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ABSTRACT 

The sensitivity of Arizona-grown grapefruit to chilling tempera

tures varied throughout the harvest period studied. This sensitivity 

was high in October, decreased in November and December, then increased 

in February. In April and May there was another decrease in sensitivity 

to chilling temperatures. 

Coating fruit with vegetable oils or fats successfully delayed 

the development of chilling injury and reduced the degree of injury, 

however, vegetable oils applied as water emulsions were even more effec

tive in preventing chilling injury to 'Redblush' grapefruit extending 

the period of marketability more than 100 days. 

Postharvest application of CaC12 and certa1n plant growth regu

lators significantly increased the resistance of 'Marsh' grapefruit to 

chilling injury, but less so than oil emulsions. 

Scanning electron microscope photomicrographs of Marsh'grape

fruit peels showed that severe chilling injury was a depressed area of 

collapsed cell, just beneath the epidermis layer. As the severity of 

chilling injury increased, non-collapsed cells gradually increased in 

size. Cell walls were irregularly shaped; thin in some areas and thick 

in others. Oil glands in depressed areas were not ruptured during cold 

storage. Hence release of toxic materials through rupturing of oil 

glands is not a factor in chilling injury. 

x 

, 



xi 

Compared to non-injured tissue, injured tissue from the same 

fruits had significantly lower water and osmotic potentials, and low, 

near zero, turgor pressures. There was a significant negative correla

tion (r = -0.5; p < 0.05) between the water potentials of the peels and 

the percentage of ~rsh grapefruit with severe chilling injury during 

storage at 2.8C. 

Ion leakage tended to increase during cold storage, and when the 

fruit were transferred to room temperature. Internal conductivities 

declined sharply during cold storage and then increased very strongly 

during periods at room temperature. 



CHAPTER 1 

INTRODUCTION 

Chilling Injury to Citrus Fruit 

Fresh fruits and vegetables are stored at low temperatures to 

retard the processes that reduce their quality. Low temperature storage 

is recommended for many perishable commodities because it retards respir

ation and other metabolic activities, aging due to ripening, softening, 

pitting, texture and color changes, moisture loss and its resultant 

wilting, and spoilage due to invasion by bacteria, fungi and yeast. 

Many of these commodities, however, suffer damage when stored at a cool 

temperature somewhat above their freezing point. Chilling injury is 

considered a major problem in postharvest storage of susceptible fruit 

of tropical and subtropical origin. 

Non pathogenic disorders of citrus are responsible for large 

economic losses during cold storage and shipping. The appearance of 

chilling injured grapefruit, lemons and limes becomes undesirable and 

the eating quality is diminished. In addition, damaged fruit are sus

ceptible to fungal decay, both in storage and on the shelf, while storage 

at higher temperatures is not desirable because of the high incidence of 

fungal attack and rapid deterioration of the fruit. 

Different fruits vary in degrees of chilling injury. For in

stance, bananas experience heavy injury after exposure to chilling 

1 



temperatures of only a few hours, while apple and grapefruit are in

jured only after weeks or months of storage. 

2 

The physiological disorders that occur in susceptible material 

upon exposure to low temperatures lead to a variety of visible symp

toms. The most apparent symptoms of general concern are surface 

pitting, necrosis, and external discoloration (Lyons, 1973). Pitting 

is more evident with fruits such as limes, oranges and grapefruit, 

mango, and avocado in which the outermost covering is harder and 

thicker than the adjacent layers. Pitting of citrus fruits consists 

of abruptly sunken spots in the rind. The spots become slightly pink 

in grapefruit and brown in oranges (~tiller, 1946; Ting and Attaway, 

1971). 

Except for this sensitivity of citrus fruit to low tempera-' 

tures, they could be stored for long periods. The length of storage 

is limited by the degree in which both physiological disorders and 

fungal invasion can be retarded by using low temperatures above the 

freezing point of the tissue. 

The objective of this study was to investigate periodic warming 

periods, calcium chloride (CaC12), abscisic acid (ABA) 2,4-dichlorophen

oxyacetic acid (2,4-D) and vegetable oils for their ability to reduce or 

prevent chilling injury to Marsh and Redblush grapefruit, as well as to 

gain some understanding of the mechanisms of chilling injury by studying 

ion leakage, internal conductivities, water potential components and 

scanning electronmicrographs of injured tissue. 



CHAPTER 2 

LITERATURE REVIEW 

Chilling Injury 

Chilling injury refers to nonpathogenic disorders that take 

place in commodities due to exposure to low temperatures, reducing 

their economic and eating qualities. Damaged fruits are also more sus

ceptible to fungal decay, both in storage and on the shelf. All citrus 

fruits are susceptible, in different degrees, to low temperature injury. 

Limes, lemons, and grapefruit are more susceptible to low temperatures 

than oranges and mandarins. Miller (1946) suggested that the favorable 

storage temperatures are 1-3 C for oranges, 7-13 C for grapefruits and 

13-14 C for lemons. 

Other investigators have tried to determine an optimum tempera

ture for prolonged storage of grapefruit without development of pitting 

and rot. Schiffmann-Nadel, Lattar, and Waks (1971) stored 'Marsh' seed

less grapefruit at temperatures from 2 C to 17 C for periods from 4 to 

20 weeks. The authors found that with prolonged storage the amount of 

pitting and rot was increased gradually at most of the above tempera

tures (2-17 C), but storage for 4 weeks at any of these temperatures 

caused no pitting or rot. The optimum temperature for grapefruit stor

age was 12 C. Above that temperature it's firmness decreased and below 

it fast development of chilling injury took place. On market shelves 

after cool storage, the amount of pitting often increased and pits that 

3 
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that developed during storage increased in size if the fruit were ex

posed to high temperatures after cold storage (Schiffman-Nadel, Lattar 

and Waks, 1971). 

Citrus fruits have a long harvest season and storage require

ments for a specific cultivar can vary from early to late season 

harvests. It has been found that early season grapefruit were severely 

sensitive to chilling injury, but that resistance to low temperatures 

increased with maturity and reached a maximum in fruits harvested dur

ing February to March (Grierson and Hatton, 1977; Pantastico, Mattoo and 

Ogata, 1975; Kawada, Grierson and Soul, 1978). 

Susceptibility of plant materials to low temperatures could be 

related to metabolic activities, which are affected by the field air 

temperatures a few days before harvesting. Air temperatures of 7 C 

caused a s·ignificant increase in both total and reducing sugar concen

trations in mature leaves· of boxwood and cranberry (Sieckmann and Boe, 

19782. The increase in reducing sugars could be attributed to the 

conversion of starch to sugar. Yelenosky and Guy (1977) found that 

starch-sugar changes in citrus trees were associated with cold tempera-

tures. 

Sugars protect sensitive structures in plants from freezing 

whereas starch can promote low temperature damage (Santarius, 1973). 

So it seems that a conversion of starch to sugar could give plants a 

greater ability to resist low temperature dysfunction. In studies of 

isolated chloroplast membranes of spinach leaves, Santarius (1973) in

dicated that the thylakoids could be partially or completely protected 



5 

from low temperature damage when sugars were present. The trisaccharide, 

raffinose, was more effective than the disaccharide sucrose, or the 

monosaccharide glucose. In grapefruit it was found that peel resistance 

to chilling injury increased with increasing reducing sugar content of 

the peels (Purvis, Kawada and Grierson, 1979). Total sugars and sucrose 

in grapefruit peels decreased during storage at 4.4 C, 10 C, and 15.6 C. 

Glucose decreased at 10 C and 15.6 C and fructose increased at all temp

eratures. Changes in total sugars were small (Vakis et al., 1970). 

The development of chilling injury to lime fruits during stor

age and marketing has resulted in serious economic losses to the lime 

industry. Limes are subject to pitting (leathery, brown sunken areas in 

the rind) at temperatures below 7 C and the pitting develops soon after 

removal from storage. Therefore, Ryall and Pentzer (1974) recommended 

storage of limes at 7 to 9 C. Eaks (1969) found that the limit of safe 

storage for lime fruit at 4.4 C was about 4 weeks, although some surface 

pitting developed during marketing. However, lime fruit held at 10 C 

did not develop any chilling injury either during storage for 6 weeks or 

after removal to room temperature, but the fruit did turn yellow after 2 

or 3 weeks at 10 C. 

Lemons are also very susceptible to cold storage breakdown, and 

some of the lemon disorders are membranous at albedo browning, and red 

blotch (Ryall and Pentzer, 1974). Ryall and Pentzen (1974) found that 

in spite of a susceptibility of lemon fruit to chilling injury, storage 

life can be extended to 6 months at 13 to 14 C without developing any 

physiological disorder symptoms. 
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Mechanisms of Chilling Injury in Fruits 

The fundamental physiological mechanisms of chilling injury re

main obscure. Several physiochemical changes involved in the mechan

isms of chilling injury have been proposed. 

Low temperatures could induce changes in membrane lipids and 

this could have an influence on metabolic regulation. When the tempera

tures is reduced below 10 C for most commodities, membrane lipids under

go a change in phase. Studies on mitochondrial membranes of plants 

sensitive to chilling injury have shown that membranes undergo a 

physical-phase transition from a flexible liquid crystalline to a 

solid-gel structure at 10-12 C (Kumamoto, Raison, and Lyons, 1971; Paul, 

1981; Raison et al., 1971), which correlated with chilling temperature. 

Major changes were observed in the Arrhenius activation energy 

of membrane-bound enzymes and in the permeability and active transport 

systems of the membrane (Raison, 1973). Thus, reducing the temperature 

below a critical degree for chilling susceptible plants could lead to a 

number of biochemical changes. The effects of temperature on many dif

ferent enzyme systems together with the changes in substrate and ion 

movement through membranes could give us a biochemical basis for the 

imbalances in metabolism when storage temperatures are reduced below 

critical values. Furthermore, Shirahashi, Hayakawa and Sugyama (1978) 

showed that the pyruvate, orthophosphate dikinase from maize is cold 

labile and this cold ability correlated with sharp changes in the acti

vation energy of dikinase catalyzed reaction observed at 12 C. Other 

studies showed that some enzymes associated with membrane systems in 
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chilling sensitive plants undergo abnormal changes in activity at about 

the same temperature as that shown for the physical change in membrane 

characteristics. In contrast nonmembrane associated enzymes maintain 

a relatively linear relationship with decreasing temperature 

(Breidenbach, Wade and Lyons, 1974; Raison and Chapman, 1976; Lyons, 

1973; Wade, 1979). Downton and Hawker (1975) found that the soluble 

enzymes responsible for starch synthesis in chilling sensitive maize, 

avocado, and sweet potato showed discontinuities in Arrhenius plots at 

about 12 C, which correlated with physiological disorder in those 

tissues. In contrast, similar enzymes from the chilling resistant 

potato exhibited a linear plot in response to temperature over the 

range from 23 C down to 0 C. Their results suggested that the discon

tinuities observed in the plots from chilling sensitive plants reflected 

transitions in lipids at the critical temperature similar to that ob

served with membrane-bound enzymes. 

Chilling injury could be a result of some changes in the oxida

tive and phosphorylative capacity of mitochondria. Chilled isolated 

mitochondria of grapefruit had a P/O ratio of 0.71 to 0.95, whereas un

chilled mitochondria had a P/O ratio of 1.2/1.42 (Pantastico, 1968). 

A high plO ratio means that more phosphorus is used by a mitochondria 

per unit of oxygen and, therefore, incorporation of phosphorus into ADP 

to produce ATP is more efficient. The lower P/O ratios suggest that 

exposure of grapefruit to chilling temperatures impaired energy systems. 

Comparative studies between chill-sensitive grapefruit and 

chill-resistant oranges made by Purvis (1980), showed that a break in 
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the Arrhenius plot of CO2 evolution and O
2 

uptake by grapefruit tissues 

occurred at 12 C, but no such break was observed in similar plots for 

orange tissues. Similar results were observed in chill sensitive 

cucumber and chill resistant potato by Raison (1973) and Lyons and 

Raison (1970). 

Kane, Marcellin and Mazliak (1978) studied the succinate oxida

tion capacity of mitochondria isolated from mango fruit stored at 4 C, 

8 C, 12 C and 20 C. They found that the succinate oxidation capac

ities of mitochondria exhibited an exp'Jnential decrease with decreasing 

storage temperature for the first 10 days of storage, during which 

t~ere were no symptoms of chilling damage, but a marked discontinuity 

was noticed between 8 C and 12 C during the last days of storage. 

Excessive accumulation of certain metabolites perhaps causes 

physiological dysfunction and death of cells. Paper chromatographic 

analysis of organic acids in pitted and unpitted.green bananas and lime 

fruits revealed that pitted fruits, which were held at 0 C and 4.4 C, 

accumulate malic and quinic acids. Banana pulp held at 9.4 C or 6 C 

for 15 days accumulated excessive amounts of a-ketoglutarate, pyruvate, 

acetaldehyde and ethanol (Raison, 1973; Murata, 1969). Hulme, Smith 

and Wooltorton (1964) observed that a strong positive correlation 

existed between the accumulation of oxaloacetate in cool-storage and 

subsequent development of symptoms of low temperature breakdown. 

Changes in mitochondrial membrane structure during storage at chilling 

temperature could inhibit membrane bound enzymes such as those of the 

tricarboxylic acid cycle, while not affecting the glycolytic enzymes 

(Lyons, Raison and Steponkus, 1979). Accumulation of acetaldehyde, 
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acetate and ethanol could result in the cell's death and cause pitting 

(Wade, 1979; Smagu1a and Bramlage, 1977; Davis, Hofmann and Hatton, 

1974; Wills and McGlasson, 1971; Wills, Scott and McGlasson, 1970). 

