
Copyright is owned by the Author of the thesis.  Permission is given for 
a copy to be downloaded by an individual for the purpose of research and 
private study only.  The thesis may not be reproduced elsewhere without 
the permission of the Author. 
 



Internal Lower Oxygen Limits of Apple Fruit 

A thesis presented i n  partia l  fulfi l me nt 
of the requirements 

for the degree of 

Doctor of Philosophy 
in Plant Science 

at 

Massey Univers i ty 
New Zealand 

Christopher William Yearsley 
1996 



11t � 01 HtIf � 
ad 

t4- 'J::.�, 7iHt, 1)�, &ti44a ad rI� 



iii 

A bstract 

The optimum atmosphere for a crop, w ith respect to  oxygen , l ies just above the 

lower oxygen l imit (LOL), at which maxi mum benefits in  rel at ion to frui t  qual i ty are 

ach ieved and bel ow which frui t  qual i ty is compromised by fermentation . I n  contrast 

to previous work, LOLs in this study were estimated on the bas is  of steady-state 

internal atmospheres (LOL's) as wel l  as external atmospheres (LOLes )  as it is the 

internal O2 part ial pressure (PC)2' Pa), c lose to equi l i br ium w ith the cytoso l ,  that 

mediates i mportant physiological processes. The study tested whether LOL's of 

'Cox ' s  Orange Pippin' and 'Braeburn' apples were affected by temperature, e levated 

CO2, and physiological age. 

Two types of LOLs were identified: the anaerobic compensation point (ACP) and 

the fermentation threshold (FT). ACP was described in  terms of p lots of the i nternal 

CO2 ) versus internal (JJ()2) and external (JJ()2 ) O2, and i n  terms of  p lots of 

both a measure of the respiratory quotient (RQia ) and ethanol  (EtOH) concentration 

versus POz and PC)2' Mathematical  so lutions for estimating ACP and based on the 

RQia (FTRQ), and a statistical ' bootstrap' procedure sui table for estimat ing a l l  

and thei r  b ias-corrected 95% confi dence interval s ,  are described. 

of postc l imacteric frui t  of both cu ltivars tended to increase s l ight ly 

between 0° and 28°C and sharply  at  32°e . LOL's ranged between 0 .5 kPa and 2 .2 

kPa p(l)e; values for FTRQ and FTEtOH tended to be h igher than for ACP'. E levated 

PC�02 (0 to 8 kPa at 0° and 20°C) did not s ignificant ly affect LOLls at 20°C ,  but 

increases i n  FTRQ and FTEtOH occurred for frui t  at O°C. A smal l decrease i n  O2 

uptake and RQiil was measured for frui t  in 2 to 8 Pco2 at 20°e. No consistent 

changes in LOL's were observed for ei ther cu ltivar in  re lation to physiological  age 

( prec l imacteric ,  c l imacteric, or postcl imatceric frui t  at 0° or 20°C) .  

In contrast to  ACpl , ACY increased markedly wi th temperature, resul t ing from 

its dependence on both skin permeance and respirat ion rate (both of w h ic h  chan ge 

w ith t ime fruit are in  storage) .  Consequentl y ,  use of LOL's ,  rather than LOre s i s  

recommended for opt imis ing atmospheres for both sealed packages and c ontro ll ed 

atmosphere storage , to min imise ri sk of fermentation .  
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Chapter 1 
Genera l  I nt ro du ct i o n  

1 . 1 Backg ro un d  to p roject 

Apples are now New Zealand ' s  leading horticultural crop, wi th the tradi tional 

leader, kiwifruit, continuing a downward trend (Witters, 1 995) .  For the year ended 

30 June 1 995, horticultural exports were $ 1 436 . 1 million (7 . 1 % of total New Zealand 

exports) which was a 1 5% i ncrease ($ 1 68 . 3  mill ion) over 1 994. The 54% increase 

($ 1 68.6 million) from apple exports represented a significant proportion of the 

overall i ncrease. Interestingly, returns from pear exports increased 1 1 5 %, and while 

pears are the next largest pipfrui t  crop, they provide only 2 .6% compared to export 

earnings from apples. The large increase in export earn ings from apples was 

primari ly due to buoyant prices in the 1 995  season following a smaller than expected 

crop after massive hail damage to the Hawke ' s  Bay crop. 

Although the volume of New Zealand apples is comparatively small compared to 

total world apple production , ENZA New Zealand ( International ) is one of the most 

significant individual players in international marketing of apples. New Zealand 

apples maintain a premium quality image, and the development of new varieties wi l l  

provide exciting marketing opportunities in  the future . However, a primary 

constraint  to del ivering an even better quality fresh apple product remains the 

distance of New Zealand from our markets, particularly those in Europe and North 

America. 

In addition to traditional cool storage, control led atmosphere storage [CA, 

achieved using atmospheres of 1 to 2 % oxygen (02) and 0 to 5% carbon dioxide 

(C02)] has been used i nternational ly ,  part icularly for apples, to extend storage l ife 

and the marketing period for the crop (Meheriuk, 1 993) .  In  New Zealand, CA 

storage is  used for apples destined for both export and the local market. CA storage 

of New Zealand export apples by ENZA New Zealand (International ) ,  largely occurs 

during shipping to Europe for cultivars ' Cox ' s  Orange Pippin ' , ' Royal Gala' , 

' Braeburn ' ,  and smal ler quantities of other cultivars (Fig. 1 . 1 ) . Land based C A  i s  

used primarily for 'Red Delicious' ,  ' Royal Gala' and ' Fuj i ' . Small quantities of 
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some cultivars ( ' Royal Gala ' ,  'Gala ' ,  'Braeburn ' and 'Golden Delicious' )  are 

exported in folded, but unsealed, polymeric fil m  carton l iners. The l iners are used for 

both reducing weight loss and modified atmosphere (MA) effects. quantity of 

'Royal Gala'  and 'Gala' exported in polymeric liners is likely to increase in the 

future. 

8 0 0  
- C8J C A  ( l a nd  based )  M 
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)( 
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Figure 1 . 1  Quantities (Tray carton equivalents ,  of some New Zealand apple 

cultivars stored in controlled atmospheres (CA) or in unsealed polymeric 

film carton l iners (MAP) during 1 995 by ENZA New Zealand 

( International ) .  

Modified atmosphere packaging (MAP) general ly,  is  l ikely to be uti l ised more in  

the future as  temperature compensating polymeric films wi th var iable  permeabi l ity 

characteristics (Anon, 1 992; Chal l is  and Bevis, 1 992), active packaging using O2, 

CO2 scavengers/emitters (Day ,  1 99 1 ) , and development of "sense-and-respond" 

packages (Cameron et ai . ,  1 995) ,  become avai lable. The atmosphere in MAPs can be 

modified by flushing the package with the desired gas atmosphere before seal ing 

and/or utilising the metabolic activi ty of  the enclosed crop to modify the package 
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atmosphere over a few hours during storage. IntemationaHy, M AP has become a 

major growth area for both whole and minimally processed fresh products . 

There is increas ing interest in use of edible skin coatings (already used for some 

l ines of apples on the local market in New Zealand) ,  mainly to improve frui t  

appearance and reduce water loss, but intemal atmosphere (IA) i s  also being 

modified by these treatments (Baldwin et  al. , 1 995) .  

Whi le CA storage is  an additional cost to the apple industry over and above cool 

storage, it  is  increas ingly being used by the New Zealand apple industry for both 

export and local market 

e for improved storage potential , 

e to allow longer marketing periods, and 

411 to alleviate pressure on packhouse faci l ities, by allowing grading and packing to 

be spread throughout the season.  

In general for horticultural crops, MAP has advantages over traditional cool 

storage, inc luding ( Hewett, 1 990) : 

• extended distribution radius internally, 

411 opportun ity for sea freight rather than air freight, 

411 reduced labour and wastage at retai l level ,  

• favourable economics due to reduction in handling and distribution of unwanted 

or low grade produce, and 

., excellent branding opportunities for product differentiation. 

While CA and MA may slow ripening and senescence and reduce some 

physiological disorders ( Hewett and Thompson, 1 989), they may also enhance gas 

and temperature-related physiological disorders such as low temperature breakdown,  

low-oxygen (02) or  alcohol injury and h igh  carbon dioxide (C02) injury ,  core flush, 

brown heart and 'Braeburn brown ing disorder' . If O2 levels are too low or C02 

levels too high, critical tolerance l imits may be reached, below which the frui t  begin 

to ferment  (Cameron et al., 1 995) .  S imilarly ,  for M AP, exposure to h igher than ideal 

storage temperatures during distribution and retail ing may result in fermentation and 

development of off-flavours, or growth of organisms prejudicial to consumer health 

(Cameron et  1 995) .  Therefore, i t  is  critical that lower O2 l imits (LOLs),  below 

which fermentation is initiated, are identified for optimising storage atmospheres for 
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a crop. Knowledge of LOLs can be used for a range of postharvest tech niques 

including CA, MAP, edible skin coatings, and gas and heat treatments used for pest 

disinfestation.  

To understand the relationship between LOLs and optimum storage atmospheres 

for crops such as apples, first it is  important to understand the way key variables of 

gas exchange directly or indirectly affect fruit physiology. 

1 .2 Genera l ized model  for gas excha n g e  

i n  a pp l es 

The postharvest behaviour of apples is the consequence of complex interactions of 

environmental stimuli such as temperature, relative humidity , and atmospheric 

composition, and the inherited biochemical and biophysical characteristics of the 

fruit .  The interrelationships are further complicated as physiological behaviour of 

apples changes markedly as apples ripen and senesce. Many of these variables are 

mutuall y  interdependent and their interactions can be modelled. The fol lowing 

schematic model (Fig.  1 .2 ,  modified from Dadzie, 1 992, and B anks e t  ai . , 1 993)  

i l lustrates the relationships between :  

I )  environmental variables; 

11/ temperature (T, °C), 

411 partial pressure of oxygen external to the fruit (P02 ' Pa), and 

2) fruit variables; 

11/ surface area (A , m
2
) ,  

411 frui t  mass (M, kg) ,  

11/ skin permeance to O2 (P�2 ' mol S- l m-2 Pa- 1 ) ,  

.. O2 uptake (r02' mol kg- 1 S- I ) ,  
III CO2 evolution from aerobic and anaerobic respiration (rco2, mol kg-

I S- I ) , and 

.. internal partial pressure of O2 (POl ' Pa) . 
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( 1 .2) 

( 1 .3) 

(1 .4) 

Figure 1 .2 Schematic model i l lustrating the interdependence of various 

environmental and fruit variables resulting in the gradient between 

external and internal atmospheres of apples. 



Chapter 1 General Introduction: 6 

O2 diffuses from a region of high partial pressure outside the fruit  (P02 ) to that of 

lower partial pressure within the intercellular air spaces of apple cortical t issue (P62 ). 

The gradient in  partial pressure of O2 (/).p02) between p02 and p62 (Eq. 1 . 1 ,  see Fig. 

1 .2), is directly proportional to the rate of 02 uptake by cortical cells (T02) and mass 

of the fruit (M), and inversely proportional to skin permeance to O2 (P�2) and the 

surface area of the fruit (A) .  
When an apple is at steady-state, and given M and A are constant, the diffusion of 

O2 into the fruit  and uptake of O2 by respiration and other oxidative processes are 

equal , and /).p02 is constant. For apples with the same r02 and P�2 ' the ratio MIA (Eq. 

1 . 1 )  for a larger fruit would be comparatively higher compared to a smaller fruit, and 

consequently /).p02 of the larger fruit would be comparatively higher. 

The interdependencies of the factors can be i l lustrated by considering some 

common postharvest handl ing scenarios. First, consider warm apples bei ng placed 

into a cool store. Decreasing T directly affects r02 (Eq. 1 . 2) such that the max i mum 

rate of r02 when O2 is not limiting (T��' T) decreases . As r02 decreases, /).p02 

decreases s lightly, thereby increasing p62 . T02 is also directly affected by p62 (Eq .  

1 .3) .  An increase in  p02 has the effect o f  sl ightly i ncreasing ro2, thereby increasing 

/).p02' This cycle of i nteractions continues until  fruit temperature and T02 equi l ibrate, 

and a new steady-state in gas exchange is reached. It can be seen that changes in p62 

interact w ith r02 as both cause and effect in the model .  The converse of the above 

interactions occurs when cool apples are warmed. It is possible increasing T could 

also increase P�2 of the fruit skin. This effect would in tum moderate the interaction 

of increasing T on ro2, p62 and /).p02' 

Secondly,  under CA and MA conditions p02 is lowered. As r02 initially continues 

at the same rate, i!::.po2 is maintained and p02 begins to decrease, which i n  tum has an 

i nhibitory effect on rOr Eventual ly,  p62 and r02 reach a new dynamic equ i librium, 

and diffusion of O2 into the fruit equals uptake by respiration. Under normal CA or 

MA handling strategies, reduction in  p02 may occur simultaneously with cooling, 

such that effects of T on ro2, P02 and /).p02 are superimposed on effects of reducing 

po2 • Gas exchange for fruit  in  MAP is more complex than for CA as diffusion 



1 

-------------- --_. -

General I ntroduction : 7 

through the polymeric film (which, l i ke apple skin ,  i s  typically  more permeable to 

CO2 than O2), creates a further gradient in  atmospheres external to the fruit ,  aris ing 

from an additional set  of analogous interactions. 

During cool storage, apples may undergo a respiratory c l imacteric durin g  which 

r02 increases, after which i t  may decrease again during the postcl imacteric phase.  

The effects on gas exchange of the c l imacteric would be analogous to the effect of 

i ncreased T on T02 . Depending on cult ivar and storage conditions (eg.  relat ive 

humidity) ,  P�2 may increase (e.g. 'Cox ' s  Orange Pippin' ; see Table 7 .2)  or decrease 

(e .g .  'Granny Smith ' ;  Dadzie, 1 992) during cool storage. If P�o decreases during 

storage, this would increase L1p02' decrease p02 and consequently lower T02 . 

Apples in  CA or M A  may be exposed to levels of P02 where POl may drop below 

LOLs and fermentation or anaerobic respiration i s  i ni t iated. Depending on 

respiratory substrate, the respiratory quotient [RQ, or ratio of CO2 production (rc02) 

to r02] for apples is typically  just above 1 .0. During aerobic respiration, rc02 and r02 

have simi l ar values across a range of P02 • However, as anaerobic respiration 

increases, rco2, RQ and the i nternal partial pressure of (Peo2 ) increase markedly 

(Fig 1 .3a) .  The rel ationship between P02 on rco2 of aerobic and anaerobic processes 

is described by Eq . 1 .4 (see 1 .2) ,  where RQ� is the RQ when POl i s  not l imit ing.  

The zone of transi tion between aerobic and anaerobic respiration i s  the zone of the 

critical LOLs, and the primary interest of the current  study . 

1 .3 O pt i m u m  i nter n a l  atmosphere s  a n d  

l ower oxygen l i m its 

The principal aim in  exploiting the beneficial effects of C A  and M A  o n  apple 

physiology at a given temperature, is to minimise aerobic  respiratory metabol ism and 

associated metabolic processes ( including for apples, ethylene biosynthesis  and its 

effects on frui t  ripening) .  This may be ach ieved by both reducing O2 and elevating 

CO2 to levels w ithi n  critical tolerance points. Quantification of appropriate e xternal 
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atmospheres for i ndividual crops has been the subj ect of numerous studies s ince the 

early work of Kidd and West ( 1 927)  with apples. More recently the value of 

quantifying CA and MA effects based on internal atmospheres (IA) has been 

promoted (Banks e t  ai . , 1 993) .  The rationale for this approach is that it is the 

atmosphere within the crop present in the intercellular air spaces ,  that medi ates all 

responses to M A  regimes. From Eq. 1 . 1  it is clear that lAs of apples may differ one 

from the other due to differences in P�2 and r02 of i ndividual fruit ,  even though the 

external atmosphere is  identical . Consequently, identifying the LOL based on lAs 

accounts for frui t  to fru i t  variation in P�2 and r02, and is more l ikely to represent the 

LOL for a popu lation of apples than one based on external atmospheres.  

Composition of the optimum IA represents a compromise between the benefits 

accruing from lowered aerobic respiration and the risk of deleterious effects 

associated wi th fermentation (resulting from either from low P02 or elevated pe02 , 
Fig. 1 .3 a) .  Thus, optimum P02 would be expected to a region just above the P02 
at which fermentation i s  initiated. This point  may be termed the internal 

fermentation threshold (FT) and may be identified using values of RQ (FTRQ , Fig .  

1 . 3b)  and ethanol (EtOH) accumulation (FTEtOH , 1 . 3c) .  Below the FT, the sum 

of pe02 aris ing from aerobic and anaerobic components of respiration (described by 

Eq. 1 .4 )  would dec l ine to a minimum value at P02 termed the internal anaerobic 

compensation point (ACP ) , then increase again steeply. Optimum Peoz depends on 

t issue sensitivity to both positive and negative effects of Crop responses to 

CO2 have been reviewed by Kader ( 1 993) ,  but at present there are no clearly  

identified criteria by which an optimum level can be identified. In the broader 

framework of long term storage and the inherent physiological susceptibilities of a 

crop to physiological disorders, IA is optimised when overal l rate of deterioration is  

reduced to a minimum. 



Chapter 1 

8 

- 6 «J 
a. � 

fI o '- 0 
4 

0.. 2 

o 
3 

C 2 
0: 

1 

0 
-

(\') I 8 E 
0 6 
E 
E 4 -
5 2  -·- w 

o 0 

1 2 3 

. . 1 .. 
.: 2 . 

3 .. 

, 
I :  . . .. 
, 
, I :, 

.,:".: .. :. 
A CP 

I :: . : ' 

FPRo 

: 

t 

General Introduction: 9 

a 
maximum benefit - excessive risk 
high benefit - acceptable risk 
low benefit - low 

. . . . . . . . .  - - - -
-

risk 

aerobic  
a naerobic 
tota l  

b 

C 

o 5 1 0  1 5  2 0  
FretOH P�2 ( k P a )  

Figure 1 .3 Rel ationship between interna l  partial  pressure of O2 (P02 ) and a) internal 

partial pressure of CO2 (P�02 ) from aerobic and anaerobic respiration, b) 

respiratory quotient (RQ) and (c) internal concentration of ethanol 

(c�tOH ) based on data for 'Cox ' s  Orange Pippin'  apples  at 24°C. 

Different zones ( 1  to 3)  are identified representing different benefi ts to 

firmness and colour change, and risks of storage disorders and off-flavour 

development for storage atmospheres, and arrows indicate approximate 

P02 for LOLi s (ACpi , FTkQ and FT�tOH ) '  
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1 .4 Research o bj ectives a n d  structure of  

the thesi s  

Dadzie ( 1 992) and Dadzie e t  al. ( 1 993)  model led the d ifference between A Cpi 
and A based on external atmospheres (ACr) i n  an analogous way to that of  the 

difference between p02 and P02 : 

( 1 .5) 

I n  quantifying the relat ionship between ACPI and ACpe and the l ikely impact  of 

temperature on ACr , Dadzie et al. ( 1 993)  assumed that A was unaffected by 

ei ther temperature or respiration rate . question that the curren t  study focused on 

was whether for two physiological l y  contrast ing apple cult ivars [cvs. 'Cox ' s Orange 

Pippin ' ( ,COP' ) and 'Braeburn ' ] ,  LOVs,  l i ke LOLes, vary w i th respect to 

envi ronmental st imu l i  and physiological s tate. Spec ifical ly ,  the null  h ypotheses 

tested were that LOVs are constant with respect to: 

• temperature, 

• elevated external part ial pressures of CO2 (Peo2 ) , and 

• physiological age and state of the fruit .  

In c hapter 2, a review of relevant l iterature i s  presented. First  a brief account of 

resp iratory metabol i sm i s  presented as i t  is  the key metabol ic process associ ated wi th  

gas  exchange. A review of l iterature on physiological and biochemical effects of 

modified atmospheres on aerobic and anaerobic respiration, and studies e lucidat ing  

the  aerobic-anaerobic transi t ion is  presented next .  The second part of the  l iterature 

review focuses on gas diffus ion and pathways of gas exchange i n  bu lky p lan t  organs 

and factors affecting  lAs, other than respirat ion . 
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Chapter 3 detail s  materia ls  and methods used i n  the s tudy. For key methods, the 

theoretical bas is ,  empirical characterisat ion, and d i scussion on approaches taken to 

minimise i n herent  variab i l i ty associated w ith  quantifying a variable,  are p resented. 

Chapters 4 to 8 were written more concisely as papers for publ ication i n  

Postharvest B iology and Technology and New Zealand Journal of  Crop and 

Hort icul tural Science, then reformatted in the style of  the thesis .  At the t i me of 

writ ing,  chapter 4 has been publ i shed, chapters 6 and 7 are ready for submission, 

and chapter 8 h as been submitted. 

Objective mathematical defin i tions of LOLs h ave not been publ ished previously . 

Consequently an early consideration i n  the research was to develop a quantitat ive,  

conceptual framework for identifying LOLs as functions of both external and in ternal 

parti al pressure of O2 for apples.  In chapter 4, obj ective mathemat ical and stat ist ical 

methods for determin ing  various LOL measures are described, and their usefu lness as 

a means for optimis ing storage atmospheres discussed. Supplementary to the 

published paper, the theoretical development of an alternative method of defin ing  the 

FT i s  presented and d iscussed. 

pr imary research goals out l ined above, are the focus of chapters 5 ,  6 and 7 

respectively .  M easurement of lAs was c learly a key technique used i n  the study.  

Sampl ing  from steady-state atmospheres i n  surface chambers adhered to the fruit ,  and 

from the core cav i ty ,  were the principal methods used to estimate lAs. An alternative 

method used, w hich was i nvas ive but nondestruct ive (and thus useful for storage 

studies) ,  i nvolved cannulat ing frui t  from wh ich  repeated samples of  lAs could be 

removed from the core cavity or cortex .  In chapter 8, the physiological con sequences 

of cannul at ion is quan ti fied, and its usefu lness d iscussed. 

Chapter 9 i s  a general discussion drawing together data demonstratin g  the p ivotal 

rol e  of skin permeance and respiration rate i n  determin ing  gradients between external 

and i nternal atmospheres, routes for gas exchange, the benefits and risks associ ated 

with  opt imisation of storage atmospheres for apples us ing LOLi s versus LOU s ,  

impl ications of the study i n  relation to the  implementation of CA and MA for apples ,  

a suggested system for us ing lAs to modulate 

areas for extending the research .  

storage atmospheres, and potent ial 

I n  addit ion to the primary research objectives, I contributed to an indu s try fun ded 

[ENZA New Zealand (International ) ]  col l aborat ive study involv ing M assey 
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University and HortResearch Ltd . ,  i nvestigat ing factors affect ing the inc idence of 

' Braeburn browning d isorder' . As this i nvolved a s ignificant portion of t ime during  

the  course of  the  Ph .D project, and was indirectly rel ated to  the  study,  brief i ndustry 

reports are i nc luded as appendices . 
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Chapter 2 
L iteratu re R ev i ew 

2 . 1  I ntrod u ct i o n  

Postharvest  research and techno logy is l argely aimed at maintain ing  quali ty and 

prolonging the storage l i fe of  whole or minimal ly processed crops. Thi s  has 

traditional l y  been ach ieved throug h  optimis ing handl ing procedures and us ing co ld  

storage and/or modify ing or controll ing  the  storage atmosphere, to del ay ripen ing  and 

senescence. As a consequence much postharvest research has been aimed at 

understanding the metabol ic  chan ges associated w ith  ripening,  physiological 

disorders wh ich  may be in i ti ated pre- or postharvest ,  and the way i n  which 

temperature and storage atmosphere affect these metabol ic changes. 

The start of modern postharvest  physiology was int imately involved in e lucidating 

the respiratory behaviour of frui t .  Preoccupation with frui t  respiration stemmed from 

the perception that respiration w as a measure of metabolic health and frui t  i ntegrity 

(Lat ies ,  1 995) .  In  1 924, as a consequence of studying the postharvest behaviour of 

apples i n  cold storage, Kidd and West characterised the ripening-related respiration  

phenomenon they termed the  'c l imacteric ' (Kidd and  West, 1 925) .  At the  same t ime 

B lac km an commenced a study of the influence of O2 tension both on the course of 

respiration and on the extent of g lycolysis and fermentation i n  cold stored fru i t .  

Recently,  Laties ( 1 995) reviewed the valuable contribution made by these p ioneers of 

postharvest physiology; attempting  to explain the respiratory c l imateric st il l  remains 

a challenge to physiologists ( B l an ke, 1 99 1 ) . 

Inheren t  i n  early studies of respi ration was the defin ition of the O2 level at wh ich 

aerobic respi ration was ext inguished in  favour of fennentation, which B lackman 

termed the 'extinction point ' (Bl ac kman, 1 928) . The first p art of the fol lowing 

l iterature review centres on respiratory metabol ism, t he aerobic-an aerobic tran si tion 

and atmosphere modificat ion effects .  The effects of temperature, e levated CO2 and 

physiological age on the aerobic-anaerobic respiratory transit ion are briefly reviewed 

and discussed further in chapters 5, 6 and 7 respectively.  

Differences i n  concentrat ion of gases between the external and in ternal 

atmosphere of a crop are the driv ing  force of diffus ion-mediated transfer of gases 
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(Nobel ,  1 99 1 ,  pp. 1 0- 1 1 ) . The magnitude of these differences may vary markedly 

between crops and indiv iduals w ith in  a popul at ion of a crop as a consequence of 

d ifferences in rate of respiration and permeance of the frui t  surface to gases . 

second part of the l i terature review concentrates on gas diffusion between the 

ex ternal and in te rnal atmospheres and within the crop and i ts imp l ications for 

optimis ing storage atmospheres using lower oxygen l imits .  

To avo id  repetit ion, review of l i terature describing methods used for sampl ing 

internal atmospheres and rates of transfer of gases, and discuss ion of the relative 

merits of different  methods, i s  presented i n  chapter 3 .  review o f  methods for 

estimat ing and mon itoring changes internal atmospheres of apples is als o  

presented i n  the in troduction o f  chapter 8 .  

2 . 2  R es p i ratory meta bo l i s m  

2.2 . 1 I n t rod uct ion  

Respirat ion refers t o  the o x idative breakdown o f  carbohydrates and organic  acids, 

to s impler molecules such as CO2 and Concurrently , energy is produced in the 

form of adenosine triphosphate (ATP), and other molecules wh ich can be used by the 

cell for synthetic reactions, maintenance of cel lu lar organ isation and membrane 

in tegrity, preservation of ion gradients and protei n  turnover ( B l an ke ,  1 99 1 ;  

Hardenburg et ai . ,  1 986;  Kader, 1 987 ;  Wil l s  et ai . ,  1 989) .  

detached plant  organs, respiration occurs at the  expense of substrates 

accumulated during development. Hence, respiration rates of non-growing  p lan t  

t issues are often regulated b y  substrate supply ,  even i n  t issues w i t h  l arge 

c arbohydrate reserves (Lambers et al . ,  1 98 3 ) .  Not al l energy released in respiration  i s  

transferred into a usable form. The  potential  efficiency of  respiration is  about 40% 

(the potential energy yield depending on the substrate), and the remain ing energy i s  

lost as heat (Sal isbury and Ross, 1 992,  p.  278) ] .  I t  was thi s  understandin g  that 

respiration was the source of metabol ic heat that provided the rationale for the early 
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work on cold storage of Frank l in  Kidd and Charles West at the Low Temperature 

Research S tation at Cambridge, England ( Laties, 1 995) ,  

In  general , respiration rate may be used as  a guide to the potential storage l i fe o f  a 

c rop and i s  often used as a monitor of the efficiency of postharvest methods of 

maintain ing  frui t  qual i ty (Fidler and North, 1 97 1 ;  Kader, 1 992 ;  Wil l s  e t  ai. ,  1 989) .  

Within a g iven frui t  species, a h igh respi ration rate i s  commonly associ ated wi th  a 

short storage l ife and may indicate the rate at wh ich  the frui t  i s  deteriorat ing i n  

qual ity and food value (Phan e t  al. , 1 975 ) .  

Respiration i s  a broad term and can refer to  metabol ism occurrin g  i n  "normoxic" 

atmospheres (normal O2 partia l  p ressure in air, == 2 1  kPa O2) in wh ich  aerobic 

respiration occurs, hypoxic « 2 1  kPa 02) and anoxic ( total absence of O2) 

atmospheres, i n  wh ich  there may be a transit ion from aerobic to anaerobic respiration 

below a crit ical lower O2 l imi t  for the t issue. Ricard et ai. ( 1 994) contend that even 

under  experimental conditions bel ieved to be anoxic,  traces of may be sti l l  be 

present .  Therefore, it has been recommended the term anoxia  s hould be restricted to 

s ituations w here fermentation can be considered to be the only source of ATP, 

because mitochondrial resp i ration has become nearly n i l  (Ricard et ai . ,  1 994) . 

Roberts et al. ( 1 992) used the term 'deep hypox ia' for atmospheres often stated i n  

reports t o  b e  anoxic .  

M itochondrial respiration i s  e l iminated by the absence of s ince ,  w i thout O2 

(which i s  the final electron acceptor i n  mi tochondrial respirat ion) ,  the mi tochondrial 

e lectron transport chain can not operate. This resul ts  in  a switch  to anaerobic  or 

fermentat ive metabol ism in which pyruvate is reduced to l actate and/or 

decarboxylated to form acetaldehyde which is further  reduced to ethanol .  The 

accumulation of anaerobic metabol i tes may result  in the development of off-fl avours 

and t issue breakdown (Kader, 1 986;  Kader et ai . ,  1 989) .  

The fol lowing review considers respiration under aerobic and anaerobic 

condit ions,  and the biochemical and physiological basis of atmosphere modification 

on respiratory metabol ism. 
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2 .2 .2  Aerobic resp i ratio n  

The reductive fixation o f  atmospheric into a carbohydrate in chloropl as t  

photosynthesis, can serve as  the free energy source for respiration, sucrose and  s tarch 

being the principle sources of respiratory substrates i n  p lants (Sal i sbury and Ross, 

1 992) .  Glycolysis and the pentose p hosphate pathway are the two main p athways of 

carbohydrate metabo l ism in plants (Stryer, 1 988) .  The pentose phosphate pathway 

( al so known as the pentose shunt, the hexose monophosphate pathway, or the 

p hosphogluconate oxidative phosphate pathway )  occurs in  the cytosol and generates 

reducing power in the form of n icotinamide adenine dinucleotide p hosphate 

( NADPH) when g lucose 6-phosphate is oxidised to ribose 5 -phosphate ( Stryer, 

1 988) .  G lycolysis also occurs in the cytosol and is  a pathway shared by both aerobic 

and anaerobic resp i rat ion.  

1 Glycolysis 

Glycolysis w a" a term introduced i n  1 909 to mean breakdown of sugar to ethanol 

but now generall y  refers to the degradation of hexoses to pyruvate ( S al isbury and 

Ross, 1 992) .  In  aerobic  organisms under normoxic conditions, glycolysis (also 

termed the Embden - Meyerhof-Pamas pathway )  i s  the prelude of the tricarboxyl ic  

acid  cycle (TCA, also termed the c itric acid or Krebs cycle) and the electron-transport 

pathway ,  the latter processes occurr ing in  the mitochondria. I n  addit ion to the 

primary role of generating adenosine triphosphate (ATP) , g lycolysis and the TCA 

cycle form molecules that may be ut i l ised in the synthes is  of other p lant  components 

as i l lustrated in  Fig. 2 . 1 .  

If the carbohydrate glucose is  used as the respiratory substrate, under both aerobic  

and anaerobic conditions, i t  i s  first broken down i n  the  cytosol in to two molecules of  

puruvate i n  a process that requi res no O2 and releases no CO2 (Fig.  2 .2) .  

I n  glycolysis ,  two molecules of  the oxidised electron acceptor n icotinamide 

adenine d inucleotide (NAD+) are reduced to NAD H  (+ 2H+) .  Each N ADH can 

subsequently be oxidised by O2 in  the mitochondrion so that N AD+ is regenerated 

and two molecules of are formed from adenosine diphosphate ( ADP)  and 
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i norganic  orthophosphate (P i )  as a resul t  of  transfer of  e lectrons. From Fig .  2 . 1 i t  can 

be seen that N ADH i s  formed at on ly  one step in g lyco lysis .  A l though some ATP is 

formed, it is required to phosphorylate ei ther g lucose or fructose, and fructose 6-

phosphate to fructose - 1 ,6 bisphosphate, a step catalysed by A TP

phosphofructokinase (ATP-PFK) .  
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Figure 2 . 1 Simplified pathways of glycolysis  and the TeA cycle to show their 

rel ationship to other synthetic processes (From Sal isbury and Ross, 

1 992). 
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promoting the activity of enzymes are shown . Reactions indicated by 
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2 Literature Review:  20 

Another route by which fructose 6-phosphate can be converted to  fructose 1 

bisphosphate was reported by Carnal  and B lack ( 1 983 ) ,  and i s  catalysed by 

pyrophosphate phosphofructokinase ( PPi-PFK) . Current evidence suggests the 

PFK route i s  involved in  "maintenance respi ration" and the PPi-PFK route i s  more 

adaptive and can increase and decrease depending on developmental processes and 

environmental conditions (B lack et at. , 1 987 ) .  From an energy ut i l isat ion v iewpoint,  

the A TP-PFK route requires two ATPs whereas the route uses only one 

A TP.  Fructose I ,6-bisphosphate is  spl i t  to form two three-carbon phosphory l ated 

sugars wh ich are then oxidised to pyruvic acid  yielding two from each 

triosphosphate. The net yield of A TPs to this point in  g lycolysi s  is  therefore two or 

three depending on whether the A TP-PFK or route is  used. 

Overal l g lycolysis can be summarised by the equation : 

g lucose + 2 NAD+ +2 ADp
2
- + 2 H2P04 -t 

2 pyruvate + 2 NADH +2 H+ + 2 ATp3- + 2 (2. 1 )  

Under  anaerobic conditions, further oxidation o f  NADH and pyruvate i n  

mi tochondrial respiration i s  not possible, and as they begin  to accumulate anaerobic 

respiration or fermentation is activated (see 2 . 3 . 3 ) .  

2. Tricarboxylic acid cycle and the electron transport 

system 

In aerobic conditions, pyruvic acid  i s  decarboxylated and combined with 

coenzyme A (CoA) to form acety l CoA ( Stryer, \ 988) .  This i nvolves a 

phosphory l ated form of  thyamine (V i tamin B 1 ) ,  and is catalysed by a complex of 

enzymes col lect ively termed pyruvate dehydrogenase (PDH) .  Two hydrogen atoms 

are removed from pyruvic ac id and combined with NAD+ yielding NADH. The 

reactions involved i n  the TCA cycle are i l lustrated in Fig .  2 . 3 ,  and occur i n  the 

mitochondrial matr ix .  The release of CO:: in  the cycle accounts for that 

measured w hen estimating respiration rate of plant tissue, but no O2 i s  absorbed 

durin g  any TCA cycle reactions.  
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The TCA cycle removes some electrons from organic acid intermediates, 

transferr ing them to either NAD+ (to form NADH) or ubiquinone ( to form 

ubiquinol ) .  A lso one molecule of ATP is formed from ADP and Pi during the 

conversion of succinyl  coenzyme A to succinic acid. Another function of the TCA 

cycle i s  the formation of carbon skeletons used to synthesise amino acids. The 

overa l l  reactions of the TCA cycle can be written as: 

2 pyruvate + 8 NAD+ + 2 ubiquinone + 2 ADp
2
- +2 H2P04- +4 H20 � 

6 CO2 + 2 A Tp3- + 8 NADH + 8 H+ + 2 ubiquinol (2.2) 

When NADH and ubiquinol are oxidised they yie ld ATP, but as neither can 

combine direct ly with O2 to form H20, thei r  e lectrons are transferred v ia  several 

intermediate compounds forming the e lectron carrier system on the i nner membrane 

of the mitochondria. The carriers are arranged in four main protein  complexes and 

O2 serves as the ul t imate e lectron acceptor, mediated by cytochrome ox idase, in a 

process termed oxidat ive phosphorylation (Stryer, 1 988) .  As e lectrons flow down a 

potential  gradient i n  the e lectron transport chain,  protons are pumped across the inner 

mitochondrial membrane through a mitochondrial ATPase coupled with A TP 

synthesis (chemiosmotic coupl ing) .  This i s  the major source of ATP in  aerobic 

organisms and generates 32 of the 36 A TP molecu les that are formed when g lucose is 

complete l y  oxidised to CO2 and H20. 

Concentrations of CO2 in fruit cel l s  are part ly regulated by the cytosol ic enzymes 

phosphoenol pyruvate carboxylase (PEPC), recycl ing of some respi ratory CO2 may 

occur before it is re leased through the fru it surface, and possibly by phosphoenol  

pyruvate carboxykinase ( PCK; B l anke, 1 99 1 ) . PEPC has been found in apples 

( B lanke and Lenz, 1 989) and precl imacteric avocado (B lanke and Notton, 1 99 1 ;  

C lark et al. , 1 96 1 ) . The distribution of PEPC is uneven, being concentrated in  the 

seeds and perivascular t issue such as the hypodermal and inner core vascu lar t issue of 

apple  and avocado ; it  is very effic ient with a low K,n (B l anke, 1 99 1 ) . 
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Figure 2.3 Reactions of the TeA cycle, including enzymes and coenzymes. The 

oxidative reduction of pyruvic acid is also included. (From Salisbury and 

Ross, 1 992). 
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2.2.2. 3 Cyanide-resistant  respiration 

Aerobic respiration of most organisms is strongly inhibited by some negat ive ions,  

particularly cyan ide (CN-) and azide (N:d. which complex with the iron of 

cytochrome oxidase (Stryer, 1 988 ) .  However, i n  most plants, poisoning of 

cytochrome oxidase has only a small effect on l imi ting respiration,  and the 

respiration that continues i s  termed cyanide-resistant (cyanide- insensiti ve) 

respirat ion .  This alternative short-branch in the electron-transport chain i nvolves 

ubiquinol ,  and also allows transport of electrons to but the alternat ive ox idase has 

a much lower affin i ty for O2 than does cytochrome oxidase .  As l ittle or no  ox idative 

phosphory lation i s  coupled to the alternat ive pathway, it leads main ly  to the 

production of  heat and produces only one A TP when l inked to the oxidation  of 

mitochondrial N ADH, w hereas the cytochrome pathway yields three A TP molecules. 

The altern ative pathway is  believed to act as an overflow mechanism to remove 

electrons when the cytochrome pathway becomes saturated by rapid glycolysis 

(Lambers, 1 985 ) .  The role the cyanide-resistant pathway may p lay in  the respiratory 

c l imacteric is discussed in section 2 .2 .4 . 1 .  

4 Respiratory quotient  (RQ) and the effects of reduced 

O2 and elevated CO2 

Respi ration quotient (RQ) is the volumetric or molar ratio of the amoun t  of 

produced to s imultaneously consumed durin g  respiration (Burton, 1 982 ;  B lanke, 

1 99 1 ) . When aerobic respiration i s  operat ing in a state of dynamic equ i librium, and 

w ith hexose as the respiratory substrate , the RQ should be unity . However the 

composit ion of crops determines the substrates used in  respirat ion , and est imates of 

RQ can g ive an indication of the principal substrate (Wang, 1 990) .  The R Q  i s  near I 
for carbohydrate substrates, < 1 for l ipids, > 1 for organic aci ds ( 1 . 3 3  for mal ic acid) ,  

and much h igher rates usual ly  i ndicate anaerobic respiration o r  senescent decay 

( B lanke, 1 99 1 ) . R Q  generally i ncreases w ith  ripening and senescence indicat ing 

increased metabol ism of organic acids, which have more O2 per carbon atom than 

carbohydrates and l ipids.  However, RQ values are typical ly  averages as different 
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types of substrate may be metabol ised simultaneously (Dev l in  and Witham, 1 983 ) .  

Values RQ at 1 0°C of a number of crops have been publ i shed by P laten ius  

( 1 943 ) .  

Kidd and West ( 1 925 ,  1 93 8 )  reported that the RQ of apples ,  ripened i n  air  at 

i ncreased s l ight ly dur ing the c l imacteric,  which B urton ( 1 982)  attr ibuted to 

increased ut i l ization of mal ic acid .  An even h igher rise i n  due to malate 

decarboxy lation during the c l imacteric was reported by Neal and Hulme ( 1 95 8 )  and 

Hulme and Rhodes ( 1 97 1 ) . This increase in RQ wi th  the c l imacteric may not be a 

universal phenomenon in  c l imacteric fruits ( Hartmann ,  1 962) .  Palmer ( 1 97 1 )  

reported the of precl imacteric banana decreased during the c l imacteric upswing  

in  respiration rate but increased again to  the  in it ial value a t  the peak. The drop in  RQ 

may a short period of ut i l i zation of l ipids (Tucker and Grierson ,  1 987) ,  or 

a l ternatively,  be affected by solubl i sation of that would occur in response to 

elevated pe02 . 
Decreased external O2 atmospheres depress the rate of respirat ion of crops, but 

above the crit ical lower O2 l imit ,  th is  i s  thought to occur w i thout chan ge in RQ 

(Beaudry e t  ai. , 1 992;  and B anks e t  al. ,  1 993b) .  However, e levated CO2 by i tsel f  or 

in conj unction w ith decreased O2 depresses RQ (Fidler,  1 950; Fidler and North ,  

1 967 ; Met l i tsk i i  e t  ai. ,  1 972) .  I n  a study using postcl imacteric 'Cox ' s  Orange 

Pippin '  apples, Fidler and North ( 1 967) reported that re lative to air, s torage i n  5 %  

CO2 reduced production by 45% and O2 uptake by in  levels of from 

1 . 5 %  to 1 6% .  Wan g  ( 1 990) suggested the reduction i n  for frui t  i n  e levated CO2 

w as possibly due to an increase i n  the fixation of in to organic  acids in the fruit ,  a 

reduced catabo l i sm of organ ic  acids result ing i n  a h igher organic aci d  retention, as 

reported for CA s tored apples and pears (Kol las ,  1 964; and Hansen,  1 964) . CO2 i s  

main ly  fi xed into mal ic acids i n  apples (Al lenton et ai. , 1 954a, 1 954b) ,  bu t  also in to 

c i tric and pyruvic  acids (Murata and Min iamide, 1 970) . Temperature may also affect 

RQ as observed by Fidler and North ( 1 967) who attributed the effect to a h i gher 

temperature coeffic ient for O2 uptake than for CO2 production . 
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Respiration rate and the effects of reduced O2 and 

eleva ted CO2 on aerobic respiration 

Reduction of the partial pressure of O2 surrounding frui t  decreases respiration and 

this effect becomes more marked as the p artial pressure of  drops below 1 0  kPa 

(Banks e t  ai.,  1 993b) . The relationship between respi ration rate and e i ther the 

intern al or external partial pressure of O2 of crops has been model led us ing the 

Michae l i s-Menten equation (Andrich et ai. , 1 99 1 ;  B anks e t  al.,  1 993b ;  Cameron e t  
ai . ,  1 99 5 ;  Dadzie, 1 992;  Peppelenbos et ai. , 1 993 ; Solomos 1 982,  1 985 ) .  Below the 

crit ical lower O2 l i mi t ,  CO2 production i ncreases markedly as anaerobic resp iration 

i ncreases and aerobic respiration decreases .  

Publ i shed data on the effect of elevated CO2 on O2 uptake are con tradictory , wi th 

no effect, an i ncrease or decrease i n  respiratory act iv ity reported depending on the 

crop and the part ial pressure of (Cameron et al., 1 995 ; Kerbel et at., 1 98 8 ;  Kidd, 

1 9 1 6 ; Kidd and West,  1 927 , 1 93 3 ;  Kubo et ai. , 1 990; and Kader, 1 989 ;  Talas i la  et 
al. ,  1 992 ;  Thornton, 1 933 ;  Young et al. ,  1 962) .  Joles et al. ( 1 994) noted that the 

effect of elevated C02 has often been assumed and even incorporated i nto some 

model s  ( Lee et ai., 1 99 1 ;  Song et al. , 1 992) .  Evidence that e levated CO2 h as no or 

l i tt le effect in reducing respiration rate and uptake has been reported for bananas 

(Young et al. ,  1 962), and mushrooms ( Peppelenbos et ai. ,  1 993) .  Joles et al.  ( 1 994) 

reported that part ia l  pressures of CO2 < 1 7  did not affect O2 uptake for 

raspberries, and Beaudry ( 1 993)  that partial pressures of CO2 > 20 kPa resulted i n  

on ly  a small reduction i n  O 2  uptake of blueberries.  Gran ( 1 993)  reported that 1 2  to 

1 5  kPa CO2 in  package headspace i ncreased O2 uptake compared to p ackages where 

CO2 had been diminished by a CO2 absorber. However, this i nterpretation assumes 

the package atmospheres were at steady-state. If not at steady-state, scrubbi n g  CO2 

from the package atmosphere would increase p02 as the package volume decreased. 

Reduction in  respiration rate results in  a reduction in  energy avai labi l i ty to t i ssue. 

A quantitat ive i ndicat ion of change in energy avai l able to t issue is given by the 

energy charge [EC: the rat io of adenyl i tic  phosphate held in h i gh energy bonds (2/3 

ATP + 1 12 ADP) to the total adenyl it ic phosphate ( ATP + ADP + AMP)] ( Pradet and 
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Raymond, 1 983 ) .  For nearly al l  active cel ls , values are between 0 . 8  and 0 .95 ,  

but  substantial ly  lower values are found in  anaerobic cel ls .  

2. 6 Mode of action of reduced O2 and elevated CO2 on 

aerobic respiration 

The effects of O2 on frui t  include ( 1 )  a diminution of aerobic respiration ;  (2)  delay 

in the c l imacteric onset of the rise in ethy lene; and ( 3 )  a decrease in the rate of 

ripening (B lackman, ] 954; Burg and B urg, 1 967; Fidler et at. , 1 97 3 ;  Kader, 1 986;  

Kanel i s  et al. , 1 99 1 ;  Mapson and Robinson ,  1 966; Smock, 1 979; So lomos, 1 982 ;  

Yang and Chinnan, 1 988a, b) .  

B lackman ( 1 954) observed that the respiratory i sotherms of r02 as a function of 

P02 are biphasic in  nature, with an in i tial gradual 

fol lowed by a rapid dec l ine as p02 approached zero. 

at re lative ly  h igh P02 ' 
isotherm for rC02 fol lows 

that for r02 except at p02 approaching zero when TC02 rapidly i ncreased due to 

fermentat ion.  

The b iphasic nature of the response of r02 as a function of P02 has been attributed 

to ( Knee, 1 99 1  a; Soiomos, 1 994) : 

I .  existence of a regulatory enzyme(s) that perceive(s)  the P02 and exert(s)  

feedbac k  inh ib it ion on  the i ni t ial steps of g lucose oxidat ion,  thus lowerin g  aerob ic 

respiration (B lackman, 1 954;  Solomos, 1 982 ;  Tucker and 1 985 ) ;  

The effect of  l ow sk in  and t issue permeance to  the diffusion of O2 (Chevi l l otte, 

1 97 3 ;  James, 1 95 3 ) ;  and 

3. The presence of a terminal "oxidase" with a much lower affin ity for 02 than that 

of cytochrome oxidase (Mapson and Burton, 1 962) .  

Resistance to diffusion of O2 i n  apples and avocados has been demonstrated to be 

un l ike ly  to explain the b iphasic n ature of the O2 i sotherm (Soiomos, 1 982,  1 98 8 ;  

Tucker and Laties, 1 985 ) .  Neither cytochrome oxidase nor the alternative termi nal 

ox idase are l ikely to explain the b iphasic response as the Krn for cytochrome ox idase 

is about 0 .05 � « 0 . 1 kPa PC)2 ' Knee, 1 99 1  b ) ,  and the alternati ve  ox idase i s  1 0- to  

I S -fold  h igher (Douce, 1 985 ;  S iedow, 1 982 ;  Solomos, 1 977 ;  Tucker and Laties ,  
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1 985 ) .  S oJomos ( 1 994) suggested that if  a l ower affin ity term inal ox idase w as to 

account for detectable decrease in rco2, its Km would have to be > 4 Jl,M. 

B oth Burton ( 1 982)  and Tucker and Laties ( 1 98 5 )  have suggested more than one 

oxidase direct ly  or indirect ly affects respiration .  Knee ( 1 99 1  b) suggested that there 

may be mechan isms whereby frui t  cel ls  sense hypoxic  condit ions and l i mi t  

respi ration rate so as to minimise the production o f  anaerobic metabol i tes .  These 

views make frui t  respiration a consequence of other metabol ic processes. Nei ther the 

nature of the "residual oxidases" nor their part icipation in p lant  respiration i s  known 

to any degree of certainty . They are thought to cytosol ic ,  w ith low affin ity  for O2 

( Solomos, 1 98 8 ,  1 994).  The inhibit ion of these res idual oxidases i s  thought to exert 

a feedback restraint on the in i ti al steps of g lucose oxidation.  SoJomos ( 1 994) noted 

that though this explanation i s  not compatible with the most l ikely known regulatory 

mechanisms of p lant respiration, it is the most l ikel y  explanation of the effects of low 

O2 on respiration.  

Tucker and Laties ( 1 985 )  reported evidence for a dual role of O2 in avocado, 

where depending on the rate reduction O2, the respiratory i sotherm was e ither 

mono- or biphas ic .  Rapid reduction in resul ted in a monophasic i sotherm w i th a 

Km appropriate for cytochrome oxidase, whereas s low reduct ion i n  O2 resul ted i n  a 

b iphasic isotherm and perhaps al lowed for i ntermediation of b iochemical processes, 

or regulation of gene expression. Laties ( 1 995)  suggested the net effect of the s low 

depletion of O2 was "that the negative feedback  banks the respiratory fire before the 

operation of the terminal oxidase is curtailed w ith attendant anaerobios is" .  

Tucker and Lades ( 1 985 )  also suggested that the low affin i ty arm o f  the biphas ic 

respi ration i sotherm has nothing  to do wi th the effect of on ethy lene synthesis or 

action, as b iphasicness was evident equal l y  in precl imacteric and c l imacteric fru i t .  

Observed effects of  hypoxia on ethylene biosynthesis and action may be  indirect 

through suppressing l -aminocyclopropane- l -carboxyl ic acid synthase and/or 

synthesis of transducer( s) of ethylene action ( Solomos, 1 994) .  

Knee ( 1 980) reported the response of respiration of apples t o  d iminished O2 

concentrat ions,  or the return to a i r  from hypoxic atmospheres, was delayed b y  1 to 4 

days depending on the t ime and direction of transfer. This del ay i s  longer than w as 

required for the in ternal atmosphere of the frui t  to reach physical equi l ibrium w ith 
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the external atmosphere and suggested that though respiration i s  medi ated by  

cytochrome oxidase, i t s  rate i s  influenced by some Oz requiring process w hose 

effects take time to become apparent .  Though the response is s low compared to 

protective mechani sms i n  animals to hypoxia/anox ia, i t  is  evidence for adaptat ion to 

hypoxic  atmospheres. S imi lar delays in restoration of respiratory act iv i ty have been 

observed in other frui t  (Rahman et al. , 1 993) .  The low-Oz-induced poststorage 

respiratory suppression of bel l  pepper fru i t  was part ly  explained by the reduced 

oxidative capacity of mitochondria. (Rahman et  ai. , 1 995) .  Recent ly ,  Chervi n  et  al. 

e 1 996) also speculated as to whether frui t  adapt to low as do some plants and 

an imals ( Hochachka, 1 99 1 ) . clearer understanding of the mechani sms wi th in  frui t  

s ignal ing changing O2  atmospheres may be  exploited to  fac i l i tate extended storage 

e i ther i ndependent ly or in conjunction wi th exist ing storage practices. 

7 Effect of  reduced O2 and eleva ted 

and TCA cycle 

on glycolysis 

Much of the research on the effects of control led atmospheres (CA) and modi fied 

atmospheres (MA) on crops has been directed towards the empirical determinat ion of 

optimum storage atmospheres .  More recent ly ,  attention has been g iven to 

understanding the physiological and biochemical modes of action of reduced O2 and 

elevated and concise reviews have been publi shed by Kader ( 1 986) and Wang 

( 1 990) . 

the g lycolytic enzymes l i ke ly  to be affected by CAlMA atmospheres ,  A TP

phosphofructokinase (ATP-PFK) would be a logical enzyme to target as i t  has been 

described as a key regulatory enzyme (Turner and Turner, 1 980). S imi lar ly ,  S myth 

et al. ( 1 984) reported that PPj-phosphofructokinase ( PPi-PFK) i s  a key regulatory 

enzyme. Kerbel et al. ( 1 988 )  reported a reduction i n  O2 u ptake and ethylene ( C2H4) 

production of pear frui t  in  air + 1 0 % CO2 over 4 to 6 days at 20°C compared to frui t  

i n  air, a reduct ion i n  levels o f  fructose 1 ,6-bisphosphate (F l ,6-P2) ,  and acti vi ty o f  

and PPi-PFK decl ined whi le  levels o f  fructose 6-phosphate (F6P) and 

fructose 2 ,6-bisphosphate (F2,6-P2) increased.  This suggested an inh ibitory effect of 

COz at the s i te of act ion of both these enzymes,  w h ic h  may accoun t  for the reduct ion 
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i n  O2  uptake. None of  the other glycolytic enzymes showed any change i n  act iv i ty w i th 

enhanced CO2 levels .  Rapid and substantial i ncrease i n  levels of F6P and F l  

have been shown to accompany the ri se i n  respiration that occurs during  ripeni n g  of 

c l imacteric fru i t  (Soiomos and Laties,  1 974) and u nder anoxic condit ions (Faiz U r

Rahman et ai. , 1 974) .  

PPi-PFK i s  a freely reversible enzyme ( in contrast with ATP-PFK which only 

functions i n  the glycolyt ic direction) and i t  can function in  the glycolytic or the 

gluconeogenic direction. Although is reversible i t  is  the only enzyme along 

with ATP-PFK that is capable of converting F6P to F I  If is  to function 

in  the glycolytic direction then an adequate supply of must be present. Al though 

not mea'}ured in  the study with whole pear frui t  (Kerbel et al. , 1 988) ,  Huber ( 1 986) 

verified that substant ial pools of PPi exists in various plant  tissues including fruits and 

it has also been shown that favours PPi-PFK activi ty in the g lycolyt ic direction 

(but does not affect ATP-PFK).  also increased as a result of i ncreased 

concentrations. It is possible that the elevated CO2 concentrations led to either an 

inhibi t ion of exist ing and and/or the inhibit ion of synthesis  of 

A TP-PFK and PPi-PFK .  Supression of protein synthesis is supported by the decrease 

in total extractable protei n  in the CA treated fruit .  

A s imi lar study by Kerbel et ai. ( 1 990), wi th suspension-cultured pear cel l s  gave 

complementary results to the whole frui t  study (Kerbel et ai. ,  1 988) .  consumption 

and C2I-4 were both reduced by elevated concentrations and glycolyt ic 

intennediates and enzymes that showed significant changes were the same as those in  

i ntact pear frui t .  Elevated CO2 reduced loss of F6P and substantial ly reduced levels of 

F l ,6-P2 . Substantial reduction in the activities of and PPi-PFK occurred. 

Both studies suggest that although further elucidation of the mode of control needs to 

be made, elevated CO2 has an inhibi tory effect on both ATP and PPj-dependent 

phosphofructokina'}es which coul d  account for changes in levels of F6P and F I  ,6-P2 

and the observed reduction in  respiration.  

Regul ation of glycolysis by ATP-PFK is  also pH dependant (Turner and Turner, 

1 980) . I t  is  possible that levels of CO2 above 5% could lower intracel l ular pH (Bown, 

1 98 5 )  and CO2 may also have a direct effect on metabolic act ivities (Mitz, 1 979) .  CO2 

may also affect levels of control l ing intem1ediates and cofactors. P lant  ATP-PFK can 
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be inhibi ted by ATP, ADP, PEP, 2PGA, 3 PGA, gluconate 6-P, c itrate and m al ate 

(Turner ,md Turner, 1 980). 

atmospheres (0.5% and were reported to increase F2,6-P2 compared to 

air in carrot shreds, and activated PPi-PFK, but not A TP-PFK, towards glycolysis 

(Kato-Noguchi and Watada, 1 996). As ATP-PFK activ i ty may be restricted under very 

low O2 atmospheres due to reduced A TP supply, the PPi-PFK route of glycolysis may 

be an energy saving mechanism (Black et a i. ,  1 987) .  

Higher organic acid  retention in  CA-stored apple and fruits than in  air-stored 

fruits has been reported by Kol la5 ( 1 964) and and Hansen ( 1 964) .  There are 

numerous reports of loss of titratable acidity of frui t  i n  cold storage being inhibi ted 

when stored under CA. In apples and pears this is largely due to the reduced loss of 

mal ic acid.  However, other organic acids can affected by storage including 

ci tric, succin ic ,  c itramal ic ,  shikimic, quinic ,  oxal acetic , pyru vic, tartaric ,  and a

ketoglutaric acids (Wang, 1 990). This decreased loss organic acids has been 

suggested to be due to either an increase in fix at ion , an inhibi t ion of respiratory 

metabol ism, or a lower consumption of the acid under (Wang, 1 990) . 

Hess et ai. ,  1 993 measured ATP-PFK and act ivities in precl i mac teric 

avocados exposed to air, 0.25% O2, 20% or 0 .25% O2 + 80% CO2 for 

2 days at 20°e.  No differences were found i n  CA treated frui t  compared to fru i t  i n  

air w hen the extracted enzymes were assayed at optimum of 8 .0 .  H owever, 

when assayed at pH equivalent to cytoplasmic levels  for fmit  in CA treatments, A TP-

act iv ity showed a 9% and 23% reduction at pH 6.7 and respect ive ly ; PPI-

PFK did not show any act iv i ty at these pH values. reduction cytoplasmic pH 

assoc iated w ith low O2 or h igh CO2 may therefore decrease act ivi ty and 

PPI-PFK may not be function ing at al l .  

McGlasson and Wi l ls ( 1 972) indicated that low O2 

s ign i ficant increa5e in pyruvate, oxaloacetate and a-ketoglutarate levels in banana frui t  

stored for I to  4 days a t  20°e.  They suggested that low l imi ted the operation of the 

cycle between pyruvate and c itrate, and between a-ketoglutarate and succinate. 

Elevated resulted in inhibi tion of succinate dehydrogenase and consequently 

increased accumulation of succin ic acid  i n pears and apples (Frenkel and Patterson.  

1 97 3 ;  Monning ,  1 983 ) .  Alternatively,  succinate accumulation i n  hypoxic frui t  
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[which h as been correlated with CO2-induced core breakdown i n  apples (Hulme ,  

1 956) ] ,  may result  from increased phosphoenolpyruvate carboxykinase  acti v i ty and  a 

part ial  reductive cycle (Nanos et at. , 1 994). S hipway and Bramlage ( 1 973)  note 

that CO2 may have a marked contro l l ing  effect on apple mitochondrial act iv i ty  

through structural or conformational changes and not  on succinate dehydrogenase 

act iv i ty alone. They also found that CO2 above 6% suppressed succinate, fumarate, 

pyruvate, a-ketoglutarate, citrate, and NADHIH+ oxidations, but stimulated malate 

oxidation .  Ranson et al. ( 1 957,  1 960) showed that the conversion of succinate into 

malate and fumarate was markedl y  inhibited by concentrations above 1 0% ,  but 

conversion of fumarate into malate was not affected. At h igher concentrations, 

conversion of pyruvate into citrate and other cycle acids wa" also depressed, 

suggesting an inhibi tory effect of CO2 on pyruvic oxida<.;e or condensing enzyme. 

McGlasson and Wi l l s  ( 1 972) also reported that low l imited the operation of the 

TCA cycle between pyruvate and c itrate, and 2-oxoglutarate and succinate in  green 

bananas. 

During CA storage, CO2 may be incorporated into malate, lowering  i ntracel lu lar pH 

and affecting activ ity of glycolytic enzymes and mitochondrial funct ion.  The 

propensity of fmi t  to a<;simi late CO2 and incorporate it into particu lar organic acids, and 

abi l ity to accumulate respiratory end products, may be correlated wi th frui t  tolerance to 

low O2 and elevated CO2 and frui t  quali ty after storage. 

2.2 .3  Anaerobic resp i ratio n  

I n  the 1 870s Loui s  Pasteur described fermentation i n  yeast ( Pasteur, 1 872) and i n  

1 897 Eduard Buchner made a serendipitous discovery that the addit ion o f  sucrose to 

cel l -free extracts of yeast resu l ted in its rapid  fermentation into alcohol (Buchner, 

1 897 ) .  In  so doing they demonstrated for the first t ime that fermen tation could occur 

outside l iv ing cel l s .  Pasteur had recognised that in air 2 1  kPa 02), yeast not only 

curtai led alcohol production , but also consumed much less  sugar than w as 

metabol i sed anaerobical l y .  This phenomenon was termed the ' Pasteur effect ' by 

Otto Warburg, and w as orig inal ly thought to  be the resul t  of  the resynthesis of sugar 

from a considerable port ion of g lycolytic product or intermediate for tissue i n  air 
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( Krebs,  1 972) .  Harden and Young i n  1 905 d iscovered a group of enzymes w hich 

they tenned zymase;  and coined the term 'zymas is '  to refer to enzymic conversion of 

g lucose in to and alcohol under hypoxic or anoxic conditions ( S tryer, 1 98 8 ) .  

Fenn entat ive metabol i sm al lows both the reoxidation o f  NADH and ATP product ion,  

though the rate of A TP production is  much lower than in  aerobic respi ration.  M uch 

of the  recent l i terature on anaerobic metabolism i n  p lan ts relates to floodin g  tolerance 

and is  the subject of reviews by Davies ( 1 980), Kennedy et al. ( 1 992). Perala and 

Alpi ( 1 993)  and Ricard et al.  ( 1 994) . mechanism of regulat ion of anaerobic 

resp iration is  yet to be ful ly  understood. 

3. 1 Function of anaerobic respiration and biochemical 

path ways 

M i tochondrial respiration is  greatly affected by the absence of O2,  as w i thout 02 

cytochrome oxidase is  totally inhib i ted ( Kennedy et ai. 1 987) and the pyridine  

nucleotides reduced in  glycolysi s  and the cycle can not be reoxid ised through 

the mitochondrial electron transport chain ( Perata and Alpi, 1 993 ) .  Consequent ly ,  

N AD H  and pyruvic  aci d  synthesi sed in  glycolysis accumulate . Anaerobic respi ration 

consumes NADH and pyruvic  acid  so that glycolysis can proceed and al low the 

continued production of ATP through substrate phosphory lation ( Ke et at. , 1 995 ) .  

I t  i s  no t  certain w hether the fermentative p athways are ful ly turned off under  

aerobic conditions or  a t  what level of  hypoxia they become functional since 

anaerobic metabol i tes may be reoxidised by aerobic  metabol ism (Ricard et  ai. , 1 994) . 

A study us ing carrot t issue by Leshuk and Sal tveit  ( 1 99 1 )  indicated that w hen the 

atmosphere i s  rapidly changed from an aerobic to an anaerobic  environment ,  

anaerobic respiration i s  in i tiated before the aerobic component of total respiration is  

reduced. 

B oth low O2 and/or h igh CO2 concentrations may cause accumulation of e th anol  

and acetaldehyde and l actic aci d  in fruits and vegetables (Chang et  al . ,  1 98 3 ;  Ke et 
ai. ,  \ 995) . Pyruvic acid  is  mainly decarboxylated to form acetaldehyde (catalysed by 

pyruvic acid decarboxylase, PDC) then rapidly reduced by N AD H  to ethanol 

(catalysed by alcohol dehydrogenase, ADH) .  I t  may also be reduced by NADH to 
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lactic aci d  (catalysed by  lactic acid  dehydrogenase, LDH, Fig. 2 .4) . Low O2  and 

elevated increased activi ties of PDC and of sweet potato, 'Bartlet ' pear, 

lettuce, avocado and strawberry (Chang et ai., 1 98 3 ;  Nanos et ai. , 1 992;  Kanel l i s  et 

al. ,  1 99 1 ;  Ke et ai. ,  1 993,  1 994, 1 995) .  Increases i n  act iv i ties of PDC, ADH and 

LDH found  i n  maize, barley and rice in low O2, are thought to be due to i ncreased 

transcription and trans lation resul ting in new messenger ribonucleic aci d  (mRNA) 

synthesis and de novo synthesi s  of the corresponding enzyme proteins (Gerlach et ai. ,  

1 982;  Good and Crosby, 1 989; Kel ley, 1 989) .  Other metabol ites reported to 

accumulate under anaerobic conditions in  p lants incl ude alanine ,  succinate, malate 

and sh ik imate, and a complete l ist has been published by Crawford ( 1 982) .  

Alan i ne is  another major fermentation product in p lants (Reggi an i  et al. , 1 988) ,  

whose carbons are derived from glycolytic pyruvic acid  (Smith and ap Rees, 1 979) .  

In  whi te spruce cel l suspensions and in  barley roo t  t issue, alani ne aminotransferase 

was induced by anaerobic treatment (Good and Crosby, 1 989), in agreemen t  wi th the 

role of alanine synthesis as an alternative pathway of pyruv ic aci d  metabol ism 

(Ricard et ai. , 1 994). In some plants NADH may enable accumulation of malic  aci d  

and g lycerol when O 2  i s  l imit ing (Crawford, 1 982) ,  though Ricard et a l .  ( 1 994) 

suggested recent evidence establ ishes that malate does not i ncrease but s lowly 

decreases u nder anoxia. 

CH, CCOH ------"'--

oyruvlC ac:o 

\lAC -

I 
� 

GH 
ac:,c ace:; 

NADf-i - - NAD 

Figure 2.4 Fermentation of pyruvic acid  to form ethanol  or lactic aci d  (From 

Sa l isbury and Ross, 1 992). 
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2. 3. Regulation of anaerobic respiration 

Fennentati ve metabol ism may be regulated by two mechanisms:  molecu lar control 

(also cal l ed "coarse control")  of the levels of ADH and LDH, and metabol ic 

control ( also called "fine contro l" )  of the functions of the enzymes (Chan g  e t  al . ,  

1 98 3 ;  Ke e t  al . ,  1 995) .  The induction of ADH, PDC, and/or LDH i s  considered to  

account  for the  accumulation of anaerobic products. However, Ke et ai .  ( 1 995)  

found increased concentrations of acetaldehyde, ethanol and lactate of avocado frui t  

under low O2  wi thout marked i ncrease i n  levels of  and LDH. They 

concluded that molecular induction of the anaerobic enzymes was not the major 

mechan ism for regulat ing fermentative metabol ism.  S imi larly ,  Roberts e t  ai .  ( 1 989) 

reported ethanol production correlated wi th act iv ity when the enzyme level was 

very low,  but at h igh enzyme level , ethanol accumulation was independent  of ADH 

act iv i ty .  Clearly,  w hen enzyme level is  low, i nduction of an anaerobic enzyme is 

requ ired through molecular control ( transcription and/or trans lat ion) .  However, if  the 

enzyme level is  h igh (as in the case of ADH in avocado frui t  even i n  air, Ke et ai. ,  

1 995 ) ,  then metabol ic  control of the functions of the (changes in pH,  

substrate concentration, cofactors, inhibi tors) may be more importan t  regulators . 

e t  al .  ( 1 995)  proposed the fol lowing model for the mode of action of low O2 

on avoc ado frui t  (Fig .  2 . 5 ) .  Low O2 reduces N ADH flu x  through the e lectron-

transport system (ETS) ,  resul t ing i n  reduced NAD and wh i le N AD H  i ncreases .  

Cytopl asmic pH decreases, pyruvate dehydrogenase act iv i ty is part ia l ly  

reduced and pyruvic acid flu x  through the TCA cycle is reduced. and LDH 

act iv it ies are enhanced and a new ADH isozyme i nduced. acti v ity is enhanced 

by the decrease in  pH and increase in pyruvic acid concentration is d irected in to 

production of acetaldehyde. Although decreased pH sl ightly i nh ib i ts ADH ,  which i s  

abundant i n  avocado, increased acetaldehyde and NADH and decreased N AD drive 

the ADH reaction result ing i n  ethanol accumulation. Increased pyruvate and N AD H  

and decreased NAD and ATP also activate LDH and drive production o f  l actic aci d  

as a n  addit ional end product. 
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Figure 2.5 Regulation of anaerobic respiration of 'Hass '  avocado i n  low O2 

atmospheres (From Ke et al. , 1 995) .  

Davies ( 1 980) proposed a theory of  regulation of fermentat ive metabolism based 

on chan ges in c ytosol ic  pH which included the fol lowing steps .  At the onset of 

anaerobiosis ,  c ytosol ic  pH is  h igher than neutral and PDC,  which has an acidic pH 

optimum, is  no t  act ive.  NADH from glycolysis increases and is  recycled by the l actic 

fermentation pathway,  resulting in  a fal l in  cytosohc pH as lactic acid  accumulates. 

The fal l  in pH progressively inhibits and activates PDC and the subsequent 

production of ethanoL The drop i n  pH also enhances the inhibit ion of LDH by ATP 

(Davies and Davies,  1 972) .  Therefore, Davies et a i. ( 1 974) suggested LDH and PDH 

act as a metabolic pH-stat regulating fermentative metabol ism. 

Ev idence for the Davis-Roberts hypothesi s  of a decrease i n  cytosol ic pH and rap i d  

accumulation o f  N AD H after the onset of anaerobiosis supported Dav ies ' hypothesi s  

as h as been reported by Roberts et ai. ( 1 984) and Morrel l  et a i .  ( 1 990) . Exposure to  

reduced 0:;  and/or elevated CO:; resulted in  a decrease i n  cytoplasmic pH i n  avocado 

(Hess et ai . ,  1 993) ,  'Barler' pears (Nanos and Kader, 1 993)  and lettuce (S i riphanich 

and Kader, 1 986) . Recently, Rivoal and Hanson ( 1 994) noted that ev idence for and 

against  the Davies-Roberts hypothesis is  largely  correlative,  involv ing differen t  
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species,  organs and experimental condit ions.  Us ing  a genetic approach ,  over-

expressing a barley complementary deoxyribonucleic aci d  (cDNA) in tomato 

root cul tures, they demonstrated that, consistent w ith the Davies-Roberts h ypothesis ,  

lactate fermentation was sti l l  transient .  

The Dav ies-Roberts hypothesi s  has been challenged by s tudies  in which cytosol ic 

acid ification fol lowed more closely the t ime course of decrease of  nucleoside 

triphosphates rather than lactic acid  production (Sai n t-Ges et al . , 1 99 1 ) . This 

suggested that the acidification may resul t  from both inhibit ion of  proton pumping  at 

low A TP concentration and proton release through hydrolys is .  Chervin e t  al. 

( 1 996) speculated that as the energy charge fal l s  as the part ial pressure of O2 is 

reduced, cells may not be able to energise the pumps that main tain pH and other ionic 

gradients across the tonoplast  and plasmalemma, and explai n why cytoplasmic pH 

undergoes a transient acidic shift .  Bufter and Bangerth ( 1 982) suggest that 

acidification of the cytoplasm may resul t  from a of mal ic  acid  from the 

vacuole to enter the malate decarboxylation system. Not al l p lants show l actic 

fermentation preceding  production of ethanol (Andreev and Vartapetian,  1 992) .  

Leshuk and Saltveit  ( 1 99 1 ) , in  a study us ing carrot disks exposed to  rapid reduction 

of O2 concentrat ion,  found there was a momentary decrease pH that was 

coincident with the start of ethanol accumulation, which pH i ncreased again ,  

and both l actic acid  and ethanol continued t o  accumulate during  the experiment. I f  

cytoplasmic aci dification is  l im ited and contro l led i t  may serve as  a s ignal  for 

adapt ive changes that l imi t  further cytoplasmic acidification . th is  end, B lanke 

( 1 99 1 )  suggested CO2 pUls ing may be beneficial  i n  i nducing tolerance through 

l imi ted acidificat ion . 

2.2. 3 Responses of crops to metabolites of anaerobic 

respiration 

Below the threshold of fermentat ion,  ethanol may accumu l ate i n  frui t  at a rate up 

to 25  nmol  kg- 1 S- l 100 mg kg I per day ; Knee, 1 99 1 b) .  Ethanol m ay be further 

metabol i sed to ethyl acetate, cata\ysed by alcohol acy ltransferase ( AAT) .  B lanpied 

( 1 98 3 )  reported accumulation of ethanol resu l ted off-flavours in  apples w hen ethanol 
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accumulated at about 1 2 . 5  nmol kg- l S- l (z 50 mg kg- l per day ) .  After a brief period 

of anox ia, the frui t  may metabol ise ethanol at up to 5 nmol kg- l S- 1 ("'" 20 mg kg- l per 

day) at 1 0°C ( Knee, 1 99 1 b) .  

The role of ethanol in  induction of anox ia  i njuries in  p lants has been debated for a 

long period.  Jackson et ai. ( 1 982) concluded that for flooded p lants, ethanol does not 

p lay a maj or role and only very high, non-phy siological ethanol concentrations 

exogenously appl ied can mimic the effects of anoxia. Current ev idence points to 

acetaldehyde as the agent causing frui t  injury duri ng anaerobiosis (Lurie and Pes is ,  

1 992 ;  Monk et al. , 1 987 ;  Perala and Alpi ,  1 99 1 ;  S magula  and Bramlage, 1 977) ,  

which,  together w i th ethanol ,  appears to  affect the secondary metabol ism and 

developmental processes of p lant tissue (Saltveit ,  1 989) .  

Induction of ADH at the same t ime as may be a critical adapt ive mechanism 

prevent ing the accumulation of acetaldehyde during  anoxia, as mutants of maize 

which do not have ADH act ivity cannot surv i ve anoxia (Kennedy et ai . ,  1 992) .  

Recent  work has demonstrated that short-term exposure to atmospheres that 

induce anaerobic respiration may be benefic ial to frui t  storage l ife (Burdon e t  al. , 

1 994) . Direct appl ications of ethanol  and acetaldehyde are capable of both retarding 

ripeni n g  i n  peaches and nectarines (Lurie and Pes is ,  1 992) ,  and tomato ( Pesis and 

M arinansky,  1 993 )  and ethylene production i n  tomatoes ( Saltve i t  and MencareHi ,  

1 988) .  Acetaldehyde has also been found to  increase soluble sol ids and decrease 

acidi ty i n  grapes (pesis and Frenkel ,  1 989) ,  i ncrease aroma volat i les in feijoa ( Pesi s  

et aI . ,  1 99 1 ) , and reduce disorders i n  a range of frui ts (Pesis et al. , 1 993 ) .  

Ethanol may also p lay a protect ive role against  oxidative stress. Exposure to  

ethanol vapours has been found to  al lev iate ch i l l i ng- induced injury i n  excised 

cucumber cotyledons (Saltveit ,  1 994) , and ethanol injection and vapour treatment of 

'Granny S mith ' apples contro lled superfic ial scald ( Scott et  a i . ,  1 995) .  A l lev iat ion of 

ch i l l i ng  i njury was bel ieved to occur by inducing stomatal c losure result ing i n  

sufficient elevated CO2 atmospheres t o  mimic known effects o f  l o w  O2 and/or h igh 

CO2 contro l led atmospheres on reducing chil l ing  i njury (Saltveit ,  1 994) . Exposure 

of cucumber cotyledon discs to ethanol solutions and anaerobic atmospheres i nduced 

accumulation of ethano l in the tissue and also al leviated ch i l l ing  i nj u ry . The 

mechan i sm al leviating chi l l i ng  injury symptoms may involve a role of alcohol i n  
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removing hydrogen peroxide (H202) peroxidatical ly by catalase. Catalase acts as a 

peroxidase i n  convert ing H202 to H20 in  oxidis ing ethanol and other substrates as 

donors. The ox idation of ethanol in this system y ields acetaldehyde. Catalase can 

inhib i ted by the presence of super oxide free-radicals (02 , Kono and Fridovich ,  

1 982)  which may be produced when t issue i s  experiencing ox idative stress.  Kono 

and Fridovich ( 1 982)  reported that ethanol prevents and reverses the s low inhi bit ion 

of catalase by O2- ,  and thus ethanol may perform a protective role i n  a s imi lar way as 

superoxide dismutase in quenching free radicals (Scandal ios, 1 993) .  Recently ,  

B urmeister and Di l ley ( 1 995)  suggested that a ' scald- l ike' disorder o f  'Empire '  

app les, exacerbated b y  high and low temperature (ch i l l ing inj ury ) ,  resulted from 

a free-radical catalysed oxidation of certain amino res idues essential for the act iv i ty 

of enzymes i n  the frui t .  CO2 i s  known to faci l i tate metal ion-cataly sed oxidation of 

amino acids at metal binding s i tes for i ron ,  manganese and copper ( Stadtman, 1 993) .  

Exposure to chi l l ing temperatures also results i n  the fonl1ation of part ia l ly reduced 

species, i ncluding O2- (Burmeister and Di l ley , \ 995 ) .  

Short-term stress treatments (either by inducing anaerobiosis o r  exogenously 

apply ing ethanol vapours) from which the frui t  may recover, may provide alternat ive 

methods for maintain ing postharvest qual i ty of fruit .  These treatments may i nduce 

protect ive mechan isms against the effects of oxy-radicals in cel l s ,  and could be used 

ei ther by themselves or in conjunction w ith current  storage technologies.  

2.2 .4 Resp i ratio n  rates of  c rops and chan ges with 

p hysio log ica l  age 

Aerobic respiration is  h ighly temperature dependent, the relat ionship being  

expressed as  the temperature coeffic ient (QIO:  the rel ative i ncrease i n  rate for a 1 00C 

rise in  temperature) .  Between 50  and 25°C the QlO of frui t  varies between 1 . 5 and 

2 . 5  (B lank ,  1 99 1 ) . Respiration rates of crops may also differ w ith botan ical structure 

(Debney et al . ,  1 980) . High respiration rates are typical for y oung t issues such as 
apical stems ( asparagus ) ,  partly developed flower buds ( broccoli ,  g lobe art ichoke) ,  

develop ing seeds ( green peas, green beans) and immature frui ts  (sweet corn ) .  B y  

comparison, low respi ration rates are typical o f  storage organs such as roots (carrots, 
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sweet potatoes) ,  undergroun d  s tems (potatoes) ,  bulbs (onion) and  m ature fruits  

(apples, pears) .  Intermediate respiration rates occur in  unripe frui ts  (cucumbers, 

zucch in i )  and most leafy vegetables (Hardenburg et ai. ,  1 986) .  However, factors 

other than respiration per se i n fluence the storage potential of a crop such as g rowing 

environment (temperature, l ight,  other stresses), stage of maturity at harvest 

(precl imacteric , c l imacteric ,  postc l imacteric) ,  gas exchange variables (skin 

penneance to respi ratory gases) ,  res istance to bru is ing and pre- and postharvest 

handl ing methods, suscept ibi l i ty to low temperatures and other physiological  and 

pathological storage d isorders, and postharvest storage atmospheres ( C02, O2, CO, 

and other volati les) .  

Kidd and West ( 1 925) discovered that there was a burst of resp iratory act iv i ty in 

apples, which they termed the 'c l imacteri c ' .  They saw this as a crit ical stage in  the 

l i fe of a fruit ,  associated with a period of reorganisation prior to ripening .  In  apples, 

and many other fru i ts ,  the respiratory c l imacteric may occur for both frui t  attached to 

the tree and those that have been harvested, and is  also accompanied by autocatalytic 

ethylene production (Kidd and West,  1 925) .  Factors reported to influence the onset 

of the c l imacteric include temperature and atmospheric composi tion  ( Kidd and West ,  

1 930). Decreased O2  atmospheres tended to  delay the  c l imacteric and may have 

depressed its intensity , whereas 02 atmospheres above ambient levels may have 

increased and hastened the onset of the c l imacteric (Rhodes, 1 970) .  Elevated CO2 

tended to delay and depress the c l imacteric in  app les and pears. Ethy lene i s  known to 

h asten the onset of the c l imacteric (Burg and B urg, 1 962; Melford and Prakash ,  

1 986 ) .  

Crops have been c lassified as  'c l imacteric ' or  'non-cl imacteric ' on the bas is  of 

their respiratory and ethylene production profi les during maturation and ripen ing 

( B iale and Young,  1 98 1 ) . Examples of  c l imacteric crops include apple, pear, peach ,  

nectarine, avocado, banana, mango, and tomato, which are harvested physiological ly 

mature but unripe.  These frui t  man ifest a dec l ine i n  respiration after harvest 

(prec l imacteric min imum) fol lowed by a ri se (c l imacteric rise) at  the onset of 

ripening to a peak (c l imacteric peak) fol lowed by a decl ine  (postc limacteric) . Non

c l imacteric crops include c itms, grapes, cherry , strawberry , pepper, squash ,  and 
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t amar i l lo .  The respiration and ethylene production of  non-c l imacteric crops dec lines 

stead i ly  after harvest ( B iale and Young, 1 98 1 ) . 

Not a l l  frui t  exhibi t  an ethylene-induced c l imacteric on ripen ing ,  and ethylene may 

e l ic i t  a respiratory response without concomitant ripening (B iale and Young,  1 98 1 ) . 

