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ABSTRACT

FACTORS AFFECTING EFFUSIVITY AND RIPENING BEHAVIOR
OF 'EMPIRE' APPLE FRUITS

By
Peter L. Irwin

2-h']) was found to be linear

Ethylene effusion (Jx’ nlecm
with concentration gradient according to Fick's 1st law. The
coefficient of effusion of these fruit sections varied between

4 3 _2,.-1

9x 10 to5x 107cm“h"" at Pr = 50 torr. Thus, the fraction of

apple epidermal surface available for gas exchange was ca. (1-6)

X ]0'7. Slight desiccation of the tissue inhibited ethylene trans-
port reversibly. The rate of ethylene effusion from the flesh side
(J;) through the epidermis was significantly higher than movement in
the opposite direction (Ji). This anisotropic effect was enhanced
under oxygenated conditions, increased significantly as a function of
ethylene concentration and was dependent upon cortical cells subjacent
to the epidermis. The addition of ethylene induced more than a 50%
increase in the movement of ethane across the tissue sections.

These results suggest that ethylene induced an increase in fruit
porosity which was Oz-dependent.

'Empire' and 'Idared' apple fruits stored under hypobaric

ventilation (PT = 40 torr, P0 = 8 torr) or at atmospheric pressure
2
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in He did not ripen at 20 C after 3-5 months in storage. Fruits
stored at atmospheric pressure in Nz with an equivalent 02 tension
(P02 = 8 torr) did ripen. In 'Empire' apples this slow-ripening
phenomenon was found to appear only after 3-5 months in store in a
medium which would facilitate intrafruit volatile loss (Tow pressure
or atmospheric pressure in Helium). Neither respiration nor ethylene
production were perturbed in these fruits after storage. Only
immature fruits at harvest retained this condition after 9 months.
Associated with this slow-ripening attribute were attenuated changes
in malic enzyme activity and water soluble polyuronides. These atten-
uated processes were completely reversible upon conditioning pre-
viously inhibited fruits in air at 0 C. These data demonstrate an
apparent uncoupling of ethylene synthesis and action which supports
the hypothesis that a critical level of some native intrafruit vola-
tile is necessary for the retention of ethylene recognition requisite

for the stimulation of the ripening process.
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INTRODUCTION

Approximately 40% of the fresh U.S. apple crop is stored in
controlled atmosphere (CA) conditions. Modern CA storage techniques
maintain a low temperature, high relative humidity, and permit con-
trol of 0, and CO, at recommended low levels.

S. P. Burg and E. A. Burg have been credited with inventing
Tow pressure (LPS) or hypobaric storage. Both CA and LPS have a
rationale in common: 1if fruit ripening and senescense is mainly a
function of intrafruit ethylene, which in turn is a function of
fruit ethylene production and porosity, then the storage life of this
commodity should be extended if 02 levels are lowered sufficiently
below ambient (ethylene synthesis is highly 02-dependent). Both
systems of storage achieve this result but with differences.

In CA storage there is a very slow atmospheric turnover.
Therefore, ethylene accumulates and fruit ripen. In LPS the stored
product is continually ventilated with ethylene-free air. Since the
diffusivity of gases is inversely proportional to absolute pressue, the
intrafruit activity of ethylene in LPS fruit is even lower than could
be explained by the high atmospheric turnover (i.e., the maximization
of the concentration gradient of ethylene and other volatiles between
the inside and outside of these fruits). Reports have been made

concerning the slow nature of ripening after removal of apple fruits



from LPS. It is of paramount importance to understand more fully
the nature of this slow-ripening phenomenon. Investigations into
the factors involved in this 'low pressure effect' might lead to a
method of fruit storage which would produce a similar effect but at
atmospheric pressure (i.e., in CA).

Since the porosity of fruit tissue determines, in part, how
much ethylene and other native fruit volatiles accumulate within
the fruit tissues, investigations into some factors which affect fruit
porosity were made. In the course of these investigations an unusual
phenomenon was observed; the efflux of ethylene was greater than the
influx for the same tissue at the same concentration gradient.
Because of the potential importance of this finding, investigations

were made into the nature of this phenomenon.



LITERATURE REVIEW

Gas Exchange and Transport Properties of
Certain Horticultural Commodities

In apple fruits the major barrier to gas exchange is the
epidermis (17,27,31,60,62,93). Through the epidermis gas exchange
occurs primarily through open lenticels (27), which occupy approxi-
mately 1/10000% of the total apple surface area. It has been cal-
culated (27) that each cm2 peel (epidermis in apple) strip from
'McIntosh' apples contains a total area of open lenticels of about
1 x 10'6 cmz. Lenticels, according to Clements (31) result from
"broken stomata" or from "scars caused by the falling out of trichomes."
The number of lenticels found on each apple fruit is a unique char-
acteristic of the cultivated or natural variety of the fruit. For
example, 'Black Staymen' was found to possess circa 40 open and
900 closed lenticels while 'Spitzenburger' possessed ca. 200 open
and 2000 closed lenticels. Thus, the rate of gas effusion or uptake,
which are both a function of actual cellular production or consump-
tion and the size of the open lenticels, of any gas will vary with
cultivar (cv.) by a factor of 2-5.

