has summarized the characteristics of di rect co2 
effects individual ly that of the dissolved, unhydrated form of C02. These 
i nclude : ( 1 ) the di rect C02 effects are high ly selective. There may be 
activation  o r  inh ibition of one enzyme and not of another closely related or 
even the same enzyme i n  another  tissue.  One part of a membrane may 
respond to C02 but not another; (2) different specific partial pressures of 
C02 are required to in itiate specific activities. This represents a mini m u m  
concentration  or "threshold" effect ; (3) response is rapid, and may b e  almost 
i nstantaneous; (4) there may be a control  range, so that as the C02 is s lowly 
i ncreased above a given value ,  the response is in one d i rection and at a sti l l  
higher  C02 concentration the response is i n  the opposite di rection. 

In this present work some of these characteristics were observed. For 
example ,  C02 stimulated EFE activity in  Hosui fruit from short-term storage ,  
but not i n  fruit from long-term storage. C02 also stimulated EFE activity i n  
discs incubated i n  0 . 4  M mannito l ,  but not i n  0 . 8  M mannitol .  I n  Hosui fruit 
discs a low concentration of C02 (<5%) did not stimulate EFE activity , but a 
h ighe r  concentrat ion (>5%) did. The stimulatory effect of C02 on EFE 
activity i n  both Hosui and Granny Smith fruit discs and on EFE synthesis i n  
the  p recl imacteric Granny Smith fruit discs occurred within 1 hour. Thus i t  i s  
possib le that C02 as a dissolved gas di rectly stimulated EFE  activity o r  its 
biosynthesis. 
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The di rect effect of co2 on enzymes can occu r in different ways: ( 1 ) 
an enzyme with its active s ite masked by interaction  with another  protein  o r  
polymeric structural e lement of the cell may be  temporari ly dissociated and, 
consequently, activated by an increase in  C02 tension (Mitz, 1 956) ;  (2) the 
binding reaction of co2 with the active site of enzyme to form carbamate 
may prevent the binding of  an essential coenzyme, which occu rs i n  
carbohydrate metabol ism (Chance and Park, 1 967). In  the present work, 
C02 stimulation of EFE activity may be the consequence of dissociation of 
EFE from a masking prote in  or other elements. 

John et a/. ( 1 989) i ndicated that maximum EFE activity of Kiwifruit 
discs was observed with sucrose, mannitol and sorbitol suppl ied at a 
strength of 0 .7 M or h igher, but EFE activity was completely lost when 
osmotic support was removed. I n  the present experiments EFE activity was 
higher in 0 .8 M mannitol solution than in 0.4 M mannitol, although in 0 .8  M 
solution ,  EFE did not respond to C02 as it did i n  0.4 M mannitol . lt was 
shown previously (Chapter 4) that 0 .4  M mannitol was the isotonic 
concentration for both Hosui and Granny Smith fruit discs. Thus although 
EFE activity was higher in  0.8 M mannitol , this was not the normal osmotic 
conditio n  of the cel ls.  Bouzayen et a/. ( 1 987, 1 990) and Pech et a/. ( 1 989) 
reported that grape (cv. Muscat) cel ls in  suspension cu lture were osmoticum 
sensitive suggesting that EFE activity was mainly located at the 
plasmalemma with a smal l  deg ree of  activity i nside the cel l ,  probably at the 
tonoplast. Cells from another grape (cv. Gamay) were osmoticum 
insensitive, the bul k  of ethylene production apparently bei ng i ntracel lu lar wit h  
the tonoplast being t he  most probable site for location o f  t he  EFE (Guy and 
Kende, 1 984; Pech et al. , 1 989). EFE activity in Hosui and G ranny Smith 
fruit discs was sensitive to osmoticum changes. Based on the g rape work it 
is thus possible that one of EFE forms in these fruits was located at the 
plasmalemma. Because of the change in  EFE activity and loss of the 
response to C02 that occurred s imultaneously when tissue was i ncubated in  
0 .8 M mannito l ,  which penetrates the plasma membrane slowly (Berl i ner  and 
Marti ndale, 1 981  ) ,  i t  is possible that the plasmalemma is the  site of the EFE 
form wh ich responded to C02. 
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EFE activity had been shown to increase i n  Hosui fruit maintained i n  
l ow temperature storage at 1 °± 1 oc. l t  appeared that i n  who le  fruit that had 
been stored for a short t ime the stimulatory effect of C02 o n  EFE activity 
was higher than that in fruit stored for long periods. The response of EFE 
activity to C02 showed two phases, which were that EFE activity was 
stimulated by C02, and EFE activity in  fru it after long-term storage was n o  
l onger response to e xogenous C02. One possible explanatio n  for these 
results is suggested by Tan and Thimann (1 989) .  They suggested that 
ethylene may be produced from an ACC-C02 complex which would be a 
m odified form of ACC .  When measu ri ng EFE activity i n  fruit at the 
precl imacteric stage of development ,  excess exogenous ACC requi red more 
C02 to form the ACC-C02 complex. But when fruitwas riper, more C02 
would be produced from respi ratory metabolism, and th is might be sufficient 
to al low the action of the  ACC-C02 complex without the need for exogenous 
C02. Under these condit ions C02 would not be expected to stimulate EFE.  
Another possible explanation is  that EFE may possess more than one 
substrata binding site , e .g .  a site which binds ACC a lone ,  and a site which 
can bind a slightly differently shaped ACC which develops when it is 
combined with C02. When high l evels (20%) of C02 exist in the tissue, an 
E FE-ACC-C02 complex could be formed which enhanced the rate of 
conversion of ACC to C2H4. When there is a change in the nature of the ce l l  
m e mbrane (e.g. change i n  degree of saturation or f lu idity) resulti ng from 
senescence or caused by treatment with a high osm otic solution ,  tfles-e -;,;-k.-. 
would be an increase i n  leakiness and whic�f�ct the activity of proteins 

A 
such as EFE. The EFE-ACC-C02 bi nding site may l ose its activity because 
of a change of EFE configu ration such as an alternation of quarternary 
structure of the enzyme. 

Mattoo et a/. (1 982) suggested that EFE can change from a 
m e mbrane-associated form to a soluble form. The latte r  form had a higher 
activity which was inhib ited by CoCI2 during ag ing of the homogenates of 
etiolated pea subhook segments. But the Km value of E FE for ACC was high 
(2 .99 to 5.58 mM) suggesting that the conversion of ACC to ethylene  may 
have occurred i n  a cel l-free system. I n  the present work, EFE i n  Hosui fruit 
stored for long term showed high activity, but did not respond to co2. lt is 
possible that a change of form of EFE,  for example, from the membrane­
bound form to a soluble form occurred. The soluble form of EFE sti l l  had 
high activity using ACC as substrata, but it no longer responded to C02. 
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Brown ( 1 985) reported that high levels of C02 (5%) probably affected 
both the internal and external pH of cells. C02 in tissues can exist i n  several 
forms: 

C02(gas) = C02 (so ln )  + H20 = H+ + HC03- = C03= + 2H+ 

At pH 6.3 and 25°C, equal amounts of dissolved C02 and bicarbonate 
occur. As the pH decreases, relatively more C02 would be present, and as 
the pH increases relatively more bicarbonate would occur. Because 
cytoplasmic pH is commonly close to 6.5, and C02 levels of 5% can occu r 
within fruit t issue, it is possib le for the active species to be eithe r C02 or 
Hco3- (Sis ler  and Wood, 1 988) . 

I n  G ranny Smith apple, C02 increased EFE activity more at low pH 
(<5.5) than at high pH suggesting that the main functional form of C02 in 

vivo, which stimulated EFE activity, was C02 in a dissolved form . At low pH, 
more co2 would exist i n  the medium and thus co2 would stimulate EFE 
activity directly, rather than indi rectly by changing internal and external pH of 
cellular so lution .  

Carbon .dioxide also may act at the membrane level .  I f  the amino 
groups on the membrane and structural proteins react with C02, positive 
ions (RNH3 +) may become negative (RNHCoo-) .  This temporary change i n  
charge from (+) to (-) wou ld change the envi ronment which acts as a control 
mechanism that selectively favours the transport of positive ions such as 
Na+, K+ and H+, through a membrane and inh ibits the transport of negative 
ions such as Cl- and HC03_ (Mitz, 1 979). The change in charge  can also 
cause an attraction of opposite or repulsion of similar charges to help open 
or close the holes or channels in  the membrane (DeHoal and Defelice, 
1 978). John  ( 1 983) hypothesized that EFE activity i nvolved proton transfer 
across the  membrane .  Thus C02 sti mulated EFE activity may occu r through 
the above mechanisms causing an increased H+ transport. 

In conclusion,  the results presented here show that in both the 
noncl imacteric Hosui and the climacteric Granny Smith fruit, C02 can have a 
dual effect on EFE, and thus may influence ethylene biosynthesis i n  mu lt ip le 
ways. In G ranny Smith fruit, C02 promoted EFE synthesis at the 
precl im acteric stages, and stimulated the activity at al l of the ripen ing stages 
tested. I n  Hosui fruit, C02 only stimulated EFE activity i n  f ruit stored at 
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1 °+ 1 oc t i l l  1 05 days after harvest, and had no effect in  the fruit stored for 
1 1 7 days after harvest. When discs of both fruits were treated with high (0.8 
M) osmotic strength solutions, E FE activity was enhanced, but there was no 
stim ulatory C02 response, which suggested that the EFE which responded 
to C02 may be l ocated at the plasma membrane. Results from EFE ki netic 
studies showed that EFE is probably not an allosteric enzyme.  The 
promotive effect of C02 on EFE activity increased V max without changing 
Km for ACC in  discs of both Hosui  and Granny Smith  fruits. The mechanism 
of C02 stimulation of E FE activity may be 'di rect' through i nteraction with the 
active binding sites located at the same or different subun its of EFE or  by 
i ncreasing H+ transport across membrane associated with E FE activity. The 
mechanism could be ' indirect' th rough changing the i nternal pH levels i n  
cel ls but this appears less l ikely. 
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CHAPTER 6 

INTERACTION B ETWEEN CARBON DIOXID E  AND THE EFE INHIBITOR 

(CoCI2) ,  AND B ETWEEN CARBON DIOXI DE AND THE ETHYLENE 

ACTION INHIB ITORS (AgN03 AND 2,5-NORBORNADIENE) ON EFE 

ACTIVITY 

6.1 ABSTRACT 

Ethy lene production occurred from fruit discs of Granny Smith ,  but 
was not detectable from excised fruit discs of Hosui Japanese pear. Carbon 
dioxide had no effect on ethylene production from fruit discs of either Hosui 
or  Granny Smith. Carbon dioxide stimulated EFE activity in discs of Hosui 
and G ranny Smith  fruits. Cobalt ions (CoCI2) is an inhibitor of EFE activity. lt 
i nh ibited ethy lene production in  Granny Smith fruit discs. Low concentrations 
(0 .0 1  mM) of eo++ ions either stimulated, or  had no effect on EFE activ ity in 
discs of both fruits, but higher concentrations (>0 .5  mM) i nhibited EFE 
activity. The combination of  co2 and ea++ did not reverse the inhibition  
caused by ea++ ions. 

AgN03, a potent ethylene action inh ibitor, inhibited ethylene 
production of fru it discs i n  Granny Smith apple.  Low concentrations (<0 .25 
m M) Ag+ sti mulated, but higher levels (0 .5 and 1 mM) inh ibited EFE activity 
i n  discs of both fruits. The combination of C02 and Ag+ did �?t r_everse the 
i nh ibitory effect of Ag+ (1 mM).  In both of fruit discGdpir'atfonrate was 
stimulated by 0 .5 and 1 mM Ag+. 

2 ,5- Norbornadiene is an ethylene action  i nhibitor. At 0 .5% (V/V) ,  it 
i nh ibited EFE activity in fruit discs from both fruits. C02 partial ly reve rsed the 
N DE inhibit ion i n  discs of Hosui fruit sto red for 50 days, and Granny Smith 
fruit stored for 60 days at 1 °±1 °C, but not in discs of Granny Smith fruit 
stored for 1 02 days at 1 °± 1 oc. 

The possible mechanisms of the i nteractions between C02, the 
i nh ibito rs on E FE activity and ethylene receptors are discussed. 



Key words. carbon dioxide ; cobalt ion ;  ethylene action ;  ethyle ne forming 
enzyme ;  ethylene production ;  Granny Smith apple ;  Hosui ; 2,5-
norbornadiene ; si lver  ion. 
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Abbreviat ion. ACC : 1 -aminocyclopropane-1 -carboxylic acid ;  AOA: 
aminooxyacetic acid ; C H I :  cycloheximide ; EFE:  ethylene-forming enzyme ;  
NDE:  2 ,5-norbornadiene ;  STS: si lver thiosulphate. 

6.2 INTRODUCTION 

Carbon dioxide i s  known to  be  involved i n  the regulation o f  ethylene  
biosynthesis and action  in  several different ways : (a) C02 regulates ethy lene 
synthesis by affect ing the enzymes in the ethylene biosynthetic pathway 

� ·�� (Ph i losoph-Hadas et al., 1 986 ; Chaves t!t-i:r/: , 1 984 ; Cheverry et al. , 1 988) ;  
(b) C02 influences ethylene action by competing for the ethylene binding 
site(s) on ethylene receptors (Bu rg and Burg ,  1 967) ; (c) C02 as one of the 
products of ethylene metabol ism, i nhibits ethylene metabol ism through a 
negative feed-back mechanism ( Beyer, 1 979, 1 985) . 