Recently ,  Shel l ie  and Saltveit ( 1 993) reported the absence of a respiratory c l imacteric 

in muskmelons on the vine but autocatalytic ethylene production was excess ive 

duri ng ripening .  S imi lar results were found for tomato (Saitveit ,  1 993) .  B y  contrast ,  

picked fru i t  mani fested an increase in  respiratory in conjunction with i ncreased 

ethylene during the c l imacteric .  Hence, i t  was argued that it was the ethy lene 

c l imacteric and not the respiratory c l imacteric that was responsible for ripening .  

T ingwa and Young ( 1 975 )  suggested there may be a tree factor that diss ipates on 

picking ,  or a wound s ignal involved in in i tiating the respi ratory response. 

Respiratory stimu lation can be induced by exogenous ethylene in noncl imacteric 

oranges in  a concentration dependent manner (B iale and Young, 1 98 1 ) ,  and by a 

pulse of ethylene or propy lene in prec l imacteric avocados, wi thout in itiatin g  

autocatalyt ic ethy lene production (Sarrett and Laties,  1 99 1 ) . However, i n  c l imacteric 

fru i t ,  the nature and magnitude of the respiratory response was not dependent  on 

ethylene concentration. Laties ( 1 995)  concluded that the resp iratory response can be 

separated from the ripening-related ethylene c l imacteric , and that it remains an 

unanswered question as to w hether the c l imacteric is the consequence of ripeni ng

related anabol ism w ith i ts attendant energy requirement, or whether the ripen ing  

syndrome entai ls  the l i ft ing of one  or  more speci fic rate-l imit ing restraints on the 

respiratory process. 

The contribution of the cyanide-resistant pathway has been found to i ncrease 

during the cl imacteric of apples ( Monning, 1 983)  and avocados (Solomos and Laties ,  

1 976) .  Tucker and Laties ( 1 984) suggested the cyanide-resistant pathway may, 

duri ng the c l imacteric, play a role of control led uncoupl ing of oxidative 

p hosphorylation, and may operate when electron flow or glycolytic flu x  exceeds the 

capaci ty of the acceptor-regulated cytochrome pathway, and in  part icular when 

substrate supply is  excessi ve (Theo\ogis and Laties ,  1 97 8 ;  Lambers et al . ,  1 98 3 ) .  
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2 .3 Aerobic-anaero b i c  respi rat o ry 

t ra ns it ion  

2.3 . 1  I nt roduction 

Estimation of the exti nction point (EP) of anaerobic respiration (al so  termed 

n i trogen respirat ion, and zymasis)  of p lant  t issue has h istorical ly  been of great 

interest to plant biochemists,  and is  inextricably li nked to the rich h istory of the 

elucidation of glycolysis and fermentation and the development of modem 

postharvest physiology (Laties , 1 995) .  The as a measure of tolerance l imi ts of a 

p lan t  t issue is also of practical in terest to postharvest physiologists involved i n  

opt imis ing atmospheres for frui t  and vegetable storage using skin coat ings ,  contro l led 

atmosphere s torage, and modi fied atmosphere packaging,  or for optimis ing 

quarant ine treatments involvi ng atmosphere modification ( B anks et al . ,  1 996; Kader 

et at. , 1 989; Ke and Kader, 1 992; Leshuk and S al tveit, \ 990) . 

Recently ,  Yearsley e t  al.  ( 1 996) discussed the relationship between d ifferent 

methods of determin ing ,  and defi nit ions of,  the aerobic-anaerobic transi t ion wh ich 

were col lect ively termed 'Lower O2 l imits ' (LOLs) .  Object ive mathematical  

descriptions of the d ifferent were presented, and the relat ive merits of defi n i ng 

LOLs on the bas is  of external  atmospheres (LOLe) or internal atmospheres ( LOLi) are 

d iscussed. following  section rev iews the h i storical development of concepts 

associated with the aerobic-anaerobic transi t ion .  

2.3 .2 Ext inct ion poi nt of  anaerobic resp i ration  

B lackman ( 1 928 ) ,  B l ackman and Parija ( 1 928 ) ,  and Parija ( 1 928 ) ,  work ing  w ith  

' B ramley ' s  Seedl ings'  apples,  referred to  as the  anaerobic ext inction point .  

They defined the anaerobic  extinction point  as theoretical point  at  wh ic h  there i s  

j ust enough oxygen entering cel ls  to convert the  terminal substrate of aerobic 

respiration to final oxidation products and there i s  no longer any anaerobic 

respi rat ion . One physiological index of the anaerobic ext inct ion point  w as 
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considered to  be the O2 level when there is m ini mu m  production of CO2,  and 

presumably no longer any accumulation of alcohol in  the tissues ( B l ackman, 1 928) .  

Although B l ackman and Parija could no t  specify the  substrates and  products of  

anaerobic and anaerobic respiration at  th is  t ime,  the  defin it ions showed ins igh t  as  to  

the nature of the aerobic-anaerobic respiratory transit ion.  However, we now know 

the anaerobic extinction point  occurs a t  a h igher  level of 02 than that at wh ich CO2 

production from aerobic and anaerobic respi ratory processes i s  min imal . Thi s  i s  

further discussed in  chapter 4 .  

Thomas and Fidler ( 1 93 3 )  fol lowed B l ackman and Parij a ' s  concepts and defined 

the 'extinction point ' (EP) as the "concentration of  oxygen at which the anaerobic 

respiration of app les becomes extinguished". Using B lackman ( 1 928)  and Parija 

( 1 928)  description of the C02 component of anaerobic respiration as n i trogen 

resp iration (NR) ,  they defined the EP of NR as the "concentration of oxygen that 

ext inguishes NR".  Thomas and Fidler ( 1 93 3 )  refer to St i tch ( 1 89 1 )  and several 

workers quoted by him, that determined the EP of anaerobic respiration by 

measuring the effect of lowered oxygen concentration on the respiratory quotient of 

certain p lan t  t issues. Thomas and Fidler ( 1 93 3 )  adopted an alternative  method for 

estimating the EP.  B ased on Fidler ' s  earl ier research (Fidler, 1 933 ) ,  they measured 

the accumulation of ethy l  alcohol, acetaldehyde and other compounds as a measure 

of "zymastic products". Consequent ly ,  they redefined the of N R  as "that 

concentration of oxygen at which the alcohol number becomes zero".  James ( 1 95 3 )  

provided another defin it ion of the extinction point i n  terms of a n arrow range of 

concentrations in which respiration dropped off sharply as fermentation gained 

ascendancy.  

2.3 .3 A naerobic com pensation poin t  

Boers i g  e t  al. ( 1 988)  noted that the analys is  o f  ethanol b y  Thomas and Fidler was 

by steam dist i l l at ion fol lowed by oxidation i n  sulphuric acid ,  redist il l at ion and 

t i tration of the resul t ing acetic acid (Fidler, 1 934) . This method i s  far less sensi t ive 

than modern chromatographic techniques which have detected ethanol  as a normal 

constituent of apples and other fruits held in  aerobic conditions ( Nursten ,  1 970) .  

They concluded that  defin ing the EP on  the bas is  of ethanol accumulat ion w as 
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untenable, and proposed the concept of the anaerobic compensat ion point (ACP) .  
They defined t he A CP as "the O2  concentration at wh ich evolution of CO2  i s  

min imum" (Boers ig et 1 98 8 ) .  

The tradi tional steady-state method used for estimating LOLs ( E P  and ACP), 
i nvolved measuring  CO2 concentrations of plant tissue held in storage in several O2 

concentrations (B lackman, 1 928 ;  Boersig e t  aI.  1 98 8 ;  Thomas and Fidler, 1 933 ) .  

Leshuk and  Sal tveit ( 1 990) describe a non-steady-state method for the  rapi d  

determination o f  the A CP o f  plant  tissue. With thi s  method the rate of CO2 

production was measured for t issue exposed to an exponential ly decl in ing  O2 

concentration, and plott ing production versus O2 concentration . Whi le  th is  

method was certain ly  quicker than the tradi tional approach, Leshuk and S al tvei t  

( 1 990) noted that  the rate of 02 reduction had a s ign ificant effect on the ACP 
( because of the del ay i n  the response of the t issue to the changing  external 

atmosphere ) .  A steady-state method based on modified atmosphere packages h as 

been extens ive ly used on research undertaken at M ichigan State Univers i ty ( Beaudry 

et al. 1 992;  Beaudry and Gran, 1 993 ;  Gran, 1 993;  Joles et al. ,  1 994; Talas i l a  et a! . ,  

1 994) .  With this system, package O2 level was controlled by altering  ei ther the 

permeab i l i ty ,  surface area, or thickness of the fil m  or the weight of the packaged 

crop. The LOL was speci fied as the breakpoint  observed in i ncreases in respiratory 

quotient (RQB), ethanol , or both in the headspace (Cameron et aI. , 1 995) .  

disadvantage of this system ari ses from the differen t  durations the crop requires  to 

ach ieve steady-state . For apples, th is  may be from a few days to weeks depending on 

temperature (Gran , 1 993) .  This may resul t  i n  differences i n  physiological age of the 

frui t, and at h igher temperatures the development of pathological disorders can be 

problematical . Also, i t  is  d ifficul t  to control the l evel of CO2 in  MA packages other 

than absorbing it w ith a CO2 scrubber. 

The fundamental problem associated with the methods described, is that they 

est imate LOLs on the basis  of the external 02 level , whereas it i s  the 02 concentration 

in  the cytosol to which tissues respond most direct ly , and wh ich i s  c lose to 

equi l ibrium with the partial pressure of O2 i n  the i n tercellu lar air spaces. Est im at ion 

of LOLs on the basis  of  the external part ial pressure of has been recognised as a 

maj or l imi tation i n  the estimation of the LOL of the t issue itself ( Banks e t  at . ,  1 993a; 



2 Literature Review: 44 

Cameron et al. , 1 995 ;  Dadzie  et al. , 1 993) .  I n  contrast, determin ing LOLs on  a 

steady-state i nternal  atmosphere bas is  more c losel y  estimates the tru e  tissue LOL 

than values estimated from external  or package atmospheres, and provides a more 

mechanistic bas is  for models used to predict frui t  response to con trol led or modified 

atmospheres. It is  th i s  difference in approach and the lack of empirical i nformation 

on the effect of temperature, elevated and physiological age on i n ternal LOLs 

that is the primary just ification for the present  study . 

2.3 .4  Effect of  temperature o n  L OLs 

Studies on the effects of temperature on have been reported for a range of 

crops (Platenius ,  1 943) ,  for apples (Gran and Beaudry , 1 993a and 1 993b) ,  and the 

effect of temperature and pc02 for blueberry frui t  ( Beaudry , 1 993 ;  Beaudry et  ai . ,  

1 992;  Cameron et af.,  1 994 and raspberry frui t  (Joles et , 1 994). I n  general , 

based on RQ or ethanol accumulation, were observed to increase w ith increasing 

temperature. 

Dadzie et al. ( 1 993) used Fick ' s  First Law of Diffusion, to argue that the 

relationship between LOLl and LOU is analogous to difference between i nternal 

and external atmospheres. For ACP, the relationship can described by the 

equation ; 

where: A 

P02 

, A CP' 

:::::: 

:::::: 

::::: 

ACpl 

fru i t  surface area ( m
2
) 

skin permeance to (mol S- l m-
2 

Pa- 1 ) 

rate of uptake of O2 for the system at the ACP' 
( mol  S- I ) .  

(2. 1 )  

From this relat ionship Dadzie et aZ .  ( 1 993)  predicted that for a fixed ACP', ACpe 
should be proport ional to maximum respiration rate and inversely proportional 

to skin permeance . The effect of temperature on A would be expected to  be 
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significant due to the power l aw rel ationship between ro� and temperature . Thus,  

for a frui t  of g iven surface area and skin permeance, A would increas i ng l y  d iffer 

from A as temperature increased (Beaudry et al . ,  I Cameron e t  1 99 5 ;  

Dadzie e t  al. , 1 993) .  Beaudry e t  al. ( 1 992) suggested the marked i ncrease i n  RQB 

based on PC)z ' for blueberry frui t, resulted from a l arger increase in  rate of O2 uptake 

compared to ease of d iffusion of 02 through the skin [which Cameron et ai. ( I  995) 

noted is relat ive ly temperature independent] . B anks et at. ( 1 993a) commented that 

the strong dependence of ACr on both temperature and P�2 has importance 

consequences for the design of MAP systems, as M APs are susceptible to 

temperature abuse (Cameron et al . ,  1 995) .  This would be part icular ly  true for 

cul t ivars of apples w ith low or markedly variable P�2 such as ' B raeburn ' (Dadzie, 

1 992) .  I t  fol lows from 2 . 1 that effects of variation in P�2 on internal atmospheres 

for apples in  a t  storage temperatures would smal ler as rflUU is min imised 

under such condit ions.  

The effects of temperature on LOLls have not been reported previous to the 

present study (chapter 5) .  As the steady-state model of Dadzie et ai. ( 1 99 3 )  assumed 

A Cpi was constant w ith  temperature, i t  w as considered important to  test th i s  

assumption to  refine the  generali zed model presented i n  chapter 1 .  

2.3 .5  Effect of  e levated C O2 o n  L OLs 

In general , fermentative metabol ism is reported to be enhanced by low e xterna l  

part ia l  pressure of O2 and elevated external partial pressure of CO2 (Peo2 ' Pa) , long 

exposure to CA and more advanced developmental stages ( Ke et ai . , 1 99 3 ) .  

Modifications o f  ind ividual atmosphere components interact such that crop tolerance 

to elevated peo2 ' decrease as P02 decreases , and tolerance to low p02 decreases as 

Pco2 i ncreases (Beaudry and Gran , 1 99 3 ;  Kader et ai . ,  1 989) .  

The effect of elevated pe02 on O2 uptake ( and indirectly its effects on LOLe s) has 

been d iscussed in  sect ion 2 .2 .2 . 3 ,  where i t  was noted the evidence h as been 

contradictory, w i th no effect, an increase or a decrease in respiratory act iv i ty reported 

depending on the crop and the part ial pressure of Gran ( 1 99 3 )  i nvestigated the 
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effect of temperature on the LOLes of apples  us ing modified-atmosphere packages 

and found that 1 2  to 1 5  kPa in package headspace increased uptake 

compared to packages where had been diminished by a C02 absorber ,  but the 

effect on LOLi?s was not discussed. There are no reports of the effect of Pe02 on  

LOLlS, and this is the  principal subject of  the  s tudy reported in chapter 5 .  

2.3 .6  Effect of  physiolog ica l  age on L OLs 

LOLes of 'Bramley ' s  Seedl ings '  and 'Newton Wonder' app les w as reported to 

increase as they aged ( Fidler, 1 93 3 ;  Thomas and Fidler, 1 933 ) .  At 23  green 

apples, short ly  after harvest, or stored at low temperature for a brief  period, formed 

no alcohol in 2 . 5% which was the level of at which production was 

minimal.  As the apples aged, the threshold value rose to 5% O2 based on CO2 

production and 9 to 1 0% O2 based on alcohol accumulation, for 'Bramley ' s  

Seedl ings '  and above 2 1 %  O 2  for yel low ' Newton Wonder' apples .  Kidd and West 

( 1 937)  also reported that the threshold O2 level for alcohol formation was different 

for d ifferent  stages of maturity of apples. did not detect alcohol in immature 

fruits even at 0 .5% O2 whi le ripe and yel low apples produced appreciable quantities 

of alcohol even in  air. 

Fidler ( 1 93 3 ) ,  noted varietal differences the shifts extinction point  (EP) of 

anaerobic respiration as apples aged. He suggested that first shift i n  may be  

a s ign  of  incip ient disorgan isation" of  "the respiration centres" ,  and that the  date on  

which the seasonal shift in begins is "determi ned by the impress made by a 

complex of s ignificant environmental factors incident on the fruit  wh i le it i s  s t i l l  on 

the tree" . D i l ley e t  al . ( 1 964) demonstrated that  the capacity for aerobic respiration 

decreased with age in apple fru i t ,  whereas the capac i ty for anaerobic respiration 

remained constant during senescence . Therefore, as apples ripe n ,  the ratio of 

anaerobic to aerobic respiration increases, and the abi l ity of the frui t  to recover from 

hypoxic stress may be reduced. Simi lar evidence has been reported for pears w here 

precl imacteric pears seemed l ess stressed and had greater potential for posthypoxic 

recovery than pears of more advanced p hy siological age (Nanos et  ai. ,  1 992) .  

Recently , Moriguchi and Romani ( 1 995 )  reported that the physiological (c l imacteric )  
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state of avocado affected the stress capac ity of the m itochondri a of the frui t ,  

anaerobiosis being more harmfu l  to mitochondria in  riper frui t .  B oersi g  et a l. ,  ( 1 988 )  

found that A increases as pear tissue ages, and ACP of  pear cel l suspensions 

increased as the diffusion coefficient of the medium decreased .  The foregoin g  

evidence suggests a strong l i n k  exists between physiological age and LOUs .  

However, except for the study o f  B oersig et  a i . ,  ( 1 988 )  using c e l l  suspensions,  there 

are no reports of changes in LOLls with ageing whole fruit .  It i s  possible that LOLe s 

change as a result  of changes in  LOLls andJor change in  respiration rate and sk in  

perm eance . It  would be interest ing to know which of these factors is  i nvolved so that 

they could be bui l t  into the general ized mode l ,  and i s  the subject of the study reported 

in chapter 7 .  

2.4 Effects of  decreased O2 and e levated 

C O2 on ethylene b i osynthesi s  a n d  

act i o n  

Decreased O 2  atmospheres can markedly decrease ethy lene production and the 

sensit iv i ty of crops to ethylene, and under anoxia, ethylene synthesis ceases i n  apples 

( Gane, 1 934) and pears ( Hansen ,  1 942).  Two points in the biosynthetic pathway of 

ethylene synthesis are dependent on O2. Adams and Yang ( 1 979)  demonstrated that 

l -aminocyclopropane- l -carboxyJ ic acid  ( ACC) accumulated i n  frui t  i n  n i trogen but 

was effic iently converted to ethy lene when the tissue was i ncubated in air. Yang and 

Hoffman ( 1 984) demonstrated oxygen was required in the conversion of 

methy lthioribose- I -phosphate and 2-keto-4-methyl th iobutyrate . 

Reduction i n  ethy lene production by h igh has been reported i n  numerous 

crops (Wang,  1 990) .  B lanke ( 1 99 1 )  concluded that inh ibits ethy lene synthesis at 

two points, formation of ACe from S-adenosylmeth ionine ( S AM) and the synthesis 

of ethy l ene from ACe . In the l atter reaction p layed a dual role as it  can also 

st imu late the in vivo activity of ethy lene forming enzyme (EFE ) ;  Bufler ( 1 984) .  Thus 

in  the autocatalytic production of ethy lene, ethy lene stimu lates its own synthesis and 
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consequent ly promotes cl imacteric CO2 product ion wh ich in tum antagon i ses 

ethy lene biosynthesis .  

Wang (1 990), attempted to explain the apparent contradictory observation that CO2 

can both stimulate and inhibit  the conversion of ACC to ethylene on the basis  of the 

response being observed in different tissues and at different  CO2 concentrations. 

Inhibit ion of ethylene production by CO2 primari ly  occurs in fruits, while st imu lation 

of ethylene was mostly observed in  photosynthetic vegetative tissues or leaf disks. The 

concentration of CO2 producing an inhibitory effect on ethylene production were much 

h igher than those inducing a stimulatory effect ,  the saturation point for stimulation of 

ACC conversion to C2I-Lt being about 0. 1 % CO2 (Wang, 1 990). Therefore, in ripeni ng 

fruits and other c l imacteric type tissues, endogenous concentrations produced by 

respiration often exceed that which is  required for the act ivation of the enzyme. 

The actual mechanism of the effect of on ethylene action is c learly complex and 

not ful l y  understood (S isler, 1 99 1 ) . Burg and Burg ( 1 967) reported that CO2 is  a 

competit ive inhibi tor of ethylene action and postulated that i t  acts at the binding s ite of 

the ethylene receptor. S i s ler and Wood ( 1 988)  did not bel ieve that the inhibi tory effect 

of high CO2 concentrations involved the binding s i te ,  yet noted that i n  some i nstances i t  

w as one of  the most practical inhibitors of  ethylene action . H igh CO2  inhib it ion of  

ethylene biosynthesis and action, suppresses general metabol ism and delays the onset 

of the ripening process . Consequent ly al l reactions associated wi th ripening are 

delayed, including rise in respiration, autocatalytic ethylene production,  rap id  aci d  

catabol ism, synthesis  o f  ripening enzymes, softening, and changes i n  the pectic 

substances in  the cell wall (Wang, 1 990) . 

The efficacy of CA is frequently explained on the basis of effects on ethylene 

synthesis and action ( Kubo et al . ,  1 990) . However, effects on frui t  that produce 

minimal ethylene (such as bel l  peppers) suggested that the effect of low O2 on 

mitochondrial oxidative capaci ty, result ing in the impaim1ent of mob i l isation  of key 

substrates ,  may also explain  the beneficial effects of 

( Rahman et al. ,  1 995) .  

in  reducing respiration rate 
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2 . 5  Gas exc h a n ge o f  b u l ky p l a n t  o r ga n s  

2 .5 . 1  I nt roduction 

Movement of  water vapour, O2, CO2 and ethy lene ( C2H4) and other volati les 

through the i ntercel lu lar air space and cuticle of bulky plant organs h as s ign ificant 

physiological consequences for respiratory act iv ity, ripening and u lt imately  the 

storage potential of crops . The great majority of cel l s  in  the detached p lant organ are 

respir ing ,  w i thdrawing O2 from the internal atmosphere and evolving in to it CO2 and 

other volat i les .  Mechanisms for gas exchange in plants must represent a compromise 

between the need for adequate diffusion of respiratory g ,L'>es and ethy lene, and 

min imis ing the loss of water vapour and consequent desiccation ( B en -Yehoshua and 

Cameron ,  1 989) .  The intercel lu lar system and skin form barriers to the diffusion of 

gases that result  in  differences between the external and internal atmospheres. 

Understanding the nature and quantify ing the s ign ificance of these and other barriers 

is crit ical in  determining the response of a crop to i ntentional modification of these 

atmospheres, to reduce metabol ic  act ivi ty and enhance storage potentia l .  

Modificat ion of i nternal atmospheres by manipulation of  skin penneance through 

appl ication of skin coat ings also requ ires knowledge of the variat ion in  skin and 

tissue permeance of individuals within the population of a crop ( Bank s  et ai . , 1 993b ) . 

It is not surpris ing then that there has been considerable effort on the p art of 

postharvest physiologists to understand avenues of gas exchange in bu lky p l an t  

organs (Burg and  Burg, 1 965 ) .  

This review considers the principles of  gas exchange in  bulky plant organs, and 

central issues relating to avenues of gas exchange and sources of variation that impinge 

on the estimation of lower oxygen l imits of crops. Methodology associated w ith 

estimation of gas variables ( internal atmospheres, penneance, rates of flu x  of gases) has 

been rev iewed by Ben-Yehoshua and Cameron ( 1 989) ,  and methods used in this study 

are discussed in chapters 3 and 8 .  
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laws of gas diffusion 

Gas exchange is  a spontaneous process, the resul t  of  passive d i ffusion  down 

concentration gradients from areas of h igh concentrations to  areas of lower 

concentrations. It resul ts from the random kinetic motion of molecules and does not 

require the direct uti l ization of metabol ic energy of  the organ (Nobe l ,  1 99 1 ) . G iven 

there is no pressure-driven mass flow , and each gas species in  a mixture acts 

independently of al l  other gases, the rate of movement depends on the properties of the 

ga') molecule at a given thermal energy, the magnitude of the concentration gradient, 

and properties of any barriers such a') th ickness, surface area, density ,  and molecul ar 

structure (Barrer, 1 95 1 ) . Increa')ing the temperature increases the average velocity of 

all the molecul ar-sized particles and increa')es the rate of diffusion.  The QlO 
[ temperature coefficient; the rate of process at temperature en + 1 0 °C I rate of  process 

at T, Nobel ( 1 99 1 ) , p. 1 44] for diffusion of many gases is about 1 .03 . Solutes in water 

have values of 1 . 2 to 1 .4 for diffusion, as i ncrea'>ed temperature breaks hydrogen bonds 

in  water so solutes can diffuse more readi ly  and viscosity of water is  decreased wh i le 

permeabi l i ty of  water to solutes is increased (Sal isbury and Ross, 1 992, p. 43) .  

Fick ( 1 855)  examined diffusion quantitatively, and h is  First Law of Diffusion deals 

with diffusion involving p lanar fronts of  un iform concentration. The diffusive flu x  

density o f  a gas j i s  the amount crossing a certain area per unit  t ime (ij, m o l  m-
2 

s-\ 
Fick deduced that the concentration gradient is  ' force' leading to net molecular 

movement. The gradient in  concentration of species j mol m-}) i n  the x-direction is  

- dcidx (mol  m-4 ) .  The minus s ign i ndicates the direction of net diffus ion i s  towards 

regions of l ower concentration. The result ing flux  density is proport ion al to 

concentration gradient ( Nobe l ,  1 99 1 ) : 

where :  

ae 
] = - D  J J ax 

the diffusion coefficient of species j ( m
2 

s-\ 

(2.1 )  

Assuming steady-state flow , w ith no storage i n  the distance x, i t  i s  possible to integrate 

Equation 2 . 1 from one point in the system to another as fol lows: 
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where: = 

Cj2 = 

concentration at i ts h ighest point, point 1 (mol m-3) 

concentration at i ts lowest point, point 2 (mo l  m-\ 

(2.2) 

The d iffusion coefficient of a gas varies with both concentration and temperature. 

Diffusion coefficients for gases i n  air under standard atmospheric pressure ( 10 1 325 Pa) 

and 20 °C are; water vapour, 2.42 x 1 0-5 S- I ; X 1 0-5 S- I ; and CO2; 1 .5 1  x 

1 0-5 m
2 5 - 1  (Nobe l ,  1 99 1 ,  P 1 8) .  For a plant organ at dynamic physiological 

equ i l ibrium, the rate of production of a gas must equal i ts rate of loss from the organ 

and the rate of uptake of a gas must equal i ts rate of diffusion into the organ . In other 

words, the flux densi ty becomes equal to the rate of production or uptake respectively .  

difference i n  concentration (ell el2) can simply as !iej, and the 

, 
distance (x) can be combined with the diffusion coefficient to give the permeance (Pl ' 
m S- I ) :  

(2.3) 

Penneance is the inverse of resistance. 

Fick ' s  First  Law can be s impli fied into a fonn useful to describe gas diffusion i n  

p lan t  t issues, and has been used extensively i n  stu dies of gas exchan ge i n  frui t  (Banks 

et  ai. , 1 996;  Ben-Yehoshua et ai . ,  1 963 ; Burg and Burg, 1 965 ; B urton, 1 974, 1 97 8 ;  

Cameron, 1 982 ;  Cameron and Reid, 1 982; C ameron and Yang, 1 982;  Cameron et  al . , 

1 99 5 ;  Dadzie, 1 992 ;  Marce l l in ,  1 974; Trout et al . ,  1 942). 

If we use part ial pressures of gas species j (Pl' Pa) rather than concentrations for 

expressing driv ing  forces, eLI) recommended by B anks et ai.  ( 1 995) ,  and use the term 

' rate of transfer' rather than ' flux density ' , we can quantify the difference i n  parti al 

pressure between the internal and external atmosphere using the equation (Banks et ai . ,  

1 993a) :  
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tlp . ::: p i p e :::: J j - j (2.4) 

where : A :::: fru i t  surface area (m
2
) 

d ifference in  partial pressures of gas j between in te rnal 

and external atmospheres ( Pa) 

M :::: frui t  mass ( kg )  

I p; partial pressure of gas j in the in te rnal atmosphere ( Pa) 

I' 
P; :::: part ial pressure of j in  the external atmosphere 

( Pa) 

k· . ( I - I -2 P - I ) S In  permeance to gas } mo s m a 

rate of transfer of gas j between in ternal and e xternal 

atmospheres (mol kg- I S - I ) . 

Permeabi l ity (p) ' mol S- I m m-
2 

Pa- l ) is related to permeance (p; , mol S- 1  
barrier of thickness !lx ,  (m) by: 

I 

p. ) 

Permeance i s  a usefu l  concept for postharvest research (1" many barriers are e ither 

heterogeneous or of unknown thickness (Banks, et al. , 1 995) .  Permeab i l i ty is the 

product of diffusion coefficient (or diffusivi ty) and solubi l i ty 

i n  a medium: 

I 

p. -} 

(2.5) 

(2.6) 

B anks et al. ( 1 995)  observed, that i t  may be difficult to separate the permeance of frui t  

skins into the diffusivity and solubi l i ty components , as diffusion through the skin 

involves parallel transfer through pores and cuticle. 

The appl ication of Fick' s First Law to plant systems is  only val id if  the gas of 

interest can diffuse much more readi ly through the pulp  of the organ than through the 
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skin ,  and that the  thickness of  the  sk in  i s  a negligible component of the  d imensions of  

the organ (Brooks, 1 937 ,  Burg and Burg, 1 965 ; Burton ,  1 950, 1 974; Cameron,  1 982;  

Cameron and Reid, 1 982, Cameron and Yang, 1 982) .  If thi s  is  not  true, and the in ternal 

concentration of a gas is estimated from the centre of the crop, then the gradient would 

be overestimated, and a three-dimensional version of Fick' s First Law may be requ i red 

(Solomos, 1 987) .  Variation in  atmospheres within bul ky t issues is d iscussed in section 

2 .5 .4 .  

Rates of ga"; diffus ion i n  bulky plant org,ms are largely determined by the respiration 

rate, stage of maturity, physiological age, crop mass and volume, pathways and barriers 

to d iffusion, properties of the gas , partial pressure of the gas the atmosphere external 

to the crop, magni tude of the difference in p arti al pressure across barriers, temperature 

and relative humidity (Burton,  1 982;  Banks, 1 984a, b; Smith and Stow, 1 984) .  

Numerous models that include some of the above variables have been publ is hed for the 

purpose of predicting the atmosphere within polymeric fi lm packages surrounding a 

crop (Banks, 1 985 ;  Banks, et ai. , 1 989; Cameron, 1 989; Cameron, et al.,  1 989,  1 995 ;  

Christie, et 1 995 ;  Emond, et al. , 1 99 1 ; Heni g  and Gi lbert, 1 975 ;  Kader et at. , 1 989; 

Kok and Raghavan, 1 985 ;  Mannapperuma et al . , 1 989; Solomos, 1 982,  1 98 7 ;  Zagory 

and Kader, 1 988 ;  Wade and Graham, 1 987 ;  Yang and C hinmm, 1 988 .  More recently, 

Merts ( 1 996) has developed a comprehensive model for optimising modi fied 

atmosphere packages for apples that uses frui t  internal atmospheres rather than package 

atmospheres for calculat ing respiration rates . Such a model would be potential ly more 

representative of the variables that affect O2 uptake in the tissue of the packaged crop, 

though l i mited by the accuracy of the values for skin and t issue permeab i li ty as wel l  as 

for O2 uptake ( Cameron et al. ,  1 995) .  

2.5 .3  The sk in as a barrier to gas d i ffus ion,  and 

pathways for  gas exchange 

I t  is  general ly recognised that the skin (compared t o  the flesh) o f  a bulky p lant  organ 

such as a frui t  represents the primary barrier to ga,> d iffusion (Burg and Burg, 1 965 ;  

Cameron and Yang, 1 982; Trout et al . ,  1 942).  
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5. 1 structure of the skin 

The skin has an epidennal layer of cel l s  which excrete a re lat ive ly  thick cuticle on 

the outside .  Most of the cutic le  comprises cutin, a diverse group of complex 

hydrophobic polymers principal l y  of esters of 1 6- and 1 8-carbon monocarboxy l ic  acids 

that have two or three hydroxyl groups (Nobe l ,  1 99 1 ,  P 4). The remainder of the cutin 

is  soluble cuticular l ipids, wax- l ike substances contai n ing long-chain fatty acids 

esterified with long-chain monohydric alcohols ,  embedded within the cutin matrix ,  and 

pectin polysaccharides attached to the cel l  wal l .  primary function of this complex 

surface is  to restrict transpiration and protect against pathogens and minor mechan ical 

damage ( Lendzien and Kirsteins, 1 99 1 ;  Sal isbury and Ross, 1 992, p .  3 1 4) .  

The continuity o f  the cuticle may be interrupted by pores (as for apples and 

potatoes) ,  or cutic le may contain no pores (as for tomatoes and capsicums). In young 

apples, the skin contains  stomata and trichome bases which are transfonned i nto 

lenticel s  (Tetley, 1 930, 1 93 1 ) , and epidermal breaks in mature frui t  (Clements, 1 935 ) .  

Tetley ( 1 930, 1 93 1 )  observed transfonnation of  stomata and trichome bases i nto 

lenticel s  resulted from stretching on the epidennis and impregnation of the h ypodennal 

cel ls  which fonn beneath the aperture wi th tannin- l ike substances. Tet ley also 

observed that cork cambium may develop below the aperture, extending some distance 

into the hypodermis ,  and force i ts way up through the aperture. 

Park ( 1 990) reported a re lationship between the fonnation of b lockage with in 

lentice ls  of apples and the rapid increase in resistance to gas exchan ge duri n g  

development o f  the ethylene c l imacteric .  mature apples, four types of lenticels each 

with different porosities. could be c lass ified according to hypodennal differenti ation 

below the aperture ( Park, 1 990). On average 42% of lenticels of ' Mc lntosh' apples 

were open .  Adams ( 1 975)  reported lenticels on potato may also be open or c losed . 

There does not appear to be a correlation between lenticel size and porosity i n  apples 

(Kidd and Beaumont, 1 925) or potatoes (Banks and Kays. 1 988) ,  or the resistance of 

individual l enticels and their d imensions. 

Wh i le the number of lenticels remain unchanged during frui t  development, the 

density of lenticels  appears to be cult ivar- and maturity-dependent (Tetley, 1 93 1 ;  

Clements. 1 935 ) .  Regardless of cul tivar, i t  was observed that two-thi rds of the lenticels 
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were distributed over the calyx one-third of the frui t  surface, and most of open lenticels 

on the equatorial portion or at the pedicel end. Clements ( 1 935 )  reported the densi ty of 

pores on apple fru i t  as 0.0 1 8  lenticels per mm
2
. As the number of stomata does not 

change as the fru it surface expands, the dens i ty of pores decreases .  The total number 

of pores may vary markedly between di fferent frui t. For example, for apples the 

number of pores per un i t  surface area decreases to 0.04-0.4 per mm
2 

(B lanke, 1 987;  

Krapf, 1 96 1 ;  M arcel l in ,  1 958 ) ,  and 3-5  per mm
2 

in  avocado frui t  (B lanke and B ower, 

1 990). 

Permeance of the skin to 

penneance of the fmit skin to gases has reported to vary wi th physiological 

age, for example pem1eance of apple skin to O2 , but not CO2, increased a'> a function 

of ripening t ime.  to reach a max imum near harvest ( Andrich et aI. , 1 989, 1 990). Park 

( 1 990) reported resistance to gas diffusion in ' McIntosh '  apples changed wi th frui t  

ontogeny. Resistance to  gW:i diffusion was lowest one  month after ful l  bloom, then 

increased during growth showing the highest value nearest optimum maturity, after 

w hich there w as a decrease and a level l ing off a'> frui t  ful ly  matured and ripened on  the 

tree. rapid increase and subsequent decrease in the resistance near ful l  maturi ty 

appeared to be related to ethylene production. 

Dadzie ( 1 992) reported values of skin resistance to and ethane (C2H6) for eight 

cultivars of freshly harvested New Zealand apples, and found  them to be cult ivar

dependent .  'Braeburn' apples had the h ighest skin res istance to CO2 (average 

approximately 28,000 s cm- I , or in tenns of penneance, approximatel y  0.2 nmol S- I m-
2 

I ) ,  and ' Royal Gala' the lowest (7000 s cm- l or approximatel y  0.6 nmol S- l m-
2 

Pa- l ) .  

However, there was also a l arge degree of  variation within cult ivars, particul arly for 

'Braeburn ' apples. This variabi l ity between fruit  within a populat ion has important 

rami fications for optimising storage atmospheres and coating treatments i n  that i t  

affects differences in composition between internal and external atmospheres and 

consequently lower oxygen l imits ba,>ed on external atmospheres (Banks, 1 985) .  
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5. 3. 3 Routes for gas exchange through the skin 

There is comparat ively l i ttle infonnat ion on the relat ive contribution o f  potential 

routes for exchange and reported evidence has often been contradictory .  

Potent ial routes are ( 1 )  cuticle,  ( 2 )  air fi l l ed spaces ( stomata, lenticels and cracks)  

within the cuticle and ( 3 )  pedicel and/or floral ends, or a combinat ion of these routes .  

In the absence of pores, the transport of gases and vapours through cuticles occurs as 

activated diffu sion. that is a combination of sorption, diffusion and desorption. The 

process of transport through cuticles has been reviewed recently by Lendzian ;,md 

Kirsteins ( 1 99 1  ) .  astomatous, o r  aporous fruit such a s  tomato o r  capsicum, the 

routes for gas exchange are more restricted than for porous organs. Cameron and 

Yang ( 1 982)  estimated 94%. 8 1  and 67% of C2iL, and water vapour in tomato 

frui t  occurred through the stem scar and cuticul ar to water vapour wa'> 1 03 

t imes greater than permeance to CO:;, O2 and The calyx opening of apples 

also been reported to contribute to exchange (Cameron and Reid, 1 982; M arcel li n ,  

1 974; Markley and Sando, 1 93 1 a, b) .  Cameron ( 1 982) reported the calyx provided 

42% of the 24% of the and 2% the water vapour d iffusion in 'Go lden 

Del ic ious' apples. 

porous crops, Burton ( 1 982 )  postulated stomata or lenticels were the principal 

s ites of gas exchange , as gases find the pathway w i th least  res istance to d i ffus ion,  and 

many reports support this view (Burg and Burg, 1 ; B urton ,  1 965 ;  B urton and 

Wigginton, 1 970; Wigginton, 1 97 3 )  though Hal l et ai. ( 1 954)  contended that lenticels 

on the sk in of app les p layed no part in gas exchange . Early e xperimental ev idence of 

d i ffusion through pores was reported by Devaux ( 1 89 J ) , who forced gas through 

submerged pumpkins .  Devaux suggested O2 enters the pumpkin primari l y  through  

pores and CO2  ex i ts primari ly  through the  cutic le ,  a v iew supported by studies by  

Marcel l i n  ( 1 974) . Metl itski i  et af. ( 1 972) ,  reported for apples that 20% of  02  diffused 

through lenticels and 80% through the cuticle.  

The effective penneance of pores on a frui t  surface to gases i s  proportional to the 

diffusion coeffic ients of gases (Nobel ,  1 983 ) .  If diffusion of al l  gases were through 

pores , then we might expect penneances of the frui t  to be to of the order: water vapour 

> 0:: > CO2. However, permeance to water vapour h a') been reported to be one or two 
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orders of magnitude greater than permeance to O2 (Cameron and Reid, 1 982).  Data 

presented i n  the curren t  study indicated that apple  skin was d ifferent ia l ly permeable 

to and CO2, and the h i gher penneance to suggested that it  moves through 

addit ional routes to that of O2 , 

Earl ier studies of Pieniazek ( 1 944) found no correlation between cutic le  thi ckness 

and rate of transpiration and lenticular transpiration accounts for < 30% of total water 

loss,  cuticular transpiration accounting for the rest. B l ocking of lentice ls  on apples 

with paraffin only reduced weight loss by 8% to whi le removal of the cuticle 

increased weight loss by to 88%, suggesting water vapour diffuses primari ly  

through the cutic le. Horrocks ( 1 964) in  a study of w axes on apple found permeabi l ities 

of water vapour of both apple t issue and isolated peel were s imi lar. S chonherr ( 1 976) 

found diffusion of water in c i tms, pear and onions to detennined by the permeabi l i ty 

coefficient for the cuticular waxes, and independent of cuticle thickness (Sc honherr and 

Schmidt,  1 979) .  The permeabi l i ty of ' Valencia' orange skin to water vapour has been 

reported to be approximately 5 3 , 5 5  and 63 times h igher respectively than to O2, 

and C2H4 (Ben-Yehoshua e t  at. ,  1 985)  and wax ing fmit to b lock the stomatal pores had 

a s ignificant ly greater effect on decreasing permeabi l i ty to O2, CO2 and C2� than to 

water vapour. Burg and Kosson ( 1 983)  proposed that water vapour moves 

preferential ly through a l iquid water phase formed at interce l lu lar spaces and the cuticle 

where water conductance is  60-fold greater than ga') conductance, w hereas gases m ove 

through air-fi l led pores of the epidennal layer. 

Thus, the penneance of the skin to water vapour may be one or two orders of 

magnitude higher than permeance to O2 (Cameron and Reid, 1 982)  and permeance to 

CO2 has been reported to be h igher, the same or lower than penneance to O2 (Cameron 

and Reid, 1 982; Dadzie, 1 992) .  B anks et al. ( 1 99 3b) suggested the discrepancy i n  

re lative penneances o f  gases and vapours can b e  explained o n  the ba')is o f  the cuticle 

hav ing  differential permeance in  the order: water vapour » CO2 » 02. Thus 

diffusion of gases through fmit  skins i s  l i kely to involve parall e l  transfer through  

several phases, pores and cuticle, in  which effective diffusivity and solubi l i ty of  the gas 

may differ substantial ly (Banks et al. , 1 993b; Ben-Yehoshua et at. ,  1 985 ;  C ameron et 
al . .  1 982 ;  Lendzien and Kirsteins ,  1 99 1 ) . B anks et ai .  ( 1 993b) mode l led the effect of 

different pore areas on the resistance of a model fmit ,  assuming a ratio of cuticul ar 

res istance to water vapour, O2 and CO2 of 1 . 1  x 1 0.5 : 1 .0: 0.033 .  When the area of 
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pores w�<; h igh ,  v i rtual l y  al l the gas exchan ge wa<; predicted to occur through the pores, 

overall fruit  resistance W<L<; low and resistance to CO2 was s lightly greater than to 

Conversely,  when the area of pores was low, overal l res istance was greater and the frui t  

skin less resistant to 

diffusion of C02 . 

than to O2, owing to the contribution of the cuticle to 

2.5.4 Gas d iffus ion i n  fruit  f lesh 

Diffus ion of  CO2 and for prec l imacteric cantaloupe (Lyons et al. , 1 962) ,  

bananas and mangoes (Burg and Burg,  1 962), were wel l  characterised by Fick ' s  First  

Law, whereas c l imacteric avocado (Ben-Yehoshua e t  1 963) ,  s tored apples (Trout 

et al. , 1 942) ,  and postc l imacteric bananas ( Leonard and Wardlaw , 1 94 1 ) , were not.  

This suggests barriers to gas d iffusion other than the skin existed for the l atter fru i t .  

Thus ,  whether or not  d iffusion in  a crop meets the assumptions of  Fick ' s  F irs t  Law 

depends on anatomical components of the d iffus ion pathway , which can chan ge with 

physiolog ical age and environmental factors. 

B oth the volume and continuity of  the in tercel lu lar air spaces may determine the 

effect ive diffusiv i ty of a gas within a p lant t issue. A recent study of  the structure of 

apple parenchyma, indicated that ce l ls i ncreased in from the periphery to the 

centre ( Khan and Vincent, 1 990) . Cel ls  on the periphery consisted of radia l ly  

fl atterned or spherical cel ls  w i th spherical intercel lu lar spaces w hereas i n terior ce l ls  

were radial ly e longated and organised i n  radial  columns.  Between the columns were 

rad ial l y  e longated spaces up to 3 mm long and 1 00-200 11m w ide.  During r ipen ing  

and senescence there i s  a progressive decrease i n  ce l l  adhesion ( Knee and B artley , 

1 98 1  ) , l eading  to  enlargement  of the interce l lu lar spaces .  Once 02 h as diffused 

across the sk in  i t  can diffuse with in the frui t  through these interce l lu lar channe l s  

and/or i n  the tlu id/so l id  phase of  the cel lu lar matr ix .  Two models  may be proposed 

for diffusion through these components :  a paral le l  model (diffusion e i ther  in air 

channels or  the flu id/solid matrix )  and series model (diffusion through air channels  

and flu id/sol id  matr ix  in  turn ; Raj apakse e t  al . ,  1 990). Theoretical estimates of  the 

contribution of these two pathways have been compared with empirical l y  detennined 

estimates of  effective diffusiv ity for apples, Asian pears, and nectarines (Rajapakse et 
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at . , 1 990).  They concluded that O2 diffusion takes p lace i n  a combinat ion o f  series 

and paral le l  modes in  the i ntercel lular spaces and flu id/sol id  matrix ,  w ith  the p ara l le l  

mode increas ingly dominant in  more open textured t issue. 

Gradients in  O2 concentration across the cortex of  apples are generall y  smal l  due 

to the relatively large intercel lu lar air space volume (Burton, 1 982;  Burg and Burg ,  

1 965 ;  Trout et al. ,  1 942). However, S olomos ( 1 987 )  reported gradients i n  CO2 

between the surface of peeled apples and the core cavity . Rajapakse et ai. ( 1 990) 

report considerable variation in diffusive res istance of  ' B raebum'  and 'Cox ' s  Orange 

Pipp i n '  apples , and 'Hosu i '  and ' Kosu i ' Asian pears and this was reflected i n  O2 

gradients between ti ssues immediately beneath the skin and the core cav i ty .  

Effective d iffus iv i ty of the tissue varied with cult i var and were broadly consi stent 

wi th in tercel lu lar space volume of  the tissue. example, very dense organs such as 

potatoes have low porosity (Soudain ,  P. and Phan Phuc, A., 1 979) and also have low 

permeabi l i t ies to gas diffusion (Banks and Kays ,  1 988) .  Dadzie ( 1 992) found large 

O2 and CO2 differences between the equator and calyx end of freshly harvested 

' Gala' , ' Royal Gala' , 'B racbum' and 'Co x ' s  Orange Pippin' and smaller d ifferences 

in  ' Golden Del ic ious ' ,  'Red Del ic ious ' , 'Granny Smith '  and ' Sp lendour'  apples at 

20°e. S imi lar differences were found between the equator and the calyx end 

shoulder, but differences between the core cav i ty and the equator were comparat ively 

smal l  except for 'Braeburn ' and 'Co x ' s  Orange Pippin'  apples.  Tissues at the cal y x  

e n d  of  ' B raeburn ' and 'Granny Smith ' apples consistently had lower 0 2  b u t  h igher 

CO2 and C2H .. levels than any other posit ion on the fru i t  and t issues at the equator 

h ad h igher 01 and lower CO2 and C2H4 than other parts of the frui t .  

Dadzie ( 1 992)  postulated that gradients i n  atmospheres throughout app le c ortex 

may relate to local ised variat ion in  intercel lu lar air space volume. This is possible as 

the porosity of t issue from the stem-end and equator of 'Braeburn' and 'Cox ' s  

Orange Pippin '  ( Years ley, data not published) and 'Golden Del ic ious ' (Soudai n ,  P .  

and Phan Phuc, A . ,  1 979) were found to  be  greater than those of  ti ssue from the 

caly x-end. Furthermore, gradients in  CO2 and O2  may develop around  the vascu lar 

bundles and seeds i n  apple (Brandle, \ 968 ; Henze , 1 969a, 1 969b) and avocado ( Burg 

and Burg, 1 965 :  Burton,  1 982) .  Thus. there is ample  evidence suggest ing  

homogeneity of  internal atmospheres can not  be assumed. This  h as i mportan t  
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impl ications for model l ing  gas exchange in  fruits and the effects of  CAJMA o n  the i r  

physiology, It may also provide information that p artly explains the  pattern o f  

development o f  atmosphere-related disorders in frui t  (Dadzie,  1 992; Soudain ,  and 

Phan Phuc, A, 1 979) ,  In the present study,  because heterogeneity in in ternal 

atmospheres of  postC \ imacteric 'Braeburn ' and ' Co x ' s  Orange Pipp in '  apples was 

l ikely to exist ,  lower internal O2 l imits were estimated on the bas is  of both 

subcuticu lar (surface chamber) and core cavity atmospheres, 

Gradients in atmospheres of avocado (Ben-Yehoshua et ai. , 1 963) ,  s tored apples 

(Trout et , 1 942) ,  and postC\ imacteric bananas (Leonard and Wardlaw, 1 94 1 ) , may 

have resulted from changes i n  the diffusion pathway as the frui t  senesced, As 

internal tissue softened wi th lost cel l  turgor, the in tercel lu lar air space may have 

diminished or the t issue became water soaked as membranes lost their functional i ty ,  

reducing di ffusiv i ty ,  S imi larly ,  in  a study us ing ' Red Gold' nectar ines, Raj apakse et 
al .  ( 1 990) found flesh firmness,  intercel lular space volume s ignificantly l ower i n  ripe 

compared to unripe frui t  and the gradient  i n  O2 atmosphere 1 ,7 t imes as great 

may have arisen through blockage of the intercel lu lar air space in ripe frui t  affecting 

02 d iffus iv i ty as the d iffusion coefficients of gases in  solution i s  of  the order of 1 04 

lower than i n  the gas phase (Nobel ,  1 99 1 ) . Rodriguez et ai, ( 1 989) i n  studies us ing 

avocado and peach al so correlated loss o f  flesh firmness wi th decreases in  permeance 

to CO2, and C2H4, 

It may be necessary when optimising storage atmospheres for some crops to 

consider the permeance of both the skin and internal tissues when determin ing  

external lower O2  l imits ( see section 2 , 3 ,6) ,  A lso ,  because of  changes i n  respi rati on 

rate and skin and flesh permeance as fru i t  ripen during storage, Wol l i n  e t  al. ( 1 985 )  

suggested i t  may be necessary to  continuously change the external atmospheric 

composit ion in long-term CNMA storage to accommodate changes i n  susceptib i l i ty 

of the crop to anaerobiosis .  
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Chapter 3 
Genera l  M ater ia ls  a n d  Methods 

3. 1 I nt rod u ct ion 

chapter describes and discusses the materials and techniques used i n  th is  

study . In  p laces, attention has been given to the theoretical bas i s  of the estimation of 

variables, and experimental c haracterisation of the variabi l i ty i n herent i n  the 

procedure .  The resul ts of e xperiments characteris ing the equ i l i bration of surface 

chamber atmospheres have been inc luded as this w as the primary method used for 

monitoring  lAs of apples,  and obtain ing the steady-state atmosphere used for 

estimating internal lower 02 l im i ts (LOVs) . the d iscussion sect ion,  potent ial 

sources of variabi l ity in sampl ing and measuring  i nternal atmospheres  ( lAs) ,  

estimating rates of transfer of gases, and the benefits and disadvantages of particu lar 

methods are detai led. In  subsequent chapters (wri tten in  the format of scienti fic 

papers ) ,  methods appropriate to the study are described in  conci se form. 

3.2  Fru i t  s upply a n d  ethylene 

pretreatments 

3.2 . 1  Fru i t  supp ly  

Early harvest, preC\ imacteric apples (Ma lus domestica Borkh. , cul t ivars 'Cox ' s  

Orange Pipp in '  ( ,COP' )  and 'Braeburn ' )  were harvested from a Haw kes B ay orchard 

(Carmel Orchard, Algernon Road, Hastings,  N for the study during  the 1 993 ,  

1 994 and 1 995 seasons .  For each cul t ivar ,  a s ing le  b lock of mature trees w as used. 

Fruit were selected from the inner canopy of trees,  and frui t  w ith e xtremes of 

maturity or blush were avoided  in an endeavour to select a popu lation of frui t  w i th 

less variation i n  sk in  permeancc. Fru i t  were graded to s ize (count s i ze 1 25 )  us ing  

s iz ing  rings (N .Z. Fru itgrowers Federation , Palmerston North ,  N.Z. ) ,  and quality by 

visual inspection to  exclude fru it w ith blemishes to  the surface . The frui t  were 
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transported to M assey University for random a llocation to treatments and 

pretre atment. 

3.2 .2 Ethylene p retreatment  

Unless the e xperiment required precl imacteric o r  c l imacteric app les ,  the apples 

were induced in to their  respiratory c l imacteric by pretreating them w ith ethylene 

(C2H4) before cool-storage, The frui t  were ei ther sealed i n  a 2 mJ temperature

contro l led cabinet or sealed in a polymeric-fi lm/metal-foi l  l aminate bag at 20°C .  

Hydrated l ime (4  kg)  was enclosed in  the cabinet or bag to absorb CO2, and  pure 

C2H4 i njected to g i ve a final  part i al pressure of  1 0, 24 

and CO2 were monitored during  the treatment, and 

The levels of 

general ly  maintained wi thin 

± 0. 5 Pa of des i red values and CO2 was maintained below 0. 1 kPa. After 1 2  h ,  the 

chamber or  bag was vented and frui t  were kept at 20°C for a further 48 h .  

Respi ration and ethylene production o f  a random sample o f  2 0  frui t  were moni tored 

after 48 h. By this t ime the apples were showing a marked i ncrease in respiration rate 

and ethylene production indicative of the c l imacteric .  The fru i t  w ere then p l aced i n  

c artons i n  a cool-store unti l required for the experiments .  

3.3  Contro l led temperatu re fru i t  storag e  

Fru i t  were kept at storage temperatures i n  cool-stores at the M assey U ni vers i ty 

Plant Growth and Fru i t  Crops U nits .  ' COP' apples were stored at in  perforated 

polymeric fi lm bags, and 'Braeburn ' at O°C without bags . Frui t  were removed from 

cool-storage and equi l ibrated at 20°C before use in experiments . E xperiments were 

conducted i n  1 .0 m' control led temperature c abinets ( McAlpine Spacel ine ,  

McAlpine ,  Auck land, N .Z. ) .  
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3 .3 . 1  Tem perature monitorin g  

each experiment, thermistors (CM-UU-V5- 1  Grant I nc . ,  Cambridge, U . K . )  

were inserted beneath the ski n  of  2 t o  4 frui t .  The frui t  were located on e i ther s ide o f  

each she l f  of  the cabi net where treatments were posi tioned. A further thermistor was 

p laced in  the centre of the cabinet to monitor cabinet air temperature. Temperatures 

were logged as the mean of three 1 0  minute readings each 30 minutes us ing  a Grant 

S quirrel data logger (Model 1 205 , Grant I nc . ,  Cambridge, U.  ). 

S mall variations in  temperatures existed for fru i t  at di fferent posit ions (Table 3 . 1 ) . 

Fru i t  at top right and bottom left were s imi lar and s l ightly warmer than frui t  at top 

left and bottom right. However, mean d i fferences were not more than O .soC and 

general ly < 0 .3°e .  For each  experiment .  treatments were randomly al loc ated to 

position with in the cabinet, to ensure observed effects were not caused by v ariation i n  

frui t  temperature due t o  posi t ion within  the cabinet. 

The rate of cool ing of frui t  from 20°C to O°C, and the effect of frequent door 

open ing for internal atmosphere sampl ing was characterised for ' COP' and 

' Braeburn' apples enclosed in  controlled atmosphere bags (Fig. 3 . 1 a and b) .  

both cul ti vars, sk in  temperature was  with i n  O .soC of  the  required storage temperature 

after 20 h and had cooled to O°C after 44 h. Rap id  changes in cabi net a ir  temperature 

resul ted from opening of the cab inet doors required for frequent sampl ing of in ternal  

atmosphere to characterise the equi l ibration t ime of surface chambers ( see sect ion 

3 .5. J . 2 ) .  The normal experimental protocol did not require th is  frequency of 

sampl ing .  Treatments were p laced in  controtled temperature cab inets and left 

overnight  before the first gas atmosphere sampl ing  w as made. As a consequence the 

rate of coo l ing w as more rapid than that described in Fig. 3 . 1 a and b .  Coo l ing  w as 

also i nterrupted by cycl ical periods of defrosting of the evaporator and these defrost 

periods are seen as the less marked increase and decrease in cabinet air temperature 

i n  F ig .  3 . 1 a and b .  
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Table 3. 1  Fru i t  skin and cabinet air temperatures [ means and stan dard errors of 

means (sem) ]  for ' Braeburn ' frui t  in di fferent posi t ions in  a 1 .0 m3 

contro l led temperature cabinet. 

Treat Skin temperature (OC ) Cabinet air 

temp. Top right Top left Bottom right B ottom left temp. (OC ) 

mean sem mean sem mean sem mean sem mean sem 

0 0 .2  0 .08 0 .0 0 .08 0 .2  0 .08 0 .2 0 .07 0 .2 0. 1 0  

4 4 ')  ' M  0 .0 1 0 .0 1 4 . 1 0 .0 1 0 .0 1 4 . 1 0 . 1 4  

8 8 .0  0 .0 1 7 .9  0 .0 1 8 . 0  0 .0 1 8 . 1 0 .0 1 7 .9  0 .02 

1 2  1 1 . 8  0 .0 1 1 1 . 8  0 .0 1 1 1 .9  0 .0 1 1 2. 1  0 .06 1 2. 0  0 .0 1 

1 6  1 5 .9 0 .0 1 1 5 .9 0.0 1  1 6 .0  0 .0 1 1 6 .0 0 .0 1 1 5 . 9  0 .02 

20 20.2 0 .0 1 1 9 . 8  0 .0 1 20 .0  0 .0 1 1 9 . 8  0 .0 1 1 9 . 8  0 .0 2  

0.0 1  7 0.0 1  . 8  0.0 ]  0 .0 1 2 3 . 8  0 .02 

28 28 . 5  0 .0 1 .9 0.0 1  2 8 . 1 0 .0 1  28 . 1 O .O l 2 8 . 2  0.02 

32 3 2.4  0 .02 3 2 . 1 0 .02 0 .02 0 .02 3 2 . 4  0 .02 

3.3 .2 Relative h u m id ity moni tor ing 

The rel at ive humidity (RH) o f  bag atmospheres was monitored durin g  one 

experiment at both 0° and 20°C ,  us ing a Grant squirrel data l ogger (Model 1 205 ,  

Grant I nc . ,  Cambridge , U .K . )  by enclosing RH sensors ( 1 H 3 602 , Hy-CaJ Engineering ,  

El  Monte, CA, U . S .A . ) ,  and thermistor probes Grant I nc . ,  Cambridge, 

U . K . )  to correct the RH sensor s ignals for air temperature, in  CA bags contain ing  

' B raeburn ' frui t  a t  0 and 20°C. Mean RH standard error of the  mean) wi th in  

contro l led atmosphere (CA)  containers for ' Braeburn ' frui t  at 0 and 20°C w as 90.2 ± 

0 .54 and 94 .0  ± 0.54 % respectively . 
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Figure 3. 1 Cool ing  of (a) 'Cox ' s  Orange Pippi n '  and (b) 'Braeburn ' apples sealed i n  

contro l led atmosphere bags in  a contro l led temperature cabinet set at 

O°e . Values represent frui t  sk in temperature for two frui t  at the same 

height but either s ide of the cabinet and air temperature at the centre of 

the cabinet. 
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3.4  G as m i x i n g ,  c o nt ro l l e d  atm o s p h e re 

system a n d  t reatments 

3 .4 . 1  Gas m i xi ng 

Contro l led atmosphere gas mixtures were produced by metering the flow of  dry 

air ,  food grade CO2 and 02-free N2 from cy li nders of compressed gases ( NZIG, 

Palmerston North ,  N For mixtures with O2 above 2 1  c/c; , a cy l inder o f  compressed 

certified gas mixture of 30% (balance N2) was used ( NZIG, Specia l  G ases,  

Wel l ington) .  The compressed gases were contro l led w ith two-stage regu l ators 

(NZIG GPT 270, NZIG, Special Gases, Wel li ngton , N .Z . )  to 344.75 kPa (gauge) and 

with s ingle-stage regulators (R55-26030W Master Pneumatic-Detroit, I nc . ,  U . S . A. )  

to  34 .48  kPa  (gauge). Flows of the  low pressure gases were then metered w ith fine 

metering valves ( Nupro S series,  Nupro Co. ,  Wi l loughby , Ohio, U . S . A . )  ) i nto a 

mani fold ,  and the result ing mixed gases were conducted through 6 mm external 

diameter (00) polyethylene tubing at a total flow of 1 .7 x 1 03 mm3 S- I ( 1 6 .7 mm' S- l 

"" 1 em' min - I ) into the contro l led temperature cabinet(s) . Each g as mixture w a<; 

humidi fied by being bubbled through water in  humidifiers with in the cabinets before 

pass ing i nto the CA bags. There was sufficient tubing within the cab i nets, and 

through bubbl ing the mixtures through water at the cabinet temperature, for the gas 

mixtures to equ i l ibrate to the required treatment temperature . 

Flow rates of air ,  pure CO2 and 02-free N2 were corrected for the d i luti on effect of 

water vapour at d ifferent temperatures .  The saturated water v apour part ial pressure 

was calcu l ated using the fol lowing equation (Tetens, 1 930; Murry , 1 967) : 

where :  

sat,T 
_ 6 1 1 ) 1 7 27 ( PHP - c (3. 1 )  

''' l .T 
(JrhO =: saturated water vapour part ia l  pressure at temperature T 

(Pa)  

T air temperature ) . 
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percentage error due to water vapour was calcu l ated us ing the fol lowing  

equat ion : 

where: 

( SaI , T  
T PH , O  

errorwvp ::: --" - 1 00 
( PIOI 

error�i�l/ ::: percentage error (%)  due to the di lut ion e ffect of  

water vapour pressure at temperature T 

Ptot ::: total system partial  pressure (Pa),  

Required flow rates of component gases were calcu lated (assuming saturated 

water vapour pressure) using the fol lowing equations:  

w here: 

N + error wvp cO2 
[ sat,T N JJ fcol CO2 

1 00 

fc°2 ::::: 

iN;. ::: 

fo� ::::: 

Ncoz :::: 

No� ::: 

I I flow rate of CO2 (mm s- ) 

flow rate of N2 (mm5 S- l )  

flow rate o f  O z  (mm] S- l ) 

mole fraction of COz required (mol mor l ) 

mole fraction of 02 required (mol mor\ 

(3.2) 

(3.3) 

(3.4) 

(3.5) 

Flow rates were measured using an electronic flow meter (1&W Scient ific  ADM 

1 000) ,  an analys is  of the gas m ixture composit ion was made us ing an IRGA and Oz 

electrode (mol mor l ::: X 1 0-
2
) .  Final level s in  experiments were checked as 

described in section 3 , 7 , 1 .  
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3 .4 .2  Contro l led atmosphere system 

The C A  system used a continuous flow of humidified gas m ixtures flowed 

through the bags in  which frui t  were kept. bag had a d ifferen t  m ix ture 

that was contro l led by indiv idual gas mixers as detai led i n  section 3 . 6. 1 .  The bags 

were constructed of Tuflex (Trigon N .Z. Ltd . ,  Hami l ton, N.Z. ) ,  a c le ar l am inate 

which was eas i ly  heat sealable and to which s i l icon rubber septa eas i ly  adhered .  

Enclosed wi th in  the  c lose-fitt ing CA bags, were p lastic containers with part i t ions to  

hold s ix  apples.  Each container had a perforated false floor beneath wh ich  were 

enclosed a Tyvek ( Du Pont, New Zealand Ltd. ,  Auckland, N .Z . )  sachets conta in ing SO 

g of soda l i me ( se l f  i ndicating I .0 mm granules ,  Ajax Chemicals ,  Auburn, NSW, 

Austra l ia) as  a CO2 absorber and 50 g of  ( Papworth Engineering,  Cambr idge, 

N .Z . ) as an absorber. was absorbed in experiments where levels of CO2 

were not be ing investigated, to  ensure that observed effects were not  caused by 

accumulation. 

The C A  mixtures entered the top of  the 

of the bags through a 2 m length of 6 mm 

bags and flowed out from the bottom 

tubing to the outsi de of the contro l led 

temperature cabinet. The CA bags ( 1 0 per experiment) were randomly posit ioned on 

two levels within the cabinet .  Samples the atmosphere wi th in  CA bags and w ithin 

surface chambers on the apples they contained were taken by i nsert ing the needle of a 

sampl ing  syringe th rough s i l icon rubber septa adhered to the CA bags above the 

surface c hambers . 

3 .4 .3  Control l ed atmosphere treatments 

Ten C A  treatments were used to  characterise the effects of  the level 0:,  and CO2 

on in ternal lower O2 l i mits (LOC) of apples. range of external O2 atmospheres 

used depended on the cult ivar of apple  and treatment temperature, and w as chosen 

using a steady-state model based on experimental data of Dadzie ( 1 992) . A 

decription of this model is presented i n  detai l i n  chapter 3 .  V al idation of th is  

mode l and comparison with the model of  Dadzie et  ai.  ( 1 996) is  presented i n  c hapter 

5 and d i scussed in  chapter 5 . 5 .  
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3 . 5  Meas u rement of i nter n a l  atm os p he re s  

Methods used in  sampl ing i nternal atmospheres ( lAs) have been reviewed by 

Ban ks ( 1 983 ) ,  So lo mos ( 1 98 7 ) ,  Ben-Yehoshua and Cameron ( 1 988 ) ,  and Dadzie 

( 1 992 ) .  Two methods of sampl ing lAs were used in the studies of  i nternal l ower O2 

l imits (LOLl) ;  surface chambers and direct sampl ing  from the core cav i ty .  The 

surface chamber method (Banks and Kays ,  1 988 )  was non-invasive and n on

destructive, and is discussed in  some detai l i n  th is  section .  Direct sampl ing  was 

invasive and destructive, and therefore used as  an al ternative method to surface 

chambers at the end of an experiment. 

An alternati ve invas ive technique, cannulation, was investigated as a method for 

moni toring changes in apple IA,  and is the subject o f  chapter 8 . 0. 

3 .5 . 1  S u rface chambers 

SUli'ace chambers were used extens ive ly  in  the studies of LOLl . The cham bers 

were constructed from 1 500 mm] c lear g lass scre w  cap autosampler v ia ls ,  2 3  mm 

h i gh ,  1 2  mm OD and 9- 1 0  mm ID (Al l  tech,  Auckland, The v ials  were cut 

with a d iamond tipped saw approx imate ly  1 2  mm from the bottom. B ottom p ieces 

were discarded and the top w ith the screw cap opening used to construct the 

chambers .  1 000 mm3 d isposable syringes ( Monoject, Sherwood Medical , St. Louis,  

U .S . A . )  were cut at the 0 .25 m l  graduation mark and the lower part with the luer 

taper g lued into the screw cap opening of each  v ial w ith h cure epoxy res i n  

( Araldite �, C iba-Geigy,  Auckland,  N .Z . ) .  A mean volume (± standard error of  mean )  

o f  9 3 5  ± 7 .0 mm' was measured for 2 0  representati ve chambers. The syringe t ip  was 

sealed wi th the rubber p lunger from the syringe, and a water seal appl ied above the 

plunger as a precaution against leaks (Fig. 3 . 2a) .  

For some experiments the chamber des ign was modified, to reduce further the 

poss ib i l ity of permeation of gas through plastic syringe components of  the chambers. 

These c omponents were replaced w ith the luer sleeve from a 50 mm x 2 mm OD 

cannula ( Phoenix ,  U . S . A . )  from which the need le had been removed. A s ma l l  length  

of p lastic tube was s l ipped over the  luer s leeve to  extend  length,  a s i l icon rubber 
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septum w as i nserted i ns ide the luer s leeve and a w ater seal appl ied abov e  it  (F ig .  

3 .2b) .  

The surface chambers , w i th rubber septa removed. were adhered t o  the sk in  o f  

app les a t  an equatorial posit ion above a !enticel (s)  us ing 5 minute cure epoxy res i n  

( Araldite �, C iba-Geigy,  Auckland,  ) .  Epoxy-res in was sui table for use at  O°e.  

The chambers were typical ly applied to areas of skin that d id  not show blush.  As a 

further precaution against leakage through the skin-adhesive-chamber in te rface,  a 

l ight  coating of  s i l icon grease (Molycote I l l , Dow Corning Austra l ia  Pty . Ltd . )  w as 

appl ied over the cured adhesive and j ust onto both skin  and chamber. The spread of 

the adhes ive was kept to a minimum to maximise the surface area of  skin beneath the 

surface chambers and minimise the local effect the adhesi ve might h ave on 

permeation of  gas through the skin adjacent to the chamber. The mean skin surface 

area (± s tandard error of the mean) not covered by adhesi ve and avai lable for gas 

exchange w as estimated for 20 typical chambers as 49.0 ± 0 .83  mm
2
. 

After the epoxy resin had cured (typically left 4 to 6 h at 20°C) ,  the chambers were 

flushed wi th  laboratory air us ing a 6 .0  x 1 04 mm' syringe ( Omnifi x ,  B . B raun ,  

We!sungen, AG. ,  Germany) .  Rubber septa were carefu ll y i nserted in to the top of the 

chambers us ing a tool that released pressure from the chamber as i t  w as bei n g  

inserted, a n d  the w ater seal appl ied ensuring no air bubbles were trapped. 

3. 5. 1 . 1 Gas tightness of surface chambers 

The gas t ightness (02 leakage) of the surface chambers was tested by Tanner 

( 1 995) .  Six repl icates each of the two types of surface chamber (one with p l astic 

and the other with metal components) were adhered onto glass microscope s l ides  

us ing 24 h cure epoxy resi n  (Araldite"' , Ciba-Geigy , Auckland, N .Z . ) .  The sealed 

chambers were flushed with O2 free N2 and an in i t ial measurement of chamber 02 
atmosphere made by sampl ing from the chambers with a N2  Hushed gas-t ight syr inge 

( H amilton , 1 00 mm\ A final  reading  w as made after h .  I t  w as calcu l ated that for 

the chambers to come to 99 equi l ibrium wi th  the external O2 atmosphere, w ou l d  

take 4 3 4  and 374 days respectively for chambers w ith plastic components a n d  metal 

components respectively . Therefore, there w as no  advantage in us ing the more 
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expensive chamber construction using metal components. Care needed to be taken 

that no air bubbles were trapped in the water seal, otherwise sl ight negative pressures 

in chambers might potentially have leakage into the chamber or into the syringe 

when removing a sample from the chamber. 

Figure 3.2 Surface chambers with (a) plastic syringe and (b) metal components. 

3. 5. 1 . 2  Equilibration of surface chambers to the internal 

atmosphere of apples 

The equilibration of surface chambers was characterised for postcl imacteric, non

ethylene treated " Cox'S Orange Pippin' ( ' COP')  and "Braeburn' apples. Five apples 

of similar mass and internal C2H4 partial pressure were randomly selected for each of 

four treatments; O°C and 20°C in air and either 2kPa O2 ( 'COP')  or 5 kPa O2 

( , Braeburn') .  Surface chambers were adhered to the fruit at an equatorial position 

and left at 200e overnight. The surface chambers were flushed with 5 .0 x 1 04 mmJ 

dry air, then each chamber was sealed with a septum and water seal every 1 20 s, and 
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the  seal t ime noted. When  a l l  the  chambers were sealed, the frui t  were enclosed in  

bags, each  bag enc losing an addi tional app le wi th  a thermistor probe (CM-UU-

Y 5 - 1 Grant I nc . ,  Cambridge, U . K . )  inserted beneath the skin surface. The CA bags 

were heat sealed and connected to the appropriate CA gas mixture supp ly  w i th i n  

control led temperature cabinets,  and the t ime o f  connection noted. CA mixtu res  

were humidified and al lowed to  flow (total flow 1 . 7 x 1 03 mm' S · l )  for 2 h prior to 

connection to the CA bags. The atmosphere of the CA bags and surface chambers 

were sampled at frequent in tervals by removing 60 mm) samples wi th a gas-tight  

syringe (Ham i lton , 1 00 mm\ and us ing an i njection volume of  50 mm'. The 

for the apples to equ i l i brate to the storage temperature was also detenn ined. 

At the conclusion of the experiments the surface chambers w ith epoxy res in  sti l l  

attached were removed from the fruit .  The volume o f  the surface chambers w as 

estimated from the mass of water required to fi l l  each chamber, and the surface area 

avai l able for gas exchange beneath the chamber est imated from the mean of two 

measurements of internal diameter of the epoxy res in  seal . 

3. 1 . 3  Results 

Fruit  of s imi lar mass were used for treatments with in cult ivars, but the mean mass 

of ' B raeburn' apples was greater than frui t  (Table 3 .2) .  The area of skin 

avai l able for g as d iffusion beneath the chambers were s imi lar between treatments, as 

were chamber volumes, and are un l ike ly  to account  for the marked differences in  

chamber atmospheres between frui t  and treatments as  they came to equi l ibr ium. 

Differences i n  indiv idual frui t  respiration rate and skin permeance (and number of 

functional lenticels beneath the chamber) are more l i kely to account for d i fferences i n  

frui t  response t o  a treatment.  This was part icular ly noticeable in  treatments where 

the frui t  equi l ibrated at 20DC were p l aced at (rC in e ither air or l ow O2 atmospheres .  

For these frui t, there was an i ni t ial rise in  chamber Pco2 during  the  first 5 to 1 5  h at 

O°C ( Figs .  3 . 3a, 3 .4a ) .  This in it ial r ise probably  resul ted from a l ag in the reduction 

of rco2 as w arm fruit  cooled, and w as more m arked for 'COP' than 'Braebu rn ' ,  

presumably  because ' COP' have h igher rcoc '  A s imi lar response w as detected i n  the  
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decrease in  p02 in  fruit p laced at O°C in air (Figs. 3 .3b and 3 .4b), but not at O°C in 

low O2 atmospheres ( Figs. 3 .Sb,  3 .6b ) .  

For both cul t i vars at O°C in air, al l fru it tested had come to approximatel y  steady 

state between 60 to 90 h ( Figs. 3 .3 , 3 .4) .  'Braeburn ' apples responded more s lowly 

than 'COP' in coming to equ i l ibrium, and there may have been both physiological 

and physical components to equ i l ibrat ion j udging from the variation in  response of 

individual fru it ( Fig .  3 .6b).  

The CA bags reached the required external O2 (P02 ) within 6 h and remained 

approximately  constant throughout the experiment ( Figs. 3 . 5 , 3 .6 , 3 .9 , 3 . 1 0) .  For 

'COP' apples in low p02 atmospheres at O°C, peo2 equ i l ibrated with in approximate ly 

48 h ( Fig. 3 . Sa) and P�2 with 24 to 48 h ( Figs. 3 .Sb) .  However, for 'Braeburn ' apples 

the equ i l ibration t ime for P�02 was approximately  70 h (Fig. 3 .6a), and for p62 varied 

between 24 and 1 20 h ( Fig.  3 .6b).  In general ,  there was less variation in the 

equ i l ibrium values of p02 for frui t  in low p02 than there was for fru it in air, and 

s imi lar or l ess variation in  peo2 •  

For frui t  at 20°C, the time for chambers to reach equ i l ibrium was less than for 

frui t  at O°c . Possible reasons for a more rapid equi l ibration at 20°C are that there 

was no need for physiological equi l ibration, and diffusivi ty may have been greater at 

the h igher temperature. With the except ion of one fru it ,  'COP' apples in air had 

come to equ i l ibrium within 40 h, and ' Braeburn' w ithin 50 h (Figs. 3 .7 ,  3 .8 ) .  

Chamber atmospheres of  ' B raeburn' apples a t  20°C i n  air continued to  drift s l ightly 

w ith t ime after comi ng to quasi steady state . For fruit  at 20°C in air, the equ i l ibration 

t imes represent ' physical equi l ibration ' of the surface chambers, whereas 

equ i l ibration t imes for frui t  whose reoz is adjusting to temperature and/or low POz ' 

represent a combination of physical and 'physio logical equ i l ibration ' .  

For 'COP' and 'Braeburn ' apples at 20°C and in  low p02 ' there was an overshoot 

in chamber Peoz fol lowed by a reduction as the low pOz atmosphere affected reoz 

( Figs. 3 .9a, 3 . 1 0a) .  There was a smal l but dist inct overshoot in  reduction of pOz for 

'COP' and ' B raeburn' apples that equ i l ibrated quickly (Figs.  3 .9b, 3 .  l Ob) .  For those 

frui t  that equ i l ibrated slowly ,  physiological equ i l i bration was masked by s low 

physical equ i l ibration. This overshoot effect would be more apparent if the scale for 
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peo2 and p02 were the same. Taking into account the overshoots, the physiological 

equ i l ibration occurred between 80 and 1 00 h at 20°C ,  and low d ifference 

between and p()z w as greater for 'Braeburn ' than apples as a resu l t  of 

' B raeburn ' apples lower skin permeance (Figs .  3 .9b, 3 . 1  Ob). The difference between 

physical equ i l ibrium and physiological equ i l i brium for whole ' COP' apples ( about 4 

days for physiological  equ i l i brium) in  either lowered or raised O2 atmospheres has 

been reported by Knee ( l 99 I b) .  

Table 3,2 Fruit mass, skin surface area beneath chambers and chamber volume for 

postc l imacteric ' Cox ' s  Orange Pippi n '  ( ,COP' ) and ' B raebum'  app les 

used in surface chamber equi l ibration t ime experiments. Values 

represent means and standard errors of means (n=5 ) .  

Cult i var Treatment Fruit mass Skin surface Chamber 

area volume 

(kg x 1 0" ) 
1 

(mm-) (mm)) 

mean sem mean sem mean sem 

' COP' ooe, air 1 54 .0 1 2 . 86 1 49.20 0.740 934 .2  1 5 .44 

O°C,  2 kPa 1 56 .32 2 .655  5 0.66 1 .070 934.2 1 6. 5 2  

20°C, air 1 54.96 4 .290 49 . 3 1 2 . 349 936 .6 7 . 3 2  

20°C ,  2 kPa 1 53 .43 3 .956 46.76 1 . 3 34  935 .0  1 3 . 20 

' Braeburn ' O°C ,  air 1 82 . 33  3 .48 1 5 1 .97 0 .777 937 .0  1 0. 1 9 

O°C,  5 kPa 1 73 .46 5 . 379 54 .0 1 1 . 262 927. 0  1 2 . 80 

20°e, air \ 84 .66 2 .444 50. 1 9  1 . 377 927 . 8  1 4 . 1 3  

20°e ,  5 kPa 1 78 . 83 0.676 5 1 . 87 1 .043 952 .0 1 4.72  
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F i gure 3.3 Equi l ibration of (a) Pco2 and (b)  P02 i n  surface chambers adhered to five 

'Cox ' s  Orange Pipp in '  apples i n  air at o°e. Chambers were adh ered to 

fru i t  at 20°C at an equatorial position, the frui t  sealed i n  CA bags through 

which humidified air c irculated ,  and bags p laced in a contro l led 

temperature cab inet at O°e . 
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Figure 3 .4 Equi l ibration of ( a) Pco2 and (b)  P02 i n  surface chambers adhered to five 

' Braeburn ' apples in air at O°c. Chambers were adhered to fru i t  at 20°C 

at an equatorial posit ion, the frui t  sealed in CA bags through w hich  

humidified a i r  c ircu lated, and bags placed in a contro l l ed temperature 

cabinet at O°c. 
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Figure 3.5 Equi l ibration of ( a) peo;>. and (b)  P02 i n  surface chambers adhered to five  

' Cox ' s  Orange Pipp in '  apples in  2 kPa O2 at Chambers w ere 

adhered to frui t  at 20DC at an equatori al posi tion ,  the fru i t  sealed in C A  

bags through which a humidified 2 k P a  atmosphere (balance N2) 

ci rcu lated, and CA bags p laced in a contro l led temperature cabinet at 

ODe . 
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Figu re 3.6 Equi l ibrat ion of ( a )  Pco2 and (b )  P02 in surface chambers adhered to five 

' Braeburn ' apples i n  5 kPa 01 at O°C .  Chambers were adhered to frui t  at 

20°C at an equatorial posi t ion,  the frui t  sealed in CA bags through which 

a humidified 5 O2 atmosphere (balance circul ated, and CA bags 

p laced in  a contro l led temperature cabinet at O°C. 
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Figure 3.7 Equi l ibration of (a) Pco2 and (b )  P02 i n  surface chambers adhered to five 

'Cox ' s  Orange Pippin ' apples in air at 20°e. Chambers were adhered to 

fru i t  at 20°C at an equatorial posi t ion,  the frui t  sealed in CA bags through 

which humidified air  c irculated, and CA bags p laced i n  a contro l l ed 

temperature cabinet at 20°e.  
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Figure 3.8 Equi l ibration of (a)  Pe02 and (b)  Po] i n  surface chambers adhered to five  

' Braeburn ' apples in  a i r  a t  20°C.  Chambers were adhered to frui t  a t  20°C 

at an equ atori al posit ion , the frui t  sealed i n  CA bags through wh ich  

humidified a i r  c ircu lated, and C A  bags p laced in  a control led temperature 

cabinet at 20°C .  
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Figure 3.9 Equi l ibration of ( a) Peo2 and (b)  POl in surface chambers adhered to  

five ' Cox ' s Orange Pipp in ' apples i n  2 kPa O2 at 20°C.  C hambers were 

adhered to fru i t  at 20°C at an equatorial posi t ion,  the frui t  sealed in C A  

bags through which a humidified 2 kPa atmosphere (balance N2)  

c i rcu lated, at 20°e .  
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Figure 3.1 0  Equ i l ibration of ( a) Pco2 and (b)  POl i n  surface chambers adhered to  

five ' Braeburn ' apples i n  5 kPa at 20°e.  Chambers were adhered to  

frui t  a t  20GC at an equatorial posit ion , the  fru i t  sealed in  CA bags through 

which a humidified 5 kPa atmosphere ( balance N 2) c i rcu lated, and 

bags p laced in a control l ed temperature cabinet at 20°e .  
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3.6 .2  D i rect sam pl i n g  from the core cavity 

lAs were sampled destructively from the core cavity of  apples for est imating s ki n  

permeance to CO2 and O 2  and for characteris ing the I A  o f  frui t  held i n  During 

sampl i ng of  the core cavi ty atmosphere, apples were submerged in  water so  as to 

prevent mass f low of the external  atmosphere into the frui t .  The sample was taken 

using a 3 000 mm3 syringe ( Monoject, Sherwood Medical , St . Louis ,  U . S . A . ,  3 m l  

disposable syringe) fi tted wi th  a b lunt  50 m m  x I m m  cannul a  into which w a.'� 

inserted an entomological p in .  The pin prevented t issue blocking the needle  as i t  was 

inserted through the distal end of the frui t  in to core. retract ing the i nserted 

cannula  s l ight ly ,  the pin head fixed in tissue would remain in situ, and the sample 

could be slowly w i thdrawn from the core into the syringe. The sample syringe w as 

wi thdrawn,  needle removed and syringe capped and stored under water. Subsamples 

were wi thdrawn from the syringe using g l ass syringes (Hami l ton ,  1 00 

mm\ that had had their dead volume rep laced w ith water. The subsample w as used 

for analys is  of CO2, O2 and composit ion .  

