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Resistance to chilling injury (Cl) of Florida grape-

fruit has been found to be seasonal, being most resistant

in midseason, and a hypothesis that growth regulators (GRs)

are involved in resistance to Cl was proposed. The rela-

tionship between resistance to Cl and levels of endogenous

GRs in the flavedo of 'Marsh' grapefruit was studied to

test the hypothesis.

A useful, reliable and precise high-performance

liquid chromatographic method, coupled with isotope dilu-

tion, was developed for routine quantitative analyses of

GRs. Resistance to Cl and levels of endogenous indole-

acetic ( IAA) and abscisic (ABA) acids were determined for

fruit samples harvested biweekly or after 3-day conditioning

(delayed storage) treatments under several conditions.
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Immature grapefruit harvested in August were more

resistant to Cl than fruit harvested in October. Condi-

tioned grapefruit clearly showed the existence of mid-

season resistance to Cl, but this was not apparent for

fruit stored immediately after harvest. Seasonal changes

in Cl resistance of conditioned fruit were negatively

correlated with mean minimum temperatures for the 30 days

preceding harvests

.

Conditioning markedly increased Cl resistance in all 3

seasons ( 1377-78 to 1979-80) . Experiments in 1978-79 showed a

clear second degree polynomial correlation between Cl

resistance and prestorage weight loss due to conditioning

treatments. Maximum resistance occurred with about 3%

weight loss. However, subsequent experiments showed that

a conditioning treatment resulting in no weight loss also

increased Cl resistance, indicating that time delay per se

may be important. There was no additional increase in Cl

resistance from adding 5 ppm ethylene during 3-day condi-

tioning at 29 °C and 90+% relative humidity.

Levels of IAA in the flavedo remained relatively

constant throughout 1977-78 and 1978-79 at about 10 ng/g

fresh weight. Distinct seasonal changes were observed in

both free and bound ABA levels. Bound ABA in both seasons

and free ABA in 1977-78 exhibited only one midseason peak,

but free ABA in 1978-79 had 3 peaks in midseason. Free

ABA ranged from 20 to 850 ng/g fresh weight and bound ABA

vii



from 100 to as much as 9,000 ng/g fresh weight. Generally

high ABA levels in the midseason periods were associated

with mean minimum field temperatures for the 30 days preceding

harvests. Free ABA increased rapidly from 100 to 500 ng/g

fresh weight soon after freezing weather in March, 1980.

Conditioning treatments increased free ABA levels,

the maximum occurring with a treatment that caused about

2% weight loss. Ethylene at 5 ppm during conditioning

increased bound ABA much more than free ABA.

Parallel variations occurred between midseason

resistance to Cl of conditioned grapefruit and levels of

ABA at harvest. Conditioning-induced resistance to Cl

was also positively correlated with increased levels of

ABA. Immature grapefruit, nevertheless, were resistant

to Cl even when levels of ABA were low, and addition of

ethylene during conditioning increased ABA content but

did not increase Cl resistance.

This study provided some confirmation of the original

hypothesis that resistance to Cl involves endogenous GRs

,

with implication of some role for ABA. The manner of

action of such a relationship remains unclear.

vni



CHAPTER I

INTRODUCTION

Chilling injury (Cl) is a physiological disorder of

certain plants, generally those of tropical and subtropical

origin, or parts thereof, resulting from exposure to low but

nonfreezing temperatures. This terminology is based on

Molisch's suggestion in 1896 (175) that low temperature

damage in the absence of freezing should be called Cl

( "Erkaltung" ) as opposed to freezing injury ("Erfieren")

.

Preharvest Cl limits geographic distribution and productivity

of Cl-sensitive plants, and postharvest Cl limits use of low

temperature to prolong shelf-life or extend the marketing

area of many important horticultural crops. The latter problem

becomes particularly acute in mixed shiploads of commodities

having different optimum storage temperatures. Symptoms of

this disorder include surface pitting and scald, internal

browning and breakdown, increased susceptibility to decay,

and in some fruits, failure to ripen. Specific information

on various horticultural crops is given in Lutz and Harden-

burg (155) , on tomato, pepper and eggplant in McColloch et al .

(164) , and on citrus and other subtropical fruits in Smoot

et al. (235)

.

There are a number of excellent reviews on

the physiological bases of Cl (35, 86, 147, 156, 157, 189),

and several doctoral dissertations (62, 113, 148, 240,

1
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271 , 276 ) , including 2 on Florida grapefruit ( Citrus

paradisi Macf.) (188, 253).

Grapefruit originated in the TJest Indies, unlike

other members of the citrus subfamily (Aurantioideae )

which are native to subtropical and tropical Asia (231) ,

and is one of the most Cl susceptible fruits (155).

Ramsey (199) noted serious spotting on grapefruit in cold

storage as early as 1915. Brooks and McColloch (27) and

van der Plank (257) gave good descriptions of Cl with

several pictures, which include pitting or 'pox," brown

staining or scald, oil-gland darkening, and soggy or

watery breakdown. Many landmark studies on Cl were

published in the 1920s and 30s, particularly in 1936,

which are still remarkably pertinent from physiological

points of view and which merit reevaluation. Such old

literature was thoroughly reviewed by Miller (172) and

by Rose et al. (214). Recent reports on Cl, mainly from

Florida, have been reviewed by Grierson and Hatton (87)

.

Susceptibility of grapefruit is known to be influenced by

soil type (172), variety (102, 188, 257), fertilization

(IS, 71, 92), climate (132, 218, 235), fruit maturity

and harvesting season (87, 94), position on tree (188,

258) and size of fruit (235) and is also known to vary

from tree to tree (94)

.

But, physiological reasons for

such differences are not yet understood.
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Chilling injury sharply limits the degree to which

refrigeration can retard both physiological senescence

and fungal invasion; thus Cl has been recognized as a

major limiting factor in both long-term storage (27) and

export (188). In recent years, this problem has become

more important to the Florida citrus industry (which

produces more than half of the world's grapefruit) because

of 1) expanded exports, currently largely to Japan (70

to 80% of the total Florida grapefruit exports) , which

take a 4 week voyage plus 2 weeks or more post voyage to

reach consumers there; 2) the possibility that cold

sterilization of fruit fly larvae at 0°C for 2 weeks may

be required for shipments to Japan and several states in

the U.S. if the U.S. Environmental Protection Agency bans

use of ethylene dibromide for fruit fumigation, as is

currently proposed (65)

;

and 3) predicted sharp increase

in production (68) which would require longterm storage

to expand the shipping season through the summer months.

The need to expand shipments is, however, during a

period when, according to Grierson (85), the fruit again

becomes very susceptible to Cl after the midseason resis-

tant period. The hypothesis was proposed that suscepti-

bility and resistance to Cl might be under growth regulator

(GR) control (85)

.

Subsequent experiments with both

pre- and postharvest applications of several GRs did,

indeed, modify susceptibility of grapefruit to Cl (118).
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Recent reports (207, 209, 211) on manipulating resistance

to Cl in cucumber seedlings with abscisic acid (ABA) also

support this hypothesis. Apparently no studies have been

undertaken to link endogenous GR levels and Cl and there

are no reports at all on seasonal changes in levels of

endogenous GRs in grapefruit throughout a season. It has

also been suggested that the sensitivity of grapefruit to

Cl might involve either peel pigments or the plastids

containing them (85). Certain postharvest, prestorage

treatments, such as "delayed storage," "curing," and

"conditioning," are known to enhance resistance of grape-

fruit to Cl (27, 51, 156, 172, 256), but mechanisms of

such effects are not yet known.

The principal objectives of this research were to

test Grierson's hypothesis that GRs control Cl, and to do

so in 2 steps: 1) determine quantitative changes in some

endogenous GRs in the flavedo of 'Marsh 1 grapefruit

harvested biweekly throughout several seasons, while

monitoring seasonal changes in peel color and grove

temperatures as well as resistance to Cl (Chapter III)

;

and 2) study effects of several delayed storage treatments

on endogenous GR levels and on resistance of 'Marsh'

grapefruit to Cl (Chapter IV)

.

Prior to accomplishing

these objectives, improved methodology for separating and

identifying GRs by high-performance liquid chromatography

was . developed (Chapter II). Results are generally dis-

cussed (Chapter V) and conclusions drawn (Chapter VI)

.



CHAPTER II
SEPARATION AND IDENTIFICATION OF ENDOGENOUS

GROWTH REGULATORS IN GRAPEFRUIT FLAVEDO
BY HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY

Literature Review

Quantitative Analysis of Plant Growth Regulators

Development of suitable analytical methods has

given considerable impetus to the study of endogenous

growth regulators (GRs) - The discovery and first quanti-

tative assay of auxin was due to Went ' s Avena curvature

test developed about 50 years after the Darwins showed

phototropic curvature of coleoptiles in 1830 (248). The

introduction of gas chromatography (GC) as a tool for

ethylene analysis strongly stimulated research in this

area (4, p. 8). Much of the research on GRs in the

last several years would not have been possible without

newer and increasingly sophisticated analytical techniques,

such as GC-mass spectrometry (GC-MS) and high-performance

liquid chromatography (HPLC) . Powell discussed this

evolution of plant hormone analytical techniques in a

1972 review (195) and Wheaton and Bausher did so in 1977

(277). There are a number of excellent book chapters on

analysis of GRs (e.g., 4, 248, 272). Mitchell and

Livingstone's handbook (174) and Steffens' review (238)

5
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are excellent sources for bioassays. Hillman's (104)

textbook is devoted to modern methods of isolation and

physicochemical quantification of plant GRs. Moreover,

these techniques have improved significantly since the

book was published in 1978.

Sampling

Lack of attention to sampling methods can obscure

the physiological significance of GRs. Dennis (54) pointed

out the possibility "... on a concentration basis, one

portion may contain considerably higher levels of the

hormone than another. If the tissues are pooled in

extraction, such differences will be overlooked" (p. 217)

.

Such differences can exist not only among tissues and

cells, but also at the subcellular level. Examples are

abscisic acid (ABA) contents of primordia vs. scales of

sour cherry ( Prunus cerasus L. ) buds (169) , ABA transport

to, and accumulation in, stomatal guard cells (15 9) , and

a phytochrome-induced redistribution of gibberellins

(GAs) between etioplasts and cytoplasm within cells of

cereal leaves (41).

Isolation

Isolation methods generally involve organic solvent

or aqueous extraction and diffusion (54, 104) . Vascular
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exudates have been sampled through centrifugation (55)

or pressurization (277).

Dennis (54) discussed assumptions and problems

involved in extraction and in the diffusion method.

Dialysis is more effective than aqueous or solvent extrac-

tion to isolate GAs from cranberry (Vaccinium macrocarpon

Ait.) tissue (154). Martin and Nishijima (160) discussed

precautions against contaminants in solvents commonly

used for extraction and analysis of GRs. Choice of

solvents for extraction and fractionation is important.

For example, methanol can cause transesterification of

ABA (171) , and acetone may form isopropylidene derivatives

as artifacts of GA-diols such as GA^ (290). Another

problem is extractability , e.g., direct solvent treatment

of macerated plant tissue does not extract protein- or

membrane-associated GAs (28, 123).

Purification

Purification methods include solvent partition,

several types of chromatography, such as paper, column,

thin-layer, ion-exchange, gel permeation, gas liquid

chromatography (GLC) and HPLC , or combinations of these

(e.g., 104, 272). HPLC appears to be the method of

choice (23, 243) , for it offers high resolution, speed,

high recovery , and larger column loading capacity. Thus,

with HPLC it is quite possible to collect several GRs

from a single sample injection (23, 277).
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Plant extracts have been loaded into "preparative"

HPLC directly (13, 23, 36, 228) or following solvent

partition (5) and column (122), gel permeation (104,

p. 45) or ion-exchange chromatography (60, 244, 277).

Reversed-phase columns are most commonly used for the HPLC

analysis of GRs. Separations on this type of column are

usually carried out by the ion-suppression mode. Thus,

retention of GRs can be modified, not only by column

temperatures and composition of the mobile phase, but

also significantly by pH of the mobile phase (Wheaton,

personal communication)
,
just as on the ion-exchange

columns (243, 245). Methylation preceding preparative

HPLC was used to improve separation of ABA (29).

The Sep-pak (Waters Associates, Mass.) cartridges

packed with the semi-HPLC materials have been used for

initial cleanup of plant extracts prior to direct injection

into the "preparative" HPLC (Mark L. Brenner, personal

communication). Hubick and Reid (110) recently reported

that ABA can be readily separated from crude extracts of

sunflower (Helianthus annus L. ) leaves using silica

Sep-pak with a series of solvent mixtures. ABA fractions

were then partitioned into ethyl acetate followed by

quantification by GLC with an electron capture detector

(BCD) .

Adjusting pH during evaporation is recommended (23,

104 ) :

with most extracts it is desirable to add
sufficient alkali to the crude extract to
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maintain an approximately neutral pH in
the final aqueous solution. After
evaporation, the pH should be adjusted to
about 8.0. These pH adjustments serve
both to minimize isomerization of ABA to
2-trans-ABA (t-ABA) , which occurs most
readily in acidic solution, and more
importantly to ensure that ABA is ionized
in which state it is less likely to be
lost by co-precipitation with water-
insoluble materials. (104/ p. 129.)

On the other hand,

an aqueous fraction adjusted to pH 8 with
NaOH might have a pH approaching 12 as the
sample reaches dryness. Selection of
volatile buffering agents minimizes this
problem. (23, p. 26.)

Low recovery, particularly of indoleacetic acid

(IAA) , is due to peroxidation, sublimation, and oxidation

(158), and absorption into the glassware (23). Glass-

ware can also be a source of contamination by fluorescent

substances (288). IAA recovery was increased by adding

0.02% sodium diethyldithiocarbamate as an anti-peroxidant

,

by evaporating ether with a hotwater bath instead of a

vacuum evaporator, by replacing ether with ethyl acetate,

and by using nitrogen and an anti-oxidant (158) • Silyla-

tion of glassware (23) and extensive rinsing of glass-

ware with several solvents in series (288) were recommended.