Ultrastructural Changes Associated 
with Chilling Injury 

When grapefruit and tomato fruit were exposed to low tempera-

tures, organelle structures were extensively modified (Moline, 1976; 

Platt-Aloia and Thomson, 1976), chloroplast conversion to chromop1ast 

was inhibited, mitochondria were swollen, and cytoplasms became more 

vacuo1ized. There was also a loss of definition of thy1akoids and 

pro1amme1ar bodies, and discontinuities in the envelopes of mitochon-

dria, peroxisomes, and nuclei. Ilker, Bridenbach and Lyons (1979) 

found that electron micrographs from tomato cotyledon cells that were 

exposed to chilling temperature for different times showed progressive 

deterioration of membranes and the appearance of small vacuoles pre-

ceeding other subcellular changes, severe cytoplasmic dehydration, and 

cell volume changes. At this time, the cell wall showed marked ir-

regularities. The cell wall appeared thinner in some parts and ex-

panded in others with increased material in the middle lamella (I1ker 

et a1., 1979). 

Microscopic studies of chilling injury of orchid leaves (cv. 

'Pink Chiffon') were done by McConnell and Sheehan (1978), who ob-

served that the initial response to chilling injury occurred in 

mesophy11 cells between large vascular bundles. One or more layers 

of mesophy11 cells collapsed and formed an internal horizontal 
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necrotic layer. They also observed that if only a few cells collapsed, 

the surrounding mesophyll cells hypertrophied and pitted areas did not 

develop. However, tissues with a severe chilling injury were charac

terized by extensive mesophyll collapse, which often caused a slight 

depression of the epidermal cells. Their study also demonstrated 

that the most severe injuries occurred when there was a total collapse 

of the mesophyll tissue and the upper and lower epidermal cells were 

separated by a layer of necrotic cells. 

Ion Leakage and Internal Conduct-ivity 

Chilling injury enhanced leakage of various ions from many sus

ceptible tissues (Wright and Simon, 1973; Lieberman et al., 1958; 

Christiansen, Carns and Slyter, 1970; Tatsumi and Murata, 1978; Lewis 

and Workman, 1964; Minchin and Semon, 1973; Patterson, Murata and 

Graham, 1976; Wright, 1974; Greencia and Bramlage, 1971), and this 

could be a result of physical changes in membrane structure, such as 

a phase transition in the membrane lipid, which could be expected to 

alter membrane permeability. Trauble and Haynes (1971) hypothesized 

that an increase in membrane permeability would be expected to accom

pany the phase transition due to a decrease in membrane thickness and 

other changes in the structure of the hydrocarbon chains important for 

diffusion across the membrane. They also speculated that cracks or 

channels could appear in membranes at low temperatures due to the 

solidification of lipids. 
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Sasson and Monselise (1977) demonstrated that during shamouti 

orange growth and following prolonged storage at 17 C, peel electro-

lytes at the fruit equators were lower than at the stylar ends. 

Progressive increase in electrical conductivity took place with tis-

sue senescence. Electrolytic conductivities of leachate from limes 

and grapefruit (chilling sensitive fruit) were three times higher than 

those of leachate from orange fruit tissues, which are relatively 

resistant to chilling injury (Pantastico, 1968). Studies of chilling 

effects on electrolyte leakage and internal conductivities of peach 

fruit (Furmanski and Buescher,1979) and pepper and eggplant (Murata 

and Tatsumi, 1979) showed that the chilled fruit did not exhibit any 

increase in electrolyte leakage. 

Enzyme Activities 

Cell wall degradative enzyme could play an important role in 

chilling sensitive commodities. In studies on grapefruit that were 

stored in various temperatures (1 C, 4.4 C, 12.7 C, 21 C) it was found 

that cellulase and polygalacturanase activity in grapefruit peel in-

creased during storage while pectin methylesterase activity decreased 

(Vakis et al., 1970). The chill injured peels of mango exhibited less 

degradation of starch and more degradation of sucrose when compared 

with sound peels. This could be a result of an increase in the activ-

ity of invertase and a decrease in levels of amylase as found by 

Chhatpar, Mattoo and Modi (1971). They also showed that in vitro 

+ * amylase activity was inhibited by the presence of K and Ca whereas 

+ * the invertase level was induced in the presence of K and Ca . 
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Although each enzyme has an optimum temperature above or below 

which the activity declines, some enzymes are activated at high temp

eratures and the same enzyme in some instances operates at low temper

atures. Invertase in mango fruit exhibited two temperature peaks, one 

at zero and the other at 37 C (Chhatpar et al., 1971). This could be 

true with other fruits, and perhaps is one of the reasons for the 

development of chilling injury. Wallner (1978) extracted S

galactosidase from apple cores and measured enzyme activity, softening, 

and cell wall galactose. He found that S-galactosidase increased in 

activity at 3.3 C, 10 C, and 18.3 C and this activity was correlated 

to the fruit softening. He also observed that apple softening was 

accompanied by a decrea se in wall galactose and an increase in S

galactosidase. 

Alleviation of Chilling Injury 

World food shortage emphasizes the need for reducing post

harvest disorders and development of improved methods for long life 

storage without damage to the commodities. Postharvest losses are 

very high for vegetables and fruits; approximately 23% of the total 

loss occurs during the postharvest period (Harvey, 1978). So it be

comes essential to find a system to solve this world problem and to 

facilitate transport of the crop yield from one area to another with

out too much damage and with desirable marketing qualities. Cooling 

is a most important tool in reducing postharvest losses, but no single 

method is available to reduce chilling injury to all cold sensitive 

fruits and vegetables. Many experiments have been carried out to 



minimize pitting problems for cold susceptible commodities and these 

researches can be grouped as follows. 

Regulation of Temperature and 
Humidity 

Gradual lowering of the temperature to precondition fruit in 

2.8 C stages reduced pitting in bananas from 90.6% to 8.9% and in 

13 

avocados from 30.0% to 1.7%, but no effects of preconditioning were ob-

served on lime and grapefruit (Pantastico et al., 1975). 

With the application of fungicides, a high relative humidity is 

recommended for most perishable horticultural products in order to re-

tard softening or wilting from moisture loss, and to ameliorate pitting 

(Grierson and Wardowski, 1978; Van den Berg and Lertz, 1978). 

Pantastico et ale (1975) reported that peppers stored for 12 days at 

o C and 88-96% relative humidity had 67% pitting as compared to 33% at 

96-98% relative humidity for the same exposure period and temperature. 

Similarly, high relative humidities have been observed to reduce the 

severity of chilling injury to grapefruit (Brooks and McCal10ch, 1936), 

oranges (Grierson, 1958), cucumbers (Morris and Plateniks, 1938) and 

bananas (Pantastico, 1968). 

Controlled Atmospheric Storage 

Low partial pressure of O2 can delay senescence of many commod-

ities and therefore prolong storage life. The physiological effect of 

lowered O2 concentration in storage rooms is through the reduction of 

respiration, ethylene production, ethylene action in senescence, and 
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the rate of other metabolic processes regulated by 02 levels. Modifica

tion of storage atmospheres affects pitting. A concentration of 7% 02 

was optimal in preventing chilling injury (Pantastico, 1968) and ex

tending shelf life for limes. At low 02 concentrations the ratio of 

CO2/02 may increase as a result of fermentative reactions. Off flavors 

develop in many fruits and vegetables. A definite injury to South 

African navel oranges in atmospheres containing 8% 02 and 12% CO
2 

was 

observed by Pantastico et al. (1968). 

Pitting in grapefruit was caused by long exposure to high con

centrations of CO
2

• The injury was manifested as discoloration and 

physiological damage in the form of collapsed rind cells. In severe 

instances, the rind was water-soaked in appearance, especially in the 

blossom end (Davis, 1972). 

Low Pressure Storage 

As mentioned before, chilling injury could be a result of the 

accumulation of toxic volatile metabolites such as acetaldehyde and 

ethanol (Lyons, 1973). Low pressure storage (LPS) could lower the 

boiling points ot these toxic metabolites thereby increasing their 

volatility and facilitating their removal from the stored fruit. 

Amelioration of chilling injury has been reported in bananas 

and grapefruit stored at 5C and 220 Torr, but grapefruit held at 380 

Torr exhibited chilling injury symptoms. No reduction in chilling in

jury symptoms was found with avocados, limes and cucumbers stored at 5 C 

and 220 Torr (Lougheed, Murr and Berard, 1978). 



15 

Periodic Warming Periods 

There is a general notion that pitting in fruits and vegetables 

could be alleviated by interrupting the chilling periods by warm temp

eratures above 20 C for varying times. The basis of this method is 

dependent on the hypothesis that chilling temperatures cause the ac

cumulation of toxic compounds that can be removed or metabolized at 

above chilling temperatures (Lyons, 1973). Avoidance of pitting by 

using intermittent warm periods has been noticed in grapefruit by Davis 

and Hofmann (1973) and Davis (1973), who found that grapefruit exposed 

to warm temperatures at weekly intervals had less chilling injury than 

those continuously held at 4.4 C. Periodically warming peach fruit 

(Wade, 1981) and peppers (Thompson, 1978) also reduced the amount and 

severity of pitting during subsequent storage at 1 C or 1.7 C respec

tively. 

Plant Growth Regulators 

Application of growth regulators markedly retards chlorophyll 

loss, increases firmness, and reduces chilling injury in many commod

ities such as citrus, tomatoes, and apples. 'Persian' lime fruits 

dipped into a combination of 10 ppm kinetin and 250 ppm diphenylamine 

reduced pitting caused by chilling injury by 80% (Pantastico, 1968). 

A combined prestorage application of 500 ppm GA
3

, 100 ppm 

benzyladenine (BA), and 44 ppm 2,4-D to 'Marsh' grapefruit, which were 

then stored for 8 weeks at 4.4 C followed by 2 weeks 'at 21 Cshowea.a'o 

significant effect on chilling injury and decay during the first 4 

weeks, but both were reduced in treated fruit by the end of the 8-week 
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storage period (Ismail and Grierson, 1977). The time of application 

of hormones also has an effect in preventing or promoting chilling in-

jury in Marsh grapefruit. Postharvest application of BA and 2,4-D 

tended to induce susceptibility of 'Marsh' grapefruit to chilling in-

jury whereas preharvest application of BA and 2,4-D tended to increase 

fruit resistance to chilling injury (Ismail and Grierson, 1977). Pre-

storage application of 2,4-D and GA3 (500 ppm) alone or in combination 

with wax to lemons delayed color development and reduced physiological 

disorders in fruit stored at 14 C. Hall et al. (1973) made prestorage 

applications to lemons of 0.5% benomyl then foam waxed them with a water 

base wax emulsion containing 500 ppm GA3 and 500 ppm 2,4-D. Lemons re

mained in marketable condition for as long as 24 weeks at 12 to 13 C 

with no physiological disorders observed. Looney and Lidster (1980) 

found that spraying GA3 (20-30 ppm) to sweet cherries as a preharvest 

application reduced pitting. Application of the fungicide TBZ to grape-

fruit significantly reduced chilling injury during prolonged storage at 

8 C and 12 C (Schiffmann-Nadel et al., 1972; Kokkalos, 1974). 

Application of ABA has reduced chilling injury and increased 

plants resistance to subzero temperature. Boussiba, Rikin and Richmond 

(1975) applied cis-trans-ABA to tobacco plants (either to whole plants 

through the root medium or to detached leaves), and found it improved 

leaf resistance to subzero temperature and significantly reduced leaf 

transpiration. They also found that the greater the increase in the 

ABA level the more pronounced the reduction in transpiration. Rikin 

and Richmond (1976) sprayed cucumber seedlings with 10M-4 cis-trans-ABA 
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and then exposed the seedlings to low temperatures (1.5 + 0.5 C) for 24 

hours under dark conditions with relative humidity of 80-85%. Seed-

lings pretreated with ABA exhibited only 50% as much chilling injury, 

ion leakage and water loss as control seedlings. 

Since high humidities alleviated chilling injury and low humi-

dities aggravated the symptoms in several commodities and exogenous 

application of ABA reduced transpiration by causing stomata to close 

(Wright, 1969; Mitte1heuser and Van Stevenink, 1969; Little and Eidt, 

1968; Sacher, 1973; Mansfield, We11burn and Moreira, 1978; Mi1borrow, 

1979; Walton, Ga1son and Harrison, 1977; Horton, 1971; Pierce and 

Raschke, 1978; Beardse11 and Cohen, 1975; Davis and Lakso, 1978; Paton, 

Dhawan and Willing, 1980; Rikin, B1umenfie1d and Richmond, 1976; Jones 

and Mansfield, 1970). ABA could prevent or at least reduce chilling 

injury in 'Marsh' grapefruit by maintaining the water balance. 