For apples under CA, the CA con tainers were first sealed then inverted under  

water, and the frui t  removed and sampled without them coming in to contact wi th  the  

l aboratory atmosphere. 

3.7 M easured gas variab les 

When the internal partial  pressure of (P(�2 ' Pa) and (pe02 , Pa) are at 

steady-state and homogenous throughout the fruit ,  then the ir  rates of transfer between 

the internal and external environment are governed by Fick ' s Law of  diffus ion ( see 

Eg . 2.4: Burg and B urg, 1 965) .  Therefore, the key gas variables to measure are the 

interna l  and external  part ia l  pressures, rate of transfer and permeance of the 

physiological l y  i mportant gases, primari l y  oxygen (02) and carbon dioxide (C02) .  In 

this sect ion,  the methods of analysis of these variables are described. 
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3.7. 1 Gas analysis 

Al l  gas samples are measured on instruments w ith  detectors/sensors that respond 

to the absolute amount of gas measured in the gas sample (= n mol ) .  

Mole fraction composition o f  O 2  and was determined using a n  O2 electrode 

(Cit ice l l  CIS type, City Technology Ltd. , London, U . K . )  in series w i th a min iature 

infra-red C02 transducer w ith electronic l inearisation (Analytical Development 

Company, Hoddeston, U .K . ) ,  w ith Orfree N2 as carrier gas ( flow rate 5 80 m m" 5 - 1 ) . 
Output s ignals from the transducer and electrode were analysed us ing 

i ntegrators ( Hewlett Packard, models 3 394A, 3395 and 3 396) us ing e ither peak 

height or peak area modes .  

Un l i ke analysis gas chromatography ,  detection of wi th  the O2 elec trode i s  

rap id « 30 s )  and i s  not  influenced by argon and the response between 0% and 2 1  

has been shown to be l inear (Banks, 1 986) . A cal ibration curve w as prepared us ing 

e ight  O2 standards ranging from 0 .0% to 20.95% .  A coeffic ient of v ariation  (CV) for 

repeated i njections of standards ranged from 0.7 8  to 2.  using peak height data. 

L inear regression relationship between peak height and mole fract ion of  02 (N02. 

was: Peak height ::::: 2 .6 1 N02 + 0. 1 2  (r
2

::::: 0 .99) . Values for CV of peak height and 

peak area measurements of the 20.95% standard were 0 .6% and 0 .64% 

respectively.  High levels of CO2 can  acidify the O2 electrode and resul t  i n  

overestim ation of  effect was characterised us ing  three repl icate 100 m m3 

i njections of a range of m ixtures in O2 free N2 (0.0, 0 .5 ,  1 .0 ,  1 . 5 ,  2 .0 ,  3 .0 , 4 .0 ,  

5 .0, and 1 0.0  CO2) .  No response w as measured in  m ixtures  of  0 .0, 0 . 5  

Between 1 .0 and 1 0 .0 CO2 responses that were equivalent to between 0 . 0 3  and 

0. 1 4  O2 at 1 0  CO2, but w ith no consistent l inear i ncrease wi th  i ncreas ing  

When  level s of  CO2 above 0 .5  were present i n  gas samples, the  O2 sensor w as 

cal ibrated wi th  an O2 standard with an appropriate amount of CO2 present as 

described in section 3 1 .  

A cal ibrat ion curve w as prepared for for 5 standards ranging fro m  

0 .035% to 9 .96% . Linear regression relationshi p  between peak height and mole 

fraction of (Nco2. was: Peak height ::::: 0 .39 Nco2 + 0.06 (r
2 

::::: 0 .99) . I n  

general  the response o f  the CO2 transducer was more stable than the O2 e lectrode. 
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Mole fraction composition of ethylene (C2H4) w as determined b y  flame ionisat ion 

gas chromatography ( Ph il ips PU4500, Ph i l ips Act ivated Alumina 2 m x 4 .0  mm g lass 

column , gas flow rates of 500, 580,  and 5830 mm3 S · l  N2 carrier, H 2  a n d  air 

respect ive ly ,  and 1 30, I SO and 200°C for column, i nj ector and detector 

temperatures) .  The CV of ten repeat injections of a 9 .7  III r l  C2H4 standard using 

1 000 m m"' and 90 mm} injection volumes was lower using peak heights (0 .78% and 

1 .28% respectively) compared to peak areas . 

Mole fraction composition of the anaerobic volatiles, ethanol ( EtOH),  

aceta ldehyde ( Acet) and ethy l  acetate (EtAc) were measured using flame ionisation 

gas chromatography ( Varian 3400 Econocap Carbowax column, 30m x 0 .32  

mm ID,  fi l m  thickness 0 .25 �m,  Al ltech Assoc iates, Inc . ,  I l l inois ,  U . S . A . ;  gas flow 

rates of 20 .8 , 500 and 6666 mm3 S· I for and air respectively, and 1 30, 

1 50 and 300°C for column, i njector and detector temperatures, respective ly . 

3.7.2 Cal ib rat ion standa rd s  

Cal ibration o f  gas analysis instruments were made using e i ther volumetrica l ly  

prepared certi fied gas mixtures, or mixtures freshly prepared i n  the  l aboratory at  the 

t ime of the experiment.  

1 CO2 and O2 standards 

C al i bration standards for CO2 were ei ther 

balance Nz) or 9 .96 ± 0.02% 

± 

( i n  1 

CO2 ( i n  5 .05% Oz, 1 .97 

9.7 III rl CZH4, balance 

N2) certified gas mixtures (NZIG, Speci al Gases, Wel l ington, ) .  

C al ibrat ion standards for O2 were prepared from a cy l inder of compressed 

i nstru ment grade air composed of 20.98% O2, balance N2 (NZIG, S pecial  G ases, 

Wel l i ngton,  N .Z . ) ,  or for lower O2 standards, the certified gas m ixtures noted above 

were used. A humidified 0 . 5% CO2 volumetrica l ly  prepared standard w as used for 

respirat ion experiments. This was prepared by injecting 9400 m m} of pure CO2 from 

a cy l inder of compressed food grade (NZIG, Wel l i ngton, N .Z.) ,  i nto a 1 .8 1 5  x 

1 0.3 m} j ar, and the jar atmosphere pressurised w ith addition of 0 . 1 85 x 1 0-3 m3 of air .  
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Ambient level of CO2 was assumed to be 0.03 3 % .  The atmosphere of the standard 

bottle was humidified by injecting a drop of water into the j ar and st irr ing the j ar 

atmosphere .  

A fresh standard was made when the bottle partial pressure has decreased to that 

near atmospheric pressure. A l l  atmosphere samples from fmi t  at d i fferent  

temperatures were equ i l i brated to the temperature of the cal ibration gas ( laboratory 

air temperature) before inject ing into analysers. 

3. 

Two commerc ia l ly  prepared cert ified gas mixtures were used as standards for 

analys is  depending on amounts present in samples 

Wel l i ngton, N.Z. ) ,  e i ther: 

1 .97 ± 0. 1 III rl ( i n  2 .02% 5 .03% balance or, 

9.7 ± 0.3 III r l  ( i n  9.96% CO2 ,  1 9 . 8% O2 balance N2) .  

Special G ases, 

A freshly prepared 1 .0 III r l  standard was prepared for estimat ing  fmi t  

permeance using ethane efflux  as described below.  First a 1 000 III r l  C2H6 stock 

standard was prepared by i nject ing 2000 mm3 pure C2H6 (from a lectu re bottle of 

pure c ompressed C2H6, Special Gases, Wel l ington, N .Z . )  into a sealed j ar 

( 1 . 8 1 5  x 1 0-3 m' , Agee) and the j ar atmosphere pressurised wi th  addit ion of  0 . 1 85 x 

1 0-3 m] of air. After st irring  the atmosphere, a 2000 mm' subsample was removed 

from the stock standard and injected into a separate standard j ar ( 1 . 8 1 5  x 1 0-3 m' , 

Agee) t hat had been flushed w i th compressed dry . Final l y ,  the j ar was pressurised 

with addit ion of 0 . \ 85 x 1 0-3 m} of air ,  and used as a 1 �I r l C2H6 standard. 

3. 7. 3 Ethanol, acetaldehyde, ethyl acetate and ethylene 

analysis 

Separate gaseous stock standards (5000 �I r I )  were first prepared us ing redist i l led 

ethano l ,  acetaldehyde and ethyl  acetate kept at  O°c . For each compound, a sealed jar 
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of known volume ( 1 .  8 1 5  X 1 0-3 m', Agee) contain ing  a magnetic stirrer bar w as used 

as fol lows:  

1 )  1 X 105 mm) air was removed using a 6 .0  x 1 0'-l mm} syringe ( Omnifi x ,  R Braun,  

Welsungen,  AG. ,  Germany) ,  

2 )  a known aliquot of l iquid compound was added to the  j ar us ing g l ass syri nges 

( Hami l ton ,  25  or 50  mm} gas t ight syringes) through a rubber septum in the j ar l i d, 

3 )  the compound was al lowed to volati l i se, aided by st irring w ith the magnetic 

sti rrer, 

4) the j ar was brought  back to atmospheric pressure by Insert ing a syringe needle 

through  the septum, 

5 )  the j ar atmosphere was pressuri sed with addit ion of O. J 85 x 1 0-3 m} of air, and the 

jar atmosphere stirred for a further period at room temperature. 

The calculation of the volume of l iquid ethanol Uiq») required to make up a 

5000 �ll r l  EtOH (gas) stock standard was made as fol lows, and assumes EtOH 

behaves as an Ideal Gas:  

v 
R ( T  + 273. 1 5) 

where: n == absol ute amoun t  gas i n  a given sample (mol )  

Plot == total pressure i n  system 

R == g as constant (8 . 3 1 43 mor l K I )  
T == temperature ( DC)  

V == volume (m3) 

(3 .6) 

Therefore , the number of moles of gas in  1 .8 1 5  x 1 0 ' ml at 20DC (293 . 1 5  K) and 

1 1 1 65 3  Pa i s :  

n 0.08 3 1 4 mol  (3.7) 
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For the gaseous stock standard, the mole fraction of EtOH (gas) required at 200e 

is 5 x I O-J mol mor l , and the number of moles of EtOH (gas) in th is  amount i n  1 . 8 1 5  

x I O-J ml i s :  

n�;6H :::: 5 x l O-3 ( mol mol I )  0.08 3 1 4 ( mol ) 

4 . 1 57  X 1 0-4 mol 

The mass of EtOH in  4. 1 57 x 1 0-4 mol is :  

where : 

M :::: n M R ::: 4. 1 57 x l O-+ ( mo l )  46.0688  mol l ) 

1 .9 1 5  x l O-5 kg 

M :::: mass of EtOH (gas) 

:::: relative molecular mass of EtOH 

::::: 46.0688 g rna! I ) 

(3.8) 

(3.9) 

The volume of EtOH at ooe required to volati l i se to produce 1 .9 1 5  x 1 0-5 kg at 

200e is :  

M V = -o -
PEtOH 0.80625  x 1 (3.1 0) 

23.750 mm3 

Using the same procedure, the volume of acetaldehyde and ethy l  acetate at O°C 

required to make 5000 III r l stock standards w as c alculated: 

acetaldehyde (CH]CHO, MR ::::: 44.05 3 ,  pO ::::: 834 .0 kg m]) ::::: 2 1 .95 m m] 

ethy l  acetate (CH]COOC2H", MR ::::: 8 8 . 1 06 ,  pO ::::: 902 .0 kg m) :::::: 40.60 mml 

From the 5000 III r l stock standards,  a combined standard contain ing 1 00 III  ) " 1  of 

Acet and EtAc and 50 II I r l 

m', Agee) as fo l lows:  

was prepared in  a sealed j ar ( 1 .825 x 1 0-3 
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1 )  4 .0 x 1 0-5 m� of each  of EtOH,  Acet and EtAc 5000 III 1 ' 1 stock standards were 

transferred from the stock standard j ars to the combined standard j ar us ing 

separate 6 .0 x 1 04 mm' syringes (Omnifix ,  B Welsungen, AG. , Germany) ,  

2 )  1 00 mm
] 

of C2H4 from a lectu re bottle of 99.9% pure compressed C2H4 ( NZIG, 

S pecial Gases,  Wel l ington, N .Z. ) was injected in to the combined standard j ar 

using a g lass syringe ( Hami l ton, 1 00 mm} gas t ight syringe) .  

3 )  the j ar atmosphere was pressurised with addit ion of  0 . 1 85 x 1 0-3 m' o f  air, and 

stirred with the aid of  a magnetic stirrer. 

The volume of each stock standard added to the combined standard j ar was 

calculated by the fol lowing equation : 

where : 

VI'( ock :::: ----'---"--"-'-NSlOck 

NSlllck :::: mole fraction of stock standard (5000 III r I ) 

(3. 1 1 )  

N.Hd :::: mole fraction of required in  the standard ( 1 00 III r l ) 

V,lock :::: volume of stock gas required ( m}) 

\!>td :::: total volume of combined standard ( m\ 

3.7.3 Convers ion  of u nits for amounts of gas i n  sam p les 

Results of analyses were reported b y  in tegrators a s  mole fractions ( Nobel,  1 99 1 ;  p .  

7 1 )  e ither, for CO2  and O2  or III r l  for ethanol, acetaldehyde and ethy l  

acetate . Al though concentration differences (mo l  m ' ) are the prime driv ing  forces 

for d iffus ion-mediated gas exchange ( Nobel ,  1 99 1 ;  p.  409) , Banks et al. ( 1 995)  

recommend the use of  part ial pressures as  units for driving force for permanent gases 

in the gas phase . Consequent ly we have expressed O2 and 

but report anaerobic volati les as concentrations.  

as part i al pressures 
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3. 3. 1 Converting mole fractions to partial pressures 

Conversions of mole fraction amounts were made by adjusting for the tota l  system 

pressure using the fol lo wing equation : 

where :  

P j N j PlOt 

= 

Pi = 

PIOI = 

mole fraction of  gas species j 

partial  pressure of gas species j (Pa) 

total system partial pressure ( Pa) 

(3. 12)  

The total system partial pressure was  approximated as  the  l aboratory atmospheric 

pressure measure w ith an e lectronic alt imeter/barometer (Barigo, GmbH, D-7 330, 

V i l l imgen-Schwenningen, S witzerland). Some data were adjusted using 0900 h 

measurements of atmospheric pressure recorded at the Palmerston North Ai rport 

( National Insti tu te of  Water and Atmospheric Research,  Wel l ington, N.Z. ) . 

3. Calculation of concentrations o f  dissolved O2 in 

equilibrium with of partial pressures o f  O2 

Oxygen in the i nterce l lu lar air space dissolves i n  water i n  the in terstices of the cel l  

wa l l  from where i t  diffuses through the cel l wal l ,  p lasmalemma and symplasm.  The 

diffusiv ity of gases are about 1 04 t imes greater in the gas phase than in w ater ( Foust 

et  al . ,  \ 980) .  The concentration of dissolved O2 at equi l ibrium at a given temperature 

is  described by Henry ' s  Law, were calcu lated from its part ial pressure in the g as 

phase and its solub i l ity in w ater ( Lendzian and Kirsteins ,  1 99 1 ) : 

(3.1 3 )  

w here : 
T 

= concentration of O2  in H20 at a given temperature, T 

(mol !TI' ) 
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T S02,H20 ::: 
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partial pressure of 

solubi l i ty of 

(mol m l Pa- I ) 

1 11 

in the interce l lu lar air space ( Pa) 

at a given temperature, T 

The solubi l i ty of in a medium at a given temperature, i s  equivalent to the 

Henry ' s  Law constant .  Henry ' s  Law is  accurate only for relatively low 

concentrations and pressures ,  and for gases that do not react s ignificantly with the 

solvent Lowering the temperature increases the solubi l i ty of O2 so that the solut ion 

concentration corresponding to a given part ial pressure would be 50% h igher at 

than at 

3. 3 Converting mole fractions concentrations 

The accumulation of  anaerobic volati les ( ethanol ,  acetaldehyde and ethy l acetate )  

was e xpressed i n  terms o f  concentrations using fol lowing equation: 

where : 

3.7.4 

4. 1 

PlOt C.T = --�--j,air R (T + 273. 1 5) 
(3. 14) 

T 
,llf = concentration of j in air at temperature T (mol  m-) 

N} = mole fraction of gas j ( Il l  r I )  

Rates of t ra nsfer of p hysiological  gases 

Rate of respiration 

Cel lular respi rat ion occurs in mitochondria and is the source of ATP production 

(other than in ce l l s  where functional chloroplasts are more abundant) through 

oxidative phosphoryl ation (Nobe l ,  1 99 1 ) , indirectly driven by the strong 

thermodynamic tendency for O2 to be reduced. Under aerobic conditions, and 

depending on the substrate .  the respiratory quotient (RQ) or ratio of rate of  CO2 

released to O2 consumed ( rc02 i s  normal ly be c lose to unity \Blanke, 1 99 1 ) . 
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Apples are c l imacteric fru it and during the c l imacteric rise  in respiration, C02 

production and 02 uptake can increase by 50 to 1 00 %  apparently without any rise in 

RQ (Fidler and North , 1 967 ) .  

Pretreating apples with and subsequent cool-storage resulted in  inducing a 

c l imacteric rise in re02 . Postc l imacteric frui t  were removed from cool-storage at 

d ifferent t imes for use in the e xperiments. The physiological s tatus of fru i t  rem oved 

from cool-storage over t ime was monitored by estimating reo2 and ethylene 

product ion (rc2H4) of a random sample from the population of  frui t  removed. Fruit  

removed from cool-storage were brought to physiological equi l ibrium by storing 

them in a i r  in a dark constant temperature cabinet for a t  least 24  h .  Except when rco2 
was being estimated for fruit at a range of temperatures, reo2 was est imated for frui t  

equ i l ibrated at  either 0° or 20°e. 

Two methods are typical ly  used for estimating for whole plant organs,  flow 

through ( s teady s tate) and c losed systems (non-steady state) ,  the  flow through 

system,  the plant organ of known mass is  enclosed a container through which a 

metered flow of humified air of  known flow rate i s  passed. The composit ion of  

(and though rarel y  due to inaccuracies in measuring the smal l  uptake o f  O2,) in 

the in le t  and outlet streams are measured and rco2 calcu lated on the bas i s  of the 

crop' s m ass ,  air f low rate and change in or O2 (Burg and 1 965 ; Cameron,  

1 982 ;  Kader, 1 987 ;  Reid et  ai . ,  1 97 3 ;  So\omos, 1 989) .  The flow through system can 

als o  be used for est imating ethylene production rate and water vapor flux (Ben

Yehoshua and Cameron, 1 988) .  

The c losed system for estimating rcoz requires the  plant organ of known mass to 

be sealed in a c ontainer o f  known volume, and the (and O2) compos i t ion of the 

j ar atmosphere measured at the beginning and end of a specific period of  t ime . This  

system can also be  used for estimating e thy lene production rate .  Estimates of reoz 
using thi s  system have been reported for many studies (Banks 1 984a, b ;  Burg and 

Burg, 1 965 ;  Cameron,  1 982 ;  Rajapakse et a i . ,  1 990) . This non-steady state method 

has l imi tations in  that accumulation of CO2 and ethylene can influence rcoz. 
However, these effects can be minimised by ensuring the measurement period is such 

that these gases do not accumulate to physio logical ly  significant levels in the 

container. 
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The c losed system was used i n  the present study . S i ng le  frui t  were sealed i n  

respiration j ars ( 5 . 8  x 1 0-4 m3 Agee j ars)  of known volume that had been completely 

covered in black tape to exclude l i ght .  The were l eft for approx imatel y  5 

minutes during which t ime the part ia l  pressure of w ater vapour i n  the j ar wou ld  reach 

near saturation as a resul t  of frui t  transpiration. At  that t ime ( t=:O) , two samples  of 

the jar atmosphere were removed by flushing and s l ight ly overfi l l in g  1 000 mm3 

syringes (Becton Dickinson Medical Products Pte Ltd. ,  S ingapore, or Monoject,  

Sherwood Medica l ,  S t. Louis ,  U .S .A . ,  I ml Tubercul in  disposable syringe) .  One 

sample w as used for measuring CO2 by infra-red gas analysis (IRGA), and the second 

for by gas chromatography.  For C02, exact ly  1 000 mm' was i nj ected i nto the 

IRGA which had been ca l ibrated w i th a humidified 0 .5% C02 volumetrical l y  

prepared standard. Before removal of  final samples ( t:::: 1 800 s or 3 600 s for frui t  at 

20 and O°C respect ively)  the j ar atmosphere was mixed by flushing w ith a I x 1 04 

mm' syringe .  Final CO2 leve l s  i n  respiration jars were not permitted to exceed 0 . 3% .  

The feoo was estimated using the fol lowing equation: 

where :  

M 
20 P fruil rC02 = -'----�--'----

R (T + 27 3. 1 5) M 
(3.15) 

M 
t1{Jeo2 :::: d i fference in  part ia l  pressure of CO2 between 

i n it ia l  and fina l  measurements over time 6.t (Pa) 

M :::: fru i t  mass (kg)  
20 

frui t  density at 20°C (kg  m- ' )  p/ruil ::::: 

rco2 speci fic  rate of transfer of between internal and 

external atmospheres ( mol kg- I S- I ) 

R ::::: gas constant ( 8 . 3 1 4 3  m' mor l K I )  

T :::: fru i t  temperature (OC) 

6.t :::: difference i n  time between in i t ia l  and fina l  sampl i n g  of 

(s )  
V;ur ::::: volume of respi rati on jar (m') 



3 General Materials and M ethods: 1 1 0  

A calculation of the percentage of total variance due to frui t  and method of 

estimating of rco2 was made using postc l imacteric ' Brae burn ' apples at 20°C. Two 

estimates of rc02 were made on each of 1 5  fruit ,  5 h apart. An analys is  of variance 

w as performed on the raw data using the PROC GLM procedure of the SAS system 

(SAS, 1 990) .  The frui t  accounted for 93 . 5% of the variance and the rco2 method 

6 . 5  of  the variance. 

3. 7. 4.  Ethylene production rate 

is an indicator of the maturity 

and ripeness of apples .  Ethy lene production in apples increases about 1000 fol d  at 

the same time as the c l imacteric i ncrease in rc02 (Reid et at. , 1 973 ) .  The rC2H4 w as 

estimated for the same frui t  for which rco2 was detemlined, as described above us ing 

the fol lowing equation:  

R (T  + 273. 1 5) M t1t 
(3. 1 6 )  

where :  d ifference in  part ial  pressure o f  C2H4 between 

in i t ial and fina l  measurements over t ime t1t (Pa) 

s pecific  rate of transfer of between i n ternal and 

external atmospheres ( mo l  kg- I S- I )  

A calculation of the percentage of total variance due to frui t  and method of 

estimat ing of "C2H4 was made using the same frui t  and method described for rc02 

above ( section 3 .7 .4 . 1 ) . The fru it accounted for 96.3 %  of the variance and the rC2H4 

method 3 of the variance.  
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3.7 .5  E st im at ing  fru i t  sk in permeance to gases 

two methods described below estimate whole  fruit  permeance to  e i ther e th ane 

(non-steady state method) or CO2 and O2 (s teady s tate method)  and approximate the 

sk in  penneance. 

3. 5. 1 Permeance to ethane 

Permeance o f  apples to e thane (P�2H6 ' mol s - I m-2 Pa- I ) was est imated us ing the 

non-steady state ethane efflux  method ( B anks,  1 98 5 ) .  

used: 

fol lowing procedure was 

1 )  ind iv idual apples of  known mass, equ i l ib rated to 20 ± O's°C, were sealed in g l as s  

j ars w ith qu ick  release l ids ( approximate l y  1 . 1 x 1 O-
3 

2 )  1 000 mm3 sample of ethane from a lecture bottl e  compressed pure C2H6 (NZIG, 

S pecia l  Gases, Wel lington, N.Z. )  was i njected i nto each j ar through a septum i n  

the l id ,  and the j ar atmosphere stirred for 6 0  s w ith the a i d  of a m agnetic stirrer,  

3 )  j ars were p l aced i n  a dark control led temperature cabinet at 20 ± O. soC overnight  

to a l low the C2H6 to  equ i l ibrate throughout the  apples, 

4 )  a s ing le  j ar wi th frui t  enc losed was removed to a fume hood and the atmosphere of 

the j ar st irred again for 60 s ,  

5 )  a 1 000 mm3 sampl e  of the  j ar atmosphere was removed w ith a 1 000 m m3 syringe 

(Becton Dickinson Medical Products Pte Ltd . ,  S ingapore) and i njected i n to a 

d i lution j ar (0 .48 1 x 1 0-3 m3) ,  

6 )  the  frui t  w as quickly removed from the  sealed j ar, rotated i n  front  of  a fan to  

d isturb the  boundary l ayer around the frui t  for approximate ly  5 s ,  then sealed i n  a 

g las s  j ar of known volume ( 1 .098 x 1 0-3 m3) wi th  a magnetic st irrer operat ing,  

7)  upon seal i ng  the j ar a t imer w as started and two 1 000 mm3 samples removed 

s imultaneous ly w ith syringes after each of 30, 60, 90, 1 20 and 1 50 s (dur ing the 

l inear phase of C2H6 efflux ) ;  the needles of the syringes were in serted in to a 

rubber bung to reduce leaks ,  
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8 )  samples were analysed for the mole fract ion of C2H6 present by gas 

chromatography us ing the same analys i s  condit ions as for C2H6 described above, 

and the procedure repeated for the other frui t .  

Permeance to C2H6 was calcu l ated as : 

where: 

Vnet 
:::: 

H "  init 

PC2Ho 

dPC2Hn I dt 
R 

T 

Vnet 

:::: 

:::: 

:::: 

= 

::::: 

R ( T + 
(3.17) 

i n it ial paI1ial  pressure of ethane in the frui t 's 

i nternal atmosphere (Pa) 

rate of c hange ethane part ial pressure (Pa S- I ) 

gas constant ( 8 . 3 1 43 m" mor l K l ) 

frui t  temperature (OC) 

net volume ::::: j ar vo lume - frui t  vo lume ( m3) 

The PC2H(, was estimated from the amoun t  of (Ill r l ) i n  the d i l ut ion j ar 

mul t ip l ied by the d il u tion factor (48 1 ) . rate of efflux  of C2H6 from the frui t  

(dPC2HO / dt) was estimated by l inear regression and only frui t  for w hich  the regression 

had an � 0.97 were used. Fru i t  volume was est imated from frui t  mass and mean 

dens i ty (see section 3 . 8 .6 ) .  Fru i t  surface area was est imated as described in section 

3 . 8 . 5 .  

3. 5. 2 Permeance to CO2 and O2 

Permeance values of app les to  CO2 and O2 (P�02 and P�2 ' mol S- l m-2 Pa- I )  were 

est imated from measures of the internal and external partial pressures of CO2 and O2  

and respiration rate 

fol l o wing equat ion : 

for apples at steady-s tate. Pcoz was calcu lated us ing the 
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where :  

---- - -. -
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M Peo" :::: _____ ---"C-.-____ ---:-' A  ,core - N eo, , room ) P tol 

mole fraction of CO2 in the core cav i ty 

( mol  mor l ) 

(3.18)  

mole  fraction of CO2 in  the  room ( mo l  mor l ) ,  

typ ical l y  3 . 5  x 1 0-4 mol mar l . 

This  steady-state method assumes that the composition was homogenous 

throughout the fru it (Burg and Burg, 1 965) .  Assuming RQ :::: I ,  P(�2 w as calcu lated 

(3.1 9) 

where: mole fraction of the core cavity (mol mar l ) 

:::: mole fraction of i n  the room ( mo l  mar l ) ,  

typical ly 0.2095 mol mor I , assumin g  air  w as dry . 

Frui t  area was est imated as described in  section 3 . 8 . 5 . 

3 . 8  Measures of oth e r  f r u it att r ib utes 

3 .8 . 1  Fru i t  t issue f i rmness 

Frui t  firm ness (F, N ;  the force requ ired t o  penetrate the cort ical t i ssue)  o f  apples  

e qu i l ibrated to 2°C, was measured wi th a press-mounted ( B lack and Decker e lectric 

dri l l  press )  penetrometer (0- 1 2  kgf Effeg i ,  fitted w ith an 1 1 . 1  mm diameter head;  

Facchi n i ,  Alfonsine,  I taly ) .  A 1 mm th ick  s l ice  of  skin/outer cortex  w as removed 
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from opposi te s ides  of apples at an equatoria l  posit ion as s ites for penetrat ion of the 

penetrometer head . Fru i t  firmness was determined as the mean value of firmness  

measurements at  these two s i tes for 20 apples randomly selected from the popul ation 

used for an experiment. Penetrometer was cal ibrated using a 3 deci mal  p l ace top 

loading balance ( Mettler FM 460 Delta range, Mettler Instrumente AG Greifensee

Zurich ,  S wi tzerland) .  The penetrometer values were converted to newtons ( N )  by  

mul t ip ly ing  values in  kg  by 9. 807 (Soule ,  1 98 5 ) .  

3 .8 .2  Fru i t  tota l  sol ub le  sol id s  content 

Total so lub le  sol i ds content (SSC,  %)  of apples equ i l ibrated to  20°C was 

determined us ing a hand held refractometer (0-20% Atago, Atago Co. ,  Ltd. ,  Tokyo, 

Japan) cal ibrated at 20°C to 0% wi th d isti l led  water. Measurements were made by 

mixing a drop of juice from each of the two penetrometer wound s i tes i n  the 

penetrometer, and the mean determined for 20 randomly selec ted appl es from a 

popu lat ion used for an e xperiment. 

3 .8 .3  Starch i ndex 

The pattern of  starch hydrolys is  t o  soluble sugars was determined us ing t h e  starch 

iodine test (Reid e t  al., 1 982) .  Each of 20 randomly selected app les per e xperiment  

was cut  transversel y  at the equator, and one ha lf  w as p laced, cut surface dow n ,  for 3 

minutes i n  a solution of potassium iodide and iodine ( 1 0 9 potass ium iodide, g 

iodine disso lved i n  1 .0 1  of water) . The result ing pattern of stained t issue on the cut 

surface was scored us ing c harts on a scale of 0 to 6, where 0 indicated the l east and 6 

the most starch to sugar conversion.  Index charts specific  for N 'Cox ' s  Orange 

Pippin '  and ' Braeburn ' cul ti vars were used (ENZA New Zealand ( International ) ) .  

3.8 .4  Fru i t  backgrou n d  sk in colour  

The ba.c kground skin colour, determined as l i ghtness (L) and hue angl e  (HO) w as 

measured us ing a chromameter (Minolta, CR-200, M inolta Camera Co . ,  Ltd . ) .  The 
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measurements were made for two areas of skin (non-blushed areas) on  e ac h  of 20  

randomly-se lected apples from a popu lation used for an  experi ment .  The 

c hromameter was ca l ibrated wi th a green ca l ibration t i le ( Mino l ta Camera Co. ,  Ltd. ) .  

The chromatic measurement system w as used ( as dist inct from 
* * 

, a  ,b  

values) as i t  i s  considered more descriptive of the perception of colour  by the  human 

eye (McGuire ,  1 99 2 ). 

3.8 .5  Fru it s u rface area 

Frui t  surface areas were estimated from frui t  mass us ing the formul a  (C layton e l  
at . ,  \ 995 ) :  

where : 

3.8.6 

A :::: 0.05 8 1 M 0 685 

A 

M :::: 

fru i t  surface area ( m") 

frui t  mass (kg ) .  

Cort ica l  t issue porosity and dens i ty 

(3.20) 

Tissue porosi ty (£, m) m-I) and tissue density ( p ,  kg m-I ) were est imated us ing  5 

mm wide l ongitudinal  wedges of t issue from which the sk in  had been removed us ing  

a method based on  the  Archemedies '  princ ip le  (Raskin ,  1 98 3 ) .  A wedge of t i ssue  

w as suspended from a hook beneath an  analytical  balance ( Mett ler AE200 Mett ler 

Instrumente AG Gre ifensee-Ztirich, Swi tzerland) and the volume of the t issue 

determi ned: 

(3.21) 

where :  rnass o f  non-infi l trated wedge in  air (kg)  
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apparen t  mass of non-infi l trated wedge submerged i n  

water (kg)  

density of water at 200e 

volume of submerged port ion of hook (m') .  

volume o f  wedge ( m\ 
Wedges of t issue were vacuum infi l trated with water (a final  pressure c lose to 0 

kPa was achieved in three minutes, maintained for a further three minutes, then 

rap id ly  released and the s l ices left submerged for two to three minutes un t i l  

complete l y  infi l t rated) .  The apparent mass of infi l trated wedges submerged i n  w ater 

was determined and £ calcu lated: 

E :::: (3.22) 

where :  £ :::: t issue porosi ty ( m' mol) 

:::: apparent  mass of infi l trated wedge submerged i n  w ater 

(kg) .  

Cort ical t issue dens i ty was ca lcu lated as : 

3 . 9  D iscuss i o n  

(3.23) 

M in imis ing  sources of e rrors was thought to be part icu lar ly  c rit ical  when 

measuring  low O2 atmospheres i n  these studies, because of the l arge d ifference i n  

leve ls  between air and many o f  the samples .  Leakage of O 2  i nto o r  from samp l i n g  

syringes cou ld  resul t  from poorly maintai ned syringes, o r  syringes contai n i ng 

samples that were left for long periods before analys is ,  part icu lar ly  p l ast ic  syringes 
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( B l an kenship and Hammett , 1 987) .  A s  a resul t  o f  s l i ght negative p ressures  i n  surface 

chambers compared to atmospheric pressure ,  when gas samples were taken from 

surface chambers, it was crit ical to withdraw syringe needle  through a w ater 

to prevent uptake of atmospheric Water sucked into the syringe needle was 

expel led before inject ing the sample  i nto the analyser. 

in  measuring composit ion of gas samples coul d  ari se i f  the sampl e  was not 

equ i l ibrated to the temperature of the standard used to ca l ibrate i nstruments 

( B anks and Cle land,  1 993) .  For example, a sample  at immediatel y  i njected into 

an anal y ser cal ibrated with a standard at 20°C wou ld resu l t  i n  an over-estimate of the 

actual amount by 298 . 1 5/273. 1 5  = 1 .09 1 5 . and Cle land  ( 1 99 3 )  noted that 

equ i l ibrat ion of samples to l aboratory temperature is normal ly  rap id  due to the 

thermal mass of the injection syringe being  the predominant detenninan t  of sample 

temperature. I n  practice a number of g lass gas-ti ght syringes kept at l aboratory 

temperature were used in rotation when samples were taken from frui t  in treatments 

in  which temperature differed markedly  from that of the laboratory . 

was sensit i ve to w ater vapour, as we l l  as and i t  w as considered 

i mportant for standards to have s imi lar water vapour pressures as s amples, 

part icular ly when measuring smal l changes in over t ime as in the e st imation of 

respiration rates .  The response of the transducer to C02 was inherent ly  non-

l i near, and the s ignal  was l inearised e lectronical l y .  Although a l i ne ar curve was fitted 

for level s  of between 0 and 1 0  %, i t  was also thought to be important to use 

standards c lose to the expected values for samples .  

The part ial pressure of O2  in  surface chambers was reduced by the p art i a l  pressure 

of w ater vapour which was assumed to alw ays at saturated equ i l i br ium. The 

e lectrode was not sensit ive to water vapour and always responded to the actual partia l  

pressure of O2 i rrespective of  the  part ial pressure of O2 present i n  the  sample .  

However the  O2 e lectrode was  affected by the leve l  of  CO2 i n  samples .  H igh leve l s  

acidified the  sensor membrane and resul ted in  over-estimat ion of O2 leve l s .  Thi s  

effect w as min imised by cal ibrat ing the e lectrode w ith a n  standard that 

incorporated parti al pressures of CO2 c lose to that expected in samples .  

B oth non-i nvasive ( surface chambers) and invas ive (direct sampl ing  and 

cannul ation ) steady state methods of measur ing lAs were used in  these studies.  The 
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surface chamber method w as t ime consuming to apply ,  depended on a perfect seal 

between the frui t  skin and the chamber, and requ ired 60 to 96 h to corne to steady 

state . However,  surface chambers were considered suitabl e  for moni tori n g  c hanges 

in lAs in postc l imacteric apples under Given the seal between a g l as s  surface 

and chamber  is perfect, it was calcu lated that it would take 434 days for the c h am bers 

to corne to 99 .9% equi l i brium wi th external atmosphere. Therefore, g iven there i s  

a perfec t  seal between skin and chambers ,  the exchange of gases between fru i t  and 

chamber wou ld  be exc lus ive ly  through the skin beneath chambers . More rapid 

equ i l ib ration t imes may have been possib le ,  if a chamber of s imi lar volume but  w ider 

diameter had been used on frui t .  For the surface chambers used in these studies,  the 

amount of adhesive covering the sk in  around chamber w as kept to a m i n i mu m  

(approx imate l y  a 3 m m  wide annulus)  t o  min imise any effect o n  altering subcul t ic lar 

lAs .  A chamber of l arger diameter wou ld  also have reduced the rat io  of sk i n  surface 

beneath the chamber to adhesive covered skin surface .  frui t  a t  20°C in  a ir, the 

equ i l ibration t imes represented ' physical  equ i l ibration'  of the cham bers as the frui t  

were a l ready a t  equ i l ibrium physiological ly .  However, for frui t  whose rate of 

respiration w as adj us ting  to e i ther a reduction in frui t  temperature or low P02 ' 

equ i l i bration t imes represented a combination of physical and 'physiological  

equ i l i brat ion ' as the t ime to reach physiological  equ i l i brium was greater than that to 

ach ieve  physical  equi l ibrium .  Because of th is  l ag in  reaching steady state, the surface 

chamber method would not be as suitab le  for frui t  i n  which rates of respirat ion are 

changing rapid ly ( such as frui t  in c l imac teric phase , and/or for frui t  at h igher s torage 

temperatures )  as the atmosphere of surface chambers may on ly  reach a quas i -steady 

state . Occasiona l ly  surface chambers did not adhere we l l  to the sk in  and fel l  off or 

were eas i l y  knocked off the fru i t .  The lAs of these fru i t  were sampled at the end of 

the experiment by direct sampl ing  from the core cav i ty along w ith those w i th surface 

chambers st i  11 attached. A comparison of the surface chamber method and a 

cannul at ion technique for moni toring  lAs i s  presented and discussed i n  some detai l i n  

chapter 8 .0 .  

Errors in  measuring the  difference part ial pressures of  CO2  and 02  i n  respiration 

jars arise un less  the part ia l  pressure of w ater vapour in the j ars h as come to  a 

saturated equ i l i br ium before sampl ing .  I f  not at equ i l ibrium,  over-est imation of 
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i n i t ial part ia l  pressures compared to fina l  measurements resu l t  as w ater vapour 

d i lutes the composi tion of gas mixtures in  proport ion to i ts own concentratio n . This  

effect i s  dependent upon re lat ive humidity (RH)  and temperature ( A S HRAE, 1 986) ;  

errors would be  expected to  become increas ingly  l arge as fru i t  temperature increases.  

B anks and Cleland ( 1 993) estimated the error associ ated with d i lu tion for CO2 as 

about  1 . 5 %  of  the true value for a hypothet ical fru i t  of 0. 1 6  kg in a volume of  1 . 6 x 

1 0-.1 !TI' at 25°C.  Th is  error i s  smal l in  comparison to other sources of  variat ion,  such 

as poor seal ing of respiration j ars ,  changes in  the response o f  sensors ( i ns trument 

ca l ibrat ion) ,  and l oss of sample through absorpt ion of gases into p last ic syr inge 

components i f  samples are not measured i mmediate ly .  However, the e rror associated 

wi th di l ut ion for O2 measurements would be substant ial such that for an in i t ial 

reading of  pth in  an atmosphere at SOLk) RH and the increase i n  w ater v apour 

parti al pressure due to transpirat ion,  would cause a depression i n  Po) at the t i me of the 

final  measurement greater than that due to O2 uptake. addit ion to the e rrors 

associated with water vapour  pressure, the change in  e relat ive to in i t i al 

atmosphere values i s  smal l compared to that for peo2 and may resu l t  in  unre l iab le  

measurement of O2 uptake. For these reasons uptake i s  seldom attempted us ing 

the static system adopted for est imat ing rco2 •  The O2 e lectrode was not  su i table for 

measuring  the smal l changes in O2 uptake during respiration measure ments .  

S I  uni ts  have been adopted throughout (Downs ,  1 98 8 ;  Sal i sbury , 1 99 1 ) , as  

recommended by B anks et  al .  ( 1 995)  for postharvest exchange researc h .  Mole 

fract ions are eas i ly  converted to part ia l  pressures wh ich provide a more meaningful 

measure of driv ing force in  gas exchange. Expressed as kPa, the values are s imi l ar 

enough to values t.o be immediatel y  mean i ngfu l .  Uni ts  for rates of transfer  of 

gases are typical l y  reported in postharvest l i terature as the volume or mass of  a gas 

produced or consumed per uni t  c rop mass and t ime ( m l  kg- I S· l ) .  The rates are then 

often converted to the mass of  gas produced or the mass evolved per un i t  c rop  mass 

and t ime (mg kg- l S· l )  to remove the effec t  of  temperature on the volume of  gas .  

H owever, o n  a mass bas i s ,  values for the rate of released and O2 consumed i n  

respiration would appear qui te differen t  because o f  the differences i n  their  molec u l ar 

weights ( mass of CO2 re leased wou ld  be 44/32 t imes as great as the mass of  O 2  

consumed per u n i t  t ime) .  B anks e t  a i .  ( 1 995 )  recommend that rates of transfer be 
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expressed i n  absolute terms per uni t  mass of frui t  ( mol kg' l S ' I )  as th is  a llows  

physiologically meaningfu l comparisons to  be  made, and wi l l  fac i l i tate more reali st ic  

models  of e xchange . 

The two methods are described in  sect ion for estimat ing frui t  permeance. 

The non-steady state ethane efflu x  method was developed by Cameron and Yan g  

( 1 98 2 ) .  Ethane has a s imi lar molecular weight to N 2  and 02, has d iffus ion propert ies  

s imi lar to and O2, and under normal conditions i s  not s ignifi cantly metabol ised 

by the fru it .  The Cameron and Yang ( 1 982 )  method i s  t ime consuming, requ i ring  

several hours for ethane to  equ i l ibrate in  the fru i t  and measurement during the  eftlux  

phase . B anks ( 1 98 5 )  modified th i s  method to  reduce the  t ime taken to  est imate 

efflux  k inetics but sti l l  requires the lengthy equ i l ibration phase,  and is the techn ique 

used in these studies.  B oth methods require an accurate estimate of frui t  skin area, 

assume ethane is un i formly di stributed throughout the cortex ,  and the sk in  i s  the 

principle barrier to efflux  of ethane from the fru i t .  K nee ( 1 99 1  a) reported a rapid 

ethane efflu x  technique where the loading and efflux  phases are reduced to 20 

minutes.  This technique requires an accurate estimate of the in ternal volume of the 

frui t  accessible to e thane. If the cortex i s  not a s ign i ficant barr ier to efflu x  of e thane, 

values for P�2H6 would approx imate skin permeance to ethane. Whi le this i s  a 

reasonable assumption for apple t issue, it wou l d  not be for some frui t  wi th  low 

porosi ty ( Cameron,  1 98 2 ) .  A lso  ethane would not be  suitable for use  w ith frui t  w i th 

h igh l ip id contents, such as avocado, due to i ts  h igh solubi l ity i n  l ip ids (So\omos, 

1 987) . 

steady-state method for estimat ing frui t  permeance requires acc urate 

measurement of lAs,  respiration rate, and fru it surface area ( B en-Yehoshua and 

Cameron , 1 98 8 ) .  Estimates of P�02 and P�)2 using lAs of the core cavity represent 

w hole fru i t  permeance. Skin perrneance could be estimated us ing  this method if  IA 

composition was homogeneous or i f  subcuticular lAs were u sed.  The steady-state 

method has been used successfu l ly  for a wide variety of gases and t i ssues ( Burg and 

B urg, 1 965 ; Cameron,  1 98 2 ;  Cameron and Reid, 1 982 ;  Dadzie ,  1 992) ,  and w as the 

preferred method in these studies as i t  was less t ime consuming .  

I n  conclusion , for these studies i t  was necessary to measure very low partial 

pressures of O2. Given the high ambient part ial pressure of O2,  careful attent ion w as 
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g iven to identify ing and minimis ing potent ial sources of error i n  sampl ing 

procedures, sensor characteristics and procedures for estimat ing gas  variables .  The 

electrode was used primari l y  because of its response and se lectiv i ty of 

wi thout interference from argon,  water vapour or anaerobic volat i les .  However, i t  

was necessary t o  cal ibrate wi th O 2  s tandards incorporating a t  partial  p ressures 

s imi lar to that being measured in  fru i t ,  part icu larly anaerobic frui t  w i th low POl and 

high peo} to correct for the s ignal enhancement effec t  of high partial pressures of 

on the O2 elec trode. The surface chamber method for estimat ing lAs was 

suitable for use in  these studies, but direct  sampl ing  from the core cavity us ing 

cannulae may be more appropriate for fru i t  storage studies where repeated 

measurement of re lat ive d ifferences in lAs between treatments is  requ i red.  
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Chapter 4 
Dete rm i nat ion of Lower Oxygen L i m its 

of A p p l e  Fru i t  

Chr i stopher W .  Years le/. N igel  H .  Banks:!, S i va Ganeshh, Donald J .  C l e l an d;! 

a Cen tre !rJr Postharvest and Refrigeratioll Research, Masse).' Universif\', Palmersto!1 

North, New Zealand 

h Departrnent  ojS/aIislics, Masse\' 

4. 1 Abst ract 

Knowledge of the lower oxygen l i m i t  

. Pa/menton North, New Zealand 

is c r i t ica l  for opt im i s i n g  the gaseous 

storage e n v i ronment  for fru i ts .  The opt imum atmosphere occurs ju s t  above 

the L OL at wh ich  aerob ic  respirat ion is at the lowest leve l  wh i ch  can be ach ieved 

w ithout  development of  anaerob ic  metabo l i sm .  Measures of LOL based on  a fru i t ' s 

i nternal  atmosphere , rathe r  than e xternal or package atmospheres,  es t im ate the true 

LOL as these account  more d i rect ly  for d i fferences i n  respi rat ion rate and s k i n  

permeance of i nd i v idual fru i t .  T w o  measure s  of LOL were cons idered:  t h e  anaerobic 

compensat ion  pomt (A ep) and the fermentation  thresho ld  CFT) . The A CP was 

desc r ibed in terms of p lots of the i nternal  part ia l  pressure of  CO2 versus i nterna l  02 
(p/), ) and e xtern al I' ) part ia l  pressures .  The FT was descr ibed  i n  terms of  p lots 

of both the resp i ratory quotient (RQ) and ethano l  concentrat ion  versus P/)2 and 17/), ' 
and occurred at h igher than the A e? M athemat ica l  so lu t ions  for es t imat ing  the 

A CP and the based on  the RQ ( FTR(}) are descr ibed .  A stat i s t i cal ' bootstrap' 

procedure is  descr ibed  for est imat ing the FT based on  ethanol  concentrat ion  ( FTEtOH ) 
and was a lso su i table for est imat i ng  a l l  othe r LOLs and the i l' confi dence i nterva l s .  

LOLs  were es t imated for 'Cox ' s  Orange P ipp i n '  apples  ( Ma lus domestic(/. , Borkh ) 

at u s i ng  contro l led atmospheres ( C A  l .  The steady-state i nternal  par ti al 

pressu res  of O2 •  CO2 and c oncentrat ions  of aceta ldehyde ,  ethy l  acetate and ethanol  

were es t imated non- i nvas ivc ly  sampl i ng  hcadspace 1 000 mrn' g l ass  su rface 

cham be rs sealed to the  equator ia l  surface of  the apples .  LOLs es t imated o n  a P/)2 
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bas i s  were on average 1 . 69 k Pa, 1 . 94 kPa and 2 . 1 0  kPa l ower for  ACP, FTRQ and 

respect ive ly  than those est imated re l at i ve to Pe�, . The bootstrap 95 

confi dence l i m i ts for  I I1 ternal  A ' )  were 0 .70 to 0 .78 kPa w h i l st for 

i n tern al R(j ( ) the i nterval was 1 to 1 .  kPa ' and for i n te rn al FTEtOH 

( FTI;tOH ) 0 . 68 to 0 .87  kPa [Je'), . Bootstrap es t i mates were s i m i l ar , though typ ica l l y  

h i gher, than mathemat ica l l y  fi tted es t imates .  

Determ in i ng  LOLs on a steady-state l nternal atmosphere bas i s  es t imates the true 

LOL more accu rate l y  than those es t imated from e xterna l  or package atmospheres ,  

and prov ides a more mechan is t ic  has i s  for mode l s  used to predic t  fru i t  responses to 

As the  Hi) represents  the cr i t ica l  poin t  at which fermentat i on  occu rs i t  w as 

cons idered the safest es t imate of  the true LOL for opt im is ing  s torage atmospheres .  

Ke\",VlJrds: lvla/Ils dOfllestica ; I n ternal at mosphere : Anaerobic cornpensat ion po in t ;  

Fermentat ion thresho ld :  RQ breakpoin t :  Sk in  permcance: B ootstrap 

4.2 I nt rod u ct io n  

Know ledge of  the lower oxygen l im i t  (LOL )  of apples i s  c r i t i ca l  for opt i m is i n g  the  

gaseous storage e n v i ronment  us i ng  contro l led  atmospheres (CA) ,  mod i fi ed  

atmosphere packaging (MA)  o r  sk in  coat ings  to  retard t he  crop ' s  phys io log ica l  

deter iorat ion ,  or u s i ng low oxygen high carbon d iox ide ( C O:d and/or h igh  

tem pe ratures for i nsect d i s i n festat ion . the l eve l  o f  O2  i n  a storage atmosphere i s  

reduced there i s  a depress ion i n  t h e  rate o f  respIratory CO2 evo lu t ion  ( rC()e' mol 

s I )  un t i l  the LOL is reached .  I t  is  general ly  accepted that the opt ima l  s torage 

atmosphere for a g iven  temperatu re i s  at an O2 part ial pressure ( Poe' Pal above the 

po i n t  where accumu lat i on of the products  of anaerob ic resp i rat ion res u l t i ng in off

f lavours and degradat ion  of the t i ssue are l i ke ly ( Banks et aI. , 1 993a) .  

D i ffe ren t  approaches h ave been used  i n  the  l i terature for defi n i n g  LOLs. 

B l ackman ( 1 92 8 )  used the term 'Ext inc t ion  Po i n t '  ( EP) ,  defined  as the threshold O� 

concentration a t  w h ich  al l anaerobic re spirat ion was j ust ex t i ngu i shed.  Thomas and 

Fi dler  ( I <J3 3 )  defi ned the EP a s  the lo\ve.-;t concentrat ion at wh ich  ethanol  ( EtOH)  
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product ion ceased .  B oe rs i g  et al .  ( 1 98 8 ) ,  s tudy i n g  the  aerobi c-anaerobi c  tran s it i on 

zonc i n  pear fru i t  and pear fru i t  ce l l  suspens ion  c u l tu res ,  proposed an a l te rn at i ve 

concept ,  the ' Anaerob ic  Compensat ion Poi n t '  CPl .  They defined the A as the 

O2 concen trat ion at \vh i ch  CO2 produc t ion was m i n i ma l .  Cameron et  ai. ( 1 98 9 ) ,  

Cameron ( 1 990 ) .  B eaudry e t  al .  ( 1 99 2 ) ,  Gran and Beaudry ( 1 993a )  a n d  B eaudry 

( 1 9(3 )  u sed the concept of the ' Resp i ratory Quotient B reakpo in t '  ( RQB) w h i c h  

Beaudry ( 1 9(3 ) defi ned a s  the below wh i ch  the s teady-state resp i ratory quot ien t  

( RQ )  began to i nc rease as O2 l eve l  dec reased .  From a phYS Io log ica l  pe rspec t i ve .  two 

c l asses  of  L OL can be conce I ved:  t he A CP. and measures the ' Fermentat ion 

Thresho l d '  ( FT. which  i nc l udes the poin t s  defi ned ahove as and R QB ) .  

D i fferen t  methods  o f  determ i n i ng the various ly  defined have heen reported. 

Trad i t iona l  methods i nvo l ved  measur ing  the rate of 

l eve l s  of Leshuk  and Sa l tve i t  ( J 9(0) noted that 

produc t i on a t  d i fferent  

on l y  appro x imates the true 

A s ince  it must be ca lcu l ated from resp i rat ion measureme nts  taken at  d i s c re te 

l eve l s  of  p()c ' They proposed a method for rap id l y  est i mati n g  t he  A CP by measur ing  

the  rate product ion from t i ssue e x posed to  an exponent i al ly dec l in i ng 

Cameron e t  al .  ( 1 989 ) .  Cameron ( 1 990) . B eaudry et  ( 1 (9 2 ) .  G ran and B eaudry 

( 1 993a) ,  used packages of  p last ic f i l m  of  known permeab i l i ty and contai n i n g  

d i fferent masses of  fru i t  t o  obtain a range of steady-state external  P02 (P(')2 ' P a )  w i t h i n  

t he package . They determined RQB b y  measuri ng  steady-state po: and Peo: of  the  

packages and  ca lcu la t ing  respi rat ion  rates and  RQs . 

Objec t ive mathemat ica l  defi n i t ions  of at wh ich  occu r  have not  been 

reported .  and pub l i shed values for LOLs us i ng  the methods descr ibed  ahove .  are 

based on external  ( LOLl' ) rather than i n ternal atmospheres  ( ' ) .  However .  the 

O2 concentrat ion to wh ich  t i ssues respond mo . ..;t d i rec t ly  i s  that i n  the ce l l  sap wh ich  

i s  c lose to steady-stat e  wi th  the Po: of the fru i t ' s  ll1 ternal  atmosphere (P/)2 ' Pa l . 

Consequen t l y .  the objec t i ve o f  t h i s  study \vas to deve lop a quant i ta t ive ,  conceptua l  

franlework for i den t i fy i ng  LOLs as funct ions  of  both i nterna l  and e x terna l  po: for 

app les .  Objec t ive  mathemat i cal and stat i st i cal methods for determ i n i n g  v ar ious 

measures are descr i hed and the i r  usefu l ness  as a means of  opt i m i smg storage 

atmospheres  d i sc u ssed . 
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4 . 3  Theoret ica l  backg rou nd 

When I and are at steady-state and homogenous throughout  the fmi t .  then 

the i r  rates of  t rans fer  between the i nternal and external  env i ronment  are governed by 

F ick ' s  Law of d i ffus ion ( B ur g  and B urg, 1 965 ) :  

where :  

6p ::: j 

A :::: 

:::: (4. 1 ) 

fru i t  s ur face area ( m2 ) 

:::: d i fference i n  part ia l  pressures of  gas j between i n ternal  

and external  atmospheres ( Pa)  

M :::: fmi t  mass ( kg )  

:::: part i a l  pressure of gas j i n  the i nterna l  atmosphere ( Pa)  

:::: part i al pressure gas j i n  the externa l  atmosphere 

:::: 

:::: 

( Pa) 

k ·  . ( 1 . 1 .7 P . 1 )  S ' m  permeance to g as ! mo s m - a 

rate of transfer of  g as j between i n te rn a l  and e x te rnal  

atmospheres  ( mo l  k g· 1 s I ) 

There fore ,  var iat ion i n  PC'>2 and P(�02 between apples resu l ts from d i fferences i n  

resp i rat ion rate ,  sk i n  permeance and fru i t  surface area t o  mass rat io ( C ameron and 

Re id ,  1 98 2 :  Daciz.ie et  al . ,  1 99 3 :  B anks  et a l . ,  1 99 3 b ) .  

T h e  re la t ionsh i p  between rco2 and both and i nvo lves two p hys io log ica l  

processes :  aerob ic  and anaerobic  respIration  ( Boers ig  et , 1 98 8 ) .  For aerobi c  

resp i rat ion ,  rco2 is i nc reas i n g l y  suppressed as i s  decreased and the rel at i onsh i p  

can be descr ibed by a M ichae l i s-Menten equat ion ( Andr ich e t  a i . ,  1 99 1 ;  S o\omos,  

1 98 2 ,  1 98 5 :  D adz ie ,  1 992 ;  B anks  et al . ,  1 993h) .  For anaerobic  respi rat ion ,  rco2 
dec l i nes  rap i d l y  as POe i nc reases above zero, i ntercepti n g  the curve for aerob ic  

respi rat ion and approac h i n g  zero at a c l ose to the  . B anks  et aL ( 1 99 3 b )  

mode l led  t h e  t w o  resp i ratory components  u s i n g  t h e  equat ion : 
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IIIIA l O l l ) 

(4 .2) ---- + ------(k , + /),'l )" 

f) /); . I 'lId.\ I '  . f \ \.;'C anc . 
were t le resp lnltory quotJ en l  am when I was u n l im i t i n g ,  and 

k l .  and k , coeffic ients  of the equat ion . A s i m i l ar approac h  can be used to def ine 

the re l at ionsh ip  between and ( ei ther  ex te rnal  or  i n ternal ) .  I n  t h i s  case ,  u s i ng  

the  M ic h ae l i s-Menlen equat ion for the aerob ic  component and  an exponent ia l  

func t ion for the  anaerobic component :  

== k.l + (.:&.3) 

I f  we define the A CP as the Po, when is  m i n i mal . an ob jec t ive  es t im ate of  the 

ACP c an be m ade as pco:: i s  m i n i mal when the  f irst  d i fferen t ia l  o f  Eg. 4 .3  i s  zero :  

== h k 'i 
dpo, 

ek < 
+ 

or: 

( k l 
) e ' " 1' 1 ) , k6 k 

0 + /Jo, ) - + == k 5  

For a g i ven  set  of  data. th i s  e xpress ion can be so lved us ing  the G auss-Newto n  

method ( Gal l an t .  \ (87 ) .  

(4.4) 

( 4.5) 

As a consequence of  the  d i fference between i nternal  and e xterna l  atmospheres 

( Eq .  4 . 1 ) . the ACP can be defined in re l at i on to both I and p/;" The i nterna l  and 

ex ternal ACP CP ' and ACpe )  can be re l ated by F ick ' s  l aw ( Dadzi e  e t  al . ,  1 99 3 ) :  

\ ( /' ;\;1 (4 .6) A CpC A + 
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Fro m  t h i s  re la t ionsh ip  Dadzie ct al.  ( 1 993 ) pred i c ted  that for a f i xed  A , ACr 
shou l d  be proport iona l  to max imum resp i ra t ion rate ( !I"LI ) and i n verse l y  proport iona l  

to sk i n  permeance.  The  d i fference between A and A shou l d  be  l arge for 

rates respi rat ion and low values oC sk i n  permeance .  Tempera ture has a s i gn i fi can t 

i n fl uence on LOLs due to the power l aw re l at ionsh ip  between mllx and t emperature .  

Thus ,  for a fru i t  of ven surface area and sk in permeance, the d i fference be tween 

A and A CV shou l d  be i nc reas i ng l y  greater as  temperature i nc reases ( Dadzie et  

a l . ,  : Beaudry e t  o / . .  I ) ,  though th i s  e ffec t  may be somewhat  moderated i f  

fru i t  s k i n  permeance i s  respons ive  to temperature i n  a s i m i l ar way t o  pol y me ri c  fi l m s  

( Cameron e f  a l . ,  1 995 ) .  rlowever .  g i v e n  that t h e  major i ty  of gas d i ffus i on  i n  fru i ts i s  

known t o  occu r  t hrough pores ( Ban ks et at . ,  1 993b ) ,  the  ex ten t  of  t h i s  mode rat io n  i s  

l i k e l y  t o  b e  srnal l because of  t h e  l o w  dependence d i ffus i v i ty i n  t h e  gas phase on  

t emperature ( C ameron ct  a t . ,  1 (95 ) .  

A quant i ty ( RQIIJ proport iona l  to RQ can be ca l cu l ated from the rati o  o f  the 

d i fferences i n  part i al pressures  of the respi ratory 

atmospheres :  

P�'O :  

between i n ternal and externa l  

(4.7) 

Depend ing  on  substrate, the RQ of apples remai n s  c l ose to u n i ty ( B lanke ,  1 99 1 )  

u n t i l  Po: approac hes the RQB, be low w h ich p(�( ) :  i nc reases marked l y  due  to  anaerob ic  

resp i ra t ion .  A n umber of func t i ons can be used to  descr ibe the re l at io n s h i p  between 

RQ and !Jo, We h ave u sed the func t ion : 

W) \.;: /(1 (4 .8 )  

Defi n i n g  the  FTpiJ as  the {Jo, when the RQiil r i ses  to 0 . 1 t l lnes the  asym ptot i c  va lue  

reached at h i gh po, : 

( 4.9 ) 
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i og  th i s  c ri te rion ,  FTRQ for i n ternal (F7"kQ ) and e x ternal  (FTRQ ) Po, can be 

est i mated depend ing  on the values used to the coeffi c i en t s  in E q .  8 .  

A nother  est i mate o f  the can h e  de term i ned p l ot t i ng  (p/o, + PC)] ) - + 

Pi';) against  po , ( sec supplementary sec t ion  5 . 7  for a d i scuss ion on how t h i s  measure 

compares  to RQ,,' ) Th i s  p lo t  i s  analogous to that o f  RQUI but  w i th va lues c l ose to 

zero u n t i l  the onset of fermen tation .  S i mi l ar  curves,  though descr ibed by d i fferen t  

func t ions ,  e x is t  for the re l at ionsh ip  bet ween the concent rat ion o f  the anae robic  

volat i les  aceta ldehyde ( Acet ) ,  e thy l  ace tate ( EtAc ) and e thano l  ( EtOH )  and POc o As 

the marks the onse t  of  anaerobic fermentat ion i t  occurs a t  s i m i l ar bu t  h igher  Po, 

than the A CP. 
A n  al ternat ive approach to  es t imati n g  mathemat ical l y  from fitted cu rves ,  i s  

t o  base es t imates on  v i sua l  assessment o f  LOLs a panel of  assessors us i ng  

u nsealed and unt i t led graphs .  When the  n u mber assessors is smal l ,  es t imat ion  of  

average LOLs us i ng  trad i t i on al stat i s t ica l  methods can unsati sfac to ry .  However ,  

for  data sets w i th few samples a techn ique ca l led ' bootstrap ' o ffers an att rac t i ve 

a l ternat i  ve to the c on stra in ts  of  trad i t i on al parametr ic  theory . Th i s  i s  an empi r ica l  

methodo l ogy i ntroduced by  Efron ( 1 979 )  for assess i ng  t he  vari abi l i ty o r  stat i st i ca l  

error i n  an  est i m ate o n  the  bas i s  of  the  data at  hand .  Bootstrap samples (a l so  c al led 

pseudodata) are obtai ned by resamp l i ng  the or ig i na l  observations  i n  such  a way t hat 

the stochast ic s truc ture of the data is preserved. These samples are then  used to  

est imate the parameter o f  i n te rest .  The  attrac t ion  of  t h i s  methodology i s  t ha t  i t  

req u i re s  l i t t le  knowledge o f  d i s t r ibut iona l  assu mpt ions  o r  stat i s t i ca l  mode l l i n g , and 

can be appl ied i n  an automat ic  w ay to  s i tuat ion , no  matter how comp l i cated.  The 

tec h n ique i s  ll se fu l  for  es t i mat ion of  parameters us ing  smal l samples .  Recent  

deve lopments of bootstrapp ing ,  i nc l ud ing  computat ion of  bootstrap confidence 

i n terva ls ,  are summari sed by Efron and Tibsh iran i  ( I ()93 ) .  
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M ater ia ls  a n d  m et hods 

Frui t  s upp ly  

Fruit 1 32 

Fresh l y  harvested, prec l i macter ic  ' Cox ' s Orange P i  pp in '  apples ( Malus dornestica 

B orkh . :  I coun t  app les :  rnean mass 0 . 1 k g )  ,ve re obtained from a Hawkes B ay 

orchard, N The fru i t  were pre t reated w i t h  1 0 .24 e thy lene  at 20°C (PC�()2 w as 

main ta i ned be low 0. 1 k Pa )  for 1 2  hours ,  stored at for a further  48 hours ,  then  

packed on t rays and enc losed i n  perforated polye thy lene  bags i n  cartons  and stored at 

. Fru i t  t hat  had en tered the c l i macte r ic were used for subsequen t  exper imen t s ,  

and equ i l i b rated to 24±0.S  for hours before exper imentat ion .  

4.4.2 CA treatments 

Fru i t  were randoml y  al l ocated to treatmen ts and a 1 0 00 mm3 g l as s  surface 

chamber ( 9m m  d iameter)  w as adhered over a l en t i ce l  to eac h  fru i t  a t  an e quatori a l  

pos i t ion  us ing  5 m i nute  cure epoxy adhe s i ve , C iba-Ge igy ,  Auckland ,  

l\; ) . The surface chambers were flushed w i t h  room air ,  sealed w i th a rubbe r 

septum and a w ater seal  added above the septum and sk i n -adhes i ve-g l as s  

i n terface l i gh t l y  covered w i th  s i l icone grease ( Mo lycote I I I ,  Dow Corn i n g  Aus t ra l ia  

Ply .  Ltd . )  to prevent  l eaks .  S i x  fru i t  were p l aced in  each of 1 0  p l as t ic  conta iners  w i t h  

perforated false floors t hat enc losed Tyvek sachets  contai n i n g  SOg  of  CO2  absorber 

( soda I i rn e )  or e thy lene  absorber ( Purafi l ) .  w as absorbed to en su re t hat observed 

effects  were not caused by accumu l at ion of CO; in the experi men tal system .  The 

conta i ners were sealed i n s i de c l ose-fi t t i ng  'Tufl e x '  barr ier  bags ( Tr igon NZ Ltd . ,  

Hami l ton ,  N .  ) t h rough wh ich  the gas m i xtures  flowed and he ld  stored i n  the  dark i n  

a cont ro l l ed  tempera ture cab inet  ( 4 . 1 ) . 
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Schemat ic  d i agram of a C A  bag w i th  contai ner  ho ld i ng app les  w i th 

g l ass su rface chambers adhered to sk i n  at an  equator ia l  pos i t i on .  

Wi thdrawa l  o f  i n ternal  atmospheres  from the c h ambers w as m ade 

through s i l i cone rubber septa attached to the CA bag .  

A su i tab l e  range of va lues of /\';c for the t reatments  was i de n t i fied u s i n g  a 

steady-s ta te mode l  based on  exper imenta l  data of Dadzie ( 1 99 2 )  The used 

ranged betwecn 0 .0 kPa  and 30 kPa, ba lance n i t rogen ( and decreased 

geometrica l l y  towards zero . Gas atmosphere s  wcre generated by m i x i n g  02-free 

w i th  e i ther  dry air or a O2 i n  m ix ture from l i nders o f  compressed gas .  Gas 

flo w  w as contro l l ed  by two-stage reg u l ators and prec i s ion  need l e  va l ves ( Nu pro S 

senes ,  N upro Co . ,  W i l loughby,  Oh io ,  U . S . A . ) ,  and h u m i d i fied a t  the exper imenta l  

temperature before pas s i ng  i n to CA conta l l1e rs ( to ta l  flow 1 . 7 x 1 0' 111m ' S l ) .  

4 .4.3 Gas measurement a n d  a n alys is 

Steady-state P/l ,  was es t imated a s  t h e  e q u i l ib rated part i al pressur e  I II the  

surface c hambers a fter 86-90 hours  e x posure to the t reatments  ( Dadz i e  1 99 2 ) .  

Gas samples  were removed by gas t igh t  syri ( Hami  ! ton 1 00 mm "\ )  from the  

hcadspace of each  surface chamber  th rough a sept ll m  on the CA bags  above the 

chamber and i mmediate l y  anal y sed .  Va lues  for pil . and ptoc were determined  u s i n g  

an , e lec trode ( C i t i ce l l  CIS type, C i ty Ltd . ,  London , U .K . )  i n  ser ies  
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w i t h  a m i n ature i n fra-red transducer ( An al y t i cal Deve lopment  Company, 

Hoddesdon .  a s  c arr ier gas  ( fl o w  rate 5 80 m m
' S l ) .  

T h e  steady-state concentrat ions  aceta ldehyde.  I acetate and ethanol  I Acel , 
dC\L ' cllloH . mol 111 ' )  i n  the s urface chamhers were measured u s i n g  f lame ion i za t ion  

gas  ch romatography  ( Vari an 3400 . Econocap Carhowax co lumn ,  30m x O. 

mm 10, fi l m  th i ckness  0 . 25f1m,  A l l tech Assoc i ates ,  I n c . ,  I l l i no i s .  U . S . A ;  gas fl ow 

rates of 2 0 . 8 , 500 and 6666 mm' S- I for 02-free and air respec t i ve l y ,  and  1 30, 

1 50 and 300°C for co lumn , i njector and detector t emperatures ,  respec t i ve l y .  

4.4.4 Resp i rat ion and ethylene p roduction rates 

F i fteen  fru i t  randoml y  se lected from the same pop u l at ion of exper imen ta l  fru i t  

were used t o  determll l e  and  product ion ( mol  k g l S- I ) app rox im ate l y  

1 8  and  1 20 hours  a fter treatments were unposed .  part i a l  p ressures  were 

dete rmined hy fl ame ion izat ion gas chromatography  ( Ph i l i ps PU4500, Ph i l i ps 

Act i vated A l u m i n a  2 m x 4 .0  m m  g lass co lumn ,  gas  f low rates of  5 00, 580 ,  and  5 8 3 0  

mm
' S l O;:-free N;:  c arrier ,  H2  a n d  a i r  respec t i ve l y , a n d  1 30 ,  1 50 a n d  200°C for 

co l umn ,  i n j ector  and detector temperatures ) .  

4.4 .5 Sk in permeance 

Permeance o f  the fru i t ' s s k i n  to e t hane ( PCe!!!" mol s I m - 2  P a  I ) w as e s t imated 

us ing e t hane effl u x  ( Banks ,  1 98 5 ) ,  ca lc u l ated as :  

V llel 

R 

'\ 
-- \ 

3 . 1  ) 
(4. 1 0) 

vvhere : m i t i al part i al pres su re of e thane i n  the fru i t' s  i n te rna l  

atmosphere ( Pa )  
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rate of change e than e  part i al pressure ( Pa S- l ) 
::: constant  . 3 1 43 111 2 Pa mol l K- I ) 

::: fru i t  temperature ( 

, ::: net vo lume ( m  ) 

Fru i t  surface areas were es t i mated from fru I t  mass us i ng  the formu l a  ( C l ay ton et of. . 

1 9(5 ) :  

A (4. 11 ) 

where :  A ::: fru i t  surface area ( m  ' ) 

M ::: t'rU l l  mass ( kg )  

4.4.6 T issue porosity and cort ica l  t issue dens ity 

Ti ssue poros i ty ( E .  m' m ' ) and t i s sue dens i  ( p .  m l ) were es t i mated u s i n g .') 

m m  w ide longt i tud i nal wedges of t i ssue from w h i c h  the sk in  had been removed.  A 

wedge of t i ssue was suspended from a hook beneath an ana l y ti cal  ba lance ( Me tt le r  

AE:200 )  and the vo lume of the t i ssue determ i ned :  

V w  = (4. 1 2) 

where :  ::: mass of non- i n fi ltrated in air ( kg )  

/'vl/1 ::: apparent mass of  non - i n fi l trated wedge submerged i n  

water ( kg )  

::: denSI ty of water \ k g  111 ' ) 
::= vo lume of submerged port ion of hook ( m  ' ) . 

== vo lume 
, 

\-vedge ( m  ) 

\Vedges of t i ssue were vacuum i n fi l t rated W I th  \vater ( a  fi na l  pressure c lose to  0 

kPa  w as ach ieved i n  three m in u tes ,  main ta ined for a further t h ree  m inu tes .  then  

rap i d l y  re l eased and the s l ices l e ft submerged for tv-;o  to three m inutes un t i l 

comple te ly  l l1 f i l trate d ) .  The apparen t  mass or i n fi l trated wedges submerged i n  w ater  

was determi ned and E calcu l ated :  
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(/vl V II (4. 13) 

= t i ssue poros i t y  ( m '  m ' ) 

= apparen t  mass of  i n fi l trated wedge subme rged i n  water  

( k g ) .  

T issue den s i ty was ca lcu l ated as: 

p = M" / (4. 14) 

4.4.7 Experi menta l desig n and ana lys is  

T e n  C A  treatments  each w i th  a sample  of s i x  fru i t  were used .  W h e n  ' and 

i I t' I Rf) I ' ' d e d were at steae y -state,  p ots 0 Peo! , '>.;:; /(J , CEtOH versus Po: an were m a  e .  

Curves were f i t ted to mean data  we ighted by the i nverse of the  var iance us ing  the  

PROC NUN procedure of  the  SAS s ystem ( S AS ,  1 990) . The func t ions  desc r ib i ng  

each  p lo t  were u sed  to  est i m ate  ACP' ,  AC?", FTkQ and  FTRQ u s i n g  Eqs .  5 and 9 .  

U n sealed,  u n t i t led  graphs of  t he  p lots descr ibed above we[e submit ted to  2 3  

pane l l i st s .  Each  pan e l l i s t  w as asked t o  hand-draw curves th rough t h e  data t h e n  mark 

on the curves e i ther  the m i n i mu m  poi n t  for ACP type curves, or the poi n t  w he re the  

curve began to r i se above the base l i ne for FT type c urves .  1 000 bootstrap samp les 

( b= 1 (00)  were obta ined by random sampl i ng  w i th rep iacernen t  from the  or ig i na l  

obse rv at ions .  B ootstrap means and b ias corrected ( BCa)  95'k conf idence i n terva ls  

( Efron ,  1 9� 7 )  were ca lcu l ated us ing Gauss software ( Gauss,  \ 99 3 ) .  



4 Determination of LOLs of Fru it :  1 37 

4.5  Results 

i n  t h e  surface chambers h e l d  i n  C A treatments  h ad 

reached s teady-state w i th i n  48-96 hours for a l l  t reatments  ( data no t  show n ) .  Mean 

ptoe was ma in ta i ned w i t h i n  t he  range of  0 .07 to O .  1 8  k and 

Mean reo, and PCI! were s im i l ar to those reported 
_ _ h Dadzie ( 1 99 2 )  for � ' Cox ' s  

Orange ppi n '  (fable  4 . 1 ) . Es t imates o f  cort i ca l  t i ssue  dens i ty and t i ssue poros i t y  

i nd icate  t ha t  t he  fru i t  were h i g h l y  porous ( Table 4 . 1 ) . 

4.5 . 1  

A n aerobic product i on i ncreased marked ly  as I ,  decreased be l ow 2 . 0  kPa .  

reach i  a max i mu m  at  the lowest  leve l s  Pc'l2 ( near 0 .0 kPa;  F ig .  4 .2a ) .  However, 

when cons ider ing  P(�()2 i n  re l at ion  to 17/;2 ' the onset  of anaerob ic  CO2 produc t ion  

occurred at a h igher  Po: and the  e xponen ti al i ncre ase i n  w as more gradua l  ( Fi g .  

4 . 2 b ) .  The re l at ionsh ip  for aerobic resp ira t ion was we l l  described by the  second term 

4 . 3 .  ( M ichae l i s -Menten equat ion ) w i t h  a m arked response  a t  l ow bu t  

becom i n g  l e s s  m arked w i t h  i ncre ased Pile l eve l s .  The  p/), when  was h a l f-

max ima l  ( k l ) was 1 . 20 kPa ( Fi g .  4 . 2 a ) .  The i nc re ase in  {lct,o: was more gradua l  w i t h  

i n c reasmg [7(';2 t han  w i th i nc reas i ng  p<\, as i nd icat e d  

Pe',o ,  w as ha l f-max imal of 6 . 1 8  k Pa (F ig .  4 . 2 b ) .  For ' 
_ L 

h igher  va l ue  for P(), w he n  

s Orange P i pp i n '  app les  a t  

, the  es t imate o f  the  A CP' deri ved u s i n g  Eq .  4 . 5  was lower t h a n  the  boots trap 

es t i mate ( Table  ) .  However .  the es t i mate of t he  A CP' deri ved u s i ng E q . 4 . 5  w as 

s i gn i fi can t ly  h igher than the bootstrap es t imate  ( Tabl e  4 .  . The s tandard e rror of  

means  of  bootstrap es t imates of the A ep i nd icate vari a t ion of  the  A CP was greater 

when es t i mated u s i ng  p/;, t han t ( Tabl e  4. . 
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Table 1 B iophy s ica l  measurements ( means ± standard e rrors of  means (scm)) 

for subsamples of  ' Cox 's Orange P i pp i n ' apples  from the same 

popu la t ion of fru i t  used to est i mate l ower oxygen l im i t s  for fru i t  i n  

contro l led atmospheres at 

Measurement 

Fru i t  t emperature dur i ng exper iment  

S k i n  bac k ground co lour  ( L) 1 2 
<-

S k i n  hackground co lour  nr) I:' 

Resp i rat ion rate ( 

E thy lene  product ion rate ( rc2H,/ 5 
Dens i ty of  cort i c al t i ssue ( p ) 1  

Ti ssue poros i ty (£ ) 1 

S k i n  permeance to e thane (PC<1l ) 1 .6 
, () 

n 

4 

1 5  

1 5  

1 5  

1 5  

7 

7 

1 3  

M ean ± scm 

. 1  ± 0.04 

.0 ± 0 .57  

1 04 .4 ± 

0 . 1 ± 0.006 1 

1 .  ± 0.0407 

R70 ± 3 . 0  

0 . 1 74 ± 0 .0004 

0 ,  ] 89 ± 0,0024 

U n i t s  

pmo l  kg  

nmo l  kg , I  

k g  m"  

' , 1  m m '  

I s 

S 

I 

I 

nmo l  S l m 2 Pa l 

I Determ i ned at approx imate ly  20°C 

Determi ned us i  a M ino l ta  Chromameter ( CR-200 ) :  

, Determi ned  a t  

-+ For rco" I p m o l  kg l S l :::: 1 A m g  I 1 h ( Banks  e( 

i gh tness ,  

1 9(5 ) .  

" 
For I n mol kg l S l 

:::: O . I OOR mg I h i ( B anks e!  , 1 (9 5 ) .  

ang le ,  

() For  PCl1() at  20)C,  1 n mo l  S l 111 2 Pa l 2 .4168 x 1 0 '\ e m  S l ( B an ks e t  a t "  1 9( 5 ) .  
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Re lat i onsh ip  between p('.( ) :  and ( I and ( I; )  {)/;2 of  i n d i v i dua l  

' C ox ' s  Orange P i pp i n '  apples  afte r 86 to 90 h ou rs at 

rang ing  from 0 .0 kPa  to < 30.0 kPa .  The sol i d  l ine  was fi t ted  by  

non l i near regress ion  u s i ng  Eq .  3 (/  = 0 .59  and  0 .90  for grap h s  a and 

I; respec t i ve l y )  and represents  the sum of  the dotted l i nes  w h i c h  

character i se t he anaerobic  and aero b i c  components o f  t h e  re l at i onshi p .  
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Table 4.2 F itted and bootstrap est i m ates of means and s tandard e rrors o f  means 

4.5 .2  

( sc m ) ,  ! O\ve r  a n d  upper b i as corrected (B type ) confidence 

i n terva l s  ( C I )  of  s teady-state lower l i mi ts of 'Cox ' s  Orange 

Pipp i  n '  apples  he l d  in contro l led atmospheres at 24°C .  

S te ady-state l ower oxygen l im i t s  ( kPa )  

ACP' 
Fi tted 0 .70 1 

B ootstrap 0 . 74 

sem OJ) 1 9  

( BCa )  

lower 0 .70 1 

upper O.  

1 F it ted u s i n g  Eq. 4 , 6 .  

2 Fi t ted us i ng  Eq .  4 .9 .  

FTRQ 

0 .842 

1 . 1 2  

0 .040 

1 . 1 95 

FTElOH A 
2 . 8 5 1 2 .99

2 

O. 2 .43 3 .06 

O ' ()49 o.mn 0.07 8 

0 .68 1 2 , 26 1 2 .  

