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In  this article Dr. Huelin sets down a number of concepts and questions that have 
been formulated after four decades spent studying fresh fruit storage in  general and 
one area of this field in  particular. A l though these observations are primarily 

concerned with fleshy fruits, some of the concepts apply t o  other plant parts. 

We are indebted to Kidd and West for 
emphasizing that stored fruits and vegetables 
are living tissues. As a result of this emphasis 
the concept of senescence was applied to the 
deterioration of such plant organs in storage, 
and their functioilal disorders were regarded 
as death of the tissue for whicll external or 
internal causes must be sought. The science 
which has come from this approacl~ is now 
known as post-harvest pl~ysiology. However, 

@ the science of fruit and vegetable storage in- 
cludes not only post-harvest pl~ysiology, 
whicl~ is strictly concerned only with plant 
function, but also the study of these tissues 
as lluman food. Changes in both plant func- 
tion and acceptability of the tissue as food 
enter illto the discussion of storage problems, 
and it is necessary in each instance to dis- 
tinguish clearly what we are considering. 
Usually both aspects are involved, but one 
may predominate in a particular phenomenon. 

Senescence and Ripening 
In pl~ysiological terms, senescence is the stage 
wheil growth has ceased and there is a pro- 
gressive loss of organization and of resistance 
to fungal attack. Loss of organizatioil in 
ripening Williains pears was described by 
Bain and Mercer (1964). In normal senes- 
cence, a variable dorinailt period with Little 
obvious change is succeeded by ripening 
chaages wl~icll result in the fruit becoming 
first fully ripe and then over-ripe. Pl~ysio- 
logically the fruit is passing through a period 
of coiltinuous decline, but as ail article of 
food it is fully ripe at the point of inaximt~m 
acceptability to the consumer. In the pro- 
gressive disorganizatioil of norinal senescence, 

no point has been observed where the fruit 
can be said to pass from the living to the dead 
state. The fruit finally succumbs to fungal 
attack due to loss of resistance. 

'Normal senescence' is here taken to mean 
the senescence that occurs under conditio~ls 
whicll do not result in abnormal ripening, 
chilling injury, and otller disorders. It  is, of 
course, the senescence that gives a product 
acceptable to the consumer, but the distinc- 
tion may be claimed to have physiological 
significance, as normal senescence is free 
from the disorders that show the clearest 
symptoms of dead tissue. In a norinal senes- 
cence, the fruit is often most susceptible to 
chilling and other forms of injury in the period 
of most rapid ripening changes. 

The initiation of ripening is usually accom- 
panied by a marked rise in respiration, which 
Kidd and West (1924a) called the climacteric. 
Respiration has been most commonly used 
for following senescence, and inucl~ effort has 
been devoted to finding the respisatory system 
responsible for the climacteric. Hulnle, Jones, 
and Wooltorton (1963) found increased malic 
enzyme and pyruvic carboxylase, and Hart- 
inann (1963) found increased aldolase activity 
associated wit11 the climacteric in apples. 
Hartmann (1962, 1963) found increases in 
pyruvic carboxylase and aldolase in pears, 
and Tager (1956) found similar increases in 
bananas. However, Barker and Solomos 
(1962) obtained evidence in support of their 
view that the cliinacteric in bananas is due to 
the increased concentration of fructose 
diphosphate. It  is suggested that the con- 
trolling or limiting reaction in the respiratory 
chain inay vary from fruit to fruit, and that it 
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is of little significance in senescence and Ethylene and Dormancy 
ripening. The C~iInaCteriC Of respiratioll The dorlnant period before the initiation of 
appears to be O ~ Y  one aspect of a gelleral rise ripening is of considerable physiological and 
in metabolic activity, and it is doubtful practical importance. Extension of tile dore 
whether respiration can be regarded generally period offers obvious of 
as the coiltrolling process. It  can be assumed increasing the storage life. On the other hand, 
that respiration supplies the energy for the there is solnetimes a problem in breaking 
synthesis of enzymes involved in other dormancy and initiating ripening when 
reactions, but there is no evidence that the required. 
level of respiration is such as to limit the The importance of ethylene in breaking 
supply of such energy during normal series- dormancy is now recognized by most workers, 
cence. It  is still possible that the inhibition of but there appear to be other factors which 
some ripening changes at IOW temperatures require identification. I t  is comlnon ex- 
Or ill IOW COnCelltratiOn~ of oxygell is due to perience that applied ethylelle causes im- 
limitation of ellergY supply, but the collnec- mediate ripening of all except very early 
tion with respiration is more likely to be picked fruit. tile absence of applied 
txtablished by investigating. first rjpelling ethylene, the fruit's own ethylene appears to 
process and then the conditions necessary for play a part, although this is in comparatively 
synthesis or activation of the appropriate low concentration before ripening starts. As 