While the epidermis of apples is considered to be the major
barrier to gas diffusion (27, 62, 93), in green peppers and tomatoes
at least 60% of the carbon dioxide evolution was retarded when a thick

lanolin paste was applied to the pedicel (stem) end of the fruit; for



muskmelons and grapes, a decrease of 10% was found (27). However,

no effect was noted in oranges, lemons, apples, avocados, limes,
pumpkins, bananas, pears, plums, or acorn squash (27). Apple flesh
has been found to offer 1ittle resistance to gas exchange and no con-
centration gradient from the outside of the fruit to the inside of
the fruit has been discovered (27,44). However, a gradient in the
"composition of the internal atmospheres" from the center of the
fruit to its periphery has been found in apples (117). If the gas
constituencies of apples do change as a function of location within
the fruit then the flesh must offer some resistance to effusion or
else the "gas constituencies" would reach an equilibrium throughout
the fruit intercellular air spaces. In other fruits (avocado and
banana), however, the flesh does impose a major barrier to gas exchange
(17,27).

It has also been found that the porosity of some climacteric
fruits changes with other physiological traits during the ripening
process (17,84). Working with avocado fruits both in the peeled
and 'intact' condition, a group of investigators (17) noticed that
the resistance of the tissues to carbon dioxide (C02) effusion (Rc02 =
[COZ] in the fruit/rate of CO, evolution per fruit fresh wt) changed
from the time of the initial climacteric rise (RCoz = 0.7 in intact
fruits, Rcoz = 0.6 in peeled fruits) to the final, postclimacteric,
physiological state of the fruits (Rc02 = 2.5 in intact fruits,

2.4 for peeled fruits). A similar result was noted in bananas whereby

postclimacteric fruits displayed a gas exchange "impediment" (84).



Porosity also changes with moisture loss. Clements found that once-
open lenticels in apple peel could be closed by processes which cause
water loss from the outer tissues (31). It has also been observed
in avocado and banana that gas exchange was decreased by desicca-
tion of the peel and subjacent tissues (17,128). Fockens and Meffert
(44) found that water vapor loss through the apple epidermis was best
described as a combination wet surface-gas porous-gas impervious
layer model system whereby:

m = C,B/RT + Cp/RT (1/B + D t/D)”"

m = rate of water loss

C] = wet fractional surface

C2 = porous layer fractional surface

B = coefficient of mass transfer (dependent upon the

Reynolds number of the flow along the apple surface)

R = gas constant

T = mean absolute temperature of the boundary layer

D_ = mass of vapor diffusing through a layer of air/mass

of vapor diffusing through the porous layer

D = coefficient of diffusion of water vapor in air

t = thickness of the layer.
It was also reported (44) that as water vapor was lost from apple
tissues the resistance to HZO vapor increased. Morphologica11y, this
phenomenon was related to a change in the shape of the epidermal and

subtending cells which caused intercellular spaces to become smaller.



Most of the data gleaned from early experiments concerning gas

exchange of fruits are interpreted with respect to Fick's 1st law,

whereby:
J = -D( )
J = mass of gas entering the diffusional plane per unit
time-unit area
D = coefficient of diffusion (cmz-h']) where
0 =0, (1" ()7 (@)
M=1.75 - 2.00

%& = mass concentration gradient of the effusing gas per

unit distance within or from the diffusional plane.

The quantity of gas effusing across the plane at x in time At
is equal to JAt whereas the quantity leaving the plane at x + Ax in the
same time span is (J-+( ) Ax) At. The net gain in the quantity of
diffusing gas between these planes may be expressed in terms of the
change of concentration in the volume AAx (A = area of plane) and in

terms of the difference between these two amounts of transported

material:
AcAx.. A = (Jat-(J + ( )Ax) At)A
AcAX . = - ( ) AxAt
Ac/At = a)
as At »+ 0
de _ _dJ
dat dx

since J = -D( ) (Fick's 1st law)
%5 =D (d ) (Fick's 2nd law)



That is to say, the rate of change of concentration with respect to
time is directly proportional to the rate of the concentration gradient

change with respect to distance (x). Fick's 1st law may be rewritten

as

ds _ —xAD(Cin - Cout)

dt

x = fraction of the total area (A) open to gas exchange

T = thickness of the diffusional barrier

Cin = concentration of the gas species within the fruit

COut = concentration of the gas species outside the fruit
Kidd and West (76) utilized a simplified form of measurement whereby

the porosity factor = (Cin - cout)/(g%) = i%ﬁ-for ethylene and carbon

dioxide. This equation simplifies to cin/ (%%) = r = the resistance
coefficient, which was utilized by Trout et al. (125) in their
studies concerning internal gas composition of fruits. A similar
method was used by Ben-Yehoshua et al. (17) and Burg and Burg (27).