Considerable reduction in dry weight and removal of

interfering phenolic compounds can be achieved with

polyvinylpyrrolidone (PVP) . Insoluble PVP has been used

during (5) or after homogenization in the form of a

slurry followed by filtration (104, 153) or centrifugation
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( 7 ), and as the medium in the column (76, 104, 249)

or for thin-layer chromatography (250, 260). Insoluble

PVP , however, was reported as a source of contamination

when using GC with an ECD (160).

Quantification

Quantification is the final step of GR analysis.

It consists of analytical separation, detection and

identification, quantitative measurement, and recovery

check. Reproducibility, specificity, sensitivity and

speed are important factors in considering each of these

steps.

Modern analytical separations are performed by

GLC or HPLC. Progress, however, on GLC techniques after

Powell's review in 1972 (195) has been limited to types of

derivatization, detectors and equipment mechanics, mainly

electronics. Meanwhile, numerous reports on development

of HPLC techniques for GRs have been published in recent

years. Pool and Powell (194) were among the first to

introduce HPLC for the separation of GRs, in this case

cytokinins, in 1972. In 1978, Sweetser (243) reviewed

fundamental history and basic concepts in HPLC, as well as

examples of its applications to GR analysis.

Accuracy of identification and quantitative measure-

ments are dependent on the separation system and the

detector used. The main GC detectors are flame ionization
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(FID) for IAA, GAs, and cytokinins; ECD for ABA; and, most

recently, the nitrogen-phosphorus detector for IAA (161)

and cytokinins (297). For GA analysis, GC-MS may be the

preferred system when cost is not limiting (122)

.

Hitherto reported HPLC detectors include ultraviolet

spectrophotometer (UV) , spectrophotofluorimeter (SPF)

,

conductivity, and electrochemical devices (243) • The UV

detector is not very selective, but this can be countered

by highly selective HPLC separation, determining the ratio

at 2 wavelengths, and by coupling with other detector (s).

Cytokinins (by UV) IAA,. (SPF or electrochemical detector)

and ABA (UV) are readily measured without any derivative

formation. Thus, bioassays can be used to test physiologi-

cal activity of these growth regulator fractions collected

from "analytical" HPLC. Gibberellins , however, have to

be "tagged" with a suitable compound for UV (104, 181) or

SPF (48) detection. Sensitivity of the latter method

is in the picogram range but there has been so far no

report on its application to plant extracts. The sensitive

barley endosperm bioassay is an alternative for GAs (277)

.

UV and SPF detectors are useful to confirm the identity

of growth regulators by scanning UV absorption or

fluorescent excitation and emission spectra while stopping

the HPLC flow. The "recycling" HPLC technique is also

useful to check the unity of a peak. Conversion of ABA

to t-ABA by UV irradiation (143, 277) identifies ABA in
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both GC-ECD and HPLC-UV systems. Finally, HPLC can be

coupled with MS directly just as can GC (243).

Radioimmunoassay has been reported for analyses of

IAA (191), ABA (263, 273, 274), cytokinins (275) and

GAs (72). The main advantages of radioimmunoassay are

sensitivity and speed allowing analyses of several hundred

samples per day. Ensuring specificity, however, remains

to be solved. Cross reactions can occur involving conju-

gated ABA, methyl-ABA, t-ABA, phaseic acid, or dihydro-

phaseic acid (263, 273).

The improved indolo-^-pyrone SPF method (104, 128)

seems very attractive, but it cannot distinguish among

IAA, 4-chloro IAA, and 5-hydroxy IAA. A fluorometric

method has been used to determine GAs in several tissues,

including citrus fruits (288), but its use is limited due

to poor specificity and sensitivity (T.A. Wheaton,

personal communication)

.

Precise quantitative analysis is accomplished by

adequate recovery checking (104, p. 17, 131). An isotope

dilution technique would be the most accurate one

for this purpose, and HPLC has an advantage over GC in

collecting sample fractions easily and precisely for sub-

sequent scintillation counting (243). Additionally, the

use of solvent controls for insuring no cross-contamination

of GP.s is recommended (104, p. 17).
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Endogenous Growth Regulators in Citrus Peel Tissues

Auxins, GAs, cytokinins, ABA and inhibitors, and

ethylene have all been found in Citrus peel tissues (78,. 177).

Among peel tissues, the pigmented flavedo contains much

more ABA (79) and GA-like substances (140) but less

ethylene (111) than does the albedo. Quantitative estimates

of the first 4 regulators are given in Table 1. Reflecting

the difficulty in analytical methodology, there have been

few papers reporting quantities of hormones, especially

auxins and cytokinins. The range of estimates of ABA

seems reasonable considering its nature as a "stress

hormone" (40). There are, however, enormous differences

among references on GAs. This large variation might not

be due to differences in the sample tissues, season, or

the growing area but rather to the analytical methods

employed. Attention is drawn to the very high amounts

reported in the last 3 samples of Table 1 despite use of

a modern analytical method, GC-MS (38)

.

A similar large variation in estimates of GAs is

reported for very young Citrus fruit. Vliltbank and

Krezdorn (288) reported about 100 ng GA^ equivalent per

gram fresh weight in Florida navel orange measured by a

fluorometric method; however, Takahashi et al. (246)

could find less than 0.05 ng GA^ equivalent per gram fresh

weight in Japanese satsuma mandarin by a rice seedling

test.
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These examples clearly indicate the importance of

refining analytical methods. One purpose of this study

was to develop an improved method for routine growth

regulator analysis in grapefruit peel, patterned after

the method of Wheaton and Bausher (277).

Materials and Methods

Sample Preparation

'Marsh' grapefruit were obtained from the Davenport

grove of the Agricultural Research and Education Center

,

Lake Alfred. Strips, 4 mm-wide , of the flavedo layer

were peeled from the equatorial portion of duplicated sets

of 10 washed grapefruit with a mechanical apple peeler

and cut into about 30 mm-long pieces. Extraction and

purification of IAA and ABA were based upon the method

described by Wheaton and Bausher (277). Samples were

extracted with hot and cold ethanol, partitioned with

petroleum ether, reduced in volume, and then separated

initially into acidic (free ABA, IAA, GAs) , basic (cyto-

kinins) , and neutral (bound ABA) fractions through ion-

exchange chromatography, as shown in Figure 1. Known

aliquots of DL-cis-trans- [2- 14 C] ABA (11. 9 mCi/mmol

,

Amersham) and 3-indolyl [l-
i4

C] acetic acid (57.6 mCi/mmol,

Amersham) were added at the initial extraction step for

recovery checks and final quantification.
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Reversed Phase H?LC

Preparative HPLC. A modular HPLC system (277) with

a Waters y-Bondapak C-18 (300 x 3.9 mm) or a Lichrosorb

RP-8 (250 x 4.6 mm) reversed phase analytical column was

used for further purification of the acidic and alkaline

hydrolvzed neutral fractions as described by Wheaton and

Bausher (277). A U6K injector and a pair of M-6000(A)

pumps controlled by a solvent programmer M-660 were also

used (Waters Associates) . Eluate zones containing IAA or

ABA were collected based upon the retention times of the

respective standards (Sigma Chemical Company) (Fig. 2-A) .

Analytical HPLC . Zone collections containing IAA

and ABA were analytically rechromatographed using the

HPLC system employed for the preparative HPLC or with a

separate single pump HPLC system. Chromatographic condi-

tions are shown in Fig. 2-B and 2-C for IAA and ABA,

respectively. Detectors used were a Shoeffel SF/GF 770

or an LDC 1201-1 variable wavelength UV monitor and an

Aminco spectropnotofluorimeter

.

Quantitative Measurement and Recovery Check

Radioactivity in the final IAA and ABA fractions was

counted by a liquid scintillation counter (Beckman LS-100)

usincr Aquasol-2 (New England Nuclear) scintillation cocktail.

Efficiency was 95% and quenching, as measured by the
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external standard ratio, was minor, thus sample counts

were not corrected except for background subtraction.

Amounts of IAA and ABA and percentage recoveries were

calculated by the isotope dilution equation.

Identification of ABA and IAA

Chromatographic peaks were identified in several

ways: retention times using several solvent pKs were com-

pared with those of authentic standards. Samples were

fortified with small amounts of standards, one at a time,

and rechromatographed checking increased peak height and

peak symmetry. Eluate fractions were further rechromato-

graphed at the same pH (6.5) after partition against ether

or at a different pH. Unity of a peak was examined by

recycling the peak several times through the column. Stop

flow fluorescence scans of IAA peaks were obtained manually

and compared to those of the standard. Fractions contain-

ing ABA were rechromatographed with GLC-ECD as described

by Chia et al. (34). Purity of ABA peaks was further

studied by an isotope dilution technique coupled with

isomerization under UV light (143) changing from ABA to

t-ABA as measured by HPLC rechromatography.

Results and Discussion

Growth regulators in grapefruit peel extracts were

successfully separated by a combination of liquid
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chromatographic procedures. A typical chromatogram of the

preparative reversed phase HPLC for IAA and ABA in a grape-

fruit flavedo extract is shown in Fig. 2-A. Zones corres-

ponding to known retention times for IAA and ABA were

collected for rechromatography. This study did not involve

GRs less polar than ABA; hence ethanol concentration of

the mobile phase was quickly increased up to 50% soon after

the ABA zone collections. The column was further eluted

with 50% ethanol for 10 to 15 minutes at 2 ml/min. to

flush out the remaining nonpolar portion of samples. The

system was then reversed to the initial condition for the

next injection. This procedure routinely allowed one

injection an hour. Other GRs, such as GA^, GA^ * bound ABA,

and t-ABA, were found to be eluted between IAA and ABA in

that order, and better separation and collection is possible

by adjusting pH of the mobile phase when it is desired to

do so. Both y-Bondapak C, 0 and Lichrosorb RP-8 columns

were equally suitable as a preparative step HPLC column.

Clean analytical separation of IAA and ABA in

reasonably short times, 10 to 15 minutes, was achieved by

an isocratic separation at higher pH and adjusted ethanol

concentration (Fig. 2-B, 2-C)

.

Separation of some samples

was unsatisfactory, an additional HPLC separation at lower

pH and higher ethanol concer tration being necessary. Both

C, 0 and RP-8 columns gave essentially the same resolution.
18

These two columns, however, were superior to y-Porasil
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(277) or yBondapak-NH
2 (34) in terms of better separation

and reproducibility (data not shown) . Practical detection

limits were 1 ng for IAA and 5 ng for ABA, and the responses

were linear up to the 10^ ng range. The ability of HPLC

to handle large injection volumes made these detection

limits sensitive enough for this study.

Separation of IAA and ABA using several different

conditions and peak enrichment procedures with authentic

standards identified both compounds (data not shown)

.

Recycled HPLC of the ABA peak showed this peak to be com-

posed of only 1 major constituent (Fig. 3-A) . The ABA

zone collected from the preparative HPLC (Fig. 2-A) indeed

contained ABA when subjected to GLC-ECD, which is a fairly

specific detector for ABA, and furthermore, amounts of

ABA recovered were clearly comparable to those by analyti-

cal HPLC (data not shown) . Over 95% purity of ABA of the

ABA peak was confirmed by isotope dilution calculation

after isomerization under UV light and HPLC separation

(Fig. 3~B) . The IAA peak was identified by its charac-

teristic fluorescence spectrum (Fig. 3-C)

.

Average recoveries of added radioactive standards

were 75% for ABA and 60% for IAA within ±5% for standards

and ±15% for samples in several years' analyses. In the

author's opinion, this HPLC procedure coupled with the

isotope dilution technique is a useful, reliable and

precise method to analyze 17\A and ABA quantitatively in

grapefruit peel tissue.



CHAPTER III
SEASONAL CHANGES IN RESISTANCE TO CHILLING INJURY

AND ENDOGENOUS GROWTH REGULATOR LEVELS IN
FLORIDA 'MARSH' GRAPEFRUIT FLAVEDO

Literature Review

Seasonal Resistance to Chilling Injury of Grapefruit

The traditionally accepted view has been that early-

season grapefruit are extremely susceptible to chilling

injury (Cl) with tolerance to chilling temperatures

increasing with advancing fruit maturity (155) . This is

curious because late, as well as early-season, suscepti-

bility of grapegruit to Cl was shown clearly by Harvey

and Rygg in 1936. They reported California desert grape-

fruit is susceptible to Cl at 5.6°C (42°F) in November

and December and again in the spring but tends to be

resistant in mid-winter (94). According to Bates (17),

also in 1936, "It is usually considered that early citrus

fruit is more liable than late to physiological injury in

cold storage. On the other hand, over-mature fruit is

also stated to be very subject to cold storage injury.

There would thus appear to be a certain period during the

ripening of citrus fruits when they are comparatively

resistant to physiological storage breakdown" (p. 4) . Friend

and Bach in 1932 (71) , Nelson in 1933 (183) and

19
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Schiffmann-Nadel et al . xn 1971 (225) also reported a

similar trend for Texas, Florida, and Israeli grapefruit,

respectively. Van der Plank (256) in South Africa

discussed a striking analogy between Harvey and P^ygg's

data on seasonal susceptibility to Cl (94) and his data

on delayed storage experiments (see Chapter IV) . Martin

et al. (162) mentioned storage life of grapefruit decreased

rapidly in the spring, immediately after bloom. Early-

season Florida 'Marsh' and 'Ruby Red' grapefruit had a

greater tendency to develop pitting than did more mature

fruit according to Chace et al. (30)

;

whereas, late-season

fruit tended to be more susceptible to "aging," stem-end

rind breakdown, and decay. Pantastico (138) reported

Florida 'Duncan' grapefruit picked in September was more

susceptible to Cl than fruit picked in July to August or

in late October to late November. In 'Marsh,' however,

pitting was high during the last part of July and middle

of September and October. Harvey and Rygg (94) also

noted that the pattern for seasonal susceptibility was

different for 5.6° and 0°C storage. Grapefruit were

completely resistant until mid-winter at 0°C, but were

more susceptible to Cl at 0°C than at 5.6°C in the spring.

The amount of Cl fluctuates greatly not only within

a season but also among seasons (259). Trinidadian

grapefruit grown in wet seasons was more suscepcxble to

Cl than in dry seasons (266)

.