Carbon dioxide has been shown to stimulate EFE activity and its 
synthesis i n  many vegetative tissues (Kao and Yang , 1 982; Phi losoph­
H adas et al. , 1 986 ; McRae et al. , 1 983), but in fruit tissues, confl icting results 
have been observed. Chaves and Tomas (1 984) , using Granny Smith fruit 
tissues showed that C02 increased ACC content although ethyl ene 
production  d�ased even after adding 0.04 and 0.1 mM ACC to fruit discs. 
These authors concluded that C02 inh ibited the ethylene enzyme(s) 
responsible for conve rsion of ACC to ethylene.  Cheverry et al. ( 1 988) 
demonstrated that a h igh C02 concentration enhanced EFE activity in 
excised tissues of apple (Granny Smith) and avocado incubated with ACC (2 
m M) and C H I  ( 1  mM) o r  NDE (5 m l/1 ) .  I n  the autocatalytic phase of ethylene 
p roduct ion,  20% C02 antagonized the stimulation of  EFE synthesis by 
C2H4, but pro moted EFE activity. 

Carbon dioxide has rather different effects on  ethylene binding. Burg 
and Burg ( 1 967) studied the interaction  between co2 and c2H4 using the 
pea stem straight g rowth test. They showed that C02 was a competitive 
i n hibitor of ethylene action ,  and suggested that co2 delays fruit ripening by 
competi ng with ethylene for the receptor binding site . Sisler  ( 1 979) indicated 
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that C02 displaced bound c2H4 in tobacco leaves; at 2% C02 displaced 
about 35% of the bound ethylene, but increasing the C02 concentration to 
1 0% did not displace the remain ing 1 4c-label led c2H4. He concluded that 
C02 acted, not only by direct competition, but i n  some indirect manner not 
yet determined. Thomas et al. ( 1 984) indicated that C02 appeared to 
promote ethylene bi nding at the high C02 concentrations (8%) i n  extraction 
of the ethylene-bindi ng site from Phaseolus vulgan·s L. cotyledons. 

:tl�. As one of end products of c2H4 metabol ism, it  is also possible that (' 
C02 could inhibit C2H4 metabolism by a negative feed-back m echanism 
and resu lt in  c2H4 accumulation i n  the tissue (Smith et al. , 1 985) .  

I n hibitors o f  both EFE activity and ethyle ne action are useful tools for 
testing mechanisms of synthesis, activity of ethylene biosynthesis enzymes 
and the regulation of ethylene production by ethylene receptors (Veen ,  1 987 ; 
Yang , 1 985) . 

Cobalt ion effectively inhibited ethylene production induced by IAA or  
ki netin i n  mung bean hypocotyl segments (Lau and Yang, 1 976) and ACe­
dependent ethylene production in hypocotyl segments of mung bean (Yu 
and Yang, 1 979). Yu and Yang ( 1 979) showed that ea++ i nh ibited the 
react ion conve rti ng ACC to C2H4 and suggested that ea++ m ay inh ibit 
ethylene  production  by interacting with the sulfhydryl group thought to be 
part of the EFE.  

Compounds inhibiti ng ethylene action ,  such as the s i lver ion and 2 , 5-
norbornadiene (NDE) ,  can be used in studying the mechanism of ethylene  
actio n  (Veen, 1 985, 1 986 and 1 987 ; Wang, 1 987) . 

The si lver ion can inhibit (Saltveit et al. , 1 978; Reid et al. , 1 980; Veen, 
1 979a,b) ,  stimu late (Aharoni and Lieberman, 1 979 ; Aharon i  et al. , 1 979; 
Atta-Aiy et al. , 1 987) or have no effect (Atta-Aiy et al. , 1 987) on  ethylene  
production, depending on species, tissue type and developmental stage of 
the tissue. 

The si lver ion has been shown to be a potent ethylene antagonist on 
etiolated pea stems, cotton plants and orchid flowers (Beyer, 1 979). Lau and 
Yang ( 1 976) reported that c2H4 production by post-cl imacteric apple tissue 



and by etiolated mung bean hypocotyl tissue was inhibited by Ag+. Si lver 
nitrate (0. 1  mM) i nhibited ethylene product ion from mature g reen banana 
fruit s l ices, from pericarp discs of mature g reen  tomato fruit and cortical 
tissue  from post-cl imacteric apples ( ldared) (Saltveit et al. ,  1 978) .  
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I n  carnat ion flower petals, STS completely blocked the  ethylene surge 
preceding the wilt ing of the petals (Reid et al. , 1 980 ; Vee n ,  1 979a,b). I n  
tomato discs from attached fruit o r  fro m  mature green fruit, long-term ( 1  o r  2 
days) t reatment with 1 mM STS stimulated both the conversion of ACC to 
ethylene  and the synthesis of ACC, while short-term (2 hours) si lver (1 m M  
STS) treatment had n o  effect (Atta-aly e t  al. , 1 987) . 

However i n  contrast to the above results,  Ag+ stimu lated ethyle ne 
production in  senescing tobacco leaf discs (Aharoni  et al. , 1 979 ; Aharon i  and 
Lieberman,  1 979) and tomato fruit tissue (Atta-Aiy et al. , 1 987) . 

Explanations given for the mechanisms of Ag+ effects on ethylene  
synthesis are confl icting . Atta-aly et  al. ( 1 987) and  Saltveit et  al. ( 1 978) 
suggested that in fruit tissues, the stimulation o r  i nhibition of ethylene 
production by Ag+ depended on the cl imacteric stage of the fru it ;  si lver m ay 
have blocked the autoinhibition of ethylene synthesis, and thereby promoted 
the i ncrease in ethylene production in  noncl imacteric tissue ,  o r  alternatively it 
may have blocked the autocatalytic process of ethylene synthesis by 
ethylene,  to reduce ethylene production .  Aharon i  et al. ( 1 979) suggested that 
Ag+ stimu lated ethylene production through preserving IAA i n  the tissue or  
through accelerat ing the  mechanism by which IAA or kinet in  stimulated 
ethy lene biosynthesis in  leaf discs. 

Norbornadiene (NDE) ,  a cycl ic olefin ,  is another powerful i nhibitor of 
ethy lene action which is thought to competitively block the physiological 
ethyle ne-binding site (Sisler  and Yang, 1 984; Sisler  et al. , 1 985). Because 
N D E  is a gas and can be appl ied and removed sequential ly ,  g iving 
reversib le effects, it has proved to be a useful tool to study ethylene action 
(Yang , 1 987a). Among several cycl ic olefins tested , NDE had the highest 
inh ibitory effect on ethylene productio n  (Sisler and Yang , 1 984) . NDE  
retarded senescence o f  green tomato (Liu  et al. , 1 989), apple  (Biankenship 
and Sisler, 1 989 ; Treccani et al. , 1 986) and carnation flowers (Sisler  et al. ,  
1 983 ; Peiser, 1 989 ; Wang and Woodson ,  1 989) , and inhibited abscission o f  
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citrus leaves (Sisler et al. , 1 985) . I n  vegetative tissue, ethylene production 
was found to i ncrease after long exposure,  24 h or longer, to NDE (Sisle r  et 

al. , 1 985) .  The different responses of ethylene production to NDE may result 
f rom different durations of NDE treatment of different tissues (Peiser, 1 989) . 

The re have been very few reporf on effects of the interaction between 
C02 and CoCI2, between C02 and Ag+, and between C02 and NDE on 
EFE in fruit tissues. Cheverry et al. ( 1 988) showed that the maximal 
i nhibition of E FE activity i n  avocado fruit at the autocatalytic stage of 
ethylene production occurred in the presence of N DE alone, while less 
i nh ibition was measured with a mixture of NDE and C02. They confirmed 
that, in  the presence of N DE, ethylene production in t issues excised from 
climacteric avocado fruits is no longer autocatalytic, and that C02 in  the 
absence of any autocatalytic ethylene production stimulated conversion of 
ACC to ethyle ne .  

I f  Ag+ and NDE are ethylene action inhibitors,  their inh ibiting effect on  
ethylene biosynthesis should occur through inh ibit ion of ethylene bindi ng to 
the ethy lene receptor. On ly two hypotheses have been suggested indicating 
how Ag+ or  NDE  may i nteract with the ethylene receptor and inh ibit ethylene 
action (Yang, 1 985 ; Veen ,  1 986). Yang (1 985) presented a model of  action 
of ethylene which assumed that one or more of the coordination l igands in 
the receptor site faci l itated the binding of ethylene to its receptor, result ing in 
a biological ly active com plex. Antagonists such as Ag+ are thought to 
i nteract with these l igands, resulting i n  a receptor having l ittl e  capabi l ity to 
bind ethylene ,  or in an ethylene-receptor complex which is biologically 
i nactive or less active .  This model also assumed that NDE competes with 
ethylene for the same b inding site with the resulti ng NDE-receptor complex 
being biological ly inactive .  NDE may act through a double bond which bi nds 
a metal such as copper which is thought to be contained in the  ethylene 
receptor (Burg and Burg ,  1 967) . 

Veen ( 1 986) presented another model to  explain the competition 
between ethylene and NDE and between ethylene and the si lver ion.  This 
showed some resemblance to the calcium-calmodulin scheme which has 
been proposed (Smith, 1 983) . This model hypothesized that the ethylene  
receptor is composed o f  a sub-un it A, of a proteinaceous nature ,  and one or  
more e nzymic sub-units B ,  which contain the  copper. Binding o f  ethylen e  to 
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sub-unit A causes an active al losteric change in that protein .  The activated 
sub-unit A wi l l  act as a regu latory system for the sub-unit B. The type of 
response caused by ethylene may depend on which e nzymic sub-un its B are 
p resent. Ethylene binding to sub-unit A leads to activation of sub-unit B and 
f inal ly to a response. Ag+ may displace the copper in the receptor  sub-unit 
B ,  p reventing sub-unit A from activati ng sub-unit 8, thus blocking the action 
of  e thylene.  NDE  and ethylene compete for the same site in sub-unit A. 
B ind ing of N D E  to sub-un it A does not cause activation of sub-unit A,  
whereas ethylene-binding does .  

Resu lts from Chapter 5 have shown that C02 stimu lated EFE activity 
i n  discs of both Hosui and Granny Smith fruits. C02 also stimulated EFE 
biosynthesis i n  discs of precl imacteric G ranny Smith fru it, but not i n  Hosui 
fruit discs. In o rder to investigate the mechanism of C02 di rect actio n  on  
E FE activity, t he  i nteraction o f  eo++ and co2 was studied. I n  addit io n  the 
i nteractions between C02 and the two ethylene action  inh ib itors,  Ag+ and 
N D E  on EFE were tested to elucidate the effect of C02 on the ethylene  
receptor binding sites. 

6.3 M ATERIALS AND METHODS 

6.3.1 Materials (See Chapter 2) 

6.3.2. Methods 

6 .3 .2 . 1  P reparation of fruit discs (see Chapter  2) 

6 .3 .2 .2 Measurement of ethylene production, EFE activity and respi ration of 
fruit discs 

E FE activity, ethylene production and respiration of discs were 
m easu red by seal ing six discs i n  each of 3 o r  4 X 36 ml vials for a certain 
t im e  after vacuu m-i nfi ltration  with 0 .4  M mannitol solution  contai ning 5 mM 
AOA to i nhibit ACC synthase, 1 m M  CH I  to inh ibit EFE synthesis and with 
(for E FE) ,  or without (for ethylene production )  5 mM ACC (as the substrate 
for EFE) .  After incubation at 27°C,  2 X 1 ml gas samples were removed from 
e ach vial . One sample was used for ethylene analysis, the other  for C 02 
analysis using G LC (See Chapter 2) .  
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6 .3 .2 .3  Carbon dioxide treatment 

To test the i nfluence of C02 treatment on EFE activity, ethylene 
production and respi ration  of fruit discs, 3 o r  4 X 36 ml vials and contain ing 
six discs were fl ushed for 20 seconds with a gas mixture which contained 
23% C02, 21 %  02 and 66% N2 . In control (C02-free) vials, small plastic 
tubes which contai ned a suspended piece of filter paper, wetted with 0 . 1  ml 
1 0% KOH,  was hung in each vial to prevent accumulation of C02. After 
i ncubation for a certain time ,  1 ml gas was sampled for C02 measu rement 
by G LC. 

6 .3.2 .4 Cobalt ion  treatment 

I n  o rder  to reduce possible variation of internal cobalt which might 
have been caused by different tissue permeability to eo++, fruit discs were 
vacuum-infi ltrated with a medium contai ning 5 mM ACC, 5 m M  AOA and 
various eo++ concentrations. 

For ethylene production measu rements, six fruit discs for each 
treatment were vacuum-infiltrated (a vacuum of 90 Kpa was applied for 1 
m in  then released;  this procedure was carried out 3 times to ensure ful l  
penetration of the solut ion) i n  3 X 36 ml vials containi ng 3 ml 0.4 M mannitol 
and the fol lowing concentrations of CoCI2 : 0,  0 .01 , 0.05, 0 . 1 , 0 .5 ,  1 and 5 
m M  for Hosu i and 0 ,  0 .01 , 0. 1 ,  1 ,  3, 5 and 1 0  mM for Granny Smith .  

To  measure EFE activity, 5 mM ACC, 5 mM AOA and 1 mM CHI were 
added to the above 0 .4  M mannitol solutions. 

After vacuum-infi ltration ,  the fruit discs were dried on fi lter paper then 
six discs were sealed in each of 3 X 36 ml  vials for 2 hours at 27°C before 
removal of 1 m l  gas for c2H4 measurement. 