Calcium Chloride 

Calcium is an important element for improving fruit quality 

and reducing physiological disorders. Dipping apple fruits in 4% 

CaC1
2 

at harvest reduced the incidence of cool-storage disorders, and 

improved firmness. ++ These effects were related to the final Ca con-

centration in the fruit (Perring, 1968; Mason, Drought and McDougald, 

1974; B1anpied, 1981; Scott and Wills, 1977; Porritt and Lidster, 

1978). Wills, Franklin and Scott (1978) found that postharvest in-

jection of 40 ~mo1e of CaC1
2 

per fruit reduced the incidence of storage 

breakdown of Jonathan apples stored at -1 C. Combining CaC1
2 

with 
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diphenylamine and benomyl gave better control of cool-storage breakdown 

of apples than did CaC12 alone (Scott and Wills, 1975). Thickeners and 

surfactants added to solutions of CaC1
2 

increased the concentration of 

CaC1
2 

in apples and 'Van' cherries, and reduced the incidence of chill

ing disorders (Mason et al., 1974; Scott arid Wills, 1975; Lidster and 

Porritt, 1978; Lidster, Tung and Yada, 1979). 

Calcium was an effective tool in reducing chilling injury in 

avocado fruit (Chaplin and Scott, 1980), peach fruit (Wade, 1981) and 

'Van' cherries (Lidster, Porritt and Tung, 1979; Lidster, Tung and 

Yada, 1979). 

Calcium is required for translocation of carbohydrates and 

formation of cell walls (Shawa, 1979). Jones and Lunt (1967) found 

* * that plant cell wall enzymes required Ca and Mg for their activi-

ties, and their activities decrease with Ca* or Mg* reduction. 

Calcium reduces respiration rates in fruit. Bramlage, Drake 

, * and Baker (1974) found that apples with a high Ca content exhibited 

lower respiratory rates during the preclimacteric, climacteric, and 

post climacteric periods than did fruit with low calcium content. It 

was demonstrated that the vacuole of the apple cell was large and con-

tained large quantities of respiratory substrates. The tonoplast of 

++ apples with a low Ca content, substrates leaked out from the vacuoles 

which resulted in an increase in respiration. * When sufficient Ca was 

present the vacuole membrane did not leak; therefore, no substrate 

leakage occurred so respiration was reduced (Bangerth, Dilley and Dewey, 

1972) • 
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++ However, the effect of Ca in delaying senescence and re-

ducing pitting and membrane permeability to water and nonelectroly-

tes in storage fruit could be due to the reduction of apparent space, 

volatiles, the possibility of toxic levels of oxalic acid within the 

commodities, and the increase on stability of the synthetic activity 

and protein synthesis of fruit at higher levels (Faust, 1973; Poovaiah 

and Leopold,1973). Or also could be the result of binding Ca++ to 

the polar head groups of the membrane phospholipids, which widen the 

distance between the phospholipid molecules allowing more water mole-

cules to be located between the hydrocarbon ends (Stadelmann and Lee, 

1974). However, no one has attempted to apply CaC1
2 

to citrus fruit in 

general and grapefruit specifically, therefore it is desirable to learn 

the effect of using CaC1
2 

either by dipping or by vacuum infiltration 

on chilling injury of 'Marsh' grapefruit. 

Chemicals and Agents that Maintain 
Membrane Fluidity 

Antioxidants could play an important role in the resistance to 

chilling injury of some commodities. Diphenylamine, ethoxquin and 

butylated hydroxy toluene have been reported to maintain membrane 

fluidity (Snipes et al., 1975; Eletr et al., 1974) and reduce the 

severity of cool storage injury in apple fruit (Gough et al., 1973; 

Huelin and Coggiola, 1970). 

Jones, Freebiarn and McDonnell (1978) tested a number of chern-

ical agents for their ability to reduce the chilling injury to bananas. 

They found that postharvest application of safflower oil, dimethyl-

polycyloxane and mineral oil was effective in reducing under-peel 
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discoloration of bananas in chilling temperatures. This raised a ques

tion whether safflower oil and dimethy1po1ycy10xane could maintain mem

brane fluidity or could they reduce the oxidation of farnesene or its 

derivatives (hydroperoxides) that accumulate during cool storage. 

Application of lipids and fatty acids could be an important 

method in the prevention of chilling injury. This could be a conse

quence of increasing the concentration of unsaturated fatty acids. 

Wilson (1979) reported that increases in the concentration of unsatura

ted fatty acid in the membrane 5 to 12% may prevent chilling injury by 

lowering the phase transition temperature to below 5 C. Lyons and 

Asmundson (1965) found that an artificial mixture of saturated and un

saturated fatty acids caused a 10% increase in unsaturation of the 

membranes, which lowered the solidification temperature by as much as 

20 C. 

Unsaturated acids in membrane polar lipids could play an im

portant role in the mechanism of chilling resistance in commodities. 

Gerloff, Richardson and Stahmann (1966) have illustrated that chilling 

temperatures induced changes in the fatty acids composition of the 

polar lipid fraction. Lyons, Wheaton and Pratt (1964) have related 

chilling resistance with fatty acid composition of the mitochondrial 

lipid in chill-hardy plant species. They demonstrated that the lino

lenic acid content of mitochondrial membrane lipid increased in chilled 

tissue. This increase in linolenic acid was associated with increased 

membrane fluidity. They proposed that resistance of plants to chilling 

injury at low temperatures is associated with linolenic acid accompanied 
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by increased membrane fluidity. John and Christiansen (1976) found 

that the linolenic acid levels of the polar lipid fraction in cotton 

seedlings increased as temperature decreased and-their results were 

consistent with the conclusion that chilling resistance in cotton 

seedlings is related to the level of linolenic acid in the polar 

lipids in the developing root tips. As most citrus fruit exhibit 

chilling damage when exposed to low temperatures, it is of interest 

to learn what would be the effect of various oils and fats in prevent

ing chilling injury to 'Marsh' and 'Redb1ush' grapefruit. 



CHAPTER 3 

MATERIALS AND METHODS 

Interaction of Calcium Chloride 
and Intermittent Temperatures 

A harvest of 800 grapefruit from four healthy trees located at 

the University of ~rizona Citrus Station in Tempe was placed in large 

wooden boxes and left in a shaded area until the next day. The grape-

fruit were then transferred to a citrus packinghouse where they were 

washed and treated with 0.05% sodium ortho-phenylphate (SOPP). The 

fruit were forced onto the belt and many were squeezed as a result of 

pressing; therefore, further separation to eliminate damaged fruit was 

done. The fruit were shipped to The University of Arizona, a distance 

of approximately 100 miles, stored at room temperature for about 2 days 

and then transferred to a storage room where the temperature was 2.8 C. 

One day later the fruit was removed and placed in another room where the 

room temperature was approximately 20 C. At this time the fruit were 

randomly divided into four lots consisting of 160 grapefruit each. The 

grapefruit of each lot were dipped for 15 seconds at room temperature 

into solutions ofCaC1
2 

at 0 M, .14 M, 0.27 M and 0.41 M either containing 

1 mIll of a non-ionic surfactant (Triton X-lOO), 0.5 gIl benomyl (Benlate) 

and 2.5 gIl of a thickener (Keltrol), which was added to increase the 

amount of CaCl
2 

retained by the fruits. Keltrol (xanthan gum) is a 
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hydrophilic colloid oft·en used as a thickener in processed foods. The 

fruit was then allowed to dry a~ room temperature for 8 hrs. Each treat-

ment lot was divided into five groups and placed in cartons. Each 

carton contained 32 fruit. All fruit was stored at 2.8 C. One carton 

of the fruit from each_ CaC12 treatment was left in the storage room with

out any warm period. One carton of fruit from each CaC1
2 

treatment was 

stored at 2.8 C but placed at room temperature for 1 day after each 4 

days in cold storage. Similarly, fruit from each CaC12 treatment were 

stored at 2.8 C with one day at room temperature for every 8, 12, and 

16 days in cold storage. 

In this experiment, chilling injury developed as large brown 

sunken areas. A scale of injury was established based upon the size and 

number of these sunken areas. Where the combined diameters of these 

2 sunken areas was less than 0.5 in , chilling injury was considered 

slight. When the combined diameters of these sunken areas was between 

0.5 and 0.75 in2 , chilling injury was moderate, and when greater than 

0.75 in2 , chilling injury was considered severe, and fruit were unmar-

ketable. 

Ion Leakage 

Ion Leakage and Internal 
Conductivity Measurements 

Periodically, one grapefruit was removed from each treatment 

carton to be testing for ion leakage. Each fruit was peeled with a 

sharp razor blade and 15 discs (2 mm thickness and 12 mm diameter) were 
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removed from each grapefruit peel under distilled water (to minimize 

the effect of oil glands in the peel) wi·th a sharp cork borer. The 

discs were incubated in a 50 m1 Erlenmeyer flask containing 20 m1 of 

0.4 M mannitol for 3 hours at 30 C in a shaking water bath at a shaking 

speed of 40 oscillations/minute. Ion or electrolyte leakage into the 

mannitol solution was determined with a conductivity bridge sensitive 

between 0 and 100 ~mhos. After the 3 hours at 30 C the slices were 

killed by boiling the solution containing the discs for 15 minutes in 

an oven and then cooling to 30 C. The conductivity of the solution was 

then redetermined. The latter conductivity reading represented the total 

ion leakage. The ion leakage of living tissue was then calculated as a 

percentage of the total ion leakage (Greencia and Bramlage, 1971). 

Internal Conductivity 

Internal conductivity changes of Marsti grapefruit peels were 

determined periodically. A conductivitiy bridge was used with a probe 

consisting of two needles set 5 mm apart in a rubber stopper so that they 

could be inserted into the grapefruit peel to a depth of 3 mm. Internal 

conductivity was measured at four positions around the stem end, the 

sty1ar end and the equator, and the four values from each were averaged. 

Readings were in ~mhos/sec, calculated by the seconds required to reach 

45 ~mhos. 

Vacuum Infiltration of Calcium Chloride in 
Combination with or without Abscisic Acid 

and 2,4-Dich10rophenoxyacetic Acid 

Infiltration of calcium chloride into the fruit or into sections 

of various tissues has been shown to be a useful technique to reduce 
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the rate of respiration, chlorophyll degradation, senescence and chilling 

injury development in many commodities such as apples, avocado, and tom-

atoes (Poovaiah and Leopold, 1973; Scott and Wills, 1977; Bangerth et 

al., 1972; Bramlage et al., 1974; Wills et al., 1977). As this technique 

has not been used with citrus fruit it is desirable to know how the CaC1
2 

vacuum infiltration would work when applied to 'Marsh' grapefruit, either 

-4 -4 alone or in combination with 10 M ABA and 9 X 10 M 2,4-D. 

The University of Arizona Citrus Research Farm at Tempe furnished 

360 'Marsh' grapefruit (late October, 1981) which were shipped in cartons 

to Tucson (about 2 hours trip from the Citrus Station). The fruits were 

left for 2 hours at room temperature and then moved to storage room at 

2-8 C overnight. The following day the fruit were washed and sterilized 

with 1:4 v/v commercial bleach for 3 minutes, then rinsed with tap water 

and left to dry overnight. Forty fruit were dipped in 0.14 M CaC1
2 

con

taining 0.2% Triton X-lOO and selected growth regulator for 3 minutes at 

a pressure of 240 mm mercury. They were then left to dry for 6 hours at 

room temperature. One drop of benomyl (Benlate) (0.5 gIl) was then added 

to each fruit at the point of detachment. The Marsh grapefruit were then 

stored at 2.8 C. 

The degree of chilling injury was calculated as the percent fruit 

with severe chilling injury. However, the symptoms of chilling injury in 

early season fruit differed from the late season harvested grapefruit. 

In the late season harvested grapefruit, large brown spot developed, 

while in green fruit very tiny spot developed over the grapefruit rind. 

Therefore, the fruit were divided into four grades as follows: 
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Slight: Small spots covering less than 25% of the fruit surface. 

Mild: Small spots covering 25 to 50% of fruit surface. 

Moderate: Small spots covering 50 to 75% of fruit surface. 

Severe Small spots covering more than 75% of fruit surface; 

unmarketable (Fig. 1). 

Water Potential Components 

Water Potential Measurements 

Water potentials are measured with a Wiscor thermocouple psy

chrometer (Model M.J. 55). Best results were obtained by peeling the 

fruit with a razor blade, then removing slices 1 mm thick and 5 mm in 

diameter from the peel with a sharp cork borer, and then removing oils 

by wiping with Kimwipe tissues. Groups of four slices were then placed 

directly in the thermocouples with flavedo up and albedo down. Prelim

inary experiments indicated that the tissues were equilibrated within 30 

min, but all readings, were made after 2 hrs equilibration. Psychrometer 

readings for each treatment were made weekly on randomly selected fruit. 

To compare the water potential components between healthy and 

injured tissues. Four fruits were taken from the control groups and 

tissue sampled from obviously injured areas and areas without apparent 

damage. 

Osmotic Potential Measurements 

Similarly obtained peel slices were sealed in small aluminum 

foil vials and frozen in liquid N2 and stored in the freezer overnight. 



Figure 1. Categories of chilling injury. 
From left: slight, mild, moderate and severe 
chilling injury with injured areas covering less 
than 25%, 25 to 50%, 50 to 75% and more than 75% 
of the fruit surface respectively. 
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water potentials for these killed tissues are equivalent to the osmotic 

potential of the cells. 

Turgor Pressure 

Turgor pressure were calculated as the difference in water and 

osmotic potentials. 

Vacuum Infiltration and Long 
Duration Calcium Chloride Dips 

In December 1980, 45 Yellow 'Marsh' grapefruit were chosen for 

their uniformity in size and color. The fruit were washed with bleach 

(1 volume bleach to 4 volume water) for 2 minutes, then rinsed with tap 

water and set to dry at room temperature for 2 hours. One third of the 

fruit was dipped in 0.35 M CaC1
2 

for 48 hrs, and one third was dipped 

for 20 minutes in 0.51 M CaC12 under a reduced pressure of 200 mm Hg. 