0 . 8 66 ") 3 . 1 8 3 

FTr!;oH 

2 . 8 6  

0 .074  

2 

3 ,03 7 

The mean asymptot ic RQ,u or the frU i t  was marg in al l y  above 1 ,0 ( F igs .  4 . 3 a  and 

4 . 3 b ) ,  RQll '  i ncreased very gradua l l y  as 1'/)2 and 1)/;2 decn:ased to abou t  2 , 0  k Pa and 

-+ ,0 kPa respect i v e l y .  B e low these values there was an i ncreas i ng l y  steep response i n  

RQw l i n ked  to the marked r i se  i n  p(�( ) ,  res u l t i ng from an aerobic respi rat ion  a s  seen i n  

F igs .  4 .  and 4 . 2 b .  Est i mates o f  f?Q and FT;�Q us i ng  Eq . 4 , 9  gave l ower  v al ue s  

t h an t h e  hootstrap es t imates (Tahle 4 . 2 ) .  The s tandard e rror or  means of  hoots trap 

es t i mates of  the FTgQ i nd icate var iat ion of the 

u S i ng  {l('), than {J(I) : (fabl e  "1- . 2 ) . 

"Q was greater when est i m ated 
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Re lat ionsh ip  between resp i ratory quot ient  I RQ,,; ; calcu l ated as (p/o: 
pto: ) /(p/;: - {J(' ), ) j  and ( a )  {J/): and ( b l  /)/;: of i nd i v i dua l  'Cox ' s  Orange 

P ipp i n '  apples after �6 to l)() hours at in pi;: rang i ng  from 0 .0  

kPa  to < �O . () kPa .  The so l i d l i nc  was f i t ted by non l incar  regress ion  

Fq . 4 .8  ( r: = OA8 for ho th  grap h s a and b ) . 
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.3  

Aceta l dehyde i n  t h e  headspace of surface chambers o n  fru i t  w a s  o n l y  detected i n  

C A  t reatments w i th  !)(�= < 2 . �  k Pa .  C {cel i n c re ased marg i n a l ly as mean ptJ: decreased 

reac h i n g  a max imum of 2 ,4  mmol m ' at the l owest leve l  of ( 0 .04 kPa ;  data  no t  

p resen te d ) .  ('dlAc (da ta  n ot presented ) and CE:IOH ( 4Aa and 4 ,4b ) remained be low 

2 . 2  mmol  m
1 and 4 .3  mmol  m 1 respect i ve l y  un t i l  p(;o decreased be low 2 ' ()4 k Pa .  

Be low 1 .0 k Pa ;;/)2 and 2 .0 k Pa P/;2 both and in part i cu l ar ,  i nc re ased 

marked l y .  The re l at ionsh ip  between C[!IOIl and po, was appro x imated by the 

equat ion : 

::: ( 4. 1 5) 

The mean es t i mate of the FTr(IOH Lls i ng  bootstrap samp l i n g  w as l ower  t han the  

es t i mate o f  the  FT/w and s i m i l a r  to the bootstrap est i mate of the ACP' (Tab l e  4 .  

I n  cont rast the  bootstrap es t imate of  the FTl;'IOH was s im i l ar to the boots trap es t i mate 

of F1i�(! . The s tandard e rror of  the mean w as l arge r  for es t imates of FT EIOIl t han 
, Et( )H · 
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Figu re 4.4 Re lat i onsh ip  between i n ternal  e thano l  concen t rat i on  (C [ttOH ) and ( a )  

p/), and ( b )  p/;, o f  i nd i v i dual 'Cox ' s  Orange P i pp i n '  app l e s  after 8 6  t o  

l) ()  h ours at in p/;, rangi n g  fro m  () , () kPa to  < 30,0 kPa, 1'2 :::::: 0 ,98  

for bo th  graphs a and  h ,  
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4.6  D iscussion 

Eq . -+ . 5  pro v ided a robust ,  objec t i ve means e s t im at i n g  A Due to t h e  

vari a t ion  i n  i n ternal  atmospheres o f  apples  i n  the same I)(�c ( Fi g s .  -+ . 2  to 4 .4 )  c u rv e s  

were fi t ted to  mean va lues  w e ighted u s i n g  the i n v e rse o f  t h e  var i ance t o  emphas ise  

c r i t I ca l  data surro u n d i n g  the  LOL.  The  p rocedure for es t i mat i n g  the  FIR(J req u i re d  

the  arb i t rary se lec t ion of a cr i t ica l  va lue above the  asy m ptot ic  R Qw of aerob ica l l y  

resp i r i n g  fru i t .  I n  o u r  s tudy w e  s e l ected it cr i t ica l  v a l ue o f  I as a poi n t  that  was 

v i sua l l y  i de n t i fi ab l e  as a d i st i nc t  de v i at i on o f  the fi t ted curve from the  asy mptote . 

Beaudry ( 1 99J ) arb i trar i l y  se lected i n  a study o f  effect  of  e l e vated CO2 o n  

t h e  RQ b l ueberry fru i t .  Extens i ve e x p l orat ion  o f  a l ternat i v e  approaches  fai le d  t o  

y i e l d  ob ject i ve mathemat ica l  so lu t ions  for EIOl I .  Therefore, s u bjecti v e  v i su a l  

e s t i mat ion  o f  t h e  v ar ious  parameters re l ated t o  t h e  L OL from graphs u s i n g  a p a n e l  o f  

assessors  c o m b i ne d  w i th bootstrap methodology w as used .  I n  gen e ra l ,  bootstrap 

est i mates  o f  A CPs and FTs w e re s ig n i fi cant l y  h i g h e r  t han those mathemat ica l l y  

deri ved  fro m  fi t ted curves .  

Var ia t ion  in  the  i n te rn al atmosphere of i n d i v i d u al app les  ( a s  seen in  F igs .  4 . 2  to 

4 ,4 )  resu l ts from var iat i on i n  resp i rat ion rate,  sk i n  permeance and fru i t  surface area as 

desc r i be d  by I .  The v ariance of steady-state i n ternal  atmosphe res  for app les  for 

the same p/)., ' te n de d  to decrease as pile decreased towards the LOLs then  i nc re ased 

marked l y  as  p(')2 fe l l  be l o w  the  A s su m i n g  Po, and c. _ 
w e re u n affected by 

, the c h an g e  in v ar i ance w o u l d  h ave  res u l te d  from the supre s s i v e  e ffec t  of  dec reas i  

above t h e  LOL and s t i m u l atory e ffect on anaerobi c  rco2 b e l o w  

t h e  L O L .  T h e  decrease i n  aerobic  PC" ( )c  w i th d i m i n i s h i  !)/; , w a s  m ode l led  u s i n g  the  

M ichac l i s - M e n tcn  equat ion  ( Dadzic  c /  ul  . .  1 993 ) ,  The at  w h i c h  w as h a l l' 

max i ma l  ( /.;, \  i n  E q .  4 . 2 )  was approx i mate l y  fi ve t i m e s  h i gher for the  re l at i o n s h i p  w i th 

t h an w i th P/)2 due to t h e  d i fference i n  part ial pressure between i n te rnal  and  

e x terna l  atmospheres .  Conseqen t l y ,  the  est i m ates  of  LOL' were l ower than  LOt" as  

pre d icted by Eq ,  ( 1 .69 k Pa, 1 . 94 k Pa and 2 . 1 0  k Pa 1)0: l ower  for A CP, FT/?(J and 

IIl l \ \ '  respect i v e l y ,  based on bootstrap est i m ate s ) ,  Th i s  w as l arge l y  d u e  to  

el i iTe re nces  in  re( ) ,  and PC( ), of  i n d i v idual fru i t  and w o u l d  be s i gn i fi c an t  for 

app l e  c u l t i v ars  vv i th low s k i n  permeance ( ' B raehur n ' )  or  h i gh rco2 'Cox ' s  
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Orange P ipp i n ' ) . The m agn i tude of  the d i fference wou ld  a lso depend on  temperature 

and phys io logica l  s tage of  the fru i t  i n  re l at i on  to t he i r  c l imacter ic .  D iscrepanc ies  

between empi r i ca l ly  determ ined es t imates o f  A and those determ i ned us ing  

4 .6 .  can he exp la i ned hy the  I ahso lu te varI abi l i ty i n  data around  the  es t imates o f  

t h e  LOU ( as i nd icated b v  l arger standard e rrors of  means ,  Table ) . Consequen t l y ,  

def i n LOLs o f  fru i t  on the bas i s  of the i r  s teady-state i n ternal  atmosphere s  wou ld  

be a less  var iab le  and  more accurate es t imate of  the t ru e  LOL than  ,-vhen defi ned on 

the bas i s  o f  e x te rn al o r  package atmospheres. A l though more e x pens ive  to operate, 

the CA system we used  a l lowed non- i n vas i ve samp l mg of  i n ternal  atmospheres and 

d i rec t  con tro l  over the rate of  es tab l i shment  of requ i red at mospheres ( e l i m ina t ing  

the d i fferences i n  t ime  to establ i sh steady-state cond i t ions that  occu r  wi th  package 

syste m s )  . 

B oo ts trap es t i mates of  the A CP were on average 0 . 3 1)  kPa and 0 .63  kPa  (' 

l ower  than those for the R()' Conceptual l y ,  the A FT define d i fferent po in ts 

i n  the aerobic-anaerobic  t rans i t ion  lone . The A occurs be low the  onset  of  CO� 

product i on re su l t i ng  from anaerobic respi rat ion ,  whereas the i s  l ike l y  to be more 

repre sen ta t i ve of  po! where CO2 and anaerobi c  vo la t i  marked ly  i nc re ase due to 

fe rmentat ion in  cort i c al t i ssue .  Therefore ,  for mode l l i ng opt imum storage 

atmospheres ,  t he FT is conceptu a l l y  m ore c onserva t i ve  and safer es t imate than t he 

A CP as I t  i nd icates at what l eve l  o f  O2  fermentat ion  i s  i nduced.  The ' fermentat ion 

th resho ld '  i s  an appropnate term for th i s  steady- state l ovv cr oxygen  l im i t .  

I t  w as ant ic ipated that t he  i nc re ase i n  ('!Loll wou ld  occur a t  s i m i l ar ' to the 

FT/�() . W h i le low CrIloH was detec ted i n  some fru i t  above the , t he  i n c re ase in  

('!: IOf! in  surface chambers that  occurred below the \vas mor-e marked than the 

i nc re ase i n  RQw. Gran and Beaudry ( 1 993a )  a l so found that i nc rease i n  package 

headspace concentrat ions of  ethanol  i n  ' Law Rome ' apples at DoC occurred be low the 

RQB. The d i fference in the LOL determi ned e thanol  accumu l at i on and RQB al so  

i n c re ased w i th i nc reas i ng  tem pe rature ( G ran  and B eaudry,  1 993b ) .  I t  i s  poss ib l e ,  i n  

the  c ur ren t  work , that chamber crLoll had not reached equ i l i br iurn and that  t i ssue 

)H w as underes t imated .  Therefore ,  the equ i l ibrat ion  t i me for C[:IOH needs to be 

quan t i fi ed  to determ i ne if i t  is l arger than for O2  and CO2. A l ternat i ve l y ,  such data 



r 4  

----- �. _. -

Determinat ion of LOLs of F ru it :  1 46 

may have arisen because the i n ternal  l eve l s  of  e thanol  were themse l ves  s ti l l  i n  a state 

of rap id change .  

conc l ude.  mathematical  procedures can used to es t imate  t he  A 

and Hi) but  arc h i gh l y  dependent on fitt i n g  appropri ate curves to data and the 

arb i trary choice of cr i t ica l  va lue in  the case of the H(I. Use of subjec t ive  v i sual 

assessments was t ime  consu ming  but .  u s i ng  a trai ned panel and boots trap samp l i ng ,  

va l i d  es t i mates of a l l  parameters i nd icat i ve of  t h e  L O L  and t h e i r  confi dence  i n terva ls  

proved poss ib l e .  The FT. by defi n i t ion .  represents  the cr i t ica l  LOL be low wh i ch  

fe rme ntat ion occu rs .  The  A CP.  as predic ted  from theore t ica l  cons i derat ions ,  was 

shown to occ ur at lower than [he . There fore , es t i mat i ng  LOL's u s i n g  Fl's 
shou ld  prov ide the safes t  es t imates of the tru e  LOL of a popu l at ion  of fru i t . 

However .  as the LOL i s  the consequence of the i n terp lay of a d ivers i ty of  

phys io logica l  and  b iochemica l  processes and change w i th  temperatu re ,  

phys io log ica l  age .  a n d  durat ion  of exposure t o  hypox ic  atmospheres ,  i t  s hou ld  s t i l l  be 

used caut ious l y  for opt irn i s i n g  storage atmospheres .  Fi nal  identI ficat ion of the 

opt i m u m  storage atmosphere wou ld  requ i re i n tegrat ion of i n format ion on  L OL s  w i t h  

i n format ion on t he  suscept i b i l i ty  o f  t he  fru i t  to phys io log ica l  d i sorders and  t he  e ffec t  

or  atmospheres on  aroma p roduct ion and o the r  sensory attri butes .  Us i ng  the methods 

descri bed i n  th is  paper, we are cu rrent l y  i n ves t iga t ing  the effects  of tempe ratu re ,  

e l evated P(�()2 and phys io log ica l  status i n  re l at ion  to  t h e  c l i macter ic ,  on  e st i m ates of  

i nt e rna l  L OL for N ' s  O range P ipp i n '  and ' B raebunJ ' apples .  
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4.  S u p p l e me ntary resu lts and d i sc u s s i o n  

The fo l l ow i  was resu l t s  and ion not presented 1 11 the pub l i shed paper .  

S ome cons ide rable e ffort was expended i n  deve lop ing  the concept presented  be low 

before i t  was dec i ded tha t  i t  d id  not  contr ibute further i n format i on  than cou ld  be 

pro V Ided by the RQIIi procedure for es t imat ing  the fermenta t ion  thresho ld  ( Fn .  

4.7. 1 PU-e) as a funct ion of P62 

An a l ternat i ve quant i tat i ve approach to iden t i fy the trans i t i on  between ae rob ic  and 

anaerob ic  resp I ra t ion was cons idered based on the sum of  t he in ternal  part i al 

pressures of  O2 and CO2 l ess  the sum of  e xternal part ia l  pressures  of  O2 and CO2,  

which we termed Pi l e ) : 

I' l l -C ) = ( p() , + 17('0, ) 
or, 

- -
( 4. 1 6) 

(4 . 1 7 )  

re la t ionsh i p  between PU el and I was s i m i l a r  to t hat of RQw and Pel), but 

w i t h  values in the aerob ic  port ion  of the cur v e  

re l at i onsh ip  between RQIII and PI I . e )  i s  deve loped 

to lero rather than u n i t y .  'rhe 

We cons idered  ear l i e r  

( sec t ion  5 . 2 , 1 )  how RQ"I wh ich  i s  proport iona l  to  1<Q can be  c al cu l ated from the  

rat i o  o f  the  d i ffe rences i n  part ia l  pressures  of  the re spi ratory gases hetwee n i n ternal  

and e xternal  atmospheres .  From F ick ' s  f i rst Law of ffu s i on :  

(' Peo. ( 4. 1 8) 

and,  

(4 . 1 9 ) 
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then RQw, \vh ich  is proport iona l  to RQ: w I l l  be : 

I {Yo , 

Rearrang i ng  Eq . 4 .1 1 we obta i n  the equat ion ,  
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( 4.20) 

1 )  

(4 .22)  

and subst i t u t i ng  equat ion ( ) i n to equat i on ( 4 . 1 7 ) ,  we der i ve  the  equat i o n :  

PC), ) + ( 4 .23) 

S ol v i ng for the common factor we obta i n  the equa t ion ,  

(4 .24) 

Comparison of  the re l at ionsh i ps or p(" ( ) "  RQ"I and /JI I ( I  as a func t ion  o f  Pc')2 arc 

i l l u s t rated in F ig .  4 . 5 .  The curves arc based on model  pred ic t i on s  U S l l1 g  Eqs .  ) ,  

and '+ . 1 6  respec t i v e l y  for an app l e  w i t h  p« ) .  0 7 ] ,  ) . :::::: 1 . 9 X 1 0 1 0  mol  S l 

I l i l l  :-: I Pa and t( ) ,  :::::: 1 :\ \ () mol s . 
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Figure Relat ionsh i p  between , R Qlu and fJ( ! - e )  as a func t ion  o f  P/)2 for an 

apple w i th  p�)/P(:02 
::::: I X l O ll mol  s 1 . 

0 . 73 ,  := 1 . 9 X 1 0 1 1 1 mol  s I m-2 P a- I and 
, ( l l l' 

As I decreased to  l eve l s  near the , there w as a d im in u tion  o f  respi rat i o n ,  seen 

4 . 5  as a decrease i n  pto2 • Consequent l y ,  as < and decreased ,  va lues  of  

I ) became sma l ler and Pil l' )  bec ame decreasi n g l y  negat i v e .  The 

i ncrease in  Pil e i  was smal l at h igher P/)2 wi th  a 

near the  FT, then i ncreased m arkedly as fermentat ion  commenced .  I n  contrast ,  RQlII 

changed l i tt l e  as P(\, decreased from h igher va lues to  those near the  FT, and the 

upsw ing  i n  RQ'1i at the i n i t i at i on of  fermentat ion w as more rap id  than t hat o f  PU e ) '  

The trans i t i on between aerobic and anaerobic resp i rat ion was more sharpl y  defi ned 

when determ i ned  by RQw compared to  pil e )  and was therefore j udged to  be a better 

measure for es t imat ing  the 

Est imates for p())Pco, for ' COP'  and ' B raeburn ' app les u sed in e x pe rimen ts i n  

1 99 5 .  were 0 .97 and 0 . 72  respect ive ly  for fru i t  at , and appro x imate l y  1 .0 for 

fru i t  at . Assum m g  was constant as I varied between 0 and 2 1  kPa. 

and R QIil was constant  un t i l l he  onset  of  fermentat ion ,  then changed i n  
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proporti on  to  p/): ) .  As a consequence,  the d i fference be tween PU·e) and RQill at  

d i fferen t  va lues of p/): \voll l d  not  be 1 ,  and asymptot ic values of PU C ) were no t  a lways 

equa l  to  zero .  

A ma jor prob lem assoc iated w i t h  Pi l I' )  was fi nc.h an obj ec t i ve  mathemat ica l  

procedure for es t imat i n g  p/): at the . A numer ica l  and separate s tat i s t i ca l  approach 

\Vere cons idered .  

The n umerica l  method req u i red fi nd ing  

dpl I '(' ) Idp/l ' = I .  The coord i n ates  of  pU / ' )  when the  

t h e  s lope PI I '(' ) , or  

4 .  

6 ] .  The asy mptote 01' 171 1 (' ) at J)/):: above the  

the 1'/) , at  wh ich  a tangent to  PU c ) that  touched 

was \'1/ 1 '  The w as cons i de red to  be 

\ /-T ( \' \ 
t l  + .  I � s l ope ) 

! )  i n tersected the asymptote 

( 4.25 )  

The  prob lem w i th t h I S  approach was tha t  {Jru)  i s  a t e rm \\' 1 t l1 u n i ts and the  \' i n tercep t ,  

and  hence  the  sca le  of the \' ax i s  varied cons iderabl y  bet\veen da ta  sets .  A s  a resu l t ,  

t h e  po int o n  t h e  cu rve where t h e  s lope was - 1  was dependent  on  chosen u n i ts .  

The s ta t i s t i ca l mct hod es t imated t h e  a s  t h e  P/)2 a t  wh ich  t h e  asympto te of t h e  

upper confi dence i nt e rva l  i n tersected the curve of mean pi l e ) ' The FT es t i mated 

hy t h i s  method w as h i g h l y  dependent  on the var iab i l i t y  of the emp i r ica l  data. The 

more var iab le  the data, t he  l ower  was the va lue of I at the . H owever ,  to avo id  

r i s k  u f  fru i t  ferme n t i ng ,  we  wou ld  req u i re a h igher va lue for t he  es t imate of 

more \ �lr iab le data set .  'rherefore 1) 1 i 1' 1 was not cons ide a usefu l  measure for 

w i t h  a 

e s t i mat i n g  the FT. but  RQ", ( and a lso e thano l  aCCU Il1U la l iul1 , as d i scussed i n  sect ion 

4 .4 . 3 )  was cons idered sat i s factorv . 

The re la t ionsh i p  hetween RQ"I and p/) , for app les  at var ious Po: and lor 
, ( I I r 

I S  

i l l us t rated i n  F ig  . ..). . 7 .  For app les  w i t h  the same resp i rat ion rate i n  a i r, asympto t ic  

va lues  o f  RQIII \vou l d  be greater for fru i t  w i th a h i gher For an app l e  

wi t h  h i gher Po" t he l !1 c rease i n  res u l t i ng from fermentat ion wou l d  occu r  at 

n a l l y  h l gher 1)/) , . Howe ver. t h i s  \v i l l  be offset  somewhat by a more gradual 

i nc rease in RQ"I t han a fru i t  w i t h  lower p( ) "  These counterbalanc i n g  effects  of  Po, 
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on RQIii m ay resu l t  i n  the FTRIJ , as es t imated by Eq . 4 .9 ,  rema in i ng  fair l y  constant .  A 

s i m i lar  ect \vas seen apples  w i th  the same but d i fferen t  
r()�l l r w i th the 

except ion that  h '  
, t l l r  r( ) ,  resu l ted in lower  asymptot ic  va lues for R Qw ( 

W h i l e  chan ges  i n  and 
. OfT 

alfcct the asympto t i c  va lues  of R Q/(j ,  n e i ther  arc l i ke l y  

to marked ly  a l t e r  the FTR() . There fore ,  RQIU was cons idered a re l at i v e l y  robust  

measure for es t imat i ng:  the 
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M athemat ica l  est i mat ion  Fermentat ion  Thresho ld  (FT) based on  

the  re l at i onsh i p  between f) l ! e i  as  a func t i on of  p/), us i ng  ( a )  a 

nu mer ica l  method ( where = X J  + I CY(II - \' J )/s l ope j ) ,  and ( b )  a 

sta t i s t i cal  method ( w he re I a t  the i n te rcept  of  the asymptote of  

the  upper 95 confi dence i n terva l  ( e I )  and the c urve o f  Y , I S 1'02 , 
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The re l at ionsh i p  between the resp i ratory quot ien t  of  apple s  based on 

i nterna l  atmospheres 

permeance to O2 

and i for var ious l eve l s  of  ( a) s k i n  

fru i t  w i th t h e  same resp i ra t ion  rate i n  a i r  
, U l l' ' w r  ( r( ) ,  ) and ( b )  ro, for fru i t  w i th the  same 
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5 . 1  A bstract 

, Pa/merstol1 Zealand 

of packaged crops in mod i fi ed  atmospheres ( ) to e l evated 

temperatures can cause the part i a l  pressure of  gen i n s i de the c rop (Pc')2 ) t o  fal l 

be lo", c r i t I cal  i n ternal  lower l i m i ts ( LOL's ) ,  resu l t i i n  anaerob i c  fermentat ion 

and l oss of  qual i t y .  I n  th i s  study of  apple  c u l t i vars 'Cox ' s  Orange P i pp i n '  

( 'COP' ) and ' B raebu rn '  tended t o  i ncrease w ith  t emperature between 0° and l l1 

a complex  manner .  Consequent ly  the assu mpt ion o f  some steady-state mode l s  t hat 

the i n terna l  anaerob ic  compensat ion  poi nt  CPI )  i s  constant  w i th tempe rature i s  

s i m p l i s t i c .  Two types o f  were es t i mated fro m  both external  chamber a n d  core 

GlV I  atmospheres :  the anae rob ic  compensat ion poi nt  CP' ) ,  and the fermenta t ion  

thresho ld  based on the  resp i ratory quot i en t  ( ) and on ethanol ( EtOH) 

acc u m u l at ion  ( l�t ()l l ) '  Est i mates o f  U)L' s  based on chamber and core cav i ty  

atmospheres  were s i m i lar ,  and ranged between 0 .5  k Pa aml ! . 3 kPa P/)2 for  A CP ' :  (n� 

kPa  and 2 . 2  kPa P/)2 for , and 0 .5  kPa and 2 kPa {J(\, for ,it( )H , for fru i t  

temperatures betvveen 0° and V al ues for LUCs es t i mated at 3 were notably 

h i gher  than those between 0° and . I n  genera l .  es t i rnates of  d i sso l ved  O2 

) at A CP '  and FT/,(! tended to decrease w i th i ncreas i ng  

tempe rature for ' B raeburn '  apples  bu t  changed l i t t l e  for 'COP '  app les ,  e xcept  a t  

On average, cs t 1 l11atcs of A CP '  were h i gher for ' B raeburn '  than ' COP'  app les .  

V al ues  for FT!uj were a l so h i gher for  ' B racburn '  than for ' COP'  apples  based on 

ch amber at mospheres  bu t  s i m i lar  for c ore atmospheres .  The e ffec t  of temperature on  
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d i ffus i o n  coeffi c i e n ts  and so l u b i l i ty  were con s i de red to have l i t t l e  e ffec t  o n  LOLls 

except for sol u b i l I ty a t  h i gher  tem pe ratures ,  but  d i ffe rences in t i s s u e  poros i ty m ay 

e x p l a i n  d i ffe rences  i n  LOr" between c u l t i vars . 

R es u l ts o f  the c u rren t  s tudy i nd icate temperature e ffects on LOLls wou l d  not  be 

s i gn i fi can t  except  for M A  packages dest i ne d  for markets w i th a m b i e n t  tempera tures 

in e xcess  of 28  I n  contrast ,  val ues o f  A for e x te rna l  a tmospheres  ( ACpe) 

ca l c u l ated from A CPI were s tro n g l y  i n fl resp i rat io n  rate and fru i t  

permeance t o  O� and i ncreased i n  a c u rv i l i ne a r  re la t i onsh i p  w i t h  tempe rature .  

Opt i m u m  MA package atmosphe res based o n  s w i l l  need to be assessed for the 

h ighest  temperature the  sca led packages a re l i ke l y  to be e xposed to for s i gn i fican t  

durat i o n s .  R ecommendat ions  for opt i m u m  sto rage atmospheres  based on LOL's  or  

LOL"s mus t  be adjusted for t h e  suscept i b i l i ty a crop to  gas and temperature-re lated 

d isorde rs that  may develop dur ing  long term 

KnH'orcis: Ma/us domcstica ; Cox ' s  Orange P i pp i n :  B r(lcb u rn :  I n ternal  atmosphere ;  

A n ae rob ic  compensat ion poi nt ;  Fermentat ion t h resho ld :  R Q  break po i n t ;  S k i n  

permeance ;  Ethane e ftl u x ;  R e s p i ra t ion rate ;  Ethy lene  product ion rat e ;  B ootstrap 

5 . 2  I ntrodu ct i o n  

Contro l l ed  atmosphere storage (CA) and modif atmosphere pac k a g i n g  ( M AP)  

pote n t i a l l y  can e x tend  the she l f  l i fe of  fres h  hort i c u l tura l  crops.  C A  storage i s  

typ i c a l l y  a t  t h e  recom mended storage te mperature o f  the crop ( K ader e t  a l . ,  1 98 9 ) .  

However ,  e x posure of M A P  t o  h i gher  t h a n  recommended storage tempe ratures may 

occur dunng e x port i n g ,  d i st r ibu t ion and reta i l i n g  of the As temperature 

I l1 c reases ,  rate of  O2 u ptake of the enc l osed c ro p  i nc reases,  but the permeab i l i t y  of 

pol y mer ic  ri l rn  to O2 and CO2 in  pass i v e  M AP systems does n o t  i nc rease to  t h e  s am e  

ex ten t  ( Cameron c [  ( / 1  . .  1 (9) ) . Conseque n t l y ,  part i a l  o f  O2 i n  both  t h e  

package (Pc';2 ' Pa)  and i n  the  c rop' s i n t e rn al atmosphere (pi): ) decrease , w h i l st t hose 

to e l e vated temperatu res  can 

re su l t  in i n ternal  part i al pressure of O2 (Pi)2 ) fal l i n g below the  CrI t i ca l  i nte rn a l  lower  



5 Effect of on LOe s of F ruit :  1 58 

O2 l im i t  ( LOL' ) ,  at wh ich  anaerobi c  fermentat ion i s  i n it i ated.  Fermentat i o n  c an resul t  

i n  l oss of  qual 

ud ice  consumer 

accumu lat ion  of  vo la t i l es  caus i ng  off-f lavours ,  and  m ay 

( l-l i nt l i an and IIotchk i ss ,  I Kader, et  1 989 ;  

Nguyen- the and  Car l i n ,  There fore, the opt imum for pass i ve  M A P  

syste ms i s  constra ined by the h i ghest temperature l i ke ly  t o  be encounte red  for any 

s i gn i fi cant  durat ion after seal i n g  the package. Cameron ct 01 .  ( 1 99 5 )  deve loped a 

mode l lo  pred ic t  the l i ke ly  e ffec t  o f  temperature on  package atmospheres,  but  

acknowledged that  accuracy of  mode l s  was re l i ant  on  avai lab i l i ty o f  e rnp i rica l  data .  

Ob jec t ive  empi r ica l  es t imates of  lower oxygen l i m i ts ( ) of  a crop are requ i re d  to 

enhance mode l pred ic t ions of opt imum storage atmospheres .  

Fermentat ion thresholds [based on respi ratory quot ien t  breakpoin t  ( RQB) and 

e t hanol  ( EtOH ) accumula t ion ]  have been determi ned for some c rops on the  bas i s  of  

ex ternal  o r  package atmospheres  us i ng  M APs ( Be au dry c t  a l . ,  1 99 2 :  Beaudry and 

Gral l .  1 : Jo les  a/  , 1 994: Ta las i l a  er o / . ,  I . A to these e x te rna l  

lower l i m i t s  Ye�lrS ley ct  a l .  ( 1 996a) presented mathemat ica l  descr ip t ions  

of  L()Ls based on i n ternal  atmospheres  ( lA )  es t imated e xper imenta l l y  for apples  in  

C As .  Two i nternal  LOLs ( LOL' ) were described: the  i n ternal A naerobi c  

Compensat ion  Po in t  and  i nternal Fe rmentat ion Thresho ld  (FT ' ) .  Opt i m u m  

I A  compos i t ion m i n i mises aerobic  respira t ion w i thout  induc i n g  anaerob ic  resp i rat i o n ,  

a n d  wou ld  b e  expected to occur a t  a ' j us t  above the i n ternal  ( Banks et a t . ,  

l lllll ) .  I n  general ,  LOC's based on  RQ or ethanol  accumu l at i on ,  h av e  been  observed 

to l !1 c re ase with i ncreas i  temperature for apples  ( Gran and B eaudry , 1 99 3 a  and 

b lueberr ies  ( Be au dry , I 

raspberr ies  ( Jo les  et a I . ,  

: Beaudry e t  af . .  I : Cameron et a l . ,  1 (94 ) and 

H owever ,  the  effec t  temperatu re on  LOL's does 

not  appear to h ave been es t imated for any c rop.  

Dad/ie e l  01 .  ( 1 993 )  used F ic k ' s rs t  Law of D i ffus ion to argue that the  

re l at ionsh ip  between LOC and LOLl i .e; ana logous to the  d l ffere l1ce  betwee n i nternal  

and e x ternal  atmospheres .  For  A CP t he re la t ionsh ip  can be described by the 

equat i on :  

,\ 1 ) 
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s k i n  permeance to O2 ( mol  S � I 

rate of  u ptake of  0: for the system at the  A 

( mo l  s 1 )  
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from th i s  re la t ion sh ip  Dadzic ct ( 1 993 )  pred ic ted that for a fi xed A CP', A CP" 

shou ld  be proport iona l  to max imum resp i rat ion  rate 11111\ ) , and i n verse l y  

p roport iona l  t o  sk i n  permeance . The e ffect temperature on  A shou l d  be 

s ig n i fican t  due to the power l aw re l at ionsh ip  between l1li' \ and temperature . Thus ,  

for a fru i t  o f  g i ve n  surface area and sk i n  permeance, A wou l d  i n c reas i ng l y  d i ffe r 

from A CP' as tempe rature i ncreases ( Beaudry ct  0 1 . ,  : Cameron et at. , 1 99 5 :  

Dadzie e t  aI. ,  1 99 3 ) .  T h e  steady-state mode l  of  cf a f .  ( 1 99 3 )  assumed A CP' 

was cons tan t  w i t h  temperature . I n  t h i s  s tudy ,  t h i s  assumpt ion was tested u s i n g  two 

phys io log ica l l y  contrast i ng c u l t i vars of  app les ,  ' Co x ' s  Orange P i pp i n '  ( COP)  and 

' B raebu rn ' .  'COP'  apples have a re l at i v e l y  h igh resp i ra t ion rate and moderate s k i n  

permeance ,  w hereas ' B raeburn '  fru i t  h a v e  a l o w  resp i rat ion  rate a n d  low bu t  h i g h l y  

vari ab le  s k i n  permeance.  

5 . 3  M ate ri a l s  a n d  m et hods 

5.3 . 1 Fru i t  supp ly, i n it ia l  measurements, treatments and  

storage 

fresh l y  h arvested, prec l i macter ic 'Cox ' s  Orange Pippi n '  and  ' Braeburn '  app l e s  

(Mai llS domestic([ B orkh . :  I coun t ;  mean lTl ass 0 . 1 44 for 'COP'  and 0 . 1 45 k g  

for ' B raebu rn ' ) were obtained from a Hawkes B ay orchard,  N fru i t  were he ld  at 

20°C ove rn i gh t  and i l1 l t i a l  measures of fru i t  mass ,  fru i t  f i rmness ( on pared surfaces  

on oppos i te s ides  of the fru i t  at the equator us ing  a B ryce 0 to 1 2  kgf press-moun ted  

penetrometer f i t ted w i t h  an I I  mm head ) ,  so lub le  so l ids content  ( o f  comb ined  drops 

of j u ice from the f irmness test s i tes  u s i ng  an 0 1 0 ractomcte r ) ,  

bac kground green sk i n  co l our ( at t\\'o loc at ions  pe r  fru i t  u s i ng  a M i no l ta C R-200 
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chromameter measuri n g  l i ghtness and hue an g le .  M i no l ta Camera Co . ,  Ltd . ,  Osaka,  
<..- � � 

Japan ) .  were made on 20 fru i t .  Fru i t  were t reated w i th I Pa 

lene at for 1 2  h (pt( ): was mai n ta i ned be low 0. 1 kPa US l l1g  hydrated l i me )  i n  

a 1 . 3 m 1 cons tan t  temperature chamber. then vent i l ated i n  ai r at for a further  48 

h. Trays of fru i t  were randomly  a l l ocated to tempe rature treatments and stored  i n  

carto ll s .  at e i ther  2 for ' COP '  ( enc losed in  perforated polymer ic  fi l m  bags u sed 

commerc I a l l y  for th is  cu l t i var to reduce water o r  for ' B raeburn ' ( wi thout  

bag s ) .  Postc l i m acter ic  fru i t  were used for al l treatments  to m i n i m i se var iat i on 

resu l t i ng from d i ffe rences i n  fru i t  resp i rat io n ,  

F ru i t  were removed from coo l store and equ i l i brated i n  ai r a t  20 ± O . 5 °C for 24 h 

before s i x  b lemish  free fru i t  were randomly al l ocated to each  of  1 0  CA t re atmen t s .  

Add i t i onal l y .  20 fru i t  were a l l ocated for rnatur i ty  assessments and  1 5  fru i t  were 

stored i n  a perforated po lymer ic  fi l m  hag ( to reduce we ight  loss )  at the t reatment  

tempe rature for es t i mat i ng  resrmat ion  and ethy lene product ion rates dur i ng the  

expe r imen t .  

5 .3 .2  Tem perature treatments,  tem peratu re and  rel at ive 

h u m id ity mon itorin g  

Exper iments  were conducted I II 1 .0 111 1 contro l l ed  temperature cab ine ts  ( S pace l i ne .  

M u l l e r-McAlp ine ,  Auck l and ,  N Treatment temperatures  used  for wcre 0, 

1 2 , 24 , and , and for ' B raeburn ' 0 , 4 .  R .  1 2 . 1 6 , 20, 28 and As 

temperature t reatments could not be  appl ied s i mu l t aneous l y ,  t hey  were app l i ed  i n  

randorn i sed  order over  t i me .  

Fru i t  tempe rature was mon i to red i n  fou r  fru i t ,  o n e  fru i t  on t h e  l eft a n d  r i g h t  s i de s  

on each of  t w o  l e v e l s  i n  t h e  c ab i net  u s i ng  a G rant  Squ i rre l datalogger ( Model 1 205 , 

Grant I nc . .  Cambridge , U . K . ) .  Cal i brated therm i stor probes ( FF-U-V5 G ran t  I n c . ,  

Cambr idge ,  U . K . )  were i n serted beneath  t h e  sk i n  of  each  app le  a t  a n  equator ial 

pos i t i on  t h rough a :2  mm d i ameter ho le  cu t  tangen t i a l l y  through the  c or t ex  to  ju s t  

be neath t he  S k I ll .  Cabinet  a i r  tempe rature was mon i tored at  t he cen tre of  t he  cabi ne t .  
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F ru i t  and a i r  tempe ratures were l ogged every 30 m i n utes .  M ean temperature for 

mon i tored fru i t  var ied ::; 0 . 3  between fru i t  i n  any pos i t i on  w i th i n  the cab ine t .  

Re la t ive  humid i ty  ( R H )  was mon i tored i n  conta iners enc los ing  ' B raeburn '  

fru i t  at O°C and by i n sert i n g  RH sensors ( I H 3 602 , By-Cal  Eng ineer ing ,  E l  

M onte.  C A . ,  U . S . A ) ,  and thermi stor probes t o  correc t  t he R H  sen sor s i gna l s for a i r  

temperature.  \!l ean R H  standard error o f  the mean)  w i th i n  C A  conta iners for 

' B raeburn '  fru i t  at 00 and 20°C was 90.2  and ± 0.54 respec t i ve l y .  

5 .3 .3  

Ten 

CA system and model for est im at i ng CA 

atmospheres 

treatments .  each contai n i n g  fru i t .  were used for each tempe rature 

t reatment .  Metered, humi d i fi ed g as m i xtures tlowed through eac h  CA conta iner  ( as 

descri bed by Years ley  et  a/. ( 1 996a) )  W I th  a total il ow o f  1 . 7 x 1 0' m m' S · I . Mean 

C A  conta iner  17/)2 w as ma in tai ned wi th in  ± 0 . 2  kPa  of  req u i red I' for treatments  ::; 

1 0  kPa PC)2 and ± 0 . 5  kPa for treatments > 1 0  kPa pt)2 ' M ean of the  C A  

conta iners was mal l1 t a ined w i th i n  the range o f  (}02 t o  O. kPa and the h ighest  ) l ( 
O .  Pa.  for both c u l t i v ars over  the range of  tempe rature treatments .  For  CA 

t reatments  res u l t i  i n  1'(')2 around the  LOL' s .  and  P/CH I were phy s io l og i cal l y  

i n s i g n i fi c an t .  

The range of  atmosphere s  used depended on  the cu l t i var  and t reatment  

tempe ratur e .  and were iden t i f ied lls i ng  a steady-state adapted fro m  D adz i e  c t  
01 .  ( 1 99 3 )  and based on e x per imenta l  data of Dadz i e  ( 1  (92 ) .  The model ( model  1 )  

pred i c te d  a range of { )('; 2 for C A  t reatments between 0 kPa and 30 kPa that  wou ld  

resu l t  i n  steady -state Pi)2 between 0 .09 kPa  and 20 kPa .  

A geometric al ly i nc reas i ng range of P/)2 ' weighted towards lower pc'): , w as 

cal c u l ated lls i n g  the equati on :  

I ( .1 r ( - ( j .e  .\[('!) ) I I}o. C ( 5 . 2) 
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where : step n umber between 0 and 1 0 . 

The rate of  t ransfe r  O2 at temperature T ( was es t i mated u s i ng t he  

.'vl i chae l i s -Menten equat i on :  

r 

where : = 

= 

T = 

and the max mm 1l1  rate  of  

as : 

where : = 

nwx,O = 

( 5 .3) 

p/l, at wh ich  r;l:: i s  ha l f  max i ma l  ( Pa )  

rate of  t ransfer of O2 a t  temperature T ( mo l  kg  I S I ) 

max imum rate o f  uptake when P/l, i s  non- l i mi t i ng ,  

a t  temperat u re T ( mo l  l S i ) 

tempe rature ( 

u ptake at T when I was not l i mi t i n g  w as ca l cu l ated 

, () i) ( (1I n '>.:: /0 

t emperature coeffi c i en t  [ rate o f  O2 u ptake 

at ( T+ I O°C) ]  I [ rate of O2 uptake a t  TI ) 

(5.4 )  

max imum rate o f  uptake when Pel), i s  non- l i m i t i ng ,  

at O°C ( mol  I s \ 
The rate of  t rans fe r  of  O2 for the system at T was ca lcu l ated u s i n g  the equat i o n :  

where :  l'vt 
r ru ,  

( 5 .5 )  

= fru i t  mass ( k g )  

rat e  o f  transfer o f  O2 the system at temperature T 

( mo l  s \ 

\lode l  1 pred i c t i ons  o f  /J/; , requ i red t o  ach ieve  a part i cu l ar l e ve l  of  p/), were made 

us i ng  the equat i on :  
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== Po, + 
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A 

Values  used for var iables i n  model 1 \-vere based on Dadz lc  ( 1  

A == 

== 

p == 

== 

1 .46  X 1 0 2 m2 

2 . 03 x 1 01 Pa 

1 .0 1 3 2 5  x 1 0" Pa  

1 .02  X 1 0 9 mol  S l 111 2 Pa l for 

F ruit: 1 63 

(5.6) 

apples 

o. x 1 0 ') mol s I Pa l for ' Braeburn '  apples  

= 1 .  9 1  

I )  
x 1 mol - I I S . 

Dadz i e  et al. ( 1 996 )  model l ed as a func t ion  of 17/;: us i ng  the fo l l o w i n g  

equat i on :  

where :  

2 

P02 A 

= rate of t ransfe r  0 :,  for the system \.vhen 

l i m i t i n g  at temperature 1' ( mo l  s I ) .  

( 5 .7) 

I S  nOI1-

Rearrang ing  and sol v i ng the equat i on  to express  as  a func t ion  of  p/)c resu l ted  

i n  the fo l low i ng equat ion ( model 

(' Po, ( 5 .8) 
A 

Model  :2 was f i t ted to  e x per imenta l  data u s i ng  emp i ri cal l y  dete rm i ned v al ues  for fru i t  

and var iah les  prl'sen ted i n  Tahle 5 . :1 .  
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5 .3 .4 Gas measu rement and ana lys i s  

Fru i t  a l l ocated t o  temperature t reatments  each h ad a 1 000 m m' g lass surface 

chamlll r adhered over len t ice l s  at an equatori al  pos i t ion ( Years l ey  e t  al . ,  1 996a. ) 

Steadv -state were esti mated as the equ i I i b rated {J( ;2 and in surface c h am bers 

after  �6-90 h e xposure to CA treatments  ( Years l ey ,  1 996) .  Gas samples  were 

removed by sy ri nge  ( Gas- t igh t  1 00 mm ' , Hami l ton  Company , N evada, U . S . A .  ) from 

the heads pace of  each sur face chamber t h rough a septum on the  CA bags abov e  the 

chambe r. The pe rcen tage compos i t ion of  and  CO2 were immed i ate ly  determ i ned 

us i ng  an O2 e lectrode ( C i t ice l l  CIS type,  C i t y  Techno logy Ltd . ,  London,  U . K . )  i n  

seri e s  w i t h  a m i n i ature i n fra-red CO2 transducer ( Ana ly t ical  lopmcnt Company ,  

Hoddeston , U . K. ) , w i t h  02-free N 2  as carr ier ( flow rate 5�0 m m' s \ M o l e  

fract ion  va l ue s  for I A  compos i t ion were converted  t o  I and by adjus t i n g  for 

atmospher ic  pressure ( B ar igo e l ec tron i c  a l t i meter/barometer, G mbIl D-7330 ,  

V i l l i mgen -Sch w e n n ingen ,  S w i tzer land ) .  

S teady -state concent ra t ions  o f  aceta ldehyde , e t h y l  acetate and e thano l  I , C['IAc , 
CEt()H , mol in  the su rface chambers were measured us i  fl ame ion i zat ion  gas 

c h romatograph y  ( Varian 3400 Econocap Carbowax co lumn ,  30m x 0 . 3 2  m m  

1 D ,  fi l m  t h i ckness  O.25f1lT1, A l l tech  Associates ,  fnc . , I l l i no is ,  U . S . A . ;  gas  flow rates  o f  

2(U� ,  500 and 6666 m m� S l for 02-free N 2 ,  and a i r  respec t ive l  and 1 30, I SO and 

300DC for co l u m n ,  i n j ector and detector temperatures ,  re spec t i v e l y ) . 

5.3 .5  Respi ratio n  and ethylene p roduct ion rates 

l ftccn fru i t  randomly  se l ec ted from the  same popul at ion e xper i menta l  fru i t  

were used t o  dete rm ine  rco2 and C2:I-L. produc t ion ( rC]H.l ' mol kg l S l ) at treatment  

tempe ratures appro x imate l y  I S and 1 h after CA t reat ments were i m posed 

( Years ley e t  a l  . .  1 996b ) .  The and of app les  in air were model le d  as a 

pO\ver funct ion of temperatur e u s i ng  Eq .  S A  and subst i tu t i n g  C02  and C 2Rt for O2  

l D adlie  e t  u f . ,  1 9( 3 ) .  
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5 .3 .6  Sk in  permean ce, cort ica l  t issue porosi ty and  dens i ty 

Permeance the fru i s k i n  to ethane ( , mo l  s I m 2 I . 
d ) was eS t i mate 

us i niZ  e than e  effl ux  ( Banks ,  1 e t  a l. , I Fru i t  surface areas were 

es t i m ated from fru i t  mass ( C l ayton ct af . .  1 995 ) .  T i ssue poros i ty 
, . ' ) d m Ill ' an ' 

t i ssue dens i ty ( p ,  kg  m ' ) were es t imated us i ng  5 m m  w ide l ong i tud ina l  wedges of  

t i ssue  from wh ich  the  sk in  h ad been removed ( Years l ey e t  a I. , 1 996a ) .  

7 Est i m at ion of L Oes based o n  part ia l  p ress u res and  

d issolved oxygen 

A "bootstrap" s t at i s t ica l  p rocedure was used to es t i mate  LOLls u s i ng  steady-state 

P/)2 and I o r  surface chambe rs ( Years lev  e t  , 1 996a ) .  P lots of 

CdlO l i  versus P/)2 were made and unsea led ,  un t i t l ed  g raphs  of  the p lo t s  descr ibed 

above submi tted to  1 5  t ra i ned pane l  l i s t s .  Each pane l l i s t  was asked to  hand-draw 

curves t h rough the d ata  then iden ti fy A and . 1 000 bootstrap samp le s  ( b  = 

1 000) were obta i ned by random samp l i  w i th rep l acement  from the  pane l l i st s '  

or ig i na l  observat ions .  B ootstrap means and  b i as corrected ( BCa)  confi dence 

i n terva ls  of means were  ca lcu l ated ( Efron ,  I ; Years l ey ,  1 996 )  us ing G auss 

soft vvare ( Gauss ,  1 993) ,  Est i mates of hased on  d i ssol ved 02 concentrati o n  

\\/e re ca lcu l ated d i rec t ly  fro m  p art i a l  pressures  us ing t h e  fo l lo w i ng equat ion  

( Lendz ian  and K i rs te ins ,  1 9( 1 ) :  

where :  

c I)' O . .  H 

IJ C( ),J {  ,0 = 

I ,)'( ) " f J , ( )  = 

T . [1 . 0 

i nt erna l  concen t ra t ion of O2 i n  H :;O at a g i ve n  

tempe rature , T ( mo l  

i n terna l  part i a l  pressure of  O 2  of t he  LOLl ( Pa )  

so luh i l i ty o f  0 :,  i n  H 20 a t  a g i ve n  temperature,  T 

( mo l  In ' Pa l ) .  

( 5 .9 )  
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5.3 .8  mat ion of  A Cpe f rom A 

max i mum rate uptake the 
11)(1\, r I at T ( ro, ' mol  s ) w as ca lcu l ated 

us i ng  the equat i on :  

= (5. 1 0 )  , /1111\ 

where :  
- ([[  r 

rate of t ransfer  of 

Va lues  of 
( i l l" 

were ca l cu lated USl l1g 

Values of k /  were es t i mated from p lots of 

for the system in a i r  ( mo l  s ' ) .  

and 5 , 5 ,  and assumed R Q  w as u n i t y .  

versus ' at var ious T ( data  no t  

show n ) .  Rate of  O2 uptake of the system a t  the  A 
, ·I i 'l" I ( ro� , mo l  s ) w as ca l cu l ated 

us i ng  the equat ion : 

k / + A Cpl 

A CPI' was ca l cu l ated us ing Eq .  5 . 1 from bootst es t imates of  A obtai ned 

lls i ng  combined lA data from surface chambers and core cavi ty for ' B raeburn ' 

app les .  A cr vvas ca lcu l ated at T between 0° and for fru i t  w i th l ow and 

h Igh (0 . 1 and O .3 nmol s l m 2 Pa i respec t i ve l y , and A = O ,O I 5 1  m2 , M = O . I �  

) . 

3 .9  Statist ica l  a na lys is  

11 )  

Regress ion ana lyses o f  re l at ions h i ps between mean fru i t  temperature and 

l ime  i n  s torage \\/(' re conducted ( for  ' Braeburn '  app l es ) using the PROC REG 

pmcedun:: of the S A S  syste m ( S A S ,  1 990 ) .  were \ve i ghted w i th e i ther  t he  

i n ve rse of t he  standard error o f  means or  t ime  i n  storage.  They were a l so adjusted for 

t i me i n  s torage usmg I !1vc rsc o f  the  s tandard e rror o f  means as vve i gh ts .  Fru i t  � � . � 
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maturi cort ica l  t i ssue poros i ty and dens i ty and data were ana lysed as a 

randoml  b lock mode l  us i ng  the PROC 

I, ' but us i  repeated measures .  

5 . 4  Resu lts 

A S ,  1 9(0)  as were data 

\;lean chambe r  duri n g  e thy lene pret reatmen t  was 1 0 .9  and 1 0 . 8 P a  for 'COP '  

and ' B rae bu rn '  respec t i ve l y  w i t h  pto, mai n ta i ned be low 0 . 1 k Pa for both c u l t i vars .  

Es t i mates o f  and I, for the fru i t  48 h after  pretreatmen t  i nd icated the fru i t  had 

commenced t h e  c l i macter ic p hase pr ior  to cool s torage ( data not  show n ) .  

1 i t  m at urity 

' S raebu rn '  apples were 1 � . 9  N fi rmer and had 1 (,/r h igher  so lub le  sol i ds con ten t  

than 'COP'  at harvest Crab le  5 . 1 ) . both  cu ] t i vars ,  fru i t  fi rmness decreased 

rap i d l y  and so lub le  sol ids  i nc reased s l igh t ly  w i t h i n  the fi rst 3 to 8 weeks  of storage .  

Fru i t  fi rmness and so lub le  so l i ds conten t  d i ffered s i gn i fican t l y  for some treatments  

duri n g  t he  e xper imental per iod ,  bu t  the  d i fferences were  sma l l  phys io log ica l l y .  For 

both c u l t i vars, bac kground s k i n  co lour  became l i ghter  ( and hue ang l e  

decreased ( chan ged from green to green-ye l low ) w i t h  i ncreas i n g  t i me i n  storage 

(Tab le  5 . 1 ) . There were stat i st i ca l  d i fferences over storage t ime  for L and HO,  but  

on ly  sma l l changes occurred dur i ng the  per iod over 

storage for e xper i men ts .  

fru i t  were  removed from 
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Table 5. 1  Fru i t  fi rmness .  so lub le  so l ids  content .  and background co lour  l ig h t ness  

and  h ue ang le  (I-fO )  for ' s  Orange P ipp i n '  and ' B raeb u rn ' apples  

from a Hawkes  B orchard s tored a t  2 and DOC respec t i ve l y  for 

var ious dura t ion s .  Fru i t  were removed from cool s tore and m ai n ta i n ed at 

20°C for h pr ior to measurement  at . Val ues represe n t  leas t  

squares means ,  and w i t h i n  c u l t i vars.  t reatmen ts w i th d i fferen t  l et ters ( a .  

b ,  c )  are s i gn i fi can t l y  d i ffe ren t  (p  == 0 .05 ,  

C u l t i var  and Treatment  Fru i t  S o l ub l e  Backgroun d  co lour  
T ime  i n  storage temperature fi rmness so l ids  

content  
( weeks )  ( N )  ( ) (L) 

' Co x ' s  Orange P ipp in '  

0 Prestoragc 70 . 8  a 1 0 . 9  a 69 .5  a 1 09 . 9  a 

\ .9 N E I 69 .0  a 1 04 .4  a 

J . 3  0 48 .9  b 1 1 .9 b 69 . 5  a 1 03 . 9  b 

9.4 32 4 1 . 2 c I l . 7 b . 3  b 1 00 . 5  c 

1 0 .4  1 2  39 .9  c 1 1 . 6 b b 1 00 . 8  c 

' B raeburn ' 

0 Pres torage a 1 1 . 9 a . 7  a 1 02 . 1 a 

8 . 7  h 1 3 .0 bc 65 .0  a 1 00 . 7  ab 

1 3  24 8 hc 1 3 . 0  68 . 0  b 99 .7  ab 

q 1 2 60 .2  1 3 . 2  c 69. 1 bc 9 9 . 6  ab 

1 5  8 6 1  1 2 . 8  h . 8  b 9 7 . 1)  b 

1 6  1 6  6 1 . 2 b ! 3 . 3  c . 9  bc 97 .4  b 

1 9  4 5 8 . 1 cd  1 2 . 8  h 69 .4  hc 9 9 . 6  ab 

20 .2 cd 1 2 .9 he 68 . 3  b 9 R . 6  b 

0 5 5 . 5 d \ 3 . 1  c 70. 1 bc 9 8 . 6  b 

20 . 6  cd 1 2 .9 hc 69 .7  bc 99 . 1 b 

S tor age t i me compar isons ( ANOY A fJ val ues ) 

' C ox ' s  Orange P i pp i n '  0 .000 1 o .noo I 0 . 000 1 0 .000 1 

' B raehurn ' 0. 000 1 0 .000 1 0 .000 1 0 . 0004 

== not e s t imated 
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5.4 .2 Ski n permeance to ethane (PC�H6 )  

es t i mates of P�" 1l for 'COP'  apil ies  ran ged between 
- () '--" 

1 8  and 0 . 236  n mo l  

s t  m 2 Pa l , and \ve re tw ice a s  permeable to e thane a s  ' B raeburn'  apples for wh i ch  

va lues l ay between 0 . 1 02 and  0 . 1 2 1  nmol  S l /11 2 1 (Table 5 .  Va lues  were 

� i m i l ar to those reported by Dadzie ( 1 992 ) for these eu l t i vars .  For each c u l t i var, 

d id  not  change s i gn i fican t l y  w i th i n creas i ng t i me i n  s torage .  

5.4 .3  Cort ica l  t issue porosi ty (£) and dens i ty (p) 

Cort i ca l  t i ssue poros i ty of 'COP'  app les  was 1 . 2 t i me s  as h i g h  as for ' B raeburn '  

app les ,  when averaged over a l l assessment  t imes ( Tab l e  5 . Cort ica l  t i ssue dens i ty 

of 'COP' app les  w as marg i na l l y  lower than for ' B raebur n ' ,  and ne i ther  poro s i ty 1101' 
dens i ty  of 'COP'  fru i t  varied marked ly  dur ing storage . For ' B raebu rn '  fru i t  ( wh i ch  

were s tored longer  t han  'COP' ) ,  poros i ty decreased s l i gh t l y  from 0 . 1 , ,j m m to 

0 . 1 32 m' m" from 8 to 1 4  weeks in  storage, then i nc reased aga i n  to 0 . 1 52 m' m"  

after 24 weeks s torage. For  bo th  cu l t i vars,  cort i ca l  t i ssue dens i t y  decreased 

proport iona l l y  w i th i nc re as i n g  poros i t y  5 . 1 ) . I nd i v idua l  apples  i n  the  popula t ion 

samp led vaned marked ly in  poros i ty  and dens i  . The range in  es t i mates o f  poros i ty  

and dens i ty was gre ater for ' B raebur n '  than 'COP '  apples (0 . 1 65 and 0 . 04 5  m ' 111 " ,  
and 60.0 and 40 .0 k g  m ' respec t ive l y ) .  

5.4 .4  Resp i rat ion rate ( rC02) and ethylene p roduct ion 

( rC2H4) as a funct ion of fru i t  temperature 

For both 'COP' and ' B raebur n '  apples ,  and 

fru i t  temperature between O°C and e i t he r  or  

I.)  i nc reased wi th  i nc re as i n g  

and t h e n  decre ased ( Fig .  5 . 2 ) .  

Es t i mates of for ' COP'  were h i gher  t h an for ' Braeburn '  appl es and  i nc re ased 

more steep ly  w i th temperature .  Es t imates  of for 'COP'  were h i ghe r  than  for 

' B raeburn ' app l e s  at , but s im i l ar or lower at  h igher  tempe ratu res .  
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Cort i ca l t i ssue poros i ty ( f ) ,  dens i ty ( p )  and sk i n  permeance to ethane 

's  Orange pp in ' and ' B raeburn '  apples from a H awkes 

B ay orchard stored at 2 and 

The fru i t  were removed from cool  

n:spect i  for v ar ious durat ions .  

and  stored a t  20GC for h 

pr ior  to es t irnat ing  £ and p and 7 days before es t imat i ng  PC2H(, . Val ues  

represent  l east squares means and,  \v i th i n  cu i t i vars,  t reatments w i th  

d i ffe ren t  l etters are s i gn i ficant l y  d i ffe rent (p = 0 .05 , n= I 

Cul t i var and Treatment Cort ica l  t i ssue Cort ical t i ssue S k i n  permeance to 
me I n  tempe rature 

s torage 
( weeks)  

' Cox ' s  Orange P ipp in '  

1 . 9 24 

3 . 3  0 

9 A 

l OA 1 2  

' B raeburn , 

8 2 8  

1 3  

1 4  1 2  

1 5  8 

1 6  1 6  

1 9  4 

20  32  

0 

20 

porOS l  
( £ ) 
1 . ,  

(m  m ' ) 

O. I a 
0. 1 a 

0. 1 70 a 

0. 1 42 ab 

0 . 1 40 bc 

0. 1 c 
0 . 1 3 8 bc 

0. 1 40 be 

0 . 1 ab 

0 . 1 49 a 

O . \ 4� a 

0 . 1 a 

S torage t ime comparisons ( AN OY A  {J values ) 

' s  Orange P ipp i n '  

' B raehurn'  

) , 1 mol  s 

( B anks C{ (l l . ,  1 995 1 .  

N E  not es t i mated .  

0 . 1 7 3 0  

0 .000 1 

dens i ty 
( p ) 

m" ) 

a 

R63 a 

NE 

866  a 

898  c 
099 bc 

9 1 1 ab 

907 

9<B 

1'\9 3  e 
89� 

1 e 

O . ()090 

0 .000 1 

3 . 1 5 ) 1 1 . 203 x \ 

ethane  
(Pc ) I 

( nm o l  s ·  . 1  p i ) m - a , 

0 . 2 1 R a 

0 . 2 3 6  a 

0 .234  a 

0, I OC) a 

0 . 1 02 a 

0. 1 09 a 

0. 1 1 2 a 

0 . 1 1 6 a 

0. 1 1 7 a 

N E  

O. 1 09 a 

0. 1 2 1  a 

0 . 8720  

0 . 5899  
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F i t ted va lues  for Q IO  for 'COP'  were greater than for ' B raeburn ' ( 2 .44 

to ) but  for ( 2 .  J 2 eompared to 2 .  I t  was not poss ib l e  to 

characterI se the trans i t i on  from increas i n g  to rco , and at  h ighe r  

temperatures due to  i n su ffic i en t  data for temperatu res around t he  opt ima .  A s  

and were not  es t imated for 'COP' for the same range of temperatures as for 

' B raehu rn ' ,  more data wou ld  be requ i red to be con fident the tempe ratu re 

re l at i onsh ips for ' app l e s .  [For , at T (  ) ,  I mol k g l s I = 1 . 5 8 3 9  x l OX mg 

. J 5 )  / 3 .  I x 1 0  I I  PI{l1 m l  kg I h i where prol ( Pa )  i s  the tota l  

pressure in the system :  for rC:ell," at T ( 1 mol s ( T  + . 1  1 3 . 3 4 J x l O 

-(Y") 
I 

0) 
� 

... 
a. -

>-
......, 
U) 

Q) 
0 

I h i ( Banks  et  , 1 995 ) 1 .  

9 4 0  
.. 

, 
.. ..  •..• " � 

9 2 0  
.. .. 

9 0 0  

8 8 0  
B r a e b u r n  .. 

O P  
8 6 0  p :::: - 1 1 2 0 . 7 E  + 

r 2 :::: 0 . 9 6  

8 4 0  :::: 1 0 5 9  

.. 
.. .. .. . 

, , 

. . 
, .. ' . , 

AAo. "" . . 
1 0 5 9 ,6 

. . { 

H a t f i e l d  a n d  K n e e  

"' . 

0 . 1 0 0 . 1 2 0 . 1 4 . 1 6 0 . 1 8 

P o r o s i t y  ( E , m3 m - 3 ) 
0 . 2 0  

Figu re 5. 1 Cort ica l  t i s sue  dens i ty ( p )  as a funct ion of poros i ty  ( E ) for ' C ox ' s  Orange 

P i pp i n '  and ' B raebu rn ' apples frorn a H awkes B ay orchard stored at 

and .2 respect i ve l y  for periods u p  to  

h before est i m at ion . 

weeks .  and he ld  at 2 0°C for 
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1 5 0 

1 0 0 

5 0  

0 

1 . 2 

1 . 0 

0 . 8 

0 . 6 

0 . 4 

0 . 2 

0 . 0  

rco2 ::::: 2 0 . 5 0  *' 
:::::: 0 . 9 8  

- ... - c O P  
fCzH4 :::::: 0 . 1 2  *' 

= 0 . 9 9  

- 8 ra e bu r n  

fCzH4 = 0. 0 9  *' 
== 0 . 9 6  

,.. 

0 5 1 0  

8(0 . l T I , ' 
, 

I 

1 2(0 . 1 T I 

5\0 . 1 T I 

I 
I 

I 

I 

! /, ""  .... ! 

1 5  2 0  

r u i t  t e m p e r a t  

I 

b 

I 
I 

2 5  3 0  3 5  

r e  ( ° e )  
Resp irat ion rate (rcoJ [ a ] and ethy l ene  product ion  (rC2fL,)  [ b  1 as a 

func t ion  of fru i t  tempe rature for 'Cox ' s  Orange P ipp i n ' and ' B raeb u rn '  

app les  fron1 a H aw ke s  B ay orch ard stored  at and respec t i ve l y  for 

per iods u p  to weeks .  Fru i t  were from cool  storage and  

equ i l ib rated a t  the treatment  temperature for to 4� h before 

assessment .  Est i mates re present  l eas t  squares means and s tandard e rror 

bars ( n= \ ) ) ,  
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5.  Verifi cat ion of steady-state m odel 1 p red i ct ions  

For both c u l t i \ ars at mode I I ( . 5 p red ic t ions of P(�2 for a g i  ven  P/)2 we re 

c lose to e m p i ri ca l  data ( Fig .  5 . ] ) . However, at 

part i cu l ar l y for ' B raebu rn '  apples .  

mode l I u nderes t i m ated p<I;2 ' 

For a g iven  I , mode l 2 ( Eq .  5 . 8 )  predicted P«(;2 i nc reased proport ional l y  w i t h  

I l1C reaS I  
11111\.1 

and decreas i n g  P;)2 ( data not  shown ) .  For fru i t  at O°C,  model 2 

pred ic t ions  were c l ose to emp i rica l  data for ' COP'  and s l i gh t l y  overes t imated p/;, for 

' B raeburn '  fru i t  for fJc') 2 2': .3 k Pa. For fru i t  at , model 2 u nderes t imated 

both c u l t i vars for I ::; 1 . 5 k Pa, but  overes t imated P/;2 for I 2': 1 . 5 kPa for 'COP '  

and between 1 . 5 and  1 2 . 0  kPa  for ' B raeburn ' fnl l t .  

5 .4 .6  L OLis as  a funct ion of  temperature 

B ootst rap means were s im i l ar to means of  ori g i na l  pane l l i s t s ' data ( data no t  

show n ) .  H owever,  a s  b i as corrected 95% conf idence i nterva l s  cou l d  b e  c al c u l ated for 

bootstrap means o f  LOLls ,  the l atter were u sed for regress ion ana lyses .  As the  

bootstrap procedure d id  no t  assume data to be  !lonnal l y  d i s t r ibuted ,  

confidence i nte rva l s  were no t  necessari l y  symmetr ica l  about  the mean s ( Fi gs .  5 .4 to  

5 , 7 ) .  A s  there were i nsu ffic i en t  data to perform va l i d  regress ions  for ' COP '  fru i t .  

o n l y  resu l t s  of  regress ions  for ' B racburn ' frU I t  arc presented .  Regress ions  were 

we i gh ted  u s i n g  the  i nverse of the  standard e rror as ca lcu l ated by the  bootstrap 

procedur e ,  and the i n fl u cnce of temperature was adju sted stat i st ica l l y  for the t i me 

fru i t  had been i n  cool s torage. Po lynomia l  effects  of temperature u p  to  t hc  t h i rd 

power werc tested for data from temperature t reatments  up to 28°C .  

Chamber and core c av i ty  atmospheres  were s i rml ar bu t  not  i de n t ica l ; ne i t he r  w as 

cons i s tent l y  g reater than the other ( data not presen te d ) .  Consequ en t l y ,  LOLls w ere 

s i m i l ar \vhen e st i m ated u s i n g  chalTlber and core atmospheres,  except  at  t empe ratures 

2': where LOLl s bascd on core atmosphere tended to be h i gher .  However, for 

' B raeburn '  apples at treatmen t  temperat u res ::; I , LOt' s based on c orc 

atmosphere s  were lower than or equal to t hose based on chambe r  atmosphere s .  
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S te ady-s tate model I ( Eq .  5 . 6 )  and mode ! :2 ( Eq .  5 . 8 ) predic t ions  of  P/;2 
ca lc u l ated from P<'l2 and exper imenta l  data for ( a) ' Co x ' s  Orange P i pp i n '  

and ( h )  ' B raehurn '  appl e s  a t  0 and . V al ues  for fru i t  and  gas 

v ar iab les  used in mode l I a rc presented in 5 . 3 . 3  and for m ode l  :2 

i n  Tab le  5 . 3 .  Exper imenta l  data represent  means  and standard error bars 

( n  ::: 6) .  
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Table V al ues  for fru i t  and var iab les  used for model 2 p red ic t ions  of as a 

funct ion usmg . 5 . 8  for P ippi n '  ( ) and 

' B raebur n '  app les .  

V ar iab les  U n i t s  'COP'  ' B raeburn ' 

A m .2 1 . 50  x l  l . 5 1  X 1 0
2 

i'vl kg X I O I 1 . 46 x l O' l 

1<. /  Pa J x 1 0' 2 .  x I 0' 

Po , mol  s , I  111 , 1  Pa' i 2 . 90 x 1 0 1 0  I . I O x l O 1 O  

Hun ( )  mol s I 3 . 50 x l  3 . 20 x I Cy<J ro , 

Q I I) 2 . 20 2 . 1 0  

5. 6. 1 and ACfY as a function tempera ture 

B ootstrap es t imates of A Cp l  based on chamber  atmospheres ( chamber A Cr )  and 

core atmospheres ( core A CP ' )  were on average 0 . 24 kPa and 0 . 83  kPa P()2 h igher for 

' B raeburn ' than 'COP'  apples respec t i ve l y .  

For 'COP'  appl e s ,  cham be r  A i ncreased from 0 .54 kPa 0::: at ODC t o  0 .69 k Pa 

then rose marked ly  to J . 1 4  kPa  at 3 2  5 . M argina l l y  h igher  

va lues  were fou n d  for core A CP '  a t  and  32  ( 0 . 80 and 1 . 3 kPa {J()2 respec t i ve l y ,  

5 . 5 ) .  Concent rat ions o f  d isso l ved 0::: i n  wa te r  ( ' . 1 1 20 )  ca lcu l ated from p()c 

u s i n g  Eq.  5 .9 \Ve IT s im i l ar at 0° and J 2 lower at 24°C and h i ghest  at 3 2  for 

both chamber and core A CP '  ( Figs .  and 5 

For ' B raeburn '  app lcs ,  t here was no  s i g n i fi can t  re l at ionsh ip  bet \veen chamber 

A CP'  and tempe rature based on  {)i)c between and ( Fi g .  5 . 6 ) .  H ow ever,  a 

m arked i nc re ase i n  c h amber and core A CP '  was observed at  A cub ic  

re l at i onsh ip  was  found  between core A CP i  based o n  p/), and  temperature = 0 . 9 3 .  

I� 5 . 7 ) , and  a l so for c h ambe r  a n d  core A Cp i  based on ("( ; 1  and tempe rature 

0 . 60 and 0 .89 ,  F i g s .  5 . 6  and 5 .7 respec t i ve l y ) .  W it h  thp except ion of SoC,  c h am be r  

= 
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A based on I i nc reased from 0 . 8 5  kPa to I kPa  ' then  rema ined at  

marg i n a l l y  be l ow t h i s  val ue u p  to ri s i n g  sharp l y  to 1 . 63 kPa  a t  

Chamber  A , ' 
based on ("(J , d l \vas i mate l y  1 8 .0  to 1 9 .0  mmol  m ol between 

( Y)  and . then decreased i rregu l ar ly  to 1 1 . 9 mll10 l  m 1 as temperatu re i nc reased to 

, r I s i n g  sharp l y  aga in  to 1 8 .4  m mol  mol a t  5 . 6 ) .  Core A CP '  based on 

fJ/l:. decreased from 0.84 kPa  to 0 . 64 kPa O2 between 0 and 8°C,  then  rose  to  I .  I I 

k P a  at 2 8 °C , and m arked ly  to 2 . 34 kPa at  ( Fi g .  5 . 7 ) .  Core A CP '  based on 

C( ; t ,O decreased stead i l y  from 1 7 .9 to 1 3 .6  mmol  rn ' between 

the except ion of  24°C) ,  then i nc reased at 3 2  to mmol  nf ' . 

and 28 °C  ( w i t h  

V a l ues  of  A CP" ca lcu l ated from bootstrap es t imates o f  A CP' were greater than 

A , i nc reas i ng more m arked ly  as temperature i nc reased, and part icu l ar l y  at l ow Po, 

( Fi g .  5 . 8 ) .  A power l aw func t ion  was fi t ted to each curve .  For A CP',  p/l, =- 7 .05 x 1 0  

7 0 
7 J 1 0  I Tl 

() 8 "1  
2 

() 97 F A x :t .  + . ,1 ( r  =- . _ ) .  'or  for a fru i t  \v i th  low Po" =- 0 . 1 5  x 
4 .08iO I Tl + 2 .04 =- 0.99) ,  and for a h igh Po" (' = 0. 1 0  x 3 . 3 0( IJ I 1) + / . 1 2 ( r2 = 

0 . 9 8 ) .  

4,  6, FT�Q as a function of  tempera ture 

B oot s t rap es t i mates o f  chambe r  were on 

' B racburn ' than ' COP'  app les ,  bu t  s i m i la r  for core IU) . 
8 O2 h igher  for 

For ' COP'  fru i t  chamber and core 1\1) \vere between 0 . 3  and 1 .0 kPa  O2  

( be tween 2 .5  and mmo\ m � ) h i gher  than equ i val en t  A I ( F i g s .  5 .4 and 5 . 5 ) .  

C h amber  1\1) i nc reased between 0 . 8 \ and 1 . 36  k Pa Clnd  c ore FT!uJ between 1 . 5 5  

, 
and 2 . 00 kPa  w i t h  i nc reas i n g  temperature between and 3 2  Chamber CO " f{ .,O 

i nc re ased from 1 7 .4 to 20 . 2  m mo l  m ' between 0° and 1 2  , t hen  decreased to  1 5 . 1  

m m o l  m ' at 24°C and 1 5 .4 mmo\  m ' at 

m arked l y  fro m  : n .o to 20 .0 mmo l  m ' between and , then i nc re ased aga in  to  

2 3 .4 m mo\ TTl ' a t  _ ( Fi g .  5 . 5 ) .  

For · B raeb u rn '  app les ,  a quadrat ic  re la t i o n sh i p  was found betwee n chamber Fn(! 

and temperature based on P/)2 ( ,.2 = 0 . 5 6 ,  F i g .  5 .6 ) ,  and a cub ic  re l at i onsh ip  for core 
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s ign i fican t  re l at ionsh i p  between chamber or core 

R(! 
fo l lm'ved a s i m i l ar t rend w i th  i ncreasi t emperature as A , bu t  w i t h  c h amber  

va l ues O. J 4 to 0 .76 kPa o� h igher  ( 5 . 6 ) .  Res u l ts for core FTk(! as a func t ion  of  

tem pe ra ture were variab le .  :However, there was  a general  t re n d  for FTk(! to i n c rease 

as temperature mcre ased to above wh ich it dec l i ned ( Fig .  5 . 7 ) .  

5. 6. 3 Chamber FT�tOH as a function of ture 

For hoth c u l t i vars,  c.{cet and acc u m u l at ion  was h vari ab le  (data not  

presen ted ) .  For  ' COP'  fru i t .  e thano l  acc urn u l at i on was measured  for some 

t rea tments ,  but  there was i nsuffic ien t  data to i nd ica te a re la t ionsh ip  w i t h  temperature 

For ' B raebu rn '  fru i t. FTE�tOH i nc reased from 1 . 1 7  to 2 . 08 kPa  as fru i t  

t emperature i nc re ased from 0 to in a quadrat i c  re l at ionsh ip  :;:: 0 .73 ,  Fig .  S . S ) .  

Howe ver, the resu l ts for e thanol  accum u l at ion  between temperature t rea tments  

var ied  cons ide rab l y .  
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B ootstrap es t irnates of steady-s tate i n ternal  lower oxyge n  l im it s  (ACP ' ,  

, a n d  !�I()H ) based on  part i a l  pressures  o f  surface cham bers a n d  

equ iva l en t  d i sso l ved o x y  concentrat ions  for ' Cox ' s  Orange P ipp i n  

app les  a s  a func t ion o f  fru i t  temperature .  Va lues  rep resen t  boot strap 

means and 95 b i as corrected ( 

1 000) .  

type)  confidence i n terv a l s ,  b = 
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B ootstrap es t imates of  steady-state i n te rna l  lower oxyge n  l i m i t s  

and ) based on part ia l  pressures in  the core cavi ty and equ iva len t  

d isso l wd oxygen  concent rat ions  for ' Cox ' s Orange P i pp i n '  app l e s  as a 

func t ion  of fru i t  te lTl perature . Va lues  represe n t  boots trap mean s and 95  

b i as corrected ( Bea type ) confidence l tl terva ls .  b = 1 0(0) .  
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F i gu re 5.6 Bootstrap es t imates of steady-s tate in ternal lower oxyge n  l i mi t s  (A 

Fn(! . and FT!�IOH ) based on part i a l  pressures  i n  surface c hambers and 

d \ed oxygen concentrat ions  for ' B raeburn '  app l e s  as a func t ion  of 

fru i t  temperat ure . V al ues  represent  bootstrap means and 95% b i as 

corrected (B ea type ) confidence i n terva ls ,  b = 1 000) .  
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Figu re 5 .7 B ootstrap est i mates of steady-state i n terna l  lower oxygen l i m i t s  (A  

and  Fn() ) hased on  part i al pressures i n  the core c av i ty and e q u iva l en t  

d isso l ved oxygen concent rat ions  for ' B raehurn ' app les  a s  a func t ion 

fru i t  temperature . Va lues represen t  hootstrap means and b i as 

corrected ( type )  confidence i n terva ls .  b =: 1 0(0) .  
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5 . 5  D i scussion 

M odel  2 pred ic t ions  o f  (' requ i red t o  ach ieve part i cu l ar leve ls  o f  P�h (Eq . 5 . 8 )  

accounted for the  e ffec t  o f  both temperature and I on resp I ra t ion ,  whereas m ode l 

on l y  accollnted for the effec t  of  temperature ( E q .  5 .6 ) .  Consequen t l y ,  m odel  2 

pred ic t ions  were c loser to experimental  va lues than those of  model l ,  part i c u l ar ly  for 

apples at  D i sc repanc ies  between empi r ica l  data and model  2 predic t ions  s t i l l  

occurred, and suggested the phys io logica l  processes i nvo lved were probabl y  more 

complex than that descr ibed by the s l llg i e  rate constant  I ) '  A n umber of reports 

suggest more than one o x id ase d i rect l y  or i nd i rec t ly  affects respi ra t ion ( Burton ,  1 98 2 ;  

Knee,  1 99 1 :  Tucker and LIlies,  1 98 5 ) .  Regu l atory enzyrne ( s )  w i t h  lower  a ffi n i ty for 

O2 may sense hypox ic  cond i t ions  lower  resp i rat ion by feedback i n h i b i t i on o f  the  

i n i t i a l  steps of  g lucose ox idat ion ( S olornos,  I ) .  Some i mprovement  i n  the  fi t of 

mode l 2 to  exper imenta l  data ( data not shown )  w as ach ieved by i nc l ud ing  a second 

rate constant ( k2 )  us ing  the fo l l owing  equat i on :  

where :  a := 

+ ( 1 

constant  desc rib i ng  the proport ion  tota l  O2 uptake 

governed by and k] 

(5 . 1 2) 

H owever,  improved fi t was on ly  ach ieved I y  set t i ng va lues for k / ,  a n d  (/ 
�IS there were no empi r ica l  data to sugges t  what ues shou ld be. M ore 

experi menta l  e v i dence is req u i red before the increased comple x i ty cau sed by addi 

a second  rate cons tan t to mode l ::: can be jus t i fied .  

Boots t rap es t i m ates ( means )  of  LOL's var ied in a complex  manner in re la t ion  to 

temperature .  A l though s ta t i s t ica l l v  s i gn i fi can t  e ffec ts  \Vere fou n d  for FTRI) and  "- .! '-- � 

llt( )H based on  c hamber and c ore part i al pressures for ' B rae burn ' apples ,  the 

re l at IO n s h i ps are d i ffic u l t  t o  exp la in  phys io log i cal l y .  I n  general for both 'COP ' and 

' B raeburn '  apples A CP's and s based on chamber atmospheres d i d  not i n c rease 

s i gn i fican t lv  as IC Il1I)crature i nc reased between 0° and L ..' bu t  i ncreased n o ticeab ly  
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at was more e v idence for an i nc rease i n  A Cpls and FTRQ s w i t h  

temperature vvhen they were es t i mated us i  core cav i ty  data .  The vari at ion i n  

es t l lnates a t  3 may have resu l ted from i n h i bi t ion  enzymes at th i s  temperature 

as i nd icated by the suppress ion o f  and at this temperatu re ( Fig .  5 . 2 ) .  

I t  was an t i c ipated LOLls m ight change as a func t ion o f  tempe rature i n  a complex  

way resu l t i ng  from the e ffec ts of  tempe rature on d i ffus ion o f  O2  through the  

i n te rce l l u l ar m r  space , so lubi l i ty o f  O2 i n  water i n  the i n ters t ices  of  the ce l l  wa l l ,  and  

d i ffu s i v i ty t hrough the ce l l  wa lL  p lasmalemma, symplasm,  and m i tochondr ia l  

mernbranes and matr i x .  Once (h has permeated th rough the pores i n  the  sk i n ,  i t  can 

d i ffuse  th rough the fru i t  v ia i n terce l l u lar a i r  spaces  andlor in  the f lu i d/so l id phase of  

the c e l l u l ar matr ix  both in  paral l e l  and in  ser ies ( R aj apakse e t  at. , 1 9(0) .  I f  d i ffus ion 

of O2 was severe l y  restr icted wi th in  fru i t  by l ow t i ssue poros i ty  o r  poor  con t i nu i t y  of  

i n te rce l l u lar  a i r  spaces ,  or  i f  a h ighcr resp i rat ion rate i n  some areas raised t he 

req u i re ment  o r  t i ssue ,  we m ight expect  an i nc rease 1 11 for c u l t i vars w i t h  lower 

poro s i t y .  

I n  t h i s  study, cort ica l  t i ssue poros i ty was g reater and t i ssue dens i ty  l o w c r  i n  ' COP'  

than  in  ' B raeburn ' app les ,  t hough the re l at ionsh ips hetween dens i t y  and  poros i ty 

were s i m i l ar ,  and these cu l t i var d i ffe rences may have resu l ted i n  h i gher LOLls 

es t imated for ' B raeburn '  fru i t .  H owever,  lower respirat ion  rate and Q IO o f  

' B raehurn ' compared to  ' COP'  fru i t .  w ou l d  tend to  have attenuated the e ffects o f  

lower t i ssue poros i ty  of  ' B raeburn '  o n  LOLls. 