To test the effect of C02 on EFE activity of discs in the presence of 
co++-treated discs ,  the same method of eo++ application was used as 
above with o nly one concentrat ion, 1 m M  CoCI2. After saturation  with the 
medium,  discs were treated with or without C02 for 1 and 4.5 hours for 
Hosui fruit, and sealed for 2 hou rs for Granny Smith fruit at 2JCC before 
removal of 1 m l  gas for c2H4 measurement (method described above) .  
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6 .3 .2 .5  Si lver ion treatment 

Si lver nitrate solutions were applied to fruit discs using the same 
m ethod as for the cobalt t reatment. Concentrations of AgN03 in 3 m l  of 0 .4  
M mannitol medium were 0 ,  0.02, 0.05, 0. 1 ,  0.25, 0.5, 1 .0 ,  3 .0  and  5 .0  mM 
without (for ethylene production measu rement) or  with (for E FE activity 
measure ment) 5 m M  ACC, 5 mM AOA and 1 m M  CHI .  After t reatment six 
discs were dried and sealed in each of 4 X 36 ml vials for 2 hours at 27°C 
before removal of gas samples for c2H4 and C02 measurement. 

To test the effect of C02 on EFE activity in Ag+-treated discs, the 
same method was appl ied except that only one concentration of Ag+No3 ( 1  
m M) was used, and that the t ime o f  C02 treatment was 2 hou rs. 

6 .3 .2 .6  2,5-Norbornadiene t reatment 

I n  Hosui ,  discs were sampled from fruit that had been stored for 30 
d ays at 1 °± 1 °C. I n  Granny Smith apple ,  discs were sampled fro m  fruit that 
had been sto red for 60  and 1 02 days at 1 °± 1 °C. 

Six discs were placed in 4 X 36 ml vials containing 0.05 M K+­
phosphate-sucrose buffer (pH 6.5) ,  5 mM ACC, 5 mM AOA and 1 mM CHI 
and vacuum-i nfiltrated for 3 minutes before removal and drying on  fi lte r 
paper. Six discs were sealed i n  each of 4 X 36 m l  vials. Carbon dioxide was 
appl ied using the method described above . After seal ing, NDE was injected 
i nto each vial with a syringe to give a concentration of 0.5% (v/v) .  Afte r 2 
h o u rs i ncubation at roo m  temperatu re (about 20°C) in the fume cabinet, 1 ml  
g as was sampled for ethylene analysis by GLC. 

6.3.3 Statistical analysis of results 

Each t reatment had three or four repl icates. Each experiment was 
repeated at least twice. A computing p rogramme (SAS/STAT User's Guide) 
was used to analyse data for means and standard errors, and Duncan's 
m u lt ip le comparisons (Steel and Torrie ,  1 981 ) .  



6.4 RESULTS 

6.4.1 Effects of CoCI2 on EFE activity 

E FE activity i n  both fruits was stimulated , i nhibited , o r  u naffected 
depend ing on the concentrations of cobalt appl ied (Fig.6-1 and Fig .6-2) .  
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I n  Hosui fru it ,  EFE activity in  discs increased from 1 6. 1 4 (contro l )  to 
1 8.57 n iC2H4/g/h at 0 .0 1  mM CoCI2 (Fig.6- 1 ), before decl in ing to the control 
value at 0.05 mM. At higher concentrations, EFE activity decreased as eo++ 
i ncreased. There was a rapid 58% decrease in E FE activity as eo++ 
i ncreased from 0.05 to 1 mM, fol lowed by a slower 3 1 % decrease between 1 
to 5 m M  CoCI2 (Fig.6-1  ) .  

I n  contrast no significant increase in EFE occurred in G ranny S mith 
apple discs between  control and 0.01 mM eo++ treatment (Fig.6-2) .  Over  
the range of  0 . 1 -3 mM, EFE activity decreased rapidly by 64.9% from 32. 32 
to 1 1 . 33 niC2H4/g/h fol lowed by a slower fall off (30.2%) i n  E FE activity 
between 3 and 1 0  mM CoCI2. 

6.4.2 Interaction between CoCI2 and Carbon dioxide on EFE activity 

Because 1 mM CoCI2 sign ificantly reduced EFE activity, this 
concentration was selected for the experiment to test the interaction 
between eo++ and C02 on EFE activity. 

In Hosui ,  ethylene production from discs was not detectable after  1 
hour  incubation at 27°C and only trace amounts of ethy lene were measured 
duri ng 4.5 hour i ncubation ,  thus the effect of eo++ on ethylene production 
could not be measured. After a 1 hour incubation C02 increased EFE 
activity by 42.76% (Table 6-1 ) ,  but eo++ d id  not significantly reduce E FE 
activity. The com bination of eo++ and C02 did not i ncrease or decrease 
E FE activity compared with control but the addition of C02 did overcome  the 
i nh ibitory effect of eo++ alone.  

EFE activity in contro l discs did not change betwee n  1 and 4.5 hours 
i ncubation. C02 also i ncreased EFE activity after 4.5 hours. While eo++ 
again reduced EFE activity at this t ime, by 62%. However after 4.5 hours the 
combination of  C02 and CoCI2 did not reverse the inh ibitory effect of CoCI2 . 



20 

1 8  

1 6  

1 4  

E FE 
n iC2H4/g/h 1 2 

1 0  

8 

6 

1 

1 

E F E  
n iC2H4/g/� 

0 0 .02 0.04 0 .06 0 . 08 0 . 1  
[CO++] m M  

4+------r----�r-----+-----�----� 
0 2 3 

[CO++] m M  
4 5 

1 47 

Fig .6-1  EFE activity of H osui  d iscs treated with various CoCI2 
concentrat ions ( 1 989) .  Vertical bars indicate standard error. 
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Table 6 -1 .  EFE activity in Hosui fruit discs treated with 1 mM 

Cocl2 and 2 0 %  co2 for 1 and 4 . 5  hours at 27°C ( 1 9 9 0 ) . 

Treatments 

Control 

co2 

1 mM CoC12 

C02 + 1 mM CoC12 

EFE activity (nlC2H4 /g/h) 
Incubation time at 2 7°C 
1 h 4 . 5  h 

be b 
2 0 . 5 6 2 0 . 9 9 

a a 
31 . 73 2 6 . 17 

c c 
14 . 6 8 8 . 1 0 

b c 
23 . 21 12 . 82 

All values a re means (n=3) . 

NS 

NS 

SD 

SD 

Values within a column followed by different charactors 
represent significant di fferences at the 5% level (Duncan' s  
multiple comparison) . 
SD and NS represent significant and non significant differences 
at the 5% level between 1 and 4 . 5  hours for each treatment 
(Duncan' s  multiple comparison) . 

I n  Granny Smith fruit, C02 did not affect ethylene production ,  but 
i ncubation with 1 mM eo++ decreased it by 65.4% (Table 6-2) .  The 
combination of C02 and eo++ did not reverse the inhibitory effect of  eo++ 
on ethylene production.  C02 stimulated EFE activity, and eo++ reduced it  
by 40.27%. C02 did not reverse the inhibitory effect of eo++. 

6.4.3 Effect of AgN03 on EFE activity and respiratory rate 

I n  control Hosui discs, E FE activity was 82.85 n iC2H4/g/h, and th is 
d id not change when d iscs were treated with 0 .02 to 0 . 1 m M  Ag+ (Fig.6-3). A 
large decrease (66.82%) in EFE activity occurred at higher  Ag+ 
concentrations, particularly between 1 and 3 mM. At concentrations of  3 mM 
and above tissue browning was found, thus the  decline in  EFE activity above 
3 m M  AgN03 can be attributed to acute toxicity and probably death of  
tissue .  

Respirat ion rate o f  Hosui fruit discs was not affected by Ag+ i n  the  
range of  0 .02-0. 1 mM (Fig.6-3). Respiration  rate increased at 0 .5 and 1 mM,  
d ropped significantly at 3 m M  and then  remained relatively constant between 
3-1 0 mM AgN03. 
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Table 6 -2 . Ethylene production and EFE activity of Granny Smith 
fruit discs treated with 1 mM CoC12 and 2 0 %  C02 ( 1 9 8 9 )  . 

Treatment C2H4 Prod . 

a 
Control 1 5 . 2 8 

a 
Co2 1 4 . 9 9 

b 
1 mM CoC12 5 . 2 9 

b 
C02 +_1 mM CoC12 5 . 2 1 

EFE 
activity 

(n1C2H4 I g /h) 

b 
1 42 . 2 6 

a 
1 7 0 . 8 9 

c 
8 4 . 94 

c 
71 . 32 

�1 values are means (n=3 ) . Ethylene production of f ruit discs 
were measured without ACC and AOA . EFE activity was tested 
after discs were infiltrated with ACC ( 5mM) , AOA ( 5mM) . Values 
within a column followed by different characters represent 
signi ficant differences at the 5 %  level (Duncan ' s  multiple 
comparis on) . 

I n  G ranny Smith fruit discs, simi lar results were obtai ned (Fig . 6-4). 
Compared with contro l ,  EFE activity increased margi nally at 0 . 05 m M  
AgN03 with concentrations greater than 0 .5 m M  markedly inh ibiting EFE 
activity. There was no activity at 3 mM and higher, and tissue browning 
occurred at 3 and 5 mM. 

Respi ration rate i n  Granny Smith fruit discs was unchanged at 0 .02 
and 0 .05 m M  Ag+, but it increased g radually over the range of 0 . 1 - 1 mM and 
reached a peak at 0.5 m M  AgN03 (Fig.6-4) before decl in ing to 1 .3 1  
u iC02/g/h at 3 and 5 m M  concentrati on (Fig.6-4). This was probably caused 
by toxicity . 

6.4.4 Interaction between AgN03 and carbon dioxide on EFE activity 

Because 1 mM Ag+ significantly decreased EFE activity without 
reducing respi ration in each fruit type, t his concentration was selected to test 
the interaction between  Ag+ and C02 on EFE activity. 

Carbon dioxide increased EFE activity of Hosui fruit discs (Table 6-3) . 
Addition  of 1 mM AgN03 to the mediu m  reduced EFE activity by 37.3% and 
this i nhibition was· not reversed by addition of C02 . 
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Table 6 - 3 . EFE activity of Hosui fruit discs t reated with 1 mM 

AgN03 and 2 0 %  C02 ( 1 99 0 )  . 

Treatment 

Control 

1 mM AgN03 

EFE activity 
( nlC2H4 /g/h) 

b 
3 5 . 52 

a 
5 4 . 91 

c 
1 3 . 2 5 

c 
1 3 . 9 4 

�l values a re means (n=4 ) . Values within a column followed by 
different characters represent significant differences at the 
5 %  level (Duncan ' s  multiple comparison ) . Ethylene production of 
discs was not detectable . 

Ethylene production of Granny Smith fru it discs was u naffected by 
C02 (Table 6-4), but almost completely inh ibited by 1 mM Ag+. C02 did not 
reverse this inh ibitory e ffect. 

E FE activity i n  G ranny Smith fruit discs was stimulated 29 .5% by 
C02. Ag+ reduced EFE activity by 68.2% and again C02 was not able to 
reverse the i nh ibitory effect of AgN 03. 

Table 6 - 4 . Ethylene production and EFE activity i n  Granny Smith 
fruit di scs t reated with 1 mM AgN03 and 2 0 %  co2 ( 1 9 8 9 )  . 

Treatment 

Control 

C02 

1 mM AgN03 

C02 + 1 mM AgN03 

C2H4 Prod . 
of di scs 

(nlC2H 4 /g/h) 

a 
1 8 . 69 

a 
1 9 . 8 8  

b 
0 . 9 8 

b 
0 . 54 

EFE 
activity 

(nlC2H4 /g/h) 

b 
42 . 5 9 

a 
55 . 17 

c 
13 . 4 6 

c 
12 . 0 5 

�1 values are means (n=3 ) . Values within a column followed by 
different characters represent significant differences at the 
5% level (Duncan' s  multiple comparison ) . 
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6.4.5 Effects of N D E  and carbon dioxide on EFE activity 

I n  Hosui discs, C02 enhanced EFE activity by 56% and N D E  
treatment decreased i t  by 48.8% (Table 6-5). When discs were treated with 
the mixture of N D E  and C02, the inhibitory effect of NDE was reversed, 
although the fu l l  stimu latory effect of C02 was not achieved. 

In Granny S mith fruit which had been stored for 60 days, C02 
increased EFE activity in discs by 33.5%, whi le N DE inhibited it by 71 . 6% 
(Table  6-6) .  C02 sl ightly reversed the inhibition  caused by N D E .  E FE activity 
increased 1 02% during the period from 60 to 1 02 days in coolstore .  In fru it 
stored for 1 02 days C02 increased EFE activity by 36.3%. N D E  reduced it 
by 60 .6% and C02 did not reve rse the inhibitory effect of N D E  (Table 6-6) .  

Table 6 - 5 . EFE activity o f  Hosui f ruit discs t reated 
with 0 . 5 % norbonadiene (NDE) and 2 0 %  co2 (1 9 8 9 ) . 

T reatment 

Control 

C02 

NDE 

C02 + NDE 

EFE activity 
( nlC2H4 /g/h) 

b 
37 . 42 

a 
58 . 4 0 

d 
1 9 . 1 7 

b 
31 . 71 

All values are means ( n=4 ) . Values within a column 
followed by different characters represent significant 
differences at the 5% level (Duncan' s  multiple 
comparison) . Ethylene production of discs was not 
detectabl e . 



Tab1e 6 - 6 .  EFE activity of Granny Smith fruit dis c s  t reated 

with 0 . 5% norbornadine (NDE) and 2 0 %  co2 ( 1 9 8 9 ) . 

Treatment 

6 0  days 1 0 2  days 

b b 
Contro1 3 6 . 4 7  8 5 . 7 5 

a a 
co2 4 8 . 7 0 1 1 6 . 8 4 

d c 
NDE 1 0 . 37 33 . 77 

c c 
C02 + NDE 1 5 . 22 4 0 . 8 5-

A11 va1ues are means (n=4 ) . Va1ues within a co1umn fo11owed 
di fferent characters represent significant di fferences at 
the 5 %  1eve1 (Duncan' s mu1tip1e comparison) . 