Two drops of 0.5 g/l benomyl were then added to each fruit calyx. The 

'Marsh' grapefruit were then put in a carton and'stored at 2.8 C and 

inspected weekly 'for chilling injury. 

Scanning Electron Microscopy Studies 

arsh grapefruit were peeled with a sharp razor blade and sec

tions of 5 mm2 and 1 mm thick were dissected from injured and noninjured 

areas of the equator and fixed at room temperature for 2 hours with 2.5% 

glutaraldehyde and 0.1 M potassium phosphate buffer (pH 7.4) for 1 hour. 

The tissues were rinsed in the buffer to remove the glutaraldehyde, be-

cause if the glutaraldehyde is not removed it will reduce osmium which 

is added at the next step (Berlyen and Miksche, 1976). The tissues were 
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-4 postfixed for 1 hour with 4 X 10 M osmium tetroxide (0904) in 0.1 M 

potassium phosphate (pH 7.4). The tissues were dehydrated with an ace-

tone series of 25%, 50%, 75% and 100% acetone. The solution was changed 

to the next higher acetone concentration each hour and left overnight in 

the 100% acetone. 

Specimens were placed in the critical point dryer apparatus in 

acetone, and carbon dioxide was used as the transitional liquid. The 

chamber was fitted with C02 (900 psi), flushed four times, then heated 

to 35 C until ·the CO
2 

pressure reached the critical pressure of 1,070 

psi (Dawes, 1979). Above the critical point, all the liquid in the 

chamber became homogeneous with the gas and for 5 minutes the exchange 

was allowed to continue. Slow reduction of the pressure was done through 

venting. The dried specimens were stored over a desiccant until they 

were mounted on stubs by using colloidal silver (Pe1co-Ted Pella Co.) 

and then coated with carbon and then with an alloy of palladium and 

gold by using a sputter coater (Model SEM CoatingUnit E 5100, Polaron 

Instrument, Inc.). Then the specimen was placed in the scanning electron 

microscope (Model ISIDS 130). Samples were observed at various magnifi-

cations and zero tilt at 20 Kev, while operating in secondary electron 

mode. 

Prevention of Chilling Injury to 'Marsh' and 
'Redb1ush' Grapefruit by Vegetable Oils and 

Margarine During Long-Term Storage 

Prevention of Chilling Injury to 'Marsh' 
Grapefruit by Safflower Margarine 

Fifty-eight green 'Marsh' grapefruit were harvested in late 

November, 1980 from the University of Arizona Citrus Station at Tempe. 
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The fruit were chosen for uniformity in size and color and were shipped 

to Tucson in cartons. The fruit are rinsed with water then dipped in a 

solution" containing 0.5 g/l benomyl and then were allowed to dry for 3 

hours at room temperature. 

Twenty-nine grapefruit were dipped for 30 seconds in safflower 

margarine warmed for 2 minutes in a hot water bath. The fruit were then 

left at room temperature for 2 hours to dry and to allow the oil to 

penetrate the peel. The fruit were then packed in cartons and stored at 

2.8 C. Chilling injury inspection was done weekly using a scale from 1 

to 4. 

Safflower margarine, which is distributed by Hollywood Health 

Foods in California was purchased from local markets. It contains 

potassium sorbate as a preservative, but the questions were raised as 

to what effect the preservative could have on chilling injury, what was 

the best concentration of safflower to prevent the chilling injury, and 

if other oil agents behave the same in preventing chilling injury to 

'Redblush'grapefruit. To answer these questions the following experi-

ment was designed. 

Prevention of Chilling Injury to 'Redblush' 
Grapefruit by Safflower, Sunflower, and Corn Oil 
with or without Pottasium Sorbate 

A harVest of 720 'Redblush' grapefruit on February, 1981 was 

selected at the University of Arizona Citrus Station in Tempe. Uni-

formity in size, shape, and color was considered. The fruit was 

packed in cartons and shipped to Tucson. All fruit were rinsed in 

water and then in bleach solutions (1 volume commercial bleach to 4 
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volume water) for 2 minutes then rinsed again with tap water. The fruit 

was left to dry at room temperature. 

The fruit were divided into 18 treatments with each treatment 

consisting of 40 fruit. The oil agents used were pure safflower oil 

(Sonafood Products Co.), pure sunflower oil (Western Valley), and pure 

corn oil (Mazola) were purchased from local markets. None of the oils 

contained preservatives nor cholesterol, but were high in polyunsat-

urates. 

Water in oil emulsion at 20% and 80% oils with and without 0.1% 

potassium sorb ate (pH7) were prepared using a Serval Omni mixer at full 

speed for 30 seconds. Solutions of 0%, 20%, 40%, 60%, 80% and 100% 

were prepared from pure safflower oil without potassium sorbate. 

Safflower margarine was melted by using a warm water bath. Forty , 
Redblush grapefruit were dipped in each solution for 30 seconds and 

left at room temperature for 8 hrs to dry. Forty fruit were dipped in 

0.1% potassium sorbate (pH 7.0) for 30 seconds. Finally two drops of 

0.5 gIl benomyl were put on the vascular tissue of exposed by picking. 

The fruit were then placed in cartons and moved into a storage room at 

2.8 C. After a hundred days in darkness at 2.8 C, the fruit were 

divided into two groups. The first groups were left in continuous 

cold at 2.8 C for an additional 20 days, and the other half were trans-

ferred to room temperature. 

Reduction of Chilling Injury to 'Redblush' 
Grapefruit by Crisco Vegetable Oil 

Fifty eight 'Redblush' grapefruit were harvested on April 21st 

from the University of Arizona Citrus Station at Tempe. The fruit were 



rinsed with water then in bleach solution (1:4 v/v) for 2 minutes, 

were rinsed again with tap water and then dried and weighed. 
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Twenty-nine fruit were dipped in BO% Crisco oil containing 

0.44 gil benomy1, then left at room temperature to dry. Control fruit 

were treated only with 0.44 gil benomyl. The fruit were stored in 

darkness at 2.B C and inspected weekly for chilling. injury. 



CHAPTER 4 

RESULTS AND DISCUSSION 

The experimental results are presented in two major parts: 

1. The development of chilling injury (CI) to 'Marsh' and 'Redb1ush' 

grapefruit, and attempts to reduce its intensity. 

2. An investigation into the mechanisms of chilling injury. 

The Development of Chilling Injury to 
'Marsh' and 'Redb1ush' Grapefruit and 

Attempts to Reduce Its Intensity 

Time Course for Development 
of Chilling Injury 

'Marsh' and 'Redb1ush' grapefruit were harvested at different 

stages of maturity and stored at 2.8 C. Chi11in& injury tended to in-

crease with time for all harvesting dates (Fig. 2), and the storage 

time required before fruit began to exhibit severe CI varied with the 

time of harvest. 'Marsh' grapefruit harvested in October (green fruit) 

first showed severe CI between 14 and 27 days, while fruit picked in 

November first showed CI after 21 days. Fruit picked in December did 

not exhibit severe CI until after 30 days. 'Redb1ush' grapefruit har-

vested in late April first showed severe chilling injury after 35 days. 

On the other hand, fruit picked in May of the previous season (1979-

1980) first developed severe chilling injury between 19 and 27 days. 

Thus, the onset of severe chilling injury appears to be progressively 
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Figure 2. Development of severe chilling injury to grapefruit 
stored at 2.8 C. Mature 'Marsh' grapefruit were har
vested inMay, 1980 (e------e) and in December, 1980 
(-6-). Immature 'Marsh' grapefruit were harvested 
in October (--- 6 ---) and November (- 0 -) of 1980. 
'Redblush' grapefruit were harvested in February 
(-e-) and April (---0---) of 1981. 
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ater toward midwinter, and then earlier again as the season progresses. 

Once 'Marsh' grapefruit began to exhibit severe chilling injury further 

development is roughly the same for different picking dates, except for 

fruit harvested in April, 1981 and May, 1980. Chilling injury to 

'Redb1ush' grapefruit picked in late April developed very slowly compared 

with other harvesting date reaching only 38% after 63 days (Fig. 2). 

Chilling injury to 'Marsh' grapefruit harvested in late May (1980) de

veloped slowly and did not reach 21% of the fruit with severe chilling 

injury until 62 days. This may be due to the climatic conditions at the 

time of harvest or the climatic conditions preceeding harvest since 

these fruit were from the previous year crop. 

Fruit sensitivity to chilling injury decreased in November and 

December and increased again in February (Fig. 2). This could be due 

to the immature stage of October harvested fruit, and more mature stage 

of the fruit harvested in November and December. Alternatively, this 

could be due to cooling weather in November and December. The fruit 

exposed to cooling temperatures might become resistant to postharvest 

chilling temperatures. In February, the weather was cold, and wet. It 

was raining for a week before the harvest day, and this could be a con

tributing factor in the reduced fruit resistance to chilling injury. 

'Redb1ush' grapefruit harvested in February and stored at 2.8 C, 

began to show severe chilling injury after 14 days, and the progress 

of a severe chilling injury after that time was somewhat more rapid 

than for 'Marsh' grapefruit (Fig. 2). More than 92% of the 'Redb1ush' 

grapefruit had severe chilling injury by 77 days at 2.8 C. 
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The progressively less and then greater sensitivity to cold 

temperatures noted here are qualitatively similar to results obtained 

by Purvis et al. (1979) in Florida, except that the dates of minimum 

sensitivity are somewhat different. This is probably due to different 

environmental conditions. Florida is a humid semitropical area, while 

Arizona is a dry desert area. 

Reduction of Chilling Injury to 'Marsh' 
Grapefruit by Periodic Warming 

Marsh'grapefruit were harvested in late May, 1980 (1979-1980 

season) and stored at 2.8 C. Periodically fruit were removed from 

cold storage and kept at room temperature for 24 hrs. then returned to 

cold storage at 2.8 C. These warm periods were imposed every 4, 8, 12 

and 16 days of cold storage. After 51 days all fruit were brought to 

room temperature and kept an additional 11 days. 

Fruit did not develop severe chilling injury until about 27 

days for all treatments (Table 1), and there was no significant reduc-

tion in chilling injury by these intermittent warming periods until 

about 43 days. After that time there was a significant reduction in 

severe chilling injury when uninterrupted cool periods were less than 12 

days duration (Table 1). Marsh grapefruit transferred to room tempera-

ture after 51 days at 2.8 C rapidly develop severe chilling injury 

(Table 1). Warming fruit for 24 hr after each 8 or 16 days at 2.8 C, 

reduced chilling injury significantly compared with the control fruit. 

The results than extend those of Davis (1973) and Davis and 

Hofman (1973), who found that best results were obtained by warming 



Table 1. Percent of 'Marsh' grapefruit with severe chilling injury as affected by periodic warming. 

Fruit with Severe Chilling Injury 
Time between (%) 
24 hr Warm Days at Room Temperature Following 

Periods Total Da~s in Cold StorageZ 51 Days at Cold Storage 
(Days) 27 35 43 51 3 7 11 

Continuous cold 6.3 6.3 15.6 15.6 18.8 25 43.8 

16 6.3 6.3 12.6 15.6 15.6 25 31.3* 

12 9.4 9.4 9.4* 9.4 15.6 31.3 46.3 

8 6.3 6.3 6.3** 6.3*** 6.3*** 9.4*** 31.3* 

4 6.3 6.3 5.3** 15.6 28.1 28.1 40.6 

Z Include 24 hr warm periods. 

***Value for continuous cold is significantly different than corresponding values for different 
warm periods at 5% (*), 1% (**), and 0.1% (***) level. 

W 
-...J 
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grapefruit fruit for 48 hr to 15.5 C and for 8 hr to 21 C weekly, but 

warming the fruit at two week intervals had little beneficial effect. 

Reduction in Chilling Injury 
with Calcium Chloride 

'Marsh' grapefruit harvested on May 26, 1980, were washed and 

treated with 0.05% sodium ortho-pheny1phenate (SOPP) in a commercial 

packing house. Three days later the fruit were dipped for 15 seconds 

into CaC1
2 

solutions containing 1 m1/1 Triton X-100, 0.5 g/l benomy1 

and 2.5 g/l thickener (Ke1tro1) and then stored at 2.8 C. Calcium 

chloride concentrations were 0 M, 0.14 M, 0.27 M and 0.41 M. 

Postharvest CaC1
2 

dips increased the fruit resistance to 

chilling injury. The symptoms of severe chilling injury first showed 

up between 19 and 27 days (Fig. 3). After 27 days storage, 0.14 M and 

0.27 M CaCl
2 

had reduced CI incidence in 'Marsh' grapefruit from 8.4% 

for the control to 2.4% and 4.4% respectively. Fruit treated with 0.41 

M CaC1
2 

did not have less severe chilling injury. 

During the next 24 days there was only a slight increase in the 

percentage of the fruit with severe chilling injury. However, after 

transferring to room temperature, 'Marsh' grapefruit that had been 

stored for 51 days at 2.8 C rapidly developed severe chilling injury. 