Van der Plank (258) thought
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the difference in weather, mild vs. cold and wet, might

be responsible for inconsistent results between the two

seasons in his delayed storage experiments. Friend and

Bach (71) also suggested harvesting grapefruit when the

orchard soil was rather dry.

Hatton and co-worker(s) (96,101) found early-season

Florida grapefruit was most susceptible to CC^ injury at

4 . 5°C followed by late-season fruit which was more suscep-

tible than midseason fruit. Pitting was induced only

in the winter when they tested the effects of ethylene at

non-chilling temperatures (97). Wardowski et al. (267)

could reduce Cl of early and midseason Florida grapefruit

stored under differentially permeable films in an atmos-

phere with up to 2 0% CC>2 /
but these elevated CC^ levels

increased Cl of late, post-bloom grapefruit.

Grierson (85, 86) independently noted seasonal

susceptibility of Florida grapefruit to Cl similar to that

reported by Harvey and Rygg (94). Systematic monthly

pickings through the nine-month harvesting season of

1973-74 revealed a midseason peak in resistance to Cl

at 4 . 5°C (85). This winter peak in resistance to Cl was

later found in several other seasons (87). The extent

of this mid-winter resistance to Cl was found to be

positively correlated with departure from normal average

temperatures in the dry winter months (132) . That seasonal

variation in susceptibility of grapefruit to Cl is
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definitely not a simple function of fruit maturity is

confirmed by the curious interaction between Cl and the

fungicide diphenyl, in which the use of diphenyl at 4.5°C

greatly exacerbated the severity of Cl in the fall and

spring, but not in midseason pickings (165). Such a

resistance pattern follows approximately the cycle of

tree growth from the autumn flush through winter dormancy

(quiescence) when resistance to Cl is maximal, and subse-

quent bloom and spring growth. This growth cycle is

generally considered to be controlled by growth regulators

(GRs) as reviewed below. It was, therefore, hypothesized

susceptibility to Cl was under GR control (85)

.

Changes in Resistance to Chilling Injury of Fruit1 Other
Than Grapefruit-

Maturity related . Susceptibility to Cl tends to

decrease in many fruit v/ith increasing maturity and ripe-

ness, e.g. 'Persian' lime ( Citrus latifolia Tan.) (188),

banana (Musa sp.) (155, 188, 189), tomato (Lycopersicon

esculentum Mill.) (164, 189, 213), mango (Mangifera indica

L. ) (235) and 'Honey Dew' melon (Cucumis melo L. ) (150).

The opposite is true in okra (Abelmoschus esculentus (L.

)

Moench) (113). Susceptibility of avocado (Persea

americana Mill.) to Cl is associated with its respiratory

pattern, the fruit being only moderately susceptible in

the pre-climacteric stage, most suscejitible during the rise

^Fruit is used here in its botanical sense.
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to the climacteric peak, and comparatively resistant once

the post-climacteric phase is reached (137).

Preharvest weather related . Preharvest field

temperatures affect the postharvest life of many fruit.

Kader et al. (127) reviewed this subject for vegetables.

Incidence of Cl in mature-green tomatoes was positively

correlated with hours below 15.6°C (60°F) during the week

prior to harvest (179) . Summer—grown tomatoes were much

more resistant to Cl than those in autumn (134) or winter

(1) in England and Egypt, respectively. Temperature

response of eggplant (Solarium melongena L.) in Japan was

just opposite to that of tomatoes (3)

.

Similar cucumber

(Cucumis sativa L. ) cultivars were more sensitive to Cl

when grown in a greenhouse than in the field
.
(11)

.

'Honey Dew' melons yellowed by sunshine in the field

were more resistant to Cl than those unaffected (151)

.

Palmer (187) cited studies indicating bananas in Australia

maturing at higher field temperatures were more suscepti-

ble than those maturing in a cooler climate. Core flush,

a storage injury of 'Cox's Orange Pippin' apple (Malus

sylvestris Mill.) was more severe when the average summer

temperature had been low (281). Lower night temperatures

prior to harvest induced more red color and less storage

scald of 'McIntosh' (252), 'Stavman' (168), and • Starking

Delicious' (186) apples. Smock (233) mentioned "— if the

weather the last six weeks of the growing season is hot

and dry, apple scald is likely to be severe. If the

weather is cool with adequate rain one can anticipate light
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scald" (p. 23). On the other hand, rain increased suscepti-

bility to Cl of California fall-grown tomatoes according

to Morris (178)

.

Changes in Endogenous Growth Regulators During Fruit
Maturation

There are a number of excellent reviews on hormonal

control of fruit ripening (56, 167, 219). The term

"ripening" has been used in a broad sense rather than

applied strictly to climacteric-type fruits in which the

process is preceded or accompanied by a rapid rise in

respiration rate. No such stage is discernible in

citrus (236)

.

Climacteric fruits . One of the most detailed docu-

mentations of hormonal changes from anthesis through

ripening is reported for cherry tomatoes (Lycopersicon

esculentum Mill. cv. Small Fry)

.

Cytokinins and auxins

were abundant at the early stages, reaching their peaks

during the cell division stage, then leveling off. Levels

of GA were more prominent during the cell enlargement

period with a peak before the mature green stage. Levels

of ABA increased gradually reaching a maximum in the mature

green stage. Ethylene evolution was low until just before

the mature green stage, then rose rapidly to a maximum at

the pink stage (2). These data fit Dillye's model

(56) very well, in which a combination of decreasing GA

and increasing ABA result in a higher rate of ethylene
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synthesis which in turn induces ripening. A rise in ABA

was observed, however, in avocado fruit following an

increase in ethylene production rather than vice versa

(6)

.

Rudnicki and co-workers have also shown that ABA

increases during ripening of apples (216) / pears (215)

»

and strawberries (217).

Non-climacteric fruits . Hormonal changes similar to

those for cherry tomatoes (2), except for ethylene, were

found in grapes (Vitis vinifera L. ) (114). In this fruit,

ABA levels increased concomitantly with the onset of the

stage III growth (veraison) , continued to rise reaching a

maximum of about sixteenfold over that of a week before

veraison, and then declined to a low level as maturity of

the berries increased (42). During (59) reported

most of the ABA in the berries is transported from the

leaves at the time when sucrose begins to accumulate in

the berries. Salt stress did not affect the maximum

concentration of ABA in berries but displaced the time of

the onset of rise in ABA and of veraison (57). Increases

in ABA during fruit maturation of sour cherry (Prunus

cerasus L.) (52) and French prune (P. domestica L.) (205)

have also been reported.

Citrus fruits . A rapid decrease in "citrus auxin"

concentration during the early stages of fruit develop-

ment and then a moderate decrease during later stages of

fruit growth was observed in navel oranges (C. Sinensis (L.)
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Osbeck) , and an auxin antagonist increased rapidly in the

latter period (149). The "citrus auxin," however, was

later found to be scopoletin, which is not active in the

Avena curvature test (82). Inhibitors, nevertheless,

were found to accumulate also in ' Shamouti ' orange during

fruit growth (83) . Cellulase and ABA in flavedo and

ethylene in fruit of Florida oranges were found to increase

gradually during maturation (202)

.

No clear seasonal

trends in hormonal contents were observed in maturing

California citrus peel (38)

.

On the other hand, seasonal

changes in GA-like compounds and ABA levels in Japanese

satsuma (C. unshiu Marc.) peel were found to be analogous

to those of cherry tomatoes (2) or grapes (114) . Levels

of GA-like substances in satsuma flavedo decreased rapidly

in September, then leveled off toward maturity. Levels

of ABA increased gradually during early fruit enlargement

and then increased rapidly to a very high value during

maturation (140) . Later, this ABA increase was found to

peak in early December, decreased rapidly to about half

of the maximum concentration during December, then remained

constant until February (141) . Regreening in Florida

'Valencia' oranges was found to be associated with an

increase in GA-like activity in flavedo (201) . This is

in agreement with results in which exogenously applied

potassium gibberellate caused regreening in 'Valencia'

orange (39, 64) and grapefruit (37).
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Changes in Growth Regulators in Fruits as Affected by
Grove Environment

Florida oranges need about 5 nights below 10°C to

induce a change in peel color from green to orange (239).

This color change is probably due to endogenous ethylene

induced by the stress of cold nights (45)

.

The following

reports indicate temperature stress-induced ethylene

production may be ABA-mediated. Wang et al. (265) found

controlled cold nights induced accumulation of ABA in

'Bartlett' pear; they speculated high. ABA involves stimu-

lation of ethylene production, premature ripening, and

abscission. It is known ABA stimulates ethylene production

in calamondin leaves (43) and 'Shamouti' orange peel discs

(75). Moreover, ABA applied to trees increased coloring

of 'Temple' and 'Murcott' fruit in Florida .(44).

However, it should be borne in mind ethylene is known to

increase ABA in citrus peel tissues (see Chapter IV)

;

hence, it is quite possible that cold stress may directly

stimulate ethylene production which, in turn, could

accelerate both ABA synthesis and consequent coloring of

the fruit. Fruits can synthesize ABA endogenously (see

Chapter IV); however, many reports (19, 59, 105, 296)

support the view that ABA is synthesized in mature leaves

and transported into fruit.
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Changes in Endogenous Growth Regulators in Overwintering
Plant Tissues

"Overwintering" includes such physiologically dis-

tinct phenomena as frost hardiness, winter dormancy or

quiescence, and vernalization. These are, however,

closely related processes in terms of plant adaptation

to climate. Seasonal changes in resistance to Cl of

grapefruit seemed to coincide with the growth cycle of

the tree in the overwintering period (85) . General

considerations of endogenous and exogenous growth regula-

tors in relation to dormancy (133, 142, 222, 270) and

frost hardiness (8, 126, 147) also have been reviewed.

Effects of low temperatures, short days (long nights),

water stress and combinations of these on levels of endo-

genous growth regulators are discussed.

Low temperatures . Many developmental changes in

higher plants result from shifts in temperature regimes.

The most common are those following termination of dormancy,

vernalization, and stratification. Changes in endogenous

GAs most probably control these processes (124). There

is, however, a question as to whether GAs directly

regulate the processes of thermoinduction or, alternatively,

play a role in the post-induction state. Levels of GAs

increased during stratification of hazel nut ( Corylus

avellana L. ) and beech seeds (Fagus sylvatica L. ) (70)

and vernalization of winter wheat (Triticum sp.) seeds
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(204). A decrease in growth inhibitors and an increase

in auxins were also reported in the vernalized seeds.

On the other hand, levels of diffusible GA-like substances

in crown apices of strawberry ( Fragaria hyb.) remained low

during chilling requirement periods (2 to 4 months at

-1°C) . Levels increased only upon transfer from chilling

conditions to growth chambers, or after very long chilling

treatments (6 to 8 months) when spontaneous sprouting

occurred. These levels of GA-like substances were lowered

by AMO-1618 [ammonium ( 5-hydroxycarvacryl) trimethyl

chloride piperidine carboxylate]
.
(16) . It was suggested

a reduction in ABA content during an earlier stage of

chilling (182) might be a prerequisite for adequate bio-

synthesis of GAs in the post-chilling growth period.

Reid et al. (206) determined frost hardiness and

measured GA content in wheat ( Triticum aestivum L. subsp.

aestivum) seedlings grown continuously from seeds under

4 temperature regimens, 2°, 2° then transferred to 20°,

6°, and 20°C. An increase in frost hardiness (2° vs.

6°C) was associated with a large decrease in GA level,

but the largest increase in frost hardiness (6° vs. 20°C)

was associated with relatively little change in overall

GA content. It was concluded that although GAs may play

a role in controlling the level of frost hardiness of

wheat, they are not the most important factor (206).

Irving ( 115) found that frost hardiness in box elder
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(Acer negundo L.) induced under long days plus 5°C nights

was associated with an increase in ABA-like and a little

decrease in GA-like activities.

Cytokinin and GA-like substances in xylem exudate

decreased but ABA activity increased with lower tempera-

tures when maize ( Zea mays L. ) was grown at soil tempera-

tures between 8° and 33°C (14) . There is also evidence

that low temperatures increase "bound" GAs with a concomi-

tant decrease in "free" GAs within tulip (Tulipa sp.) bulbs,

while the reverse was true at higher temperatures (15).

Additionally, effects of lower temperatures on metabolic

activities, turnover, and transport of hormones should

not be overlooked.

Short days . Nitsch (184) has pointed out that under

short day conditions, auxin and GA levels are low and

levels of growth inhibitors (including ABA) are relatively

high. This hormone balance favors frost hardiness (115,

261). Irving and Lanphear (116) and Irving (115) found

ABA-like activity was high in box elder under short days

but low under long days, while the inverse was true for

GA-like compounds. Howell and Weiser (107) reported

acclimation to cold in apple bark occurs in 2 stages

induced by short days and frost (or low temperatures)

,

respectively. Short days stimulated leaves to produce

transiocatable substance (s) v/hich promoted cold acclimation.
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but hardiness induced by low temperatures did not involve

translocatable factors.

Many temperate zone woody plants form terminal buds

in short photoperiods. It has been widely believed ABA

increases in plant tissues during short days (61).

Several recent reports, however, revealed ABA content does

not seem to increase in shoot tips under short-day condi-

tions, and in fact may decrease (144, 196, 227). A

possible reason for this discrepancy is poor separation

between GAs and ABA followed by bioassays in some earlier

reports.

Low temperatures and short days . This combination

has been used as an inductive condition in many cold

hardiness experiments. Changes in the balance of endogenous

ABA-like and GA-like substances similar to that found in

box elder cited above, occurred in alfalfa (Medicago

sativa L. ) seedlings as they cold-hardened. The changes

were due more to a decrease in GA-like rather than an

increase in ABA-like compounds (261). A reduction of at

least one step in GA synthesis, ent-kaurene synthesis, a

greater stability of bound than free GA-like compounds,

and a total decrease in GA-like activity were associated

with induction of cold hardiness in black locust ( Robinia

pseudoacacia L. ) seedlings (185 ) .