6.5 DISCUSSIO N  
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lt has bee n  reported that there were several cel l-free ethylene-forming 
systems in vivo such as peroxidase (Rohwer and Mader, 1 98 1  ) , 

l ipoxyge nase (Gardner  and Newton ,  1 987 ; Ni lsen et al. , 1 988) i n  higher  
plants (See Chapter 1 ) .  lt is  essential to test i f  C02 stimulated ACC­
depend�nt ethylene production only through stimulating EFE activity. Lau 
and Yang ( 1 976) have observed that eo++ inh ibited all ethyle ne product ion 
systems tested i ncludi ng those of fruit tissues and vegetative tissues treated 
with IAA, kinetin ,  IAA plus kinetin ,  ea++, kinetin plus ea++  o r  cu++. Yu and 
Yang ( 1 979) identified that eo++ affected ethylene production  by inh ibiti ng 
the conversion of ACC to ethylene ( i .e .  EFE activity) and suggested that 
eo++ may interact with the sulfhydryl g roup of the enzyme which is 
responsible for the oxidation of ACC to ethylene (EFE). Thus eo++ was 
used to test if C02 had a di rect effect on EFE activity. 

� 
!'},present resu lts C02 stimulated EFE activity in  fru it d iscs of Hosui 

and Granny Smith ,  CoCI2 (1 mM) significantly inh ibited EFE activity in  both 
fruit discs, and the esmaiR:atio11 ot-eo2 aflld E:)e++ was not able to reverse 
the  inh ibitory effect of eo++ on EFE activity. These indicated that C02 
stimu lated ACC-dependent ethylene production in  both fru it discs occurred 
on ly through the pathway prop-osed by Adams and Yang·- ( 1 979) .  That 
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eo++ showed similar effects on EFE activity i n  discs from both Hosui and 
Granny S mith fruits indicated that the inh ibitory effect of eo++ on EFE 
activity was th rough the same mechanism. C02 did not interact with eo++ at 
the same binding site (su lfhydryl group) ,  thus the stimulatory effect of C02 
on EFE activity must occur as a resu lt of i nteractio n  at a different site and 
have another mechanism .  Because EFE showed stereospecificity towards 
( 1  R,2S)-AEC, one of the four stereoisomers of 1 -amino-2-
ethylcyclopropane- 1 -carboxylic acid (AEC) (Hoffman et al. , 1 982) ,  further 
evidence on the di rect stimulatory effect of C02 on  EFE activity could be 
obtained by testing specific capabil ity of tissue conversion of AEC to 
ethylene with C02 treatment. 

Beyer ( 1 979) suggested that C02 increased ethylene production 
through i nhibiting ethylene metabol ism. Resu lts from this prese nt work did 
not support this suggestion  because C02 treatment did not i ncrease 
ethylene accumulatio n  in the air of sealed vials afte r using eo++ to block 
ACC dependent-ethy lene production of both fruit discs. 

S i lver n itrate ( 1  mM) significantly reduced ethylene production and 
stimulated the respi rat ion to the maxi mum rate in both fruit discs. These 
resu lts confirmed those of Saltveit et al. ( 1 978) with post-cl i macteric apples, 
but the Ag+ concentration  for gett ing the maxim u m  respi ratory rate was 
lower (0. 1  mM AgN03) than in our experiments (0.5-1  mM AgN03) .  These 
differences could be a result of the senescent tissue being more permeable 
to AgN03 than immatu re tissue, thus allowing Ag+ ions easier across to 
ethylene  binding sites. lt is also possible that the t issues from different 
species, cu ltivars or o rgans at different ripening stages have bftQ different 
sensitivities to Ag+ treatment. Generally, compared with immature tissue,  
more mature tissues are more sensitive to ethylene and the i nhibitors (Yang , 
1 985) . .  

I n  this work, AgN03 inhibited EFE activity in both Hosui (as a 
noncl imacteric fruit) and Granny Smith apple (as a cl imacteric fruit) . These 
results did not ag ree with the work of Atta-Aiy et al. ( 1 987) in which Ag+ 

stimu lated EFE activity in immature tomato fruit and i nhibited it i n  tomato at a 
stage of response where ethylene  was autocatalytic. The present resu lts 
demonstrated that Ag+ did not stimulate ethylene production i n  either  types 
of fruit discs. Thus Ag+ was not able to block autoinhibition of ethylene 
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p roductio n ,  if it existed in the Hosui and Granny Smith fruit discs. Because 
the inh ibitory pattern of Ag+ on EFE activity in Hosui and Granny S mith fruit 
d iscs was s imilar, it is suggested that Ag+ inhibited E FE activity in non- and 
cl imacte ric fruits through the same mechanism. McGiasson ( 1 985) and Yang 
( 1 987b) stated that ethylene biosynthesis was regulated by the System I 
recaptor i n  noncl imacte ric and immature climacteric fruit tissues, and by 
System I and System 1 1  receptors in  matu re climacteric fruit tissues. Because 
ethylene biosynthesis i n  nonclimacteric fruit is thought to be regulated on ly 
by the  System I recaptor it is logical to assume that EFE is also regu lated by 
the System I ethylene recaptor in vivo. This is in agreement with Yang's 
model ( 1 987b) in which EFE is regulated by the System I ethylene recaptor, 
wh i le  ACC synthase is regu lated by the System 11 ethylene receptor.  
Ethylene p roduction was inh ibited more by Ag+ than was EFE activity in  
discs of G ranny Smith f ruit at the early climacteric stage. This may indicate 
that Ag+ inh ibited both ACC synthesis and conversion of ACC to ethylene by 
inactivat ing both ethylene System I and System 1 1  receptors. The 
com binatio n  of C02 and Ag+ did not reverse the inhibitory effect of Ag+ on 
E FE activity and ethylene production. This result at least i ndicated C02 did 
not compete with Ag+ fo r the same binding site on the ethylene receptors.  

I n  th is work, C02 stimulated EFE activity in  discs of Hosui and 
G ranny S mith fruit (Table 6-5 and Table 6-6). NDE significantly inh ibited 
E FE activity. This inhibito ry effect of NDE  was partial ly reversed by C02 in s�s of Hosui fruit, and i n  discs of Granny Smith fruit stored for 60 days & i .-t  -� 

tore ,  but  not i n  fruit that had been stored for 1 02 days. 

Because the same inh ibitory pattern of NDE on EFE activity was 
obtai ned in discs of both Hosui and Granny Smith fru its, this i ndicated that 
N D E  probably regulated EFE activity through the same mechanism. Yang 
( 1 987a) suggested that NDE competitively inh ibits ethylene action through 
reversibly b ind ing to the same binding site of the recepto r  as does ethylene .  
The present work i ndicates that NDE competes with ethylene to bind to the 
System I recaptor i n  Hosui fruit (as a noncl imacteric type) and Granny Smith 
f ru it (as a cl imacteric type) at precl imacteric stage.  In  t h is case the 
com bination of  C02 and NDE could reverse,  at least partial ly, inhibitory 
effect of NDE  on EFE activity in discs of Hosui ,  and in discs of Granny Smith 
fruit stored for 60 days. This result indicated that C02 can compete with 
N D E  at the same binding site on the ethylene receptor. I n  Granny S mith fruit 
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the effects of co2 on EFE i n  NDE-treated fruit discs depended on  the stage 
of fruit ripeness (Table 6-6) . When Granny Smith fruit had been in sto rage 
for 1 02 days, C02 stimulated EFE activity, but did not reverse the N D E  
i nh ibitory effect on EFE activity. This result i ndicated that C02 stimu lated 
EFE activity di rectly in discs of 1 02-day Granny Smith fru it ,  but did not 
stimulate it ind irectly by com petitively binding to the ethylene receptor with 
N D E. That C02 l ost its capacity to reverse the inh ibitory effect of N D E  on 
EFE may be caused by an increased ethylene binding affi nity of the 
receptors developing with t ime or  by an i ncrease i n  the amount  of ethylene 
receptors occurring in  ripening tissue which could make it more sensitive to 
ethylene (Yang,  1 987b) . Both NDE and C02 are competitive ethy lene action 
i nh ibitors which bind to the same binding site with ethylene (Yang,  1 985 and 
1 987a) , thus the binding i nteractions between C2H4, C02 and N D E  are 
complicated. lt is possible that C02 increased the affinity of ethylene binding 
to the receptor (Thomas et al. , 1 984) in Granny Smith fru it stored for 60 days 
at 1 °± 1 oc, which produced a small amount of ethylene, but did not in 1 02 
days fruit which produced more ethylene than 60 days fruit. C02 partially 
reversed the i nh ibitory effect of NDE on EFE activity, but did not reverse that 
of Ag+. These results suggest that NDE and Ag+ bind at different sites on 
the ethylene receptor, sad th_us inhibiting EFE activity. 

· The mechanism by which ethylene receptors regulateci' EFE is 
unknown. Yang ( 1 985) suggested that the si lver ion was a• noncompetitive 
ethylene act ion inhibitor which combined with and modified the receptor 
molecule thus preventing the primary ethylene-receptor binding ;  N D E  was a 
competitive ethylene action inhibitor which combined with the receptor at the 
ethylene binding site to form an inactive N DE-receptor complex.  I n  h is 
model ,  one or  more of the  coordination ligands i n  the receptor s i te faci l itates 
the binding of ethylene to the receptor, resulting in a biological ly active 
complex. Ag+ i nteracts with these l igands, resulting in a receptor having l ittle 
capacity to b ind ethylene ,  or in an ethylene-receptor complex which 
becomes biologically i nactive or less active. In this model no suggestion was 
made to explain how the ethylene receptor regulated relevant enzyme 
activity and its synthesis. Veen's work ( 1 986) indicated that Ag+ was a 
competitive i nhibitor of ethylene action, and he presented a model explain ing 
the interactions betwee n  the ethylene receptor and its inh ibito rs ,  NDE  and 
Ag+; this was described in the introduction to this chapter. H is m odel 
indicated how the ethylene  receptor might regulate the acitivity of e nzymes 
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i nvolved i n  ripen ing and the mechanism by which those inh ibitors affect 
ethyle n e  action .  Neithe r  model described any basic differences between the 
System I and the System 1 1  ethylene receptors. 

According to Veen 's model ( 1 986) ,  these present results can be 
explained by suggest ing that the System I ethylene receptor is composed of 
a subunit A and the  subunit 8 ( in th is case, subunit 8 i ncludes EFE).  Bindi ng 
of ethylene (or C02) to subunit A leads to activation of subunit 8 (EFE). 
Si lver ions binds to the System I ethylene receptor sub-unit 8, preventing 
sub-unit A from activating sub-unit 8, thus inhibiting EFE activity. Binding of 
N D E  to sub-unit A does not activate sub-unit A, again preventing activation  
of sub-un it 8 ,  hence inh ibiting E FE activity. 

EFE activity could be inhibited di rectly by eo++, and i ndi rectly by Ag+ 

and N D E  through their  binding to the ethylene receptor. I nh ibition of EFE 
activity may be caused by the inactivated enzyme catalytic site losing the 
capacity to convert ACC partially and the ACC-C02 complex completely to 
ethylene (See Chapter 5). 

In this work, results showed that C02 stimulated EFE activity in  discs 
of both Hosui and Granny Smith fruits. eo++ inh ibited EFE activity in  both 
types of fru its disc, and C02 was not able to reverse the co++-inhibitory 
effect. These resu lts indicated that C02 only stimulated ACC-dependent 
ethylene production (EFE activity) through Adams and Yang's ethylene 
biosynthesis pathway. C02 also was not able to reverse the inhibition of Ag+ 
on  EFE activity, but it could partial ly reverse NDE-induced i nhibition on EFE 
in discs of Hosui and of Granny S mith stored for 60 day at coolstore .  Thus 
Ag+ and N D E  probably i nh ibited E FE activity by inhibiti ng ethylene action 
th rough b indi ng to different binding sites on the ethylene receptors. Both 
C02 and N D E  probably compete between molecules as wel l  as with 
ethylene for the same binding site at the ethylene receptor. Because the 
i nh ibitory patterns of Ag+ or NDE on EFE activity in  discs of both fruit types 
(non- and cl imacteric fruits) were simi lar, and only the System I ethylene 
receptor occurred in noncl i macteric fruit and preclimacteric fruit , it suggests 
that EFE activity is regulated by the same mechanism : Ag+ and NDE 
i nteract with ethylene o n  the  System I ethylene receptor to  form an  inactive 
i nhibitor-recaptor complex which is biologically inactive o r  l ess active. 
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CHAPTER 7 

FINAL DISCUSSION 

The use of a low oxygen and high carbon dioxide atmosphere during 
CA and MA storage can delay fruit senescence and extend storage l ife of 
many different fruits. Short periods of exposure to high C02 treatments 
before storage can delay fru it senescence, improve fruit quality and control 
i nsects efficiently in some European pears, such as 'd'Anjou ( 1 2% C02 for 
1 4  days, Couey and Wright, 1 977) , Bartlett (20% C02 for 4-6 days, 
Dangyang et al. , 1 990) and Bosc (Chen  et al. , 1 985) , and apples, Golden 
Del icious (Couey and Olsen,  1 977) and Mclntosh (1 0-20% C02 for 1 0-1 5 
days) (Bramlage,  1 977) .  So far very l itt le research has been done to 
i nvestigate the biochemical and physiological mechanisms by which C02 
delays fruit ripening through its effects on  processes, such as respi ration 
rate and ethylene synthesis (Kader, 1 986 ; Kerbel et al. , 1 988). The known 
effect of C02 is thought to inhibit ethylene  action (Burg and Burg ,  1 967) , but 
recent work has indicated that C02 may also inhibit biosynthesis of ethylene 
in fruit, such as apple (Chaves and Tomas, 1 984; Cheverry et al. , 1 988 ; 
Looney, 1 975) , avocado (Marcel l in  and Chaves, 1 983) and tomato 
(Buescher, 1 979 ; Zamponi  et al. , 1 990) .  