Only 10% of the fruit dipped in 0.14 M CaC1
2 

had severe chilling injury, 

co~pared with 44.4% of the control fruit (Fig. 3). Dipping 'Marsh' 

grapefruit in 0.27 M CaC1
2 

and 0.41 M CaC1
2 

solutions reduced the 

percentage of fruit with severe chilling injury to 19.6%. A Chi square 
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Figure 3. Reduction of chilling injury to 'Marsh' grapefruit by 
treatment with CaC12. Grapefruit were treated with 0 M 
CaC12 (0-0) .• 0.14 M CaC12 (.-.) , 0.27 M CaC12 (e-e) and 
0.41 M CaC12 ~-6), then stored at 2.8 C in darkness for 
52 days followed by transfer to room temperature (R.T.). 
Each data point represents the mean of 5 replicates of 
32 fruit each. 
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statistical analysis of the data showed that all three levels of CaC1
2 

solutions significantly reduced the percentage of fruit with severe CI 

(p = .05). 

Prestorage application of CaC1
2 

by soaking fruit in 0.35 M 

CaC12 solution for 48 hr delayed the development of severe CI by 25 

days (Fig. 4). On the other hand, fruit treated with CaC1
2 

by vacuum 

infiltrating a 0.51 M CaC12 solution developed severe chilling injury 

earlier. However, after 67 days both CaC1
2 

treatments had reduced the 

percentage of fruit with severe CI from 67% for untreated fruit to 53% 

and 47% for the fruit that were treated with 0.51 M CaC1
2 

or 0.35 M 

CaC12 respectively. Thus, all lev~~s of calcium significantly reduced 

the incidence of chilling injury. Unfortunately, fruit treated with 

high CaC1
2 

concentration and for long duration exhibited a browning of 

the peels, unrelated to chilling injury. 

The results then extend those of Chaplin and Scott (1980), 

Lidster et al. (1979), Scott and Wills (1975, 1977) and Wade (1981). 

These researchers found that CaC1
2 

reduced the incidence of pitting, and 

increased storage life of many fruits including avocado, 'Van' cherries, 

apples and peach. The mode of action of CaC12 in. reducing pitting in 

fruit and vegetables is not fully understood. 

Amelioration of Chilling Injury to 'Marsh' 
Grapefruit by Treatment with Abscisic Acid, 2,4-
Dichlorophenoxyacetic Acid and Calcium Chloride 

'Marsh' grapefruit were harvested in late October, 1980, and 

treated with ABA, 2,4-D, and CaC1
2

, singly or in combination, then 

stored in darkness at 2.8 C. 
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Figure 4. Effect of long term immersion and vacuum infiltration on 
CaC12 treatment. CaC12 was applied to 15 'Marsh' grape
fruit by dipping in 0.35 M CaC12 for 48 hr (48h) and by 
immersing the fruit in °a 0.51 M CaC12 solution and re
ducing the pressure above the solution to 200 mm Hg for 
30 minutes to evacuate air, (V.I.). The fruit were then 
stored at 2.8 C. 
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Incipient severe chilling injury on fruit showed up between 14 

and 21 days for all the treatments. However, once initiated control 

fruit showed very fast development of severe chilling injury, reaching 

52.5% within 49 days at 2.8 C. Treatment with 2,4-D significantly 

(p < 0.05) reduced the number of the fruit with severe chilling injury 

after 49 days from 52.5% for the control to 45% (Fig. 5). 'Marsh' 

grapefruit treated with ABA, also showed significantly less chilling 

injury. Calcium chloride was more effective in reducing chilling in

jury than either 2,4-D or ABA. The onset of severe chilling injury to 

fruit treated with CaC12 was approximately the same as for control 

fruit, but chilling injury development for fruit treated with CaC1
2 

was 

slow compared with other treatments. 

Combinations of growth regulators or growth regulators with 

CaC1
2 

were more effective than when applied separately. Calcium chlor

ide in combination with 2,4-D, reduced the percentage of fruit with 

severe chilling injury, by 7% and 14.5% compared with 2,4-D alone and 

control fruit respectively (Fig. 5). Abscisic acid in combination with 

2,4-D or CaC1
2 

reduced the incidence of severe chilling injury by 22.5 

and 27.5% respectively (Fig. 5). 

Treatment with abscisic acid, 2,4-D and CaC1
2 

significantly re

duced the percentage of fruit with severe chilling injury. The results 

for ABA are consistent with those of Rikin and Richmond (1976) and 

Rikin et a1. (1976), who found that ABA, either applied to the seed

lings or induced to increase by exposure to water shortage, significantly 

reduced chilling injury in cucumber seedlings, and with Boussiba et a1. 



-
---s::. 20 
U 
(l) 
'-(l) 
~ 10 

(/) 

0-0 Control 
~ 2,4-D 
.-. ABA 

o 

a-D 2,4-D + CaCI2 o. 
a-ACaCI2 
.-. ABA + 2,4-D a 

/i~a~. 

43 

O~~h-~~~----~~----~-----r~ 
20 30 40 50 

Figure 5. 

Days at 2.8 C o 

Reduction of chilling injury to 'Marsh' grapefruit by 
treatment with 1 x 10-4 M ABA, 9 x 10-4 M 2,4-D and 0.14 M 
CaC12 separately and in combination. Each treatment in
cluded 40 fruit. 
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(1975) who found that tobacco plants treated with ABA by direct applica-

tion to the leaves or by addition to the root medium increased leaf 

resistance to subzero temperature. 

Results for 2,4-D are in agreement with those of El-Nabawy et 

al. (1977) and Hall et al. (1973) who found that prestorage application 

of 500 ppm 2,4-D to lemons, and storing the fruit at 14 C, delayed color 

development and reduced physiological disorders, but contrast with 

those of Ismail and Grierson (1977) who reported that postharvest ap-

plication of 44 ppm 2,4-D, and 100 ppm BA in mid-March tended to in-

crease grapefruit susceptibility to chilling injury at 4.4 C. These 

variations in results could be due to differences in concentration of 

2,4-D used. Alternatively the differences in results could be due to 

environmental conditions, and harvest date. 

Prevention of Chilling Injury to 'Marsh' and 
'Redblush' Grapefruit by Treatment with 
Vegetable Oils and Margarine 

'Marsh' Grapefruit. Grapefruit were harvested in mid-November, 

1980, and treated with safflower butter, then stored in darkness at 

2.8 C. 

Incipient severe Chilling injury on control fruit showed up 

between 21 and 27 days. However once .initiated control fruit rapidly 

developed severe chilling injury, reaching 93% within 56 days at 2.8 C. 

Treatment with butter prevented any severe chilling injury during 

storage for 146 days at 2.8 C. These fruit first showed severe CI be-

tween 146-154 days at 2.8 C and only 28% of the fruit had severe 

<.\.hi.!.~<~ng injury after 168 days in darkness at 2.8 C (Fig. 6). Thus, 
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Figure 6. Prevention of chilling injury to 'Marsh' grapefruit by 
safflower butter. Twenty-nine grapefruit were dipped in 
warm butter and then stored in darkness at 2.8 C with 29 
untreated grapefruit (control). 
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after 168 days about 72% of Marsh grapefruit were still marketable. No 

off-flavors were noticed. 

'Redb1ush' Grapefruit. Fruit were harvested in February 11, 

1981, washed with water, and then'treated with 20 or 80% corn oil, sun

flower oil or safflower oil with and without 0.1% potassium sorbate or 

with 40, 60 or 100% safflower oil or safflower butter, or with 0.1% 

potassium sorbate. The fruit were then left at room temperature to dry 

for 3 hrs, and then stored in darkness at 2.8 C. 

Incipient severe chilling injury to untreated fruit showed up 

between 14 and 20 days (Fig. 7). Fruit treated with 80% sunflower did 

not develop any severe chilling injury until after 76 days and after 

120 days only 20% of the fruit were severely injured (Table 2). Treat

ment with 20% sunflower oil significantly extended the shelf life of 

'Redb1ush' grapefruit to 90 days without any severe chilling injury. 

The onset of chilling injury began after 97 days and after 120 days only 

5% of the fruit had severe chilling injury. 

Corn oil application as an 80 or 20% emulsion prevented the on

set of severe chilling injury by 83 and 76 days and only 15% or 12.5% 

of the fruit had severe chilling injury after 120 days respectively at 

2.8 C (Table 2). 

Safflower oil was very effective in preventing chilling injury 

to 'Redb1ush' grapefruit during long term storage. Dipping fruit in 

100%, 80%, 60%, 40% or 20% safflower emulsions prevented any severe 

chilling injury to 'Redb1ush' grapefruit for 90, 76, 120, 97 and 104 

days and only 7.5%, 7.5%, 10.0%, 2.5%, and 2.5% of the fruit 
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'Redb]~sh' grapefruit. Forty fruit were dipped 
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Table 2. Reduction i~ chilling injury to 'Redblush' grap~fruit by vegetable oils and vegetable oils 
in combination with potassium sorbate. For each treatment, 40 fruit were dipped in oil
water emulsions of the indicated oil concentration. Potassium sorbate concentration was 0.1%. 

Oil Percent Fruit with Severe Chilling Injur~ 
Concentration Da~s in Cold Storage 

Vegetable Oils % 76 83 90 97 104 111 120 

None 92.5 100 
None + Sorbate 90.0 100 
Sunflower Oil 80 2.5 7.5 7.5 12.5 15.0 20.0 20.0 

20 0.0 0.0 0.0 2.5 2.5 2.5 5.0 
Sunflower Oil + 80 2.5 5.0 5.0 15.0 17.5 17.5 17.5 
Sorbate 20 2.5 2.5 2.5 5.0 5.0 5.0 5.0 
Corn Oil 80 0.0 5.0 5.0 10.0 10.0 10.0 15.0 

20 5.0 5.0 7.5 10.0 10.0 12.5 12.5 
Corn Oil + Sorbate 80 2.5 10.0 10.0 12.5 12.5 12.5 12.5 

20 O~O 0.0 2.5 2.5 2.5 2.5 2.5 
Safflower Oil 100 0.0 0.0 0.0 2.5 2.5 5.0 7.5 

80 0.0 2.5 2.5 2.5 2.5 5.0 7.5 
60 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
40 0.0 0.0 0.0 2.5 2.5 2.5 2.5 
20 0-.0 0.0 0.0 0.0 0.0 2.5 2.5 

Safflower + Sorbate 80 0.0 5.0 7.5 7.5 7.5 7.5 10.0 
20 0.0 0.0 0.0 2.5 2.5 2.5 5.0 

Safflower Butter 0.0 0.0 0.0 0.0 2.5 2.5 5.0 

~ 
(Xl 



49 

respectively had severe chilling injury after 120 days at 2.8 C com

pared with 100% of the control fruit that had chilling injury by 83 

days (Fig. 7 and Table 2). 

Potassium sorbate was not a promissary agent in reducing 

chilling injury to 'Marsh' grapefruit. Treatment lvith 0.1% potassium 

sorbate delayed the onset of severe chilling injury to the fruit by a 

week, but after that the development of severe chilling injury was 

rapid, reaching 90% of the fruit by 76 days storage (Fig. 7). Sun

flower oil at 80% or 20% and with 0.1% potassium sorbate also extended 

fruit storage life and preventing any severe chilling injury for 76 

days. However, there was about a 2.5% reduction in chilling injury for 

the fruit treated with 80% sunflower plus 0.1% potassium sorbate com

pared with only 80% sunflower (Table 2). Fruit treated with 80% or 20% 

corn oil plus 0.1% potassium sorbate was also very effective in prevent

ing chilling injury to 'Redb1ush' grapefruit and the most effective corn 

oil treatment was 20%. However, first symptoms of severe chilling in

jury (2.5%) was noticed after 80 days at 2.8 C, but there was no 

further increase in percent of fruit with severe chilling injury during 

following 30 days (Table 2). Treatment with 80% or 20% safflower oil 

plus 0.1% potassium sorbate prevented severe chilling injury to 'Redblush' 

grapefruit for 83 and 97 days and only 10% and 5% of the fruit had severe 

chilling injury after 120 days respectively (Table 2). 

Fruit treated with safflower butter containing 0.1% potassium 

sorbate was als'o very effective in preventing any chilling injury for 

97 days and only 5% of the fruit had severe chilling injury after 120 

days, at 2.8 C (Table 2). 
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Holding treated 'Redblush' grapefruit at room temperature for 

14 days after 100 days at 2.8 C, resulted in a slight increase in the 

percent of fruit with severe chilling injury. For fruit treated with 

20% corn oil plus 0.1% potassium sorbate there was no further increase 

in percent of fruit with severe chilling injury even after moving to 

room temperature for 15 days (Table 3). Fruit marketability was still 

very high (85%, 97.5, 80 and 92.5%) for fruit treated with 80 or 20% 

corn oil or sunflower oil respectively. After 100 days at 2.8 C and 

14 days at room temperature compared· with untreated fruit that had only 

7.5% marketable fruit (Fig. 8). 

Transferring the fruit, that were treated with 100%, 80% (with 

or without 0.1% potassium sorbate) 60%, 40%, 20% (with or without 0.1% 

potassium sorbate) and safflower butter to room temperature after 100 

days at 2.8 C resulted in a very slight increase in percent of fruit 

with severe chilling injury. Fruit treated with 60%, 40% and 20% 

(plus potassium sorbate) safflower oil did not show any further increases 

in percent of fruit with severe chilling injury even after moving to room 

temperature for 14 days (Table 3). 