Various mathematical models have been formulated (44) to dis-
tinguish types of commodities froh which water might evaporate
during storage. Mushrooms resemble a simple wet surface model while
apples more closely approach a wet surface-porous surface-imporous
surface combined model. While it appears that water vapor leaves the
fruit via lenticels and "wet surface,f in other types of effusion
(ethylene and C02), the mechanism simplifies to an imporous layer-
porous layer model (27).

It has been shown that in apples and other commodities, the

skin or epidermis acts as the major source of resistance to diffusion;



porosity often decreases during the ripening process and loss of
water decreases porosity. In apples, the flesh adds little to the
resistance of diffusion; in avocados and bananas, the flesh is the

major barrier to diffusion.

Ethylene Synthesis

The biological history of ethylene (1) can be traced back to
Girardin (1864. Jahreshner. Agrikult.-Chem. Versuchssta., Berlin. 72,
235) who discovered that illuminating gas leaking from street lamp
gas mains defoliated trees. However, Neljubov (1901. Beih. Bot.
Zentralbl. 10, 128) was the first to identify the active component
of illuminating gas (1), which was ethylene and, to a lesser degree,
acetylene. Neljubov also found that by passing illuminating gas-
contaminated laboratory air over a Cu0 ignition tube the lab air
became unable to alter the growth of pea seedlings (1913. Imp. Acad.
Sci., St. Petersburg, 31, No. 4, 1).

In 1964, Lieberman and Mapson (88) reported that ethylene
could be produced in vitro from 1linolenic acid and other cellular
components including the amino acid methionine in a cell-free
mixture. These authors also implicated the involvement of HZOZ in
the degradation of linolenic acid to ethylene. Since this first paper
involving precursors to ethylene biosynthesis, methionine has been
demonstrated to be the most 1ikely substrate in the fruits of apple
(15), avocado (15), tomato (9) and citrus (71); other data has been
reported (30) on the involvement of methionine in ethylene production

of vegetative tissues.



Lieberman, Kunishi, and Mapson (86) discovered that carbons 3
and 4 of the methionine structure were cleaved and reduced to form the
ethylene moiety. Aminoethoxyvinyl glycine (AVG), a derivative of the
antibiotic rhizobitoxine (an inhibitor of ethylene synthesis and
analog of methionine), strongly inhibited ethylene production by a
variety of plant tissues (87). A protein isolated from mung bean
hypocotyls (123) has also been found to inhibit 80% or more of the
ethylene synthesized by treated hypocotyls: concomitant to suppressed
ethylene production the authors observed reduced RNA synthesis (55-60%),
protein synthesis (65-80%), and phosphate uptake (60-75%).

Frenkel, Klein, and Dilley (48) discovered ethylene synthesis
required active protein synthesis at an early-climacteric stage and
synthesis declined in pear fruit concomitantly with protein synthesis
inhibition. These authors also demonstrated that the protein synthe-
sis inhibitor, cycloheximide, inhibited pear fruits from ripening,
thus demonstrating that a "coordinated sequence" of biochemical events
was triggered by an increase in cellular ethylene activity. At about
this same time (52), ethylene production in aged apple peel disks from
preclimacteric apples was induced and also found to be dependent upon
protein synthesis. However, Galliard et al. (52) found in this sys-
tem ethylene evolution was stimulated by the peroxidation products of
linoleic acid but not methionine. Apple peel disks aged aerobically
at 25 C were found to develop a lipid synthesizing system which was
protein synthesis dependent (51). Rhodes et al. (108) noticed that
during the time when ]4C—amino acids were being incorporated at a high

rate, the apple peel disks developed a system for producing ethylene.
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It has been demonstrated that not only does ethylene produc-
tion depend on oxygen but so also does ethylene action (68). Baur
et al. hypothesized that oxygen was required at some point between
methionine and ethylene (15). Carbon dioxide has been found to
reduce ethylene production in controlled atmosphere (CA) storage at 5%
02 (124) since C02 is a competitive inhibitor of ethylene action and
one of the actions is the stimulation of autocatalysis (2).