ABA seemed to have a metabolic role in promoting

cold hardiness of crown tissue of winter wheat. Levels
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of this inhibitor increased strikingly under a gradual

cold plus short day treatment but there were no signifi-

cant effects upon auxin, GAs , nor clear-cut changes in

cytokinins when all of these were analyzed by gas-liquid

chromatography (280). Perry and Hellmers (192) showed a

treatment with short days plus low night temperatures

caused an increase in ABA content in red maple (Acer

rubrum L) foliage. The increase in ABA level was a

thousand-fold in both northern (Massachusetts) and southern

(Florida) races; however, only the former developed true

winter dormancy. Low temperatures and short day conditions

seem to have separate roles in inducing cold hardiness

of apple bark as mentioned above (107).

Water stress . Boussiba et al . '(22) reported

tobacco (Nicotiana tabacum L. )
plants pre-exposed to leaf

dehydration, salination, mineral deprivation, or boron

(BC>
3 )

toxicity exhibited increased resistance to -8°C

and reduced oxygen in the root medium. Levels of ABA in

leaves were elevated by all of these prior stress treat-

ments. Moreover, exogenously applied ABA improved

resistance of leaves to both freezing and oxygen stresses.

Leaf ABA content also declined together with a loss of

induced resistance to freezing and oxygen stresses upon

return of salinated or mineral-deprived plants to normal

conditions. Based upon these results, it was suggested,

regulation by a common hormone, ABA, might be a mechanism
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involved in "cross-adaptation" (22) . The concept of

cross-adaptation proposed by Hale (91) holds exposure

of an organism to a given adverse environment modifies

its resistance to other stress factors. This is analogous

to Levitt's "general tolerance hypothesis" (146, p. 565)

in which a common mechanism involved oxidation-reduction

or exchange reactions of membrane proteins via their

sulfhydryl (SH) and disulfide (SS) linkages.

Rapid wilting of cabbage (Brassica oleracea L.

)

leaves achieved by excision of shoots induced as rapid and

high a degree of freezing resistance as did a similar

period of hardening at low temperature (47)

.

Water

stress also effectively induced cold hardiness of container-

grown grapefruit and orange trees. This was associated

with increases in leaf proline and sugars (292)

.

Abscisic

acid may also have been involved in these systems.

Low temperatures, short days, and wTater stress .

According to Chen and Li (33) , all 3 of these factors

initially trigger independent frost hardiness mechanisms

in 2- and 4 -month old red osier dogwood (Cornus stolonifera

Michx.). This conclusion, however, was only deduced from

the observation that the effects of the 3 factors were

additive without statistically significant interactions.

It is still quite possible one (or more) common regulator (s)

mediates biochemical changes due to these 3 stress factors.

This view is supported by another report by the same
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authors (32) that water stress and short days accomplish

essentially the same physiological and biochemical end(s)

when inducing frost hardiness of dogwoods. Moreover,

Yelenosky has reported (291, 292) the same biochemical

changes were found whether cold hardiness of citrus trees

was induced by low temperature or by water stress.

Seasonal conditions . Seasonal changes in endogenous

growth regulators under outside conditions have been

studied in relation to cold hardiness of both a herbaceous

plant (69) and perennials (8, 147) and also with regard

to dormancy for the latter (133, 222, 270).

The onset of dormancy is, generally speaking, accom-

panied by an increase in inhibitors and a decrease in

promoters. The reverse occurs with the breaking of

dormancy (e.g. 133 ). Caution is necessary when interpret-

ing data based on bioassays after paper or thin-layer

chromatography because it is well known that separation

of GAs and inhibitors such as ABA is very difficult and

these substances compete with each other in many

bioassays. Changes, nonetheless, in promoter-inhibitor

balance rather than in individual regulators may be

physiologically more important. Moreover, recent reports

have confirmed ABA increases in buds of many deciduous

perennials in autumn and/or winter (e.g. 58). Eugene

and Dennis (67) showed clearly annual defoliation prevents

autumn accumulation of ABA in flower primodia of sour
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cherry without affecting the intensity of rest. Cyto-

kinins in sugar maple (Acer saccharum Marsh) roots and

stems (247) and in willow ( Salix viminalis L. ) shoots

(9) also increased in the spring and were associated

wiht increasing soil temperatures.

It seems the same trends in hormonal changes that

occur in deciduous trees also occur in evergreen citrus

trees. Monselise et al. (176) reported low levels of

promoters and an early December peak of inhibitors in

dormant buds of Israeli 'Shamouti' orange. A decrease in

t-ABA and an increase in GAs precede spring growth of

California 'Valencia' orange buds (125). Cooper et al.

(46) found grapefruit leaves produced a bud growth

inhibitor (s) upon which potassium gibberellate had an

antagonistic effect. There was a period of relatively

low GA-like activity during late autumn and winter, at

the time of flower formation, and a peak in February, at

the time of spring flush and flowering in trunk and

branch bark of 'Shamouti' orange. Low GA activity was

again evident at the end of flowering, followed by

another peak when the summer growth flush started.

February and May peaks in GA-like activity also occurred

in the shoots with an additional peak in October (262)

.

Growth Regulators and Chilling Injury in Plants

Auxin . Tumanov and Truniva (251) reported in 1958

the amount of free, as well as bound, auxin in the tissues
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of winter plant coleoptiles decreased upon cold hardening.

This decrease in auxin was caused not only by low tempera-

tures, but also by an increase in sugars in the cells.

Moreover, the ability of coleoptiles to harden was reduced

when a high concentration (200 yg/ml) of IAA was added

to a 12% sucrose medium (251). Haard and Timbie (90)

found peroxidase recoverable from green banana fruit

declined during initial stages of chilling and subsequently

increased after approximately 7 days at 5°C when severe

chilling was manifest. The direct influence of chilling

temperatures on the affinity of banana peroxidase for

auxin in vivo was investigated (89). The break in

linearity of substrate velocity plots occurred at tempera-

tures coincident with those known to promote Cl of

bananas. Haard concluded from these results and those

of Tumanov and Truniva that responses of IAA oxidase to

low temperatures may have a causal relation with Cl.

The IAA oxidase system is thought to influence plant

growth by regulating the concentration of endogenous IAA.

Plant tissues capable of rapid growth exhibited low

total IAA oxidase activity; whereas, higher IAA oxidase

activities were observed in slower growing tissues (73).

Recent studies have shown levels of IAA oxidase activity

may be affected by environmental stress in the form of

low temperatures (20) or water stress (49, 173).

Pre- and postharvest applications of 2,4-D
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(2 , 4-dichlorophenoxyacetic acid) to Florida grapefruit

affected Cl oppositely. Preharvest spray decreased but

postharvest application increased susceptibility to Cl

(
118 ).

Cytokinins . Shirakawa et ad. (229) determined effects

of benzyladenine (BA) treatment on cut Anthurium flowers

at the variable temperatures often encountered during

transport from Hawaii to major markets in the mainland

U.S. Benzyladenine treatments were generally found to

impart some tolerance to chilling and to extend the

salable period. Respiration rates of flowers held con-

tinuously at 21°C were reduced by BA. Inhibition of

respiration was more pronounced with immature than with

mature flowers (229). Kuraishi et al. (139) investigated

resistance to Cl of intact plants after treatment with

-5
BA at 2 x 10 M using corn ( Zea mays L. ) . Two days

after spraying, plants were chilled at -2°C for 3 hours.

There was less injury on BA-treated plants.

Pre- and postharvest application of BA to Florida

grapefruit affected Cl oppositely, as with 2,4-D

mentioned above. The authors concluded their evidence

supports the hypothesis that growth regulators control

Cl (see Chapter I) , although the type and magnitude of

the response was neither consistent nor predictable (118)

.

Inconsistencies may be explained by seasonal changes in

endogenous conditions such as hormonal balance. The
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opposite response between pre- and postharvest applications

may be due to an interaction between responses of leaves

and fruit to preharvest applications of growth regulators.

A paper from China (109) stated that BA could enhance

chilling tolerance of banana fruit and also confirmed the

effect of thiabendazole in ameliorating Cl in addition to

its effect as a fungicide. Reduction of Cl by thiabenda-

zole was first found with grapefruit in Israel by

Schiffmann-Nadel et a^. (224) and later in Florida (268)

and Cyprus (136) . Thiabendazole was found to reduce ozone

injury to leaves of pinto beans (Phaseolus vulgaris L.

)

(190) , ethylene dibromide fumigation injury to citrus

peel (31) and Cl-like storage injury to C. hassaku

Hort. ex Tan. , a grapefruit-like Japanese late-season

citrus (135) . Schiffmann-Nadel et al. (223) pointed out

the effect of thiabendazole and benomyl might be related

to a decrease in the rate of senescence, citing references

for its cytokinin-like activities. A recent report

suggests endogenous lipoxygenase control and lipid-

associated free radical scavenging as modes of cytokinin

action in plant senescence retardation (145). This

report is particularly interesting in relation to functions

of membrane lipids (156) and free radicals (264) upon the

mechanism of Cl.

Gibberellins . As mentioned above, several reports

suggest that GA is an inhibitor of frost hardiness. There
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is evidence that this is also true for chilling tolerance, i.e.,

colchicine greatly exacerbated Cl of cotton cotyle-

donary tissues, probably by affecting microtubules, while

it had no effect on the tissue at 26°C. Pretreatment

with GA^ enhanced the effect of colchicine on Cl (208).

On the other hand, GA^ reduced low-temperature-storage-

breakdown of 'Jonathan' apples (282) but ABA and auxins

increased this injury (283). This physiological disorder,

however, may not be comparable to Cl. Yields of

pangolagrass (Digitaria decumbens Stent.) , a tropical

pasture plant, were reduced when night temperatures dropped

to 10°C. This effect is associated with increased starch

content and decreased amylolytic activity, dry weight,

-5
and leaf area. Application of GA^ at 10 M reversed these

low temperature effects (129). Applied GA^ may have

induced a reversal of dormancy (quiescence) , a plant

adaptation to low temperature stress possibly mediated

by ABA (see above section in this Chapter) , through its

effect on synthesis of amylolytic enzymes.

Ismail and Grierson (118) showed postharvest

application of GA^ at 500 ppm tended to increase Cl of

Florida grapefruit. This was particularly true with

February and March pickings of the 1973-74 season, and

it seemed to the authors GA., showed the seasonal resis-

tance to Cl toward earlier harvests. Not only Cl but

also decay was mitigated by 500 ppm GA^ plus 100 ppm BA
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and 44 ppm 2,4-D applied to grapefruit harvested in mid-

March (118) . Both of these trends have been confirmed in

recent small scale tests (K. Kawada and W. Grierson,

unpublished data)

.

Ethylene . Many forms of stress, including chilling

temperatures , are known to induce or increase ethylene

production in plant tissues (4).

Mature-green grapefruit on small trees contained 100

ppm ethylene after a 14-day 20°/5°C (20-hour day/night)

treatment, as compared to 4 ppm for fruit on trees held

at 25°/20°C. Night temperatures of 5° and 10°C occurring

during late October in Florida caused an increase in

ethylene production in 'Pineapple' oranges. Detached

'Robinson' tangerines stored at 20°/5°C for 10 days

produced 20 times more ethylene than did fruit stored at

20°/20°C (45). Ethylene production in storage by C.

natsudaidai Hayata, a Japanese "summer grapefruit," was

much higher at 1°C which causes Cl, than at 6°C which

did not, even though visible symptoms of Cl had not yet

appeared at 1°C. Fruit at 1°C with pitting lesions

produced twice as much ethylene as did sound ones. More-

over, 500 ppm ethylene during storage at 6°C induced a

peel injury which resembled Cl at 1°C (119). In contrast,

Vakis et al . (255)

,

working with Florida 'Marsh' grape-

fruit, found no increase in ethylene production during

1-month storage at chilling temperatures either with or
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without ethylene up to 500 ppm. They also noted in their

logbook on this experiment that there was neither Cl-like

pitting at 10 °C nor an increase in Cl at 4.5°C from exogenous

ethylene applied during storage. Hatton and Cubbedge (95,

97)

,

also working with Florida 'Marsh' grapefruit, found

ethylene up to 200 ppm during 3-month storage at non-

chilling temperatures induced Cl-like peel pitting only

with a small percentage of winter fruit but never with

autumn or spring fruit. High-ethylene rind injury was

observed only in spring. They also noted ethylene increased

weight loss during and after the storage period. Increased

weight loss due to lower humidity during storage at chill-

ing temperatures is known to increase Cl of 'Duncan' grape-

fruit and 'Persian' limes (188). Pantastico in Florida

(188) and Eaks in California (63) did not measure ethylene

but reported very sharp increases in respiration of

Florida 'Persian' limes, and of California 'Valencia'

oranges and 'Eureka' lemons subsequent to storage at

chilling temperatures. Such increases in respiration

would presumably be accompanied by increased ethylene

production.

Pratt and Biale (197) reported in 1944 that chilled

'Fuerte' avocados produced enough ethylene to cause a

triple response in etiolated pea seedlings, though not

until the fruit had been at 5°C for 57 days. When Cooper

et al . (45) measured ethylene by gas chromatography,

chill-susceptible 'Simpson' and 'Booth 7' avocados held
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at 5°C for 3 days produced more ethylene than those kept

at 20°C. Chill-resistant 'Lula' avocados, however, pro-

duced less ethylene after storage at 5°C than when held

at 20°C. Young and Lee (294) recently reported that

'Fuerte' avocados in 50 ppn ethylene were injured severely

at both 6°C and 9°C; whereas, those in air were injured

only very slightly at 6°C. They stated the presence of

ethylene in low temperature storages might account for

Cl appearing at higher than expected temperatures. This

could be explained by ethylene induced phenylalanine

ammonia-lyase (PAL) activity which is known to cause

russet spotting of lettuce ( Latuca sativa L. ) leaves

(112). Green peppers under chilling stress produced

enough ethylene to cause an induction of PAL which con-

trols production of chlorogenic acid, the main phenolic

substance causing discoloration of pepper seeds exposed

to chilling temperatures (138).

On the other hand, prestorage ethylene treatments

mitigated Cl of 'Honey Dew’ melons (284) (see Chapter IV).

Apeland (10) working with cucumbers observed a similarity

in the symptoms of Cl and those due to ethylene treatments

at non-chilling temperatures. Later, he found ethylene

production of cucumbers at non-chilling temperatures was

low; at 5°C it was much higher, and upon transfer from 5°

to 12.5°C there was a tremendous initial increase in

ethylene production (12) . Both ethylene production at
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5°C and Cl symptoms of cucumber were decreased by delayed

storage treatments (11) (see Chapter IV) . Ethylene

production by okra fruit during and after storage at

chilling temperatures was similar to that of cucumbers.

