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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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water vapour pressure at temperature T 

ethy l  acetate 

ethanol 

e lec tron transport system 

equation(s)  

fru i t  firmness (N)  

fructose 1 ,6-bisphosphate 

fructose 2 ,6-bisphosphate 

fructose 6-phosphate 

flow rate of CO2 ( m m' S· l ) 
frui t  firmness (N)  

figure(s)  

flow rate of N2  (mm3 S· I )  



FT' 

FTAcet 

FTEtAc 

FTEtOH 

FTEtOH 

FTEtOH 

FTR Q 

FnQ 

FT/?Q 

gas 

g 

init PC,H" 

h 

H O  

fh02 

IA 

K 

k/  

kj 

k� 

kg 

kgf 

Kill 
kPa 

L 
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::: fermentation threshold 

= external fermentation threshold 

::: 

:;:: 

::: 

= 

::: 

::: 

:;:: 

::: 

::: 

::: 

::: 

:;:: 

::: 

::: 

:;:: 

::: 

::: 

::: 

::: 

::: 

::: 

= 

::: 

::: 

= 

internal fermentation threshold 

fermentation threshold based on acetaldehyde accumulation 

fermentation threshold based on eth y l  acetate accumul at ion 

fermentation threshold based on ethanol accumulat ion 

external fermentation threshold based on ethanol 

accumulation 

internal fermentation threshold based on ethanol  

accumulation 

fermentation threshold based on respi ratory quotient 

external fermentation threshold based on respiratory quotient 

internal fermentation threshold based on respiratory quotient 

phase 

gram 

in it ial partia l  p ressure of ethane the fruit 's 

in ternal atmosphere ( Pa) 

hour 

background skin colour hue angle 

hydrogen peroxide 

in ternal atmosphere 

potassium 

PC)2 at wh ich r�2 is  half maximal (Pa) 

a frui t  constant (mol kg- I S- I I ) 

constant with number x 
ki logram 

ki logram force 

Michae l i s-Menten constant (un its of substrate ego  Pa) 

k i lopasca\ 

background skin colour l i gh tness 

l i ter 



LDH 

liq 

LOLs 
LOLes 
LOLlS 
M 

m 

M A  

M A P  

M g  

Mi 

/-11 

/-1mo/ 

mm 

mmol 

Mil 

mol 

MR 

mRNA 

n 

N 

N z 

N� ­

NAD+ 

N ADH 

N ADPH 
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::: 

::: 

::: 

::: 

::: 

::: 

::: 

::: 

::: 

::: 

::: 

::: 

::: 

::: 

= 

::: 

::: 

= 

::: 

::: 

= 

::: 

l actate dehydrogenase 

l iquid phase 

lower oxygen l im i ts 

external l ower oxygen l i mi ts  

internal l ower oxygen l i m i ts 

frui t  mass (kg) 

metre 

mass of non-infi l trated wedge in a ir  (kg) 

modified-atmosphere 

modified-atmosphere packaging 

magnesIUm 

apparent mass of i nfi l trated wedge submerged in  water 

(kg )  

microl i ter  

micromole 

m i l l i metre 

m i l l i mole 

xxxiii 

apparent mass of non- infi ltrated wedge submerged i n  water 

( kg)  

mole 

re lat ive molecul ar mass 

messenger ribonucleic ac id  

number of frui t  or  i tems i n  a sample 

newton 

n i trogen 

azide ion 

adenine d inuc leotde (ox id ised form) 

adenine d inuc leotide ( reduced form) 

n icot inamide adenine d inucleotide phosphate 

nanomole 

mole fract ion of gas spec ies j , mol mor 1 
, /-11 r l ) 

mole fract ion of COz ( mol  mor l ) 



Neo2,core = 

Neo2,room = 

N02 =: 

No core 2 ' =: 

No2 ,room =: 

N R  =: 

NS = 

Nl'lci =: 

N"f(}ck = 

O2 = 

O2 ' = 

p = 

P 

Pa = 

PCK = 

= 

PEPC = 

PDH = 

p H  

Pi = 

P K  = 

= 

we T 
PH:>5J 

e P; = 

= 

= 

= 

= 

mole fraction of CO2 in  the core cavi ty 

( mol mar l ) 

mole fraction of CO2 in the room (mol  mar l ) 

mole fraction of O2 required (mol  mar l ) 

mole fraction of O2 i n  the core cavity (mol  mar l ) 

mole fraction of O2 in  the room ( mol  mar l ) 

n i trogen respiration 

not s ignificant 

mole fraction of gas or vapour in  the standard (Ill r l ) 