The fate of sulfur from methionine must be important bio-
chemically, since Yang and Baur (131) determined that levels of free
and protein-bound methionine were excessively low to provide all of
the methionine necessary for ethylene production by apple fruits.
Homoserine and serine were felt to be requisite for ethylene synthe-
sis (14) and a cyclic system for ethylene production with conservation
of sulfur was hypothesized. S-adenosyl methionine (SAM) was found
to be an intermediate in the conversion of methionine to ethylene
(4, 99). Three years later (5), the sulfur of methionine was observed
to recycle back into the cellular methionine pool and SAM was defi-
nitely identified as an intermediate in the conversion of methionine
to ethylene.

In 1979 the intermediate between SAM and ethylene was dis-
covered to be 1-aminocyclopropane-1-carboxylic acid (ACC) and H202
was implicated in the further catalysis of this intermediate form
to ethylene, C02, NHZ. H,0 and formic acid (5). Also reported in
1979 was a new assay for ACC (25), which confirmed that SAM was an

intermediate of the ethylene biosynthetic pathway. Thus, the evidence



n

for the main precursor to ethylene (methionine) and the major inter-
mediates (SAM and ACC) in the enzymatic formation of ethylene has come
to fruition. The complete pathway (130) has recently been promulgated

as follows:

methionine ribose
ATP C4-acceptor

PPi + Pi CH3-S-ribose

SAM adenine

CH3-S-adenosine

ACC ethylene + C0, + NHZ + H0 + formate

Mattoo and Lieberman have suggested that the ethylene-
synthesizing enzyme system is highly structured in the apple cell
and is localized in a cell wall-cell membrane complex (96). Ethylene
synthesis in mung bean hypocotyl sections was stimulated by certain
lipids (73) and reversibly inhibited by some proteins (112) and
detergents (102). It has also been demonstrated (72) that ethylene
synthesis was disrupted upon "osmotic shock" of these tissues. These
same treatments suppressed "membrane activity" as evidenced by sup-
pression of l—]4c-a-aminoisobutyric acid uptake. Imasaki and
Watanabe (72) believe that the cell membrane is involved in regu-

lating ethylene production (72,73,102,112).

Ethy]ehe Action in Ripening

Ethylene (ethene) is a C2 hydrocarbon gas with a double bond

and a molecular weight of 28.05. Many plant scientists feel ethylene
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is the "ripening hormone" (26). Ethylene appears to act as a trigger-
ing mechanism in the ripening process. Figs, not generally associated
with climacteric fruits, show a stimulation in both growth and
"ripening" (94) due to ethylene. Hulme, Rhodes, Galliard, and Wool-
torton (67) explain the ripening process in apples in terms of changes
in the "organizational resistance" or permeability of the tissue.
These authors feel the respiratory upsurge (respiratory climacteric)
associated with the rise in ethylene synthesis in climacteric fruits
might be due to mixing of metabolic substrates ordinarily separated
by membranes. Ethylene has been found to induce membrane permeability
in morning glory flowers (54) and some tissue permeability increases
were noted by Harvey in 1915 (57). Mayak, Vaadia, and Dilley (98)
found that after treatment of carnation flowers with 2ul/1 ethylene
there was a decrease in H20 uptake 4 h after ethylene treatment; this
was followed by wilting after an additional 2 h. Carbon dioxide,
a competitive inhibitor of ethylene action, inhibited the decline
in the HZO uptake and wilting. Ethylene also enhanced ionic leakage
as evidenced by efflux of 3601 from the tonoplast. These results
(54,98) appear to support the hypothesis that ethylene induces ionic
leakage. Also, this loss of cell water potential would explain the
decreased H20 uptake after ethylene treatment was observed by
Mayak et al. (98). Generally, ethylene is considered to be an accel-
erator and fintegrating agent" in plant senescence (75).

There is a large body of evidence supportive of ethylene's

importance in ripening. Ripening and senescence of many fruits and
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other plant organs is retarded when endogenous ethylene is removed
from the plant parts by hypobaric ventilation (10,38). Inhibition
of ethylene synthesis (127) with AVG as a postharvest dip delays
ripening in 'Anjou' pears. In apple fruits (11), preharvest sprays
of AVG delayed fruit ripening, reduced preharvest drop, and increased
fruit removal force. In 'Bartlett' pear (101), one mM AVG inhibited
ethylene production and delayed the respiratory climacteric and
associated ripening changes in skin color and flesh firmness. These
authors found AVG to be less effective on more mature fruit; when
exogenous ethylene was applied to AVG-treated tissue the fruits
responded by ripening. These data (10,11,38,101,127) support the
hypothesis that ethylene is the "ripening hormone."