Increased ethylene evolution at 2.5° and 5°C was observed

well before appearance of visible symptoms of Cl. The

longer the chilling exposure at 5°C, the higher the rate

of ethylene evolution following transfer to 20°C (113) .

Increased ethylene production occurred during and after

chilling of bean seedlings, although the increase was

entirely attributable to a water deficit that accompanied

the chilling responses (289)

.

Abscisic acid . Evidence that higher endogenous ABA

levels relative to GA levels promote frost hardiness has

been mentioned above. Exogenous ABA has also been reported

to increase frost hardiness in box elder (116) , apple

(106), and alfalfa (212) seedlings. The higher the ABA

content induced by several stress treatments, the greater

was the frost resistance of tobacco plants (22) . These

results encouraged Rikin's group (210) to study the effects

of ABA on Cl. Applied ABA to cucumber seedlings reduced

Cl, as indicated by decreased cellular leakage, tissue

dehydration, appearance of necrosis, and inhibition of

overall growth (210). Chilling injury was also reduced

when cucumber seedlings were pre-stressed by salinization

of the root medium or by water deprivation, conditions well
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known to elevate ABA levels (209). This is another example

of cross-adaptation (22)

.

Presumably, the beneficial effects of ABA are

mediated through its effects in reducing water loss. This

view is supported by Wright (289) who proposed cellular

water deficit as an essential prerequisite for Cl, by

Wilson (285) who controlled Cl of bean seedlings by

maintaining a water-saturated atmosphere around the leaves

and by closing stomata with either applied or stress

induced ABA, and by Christiansen and Ashworth (36) who

were able to reduce Cl of cotton seedlings with the

application of antitranspirants

.

Rikin and Richmond (211), nevertheless, recently

reported that ABA influences responses of cucumber

cotyledons to chilling temperatures not only by maintain-

ing water balance of the chilled tissues but also by

decreasing damage caused by chilling temperatures per

se . These findings were strengthened by their subsequent

experiments with cotton seedlings. Intact cotton seed-

lings and isolated cotton cotyledonary discs were exposed

to chilling temperature under humid conditions which

prevented dehydration. There was marked reduction in the

levels of reduced glutathione and membrane phospholipids

without losses of electrolyte or necrosis within the

first 2 and 3 days of chilling. Pretreatment with ABA

completely prevented these reductions (207). Moreover,
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pretreatment with ABA greatly decreased the effect of

colchicine in exacerbating Cl of cotton cotyledonary

tissues. It is suggested that ABA (and GA) may play a

role in the regulation of tissue response to chilling by

affecting the membrane and microtubular systems (208)

.

More recently, Borman and Jansson (21) reported ABA

increased both chilling resistance and frost hardiness

of callused tobacco pith explants, and suggested at least

part of the ameliorating effects of ABA resulted from an

increase in the levels of proline.

Hitherto reviewed evidence on the beneficial

effects of ABA on Cl has been limited to seedlings and

callus, but it also seems to be true for some mature

fruits. ABA, succinic acid-2 , 2-dimethylhydrazide (SADH,

Alar or B-9)

,

or chlorocholine chloride (CCC) applied to

mature-green tomatoes (108) and SADH to bananas (109) have

increased resistance to Cl. Grapefruit Cl was also

reduced by a prestorage 50ppm ABA dip in a small scale

test ( K. Kawada and W. Grierson, unpublished data)

.

If ABA could reduce transpiration of mature fruits.

Cl of many fruits could be partially controlled with ABA

because there are many reports showing reduced Cl of

mature fruits resulted from minimizing transpiration, as

with seedlings mentioned above. Examples are waxing of

grapefruit (30, 84), cucumbers (180), but not limes

(100, 188); increased storage humidity with grapefruit,
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limes, bananas (188), cucumbers (180), and peppers (180,

232); and film wrapping of grapefruit (84, 131).

Materials and Methods

'Marsh' grapefruit were harvested biweekly from a

single S-N row in the Agricultural Research and Education

Center Lake Alfred's Davenport grove planted in 1960. The

rootstock was rough lemon (C. j ambhiri Lush.) and the soil

type, Astatula fine sand. Picking was random, about 10

fruit from each of 15 trees in 1977-78, 20 in 1978-79, and

35 in 1979-80, including high and low, inside and outside

fruit at about 9 a.m. Immediately after each harvest,

fruit were washed with FMC Fruit Cleaner 220 over brushes,

dried, graded and sized but not waxed. Mix-sized samples

of 40 fruit were packed into bagmaster fibreboard cartons.

One carton was stored immediately at 5°C, a temperature

selected for maximum development of Cl as manifested by

surface pitting, and about 85 to 90% RH. (Other cartons

were used for delayed storage treatments in Chapter IV.)

One carton was also stored immediately at 10 °C in early

and late 1979-80. Chilling injury was rated weekly on a

0-100 scale with a value of 10 representing the onset of

visible injury as previously described (85) . Resistance

to Cl was expressed as number of storage days at 5°C needed

to reach a mean Cl score of 10. Fruit were discarded when

Cl clearly exceeded this score.
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Growth regulators were anlyzed by the methods de-

scribed in Chapter II using 2 sets of 10 fruit chosen at

random from an entire biweekly harvest. Two 5g flavedo

samples were oven dried at 70 °C for 2 days to check per-

centage dry weights. Peel color was read with a Hunter

D25D Color and Color Difference Meter, the a/b ratio being

taken at 3 locations around the equatorial plane of 15

(1977-78) or 30 (1978-79 and 1979-80) fruit used later for

delayed storage treatments, and averaged. The a/b ratio

is negative for green fruit, approximately zero for

yellow fruit, and increases in positive value through

orange and red and has previously been demonstrated to

correlate well with observed visual peel color and with

the USDA color standards for citrus (242, 279). Internal

quality of 20 fruit in the 1979-80 season was ascertained

using official Florida methods (269). Climatological data

at Lake Alfred (about 20 km SW from the Davenport grove)

as reported by NOAA, National Weather Service, Ruskin

,

FL,, were used.

Results and Discussion

Resistan

c

e to Chilling Injury Following Immediate Storage

Grapefruit stored at 5°C immediately after harvest

were quite susceptible to Cl at most picking dates during

all 3 seasons studied (Figs. 4-A, 5-A, 6-A.) . An extended

midseason period of resistance to Cl has been reported for
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the 1973-74 season (85). Similar midseason periods of

resistance were found in this study, but only for grape-

fruit subjected to prestorage conditioning treatments as

reported in Chapter IV.

Fruit stored at 5°C immediately after harvest in

1977-78 reached the onset of Cl after approximately 25 days

(Fig. 4-A) . Fruit harvested in July and August were somewhat

more resistant, and there were 3 harvest dates in February

and March with substantial resistance. The peak of this

resistant period was about 1 month later than for the lowest

mean monthly minimum field temperature preceding these

harvests (Fig. 4-B)

.

The correlation between these 2

variables (r = 0.55) was not significant. Rygg and Harvey's

(218) positive correlation between temperature, as the

average for 5 days before harvest, and degree of Cl also

could not be confirmed.

In 1978-79, immature fruit harvested in August were

quite resistant to Cl while fruit harvested in mid-October

were most susceptible (Fig. 5-A)

,

thus corroborating

previous data for 5 seasons (87). Only one harvest in

midseason showed slightly elevated resistance to Cl.

Approximately 30 days were required to reach the onset of

Cl for most harvest dates. Seasonal changes in minimum

field temperatures were similar to those in 1977-78, but

the midseason weather was rather irregular with 2 minor

freezes and subsequent unusual heavy rain (Fig. 5-B)

.
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During most of 1979-80, fruit stored immediately after

harvest showed the onset of Cl after approximately 20 days

at 5°C (Fig. 6-A) . There were 2 transitory periods of

increased resistance, one in March and another in April.

The extent of the first peak was delineated by a picking

from the same row of trees on March 7 between these biweekly

pickings on March 3 and 17 (A.C. Purvis, unpublished data).

Purvis' and the author's values on resistance to Cl on

other harvest dates throughout this season were very close,

thus justifying this interpolation and indicating that

this system for evaluating Cl resistance of grapefruit is

reproducible and consistent. There were unusual late sea-

son light freezes on the mornings of March 3 and 4. Never-

theless, the lowest mean minimum field temperature for the

30 days preceding harvest occurred prior to the February

18 picking (Fig. 6-B)

.

The period of resistance to Cl at 5°C in each of these

3 seasons was transitory: only one or a few pickings in late

winter to early spring showed any considerable resistance

(Fig. 4-A, 5 -A, 6-A)

,

as compared to the several months long

resistant period in 1973-74 (85). These results, however

do confirm previous findings that late-season grapefruit

is as susceptible to Cl at 4.5°C to 5°C as is early-season

fruit (85

,

87) .

Various hypotheses have been proposed to explain

midseason resistance to Cl (85, 94, 198). Rygg and
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Harvey (218) thought the midseason resistance to Cl of

California desert grapefruit was attributable to its sea-

sonal physiological activity. Fruit harvest in midseason

apparently had a lower respiratory rate as measured by

sealing a fruit in a jar with a manometer. Grierson (85)

,

on the other hand, thought midseason resistance was due to

seasonal diminished tree-growth activity at the time of

harvest. Periods of vigorous tree-growth were presumably

related to low resistance to Cl, with increasing resistance

during periods of tree dormancy. Highly transitory resis-

tant periods and the resistance of immature fruit harvested

in August shown in the current study do not support either

of these views for grapefruit stored immediately after

harvest.

Additional tests of fruit stored at 10°C immediately

after harvest in 1979-80 showed that early-season fruit

were moderately susceptible (average days to onset of Cl

was 30) but late-season fruit were very resistant to

Cl (average days to onset of Cl was over 100) at this

temperature. It is apparent that seasonal trends in

resistance to Cl differ sharply according to the storage

temperatures

.

Peel Color and Resistance to Chilling Injury

Peel color was measured at each harvest date for all

3 seasons. Peel color was quite green for initial pickings
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in each season (a/b = -0.6), increased steadily to yellow

in February (a/b = +0.1), and declined slightly thereafter

(Figs. 4-B, 5-B, 6-B).

Degreening commenced about 2 weeks earlier and a

somewhat deeper yellow color was achieved in 1978-79 than

in 1977-78 (Figs. 4-B, 5-B). In 1979-80, the onset of

degreening was about 10 days to 2 weeks later than in 1977-78

and about 4 weeks later than in 1978-79 (Fig. 6-B) . The

a/b colorimetric ratio for the 1979-80 season exceeded

the first season's value early in January and reached that

of 1978-79 late in January.

Only in 1977-78 was there a significant correlation

(r = 0.72, p < 0.05) between resistance to Cl and a/b

ratio after the fruit matured (i.e. November to July).

The previously suggested involvement of either peel pig-

ments or the plastids containing them in resistance to

Cl (85) is not supported by this work with grapefruit

stored immediately after harvest.

Seasonal Trends in Growth Regulators in Grapefruit Flavedo

Levels of IAA and ABA in the flavedo were determined

throughout both the 1977-78 and 1978-79 seasons. Seasonal

changes in percentage dry weight of the flavedo were

minimal, thus levels of GRs were expressed on a fresh

weight basis. Levels of IAA remained relatively constant

throughout both seasons at about 10 ng/g fresh weight (Figs.
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4 C, 5-C) . Levels ranged from 9 to 12 ng/g fresh weight

in 1977-78 and 4 to 15 ng/g fresh weight in 1978-79.

Slightly higher levels of IAA toward the end of 1978-79 might

have been due to hedging (severe pruning) in March, 1979.

The levels of IAA found in this study were similar to

those reported by Erner et al. (66) as "only a small but

significant amount was detected" in the flavedo of ' Shamouti

'

oranges. Slightly higher levels, also in 'Shamouti,' were

reported by Goren and Goldschmidt (83) and much

higher levels were reported by Coggins and Johns (38) for

'Marsh' grapefruit and other citrus peel (Table 1)

.

Both free and bound ABA were determined, and distinct

seasonal variations were found (Figs. 4-C, 5-C, 6-C)

.

Free

ABA in 1977-78 ranged from a low of 20 ng/g fresh weight

for early and late pickings to a midseason peak of about

350 ng/g fresh weight. Bound ABA had a midseason peak of

about 2,500 ng/g fresh weight (Fig. 4-C). In 1978-79,

3 peaks of free ABA were observed with values in the 500 to

850 ng/g fresh weight range (Fig. 5-C)

.

Bound ABA reached

a peak in March of nearly 9,000 ng/g fresh weight. A range

of free and bound ABA levels in citrus peel tissues have

been reported by various workers (Table 1) . The range

found in this study generally agrees with these reports,

except for the much higher values reported for California

citrus (38)

.

The general trend in ABA levels, i.e. an increase with

maturation in winter and decrease with over-maturity in
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spring, tended to be in agreement with previous reports for

citrus peel (140, 141) and for other overwintering tissues

(69, 142, 222). However, neither peel maturity, as indi-

cated by peel color, nor photoperiod seem to be directly

related to changes in ABA levels.

Monthly minimum field temperatures were negatively

correlated with free ABA (r= -0.83, p < 0.01) , but not with

total or bound ABA in 1977-78. Peaks in free ABA in 1978-79

seemed to be induced by adverse conditions such as freezing

weather (Fig. 5-A, 5-B) . Wang et al. reported that chilling-

level field temperatures could lead to an increase in

ethylene and ABA (265) in pear fruit. Cooper et al. (45)

also showed that ethylene in citrus fruits was increased

by chilling temperatures. There are several reports that

ABA induces ethylene synthesis (43, 75) and vice versa

(24, 81) . ABA levels in grapefruit flavedo analyzed just

before, during and after the March 1980 freeze were found

to increase rapidly soon after the freeze (Fig. 7). This

increase could be due not only to temperature stress but

also to water stress. A freeze is accompanied by higher

evapotranspiration and the latter stress is well known to

increase ABA content in many plant tissues (e.g. 170).