mole fraction of stock standard (Ill  r I )  
oxygen 

super oxide free-radical s 

probab i l ity or level of s ign ificance of a statist ical  test 

phosphorus 

pascal 

pyruvate carboxykinase 

pyruvate decarboxylase 

phosphoenol  pyruvate carboxy lase 

pyruvate dehydrogenase 

measure of a solutions concentration of hydrogen ions 

inorganic orthophosphate 

pyruvate k inase 

inorganic pyrophosphate 

saturated water vapour part ia l  pressure at temperature T 

(Pa) 

part ial pressure of gas j in the external atmosphere (Pa) 

frui t  permeance to ethane (mo \  S' I m'2 Pa' l ) 

fruit  perrneance to C02 (mol  S' I m'2 Pa' l ) 

partial  pressure of CO2 CPa) 

extern al (or package) partia l  pressure of 

internal  partial  pressure of C02 CPa) 

( Pa) 

xxxiv 



p J 
PJ 
POZ 

e 
P02 

[ 
P02 

Prof 

P�)2 
PPi-PFK 

Q I O 

R 

20 
P}UlCe 

20 
PJrUlf 

::: 

::: 

::: 

::: 

::: 

::: 

::: 

::: 

::: 

skin or frui t  permeabi l ity to gas } (mol  S- I m m-2 Pa- l ) 

skin or fruit permeance to gas j (mol S- l I )  
part ia l  pressure of in  the intercel l u l ar air  space CPa) 

external  (or package) part ia l  pressure of CPa) 

internal partial  pressure of O2 ( Pa) 

total system partial  pressure CPa) 

fruit  permeance to O2 (mol S- l m-2 Pa- l ) 

pyrophosphate phosphofructokinase 

temperature coeffic ient (= [ rate of O2 uptake 

at ( T+ I O°C)] / [ rate 01' 02 uptake at T] )  

xxxv 

== square of the correlation coeffic ient (r) , or prop0l1ion of the 

total variab i l ity in  the y-values that can be accounted for by 

the independent variable x. 
::: 

::: 

::: 

== 

== 

== 

== 

== 

== 

== 

gas constant ( 8 . 3 1 43 m3 Pa mor l K- 1 ) 

spec ific  rate of transfer of between in te rna l  and 

external atmospheres (mol kg- I S- I )  
specifi c  rate of transfer of between in te rna l  and 

external atmospheres (mol  kg- I S- l ) 
density of fruit juice at 20°C ( kg m-3) 

density of cortical  t issue of frui t  at 20°C (kg  m-3) 

density of w ater at 20°C (kg  m }) 

specific rate of transfer of gas j between i nternal and e xternal 

atmospheres (mol  kg- 1 S- I )  
specific rate of transfer o f  O 2  between in terna l  and external 

atmospheres (mol kg- 1 S- I ) 

rate of transfer of O2  for the system at the ACpi (mol  S- I ) 

spec ific  rate of transfer of O2 i n  air at temperature 

speci fi c  rate of transfer of O2 in frui t  in air at 



f air 
r02 :::: 

, r  
r02 ::::: 

r 
roz 

::; 

nULr, T ro'] ::; 

' flULr, T 
ro,] 

::; 

RQ ::; 

RQB ::; 

RQia ::; 

s ::; 

S AM ::; 

SDH ::; 

se ::; 

sed ::; 

sem ::; 

T 
s02,H2O :::: 

s sc :::: 

:::: 

T 

TCA :::: 

Vh :::: 

VJar :::: 

VIIl't :::: 

VS1(li'k :::: 

Vw! :::: 

V", :::: 

xxxvi 

rate of transfer of O2 for the system i n  air  (mo l  S· I ) 

rate of transfer of O2 for the system at temperature T 

( mol s - ! ) 

spec i fic rate of transfer of O2 at temperature T (mol  kg- ! S- l ) 

speci fic  maximum rate of O2 uptake when p02 i s  non-

l imit ing,  at temperature T (mol kg- 1 S- I )  
rate o f  transfer o f  O2 for the system when P02 i s  non-

l imit ing at temperature T (mol S - I )  
respiratory quotient 

respiratory quotient breakpoint 

respiratory quotient based on internal atmospheres 

second 

S-adenosy lmeth ionine 

succinate dehydrogenase 

s tandard error 

standard error of the difference between means 

standard error of the mean 

solub i l ity of O2 in  H20 at a given temperature, T 

( mol m-) Pa- I )  
total soluble sol i ds content ( % ,  ° Brix )  

t ime (s )  

frui t  temperature ( OC )  

tricarboxyl ic acid  cycle o r  Krebs cycle 

volume of submerged portion of hook ( m:l ) 

volume of respirat ion j ar ( m:l ) 

net volume, U ar volume - fru it volume] ( m) 

volume of stock gas (m) 

total volume of combined standard ( m3) 

vo lume of wedge ( m3) 