dormancy is sometimes broken at levels of 
of all the metabolic processes which are ethylene not appreciably higher than those 

involved in senescence, it is that so present earlier in the dormant period, it has 
little attention has been given to those been postulated (Mapson 1970) that the 
recogllized as ripenillg processes, i.e. c.allges disappearance of a restraining factor is also 
of colour, texture, and flavour. of involved. The identification of this factor, 
colour, due to loss of clllorophyll and some- wllicll is assumed to desensitize the tissue to 
times synthesis of carotenoids, generally but low concelltrations of ethylene, would be of 
not always accompanies normal ripening. great value in controlling dormancy. In the 
The cllange of texture, in which the fruit absence Of Anjou pears 
becomes softer and more juicy, is due to seem to need a period in cold storage before 
degradation of tile polysacc~larides of the can be initiated at higher tempera- 
primary and secolldary cell and iniddle tures 1964). Do ethylene and low 
lamella. Work with these polysaccharides is temperatures break dormancy through a 
difficult as the major change, the collversioll mechanism? Ethylene appears to be 
of protopectill to soluble pectin, is still not less effective at low temperatures (Fidler 
understood. McCready and McComb (1954) 1954). 
found that it involved a decrease of molecular In view Of the major of ethylene in 
size in peaclles, pears, and avocados, but Senescence al1d ripening, the problems of its 
Doesburg (1957) found no &allge of lnolecu- biogenesis and mechanism of action need 
lar weight in apples. Changes in conlbina- considerable attention. On present evidence 
tions with llemicellulose and calcium have the lnost likely path of biogenesis is from 
also been suggested. The enzymes poly- methionine through 4-methylmercapto-2-0x0- 
galacturonase alld trans-elilninase may be but~ric acid alld 3-metllYlmerca~topro~~o~- 
involved in the degradation of pectin, and aldehyde (Mapson, Marcll, alld Wardale 
non-enzymic splitting is also possible (Griffin 1969; Ku, Yang, and Pratt 1969; Take0 and 
and Kertesz 1 ~ ~ 6 ;  ~ l b ~ ~ ~ h ~ i ~ ,  Neukom, and Lieberman 1969). The evidence for this or 
Deuel 1960). any other path would be strengthened if the 

changes in precursors and enzyme systems 
The changes of flavour are complex, as could be related to the course of ethylene 

they involve loss of acidity, loss of astrin- production during senescence. It  would also 
gency associated with taililiils or phenolic be wortl~ determining whether the ethylene 
substances, and changes in the volatile production comes predominantly from one 
constituents of the aroma. The compositioil tissue within the fruit, as metabolic processes 
of the aroma varies from fruit to fruit with peculiar to this tissue could provide clues to 
no sign of a coinmon pattern. the biogenesis. 
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The major problem of the mechanism of 
action of ethylene concerns the initial reaction 
which leads to the ultimate biological effects. 
Burg and Burg (1965), after comparing the 
biological activity of ethylene and other 
unsaturated compounds, suggested that ethyl- 
ene binds to a metallic receptor site in the 
tissues. Work wit11 tissues which do not ripen 
and in wlich the effect of ethylene is reversible 
might help to identify t l ~ e  initial reaction. 
Potatoes appear to fit this requirement 
(Huelin and Barker 1939; Reid and Pratt 
1970)' and the fate of labelled ethylene in this 
tissue would be wortl~ investigation. 

Maturity 
Discussion of the problems of maturity is at 
present extremely confused. Solution of the 
problems is difficult enough if they are 
clearly stated. The lack of clarity is due to the 
use of different meanings for 'maturity' and 
'maturation'. 

When people want an answer to a problem 
of maturity, they invariably have a particular 
purpose in mind. They may want an objective 
measurement to determine whether the fruit 
is being picked too early (immature), just 

@ right (mature), or too late (over-mature) for 
maximum eating quality. For processing the 
optimum stage would generally be earlier 
than for eating raw. Maturity for storage is 
concerned with potential eating quality and 
freedom from disorders, and may differ 
according to the length of storage. This 
meaning of maturity is quite definite if the 
particular purpose is specified. I t  is the mean- 
ing I prefer, as it enables questions to be 
posed for wl~icll answers are required. If the 
word 'maturity' with this meaning were 
abandoned, anotller word would have to be 
found. 