There was no detectable (< 0.05 ppm) ethylene within grape-

fruit even after the freeze.
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Rel

a

tionship Between Seasonal Changes in Growth Regulators
and "Resistance to Chilling Injury of Grapagruit Stored
Immediately after Harvest

Although the midseason period of resistance was not

well defined for fruit stored at 5°C immediately after

harvest, the midseason peaks in ABA occurred roughly in the

time of transitory periods of increased Cl resistance . Both

free and bound ABA started to increase well before mid-

season resistance to Cl was apparent in 1977-78 (Fig. 4)

.

Free ABA had already started to decrease by the peak of

resistance to Cl, but bound ABA was still high. Thus, the

correlation between resistance to Cl and bound ABA was

greater (r = 0.87, p < 0.01) than that with free ABA

(r = 0.66, p < 0.05). In 1978-79, there were 3 peaks of

free ABA but these did not parallel resistance to Cl (Fig.

5) . Bound ABA exhibited only one peak which corresponded

with the time when resistance to Cl appeared, but the

correlation was not significant apparently due to the very

brief period of resistance. Immature fruit were resistant

to Cl even when ABA levels were low.

The reported positive effect of free ABA on reducing

Cl of seedlings (207, 209) does not seem to be an important

factor of seasonal resistance to Cl of grapefruit. A peak

in bound ABA coincided with that of resistance to Cl in 2

seasons (Fig. 4, 5), but bound ABA itself is known to be

very limited in its activity as a GR and it is thought

to be merely a metabolite rather than a pool for free ABA
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(170) . Metabolic conditions induced by certain environ-

mental factors which cause a build-up in bound ABA might

have a role in resistance to Cl of grapefruit rather than

the higher levels of bound ABA itself. In other words,

higher free ABA content at the time of harvest cannot be

linked with resistance to Cl directly but a steady supply

of free ABA might. Consistently high levels of free ABA

would induce certain metabolic changes, including build-up

of reducing sugars (198) and bound ABA (Figs. 4, 5) . It

is logical to hypothesize that some of these metabolic

changes induce resistance to Cl either directly or by

further modification in metabolism that in turn make the

tissue resistant to Cl.



CHAPTER IV
EFFECTS OF CONDITIONING TREATMENTS ON -

SEASONAL RESISTANCE TO CHILLING INJURY AND ON
ENDOGENOUS GROWTH REGULATOR LEVELS IN
FLORIDA 'MARSH' GRAPEFRUIT FLAVEDO

Literature Review

Modification of Resistance to Chilling Injury of Grapefruit
and Other Plant Tissues by Conditioning Treatments

Terminology . The term "conditioning" has been used

with reference to chilling injury (Cl) in a sense similar

to that of hardening or acclimation against freezing stress,

although the physiological processes are not necessarily

the same. Postharvest conditioning requires a certain

delay period prior to storage, thus the term "delayed

storage" is a practical expression in postharvest handling

as opposed to "immediate storage," while "conditioning"

is a physiological expression. Treatments involving

exposure of plant materials to temperatures slightly

above the chilling range for a certain time prior to

placing them at a chilling temperature have been called

"temperature conditioning" (11 , 156 , 278). This is in

contrast to so-called "curing" (also described as wilting,

quailing or sweating and occasionally used as synonyms

of degreening or coloring) which is performed at tempera-

tures well above the chilling range (e.g. 27). Conditioning

56
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treatments include not only temperature conditioning and

curing but also initial ethylene (degreening) or CC>2

treatment and gradual temperature lowering (stepdown

cooling)

.

Grapefruit . Many experiments on curing to mitigate

Cl of grapefruit have been reported. Curing was often

recommended as a commercial practice and a short period

curing at high temperature and high relative humidity

(RH) conditions (such as the Florida degreening conditions,

29.5°C and 90 to 95% RH) is still considered beneficial

to induce wound healing and so decrease Penicillium rots

(117) . Hawkins (102) and Hawkins and Barger (103)

recommended curing Florida grapefruit either by exposing

the fruit to air at 21°C to 25°C and about 65% RH for 1

to 2 weeks or by treating it with gas from a kerosene

stove in a degreening room for 3 to 4 days. Both treat-

ments decreased pitting in 0°C storage, but the latter

treatment v/as considered better, because during the

degreening process the buttons were loosened and removed

by subsequent washing and brushing. This, in turn,

decreased stem-end rot (103). It should be borne in

mind that these grapefruit were stored in Washington,

D.C., or in Virginia, and it took from 8 to as many as

20 days to ship them from Florida. Friend and Bach (71)

have reported that scald, as well as pitting, of Texas

grapefruit was reduced by holding the fruit at 21°C
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for 10 days before 0°C storage; however, neither ethylene

nor stove gas degreening treatments were effective. Brooks

and McColloch (27) reported that a 4-day delay at 15.6°C,

3 days at 21°C to 24°C, or 17 to 22 hours at 37.8°C

decreased pitting at 2.2°C, but the higher temperature

increased Cl (pitting and scald) at 0°C. They also

noted that effectiveness of delay at 10°C was dependent

upon the period involved; i.e., 2-day delay was not

effective at all, whereas 7 to 10-day delay was beneficial

and the effect of 2-week delay was not consistent. Florida

grapefruit used for these experiments were also shipped

to, or purchased in, Washington, D.C. , and then stored

immediately or after certain delays. Johnson et al .

(121) considered the fact Florida grapefruit were much

more resistant to Cl than Texas-grown ones in a storage

test in Texas was the result of an enforced delay during

transit from Florida to Texas. However, neither Harding

et al . (93) nor Chace et al. (30) found beneficial

effects on Cl of Florida grapefruit from a 60-hour delay

at 29°C or 5- to 10-dav delay at 15.6°C, respectively.

Extensive studies of the effect of delayed storage

to mitigate Cl of grapefruit have been done in South

Africa. Davies and Boyes (51) quantified delay in terms

of percentage weight loss during delay treatments. They

found the effect of delay varied with subsequent storage

temperatures, there being an optimum degree of wilting at

each temperature which corresponded to a loss of weight
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from 3.3 to 5.0%. The protective effect was reduced if

wilting was continued beyond the optimum. Van der Plank

{256, 258) confirmed the existence of such optima but in

terms of days of delay instead of percentage weight loss.

A delay of about 1 to 2 days at 26.7°C and 90% RH was opti-

mum, too much delay being as bad as, or worst than, immediate

storage at 3.9°C. At 18.3°C, the optimum delay was about

4 to 6 days and there was less tendency for subsequent injury

to increase when too long a delay was given. Treatment with

167 ppm ethylene at the lower temperature increased the

beneficial delay effect (256)

.

Grierson (85) reported

recently a 2-day delay under Florida degreening conditions,

both with or without 5 ppm ethylene, increased resistance to

Cl at 4.5°C of Florida 'Marsh' grapefruit picked early or

late in the season when it is not naturally resistant to Cl.

Exposing grapefruit for 20 to 48 hours to atmospheres

containing 20 to 45% CC^ before storage at 0°C resulted in

a definite decrease in the subsequent development of

pitting as compared to similar lots held at the same

temperatures in normal air, according to Brooks and

McColloch in 1936 (27). Recent studies have also shown

prestorage exposure to C0
2
up to 40% for 3 to 7 days at

21°C significantly reduced rind pitting (99) and stem-

end rind breakdown (98) of Florida grapefruit stored

at 4.5 c C for 8 to 12 weeks. Delay, however, for the

same period and at the same temperature in air was as
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effective as in CC>
2

(99). Thus, the necessary delay

period prior to storage involves some uncertainty as to

how much of the effect is due to CC>
2

per se and how much

is due to delay alone.

An attempt to mitigate Cl of grapefruit by stepdown

cooling was unsuccessful. Gradual lowering of the storage

temperature reduced Cl of bananas and avocados (climac-

teric fruits) but no such effects were observed on limes

and grapefruit (non-climacteric fruits) (188)

-

Other fruits . McColloch (163) found Cl of peppers

(Capsicum annuura L. ) at 0°C could be mitigated by prior

exposure to 10°C for 5 to 10 days. Ilker (113) reported

conditioning at 12.5°C or 15°C for 2 days was insufficient

to reduce Cl of okra, but a 4-day conditioning at these

temperatures was sufficient to reduce Cl at 5°C for 4 or

6 days but not for 8 days. Conditioning at 15 °C was more

effective than at 12.5°C.

Apeland (11) reported the susceptibility to Cl

of cucumbers at 5°C for 4 or 6 days was decreased with

temperature conditioning for up to 4 days. Comparison of

2 prestcrage temperatures, 12.5°C V£. 20°C, showed the

latter was more effective in reducing Cl. Ethylene

production at 5°C was lowest for cucumbers treated at

20°C, intermediate for those conditioned at 12.5°C, and

highest for those fruit placed directly at the chilling

temperature. Another example is 'Honey Dew' melons as
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reported recently by Lipton and Aharoni (151). Exposure

at 20°C to 1,000 ppm ethylene for 24 hours before storage

at 2.5°C for 2.5 weeks virtually eliminated objectionable

Cl. A subsequent report (152) showed ripening of these

muskmelons had progressed during the ethylene treatment,

which may in turn have modified susceptibility of the

fruit to Cl.

Gradual lowering of the storage temperature by steps

of 3 °C at 12- or 24-hour intervals reduced subsequent Cl

of bananas and avocados as compared to those transferred

directly from 20°C to 5°C (188) . There are a number of

papers on delayed storage (25, 200) and initial high CC^

treatments (26, 193) used to mitigate cold storage

disorders of apples. However, these disorders may not be

comparable to Cl of tropical and subtropical fruits.

Ornamentals . Spranger (237) found temperature-

conditioned greenhouse ornamentals were less susceptible

to Cl than control plants grown at room temperature. More

recently, resistance to Cl of 2 species of foliage plants

has been increased by exposure to low, but not chilling

temperatures in the light (232) .

Seedlings . Wheaton and Morris (278) showed 5-day-old

'Rutgers' tomato seedlings grown at 25°C were conditioned

against 2-day chilling at 1 SC more effectively at 12.5°C

than at 10°, 15°, 20°, 25°, or 30°C. Eggplant (Solanum

melongena L. ) and corn seedlings responded similarly. A
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conditioning period of an little as 3 hours at 12.5°C was

sufficient to give some protection, but maximum protection

was achieved with 48 hours' exposure. The protection,

however, was effective only against moderate chilling and

no seedlings survived chilling at 1°C for 7 days. In

contrast to seedlings, conditioning of sweet potato

( Ipornoea batatas (L. ) Lam. ) cuttings influenced respira-

tion only slightly and did not reduce Cl symptoms. It

was suggested that the relatively low metabolic rate of

roots might be a limiting factor in temperature condition-

ing of sweet potatoes (278)

.

Cotton seedlings germinated

at 30°C for 2 days were chill-hardened by growing them

successively at 30°, 25°, 20° and 15°C for 2 days each

( 220 ) •

An early report showed resistance to Cl of seed-

lings of several species could be achieved by controlling

water supply (226). It has been demonstrated bean leaves

can be "drought-hardened" over a 4-day period at 25°C by

withholding water from the roots until the leaves wilt

and these drought-hardened leaves are as resistant to Cl

as leaves "chill-hardened" for 4 days at 12°C and 85% RH

(284)

.

Such conditioning of seedlings has been used to

study biochemical mechanisms of Cl as discussed below.

Mec

h

anisms Involved in Conditioning to Induce Resistance
to Chilling Injury

Increased unsaturation of fatty acid . It has been

postulated resistance to Cl is due to the ability of a
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membrane to remain in the liquid crystalline state at

chilling temperatures through increased unsaturation of

fatty acids (147, 156, 157).

Wilson's group (286, 287) studied the effects

of temperature conditioning on the degree of unsaturation

of the fatty acids in leaves of seedlings and found there

was no increase in unsaturation (287)

•

The degree of

saturation did, however, increase during conditioning of

Gossypium hirsutum L. and phaseolus vulgaris L. but only in

the phospholipid fraction, which represented only 22% of

the total leaf fatty acids. Moreover, the degree of

unsaturation and the proportion of phospholipid decreased

in the leaves of these species with increased physiologi-

cal age at 25°C and was related to the increased suscep-

tibility of older leaves to Cl (286)

.

A direct confirmation of the relation between

unsaturation of fatty acids and chilling resistance

induced by conditioning was reported by St. John and

Christiansen (220). The proportion of linolenic acid

in the polar lipid fraction increased when they gradually

lowered growth temperatures of cotton seedlings. The

conditioning effect was greatly reduced by chemically

inhibiting synthesis of linolenic acid.

Increased unsaturation of total fatty acids during

acclimatization to frost injury has also been reported in
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winter wheat seedlings ^ 5 3 ) and in alfalfa roots (74)

and in phospholipids of winter rape seedlings (234)

•

Energy supply . Steward and Guinn (241) found a

progressive decrease in adenosine triphosphate (ATP)

content of cotton seedlings during chilling at 5°C.

Chilled plants returned to growing conditions were able

to restore the initial ATP content after chilling for 1

day, but not when chilled for 2 days. The decrease in

ATP with chilling was prevented by prior conditioning of

seedlings at 15°C for 2 days with 14-hour day length.

Levels of ATP in conditioned plants were higher than in

control plants and increased in leaves but decreased in

roots (241). It has, in fact, been possible to protect

cotton seeds against Cl in the field by application of

AMP (166) . According to Wilson (2 85) , a reduction in ATP

supply below that necessary to maintain metabolic integrity

of cytoplasm is not considered to be important in develop-

ment of Cl of Episcia reptans Mart, or Phaseolus vulgari s

L. as ATP level decreased only after the onset of visible

leaf injury.

Pantastico (188) showed the ratio of inorganic

phosphate esterified/oxygen absorbed (P/0 ratio) by mito-

chondria in grapefruit held at 4.5°C was much lower

than that of those held at 15.5°C. Subsequently, Vakis

et al. (254) reported Cl of grapefruit was associated

with a breakdown of the ATP/ADP energy transport system
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and was at least partially controllable with high CO
^

during storage.