Marketability of 'Redblush' grapefruit treated with safflower 

oil was very high compared with control fruit. Control quality de

clined with time in storage at 2.8 C reaching only 7.5% considered 

marketable after 76 days at 2.8 C. Treated fruit by this date still 

were considered 100% marketable. After 100 days at 2.8 C plus 14 days 

at room temperature, the greatest loss with oil treated fruit was the 

12.5% of those treated with 80% safflower oil (Fig. 9). Fruit quality 

such as color and shape was still excellent compared with control 



Table 3. Vegetable oil reduction in chilling injury after removal from cold storage. Half of fruit 
discussed in Table 2 were transferred to room temperature after 100 days storage at 2.S C. 

Percent Fruit with Severe Chilling Injur~ 
Oil Days at Room Temperature 

Vegetable Oil Concentration Da~s in Cold Storage Following 100 da~s at 2.SC 
Agents (%) 76 S3 . 90 97 4 11 14 

Control 92.5 100 
Potassium-Sorbate 90.0 100 
Sunflower Oil 80 2.5 7.5 7.5 12.5 15 22.5 22.5 

20 0.0 0.0 0.0 2.5 2.5 7.5 7.5 
Sunflower + SO 2.5 5.0 5.0 15.0 17.5 20.0 20.0 
Sorbate 20 2.5 2.5 2.5 5.0 5.0 7.5 7.5 
Corn Oil SO 0.0 5.0 5.0 10.0 10.0 15.0 17 .5 

20 5.0 5.0 7.5 10.0 12.5 17.5 17 .5 
Corn Oil + 80 2.5 10.0 10.0 12.5 12.5 15.0 15.0 
Sorbate 20 0.0 0.0 2.5 2.5 2.5 2.5 2.5 
Safflower Oil 100 0.0 0.0 0.0 2.5 5.0 10.0 10.0 

80 0.0 2.5 2.5 2.5 5.0 12.5 17.5 
60 0.0 0.0 0.0 0.0 0.0 5.0 5.0 
40 0.0 0.0 0.0 2.5 2.5 2.5 5.0 
20 0.0 0.0 0.0 0.0 2.5 7.5 10.0 

Safflower + 80 0.0 5.0 7.5 7.5 7.5 12.5 12.5 
Sorbate 20 0.0 0.0 0.0 2.5 2.5 5.0 5.0 
Safflower Butter 0.0 0.0 0.0 0.0 5.0 10.0 10.0 

I.n 
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Prevention of chilling injury to 'Redblush' grapefruit 
with vegetable oils. Forty fruit were dipped in water 
emulsions of 20% corn oil (~--~), 80% corn oil 
(0--0), 20% sun flower oil (e---e) and 80% sunflower 
oil (e--e) before storage at 2.8 C. After 100 days 
fruit were transferred to room temperature (R.T.). 
Marketable fruit have less than severe chilling injury. 
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Figure 9. Reduction in chilling injury to 'Redb1ush' grapefruit 
dipped in safflower oil. Forty fruit were dipped in 
water emulsions of 20% (e-e) and 80% safflower oil 
( ... ) and safflower butter (.-.), then stored in 
darkness at 2.8 C until transferred to room temperature 
after 100 days. Marketable fruit have less than severe 
chilling injury. 
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(Fig. 10). The fruit treated with oils and butter still had good taste 

and there were no off-flavors. 

'Redblush' grapefruit harvested on April 21, 1981, and treated 

with 80% Crisco oil containing 0.44 g/l benomyl to control the decay 

and then stored in darkness at 2.8 C began to exhibit severe chilling 

injury after 49 days. Untreated fruit began to exhibit severe chilling 

injury after 35 days of storage at 2.8 C. By 63 days 38% of the fruit 

had severe chilling injury while treatment with Crisco delayed the 

development of chilling injury in 'Redblush' grapefruit by 14 days 

and significantly reduced the degree of chilling injury during the 

next 10 days (Fig. 11). 

The results are consistent with those of Jones et al. (1978), 

who found that application of vegetable oils to banana fruit prevented 

chilling injury for 48 hr at 9 C, and may be related to observations 

of Wilson (1979) who reported that increases in the concentration of 

unsaturation of membrane fatty acid of 5 to 12% may prevent chilling 

injury by lowering the phase transition temperature below 5C. Lyons 

and Asmudson (1965) found that artificial mixtures of saturated and un

saturated fatty acids could lower the solidification temperature by as 

much as 20 C. These results are also similar to those of Davis and 

Harding (1960) and Ben-Yehoshua, Kobi1er and Shapiro (1981), who demon

strated that application of polyethylene emulsions or films to grape

fruit, lemons, 'Valencia' and 'Shamouti' oranges reduced chilling 

injury to the fruit. A result they attributed to a reduction in water 

loss and maintenance of fruit turgidity. 



Figure 10. Vegetable oil reduction of chilling injury to 
'Redblush' grapefruit. 
Fruit in photograph were stored at 2.8 C for 76 
days. Lower row of fruit were dipped in 100% 
safflower oil before storage. 
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Deformation of Oil Treated Fruit 

A few 'Redblush' grapefruit harvested February 11, 1981 and 

treated with high concentrations of vegetable oils developed deep and 

large depressions along the equatorial regions after 100 days from 5 

to 10%. Fruit treated with safflower butter had the highest percentage 

of deformation at 10%, fruit treated with 100% safflower oil were 7.5% 

deformed, and several other treatments resulted in 5% of the fruit de

formed (Table 4). Deformations do not seem to be related to chilling 

injury. Moving deformed fruit to warm temperatures for 14 days, did 

not enhance chilling injury development, and no sunken brown spot devel

oped. Keeping the deformed fruit continuously in darkness at 2.8 C for 

34 days also did not enhance chilling injury development. Deformed 

areas of the fruit had thinner peel layers (flavedo and albedo) than did 

sound areas. Deformation was observed for the first time on 'Redblush' 

grapefruit harvested in February 11, 1981, after a 100 days at 2.8 C, 

but not on Mars~ grapefruit harvested in November 20, 1980. In spite 

of the fruit being stored under the same conditions for 169 days (Fig. 

6) and treated with safflower butter. 

Deformation on 'Redblush' grapefruit has not been further ex

plored, so it is necessary that more studies be done to clarify causi

tive factors and its physiology. 

Miscellaneous Observations 

In addition to the foregoing, some aspects of chilling injury 

were noticed during the research on grapefruit chilling injury that 

are not substantiated by data, but appear true, based upon experience. 

These are as follows: 
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Table 4. Percent of deformed fruit after 100 days cold storage in 
which chilling injury had been reduced by prestorage treat
ment with vegetable oils. 

Oil Deformed Fruit 
Vegetable Oil Concentration (%) 

Safflower 60 5.0 

80 5.0 

100 7.5 

Safflower + Sorbate 80 5.0 

Safflower Butter 80 10.0 

Corn Oil 80 5.0 

Sunflower Oil 80 5.0 

Sunflower Oil + Sorbate 80 5.0 

All other oil treatments 0 



Figure 12. Deformation of 'Redblush' grapefruit during 100 
days cold storage, when chilling injury was 
prevented by vegetable oils. 
All fruit were treated with vegetable oils and 
stored at 2.8 C. Upper row, sound fruit; lower 
row, deformed fruit. 
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1. Small fruit with thin peels are faster in developing chilling 

injury than larger fruit with thick peels. 

2. The first symptoms of chilling injury to partially degreened 

fruit were usually in green areas rather than yellow when the 

fruit had some green spots. 

3. Chilling injury in mature green grapefruit did not form large 

sunken spots, but rather very small spots spread on the fruit. 

In contrast mature yellow fruit developed one or more large 

brown sunken areas. 

4. 'Marsh' grapefruit that were harvested in late May 1980, and 

stored in darkness at 2.8 C, showed some regreening in the dark 

and druing cold storage. 

5. Grapefruit infected with thrips or scales before cold storage 

were more susceptible to chilling injury than were healthy 

fruit, and chilling injury was first foupd in the infected 

areas. 

6. The most susceptible part of the fruit to fungus was the stem 

end. 

Chilling Injury Mechanisms 

Ion or Electrolyte Leakage 
of 'Marsh' Grapefruit 

Electrolyte leakage tended to decline during storage at 2.8 C, 

reaching the lowest levels after 32 days storage (Table 5). Transferr-

ing the fruit to room temperature for a short holding period resulted 



Table 5. Changes in ion leakage of 'Marsh' grapefruit flavedo during cold storage and subsequent 
holding at room temperature. 

Time between Ion Leaka~cz (% of Maximum) 
24 hr Warm Days at Room Temperature Following 
Periods Total Da~s in Cold Storase 51 DaIs at Cold Storase 
(Days) 21 24 32 38 45 2 8 10 

Continuous Cold 33.8 1: 4.1 beY 32.9 1: 2.6 be 24.4 1: 5.9 a 32.6 ± 1.8 be 35.5 1: 2.6 e 31.5 ± 5.6 b 52.9 ± 3.2 e 43.3 ± 3.7 d 

16 31.031: 7.2 b 30.3 1: 2.6 b 32.5 1: 2.0 b 24.2 ± 1.6 a 40.1 1: 3.0 e 38.5 ± 4.2 e 54.3 ± 0.8 d 52.9 ± 3.9 d 

12 38.3 ± 1.2 e 32.6 ± 3.2 b 31.9 ± 3.8 b 28.4 ± 4.1 a 39.6 ± 3.5 e 45.4 ± 1.5 d 49.7±1.8e. 43.1 ± 3.5 d 

8 34.5 + 2.0 b 32.8 1: 1.5 b 32.0 ± 4.7 b 28.0± 5.2 a 42.71: 3.0 e 46.6 ± 5.13 d 52.3 1: 3.5 e 40.7 + 4.3 e 

4 39.5 ± 3.4 e 28.6 ± 2.3 a 40.0 ± 0.6 e 32.5 ± 1.8 b 52.4 ± 3.3 e 45.4 ± 3.1 d 56.5 ± 2.4 f 48.6 ± 1.1 d 

z Each value represents the average of 4 readings, one each from 4 fruit. 

YMeans within a row followed by the same letter are not significantly different at the 5% level 
according to Duncan's Multiple-Range Test. 

LSD = 3.2 

.. 

0-
~ 
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in significant increases in electrolyte leakage after a 2 day lag. After 

reaching a maximum of 52.9%, after 8 days at room temperature electro

lyte leakage declined to 43.3%. 

Warming the fruit to room temperature for 24 hrs each 16 day 

or 4 days at 2.8 C did not significantly effect ion leakage. However, 

these intermittent warmings tended to increase ion leakage compared with 

control during the warm holding period following 51 days at 2.8 C. Ion 

leakage in the peels of fruit warmed 24 hrs each 8 or 12 days, behaved 

similarly to controls. However, warming the fruit for one day each 8 

days at 2.8 C, gave the lowest ion leakage (Table 5) at the end of the 

warm holding period. This treatment also reduced chilling injury signif

icantly (Table 1). 

Internal Conductivity of 'Marsh' Grapefruit 

Internal conductivity changes during storage at 2.8 C for 51 

days and subsequently for 10 days at room temperature were determined 

at the stem-end, the equator and the stylar-end of the fruit. 

Internal conductivities of fruit peels at the stem end, stylar 

ends and the equator tended to decline sharply during storage reaching 

minimum values after 2 days at room temperature following 51 days at 

2.8 C at all positions. The stem ends had the highest values, and the 

stylar ends the lowest (Fig. 13). 

Internal conductivities at the stem ends declined during 45 

days at 2.8 C for all treatments (Table 6). Transferring the fruit to 

room temperature after 51 days at 2.8 C did not result in a significant 

increase in internal conductivity during the first 2 days. However, 
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Figure 13. Internal conductivities of 'Marsh' grapefruit peels during 51 
days at 2.8 C followed by transfer to room temperature (R.T.). 
Internal conductivities were determined at room temperature at 
the stem-end (6-6), equator (0 - 0) and stay1ar end (0 - 0) . 
Each value represents an average of 80 measurements (4 each 
from 20 fruit). 



Table 6. Changes in internal conductivity at stem-end of 'Marsh' grapefruit peels during cold 
storage and subsequent holding at room temperature. 

Time between 
::5 Hr Warm 

Periods 
(Days) 

Continuous Cold 

16 

12 

8 

4 

24 

1.40 ± 0.10 bY 

1.23 ± 0.09 e 

2.23 ± 0.20 e 

1.45 ± 0.02 e 

2.08 ± 0.23 e 

Internal ConduetivityZ (umohs) 

Total Days in Cold Storage 
32 38 45 

0.33 ± 0.04 a 0.35 ± 0.03 a 0.20 ± 0.03 a 

0.43 ± 0.03 a 0.38 ± 0.02 a 0.2B ± 0.02 a 

0.55 ± 0.03 a 0.40 ± 0.04 a 0.30 ± 0.02 a 

0.50 :!: 0.04 ab 0.48 + 0.06 ab 0.63 ± 0.04 b 

1.03 ± 0.14 cd 0.75 ± 0.16 be 0.45 :!: 0.04 ab 

Days at Room Temperature Following 
51 Days at Cold Storage 

2 8 10 

0.38:!: 0.01 a 1.08 ± 0.06 b 2.75 ± 0.20 e 

0.28 ± 0.02 a 0.78 ± 0.02 b 2.00 ± 0.07 d 

0.33 ± 0.04 a 1.23 ± 0.20 b 4.53 :!: 0.51 d 

0.30 ± 0.03 a 0.65 ± 0.08 b 2.63 ± O.OB d 

0.43 ± 0.01 a 1.18 ± 0.20 d 2.78 ± 0.30 f 

z Each value represents an average of 16 readings, 4 each from 4 fruit. 