I have avoided the use of 'maturity' and 
'maturation' for stages in the life of the fruit. 
The introduction of 'maturation' as a stage 
between growth and senescence is confusing, 
particularly as the stage is not clearly defined. 
'Maturation' is sometimes used to include 
ripening, 'senescence' being used for sub- 
sequent deterioration. This division is related 
purely to use as human food, and has no 
relation to plant function. Alternatively, 
'maturation' has been confined to the 
dormant period before ripening starts. In this 
paper I am using 'senescence' to cover the 
whole life from picking or the cessation of 

growtll on the plant. It  seems best to regard 
this as a stage of continuous decline. I t  can 
be divided into the pre-ripening (dormant), 
ripening, and post-ripening periods. 

Returning to the problems of maturity for 
particular purposes, maturity for immediate 
consumption is ultimately judged by the 
senses. The need for objective measurements 
arises from the requirements of government 
supervision or commerce. Colour and texture 
are most readily determined by physical 
measurements, which are likely to be as 
adequate as any chemical determination. 
Flavour is the most difficult for objective 
measurement. Titratable acidity or the 
soluble solids : acid ratio is used for oranges, 
but this is only one aspect of flavour. In 
regard to astringency, the methods for tannins 
are based on their reducing properties and are 
not very specific. Investigation of the volatile 
constituents might lead to the identification 
of those most responsible for the aroma and 
to convenient methods for their determina- 
tion. This is still a very open question. 

The problems of maturity for storage are 
more complex and difficult, because they 
require the measurement of a capacity for 
developing and retaining desirable qualities 
in the future. In some cases later picking 
gives a product with maximum quality for 
immediate consumption but with a shorter 
storage life than earlier-picked fruit. The 
selection of the most suitable maturity in- 
volves some compromise. Fruits differ in the 
stage at which they can be picked and develop 
full eating quality in subsequent storage. 
Grapes do not ripen appreciably off the vine, 
and the requirements of maturity for im- 
mediate consumption or for storage are l 
practically the same. Peaches need to show l 
some signs of ripening at picking if they are I 

to become fully ripe after storage. At the 
other extreme pears and bananas can be 
piclced hard and green with a capacity for I 

subsequent normal ripening. Even for such I 
unripe fruits, which differ little in colour and 
texture, there are still questions of maturity, 
because the earlier-picked fruit may develop 
poorer quality on ripening and have a 
longer or a shorter storage life than the later- 

i 
picked fruit. 

In regard to fruits picked before they are 
fully ripe, empirical correlations of measure- 
ments at picking with subsequent quality in 
storage have been of limited value. There is 



need for a fundamental investigation of what 
determines the capacity for subsequent 
changes in colour, texture, and flavour. The 
investigation would include studies of the 
appropriate reactions and enzyme systems 
and then lead back to the synthesis or activa- 
tion of these enzymes. Tlus approach should 
have some hope of identifying the differences 
at picking which lead to differences in quality 
on subsequent storage. 

The subject of maturity poses very difficult 
questions. I have tried to make them as clear 
as possible. 

Effect of Temperature 
Low ternperature retards ripening and ia- 
creases the storage Life in the absence of 
chilling injury. Investigations on the cause 
and control of the different forms of chilling 
injury are necessary to obtain nlaxi~nunl 
benefit from cold storage. 

Soine disorders show a marked increase 
from zero to high incidence on lowering the 
ternperature through a narrow critical range. 
The analogy to a cllange of physical state is 
sufficient to suggest that this may be the 
cause. As chilling injury by deiinition ex- 
cludes freezing of water in the tissue, the 
crvstallization of l i ~ i d s  could be involved. I t  
isdlikely that the ~ ; ~ i d s  of subcellular mem- 
branes and organelles are norinally in a liquid 
state and that crystallization could cause 
serious damage. Microscopic detection of 
crystallized lipids in the tissue, even wit11 the 
aid of polarized light, is not very likely, in 
view of their intimate association wit11 pro- 
teins at the molecular level. A differential 
thermal analysis of the extracted lipid could 
give results of interest. Lyons, Wheaton, and 
Pratt (1964) found the initocl~ondria of 
clilling-resistant plants to llave a higher 
coiltent of unsaturated fatty acids than mito- 
cl~ondria from sensitive plants. The Inore 
unsaturated lipids tend to reinain liquid at 
lower temperatures. Lyons and Raisoll (1970) 
obtained evidence of a phase change in the 
mitochondria of cllilling-sensitive tissues on 
lowering the teinperature tllrough the critical 
range. 