Sugars . Guinn (88) sought a possible relationship

between conditioning to Cl and hardening against frost

injury. Young cotton plants exposed to 15 °C for more than

2 days prior to chilling at 5°C showed some resistance to

Cl. Sugars and starch increased in conditioned plants,

but protein, ribonucleic acid (RNA) and lipid-soluble

phosphate decreased (88)

.

Purvis et al (198) reported

mid-season resistance to Cl of Florida grapefruit was

strongly correlated with levels of reducing sugars.

Santarius (221) found sugars to protect chloroplast

membranes subjected to temperature and water stress. Air

temperatures of 10°C caused an increase in sugar content

of leaves and stems of 'Valencia' orange, which was

associated with frost hardiness (293)

•

Growth regulators . There is no report of a possible

relationship between conditioning-induced resistance to Cl

and endogenous growth regulators. Studies, nevertheless,

by Goldschmidt's group in Israel (24, 77, 80, 81) suggest

effects of delayed storage treatments on resistance to

Cl may be growth-regulator mediated. Abscisic acid (ABA)

increased and gibberellins (GAs) decreased during natural

and ethylene-induced senescence of citrus fruit peel (77,

80, 81). Benzyladenine (BA) delayed ethylene-induced
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accumulation of free and bound ABA, but GA^ had no effect

on endogenous ABA levels (24). An increased ABA/GA

ratio might increase resistance of plant tissues to Cl,

as reviewed in Chapter III.

Materials and Methods

Fruit samples were prepared, scored, and analyzed as

described in Chapter III. A carton of 40 fruit and 2 sets

of 10 fruit for GR analysis were used per treatment per

harvest.

Treatments in 1977-78 were:

A. Immediate storage at 5°C.

B. Held at 20°C and 90+ % RH with about 5 ppm ethylene for

3 days then stored at 5°C.

C. Held in a roof penthouse for 3 days to simulate travel-

ing through the high veldt in South Africa; held at

38 °C and ambient RH for 3 days then stored at 5°C, after

November when mean daily temperature dropped.

Treatments in 1978-79 were:

A. Immediate storage at 5°C.

B. Held at 29 °C and 90+ % RH for 3 days then stored at 5°C.

C. Held at 29 °C and 90+ % RH with about 5 ppm ethylene for

3 days then stored at 5°C.

D. Held in a roof penthouse for 3 days then stored at 5°C.

E. Held at 29 °C and ambient RH for 3 days then stored at

5 °C

.
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Treatments in 1979-80 were:

A. Immediate storage at 5°C.

B. Held at 29 °C and 90+ % RH for 3 days then stored at 5°C.

C. Held at 29 °C and 90+ % RH with about 5 ppm ethylene for

3 days then stored at 5°C.

D. Held at 29 °C and 100% RH for 3 days then stored at 5°C.

Temperature and RH during 3-day treatments were

recorded with hygrothermographs . In the last 2 seasons,

weight loss during 3-day treatments were checked on 10

fruit per treatment per harvest.

Results and Discussion

Resistance to Chilling Injury Following Delayed Storage

Postharvest prestorage conditioning treatments

(delayed storage) significantly increased Cl resistance of

grapefruit in all 3 seasons studied (Figs. 4-A, 5-A, 6-A)

confirming previous reports (27, 51, 85, 103). Response

to the 2 conditioning treatments in 1977-78 was quite

different. A delay of 3 days at 29 °C and 90+% RH with 5

ppm ethylene (delayed storage "A") was less effective

than 3 days in a hot penthouse (delayed storage "B"

)

in

the early season. Delayed storage "A" was more effective

after November when delayed storage "B" was switched

to holding fruit at 38 °C and ambient RH for 3 days (Fig.

4-A)

.

It appeared from these results that there might

be optimum conditions for the 3-day postharvest prestorage
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conditioning treatment. A report from So. Africa (51) showed

delayed storage causing 3 to 5% weight loss, dependent

upon storage temperature, was most effective in increasing

Cl resistance. Thus, the experiment in the next season,

1978-79, was designed to determine if weight loss during

delay could be a parameter of effectiveness of conditioning.

Five treatments in 1978-79 resulted in a wide range

of prestorage weight loss ranging from 0 to 5% as season

averages (Table 2) . Resistance to Cl was doubled by all

conditioning treatments. The treatment effect on Cl resis-

tance was obviously confounded by the wide change through

the 8-month harvesting season, in fact the replication

(picking date) variable as well as the treatment variable

were both significant at the 1% level. From this, the

correlations between prestorage weight loss and Cl resistance

were studied not only with the all season data but also

with early-, mid-, and late-season data separately.

Linear regressions were not statistically significant ) ut

every data set fitted second degree polynomials at 1%

level (Fig. 8) . These curves show 1) resistance to Cl

(and hence storage life) at 5°C is maximal at about 3%

prestorage weight loss; 2) effect of prestorage weight

loss is sharply seasonal being most effective in

midseason. The best fit curve for each harvest was

computed and plotted on a 3-dimensional graph (Fig. 9)

showing dynamic seasonal changes. It is immediately
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apparent: 1) prestorage weight loss had less effect with

the very early pickings when the trees were still quite

vegetative; 2) as the trees went dormant, prestorage weight

loss had an increasing effect on Cl resistance; 3) this

effect diminished sharply in the late-season when the

trees resumed active vegetative growth.

The above correlation between prestorage weight loss

and Cl resistance is based on the assumption that time

delay before storage per se has no effect on increasing Cl

resistance; i.e. data from the immediate storage treatment

were used as the 0% weight loss data, but all other data

were from the delay storage treatments, thus there is a

3-day time lag between these data. Subsequently, the

1979-80 experiment was designed to see if 3-day delay at

100% RH affects Cl resistance. As a result, even in a

water-saturated condition which caused some weight gain, a

3-day delay did significantly increase Cl resistance

(Fig. 10) . The mean value in Cl resistance of the treat-

ment at 100% RH was lowest but was not significantly

different from other treatments at 90+% RH. These data

clearly indicate time delay per se increases Cl resistance

independent of weight loss, and this could be a reason

for the fact that the best-fit curves in the 1978-79

experiment (Figs. 8, 9) always gave higher Cl resistance

values for the 0% weight loss than the actual.
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A peripheral, but important, observation is time span

and conditions between picking and storage may be much

more influential than most intentional treatments. This

point should be kept in the researcher's mind, not only

when conducting experiments but also when reviewing litera-

tures. Variations in delay periods and associated condi-

tions would also be reasons for the fact in commercial

shipments that some lots are very susceptible to Cl while

other lots from the same grove are quite resistant.

Effect of ethylene during delay was also investigated

Friend and Bach (71) reported ethylene to have no effect

on Cl, but van der Plant (258) found ethylene to reduce

Cl especially when delay periods were beyond

the optimum. The latter author pointed out a possible

interaction between ethylene and RH during delay. Grierson

(85) reported ethylene reduced Cl only when the fruit

were green. Current results in both 1978-79 (Table 2)

and 1979-80 (Fig. 10) show ethylene to have no additional

effect during delay at 29 °C and 90+% RH even when fruit

were green (data not shown) . Prestorage ethylene treatment

however, seemed to be beneficial in reducing stem-end rot

by loosening buttons (103) and in reducing green mold by

enhancing wound healing processes (G.E. Brown, unpublished

data)

.
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Conditioning Effects on Endogenous ABA Levels

Levels of ABA in the flavedo were analyzed before and

after the conditioning treatment in 1978-79. All treat-

ments increased free ABA levels (Fig. 11) confirming Gold-

schmidt and co-workers' reports (e.g. 24). The treatment,

nevertheless, at low RH causing as much as 5-e weight loss

gave less increase in free ABA than the penthouse treatment,

which resulted in about 2% weight loss. Increase in free

ABA at 29 °C and 90+% RH was also much less than that in the

penthouse treatment, while ethylene gave some additional

increase (Fig. 11) . A pattern similar to that between pre-

storage weight loss and free ABA levels was reported between

plant water potential and free ABA levels in cotyledonary

leaves of cotton seedlings (50)

.

Bound ABA levels were

also increased during the conditioning period but less

than for free ABA (Fig. 11). Unlike free ABA, the treat-

ment at low RH increased bound ABA more than the penthouse

treatment did. Ethylene increased bound ABA much more than

free ABA possibly by activating turnover metabolisms of ABA.

Goldschmidt (77) also reported ethylene increased bound

ABA much more than free ABA in ' Shamouti 1 orange peel.

The general pattern of prestorage conditioning on

free ABA levels is well correlated with that on resistance

to Cl (Fig. 11) . This is ir. the agreement with Rikin and

co-workers (207, 208, 209) on the role of ABA controlling Cl
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in seedlings. Wilson (286) reported that water stress

rather than low temperature is the primary factor inducing

resistance against Cl in bean seedlings subjected to low

temperature or drought hardening. Presumably ABA is media-

ting such "hardening" (conditioning) systems. There are,

however, some questions on the correlation between ABA

levels and Cl resistance of grapefruit: 1) for some pick-

ings, conditioning at 29 °C and 90+% RH without ethylene

increased Cl resistance as much as or even more than for

the treatment at the same conditions plus ethylene or at

the same temperature but at low RH, but without an increase

in ABA as much as that of the last 2 treatments; 2) the

experiment in 1979-80 showed Cl resistance can be increased

by delay without any weight loss.

Relationship Between Seasonal Condition-induced Resistance
to Chilling Injury and Levels of Growth Regulators at the

Time of Harvest

As mentioned above in relation to prestorage weight

loss, the effect of conditioning on Cl resistance was

strikingly seasonal (Figs. 4-A, 5-A, 6-A)

.

These data

indicate midseason fruit have a greater potential for Cl

resistance which can be induced by conditioning treatments.

Such potential is minimal in mature early-season fruit

(i.e October pickings) and later diminishes in late-season

fruit. Thus, even midseason Cl resistance of immediately

stored fruit was not apparent in 1978-79 and 1979-80,
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conditioned fruit clearly showed the existence of midsea-

son resistance. These midseason resistance patterns were

generally associated with mean minimum field temperatures

and with ABA levels (Figs. 4-C, 5-C) supporting the hypo-

thesis that seasonal resistance to Cl of grapefruit may be

under GR control (85)

.



CHAPTER V
GENERAL DISCUSSION

The principal objective of this study was to test a

hypothesis (85) that growth regulators (GRs) control

resistance of grapefruit to chilling injury (Cl) . Jacobs

(120) discussed 6 rules, all of which should be sustan-

tiated in order for a causal relationship between endogenous

activity of GRs and a given biological process to be

demonstrated: 1. Parallel variation of GR and process;

2. Excision of the hormonal source; 3. Substiation by

exogenous GR; 4. Isolation of the system; 5. Generality

in different plants; 6. Specificity of a given GR. Data

presented in previous chapters and other observations in

this study have been scrutinized with respect to these

rules as follows:

Parallel Variations

Parallel variation occurred between midseason resis-

tance to Cl of conditioned grapefruit and levels of ABA

at harvest (Figs. 4, 5). Conditioning-induced Cl resis-

tance was also positively correlated with increased levels

of ABA (Fig. 11). Monselise and Goren ' s criticism (177),

74
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nevertheless, has to be carefully considered in interpret-

ing parallel variations:

The quantification of each component [GR]

at a particular time can tell very little
about the overall effect of their balance.
The very meaning of accumulation of one
component is doubtful. Is accumulation
the result of a purposeful creation of
large amounts of the component needed to
elicit the reaction, or of the component
not being used in the relation elicited.
The main problem is to define cause and
effect in a system where we can know very
little about the magnitude of time
relationships. (177, p. 134)

Zeevaart (295) also suggested turnover rather than total

concentration of GRs is important.

Some of the present data did not show parallel

variation, however, between levels of ABA and Cl resistance:

1. Immature fruit harvested in August were resistant to

Cl even when levels of ABA were low (Figs. 4, 5). Mechanisms

involved in Cl and hence those of resistance to Cl of

immature and mature grapefruit may differ (198) . It is

also possible that inhibitors other than ABA, such as

phenolics, which are abundant in the immature stages of

grapefruit (M.A. Ismail, unpublished data) , are involved

in Cl resistance of immature grapefruit; 2. Addition of

ethylene during conditioning increased ABA content but did

not increase Cl resistance (Fig. 11) . Altered ABA meta-

bolism as indicated by build-up of bound ABA (Fig. 11) may

be responsible for this lack of parallelism.
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Excision of Hormonal Source

This rule could not be verified because both detached

fruit (Fig. 11) and excised flavedo (K. Kawada, unpublished

data) are capable of synthesizing ABA and no effective

inhibitor for ABA synthesis has been found thus far.

Substitution by Exogenous Hormone

An additional small scale experiment in 1977 (2

samples/treatment , 1 carton of 30 fruit/sample) showed a

prestorage 50 ppm ABA dip decreased Cl of midseason grape-

fruit, while 500 ppm, 2,4-D had no effect on Cl and 500

ppm GA
3

increased Cl (K. Kawada and VI. Grierson, unpublished

data) . Resistance of mature-green tomatoes to Cl was also

increased by exogenous ABA and other inhibitors (108)

.

Isolation of System

Attempts to use the previously reported tissue culture

method for studying Cl of grapefruit peel (253) were not

successful because Cl symptoms (pitting) were not clear.

Generality in Different Plants

Applied or stress-induced ABA has been reported to

increase resistance to Cl of several plant tissues including

cotton (207), cucumber (209), bean (286) seedlings and

tomatoes (108)

.
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Specificity of Hormone

Abscisic acid can be considered as a specific hormone

in terms of "stress hormone" (177) but not specifically

involved in chilling stress. Instead, Boussba et al. (22)

proposed ABA as a common hormone involved in "cross—adapta-

tion" (91) . Rasmussen (203) also suggested ABA may act as

a "warning signal" for the plant to protect itself against

harmful water stress.

This study provided some confirmation of the hypothesis

w’ith implications of some role for ABA but not IA^A. The

exact role of ABA or any other endogenous GRs and their

possible interactions are yet to be understood. . Study of

the effects of ABA on ATPase (103) is particularly suggested

for future research on Cl resistance inrelation to the

energy utilization hypothesis (253,276). The role of ABA

in connection with stomatal function is also of interest,

for individual stoma appear to be the initial site of

pitting due to chilling stress (K. Kawada, personal obser-

vation) .