In h igher plants i t  is known that ethylene synthesis occurs th rough the 
Met - SAM - ACC - C2H4 pathway (Adams and Yang , 1 979 ; LOssen et al. , 

1 979) .  Two e nzymes, ACC synthase and EFE catalyze the reaction from 
SAM to ACC and conversion of  ACC to ethylene respectively. Some 
research has been done i n  an attempt to understand the effects of C02 on 
ethylene biosynthesis. lt has been reported that C02 did not change internal 
ACC content in the fruit of Granny Smith  and avocado (Cheverry et al. , 

1 988) or tomato (Zamponi et al., 1 990) .  But there have been several studies 
which report that C02 stimulated EFE synthesis and activity in many 
vegetative  tissues, organs and seedli ngs. Several different results have 
been reported on the effects of C02 on EFE in fruit discs. 

Chaves and Tomas (1 984) reported that C02 increased the ACC 
content of G ranny- Smith fruit tissues and concluded that C02 inh ibited the 
enzyme responsible for conversion of ACC to ethylene. But the ir  techn ique 
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for measuring the conversion of  ACC to ethylene used unsatu rated ACC 
concentrations (0 .04 and 0. 1 m M).  Generally EFE activity in vivo has been 
measured by ethylene production  from plant tissues saturated with 
exogenous ACC (Yang and Hoffman, 1 984) and thus their results did not 
really show the  fu l l  effect of C02 on EFE activity. 

Cheverry et al. ( 1 988) indicated that C02 stimulated EFE activity i n  
discs o f  precl imacteric G ranny Smith apple and avocado, but i nhibited its 
synthesis induced by C2H4. 

Tan and Thi mann ( 1 989) i nvestigated the effects of co2 on ethylene 
product ion i n  oat leaves, Golden Del icious apples and Anjou pears. Thei r 
resu lts i ndicated that there was a difference between ethylene production 
from endoge nous and exogenous ACC (0.25 mM) sources. They showed 
that by lowering the C02 in the air by 99%, there was a decrease in the 
ethylene production in  fruit discs when exogenous ACC was used, but there 
was no decrease ( in fruit there was even slight increase), in ethylene 
production when endogenous ACC was used in the same C02 environment. 

The above reports i ndicate that there may be several different resu lts 
i n  effects of C02 on ethylene production or EFE activity and its synthesis in  
Granny S mith fruit discs : ( 1 )  C02 inhibited, stimulated or  did not change 
ethylene production fro m  endogenous ACC ; (2) adding C02 (20%) or  
reducing e ndogenous C02 decreased ethylene production from unsaturated 
(0 .04-0.25 m M) exogenous ACC; (3) adding C02 (20%} stimulated ethylene 
production  from saturated exogenous ACC (2 mM) by stimulating EFE 
activity, and i nhibited E FE synthesis i nduced by exogenous C2H4. No 
fu rther work was found to clarify these effects of C02 on EFE i n  cl imacteric 
fruit tissues, and no simi lar work using nonclimacteric fruit tissues has been 
done. 

Tissues (discs) may have some differences from whole plant organs, 
such as fru it and leaves in their  physiological behaviour. For example ,  
p reparing discs by cutt ing fruit or  leaves can enhance or inh ibit ethylene 
synthesis in  wounded citrus peel discs (Riov and Yang,  1 982b) , citrus leaf 
d iscs (Riov and Yang, 1 982a) and mung bean hypocotyls (Yoshii and 
l m aseki ,  1 982) .  Some workers have reported that C02 might have different 
e ffects on whole fru it and fruit tissues. Generally C02 , an ethylene action 
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inhib itor, inhibited ethylene synthesis (Burg and Burg ,  1 967) .  Zamponi et al. 

( 1 990) reported that co2 has different effects on ethylene production of the 
whole tomato fruit  and fruit discs. co2 inhibited ethylene production of the 
whole fruit, but  d id not affect it in  fruit discs. They suggested that i t  is 
possib le that the lack of a C02 effect on ethylene productio n  in  discs was 
due to a compe nsation between the decrease in the quantity and an 
i ncrease of the activity of EFE.  

Although differences i n  response to C02 have been fou nd between  
tissues and whole fruit, excised tissues could sti l l reflect some in vivo 

physiolog ical changes. So far EFE has not been purified fro m  plant ti�ues 
and EFE activity has only been measured by the product ion of ethylene.  A 
lot of i nformatio n  has been obtained on the characteristics of E FE (Yang ,  
1 987b) . Thus i n  this work discs o f  both Hosui and Granny S mith fruits were 
used as experimental material after careful ly testing techniques of EFE 
activity measurement. 

This thesis investigated the effects of co2 on EFE synthesis and its 
activity in Hosu i ,  a noncl imacteric fruit and Granny Smith ,  a cl imacte ric fruit. 
Based on the resu lts obtai ned, this chapter discusses: the possible di rect 
effects of C02 on EFE activity, and the i ndi rect effects of C02 on EFE 
activity and synthesis through interaction with an ethylene receptor; the 
possible form of E FE responding to C02 ; the interaction between  C02 and 
ACC;  the effects of interactions between C02 and various inh ibitors (Co++, 
Ag+ and NDE)  on EFE activity and its synthesis. A model suggesting a 
possible mechan ism of the C02 effects on EFE is presented . 

7.1 EFE MAY B E  REG ULATED BY TH E SYSTEM I ETHYLEN E 

R EC EPTOR 

Based on  the knowledge of ethy lene biosynthesis and its regu lation in  
c l imacteric and noncl imacte ric fruits , Yang ( 1 987b) presented a model which 
hypothesized that :  the difference between  the System I and the  System 1 1  

ethylene synthesis appears to l ie in  the abi l ity of the tissue to  develop ACC 
synthase, the  rate-l imited e nzyme in the ethylene biosynthesis pathway ; 
E FE is regu lated by the System I ethylene receptor, and ACC synthase is 
reg ulated by the System 1 1  ethylene receptor. However Yang's model does 
not indicate : ( 1 ) the nature of the different characteristics of the System I and 
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the System 1 1  ethylene receptors ;  (2) whether  the regulation of EFE by the 
Syste m  I receptor in  nonclimacteric and cl imacteric fruits is  exactly the same 
m echanism ; (3) whether there are multiple forms of EFE and whether they 
are regulated in different ways ; (4) whether and how the System I receptor 
regu lates EFE synthesis or its activity; (5) whether auto inhibition of ethylene 
synthesis i n  climacteric fruit is regulated by one or both of the ethylene 
receptors. 

One of the aim
� 

of the present work was to investigate the effects of ( 
C02 on EFE activity and its synthesis in  two different fru it types 
(nonclimacteric a� cl imacteric) for determin ing if EFE development is 
regu lated by the same mechanism ie. by the System I receptor as suggested 
by Yang ( 1 987b) , and to determine  if there was a difference in EFE 
regu lat ion by the System I receptor i n  noncl imacteric and cl imacteric fruits . 

Ethyl ene has been shown to stimulate the conversion of ACC to 
ethy lene i n  excised tissues of precl imacteric cantaloupe fruit (Hoffman and 
Yang , 1 982) ,  citrus and tobacco leaves (Chalutz et al. , 1 984; Riov and Yang , 
1 982b) . Liu et a/. ( 1 985a) found that i n  preclimacteric tomato and cantaloupe 
fruits (unripe) , ethy lene accelerated EFE development, but not ACC 
synthase. Thus in precl imacteric stage fruit, ethylene inhibits ethylene 
synthesis by autoinhibit ion through repression  of the synthesis of ACC 
synthase and inhibition  of its activity, and si multaneously stimulates EFE 
development.  Liu et a/. ( 1 985a) also reported that ethylene induced EFE 
development in  rin and nor tomato fruits (which are classified as 
noncl imacteric fruits) though the mag nitude of promotion was not as great as 
i n  the normal tomato. These resu lts suggested that EFE development in  
precl imacteric fru it and in noncl imacteric fru it was regulated by the same 
mechanism .  Thus Yang ( 1 987b) suggested that EFE is regu lated by the 
System I receptor in both climacteric and noncl imacteric fruits. 

7.1 .1 Hosui  is a noncl imacteric fruit in New Zealand 

Respiration rate of Hosui fruit i ncreased following propylene treatment 
and retu rned to normal rates upo n  removal of the propylene. Ethylene 
production was barely detectable at a range of maturities and did not 
i ncrease after harvest , and it- was not i nduced by exposure to propylene.  
Ethylene production of Hosui  fruit discs was also undetectabl e .  These 
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results suggested that Hosui fruit g rown in New Zealand is noncl imacte ric. 
By compari ng the effects of C02 on EFE in a nonclimacteric (Hosui) and 
cl imacteric (Granny Smith) fruit it should be possible to determine whether 
the regu lat ion of EFE � by the System I ethylene receptor has the same 
mechanism in both types of fruit. 

7.1 .2 EFE development in fruit stored at low temperatu re 

Because EFE activity was measured in vivo from fru it that had been 
i n  storage at 1 °±1 °C for long periods of t ime, it was not possible to 
determine  if the measu rement changes in EFE resulted from increased 
synthesis or activity (or both) of the enzyme.  Thus results fro m  such 
experiments probably reflected a combination of EFE synthesis and activity 
changes during storage .  

7 . 1 .2 . 1  E FE development in Hosui fruit 

Du ring cool storage, EFE in Hosui developed during the t ime fru it was 
in storage at 1 °± 1 °C, but ethylene production of fruit was not detectable or 
was only present i n  trace amounts, during the storage (more than 1 50 days 
at 1 °+ 1 °C) .  

Because Hosui is a nonclimacteric fru it ,  and because only the System 
I ethylene receptor is thought to exist in nonclimacteric fru it (McMurchie et 

al. , 1 972) ,  it is possible that EFE development i n  Hosui is regulated by the 
System I ethylen� receptor. Ethylene could bind with the binding site of the 
System I ethylene receptor to regu late EFE development .  Because ethylene 
production i n  Hosui was very low, i t  is  l ikely that System I ethylene receptor 
has a very high affin ity for trace amount ethylene.  

The effects of ethylene on  ripening in nonclimacteric fruit are not 
clear. McMurchi e  et a/. ( 1 972) and McGiasson ( 1 985) suggested that the 
System I ethylene  system is i nvolved in the regulation of the aging process 
and is responsib le  for the low rate of ethylene production during growth ,  and 
that the System 1 1  ethylene system is responsible for the autocatalytic 
i ncrease in ethylene production  which accompanies ripening.  McGiasson 
( 1 985) suggested that noncl imacteric fruit have System I but not System 1 1 .  
Yang ( 1 987b) also indicated that ethylene does not affect the ripening 
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processes i n  noncl imacteric fruit. But Cohen (1 978) reported that ethylene 
treatment could accelerate skin colour  change from g reen to yel low in citrus 
fruit (a noncl imacteric fruit) without chang ing any othe r  ripening processes. 
N o  resu lts were presented to indicate whether ethy lene accelerated this 
colou r chang e  in noncl imacte ric fruit di rectly by binding  with the System I 
ethylene  receptor, or affected it indi rectly by influencing  fruit ripen ing through 
stimu lation of fruit metabol ism (eg . respi ration).  No i nformation was found on 
the  effects of ethylene on Hosui fruit ripening.  Thus the question  arises as to 
what is the significance of  EFE development in noncl imacteric fru it .  Several 
possible explanations can be suggested. 

lt is possib le that EFE does have some, as yet u nidentified, role in  the 
reg ulation  of ripening of noncl imacteric fruit . Recently Hartmann ( 1 989) 
found that changes in ethylene  production ,  ACC and MACC levels occu rred 
during ripening in the noncl imacteric cherry fruit which were simi lar to those 
fou nd i n  cl imacte ric fruit. He  suggested that the ripen ing of the 
noncl imacteric cherry fru it may be l inked with ethylene ,  thus EFE might have 
some role in ripening of nonclimacteric fru it ,  but this role  was not defined.  

Another  possible explanation for the presence of EFE in 
noncl imacteric fruit is  that for  ethylene to be produced as a results of  various 
stresses, such as wounding,  physical damage, droug ht, water-logg ing 
(which main ly affect induction of ACC synthase (Abeles, 1 973 ; Yang and 
H offman, 1 984) ) ,  development of EFE is necessary to convert ACC to 
ethylene.  

For fru it attached to the tree, ACC could be synthesized in other  
o rgans and transferred in the xylem to  the fruit (Osborne,  1 989). Hosui fruit 
had EFE activity at haNest time.  Thus E FE developme nt in attached fruit 
may be responsible for conversion  of ACC, synthesized in other  organs, to 
ethy lene in the fru it, which may be an important factor i nvolved in fruit g rowth 
(McGiasson ,  1 985).  

7. 1 .2 .2 E FE development i n  Granny Smith fruit 

lt has bee n  shown that EFE was able to develop in Granny Smith  fruit 
sto red at 1 °± 1 oc�  and that it had a simi lar developmental pattern to that of 
H osui .  This might indicate that EFE development in  both types of fru it was 
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regulated by the same mechanism or the same ethylene receptor. Because 
o nly System I ethylene receptor existed in noncl imacteric fruit, it is l ikely that 
the System I receptor regu lated EFE developmenet in  both noncl imacteric 
and cl imacte ric fruits. 