The alternative explanation of a disturb- 
ance of the metabolic balance was suggested 
by Kidd and West (1924b). According to this 
theory, the rates of different metabolic 
processes decrease with falling temperature in 

different proportions until the balance is 
altered s~~fficiently to cause injmy through 
accumulation of toxic intermediates or 
through other mechanisms. Hulme, Smith, 
and Wooltorton (1964) obtained evidence for 
the accumulation of oxaloacetic and other 
acids of the K ~ e b s  cycle at low temperatures 
and their association wit11 breakdown in 
apples. Wills, Scott, and McGlasson (1970) 
found a relation between acetic acid and 
breakdown. 

The phenonle~la of latent injury more 
readily fit the latter theory of a disturbance of 
the metabolic balance. Sonletimes the fruit 
is free from disorders after a certain period 

rri at low temperature but develops a chilling 
disorder within a few days of removal to a 
higher tenlperature, wllich is not injurious 
for contirluous storage. Although the fruit is 
still sound at removal, it has reached a point 
where the progress to chilling injury cannot be 
reversed or even stopped by removal from 
the cl~illing temperature. These phenomena 
cannot be explained in terms of a disturbance 
which is readily reversible. But if the disturb- 
ance extends to the differential synthesis or 
activation of enzymes, the altered nletabolism 
wl~icll leads to injury nlay only accelerate on 
raising the temperature. 

The disturbance of the ripening processes 
of pears, peaches, and pluins at low temnpera- 
ture is well worth iilvestigation. These fruits 
can be kept in cold storage only for limited 
periods if they are to ripen rormally on re- 
moval to higher temperature;. Over-stored 
fruits ripen abnornlally and develop disorders. 
The abnorlnal change of texture, in which the 
fruit softens but becomes mealy or gelatinous 
instead of juicy, inerits close study as a 
typical example of a metabolic process dis- 
organized by low teinperature. The failure to 
exnde juice under pressure may be due to the 
preferential dissolution of the middle lamella 
allowing separation witllout disruption of 
cells. The loss of ripening capacity during 
cold storage also needs investigation. Failure 
of the systeills responsible for the synthesis or 
activation of certain enzymes may be in- 
volved. The abnorinal senescence of pears at 
low temperature, \vhich leads ultimately to 
death of the whole tissue (as indicated by 
general discoloratio~l and absence of respira- 
tion), is an extrenle case worth fulldainental 
study. 



Effect of Carbon Dioxide 
The mechanism of the retarding effect of 
carboil dioxide on ripening is still not under- 
stood. Burg and Burg (1965) suggested that 
carbon dioxide competes wit11 ethylene for a 
metallic receptor site in the tissues. Carbon 
dioxide may also affect some reversible 
reactions as substrate or product. 

Carbon dioxide can extend the storage life 
only if iiijurious concentrations are avoided. 
The mecl~anism of injury has been given some 
attention. Hulme (1956) found an associatioll 
between carbon dioxide and accuinulation of 
succinic acid in apples, and Williains and 
Patterson (1964) found a similar associatioil 
in pears. An effect of carbon dioxide on the 
pH of certain regioils of the cell is also 
possible. 

General Comments 
I have indicated soine areas in the science of 
fruit and vegetable storage where f~~r the r  
research is needed. One should still watch for 
unrecognized factors, perception of which 
could lead to lnajor advances. The present 
considerable knowledge of the lnajor role of 
ethyle~~e in plant pllysiology caine originally 
from cllance observations. Some unexplaiiled 
observations, which have been given no 
furtller attention, belong to the so-called 
'shell effect'. In Melbourne in 1940 I observed 
that Williams pears scalded much earlier in 
cases than in respiration shells. For respira.- 
tio11 each pear was enclosed in a spherical shell 
through which CO,-free air was drawn. 
When I met the worlters at Hoinebusli next 
year, I fonild that they had observed a 
sh i la r  effect with apples. Ellclosing the apples 
in sllells retarded the fall in i~iteriial oxygen 
and the increase in resistance to gas exchange 
during storage. The shell effect may be due 
to variatioils in pressure associated wit11 the 
coiltrol of air flow or to comparatively ligll 
rates of flow over areas of the fruit next to 
the shell. 

I have made no direct comments on cul- 
tural or pre-storage factors, as I have had no 
experience in this field. 1 can only point out 
that utlderstanding of storage problems will 
not be cornplete until we ltnow at every stage 
what conditioils in the fruit determine the 
subsequeilt storage behaviour and how tliese 
conditions are the result of the fruit's 
previous history. Samples which will respond 
differently to the saine environment should 

show some differences now, if they could only 
be detected. 

Senescence and ripening are reviewed by 
Biale (1960), Biale aiid You11g (1962), 
H a ~ ~ s e n  (1966), and Patterson et al. (1970). 
C k h n g  injury is reviewed by Huelin (1962) 
and Fidler (1968). 
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