Silver ions have also been demonstrated to inhibit ethylene
synthesis which concomitantly attenuated the ripening process (111).
'Mclntoch' apple fruits stored with a flow" ethylene concentration
(6 ppm) in the storage chamber were 2 pounds (0.9 kg) more firm at
the end of the storage period and with a lessened incidence of brown
core than fruits stored in "high" (1570 ppm) ethylene (45). Some
authors (28,118) feel ethylene stimulates the respiratory upsurge
typical in climacteric fruit which are beginning to ripen. In tomato
fruits, dinitrophenol (DNP), an uncoupler of oxidative phosphoryla-
tion, blocked ripening (95); this effect was probably due to a
decreased-% ratio in these fruits. Forsyth and Lockhart (47) noted
significantly lower COZ’ acetaldehyde, ethanol, ethyl acetate, and

other volatile production in low ethylene-treated fruits.
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A preponderance of evidence has indicated that the ripening
process is dependent upon protein synthesis (37,48,63). When pro-
tein synthesis was inhibited in pears with cycloheximide, ripening
was prevented while there was no repression of the respiratory cli-
macteric (48). Pearson and Robertson (104) noticed that DNP evoked
a large respiratory upsurge only in preclimacteric fruits. These
authors proposed that at a critical stage in development, the
increased demands of protein synthesis result in a greater concen-
tration of free phosphate acceptors which, in turn, would increase
respiration (104). Richmond and Biale (109) studied incorporation of
]4C-valine and ]4C-leucine in avocado tissue and also observed a
sharp rise in amino acid incorporation during an early stage of the
climacteric. Puromycin inhibited valine and leucine incorporation
but had no effect on 02 uptake. The authors felt this protein syn-
thesis reflects an induction of a set of enzymes which fcatalyse the
climacteric process" and final cell breakdown or senescence (109).
In pear mitochnodria a decline in ]4C-leucine incorporation has been
observed during the climacteric rise (110). The increase in malic
enzyme activity during the time coincident with ripening was shown
(40,48) to be partially due to de novo synthesis, as measued by 14C-
phenylalanine incorporation into the electrophoretically purified
enzyme. Klein and Dilley (78) found that incorporation of a radio-
active amino acid into malic enzyme (40,48) represented total incor-

poration into 2 isozymes with identical rates of electrophoretic

mobility.
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Hobson (59) hypothesized that during tomato fruit development
various isozymes were formed specifically to carry out the changes
associated with ripening. It was observed that isozymes were most
diverse qualitatively during the mature green stage and decreased
thereafter. Hobson also demonstrated that while specific enzymes
increase in activity, overall, total protein content decreases as
fruits mature and ripen. To reiterate, enzymes produced during the
rise in protein synthesis appear to catalyse various aspects of the
ripening process and the climacteric increase in respiration does
not appear to be connected since inhibitors do not disturb the
respiratory increase, but do stop ripening.

Oxygen is a necessary component for ethylene to act upon plant
tissues (68). Burg and Burg (29) have hypothesized that molecular
oxygen is required to oxidize the ethylene attachment site and that
oxygen is thus required for full ”receptivenessf or sensitivity to
ethylene. It has also been demonstrated that carbon dioxide acts
as a competitive inhibitor with respect to ethylene action (29).
These authors have suggested that C02 delays fruit ripening by dis-
placing ethylene from its receptor site. A1l fruits do not show the
response to ethylene during maturation and ripening and thus do not
fit the classical climacteric fruit pattern displayed by apple and
avocado (85). Rhodes et al. (108) give a summary of changes asso-
ciated with the apple peel disk system upon ageing as follows:

1. respiration rate increases three- to four-fold

2. sensitivity to respiratory inhibition changes
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3. development of respiratory increase is dependent upon
RNA and protein synthesis (not always so in whole fruit)

4. increase in mitochondria number

5. 1increase in activity of numerous enzymes (especially
malic enzyme)
increase in total protein content

14

. increase in capacity to incorporate 'C-amino acids

6

7

8. increase in total RNA

9. increase in the number of ribosomes

0. increase in fatty acid synthesis
11. increase in the uptake of solutes (electrolytes).

However, other authors have doubted ethylene's role as the "ripening

hormone" (43).