Poros i ty can also be 

1 9(\ ?) ) :  

vvherc :  

20 20 
P /I IW - P 

21)  
PJI{f ( C 

2( )  
Pffi l l f  

mated us ing the  dens i ty  of appl e  j u i ce ( Hatfi e l d  and Knee, 

( I  E )  (S. U)  

= denS I ty of  fru i t  j ui ce  at ( kg m ' ) 

= dens i ty  of fru i t  at 20°C ( k g  m -\ 
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For a j u ice dens i ty of  1 059 kg m" ( H atfie l d  and Knee ,  1 988 ) ,  the s lope o f  the  

re l at ionsh ip  between dens i  and poros i ty vvas s i mi l ar, but  va lu es o f  fru i t  dens I ty 

h igher ,  than data from the current  study ( 5 . 1 ) . The d i fference between the s lopes 

probably represents a d i fference in ju ice densi ty . Values of  j u ice  dens i ty between 

1 040 and 1 05 5  kg m ' have been obta i ned for New Zealand ' Braeburn '  apple s  ( R . 

Harker, unpu b l i shed data ) ,  and us ing  a ju ice  dens i ty o f  1 040 kg m' " resu l ted i n  the 

same s lope as the l i ne  fi tted to the exper imental datu. D i fferences in porosity and 

i n terconnec t i v i ty o f  i n terce l lu lar a i r  spaces h ave been observed in d i fferen t  t i ssue 

zones o f  apples ( Soudai n and Phan Phuc,  1 979 ) ,  and these may resu l t  i n  

heterogene i ty o f  lAs  ( Dadz ie  e t  aI. ,  1 (93 ) .  A s  these fac tors can a l so  vary w i th stage 

of  fru i t  r ipeness and the degree to wh ich  the i n te rce l l u l ar air spaces are fi l led  w i th  

ce l l  sap  from breakdown of  ce l l  wa l l s  and  membranes ( Burton ,  1 982 ,  Kader e t  a f . .  

1 989 ;  Rajapakse c l  aI . ,  1 990) ,  LOLls may  vary s l igh t ly  between fru i t  i n  a popUl at ion 

or  for an i nd i v idua l  fru i t  as i t  ages. 

The magni tude of the effect of  the ce l l  wa l l and p lasmalemma on  O2 is d i ff icu l t  to 

es t imate due to var iat ion in c e l l  s i ze and geometry and the area of c e l l  wa l l e xposed 

to i nterce l l u la r  a i r  spaces ( So l omos,  1 The boundary l ayer  o f  the  c e l l  w a l l  

e x posed to t h e  i nterce l l u lar  a i r  space w ou l d  b e  gre ater i n  th ickness than t hat o f  the 

p l as malemma where cytop lasmic  streammg causes mechan ica l  m i x ing  in the cytoso l .  

However ,  g i ve n  d i ffus ion  o f  O 2  i n  und i sturbed cytosol  i s  l i ke l y  t o  be  1 (r� l ower  than 

i n  the i n terce l l u lar a i r  space (NobeL 1 99 1 ) , the of the ce l l  w a l l  boundary l ayer 

i s  a l e ss s i gn i ficant  barr ier .  D i ffus ion  over the re l at i ve ly  sma l l  d i stances from ce l l  

wal l t o  m i tochondr ion are assumed non - l i m l t i  wou l d  i ncrease as  the k i net ic 

energy of  d i s so l ved O2 molecu l e s  i ncreased w ith  i ne reasi temperature . 

I n  contrast to the e ffect of temperature on  d i ffus i v  , so lub i l i ty  of  O2 i n  the c e l l  

sap decreases markedl y  w i th  i ncreas i ng  temperature.  Consequent l y ,  i f  so l ub i l i ty  

pri mari l y  l im i ted  the avai l ab i l i ty o f  O2 to the term inal ox idase, w e  would e xpect 

LOL' s to i ncrease as a funct ion of  temperature such that at the LOLl w ou l d  

e i ther remain constant o r  i ncrease w ith i ncreas i ng  temperature . However ,  F igs . 5 .4 to 

5 . 7  i nd i cate C(;2 , 1  ) equ i va len t  to part i al pressure es t imates of  A CP' and FTI�(} 

tended to decrease \v i th l I1creas ing  temperature for · B raeburn '  apples  or were s i m i lar  

for ' COP' , wi th  an e xcept ion  at  32 . So lub i l i ty  o f  O2 also decreases w i th 
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i n c reas i ng so lub l e  s o l i ds content  of  the ce l l  s ap, wh i ch  may further  reduce d iffu s i v i ty  

or  as fru i ts  r ipen  ( Leonard, 1 bu t  ne i ther o f  these fac tors i nf luenc i n g  

so lub i]  appear t o  e xp l ai n  the changes i n  LOL's i n  th i s  s tudy .  

Tempe rature may a lso i nfluence LOL's through a l ter i  cy top l as m i c  p H  and by the 

e ffect o f  p H  on  rate constants of  ox idat ive metabo l i sm ( G ibson , 1 95 3 ) .  Knee ( 1 980) 

spec u lated that h i gher  temperatu re s  may lower  the affi n i ty of  cy tochrome o x idase for 

O2.  I f  t h i s  were correct ,  the e ffec t  wou l d  be to rai se LOLls at h igher  tempe ratures. 

The i n fl uence of  these factors on the resu l t s  of  the current  study are d i ff icu l t  t o  

es t i mate .  

I t  was ant i c i pated LOLls rn igh t  not change as a funct ion o f  tempe ratu re to  the  same 

ex te n t  as LOLl's have been reported to, as LOes are i ndependent  o f  sk i n  permeance 

and the  resu l t i ng  tJ.POl between i nterna l  and e xternal  atmospheres. Dadzi e  et  ai .  

( 1 99 3 )  demonst rated that for a f ixed A , A  w as l i nearly re l ated to r"uv; at fi xed 

temperature, but  showed a s t rong curv i l i near dependence on temperature. The 

mag n i tude o f  the res ponse of  A CP" to temperature w as i nverse l y  proport ional to 

The curren t  s tudy i nd icated A Cpl of  ' B raebu rn '  app les  showed l i t t l e  i nc rease 'vv i l h  

temperature, on l y  i nc reas ing  very s l igh t ly  above  20°C ( Fig .  5 . 8 ) .  By  contras t ,  

ca l cu l ated va lues  o f  A Cpe showed a marked i ncrease w i th temperature due to the  

power  l aw re l at ionsh ip  between and  tempe rature ( Figs .  5 .2  and 5 . 8 ) .  

The tJ.po2 between ACpl and ACP" was greater for fru i t  w i th  l ower  P�)2 ' B eaudry et 

al .  ( 1 99 2 )  suggested the marked i nc rease i n  R QB ( e s t i mated us ing  ) for 

b luebe rr ie s ,  resu l ted  from a l arger i n c rease i n  rate o f  uptake compared to  d i ffus ion  

of  O2 t h rough pores i n  the sk i n  I which  Cameron t't ( 1 90 5 )  noted i s  re l at i v e l y  

tempe rature i ndependent 1 .  As  d i ffus i on of  O2 i n  through t h e  sk i n  of app l e s  i s  l i ke l y  

to occur through pores, the same mechan i s m  wou l d  e xp la in  t h e  d i vergence i n  va l ues 

of  LOC's from L()L' s w i th  i ncreas ing  temperature, and wou l d  be accentuated  i n  

appl e s  w i th  l ow POc ' 
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Figure 5.8 B ootstrap es t i mates of  steady-state i nternal  and ex te rn al lower  oxygen  

l i m i ts (A  and  A of  raeburn ' apples as a func t ion  o f  fru i t  

temperature ,  based on  combined chamber and core parti a l  pressure data .  

Values of  A represen t  bootstrap means and 

type ) confidence i nt e rval s (b = 1 0(0) ,  and A 

b i as c orrected ( B C a  

for a fru i t  w i t h  l ow and 

h igh  fru i t  permeance to oxygen ( bted from A ep' Lls i ng  Ey .  S .  I .  

The strong dependence of  LOC's on both temperature and , has i mportan t  

consequences for the des ign  of M AP sys tems ( Banks et , \ 993 ) .  A l though not  

part i c u l ar ly  v ar iab le  i n  the curren t  study,  natural var ia t ion i n  P(')2 of app les  both 

w i t h i n  and between cu l t i vars,  c an resu l t  in  a l arge vari at i on i n  6{J02 between i n te rna l  

and e xternal  atmospheres ( D adz ie ,  1 99 2 ) .  For apples i n  C A  at s torage temperatures ,  

\ i s  m i n i m i sed  such  tha t  the e ffec t  var i at i on  in  on  wou l d  a l so be  

m i n i rn i sed .  The  opt i mum storage atmosphere ( based on e xterr. a l  atmosph.:re s ) for a 

popu l at i on  of  app les that avo ids anaerobios i s  wou ld  be j us t  above the FT!�Q o f  the  
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fru i t  w i th the h ighest p;)c ' Th i s  woul d  a lso be tru e  for M APs under  i sothermal  coo l  

cond i t ions .  However .  the re i s  a l i ke l ihood that M APs may exper ience 

to h igher than atmospheres dur i n g  d is tr ibu t i on  and 

re ta i l i n g  the crop .  Duri p ro longed expos u re, fru i t  in the popu la t ion  w i th l ow 

and/or h Igher may accumu l ate fermentat ion  products .  This may be accentu ated 

by d i ffe rent ia !  e ffects of  e l evated temperatu re on Po, and sk i n  permeance to CO] 

) that may not be accounted for i f  to lerance l i m i ts are only determ ined at  co ld  

storage temperatures .  I f  anaerobic cond i t i ons  a re  experi enced for ve ry short per iods 

the fru i t  may be able to metabol i se fermentat ion products ( Knee,  ( 99 1 ) . For M A Ps 

that cou ld  exper ience h i gher  temperatu res  for s i gn i fi cant per iods w h i l e  sealed ,  the 

opt i m u m  package atmosphere would be d ic tated by  the h ighest temperature the M A P  

w i l l  be e x posed to.  I deal l y ,  M A Ps may use d i fferent permeab i l i t y  character i s t ics  for 

the same crop gomg to d i ffe ren t  markets. Opti m i s i ng at mospheres  for M APs i s  

therefore more comp lex  than for C A .  

T h e  strong dependence o f A Cr on both P�)2 ' a n d  t h e  re l at ionsh ip  between . and 

ternperatur e ,  lessens the usefu l ness of A for opt im i s i ng sto rage atmospheres,  and 

i l l ustrates the need to consider the response of  i n d i v i du al fru i t  to P(�2 rather  than the 

popu l at ion  average . By contrast, LOL's are i ndependent of the e ffects o f  P�h ' but 

may be i n flue nced by var iat ion in the d i ffus i v i t y  o f  i n  t h e  c ortex a n d  t h e  effec t  

o f  temperature on  so lub i l i t y  and i ntrace l l u la r  processes .  

In  conc lus ion ,  es t imates of  LOL' s  var ied as a funct ion of  temperature in  a complex  

manner  bu t  suggested LOL's were no t  g reat l y  i n fluenced by temperature except  at 

temperatures > . G iven the re l at ionsh ips were not cons is tent ,  there was l i tt l e  

j u s t i ficat ion for a l teri ng steady-state model I to account  for the e ffec t  of  temperature 

on LOes. For both cu l t i vars, t ended to be h igher than A , ami more 

accu rate l y  i nd icated the onset of fermen tat ion ( Years ley et af . , 1 996a) . H igher  va lues 

o f  LOL's for ' Braeburn ' app les compared to ' COP ' ,  may have refl ected the  l ower  

cort i cal t i ssue poros i ty of  ' B raebu rn' .  Desp i te d i tTerences in  conica l  t i ssue dens i ty  

and poros i ty ,  A CP '  and FT/uJ were s i m i lar  w i th i n  cu l t i vars based on  surface chamber 

and core atmosphe res .  Other studies i n d icate that e ven  if  d i ffus ion  of  O2  through the 

corte x i s  not l i m i t i ng ,  temperature effects on LOL's may st i l l  ar ise from the complex  

i nt e ract ion o f  processes a t  the  ce l l u l ar l eve l .  I nc reas i ng temperature i n c re ases 0,2 
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uptake,  may raise rate constants of  o x id ases ,  decreases  so lub i l it y ,  but  a l so  i nc reases 

d i ffu s i v i ty  coeffi c ients  of  between the ce l l  wal l and mi tochondria .  I n  c ont rast  to 

UJL" s i nc reased marked ly  with te mperature , part icu la r ly  for fru i t  w i th l ow 

sk in  permeance.  There fore, i den t i  LOL's of  apples i s  va luab le  for pred ic t i ng  

m i l1lmum s afe s torage atmosphere s  due to the i r  cons i stency compared to  LOUs, 

wh i ch  are strong ly  i n fluenced by resp i rat ion  rate and sk i n  penneance.  Other factors 

such as phys io logica l  age and suscept i b i l i ty  to d i sorders may i nteract w i t h  the e ffect  

o f  tempe rature i n  long term storage , and knowledge o f  these i s  req u i red  to  qua l i fy 

LOL's to opt im ise  fru i t  qual i ty  dur i ng CAlMA storage .  
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6 . 1 A bstract 

e ffec t  of  e l e vated between 0 and 8 kPa on  steady-state  lower i n terna l  O2 

l i m i t s  ( LOL' ) was es t imated for postc l imacter ic 'Cox ' s  Orange P ipp in ' ( 'COP' ) and 

. B raeburn ' app les at ()O and 20De.  Three  were est i mated from s urface 

chambe r  atmospheres:  the anaerobic c ompensat i on  po in t  (ACP ' ) ,  the i nterna l  

fermentat i on  thresho ld  based on the respi ratory quot ient  l<Q ) ,  and the 

fermentat ion  thresho l d  based on  e thanol  (EtOH) acc u mu l at i on (FT EIOH ) .  A CP I  for 

hoth c u l t i v ars and temperatures,  rema ined  constant  at 0 . 5  kPa for ' COP'  and 0 . 8  to  

1 ,0 for ' B raehurn ' apples for between 0 and 8 kPa, Var ia t ion i n  FTRQ and 

'{IOf{ with p/o, was more complex than for A CP '  with hoth sma l l i n c reases and 

decreases wi th  i ncreas i n g  bu t  no cons i stent  t re n d  ev ide n t  at  20De for e ither  � 

cu l t i var .  I n  c on tras t ,  a t  ODC F1)w and l(t()H were 0. 2 to 0.8 kPa PC), h igher  a t  8 kPa 

than at 0 kPa p(�(), ( w i th  the except ion  o r  for ), A sma l l  decrease i n  

u ptake (es t im ated from the d i ffe rence i n  exte rnal  a n d  i n ternal  0 :,  atmosphere s )  was 

observed at P(�02 between 2 and 8 kPa at . E l e v ated s l i gh t l y  l owered the 

re sp iratory quot ient  ( RQ" j ,  es t imated from the rati o  of d i ffe rences between e xternal  

and i nternal  atmosphere l eve l s  of pco, and ) o f  ' i n  8 kPa CO2 and 

. Bracburn '  i n  :2 to 8 kPa CO2 at 20DC. and rnore marked ly  i n  8 kPa CO2 at  ODe .  The 

of  ' COP'  and ' Braeburn ' app les  was s l igh t ly  and rnarked ly  h i gher  respect i ve l y  

a t  0 "  compared to . The lower or ' Braeburn '  at compared to that o f  

' COP'  i nd icated a h i gher contr ibut ion of  cu t icu l ar d i ffus ion of  C 0 2  compared to  that 
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through pores for ' B raehun1 ' app les .  Th i s  study ind i cates the to lerance o f  ' COP'  and 

' B raeburn ' app les  to low leve ls  may be affected leve ls  of  Th is  m ay be an 

i m portant cons ide rat ion when opt im i s i  atmosphere s ,  part i cu l ar l y  for app l es 

w i th l o w  sk i n  permeance such as ' B raeburn ' i n  wh i ch  re l at i ve l y  h igh  Pco 2 m ay 

accumu late and  wh ich  are s uscept ib le  to CO2-re l ated d isorders .  A t  l o w  storage 

temperature s ,  i nc reased so lubi l i t y  of  CO� may l ower the tolerance of  app l es w i th h igh  

exposed to low O2  atmospheres .  A l ternat i ve ly ,  for apples i n  mod i fi ed 

atmosphere packages e xposed to h i gher  than normal temperatures ,  i n c reased 

resp i rat ion m ay e l evate P(�02 to l eve l s  that reduce to lerance to  d i m i n i shed p ac k age 

O2 .  

Keywords: lv/alus domestica; I n ternal  atmosphere: Anaerob ic  compensat ion po in t :  

Fermentat ion thresho ld ;  RQ breakpo i nt ;  Sk in  permeance:  E thane  effl u x :  Respi ra t ion 

rate :  Ethy l ene product ion rate ; B ootstrap 

6 . 2  I ntrodu ct i o n  

Substant i al benefi ts i n  m ai ntai n i n g  postharvest qua l i ty o f  fresh  fru i ts and 

vegetab les  c an accrue from storage i n  low O2 and/or e l evated atmospheres  at 

l e ve l s  w i t h i n  the fru i t ' s  tolerance l im i t ,  as  an  adjunct to reduc i ng crop temperature 

( Kader et a l . ,  1 989 ) .  Tole rance of  crops to mod i fi ed atmospheres c an vary marked ly  

depend ing  on  c Ll l t i var, strai n ,  phys io logica l  i n i t i al qual i ty ,  temperature ,  rate of  

es tab l i s h men t  of atmospheres and durat ion o f  e xposure .  I n  genera l .  u n de r  severe 

stress ,  fermen tat i ve metabol i sm i s  enhanced l ow external part i a l  pressure o f  O2 

, Pa) and e l evated external  part i al pressure of  CO2 , Pa) ,  l ong  e xposure to  

CA and more advanced deve lopmental stages ( Ke c t  , 1 99 3 ) .  Effects o f  

mod ifi cat i on or  i n d i v idua l  atmosphere components i nteract :  to lerance to e l evated 

decre ases as P(\2 i s  decre ased w h i l st to lerance to low {' decreases as P(�02 I S  
i nc re ased ( Beaudry and G ran ,  1 99 3 :  Kader et at . ,  1 989 ) .  

Lower  O2  l im i t s  ( LOLs) of  crops are typica l l y  reported i n  re la t ion to e x terna l  or 
p ac kage atmospheres  ( LOL'' ) , Howe ver, those based on i n ternal atmospheres ( L OL\ 

are l i ke l y  to  more accurate l y  est imate the true LOL as they account  for var ia t ion i n  
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resp i rat i on  rate mol  kg l S- I )  and sk in  permeance to O2  and 

s I )  of  i nd i v idual  fru i t  ( Ye ars ley e t  al . , 1 996a) . Two types o f  
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, mo l  

c an be 

desc ribed ( Years ley  e t  al. , J 996a) : the i nternal anaerobic  compensat ion point  [A 

or i nternal  O2 part i a l  pressure (p(')c ' Pa) at wh ich  i n ternal  CO2 part i a l  p ressure (PC�02 )  
from aerob i c  and anaerob ic  respiration  i s  m i n i mal ] ,  and the i n terna l  fermentat ion 

thre sho ld  be low which anaerobic resp i rat ion  i s  i n i t i ated [FT l Th i s  can be 

estab l i s hed  as the {J()2 at which the resp i ratory quot ient  based on i n te rna l  atmospheres  

(RQw)  r i ses ,  sav ,  

a l te rn at i ve ly ,  the  

above  the asymptot i c  va lue  obtai ned  at h igher  PC)2 ' or ,  

be low wh ich  ethano l  accumu lat ion  i n c reases m arki n g  the  

i n i t i at ion  o f  fe rmentat ion .  Opt imum i nternal atmosphere C I A )  compos i t ion  l i e s  jus t  

above  the i nternal  FT' ( B an ks e t  ai . ,  1 99 3 a ) .  

T h e  e ffects  o f  temperature on LOLf s h a v e  been reported for app l e s  ( Gran and 

Beaudry , 1 993a  and 1 993b ) ,  b l ueberries ( Beaudry , 1 ; Beaudry et  ai. ,  1 992 ;  

Cameron e t  a i . ,  1 994) ,  and  raspberr ies  ( Jo l e s  et  a I . ,  1 and these show strong 

curv i l i near  dependence on  tempe rature . In contrast ,  Years ley e t  al .  ( 1 996c) showed 

that LOL's  of app les  on l y  increased marg inal l y  w i th temperature ,  and the e ffects  were 

not  a lway s  cons i sten t .  

The d i rect  and/or i n d i rect  suppress ion of  aerobic  resp i rat ion by P/;2 h as been 

wide ly  reported, and the  effects  of  P/)2 on the enzy m at ic  rate of  O2  uptake (ro) h ave 

been mode l led us ing  the M ichae l i s-Menten equat ion ( Cameron et ai . , 1 99 5 :  D adzie 

e t  ai. ,  1 99 3 ;  Peppe !enbos  e t  al . , 1 99 3 ) .  effects  e l evated on O2 u ptake 

( and  i t s  e ffects  on  LOL"s) have o ften been  studied bu t the resu l ti ng ev idence h as been 

contradi ctory ,  w i th no  e ffect ,  an increase or a decrease in respi ratory act i v i ty reported 

depend ing  on the c rop and the parti al pressure of (Cameron et a l . ,  ] 995 ;  Kerbel  

e t  a/ . ,  1 98 8 ;  Kidd, 1 9 1 6 ; K i dd and West, I , I ; Kubo et a l . ,  1 990; L i  and  

K ader,  1 989 ;  Thornton , \ 933 ;  Young  et  al . , \ Evidence that e l evated CO2  has 

n o  or l i t t le  e ffect i n  reduc ing  or r02 has been reported for bananas by Young c t 

at .  ( \  962) ' and for mushrooms by Peppe lenbos c t  al .  ( 1 99 3 ) .  J ol e s  e t  al .  ( 1 994) 

reported that P(�()2 < 1 7  kPa d id  not affect or the LOLl' for raspberr i es ,  and 

B eaudry ( \  993 )  that P(�()2 > 20 kPa resu l ted l l1 on ly  a smal l  reduct ion i n  roc o f  

b lueherrie s .  Gran ( 1 99 3 )  i nvest i gated t h e  effect  of  temperature on  t h e  LOUs us i ng  

mod i fied-atmosphe re packages and  found that 1 2  to ! 5 kPa  CO2 i n  package 
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head space i nc reased compared to packages where had been d i m i n i shed by a 

absorber,  but  the e ffec t  on  s was no t  d i scussed. 

are no reports of the e ffect  of  e on and th i s  i s  the pr inc i pa l  subject  

of th i s  s tudy of  postc ! i macter ic  'Cox ' s  Orange P ipp i n '  and ' B raeburn ' app les  and 

usmg a contro l led-atmosphere ( C A )  method ( Years ley e t  af . ,  1 996a ) .  In  add i t i on ,  a 

re l at i ve es t i mate o f  1'02 for a fru i t  at steady-state i n  can b e  determ i ned  from the 

d i ffe rence between the e xternal and i nternal  part i a l  pressures o f  O2  (�PO:! Pa) .  Us ing  

F ic k ' s  F i rs t  Law o f  d i ffus ion ,  for a fru i t  o f  g i ve n  m ass kg )  and surface area CA , 

m2
) ,  i s  proport i onal  t o  the rate o f  t rans fe r  o f  O2  ( roc ' mol  kg - I S - I )  and i n ve rse ly  

proport iona l  to permeance of  the sk i n  to  (POe ' B u rg and B u rg ,  1 965 ) .  G i ve n  tha t  

over the short peri od an apple comes to steady-state in  [est! m ated t o  be  

appro x imate l y  48-96 h by  D adz ie  ( 1 99 2 ) ] ,  fru i t  surface area, mass and s k i n  

permeance are n o t  l ike ly  t o  change marked ly .  There fore, the 

proport i ona l  to �Po] ( Dadzie et af. , 1 996 ) ,  or :  

where :  = a fru i t  constant  ( mo l  - I  S 

wou ld  be 

(6. 1 )  

Thus .  we m ight  usefu l l y  u se �P()2 to g i ve some pre l i m in ary i nd i cat ion o f  the  e ffec t  o f  

6 . 3  

6.3 . 1  

and th i s  was attempted i n  th i s  s tudy . 

M ater ia ls  a n d  methods 

Fru i t  supply,  i n i t ia l  measu re ments, treatments and  

storage 

Fresh ly  harvested , commerc i a l l y  graded and packed,  prec l i macter ic 'Cox ' s  Orange 

Pippi n '  and ' B racbu rn '  apples (Malus domestica B orkh . :  1 count ;  mean mass  

D. I kg for and 0 . 1 49 kg for ' B raebu rn ' )  were obta ined from a H aw ke s  B ay 
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The fru i t  were he ld  at overnight  and frui t  mass ,  frui t  f i rmness  (0  

. press-mounted penetrometer fitted w i th an  1 1  m m  head ) ,  so lub l e  

sor  content ( 0  to refractometer ) ,  and background sk i n  co lour  ( M i no l ta 

C R-200 Chro mamcter measur ing l ightness ( L )  and hue  angle ( H O ) ,  M i no l ta  C amera 

Co. , Ltd . )  measured for 20 fru i t .  Fru i t  were treated wi th  approx i mate l y  1 0  Pa 

e thy lene at 20°C for 1 2  h I' was mainta ined be low 0. 1 kPa us i ng  hydrated l ime) i n  

a 1 . 3 ml constant temperature c hamber, then vent i l ated i n  a i r  at 20°C for a fur ther  

h dur ing wh i ch  t ime ,  resp i rat ion and e thy lene  produc t ion rates i nc reased,  i nd icat ing 

fru i t  h ad become c l im acter i c .  Trays of  fru i t  were randomly  a l l oc ated to tempe rature 

and treatments and s tored  in c artons ,  at e i ther  for ' COP'  ( e n c losed i n  

perforated po lyethy lene bags ) ,  o r  O°C for ' Braebu rn '  ( wi thout bags ) .  Postc l im ac te r i c  

fru i t  were u sed  for subsequent e x per iments to m i n i m i se v ar ia t ion res u l t i n g  from 

d i ffe rences in fru i t  respirati on .  

F ru i t  u se d  for each  temperature treatment were removed from coo l  s torage and 

equ i l i brated in a i r at 20  ± O.SoC for 24 h before b l em ish-free fru i t  were randomly  

al l oc ated to treatments ,  6 fru i t  to each  of  1 0  treatments .  A s  the d i fferent  

treatments were in  a randomised order over t ime ,  phys io log ica l  changes to fru i t  in  

storage were mon i tored. For each removal  of  fru i t  from coo l -storage, an  add i ti ona l  

20 fru i t  were a l l oc ated for m atur i ty assessments ,  and ! 5 fru i t  were store d  in  a 

perforated po lyethy lene  bag at the treatment temperature for es t imat i ng  res p i rat ion  

and e thy lene  product ion  rates dur i ng the  e xperiment .  

7.3 .2  CA and e levated CO2 treatments 

Exper iments  were conducted  i n  1 .0 m' contro l : ed  temperature cab inets  ( Spacel i ne ,  

M u l ler -MCA l p i ne , Auc k l and ,  N ) . Each e xperiment u sed 1 0  CA conta iners ,  each 

cont ai n i n g  s ix fru i t ,  and each w i t h  a d i fferent level  of  1'/)2 but common n o m in al P(�()2 

CO2 treatments used for both c u l t iv ars were 0, 2 ,  6 ,  and 8 k P a  CO2 a t  20°C 

( c ab i ne t  thermostat set at J 9 . 8°C) ,  and 0 and 8 kPa  CO:' a t  O°c .  

Metered ,  h u m i d i fi ed  gas m i xtures flowed th rough each C A  conta iner  ( to ta l  tlow = 

1 . 7 x 1 0 1 m m1 S I ) as described by Years ley et af .  ( 1 996a) .  The va lues  o f  1'(;2 used 
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depended o n  c u l t i var and treatmen t  temperature ; these were ident i fied  us i ng  a s te ady-

state mode l ( Dadz ie ,  that  pred i cted I '  between 0.0 kPa and 30 kPa requ ired 

to produce l eve l s  of I decreas i n g  geometrica l l y  between 20 and 0 .09 kPa  

( Years l ey  et a L  1 996c ) .  M ean contai ner was con tro l led w i t h i n  ± 0 .2  k Pa at  l o w  

val ues and ± 0 . 5  k Pa at  t h e  h ighest  va l ues ,  and ± 0 .3  k Pa, o f  requ i red l eve l s .  

Mean ex te rn al part ia l  pressures of  e th y lene  (P(�:f1� ) w i t h i n  C A  con ta i ners were < 1 . 0 

at the h ighest  p(�, and 20°C,  and S; 0.08 Pa at 

Mean temperature for mon i tored fru i t  varied S; O.  between fru i t  in any pos i t i on  

w i t h i n  the cab ine t .  Mean rel at i ve humid i t y  w i t h i n  s i m i l ar C A  conta i ners had  been 

pre v i ou s l y  meas ured to be ;::: 90% ( Years l ey e t  aI. ,  1 996c ) .  

6.3 .3  Gas measurement and analys is 

i t  a l l ocated to CA treatments  each h ad a 1 000 mm'\ g l ass surface c hamber 

adhered over l en t i ce l s  at an equator ia l  pos i t i on as descri by  Years ley  et  af .  

( 1 996a) .  S teady-state PeL and Pco') were est imated as the equ i l i brated PC)') and P(�(h i n  
'- - ... "- .... 

the surface ch ambers after 86-90 h exposure to  t he  C A  treatments ( Years l ey ,  1 996) .  

Gas samples  were removed b y  gas t i gh t  syri nge ( H am i l ton  1 00 mm') from the  

heads pace of eac h  surface c h amber th rough a septum o n  the bags  above  the  

charnber and  i mmed i ate l y  ana lysed .  Mo le  frac t ions  of were determ i ned 

us i ng  an 0] e l ec t rode in series w i t h  a m i n i ature i n fra-red transducer ( Years l ey  et 
ai. , 1 996a) ,  and converted to P(�2 and P(�02 by adj us t i ng  for atmospher ic  pressure 

( Years ley  e t  aI. ,  1 996b ) .  

S teady-s tate c oncentrat ions  of aceta ldehyde ,  e t hy l  ace tate a n d  e thano l  I 
, CEtAc , 

(',ftOH , mol  m ' ) i n  the surface chambers were measured us i ng  f l ame ion i zati o n  gas 

ch romatograph y  ( Years l ey  et  a l . ,  1 996a ) .  

6.3.4 Resp i ration  and ethylene p roduct ion rates 

fteen fru i t  random l y  se lected frorn the same pop u l at ion  of experi menta l  fru i t  

were used to determ i ne mol  kg - J S- I )  appro x imate l y  
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68 and 1 20 h after C A  treatments were i mposed, as descr ibed by Years ley et  al .  

( 1 996b ) .  

6 .3 .5  Sk in  permeance, cort ica l  t issue porosi ty a n d  

density 

Permeance o f  the fru i t ' s  s k i n  to e thane (P�'2H6 ' mol s 1 m'] Pa' l ) was e st i m ated 

us ing  ethane e ff lu x  ( B anks ,  1 98 5 ) ,  on a random subsample of 1 5  fru i t  at the 

beg i n n i ng and end  o f  e xperiments wi th  each cu l t i var, and ca lcu l ated as descr ibed by 

Years ley e t  al. , 1 996'1. Tissue poros i ty m ' and t i ssue dens i ty ( p ,  kg m" ) were 

es t imated us ing  5 m m  w i de long i tud ina l  wedges o f  t issue from wh ich  the s k i n  h ad 

been removed as descr ibe d  by Years ley e t  ai. ( 1 996a ) .  

6.3 .6  Est imat ion of  L OLis 

The "bootstrap" s tat i s t ica l  procedure ( Yearsley  e t  ai . ,  \ 996a)  was used  to es t imate 

LOL's from steady-state p(')2 and of  surface c hambers .  P lots ( w i thout  sca les  or 

t i t l e s )  o f  P(�02 ' R Qw, and CEtOH versus P/)2 were submitted to 1 5  trai ned panel l i s t s ,  

who h and-drew curves through the data then iden t i fied A CP' and FT. 1 000 bootstrap 

samples were obtained by random samp l i ng  wi th  rep l acement from the  pan e l l i st s '  

or ig i nal data. B ootstrap rneans and b i as corrected ( RCa )  confidence i n terva ls  

around  means ( E fron .  1 98 7 )  were ca lcu lated us ing Ciauss software ( Gaus s ,  1 99 3 ) .  As 

the bootstrap procedure did n ot assume data to be norma l ly  d i s tr ibuted.  confidence 

i ntervals  generated were not  necessari l y  syrnmetr ica l  about means .  

6 .3 .7  Stat ist ica l a na lys is 

RegreSS lO l1 anal ys i s  of  re l at ionsh ips between I S  of fru i t  from both c u l t iv ars at 

. mean P(�()2 and t i me in storage were performed us ing  PROC R E G  of the S AS 

systcrn AS.  1 9(0 ) .  Regress ions  were weighted w i th the i nverse of  the boots t rap 

standard e rror of  means ,  and e i ther w i th or w i thout adjustment for t ime  i n  storage. 
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When adj u sted for t ime ,  l im i ted degrees o f  freedom prevented fitt i n g  po ly n o m i al 

model s  beyond quadratic effects .  Consequent l y .  regress ion model s  were no t  adj usted 

t ime storage t ime were not i ficant .  Despite h igh  /- va lues ,  

po lynomia l  effec ts mode l s  were not  a l w ay s  s ign i fi cant ,  ind icat ing there w as not  

enough ev idence to make stat i s t ica l l y  jus t i fi ab le  i n fe rences about the re l at ionsh i p  

between [0[\ and Pl�02 ' A n al yses o f  variance o f  fru i t  maturi ty ,  cort i ca l  t i ssue 

poros i ty .  dens i ty .  reo2• rC2H4 and P(�2H6 data  were performed us ing  PROC GLM of the  

SAS syste m  ( SAS .  1 990) .  Paramete rs were est i mated funct ions fitted to !:::.Poo and 

RQ'il using Fig . P  software (Fig .P.  1 99 1 ) . 

6 . 4  Resu lts 

6.4 . 1 Fru i t  m aturity 

' COP'  and ' B raeburn '  apples had s i m i l ar fru i t  f i rmness and solub l e  so l ids  content  

at harvest (Table 6. 1 ) . Fru i t  f i rmness for both cu l t i vars decreased rap id l y  and so lub le  

so l i ds content i nc re ased s l i gh t ly  w ith i n  the  f i rst 1 0  weeks  of  storage . Though va lues 

d i ffered s ign i ficant ly  for some treatments dur ing the exper imen ta l  per iod,  d i fferences 

were cons ide red sma l l  phys io logica l l y .  B ackground  skin colour  became l i ghter and 

hue angle decreased (changed from green to green-ye l  for both  cu l t i vars 

cons i stent w i th i nc reasing r ipeness ( Table  6 . 1 ) . Stat ist i ca l ly  s ign i fi can t  d i fferences 

occurred for L and dur i ng  storage . but c hanges were genera l l y  sma l l  dur i ng  the 

exper imenta l  period. 

6 .4 .2  Cort ica l  t issue porosity (£), densi ty (p) and  s k i n  

permeance t o  ethane (PC�H6 )  

' COP'  apples had s l i gh t ly  h igher average cort ica l  t i ssue porosi ty and lower  dens i ty 

than ' B raeburn '  apples ( Tabl e  . Cort i cal t i ssue poros i ty a n d  dens i ty a t  d i fferen t  

t imes d i ffered s ign i fi can t ly  for ' COP'  b u t  n o t  ' B raeburn '  fru i t ,  but  t h e  trend  

ove r  t ime  for ' COP'  fru i t  w as no t  conS I s tent .  There was a l i near rel at ions h i p  for both 
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c u l t i v ars betwee n c ort ica l  t i s sue poros i ty  and dens i t y ,  such that fru i t  w i th  h i gh e r  

poros i ty  h ad lower dcns I ty ( Fig .  6 . 1 ) . I nd i v idual  apples  i n  t h e  popu la t ion  sampled 

var ied marked l y  i n  poros i ty and dens i ty .  ' B raeburn '  apples  had greater v ar i a t ion  i n  

es t imates of  poros i ty and dens i ty than 'COP'  apple s  ( ranges o f  0 .07 a n d  0 .05 m ' m- ' , 

and 69 and k g  m 3 respec t i ve l y ) .  The re l at ionsh ip  between cort i ca l  t i ssue  den s i ty 

and poro s i ty for ' B rae burn ' apples  was s i mi lar  to that reported by Years l e y  e t  a I . ,  

1 996c, bu t  ' COP' apples  were denser  re la t i ve  to the i r  poros i ty compa red  to  fru i t  frorn 

the  same orchard from the pre v i ou s  season .  

Mean PC2H() was appro x i mate l y  1 .7 t ime s  h i gher for ' COP' than ' B raeburn ' fru i t ,  

and d id  n ot change markedly w i th  t ime i n  s torage (Tab le  6 . 2 ) .  Va lues  were s i m i l ar to 

those reported for the p re v i ous  season for apples from the same orchard ( Y ears ley et 

al. ,  1 996c ) .  

6.4 .3 Resp i rat ion rate ( rC02) and ethylene product ion ( rC2H4) 

There was a tendency for rco2 and rC2H,. of both cu l t l val's and a t  both 0° and 

to  i nc re ase wi th t i me in s torage, a lthough the d i fferences were no t  al ways  

s ign i f i can t ly  d i fferent  between e ac h  t i me (Tab le  6 . 3 ) .  The changes  were c on s i sten t  

w i t h  those  e xpected for apples  r ipen i ng  in  cool  s torage . 
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6. 1 F ru i t  f i rmness ,  so lub le  so l i ds content .  and backgroun d  c o lour  ( l i ghtness  

C u l t i var  
and T i me 
i n  storage 
( weeks ) 

( L) and hue ang le  ( H O ) ) ,  for ' s P ipp i n '  and ' B raeburn '  apple s  

from a H awkes Bay  orchard stored a t  2 and  respec t i ve l y  for 

var ious d urat ions .  The fru i t  were removed from cool s torage and s tored 

at 20°C i n  a i r  for h pr ior to measuri ng var iables at 20°e. Values  

represent  l east squa res  means and w i th i n  cu l t i vars,  treatments  w i t h  

d i ffe re n t  l etters are s ign i ficant ly  d i ffe re nt (p  = 0 . 0 5 ,  n=20) .  

Tre atment  Fru i t  So lub le  B ac kground co lour  
T I' : Pco2 fi rmness so l i ds 

conten t  
( N )  % )  

' Co x ' s  Orange Pipp i n ' 

0.0 Prestorage 74. 1 a 1 1 .4 a 6 8 . 2  e 1 08 . 6 a 

1 . 6 0 : 0  66 . 7 b be c 1 06 . 0  b 

20;  2 5 3 . 9 c 1 2 .7  bc 5 9 . 5  bc 1 03 . 5  cd 

5 . 7  20; 4 5 3 .4 e 1 2 . 3  be 69.0 c 1 03 . 9  c 

6 . 6  0 ;  8 6 2 . 7  c bc 6 8 . 5  c 1 02 . 8  c d  

9 . 6  20; 6 4 5 .4 d b 7 0 . 8  ab 1 0 1 . 8 de  

1 0 . 6  2 0 ;  8 4 7 . 2  d 1 2 . 6  be 69 .S  bc 1 0  1 . 6 de 

1 1 . 6  20 ; 0 46 . 5  d 1 2 . 8  e 7 1 . 5 a 1 0 1 . 2 e 

' B raeburn'  

0 . 0  Prestorage .4 a 1 1 . 2  a 6 7 . 6  e 1 08 . 3  a 

1 2 .0  20:  2 5 8 . 9  be 1 1 . 8  e 69 .7 a 1 00 . 2  c d  

1 3 . 9  0 ; 0 5 4 . 8  c d  1 1 . 8  e 6 9 . 6  b ] 0 1 .4 bed 

1 5 .0  20: 6 5 6 . 9  be I 1 . 5 ab 70.0 a 1 02 . 3  bc 

1 6 . 0  20; 0 6 cd 1 1 . 8  eb 70.7 ab 1 0 1 . 8 bc 

2 1 .n 20; 4 5 5 . 8  be 1 2 .0 ab 7 1 . 7 b 1 00 .0  d 

2 0 ;  8 5 1 . 5 d 1 1 A ab 7 0 . 6  ab 1 00 . 3  c d  

. 0  0 :  8 S I A  d 1 2 . 2  be 70.7 ab 1 00 . 8  bed 

S torage t ime compari sons  ( ANOV A P va lues )  

' s  O range P ipp i n '  O . OOO l 0 .0002 0 . 000 1 0 . 000 1 

' B raeburn '  0 .000 1 0 .002 2  0 .00 1 3  0 .000 1 



Table 

Cul t i var 
and T ime 
in  s torage 

( weeks ) 
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Cort ica l  t i ssue poros i ty dens i ty  ( p ) , and mean standard e rror  o f  
mean s )  sk i n  permeance t o  ethane ( ) for ' Co x ' s  Orange P ipp i n '  and 

' B raeburn ' app les  from a H awkes orchard stored at 2 and aoc 

respect i  for var ious durat ions .  The fru i t  were removed from coo l  
s torage and stored a t  i n  ai r for h pr ior  to measur ing  var iab les  a t  
20°e,  except PC2H(, which was es t imated after 7 d ays .  Values represent  
l east squares means and w i th i n  cu l t i vars ,  treatments wi th d i ffe re n t  l e tters 
are s i gn i ficant ly  d i fferent (p :::= 0 .05 ,  n= 1 5 ) . 

Treatment Cort ica l  t i ssue 
T (' : Peoe poros i ty  ( E )  

( 0C ;  ( \ . ' ) m m '  

Cort ica l  t i ssue 
dens i ty ( p )  

m ') 

S k i n  pcrmeancc to . I e thane (PecH6 ) 

mean ± scm 
(nmo l  S l  m 2 

Pa I ) 

' Co x ' s  Orange Pippi n '  
0 .0  Pres torage 

1 . 6 0 ; 0 0 . 1 5 5 abed 8 8 3 . 5  b 

20:  2 0 . 1 d 893 .0  a 

5 . 7  20: 4 O. J a 8 84 ,4  b 

6 . 6  0 :  8 0. 1 50 bed 890 .2  a 

9 . 6  2 0 ;  6 0 . 1 53 abed 8 8 7 . 5  ab 

l O. 6  20:  8 0 . l S5 abc 8 84 .9  b 

1 1 . 6  20: 0 0 . 1 a 883 . 2  b 

' B raeburn ' 
0 .0  Prestorage 

20: :2 0. 1 a 904 . 5  a 

1 �� . 9  0 : 0 0 . 1 a 898 . 3  a 

1 5 .0  20:  6 0 . 1 a 2 a  

\ 6 .0  20: 0 0 . 1 a .0 a 

2 1 .0 20: 4 0 . 1 40 a 898 .6  a 

' .0 20; 8 0 . 1 a 90 1 .4 a 

. 0  0 :  8 0. 1 39 a a 

t ime comparisons ( A N OV A {) val ues ) 
' C ox ' s  Orange P ipp i n '  0 .04 1 2  0 .0 1 
' B raebu rn '  0 . 3  

I For 2 H h  a t  T (  ) ,  I mol  S l  
( B anks  e t  a f . ,  1 99 5 ) .  

::: not  es t imated . 

Pa I = ( ( T + ::1 . 1 5 ) I I 

N E  

0 . 30 1 ± O.O l 07 

N E  

N E  

N E  

N E  

0 .272  ± 0 .0 1 1 6  

0. 1 65 ± 0 .0077 

N E  

N E  

N E  

N E  

0 . 1 70 ± 0 .0072 

x I - I  e m  s 
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Est imates of resp i rat ion rate ( and e thy lene produc t ion  (rc2R+) for 

' s  Orange P ipp i n '  ( 'COP ' ) and ' Braeburn ' apples from a H aw kes  

Bay orchard stored at 2 and O°C respect i ve ly  for var ious durations .  

Fru i t  were removed from coo l  s torage, equ i l i brated at O°C or 20°C (n i n  

a i r  and and est i mated after appro x i mate l y  4 days.  Va l ues 

represent  overa l l  l east squares means adjusted for day e ffects . W i th i n  

cu l t i vars and t reatment  temperatures, PC':02 t reatments w i th d i ffe re n t  

le t ters are s ign i fi can t l y  d i fferen t  ( T  tests ( a l pha  = 0.05,  n=30) .  

( weeks )  . kPa)  ( n mol I s I ) l S i ) 

' Cox ' s  Orange P ipp i n '  
1 . 6 0 ; 0 . 1  b 0. 1 39 b 

.., 1 70 .6  c 1 . 1 64 c 
S . 7  20; 4 1 78 . 0  a 1 .4 1 4  b 
6 . 6  0; 8 30 .6  a 0 . 1 70 a 
9 . 6  20; 6 1 8 1 . 6 a 1 . 694 a 

' B raeburn '  
1 2 .0 20;  2 1 1 9 . 7  b 0 .97 1 a 
1 3 . 9  0 ; 0 1 6 . 6  b 0.052 b 
I S .0 20;  6 1 29 . 1 a 0 .957 a 
1 6 .0  20; 0 I c 0 .966 a 
2 1 .0 20; 4 1 28 . 5  a 0 .9 1 7 ab 
2 2 .0 20; 8 a 0 .830 b 

.0 8 a () '093 a 
S torage t i me compar isons ( ANOVA p va lues )  
'COP'  DoC 0 .000 1 0.000 1 

lO°C 0.0005 0 .000 1 
' B raeburn '  O°C 0 .000 1 0 .000 1 

20°C 0.000 1 O . ()7 S 8  

I For , <lt T (  , 1  mOl k g 1 s l = 1 . 5839 :< 1 0� mg kg l h - l or « T + 27 3 . 1 5 ) /  

. L 14 I x l (y i l  PIII I )  ml  kg l h i , where Piol ( Pa )  i s  the  total pressure i n  the  system 

( B an ks et ClL 1 99 5 ) .  

2 For 1''':11 ., at T ( I mol  kg l S l = « T  + 

( Banks c t  , !  
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P o r o s i t y ( , m3 m-3 ) 
Figure 6 . 1 Cortica l  t i ssue dens i ty ( p )  as it funct ion  of poros i ty  (E )  for ' C o x '  s 

P ipp i n '  and ' B racbum '  apples from a Hawkes Bay  orchard stored at 

6.4.4 

and  O°C respect i ve l y  for periods u p  to weeks,  and he ld at 20°C for 

h before es t imat ions were rnade. 

L OLis as a funct ion of P�02 

Bootstrap es t i m ates of  mean based on  c ore atmospheres  were o n l y  s l igh t ly  

h i gher  for ' CO P '  and approx imate l y  OA kPa  h igher for ' B raeburn '  than  t hose based 

on  surface chamber atmosphe res ( data not show n ) .  H owever ,  as overa l l t re n ds i n  

core and surface chamber LOL's were s i mi l ar ,  o n l y  d ata  based on  surface c hambers 

arc presented .  Though stat i st i cal l y  s ign i ficant  poly nom ial fi ts of LOL's as a func t ion  

of ,. were foun d  for some data, they were smal l and not cons ide red  

phys io logic a l l y  s ign if icant .  
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4. 4. 1 CP' as a function of P�02 

B ootstrap es t i mates of means A remained essent i a l l y  constant (approx imate l y  

0 . 5 2  k Pa O 2 )  for ' cop' apples  at and between 0 and 8 kPa (F ig .  6 . 2 ) .  At 

A CP I  decreased from 0.67 to 0.48 k Pa O2 w i th i ncrease i n  from 0 t o  8 kPa 

CO2 ( Fi g .  6 . 2 ) .  For 'Braeburn ' apples a t  

and 4 kPa Peo: then i ncreased a t  6 and 8 kPa 

, A  

c was 0 .92  kPa O2) .  For ' B raeburn ' at oce, A 

decreased s l i gh t ly between 0 

; mean over a l l l eve l s  of 

\vas constant at 0. 8 8  kPa O2 at 

o and 8 kPa peo, (F ig .  6 . 3 ) .  On  average,  A 
. � 

was 0 . 3 1 and 0.40 kPa O2 h igher for 

' B raeburn ' than 'COP'  apples at 0° and 20cC respec t i ve l y  ( Figs .  6 . 2  and 6 . 3 ) .  

6. FTRQ as a function of  

There w as a s l i gh t  i ncrease i n  FTRQ as I' i n c re ased from 0 to 4 kPa for ' COP'  

fru i t  at 20cC , and a decrease i n  RQ at 6 and 8 

1 . 2 1  ocC, FTRQ i ncreased from 0.94 to I 

(F ig .  6 .2 ;  overa l l  mean :::: 

kPa as was i n c re ased 

from 0 to 8 ( Fig .  6 . 2 ) .  ' B raeburn' apples  had  a more complex re l at ionsh ip  

between FTRu and  pcoc than 'COP' at 20ce . There \Vas an i nd icat ion RQ 

decreased between 0 and 2 kPa 17(:02 but  then  i nc reased as i nc reased to 8 

k Pa 6 . 3 ) .  When averaged over a l l Pco2 t re atments .  RQ for ' COP ' (0.69 kPa 

0:; , 6 . 2 ) ,  but  not ' Braeburn ' ,  apples at 20cC were h igher t h an A CP' . 

6. 4 .  3 FT�tOH as a function of PC02 

I n  general . est i mates of FT({(OH were h i gher t han A 6 . 2  and 6 . 3 ) ,  but  the  

chan ge i n  FTL:10H wi th w as qu i te d i fferen t  to t hat for A CPI  and FTRQ . The 

re l at ionsh ip  between r1lol1 and for fru i t  at 20°C was compl e x ,  part i cu l ar ly  for 

. and there w as ev idence for ' Braeburn' t h at EtOH w as h i gher  for app les  i n  2 

t o  i) k P a  compared to 0 kPa . Est imates of at 20cC for ' B raeburn ' apples  

were h i gher than  for · COP ' .  As wi th  R Q  a t  O°C FT[�I()H was h i gher  for frui t  a t  8 
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than  0 . part i cu l ar l y  for ' B raeburn ' apples .  For both c u l t i vars, C�cet and 

accumu lat ion in su rface chambers was h i g h l y  var iab l e  ( data not  show n ) .  

6.4.5 

The re la t ion s h i p  between 0.P02 aile! PC')2 was model led  us i n g  the M ichae l i s -Menten  

equati o n :  

( 6 .2 )  

Est i mates and s ta ndard e rrors o f  k/ and arc presen ted i n  Tabl e  There w as a 

l arge range i n  /j,Po2 for fru i t  at h igher va lues of PC\2 but the range decreased as P/)2 

decreased ( 6 .4 and 6 . 5 ) .  Over al l treatments ,  there was a sma l l decrease i n  

fi t ted va lues for /:"Po2 as PCI).2 decreased from appro x i mate l y  1 8  kPa to  5 k Pa ;  be low 

app ro x imate l y  5 kPa p(I)2 ' /j,Po2 rap id ly  decreased.  

There was l i tt l e  d i fference i ll of  'COP'  app les at 

and I > appw x imate ly  5 kPa  and ( . However. as 

of 0 or  2 kPa  at 20°C 

i nc reased from 4 to 

8 k Pa, there was a sma l l  decrease in /:"Po )  compared to fru i t  in 0 k Pa . For ' 

at O°C, at both 0 and 8 kPa 

appro x imate l y  20 and 5 kPa .  

The /j,po2 of ' Braeburn'  app les  a t  

markedl y  h igher  than for 'COP '  

ues were s i m i l ar for fru i t  w i t h  P/)2 between 

and I 
> approx imate ly  5 kPa ,  were 

substan t i al decrease i n  at low 

Pc')2 '  t ended to commence at  h igher pi), for ' B raeburn '  compared to 'COP'  apple s  

( F i  6 .4  and  6 . 5 ) ,  as gen eral l y  seen i n  h i gher for ' B raeburn '  app les  ( Tabl e  6 .4 ) .  

' B raeburn ' app le s  at 20°C and  0 k Pa {J(�O, h ad t he  h ighest  /:"po2 ; va lue s  for fru i t  i n  

6 and 8 k Pa were s i m i l ar but lower than for fru i t  i n  0 k Pa P(�02 ( F i g .  6 .4 ) .  

S i m i l ar l y .  for ' B raeburn'  app les  a t  was h i gher i n  fru i t  at  0 than a t  8 kPa 

fJto ,  bu t  s i m i l ar i n  () and 8 k Pa pto, for ' COP'  (F ig .  6 . 5 ) .  
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6.4.6 RQia as a funct ion of 
i e 

, temperatu re a n d  PC02 

The re la t ionsh i p  between RQw and I was mode l led u s i ng  the equa t ion :  

(6.3) 

Est i m ates of  parameters and s tandard e rrors are presented in Tab l e  . D i ffi c u l t i es  

i n  obtai n i n g  s ign i fi can t  parameters preven ted  them be ing  used  to c al c u l ate  FTRQ . 

RQw rerna ined c lose to u n i ty for ' COP' app les a t  0° and 2 0°C and  0, 2 ,  4, and 6 

k Pa (. u n t i l  i n i t i at ion  of fermentat ion at l ow I ( Figs .  6 .  6 and 6 . 7 ) .  RQiu w as 

lower  for 'COP'  fru i t  i n  8 k Pa pto, and O°e. Asymptot ic  leve ls  o f  R Qill o f  

' B raeburn ' apples a t  ::woC were < I and lower than for 'COP ' .  A t  both 0 a n d  20°e. 

RQlIi w as marg ina l l y  l ower a t  4, 6 and 8 kPa  compared to 0 kPa .  
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Figu re 6.2 B ootstrap est im ates of steady state  i n ternal lower oxygen l im it s  (ACP ' ,  

, , and FTI�I()H ) based on  part i a l  pressures o f  surface c h ambers for 

' s  Orange P ipp in '  app les as a func t ion  of e x ternal  part i al pressure 

CO2 (P(�()2 ) '  Val ues represe n t  bootstrap means and 

( BCa-type ) conf idence i n te rva l s ) .  
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FT!a.] . and FT1:tO\! ) hased on parti a l  o f  surface chambers for ' B raeburn '  

app l e s  as a funct i on o r  e x ternal  part i a l  pressure o f  CO2 ) . Va lues 

represent  hoots t rap means and 95(/;': b i as corrected ( BCa-type) confidence 

i n te rva l s )  . 
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Figu re 6.4 D i fference between ex ternal and i n ternal  ( chamber )  s teady-s tate parti al 

pressu re of  == 1 ) as an es t imate of d i fferences  i n  

resp i rati on  rale i n  'Cox ' s  Orange P ippi n '  (COP)  and ' B raeburn ' app l e s  at 

20°C , store d  in var ious e x ternal  part i a l  pressures of O2 and e i ther  0 ,  4,  

6 ,  or 8 k Pa e xternal  part i a l  pressures CO2 ) ,  bal ance N2 ,  For 

est i m ates of p arameters of  the curves see Table  6 . 4 ,  
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Figure 6.5 Difference between e xterna l  and i nterna l  ( chamber )  steady-state part i al 

resp i ra t ion  rate i n  ' Cox ' s  Orange P i pp i n '  ( COP)  and ' B raeburn ' app le s  at 

O°c, stored i n  v ar ious e x terna l  part i a l  p ressures of O2 and e i ther  0 and 8 

kPa ex terna l  part i al pressures of (p/o, ) ,  balance For es t imates 

of parameters of the curves see Table 6 . 4 .  
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Table 6.4 Est im ates of parameters and standard e rrors ( se )  for 6 . 2  desc r ib i ng  

'COP'  

2 0  

20 

20 

20 

0 

0 

' B raeburn ' 

20 

20 

20 

20 

0 

0 

the re l at ionsh ip  between the d i ffe rence i n  e xternal and i nterna l  (chamber) 

steady- state part i a l  pressures o f  ) and i n te rna l  part i a l  pressure 

Ch for 'Cox ' s Orange Pipp in ' ( 'COP' ) and ' B raeburn '  apples  at 20° and 

O°C ( 7) at various  external  CO� part i a l  pressures (P(�02 ) ' 

se se 

( kPa )  

0 4 . 1 1  0 . 2 2 7  0 . 5 5  0 . 1 1 2 0 .748 

2 4. 2 7  O .  0 .90 0 . 1 66 0 . 7 7 7  

4 3 . 9 1 0 . 2 04 0 . 8 6  0 . 1 0 . 7 7 6  

6 3 0 . 205  0 . 5 8  0 . 1 34 0 .668  

8 3 . 5 8  0 . 1 0 .45  0 .089 0 . 7 1 2  

0 0 . 8 9  () . ()40 0 . 3 1 0. 064 0 .747 

8 1 .00 0 .053 O .  0 .077 0 .6 1 0  

0 6 . 7 5  0 . 5 1 7  0 . 3 3 3  0 . 7 3 \ 

2 5 .47 O.  0 . 6) 0 . 1 68 0 . )  1 2  

4 5 .9 8  o.:no 1 . 3 5  0 . 2 8 6  0 . 7 1 0  

6 6 . 7 6  0 . 5 2 5 2 . 3 2  0 . 5 02 0 . 7 1 0  

8 5 . 5 6  0 . 2 8 9  

0 0 . 9 8  0 .059 0 . 34 0 .093 0 . 6 1 4  

8 0 . 84 0 . 3 6  O .  \ 6 1  
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Table 6.5 Est imates o f  parameters for p l ots  and standard e rrors ( se )  of the 

resp iratory quot ien t  (RQw) as a funct ion of  i n ternal (chamber) steady-

'COP'  

20 

20 

20 

0 

0 

' B raebu rn '  

2 0  

20 

20 

0 

0 

state parti al pressure of  O� Eq . 6 . 3 ,  for ' Cox ' s  P ipp in '  

( ' COP' ) and ' B racburn ' apples  at and 

ex terna l  CO2 part i a l  pressures (' ) . 

se se 

( kPa) 

0 0 . 5 2  0. 294 -0 .48 0 . 1 

2 0. 1 8  0 . 1 - 1 . ()2  0 . 3 8 8  

4 0 .06 0 .07 0  - I 0 . 5 66 

6 0 . 1 1  0 .075 - I .  1 3  0 . 298  

8 0 .20 0 . 1 70 - 1 .06 0 .420 

0 0 . 2 8  0 . 2 3 6  -0.47 O .  

8 0 . 54 0 . 34 3  -0. 3 6  O .  

0 0 . 3 7  0 . 1 65 - 1 .02 

2 0 .03 0 .0 1 0  1 .94 0 . 1 46 

4 0 .03 0 .020 0 .40 1 

6 0 . 1 ! 0 .066 .05 O.  

8 0 . 1 0  0 .027 - 1 .94 0 . 1 64 

0 O .()2 (l039 - 1 . 64 0 . 8 1 0  

8 0.46 0.450 -0 . 3 2  O. 

and at var i ou s  

s e  

0 .7 8 0 . 2 5 5  0 .624 

1 .03  0 . 1 23 0 . 6 2 8  

I . C)] 0 . 1 05 0 .6 1 7  

0 .98 0 .082 0 . 6 1 8  

0 .74 0 . 1 5 3 0 . 5 2 8  

0 . 9 5  0 . 1 98 0 .449 

0 . 1 9  0 . 29 5  0 . 60 5  

0 . 70 0 . 1 5 J  0 . 7 8 0  

0 .69  0.024 0 . 9 2 1 

0 . 5 8  0 .03 3 0 . 8 3 0  

0 . 074 0 . 7 68 

0 .023  O .  

1 .09  0 .060 0. 460 

0 .46 0 .405 O .  
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F i �u re 6.6 Resp iratory quot ient  ( RQ'd )  as a funct ion the i n te rna l  (chamber) 

s teady-state part i a l  pressure of  O2 ( 1'/)2 ) for 'Cox '  s Orange P i pp i n '  

( CO P )  and ' B raeburn '  apples at  . s tored i n  O.  2 .  4 .  6 or  8 kPa 

ex terna l  par t ia l  pressure of C O2 (p/o, ) ,  bal ance N2, .  For es t imates of 

parameters of the  curves see Table 6 . 5 .  
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Figure 6.7 Rl'sp i ratory quo t i en t  ( RQ/Ii ) as a fu nc t ion of  the i n t ernal ( chamber )  

s tcady- .c; tate part i a l  pressure of 0] ( 1)/), ) for  ' Cox ' s Orange P i pp i n '  

( COP)  and ' S raeourr1 ' apples a t  (Fe s tored i n  () and � k P a  e x t e rn al 

part ia l  pressur e  of  CO2 (jJ(\ ) , ) ,  ba la nce � : ,  For eS l lmates  of  parameters 

o f  the c u rves see Table 6 . 5 .  
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fLoll ,  bu t  

no t  /\CP I ,  i n  response to  e l e vated . A s i m i l ar, but  not so marked i nc rease 

( except for cham ber  FTE10H ) occu rred for ' B raebu rn '  fru i t  a t  O°C . Other than tha t .  

th i s  s tudy i nd ic ated tha t  a l though vari a t ion in  LOLls  occurred for 'COP'  and 

' B raebu rn '  app les  at  20°C. t hey  w ere not  marked ly  affected by leve l s  o f  P(�()2 between 

o to 8 k P a  There w a s  no  ev idence t hat the  leve l s  o f  {ito, u s e d  i n  the  s tudy cause 

i nduced fermenta t ion over the short per iod the apples  were e xposed to CA 

t rea tmen t s .  

The  patte rn o f  c h anges  i n  FTritOH at 20"C was the con verse of  t h at for FnlJ . 

G i ve n  t hat these shou l d  both be retl ec tions  o f  the  same phys io log ica l  trans i t i o n  poi n t ,  

i t  s eems  safe s t  to conc l ude t ha t  there was no  major effect of PC':02 on  fermen ta t ion  

t h resho lds a t  20"C. On the other  hand ,  the d i fference i n  res ponse of  FT1:10H m ay 

have refl ec ted  the  l i k e l i hood tha t  E tOH l eve l s  i n  the  t i ssue  wou l d  have been 

cont i n u a l l y  accumu la t i ng  w it h  t ime .  S i nce  the  chambers wou l d  i ne vi tab ly h ave 

l agged beh i n d  changes occur r i ng  w i t h i n  the fru i t ,  t he  concent ra t ions of EtOH 

sampled from the  c hambe rs may not  h ave been at  s teady-state . The marked i nc re ase 

at  1) k Pa fJ(�()2 i n  FnlJ and FT1:tOH at  ODe may have been a consequence of t h e  h i gher  

so l u bi l i ty of CO2  at  the  lower temperature,  and th i s  m igh t  have accentuated the effec t  

of a g i v e n  pto, on fru i t  to lerance t o  [l(') , . A l ternat i y ,  s i nce the  vapour pressure 

of  E t O H  above aqueous so lu t ions  wou ld  be h ig h l y  temperature sens i t i ve ,  the onset o f  

fermenta t ion may b e  more d i fficu l t  t o  detect measur ing  vapour phase l eve l s  of 

EtO H i n  fru i t  kept a t  the te mperatures used in the e x per ime n t. Therefore , i t i s  

pos s i h l e  t hat t h e  accu m u l at ion  o f  EtOI-l i n  chambers d i d  n o t  re fl ec t  t i s sue 

concen trat i ons  because e i ther  va l ues for c hamber EtOH were not  a t  s teady- st ate or  

were no t  meas ured \v i t h  great accur acy .  

B ot h  ' C O P '  ( as a consequence of h i gh resp i ra t i on  rate ,  Tab l e  6 . 3 )  and ' B raeburn '  

( as a �:o[1seque nce o f  I mv  s k i n  pe rmeance, Tab Jc  6 . 2 ) app les  have h i g h  P(" o2 compared 

t o ( l t her  c u l l i v etrs ( Dadz ie ,  I l)92 ) .  Both cu l t l \ ars arc 

phys io log ica l  s torage d isorders (core f lu sh  and i n ternal brown i ng i n  ' COP'  
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( Meheri u k  c {  al . , 1 994 ) .  and the brown-heart l i ke ' B raeburn brow n i n g  d i sorder '  i n  

' B raehur n ' ( Banks ,  N . H . .  unpuh l ished dat a ) .  N o  v i s i h le  external  o r  i n terna l  damage 

\vas observed in exper imenta l  frU I t . even for those  in  anOX IC  atmospheres  for up to  7 

days . a tmospheres  of 8 kPa CO.:: \vere we l l  above the l eve l  of  CO2 used for 

commerc i al CA coo l - s torage of apples .  B ri e f  exposures  to pote n t ia l l y  harmfu l  l e ve l s  

of C O 2  m ay be  to lerated for short per iods ( Ke and  K ader, 1 99 2 ) .  H o we ve r, i t  i s  

probab le  t hat damage wou ld  deve lop i n  fru i t  du r i ng  longer  s torage periods i n  s uch  

h igh  C O 2  atmospheres .  

H i gher  LOLls for ' B raeburn ' compared to ' CO P '  apples at approx i mate l y  0 kPa . 

and for fru i t  at 20D  compared to ODe,  were cons i s ten t  w i t h  those reported for t he  

same c u l t i vars from the  prev lOus  season ( Ye ars ley  ('{ a l  . . 1 996c ) .  A s  s uggested  i n  

that  work , i nc reases i n  LOLls a s  a response to i nc reas i ng  temperature,  and lower  

LOLls for ' COP'  apples  cou ld  have been a consequence of h igher  t i s sue poros i t y  for 

'COP'  as we l l  as the  e ffec t  o f  i nc reas i n g  temperature J O\ver ing  the so lub i l i t y  of g ases . 

cort ica l  t i ssue  poros i t y  and dens i ty  d id not  change s i gn i fi can t ly  w i th t i me i ll 

s torage for ' B raeburn '  fru i t ,  and the s m a l l  c hanges for ' COP'  were no t  cons i st en t  

w i t h  t i me .  t hey  were un l i k e l y  to  exp la i n  c h an ges i n  LOLls ove r  t i m e .  The  l ower  

poros i ty  and  h igher  de ns i ty  o f  ' B raebur n ' fru i t  may  reduce d i ffu s i v i ty of  01 t h rough 

the  cort e x ,  l ower i n g  the to lerance and i nc re as i ng L OLls of ' B raeburn '  comp ared to  

' CO P '  fru i t .  The s l i gh t l y  l ower  grad i en t  i n  the  l i near  re lat i onsh i p  between dens i t y  

and  poros i ty for ' B raebu rn '  compared to  ' COP'  apples  ( 6 . 1 ) , may h ave  res u l ted  

fro m  i ncomplete i n fi l t ra t ion of  some ' B raebu m '  s l ices .  part i cu l ar ly  those  w i th l ower  

poros i t y .  The l arger grad i en ts  i n  O2 par t ia l  pressure ( ) for ' B raebu rn '  compared 

to  ' COP' fru i t  at ( Fig . 6 . 4 )  were probabl y  a consequence of l ower s k i n  

pcrmeance (fable  6 . 2 )  and poss i b l y l ower  poros i ty ( F i g .  6 .  I ) , a s  the  re sp i ra t ion  rate 

of ' B raebu rn ' was l ower that  for 'COP'  \Tab le  6 . 3 ) .  These d i fferences werc 

atten uated at ODC because of the  lower resp i rat i on rate at that tempe raturc .  A s  LOL's 

shou l d  be i n dependent  o f  s k i n  permeance ,  these  d i ffe rences wou l d  not have  

con t r i buted to  var iat ion  i n  LOL's bet\veen c u l t i vars . 

V ar iat ion i n  6po:-. res u l ted  from d i ffe rences i n  resp i rat ion rate and s k i n  permeance 

of i n d i v i d u a l  appl es .  such that a fru i t  \v i th  h igh  resp i rat ion fate and/or l ow s k i n  

permeance had h igher 6/)()2 and lower Pc')2 ' The l ower 6po, of apples  a t  ODC 
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compared to 20°C was primari l y  a consequence of  l ower respi rat i o n  rate o f  fru i t  a t  

the 1 00,\/ e 1' t emperature . I n  generaL e 1 c \ ated had a smal l effect  on reduced 

refl ec ted by ) for hoth c u l t i vars at compared to fru i t  in 0 k Pa P(�02 . 

A l though the fi t ted c urve  for 'COP'  at 0')(', g k Pa ' was s l i gh t l y  h igher than that 

for the 0 kPa P(�()2 t reatment the change i n  6Po2 was too sma l L  and the var ia t ion i n  

' B rae bu rn '  data a t  8 k Pa too variah J e ,  to i nd icate a s i gn i fi can t  e ffec t  of  e le vated 

at O°c. The chan ge in appare n t  M ic hae l i s -Menten  constan t  ( va lues  of  

i n  Tabl e  6 . 4 )  was not  cons is tent  w i th chan ge in  !7C()c' However. the h igher  va l ues of 

kc for ' B raebu rn '  app1cs i nd icated depress ion of  p/), had a more marked e ffec t  on  r(), 

of ' B raehurn ' compared to 'COP ' ,  sugges t i ng  i n vo l vement of o x idases w i t h  l ower  

affi n i ty i n  ' B raehur n '  t han 'COP'  or  d i fferences i n  grad ien ts i n  P/)2 w i th i n  the f lesh  

associ ated w i th d i fferences in  i n terconnectedness of  i n terce l l u l a r  spaces. 

A number of  .stud ies  w i th app les  i nd icate that  e levated CO� may reduce RQ ( Fid l e r  

and  Nort h ,  1 967 ;  Met l i t sk i i  e [  aI . , 1 972 ) .  The  s l i gh t  lower ing of  RQ1(! a t  e l e vated 
(' observed i n  t h i s  study suggested there was a l arger effect of PCC02 on rc02 t han 

and resu l ted i n  sma l l e r  6pco� compared w i th  . E levated CO2 ( Y7c) )  h as a l so  

heen reported to  reduce to a l arger ex ten t  than roc of  postc l im ac ter ic  'COP'  

( F id l e r  and Nort h ,  1 967) .  This  may resu l t  from i nc reased fi xa t ion  of  CO2 i n to 

organ ic ac ids ,  and reduced catabo l i sm of  organ ic  ac ids ( M ur at a  and M i n i anl i de ,  

1 97 m .  The h igher R Qlll of ' B raeh u rn '  at 0° compared to 20°C m ay h ave res u l te d  

from a h i gher temperature coeffi c ien t  for compared to ( F id l er and Nort h ,  

1 9(7) .  H owever, RQw i s  n o t  a n  absol ute measure o f  RQ, and depends both o n  R Q  

and the re la t i ve  permeance o f  the fru i t  s k i n  t o  C O 2  and O2 . There fore , l ower  RQld for 

' B rac bu rn '  compared to 'COP'  app les a t  ( F ig .  6.6 ,  and k "  va lues in  Tab l e  6 . 5 ) ,  

i nd i cated ' B raeburn '  fru i t  had a h igher  permeance to CO� re l at i ve  to O2 compared to  

' CO P '  app les ,  a s  h as been prev ious ly  reported ( Years ley  et 0 1 . ,  J 996d ) . Thi s  may 

h ave i n d icated a h i gher permeab i l i t y  of  the cu t i c l e  to CO2 than O2, andJor a l arger 

component  of d i ffus ion  occurred through the cu t i c l e  compared to pores for 

' B raebur l1 compared to 'COP'  app les  ( B anks  e t  a I . ,  1 99 3 b ) .  The s l i gh t l y  l ower RQ1Il 

lor ' COP and part i cu l ar l y  ' B raeburl1 ' app l e s  at compared w i th  O'C and 0 k P a  

fJc�()2 ( compare F i g s .  6 . 6  a n d  6 . 7 ) ,  rn i g h t  a l so be expl ai ned by d i fferen t i a l  e ffects  of  
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temperature on  d i ffus ion  t hrough cu t i c l e s  and pore s .  W i th i nc re as i n g  temperatu re ,  

cu t i cu l ar d i ffus ion  wou ld  i n crease more than d i ffus i on through pores wh ich  i s  

re l a t i ve l y  temperature - i ndependent  ( Cameron e {  a f. .  I ) .  A s  d i ffus ion  i n  app les  

i s  domi nated by pores .  and d i ffus ion  of CO� occurs through pore s  and cu t i c l e  ( B an ks 

e1 (II . . 1 993 h ) .  i n c reas i ng temperature wou l d  h ave a greater e ffec t  on  i nc re as i n g  PC02 

than  POe ' resu l t i ng i n  decreased RQI(i . 

CO::de lated d i sorders i nc l ude hrow n i ng and cav i t i es  i n  defi ned areas o f  cortex and 

core t i ssue i nj ur y  ( Meheri u k  c t  (il  . .  1 994 : Padfi e l d ,  1 9(9 ) .  ' sca ld- l i k e '  symptoms 

purported to resu l t  from free- rad ica l -cata l y sed ox idat ion o f  prote i n s  and other  

mac romolecu les  ( Bu rmeis ter  and D i l l ey .  1 (9 5 ) ,  and i n te rac t ions  w i th low 

te mpe rature i n j u ry ( Padfie l d , 1 969 ) .  CO�-re l ated d i sorders m ay deve lop a t  P/)2 and 

above the onse t  of  fermen ta t ion ,  reduc i n g  m i tochondr ia l  func t i on  and 

enhanc i n g  other ox idat i ve processes . There fore , i t  i s  c ri t ica l  to i nt eg rate i n format ion 

on storage d isorders w i th  LOL's to es tab l i s h  opt i m u m  s torage atmospheres  for  app l e  

c u l t i vars. 

I n  con c l us i o n .  for postc l i mactcr ic ' COP '  and ' B raeburn '  app l e s ,  e ffec t s  of 

e l e vated P(�02 on fru i t  metaho l i s m  were not  s t rong ly re f lected i n  an i n c rease i n  LOLl 

s o f  e i t he r  cll i t i var at 20De. The i nc rease i n  HQ and t:tO!l of fru i t  kept i n  8 kPa  

at ODC  m ay have  res u l ted from the  h i gher so l ub i l  o f  at t he lower  

tempe ratu re .  E l evated res u l ted i n  a smal l reduct ion i n  

i�.p( ) , )  at 20°e, bu t  there was l e ss  ev ide nce o f  an e ffec t  at 

measured  by 

RQI<I was l ower  for 

app les  at and 8 k Pa compared to 0 kPa pt( ) , and more m arkedl y  so for app les  at 

. As  both 'COP '  and ' B raeburn '  apples are suscep t ib l e  to CO2-re l ated d i sorders 

dur i ng  cool -s torage in e l evated CO2 ,  recommendat ions  for opt i m u m  storage 

atmospheres  based on LOL' s wou l d  nced to ad j usted for the pote n t i al to deve lop  

d i sorders . 
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Ch r 7  
Effect of P h ys i o l og ic a l  Age o n  t h e  L ower 

I nterna l Oxyge n  L i m its of A p p l e  Fru i t  

Chr i s topher W .  Years ley'L ,  N ige l  H .  Banks" ,  S i va  Ganeshh 

a Cell tre for Postharvest and Relrigera tion Research, Massey Universit\', 

Po/menton North, NeH' Zealand 

h Department olSlatistics, Massev University, Palmersto/l North, New Zealand 

7. 1 A bstract 

The e ffec ts  of  phys io log ical age on steady-state lower i n terna l  O2 l i m i ts ( LOL' ) 

were es t i mated for ' Co x ' s  Orange Pi pp i n '  ( ,COP' ) and ' B raebu rn '  apples  a t  0° and 

20°C . Two LOL's  were es t i mated from both e x ternal  c hamber and  core c a v i ty 

atrnos pheres :  the anaerobic  compensat ion poi n t  CPI ) ,  and the  i n tern a l  fe rmenta t ion  

t h resho ld  ( FTjw ) .  Mean A CPI of ' COP '  fru i t  a t  and 

between 0.5 and 0.8 kPa P/)2 ' Values for mean FTRQ 
were s i m i l ar and  var ied 

'COP' fru i t  were s l i gh t l y  

h i gher  t h an A Cpl a n d  var ied between 0 . 6  a n d  1 . 0 kPa  Pc'12 ' A s i m i l a r  range of  va lues 

for A Cp l and Fn?Q were est i m ated for ' B raehurn '  fru i t  a t  hut  v al ues  at  20°C 

we re h igher  for pre- and postc l i m ac ter ic  fru i t .  A l though s ign i fi can t  phys io log i ca l  

c hanges,  commensurate w i t h  t i rne i n  storage , were ohserved i n  ho th  c u l t i v ars for fru i t  

fi rmness ,  so luh le  sol ids  conten t .  backgroun d  s k i n  co lour ,  s tarc h i n de x ,  res p i ra t ion  

rate and e thy lene  product ion  rate, no cons i s ten t  changes in  of e i ther  c u l t i v ar 

were observed I l1 rela t ion to phys io log ica l  T i ssue poros i ty  of  ' COP'  i n c re ased 

s ign i fi can t ly W I t h  t i me in s torage and rnay part i al l y exp la i n  the  l ac k  of i nc rease i n  

Loes w i th . H igher LOL's of preC \ i mac ter ic  ' B raebur n '  at 20"C may have 

resu l ted  from poor connect i v i ty of the  i n te rce l l u l a r  a i r  spaces ,  as the  t i ssue cou l d  on l y  

part i a l l y  i n fi l trated ,  and h i gher  L()L's o r  postc l imacter ic  ' B raehurn '  from loss of  

ce l l u l ar homeostas i s .  The resu l t s  contrast w i th s tud ies  t hat i nd i cate LOLs based on 

atmosphere s  e xternal to the fru i t  ( LOt' s )  i ncrease w i th phys io log ical age . Control l ed  

and  mod i fied atmospheres  op t irn i sed us i  s rather  than LOe's are l ess  l ik e l y  to 
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be affected by phys io logica l  changes assoc i ated with r ipen i ng  and senescence at  

storage temperatures .  

Ke nt'on/s: ,Haius dOlllcs!ica ; Cox ' s  Orange P ippi n ;  B raebu rn ;  M atur i ty ; I nternal  

atmosphere ; Anaerob ic  compensat Ion poi n t ;  Fermen tat ion thresho ld ;  S k i n  

pe rmeance ; Respi rat ion rate ; Ethy lene  product ion rate ; Bootstrap 

7.2 I ntrod u ct ion 

The ex ten t  t o  wh ich  mod i fica t ion o f  the storage atmosphere benefi ts  postharvest 

qua l i ty  of a c rop depends on cu l t i var and stra i n ,  phys io log ical , i n i t i a l  qua l i t y ,  

l eve l  of O2 and tempe rature and durat ion of e xposure ( Kader, 1 98 9 ) .  Numerous 

empi r ica l  studies h ave es t imated the to le rance or l ower oxygen l i m i ts of  apples on 

the bas i s  of  e xternal  or package atmospheres ( LOL"s ;  B l ackman ,  1 92 8 ;  G ran and 

Beaudry, 1 993a and 1 993b :  Thomas and F id l er .  1 93 3 ) .  However .  i t  i s  the 

concentrat ions  of  O2 and CO2 i n  the cy toso l .  c l ose to equ i l i br ium w ith  the part i a l  

pressures of O 2  and C O 2  i n  t he  i n te rce l l u l ar a i r  spaces, that d i rec t ly  affect  

phys io log ica l  processes .  Therefore , l ower l im i ts based on i ntern a l  atmospheres 

( Le)['s) are l ike l y  to more accurate l y  es t imate the t i ssue LOL ( Years l ey  e t  a l  . . 1 996a) .  

The d i fference betv.:een LOL's  and LOL" s i s  a consequence of the d i fferences i n  

part i a l  p ressure o f  C O 2  and O 2  between i n te rna l  and e x ternal atmosphere:;, wh i ch  are 

d i rect ly  proport iona l  to resp i rat ion rate and i nverse ly  propor t iona l  to s k i n  permeance 

to gas e xchange . Therefore . LOL' s shou l d  be less  suscept i b l e  to fluctuat ion as they 

account  for d i fferences between fru i t  in  rc sp i rat lon rate and sk in  penneance ( B anks  ('( 

al . . 1 993 : Years ley  et al .. 1 996a ) .  For e xample ,  temperature h as been demonstrated 

theore t ica l l y  and emp i rica l l y  to h ave a marked e frect on LOL"s of app les  ( Dadzie e t  
u f . .  \ 9'n :  G ran a n d  Beaudry , 1 99 3 b ) .  b u t  h ad l i t t l e  effect  on LOL's o f  postc l i mac te ri c  

' Co x ' s Orange P i pp i n '  ( 'C OP ' )  and ' B raeburn '  apples .  e xcept at temperatures ::: 

( Yearsley e t  0 1 . ,  1 996c ) .  

Phys io logica l  age o f  apples has a lso been reported to affect L OL"s ( F id l er .  1 93 3 :  

K idd and \Vest ,  1 : Thomas and Fid ler . 1 3 ) ' and Fid ler  ( 1 93 3 ) '  noted varieta l  

d i fferences in the s h i fts in the ex t i nct ion poin t  (EP) of anaerobic resp i rat ion as app les 



r 7  Effect of on LOC s of Fruit :  225 

aged .  He  suggested the f irst sh i ft in EP may i n di cate " i nc i p i en t  d isorgan i sat ion" o f  

"the respi ra t ion  centres",  and seasonal  effects resu l t i n g  from a complex  of  

e n v i ro n menta l  fac tors affect i ng  fru i t  on the tree. B oers ig et  0 1 .  ( 1 98 8 )  fou n d  A 

i ncreased as pear t i ssue aged ,  and A of  pear ce l l suspens ions  decreased as the  

d i ffus ion  coeffic i e nt o f  the med ium increased.  Pre c l imac te ric pears have been 

reported to  he less  s tressed by low O2 and to h ave greater poten t i a l  for posthypox ic  

recovery t han pears o f  more advanced phys io log ica l  age ( N anos e t  a/. .  1 (9 2 ) .  