YMeans within a row followed by the same letter not significantly different at the 5% level 
according to Duncan's Multiple-Range Test. 

LSD = 0.3. 

0'1 
~ 
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during 10 days at room temperature following 51 days at 2.8 C, internal 

conductivities increased for all treatments, but less so for fruit 

warmed every 16 days than for control fruit (Table 6). Fruit warmed 

every 12 days had c\'msiderably higher internal conductivities. 

Internal conductivities of 'Marsh' grapefruit peel at the 

stylar end tended to decline during storage in darkness at 2.8 C. 

There was no apparent effect of periodic warming on peel internal con-

ductivities. Two days after transferring the fruit to room temperature, 

internal conductivities were somewhat lower yet, but during 10 days at 

room temperature, internal conductivities increased significantly for 

most treatments, but less so in fruit warmed every 16 days and more so 

in the fruit warmed every 12 days (Table 7). 

Internal conductivities of the equatorial regions of the fruit 

also tended to decline during 45 days at 2.8 C for all treatments 

(Table 8). Moving the fruit to room temperature after 51 days at 2.8 C 

did not result in a significant increase in internal conductivity during 

the first 2 days except for untreated fruit. However, during 10 days at 

room temperature following 51 days at 2.8 C, internal conductivities 

increased for all treatments, but again less so for fruit warmed one 

day every 16 days than for control fruit. Fruit warmed every 12 or 8 

days had significantly higher internal conductivities (Table 8). 

Correlation of Ion Leakage and 
Internal Conductivity 

Ion leakage remained somewhat constant during 40 days in dark-

ness at 2.8 C then increased. Transferring the fruit to room tempera-

ture after 51 days cold storage further enhanced ion leakage from 



Table 7. Changes in internal conductivity of sty'lar-end of 'Marsh' grapefruit peels during cold storage 
and subsequent holding at room temperature. 

Time Between 
24 Hr Warm 
Periods 
(Days) 

Continuous Cold 

16 

12 

8 

4 

24 

1.45 ± 0.11 eY 

1.40 ± 0.08 e 

1.50 ± 0.12 d 

1.38 ± 0.06 d 

1.83 .± 0.20 d 

Total Day_~ in Cold Storage 
32 38 

0.68 ± 0.07 b 0.50 ± 0.04 ab 

0.48 ± 0.02 be 0.50 ± 0.07 cd 

0.68 ± 0.05 e 0.58 ± 0.05 be 

0.50.± 0.03 ab 0.63 ± 0.06 be 

0.80.± 0.05 e 0.75.± 0.08 be 

45 

0.43 ± 0.07 a 

0.35 ± 0.04 ab 

0.45 + ·0.03 ab 

0.70.± 0.04 e 

0.60 .± 0.04 ab 

Days at Room Temperature Following 
51 Days at Cold Storage 

2 8 10 

0.55 ± 0.09 ab 1.50 ± 0.18 e 1.73 ± 0.19 d 

0.25 ± 0.01 a 0.68 ± 0.01 d 1.70 ± 0.11 f 

0.38 ± 0.01 a 0.68.± 0.05 e 2.23 ± 0.13 e 

0.43.± 0.02 a 0.63.± 0.03 be. 1.88 + 0.11 e 

0.50.± 0.02 a 0.88.± 0.03 e 1.93.± 0.15 d 

zEach value represents the mean of 16 readings (4 readings in 4 fruit) + SEM. 

YMeans within a row followed by the same letter not significantly different at the 5% level according to 
Duncan's Hultiple-Range Test. 

LSD - 0.18. 

0\ 
0\ 



Table 8. Changes in internal conductivity of equator of 'Marsh' grapefruit peels during cold storage 
and subsequent holding at room temperature. 

Time Between Internal Condlletivitv Z (umohs) 
24 Hr Warm 
Periods 
(Days) 

Continuous Cold 

16 

12 

8 

4 

24 

1.60 ~ 0.10 eY 

1.70 ~ 0.10 d 

1.80 ± 0.15 e 

1.73 .:!:: 0.05 b 

1.60 ~ 0.07 d 

Total Days in Cold Storage 
32 38 

0.48 + 0.03 b 0.48 + 0.07 b 

0.48 + 0.03 b 0.38 ~ 0.01 ab 

0.85 ± 0.03 b 0.48 ~ 0.04 e 

0.58 .:!:: 0.02 a 0.50 .:!:: 0.02 a 

0.90.:!:: 0.10 e 0.58 .:!:: 0.06 ab 

45 

0.20 ~ 0.02 a 

0.33 ~ 0.02 ab 

0.30 + 0.02 a 

0.63 .:!:: 0.04 a 

0.55.:!:: 0.03 ab 

lJays at Iloom Templ'rature Following 
51 lJays at Cold Storage 

2 8 10 

0.53 + 0.03 b 0.65 ± 0.05 b 2.10 + 1.00 d 

0.23 + 0.01 a 0.75 ~ 0.07 e 1.80 ~ 0.11 d 

0.23.:!:: 0.02 a 0.88 .:!:: 0.15 b 3.60 .:!:: 0.38 d 

0.48.:!:: 0.04 a 0.68 .:!:: 0.02 a 2.40.:!:: 0.12 e 

0.40.:!:: 0.04 a 0.78.:!:: 0.10 be 2.10.:!:: 0.23 e 

zEach value represents the mean of 16 readings (4 readings on 4 fruit) + SEM 

YMe~ns within a row followed by the same letter are not significantly different at the 5% level according 
to Duncan's Multiple Range Test. LSD = 0.22. 

0\ 
-..J 
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'Marsh' grapefruit peel discs into 0.4 M mannitol solution, for 8 days, 

then ion leakage declined somewhat (Fig. 14). 

Internal conductivities of fruit peels tended to decline during 

storage in darkness at 2.8 C for 51 days. Moving the fruit to room 

temperature, resulted in a rapid increase in internal conductivities of 

fruit after a 2 day lag. Internal conductivities reached their highest 

values 10 days after transfer from cold storage (Fig. 14). 

These results of ion leakage are in agreement with those of 

Furmanski and Buescher (1979) and Murata and Tatsumi (1979), who found 

that ion leakage from peach fruit and eggplant and bell pepper fruit 

remained fairly constant during 5 weeks or 3 weeks at 1C or 2C respec

tively, and increased when peach fruits were moved to 21C. Results 

of internal conductivites also are consist ant with those of Furmanski 

and Buescher (1979), who found that internal conductivity of peach fruit 

declined during storage at 1C. Moving the frui~ to 21C greatly in

creased internal conductivities. 

Storage at low temperatures has enhanced ion leakage from many 

chill sensitive tissues (Christiansen et a1., 1970; Greencia and Bramlage, 

1971; Lyons, 1973; Wright and Simon, 1973; Paul, 1981). Enhancement of 

ion leakage has been attributed to the promotion of membrane permeabil

ity (Lyons, 1973; Paul, 1981; Furmanski and Buescher, 1979). However, 

electrical conductivity data suggest that free ions could be increas

ingly bound with increasing time at low temperature, moving the fruit 

to warmer temperatures could free bound ions, thereby rapidly increasing 

internal conductivities. These results of internal conductivities and 
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Figure 14. Electrical conductivity and ion leakage of 'Marsh' grape
fruit peels during storage. Fruit were stored for 51 
days at 2.8 C and then transferred to room temperature 
(R.T.). Internal conductivity values are means of 240 
readings (4 each from 60 fruit). Ion leakage values are 
means of 20 readings. 
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ion leakage there reflect changes in membrane permeability and changes 

in the release and availability of ions able to conduct electrical 

current (Furmanski and Buescher, 1979). Transferring the fruit to 

room temperature enhanced ion leakage and internal conductivities, and 

this also could indicate an alteration in membrane permeability. 

The Relationship between Chilling Injury 
and Water Potential "Components 

During experiments testing the effects of ABA and 2,4-D on the 

development of chilling injury, measurements of water potential compo-

nents were initiated to detect relationships between chilling injury 

and peel water relations. All treatments in the following discussion 

reduced the intensity of chilling injury to stored fruit (Fig. 5). 

Average water potential, osmotic potential and turgor pressure 

after 42 days storage at 2.8 C were -20.5 bars, -20.7 bars and 0.2 bar 

respectively (Table 9). Treatments with ABA raised water and osmotic 

potentials and maintained greater cell turgidity by 4.9 bar, 3.6 bar and 

1.3 bar respectively. Abscisic acid in combination with CaC12 or 2,4-D 

also increased water potentials, osmotic potentials and turgor pressure 

compared with control fruit. Treatments with ABA in combination with Ca 

CaC12 , significantly raised water potentials, osmotic potentials and turgor 

pressure by 2.6 bar, 1.5 bar, and 1.1 bar respectively (Table 9), and ABA 

in combination with 2,4-D also increased water, osmotic potentials and tur-

gor pressure to -16.8 bar, -17.95 bar and 1.1 bar, respectively, but 

2,4-D alone only increased water and osmotic potentials and did not 
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Table 9. Water potential components of 'Marsh' grapefruit after 42 days 
cold storage in response to abscisic acid, 2,4-Dich1orophen
oxyacetic acid and calcium chloride separately and in combin
ation. Detached 'Marsh' grapefruit were dipped for 30 sec. in 
10-4M ABA, 9 X 104M 2,4-D and for 3 min. in 0.14 M calcium 
chloride under vacuum infiltration, and then in combination. 

Treatments 

Control 

Abscisic acid 

Abscisic acid + 
CaC12 

Abscisic acid + 
2,4-D 

2,4-n 

2,4-n + CaC12 

CaC12 

Water Potential 
(bars) 

-20.5 + 1.3 dZ 

-15.7 + 0.3 a 

-18.0 + 0.1 c 

-16.9 + 0.6 bc 

-17.4 + 0.1 c 

-16.5 + 0.4 ab 

-16.7 + 0.3 ab 

Osmotic Potential 
(bars) 

-20.7 + 1.3 d 

-17.2 + 0.1 ab 

-19.3 + 0.5 c 

-18.0 + 0.1 ab 

-17.7 ± 0.1 ab 

-17.0 + 0.3 a 

-18.3 + 0.4 c 

Turgor Pressure 
(bars) 

0.2 + 0.01 a 

1.5 + 0.1 bc 

1.3 + 0.7 bc 

1.1 + 0.1 b 

0.3 ± 0.1 a 

0.5 + 0.1 a 

1.6 + 0.7 c 

ZUeans within a column followed by different letters are significantly 
different at 5% level according to the Duncan's lfu1tip1e Range Test. 
Each reading represents the mean of 20 measurements. 
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change turgor pressures. Similar results were obtained when 2,4-D was 

used in combination with CaC1
2

• Postharvest application of CaC1
2 

to 

fruit increased water and osmotic potential, and turgor pressure sig

nificantly by 3.8 bar, 2.4 bar, and 1.4 bar. 

Comparing water potentials with the percentage of 'Marsh' 

grapefruit with severe chilling injury during 4 weeks storage at 2.8 C, 

showed a significant negative correlation (r = 0.5, p < 0.05). That 

means, high water potentials are associated with a low degree of 

chilling injury. After 14 days at 2.8 C, water potentials were -18 

bar, and the percentage of fruit with severe chilling injury was zero. 

After 42 days at 2.8 C water potentials of the fruit had decreased to 

-28.5 bar and the percentage of fruit with severe chilling injury had 

increased to 50% (Fig. 15). 

A comparison between water potential components of injured and 

sound areas of the same fruits, showed that injured spots had low water 

potentials, osmotic potentials and turgor pressures near zero. Healthy 

areas of fruit had higher water potentials, osmotic potentials and 

turgor pressure compared with tissue from unhealthy spots (Table 10). 

Significant differences in water potential components of injured and 

non-injured peel tissues suggests that water loss is at least one factor 

in the on-set of chilling injury in 'Marsh' grapefruit. Therefore these 

results could support the hypothesis that a high relative humidity in 

storage room reduce chilling injury by reducing water loss via trans

piration. 
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Figure 15. Water potential ~) and development of severe 
chilling injury to 'Marsh' grapefruit peels during 
cold storage. 



.Tab1e 10. 

Source of 
Tissue 

Non-injured 

Injured 

74 

Water potential components of injured and non-injured tissue 
from 'Marsh' grapefruit. 

Water Potential Osmotic Potential Turgor Pressurez 

(bars) (bars) (bars) 

-17.5 + 0.3 a Z -18.8 + 0.3 a 1.3 + 0.3 a 

-27.3 + 1.0 b -27.6 + 1.0 b 0.3 + 0.1 b 

ZMeans within a column followed by different letters are significantly 
different at 1% level. 
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Membrane permeability could increase during the chilling period 

(Lyons, 1973; Pantastico et al., 1975; Greencia and Bramlage, 1971; 

Paul, 1981) allowing a loss of water, which evaporate off, and solutes, 

which remain in cell wall, could cause chilling injury. Therefore 

high humidity or agents that reduce water loss may simply suppress the 

chilling injury. 

These results are consistent with those of Rikin and Richmond 

(1976) and Rikin et al. (1976) for cucumber seedlings, Boussiba et al. 