Little is known about how ethylene induces or affects the
ripening process. Burg and Burg (29) found binding of ethylene to
tissues but very little incorporation. Utilizing deuterated ethylene,
Abeles et al. (3) found no isotopic exchange of hydrogen with some
binding site. It was hypothesized (3) that a dissociable ethylene-
receptor complex might act like a switch (conformational change)
which "turns on? a "cascade of reactionsf when ethylene binds to the
receptor. Beyer (18) found no isotopic exchange in deuterated ethylene
and felt this was supportive of a ready dissociation of ethylene from
a receptor site. Others (115,116) recently discovered the existence
of a natural ethylene-binding lipophilic protein; however, no evi-
dence was presented to link the binding capacity to any known physio-

logical action of ethylene. Evidence now indicates ethylene can be
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metabolized and incorporated into plant tissues (19,20,21,22,23) even
under aseptic (20) conditions. Beyer (23) found that Agt inhibits

incorporation of 14 14

C-ethylene into tissue metabolites but not to ' 'C-
carbon dioxide, suggesting that ethylene metabolism is an integral

part of its reaction mechanism (21,23).

Malic Enzyme in Ripening Fruits

L-malate is the major Cq dicarboxylic acid in apple and other
pome fruits (69). In 1957 Hulme and Neal (66) injected malate into
the branches of apple trees and observed that this treatment induced
an "early climacteric." Allentoff et al. (7) made the observation
that roughly %-of the 14C-carbon dioxide incorporated into apple fruits
in the last month prior to harvest was found fixed in malic acid. Neal
and Hulme (100) discovered that apple peel disks develop a capacity to
decarboxylate added malate (the "malate effectf) during ripening. The
addition of malate caused a large increase in the carbon dioxide
output from postclimacteric and senescent fruit but not from pre-
climacteric fruit. Oxygen uptake of peel tissue was also stimulated
by addition of malate, succinate, and a-ketoglutarate (100). Rhodes
et al. (106) found that the malate effect required protein synthesis.
In these experiments, peel disks from preclimacteric fruit did not
exhibit any increase in respiration as did climacteric and postclimac-
teric peel disks; these disks did, however, show an increased ability
to decarboxylate malate oxidatively. It has also been demonstrated
(108) that exogenous ethylene reduced the time taken to reach the

full malate effect. The authors suggested that ethylene, RNA, and
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protein synthesis were involved in the development of the ability
of aged apple peel disks to oxidatively decarboxylate added malate.
Hulme and Wooltorton (70) suggested that malic enzyme might be
involved in the malate effect in the aged peel disk system.

Malic enzyme is one of the dominant proteins in pome fruits
(48). Dilley (34) has suggested that not only might malic enzyme be
involved in the malate effect but the oxidative decarboxylation of
malate via malic enzyme might be the cause of the observed increase
in the respiratory quotient (R.Q. = rate CO2 evoluation/rate 02
uptake) in certain fruits during the 002 climacteric. Hulme and
Wooltorton (70) hypothesized that the climacteric in whole fruit might
be caused by an increase in malic enzyme activity. Walker (126) sug-
gested that if malate was a storage product accumulating in the tono-
plast malic enzyme might provide a mechanism for its mobilization for
mitochondrial oxidation under conditions where C4 acids are plentiful
and pyruvate is scarce. Klein (77) postulated that malic enzyme
might supply NADPH for biosynthetic purposes and it might also
increase the supply of respirable substrate (pyruvate) for enhanced
mitochondrial activity during the climacteric rise. Malic enzyme
and other enzyme activities increase during the time of the climacteric
(34,56,70,107). In early-climacteric fruits (40) incorporation of
]4C-pheny1a1anine increased 4-fold in malic enzyme. Hartmann found
no increase in malic enzyme activity (55) in cherries, a non-
climacteric fruit. Specific activity (34) of malic enzyme was

observed to increase in postclimacteric fruit. Rhodes et al. (108)
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found that cycloheximide inhibits the development of the malate
effect. Malic enzyme appears to be involved in contributing some-
what to the observed CO, evolution increase associated with the
"respiratory" climacteric in ripening fruits, malic enzyme activity
does increase during this time period in whole fruits, and activity
increase of the enzyme is, at least in part, dependent upon specific
protein synthesis.

Hulme et al. (65) found that malic enzyme was mainly located
in the soluble fraction of the cell and only a small part of the
entire activity was found in mitochondria. The reaction mechanism
(61) of pigeon livermalic enzyme appears to be of the order bi-ter
type as determined by product inhibition patterns with NADP* and
malate as variable substrates. NADP' binds first with malate entering
the active site only after the oxidized pyridine nucleotide has been
bound. Carbon dioxide or bicarbonate is the first product liberated
followed by pyruvate and NADPH. Dilley (35) was the first to purify
and perform kinetic studies on apple fruit malic enzyme.