D i m inu t ion  o f  aerobic but  not  anaerobic  evo lu t ion rate w as observed i n  

senesc i llg ' Red De l ic ious ' and ' M c I ntos h ' apples ( D i l ley e t  aI . ,  1 9(4) .  

The forego ing ev idence suggests a strong l i n k  between phys i o log ica l  age and  

LOL"s .  However ,  there are n o  reports o f  changes i n  L()Ll s w i t h  agei n g  of  w h o l e  

fru i t ,  a n d  i t  m igh t  b e  expected t h a t  t h e  rapid  respi ratory a n d  compos i t iona l  c hanges 

t hat occur a t  the c l i mac ter ic  shou l d  affect the aerob ic-anaerobic  trans i t ion  for  

c l i macteric fru i ts such as app les .  I t  m ight  a l so be an t ic i pated that  LOLls  wou ld  

i nc rease for age i n g  who le apples as a consequence senescence , d i m i n i shed 

main te nance of  ce l l u l ar i n tegr i ty ,  and lower d i ffus i v i ty o f  O� in  the t i ssue as  

i n te rce l l u lar  a i r  spaces become b loc ked and/or connec t i v i ty reduced ( Rajapakse et 
a/ . , 1 9(0) .  These propos i t ions  were tested in t h i s  study for two phys io log ica l l y  

cont rast i n g  cu l t i v ars o f  app l e ,  'COP'  and ' Braebur n ' at and 20°C and the 

i mpl ica t ions  of the resu l ts for opt i m i s i ng  con trol l ed  at mospheres  (CA) and mod i fied 

atmospheres  ( M A )  based o n  UJLls  and U)Cs d i scussed .  

7.3 

7 .3 . 1  

M ater ia ls  and m ethods 

Fru i t  supply ,  i n it i a l  measurements, t reat ments a n d  

storage 

Fresh l y  harvested ,  prec l i m ac ter ic  ' COP'  and ' B raeburn'  apples  (Malus domestica 

Borkh . :  mean mass 0. 1 4:') kg for ' COP'  and  0. 1 8--\. for ' Braeburn ' )  were obta ined 

from a H aw kes  B ay orchard, N The fru i t  were he ld  at overni g h t  and i n i t i a l  

measures of  fru i t  m ass ,  fru i t  f i rmness ( ( )  to 1 2  B press-mOll n ted pene tro meter 
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w i th an  1 1  !TIm head ) ,  so l ub le  so l ids  cont e n t  (0 to Atago refrac tometer ) :  s tarch 

cont en t  ( u s i n g  New Zealand ( I n ternat iona l ) starch- iod ine  i ndex charts ) ,  

backgroun d  s k i n  co lou r  ( M i no l ta  CR-200 Chromameter measuri ng  l i gh tness  ( L ) ,  and 

hue angle ( HO ) , M i no l ta  Camera Co. , Ltd . .  J apan ) made on 20 fru i t .  Trays of fru i t  

were randomly  a l l oc ated to treatments  and c l i macte r ic  and postc l i macter ic  t reatments  

s tored in  cartons ,  a t  e i ther 2 °C for ' COP'  (enc losed i n  perforated po l y me ri c  fi l m  

bags ) ,  o r  O°C for ' B raebur n '  ( w i thout bags ) .  Prec l i macter ic  fru i t  were not coo l -

stored. bu t  u sed h after harvest .  

7.3 .2  Selectio n  of  exper imenta l  fru it  

The  th ree phys io log i cal  ages req u i red for th i s  study ( nomina l l y  c l as s i fi ed  as 

prec l i macter ic . c l i macteric and postc ! imacteric stages ) \ve re se lected on the bas i s  of 

the steady-state part i al pressure of e thy lene  of surface chambers (pc· , 1l 1 ) .  Fru i t  used 

for eac h  t reatmen t  were equ i l i b rated i n  a i r  at  20  ± for h ,  and 1 000 m m' 

g lass surface c hambers ( 9  mm d iameter) were adhe red to the s k i n  at an equatori al  

pos i t ion  on 1 20 b lemish - free fru i t  u s i ng  epoxy adhe s i ve (5 m in u te c u re A rald i te
"
, 

C iba-Ge igy ,  Auck land,  N .Z . ) ,  and scaled as descr ibed by Years l ey  el a l. ( \ 996a) .  

Approx imate l y  h after scal i n g  the c hambers , P(�2H 1 i ll eac h  chamber was measurelL 

and 95 fru i t  w i th the c l osest P(� " ll se lected,  and randomly  al l oc ated to treatments .  
_ "1 < 

7 .3 .3  Contro l led atmosphere t reatments 

Exper iments were conducted  i n  1 .0 m \ contro l led temperature cab inets  ( Spacel i ne ,  

M u l ler -McA lp i ne ,  Auck land, ;\I 1 .  Each exper iment  used 5 C A  conta iners each 

enc los i ng  s i x  fru i t  at both 0° and Mete red,  humid i fi ed  g as m i xtures f lowed 

th rough eac h  C A  conta iner  ( tota l  flow I .  x 1 0
' 

mm
' "� I ) ,  and the part i a l pressure of 

O2  ex terna l  to  the fru i t  (Pc';2 ' Pal  u sed i n  eac h  conta i ner i den t i fi ed  u s i n g  a s teady- state 

model ( Dadz ie ,  1 9(2 ) as descr ibed by Y c:ars ley  et 01. ( 1 996a) .  M ean w as 

cont ro l l ed  w i t h i n  ± 0 . 2  kPa of that req u i red .  W i t h i n  the CA con ta iners ,  Tyvek  

( Du Pont ,  New Zealand L td  . .  Auck l and ,  N ) sachets  contai n i n g  50 g of both CO2 
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ahsorher ( soda l i me ,  Aj ax chemica l s .  Auhu rn ,  N SW ,  Austral ia )  and C2H .. absorber 

( Pu rafi l . Papwort h Eng i neer ing ,  Camhridge, N ) contro l l ed  the part i a l  pressure of  

CO,  ex terna l  to  t he  fru i t  (pto, ) :s; 0. 1 2  k Pa and  ex terna l  part ia l  pressure of  e thy l ene  

( P(�" H t  ) :s; 0 . 5 1 Pa .  Mean  temperature for moni tored fru i t  var ied :s; O .  between 

fru i t  i n  any pos i t ion  w i t h i n  the cab i ne t .  Mean re l at i ve humid i ty  w i t h i n  CA conta iners 

had been prev ious ly  measured to be :::: 90';( ( Years ley  et 0/ . ,  1 996c ) .  

7.3 .4  Gas measu rements and a n alysis 

i t  a l l ocated to C A  t reatments each had a su rface chamber adhered  a t  an  

equator ia l  pos i t i on .  Steady-state i n ternal  part i a l  pressures of O2 ' ) and CO2 

( P(\)2 ) were es t imated as the equ i l i brated p(;:: and P(�()2 i n  the su rface chambe rs a fter 

1-l6-90 h e xposure to the CA treatments  ( Years l ey ,  1 9(6 ) .  Gas samples  were removed 

by gas- t igh t  syri nge ( Hami l ton 1 00 mrn1 ) from the heads pace of each surface 

chamber th rough a septum on the bags above  the chamber and i mmedi ate l y  

ana lysed .  Val ues for percentage compos i t ion  o f  and CO2 were determ i ned  lls i n g  

a n  O2 e lectrode i n  ser ies w i t h  a m i n i atu re i n fra-red transducer ( Years l ey  et  a I . ,  

1 996a ) .  Mo l e  frac t ion va lues  for 0] and CO2 were converted to P(�2 and P(�02 by  

adjust i n g  for atmosp her ic pressure ( Years ley e t  a I . ,  I ) . 

7 .3 .5  Respi rat ion and ethylene production ,  s k i n  

permean ce, cort ica l  t i ssue porosity and  densi ty 

F i fteen fru i t  randomly  se lected from the same popu l at Ion of e xper i menta l  fru i t  

\ve re ll sed t o  determ ine  resp i rat ion rale ( mol I s I )  and CJ-l.+  produc t ion  

mol  k g l s I )  and  i n te rna l  atmosphere ( IA )  compos i t i on of the core c av i ty (p/), 

and pc'o , ) approx imate l y  61-l h after  CA treatments  were i mposed, as descr ibed by 

Y ears ley  ct  a f .  ( 1 996b ) .  Va lues  for permeance of fru i t  to CO2 and O2  ( Pc:02 and P�)2 ' 

mol  s I m 2 Pa l ) were calcu l ated us i ng  F ic k ' s  rst Lnv of D i flu s i on (assum i n g  RQ 

I :  B anks  e{  a/ . , 1 99 5 ) :  
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p = --"--} ( 7. 1 ) 

A 

lH 

PI 

j.p I A 

fru i t  su rface area ( m2 ) 

:::::: d i ffe re nce between i n ternal  and ex ternal  part i a l  pressure 

:::::: 

:::::: 

:::::: 

of  gas j ( Pa )  

fru i t  m ass ( kg )  

fru i t  permeanee t o  gas j ( mo l  S l m
2 

Pal 

rate of  t rans fe r  of  CO::. oet ween i n terna l  and  e xternal  

atmosphere s  ( mo l  I s \  
Fru i t  surface are a  was es t i mated from fru i t  mass (A :::::: O.OS?; I 6i1" ; C l ay ton et al. , 

1 9(5 ) .  T issue poros i ty  (E , ]11' m- I ) and t i ssue dens i t y  ( p .  m 3) were est i mated for 

fru i t  used for maturi ty  assessme n ts u s i ng  5 mm w ide long i tud ina l  wedges of t i ssue 

from \vh i c h  the sk in h ad been removed.  as descr ibed  by Years ley  et  ([I. , 1 996a. 

Resu l t s  are presen ted  in  S 1  u n i ts but may be con verted to other u n i t s  as fo l l ow s :  

For , at T ) .  1 mol kg l S- I :::::: 1 . 5 8 3 9  x I m g  I 
I 

- I  ( ( 1-1 , or + . 1 5 ) 3 . 3..+ l x 

1 0  I I  PI"I) m l  k g  I h - I .  w here PI"I ( Pa )  is the tota l  pressure in the system ;  for rC::.cLl at T 

1 I k · 1 · 1  ( ]' InO g S :::::: ( + 
Po, at T ( 

1 (95 ) .  

) I I 
- I - '  I) - I . 1110 S m - a ( ( 1' + 

7.3.6 E st i m at ion of L Oes 

. 1 5 ) / 1 . 203 x 1 0 1 ) e m  S l ( Banks  et al . ,  

The "bootstrap" stat i st ica l  procedure ( Y ears lcy  et , 1 996a )  was used to es t i mate 

L OL's u s i ng  steady-state 1)/), and p/o, surface chambers and core cav i ty . P lots of 

p(',O, and re l at i ve respirat ion quot ient  ca l cu l ated from IA data (RQw: es t i mated as 

sca les submit ted to  1 5 t ra i ned pane l l i st s .  Each pane l l i st was asked to h an d-draw 

c urves  th rough  the data then mark on the c ur ves  the m i Il l mum point to  i de n t i fy A CP' , 

or  the po in t  \vhere the curve began to r i se  above the base l i ne to i de n t i fy fT. l OOO 

hoo ts t rap samples  were obtai ned by random sam pl i ng  w i th  rep l acement  from the  



c r 7  Effect of on LOLi s of Fruit :  229 

pane l l i s ts ' or ig i na l  observat ions ,  both for chamber  and core data i ndepen de n t l y  and 

u n  combi ned chamber and core  data se t s .  B ootstrap means and b ias-correc ted  ( B Ca )  

(j( confidence i nt erval s around  means ( ron .  I ) \vere ca lcu l ated u s i n g  G aus s  

-;o lhva re (Gall s s ,  1 993 ) .  A s  t h e  boots trap procedure d id  no t  assume data to be  

norma l l y  d i s t r i buted. t he  confidence i n terva ls  generated \ve re no t  n ecessari l y  

symmetr ica l  abou t  the mean . 

7 .3 .7  Statist ica l  analys is 

A nal yses of  var iance of fru i t  maturi t y  var iab les .  cort ica l  t i s sue  poros i ty and 

denS I t y .  rC o l tt .  PC(), and  Po, data were performed us i ng  t he  PROC GLM 
- - -

procedure  of  the S A S  system ( S A S ,  1 990) .  

7.4  Resu lts 

7.4. 1 Descriptors of physio log ica l  age of app les 

S i gn i fi can t  phys io log ica l  chan ges commensur ate w i th t i me i n  s torage were 

observed for fru i t  fi rmness .  so lub le  so l i ds content . backgroun d  sk i n  co lour  and s tarch 

i ndex for both c u l t i vars ( Tab le  7 . 1 ) . Chamber i ncreased for eac h  popu la t ion  of 

fru i t  removed from storage over t i me ( data not shO\v n ) ,  as d id  es t imates of  rC2!i l  

( Tab le  7 . 2 ) .  The rC 2H t of ' COP'  appl e s  cont i nued to i ncrease s i gn i fican t l y  w i th  t irne 

I n  s torage . for fru i t  a t  both 0°  and 20'T (fab le  7 .  I n  contrast .  re mained the  

same for fru i t  a t  O D e  but  h ad increased for fru i t  at 1 . 3 weeks and rema ined 

constant  at  1 -1- .4 weeks cool storage ( Table 7 . 2 ) .  The of  ' B raebur n '  apples a l so  

i n c reased s i g n i fi can t l y  a t  both  e xper imental tem pe ratures aftc r vlecks  cool storage 

hut wa .\ lower  after  1 1 . 3  weeks cool s torage . The reo: of ' B raeb u m '  at both 

kmperatures i n c reased as fru i t  became c l imacter ic  and e i ther re mained h i gher  for 

fru i t  at 0" . or decreased aga in  for fru i t  at 
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Table 7 . 1  Frui t  fi rmness.  so l ub l e  so l ids  con ten t .  bac kground  co lour  [ l i gh t ness  ( L )  

C u l li var 
and t i me 
i n  s torage 

( weeks )  

and hue ang le  ( HO ) ] .  and starc h  i ndex .  for ' . s Orange P i pp i n '  and  

. B eaeburn ' apples from a Hawkes  B ay orchard s tored at  2 and  O°C 

respec t i ve ly  for various durat ions .  The fru i t  were removed from coo l  

storage and s tored at  20°C i n  a i r  for 24 h pr ior to  measuri n g  variab les  at  

20°C. V a l ues are least squares means and w i t h i n  c u l t i v ars . treatments  

[pre c l imacteric ( Prec l im . ) .  c l i macter i c  ( Cl i m . ) . and postc l i macter ic 

( Postc l i m. ) ]  w i t h  d i fferen t  l et ters are s i gn i ficant ly  d i ffe re n t  (p :::: 0.05.  n :::: 

20 ) .  

Treatme n t  Fru i t  S o l ub l e  B ac kg round S tarc h  

fi rmness so l ids co lour  i ndex I 
con ten t  

( N )  ( L) HO )  
'Cox ' s  Orange P ipp in '  

0 .0  Prestorage 62 . 8  a 1 0. 6  a 69 . 1 a 1 1 0 .4  a 3 . 2  

0 .4  Prec l i m .  6 3 . 6  a I I . l  b 69 . 5  a 1 1 0 .6  a 3 . 6  

1 . 3 C l i m .  6 2 . 5  a 1 2 .0  c 70 .5  a 1 07 .4 b 4 . 7  

I -.+ A Poste l i nl .  3 5 . 3  b 1 2 .0 c . 5  b 97 .0  c 6 .0  

' B raeburn ' 

0 .0  Prestorage 76 .9  a 1 0 . 3  a 66.9 a 1 1 0. 6  a 2 . 6  

0 .4  Prec l i m .  7 9 . 2  a l OA a 66. \ ab 1 1 0 . 1 a 2 . 8 

2 . -'+  C l i m .  6 6 . 8  b l l A b . 5  b 1 07 . 7  b 5 . 1 

1 1 . 3 Postc l im .  6 8 . 8  b 1 \ . 2 b 66 .7  ab 1 06 . 3  c 6 .0  

S tor age t i me compari sons ( ANOV A I) va lues )  

' s  Orange P ipp i n '  0 .000 1 0 .000 I 0.000 I 0 .000 1 

' B racburn ' 0 .000 I () ' OOO4 O.  ] 8 5 3  0 .000 1 

I B ased on E�ZA New Zea land ( I n ternat iona l ) i ndex c h arts :  0 ::=  comple te l y  s ta i ned 

( h I gh  starch con te n t ) ,  6 no s tai n i n g  ( l east  s tarch  conte n t) .  
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Table 7.2 Est imates of resp i rat ion rate ( ) ,  e thy lene product ion ( rC2H.+),  and s k i n  

CLl l t i var  
and  

s torage 

permeance to  CO2 and and ) for 'Cox ' s  Orange P ipp i n '  

( 'COP ' ) and ' B raebu rn '  fm rn a Hawkes B ay orch ard s tored a t  ::: 

and UOC respec t i ve l y  for var ious durat ions .  Fru i t  were removed from 

cool storage, equ i l i b rated a t  O°C or  20°C i n  a i r  and var iab les  es t imated 

a fter 3 days.  Va lues rep resen t  least squares means .  Wi th i n  c u l t i vars ,  

t reatments  [prec l imacter ic  . J , c l imacteric ( C l i m . )  and postc l im acter ic  

( Post . ) ]  w i th d i fferen t  l e tters arc s i g n i ficant ly  d i fferen t  (T tes ts ( LS D ) ,  

a lpha ::: 0 .05 ,  n= 1 5 ) .  

Treatmen t  Po, 1 

[ T  ( O C ) ;  ( nmol  kg l ( pmol  k g  , I  ( nnwl m 2 , 1  
( n mo] In -I s 1 S l  Pa' i S l Pa' i 

' Cox ' s  Orange P ipp i n ' 
0 ...1- 0 ;  Pre . . 9  a O . R  a 0. 1 a 0 . 1 95 a 

J . 3  0 ;  C l i m .  2 9 . 7  a . 7  b 0. 1 90 a 0. 1 99 a 

1 4A 0: Post .  a 1 83 . 1 c 0. 269 b 0 . 2 64 b 

0 .4  20:  Pre . 93 . 8  a OJ) I a 0 . 273 a 0 . 264 a 

1 . 3 20 :  C l i m .  1 60 .4 b 460.5 b o .no a 0 .270  a 

1 4 .4  20;  Post .  1 5R . 2  b 1 1 92 . 1 c 0.34R b 0 .334  b 

' B raehurn ' 
0 .4  0 ;  Pre. 1 0 . 3  a 0 .0 1 a 1 a 0.076 a 

2 ,4  0 :  C l i m .  1 5 .6  b 3 6 . 1 b 0 .073 a 0 .09 1 a 

1 1 . 3  0 :  Post .  1 5 . 6  b 26 ,4  c O . 1 0� b O.Otl� a 

0 ,4  20;  Pre . 5 S . 0  a 0 .05 a 0 . 1 56 a 0 . 1 09 a 

2 .4 20 :  C l i m .  1 1  R . R  c 454A b 0. 1 69 0 . 1 ab 

1 1 . 3  20:  Post .  9 R . 3  h 426 .9  b 0 . 1 86 h n. 1 35 b 

Sturage t i me comparisons ( AN O V A  p va lues ) 
'COP '  DOC 0 . 2974 0 .000 1 0 .000 0 .00()2 

20°C 0 .000 1 0 .000 1 0 .000 1 0 .000 1 

' B raeburn '  0 .000 1 0 .000 I 0 .000 1 0 . 1 
') 0 .000 I 0 .000 1 0 .0042 0 . 0 1 82 

I For cun vers ion to  other u n i ts see sec t ion 7 . 3 . 5 .  
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Cort ica l t issue porosi ty (£), density (p) 

On average , ' COP'  app les had a h i gher cort ica l  t i ssue poros i ty  and iower  dens i ty  

than ' B raeburn '  apples ( Table 7 , 3 ) , Prec l i macteric ' B racburf1 ' app le  wedges were 

part icu l ar l y  d i fficu l t  to complete l y  i nfi l t rate ( data omi tted) ,  thoug h  t h i s  woul d  not  

have affected the est i mat ion of dens i ty ,  Nei ther poros i ty  nor  dens i ty of ' B raeburn '  

fru i t  changed s i gn i fi can t l y  w i th t ime i n  storage , flowever,  postc l i macter ic  'COP '  

were s i g n i fi can t l y  more porous and l ess dense than  prec l i macter ic and c l imacter ic  

fru i t .  

A l i near  re la t ionsh i p  ex i sted between poros i ty  and dens i ty ( Fi g ,  7 ,  I )  for both 

c u l l i vars , and d i fferences in the var iables between c u l t i vars were c lear ly  l arger than  

between phys io log ica l  stages w i t h i n  cLl l t i vars ,  

7.4 .3  

Fru i t  permeance i nc reased w i t h  t i m e  i n  cool s torage, w i t h  a s i g n i fi can t  i nc rease for 

'cop' fru i t  between 1 , 3 and 1 4 .4 weeks i n  s torage ,  and  for ' B raeburn ' between 0 .4  

and  1 1 , 3 weeks  ( Tab le  7 , 2 ) .  Ove ra l l ,  es t imates of p(:(), and PC'), for both  c u l ti vars - -
were h igher  for fru i t  at :200 compared to ODe .  O n  average , h ad s i m i l ar 

and  Po, at 00 and 20°C , whereas ' B raeburn '  fru i t  were 1 . 4 t imes more permeab le  to 

CO2 than O2  at 20°C though va lues  were s im i l ar at A verag i ng  over storage 

t i mes ,  'COP'  apples were approx i mate l y  2 , 6  t i mes more permeab le  to CO2 and O2 

than ' Brae bu rn ' at O°C, and \ , 8 and 2 .4 t i mes more permeabl e  to CO2 and O2  

respec t i ve l y  a t  

7.4 .4 LOLis as a funct ion of  physio log ica l  age 

Steady-state chamber and core cav i ty pi), and  p{o, \vere s i m i l ar o n  average ( d at a  

n o t  show n ) , and  resu l ted i n  LOL's based on chamber a n d  core atmosphere s  t hat were 

not  s i g: n i fican t l y  d i fferen t  at any  phys io logica l  stage, Consequen t l y ,  LOL' s  based o n  

combi ned chamber and cure data are presen ted ( 7 , 2 ) ,  
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Table  7.3 Cort i ca l  t i ssue poros i ty  (r )  and dens i ty ( P ) ,  for ' Cox ' s  Orange P i pp i n '  

' B raebu rn '  apples from a H awkes B orch ard s tored a t  2 and 

respect i ve ly  for var i ous  durat i ons .  fru i t  were rernoved from coo l  

s torage and stored at 2 0°C i n  a i r  for 24 h pr ior  to measur i ng  var i ab les  a t  

20°C Va l ues are l east  squares means and w i t h i n  e u l t i v ars, t reatmen ts  

\-v i l h  d i fferen t  le t ters are s i gn i fi can t ly  d i fferent ::::: 0.05, n :::: 1 5 ) .  

I t i var and  
T ime in  
s torage 

Treatmen t  

' Cox ' s  Orange P ipp i n '  

0 .0  

0 .4 

1 . 3 

' B raeburn ' 

0 .0  

0 .4 

2 .4 

I 1 . 3 

Prestorage 

Pree l i maeter ic 

C l i m ac ter ic  

Pos tc  I i  macter ic  

P re storage 

Prcc l i m ac teric 

C l  i m ae ter ic  

Poste I i macter ie  

Cort ica l  t i ssue 

poros i ty ( r )  

N E i 

0. 1 60 a 

0. 1 56 a 
(). I 

N E  

Ncf 

b 

0 . 1 a 

0 . 1 a 
S tor age t i me comparisons ( ANOV A {J val ues ) 

' s Orange P i  pp i  n '  

' B raebur n '  

1 N E  :::: n o t  es t i m ated .  

N e I  no t  comple te l y  i n fi l trated .  

0.000 1 

0 .000 1 

Cort i cal t i ssue 

dens i t y  ( p )  

N E  

8 7 1 . 5 a 

8 6 8 . 6  a 

860.4 b 

N E  

900 . 2  a 

905 . 5  a 
902 . 8  a 

0 .0059 

0 . 1 593  
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Figure 7. 1 Cort ica l  t i ssue dens i ty  ( p )  as a func t ion  o f  poros i ty  (E) for ' Cox ' s  Orange 

P ipp i n '  (COP) and ' B raeburn ' apples  of d ifferen t  phys io log ica l  s tages .  

Fru i t  were from a H aw kes B ay orchard and e i ther not  s tored 

(prec I i macteric ) or stored at 2 and 

\veek s .  Fru i t  were equ i l i brated 1'01' h at 
made. The so l i d  l i ne i s  t he fi t to the 

respect i ve l y  for up to 1 4 .4  

befo re es t imat ions  were 

and the dashed l i ne 

represents t he re l at ionsh ip  between p and E based on j u ice dens i ty of 

1 035  kg m ' ( Hat fie l d  and Knee.  1 9RR ) .  
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4 . 4 . 1 A CP as a function of physiological age 

B oots t rap means A CP 's for ' COP ' ranged between 0 ,55  and 0 , 75  kPa 17/)" 

A CP' d i d  not  s h i ft s i gn i fi can t l y  as a func t ion  of  phys io log ic::l l  o f  ' COP '  app les  at  

( Fi g ,  7 , 2 ,  compar i sons based o n  bootstrap 95 confi dence i n terv al s ) ,  However .  

at 200e t here was an i nd ica t ion  that  A CP's of  postc l i macter ic ' COP'  may have been 

s l i gh t l y  lower than apples at  ear l i e r  s tages ,  Fru i t  temperature d i d  not s i gn i fi c an t l y  

affect es t i m ates of A CP' for ' C O P '  apples .  

A CP' of ' B racburn'  apples ranged bet ween 0 . 59  and 0.69 k Pa P/)2 a t  O°C and 0 .62  

and 1 . 0 kPa  17/)2 a t  2 ()OC ( F i g .  7 .  . A s  w i t h  ' COP' , A CP'  o f  ' B raeb u rn '  app les d i d  

not .,h i ft s i gn i fi cant l y  a s  a func t i on o f  phys i o l og ica l  age for fru i t  a t  O°C, bu t  a t  200e 

pre- and postc l i mac ter ic  fru i t  h ad s i gn i fi can t l y  h i gher A t h an c l i macter ic  fru i t  a t  

both and ooe 

4. 4 .  as a function of physiological age 

In genera l .  for bo th  c u l t i v ars and  temperatures ,  es t imates for F7�Q were h igher  

t h an t hose for A CP ' .  FTRQ for ' COP'  apples at  O°C l i ned from 0.93 kPa to  0 .65  

k Pa p/  a s  fru i t  aged,  and FTRQ o f  prec l i m acter ic  fru i t  vvas s i gn i fi can t l y  h ig he r  t h an 

for c l i m ac ter ic and postc l imacter ic  fru i t  ( 7 , 2 ) . N(! for ' COP'  at 20°C, was 

genera l l y  s i m i l ar to  t h at a t  O°C except  for prec l i m actcr ic  fru i t  wh ich  w as s i g n i fi can t l y  

l ower. 

PQ o f  ' Braebur n ' app les at  d id not  change s i gn i fi c an t l y  as fru i t  aged ,  and 

means var ied between 0 . 7 2  k Pa and 0 .84 kPa  ' ( Fi g .  7 .  . However .  a t  FT!<(! 

was l ower for c l i macter ic  compared to prec l imac ter ic  or postc l i macter ic  fru i t .  
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Figure 7.2 B oots trap es t i mates of  s teady state i n ternal  l ower oxygen l i mi t s  (A CP '  

a n d  FnlJ ) based on part i al pressures  of  O2 and CO2 o f  surface c h ambers 

and core cav i t ies  for 'Cox ' s  Orange P i pp i n '  and ' B raeb u rn '  apple s  at 0') 

and 2(r'C for prec l  i m ac ter ic  ( Pre ) ,  c l  i m acter ic  and postc l i  rn acter ic  ( Post ) 

s tages .  Va l ues rep resen t  bootstrap means and 9 5 %  bias corrected (B C a  

t ype ) confi de nce  i n terva ls .  
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7 . 5  D i scuss ion 
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d i s t i nc t  phys io log ica l  stages of the fru i t  w e re i den t i fiab le  based on PC'!! ] ' 
reo, and I, of  frUI t se l ected at d i fferen t  t i me s  in s torage Crab le  7 . 2 ) , and i nd icated 

that  the descri pt ion  of  each s tage as p rec l im acter ic ,  c l imacter ic and postc l i m acter ic ,  

was  reasonable .  Changes  in  fru i t  fi rmness ,  so lub le  so l ids ,  bac kg round  sk in  co lour  

and s tarch i ndex ,  w h i l e  not  a lways s i gn i fican t l y  d i fferen t  between stages,  were  

cons i s ten t  w i th  i n c reas i ng  phys io log ica l  age  and r i pen i ng  dur ing  cool  s torage .  

No s i g n i ficant  d i ffe re nces in  A Cpl of 'COP'  apples  were observed between 

tempe ratures o r  phys io log ica l  age of  the fru i t .  The s l i gh t  down w ard t re n d  in  FTHQ of  

postc l i rnacter ic 'COP'  suggested fru i t  of that s tage may have  been  more to le ran t  of  

hypox i a  t han  those a t  ear l i e r  s tages .  I n  con trast ,  A Cpl and  Fl'c(J of pre- and 

post c l i rnacteric ' B raebu rn '  were h ighe r than c l i macter ic fru i t ,  part i cu l ar l y  for fru i t  at 

, i nd i cat i n g  tha t  they w e re less  to l e rant  or hypox ia  than c l i macter ic  fru i t .  W h i le 

tempe rature h as a marked e ffec t  011 LOes, Years l e y  et ( 1 996c ) reported the  e ffec t  

of temperat u re on  LOVs was smal l e xcept  at t empe ratu res  h i ghe r  than those used in  

t h i s  s tudy .  In  the  cu rren t  work ,  LOVs for ' B raeburn ' were  s i m i l a r  a t  O°C and 20°C 

fo r  c l i macter ic fru i t .  However ,  the  cont ras t i ng  fi nd i ng  for pre- and pos tc l i m acte r ic  

fnn t i nd icates  an i n terac t ion between e ffects  of  tem perature and phys io log ica l  age : 

i nheren t  d i fferences i n  fru i t  phys io logy were magn i fi ed  at the h ighe r  temperature. 

Phys iol og ica l  age may affec t  LOLls resu l t i n g  from changes  in the d i ffus ion  

pathway of  0= from the  sk i n  1 0 m i tochondri a, so l u b i l i t y  of O2 ,  o r  u ptake of  O 2  by  

ox ida t ive  processes .  Each of these factors i s  assessed be l ow as  a pote n t i al 

e x p l ana t ion  for the  changes i n  LOL' s observed i n  t h i S  s tudy .  

D i ffu s i v i t y  of  gase .'i i n  fru i t  t i ss lle can  dec l i ne  a s  sume fru i t s  ( Ben - Yehoshua 1:' 1 
a/ . , I 9() 3 ;  Raj apakse ('! 01 . . 1 (90 ) ,  pro babl y  due to  c l oggi ng of t he  i nterce l l u l ar a i r  

space as a res u l t  of ce l l u l ar l eakage ( B l anke ,  1 99 1 ) . However ,  i f  a decrease i n  

d t ffu s i v i l Y  of gases i n  the cort e x  had occurred,  s i g n i ficant  grad ien t s  i n  CO2  and O 2  

he t wee n surface chamber  and core cav i ty  atmospheres  vvou l d  h ave deve loped and 

measured poro s i t y  \vou ld  have CJ rad ien t s  in  i n ternal  atmosphere 

compos i t ion were not observed i n  the  cu rren t  study for eh �tmbers a t tached a t  an 

l:q u ator ia l  pos i t i on ,  though i t  i s  not poss i b l e  to  ru l e  out  such grad ien t s  for other zones 
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o f  the  fru i t  ( Dadzie ,  1 9( 2 ) .  Corti ca l  t i ssue  porosi t y  of  ' COP'  w as h igher  than 

' B raeburn'  ( 0 . 1 6  to 0 . 1 8  and 0 . 1 2  to 0 . 1 3  respec t i ve l y ) ,  and for 'COP ' ,  actual l y  

i nc reased i ficant l y  dur ing storage . An  I nc rease i n  of  ' CO P '  appl e s  w i t h  

t i me i n  storage has been pre v ious ly  reported b y  Hatfi e ld  and Knee ( 1 98 8 ) .  Va lues  

for poros i t y  were marg i na l l y  l ower t han  those reported Rajapakse ct (II. ( 1 (90 )  

es t i mated u s i ng a s i m i l a r  method, and  for New Zealand grown fru i t  o f  t he  same 

c u l t i vars and s i m i l ar f irmness ,  The re la t ionsh i p  between cort ical  t i ssue  dens i t y  and 

poros i t y  can be es t im ated us ing  the dens i ty of  apple  j u ice ( H atfi e l d  and Knee,  1 98 8 :  

see E q .  5 . 1 3 ) .  Us i ng  t h i s  approach ,  and a va lue  for j u ice dens i ty o f  1 03 5  k g  m" , 

res u l ted  i n  a re lat ionsh ip  s i m i lar  to that  of the l l ne fi t ted to the exper imenta l  data 

( Fig .  7 . 1 ) . I n c reases in poros i ty  of  'COP' fru i t  m ay exp la in  the lack of i nc rease i n  

LOL's w i th storage l i me and t h e  s l lgh t  downward t rend i n  , . They a l s o  suggest 

t hat connec t i v i ty of  t he i n te rce l l u l ar a ir  spaces remai ned h i g h .  

Increase i n  poro s i t y  of  'COP'  apples m a y  a l s o  e x p l a i n  t h e  s i gn i fican t  decre ase  i n  

fru i t  fi rmness d u ri ng s torage ( Table  7 .  a n d  probably res u l ted from c e l l  separat ion  

assoc iated w i th  the onse t  of the  c l i m acter ic r i se  ( Knee,  1 (9 1 ) . S torage cond i t i ons ,  

part i cu l ar l y  RH ,  h ave been reported to  affect d i ffu s ion  propert ies  of  app le  corte x ,  

( L idster ,  1 c)90� Hatfi e l d  a n d  Knee ,  1 98 8 :  W i l k i nson.  1 9(5 ) .  I t  i s  poss i b l e  t h a t  h ig h  

R H  dur i ng s torage,  part i cu l ar l y  for 'COP'  apples ( e nc losed i n  perforated po lymer ic  

fi l m  hags w i th i n  cartons ) ,  ass i sted i n  ma in tai n i ng c e l l  t urgor and poros i t y .  

H i gh LOL' s of postc l imacter ic ' B raeh u rn '  were n o t  re l ated to poros i ty  \vh ic h  d i d  

not c hange between 2 .4 a n d  1 1  A weeks i n  storage . However,  a s  B u rton ( 1 98 2 )  

noted,  fru i t  w i t h  h igh  t i ssue poros i t y  can s t i l l  be poorl y aerated depend ing  o n  the  

connec t i v i  o f  t he  i n te rce l l u lar  a i r  W h i l e  connect i v i t y  or t he  i nterce l l u l ar �m 
space was not d i rect l y  measured,  i nabi l i ty  to cOllip l e te ly  i n fi l trate prec l i mac ter ic 

' B raeburn '  t i ssue \vedges suggested l ack of connec t i v i t y ,  and m ay exp l a i n  the h Igh 

LOL' s for t h i s  st age . The decrease in LOL's or c l i macte r ic ' B raeb ur n '  m igh t  then 

have been a resu l t  or i mproved connec t i v i t y  of the i n terce l l u l ar a i r  space s .  If 

connect i v l ty  of  t i ssue cont i nued to i nc rease w i th  s torage t ime .  i t  w ou l d  b e  expected 

that LOL' s would h ave remained low . The l ack of  i ncrease in LOL's o f  c l im ac te ri c  

dpp leS  of  both c u l t i vars suggested that d i tlus iv i t y  of  

adequate to meet  i ncreased O2 uptake dur i n g  the respi  

\v i l h i n  the t i ssue  Vias 

c l i m acter ic .  However. 
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as LOLls i n c reased in postc l i macter ic  ' B raeburn ' ,  processes other than  t i ssue 

d i ffu s i v l t y ,  such as reduced so l u b i l i ty  of 0: or l oss of t ight  metabo l ic cont ro l  l ead i n g  

to i nc reased demand, may h ave been i n vol ved,  I t  is poss ib l e  that  d i sorgan isat ion 

o r  m i tochondr ia l  act i v i t y  ( Fid le r, J L postu l ated by Romani  ( 1 9 8 7 )  to commence  

w i th the  resp i ratory c l i macter ic may have  led  to  loss t igh t  metabol ic control  and  

con t r i buted to the l I1 c reased LOL's .  

Changes  i n  ce l l  compos i t i on ,  such as i nc reas i n g  ,,;o l ub le  so l ids may a l so  affec t  the 

ava i l ab i l i t y  o f  O2 i n  the  c ytosoL as Leonard ( 1 demonstrated that the  so l u b i l i t y  of  

0: decreases  w i t h  i ncreas i n g  sugar concentrat ion i n  so lut ion . Wh i ! c  a s i g n i ficant  

i nc rease in  so lub le  so l ids  conten t  w as obse rved in  th i s  s tudy (Tab le  7 . 1 ) , and m igh t  

have con t ri buted to  a s h i ft i n  LOLls ,  t h e  effect was  l i k e l y  to be  sma l l compared to  

that o r  changes i n  d i ffus i v i ty o f  O2 w i t h i n  t he  corte x .  

S k i n  permeance shou l d  no t  affec t  LOLls ,  b u t  i t  wou ld  b e  expec ted t o  h ave a 

s i g n i ficant  effect on  LOL"s ( Dadzie et , 1 99 3 ) .  Park et , ( 1 99 3 ) reported s k i n  

permeance can change marked l y  duri n g  fru i t  maturat ion : permeance decreased then  

i ncreased rap i d l y  i n  ' Mc In tosh '  app lcs ,  w i th  the  lowes t  pe rmeance  occurr i ng  j ust 

pr ior to ,  or  co inc ident  w i th ,  the  e thy lene  c l i m acteric .  Th i s  c hange in permeance 

rn i gh t  resu l t  in an upward s h i ft in L OL''s ncar the c l i mac teric and may part l y  exp l ai n  

reports o f  a s h i ft i n  LOL''s t o  h igher  l eve l s  of  O 2  w i th  i nc reas i n g  age of  p ip fru i t  

( B oers ig  e {  af" 1 9R 8 ;  Fid le r. 1 93 3 ;  K idd and West , 1 7 :  Thomas and F id le r. I ) .  

I n  t h e  c ur ren t  s tudy , P(�()2 o f  ear l y  harvested 'COP'  and ' B raebu rn '  app les  were 

s i m i l ar to those reported by Dadz i e  ( I ) .  I n te res t l  both Pe(), and p(') , - -
i nc reased s i g n i fican t l y  w i t h  s torage t irne for both c u l t i vars ,  and part i cu l ar l y  for 

'COP'  ( Table 7 . 2  L and may h ave resu l ted from maintenance of a h i g h  re l at i ve 

hum id i t y  ( RH )  dur ing  storage, part i cu l ar ly  for 'COP '  ( L i dste r. 1 9(0) .  Val ues for 

A CP' , ca lcu lated from bootstrap es t i mates of A ( Dadzie  e t  (/ 1 . . 1 99 3 :  sec Eq . 

5 ,  I L and es t i mates of ( corrected for 0:, l eve l  effects )  and Po, (Tab l e  7 , were 

h i gher  than A CPI , The d i fference  between va lues of A and A Cpc becarne 

i nc reas i n g l y  l arge as ' B raeburn ' fru i t  mat ured , and markedl y  for ' CO P '  fru i t  a t  20°C, 

I nc reases in A CP' \ve re l arge l y  due to i n c reases i n  resp i rat ion ,  vvhereas the decreas e  

i n  it CP' for postc l i m Clctcr ic  ' C O P '  d u e  to a marked i ncrease i n  permeance .  
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Figu re 7.3 S teady-state ex ternal  anaeroh ic  compensat ion poi n t  Cpe ) c al c u l ated 

from bootstrap est i m ates  of i n ternal  anaerobic compe nsat ion poi n t  ( A CP' ) 

for ' Cox ' s  Orange P i pp i n '  ( CO P )  and ' B raeburn '  apples  at and 

and prec I i m acter ic  ( Pre ) , c l im acter ic  and  poste ! i macter ic  ( Pos t )  s tages ,  

based on combined chamber and core part i al pressure  data ,  V al ues  of  

A represen t  hootstrap mean s and 9 5 (lr b i as corrected conf idence 

i n terva l s ,  and A Cpe were ca l cu l ated us i  r('o, and Po, v al ue s  in  Table  
- -
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I nc reased tempe rature has a marked affect on  rai s i n g  LOLes ( Dadz i e  e t  aI . ,  1 99 3 ) .  

Th is  e ffec t  wou ld  he  enhanced for app les  \v i t h  lower  sk i n  pcrmeance such  a s  

' B rachur n ' , compared to  fru i t  w i t h  h igher sk i n  pe rmeance such  as ' COP ' .  

I n te res t i  . i n  th i s  s tudy ,  both and of ' B racburn ' apples  were h igher  at 

compared to fru i t  at storage temperatu res ,  hu t  the i nc rease i n  Pco: w as greater. 

H igher  Peo, compared to suggested CO::, di ffused th rough the s k i n  by  addi t iona l  

routes  to t hat of 0::, .  I ncreased temperature wou l d  have had  a s i m i l ar and  sma l l e r  

e ffect  on  CO] a n d  0 ::,  d i ffus ion  th rough pores ( Cameron e t  , 1 99 5 ) .  Pores are 

probab ly  the domi nan t  rou te s  for CO::, and O2, d i ffus i on to an ex ten t  tha t  depends  

upon sk i n  poros i ty  ( Banks  e t  a I. ,  1 993 ) .  H ow ever.  may also d i ffuse th rough  the 

cu t i c l e ,  and the l arger i ncrease in Pco, imp l ied temperature had a comparat i v e l y  

l arger e ffec t  on the  contr ibut ion of  cu t i cu lar  d i ffus ion  of  CO2.  

These resu l t s  have i mportant imp l icat ions  for apples in MA packages t hat may be 

ex posed to h igh  temperature s  out  of storage .  When opt im i s i ng M A  package 

atmospheres,  part i c u lar ly  for c u l t i vars w i th  Imv s k i n  pe rmeance. e ffec ts  of h i gher  

tempcraturcs on  and ' resu l t i ng  from h i gher  resp i rat ion rales ,  and d i fferences 

in  s k i n  permeance to CO:' anc! 0:" must  be accounted for to avoid fermen tat i o n .  The 

e ffec t  of  phys io log ica l  age on  rai s i n g  LOL's i s  more l i ke l y  to be s i g n i fi can t  i n  

c l i macter ic  fru i t s  such as European and As i an pears,  stoncfru i t  and avocados w h ic h  

have l o w  t i ssue poros i t y , a n d  are m ore suscept i b l e  t o  flood ing  o f  t he  i n terce l l u l ar 

spaces as t hey  age, compared to many cu l t i vars of  app les .  H igh  vari abi l i t y  i n  s k i ll 

permeance of  i n d i v idual fru i t .  var iat ion i n  popU l at ions  of the same cll i t i v ar from 

d i ffere nt  seasons and  orchards. and  e ffects of  temperature on respi rati o n  rate and  

d i fferen t i al permeance of the sk in  wou ld  i n t e ract to  cause l arge var i at ion i n  L OL"s .  

I n  contrast .  U)L' s arc less  l i ke l y  t o  b e  affected b y  temperature ( Years ley e {  a / . ,  

1 9<)6c 1 .  l eve l  o f  e x ternal CO2  ( Years ley ct a l  . . 1 996d ) o r  phys io log ica l  age . S tori n g  

of a c ro p  i n  CA .  c lose t o  b u t  al ways j ust above i t s  L OL.  lllay therefore be  ach ie\'ed 

w i th  �reate r  re l i ab i l i tv  bv mon i tor i n �  fru i t  I A  dur i n g  
'-- .. ... '- "-

i f  a prac tica l  method 

cou l d  be de\'e loped .  H owever. both LOL's  and LOL' s  re l ate to a fru i t ' s  respiratory 

metabo l i sm .  W h i l e  th i s  i s  c \early 1 1l1 ked to many aspects of a fru it ' s s torage 

iour .  there may be other. more d i rec t .  eels of As on  fru i t  phys io l og y . For 

is  reason , Wol l i n  et u l .  ( 1 91) 5 )  suggested i t  may he necessary to con t i n uou s l y  
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change the  ex terna l  atmospheric compos i t ion  in l on g-term CA to accoun t  for 

chang i  response  to  hypox ic  condi t Ions as fru i t  in storage .  Such an  approach 

\vou ld  c lear ly  be much more d i ffic u l t  to i eve w i t h Y1 A packages . 

I n  conc l us ion . LOL's for ' COP' apples  changed on l y  s l i ght l y  as fru i t  aged and may 

have reflected i nc reases i n  cort i ca l  t i ssue poros i t y .  In  genera l , LOLls o f  ' B raeburn ' 

app les  were h igher  than for ' COP' . part i cu l ar l y  for pre- and post c l i m acter ic  fru i t  a t  

:::00c.  H igher  L OL\ o f  pre- and postc l i macler ic ' B raeburn'  m ay have res u l ted  from 

poor connect i v i t y  o f  the i n terce l l u l ar a i r  spaces .  and l ack  o f  t igh t  metabo l i c  con t ro l  of  

c e l l u l ar processes .  respec t i ve l y .  S k i n  permeance to and O2  was  greater at 

than  O°C for both c u l t i v ars but, for ' B raeburn '  fru i t .  greater i nc re ases i n  permeance to 

CO2 re l at i ve to O2 i nd icated i ncreas i n g  tempe ra tu re had a g reater e ffect on the  

permeance o f  the  cu t i c l e  t han pores .  Th i s  wou l d  have  i m portan t consequences for 

opt i m i s i n g  atmospheres on the bas i s  o f  LOL" s for M A  packages .  but  wou l d  be less  

i mportan t  for fru i t  stored in  CA:  i t  wou ld  not d i rect l y  a ffec t  opt i m u m  atmospheres  

based on L OLls .  
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C an n u l at ion as a Tec h n ique for M o n itor i n g  
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Centre Postilan 'est and Refrigeration Research, Massev Univers itv, Pa/menton 

North, New Zealand. 

8 . 1  Abstract 

Determi nat ion of  i n te rna l  a tmosphere C I A )  compos i t ion and respi rat ion rate ( rC02 ) 

of fru i t s  and vegetab les  i s  requ i red  to character ise the i r  response to mod i fi ed 

atmospheres and su rface coat ings .  Cann u l at ion  i s  a s imp le ,  i n vas i ve techn iq u e  for 

repeated samp l i ng of the atmosphere i n s ide apples .  I n  t h i s  s tudy,  can n u l ae i n se rted 

and sea led asept i ca l l y  i n to app les  d id  not  res u l t  in  phytotox ic  responses or 

patho log ica l  i nfec t ion .  For prec l i mac te ric/c l imac ter ic  ' B raeburn ' fru i t  mon i tored for 

9 days at 20°C , rC02 was i nc reased, and for postc l i macter ic fru i t  both rC02 and 

eth y l en e  product ion  ( rC2H-l ) were e nhanced by c an n u l at i o n . N o  s i g n i fi c a n t  

d i ffe rences between control fru i t  and those w i th m u l t i pl e  can n u l ae i n se rted werc 

detected for or rC2H.+ of postc l i macter ic 'Cox ' s  Orange P i pp in '  and ' B raeburn ' 

app les  at 2(YC.  For fru i t  t hat were not  at phys io log ica l  equ i l i b r ium,  can n u l at ion  

a l lowed a more accurate est imate lAs  of apples  than chambe rs adhered  to  the  fru i t  

surface .  E nhanced of can n u l ated prec l imacteric/c l I macter ic app les  res u l ted i n  

i ncreased i n terna l  part i al pressure of , and reduced 0: compared to contro l s  

though th i s  c ffect  was absent  i n  postc l i macteric app l e s .  C a n n u l at ion i s  part i c u lar ly  

su i tab le  for measu ri n g  l As of postc l i mactenc fru i t  and for fru i t  s torage t r ia l s .  and 

more su i tab le  than e x terna l  chambers for repeated sampl i ng of l As of  fru i t  u nder  

cond i t ions  w he n  fru i t  metabol i sm I S  chang l l1 g  rap i d l y .  

Ke y .' /vl(/ / I I) dOl l lcsrica : External  chamhers : od i ficd atmosphere : Resp i ra t ion :  

Eth y lcne  produc t ion 
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8 . 2  I ntrodu ct i o n  

Accurate measuremen t  o f  i n te rna l  atmosphere ( IA )  compos i t i on  and  resp i ra t ion  of  

fru i t s  and vegetab les  i s  requ i red to s tudy responses to mod i fied atmospheres ( M As )  

and cont ro l led atmospheres  ( CA s ) dur ing  s torage ( Banks  e t  al . , 1 (9 3 ) .  M o d i fica t ion  

of  lAs can be ach ie ved  us ing po lymeric fi l m  w raps, surface coat i ngs or  CAs .  

Var iat i on i n  lAs be tween i nd i v i dua l  fru i t  res u l ts from d i fferences i n  resp i ra t ion  rate, 

s k i n  permeanee to d i ffu s ion ,  and fru i t  surface area to mass rati o  ( B an k s  el a l . ,  

1 993 : Came ron e t  a/ . ,  1 99 5 :  Dadz ie  e t  aI . , 1 9( 3 ) .  M easuremen t  of the  d i fference i n  

part i a l  pressures  of  g as between i n ternal  and  ex ternal  atmospheres  provides 

i n format ion req u i red  for es t i mat ion of fru i t  s k i n  pe rmeance to oxygen and c arbon 

d iox ide .  

Severa l  methods are avai l ab le for sam p l i n g  lAs .  Because i t  i s  destruc t i ve, d i rect 

samp l i n g  by syr i n ge from the core cav i ty  or i n te rce l l u l ar a i r  space ( B anks ,  1 98 3 : 

B l anp iecL 1 968 : Sa l tve i t .  1 98 2 )  i s  on l y  su i t ah lc  when a s i ng l e  sample i s  req u i red .  For 

repe ated measurements , samples  can he taken from smal l chambe rs f i xed to t he  fru i t  

w h i c h  have heen a l lowed t o  e q u i l ib rate w i t h  the 1 A  ( B anks  and K ays ,  1 98 8 :  

Cameron , 1 98 2 ,  Dadzi e ,  1 992 :  Ra j apakse ('{ a/ . , 1 990: Years ley  e t  al . , 1 9(6 ) .  T h i s  

tec h n i q ue h as t he  advant age of be i ng  non -destruc t i ve  and non - i nvas i v e .  I t  i s  more 

sU!tab le  for crops  w i t h  a h igh ly  porous surface ,  because of t he  per iod req u i red for 

chambers to equ d i brate w i th  the  I A .  A l so, chamber atmospheres  may not  equate 

w i t h  those at the  cent re of the crop due to grad ien t s  th rough the  t i ssue ( Dadz ie ,  

) .  Chambers can a l so become d i s lodged from the c rop dur ing  storag e ,  and  there 

can be u ncerta in ty  as to whether  or not  i nd i v idua l  chambers have deve loped l eaks .  

Can n u l at i on i s  an a l ternat i ve techn ique that a l \mv s  repeated d i rect  samp l i n g  from 

e i t he r  the core c �lv i ty  or art i fi c i a l  cav i t i es \v i th i n  cortex t i s sue  ( Banks ,  1 98 3 :  B u rg and 

B ur g ,  1 96 5 :  Knee,  1 980:  Reid (' I  uf . ,  I 3:  So\nmos,  1 989 :  Trou t  c t  al . , t 942 ) .  

Can n u l at ion  i s  a n  i n vas ive  t ec h n ique  and concerns a s  t o  al tered metabo l i s m  due  to 

wound i ng.  h ave been ra ised by B urton ( 1 (74)  and Kaha l  ( 1 97 4 ) .  A l though these 

effec ts  h ave been shown to be m inor in  c l i macter ic bananas ( B anks ,  \ (8 3 )  t here h as 

been no thorough s tudy of  the  phys io log Ica l  ee l s  of can n u l at i on i n  app l e s .  
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I n  t h i s  paper we character i se these effects and  d i scu ss the s u i tab i l i t y  of an  

opt i m i sed cannu l at ion  procedure us i ng  a s i ng l e  can n u la ( exper iment I )  or m u l t i p l e  

can n u l ae ( ex peri men t  2 )  i n  e i t he r  prec l imacter ic/c l imacter ic and/or poste l i macter ic  

' Cox ' .s Orange P ipp m '  ( 'COP ' ) and ' B raeburrl ' apples (MaIlls dOll/('stica B o rk h . ) .  

8 . 3  

8 .3 . 1  

8. 1 . 1 

M ater ia l s  a n d  met h ods 

Exper iment 1 :  Surface chambers a n d  c a n n u l at ion 

Fruit supply 

S i x  c artons  of  fre sh ly  harvested, prec l i m acter ic  ' B raeburn '  apple s  ( commerc ia l l y  

g raded t o  s i ze cou n t  I ; a n d  w i t h  a mean mass  o f  0. 1 ) were obta ined from an 

orchard tn the  Auc k l and  regi on and transported to M assey U n i vers i t y ,  Pa l merston 

N ort h ,  N 

8. 1 . 2 Treatments 

Trays of fru i t  from the c arton s  were randomised,  three c arton s  kept  at 20°C, and a 

fu rther th ree p l aced i n  O°C storage for two months  to repeat  the  t reatmen t s  o n  w h at 

was pre sumed to be postc l im acter ic  fru i t.  Fru i t  brought  out  of  we storage were fi rst  

equ i l i b rated to 20De before t reatments  were app l ied .  Three groups  of 20 b l e m i sh-

fru i t  were randomly  se lected from the t h ree cartons ,  and the fo l lo w i n g  tre atments 

app l ied :  

J )  contro ls  ( nut treated. randomly  sel ected at eac h  sampl i n g  t i me for destru c t i ve 

sam p l i n g ) ,  

2 )  c h am bers ( 9  m m  di ameter g l ass cham bers of approx im ate l y  1 000 m rn 1 vo lume 

adhered over  a l en t i ce l  on  each  fru i t  a t  an equator ia l  pos i t i on ) ,  and  

3 )  on a s i ng l e  batch of fru i t ,  c hambe rs and c a n n u l ae 

a )  chambers ( adhered as for treatment  2 )  and ,  
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b) can n u l a  i nserted asept i ca l l y  i n to t he core cav i ty as desc r ibed  be low ( see  Fig .  

R .  I a l .  

Chambe rs ,ve re adhered to the surface us ing epoxy adhes ive ( hour  c ure  

Ara ld i  . C iba-Ge l  Auck land .  ) .  A ftcr  attach i ng  chambers and can n u l ae .  

fru i t  were l e ft at 200e in the dark for hours before any measure men t s  were taken .  

Ratcs of  resp i rat ion  and e thy lene  product ion ( postc l i rnacter ic fru i t  o n l y ). and i n ternal  

atmosphere compos i t ion were e s t imated 1 , 2 , 3 ,  5 , 7  and 9 days after  treatmen t .  At 

the end of  the  exper imen t  the fru i t  were cut  open to  assess i n terna l  damage.  

8 .3 .2  

8. 1 

Experiment 2 :  M u lt ip le  can n u lat ion 

Fruit supply 

Prec l irn ac ter ic  ' COP'  and ' B raeburn '  ( mean mass 0 . 1 and 0 . 1 84 kg 

res pect i v e l y )  were harvested on 2 8/2/95 and respec t i ve l y  fro m  a Hawkes  B ay 

orchard. N Fru i t  were pre t reated w i t h  1 0 . 24 Pa e thy lene  at 20°C for 1 2  hours to 

i nduce a respi ratory c l imacter ic ,  then ven ted at 20°C for a fur ther 48  hours .  'COP'  

fru i t  w ere enc losed i n  perforated po ly l i ne rs i n  cartons and  stored at 2 and 

' B raeburn '  fru i t  were s tored i n  cartons w i thout  pol y l i ners at O°c.  

8. Treatments 

A fter days in cool s torage. fru i t  were removed and equ i l ibrated at 20°C in the 

dark for ..t8  hours .  Respi rat ion and e thy l ene product ion were dete rm i ned on t h i rt y  

h l em i sh  free fru i t .  and twenty  fru i t  w i t h  match i ng  rates  se lected from t hese 

were randomly  a l l ocated to two treatment s ,  ten fru i t  per treat me n t :  

I )  contro l s  ( non-cann u l ated ) ,  and 

:2 )  m u l t i p l y  can n u l ated fru i t .  

\;l u l t i p l y  cannu lated fru i t  had one can n u l a  sca led i n to t h e  core cav i ty  a s  deser ihed 

be low and th ree shorter ( 20 rn m )  can n u l ae sea led i n to 111 111 deep ho les c u t  

o h l i q u e l y  i n to m id cortex t i ssue a t  the  

h lossom-end shou lder  as i l l ust rated ( F i g .  � . l 

shou lde r, equator ia l  reg ion  ami 

Thc fru i t  were enc l osed i ll a 
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perforated po !ybag to  reduce we igh t  loss and stored at  20°C in the dark.  Resp i rat ion 

ami ethy lene product ion rates were est i mated dai l y  for 5 days .  as descri be d  be l o w .  

8.3 .3  Can nu lat ion p rocedu re 

A smal l area ( ca .  1 00 mm2 ) at an equator ia l  pos i t ion was surface s teri l i se d  u s i n g  

95 e than o l .  A core of  t i s sue  was removed th rough from the s ter i l i se d  s k i n  to  the 

core cav i ty was u s i ng  a ster i l i sed  50 mm x 2 mm OD s ta in less steel  needl e  ( Ph oe n i x .  

U . S .A . ) . The same s i zed n eedl es were c u t  w i th a tube cu tter t o  produce  b l un t -ended 

3 5  mm x 2 m m  OD can n u l ae .  A ster i l e  b l u nt can n u l a  was i nserted i n to the  ho l e  from 

w h i c h  the  core of t i ssue had been removed and sea led i n  pos i t ion  u s i n g  h o u r  c ure 

epoxy adhes ive .  A fter  the adhes i ve had cu red .  the sk i n -adhesi ve-can n u l a  i n terface 

was l i gh t l y  covered w i t h  s i l icone grease ( Mo lycote i l l . Dow Corn i n g  Austra l i a  Ply . 

Ltd . ) . Can n u l ae were sealed by i n sert !  the  I ll e r  end  of the lower  port ion  ( 2 0  111m )  
of a 1 000 m m' p last ic  syr i n ge barre l i nto t h e  can n u la. A tri p l e  sea l  u s i n g  w ater  

between two rubber p l u n ge r  t i ps w i th a fur ther  water sea! above these  i n  the  sy r i nge 

barre l prov ided an a i r-t i gh t  sea l  t h rough wh ich  samples I A  could be  removed ( F ig .  

S . l a ) .  A s i m i l ar seal i ng systern was used w i th the surface chambe rs .  

8 .3 .4  M easurement of i nterna l  atmospheres 

A ght  syr inge ( Hami l ton .  1 00 mm ' ) was u sed to remove 90 111 m' samp le s  

from the  headspace of  surface chambers and can n u l ae .  D i rec t  samp l i ng of I A  from 

core cav i ty of c011 tro l fru i t  \y as ach i eved i nsert i ng  the need l e  of a 3000 m m ' 

. nge in to  the core cav i ty  and w i thdrcl\\ i ni!  a 3000 mm \ samp l e  w h i l e  the  fru i t  were 

:; ubmerged i n  w al e r. A 90 m m  \ subsarnp le  was then for ana ly s i s .  IA sarnples  

\ve re anal ysed i mmed iate l y .  Va lues  for percentage compos i t i on of O2  and CO2  were 

determ i ned u :; i ng  an O2  e l ec trode ( C i t i cc \ l  CIS type .  C i ty  Techno logy Ltd . .  London .  

U . K . )  in  ser ies  vv i th a m i n i at ure  i n fra- red CO2 t ransducer ( Ana l yt ica l  Deve lopment  

Compan y .  H mldes\O Il . U . K . ) ,  w i l h  02-rree N2  as  carner ( fl o w  rate 580  m m ' s l ) . 
\l o \e  fract lOn va lues for 1 1\ compos i t ion  were conve rted to part i a l  pressures  of 0] 
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(P62 , Pa) and CO2 (P�02 ) by adjusting for atmospheric pressure (Barigo electronic 

al timeterlbarometer, GmbH, D-7330, Vil l imgen-Schwenningen, Switzerland). 

a 

b L..-.. _____ � 

Figu re 8 .1  ' Braeburn' apple with (a) a cannula inserted and sealed into the core 

cavity and glass chambers adhered to the surface in an equatorial region, 

and (b) 'Braebum' apple with cannulae inserted and sealed into the core 

cavity, mid-cortex region at the stem-end shoulder, equatorial region and 

blossom-end shoulder. 
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8 .3.5 

Cannu lat ion 

E st i mat ion of resp i rat ion rate and ethy lene 

p roduct ion rate 

Rates of resp i rat ion ( mol  kg l s I ) and e thy lene product ion  ( 

lAs:  251 

were 

determ i n ed for a l l  fru i t  at each samp l i ng  per iod before es t imat i ng I A  composi t ion .  

F ru i t  were sea led i n  1 . 1 68 x 1 0 1 m1 contai ners at i n  the dark . Two. 1 000 mml 

sarnp lcs  of the  headspace were w i thdrawn after  s t i rr i n g  j ar conten ts .  and t h i s  

procedure was repeated exac t l y  3 0  m inutes  l ater .  One sample \vas ana lysed for CO" 

and the other for e thy lene .  E thy lene  part ia l  pressures were determ ined  by fl ame 

ion i sa t ion  gas ch romatography ( Ph i l i ps PtJ.-+500. Ph i l i  Act i vated A l u m i n a  2 m x 

4 .0  m m  g l ass co lumn .  gas f low rates of 500, 580.  and 5830 m m
1 S - I  02-free N2 

carr i e r. H 2  and a i r  respec t i ve ly ,  and 1 30. 1 50 and 200°C for colu m n ,  i nj ector and 

detector tem perature s ) .  

8 . 3 . 6  Data ana lys is 

W here appropr iate ,  un t ransformed data were subjected to ana ly s i s  of v ar iance 

u s i n g  the  PROC GUvl procedu re s  of the SAS system ( SA S .  1 990 )  for data at e ac h  

sam p l i n g  t i me .  and repealed measures analy s i s  w it h  pol ynomia l  contrasts w a s  u sed to 

examine  t rends w i th t i me .  

8 . 4  Resu lts 

8.4. 1 Experi ment 1 :  Surface chambers and  cann u l at ion 

Fur each  of t h e  variahles e s t imated above for p rec l i mactericlc l i macter ic  and 

postc l i mac ter ic fru i t ,  analy s i s  of vari ance detected h i  i f icant  mean 

pol ynomia l  e ffec ts  of l i me after  treatmen t  up to the  fi ft h  power .  Thus .  w h i l e  chan ge s  

w i th t i me were demonstrated w i t h  a h i g h  of confidence . t h e  comp le x i ty of  t h e  

changes  meant  t hat t h e  poly nomia l  mode l i t se l f \vas o f  l i t t l e  further  u s c  i n  
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i n te rp re t i n g  the data .  The fol l ow ing  observat ions  are based on sub jec t i ve assessment  

of t rends wi th  t ime .  

8. 4. 1 . 1 Respiration rate ( rC02 )  

T h e  o f  t h e  sample of fru i t  w i t h  both can n u l ae a n d  charnbers w a s  s i g n i fi can t ly  

h igher  than  fru i t  w i t h  on ly  chambers attached t hroughout the exper iment  ( Fi g .  8 . 2a ) . 

However .  the re l at i ve i nc rease i n  reo, over t ime  was s i m i l ar to  that of fru i t  w i th o n l y  

c hambers attached .  I n teres t i ng l y .  of contro l  fru i t  \Ve lT h igher  than  fru i t  w i t h  

e i t he r  can n u l ae or chambers attached after day S .  The of postc l imacter ic fnl l t  1 11 

a l l  t reatments  showed no part i c u l ar trends over 9 days ( F ig .  8 . 2 b ) .  Can n u l ated fru i t  

had h igher  than w i th on ly  c hambers on .  but  were s Im i lar  to samples  of  cont ro l  

fru i t .  or  l ower than con t ro l  fru i t  o n  days 5 and 9 .  

1 5 0  
.-- I I I I I I I I I I I 

(/) .. 
.. 1 0 0 · _ ... - � - -

. ... 
..::.:: .. 

.W 

- v _ _  

E 
c 5 0  

'" .. C o n t r o l  0 -t · C h a m b e r s  .!:! 
.. . C h a mb e r s  + C a n n u l a e  a b 0 

0 2 3 4 5 6 7 8 9 0 2 3 4 5 6 7 8 9 1 0  
T i m e  f r o m  c a nnu l a t i o n  ( d a y s )  T i m e  f r o m  c a n n u l a t i o n  ( d a y s )  

Figu re 8.2 Resp irat ion rate ( rC( )2)  of ( a ) prec l i m acte r ic/c l imacter ic and ( b )  

postc l i macter ic ' B raeburn ' app les  at 20') C .  Control  fru i t  were not  

cannu la ted  and a separate group was se lected at  each samp l i n g  t ime .  

Fru i t  i n  a second treatment  h ad chambers attached to  the surface a t  an 

equator ia l  pos i t i on  and those in a t h i rd treatment  had v i a l s  at tached to the 

sur face a t  an equator ia l  reg ion and can n u l ae i n se rted  and scaled i nto  the 

core cav i ty  a t  an equatori a l  pos i t i on .  Va lues rep resen t  l east squares 

mean s and the bars represent  cunfi dence i nte rva l s  ( n=20 ) . For  

1 n mo l  k g  I S I = O .  I S g4 mg kg I h I ( B an ks et  a l . ,  1 995a ) .  
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8.  1 .  Internal ethylene partial pressure (Pc2H4 ) 

For prec l i macter ic/c l i macter ic fru i t ,  the nu mber of  fru i t  w i t h  PC':Hc) ?: 0 . 1 Pa i nc reased 

marked l y  dur ing  the fi rs t  5 days for al l t reatments  (F ig .  8 . 3 ) .  and more cannu la ted  

fru i t  t han  samp les o f  contro l  fru i t  had  core ?: O . t Pa. There w as a l ag i n  PC'=Hc) 
accu m u l at ion  in  chambers ( data not  presen ted )  and th is  w as seen in  fewer  fru i t  w i t h  

jJC!:2H 4 ?:  O .  I P a  w he n  es t imated from chambers 0 11 cannu l ated fru i t  rather  than t he  core 

8 . 3 ) .  

2 5  
- -+ - C h a m b e r s  ( + C a n n u l a e )  

. .  C an n u l a e  ( +  C h a m b e r s )  
:=: 2 0  C h a mb e r s  ::l --

lo... 
...... • C on t r o l  ... _ - 4> - - - - - - ... 

,, - - -
...... 1 5  0 , 

lo... , 
(l) 1 0  , ...0 ... . 

t' E ... .. ::l 
Z 5 /' 

. , , 

w 

o 1 2 3 4 5 6 7 8 9 1 0  

T i m e  f r o m c a n n u l a t i o n  ( d a y s )  

F' igure 8.3 N umbe r  of fru i t  w i t h  i nterna l  e thy lene  part i al pressure (PeliHc) ::: 0 .0  I Pa 

for p rcc l imacter ic/c l imactcr ic ' Brac hum ' app l es over  9 days at 20°C 

( n= 1 7 ) . Treatments  arc descr ibed I II the  capt ion to 8 
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8. 4. 1 . 3  Ethylene production ra te ( rC2H4) 

The 1 1  was es t imated for postc l i macter ic fru i t  on l y  and i nc reased stead i l y  for 

a l l  treatmcnts  dur i ng the fi rst 5 days ( 8 .4 ) .  Samples  of  contro l fru i t  h ad 

s i g n i fican t ly  h igher  rC;:H� than other t reatments  ( except  for cannu l ated fru i t  on days I 

and 7 ) , and  cannu lated fru i t  had s i gn i ficant l y  h igher  than  fru i t  w i t h  o n l y  

chambers at tached.  ( except on days i a n d  3 ) .  

I 1 .0 I I I I I Vl 
.. .. I 0 . 8  O'l - - - -� - -...:::.::: ' "' - - <V  41> 

0 
0 . 6  '" 

E c: 0 . 4 

<It C o n t r o l  
0 .2 - C h a m b e r s  

- ........ - C h a m b e r s  + C a n n u l a e  
0 . 0  

0 1 2 3 4 5 6 7 8 9 1 0  

I m e  f r o m  c a n n u l a t i o n  ( d a y s )  

F i gu re 8.4 Ethy lene  product ion  rate ( rc of postc l i macte r ic  " B raeburn '  app les  at 

Treatments are descr ibed  i n  the capt ion to 8 . 2 .  V al ue s  

represent  l eas t  squares  means a n d  t h e  bars represent  conf idence  

i n terv al s ( n=20).  For re 2H t .  I nmol  

1'1 0 1  . .  1 995a) . 

l S i  = 0 . 1 008  mg kg l h i ( B anks 
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Internal partial pressures of carbon dioxide (Pcod and 

oxygen (P02 ) 

A steady i n crease in  and concomi tan t  decrease i n  p( ;� over t ime  was  observed 

for p rec l i m acter ic I c l i m acter ic  fru i t  ( F igs .  8 . 5  a and b ) .  Est imates of  core p(i02 for 

samples  of contro l  fru i t  and cannu l ated fru i t  were not s i g n i ficant l y  d i ffe ren t  over  the 

9 days of  the exper i ment .  Core P(!02 of cannu l ated fru i t  was  s i gn i fi can t l y  h igher  t han 

i n  c hamhers on the same fru i t  ( except on day 9 ) .  but s I gn i fican t l y  l ower  than  for core 

p(:():> of  contro l  fru i t  on days I and 3 .  A s  wi th p(!oc ' there w as a s i g n i fican t  gradi en t  

between core and chamber 17(;= i n  cann u l ated fru i t  e xcept for days  7 and 9 ,  and at  day 

9, Pc;:, va lues were s i m i l ar for a l l  treatments .  

Changes in  PC:02 and I were not as marked for postc l imacter ic fru i t  as 

prec l i m ac ter ic  I c l i macteric fru i t  ( ?-; . 5  c and d ) .  Core of contro l  fru i t  were 

s i g n i fi can t l y  h igher than for cannu l ated fru i t  ( e xcept 0 11  days 2 and 5 ) . and there was 

a s i g n i fi c an t  grad ien t  between core and chamher on days I and 2 .  There were 

no s i g n i fican t  d i fferences betwee n treatmen ts for PC): w i th the except ion t h at on  day 

I .  chamber  p(), was lower for c an n u l ated fru i t  than fru i t  wi th on l y  chambers at tached.  

8. 4. 1 . 5  Physical damage resulting from cannula tion 

t i ssue damage ( OX I dat i ve brow n i ng .  w ater soak ing  or patho log ica l  l e s I ons ) 

were observed i n  any  fru i t  as a resu l t  of can n u l at i on .  The usc of epoxy res i n  to  

adhere cannu l ae to the fru i t  d i d  not cause any v i s i b le phytotox ic  response i n  the s k i n .  
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F igure 8.5 I nternal part ia l  pressures o f  carbon d iox ide ) and oxyge n  (P(�2 ) o f  (n 
and b)  prec l imacteric/c l imacteric and ( c  and d )  postc l imacter ic  

' B raeburn '  app les  at :20°C.  Treatments  are bed i n  the  c ap t ion to 

Fig .  8 . 2 .  For treatment  3 .  val ues for chambers and can n u l ae are p lotted 

separate l y .  Va lues  represent l east squares means and the bars represent  

9 5 (k confi dence i n terva ls  ( n=2() ) .  
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8.4.2 Experi ment 2:  M u lt ip le  cann u l at ion 

The on l y  s ign i ficant  mean po lynomia l  effect  of  t ll lle found  I II 

\vas a quadrat ic e ffec t  (p ::: 0.(44) for for 'COP '  fru i t ,  i nd ica t ing  the po l ynomia l  

mode l i t se l f  was of l i tt l e  further  use  i n  i n te rpre t i ng  the  data. The fo l l ow ing  

obse rvat Ions  are based on  sub jec t i ve assessment  of  trends w i th  t i me .  

8. 4.  1 Respiration rate 

For postc l i m ac ter ic  'COP'  app les ,  there was a s l i ght trend of i nc reas i n g  over 

5 days ,  bu t  no s ign i ficant  d i fferences between contro l  and can n u lated fru i t  ( Fi g .  

8 . 6 a ) .  Est I mates of  rC02 of postc l imacteric ' B raeburn'  were lower  than for ' CO P '  

app les  a n d  d i d  n o t  i nc rease over t ime .  Contro l  fru i t  had s i gn i fi can t l y  h igher  va l ues  

than m u l t i p l y  can n u l ated fru i t  for the first four days  ( 8 . 6c ) .  

8. 4.  Ethylene production rate 

There was a marked i nc rease i n  rC2 I !-l for both contro l  fru i t  fo l d )  a n d  m u l t i p l e  

can ll u l ated 5 fo l d )  postc i i macteric 'COP'  ( Fi g .  8 .6b ) .  However ,  there w as n o  

s ign i fican t  d i ffe rence between treatments  over 5 days .  A l though overa l l 

lower  for postc l i m ac ter ic  ' B raeburn '  apples .  a s i m i l ar i ncrease occu rred for contro l  

(2 fo l d )  and m u l t i p l y  can n u l ated ( 2 . 3  fo l d )  fru i t  ( 8 .6d ) .  The rC 2H-l of ' B raeburn'  

contro l  frU I t  was h i gher  ( s i gn i fi can t l y  on  day 2 ,  p O ' () 1 6 ) than m u l t i p l y  can n u l ated 

fru i t .  
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F i gu re 8.6 Respi rat ion rate ) and ethy l ene  produc t ion rate ( ) for 

postc l i macter ic 'Cox ' s  Orange P i ppi n '  ( a  and 0) and ' B raebu rn '  ( c  and eI ) 

apples at 200 C .  Contro l  fru i t  were not can n u l ated and  c an n u l ated fru i t  

had can n u l ae i nse rted and scaled i n to the core cav i ty .  m id -cortex region  

a t  the stem-end shoulder ,  equator i al reg ion and  b lossom-end shou lder. 

Va lues  represent  least squares means and oars represent  confidence 

i n terv a l s  ( n= 1 0 ) .  For reo , .  I n 11101  

I I n 1110 1  kg  s O. I OOS mg 

s O . 1 5 S...J- m g  k g l h i , and for 

I h I ( 13anks  ('[ af. , 1 99 5 a ) .  
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8. 5 D i scussion 

Idea l l y ,  a procedur e  for repeated samp l i n g  o f  I A  apple fru i L  whether  for 

opt i m i s i n g  s to rage atmospheres  or dete rm i n i ng  res ponse 1 0  postharvest  t rea tments ,  

.shou ld  be s imp l e  enough to i mp lement  on l arge n u m bers of fru i t  and have n o  or 

neg l i g i h l e  phys ica l  or  phys io log ica l  e ffects .  Cann u l at ion .  c l ear ly meets the  f i rs t  

cn te rion o f  s i m p l i c i ly o f  appl icat ion .  Can n u l ae can be s imp ly  and rapi d l y  prepared 

from h y poderm i c  need les  of s u ffi c ien t  

syr inge to be i n se rted . 

to a l l ow  the need l e  o f  a samp l i n g  

Phys ica l  damage to  i n lernal  t i ssue resu l t i ng from can n u lat ion was m i n i ma l . 

Asept ic  procedure for i nsert ion  of  can n u l ae ensured there were no  v is i b l e  

patho logica l  e ffec ts  i n  e i the r  exper iment .  Th i s  same procedure h as been u s e d  i n  

t r i a l s  for a n u m ber  of  apple c u l t i v ars  stored a t  O°C for several months  w i thout  funga l  

or  bacter ia l  l e s ions  deve lop ing .  No phytotOX IC  responses of the app l e  sk in  to the  

e po x y  res i n  used  to adhere the can n u l ae i n  pos i t i on  were observed .  

Can n u l at i on s t imu l ated of  ' B raebu rn '  app les ,  resu l t i ng  in a s i g n i fi can t  

mean i nc rease for p rec l imacter ic/c l im acter ic fru i t  compared to  fru i t  w i th o n l y  

chambe rs at tached ,  a n d  an 8 .  mean i nc rease for postc l i macter ic  fru i t  ( Fig s .  8 . 2  a 

and b ) .  The d i ffe rence i n  between t reatments  for prec l i macter ic/c l im acter ic  but  

not  postc l i macteric fru i t  i nc reased over t i me .  For prec l l macter ic/c l im acter ic  fru i t .  the  

n u m be r  of  fru i t  w h i c h  had en te red the c l imacteric i nc reased dur in g  the  e xper imen t  i n  

a l l  t reatments, res u l t i ng  genera l l y  i n  a n  i nc rease i n  , . I n terpre t i n g  t h e  e ffec t  o f  

can nu la t i on w a s  compl icated i n  that t h e  i ncrease i n  re( ): for 

prec l i macte riclc l i macteric con tro l  fru i t  was h igher  than for c an n u la t ed  fru i t ,  i m p l y i n g  

t hat cont ro l  fru i t  samples  ( though se lected random ly  a t  each  t i me period ) were not  

phys io log ica l l y  s i m i lar .  The data.  part i cu l ar ly  from d i rect samp l i n g  of  con tro l  fru i t ,  

i l l u s t rate t h e  contribu t ion of between fru i t  var iab i l i ty to overal l var iance .  However, 

can n u l at i on w i t h  i t s  poten t i a l  for repeated samp l i n g  l arge l y  overcomes t h i s  prob l em .  

�l ! 1d fru i t  w i t h  on l y  chambers attached ( treatmen t  2 )  were the re l at i v e  contro l  for 

cann u l ated fru i t  ( t reatme nt  3 ) . A l though there were real phys io log ica l  d i fferences  
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betwee n fru i t  w i th i n  t reatments ,  these were m in i ma l  compared to the e ffec t  of  

t reatment s on fru i t  phys iol 

Re id  e! (II. ( J  ) found that i n se rt ion of a needle  to sample  the I A  o f  

prec l i mac ter ic  ' COP'  app les a t  I '  caused a s l ight  i nc rease i n  rC()� a n d  "C:::H" , but  

l e ve l s  returned to that of prcsampled fru i t  after :I days. vv i thout suggest ion o f  start i n g  

a con t i n uous period o f  e thy lene product ion .  The i nc rease i n  ( Fi g .  8 . 2a ) ,  and 

part ic u l ar l y  the marked incre ase in  PCI� H" ( Fi g .  8 . 3 ) ,  i nd icated a h igh  p roport ion  o f  

p rec l i macteric fru i t  became c l imacter ic regard less of  cannu la t ion over  the durat ion o f  

t h e  e x per iment .  However, cann u l at ion o f  prec l i macteric app les may advance the 

onset  of  the c l i macteric ( Fi g .  8 . 3 ) , a featu re wh ich  would need to be  taken i n to 

account  when des i g n i n g  exper iments  to be c arr ied out  on fru i t  at 20°C .  The ex ten t  of  

th i s  e ffec t  i s  l i ke l y  to  be  l ess marked i n  s tudies us i ng:  fru i t  a t  low temperatures .  On 

th i s  bas i s ,  can n u l at ion  appears to be most  su i tab l e  for compara t ive s tud ies  of  

treatments app l ied  to fru i t  i n  the c l i macteric or  postc l i mac tcr ic s tage .  

I n  contrast to the resu l t s  of exper imen t  I ,  mu l t i p l e  cann u la t ion of both 

postc l imacteric 'COP'  and ' B raeburn '  apples d id  not s i gn i fi can t ly  i nc rease e i ther  

reo" or  rColl" over 5 days at 20°C. For  ' COP'  app l es ,  
- -

of m u l t i p l y  c an n u l ated 

fru i t  i n c reased at a s l i gh t l y  h igher  rate than contro l  fru i t  ( Fi g .  8 .6b )  and t h i s  m i gh t  

have become s ig l 1l ficant  over l onger  periods a t  20°C .  For ' B raeburn '  app l e s  t he  

contro l  fru i t  h ad h igher  rCo2 and  rC2IL� '  There are no  c l ear reasons why  the  fru i t  i n  t he  

two  exper iments  responded d i ffe ren t l y  to can n u l at ion other t h an t hat t he  fru i t  were 

sourced from d i ffe ren t  reg ions  and t i me s  d ur i n g  the season , and that  fru i t  used m 
e xper iment .2 had been pretreated w i t h  e thy lene .  