G ranny Smith apples picked at different dates in 1 989 showed neither 
ethylene production nor EFE activity at harvest time.  Fruit harvested on  25 
Apri l ,  1 989 showed no respiration peak and no ethylene developed during 
25 days at 2 1 °C. However fruit harvested on the same date and then stored 
at 1 °± 1 oc for 20 days, showed rapid ethylene production when transferred to 
2 1 °C. This behaviou r was simi lar to that shown by other pears and appl�. I n  
the European pear variety, Conference, and at least one apple variety, 
Golden Del icious, rapid ethylene production occurred over a shorter period 
and in a more un iform manner after two periods of 48 hours exposure to 3°C 
than it did at the higher  temperature of 1 8°-20°C (Knee et al. , 1 983). 
Blankenship and Richardson (1 985) demonstrated that the capacity to 
convert ACC to ethylene  in 'd'Anjou pear developed at least 4 days earl ier 
than the increase in  ACC synthase that occurred at 20°C, after fruit has 
been stored for 41  and 50 days at - 1  °C. Because the rate of synthesis of 
ACC synthase activity i ncreased more rapidly in  discs from pears held at 
- 1  oc than from pears i m mediately after harvest ,  and because cycloheximide 
(CHI )  i nh ibited these i ncreases and reversed increases resu lti ng from pre­
i ncubatio n  of discs with C H I ,  Knee ( 1 987) concluded that the m RNA for ACC 
synthase was formed at - 1 °C. The mechanism of low temperatu re stimu lated 
synthesis of ethylene  biosynthesis enzymes remains unknown . lt is possible 
that low temperatu res stimulate the synthesis of ethylene receptors, leading 
to the i nduction of EFE synthesis. Results showed that low temperature 
could i nduce ethylene production (caused by the development of ACC 
synthase and EFE) i n  G ranny Smith (a climacteric fruit) .  This has potential 
for accelerating fruit ripening for commercial purposes. 

7.2 TH E EFFECT OF CARBON DIOXIDE ON EFE BIOSYNTHESIS 

7.2.1 Carbon dioxide stimulates EFE biosynthesis 

Carbon di�xide stimulates EFE synthesis in some vegetative tissues 
(Ahar6ni and Lieberman, 1 979b; Horton and Savi l le ,  1 984 ; Kao and Yang, 
1 982 ; Ph i losoph-Hadas et al. , 1 986). High C02 levels inhib ited the induction 
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of  both ACC synthase and EFE i n  Golden Delicious apple fruit (Butle r, 1 984;  
1 986), precl imacteric tomatoes (Li u  et al. , 1 985a; Zamponi et al. , 1 990) ,  
G ranny S mith apple and avocado (Cheverry et al. , 1 988) .  In  fruit discs 
different results were fou nd .  Cheverry et al. ( 1 988) reported that EFE 
i nductio n  by ethylene i n  apple and avocado discs was inh ibited by C02, but 
the EFE activity was increased by i t .  In  the present work the stimulatory 
e ffect of C02 on  EFE synthesis was found in precl imacteric G ranny Smith  
apple without pre-treatment with ethylene ,  but not i n  Hosu i .  G ranny Smith 
f ru it were tested at the preclimacteric stage because they did not produce 
detectable ethylene and the EFE activity was not detectable. At this ripen ing 
stage ,  fruit ethylene synthesis was probably regulated by the System I 
ethylene  recaptor (Yang ,  1 987b). After C02 treatment,  EFE activity 
appeared,  indicating that EFE synthesis was stimulated by C02, perhaps 
th rough i nteracting with the System I recaptor. lt is possible that at this 
ripening stage C02 might be a structural analogue of C2H4 which cou ld 
combine with the ethylene  binding site on the System I receptor and 
stimu late ethylene synthesis. Alternatively C02 might increase the affi nity of 
ethylene  to bind to the ethylene recaptor (Thomas et al. , 1 984) .  In othe r  case 
it is possib le that the ethylene recaptor, which was previously inactive o r  

blocked, became activated, resulting in  the stimulation o f  EFE synthesis. 

7.2.2 The possible mechanism of the stimulatory effect of carbon 

d ioxide on EFE biosynthesis 

Sisle r  et al. ( 1 983) suggested that the mode of ethylene action in  
plant cel ls  i nvolved enzyme synthesis. Based on other  plant and animal 
ho rmonal responses, they presented a simplified hypothetical model of the 

' 
m ode of act ion of c2H4 i n  plant cel ls, which suggested that the ethylene  
m olecule attached to a specific binding site on the ethylene  receptor. This 
i nteraction released a 'second message' ,  a molecule which itse lf, or through 
the mediation of subsequent messenger molecu les, resulted in transcription 
of new mRNA material from the gene. The proteins coded by this RNA were 
the  enzymes which caused the symptoms of ethylene treatment. Several 
pieces of evidence support this model .  Cycloheximide (CH I) ,  an i nhibito r of 
prote in  synthesis on 80-S ribosomes, i nhibited the effects of ethy lene 
( Frenkel et al. , 1 968) , and a number of plant tissues appeared to contai n a 
specific ethylene_ bindi ng site (Sisler, 1 979; Bengochea et al. , 1 980a,b) .  
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H owever this model (Sisler et al., 1 983) did not attempt to distinguish 
between the differen�.of the functions of System I and System 1 1  ethylene 
receptors. 

The present work suggests that C02 does stimulate EFE synthesis 
th rough the System I receptor i n  preclimacteric Granny Smith fruit, but not in  
Hosui nor in  ripe Granny Smith fruit. But Yang ( 1 987b) did not mention any 
difference between System I receptors in nonclimacteric and cl imacteric 
fruits. This difference could be interpreted by suggesting that System I 
ethylene receptors have differe nt functions, fi rstly regulation of EFE activity , 
and secondly regulation of its synthesis. If this were so , c2H4 would bi nd 
separately to each of these two types of System I ethylene  receptors to 
stimulate EFE activity and synthesis. In preclimacteric G ranny Smith fruit, 
C02 and ethylene had simi lar effects on promoting both EFE activity and 
synthesis, it might mean that C02 could bind with both of the System I 
ethylene receptors. 

Of cou rse , it is possible that the stimulatory effect of co2 on EFE 
synthesis in  Granny Smith apple might be through othe r  mechanisms which 
do not involve the ethylene receptor. C02 may i ndirectly stimulate EFE 
synthesis by changing intracel lu lar pH or some other protein synthesis 
regulators. Perhaps different forms of EFE occur in  different species, which 
are regulated by different receptors. In this case C02 might stimulate 
synthesis of one  of the EFE forms which does not occu r in Hosui and ripe 
Granny Smith fruit. 

7.3 TH E EFFECT OF CARBON DIOXID E  ON EFE ACTIVITY 

Carbon dioxide might stimulate EFE activity di rectly by binding to the 
EFE bi nding site , or indi rectly by interaction with the System I ethylene 
receptor which regulates EFE activity. 

7.3.1 The d i rect stimulatory effect of carbon dioxide on EFE activity 

The main stimulatory effect of C02 on EFE activity was caused by 
directly binding of C02 to th� EFE binding site in discs of Granny Smith 
apple at all stag� tested and�nripe Hosui. 

I � 



Table. Characteristics of ethylene biosynthesis in Hosui and Granny Smith 
apple fruits. 

(A) 
C2H4 or C3H6 effect 
on respiration 

(B) 
C2H4 production 

C2H4 o r  C3H5 effect 
on  C2H4 production 
(C) 
Endog enous C2H4 level 

(D) 
ACC 
ACC synthase 
(E) 
EFE 

Non-climacteric 
Hosui (unripe) 

C02 i while 
C2H4 or C3Hs 
present 

Low 

No effect 

Low 

Very low 
Very low 

Low 
EFE after low tmperature storage 

i 
C02 effect on EFE activity 
i n  short storage ii 
after long storage No effect 

C02 effect on EFE 
biosynthesis No effect 
(F) 
C2H4 receptor System I 

Climacteric apple 
(unripe) (ripening) 

Permanent rise No effect 

Low High 

i · No effect 

Low High 

Very low High 
Low High 

Absent High 

i 

ii i 
i i 

i No effect 

System I System I & 1 1  
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Bengochea et al. ( 1 980a,b) ,  and Thomas and Yang ( 1 987) indicated 
that enzyme preparat ions such as IAA oxidase, peroxidase, l ipoxygenase, 
pea ste m  homogenates and microsomal preparations were able to convert 
ACC to ethylene although these enzymes display high Km values for ACC, 
from 3 to 389 mM. The present resu lts showed that C02 directly stimulated 
E FE activity and this stimulatory effect of C02 on EFE activity was 
dependent on exogenous ACC when the EFE activity assay was carried out 
i n  the presence of C H I  (which inhibited possible EFE biosynthesis duri ng 
i ncubation) and high ( 1 -5 m M) ACC concentrations. Thus it was necessary 
to test whether C02 stimulated ethylene production through other pathways. 
The eo++ ion which is known to act as an EFE activity inhibitor (Yu and 
Yang , 1 979) ,  completely blocked the stimulatory effect of co2. Enzyme 
kinetics results showed that C02 significantly increased the maximum 
react ion rate o f  EFE without changing the Km for ACC. Th�s suggests that 
C02 stimulated EFE activity through the formation of an co2-EFE-ACC 
complex and/or EFE-ACC-C02 complex in Hosui and Granny Smith fruits 
(See 'Chapter  5') . 

7.3.2 Carbon dioxide may stimulate EFE located at plasma membrane 

Recently, Pech et a/. ( 1 989) and Bouzayen et a/. ( 1 990) demonstrated 
in vitro cultured cel ls of Vitis vinifera L. cv. Muscat and in leaf tissues e:f. �-"' 
Hordeum vulgare L. and Triticum aestivum L. that there were probably two 
sites of ethylene production :  ( 1 ) An external site located at the plasma 
membrane, capable of conve rting apoplastic ACC to ethylene ,  which was 
very sensitive to h igh osmotica (0 .8 M mannito l ) ;  and (2) An i ntracel lu lar site, 
possibly located in the tonoplast , which was capable of converting internal 
ACC to ethylene and which remained unaffected even under severe 
plasmolysis. I n  other grape cel ls cultured in vitro ( Vitis vinifera L. cv. Gamay) 
and in pea leaves (Pisum sativum L.) , only the intracel lu lar site was thought 
to operate as ethylene production was almost unaffected by plasmo�sis. 
Thus they concluded that i n  cel ls sensitive to osmotica, ethylene forming 
activity is main ly located at the plasmalemma with a small activity i nside the 
cel l  probably at the tonoplast . I n  osmoticum insensitive cel ls, the bulk of 
ethylene product ion is intracel lu lar. 
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I n  th is work, mann itol  which cannot,  or  can on ly slowly, penetrate into 
t he  cel l  (Berl i ner  and Martindale ,  1 98 1 ; Evans and Ting ,  1 973 ; Ruesink, 
1 978),  stimulated EFE activity in  Hosui  and Granny S mith fruit discs when 
t re ated at an isoton ic concentration (0 .4 M) .  This suggests that mann itol 
stimulated EFE located at the plasma membrane. I n  discs of both fruit, EFE 
activity was higher in  0.8 M mannitol solut ion than i n  0 .4 M, but the  tissue 
l ost its capacity to respond to C02 at the high mannitol concentratio n .  It 
could mean that activity of E FE ,  located at plasma membrane, is o nly 
stim ulated by C02 when in  an isotonic solut ion. Pech et al. ( 1 989) and 
Bouzayen et al. ( 1 990) concluded that the EFE located in  the plasm a  
m e mbrane was dependent o n  ACC present in  the apoplast. Because discs 
from Granny Smith produced ethylene without the addition of exogenous 
ACC, it is possible that in  this fruit another form of EFE is located at t he  
tonoplast, which main ly converted endogenous ACC (stored in  t he  vacuole) 
to ethylene (Pech et al., 1 989). 

The isoton ic potentials varied with species. The isotonic potentials of 
mann itol solution  was shown to be 0.35-0.4 M for Granny Smith apple flesh 
tissues (with no sign ificant changes occurring during ripening) (Harke r, 
1 986) ,  0 .7 M for Kiwifruit (Joh n  et al. , 1 989) and 0.7-0.9 M for Del icious 
apple (Mattoo and Lieberman ,  1 977). The effects of high osmotic potentials 
o n  EFE activity also varied by either inh ibiti ng or not affecti ng EFE act ivity ; 
th is effect would depend on whether  EFE was located i n  plasma membrane 
o r  tonoplast (Pech et al. , 1 989). John et al. (1 989) repo rted that the 
m aximum EFE activity in kiwifruit membranes was observed when sucrose, 
mann itol and sorbitol were present in  the medium at 0.7 M or at higher  
concentrations. I ndeed thei r data showed that the maximum EFE activity 
was obtained at 1 .0 M mann itol . They also reported that the EFE activity was 
com pletely lost when the osmotic support was removed . 