(1975) for tobacco plants, Wright (1969) for wheat, Mittelheuser and 

Van Stevenick (1969) for wheat and barley plants, Walton et al. (1977) 

for bean plants, Little and Eidt (1968) for· white ash and red maple 

trees, Jones and Mansfield (1970) for Xanthium pensylvanicum, Horton 

(1971) for Vicia faba, Pierce and Raschke (1978) for Xanthium 

strumarium, Beardsell and Cohen (1975) for sorghum and corn. Walton 

et al. (1977) found that the transpiration and water loss decreased 

progressively with increase in ABA content whether induced by water 

stress or by an exogenous application. So the reduction in water loss 

could be the reason for reducing chilling injury by ABA application 

(Boussiba et al., 1975; Rikin and Richmond, 1976). Calcium chloride 

could act as osmotic active solute or by reducing membrane permeabil

ities and hence leakage (Bangerth et al., 1972). So plant growth 

regulators and CaC1
2 

could act in reducing chilling injury by improving 

water balance of commodities-in storage room. 



Scanning Electron Microscopy of 
'Marsh' Grapefruit Peels 
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Scanning electron microscope photomicrographs of grapefruit 

peels, including oil glands and injured and non-injured areas re-

vea1ed that the commonest symptom of chilling injury was sunken areas 

in peels (Fig. 16). The depression could be as a consequence of 

swollen cells beneath the epidermis cells, which could press on the 

upper cells causing them to collapse and resulting in the depressed 

areas. As the peel began to sink down and the epidermis cells started 

to collapse there was a slight increase in cell size below the epid-

ermis cell (Fig. l7A and B). As the sunken area increased in depth, 

cells beneath the epidermis increased in size by threefold (Table 11 

and Fig. 17C and D). The cells became irregularly shaped when 

chilling injury was severe. Cell walls were thick in some areas and 

thin in others (Fig. 17C) and cutting of sections resulted in more 

ragged cell edges. It is important to note that ·oil glands were not 

ruptured during cold storage. Photomicrographs showed that oil glands 

were not broken down even in fruit with severe chilling injury (Fig. 

18), so we can reject the hypothesis that 'Marsh' grapefruit oil glands 

ruptured during cold storage, and released their oils causing cell 

death and the onset of chilling injury symptoms. 

These results are similar to those of I1ker et a1. (1979), who 

found from electron micrographs of tomato cotyledon cells exposed to 

chilling temperature, that the cell wall showed marked irregularities 

and the cell wall appeared thinner in some areas and expanded in 



Figure 16. Scanning electron micrograph of pitted area 
from 'Marsh' grapefruit peel with severe 
chilling injury. 
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Figure 17. Scanning electron micrograph of the developing depression 
in 'Marsh' grapefruit peel with chilling injury. 
Early stage of injury (A,42X) and progressively deeper 
depression (B,42X; C and D, 31X) of peel due to chilling 
injury. 
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Table 11. Changes in cell size during development of chilling injury 
to 'Marsh' grapefruit. 

Mean Cell Size (~m3) Ce11s/cm2 

Chilling Injury 30 rom Below Surface of Flavedo 

Slight (Fig. 17A) 0.03 + 0.006 38025 ce11/cm 

(Fig. 17B) 0.04 ± 0.004 33800 

(Fig. 17C) 0.09 + 0.015 16900 

Severe (Fig. 17D) 0.12 + 0.013 12675 

2 



Figure 18. Scanning electron micrograph of oil gland from 
peel of 'Marsh' grapefruit with severe chilling 
injury. 
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others, with increased material in the middle lamella, and those of 

McConnell and Sheehan (1978) who found that more severe chilling in

jury to orchid leaves (cv. Pink Chiffon), was characterized by exten

sive mesophyll cell collapse, which often caused a slight depression 

of the epidermal cells, and the depressions were always surrounded by 

hypertrophied cells. 

Increase in cell size could be due to increase in activity 

of cell wall degradation. When cell walls become thin, they are 

easily expanded and swollen and cannot stand against atmospheric pre~

sure, therefore the cells collapse. 



CHAPTER 5 

SUMMARY AND CONCLUSION 

Development and Prevention of Chilling Injury 

The sensitivity of Arizona-grown grapefruit to chilling temp

eratures varied throughout the harvesting period studied. This sen

sitivity was high in October, decreased in November and December then 

increased in February. In April and May there was another decrease in 

sensitivity to chilling ~emperatures. This could be due to differences 

in maturity of the fruit or possibly temperatures to which the fruit 

were exposed before harvesting. 

The symptoms of chilling injury, which were brown sunken pits, 

developed somewhat during extended periods at low temperatures, but 

rapidly become much more pronounced when the fruit were transferred to 

room temperature. Thus, although the injury occurs at low tempera

tures, processes leading to the manifestation of the injury appear to 

proceed most effectively at higher temperatures. This is particularly 

bad, for what might appear to be sound fruit coming out of cold stor

age may quickly deteriorate when placed on the market display shelf. 

Based upon studies of chilling injury to other commodites 

several attempts were made to reduce the incidence of chilling injury 

to 'Marsh' and 'Redblush' grapefruit during cold storage at 2.8 C. Of 

the various methods tried, coating fruit with vegetable oils or fats 
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was most successful in delaying the development of chilling injury and 

reducing the degree of injury. 

Vegetable oils applied as water emulsions were particularly 

effective in preventing chilling injury to 'Redblush' grapefruit. 

Safflower oil, corn oil and sunflower oil all markedly reduced the 

symptoms of chilling injury in fruit stored 120 days at 2.8 C while 

100% of the untreated fruit had severe chilling injury symptoms within 

83 days. Furthermore, there was very little additional injury when the 

fruit treated with oils were transferred to room temperature for two 

weeks after 100 days at 2.8 C. A twenty percent oil emulsion was more 

effective than 80%. High concentrations of vegetable oils caused some 

fruit deformation. Also Crisco oil significantly reduced chilling in-

ju~~ to 'Redblush' grapefruit. 

The unsaturated vegetable oils have prevented chilling injury 

to banana and 'Redblush' grapefruit, and might wprk with other commod-

ities. The cost of using unsaturated vegetable oils is estimated at 

less than $3.00/ton if a 20% oil emulsion is used. 

Postharvest application of CaC1
2 

significantly increased the 

resistance of 'Marsh' grapefruit to chilling injury, but less so than 

oil emulsions. Treatment of 'Marsh' grapefruit with certain plant 

growth regulators also reduced chilling injury. Although the effec-

tiveness of the growth regulators was greater when combined with 0.14 

M CaC1
2

• Calcium chloride was also more effective in the presence of 

growth regulators than alone. The most effective combination of 

-4 growth regulator and CaC12 tried was 0.14 M CaC12 and 10 M ABA. 
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Periodically warming of 'Marsh' grapefruit for 24 hr every 4, 

12 and 16 days of cold storage did not significantly reduce chilling 

injury to fruit. However, warming the fruit for one day after 8 days 

at 2.8 C did significantly reduce chilling injury by 12.5% compared 

with control fruit. In all, intermittent warm periods does not show 

much promise as an effective means of reducing chilling injury. 

Prevention of chilling injury by application of unsaturated 

oils could work by several mechanisms including increasing the levels 

of endogenous unsaturated fatty acid of membranes thereby keeping the 

membranes fluid, by acting as antitranspirants and maintaining cell 

turgidity, by inhibiting cell wall degradation, or by providing energy 

requirements for cell reactions, by keeping membrane bound enzymes ac-

tive and maintaining an equilibrium between glycolysis and the Krebs 

cycle. The mode-of-action of the vegetable oils is still obscure, and 

more research is required to clarify the actual action of these agents. 

How CaC12 and certain growth regulators reduce chilling injury 
, , 

to Marsh grapefruit is unknown. Is it by inhibiting cell wall degrada-

tion or by maintaini~ protein synthesis or by reducing respiratory 

rates, or by keeping the membrane fluid or by keeping cells rigid, by 

maintaining favorable water balance, or by detoxifying compounds which 

accumulate during cold storage? 

Mechanisms of Chilling Injury 

The essential physiological mechanisms of chilling injury re-

main obscure. Several physiological changes involved in the mechanisms 

of chilling injury have been proposed. 
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Low temperature could induce changes in cell wall degradation, 

membrane permeabilities, cellular water balance of commodities or rup

ture oil glands and release toxic oils. 

Scanning electron microscope photomicrographs of 'Marsh' grape

fruit peels showed that severe chilling injury was a depressed area 

of collapsed cell, just beneath the epidermis layer. As the severity 

of chilling injury increased, non-collapsed cells gradually increased 

in size. Cell walls were irregularly shaped; thin in some areas and 

thick in others. When the cells enlarged' and walls became thin, and 

turgor pressure was low, the cells presumably collapsed from atmospheric 

pressures. 

Oil glands in depressed areas were not ruptured during cold 

storage. Hence release of toxic materials through rupturing of oil 

glands is not a factor in chilling injury. 

Compared to non-injured tissue, injured ,tissue from the same 

fruits had significantly lower water and osmotic potentials, and low, 

near zero, turgor pressures. Application of certain plant growth 

regulators and CaC1
2

, separately or in combination, significantly 

raised water and osmotic potential and maintained the turgidity of 

cells, except that 2,4-D and 2,4-D in combination with CaC12 raised 

osmotic and water potentials significantly, but not turgor pressure. 

There was a significant negative correlation (r = 0.5, p < 0.05) be

tween the water potentials of the peels and the percentage of Marsh 

grapefruit with severe chilling injury during storage at 2.8 C. Thus 

high water, osmotic and pressure potentials were associated with a 

low degree of chilling injury and vice versa. 



86 

These data suggest that water loss and a loss of turgidity is 

at least one factor in the onset of chilling injury in 'Marsh' grape

fruit. This is consistant with earlier studies that found that high 

relative humidities in storage rooms reduced chilling injury. Chill

ing injury may be a special response to dehydration and loss of 

turgidity under cool temperature. The action by which ABA, 2,4-D and 

CaC1
2 

act in maintaining cell turgidity and reducing chilling injury 

are not very clear. 

Electrolyte leakage and internal conductivities of 'Marsh' 

grapefruit peels tended to decline during storage at 2.8 C. After 

moving the fruit to room temperature there were increases in electro

lyte leakage and internal conductivities. Internal conductivites were 

highest at the stem end and lowest at the stylar end. The extracellu

lar minerals could contribute to the stem ends greater tendency to 

develop rots. 

Electrical conductivity data suggests that free ions could be 

increasingly bound with increasing time at low temperature. Moving 

the fruit to warmer temperatures could then free bound ions, thereby 

rapidly increasing internal conductivities. Increasing internal con

ductivities and ion leakage reflect the release and availability of 

ions able to conduct electrical current and these results could also 

indicate an alteration in membrane permeabilities. 

Ion leakage tended to increase during cold storage, and when 

the fruit were transferred to room temperature. Internal conductiv

ities declined sharply during cold storage and then increased very 



87 

strongly during periods at room temperature. There was a significant 

correlation between ion leakage (r = 0.5; p < 0.01) and internal con

ductivity (r = 0.64, p < 0.001) of peels with the percentage of 'Marsh' 

Grapefruit with severe chilling injury during storage at 2.8 C and 

room temperature. Thus high ion leakage and internal conductivities 

were associated with a high degree of chilling injury and vice versa. 

_._. 



APPENDIX A 

ALLEVIATION OF CHILLING INJURY TO 'LISBON' 

LEMON (CITRUS LIMON BURMAN CV. LISBON) 

Mature green lemons were harvested in late October, 1981, 

treated with 20% corn oil emulsions in water and stored for 31 days 

at 7C. At that time the temperature was lowered to 2C for 70 days. 

The treatment consisted of 5 replicates each containing 28 fruit. 

Severe chilling injury to control fruit showed up between 56 

and 63 days. Once initiated chilling injury developed very rapidly in 

control fruit, reaching 49% with severe chilling injury within 101 days 

at 2C. Treatment with 20% corn oil significantly (p > 0.05) reduced 

the number of fruit with severe chilling injury after 101 days from 

49% for the control to only 12% (Fig. A1). 

The problem associated with using corn oil in reducing chilling 

injury of tisborr lemon fruit was fruit discoloration in which the nor

mal bright green or yellow colored fruit turned a dull yellow or 

olive green. There was no browning or discoloration noticed in the 

albedo. The onset of fruit discoloration was after about 77 days in 

cold storage for both treated and untreated fruit. Treatment with corn 

oil significantly (p > 0.05) aggravated fruit discoloration and by 101 

days 46% of the treated fruit were discolored compared with only 14.5% 

of control fruit. Green lemon fruit were peeled after 84 days in 

storage and 10 gram each of discolored and normal colored fruit were 
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homogenized in an omni mixer with 72 m1 of 85% cold acetone for 2 

minutes twice. Two grams of CaCo
3 

were added to prevent pheophytin 

formation during maceration. Pigments were then extracted from the 

acetone with hexane. Carotenoids were partially removed by further ex

traction of the hexane solution by vigorous shaking with 80% ethanol. 

Hexane solutions were then dried with anhyd~ous Na
2

S0
4

, and spectra ob

tained using a Beckman DK-24 ratio recording spectrophotometer from 700 

nm to 450 nm. 

Pigments in extracts from normal fruit showed peaks at 657, 626, 

600 and 570 nm and small peaks at 463 nm. However, pigments in extracts 

from disco1orated fruit showed peaks at 664.5, 610, 528.8 and 469 nm. 

Thus, the spectra from discolored fruit showed considerable conversion 

of chlorophyll to pheophytin in the fruit treated with corn oil. Con

version of chlorophyll to pheophytin usually accompanies a decreasing 

pH. 
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