The s t imu l a t ion of  i n  can n u l ated prcc l i m acteri c/c l i rnacteric apples  resu l ted i n  

e n h anced /)( !02 and d i m i n i shed {J( ; 2 in the core cav i t y .  However. the d i fferences were 

no t  s ign i fican t  except  for r)( � 2 for the fi rst 3 days after can n u l at i on . S im i l a rl y , I /\  

c ompos i t ion o f  cannu l ated postc l i macteric fru i t  was  s i m i lar  to samples  of cont ro l  

fru i t  after 3 days  a t  20°(,  For apples a t  phys iolog ical steady-state .  the 1 /\  of 

cham bers t yp ica l l y  comes t () phys i cal eq u i l i b r i um w i t h i n  48 to 9 6  hours ( R aj apakse 

c r  i l l  . .  1 ()()o :  Dad/ ie ,  1 9( 2 ) .  For the p rec i i lliacter ic/c l i macteric fru i t  u se d  i n  

c x pcn m e n t  \ ,  c h ambers d id  not appear t o  approac h equ i l i b r ium u n t i l  c lose t o  9 
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w he n  cham ber  contents  f i na l l y  approached those found in the core .  Therefore, 

cannu lat i on \'You !d  be more appropri ate than sur face chambers as a means of 

mon i tor ing  the changes i n  compos i t ion i n  fru i t  undergo! rap id  metabol ic 

changc. 

In con c l us ion ,  i n sert i on of a s i ng l e  can n u l a  i n to the core cav i ty  of app les  resu l ted 

m , ! /1 merease 111 rC , I Lr at ,:woC in  pre c l imactericic l i macter ie and postc l imacter ic 

' B raebur n ' app les ,  and may have advanced the c l i mac ter ic in some p rec l imacte r ic  

fru i t .  However, for posl c l i macteric 'COP'  and ' B raebu rn '  app les  w i th four cannu lae 

i ns e rted.  no  s i gn i ficant  d i ffe rences were detected i n  rC()� and at 20°e.  Adhcr ing  

surface chambers to app les  i s  a non- invas ive  method su i table for es t imat i n g  the  lA o  

but t he  techn ique  req u i res the fru i t  to be  at s teady -state and a per iod d ur i n g  wh ich  the  

chamber  atmosphere comes to phys ica l  equ i l i br ium .  On su rface coated app l e s ,  t he  

decrease i n  surface penneance may resu l t  i n  an undes i rab l y  long  equ i l i brat ion t i me 

un less  an art i fi C I al pore i s  c reated i n  the surface beneath the c hamber . When the  

chamber  has  reached phys ica l  equ i l i br ium,  chambe r  IA w i l l  underes t i mate core 

and overest i mate core P(\2 as a consequence of  atmosphere g rad ien ts t h rough the  

cort ex .  Cann ula t ion , a l though an  i n vas ive tec h n i que ,  i s  more su i tab le  than  the 

chamber  method for measur i n g  l A  composi t ion  i n  fru i t  w here the metabo l i c  ra te  i s  

changmg rap i d l y .  Can n u l at ion  i s  a l so more su i tab l e  for samp l i ng  from the core 

cav i t y  w here repeated removal  of  smal l volumes ($ 1 00 m nr' ) may be requ i red  to 

mon i tor changes in IA and es t imat ing  changes i n  s k i n  pe rmeance. 
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Cha r 9  
Genera l  D i sc us s i o n  

9 . 1  P roject overview 

M uch  of CA and M A  l i terature has focused on opt i m is i ng  storage atmospheres  of  

fru i t  and  vegetab l es to max i m i se fru i t  qua l i ty on the bas i s  of  e x terna l  O2  and CO2 

atmospheres ( Kader t't a/ . ,  1 98 9 ) .  I n  cont rast in  the curren t  s tudy ,  quan t i ta t ive  

methods were deve loped to defi n e  cr i t ica l  lower  O2 l i mi ts of app les  on  the bas i s  of 

i n te rn al atmospheres . Th i s  approach was based on the concept that  LOL's d i ffer from 

LOLs expressed in terms of externa l  l eve l s  of O2 in an analogous w ay to d i fferences 

i n  i n ternal  and external  p ressure ( Dadzie ,  1 992 :  S . l ) . S tud ies b y  Dadzie ( 1 99 2 ) ,  

d i d  not a l l ow  prec i se measurement  o f  LOL's d u e  to  i nsuffic i en t  data a t  t h e  aerob ic

anaerobic resp i ratory trans i t ion .  The c ur re n t  s tudy rect I fied t h i s  by  character i s i n g  

changes i n  pc'-o, a n d  RQ{u a s  a funct i on of  steady-s tat e  p/) , ll s i ng  a range o f  p/)c from 

zero to  above ambient  l eve l s ,  we igh ted towards l eve l s  around the aerob ic- an ae rob ic  

trans i t ion  zone .  

Pr ior to t h i s  s tudy ,  i t  h ad been assumed LOL's were constant  i n  re l at ion  to  

tempe rature (Dadzie  et a l  . . 1 99 3 ) .  I f  LOL's are  to be  u sed as the p re fe rred bas i s  for 

opt im i s i ng  storage atmospheres i n  apples ,  then i t  i s  cr i t i ca l  to know i f  t h i s  

assumpt ion i s  true .  Add i t iona l l y ,  effects of  e l evated and phys io log ica l  age o f  

app les on LOL's needed t o  b e  quan t i fied .  

The current  s tud ies  h ave i nd ic ated that  temperature,  

h ave some smal l e ffects  on LOL' s ,  bu t  they were not 

and phys io log ica l  

su ffi c i en t l y  l arge to 

w arran t  mod i fy i  the steady-s tate mode l  for app l e s  presented by D adzi e  et a l. 

( 1 99 3 ) .  W h i l e  sma l l  changes i n  LOL' s assoc i ated w i th var iab les  m ade i t  

d i ffi cu l t  t o  exp lore poss ib le  mechan i sms that  m igh t  ec t  LOL's ,  from a mode l l i  

perspec t i ve ,  i t  cons ide rab l y  s i mp l i fies  a poten t i a l l y  steady- state gas 

exchange III ode I for apples .  However. i t  can not be  assumed that the var iab l e s  

s tud ied wou ld  not affect  LOI' s of t i ssues  other than t ha t  of app les .  

Desp i t e  the conc l u s ion that temperature e ffects  on  LOL' s were sma iL  cu rves  were 

f i t ted to A data based on mean s ur face chamber and core c av i ty atmospheres ( e g .  
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Figs .  5 . 8  and 

fi tted va lues of  A 

Est imates o f  A were then ca lcu l ated for e ach  c u l t i v ar fro m  the  

to demonstrate d i fferences between A and A Cpe as a 

funct ion o f  temperature. 

It wou ld  i n teres t ing to test  the hypothes i s  that ( i n  contrast to  LaUs) are 

essen t i al l y  a constant for a d iverse range of p l an t  t i ssues .  Thi s  woul d  be part i c u l ar ly  

i n teres t i ng  for fru i t  or vegetab le  t i s sues  w i th lower cort i cal d i ffu s i v i ty  o f  O2, for 

t i ssues  i n  wh ich  poros i ty  may change marked ly  duri ng  r ipen ing ,  or  for t i ssues w h i c h  

can b e  stored under deep hypo x i a  ( e g .  pers i mm ons ) ,  or  d o  n o t  respond dramat i ca l l y  

to  e thy lene (eg .  Nash i ) .  

The fol lo w i ng genera l  d iscuss ion cons iders :  

1 .  the p ivotal  ro l e  of  s k i n  permeance and resp i rat ion rate in determi n i ng d i fferences  

be tween e xternal and i nternal atmosphere of  apples 

2 .  est imat ion of, and factors affect i ng  

3 .  t he re l at ionsh ip  between LOL\ and  LOU s as  a funct ion o f  temperature and  

i mp l i c at ions  for CA I MA s torage 

4.  the poten t i a l  for use of  lAs  as a bas i s  for m odul at i ng  C A  store atmospheres  

5 .  recommendations  for further  research der ived fro m  quest ions raised by the  c u rrent  

s tudy,  and  poten t i a l  research areas leading to  advances in  the w ay CA and M A  

techno log i es w i l l  be used i n  the future. 

9.2 D ifference i n  part i a l  p res s u re a s  a 

f u n ct i o n  of s ki n  permean ce a n d  

res p i rati on rate 

The fol l ow ing  d i scuss ion draws together ev i dence from the s tudies to demonst rate 

the p ivota l  ro le o f  sk i n  permeance and resp i rat ion rate i n  determ i n i n g  d i fferences  

between e x ternal  and  i n ternal atmospheres of app les .  The data confi rm s  the  

app l i c ab i l i ty  of the general mode l  for gas  exchange presen ted  in  chapter I for  app les .  

E v i de nc e  for d i ffe ren t ial permeance of app l e  sk i n  to  and  i s  a l so d i sc ussed 

and i mp l i c at ions  for use of M A  / C A  and edib le sk in coat ings .  



r 9 General  D iscussion : 266 

9.2 . 1 Effect of sk i n permean ce o n  d ifferen ces between 

externa l  and  i nterna l  part i a l  p ressures 

effect  of sk i n  permeance on the grad ient  in part i al pressures of CO2 and O2 i s  

i l l ustrated i n  F ig .  9.  I ,  for popu l at i ons  of  prec l imac ter ic , c l i macter ic ,  and 

postc l i mactcr ic 'COP'  and ' B raebu rn '  apples  equ i l i brated in  a i r  at 20°C (see sect ion 

7 . 3 . 5 ) .  'COP'  app les  had genera l l y  h i gher  and a greater range of va lues  for p�);. and 

PC02 than ' B raebu rn ' .  There was an i nverse rel at ionsh ip  between permeance va lues  

and  the grad ien t  i n  part i a l  pressures for 'COP' .  The  sma l l  c l us ter  o f  po in ts l ower  

than the main  group of  po in t s  were for prec l imacter i c  frui t  wh i ch  had  l ower  

respirat ion  rates .  The  range i n  v al ues of  permeance tends to  i nc rease for c l imacter ic 

and postc l i macter ic fru i t  compared to prec l imacter ic fru i t .  Park et  al.  ( 1 99 3 )  reported 

a s i m i l ar e ffec t  of  i nc reased permeance as ' M cI ntosh ' apples matured  using the 

ethane e ffl u x  method for est imat i ng  permeance .  

The lower and n arrower range o f  permeance va lues  for 'B raeburn ' resu l te d  i n  

marked l y  h i gher  gradients  ( parti cu l ar ly o f  b.p02), a s  the sk in  o f  ' Braebum' apples at 

20°C w as more permeable t o  CO2 than Though not as d i st i nc t  as for ' COP'  , the 

c l uster o f  po in ts  on the lower l e ft of  the graph a lso represent  values for prec l im acteric 

fnI l t .  

9 .2 .2  D ifferent ia l  permean ce of the sk i n to O2  and  CO2 

D i fferen t i al permeance o f  the  sk i n  t o  Cn,2 and at 0°  and 20°C was e x p lored by 

plott i ng  P(,02 aga inst POc (F ig .  9 .2 ) .  As CO2 is a l arger molecu le  than O2 i t  wou ld  be 

e xpected that Peo: < Po: i f  d i ffus ion were e xc lus ive ly  through pores .  Converse l y ,  

> PU2 m ight  i nd icate C O2 was d i ffus i ng  through a l ternat i v e  rou tes through the  

cut i c l e  i n  add i ti on  to d i ffus i n g  through pores ( see  sect ion 3 . 2 ) .  Est im at i on  of  P02 
assumed RQ = \ .  If RQ> \ ( eg .  i f  the resp iratory substrate w as organ i c  ac i d s ) ,  then  

wou ld  have been l ower than the assumed va lue ,  and va lues  of P;)2 presented  

wou ld  have overest imated actual  Po, . The  reverse wou ld  be the  case i f  R Q< I .  
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Fi�,ure 9. 1 Re l at ionsh i p  between the d i fference i n  part i a l  pressures of  O 2  and CO2 
, , 

and and fru i t  permeance to O2 and CO2 (P02 '  and PC02 ) 

respec t i ve l y  for ' Cox ' s  Orange P ipp in '  and, b) ' B raeburn'  apples at 

20GC in a i r. 
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Assuming  R Q:::: 1 ,  data for both and ' B raeburn '  at i nd icated that for the 

major i ty fru i t  P:l ,  > Pco, + 

1 
0 .03 ,  r- :::: O.  for 'COP'  and ' burn ' respecti vely ) .  Therefore, at O°C, d i ffus ion  

was  probabl y  dominated by pores .  For many  fru i t  at and part i cu lar l y  for 

' B raeburn ' ,  va lues of both Peo2 and were h i gher  than at O°e.  The s l ope o f  the  

l i near regress ion in  the re lat ionsh ip  between Peo, and was also h i gher  ( Peo, :::: 

0 . 83  
') , 

+ 0.06 ,  r- :::: 0 . 8 8 ;  Peo, :::: 0 .88  + (}06,  :::: 0 .8 l ,  for ' COP'  and 

' B raeburn ' respec t i ve l y ) , and for m any fru i t  P�02 > P(
'
)2 ' Therefore, at the h igher  

temperature an i nc reased propo rt i on  of  C02 probabl y  d i ffused through cut ic l e ,  

part i cu l ar l y  for fru i t  w i t h  l o w  permeance values ,  w h ich  would be  t h e  fru i t  w i th l o w  

sk in  poros i ty .  

The e ffec t  o f  temperature increas i ng  and  P�)2 wou ld  be o f  advantage to fru i t  

i n  M AP,  because i t  would reduce the i nc rease i n  and L\.po2that wou ld  othe rw ise 

be expected to ari se from h igher respi rat ion  rates as temperature i nc re ased.  The 

i ncrease i n  Pco, re lat ive to at the h i gher  temperature, w ou l d  no t  

n ecessari l y  be advantageous, except perhaps to reduce the  poten t ial for  C O2 - i n duced 

fermentat ion i f  p�o, i ncreased above approx imate ly  20  kPa (Kubo e t  al. , 1 990) .  

However ,  th i s  would be u n l i ke l y  e xcept for a few fru i t  i n  M APs at h igh tempe ratures .  

V alues  of  P(:02 and P�)2 of  'COP' fru i t .  in add i t ion  to be ing  h i gher  than for 

' Braeburn ' ,  a l so h ad a g reater range . However ,  because of  the i nverse rel at ionsh i p  

between L\.p; and Pi
' 

the s ign i fi cance o f  vari at ion i n  I S  not the same a t  d i fferent  

abso lute leve ls  of Pj
·
. The n arrower range of PI

' 
for 'Braebu rn '  resu l te d  in  a larger 

range in L\.p; compared to the c ase w i th ' COP'  fru i t .  A l so, the lower PI
' 

o f  ' B raeburn ' 

wou l d  resu l t  i n  a marked effect of temperature on  gradients .  

Curren t l y ,  the  e ffect  of temperature on the permeab i l i ty of  po lymer ic  fi l ms i s  not  

great enough to rnatch the effect  of  temperature on  g radients in  fru i t  wi th  h i gh 

penneance ( Cameron et al . ,  1 99 5 ) ,  let  a lone w ith  permeance va lues as l ow as t hosc 

of ' Braeburn '  apples .  Consequent l y ,  M APs need to be des igned for the max imum 

tem pe rature they are l ike ly  to  be exposed to  w h i l e  st i l l  scaled i f  atm ospheres l ike l y  to  

i n duce ferrnentat ion are to be  avoided .  
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Surface coat ings h ave  been used on appl es to i mprove cosmet ic features and 

reduce deteriorat ion e i ther by suppress ion w ater loss  or by achi e v i n g  M A  benefi t s .  

Recen t ly . there has  been  a substan t ial i nc rease in  knowledge of permeabi l ity  

c haracter is t ics  of ed i  b le  surface c oat ings ( A  vena-Bust i l los e t  al . , 1 994) .  H agenme ie r  

and  Shaw ( 1 992 )  reported mater ia l s  used for coat i ng  fru i ts  and  vegetab l es had 

permeab i l i t i es to CO:, wh ich  were 2 to 8 t imes g re ater than for O2,  and wh ich  were 

between 40 and 20,000 t imes more permeable to water vapour than to O2 .  Howeve r, 

regard less of  the permeab i l i ty character is t ics  of the fi l m, the i n te rac t ion  of  a coat i ng  

w i th pores and  cu t i c l e ,  i n  add i tion  to t he  natural var iab i l i ty i n  sk i n  penneance ,  c an 

resu l t  i n  marked ly  d i fferent overa l l permeance to 0:, ( Banks £O t  a l . ,  1 99 3 ) .  

Coat i ngs are l i ke l y  to exacerbate the e ffect e l ev ated resp i rat ion rates assoc i ated 

w ith h i gh temperature have on  depress ing I ,  and hence the r i sk  of anaerobi os i s .  

B anks  £O t  a t .  ( 1 996a)  have  quan t i fied the re l at ionsh ip  between P(�Oc and {JC)2 for fru i t  

w i th a t i gh t l y  adher ing coat i ng ,  and recommended a quant i tati ve approach t o  

opt i m i s i n g  surface coati ngs us ing p l ots of  I as a funct ion  of  . The e x te n t  to 

which s k i n  permeance to gas d i ffus ion  i s  affected by c oat i ngs would l argel y  depend 

on  the degree to which pores are b loc ked  by the cOJt ing  and how t igh t ly  the  coat i ng  

adhe res  to the  fru i t  surface i n  the  v i c i n i ty of  the  pores ( B anks  et  a/. , 1 99 3 ) .  

Due t o  pore b loc kage , i n te rna l  atmospheres o f  fru i t  w i th t ight ly  adher ing  coat i ngs 

are affected more dramat ica l l y  than those w i th l oose l y  adher ing c oat i ngs .  A l oose l y  

adher ing  coat i ng, assuming pores arc not b loc ked for d i ffus ion  of  O 2 ,  w ou l d  a l l ow 

opportun i ty for exchange o f  gases i n  the space between the fru i t  surface and  the  

coat i ng .  This  wou ld  be  analogous to  i nd i v idual  fi l m  wrapp ing  ( Be n -Yehoshua, 

\ 98 5 ) . A c oated fru i t  i s  l i ke ly  to have port ions  of  the fru i t  w i th t ight ly  adher i ng  

coat i ng  and  other areas w ith loose l y  adheri coat i  and  the  proporti ons  of  each 

l arge l y  i n fluence the effect on i nternal atmosphere s .  

Fru i t  t o  fru i t  var iat ion i n  s k i n  permeance and  max imum respi rat ion  rate may  have 

more s i gn i fi can t  c onsequences in coated fru i ts than for M AP,  the l atter be i ng  

analogous to a l oose l y  fitt i ng  coat i ng .  Un l i ke a M A P, a coat i ng  can no t  be removed  

from the fru i t  when they  are removed to a h i gher  tempe rature . Consequent ly ,  

coat i ngs \vOtl l d  need to be opt im i sed for the h ighest temperature the  c rop  w i l l  be  

e xposed to .  There may  be poten t ial for us ing the  benefi c i a l  e ffec ts of  coat i ngs on  
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mod i fy i ng i nternal  atmospheres  to  s l ow deter iorat ion  of process i n g  grade frui t  

( B anks  e t  aI . , 1 993 ) .  I n  con trast to fresh fru it  i t  wou l d  be o f  less concern i f  a sma l l 

p roport ion  of the popu lat ion of processl l1 g  fru i t  were be l ow the i r  LOL' . Bene fi t s  

m ight  ari se for p rocess ing  fru i t s  fro m  reten t ion o f  vo la t i les  (N isperos-Carr iedo et ai. , 

1 990) ,  and the pote n ti al to reduce refrigeration  costs,  stor i ng  coated fru i t  for short  

per iods at ambient temperatures .  

9.2 .3 Effect of resp i ratio n  rate on part i a l  p ressu re 

g radients 

The effec t  of  resp i rat ion rate on atmosphere grad ien ts  i s  i l l u s trated i n  F ig .  9 . 3 ,  for 

'COP ' and ' B racbum ' at 20°C. For 'COP'  (F ig .  9.  and /},Pco, as a func t ion  

of  rco] were s i m i l ar .  'COP'  had h i gher than  ' B raebu rn ' , bu t  v ari ab i l i t y  w i t h i n  

t h e  popu l at i o n  w as s i rn i l ar .  A s  i n  9 . 1 ,  the  c l us te r  po i n ts o n  the  lowe r  l e ft are 

for p rec l i m ac ter ic  fru i t  w i t h  lower For ' B raeburn'  ( Fi g .  9 . 3b ) ,  genera l l y  /},Po2 > 

/},PCo� . Th i s  was a consequence of  P�)2 < P�02 for ' B raeburn ' at 20°C ,  and the  lower 

overa l l  pe rmeance for ' B raeburn ' re l at i ve to 'COP'  res u l te d  i n  g reater vari ab i l i ty i n  

/},POo and /},PC<h .  - -

9 . 3  Esti m at i o n  o f  L OLs 

9.3 . 1 M ethods for estim at in g  LOLs 

Ident i fy i ng the  aerobic-anae rob ic  t rans i t ion has bee n  of theore t i ca l  and pract i ca l  

i n tere s t  to  p l ant b iochemis ts  study i n g  resp iratory behaviour of p l an ts  and to  

postharvest  phys io log i sts .  Two approaches have been taken in  deve lop i n g  methods 

for es t i mat i n g  LOLs , ( 1 )  steady-s tate methods ( u s i ng  C A  or M A P ) ,  and 110\1 -

stcady-s tate methods . The advan tages and d i sadvantages of these methods were 

assessed before u ndertak i n g  t h i s  study , and i t  was dec i ded to use t he  steady-state C A  

method.  The non-s te ady-s tate method o f  Leshuk and Sa l tve i t  ( 1 990 ) , w h i l e  more 
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rap id  than steady-state methods, w as not su itab l e  as rate of pul l -down of 02 m ay have 

s ign i fi can t ly  affected  LOLs because the de lay in response of t i ssues to chang ing 

steady-state method us ing has been extens i ve l y  used for 

est i rnat ing  s of fru i t  ( Beaudry et al .  ; Beaudry and Gran , 1 993 ; G ran,  1 99 3 ;  

J o l e s  c t  a f . ,  1 994 : Talas i l a  ct a/. . 1 994 ) .  I n  these s tud ies ,  pack age atmospheres  were 

sampled and average, rather than i nd i v idual  fru i t  response,  measured . I t  wou ld  be 

poss ib l e  to sample I A  of fru i t  us ing th i s  method, but the ma in  

d i sadvantage of  th i s  system arises from the  vary i ng duration d i fferen t  treatments 

requ i red to ach ieve  steady-state package atmospheres. For app les ,  th is  ranged from a 

few days, to weeks, depend ing on  temperature and the mass of fru i t  i n  e ac h  pac k age 

( G ran,  \ 993 ) .  Th i s  resu lted in d i fferences in phys io logica l  age of the fru i t  by the 

t i me s teady -state w as ach ieved,  render ing the method unsati sfactory for studyi ng the 

e ffects of phys io log ica l  age on LOL's .  /\\so, at h i gher  temperatures the deve lopment 

o f  rots can be a p rob lem with th i s  method. 

The steady-state CA method used in the study requ i red a gas contro l  system for 

m i x ing  a i r  and N2 (and CO2 for study ing effects of ), and cont i nuous suppl y  of 

these gases for the durat ion of the exper iment .  W h i l e  th i s  equ ipment  was rel at i ve ly  

expens ive ,  t he  system al l owed greater c ontrol over t he  rate of pu l l -down to  steady-

state atmospheres and l eve l s  requ i red .  I n  surface chamber atmospheres 

equ i l i brated w i t h i n  40 to 1 00 hours,  depend ing on  tempe rature and cu l t i var.  Th i s  

resu l ted i n  a poten t i al e xperimental cyc l e  of f i ve  to seven days ,  depend ing  o n  the  

ob jec t ive  of  the exper ime nt .  The value of  est i mat i  on the bas i s  of  l As us ing  

th i s  method was  that i t  prov ided  a more mechan i st i c  bas i s  for model s  used  to pred ic t  

fru i t  response to  CA and M A .  

D i sadvantages of  the CA method used \ve re :  ( I )  t ime taken t o  set up C A  

atmuspheres,  ( t ime taken for surface chambers t o  reach equ i l ib r ium,  and ( 3 )  

poten t ia l  for surface chambers to b e  lI i s loliged from fru i t  o r  deve lop leaks w h i le i n  

C A .  
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Figure 9.3 Relat ionsh ip  between the d i fference i n  part i al pressure s  o f  02  and CO2 

(6po2 '  and 6pcoJ and resp i rat i on rate ( reo) for 'Cox ' s  Orange P ipp i n '  

and, b )  ' Braeburn'  app les  at 20°C i n  a i r. 
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Cann u l at i ng  apple s  to sample from the core cav i t y ,  was cons idered  as an 

a l ternat i ve method as it had been ll sed ex tens ive l y  i n  prev ious studies (Trout et a l . ,  

, B and  B urg ,  1 965 ; S o\omos,  I , Reid  et  , I  : Knee ,  1 98 0, B an ks ,  

1 98 3 ), but no  data i n  the l i terature quanti  . ng de leter ious phys io l og ical e ffec t s  w as 

avai l ab l e .  Consequent ly ,  th i s  was i nvest igated ( c h apter 8 ) ,  though for reaso n s  o f  

cons i stency ,  and because there w as some e v i dence that c an nu l at ion  cou ld  advance 

the c l im ac ter ic ,  th i s  method was not used in s tudies  on L OLls . The cannu lat ion  

method o f  es t imat ing lAs ,  was  cons idered part i cu lar ly  sui table for stud ies  where 

repeated sampl i n g  i s  requ i red  over e i ther  short periods under e x per imenta l  cond i t ion s  

where fru i t  metabo l i sm i s  changing rap id l y ,  or l ong periods (coo l  storage, C A  I M A  

storage studies etc . ) .  For example ,  the method has been used ex te n s i ve l y  w i th 

apple s  i n  recent  studies  us ing fru i t  coat ings ,  and character i s i ng the e ffects  o f  ho t  

w ater d i s i n festat i on treatments on  rate o f  dec l i ne of  p(): ( B anks e t  al. , 1 996b) .  

9 .3.2 Quantif ication  of LOLs 

A quant i tat i ve  conceptual framework such as that developed in th i s  study (chapter 

for es t imat ing LOLs as obj ec t ive ,  mathemat ica l , defi n i t ions  o f  LOLs h ad not been 

pub l i shed prev ious l y .  Thi s  enab led objec t i ve comparison of e ffec t s  o f  var iab l es on 

LOLs. O f  the two types of  described,  the anaerobic  compe nsat ion po in t  cou ld  

eas i l y  be  so lved for mathemat ica l l y ,  a s  i t  represented the I when the  s lope of  P(�02 

deri ved fro m  aerobic and anaerobic  resp i rat ion was zero. The prec i s i on  of  th i s  

method was cont i ngent  o n  fi nd ing  adequate func t ions  for and s i g n i fi c an t  f i ts  o f  

curves t o  the data. A s i m i l ar approac h  to Dadz ie  ( 1  ) was used us ing  the  two  

parameter M ic hae l i s -Menten equat ion for deri ved from aerobic resp i ra t ion  and  a 

two parameter exponent i al func t ion for deri ved from anae robi c  resp i rati o n  (Eq .  

4 . 3 ) .  The  i nc re ased dens i ty of  data around  t he  aerobic-anaerobic trans i t i on  va l i dated 

the use o f  these funct ions  in mode l l i ng  a s  a funct ion of  P()2 and  P(�2 ' However ,  

the range o f  I A  data resu l t i ng  front i n he ren t  var i ab i l i ty i n  fru i t  respi ratio n  and s k i n  

permeance,  resu l ted  i n  the need t o  we ight  the data us ing  the i nverse  o f  the v ar i ance o f  

means for fitt i n g  paramcters .  I t  was oftcn d i fficu l t  t o  obtain s i g n i fi can t  fi t s  for a l l  
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parameters.  W h i l e  th i s  m igh t  h av e  been i mproved us ing  funct ions w i t h  a g re ater 

numbe r  o f  parameters, th i s  was not cons idered des i rable as i t  becomes i ncreas i ng 

ffi cu l t  to fi nd  phys io logica l  and o ften stat i st ica l  s i gn i fi cance i n  more complex  

funct ions .  The  compromise i n  mathemat ica l  mode l s  ( as opposed to stat i st ica l  and  

mechan is t ic  model s )  i s  a lways the idea l i sat ion o f  a phenomenon, wh ich  m ay or  may 

not ren ec t  the  true cause-and-effect rel at ionsh ips ( Sharp and Ryk i e l ,  1 99 1 ) . 

Quant i ficat ion o f  the fermen tat ion thresho ld  was a lso cont ingent o n  adequate 

f i tt i ng of curves to e i ther  RQill or  CEtOH data. In addi t ion ,  an arbi trary va lue of 1 0% 

i nc rease above basal leve ls ,  was se lected as a reasonable est i mate of  s i gn i ficant  

i nc rease in  e i ther RQia or  CEtOH .  T h i s  was lower than the va lue used b y  Beaudry 

e t  af .  ( 1 992 )  for iden t i fy i n g  R Q  breakpo in t  o f  b lueberr ies ,  and the 1 0% value w as 

rea l i st i c  i n  terms o f  what  cou l d  be observed v isua l l y  as a s i gn i ficant  i ncrease. 

The l arge number  of  p lots  to wh i ch  s ign i ficant  curve  f i ts were requ i red  in the 

study meant use of mathemat ica l  est i mat ion of was d i fficu l t  to ach ieve .  

Consequen t ly ,  an a l ternat ive stat i s t ica l  approach was cons ide red,  that cou ld  analy se 

est i mates of  L OL's based on v i sua l  assessment by a smal l tra ined pan e l  o f  assessors.  

To be usefu l ,  the stat i s t ica l  method needed to ( I )  use smal l sample s izes ( n = 1 ( 2 )  

n o t  assume any probabi l i ty d i str ibut ion of  data, and ) calcu l ate c onf idence i n tervals  

w hich  cou l d  be used to compare t reatments .  The stat i s t ica l  "bootstrap" procedure 

h ad been estab l i shed i n  the l iterature as a robust statis t ica l  techn ique ( E fron ,  1 979, 

1 98 7 ;  E fron and Gong, 1 98 3 ;  E fron and Tibsh i ran i ,  1 and met these 

requ i rements .  The number  o f  bootstrap samples  resampled from the raw data w as 

arbi trar i l y  set at 1 000. Th i s  w as a compromise between e xtra prec i s i o n  ga ined by 

i ncreas i ng  the numbe r  and computat ion t ime .  D oub l i ng  the number  to 2000, d i d  not 

dramat i cal l y  i mprove confidence i nterva l s .  M ean bootstrap LOL's were s i m i la r  

(essen t i al l y  ident ica l  from a phys io log ica l  perspect i ve  and  i n  terms of  the resolu t ion  

of  the O2 /  CO2 sensors) to raw data means .  I t  was  a l so  poss i b l e  to generate 

bootstrap med ians ,  but as b i as c orrected  ( BC a-type ) confidence i nterva ls  coul d  no t  be 

generated ,  on ly  means were used in the study. 
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9 .4 Factors affect i n g  OLs 

Two pr inc ipal  factors, eac h  i nvo lv i ng  a number of e n v i ronmenta l  and fru i t-re lated 

v ar iables ,  may affec t  LOLs:  

1 )  those influenc ing the  di ffus ion of  to the  s i te of consumption by e i ther  cytosol i c  

ox idases a n d  mi tochondria l  term ina l  ox idase ( s )  

those in fl uenc ing  uptake o f  modu lat i ng resp i rat ion or genera l ly affect i ng 

enzyme funct ion .  

The steady-state C A  method used i n  th i s  study w as used to es t imate for a 

popu lat ion of  app les .  V ar i ab i l i ty  i n  PC(02 and RQw as a funct ion O f pC)2 decre ased 

d ramatica l l y  as PC)2 decreased .  Howeve r, at the est imated L OLls i n d i v i dual  fru i t  s t i l l  

s howed d i fferences i n  PC'02 and RQul ' Th i s  i nd icated of i nd i v i dua l  fru i t  v ary 

s l ight l y ,  presumably as a consequence of i nherent genet ic and phys io logica l  

d i ffe rences assoc iated w i th the factors above .  The fru i t-re lated var iab les  d i scussed 

be low are l ike ly  to affect  Lenis of  i nd iv i dual  fru i t ,  and consequent l y  those e st i mated 

on a popu lat ion bas i s .  

A summary of  some env i ronm ental  and  fru i t-related var iab les  that affect ,  o r  are 

l ik e l y  to affect, these two factors above ,  and wh ich  resu l t  i n  var iat ion  between LOL's 

and s ,  is presented  i n  Tabl e  9 . 1 .  Th is  study h as concentrated on  thre e  i mportant 

var iables ( te mpe rature, pco: and phys io log i cal age) ,  but it is c lear from Tab l e  9 . 1 ,  that 

there i s  cons iderable uncertainty over  the e ffects of  many vari ables .  I t  w as beyond 

t he scope of the presen t  study to i n vest igate the v ar iables i n vo lv i ng  c e l l  phys io logy 

and b ioc hemi st ry , but the fo l low ing  br ietl y  uses e v i dence from th i s  and other s tud ies  

to specu l ate on mechanisms by wh ich  v ari ab i l i ty in  LOLls may h av e  occurred .  

V ar iat ion i n  LOLl's i nvo l ves  a l l v ar i ab les  affect i ng  LOL's ,  and in  addi ti on ,  those 

rel at i n g  to gas d i ffus ion  through the sk in .  The way these inte ract and resu l t  i n  

d i ffe rences between L OL's and LOLt's i s  d i scusse d  i n  sect ion 9 . 5 .  
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9.4 . 1  Diffus ion of  O2  to s ites of oxidative metabo l i s m  

Data from the current s tudy ind icated d i ffused i n to apples through pores  i n  the  

cu t i c l e  ( see sect ion . M any studies h ave  demonstrated that  d i ffus ion  throug h  

bul k y  p l an t  organs such a s  fru i t ,  roots a n d  tubers fo ! Fick ' s  Firs t  L a w  o f  

D i ffus ion ( E q .  1 . 1 ;  B ur g  and B urg,  1 965 ;  Burton ,  I Cameron a n d  Yang, 1 980; 

S o lomos, 1 98 7 ;  Trout  et al . ,  1 94 2 ) .  However, d i ffus ion in c l im acter ic  a vocado (Ben

Yehoshua e t  ai. , 1 963) ,  s tored app les  (Trout et a i . ,  1 942 ) and postc l i m acter ic  

bananas ( Leonard and Ward law,  1 94 1 )  cou ld  no t  be described by Fick ' s  F irst  Law . 

There fore, for some fru i ts ,  there are l i ke l y  to be factors l i rn i t i ng  d i ffus i on o f  O2 

w i th i n  the  cortex ,  such as b lockage of i n terc el lu l ar a i r  space associ ated w i t h  

phys io log ical age o r  d i sorders. D i ffus ion occurs down gradi en t  tha t  resul t s  

from uptake of  O2 w ith in  ce l l s .  Burg and B u rg ( 1 965)  showed d i ffus i v i t y  of  gases 

w i th in  app les was i n ve rse ly  proporti onal  to  tota l  pressure as wou ld  be  expected from 

the ideal  gas law,  and th is  i n dicated d i ffus i on of O2 w i th in  apples  must  be pr imar i l y  

i n  t h e  gas phase . I f  d i ffus ion o f  O 2  w i t h i n  apples were pure ly  i n  an  aqueous p h ase ,  

then  (depend ing  on  the rate of  02 uptake)  i t  h as been ca lcu lated that  t he  max imum 

rad ius  that cou ld  main ta in  I kPa  p/J2 i n  t he  core cav i t y  woul d  be  appro x im atel y  7 m m  

( S olomos ,  1 987 ) .  

Raj apakse et a l .  ( 1 990) suggested two  model s  of  potent ia l  routes  for g as exch ange 

w i t h i n  the cortex .  In the para l l e l  model ,  d i ffus ion wou ld  be through i n terce l l u l ar a ir  

channe l s  and/or in the flu i d/so l id  phase of  the ce l l u l ar matri x ,  and in the serie s  model 

d i ffus ion  w ou l d  occur through a ir  c hannel s  and flu i d  sol id  phase in turn . Emp i ri c al l y  

deri ved es t imates o f  e ffect ive  d i ffus iv i ty  fe l l  between values ca l cu lated for t he  two 

mode l s .  Th i s  suggested the  actua l  mechan i sms for d i ffus ion  i n  fru i t  flesh i s  a 

combinat ion of  t hose descr ibed by bot h  mode l s  i n  wh ich  there are several para l l e l  gas 

and flu i d/so l i d  pathways through the i n terce l l u l ar system, but a proport i on of the gas 

path w ays  are b loc ked by the flu i d/so l i d  m atr i x ,  forc ing some d i ffus ion  in ser ie s .  



9 General  Discussion : 278 

Table 9 . 1  Summary of e ffects  or l i ke ly e ffec ts on  LOLes and of 

env i ron mental  and fmiHeJated vari ables .  Symbols :  + :::: i n c re as i n g  l eve l  

of  variable proport iona l l y  i nc reases :::: i ncreas i ng  l e ve l  of vari able 

proport iona l l y  decreases ,) :::: re l at i onsh ip  unknown ;  0 :::: no e ffec t s ;  

- ') or + ') :::: l i ke ly  e ffect s .  The  re l at i ve magn i tude of  the  re la t ionsh i ps are 

indi cated by the number of + or - .  
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9. 1 . 1 Diffusion of  through intercellular spaces 

A l th ough I t  i s  not a lways  val i d  to assume atmospheres are homogenous w i t h i n  

bu lky  p l ant t i ssues ( Cameron and  Yang. 1 980 ) .  grad ients  w i t h i n  t he  t i ssues are o ften 

sma l l  and assumed to be phys iolog ical i n s ign i ficant ,  wi th  adequate d i ffus ion  of O2 

w i th in  the cortex  for aerobic resp i ration .  H owever,  th i s  m ight not be the case for ai l 

apple  cu l t i vars ( Dadz ie ,  1 992 ) .  and variat ion i n  i nterce l l u lar  a i r  spaces may v ary as 

fru i t  Knee and B art ley  ( l 98 1 )  found  that duri n g  r ipen ing  and senescence there 

w as a progress ive  decrease i n  ce l l  adhes ion l ead i ng  to separati on  o f  ee l [  co lumns  and 

en l argement  o f  i nterce l lu lar spaces .  Other studies report m idseason app l es were 

found to have l arger in te rce l l u l ar spaces and l ower dens i ty than l ate season apples  

( V i ncent .  1 989 ) .  

What var iables then might  affec t d i ffus ion  o f  O 2  u p  t o  the poin t  en try i nto ce l l s  

and  resu l t  a s h i ft i n  LOL1S �  Of the  env i ronmenta l  var iables .  temperature and  

re lat i ve  hum idi ty ( RH ) ,  and of  fru i t-related var iables .  length and connect i v i ty o f  the 

d i ffus ion pathway,  phys io log ica l  and phys io logica l  d i sorders are vari ables that 

may a ffec t  d i ffus i on .  

D i ffus ion coeffi c ients  depend i nverse ly  on t h e  v i scos i ty of  t h e  medium,  the rate o f  

d i ffus ion  i n  a i r  be i ng  appro x imate l y  1 04 h i gher  than i n  water.  D i ffus ion  coeff ic ients  

of  gases  in  a ir  are i n versel y  proportiona l  to ambient  pressure. becomi ng l arger as 

total pressure i n  the system drops. Wh i l e  the l atte r property o f  gases may be re l evant 

for fru i t  in hypobaric storage. i t  is u n l i ke l y  to hav e  a s ign i fi c an t  i n fl ue nc e  under 

normal refr igerated, and M A  storage . R ates of  d i ffus ion  o f  O2  as both a gas and 

as a so lute are affected by temperature C Q I O  for gas i s  about l . cn and for so lutes 1 

1 .4 .  see sect ion 2 . 4 . 2 ) .  Therefore . at h i gher  ternpe ratur e ,  d i ffuses more rap id ly  to 

s i tes  of  u t i l i zat ion .  but rates of uptake are also m arked ly  affected by temperature , 

w i th  the  Q I O  for resp i rat ion of  apples ( >  be i ng  greate r than that for d i ffus ion . 

However .  g i ven  that pathways for d i ffus ion  arc adequate to meet the dem an d  for 

the e ffec t  o f  tempe rature per se on rate o f  d i ffus i on i s  u n l i ke l y  to s h i ft 

Detac he d  from the tree apples lose water and  th i s  permeance to gas 

d i ffus ion  through c hanges to both sk in  and c ort i cal structure ( Park c t  at  . . 1 99 3 ) .  

U nder cond i t ions  of  h i g h  vapour pressure defic i t s  ( lo w  R H )  fru i t  vol ume and 
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permeance may decre ase ( W i l k inson,  1 965 ) ,  and at h igh (>95%)  the opposite c an 

occur ( Lidster ,  1 990) .  The l ower permeance of apples  at low w as attr ibuted by 

W i l k i nson ( 1 965 ) to c ontract ion of  both sk in  and f lesh  o r  c los ing of  Ien t ice l s ,  and 

under h igh RH condi t ions  the  increase i n  pcrmeancc to roundi ng off o f  cort i cal ce l l s ,  

fac i l i tat i n g  d i ffus i on through the  i nterce l l u l ar a i r  channe l s .  Fockens  and M e ffert 

( 1 97 2 )  presented a s im i l ar model wh ich  exp lai ned e ffects of R H  on c e l l  shape and 

arrangement  on  the bas i s  o f  changes i n  turgor pressure .  There fore, under condi t ions  

of  h igh R H  and cons ider ing effects on  gaseous d i ffus ion pathw ays ,  LOL's  woul d  be  

expected to remain  constant or decrease , and  at low R H  they m ay i ncrease .  

In  the c urren t  study, the  poros i ty  of  cort ical  t issue increased s ign i ficant ly  dur ing 

storage. A s i m i l ar resu l t  was reported by Hatfie l d  and Knee ( 1 988 ) .  Khan and 

V incent  ( 1 990) h ave even suggested that s ize of  i nterce l l u lar  spaces can be used to 

defi ne the age o f  fru i t !  Increased poros i ty  may have resu l ted from e i ther  storage  i n  

h igh R H ,  part i cu lar ly  for , wh ich  were enc l osed i n  a polymer ic  fi l m  carton 

l i ner  to reduce w ater loss .  A l ternat i ve ly ,  i ncreased poros i ty  may have resu l ted  from 

decreased c e l l  to c e l l  adhes ion dur ing r ipen i ng and senescence (Knee ,  1 99 1 ) . 

There i s ,  then ,  a complex  of  env i ronmenta l  and phys io logica l  age v ar iab les  that 

may resul t  i n  h i gher  poros i ty . G iven that connect i v i ty  of the i n te rc e l l u l ar a i r  channe l s  

remained h igh , i nc reased poros i ty  i n  appl es wou ld  resu l t  i n  i ncreased d i ffu s i v i ty  of 

O2 ,  and n o  change ,  or a lower ing of LOL' s .  Cont inu i ty of a i r  c hanne l s  was not  

measured in the curren t  study .  Howe ve r, the l ack  decrease i n  LOL's of ' COP'  as 

fru i t  aged ( sect ion 7 .4 .4 ) ,  and s l i gh t  decrease i n  RQ o f  ' B raeburn ' app l es suggested 

h igher poros i ty w as also accompanied by no chan ge or an increase i n  connec t i v i ty of  

a i r  channe ls .  

For  othe r  frU I ts wl th  substant ia l ly  lower c ort ica l  t i ssue poros i ty and h i gher  s k i n  

permeance t o  O2 than apples  nash i  and particu larly nectar ines ) ,  the percentage of  

the  total 0:: grad ient  resu l t i ng  frorn the  cortex may  be  substan t ia l l y  h ighe r  than  for 

app les .  For e x arnple ,  for ' Red  Gold '  nectar ines ,  the grad ient  i n  O2 across the  c ortex 

and s k i n  w ere and respec ti ve l y ,  and porosi ty ( percentage i ntercel l u l ar a i r  

space ) o f  unr ipe and  r ipe fru i t  were 8 .0':lc and  3 . 7% respect ive ly  (Raj ap akse  et  at. , 

1 990) . I t  i s  ant ic ipated that for fru i t  l i ke nectar ines ,  porosity and cont inu i ty of  the a i r  

channe l s  i n  the c orte x  arc more  l i ke ly  to affect LOL's than for app les ,  because of  
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decreased d i ffus i vi ty o f  O2 through thc cortex .  and th i s  may resu l t  in  an i ncrease i n  

9. 4. 1 .  Diffusion o f  O2 in cells 

Gaseous O2 i n  the i n terce l l u l ar a ir  spaces wou d i sso lve i n  water i n  the c e l l  wa l l .  

d i ffuse th rough p l asmalemma t o  the cytosol w he re i t  i s  consumed b y  c ytoso l ic 

o x idases or  d i ffuse through the m i tochondria l  double membrane to the termi na l  

ox idase ( s ) .  D i ffus ion  i s  e xtreme ly  fast over t h e  re l at i ve ly  short d i ffus ion  pathway 

i nto the ce l l  and, assi sted by mechan ica l  m i x i n g  due to cytoplasmic  streami n g  ( w h ich  

can l ead to much  more rapi d  movement  than by d i ffus ion ) ,  has been assumed to be  

non- l i m i t i ng for o x i dati v e  processes (Nobe l ,  1 99 i ,  p .  1 9 ) .  So lomos ( 1 98 7 )  i nd i cated 

it i s  d i fficu l t  to est i m ate the m agn i tude of the effect the ce l t  wa l l and p l asmalemma 

on d i ffus i on due to var i at ion  i n  ce l l  and geometry and the area o f  c e l l  wa l l 

e x posed to a i r  channe l s .  

S o  l ong  as  the a i r  channe l s  do n ot become b loc ked wi th  flu id ,  i t  i s  u n l i ke l y  that 

d i ffus ion i nto the c e l l  wou ld  be so  l im i t i ng  as to cause a sh i ft i n  LOL's .  As  for 

gaseous d i ffus ion ,  d i ffus ion of d isso lved O2 i nto the  ce l !  wou l d  i nc re ase as the 

k i ne t i c  energy of  d isso lved O2 molecules i nc re ased w ith  temperature.  Th is  wou l d  

tend t o  l im i t  any i nc rease i n  LOL's w i t h  temperature . For fmi t  i n  w h i c h  phys i o l og ica l  

d isorders are presen t ,  membrane d isfunct ion may resu l t  i n  leakage o f  cy tosol i nto 

i ntercel l u l ar spaces ,  part i a l l y  reduci ng  the  d i ffus ion  pathway to that of a flu id/sol i d  

matri x ,  and sh i ft i ng  to  h i gher  17/): . E v i dence for poss ib i l i ty for whol e  fmi t  may 

be i n fe rred from stud i es us ing cu ltured pear ce l l s  w here the anaerob ic  compensat ion 

poi n t  sh i fted to h i gher  O2 leve ls  as the d i ffus ion c oeffic ient  of the ce l l  suspens ions  

decreased ( B oers ig e t  (Ii . ,  \ 98 8 ) .  

So lub i l i t i es of  gases i n  l iqu ids are h igh ly  temperature dependen t  a s  descr ibed by 

Henry ' s  Law ( see  sect ion 3. 7. 3 . 2 ) ,  w ith  so lub i l i t y  decreas ing  m ore marked ly  per 

degree as temperature i ncreases .  I f  LOL' s are constant w ith  respect to d i sso l ve d  O2 

concentrat ions ,  then this would further e x aggerate v ar iat ion i n  LOLl's as temperature 

i nc reased ( B anks  et  al . ,  1 99 3 ) .  The effect  of temperature on so lub i l i ty of O2 is l i ke ly  

to be  rnore s ign i ficant phys io log ical l y  than for d i ffus ion  of O2 . With  i nc reas i n g  
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tempe rature , there w i l l  be lower  cytoso l i c  concentrat ions  of at the same t ime as O2 

uptake is i n c reas ing .  In the current  s tudy,  we would have expected to i nc rease 

marked ly  w i th tempe rature i f  so lubi l i ty of pr imar i l y  l im i ted the ava i l ab i l i ty of O2 

to ox idases.  Howe ve r, based on part i al p ressures remained re l at i v e l y  constant,  

r i s i ng  o n l y  s l i gh t ly  at h igh  temperatures .  The d i sso lved concent rat ions  c al c u l ated 

from va lues of part i a l pressure at d i fferen t  temperatures tended to decrease w i th 

temperature, i nd icat ing the effect  of temperature on  solubi l i ty  of  O2  d i d  not  l i m i t  O2 

uptake in these stud ies .  Calcu lat i on of  d i s so lved  from part ia l  pressures assumed 

the sol vent  was water .  However,  so lubi l i ty  of  a lso decreases w ith  i nc reas ing  

so lub le  so l ids  content ( Leonard, 1 939) . Th is  wou ld  further  e xaggerate the  e ffec t  of  

tempe rature on  so lub i l i ty ,  part i cu lar ly  as fru i t  age and so lub le  sol ids  content  

i ncreases .  A gain ,  e v i dence fro m  the current s tudy i nd icated th i s  w as not a s ign i fi c an t  

factor affect ing L OLls .  

In conc lus ion ,  of the  var iab l es d i scussed above ,  only a decre ase in d i ffus ion  

through i nterce l lu l ar spaces due  to l ack  of  connec t i v i ty ,  o r  fi l l ing  of  the  a i r  s paces 

with fl u i d  as some fru i ts age o r  d isorders occur, is  l ike ly  to substan t i al l y  affec t  

I n  t h e  absence of d i rec t  measurement of  cytoso l i c  O2  concen trat ions us i ng  O 2  

microprobes, i t  sti l l  remains  to b e  demonstrated w he ther , c ytosol ic O2 

concentrat ion ,  o r  chemica l  act i v i ty of 

the t i ssue .  

i s  the c ruc i al factor in  determi n i n g  LOLls of  

9.4.2 U ptake of O2 by oxidat ive metabo l i sm 

The phys io log ical and b iochemical bas i s  of / M A  effects is s ti l l  be i n g  

e luc idated. Low O2 andlor e l evated CO2 atmospheres  are cons idered  t o  de l ay 

senescence by d i rect ly  or i nd i rect ly  suppress ing  o xidat i v e  metabo l i sm and other 

degradat i ve  processes .  These inc lude suppress ion of  respiratory metabo l is m ,  

ethy l ene b iosynthes is  a n d  act ion ,  and c omposi t i ona l  changes,  a l l of w h ic h  consume 

Var iables that [n i ght  affect  ce l l u l ar uptake are temperature,  pul l -down t ime ,  

, so lub i l i ty , phys io log ica l  age ,  suscept i b i l i ty to d isorders, i o n i c  ba lance ,  

energy c harge . cy top lasmic  ac id i ficat i on , l eve l  and act i v i ty of  cy tosol ic " res i dual  
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o x idases" and regu la t ion of anaerobic stress enzymes.  A l though t h i s  s tudy d i d  n o t  

focus on  most  of these var iables ,  poten t ia l  

d i scussed be low.  

on  o f  some of  these  are 

In the curren t  study, the steady-s tate rate of aerob ic  and anaerobic resp i rat i on  

(es t imated by  Pl�O) as  a funct ion o f  ! and P'">2 was descri bed  by 4. 3 .  Th i s  

used t h e  M ic hael i s-Men te n  equat ion to character ise t h e  aerobic resp iratory 

componen t .  The model  curren t ly  favoured to exp la in  the b iph as i c  nature o f  the  O2 

i sotherm as a func t ion  o f  P02 ( ie .  the  i n i t i al s l ow dec l i ne i n  resp i ra t ion at h igher  p02 ' 

and rapi d  reduct ion  as P02 decreased towards zero) ,  i s  that regu latory enzymes 

perc e i ve the  l eve l  of  and exert a feedback i n h ib i ti on  on the  i n i t i al s teps o f  g l ucose 

o x i dat ion ,  thus  lower ing resp i rati on  ( B lac kman , I , Solomos, 1 98 2 ,  1 994;  Tucker 

and 1 985 ) .  Thus, coeffi c i en t  kl  in  4 .3  ( w h ic h  is  ana logous to  t he  

M ichae l i s-Men te n  c oe ffi c i en t ,  Km) i s  no t  rel ated to  the  act i v i ty o f  the  "term ina l "  

cytochrome o x idase  per se, bu t  probabl y  to a p le thora of  ox idases t ha t  d i rec t l y  o r  

i nd i rec t ly  affect  resp i ra t ion .  

S tud ies  by  Nan os et al .  ( 1 994) w ith  pear fru i t  and cu l tured ce l l s  found  that  dur ing 

hypo x i a  (0 .25% O2 ) ,  ATP phosphofructok i nase  ( ATP-PFK) ,  pyrop h osphate 

phosphofructok i n ase  (PPi-PFK) and succin ate  dehydrogenase (SDH)  i ncreased w h i l e  

pyru vate  k i n ase ( P K )  decreased,  cons is tent  w i t h  t he  operat ion of  a part i a l l y  reduced 

c yc l e .  Cytochrome ox idase act i v i ty showed l i tt l e  change, and t h i s  w as 

construed to  support the  hypothes is  that, above fermentat i on  thresho ld ,  hypox ia  

suppresses o x idases w i th h igh KillS for O2 w h i l e  no t  substant ia l l y  a l t er i ng  rate of  

ox idat ion by cytochrome o x i dase . 

I nc re as ing  tempe rature i nc reases the  rate of  product ion ,  and i n  th i s  s tudy the  

re l at i onsh i p  was  tentat ive ly  character ised for ' C OP '  and  more ex tens i ve ly  for 

' B raeburn'  (F ig .  5 . 2 ) .  As  prev ious ly  d iscussed, t emperature effects  o n  so lub i l i t y  of  

O2 were u n l i ke l y  to l im i t  avai l ab i l i ty of  to cytoso l i c  or  m i tochondr ia l  o x idases or  

exp la in  the  s l i gh t  upward sh i ft in  LOL' s at h i gher temperatures .  Knee ( 1 980)  

speculated that h i gher  temperatures may lower  the  affi n i ty of  c ytoch rome o x idase 

( and  poss ib ly  other o x idases )  for O2 .  Th i s  w ou l d  h ave  the pote n t i al to  i ncrease LOL' s  

a s  tempe rature i ncreased. 
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E levated , can  i nh ib i t  O2  uptake and ethy lene product ion ,  and consequent ly ,  

may lower  Ev idence from the current study suggested P(�02 8 kPa) h ad 

o n l y  a sma l l  e ffec t  on  reduc ing  uptake of  ' COP '  anel a s l ight ly  l arger e ffect  for 

' B raeburn '  at 20°C . Changes  i n  L Oes as a funct ion o f  were probably n ot 

phys io log i ca l l y  s ign i fi cant i n  th i s  study . I t  was anti c i pated that i n c reased O2 u ptake 

of c l imacter ic  and postc l imacter ic  apples m ight h ave reduced tol e rance to hypo x i a  

a n d  i nc reased LOL's. Lack o f  s i g n i ficant c hange i n  of  ' COP'  a s  a funct ion  o f  

phys io log ica l  s tate suggested d i ffus i on of  O 2  was suffi c i en t  for i n c reased uptake, 

I n c rease in LOL's for postc l i macter ic  ' B raeburn'  may have resu l ted  from reduct ion 

i n  ce l l u lar  h omeostas i s .  The effect  of w as more apparen t  at p()o w el l  above 

L OL's and was un l i ke l y  to c ause potent ial  lower ing of Kerbel ( 1 98 8 )  

reported for pears, that CO2 i n h ib i ts and 

the reduct i on in O2 uptake .  Regu lat ion of PPi-PFK i s  

wh ich  may account  for 

dependent ( Turner  and 

Turner ,  1 980)  and is affected by c ytoso l ic ac id i fi cat ion 'vvh ich  may occur at l eve l s  of 

CO2 above ( B own ,  1 98 5 ) .  Howe ver ,  h i gh l eve l s  of P(�()2 may h ave  a marked 

negat i ve e ffec t  on  m i tochondr ia l  act i v i ty through s t ructural and confo rmat iona l  

c hanges ( S h ipway and B ramlage,  1 973 ) .  Th i s  wou ld  l ower avai l ab i l i t y  of  ATP for 

ce l !  mai ntenance and may resu l t  i n  h i gher can resu l t  i n  

accumulat ion  o f  suc c i n ate wh i ch  has been corre lated w i th CO2 - i n duced breakdown 

in apples  ( Hu lme ,  \ 956 ) ,  I nc reased suscept ib i l i ty to,  and i nc i dence of, CO2-rel ated 

d i sorders , such as B raeburn brown ing  d i sorder, core -flush and brown heart ,  are a l so 

l i ke ly  to reduce to lerance to hypo x i a  and may i nc rease 

Recent molecu l ar and b i ochemical studies i nd icate s ign i fi cant changes in c e l l  

func t ion may occur dur ing hypo x i a  and anoxi a, l ead ing  t o  d i sturbances i n  i o n ic 

ba lance  of  ce l l s ,  retlected i n  e nergy deplet ion and membrane depol ar isat ion ( S achs  et 
u l . ,  1 99 6 ) .  These c hanges  may resu l t  in temporary reduct ion in o x idat i ve and 

phosphory l at ive  c apac i t ies  of  m i tochondria ,  w i th restorat ion occurri ng  after return to 

ai r storage, or to an extended  per i od of poststorage respi ratory suppression (Rah m an 

('t (I I . .  1 995 ) .  N anos et al .  ( 1 99 2 )  reported prcc\ i macter ic  pears seemed less  stressed 

and to have greater potent ial for posthypox i c  recovery than pears of a more-advanced 

phys io log ical . Low-02 i nj ur y  i n  c l i macter ic ,  but  not prec l imacter ic pears after 

transfe r  from hypox ic  to normal atmospheres i nd i cated that, cons i stent  w i th  the 
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h ypothes i s  of Romani ( 1 987 ) ,  repa i r  or h omeostas i s  begins  to decl i ne  after  the  

i n flec t ion po in t  of  the  c l imacter ic r ise and  v i rtua l ly  ceases a t  t he  c l im acter ic  peak . 

i t  might  be anti c ipated that is would i nc rease as fru i t  age on  the basis 

o f  di m i n i s hing  abi l i ty to maintain c e l l  funct ion o r  surv ive hypox i c  stress .  Th i s  may 

h ave contr ibuted to h i gher  LOL's observed in the cu rrent study for postc l imacter i c  

' B raeburn ' apples .  

Ion i c  changes in ce l l s  resu l t i ng  from hypoxia i n c l ude a lterat ions  in c y toso l i c  p H .  

Cherv i n  e t  a l .  ( 1 996) specul ated that a s  t h e  energy charge of  ce l l s  fal l  a s  part ia l  

pressure o f  O2 i s  reduced, ce l l s  may not be able (0 energise pumps that mainta in pH 

and other ion ic grad ie nts across the tonop las t  and p l asmalemma. Th is  m ay 

contr ibute to a lower ing o f  tole rance of  ce l l s  of  hypoxic atmospheres and i ncrease 

LOL's. A l ternati ve ly ,  if cy top l asmic  ac id i fi cat ion  I S  l im ited and contro l led ,  i t  may 

serve as a s ignal for adapt i ve c hanges that l im i t  further ac id i fi cati on .  On the bas i s  of 

this hypothes is ,  B l an ke ( ( 99 1 )  suggested C02 pu l s i ng apples may be benefi c i al in 

i nduc ing  to le rance th rough l i m i ted ac id i fi cat ion .  In th i s  case, 

as a resu l t  of  adaptati on to hypoxic  atmospheres.  

' s  wou ld  decrease 

Studies  by Tucker and Laties ( 1 985 )  w ith  p rec l imacteric and c l i macte ric avocado 

i nd icated that  rate of  02-pul l  down may marked ly  affect respiratory O2 i sotherms.  

D ifferences between the isotherms were not accounted for by O2 grad ients  across 

sk in  and flesh ,  and it was postulated that s l ow deple t ion of O2 a l lowed feedback 

repress ion of O2 uptake at rel ati ve ly  h igh O2 leve l s .  

LOLi' s .  I n  contrast, rap id  deplet ion of resul ted  in an 

noted this w ou l d  lower  

i sotherm approach ing  that 

of  a s ing le  ox idase h av ing  h igh affin i ty for O2 .  U nder these condi t ions  i t  i s  

ant i c ipated that L()L's would sh i ft t o  h igher leve l s  of  O2 , and there w o u l d  be l it t l e  

opportun i ty for feedback regu lat ion to reduce O2 uptake or for fru i t  to adapt to 

hypox ia .  I t  would be i nterest i ng  to l !1vest igate whether app les  rn i gh t  man i fest  a 

s i m i l ar response to rate of  O2 pu l l -down .  Th is  p he nomenon has i mportant 

i mp l icat ions for the use of gas-flush ing of  MAP and the rate of estab l i sh i ng  hypox i c  

atmosphe res i n  smal l  CA stores o r  sh ipping conta iners .  This  would be  part i cu l ar ly  

i mportant  i f  CA were to be estab l i shed by flush ing the store w h i le fru i t  are bein g  

coo led .  
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Dur i n g  r ipen ing  and senescence ,  a complex  of contro ll ed synthet ic  a n d  

degenerat i ve changes,  w h i c h  may or  may not b e  i ndepe ndent  of  o n e  another, requ i re 

energy to d ri ve them.  When energ y  product ion i s  b l ocked w i th d i n i trop heno l ; 

B e n -Yehoshua,  1 964) ,  r ipe n i n g  i s  normal l y  a lso i nh ib i ted .  Wh i l e  i s  not  requ i red  

for the  funct ion ing of g lyco ly t ic  pathway,  i t  i s  req u i red for the cyc l e ,  system 

and pen rose phosphate pathway for the p roduct ion of energy . There w i l l  be a 

m i n i mum energy requ i rement  for t i ssue u nder C A  or M A ,  and th i s  may d iffer 

between d i fferen t  p lan t  t i ssues and at d iffe ren t  phys io log ica l  s tages .  There fore, fru i t  

w i th lower  energy requ i rements would hav e  l ower LOLls .  I t  woul d  be  usefu l  t o  

i n c l ude e nergy requ i rements i nto  models pred ic t ing  opt imum storage atmospheres . 

I n  conc lus ion ,  i t  i s  d iffi cu l t  to  quan t i fy the i mportance of  many variab les  t hat 

affec t  ox idat ive metabo l ism and may affect LOL's .  Some qual i ta t ive i nd i cat ions  of 

l ike ly  e ffects have been d i scussed.  I t  i s  an t ic ipated that adv ances in  c e l l  phys io logy 

and molecul ar aspects of  the anaerobic-stress  response of p l an ts w i l l  u n rave l  

mec h an isms by which  fru i ts are  suscept ib le  to or ab le  to to lerate l ow 02. atmospheres 

and exp la i n  poten t ia l  d ifferences i n  o f  d i fferent t i ssues .  

9 . 5  Relati o n s h i p  between 

as a f u n ct i o n  of temperature 

The rat i ona le  for us ing  i n terna l  rather than e xternal  atmospheres for  c h aracter i s i ng  

op t imum storage atmospheres w as the  fact t ha t  i t  i s  the parti a l  pressure of  02. and  

i n  the i n terce l l ula r  a ir  spaces ,  i n  equ i l ibr ium w i th concentrat ion  o f  and 

i n  the cy toso l ,  that med iates physio log ical processcs. Jus t  as  the phys io log i cal 

s tate of  each fru i t  var ies ,  so each fru i t  would h ave i t s  own LOLs, and consequen t ly  

opti mu m  s torage atmosphere . Therefore , for a popu l at ion of  fru i t ,  t he  opt imum 

storage atmosphere w i l l  be  an  average, a compromise based on  the range of LOVs  of  

i n d i v idual  fru i t  i n  a popu l at i on .  

I t  w as conc luded that LOL's es t imate rn ore prec i se l y  than LOL"s t he  true aerobi c 

anaerobic tran s i ti on ,  and  t he  range i n  LOLls of  i nd iv idual fru i t  w i l l  be  cons iderab l y  

sma l le r  than thai of LOLl's for the same popu la t ion  fru i t .  G reater v ar i ab i l i t y  i n  
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LOLfs for a popu lat ion of fru i t  was deri ved from e ffects of  var i ab i l i t y  i n  skin 

permeance and resp i rat ion rate of  i nd i v idual  fru i t .  and resu l ted  i n  a l arge range o f  

T o  demonstrate the re l at ionsh ip  between LOVs and and the i mp l i c at ions  

for CA and  MA storage, i t  was  necessary  fi rs t to establ i sh  that the re were n o  c lear  

re l at ionsh i ps between rco2 and e i ther P�)2 or  p(:o, . I f  th i s  was true, then d i fferences 

in LOLls and LOLl's as a funct ion of tempe rature cou l d  be tested for any combinat ion 

o f  and s k i n  permeance .  

I n  F i g s ,  9 .4  a n d  9 ,5 , rco2 as a funct ion o f  p('), and respec t i ve ly  are presented 

for p rec l i macter ic ,  c l i macter ic  and postc l imacter ic ' COP' and ' Braeburn '  at  0° and 

20°e . A l though the two cu l ti v ars are p resented  on the same graph s , i t  shou ld  be born 

i n  m i n d  that cu l ti vars should be cons ide red  i ndependent ly  of  each other .  There were 

n o  c le ar rel at ionsh ips for any phys io logica l  stage o r  temperature for e ither  cu l t i v ar ,  

w i th t h e  poss ib le  e xcept ion o f  c l i macter i c  a n d  poss ib ly  postc J i macter ic  ' Braebu rn ' . 

Consequen t ly ,  data from postc l imacter ic  'COP'  and ' B raebu rn '  at var ious 

temperatures from 0° ta were used to model the e ffec t  of tempe rature o n  A 

(es t im ated from A us ing  Eq .  1 ,5 )  at empi r ica l l y  determi ned h i gh  and l o w  

est imates o f  P�)2 far each cu l t i var (Fig.  9 .6) ,  A power l a w  equat ion  w as u se d  t o  

model t h e  re l at ionsh ip :  

A CP == a b ( O l Tl 

The coeffic i en ts a and b for the curves i n  

( 9. 1 )  

9 ,6  are presented i n  Tab l e  

T h e  A CP' o f  both postc l imacter ic 'COP' and ' B raeburn ' apples i nc reased s l i gh t ly  

w i th i n c reas ing temperature, w i th  a greater i nc rease  for ' B raeburn ' than ' 

( sect ion 5 .4 . 6 ) .  The strong depen dence o f  A Cr on  both temperature and p;), i s  

i l l us trated b y  F ig .  9 , 6 .  The magni tude o f  the response of  A CPI! t o  temperature was 

i n verse l y  proport i ona l  to  P()2 and was c learly cu l t i var dependent .  

The i mp l icat ions  of the d i fferences between  LOL' s and  LOLes depends  on  the  

l i ke ly o f  temperatures fru i t  i n  low O2  atmospheres w i l l  be exposed to .  C A  

storage temperatu res are typ ica l l y  i sothermal . M A P  stor age idea l l y  shou ld  be 
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i sotherm a l ,  but  the cool  chain may be broken at a n umber of poi n ts dur i n g  the 

d i str ibut ion and market ing of  the crop. Depend ing  on the form of transport, sea led 

M APs may be e xposed to h i gh temperatures duri n g  loadi ng  and u nload i ng  of  s h i p  

ho lds  or refrigerated sh ipp ing conta iners .  Packages dest i ned for tropical  countr ies ,  

where ambient  a i r  temperatu re may exceed 30°C,  would be part icu l ar l y  vu ln erab le .  

S i m i l ar breaks i n  the coo l  cha in  may e x i st i n  t he  reta i l  d i str ibut ion phase .  Us i ng  the 

data in 9 .6 ,  the l i ke ly  i mpac t  of  CA and M AP storage for 'COP'  and ' B raeburn ' 

can be assessed. 

At coo l store temperatures of 2° and for 'COP'  and ' B raeburn ' respec t i ve ly  

typ ica l  atmospheres  of 2 kPa and  2 k Pa pco2 for ' and 2 kPa PC;2 and I kPa 

Pco2 for ' Braeburn '  are u n l i ke ly  to resu l t  in  fermentat ion ,  even in fru i t  wi th l o west 

Po, . On the bas i s  of  the data presented i n  9 . 6 ,  t h e  A of  ' COP'  apples  would 

not approac h  2 .0  kPa O2 unt i l fru i t  were warmed to be(\veen 1 and 20°C, and ,  for 

' B raeburn ' . between and 1 I t  i s  a l so ev iden t  that i f  the same fru i t  were i n  

M APs, and un less  adequate cool  cha in  was mainta ined throughout the per iod the  fru i t  

were sealed i n  pac kages ,  there would b e  a rel at ive ly  h igh r i sk of  some fru i t  becoming  

anaerob ic .  I t  was  demonstrated i n  chapter 4 that actual poin t  at wh ich  fermentat ion 

commences ( the  fermentati on  thresho ld)  occured at even h igher p02 than the  Aer. I t  

would a lso appear from the re l at ionsh i p  between so lub i l i ty gases in l iqu id  and 

ternperature that var iat ion i n  A w i th tempe rature wou ld  be further e xaggerated i f  

A i s  fi xed as a constant O2 concentrat ion  i n  the l iqu id  phase ( B anks  et a i . ,  1 99 3 ;  

Cameron c t  ai . ,  1 99 5 ) .  However ,  the data presented i n  chapter 6 i nd icated that LOL' s 

e x pressed i n  terms of d i sso lved O2  concentrat i on tended to decrease as temperature 

i nc reased .  Th i s  suggested that calcu lat ion of  concentrat ions of  O2 i n  the l iqu id  phase 

resu l t i ng  from jJ(')c at the LOL may not g i ve a i se est imate of the cytoso l i c  

concentrat ion  of O2  a t  t he  LOLs or  the  t i ssue.  
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Figure 9.6 Est imates of  steady-state A and A ' Co x ' s  Orange P ipp in '  

fru i t temperature (n 
are est im ated fro m  

( 'COP ' )  and 'Braeburn ' apples  a s  a funct ion 

us ing data fro m  sect ion 5 .4 . 6 .  V al ues  for A 
usmg 1 .6,  for h igh and low values of  the of  values of  fru i t  

pcrmcance to O2 (Poe ) est i mated for cu l t i var .  For 'COP ' ; h i gh and 

l ow va lues used were 0.5 and 0 . 1 5  n mo l  S l  m Pa l , and for ' B raebu rn ' ;  

0 . 2  and 0 .05 n mo l  s I m 2 Pa l . Data were mode l led  us i n g  the equat ion 

A CP == a hi l l  1/), and coeffic ien t s  a and h arc l i sted i n  Tahle 9 . 2 .  
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Coeffi c ients ± standard e rrors ( se )  and ,;� v alues  for the re l at ionshi p  

he tween A , A  and temperature [A :::: a b( () I Tl ] for ' Co x ' s  

Orange P ipp i n '  ( 'COP ' ) and ' B raeburn ' apples i n  a i r  at var ious 

temperatures ,  and for fru i t  with h igh  low sk in  permeance to O2 

(P�)) � For ' COP ' :  h igh and low val ues used were 0 . 5  and 0 . 1 5  nmo l  S' I 

m 2 Pa, j , and for ' B raeburn ' :  0 . 2  and 0 .05 n mol S ' l  m '2 Pa� l . 

ve e rror 

type Po, a se  b s e  

A CP' 0 .52  O �097 0 .093 0 .86  

A CP" H igh O .  0 . 225  2 . 3 1 0 .45 l 0 .96 

A CP" Low 0.50 0 . 330 2 .96 0 .639  0 .98  

A CP' 0 . 1 1 . 3 3  0 . 1 \ 3 0 .6 \ 

A CP" H i gh 0 .50 1 68 2 .49 0 .289  0 .94 

A cpt' Low 0.96 0 . 303 3 . 0 1 0 . 3 1 7  0 .98  

Est imates of  L OL"s are h igh ly  dependent on the p rec i s i on w i th w h i ch the  

permeance o f  the  sk i n  can be est imated .  Two methods were used i n  th i s  study ,  the 

non-steady state e th ane e fflu x  method to dete rmine  
. 
,H, ( resu l t i ng  i n  va lues  s i m i lar  
. .) 

to PoJ, and the steady-state method us ing respi rat ion rate and in ternal  atmosphere 

data to ca lcu l ate Po; and PC:02 . The steady-s tate method was cons idered  the more 

usefu l  appro ac h  for apple s  as hoth 1\)2 and c ou l d  est l Inated ,  and the method 

w as less  t ime consuming .  A lso i f  a nondestruc t i ve  techn ique for est im at ing  lAs were 

used  ( such as surface chambers or cannu lat ion ) ,  then est i mates of p('), and cou ld  

he  made for fru i t  in  situ i n  CA or  M APs .  

I t  wou ld  he i nterest i ng  to compare the effect  of the  d i fferent ranges i n  permeance 

of 'COP'  and ' B raebu rn '  wi th  other app le  eu l t i vars to determine  how the i r  A s 
may be affected hy  temperature. Dadzi e  ( 1 99 2 )  es t imated sk i n  res i stance to ethan e  

and reo, for e ight N e w  Zea land prec l i rnactcr ic  appl e  cu l t i vars . a n d  t h e  range o f  

va lues  ( conve rted from t h e  or ig ina l  data to ,He, ) are presented in F ig .  9 . 7 .  It i s  



C h  9 General  Discussion : 293 

apparent from t h i s  c ompari son of cu l t i vars that ' Braeburn ' h ad the  l owest  PC2H6 and 

range va lues and s im i l ar range of  rco: compared to the o ther c u l t i vars . had 

a medium to  lo \v range of but the values for ' Royal Ga la' , ' Ga la '  

and ' S plendour ' had h igh P(�:H6 and a broad range of  values  and moderate rco2 • 
I n  M AP, these cu l t i vars woul d  be less l i k e l y  to deve lop anoxi c  P()2 when subj ected t o  

h igher  temperatures. B y  contrast. ' Golden De l ic ious '  and ' Red  De l i c ious '  h ad 

moderate sk in  permeance but  re l at i ve l y  h igh and wou ld  be more suscept ib l e  to 

deve lop l arge !J.po2 i f  M APs of  these cu l t i vars were subjected to  h igher  temperatures .  

'Grann y  S mith ' app les  had re l at i ve ly  low but  moderate and m ay respond 

to temperature in a s i m i l ar w ay to 'COP ' .  However. sk in permeance and part i cu lar l y  

may  change markedl y  as  fru i t  age, and  i t  wou ld  be necessary to  quan t i fy these 

c hanges to be confiden t  of their  poten t ial for M AP.  Overal l ,  i t  appears the data for 

' COP '  and ' B raebu rn '  can be used as a bas i s  for pred ic t ing  l i ke l y  e ffec t s  of  

temperature on the  behav iour  of the  o ther  appl e  cu l t i vars. 
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F i gu re 9.7 R ange of es t imates  of fru i t  permeance to e th ane  (P(�2H6 )  and respiration  

rate ( at for a se lec t ion of  prec l i mac te ric  New Zea land app l e  

cu l t i vars . Cul t i vars are i n  order o f  decreas ing from l eft to  r ight ,  

and data are converted from Dadzie ( 1 99 2 ) ;  n= 1 6 . 
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9.6 I nterna l  atmosp here modul ated CA 

storage of apples ( I AM CA) 

Ideal l y ,  opt i mum storage atmosphere s  based on  externa l  atmosphere s  w ou l d  be  

changed as fru i t  age to reflect  the changi ng phys io logica l  status o f  the fru i t  ( Wo l l i n  e t  
al .  1 98 5 ) .  Phys io log ica l  change associ ated w i th the c l i m acteric in  app l es i s  g reat ly  

attenuated for fru i t  in  CA,  due to the i nh ib i tory effect  of  both low 0;: and l ow 

temperature on However,  modu l at ing  CA atmosphere s  would attenuate e ffects 

on i nternal atmospheres  determi ned from incre as i ng sk i n  permeance dur in g  s torage 

or i nc re as i n g  suscepti b i l i ty to gas-re l ated d i sorders .  

A system for dynamic control of  atmosphere has been reported by W o l fe 

ct al .  ( 1 99 3 )  us ing  a contro l le r  that determ i nes  cond i t ions for produc ing  m i n imum 

product resp i rat ion .  Thi s  used a c omplex a lgori t hm and had the  abi l i ty  to  cont inua l l y  

i m prove on i t s  abi l i ty t o  predict  changes i n  a fru i t .  I t  b e  poss ib le  t o  deve l op a 

conceptua l l y  much s i mpler  control system for modu l at ing CA atmospheres us ing  

feedback from IA composi t i on .  Changes i n  sk i n  and flesh permeance and resp i rat ion 

during  C A  s torage resu l t  in  s l ow changes i n  lAs .  lAs may approach va lues for L OLls 

i ncreas i n g  the ri s k  of  fermentat ion . By moni tori n g  l As adjustments c ou l d  be m ade 

autom at ica l l y  to i ncrease P/)2 and decrease fJ<i!.(L to mainta in  the opt imum storage 

atmosphere at any po in t  i n  t ime. lAs could be sampled remote l y  from a smal l 

number  o f  strateg ica l ly  p l aced "reference fru i t" i n  the CA store . 

W h at m i ght const i tute a reference fru i t ,) Shou l d  i t  represent the average , 

max i mum or m i n i mum sk i n  permeance and respi rat ion rate of  the popu l at i on ' )  I n  a 

study comparing  ' B raeburn' apples  from four orchards i n  two geograph ica l l y  d i stant 

grow i ng regions in New Zea l and  and for fru i t  from e arly ,  m idd l e  and l ate harvests ,  no 

d ifferences were found in average p(.) , and between regions ,  orchards or 

harvests ( see Append i x  5 ) .  However. \vhen e xtrerne values were compared, 

d i fferences between reg ions  and orchards and h arvests w ere observed .  Therefore, 

average va lues may obscure i mportant i n forrnatio n  about the re l at i v e  r i sks  of 

d i fferent popU lat ions  of fru i t  1 11 becoming  anaerobic .  To m i n i m i se r i sk  of 

fermentat ion of  some fru i t .  reference fru i t  shou ld  be those w i th the l owest  permeance 

in the popU l at ion .  
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Reference fru i t  m i ght  be found  by es t imat i ng  permeance and respirat ion rate from 

a subsample of  the popu lat ion us ing the steady-state method. w i t h  l ow 

permeance cou l d  be  c reated us ing  a sk in  coat i ng .  A l though the l atter method wou ld  

be  s i mp le r  to  app ly  once  t he  type and  arnount had been determi ned ,  i t  i s  unce rta i n  

how a s k i n  coati ng  might  affec t  natural changes i n  the  p ropert ies  o f  l en t i ce l s  and  

cu t i c l e  a s  fru i t  age. Sk in  coat ings  t end  to  b lock  pores  pr imary route for O2  

d i ffus ion )  and  are genera l l y  more permeable to  CO2  than Therefore,  coat i ngs 

may i nc rease the ratio of Pc:02 IP�)2 i n  comparison w i th contro l s .  The e ffec t  of  pore 

b lockage on !:1po2 may vary cons iderab ly ,  and there i s  ev idence that so  long as e ven  a 

smal l proportion  of  l arge pores rema in  open ,  !:1po2 may not be e xcess i v e l y  affected 

( N . H .  B anks ,  pers comm. ) .  Al ternat i ve ly ,  a random select ion o f  fru i t  could be used 

for the reference fru i t ,  i f  i t  was cons idered  acceptable  that a smal l p roport ion  of  fru i t  

w i th l o w  sk i n  permeance become anaerobi c i n  order that the l arger proport ion  of  fru i t  

are not e xposed to subopt i m al atmospheres.  

G i ve n  that a su i tabl e  form of refe rence fru i t  cou ld  be found,  c hanges in c ore cav i ty 

atmosphere of  these fru i t  throughou t storage cou ld  be fed i n to a mode l  that p red i c te d  

appropr iate pc;: and peo: for t h e  phys io log ica l  state of the frui t  i n  C A .  T h e  p(J): , Pco: 
and/or ethanol of reference fru i t  cou l d  be moni tored remote l y  by sensors connecte d  to 

the core c av i ty by a cann u la .  The core c av i ty atmosphere and that above the sensors 

wou ld  come to e qu i l ib r ium by pass i ve d i ffus ion through the c an n u l a. 

The main  components of a I AM C A  sy stem are presen ted i n  F ig .  9 . 8 ,  and cou ld  

operate as  fol lows :  

) o f  the store conta in i ng  precooled fru i t  wou ld  

be  mon i tored a s  t he  ex te rn al atmosphere i s  rapid ly  pu l led dow n  to a p reset  l eve l .  

} The fi n al external  atmosphere wou ld  be ach ieved through I A M C A  contro l .  lAs  

, <md/or ethanol )  of c annu l ated reference app les  wou l d  be mon i tored 

w i th  CO2 102 or ethanol  sensors by . a )  e it he r  rec i rcu l at i ng  the core cav i ty 

atmosphere w ith a smal l remote ly  operated pump It1 the sensor hous ing ,  or b )  

a l l ow ing the c ore cav i ty  atmosphere coming to equ i l ibr iu m  b y  passi v e  d i ffus ion 

w ith  the atmosphere surround ing  the sensors .  The sampl i n g  procedure and data 

c apture wou ld  be u nder the control of a data i n te rface and compute r. 
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3. lAs  cou l d  be compared to preset tol erance va lues the computer .  A l ternat i ve l y ,  

values  of  m ight  be  used to mate the r i sk of fermentat io n  or 

deve lopment storage d i sorders .  Tolerance va lues m i ght  be determi ned  from 

LOL's, and the suscept i b i l i ty o f  the cu l t i var to s torage d i sorders . 

or ethano l  were outsi de a predeterm i ned  range ,  the  computer 

programme wou l d  gradual l y  adjust  l eve l s  of and in the CA store to bri ng  

lAs  back w i th i n  the  acceptable range.  