Although the mechanism by which high osmotica stimu late E FE 
activity is unknown (John et al. , 1 989), the explanation could be that some  
sugars ,  i ncluding mannitol ,  can stimulate EFE  activity (see 'Chapter  3 ' ) .  
Thus the higher apparent EFE activity obtained in 0.8 M mannitol might be 
the  consequence of the stimulatory effect of 0 .8 M mann itol on EFE activity 
be ing g reater in discs of both Hosui and G ranny Smith fruits than the 
i n hibitory effect that occurred at th is higher  (0 .8 M) osmotic potential. 
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Libbenga and Mennes ( 1 987) reviewed hormone bi nding and its role 
in hormone action .  They indicated that in hormonal systems, cel ls of different 
tissues and o rgans not o nly transmit signals, but they are also capable of 
detecting sign als which they receive from other parts of the system , and 
responding  to those signals in their own characteristic way. Receptor 
activation triggers a molecular program which is simply a di rect activation of 
a distinct set of enzymes. The normal experience with animal hormones is 
that receptors are C£_nfined to specific target o rgan. lt might be anticipated 
that receptors for plant hormones would be local ized in hormone-responsive 
tissues, h ence governi ng tissue sensitivity (Venis, 1 985) .  Libbenga and 
Mennes ( 1 987) also indicated that, i n  general , chemical signals ultimately 
i nfluence target cal ls, either  by alteri ng the activit ies or rates of synthesis of 
e.xisting p roteins or by altering the synthesis of new ones. I f  the set of 
responsive e nzymes is different in another type of target cel l ,  then the same 
signal el icits a different response via a similar receptor-and-transduction 
chain .  

I n  plant/fruit systems, plant hormones (the present work, ethyrene) 
could bind  to thei r receptors ( in this case, the System I receptor) governing 
tissue responses (in this case, ethy lene biosynthesis) . Chemical signals ( in 
this case ,  C02) could i nfluence target cells ( in Hosui and Granny Smith 
fruits) either  by altering the activity or rates of synthesis of existing proteins 
or by alte ring the synthesis of new ones ( in th is case, EFE) .  

Veen (1 986) presented a theoretical model to  explain the anti­
ethylene effects of silver thiosulphate and 2,5-norbornadiene. This model 
suggested how the receptors regulate ripening e nzyme activity and possible 
mechanisms of ethyle ne-action inh ibitors, but it  did not give any explanation 
for distingu ishing between System I and System 1 1  ethylene receptors. 

Si lver ions and N D E  are ethylene action  i nhibitors which i nhibit 
ethylene action by bind ing at the ethylene receptor. I n  this work, using the 
nonclim acteric fruit, Hosui ( in which on ly the System I ethylene receptor is 
thought to occur) ,- EFE lost the capacity to respond to C02 in the presence 
of Ag+. This suggested that Ag+ ions in some way inhibits the System I 
receptor which i n  tu rn regulates EFE activity. 
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lt has been reported that N D E  is a competitive inhibitor of 
autocatalytic ethylene synthesis ( Sisler  and Yang , 1 984) and ethy lene action 
(Yang , 1 985;  Yang and Hoffman, 1 984). Cycloheximide, a protein synthesis 
i nhibitor, i nhibited the conversion of ACC to ethylene in mung bean 
hypocotyls (Yu et al. , 1 979), in precl imacteric cantaloupe tissue (Hoffman 
and Yang ,  1 982) and in flavedo and albedo tissues of citrus fruits (Riov and 
Yang , 1 982b) .  In discs of Hosui and precl imacteric Granny Smith fruit ,  the 
combination of N DE and CH I  inhibited EFE activity, and its inh ibitory effect 
could be partial ly reve rsed by C02 . I n  Granny Smith, when fruit was ripe , 
C02 cou ld no longer reverse NDE inhibitory effect on  EFE activity. Because 
E FE synthesis was i nhi bited by CH I ,  these experiments only measu red the 
effect of C02 on EFE activity. NDE,  an ethylene action inhibitor, i n hibited 
E FE activity by binding to the System I receptor at the ethylene binding site ,  
suggesting that at this more advanced ripening stage, the System I ethyl ene 
receptor regu lates EFE activity. l t  has been reported that C02 might 
competitively bind to ethylene receptor  with NDE at the ethylene binding site 
(Sisler and Yang, 1 984) .  A combination of NDE and C02 reversed the 
i nh ibitory effect of N D E  on EFE activity suggesting that C02 might reverse 
the inh ibitory effect of N D E  on EFE activity by bindi ng to System I ethylene 
receptor at the ethylene bi nding site. When Granny Smith was ripe C02 sti l l  
d i rectly stimulated EFE activity ,  but lost its capabi l ity to stimulate EFE 
i ndirectly by binding to the System I receptor. 

In the present work, EFE developed duri ng coolstorage at 1 °± 1 oc in 
both Hosui and Granny Smith fruit. The response of EFE to C02 i n  Hosui 
and Granny Smith fruit discs were different ;  C02 stimulated EFE activity and 
its synthesis in precl imacteric Granny  Smith fruit discs, but it only stimu lated 
E FE activity i n  discs of more ripe Granny Smith and Hosui fruits . These 
resu lts indicated that EFE was able to develop during storage in Hosui and 
G ranny S mith. The difference betwee n  the noncl imacteric and cl imecte ric 
fruits was their response to co2. The fol lowing hypothesis is prese nted to 
explain the above results : 
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EFE was measured in  fruit tissue which consisted of very un iform 
cells in both Hosui and Granny Smith fruits. EFE is capable of developing in 
both fruits , but there is a difference in response to C02 between Hosui and 
precl imacteric G ranny Smith fru its , and betwee n  Granny Smith fru it at 
different ripening stages. lt is suggested that EFE is regulated by the same 
recaptor (System I ethylene recaptor) but that ethylene recaptor has different 
functio ns which regulates EFE synthesis and EFE activity separately. 

lt is suggested that there are two different forms of System I 
receptors ,  System I-A1 ethy lene recaptor which regulates E FE biosynthesis, 
and System I-A2 ethylene recaptor which regu lates EFE activity, both of 
which are thought to be located in  the same target cel l .  U n ripe G ranny S mith 
fruit and Hosui fru it possess both System I -A1 and System 1-A2 receptors. 
Ethylene cou ld bind with both of them to stimulate EFE synthesis and 
activity. C02 could combine with System I-A1 recaptor in precl imacteric 
Granny Smith fruit to form an activated recaptor which stimu lates EFE 
synthesis. C02 can bind to System I-A2 recaptor i n  both precl imacteric 
Granny Smith and unripe Hosui fruits, but not from ripe Hosui  and Gran ny 
smith fru its, to stimulate EFE activity (Table 7-1 ) .  

Table 7 -1 . Summary o f  effects o f  co2 o n  EFE synthesis and its 
activity . 

Ho sui Effects of 
C02 Unripe Ripe 

Direct effect : 
+ 

Indirect effect : 
System I -A1 
System I -A2 + 

Type number of 
cell 1 2 

Granny Smith 
P reclimacteric Ripe 

+ 

+ 
+ 

3 

+ 

4 

*Direct effect means that co2 directly affected EFE activity . 
**Indirect effects mean that co2 regulated EFE activity or synthesis 
through binding with ethylene receptors , in which the System I -A1 
regulates EFE synthesis , and the System I -A2 regulates EFE activity . 
* * *  ' + ' and ' - ' represent C02 st�ulatory effect and no effect on 
EFE respectively . 
****Type number _ of cell : See text . 
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Osborne ( 1 989) has i ndicated that there are numbe rs of target cel ls in 
plants where ethylene  can induce specific effects. l t  is, poss ible that even 
with in un iform tissue, such as that found in the fruit e�rtiZ, there may be 
cel ls, or organs withi n  cells, which may respond differently and selectively to 
ethylene,  o r  treatments which i nf luenced ethylene action .  I f  it is suggested 
that there are 4 types of cel ls, or regions in cells, i n  fruit cortical tissue ,  then 
the above resu lts could be explained according to their response to C02 and 
the mechanisms of the responses : 

Type 1 cel l :  (to be found in  un ripe H osui fru it) .  
C02 stim ulated EFE activity di rectly by interacting with the EFE bi nding site ; 
C02 did not stimu late EFE biosynthesis indi rectly through interacting with 
the System I-A1 ethylene receptor; 
C02 stimu lated EFE activity i ndi rectly through i nteracting with the System I­
A2 ethylene receptor;  

Type 2 cel l :  ( to be found in  ripe Hosui fruit) .  
C02 did not stimu late EFE activity di rectly by i nteracting with the EFE 
bi nding site ;  
C02 d id not stimu late EFE biosynthesis indirectly through interacting with 
the System l-A1 ethylene receptor; 
C02 did not stimu late EFE activity indirectly through interacti ng with the 
System l-A2 ethylene receptor; 

Type 3 cel l :  (to be found in  precl imacteric Granny Smith fruit) .  
C02 stim u lated EFE activity di rectly by interacting with the EFE bi ndi ng site ; 
C02 stimu lated EFE biosynthesis i ndi rectly through interacting with the 
System I-A1 ethylene  receptor; 
C02 stimu lated EFE activity indi rectly through i nteracting with the System l­
A2 ethylene  receptor; 

Type 4 cel l : (to be found in  climacteric o r  in  ripe Granny Smith fruit) . 
C02 stimu lated EFE activity di rectly by interacting with the EFE binding site ; 
C02 did not stimu late EFE biosynthesis indirectly through i nteracting with 
the System l -A1 ethylene receptor; 
C02 did not stimulate EFE activity indirectly through interacting with the 
System l -A2 ethylene receptor; 
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Hosui fruit may have Type 1 and 2 cells. When fruit develop�s from 
unripe to ripe, the  type of cell changes from Type 1 to 2. Granny Smith fruit 
may have Type 3 and 4 cells. Fru it at the precl imacteric stage have Type 3 
cells, wh i le  fruit at al l  climacteric stages have Type 4 cells. 

lt is possible that the types of cells described are morpholog ical ly 
distinct . However it is more l ikely that these types as described represent 
reg ions of the cel ls which change i n  their responsiveness to C02 with 
development of maturation and ripening .  

7.4 A POSSIBLE MODEL OF THE REGULATION OF EFE BY CAR BON 

DIOX I D E  

The fol lowing model (Fig .7-1 ) ,  derived fro m  the above suggestio ns ,  
provides an explanation of  the mechanism of reg ulation of EFE by C02 . 

This model suggests that EFE exists in  two forms, E FE 1 , located at 
the plasma membrane and EFE2, located at the tonoplast . EFE1 is thought 
to be the main form responding to C02 treatment. 

The resu lts from the EFE ki netics experiment indicated that C02 
might stimulate EFE 1 activity di rectly by forming a C02-EFE1 -ACC complex 
and/o r EFE1 -ACC-C02 complex which increases the react ion rate of ACC 
conversion to ethylene.  

E FE is thought to be regulated by the System I ethylene receptor. 
C02 may sti mu late EFE synthesis and activity by bi nding with the System I 
receptor. The effects of C02 on  EFE varied, depending on  the types of cel l  
in the fruits at a g iven stage of development (Table 7- 1 ) . The System I 
ethylene receptor  may occu r in  at least two forms which have different 
structures and the different functions. The System I-A1 receptor contai ns the 
subll>unit-A1 and a second message. This complex is responsible for 
i nitiat ing EFE synthesis by interacting with the nuclear DNA to produce 
m RNA which codes for the production of new EFE located at either the 
plasma membrane or the tonoplast. The System I-A2 receptor  consists of  
subunit A2 togethe r  with another subunit B-EFE1 or subunit B-EFE2 
depending on  whether the System I-A2 receptor is locat�d at th�plasma 

. · tl_yL ..,t,tlv·� _r-. � f'V:-(..(.""'t a -- •1 
m e m brane.  Both subunit A2 and subunit B together -ena 1 e et to regulate r 
E F E 1  and/or EFE2 activity. Both System I-A1 and System I-A2 receptors 
could be located i n  the same target cel l .  
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(+) = st imulat ion; (-) = i n h i bi tion.  _. 
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I n  precl imacteric Granny Smith fruit (Type 3 cel l ) ,  C02 could bind to 
subunit-A1 changing it from an inactive to an active conformation .  This could 
release a second message which is necessary for the synthesis of EFE1 
and/or EFE2 . When the fruit is ripe (Type 4 cel l ) ,  the System I-A1 recaptor 
becomes more specific ( ie. only responds to C2H4, but not C02) .  Thus the 
stimulatory effect of C02 on  EFE synthesis in ripe Granny Smith fruit 
d isappears. I n  Hosui fruit (Type 1 and 2 cells) C02 does not b ind to the 
System I-A1 receptor at any stage of development.  Thus C02 does not 
stimulate E FE synthesis in Hosui .  

In u n ripe Hosui fruit (Type 1 cel l )  and precl imacteric G ranny S mith 
(Type 3 cel l ) ,  C02 could bind to the subunit-A2 of System I-A2 recaptor at 
the ethyle n e  binding site,  changing it from an inactive to an active form . The 
active subun it A2 could then combine with the subunit B-EFE 1 to form active 
subunit B-EFE1 which catalyzes ACC conversion to ethylene.  When Hosu i 
(Type 2 ce l l )  and Granny Smith (Type 4 cel l )  tissues become more mature or 
ripe, C02 can not bind to the subunit-A2 of System I-A2 recaptor and thus 
can not stim ulate EFE activity indirectly. 