CHAPTER VI
CONCLUSIONS

1. A useful, reliable and precise high-performance liquid

chromatographic method, coupled with isotope dilution,

was developed for routine quantitative analyses of

IAA and ABA.

2. Florida 'Marsh' grapefruit harvested biweekly in 1977-

78, 1978-79, and 1979-80 and stored immediately at 5°C

reached the onset of chilling injury (Cl) in about

20 days. Only one or a few pickings in each midseason

showed considerable resistance to Cl. These results

do not support the midseason Cl resistance hypothesis

for fruit stored immediately after harvest.

3. Postharvest, prestorage conditioning (delayed storage)

treatments markedly increased Cl resistance of grape-

fruit in all 3 seasons studied. Experiments in 1978-79

showed a clear second degree polynomial correlation

between Cl resistance and prestorage weight loss with

a maximum resistance at about 3% weight loss. However,

data in 1979-80 showed that a conditioning treatment

resulting in no weight loss also increased Cl resistance,

indicating time delay pe r se may be important. There

was no additional effect from 5 ppm ethylene in

78
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increasing Cl resistance with 3-day conditioning under

29 °C and 90+% RH.

4. Effectiveness of conditioning treatments was seasonal

being greatest in midseason. Thus, conditioned fruit

clearly showed the existence of midseascn Cl resistance

which was not apparent when fruit were stored at 5°C

immediately after harvest. Seasonal changes in condi-

tioning-induced Cl resistance were associated with mean

minimum field temperatures for the 30 days preceding

harvests

.

5. The hypothesis that susceptibility of grapefruit to Cl

might involve either peel pigments or the plastids con-

taining them is not supported: 1) Immature green fruit

harvested in August were more resistant than those

harvested in the fall after color break; 2) Degreening

had no effect upon Cl resistance.

6. Levels of free IAA in the flavedo were low and did not

change appreciably throughout 1977-78 and 1978-79. Distinct

seasonal changes in both free and bound ABA levels were

observed. Bound ABA in 1977-78 and 1978-79 and free

ABA in 1977-78 exhibited only one midseason peak while

free ABA in 1978-79 had 3 midseason peaks. Levels of

free ABA increased rapidly soon after cold weather.

Generally high levels of ABA in midseason were
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associated with mean minimum field temperatures for the

30 days preceding harvests, and with Cl resistance of

grapefruit stored after conditioning. Immature grape-

fruit harvested in August were resistant to Cl even

when levels of ABA were low.

7. All postharvest conditioning treatments in 1978-79

increased free ABA levels, the maximum occurring with

2% weight loss during conditioning. Ethylene at 5 ppm

during conditioning increased bound ABA much more than

free ABA. The pattern of conditioning-induced increase

in free ABA levels is positively correlated with that

of conditioning-induced Cl resistance.

8. This study provided some confirmation of the testing

hypothesis that resistance of grapefruit to Cl involves

endogenous growth regulators ,
with implication of some

role for ABA. The exact role of ABA or any other endo-

genous growth regulators is yet to be understood.



81

ui

(!)

0
CO

to

4J

rH
<U

<D

to

3

-P

U

i—

S

ft)

S-t

G)

>
Q)

to

a
*H

CO

P
O
P
cd

i—

I

2
t7>

(1)

P

JZ
P
£
o
p

tM
O

00

CD

-P
rtf

6
•H
-P
CO

W

CD

i—

I

r-Q

EH

oj
1-

3

C
o

<u
S-

4-J

*T3

S-

o
CD

CO

c

o
CO

» o
co

I o
*5j-

O I

LO

G>
S- c
3 QJ
4-> a>
to s-

E CD

to
CL
<a
•3

QJ
to
S-

O tO I on *-h *—

<

«VI CO

oo

o *ct-o co
o o o o
cr> tr> to tr>

co to_

o
CM

c
CD
m
V)
3
E
t/1

nj
cr

t-

o

«o

-o
c

s-
a»

OJ

*
to

CO
CO

CD
o

IO

c
S-
o

ioo

oo
CM

Oo
r—

t

CO*
CM

a
i

CD

>>

o
•a:

•O
c
o
to
OJ

cx
E

I O O I II I II •o o
M- f-H

o oo o
CD^r—

I

Oo o
O I

QJ
CD S_
C 3
3 4-*

O fO
>> E

*-> U
3) OJ
3 <3C—

'

'— QJ QJ
C CD L- t-

QJ d 3 3
QJ 3 »-> 4->

S~ O (O (O
CD >> E E

-o
QJ
C

OJ OJ OJ
d t- cj s-
OJ 3 S- 3
QJ 4-> CD 4J
S- fO QJ IO

E $- E

CD >
> o
to 2C

O
tJ
CJ
>

aj

o

CM
CM

3
O
XJ
to

in
to

-C
CD

QJ
3:

>>
U
*o

CD

to
E

to
QJ

>>
JO

QJ
*

*o
QJ
4->

O
QJ

QJ
*o

to

O
E

3
JO

*o
QJ
-*->

S~
aj
>
o
o

4-*

CD

OJ
3C

>>

a
c
o

QJ
to
tO
JD

D.
E
.3
oo

cm co kj- in to

-C
CO
i-
to

o >D
4-> IO

in
*— to

rcL JD
E
«o >>
to _n
M

to
E
m
to

>j

co

to
•a

o
X



82

Table 2. Effects of conditioning treatments in 1978-79 on
prestorage weight loss and resistance to chilling injury.

3084-33-4^20

Treatments
Picking

z
season All season

averageSept .

-

Dec. Jan. -Feb. Mar . -May
.

1 <^G G ( §: ^

Immediate storage 0 Dy 0 D 0 D 0

3-day delay at
29 °C , 90+% RH 1.0 C 1.0 C 1.3 C 1.2

+ 5 ppm ethylene 1.4 C 0.7 C 0.9 C 1.1

Penthouse 2.5 B 1.9 B 2.6 B 2.4

29 °C, amb. RH 4.4 A 5.1 A 4.5 A 4.6

chilling injury - -

(Days to onset of Cl at 5° C)

Immediate storage 28 C 30 B 34 D 30

3-day delay at
29°C, 90+% RH 43 B 77 A 65 BC 60

+ 5 ppm ethylene 45 B 80 A 77 AB 65

Penthouse 53 A 90 A 73 AB 70

29 °C, amb. RH 40 B 80 A 61 C 58

ZSept.-Dec.: 7 pickings; Jan. -Feb.: 5; Mar. -May: 5. One

carton of 40 fruit/treatment/picking.

^Mean separation in columns by Duncan's Multiple Range

Test, 5% level.
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EXTRACTION

Grapefruit Flavedo, 25 q Fresh Ht.

1. Add 14C-ABA & 14C-IAA (2-2.5 x 104 dpm each, Amersham)

2. Drop into 125 ml boiling 95% EtOH

3. Chill in an ice bath

4. Homogenize for 2 min

5. Filter with Whatman #1 paper

6. Re-extract solids 3 x 100 ml 80% EtOH

M/

Combined Filtrate

7. Partition 3 x 150 ml pet. ether
vl' .

Solids

1
Discard

Et0H-H20 Phase

-Ml

Pet. Ether Phase

.
I

3. Reduce volume -in vacuo to less than 10 ml at 40°C Discard

9.

Make up to 20 ml 50% EtOH sol.

10. Centrifuge at 4,200 x g for 10 min

11. Wash pellet with a few ml 50% EtOH then re-centrifuge

Combined Supernatant

ION-EXCHANGE PRELIMINARY SEPARATION

T,
Sephadex A-25 DEAE (Ac

-
form)

'

„ r , Elute wi th 50 ml
Dowex 50W-X4 (H form) m NH^Hjin 50% EtOH

Bound ABA Cytokinins

Pellet

1
Discard

Elute with 50 ml

15% HAc in 50% EtOH

IAA, GAs, ABA

Hydrolyze at pH 10.5

f-
'l'..

PREPARATIVE REVERSED PHASE HPLC

ANALYTICAL REVERSED PHASE HPLC
1

(BIOASSAY)

LIQUID SCINTILLATION COUNTING

Figure 1. Flow diagram of the procedure used for isolation
and identification of endogenous growth regulators in the
flavedo of grapefruit.



Figure 2-A. Preparative reversed phase HPLC ^ chromato-

gram of the acidic fraction from a grapefruit peel

extract (see Figure 1) . Zones 1 and 2 were collected

for analytical reversed phase HPLC separations of IAA

and ABA, respectively. (Column: Waters y-Bondapak

C-18 (300 x 3.9 mm), column temperature: 30°C; Mobile

phase: linear gradient at 2 ml/min from 0.5% NH
4
OAc

(pH 5.1) to 50% ethanol in 0.5% NH 4OAC (pH 5.1) in 50

min; detector: UV absorbance at 254 nm and fluorescence

intensity at excitation 290 nm, emission 360 nm.)

Figure 2-B. Analytical reversed phase HPLC chromato

gram of the IAA zone collected from the preparative

_

HPLC (see Figure 2-A) . IAA fraction collected and its

radioactivity counted. (Column: Lichrosorb RP-8 (250 x

4 „

6

mm), mobile phase: isocratic at 2 mn/min of 2.5%

ethanol in 0.2% NH 4OAc (pH 6.5), detector: fluorescence

intensity at excitation 290 nm, emission 360 nm.)

Figure 2-C. Analytical reversed phase HPLC chromato-

gram of the ABA zone collected from the preparative

.

HPLC (see Figure 2—A)

.

ABA fraction collected and its

radioactivity counted. (Column: Lichrosorb RP-8 (250 x

4.6 mm), mobile phase: isocratic at 2 ml/min of 12.5%

ethanol in 0.2% NH
4
OAc (pH 6.5), detector: UV absorbance

at 254 nm.

)
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Figure 3-A. Recycling HPLC chromatogram of the ABA

fraction collected from analytical HPLC (see Figure

2-C) .
(Chromatographic conditions were as for

Figure 2-C.)

Figure 3-B. Analytical reversed phase HPLC chromato-

gram of UV light exposed (Chromato-Vue, overnight)

( ) or nonexposed ( ) ABA fraction collected

from the analytical HPLC (see Figure 2-CO). Both ABA

and t-ABA fractions were collected and their radio

activity counted. (Chromatographic conditions were as

for Figure 2-C.)

Fiaure 3-C. Stop flow fluorescence spectrum of an IAA

peak of analytical HPLC (see Figure 2-B) for a grape-

fruit peel sample, and authentic IAA (Sigma Chemical Co.)
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Fiqure 4. 1977-78 changes in: A. Resistance to chill-

ing injury of grapefruit stored at 5°C immediately

after harvest (immediate storage), after 3-day 5 ppm

ethylene treatment at 29 °C and 90+% relative humidity

(delayed storage "A"), after a 3-day holding period

in a roof penthouse or in a 38 °C non-humidity controlled

chamber after November (delayed storage "B") ; B. Mean

minimum field temperature for 30 days preceding harvests

,

and peel color; C. Free and bound ABA and free IAA m
the flavedo. (A. One carton of 40 fruit/treatment/

picking; B. peel color = average of 15 fruit/picking,

3 readings/fruit; C. average of 2 samples/picking, 10

fruit/s ample.)
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Figure 5. 1978-79 changes in: A. Resistance to chill-

ing injury of grapefruit stored at 5°C immediately aj-ter

harvest or after a 3-day holding period at 29 C and

90+% relative humidity; B. Mean minimum field tempera-

ture for 30 days preceding harvests, and peel color;

C. Free and bound ABA and free IAA in the flavedo.

(A. One carton of 40 fruit/treatment/picking; B. peel

color = average of 30 fruit/picking, 3 reading/fruit,

C. average of 2 samples/picking, 10 fruit/sample.)
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Figure 6. 1979-80 changes in: A. Resistance to chilling
injury of grapefruit stored immediately after harvest or
after a 3-day holding period at 29 °C and 90+% relative
humidity/ B. Mean minimum field temperature for 30 days
preceding harvests, and peel color. (A. One carton of
40 fruit/treatment/picking ; B. peel color = average of
30 fruit/picking, 3 readings/ fruit.)
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Figure 7 . Changes in free ABA levels in the flavedo of
grapefruit and field temperature before, during and after
the March 1980 freeze. (Free ABA = average of 2 samples/
picking, 5 fruit/sample .
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Figure 8. Second degree polynomial correlations between
resistance of grapefruit to chilling injury (Cl) and
prestorage weight loss due to 4 conditioning treatments
and an immediate storage treatment (weight loss 0%)

.

(Circle under each line indicates the maximum; September
to December, 35; January to February 25; March to May,
25 values .

)
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Figure 9 . Seasonal changes in second degree polynomial
correlation between resistance of grapefruit to chilling
injury (Cl) and prestorage weight loss due to 4 condi-
tioning treatments and an immediate storage treatment
(weight loss 0%) of 17 pickings in 1973-79. (One carton
of 40 fruit/treatment/picking.)
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Figure 10. Effects of irranedaite storage ( ® ) vs. 3-day
conditioning treatments at 29°C and 90+% relative humidity

( rn ); 29 °C and 90+% relative humidity with 5 ppm ethylene

( ); and 29°C and 100% relative humidity ( ) upon pre-
storage weight loss and resistance of grapefruit to
chilling injury (Cl) . (Eight pickings between November
26, 1979, and February 18, 1980; one carton of 40 fruit/
treatment/picking; corsses indicate mean of each treatment.)
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421-80-8,9,10

Figure 11. Effects of immediate storage vs. four 3-day
conditioning treatments on p restorage weight loss, free
and bound ABA levels in the flavedo, and resistance
of grapefruit to chilling injury (Cl) . Treatment A:
immediate storage; B: at 29 °C and 90+% relative humidity;
c: 29 °C and 90+% relative humidity with 5 ppm ethylene;
D: in a roof penthouse; E: 29°C and ambient humidity.
(Values are averages of 3 pickings during November and
December, 1978. Resistance to Cl and weight loss: one
carton of 40 fruit/treatment/picking . Levels of ABA:
2 samples/picking.)
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