Changes of Pectinaceous Substances and Associated
Enzymes with the Ripening Process

It has been assumed that the loss of flesh firmness in climac-
teric fruits was due to cell wall-degrading enzymes (36,83).
Bartley (12) found that water soluble polygalacturonate residues
increased in concentration as the apple fruits softened with ripening.
These changes were preceded by loss of galactose residues from the

cell wall. Changes in the solubility and properties of pectinic
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polysaccharides in apples have also been shown to change during the
ripening process (64,74). Knee (82,83) has demonstrated that flesh
firmness is inversely proportional to soluble polyuronide content.
Gross and Wallner (53) found that isolated cell walls from tomato
fruits also contained water soluble polyuronides which tended to
increase as the flesh became more soft. In tomato (113), the rise in
polygalacturonase activity (PG) did not occur until the onset of
ripening and this increase came after the increase in water soluble
polyuronides (WSP) had begun. These authors took this to be evidence
that enzymes other than PG might be involved in the ripening process.

Albersheim et al. (6) demonstrated that pectic substances
are the main component of the middle lamella of secondary plant cell
walls and can also be detected in the primary cell wall. In apple (16)
and pear, structural alterations do occur cytologically in the cell
wall via the dissolution of the middle lamella. Gross and Wallner
(53) found that the only components of cell walls declining during
ripening were galactose, arabinose, and galacturonic acid. They also
determined that the ripening-related decline in galactose and arabinose
was a separate biochemical event from polyuronide solubilization which
increases during ripening in tomato fruits. Knee (82) found similar
results occurring in apples; galactose and arabinose decreased in the
cell wall fraction as a function of apple softening and the proportion
of polyuronide which was water soluble increased.

Working with tomato fruits (58), Hobson found that cellulase

plays only a minor role in the softening process. The author stated
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that it was "becoming evident that the physical characteristics of
fruit tissues are a reflection of the activities of pectic enzymes

to which they are subjected." In tomato fruits, which undergo incom-
plete ripening ("blotchy ripening") in certain areas, Hobson (58)
found much lower polygalacturonase activity in the non-softening
(non-red) portion of the fruit. In avocado (8) both cellulase and
polygalacturonase activity were low at harvest and increased to a
maximum level at about the time of the climacteric peak in respiratory
activity; pectin methyl esterase declined from harvest to the climac-
teric. Awad and Young (8) feel that cellulase is the most important
hydrolytic enzyme with respect to fruit textural changes in avocado.
In pear (16) no cellulase activity was found. Pear tissue (16)
treated with a mixture of cellulase and polygalacturonase led to ultra-
structural changes observed in naturally-ripened fruits; in apple,
polygalacturonase alone brought similar results. In tomato fruit,
polygalacturonase endo-activity appears to be dominant over exo-
activity (16). Exo-polygalacturonase is a "terminal cleaving" enzyme
while endo-polygalacturonase is a frandom cleaving" enzyme (13).

In 1974, Bartley (13) found native apple polygalacturonase had only
exo-activity. After purification, the author found this enzyme would
degrade apple cortical cell wall preparations and low molecular weight
uronic acid residues and polyuronides were released. Prior to this
time no enzyme had been successfully isolated from apple cortical
tissue which was definitely associated with the ripening process (12,

105). Bartley (12) has also isolated B-galactosidase from apple tissue
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in both soluble and cell wall preparations which degrades pectin
galactan optimally at a pH of 4.0.

The ripening (softening) process thus appears to involve endo-
and/or exo-polygalacturonase mainly and cellulase in certain fruits.
As ripening continues the amount of enzyme and water soluble poly-
uronides increases. The increase in ripening-related enzyme activity
is probably due to de novo protein synthesis since cycloheximide
inhibited the ripening process (48).

Physiological Impact of Low Pressure (LPS) and
Controlled Atmosphere (CA) Storage on Fruits

For the purpose of extending the storage 1ife of fruits beyond
that observed in refrigerated storage, controlled atmosphere (CA)
storage was invented in England ca. 1920. In 1977 about 40% of the
fresh U.S. apple crop was stored in CA (97). Modern CA storage tech-
niques maintain a low temperature, high relative humidity, and permit
control of oxygen and carbon dioxide at recommended low levels (90).
For a major extension of apple storage life, Dewey et al. (33) recom-
mended oxygen and carbon dioxide concentrations to be from 2-3% and
1-5%, respectively. In 1957, Stoddard and Hummel (120) reported some
work on storage under low pressure. However, Burg and Burg (28) have
been credited with inventing low pressure storage (hypobaric or LPS).
Both CA and LPS have a rationale incommon; if senescense and ripening
of fruit tissue is mainly a function of ethylene production then
storage 1ife should be extended if oxygen levels were to be lowered
sufficiently below 20-21% (ethylene synthesis is highly oxygen depend-

ent). Both CA and hypobaric systems achieve this; however, in LPS
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the fruit are continually ventilated with fresh, ethylene-free humidi-
fied air. Since the diffusivity of gases is inversely proportional to
total pressure (27), the intercellular activity of these substances
decreases as the absolute pressure is decreased. In CA, in order to
counteract the effects of accumulating ethylene (CA chambers generally
have a low atmospheric turnover), carbon dioxide (a competitive
inhibitor of ethylene action) is added into the storage atmosphere,

or allowed to accumulate. However, ethylene accumulates to high levels
where €O, is no longer effective and fruits ripen.