I n hibitors of ethylene  action , such as NDE and Ag+, are thought to act 
at the different � i ng sites of the ety l ene recaptor to inhibit ethylene 
action .  �w work o:af:'tJ investigate t�fnhibitory effects of these inhibitors 
on EFE activity, but not on EFE synthesis. I n  this model proposed, it 
suggests that NDE bi nds at the ethylene binding site of subunit-A2 of the 
System I-A2 recaptor, preventi ng activation of subunit-A2. Si lver ions bind to 
subunit B-EFE 1 (and B-EFE2) of the System I -A2 recaptor to prevent EFE 
becoming the  active form. I n  both cases, EFE1 activity was inh ibited . 
Because ethylene action inhibitors inh ibited reversibly, EFE activity sti l l  
existed partial ly. I n  all Types of  cel l ,  C02 did not reverse the i nh ibitory effect 
of Ag+ o n  E FE activity because it did not bind to the same bi nding site as 
Ag+. I n  Type 1 and 3 cells which produced trace amount of ethylene,  C02 
competed more successfully than N D E  for the ethylene binding site and 
stimulates E FE activity. Thus C02 can reverse the i nhibitory effect of NDE 
on EFE .  I n  Type 2 and Type 4 cel ls ,  which produced more e ndogenous 
ethylene than Type 2 o r  3 cells, C02 could not stimulate EFE activity 
through b indi ng to the System I-A2 recaptor. lt also lost its capabi l ity to 
compete with NDE to b ind to the System I-A2 recaptor, thus could not 
stimulate E FE activity i ndirectly. 
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7.5 FINAL CONCLUSION 

To u nderstand the effects of C02 on EFE and its regulation ,  two 
pome fruits, Hosui Japanese pear and Granny Smith apple were selected as 
experimental material . Thei r ripening patterns and characteristics were 
tested. Resu lts showed that Hosui g rown in New Zealand is a noncl imacteric 
fruit, and that the Granny S mith apple is a cl imacteric fruit. GraQny Smith 
fru it showed some ripening patterns which were similar to thoslEuropean 

r 
pears .  Fruit stored at low temperatu re developed the capacity for rapid 
ethylene production  much more than fruit stored at a h igher tempe ratu re. 

After comparing varied assay methods of EFE activity done by other 
workers, a rel iable method for testing EFE activity in Hosui and Granny 
S mith fruit was developed, which was that fruit discs were i ncubated for 2 
hours,  vacuum-infi ltrated intermitt�r vacuum-infi ltrated 1 to 3 minutes 
with isotonic buffer or 0 .4  M mannitol solut ion (pH 6 .5) contain ing 3-5 mM 
ACC. Discs were then dried on paper tissues and sealed in  36 ml  vial at 
27°C for 0 .5-1 hours before taking gas sample for measurement of ethylene 
production .  Cycloheximide ( 1  mM) was added into the tested medium to 
dist inguish the effects of treatments on EFE activity and synthesis. 

E FE and its regulation in  both types of fru it showed some sim ilar 
characte ristics : 

E FE was capable of developing i n  both fruits stored at low 
temperatu re , and showed simi lar deve lopmental patterns ; 

Carbon dioxide stimulated EFE activity in discs of unripe Hosui ,  and 
G ranny S mith fruit during the period tested. ea++ inhibited EFE activity. 
C02 did not reverse this i nh ibition indicating that C02 had a direct 
stimu latory effect on  EFE activity. The mechanism of this effect was that 
C02 increased the maximum reaction rate of conversion of ACC to ethylene 
without chang ing the Km of EFE for ACC. lt might have been caused by 
C02 binding to EFE to form a C02-EFE-ACC or EFE-ACC-C02 complex. 
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EFE activity was greater when measured in a high osmoticum 
medi u m  (0.8 M) than in isotonic solution, but EFE lost the capabil ity to 
respond to C02 in the higher osmoticum. The stimulatory effect of C02 on  
EFE activity was dependent on  exogenous ACC. These resu lts i ndicated 
that C02 stimu lated activity of the EFE probably located at the plasma 
membrane rather than EFE located in the tonoplast. 

Silver ions and NDE are both ethylene action inhibitors.  Thei r 
i nh ibito ry effect on  EFE activity i n  both fruit discs, presumably by bindi ng to 
the  ethylene receptor, i ndicated that EFE activity is regulated by the ethylene 
receptor. 

Carbon dioxide did not reverse the inh ibitory effect of Ag+ on EFE 
activity in  t he  u n ripe preclimacteric Granny Smith fruit. This showed that 
C02 did not b ind competitively to the ethylene receptor at the same binding 
site as Ag+. 

Carbon dioxide could partially reverse the Inh ibito ry effect of N D E  (a 
competitive ethylene action i nh ibitor) on EFE activity in unripe and the 
preclimacteric G ranny Smith fruit. l t  indicated that C02 had an indirect 
stimulatory effect on EFE activity by competitively binding to the ethy lene 
receptor at the ethylene bi nding site . Because i t  has been suggested that in  
nonclimacteric fruit only the System I ethylene receptor regulates ethy lene 
synthesis, C02 may stimulate EFE activity i ndi rectly through interacting with 
the System I ethylene receptor at the ethylene (or NDE) binding site. 

In ripe Hosui fruit C02 did not induce either a direct or an i ndirect 
stimulatory effect on EFE activity. In ripe Granny Smith fruit C02 had a 
di rect stimulatory effect on  EFE activity, but it no longer had its i ndi rect 
stimulatory effect. Thus when both fruits were ripe, C02 did not i ndi rectly 
stimulate E FE activity by i nteracting with the System I ethylene receptor. 

These results agree with the idea that EFE in both noncl imacteric and 
climacteric fruits is regulated by the System I ethylene receptor as proposed 
by Yang ( 1 987b) who developed a model showing the sequence of ethylene 
action on  the regt,Jiation of ethylene biosynthesis duri ng fruit matu rat ion and 
ripening. Additional results have been presented to show the possib le  
m echanisms of the di rect and indi rect effects of  C02 o n  EFE activity. 
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I n  this work different effects of C02 o n  EFE in  two types of fruit were 
fou nd .  Firstly, C02 stimulated EFE biosynthesis in precl imacteric Granny 
S mith fruit, but not i n  Hosui ,  thus the System I ethylene receptor had 
different responses to C02. C02 could bind to the ethylene binding site of 
the System I receptor which was responsible for EFE synthesis in  
precl imacteric G ranny Smith fruit, but not in  Hosui, a nonclimacteric fruit. 
Thus according to the responses to co2 System I ethylene receptor has at 
least two different forms. co2 could stimu late EFE synthesis through 
binding to a System I-A1 receptor, and C02 could indi rectly stimulate EFE 
activity by  bindi ng to  the System I-A2 receptor. Secondly, co2 stimulated 

� EFE activity directly in  preclimacteric and ripe Granny Smith fru it, and i n  
u n ripe H osui ,  but not i n  ripe Hosui fruit. Thus EFE  had different 
characteristics in the ripe noncl imacteric fruit and in ripe cl imacteric fru it .  

Dependi ng on  the effects of C02 on EFE synthesis and EFE activity, 
it is suggested that 4 different types of reaction centres (types of cells, o r  
regions within  cel ls) were suggested to  exist (Table 7- 1 ) .  Hosui fruit had 
Type 1 o r  2 cells and Granny Smith fruit had Type 3 or 4 cel ls. The existence 
of a cell type depended on the characteristics of their EFE and System I 
receptors at the different ripening stages. These results extend Yang 's 
( 1 987b) model. He did not elaborate on whether there were differences in  
the way that the System I ethylene  receptor could regulate EFE.  He also did 
not indicate that E FE might have different characteristics which could 
change during maturation and ripen ing ,  and that the System I ethylene 
receptor differently regulated EFE during fruit ripening in nonclimacteric and 
cl imacte ric fruits. 

E nhanced C02 levels are commonly used for CA storage of fruit, and 
h ig h  levels (1  0-1 5%) of C02 have also been used as prestorage treatments 
for apple  to enhance quality. lt has been suggested that C02 i nhibits 
ethylene  synthesis in  the whole fru it due an i nh ibition of ethylene action .  This 
p resent work has shown that the short-time C02 treatment might stimulate 
E FE synthesis and its activity depending on the types of fruit and their 
ripen ing stage. The stimu latory effect of C02 on EFE activity in  fruit discs 
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was dependent on exogenous ACC, thus this stimulatory effect might not 
occu r i n  whole fruit i n  which the endogenous ACC concentrat ion was limited 
by ACC synthesis. However if ACC biosynthesis was induced by various 
stresses, such as chi l l i ng or mechanical damage ,  fruit kept in high C02 

atmosphere before transfer to ambient atmosphere might produce more 
ethylen e  than undamaged fruit, and thus show acceleration of senescent o r  
damag ing physiolog ical processes. 

Attempting to e lucidate the role of C02 in regulating the biosynthesis 
of ethy lene in this research, it is clear that further work is needed before a 
firm conclusion can be made. A number of different research areas need 
further development and some of these are suggested as fol lowed : 

Further work is needed to compare the response of C02 on ethylene  
synthesis and its regulation  betwee n  whole fruit and fruit discs ; 

Th is work investigated the effects of the short-term h igh concentrat ion 
C02 t reatments on EFE, but i t  is necessary to compare the effects of short­
term and long-term C02 treatments as well as low and high C02 
concentration treatments on EFE synthesis, activity and regu lation .  

To  further  u nderstand the  mechanism of  the C02 effect on  the 
ethylene  receptor, the effects of interactions between C02 and ethylene 
actio n  i nhibitors, such as Ag+ and NDE on the kinetics of EFE need to be 
i nvestigated . 

There is a need to determine the extent to which different forms of 
EFE are located at the tonoplast, the plasma membrane or elsewhere and to 
see if they responded differently to C02 and/or ethylene inh ib itors.  The re is 
also a need to i nvestigate the possible changes of EFE forms during 
ripening,  and to test their response to co2 i n  different species of 
noncl imacteric and cl imacteric fru it. 

lt should be possible to investigate the i nfluence of h igh C02 o n  EFE 
configu ration by changing intracel lu lar pH or  characteristics of membranes 
(potentials across membranes, f luidity, permeability to various ions, 
i nteractions between membrane lipids and proteins). 
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For fu l ly understandi ng the effects of C02 on ethylene biosynthesis, it 
i s  necessary to clarify the effects of co2 on  other ethylene  synthetic 
e nzymes, such as ACC synthase and ACC N-malonyltransferase .  

To clarify characteristics of EFE localization and its regulation ,  the 
purification of EFE and ethylene receptors are required. 

i >  
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Appendix 1 
Colour grades o f  Japanese colour chart and their relevant L a b values 

of chromameter 

C o l o u r  g r a de 

( Ja pa n e s e  c o l o u r  cha rt ) 

1 

2 

3 

4 

5 

6 

* *  c . e .  

L 

c 
4 8 . 5 8 

c 
4 9 . 3 2 

ab 
5 0 . 7 7 

a 
5 1 . 7 1 

be 
4 9 . 4 8 

d 
4 5 . 3 5 

- 0 . 3 2 3 6  

a 

( ch romame t e r )  

f 
- 2 . 6 4 

e 
- 1 . 8 2 

d 
- 0 . 4 4 

c 
2 . 4 0  

b 
6 . 4 0 

a 
8 . 2 5 

0 . 9 7 6 2 

b 

b 
2 5 . 5 7 

b 
2 4 . 5 0 

a 
2 9 . 0 0 

a 
2 8 . 7 4 

a 
2 8 . 3 7 

b 
2 5 . 9 7 

0 . 2 8 5 8  

* * *  Hue 
Angl e 

f 
9 5 . 9 0 

e 
9 4 . 2 5 

d 
9 0 . 8 8 

c 
8 5 . 1 8  

b 
7 7 . 2 8 

a 
7 2 . 3 7 

0 . 9 7 8 0  

* A l l  v a l u e s  a r e  me ans ( n= 3 ) . D i f ferent charact e r s  w i t h i n  the s ame 
c o l umn r ep r e s ent s i gn i f i cant di f fe rences at 5 %  level (Duncan 
mul t ipl e  c omp a ri s o n ) . 

* *  Co rrel a t i o n  c o e f f i c i e n t  o f  L ,  a ,  b and ratio o f  a / b w i t h  c o l o u r 
g rades ( Ja p anese c o l o u r  chart ) . 

* * * Hu angle s  a re c a l c u l a t e d  according t o  following equat i on s : 

H O t a n - 1 ( b / a )  when a > O  
H 0 1 8 0 ° + tan - 1 ( b / a )  when a < O  
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Appendix 2 
Calculation of f ruit respiratory rate and ethylene p roduction 

Respi ra t o ry rate i s  c a l cul ated a c c o rdi ng to t he f o l l o w i ng f o rmu l a :  

[ v o l ume o f  j a r (ml ) -volume o f  f ruit (ml ) ] * C02 ( % )  
Resp . r a t e  = - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

(ml co2 / K g/ h )  f . w .  ( Kg )  * hours 

o r  2 7 3  
[ vo l ume o f  j a r ( ml )  - vol ume o f  f rui t (ml ) ] * C02 ( % ) * 1 . 9 7 6 * - - - - -

2 7 3 + t 0C 
Resp .  r a t e  = - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

(mg co2 / Kg / h )  f .' w . ( Kg )  * hours 

Ethylene p roduct i o n  is c a l culated acco rding t o  the f o l l o w i ng f o rmul a :  

c2 H 4  [ vo l ume o f  a j a r (ml ) - v o l ume o f  the f ruit (ml ) ] * c 2 H 4 ( u l )  
p rod . = - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

( u l /Kg/ h )  f . w .  ( Kg) * hours * 1 0 0 0  

o r  
1 . 2 6 * 2 7 3  

[ vol ume o f  a j a r (ml ) -v o l ume o f  the f ruit ml ) ) * C 2 H 4 ( ul ) * - - - - - - - - -

c2 H4 2 7 3 + t °C 
prod . =- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - -

( u g / Kg / h )  f .  w .  ( Kg )  * h o u r s  * 1 0 0 0  

I n  c a l c u l a t i o n ,  t h e  den s i ty o f  f ruit i s  a s s umed t o  be 1 . 0  g / ml , t h u s  the 

abs o l u t e  v a l u e  of f ru i t  vol ume ( ml )  is s ame w i t h i t s  f re s h  weight ( g ) . 

F o r  f ru i t  di s c s ,  the unit of e t hylene p roduct ion a nd EFE a c t i v i t y  w a s  

nlC2 H 4 / g / h ,  a nd t h e  u n i t  o f  respi ra t i o n  r a t e  was ulco2 / g / h . 
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