5.  I A M CA software would i nstruc t  the CA gas contro l ler  to adj us t  the CA s tore 

atmosphere automat ica l l y .  

As  CA store s  are typ ica l l y  l oaded w i th  fru i t  from d i fferen t  growers  (each w ith  

pote nt i al l y  d i fferen t  fru i t  character i st i c s ) ,  i dea l l y ,  batches o f  representat ive fru i t  

wou ld  b e  rando m l y  se lected  from each grower. M Ol1 l tor ing i nd i v i dua l  grower l i nes  

may prov ide a more obj ec t i ve bas i s  for dec id i ng  when CA shou ld  be  broken for 

part i cu l ar l ines .  For CA stores w i th capab i l i ty  for rapid  O2 pu l l -down ,  there i s  the  

pote nt i a l  to break CA storage to remove and market spec i fic  l i ne s  o f  fru i t .  

The  main  problems of  t he  system wou ld  be  t he  need to  se t  up refe rence  fru i t  i n  the 

store ,  whether these frui t  t ru l y  represent  the l owes t  permeance fru i t  i n  the popUlat ion ,  

and the need to account  for the l ag in  response of fru i t  to chan g i n g  external  

atmosphere s .  

benefits of an IAMCA system are that i t  wou ld  account  for change s  i n  sk i n  

and  fle sh  permeance and  respi rat ion rate of  fru i t  throughout C A  s torage. I t  may  a lso 

be poss ib l e  to factor i n to the software i n formation on  the suscept ib i l i ty  o f  the  cu l t i var 

to gas- o r  tcmpe raturc- rel ated d isorders . Operat iona l  constrain ts  may render 

I A M C A  I mprac t i ca l  for automated control of store atmosphere s .  However ,  i t  m ay be 

su i tab le  as an alarm system to a lert C A  store operators the need to manua l l y  adjust  

store atmosphere s .  



Chapter 9 General Discussion : 297 

CA store 

& reference frui t  

Data i nterface 

Thermistor ---1--(--

Detail of cannulation for IA sampling: 

Figure 9.8 

Core cavity 

Cannula -\---

O2 / CO2 / ethanol sensors -----'1;--_ 

Schematic diagramme of a system for internal atmosphere modulation 

ot LA storage atmospheres tor apples (lAMLA). 
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9 .  R eco m m e n dati o n s  for fu rther research 

I t  i s  c l ear from Table 9 . 1 that there i s  cons iderable scope for further  research i n  

both mode l l i ng b iophysical  variables and phys io log ica l  responses o f  frui t  i n  hypox ic  

atmospheres ,  part i cu lar ly  around  the  aerobic-anaerob ic  trans i t ion .  The current  study 

exp lored quant i tat ive approaches to characteri s i ng  phys io log ical responses of  apples  

us ing  lAs ,  i n  re l at ion  to some env i ronme ntal and  fru iHe l ated vari ables .  The  

b iophys ical and phys io logica l  characteri s t ics  of  apple  cu l t ivars vary w ide ly ,  and the  

two cu l t iv ars used  in  the  study were suffi c i ent ly  contrast i ng to permi t  qua l i t at i v e  

ex trapolat ion of  t h e  resu l ts to other cu l t i vars . S i m i l ar methods used i n  th i s  study 

c ou l d  be used to quan t i fy responses i n  other fru i t  or  vegetables ,  part icu lar ly  those 

w i th e i ther  l ow cort ical  poros i ty ,  or  whose poros i ty (and poss ib ly  d i ffu s i v i ty  to 02) 

changes s ign i ficant ly  dur ing r ipen i ng  ( as for avocados and stonefrui t ) .  Data from 

these stud ies  would be valuable i n  extending the general steady-state model for 

exchange out l ined in chapter I ,  to s i tu at ions  where s ign i fi cant heterogene i ty of lAs  

c lear ly i nval idates use  of F ick ' s  Fi rst Law of  D i ffus ion .  

The curren t  study used fru i t  of  one commerci a l  s i ze  (count 1 25 )  w i t h  rel at i ve l y  

c onstant  surface area to  mass rat io  (A / M) . I t  i s  poss ib l e  that l arger fmi t, w i th 

sma l l e r  A / M have even l arger grad i en ts between e xternal and i n ternal atmospheres .  

The l onger  d i ffus ion  path fro m  sk i n  to the core cavity may a lso resul t  i n  lower  

d i ffus iv i ty , s ign i fi can t  i n trac ort ical  grad ients ,  and heterogenous resp i rati o n  rates 

throughout the cortex .  Some e v i dence from these stud ies  (data not presented)  

suggested th i s  m ay be true ,  part i cu lar ly for ' Braeburn ' .  A l te rn at ive ly ,  smal l e r  frui t  

h ave a l arger A I M and less l ike ly  t o  h ave s ign i ficant  i n tracort i cal grad ien ts .  W h i le 

the  o f  fru i t  i s  l i ke ly  to affect  LOL"s as a resu l t  o f  l arger the e ffect on LOL's 

is unknow n .  S pec i fica l l y .  i t  would be in te rest i  to characterise the re l at ionsh i ps 

between LOL's of  apple cu l t i vars of d i fferent dens i t i e s  and poros i ti e s  and at d i fferen t  

temperatures. and quant ify LOL's o f  i nd i v i dual  fru i t  t o  quant i fy v ar i ab i l ity . Th i s  

m i gh t  best be  ach ieved u s i ng  t he  non-steady state method of  Leshuk and  S al tv e i t  

( 1 990) a n d  very low 02-depiet ion rates .  Some pre l i m inary resul ts  were obta ined  for 

i n  d i fferen t  t i ssue zones i nd icat i ng  d i fferences i n  m i gh t  be  c orrel ated t o  

poros i ty of t i ssue i n  d i fferent zones ( data not presented ) .  I t  would a lso be i nterest i n g  
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to c orrel ate th i s  i n format ion  w ith  the i nc idence and severity of d isorders such as 

core-fl ush ,  for d i fferen t  t i ssue zones throughout the cortex .  

I t  has ly been assumed that the fastest ' b l e  e xposure of h arvested 

produce to opt imal CA condi t ions i s  essent ia l  for qua l i ty preservati on  in p ip fru i t  over  

l onger  storage t irnes  ( B oh l i ng ,  1 994; Li t t le  and Peggie ,  ! 987) .  H o we ver, ben e fi c i a l  

e ffects on  qua l i ty o f  app les may also be ach i eved w i th s l ower pu l l -down o f  both 

temperature and ( through u t i l i sat ion of fru i t  resp i rat ion )  O2 atmosphe res 

( B o h l i ng ,  1 994 ) .  For example ,  development  of ' Braebllfn brown ing  d i sorder' ( a  

d isorder o f  ' B raebll rn '  apples  exacerbated b y  l ow l eve l s  o f  and h igh  CO2)  w as 

markedl y  reduced from 88% to when the t ime taken to reach a C A  atmosphere 

o f  2 kPa and 2 k Pa 01 i nc reased from 1 to 1 6  days ( Elgar et al . ,  1 996) .  The rate 

of pu l l -down to anox ic  atmospheres in the curren t  studies led to estab l i sh men t  o f  

atmospheres  i n  approx imate l y  s i x  hours .  Rate of  pu l l -down h a s  been demonstrated 

to affect  respi ratory behavi our  and A Cpe o f  carrot s l  ( Leshuk and S al tve i t, 1 990, 

1 99 1 ) , and pear fru i t  and cu l tured pear fru i t  ce l l s  ( B oers ig e t  ai., 1 98 8 ) .  It w ou l d  be 

i n terest ing to see if  the A Cpl sh i fts  i n  re l at ion to the  rate o f  pu l l -down .  These studies 

might be conducted  at both i sothermal  cond i t ions  and for decreas i ng  fru i t  

temperature t o  quan t i fy the e ffec t  that the l ag i n  resp i ration m i gh t  h av e  on  P�)2 and 

LOLs . Future s tud ies  cou l d  a lso i nc l ude est imat ion  of  cyc l e  ac ids and l eve l  

and  act i v i t i e s  of  enzymes of  anaerobic  respi ration .  

Knowledge o f  LOLs i s  cr i t ica l  for opt im is i ng storage atmospheres .  However ,  

opti mum storage atmospheres are not mere l y  those at  wh ich  aerobi c  resp i rat ion i s  

m i n im i sed  w i thout  increase in  ethanol product ion ,  but atmosphere s  that m i n i m ise the 

rate of  deteriorat ion  in  crop qual i ty .  I t  i s  crop qual i ty  ( and cost)  that determi nes  

consumer i nterest, and  l i t t l e  attent ion appears to  h ave been  g iven  to deve lop ing  

model s  pred ict i ng  the  e ffec t  of  low 0:; and  e levated on qual i ty  att r ibutes . 

So lomos ( 1 994) noted that such stud ies  wou ld  be useful i n  ident i fy i ng  the  aff i n i ty  for 

O2 of  e nzymes w hose acti v ity  is restricted at re la t ive ly  h igh P02 ' and that m ay be 

i n vo lved  in the response to 0:; and CO2 l eve l s .  Therefore , there is a need for a 

broader,  ho l i s ti c  mode l for opt im i s i ng storage atmospheres, but  these need to be 

undertaken  on the bas i s  of  i nt erna l  atmospheres .  Conceptua l l y ,  t h i s  wou ld  l i n k  gas 
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exchange mode l s  character i s i ng  e ffects on  resp i ratory behav iou r, and those 

quant i fy i ng :  

.. rates of phys i o l og ical deteriorat ion (changes i n  key crop qual i ty  attr ibutesl indi ces  

such  as  fi rmness ,  dens i ty ,  so lub le  so l ids  content .  sk in  co lour  and  i n c i dence  and  

sever i ty of d i sorders) ,  

.. sensory attri butes ( texture, fl avour, and re l at ionsh ips between ethanol  content  or  

other flavour vo lat i l e s  and flavour scores ( Ke and K ader, 1 99 2 ) ,  and 

.. consumer heal th (nutr i t ive value,  microbio log ica l  i ssues) .  

The need for t h i s  approac h in opt im i s i ng  CA storage atmospheres has recen t ly  

been  recognised by the app le  i ndustry , and  a co l l aborat i ve project  i n it i ated i n v o l v i ng 

HortRese arch Ltd . ,  and the Centre for Postharvest and Refr igerati o n  Research at 

M assey U n iversi ty ,  i s  now funded by ENZA New Zealand ( Internat iona l ). 

Loss of  fl avour of  stored  apples may become i nc reas ing ly  i mportant as demand 

for l onger storage periods i nc reases. This may be  part icu lar l y  e v i den t  i n  export 

markets where New Zealand stored apples ,  perce i ved by consu mers as be i n g  of 

h igh  qual i ty ,  may be purchased a long with fresh l oca l  apples .  There fore, there i s  a 

need to deve lop commerc i a l l y  v i ab le  methods for enhanc ing f lavour vo lat i l es i n  C A  

stored fru i t ,  e i ther b y  anaerobic-shock pretreatmen ts o r  duri n g  C A  storage. 

Looki n g  to the future ,  major  advances in the w ay CA and M A  techno log ies  are 

used for p ipfrui t ,  are l ike ly  to come from four sources :  

1 .  Optim i sat ion of qual i ty us ing e x i s t i ng  and new C AlM A techno log ies  through 

ho l i st ic  model s .  The objec t ive woul d  be to m in i mise  deteriorat i o n  in  appl e  qual i ty  

us ing nove l  pretreatments ( such as  l ow O2 or  h i gh  CO2 shock etc  . . .  ) ,  and 

modulated C A  storage to enhance the benefi t s  of storage spec i fi c  to the needs 

of i n d i v idu al cu l t i vars and the changes to their b i ophys ica l  and p hys io log ical 

attr ibutes dur i ng  storage .  

2 .  M AP s torage . The comme rc ial use of  " sense-and-respond" packages i s  l i ke l y  to  

s h i ft emp h as i s  from expens i ve C A  techno log ies  to M AP (Cameron e t  al. , 1 993 ) .  

Sense-and-respond packages wou ld  use po lymeric f i lms that are strong (res is t  

puncture) and have permeab i l i ty that c hanges as  a funct ion of tempe rature or 

I Ch / ethano L to prcvent  the c rop ferment ing  when packages are subj ected to 

tempe rature abuse .  Deve lopment of  sense-an d-respond packages requ i res  not  o n l y  
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tec h n ica l  i nnovat ions in  po lymer chemist ry , but empir ica l  data c h arac te ri s i ng 

re la t ionsh ips between I and rates of ethanol (and/or aceta ldehyde) b iosynthes i s ,  

and  headspace ethanol concentrat ions ( Beaudry e t  a l . ,  1 993 ) .  S i g n i fi can t  l eve l s  o f  

ethanol  and acetaldehyde m a y  accumul ate w i thout decreas i ng  sensory qua l i ty e Ke 

and K ader, 1 990a 1 990b; K e  et a!. , 1 990) .  Therefore, some degree o f  anaerob ios is  

may be to le rated ,  which in  concept a l l ow s  the des ign of  sense-and-respon d  

pac k ag ing  systems based on t h e  presence of  ethanol a n d  aceta ldehyde ( B e audry et 

ai ,  \ 993 ) .  Character i s ing  rates of off-flavour deve lopment re l at i v e  to the  degree 

and durat ion of anaerobios i s  would also be requ i red .  Cameron et  al .  ( 1 993 )  

descri bed  a sens ing system wh i ch  wou l d  c h ange col our i n  response to ve ry  low 

l eve l s  of  ethano l .  Th i s  m igh t  be usefu l as an i nd ic ator that t he  packaged c rop  h as 

e x per ienced s ign i fi cant  periods of anaerobios i s .  However,  what i s  u l t imate l y  

requ i red  i s  a system whereby smal l amounts of  headspace e thano l  c an con tro l  O2 

permeab i l i ty of the p ac kage. 

3.  S tud ies of  adapti ve responses of t issues to h ypox i a  and anox ia ,  s i m i l ar to those 

extens i ve l y  undertaken for an i ma ls  ( H ochachka ,  1 9( 1 )  and p lants suscept i b l e  to 

floodin g  ( S achs  et al . ,  1 996) .  I t  i s  poss ib l e  that fru i ts may adapt to  very low PC») i f  

the i n i t i al e xposure i s  to an atmosphere t hat i s  sensed by the t i ssues as l o w  i n  O�,  

but in wh ich  respi rat ion produces enough energy to a l l ow adapt ive c h anges .  The 

stress leve l ,  durat ion  and temperature requi red to promote adaptat i o n  would need 

to be quant i fi ed  for each c rop and storage reg ime .  Pretreatments of th i s  n ature for 

apples  [ana logous to heat treatments to reduce sca ld and l ow temperature i njury ,  

K l e i n  and Lur ie ( 1 992) ) ,  are l i ke ly  to d i ffer substant ia l l y  from the curren t  

approach of rapi d  cool i ng  a n d  i mmedi ate CA .  both of  wh ich  probab ly  reduce 

opportun i ty of  fru i t  to adapt to hypo x i a. Such pretreatments may requ i re fru i t  to 

be p l aced i n  a l ow P(�c ' but wel l  above the fina l  s torage p/)c ' and at h i gher  

temperatures than  the  fi na l  storage tempe rature ,  for a few days before transfe r  to 

storage atmospheres  and temperatures .  Precond i t ion ing Inay a l l ow ,  for example , 

transc r ipt ion of ADH m R N A  [as reported for tomatoes at 1 2  kPa , Longhurst 

e t  al  ( 1 994) 1 .  Th i s  may resul t  i n  enhanced abi l i ty to convert tox i c  l eve l s  of 

ace ta ldehyde to ethano l ,  wh i ch  may then be further metabol i sed  to e th y l  acetate 

and fl avour vo la t i l es .  Cherv i n  et a f .  ( 1 99 5 )  suggested a gre ater emphas is  on  the 
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adapti ve role of  non-glyco ly tic  enzymes i nduced by hypo x i a, and a poten t i a l  ro le  

for c h aperon ins  ( med iators of prote i n  conformation and turn over) in  response to 

anox i a, may lead to new approaches to i mprove opt ions for fru i t  storage and 

re l ated d i s i n festat ion techn i ques . 

4 .  S tud ies  o f  the rol e  o f  cytosol i c  ca lc ium ions  i n  the s igna l  transduct ion  pathw ay 

l ead i n g  to anaerobic response,  molecu l ar responses to hypo x i a  and anox i a, and  

bas i s  o f  phys io l og ical d isorders (Sachs  et at . ,  1 996) . Hypox ia  i nduces e x press ion 

of  anaerobic prote ins ,  w h i l e  suppress i ng genes i n vo l ved in  p l an t  deve lopment  and 

that even tua l l y  l ead to p lant  senescence .  Understanding the fun damenta l  

mo lecu lar regul at ion of  these genes that suppress fru i t  metabo l i s m  and may  resu l t  

i n  phys io log ica l  d isorders , m a y  prov ide scope for genet ic m an ipu l at i on  of  t i ssue t o  

enhance  adaptat ion  t o  low O 2  atmospheres, lower  r ipen ing  responses to e th y lene ,  

decrease suscept ib i l i ty  to d isorders, and augment  trad i t iona l  approaches to p ipfrui t  

breedi ng .  T h e  benefits m a y  a l low n o t  on l y  i mproved maintenance of  qua l i ty  for 

fru i ts i n  trad i t iona l  CA and M A  storage ,  but improve poten t ia l  d i s i n festat ion 

techn iques ( w hether gas and/or temperature based) by max i m is ing  i n sec t  morta l i ty  

w h i le m i n im i s i ng  de leterious t issue responses.  

The advent of  "super-ships" may d imin is h  a m aj or constra in t  to m arke t i ng  our 

fres h  p ipfru i t , that is ,  the t i me taken for fresh  product to reach our distant m arkets . 

However, the N e w  Zea l and  p ipfrui t  i ndustry faces  cha l  from increas ing  

vo lumes o f  c rops compet ing w ith  apples on supermarket she l ves ,  and impro v i ng 

qua l i ty  o f  p ipfru i t  from l arge vo lume producers a l so  supp ly ing  our  t rad i t iona l  

markets .  I f  New Zealand i s  to maintai n i ts  compet i t ive  edge i n  m arke t ing  p rem ium 

qual i ty p ipfru i t .  we w i l l  need to  strengthen e x i s t ing  strategic and  appl ied  research 

programmes ,  and 1 I1 it i ate new co l l aborati ve efforts between the i ndustry and sc ience  

pro v i ders . 
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9 . 8  C o n c l u s i o n s  

Knowledge o f  LOLs I S  c ruc i al to max i mi se the ben e fi ts of  and M A  storage of  

apples  w ithout r i sk  of  some fru i t  becomi ng anaerobi c .  Two types  o f  were 

defi ned quant i tat i ve l y ;  the anaerob ic  compensat ion po in t  and the fermentat i on 

thresho ld .  The fermentat ion  thresho ld  was defi ned on  the ba.s i s  o f  c hange i n  

respi ratory quot ien t  and ethanol accumulat ion ,  as a funct ion o f  the part i al pressure of  

O2 .  Object ive  methods developed for quan t i fy i ng  both  measures o f  LOL were 

cons ide red  usefu l  for opt im i s i ng storage atmospheres .  ferm entat ion  thresho ld  by 

defi n i t i on i nd icated the  point at wh ich  anae rob ic  fermentat ion was detectabl e  and 

occurred at h igher  part i a l  pressures of  O2 .  Consequent ly  i t  w as a more conservat i ve  

measure o f  

Th i s  study has h igh l ighted t h e  pract ical i mportance of c onceptual a n d  objec t i ve 

quant i tat i ve too l s  for est imat i ng  LOLs on  the bas i s  o f  the i nternal atmospheres  rather 

than e xternal or package atmospheres .  I nternal atm ospheres  d i ffered from e x te rna l  

atmospheres as a consequence o f  e ffects of  resp i ra t ion rate and s k i n  permeance ,  and 

the re l at i onsh i ps were adequatel y  descr ibed  by F ic k ' s  F irst Law D i ffus ion , as 

ev i denced by smal l i ntracort i cal grad ients in i nternal atmosphere c ompos i t i on .  LOVs 

and s d iffered in an analogous way to i ntern a l  and e x terna l  atmospheres.  

Increas i ng  temperature from 0° to 32°C had l i t t le  e ffec t  on i nc reas ing  LOL's of 

'COP' and ' Braeburn '  apples ,  e xcept at temperatures > S i m i l arl y ,  e l evated 

l eve l s  of 1 11 storage atmosphere, and phys io log ica l  of  these cu l t iv ars h ad 

n o  o r  l i t t l e  e ffec t  on W h i le cu l t ivars w i th lower  cort ica l  t i ssue poros i ty ,  such 

as ' Braebuft1 ' ,  are l i ke l y  to h ave  s l i ght ly  h i gher  LOL's ,  they were rel at i ve l y  constant 

w ith respect to the env i ronmenta l  and phys io log ica l  variables measured i n  th i s  s tudy .  

I n  contrast, LOL"s i nc re ased m arkedly as  temperature i nc reased, and  the i n c re ase was 

greater for fru i t  \v i th low sk i n  permeance to O2  and CO2,  such as ' Braeburn ' .  The  

h i gh l I1tra- and  i ntercu l t ivar var i ab i l i ty i n  sk in  pcrmcancc means LOL' s ,  and i n  

part i cu lar the fermentat ion thresho ld ,  shou l d  prov ide the safest  es t im ate o f  the  t rue  

LOL of  a popu lat ion  apples .  
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For apples i n  storage at low i sothermal temperatures .  the effects o f  sk in  

perme,mce and resp irat ion rate on the d i fference between and LOUs are 

m i n i m i sed .  Changes In skin penneance and respirat ion rate may occur throughout  

the storage per iod resu l t ing  in  a sh i ft in  . I t  may be poss i b l e  to mon i tor  i nternal 

atmospheres i n  l ow permeance fru i t  to modulate C A  storage atmospheres, reduci ng  

t he  r i s k  of a proporti on  of fru i t  ferment ing .  I t  i s  more l i ke l y  that apples  i n  M APs  

cou l d  ferment  i f  sealed packages are exposed to h igh  temperatures .  The  e ffec t  of  

temperature may  be  attenuate d  us i ng  sensc-and-rcspond packages.  otherwise  M A  

atmospheres  shou ld be opt im i sed us ing i nternal  atmospheres of fru i t  equ i l i brated at 

the h i ghest  temperature l i k e l y  to be exper ienced for any s ign i fi cant durat ion .  

Overa l l .  th i s  study h as demonstrated that an understand ing of  the dynamics  of  

i n te ract ions  i n  appl e  fru i t  us ing  model l i ng approaches i s  a powerful too l  for 

opt im i s i ng storage atmospheres. Th i s  cou lpJed w i th the knowledge of  the i nheren t  

suscept i b i l i ty of fru i t  to d isorders c an be usefu l l y  used  to  max i mise  the  qual i ty  of  

app les  s tored in  CA and MAP.  
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ppendix 1 
Sample P lots of Data for Assessm e n t  of 

Lower Oxyg e n  L i m its 

The fol lowing graphs are representative of  the types of plots made from c hamber 

and core internal atmospheres .  For each type of plot two types of graph are presented 

below: 

(a) raw data for al l treatments in  a graph with axi s  labels ,  

(b) raw data for al l treatments excluding data for P�)2 > 1 3  kPa, i n  a graph without 

axis labels .  

Type (b)  graphs were presented to a trained panel for assessment of  the lower O2 

l imits .  The graphs presented to the  panel ists were enlarged and printed one per  A4 

page i n  l andscape format, to improve c larity and accuracy .  Each graph was 

identified by a 3 digit  code, where the first digit represented a treatment, the second a 

plot type and the third the cultivar. panel ist was given a set of the same graphs 

(approximate ly  80 per  set) but  i n  randomised order. One graph was dup l icated 5 

times and evenly distributed throughout each set as a check on the consistency with 

which i ndividual pane l ists assessed the LOLs.  

The fol lowing coded graphs of type (a)  and (b) are presented below:  

Code : Treatment, P lots type, Cult ivar: 

920 24°C ,  chamber P�02 versus chamber P(;2 ' ' COP'  

()40 I I ' COP'  . core Pcoz versus core , 

9 1 0  24°C,  chanlber RQia chamber P(�2 ' ' 

930 24°C, core RQia versus core P(�2 ' ' COP'  

900 24°C,  chamber Cf;tOH versus chamber Pc')2 ' ' COP' 

620 2 kPa PC�02 , 20°C, chamber P(�02 versus chamber P(�2 ' ' COP'  

6 1 0 J kl) e 200C ' I , I ' COP' ) "- a Peo} , 
, core PC02 versus core Po2 , 

650 2 kPa C • 20°C,  chamber RQIQ chamber I ,  'COP'  

640 2 kPu P(�02 , 20°C,  core RQw core P�2 '  ' COP'  

630 2 kPa P�02 , 20°C,  chamber C�tOH versus chamber P�2 ' ' COP'  
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Appendix 2 
Pan e l  Assessment of Lower Oxyg e n  L i mi ts 

fol lowing instructions, and data recording sheet were g iven to pane l l ists for 

assess ing the lower oxygen l im i ts from plots of  raw data. Pane l l i s ts were tra ined i n  

the assessment procedure, and also briefed o n  the physiologica l  basi s  for the 

select ion of lower oxygen l imi ts .  

G raphical Estimation o f  Lower Oxygen L i m i ts 

Name: .  

For each grap h :  

Draw a 'best-fit' curve through the d a t a  poin ts a s  i l lustrated b e l o w .  U s e  a clear p l astic ruler 
to draw lines through l inear portions. 

For type 1 curves, commence drawing the right-hand curve from zero on the X-axis. Draw 
in the left-hand curve and where l e ft and right-hand curves intersect is the minimum point.  
Estimate the X value of  the minimum point and note it on the data sheet against the graphs 
code number. 

For type 2 curves, draw in an extended l inear basel ine,  then hand draw in the left-hand curve 
to join the basel ine.  Estimate the X value at the point where the left-hand curve begins to 
rise above the l inear baseline and note it on the data sheet a g ainst  the graphs code number. 

Type ! 

\ Yb�-k.J c.ul� 
�;r;\Mum Frrt 

° 2 3 L 5 6 7 8 9 ', 0 1 ', • 2 1 3  
v..lue. 

0 5  
0 0  

Type 2 

, (/ .  

0 2 
"�\UQ. 

. 1N1t�J't. I�L b."J <:'UYl'.. �i"S 
n� ;;>bo,,� li�v- �\",�. 

. .  

\ b'<I.3r b;)<"" \;110 

[ � E 

Please complete the job by Note the total time taken to complete the job. then 
return the sheets to my p igeon-hole outside the office on the 3 rd floor o f  the Ag-Hort 
building. or contact me on 3 569099 " 5 5 39 or 7039. 
Thanks for your help. 

Chns Yearsley. 
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Graphical  Est i mation of Lower O xygen L i mits 

Na me: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 

Total t ime for job:  . . . . . . . . . . . . . . . . . . . . . . . . . . . . minutes. 
I � 

, 

I I I I I 



nd ix 3 
G auss P rog ra m me to C a l c u l ate Bootst ra p 

Est imates of L OLis 

The fol lowing programme,  written by Dr. S iva Ganesh ( Statistics Department, 

Massey University, Palmers ton North, New Zealand) was used to calculate 

"bootstrap" estimates of lower oxygen l imits : 

1 .  sample estimates (means, standard deviations, standard errors, medians, maximum 

and mimimum values), 

2. " bootstrap" estimate of  means;  means, standard errors, minimum and maximum 

values, 

3 .  "bootstrap" estimate of medians ;  means, standard errors, maximum and minimum 

values, 

4 .  accel eration constants (a values) for "bootstrap" confidence intervals ( for  means 

and medians), 

5 .  confidence interval s  (95%), upper and lower percenti le,  

" bootstrap" means, and 

type and Bea type for 

6. confidence intervals (95%), upper and lower percenti le, B C  type and BCa type for 

"bootstrap"medians.  

The programme, written using GAUSS software ( 3 861  V M ,  Aptech Systems, 

I nc . ,  Maple Valley, WA, 1 994), was stored as (filename.gau] and executed on a 3 3  

M H z  4 8 6  O X  I B M  c lone with 1 6  M B  RAM ,  using the command c :\gau 

filename . gau. The data fi le  structure comprised rows panel i sts ( 1 5) and columns as 

data for different treatments/plot types .  

NEW; 
#L 1N ESON ; 

LOAD dt [ 1 5 ,4)  fi lename.dat; /* to load raw data, 1 5= No .  Pane l ists, 4= No.  

n=ROWS(dt) ;  p=COLS(dt) ; 
OUTWlDTH 

Treatments/plot types " / 

OUTPUT F I L E  fi lename.res  RESET; /'" to define output fi le  * / 
OUTPUT ON ; 

/* Declare constants * / 
alpha=0.05/2 ; /* S ig . leve\  for C I s  * /  
nboot= I 000; /*  No. of  bootstrap samples '" / 



3 Gauss for Bootstrap 

ncdf==nbootJ I O; 1* No. of cumf points in boot�distn. */ 
c ipct== I 0 0 *  ( \ -2 "  alpha);  
FORMA T Ird 3 ,0 ;  
PRINT; 
PRINT " Bootstrap Estimates and "  e ipct "% Confidence I ntervals :  experimenta l  data: " ; 
PRINT "Number of Bootstrap sam ples:  " n boot; 
PRINT; 

1* G enerating Std.Noml Cum . fns .  * /  
n min=-4 ; nmax==5 ; n in(==O .OO I ;  nzcdf=(nmax-n m i n )/nint ;  
zz S EQA(nmin ,n int,nzedt}; invzz CDFN (zz) ;  

1 *  U p p  & Low inverse cum.  Std.Norm values . . .  * 1  
k= \ ;  
DO W H I L E  k <= nzcdf- l ;  
I F  invzz[k)==alpha; 7..a lphal=zz[k ) ;  
ELSEIF invzz(k  ] <aJpha AND invzz(k+ I}>alpha ; 
zalpha\==zz[k ]+« zz[k+ ! ] -zz [k ] ) * (alpha-invzz[k J )/( invzz(k+ I ] - invzz[k ] ) ) ;  

ELSEIF i nvzz(k J==( I -a lpha); zaiphah=zz(k] : B RE AK ;  
ELSEI F  i nvzz[k]« [ -a lpha) AND i nvzz[k+ 1 ]>(  I -alpha); 
zalphah=zz(k]+« zz[k+ I J-zz [k ] ) * « ] -alpha)- invzz(k J )/( invzz[k+ I ] - i nvzz[k] ) ) ;  
B REAK ;  

END I F ;  
k k+ l ;  
ENDO; 

/* Format for output pr int ing - 3 decimals " I 
FORMAT Ird 5 , 3 ;  

1*  Sample est imates - Raw data * /  
xt  = M EANCCdt);  me  M E D l AN(dt);  
s1 = STDCCdt); se = stlSQRT(n); 

mn M INCCdt) ; mx = MAXCCdt) ;  
PRINT " Sample Estimates - Means, Stds, Medians,  M in & Max - graphs" ;  
PRINT " Means " xt' ;  
PRINT " Stds " st' ; 
PRINT " Stderrs " se ' ;  
PRINT " Medians " me' ; 
PRINT " M i n  " mn ' ;  
PRINT "Max " mx ' ;  

PRINT;  

/* Generat ing the  bootstrap samples " I 
xtb ZEROS( I ,p) ;  meb ZEROS( I ,p) :  
b= l ; 
DO W H I LE b<=nboot; 

mdrows=FLOOR(n * RN DU(n,  I )+ON ES(n, I »; 
db=S U B MAT(dt,mdrows,O) ;  

/* sample  est imates - bootstrap data */  
xtb xtbl( MEANCCdb») , ;  
meb = mebl(M E DI AN(db»), ; 

b=b+ l ;  

ENDO; 

xtb = xtb[2 : nboot+ L L /* Bootstrap means data * / 
meb meb[2 : nboot r l , . J ; 1* Bootstrap median s  data * /  
/ *  Bootstrap est imates * /  
m x t b  = M EANCCxtb);  sxtb STDC(xtb); 

324 



3 Gauss 

mmeb MEANC(meb) ;  smeb STDC(meb);  
m inxtb M INC(xtb);  maxxtb M AXC(xtb);  
m inmeb M INC(meb);  maxmeb MAXC(meb);  
P R I N T  "Bootstrap _Mean_ Estimates " ;  
PRINT " M eans " mxtb' ;  
PRINT " Stderrs " sxtb' ;  
PRINT " M in " m in xtb' ; 
PRINT "Max " maxxtb' ;  
PRINT; 
PRINT " Bootstrap _Medi an_ Estimates"; 
PRINT " Means " mmeb'; 
PRINT "Stderrs " smeb' ;  
PRINT " M i n  " m inmeb' ;  
PRINT " M ax " maxmeb' ;  
PRINT; 

/*  Acceleration constants computation " / 
a l  0 ;  
/*  M eans * /  
k= l ;  
DO W H I L E  k <= p ;  

da = S U B M A  T( dt,O,k);  

for Bootstrap Analysis: 325 

mu = ( CSUMC( da - M EANC(da» A3 »/« SUMC( da - M EANC(da))A2 ))"( 3/2)))/6; 
a I  a l lmu ;  

k=k+ l ;  
ENDO; 
a l  a l [ 2 :p+ l , . J ;  
PRINT "Accel leration constants (a  values) for Bootstrap C Is ( M eans)" ;  
PRINT " " a l ' ; 

/* Empirical Cumulative function G(s)  & Compute Zo . "  " /  
cumfJ 1 = 0 ;  cumfl h = O ;  cumf2i'=O; cumf2h=0; / "  Percenti le  intervals " / 

cufl  =0;  cuf2=O; zo I /* for Be & BCa intervals " / 
bc l l=O;  bc l h=O; bc2 1=0 ;  bc2h=O; bca l l=O ; bca l h=O;  /* BC & BCa intervals * /  

I ; 

DO W H I LE j <= p ;  
/" Boot  Means . . .  * /  

d x  I S U B MA T(xtb,Oj) ;  
/* To use with Percentile Cis " / 

n min=MINC( d x  1 ) ; nmax=MAXC( dx I ) ; ncdf= I 00; n int=(nmax-nmin )/(ncdf- l ) ; 
v I  = SEQA(nm in ,n int ,ncdf); 
c l  (COUNTS(dx l ,v l » /nboot; 1* Emp.  CM *!  
c2 C U M SUMC(c l ) ; 
k= l ;  
DO W H I LE k <= ncdf- I ;  

I F  c2 [k ]==alpha; cO\=v l [ k J ;  
E L S E I F  c2 [k1<alpha AND c2 [k+ 1 1>alpha ; 

cOl=v 1 [k J+« v I [k+ I J -v 1 [k } ) * (alpha-c2 [ k J )/( c2[k+ 1 ]-c2 [k] ) ) ;  
ELSEIF c2 [kl ==( I -alpha);  cOh=v I [k J ;  BREAK; 
ELSEIF c2 [k)<( l -alpha) AN D c2(k+ l I - alpha) ; 

cOh=v I [k ]+«  v I [k+ I ] -v  I [k ] ) * (  l -alpha-c2 [k J )/( c2[k+ I ] -c2[k])) ;  
B REAK;  

EN D l F ;  
k = k +  1 ;  
ENDO; 
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cumfl l cum f l l lcO I :  cumfl h cumfl  h lcOh:  
1*  To use w ith BC & BCa using Std.Zs */  

vO Xl[j J :  
c O  = (COUNTS(dx l ,vO))/nboot: 
k= l ;  
DO W H I LE k nzcdf- I :  

I F  invzz [k]==cO; zO=zz[k] ;  
ELSEIF  invzz[k]<cO AND invzz[k+ 1 ]>cO ; 

for Bootstrap Analysis: 326 

zO=zz[k ]+« zz[k+ I J -zz[k ] ) * (  cO-invzz[k] )/( i nvzz[k+ I ] - i nvzz[k ])) ;  
END I F ;  

k = k+ l ;  
ENDO; 
cufl eufl  leO;  zo I = zo 1 

1* BCa in tervals " I 
zbea l a  zO (zO + z.alphal)/( 1 - a l [j J * (zO + zalphal)) ;  
zbea l b  zO + (zO + zalphah)/( l - a l [j ] *(zO z.al phah» ;  
zzbea l a  CDFN (zbea l a) ;  zzbca l b  = CDFN (zbea l b) ;  
k= l ;  
DO W HI LE k <= ncdf- I ;  

I F  e2[k]==zzbea l a; eOl=v l [k ] ;  
E L S E I F  c2[k ]<zzbca l a  A N D  c2[k+ I ]>zzbca l a ; 

eOI=v I [k ]+« v I [k+ I J -v  I [k ] ) * (zzbea I a-c2 [k ] )/( c2 [k+ I ] -e2[k]) ) ;  
ELSEIF e2[k]==zzbea I b ;  eOh=v I [k J ;  BREA K ;  
E L S E I F  e2[k]<zzbea l b  AND e2[k+ I ] >zzbca \ b ; 

cOh=v I [k ]+« v I [k+ 1 ] -v I [k J )* (zzbca 1 b-e2 [k ] )/( c2 [k+ I J-e2 [kJ ) ) ;  
BREAK; 

END I F; 
k k+ l ;  
ENDO; 
bea l l  bea l l l cO I ;  bea l h  bca l h lcOh;  

1*  BC intervals * 1  
zbca  = zO + (zO + zalphal) ;  zbcb zO  (zO + zalphah) ;  
zzbea CDFN(zbca); zzbcb = C D FN(zbcb);  
k= I ;  
DO W HI LE k <= ncdf- l ;  

I F  c2 [k]==zzbca; eOI=v I [ k J ;  
ELSEIF  e2[k]<zzbea AND c2[k+ I ]>zzbca ; 

cOl=v I [k ]+« v I [k+ I J -v  I [k ] ) * (zzbca-c2[kJ)/( c2[k+ I J-c2 [k] ) ) ;  
ELSEIF  e2[k]==zzbeb; eOh=v 1 [k J ; BREA K ;  
E L S E I F  e2[k ]<zzbeb A N D  c2[k+ I ]>zzbeb ; 

eOh=v I [k ]+« v I [k+ l ]-v I [k ) ) * (zzbeb-e2 [k  D/( c2 [k+ 1 ]-e2[k])) ;  
B REAK; 

END I F ;  
k = k+ l ;  
ENDO; 
be I I  be I l l cO I ;  be I h = be l h l eOh ;  

/* Boot Medians . . . .  * 1  
dx I S U B MA T(meb,Oj) ;  

1*  To use w ith Percent i le  C i s  * 1  
n min=MINC(dx I ) ; nmax=MA XC(dx 1 ) ; ncdf= l OO ;  n int=(nmax-n m in)/(ncdf- l ) ; 
v I  = S EQA(nmin ,n in t,ncdf) ;  
e l  = (COUNTS(dx l ,v l » /nboot; /* Emp .  Cdf " l  
e2 = C U M SU MC(c l ); 
k= l ; 
DO WH I LE k <= nedf- l ;  

I F  c2[k]==aJpha; eOl=v l [ k ) ; 
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ELSE IF c2[k]<alpha AND c2[k+ l ]>alpha ; 
cO\=v 1 [kJ+« v 1 [k+ 1 ] -v I [k ] )* (alpha-c2 [k ] )/( c2[k+ 1 ] -c2[k))) ;  

ELSEIF  I -alpha); cOh=v I [k } ;  BREAK;  
ELSEn:  c2[k }« I -alpha) AND I I -alpha) ; 

cOh=v I [k ]+« v I [k+ I J-v I [ k ] ) * (  l -a lpha-c2[kJ )/( c2[k+ \ J -c2[k]) ) ; 
BREAK; 

END I F ;  
k k+ l ;  
ENDO; 
cumf2 1  = cum f2l lcO I ;  cumf2h cumt2 h lcOh ; 

/* To use w ith BC using Std.Zs * /  
vO me [j ] ;  
cO (COUN TS(dx I ,vO»/nboot; 
k= l ;  
DO W H I L E  k <= nzcdf- l ;  

I F  invzz[k]==cO; zO=zz[k ] ;  
E L S E I F  invzz[k]<cO AND i nvzz[k+ 1 ]>cO ; 

zO=zz[kj+« zz[k+ I J -zz[ k  D * (  cO-invzz[k])/( invzzlk+ I ] - invzz[k])) ;  
END I F ;  

k k+ l ;  
ENDO; 
cuf2 cuf2lcO ;  z02 z021z0; 

/* BC intervals " / 
zbca = zO (zO + zalphal) ;  zbcb zO + (zO zalphah) ;  
zzbca CDFN (zbca); zzbcb = CDFN (zbcb); 
k= i ;  
DO W H I L E  k <= ncdf- l ;  

I F  c2[k] ==zzbca; cOi=v I [k ] ; 
ELSE IF  c2 [k ]<zzbca AND c2 [k+ 1 1>zzbca ; 

cOI=v I [k ]+« v I [k+ I ]-v I [k ] ) "( zzbca-c2 [k ] )/( c2[k+ 1 ] -c2[k])) ;  
ELSEIF c2[k]==zzbcb; cOh=v I [k J ;  B REAK;  
ELSE!F c2 [k]<zzbcb AND c2 (k+ I ]>zzbcb ; 

cOh=v I [k ]+« v I [ k+ I ]-v I [ k) ) * (zzbcb-c2 [k J)/( c2 [k+ 1 ] -c2[k] )) ;  
BREAK;  

END l F ;  
k = k+ l ;  
ENDO; 
bc21 bc21 \cO l ;  bc2h bc2h\cOh ;  

I ;  
EN DO; 

/*  Cumf values of <samp_est., i e .  G(s) ,  and I nv(G(s» - Means * 1 
cuf l  = cuf l (2 :p+ l , . ] ;  cuf2 = cuf2 [2 :p+ \ 
zo 1 zo I [ 2 :p+ I , .J ; zo2 zo2(2:p+ I , . ] ;  
P R I N T  "Cumf values of <samp_est. ,  i e .  G(s) ,  and I nv(G(s» - Means" ;  
PRINT "G(boot) " cuf l  ' ;  
PRINT "Zo " zo l ' ;  
PRINT "Cumf values o f  <samp _est . ,  i e .  G(s) ,  and Inv(G(s» - Medians" ;  
PRINT "G(Boot) " cuf2' ;  
PRINT "Zo " zo2'; 
PRINT;  

1*  Confidence In tervals - Means . . .  * / 
cum f1 1 '" cumfl l [2 :p+ I , .L  eumfl  h cumf] h [2 :p+ I , . J ;  
bc l l  = bc l l [2 1 , . J ;  bc l h  = bc l h [2 :p+ l , . ] ;  
bca l !  bca l l [ 2 : p+ I , . ] :  bea l h  bca l h [2 :p+ I , . ] ;  
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1* Confidence I ntervals  - Medians . . .  */  

cumt2 1  cumt2 I [ 2 :p+ 1 , . ] ;  cum t2h = cumt2h[2 :p+ I , . ] :  
bc2 l  = bc2 1 [2 :p+ L ] ;  bc2h = bc2h [2 :p+ l , . J ;  

P R I N T  "Confidence I ntervals  - Means . . . .  " ;  
PRINT " Percent i le" ;  
PRINT " Lower " cumfl l ' ;  
PRINT " Upper " cumfl h ' ;  
PRINT "BC type" ;  
PRINT " Lower " bc I I ' ;  
PRINT " Upper " bc I h ' ;  
P R I N T  " B C a  type";  
PRINT " Lower " bca l l' ;  
PRINT " Upper " bca I h ' ;  
PRINT; 
PRINT "Confidence I ntervals - Medians . . . .  " ;  
PRINT " Percent i le" ;  
PRINT " Lower " cumt2 1'; 
PRINT " Upper " cumt2h' ;  
PRINT "BC type" ;  
P R IN T " Lower " bc21 ' ;  
PRINT " Upper " bc2h' ;  

OUTPUT OFF; 
GOTO gan ; 
gan : 
END; 
#L INESOFF; 
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Appendix 4 
Quantifyin g  the Associatio n  between 

' B raebu rn B rowni n g  D isorder' with M in e ra l  
Composit ion a n d  S k i n  P e rm ean ce to 

Gases of ' B raeb u rn '  A p pl es 

Report to E NZA New Zealand ( I nternational) by 

Christopher W. Yearsley and Nigel H .  Banks 

for Postharvest and Refrigeration Research, Massey University, Palmerston 

North, New Zealand 

A4. 1 A bstract 

Previous storage experiments with ' Braebum' apples from Central Hawkes B ay 

orchards indicated there were marked differences between orchards in susceptibi lity to 

incidence of ' Braebum Browning Disorder' (BBD).  We investigated two factors, 

mineral composition and skin permeance, that may correlate with t issue susceptibi l ity 

to physiological disorders in 'Braebum' apples on fruit from the five Central Hawkes 

Bay orchards which had been stored in a control led atmosphere of 2 kPa O2 and 5 kPa 

We found that there was no c lear relationship between incidence of physiological 

disorders and either mineral composition or skin permeance to ethane. However in  this 

season the CA mixture induced a higher incidence of disorders than had been reported 

in storage experiments from previous seasons. This confmmded our abi lity to make 

conclusions about the relationships as originally intended. The experiment 

demonstrated differences in tissue susceptibil ity to storage in high partial pressures of 

CO2 and i ndicates the possibility of using high CO2 atmospheres to screen for 

susceptible lines that wil l  assist in making marketing decisions. 
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A4. 2  I nt ro d u ct i o n  

'Braeburn Browning disorder'  fonnal J y  tenned 'brown heart ' ,  i s  a 

physiological disorder of 'Braeburn ' app les, hac" been identified as a problem s ince 

1 978 in trials where the frui t  were stored in unperforated poly l iners . It has caused 

s ignificant economic loss in the New Zealand  export market, part icu lar ly  in the l ast two 

seasons (4 .5% of the nat ional export crop in 1 993) ,  and primari l y  in frui t  from the 

colder growing regions (June and Ahlborn, 1 993) .  

Elevated CO2 in  poorly venti l ated contro l led atmosphere (CA)  stores may i nduce 

BBD (Knee, 1 97 3 ;  Fidler et al. .  1 973 ;  and Padfield, 1 969) .  BBD, core cavities and 

coretlush can al l be induced in  by storage i n  e levated atmospheres (2% and 5 %  

CO2 in  2 %  O2) and the severity o f  the disorders were found t o  b e  strong ly  grower 

dependent (Elgar and Watkins,  1 992) .  

Studies by Dadzie ( 1 992) indicate a l in k  between skin resistance to gas diffusion,  

i ntern al concentration and coreflush in  'Granny Smith'  apples . Park et al. .  ( 1 993)  

report positive correlations between sk in  res istance to gas diffus ion in  strains  of 

'McIntosh' apples and incidence of l ow injury which develops in CA storage. 

Compared with other apple  cult ivars, 'Braeburn ' apples have a h igh and more variable 

skin res istance (in this report we wi l l  discuss skin penneance which is the reciprocal of 

skin res istance). They also have a high internal concentration,  particul ar ly at the 

calyx end where there is a tendency for to be more severe .  

I n  our trial we tested the hypothesis  that the marked differences i n  severity o f  B B D  

(as reported in  Elgar and Watkins 1 992 tria l )  rel ate t o  differences i n  s k i n  permeabi l ity 

of differen t  l ines (popul ations) of fmit .  frui t  were stored i n  t o  i nduce the 

development of BBD.  We al so investigated whether there were d ifferences in m ineral 

composition in t issue taken from populations of fruit  wi th different severities of B B D. 
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A4. 3  M ater ia ls  a n d  met hods 

A4.3. 1 Fruit  supply and i ni t ia l  fru i t  measurements 

' B raeburn ' apples were harvested from five central Hawkes Bay orchards (D988 ,  

0 1 382 ,  C 1 356 ,  0844, 0 1 83 )  packed on 24/4/93 as 1 count frui t  and transported 

overn ight to HortResearch (Auckland) .  On 2 1 14/93 thirty frui t  from each orchard were 

randomly selected for estimation of respiration rate and skin permeance. A further 

fifteen frui t  were randomly selected for an init ial assessment of fruit  maturity by 

mea'>uring, skin background colour using a M i nolta chromameter (L' a 'b * converted to 

L and Hue angle after method of McGuire ( 1 992) , fru i t  finnness on pared surfaces on 

opposite s ides of each frui t  wi th an e lec tronic pressure tester fitted with an 1 1 . 1  mm 

head N: I ,  Lake City Technical Products Inc . ,  Canada), total soluble sol ids 

content on juice from a combined drop of juice from side of the frui t  using a 

refractometer (SSe, : Atago 0-20%), and internal ethylene partial pressure of the core 

cavity using flame ionisation chromatography (P(�2H4 ' Phi l ips  PU4500 fitted w ith a 

Phi l ips g las s  Alumina F l  column, temperatures :  column, I 

detector, 200°C) .  

A4.3.2 Respirat ion rates 

i nj ector, 1 60°C; 

Estimates of respiration rate (rc02, mol I s· l ) were made for a total 30 frui t  per 

orchard ( 1 0 frui t  on each of 3 consecutive days) at in the dark . Fruit were 

weighed, p laced in 5 . 5  x 1 05 mm} respiration j ars and sealed. A 1 00 mm3 gas sampl e  

was removed from each jar after 1 h and C02 composition measured using thermal 

conductivity gas chromatography ( Pye Unicam 304, Al itech 1 column, 

temperatures :  column, 32°C; injector, 40°C;  detector, 1 00°C).  A 1 00 mm' sampl e  

from a sealed jar without frui t  ( I  blank j ar for each batch o f  1 0  fruit) was also measured 

and the ambient CO2 concentration subtracted from the values from j ars contain ing 

fru i t  before calculat ing rates. C2H4 composit ion wa'> a l so  mea<;ured as  above but  

production rates were too low to report. 
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A4.3 .3  Sk in  permeance to  ethane 

Skin penneance to gas diffusion -2 P - I  h 
. 

, mol m a ;  atmosp enc pressure 

assumed to be 1 0 1  Pa) was detennined on the same fruit used for estimating 

respiration rates The ethane efflux method of Banks ( 1 985)  was used. Each fruit was 

sealed in a 1 .05 x 1 06 mm} j ar and a 1 00 inj ection of pure ethane was added to 

each jar. The atmosphere in each j ar was mixed using a 6 x 1 04 mm3 syringe and left 

over night to equi l ibrate at 20°C in  the dark. The fol lowing morning, the atmosphere 

was mixed again and a 1 00 mm} sample  removed and mixed in a 5 . 5  x 1 05 mm3 

dilution j ar .  Each j ar was placed in a fume hood, the fruit removed, held in  front of a 

fan to blow away ethane from its boundary layer, inserted into a second 1 .087 x 1 06 

mm3 j ar with a magnetic stirrer and sealed. A 1 00 mm3 sample was taken at 3 0, 60, 90, 

1 20 and 1 50 s after sealing. 

Pc 2H6 was calculated as: 

(A4.1 )  

where : initial partial pressure of ethane in the fruit's 

internal atmosphere (Pa) 

rate of change of ethane partial  pressure (Pa S- I ) 
gas constant ( 8 . 3 1 43 Pa mor l K- 1 ) 
fruit temperature (OC)  

net volume j ar volume - fruit volume ( m3) 

Frui t  surface area was estimated using the method of Clayton et af . ,  1 99 5 :  
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A = 0 .0 5 8 1  MO.685 (A4.2) 

where : A fruit  surface area 

fruit mass (kg). 

A4.3 .4  Contro l led atmosphere storage 

All fruit were kept at 20°C unti l the afternoon of 24/4/93 .  Four trays of fruit from 

each orchard ( 1 00 fruit per orchard) were randomly assigned to a position within four 

cartons enclosed in a 0 .33  m3 plastic CA chamber stored at O°e. An atmosphere of 2 

kPa and 5 kPa CO2 ( 1  % = 1 .0 1 35 kPa), balance was establ ished in the CA 

chamber by mixing metered flows of compressed air, oxygen-free N 2  and CO2 (total 

How rate 3 . 34  x 1 03 mm3 S· I )) which was saturated with water vapor in a h umidifier 

before entering the chamber. A small fan in the chamber kept the atmosphere mixed. 

The atmosphere was monitored twice weekly initial ly and weekly during the later 

stages of storage by analysing 1 cmJ gas sanlples using gas chromatography. 

A4.3 .5  Evaluation of stored frui t  

The fruit  were removed from CA storage on 301 1 0/93 ,  placed in  a 20°C room over 

night then air freighted to Massey University on 1 1 1 1 for evaluation. Fruit were 

visually  evaluated for the incidence and severity of internal and external core 

cavities and CO2 inj ury. 

External B B D  and injury were assessed as either present or absent. 

Internal B B D  and core cavities were assessed using a 0-5 scale after sl icing the fruit 

latitudinally into 5 pieces. 

The fol lowing evaluation scales were used: 

(a) Internal B B D  

o nil 

1 lesion visible to < 1 0% area of any sl ice affected 

2 1 0  to 30% area of any sl ice atTected 

3 30 to < 60% area of any slice affected 

4 60 to < 90% area of any slice affcted 
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5 90 to 1 00% area of any slice affected 

(b) cavities 

o ni l 

1 cavity visible in any sl ice 

and Skin Permeance: 334 

2 1 to 3 cavities near core and/or 1 large cavity in  outer cortex of any slice 

3 > 3 to 6 cavities near core and/or 2 to 4 large cavities in outer cortex of  any s lice 

4 numerous cavities near core and/or > 4 to 6 large cavities in outer cortex of any slice 

5 numerous cavities near core and/or > 6 large cavities in  outer cortex of any s li ce 

The incidence of coret1ush and rots were also noted. 

A4.3.S M inera l  analyses 

A bulk sample of peeled, and sliced fruit (7 to 1 0  fruit) from each of internal 

B B D  categories 0,  3 or 5, for each orchard were frozen on 1 1 1 1 193 .  Homogenates of 

the thawed samples were made using a Waring blender on 311 1 /9 3 .  Subsamples of 

homogenate (approximately 2 .0  x 1 08 mm3) were placed into plastic pots, frozen in a 

blast freezer at -30°C over-night, then dried over the fol lowing 4 days.  The 

freeze-dried samples were ground with a pestle and mortar and a 5 g subsample  used 

for mineral analysis. Mineral analysis (N, K, and Mg) were conducted at the 

Fert i l izer and Lime Research (Massey University). 

A4.3 .7 Statistical  analysis 

The stat ist ical package SAS (SAS, 1 990) was used to  perform data analysis .  The 

frequency proceedure was used to analyse disorder data and the General Linear Models  

procedure for analysis of variance and regressions of other data. 
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A4.4 Res u lts and d iscuss ion 

A4.4 . 1 I n it ia l  fru i t  m aturity 

The fruit from all orchards used in  the experiment were received i n  excell ent 

condition and although there were some di fferences in frui t  firmness between orchards 

there were no differences in any of the other estimates of fruit maturity measured 

(Table A4. 1 ) . The values in brackets for hue angle relate to background green 

colour of the apples (the higher the value the deeper the and the lower the value 

more yellow the colour). The values for partial pressure of ethylene sampl ed from 

the core indicate the fruit  was stil l  in the precl imacteric phase. 

A4.4.2 Resp i ration rates and sk in  permeance 

There was no difference between orchards in  respiration rate of frui t  and the 

relatively low rate indicates the fruit were probably stil l  in a precl imacteric phase 

(Table  A4.2) .  

Differences in estimates of skin permeance were measured between fruit from 

different orchards (Table A4.2) .  Fruit from orchards 1 ,  3 and 5 had the h ighest skin 

permeance to ethane. fruit from orchards 2 and 4 had the lowest skin permeance. S ki n  

permeance i s  the reciprocal o f  skin resistance, values for which have been reported for 

' Braeburn' apples by Dadzie ( 1 992) . The average values for estimated skin permeance 

for fruit  from orchards 1 - 5 converted to skin resistance are: 34,429; 36,25 1 ;  34,795 ; 

4 1 , 1 53 ;  and 3 1 ,823 s cm- l respectively .  These values are within the range of those 

previous ly  reported by Dadzie ( 1 992). 
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Table A4.1 Estimates of the initial fruit maturity of 'Braeburn' apples: fruit 

finnness (FF); total soluble solids content (SSC); background fruit 

colour, l ightness (L) and Hue angle  (HO);  and internal ethylene partial 

pressure (P�'2H4 )' for fruit from five Central Hawkes orchards 

(n= 1 5) .  Differences between growers are indicated at p = 0 .05 .  Val ues 

in brackets are back transfonned means from 10& transfonnations. 

Orchard No. SSC L HO  
i ! PC2li4 

(N) (%) (Pa) 

99.06 ab 1 1  4 .23  (68 .72) 4.70 ( 1 09.9) 0 .0 1 2  

2 95 . 1 4  c 1 1 . 58  4 .24  (69 .2 1 )  4 .70 ( 1 09.66) 0 .0 1 1 

3 99. 1 5  ab 1 1 . 3 9  (68.07) 4 .69 ( 1 09.22) 0 .0 1 2  

4 97.66 bc 1 1 . 4 .24 (69.74) 4 .7 1 ( 1 1 1 .24) 0 .022 

5 1 0 1 . 78 a 1 1 . 63 4.25 (70 .44)  4 .70 ( 1 09 .75)  0 .0 1 5  

sed 1 .924 0 .235  0 .0 1 3  0 .0 1 0  0 .004 

p =(orchard) 0 .0 1 9  N S
2 

N S  N S  N S  

Table A4.2 Estimates of respiration rates (rcol) and skin penneance to ethane 

(PC21 1o ) of , Brae burn' apples at 20°C harvested from five Central 

Hawkes Bay orchards before cool storage in a control led atmosphere 

sed 

(n=30) .  

Orchard No.  

2 

3 

4 

5 

(Ilmol kg' l s . 1 )  
0 .085 

0 .074 

0 .082 

0.080 

0 .08 1 

0 .06 1 9 

N S2 

PC2�10 
( nmol s m·

2 
Pa· 1 ) 

0 . 1 224 a 

0 . 1 040 bc 

0 . 1 1 96 a 

0. 1 0 1 3 c 

0 . 1 1 85  ab 

0 .00737 

0 .0 1 43 
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A4.4.3 Disorders 

4. 1 Symptoms of the disorders 

Internal B B D  appeared as circular or e longated areas medium to dark brown 

tissue at the calyx end or throughout the cortex and core regions. The size of the 

lesions depended on the severity of the disorder and ranged from small flecks to l arge 

areas where lesions had coalesced. The affected areas were l ight brown in colour or 

darker brown watersoaked areas. 

Core cavities appeared as l ens-shaped cavities ( 3 -5 mm long, 1 -3 mm wide) in the 

core area but also in the cortex in severe cases; the t issue surrounding a cavity was also 

usually brown. In some fruit l arge cavities (5-8 mm long, mm wide) were present 

in the cortex along with smaller cavities. There were proportionately fewer B B D  

lesions present i n  these fruit. 

External B B D  appeared as sunken brown discolourations of the skin, associated 

with brown tissue beneath the skin sometimes with a watersoaked appearance and 

sometimes associated with CO2 inj ury. CO2 injury appeared as sunken and wrinkled 

areas of skin with firm t issue beneath the lesions. W ith 

skin was not discoloured. 

3. 2 Incidence and severity of the 

i nj ury, t issue beneath the 

Fruit from orchard 4 had the highest incidence of internal B B D  particularly for the 

more severe categories of the disorder, and the lowest incidence of fruit without any 

type of disorder (Fig. A4. 1 (A) . Fruit from orchard 1 had the greatest number of fruit 

without any disorder. The other orchards had a s imilar incidence of internal BBD.  

Fruit from orchard 4 had the lowest i ncidence of cavities (F ig .  A4. 1  (B) . The other 

orchards had a s imi lar i ncidence of cavities. There appears to be an inverse 

relationship between the incidence of internal B B D  and cavities. It is possible that this 

indicates two ways in which the underlying physiological cause of may manifest 

itself. Local ised areas of susceptible t issue may form brown lesions that affect 

surrounding tissue framing watersoaked or dry areas. In some cases, the t issue forming 
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dry l esions may coll apse to form small cavities which in the outer cortex may expand 

to form large cavities. In some fruit  both processes appear lo occur at the same time 

but with large cavities seldom have severe 

relationship was observed between the blush 

of internal BBD or cavities. 

lesions in the outer cortex.  No 

of the fruit and the spatial distibution 

The incidence of external BBD was highest in fruit from orchard and similar 

leve ls  were seen in fruit from the other orchards (Fig.  A4.2 (A)). No differences in the 

incidence of CO2 injury were found between fruit from the five orchards (Fig .  A4.2 

(B») .  

A4.4.4 The relationsh ip  between skin permeance, i nterna l  

BBD and cavities 

No statistical ly significant correlation was found between skin perrneance of the 

' Braebum' apples from the five orchards used in this experiment and internal B B D  

(Fig. A4.3 (A), r
2 

= 0. 1 5) o r  cavities (Fig. A4.3 (B),  r
2 

= 0.008). 

F ruit from orchard 4 had the highest incidence and severity of internal B B D  (Fig. 

A4. l )  and lowest skin penneance (Table A4.2,  or highest skin resistance) indicating a 

tendency for fruit with a lower skin permeance to be more susceptible to internal 

Though not statistical ly s ignificant, the regression of skin permeance and internal B B D  

and cavities had the highest r
2 

values (0 .34 and 0. 1 9  respectively) . 

These data do not make it possible to draw conclusions about any rel ationship 

between s kin  permeance and disorders that may explain the clear differences between 

orchards that have been observed in previous experiments. The very high l evels of 

disorders probably resulted primarily from storing the fruit  in an atmosphere with a 

high partial pressure of CO2, The decision to uses this atmosphere was based on  the 

results of  previous trials in which a low incidence of internal B B D  was found in fruit 

stored in  2 kPa CO2 / 2 kPa 02 (Elgar and Watkins, 1 It was i nitially intended to 

repeat the estimation of respiration rates, skin permeance and also measure i nternal 

atmospheres of the fruit  removed from storage. However, given the high levels of 

external BBD and inj ury seen on the fruit when it was removed from C A  storage i t  
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was decided that a very high proportion of the fruit would have internal 

measurements would not add any useful extra infonnation. 

and these 

The experiment demonstrates some variation in the susceptibi l ity of t issue of apples 

from different orchards to e levated and suggests the possibi l i ty of us ing even 

higher partial pressures of CO2 at ambient temperatures as a means of screening the 

susceptibi l i ty of  different l ines of 'Braeburn' apples to develop ing internal B B D  i n  long 

tenn storage. 

A4.4.S Tissue m i ne ra l  content and the sever i ty of i nterna l  

BBD 

were no  differences in  fruit mineral content between orchards except for P 

and orchard 4 had margi nally higher P lower (Table A4.3 ) .  N either 

was there any relationship identified between mineral content and the severity i nternal 

with the exception of Mg. Marginally higher amounts of Mg were found in fruit 

with internal than frui t  without any d isorder. There are no previous reports 

indicating high levels of Mg predispose apples to 
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Table A4.3 M ineral content (N, P,  K, Ca and Mg) of the cortex of , Brae burn' 

apples from five Central Hawkes Bay orchards after storage at O°C for 

Orchard 

No.  

2 

3 

4 

5 

sed 

(orchard) 

weeks a control led atmosphere (2 kPa O2 and 5 kPa balance 

N2• now rate 3 .34  x 1 mm3 s· j , humidified). M ineral analysis  was 

conducted on freeze dried samples from homogenates of cortex tissue of  

7 - 1 0  fruit per orchard for each of three levels of internal BBD (BBDi: 0 

no disorder; 3 moderate; 5 = severe). 

score 

0 

3 

5 

o 

3 

5 

o 

3 

5 

o 

3 

5 

0 

3 

5 

N 

2 .0 1 

2 .03 

1 . 76 

1 .87  

1 .  

1.93 

1 .9 5  

2 . 1 1  

2 .00 

2 .00 

1 . 75  

1 .70 

0 .093 

Mineral analysis (kg kg' l dry weight) l 

P 

0 . 35  

0 . 59  

0 . 57  

0 . 52  

0.49 

0.46 

0.46 

0 .57  

0 .60 

0 .69 

0 .60 

0 .59 

0 .44 

0.42 

0.47 

0 .033 

0 .020 

K 

7 .20 

7 .27 

6.49 

6 .94 

7 .26 

6.92 

5 .94 

7 .07 

6 .94 

6 .69 

7 .06 

7 . 88  

7 . 1 2  

0.209 

NS 

0.8 1  

0 .70 

0 .90 

<0. 1 0  

0 .92 

1 1 

1 .0 3  

0 .84 

1 .40 

0 .24 

<0. 1 0  

<0. 1 0  

<0. 1 0  

0 . 3 3  

0 . 39  

0 .2 1 3  

0 .036 

NS 

Mg 

0.25 

0 .28 

0 .3  

0 .23  

0 .27 

0 .28  

0 .25  

0 .27  

0 .24 

0 .23  

0 .26 

0 .25  

0 .24  

0 .27  

0 

0.008 

N S  

0 .0 1 2  
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Figure A4.1 Incidence and severity of intemal disorders, (A) internal BBD and (B) 
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1 00) .  
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F igure A4.2 Incidence of external disorders, (A) external BBD and (B) CO2 inj ury, 
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Figure A4.3 S kin penneance to ethane and the severity of (A) internal BBD and (B) 
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A4. Conc lu s i ons 

No relationship was found between skin permeance and the incidence and severity 

of internal BBD or cavities ' Braeburn ' apples that might c learly explain the marked 

differences in the susceptibi l ity of different l ines of fruit to internal BBD observed in  

previous storage experiments. The high incidence of internal BBD in fruit from all  

orchards probably resulted from storage in an atmosphere containing a high partial 

pressure of CO2, The relationship between skin permeance and internal atmospheres 

and internal BBD in 'Braeburn' apples is worthy of further investigation in both air and 

CA storage. There were no differences between the mineral composition of cortex 

tissue of fruit with d ifferent severities of internal BBD except for Mg which had 

slightly higher levels in fruit with disorder. 

A4.6 Acknowledgements 

We would l ike to thank Chris Watkins (HortResearch, Auckland, and now at 

Corne l l  U niversity , Ithaca, New York ) for his advice and assistance with fruit 

assessments, John Elgar (HortResearch, Auckland) for monitoring the CA chamber, 

Siva Ganesh (Massey University) for stat istical advice, and the ENZA New Zealand 

( International) for their generous support through the Don Sinclair Fel lowship. 



4 BBD,  Fruit M inera l  and Skin Permeance: 345 

A4.7 Refe re nces 

N.H. ,  1 985 .  Estimating sk in  resistance and gas d iffusion in apples and  potatoes. 1. Exp .  Bot. 

3 6 :  1 842- 1 850. 

C layton,  M . ,  Amos, Banks, N . H .  and Morton ,  R .H . ,  1 995 .  Estimation of apple fru i t  surface 

area. N .Z . 1 .  Crop H ort. Sc i .  2 3 : 345-349.  

Dadzie, B .K ., 1 992. Gas exchange characteristics and qual ity o f  apples. PhD d issertation, Massey 

Un iv . ,  Palmerston North, New Zealand, 3 3 9  pp. 

Elgar, H .J .  and Watkins, CR, 1 992 .  Local market CA - Braeburn 1 992- A Report on research 

commissioned by the ENZA New Zealand ( International) .  HortResearch ,  Mt A l bert Research Centre, 

Auckland.  1 5pp. 

Fidler, lC, W i lk inson B .G . ,  Edney K.L .  and Sharples, R.n, 1 973 The biology of apple and pear 

storage. Research review No.3,  Commonwealth Agricu ltural Bureaux, England. 

June, S., and Ahlborn G., 1 993 .  BBD d isorder in  Braeburn. ENZA New Zealand ( International), 

Research Development and Qual ity Report. 1 6pp. 

Knee, M . ,  1 973 .  Effects of control led atmosphere 

1. Sci .  Food and Agric. 24: 1 289- 1 298. 

011 respiratory metabolism of apple  frui t  tissue. 

McGuire, KG., 1 992. Reporting of objective colour measurements. HortSeL 27( 1 2) :  1 254- 1 25 5 .  

Padfield, CAS., 1 969. The storage of apples and pears. Department of Scientific  and I ndustrial 

Research, Bu l letin I l l . 

Park, Y .M. ,  Blanpeid, G D., Jozwiak, Z. and Liu, F .W. ,  1 99 3 .  Postharvest stud ies o f  resistance to gas 

d iffus ion in Mc intosh apples. Postharv. B io I .  Techno!.  2 : 3 29-339 .  

SAS,  1 990.  SAS I nstitute Inc . ,  Cary, NC, U .S . A .  



nd ix 5 
Reg i o n a l  D ifferen ces i n  G as Exch a n ge 

C h a racterist ics of ' B raeb u r n '  A p pl es i n  
Rel at ion to the I n c idence of ' B raeb u rn 

B rowni n g  D i s o rd e r' 

Report to ENZA New Zealand ( International)  by 

Christopher W. Yearsley, N igel Banks, Jonathan G.M. Cutting and Anna M. 

Kingsley 

Centre for Postharvest and Refrigeration Research, Massey University, Palmerstan 

North, New Zealand 

AS. 1 A bstract 

There was an absence of either statistica l ly or  physiologically significant variation in 

the average values for gas exchange variables (respiration rate, sk in permeance to 

and CO2 and i nternal partial pressure of O2 and CO2) between the two regions. This 

indicates some o ther factor(s) are involved in  the difference in  susceptib i lity to 

' Braebum Brown Heart' (BBD) between the regions. In thi s  experiment, there was a 

decrease in  susceptib i lity to the disorder with increasing maturity. However, the 

average P�:02 increased with maturity, which may to some extent counteract the decl ine 

in susceptibi lity to B B D  with i ncreasing maturity . Very low P(�2 in some Central Otago 

frui t  indicates the potential for some late-harvested frui t  to experience fermentation on 

the tree. Further work should be done to assess the potential for variabi lity i n  gas 

exchange characteristics at an individual fruit level to explain varied susceptib i l i ty to 

BBD.  
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A S . 2  I nt rod u ct io n  

' Braeburn' apples are susceptible to a physiological disorder 'Braeburn Browning 

Disorder' (BBD). The disorder has been identified as a problem since 1 978 in trials 

where the fruit were stored in unperforated polyliners. BBD caused significant 

economic loss in the New Zealand export market, particularly in the 1 992 and 1 993 

seasons (4. 5% of the national ' Braebum' export crop in 1 993), and primarily  in fruit 

from the colder growing regions (June and Ahlborn, 1 993) .  However, the disorder does 

not increase with prolonged cool storage suggesting that it is not a form of chil ling 

lI1Jury per se . 
Elevated CO2 in poorly ventilated controlled atmosphere (CA) stores may induce 

brown heart in some apple cultivars (Knee, 1 973 ; F idler ef at. , 1 97 3 ;  and Padfield, 

1 969). BBD and core cavities and coreflush were all induced in ' Braebum' apples by 

storage in elevated CO2 atmospheres (2% and 5% in 2% 02) and the severities of 

the disorders were found to be strongly grower dependent (Elgar and Watkins, 1 992) .  

Reported studies are divided as to whether less mature or more mature fruit are more 

susceptible to BBD. 

Studies by Dadzie ( 1 992) indicate a l ink between skin resistance to gas diffusion, 

internal concentration and coreflush in ' Granny S mith '  apples.  Park et al. ( 1 993) 

reported positive correlations between skin resistance to diffusion in strains of 

' McIntosh' apples and incidence of low O2 injury which develops in CA storage. 

Compared with other apple cultivars, 'Braeburn' apples a high and more variable 

skin resistance (in this  report we discuss skin permeance which i s  the reciprocal of skin 

resistance). They also have a high internal CO2 concentration, particularly at the calyx 

end where there is  a tendency for brown heart to be more severe. 

The objective of this study was to determine whether differences in gas exchange 

characteristics are correlated with regional differences in susceptib i lity to BBD between 

fruit from Hawkes Bay and Central Otago . 
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A5.3 Mater ia ls  and Methods 

AS.3 .1  F ru it supply 

- Braeburn' apples were harvested from four orchards in Hawkes Bay and Central 

Otago. Fruit were harvested from at random from upper outer north and inner lower 

south positions of separate groups of three trees at early, middle and late periods of the 

commercial harvest. For Hawkes Bay fruit the harvest dates were 22/3/94, 5/4/94 and 

1 9/4/94, and for Central Otago fruit, 29/3/94, 1 2/4/94 and 27/4/94. 

The fruit were sent to Massey University where three gas exchange variables were 

estimated; respiration rate (re02' mol kg" l s"\ skin permeance to O2 and CO2 (P(�2 and 

p �Ol ' mol S· l mo
2 

Pa- I ) and internal partial pressure of and (p� and P�02 ' Pa) . 

these fruit were subsequently air freighted to HortResearch, Auckland, by overnight 

courier for assessment of maturity, and measurement of tissue density, lentice! 

frequency, cuticle thickness and wax content. An additional sample of 75 fruit from 

each side of each tree was stored at O°C for 1 6  to 2 1  weeks to be assessed for BBD. 

AS.3.2 Gas exchange characteristics 

A 5. 3. 2. 1 Respiration rates 

Respiration rates (re02' mol kg- l S" I ) were determined for a subsample of 8 fruit from 

each side of each tree. Fruit were sealed in 5 . 8  x 1 05 

dark and the CO2 partial pressure of the jars measured 

again 3 0  minutes later. 

The rC02 was estimated using the fol lowing equation: 

2 0  P fruil 
R ( T  + 273 . 1 5) Ai b.l 

containers at 20°C in the 

5 minutes of sealing and 

(AS.1 )  

where : difference in partial pressure of CO2 between 

initial and final measurements over time b.t (Pa) 
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M fruit  mass (kg) 
20 

Pima fruit  density at 20°C (kg m 

R 

T 

61 

specific rate of transfer of between internal and 

external atmospheres (mol kg - I S - I )  
gas constant ( 8 . 3 1 43 m) Pa  mor l K- 1 ) 

fruit temperature (OC) 

difference in  t ime between initial and tlnal sampling of 

(s) 

volume of respiration jar (m\ 

Internal CO2 and partial pressures 

Values for P�2 
and P�02 were determined for fruit their respiration rates had 

been estimated. Fruit were submerged in water and a 3 x 1 03 mm3 sample of 

removed from the core cavity .  The P�02 
and P�)2 of a 90 mm3 subsample of  this gas 

was determined using an 02 e lectrode (Citicell CIS type, C ity Technology Ltd . ,  

London, UK) in series with a minature i nfra-red transducer (Analytical 

Development Company, Hoddesdon, UK), with O2 free N2 as carrier gas (flow rate 

5 8 3  mm} S· l ) . 

A5. 3. 3 Skin permeance 

Values for P �02 and P �)2 for each fruit  were calculated from estimates of  reo2' P�2 ' 

P�'02 and fruit surface area CA , m2
) and mass (M, kg) using the fol lowing formulae: 

P�'O, = --,---.-----"----��.---
A 

(A5.2) 

where : = mole fraction of CO2 in the core cavity 
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mole fraction of in the room (mol mor\ 
typical ly 3 . 5 x 1 0-+ mol mor l . 

total partial pressure of system (equivalent to 

atmospheric pressure), (Pa) 

This steady-state method assumes that the composition was homogenous 

throughout the fruit, that the fruit were approximately spherical ( Burg and B urg, 

1 965) .  Assuming RQ I ,  P02 was calculated using 

, M 
Po = -c------"-------2 A . room - N02 .core ) Prot 

(AS.3) 

where: mole fraction o f  i n  the core cavity ( m o l  mor l ) 

mole fraction of in the room (mol mor l ) ,  

typical ly  0.2095 m o l  mOr l . 

Fruit surface area was estimated from fruit mass using the formula (Clayton et 
1 995) :  

A 0 .05 8 1  M 0 685 

3. 4 Statistical analysis 

The statistical package SAS (SAS, 1 990) was used to perform data analysis. The 

General L inear Models procedure was used for analysis of variance of the gas exchange 

characteristics for al l  growers across regions, harvests within grower, and trees withi n  

harvest. Paired t-tests were used to investigate differences between positions on  the 

tree for each tree .  
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AS.4 Resu lts and d iscussi o n  

AS.4 . 1  Resp i rat ion rates 

Average r C02 for di fferent growers' fruit were all simi lar with no regional differences 

apparent (Fig. AS . I ) . Significant differences between of fruit from early, middle 

and l ate harvests occurred for four of the eight growers, though the absolute 

magnitudes of these differences were modest and there was no consistent pattern to the 

variation (Fig .  AS .2) .  
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C) 
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0 

3 0  1.....0 
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H a w k e s  B a y  t a g o  

G r o w e r  

Figure AS. l  Respiration rates o f  , Brae burn' apples from eight growers i n  two 

regions. B ars represent means and standard error of means of three 

harvests (early, middle and late), n ;;:: 3 , p 0. 3 75 .  
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Figure AS.2 Respiration rates of ' Braebum' apples from (A) H awkes Bay and (B) 

Central Otago. Values represent means and standard error of means for 

early,  middle and late harvests, n 3 .  
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AS.4.2 Skin permeance 

were no significant differences between growers of regions for average 

or P02 (Figs. 
, , 

and AS.4) .  Average values for PC01 were higher than for P02 ' There 
, . 

was some evidence for variation in PC02 and P02 between fruit from different harvests 

taken from Hawkes Bay but there was no particular pattern with time (Fig. AS .S ) .  I n  

contrast, fruit from Central Otago exhibited a consistent decl ine i n  P �)2 values for latter 

harvests for three of the four growers (Fig. AS .6). 
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Figure AS.3 Skin permeance to carbon dioxide of ' Braebum' apples from e ight 

growers in two regions. Bars represent means and standard error of 

means of three harvests (early, middle and late), n 3, p 0 . 8 3 5 .  
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Figure AS.4 Skin permeance to oxygen of ' Braeburn' apples from eight growers in 

two regions. Bars represent means and standard error of means of three 

harvests (early, middle and late), n = 3, p = 0.936. 

AS.4.3 I nternal atmospheres 

A verage values for P�02 and p� were similar for all growers across regions (Figs. 

AS.7 and AS .8). However, P�02 increased and p62 decreased for latter harvest for most 

growers in both regions, particularly for Central Otago growers (Figs. AS.9 and AS. I 0). 

Individual fruit values for p�� and P�2 were hyperbol ically related to P�02 and P�2 

respectively (Fig. AS . I I ). The range of values for individual growers was greater for 

fruit from Central Otago than those from Hawkes Bay (Figs. AS . I 2  and AS . I 3) .  For 

fruit from Central Otago very low P�2 and high P�02 was detected in a few late

harvested fruit (Fig. AS. I 4). However, significant incidence of the BBD was only 

detected in early and middle harvested fruit from Central Otago (data not shown, but 

presented in the HortResearch report on the experiment). Variability in P�2 was much 

greater than p�o2 ' presumably because of the fruit's greater permeance to CO2 than O2, 

particularly in fruit with low overall levels of permeance (Fig. AS. I I ). 
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Plots of (Pb2 + P�02 ) indicate none of the fruit were fermenting. It i s  possible that at 

temperatures greater than 20°C, some of these fruit could experience periods of 

fermentation on the tree. Despite the smal l variation and skin permeance 

between harvests, there was a consistent increase in  I with later harvests, 

particularly for Central Otago growers. susceptibi l ity to BBD with 

increasing maturity may therefore to some extent be counteracted by increasing P�02 in 

the more mature fruit .  
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Internal partial pressure of carbon dioxide of ' Braeburn' apples from 
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of means of three harvests (early, middle and late), n 3 , p 0.4 1 9. 
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AS.4.4 D ifferences between t rees and  fru i t  posi t ion i n  the 

canopy 

No significant differences were found for the three variables between different trees. 

There were very h ighly sign i ficant differences i n  gas exchange characteristics of fruit 

from upper outer north and lower inner south positions of the tree canopy. However, 

these average differences were smal l  in absolute terms (typically  only 1 0% of the 

average value for each variable;  data not shown). 

A5.5 C o n c l u s i o ns 

Absence of either statistically  or physiologically s ignificant variation i n  the ga<; 

exchange v ariables between the two regions indicate some other factor(s) are involved 

in the difference in susceptibil ity to BBD. For this experiment, there was a decrease in 

susceptibi l ity to the disorder with increasing maturity. However, the average pcoz 

increased wi th maturity, which may counteract the dec line i n  susceptib i lity w ith 

increa<;ing maturity. Very low P02 in some Central Otago fruit  i ndicates the potential 

for some late-harvested fruit to experience fermentation on the tree. If differi n g  

susceptib i lities t o  B B D  are l inked t o  gas exchange characteristics,  i t  i s  probably the 

outl iers in the population that would be prone to developing the disorder. Further work 

should therefore be done to assess the potential for variabi l ity in gas exchange 

characteristics at an individual fruit l evel to explai n  varied susceptibi l i ty to B B D .  
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