Since the intrafruit ethylene concentration is kept extremely
low in LPS (38,92) the apple fruits respond by maintaining flesh firm-
ness (the major criterion for "ripeningf) similar to their at-harvest
condition. Fruits so treated also have a greater chlorophyll content,
higher acidity, higher total sugar content, fewer storage disorders,
and an increased life after removal from storage. The major dis-
advantage beyond the costs of employing such a storage technique is
slowness to develop flavor upon removal from storage (92). Dilley
(38,39) maintains that ripening and senescence are retarded at low
pressures most likely as a consequence of ethylene removal. Once
fruits are removed from storage they ripen slowly and maximum ethylene
production is delayed (38,91). The LPS effect has also been observed
in other fruit crops (121,129). Wu (129) observed that tomato fruits
"never" ripened and eventually deteriorated if stored at 102 torr (20
torr 02 partial pressure) for greater than 100 days. Streif and

Bangerth (121) noted that "the ripening processes in tomato could be
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accelerated by sufficient ethylene concentrations in the storage
(LPS) atmosphere, even at low oxygen pressures." It thus appears
that the majority of the LPS effects on delaying fruit ripening are
due to ethylene removal and are not as dependent upon oxygen partial
pressure. Others (119) have reported contradictory results to the
above. Utilizing KMnO4 as an ethylene absorbent, Stenvers and
Bruinsma (119) were unable to demonstrate any delayed ripening at
150 torr (PT) in tomatoes; the authors concluded that the concentra-
tion of endogenously-evolved ethylene in the storage atmosphere had
no effect on the onset and rate of ripening.

Controversy exists (118) as to whether the level of ethylene
is important in CA storage. Forsyth et al. (46) report that storage
life of 'McIntoch' apples increased if ethylene was removed from
the storage vessel. Fruit stored for 189 days at 3.3 C in 3% 02,

5% COZ' and 6 ppm ethylene were 0.9 kg (2 pounds) more firm than

fruit stored in 1570 ppm ethylene (45,46). These authors noted that
flesh firmness persisted for more than a week at room temperature

and that acidity and soluble solids content were slightly higher in
the Tow ethylene treatment. Others (24) report no consistent effect
of naturally-evolved ethylene in stimulating ripening under low oxygen
conditions. Liu (89) reports that ethylene removal from CA frequently,
but not always, resulted in greater flesh firmness retention in apple
culitvars like 'McIntosh,' but noted little effect on 'Delicious,’
'Golden Delicious,' 'Idared,' and 'Cortland.' For maximum effect the

fruits had to be picked in a pre-climacteric state and ethylene should
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be "scrubbed" out of the CA chamber. Tomkins and Meigh (124) found
that C02 in the CA atmosphere would reduce levels of ethylene at
5% 0,.

As far back as 1925 (122) it was recognized that acetaldehyde
and ethanol accumulate in apples stored under “"excess" CO2 even in
the presence of 02. Davis et al. (32) noted a stimulation of pyruvate
and alcohol dehydrogenase in CA-stored fruit; accumulation of ace-
taldehyde and ethanol were also noticed. Fidler (41) reported that
the degree of carbohydrate plus acid lost in respiring apples was
about equal to the amount of CO2 plus ethanol and acetaldehyde formed.
Alcohol accumulation has also been reported in 'Cox's Orange Pippin'
under anaerobic conditions (42). Once removed from CA, the fruits
produced lower than normal non-ethylene volatiles (103). Other bio-
chemical effects have also been noted (49,50,79,80,81,114) in fruits
stored under low oxygen and/or high COZ' Frenkel and Patterson (50)
observed fragmentation, reduction in size, and changes in shape of
mitochondria, plastids, and tonoplasts of ‘'Bartlett' pears stored at
high CO2 concentrations. These ultrastructural alterations were
similar to those observed in senescent fruits. Knee (79) could find
only slight malate decarboxylation in apples stored at 5% CO2 and
3% CO2 at 3.5 C. Carbon dioxide has also been observed to decrease
succinic dehydrogenase activity in pears (49) and apples (81,114)
during cold storage. Knee (80) found that softening and pectinic

changes were similar in CA and control 'Conference' pear fruits.
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