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Size and color are important visual quantity attributes of the fruit of

strawberry (Fmgaria x ananassa Duch.). Strawberry cultivars produce fruit of a

characteristic size and color, the later being the result of accumulation of particular

anthocyanins. This research sought to determine the basis for genotypic differences

in fruit size and to monitoring changes in the amount of anthocyanins and related

phenols, and the activity of associated enzymes during strawberry fruit development.

Fruit size (weight and volume), number cells per fruit, and mean cell size

were determined throughout the development of secondary fruit of the day-neutral

strawberry cultivars Tillikum, Tristar, and Selva. Fruit size among the cultivars

showed a four fold range and resulted from differences in the number of cells per

fruit. The number of cells per mature fruit was 0.72, 1.96, and 2.94 x 106 for



`Tillikum', `Tristar', and `Selva', respectively. The relative difference in cell number

among cultivars was established by anthesis. In all cultivars, mean size of fruit cells

was similar (z 6 x 106 µm3 at maturity) and cell division continued for about 12

days after anthesis.

Young green fruit of `Tillikum' contained high levels of soluble phenols,

composed mostly of tannins (;u 44%) and flavonoids (=51%). The concentration

of phenols rapidly decreased as fruit developed, but the amount per fruit slowly

increased. The concentration of anthocyanins was low throughout most of fruit

development, but at ripening showed an 18-fold increase in 3 days. The activity of

phenylalanine ammonia-lyase (PAL), an initial and key regulatory enzyme in the

biosynthesis of phenolics, peaked in green fruit and again during ripening. The

second rise in activity paralleled the rapid accumulation of anthocyanins. The

activity of PAL was low during the white berry stage, when fruit growth was rapid.

A UDP-glucose:flavonoid glucosyltransferase was isolated and purified about

100 fold from ripening Tillikum' fruit. The soluble enzyme showed a pH optimum

of 7.5 and a molecular weight of about 55,000 Da. The Km for UDP-glucose was

143 µM and for the flavonol, quercetin, 4.5 µM. The enzyme had a broad substrate

specificity and the isoflavone, biochanin A, was the best substrate among the

flavonoid aglycones examined.



Changes in Developing Strawberry Fruit:

1. Cell Division and Enlargement;

and

II. Biosynthesis of Anthocyanins and Other Phenolics

and Activity of Associated Enzymes

by

Guiwen Cheng

A THESIS

submitted to

Oregon State University

in partial fulfillment of

the requirements for the

degree of

Doctor of Philosophy

Completed August 23, 1991

Commencement June 1992



APPROVED:

Professor of Horticulture

Head of department of Horticulture

Date thesis is presented August 23. 1991

Typed by Guiwen Cheng



ACKNOWLEDGEMENTS

The accomplishment of my Ph.D study was a milestone in both my self-

enrichment and academic career. The observing, learning, thinking, and absorbing

of knowledge during my stay at Oregon State University have been one of the

unique experiences in my life. The more achievements I made, the stronger my

appreciation to all these people who helped and encouraged me through sometimes

chaotic and difficult times, and shared with me my successes and joys.

My sincere thanks to Dr. Patrick Breen, my major professor, for all his

moral encouragement and support all these years. He is the greates advisor that

a student could have. I am very grateful and lucky to have had him as my advisor.

I also want to thank him for a continuous graduate research assistantship.

Thanks are also due to my Ph.D. program committee members: Dr. John

Potter, Dr. Anita Miller, Dr. Fred Rickson, Dr. Tony Chen, and Dr. Dave

Hannaway (graduate representative). Their valued comments and constructive

suggestions have been very helpful in writing this dissertation. I greatly appreciated

Dr. Tony Chen's willingness to be on my program committee on short notice.

Much of the research reported herein could not have been accomplished

without the generosity of many dedicated individuals, especially those providing

technical advice and the use of laboratory equipment. Special thanks to Dr. Sonia

Anderson and Dr. Dean Malencik of the Department of Biochemistry and

Biophysics for all their help when I worked in their laboratory. Thanks are also

extend to Dr. Daryl Richardson for allowing me to use his equipment for some

routine laboratory work and to Dr. Tony Chen for occationaly providing urgently



needed chemicals. I thank fellow graduate students and friends, especially Dr.

Zhizhuang Zhao and Mr. Xiaolin Huang for their constructive discussions of

protein work. Kirk Pomper, a fellow graduate student and office and lab-mate,

deserves special mention for his friendship and many joyful moments we shared

together. Many of the faculty, staff and students in the Department and throughout

the campus have been very helpful to me. Space limitation prevents me from

listing them here, but they will be always remembered.

My family has been always supportive and encouraging toward my pursuing

a better education, a desire they seeded in all their children. The trust that my

family gave me while I studied away from home . will be always thankfully

remembered.

Finally, I thank Hueii for the wonderful and special friendship.



Note: This thesis is presented in two papers written

in the formate of the Journal of the American

Society for Horticulture Science and one papers

in the formate of Plant Physiology.



TABLE OF CONTENTS

Page

Chapter 1. Introduction ......................................... 1

Chapter 2. Literature Review ............................ .. .. 5

A. Morphology and Growth of Strawberry Fruit ............ 5

1. Fruit Morphology ............................. 5

2. Fruit Growth Characteristics .... ........ ...... 5

3. Fruit Size and Cell Number ..................... 7

4. Fruit Size and Cell size ....................... 10

5. Environmental Influence on Fruit Size

via Cell Number and Size ..... ..... ...... 11

B. Fruit Phenolics and Color Development ............... 12

1. Phenolics and Fruits Quality ................... 12

2. Fruit Phenolics ....................... .. .. 14

a. Phenolic classes ............... ....... 14

b. General fruit phenolics characteristics ......... 15

c. Strawberry phenolics characteristics ........... 16

3. Developmental Changes in Fruit Phenolics ......... 17

a. Total soluble phenolics .................... 17

b. Compositions .......................... 18

4. Biosynthesis of Phenolics ...................... 20

5. Enzymes in Fruit Phenolics Biosynthesis ........... 21

a. Phenylalanine Ammonia-lyase ............... 21



b. Flavonoid glucosyltransferases ............... 24
Chapter 3. Cell Number and Size in Relation to Fruit Size among Strawberry

Genotypes ......................................... 30
Abstract ....................... ......... ..... 30

Introduction .......... ............ ............ 32
Materials and Methods .......... ......... 35

Results .......................................... 38
Discussion ....................................... 41
Literature Cited ................................... 53

Chapter 4. Activity of Phenylalanine Ammonia-lyase (PAL) and Levels of

Anthocyanins and Phenolics in Developing Strawberry Fruit .... 55

Abstract ......................... .. ........... 55

Introduction ...................................... 57
Materials and Methods .............................. 59
Results ... ............................... ..... 62

Discussion ....................................... 64
Literature Cited ................................... 73

Chapter 5. Isolation and Characterization of a UDP-Glucose:Flavonoid

Glucosyltransferase from ripening Strawberry Fruit ........... 76

Abstract ...................... ..............76
Introduction ............................... .. 77

Materials and Methods .............................. 78

Results ................ ....................... 83



Discussion ....................................... 85

Literature Cited .................................. 102

Chapter 6. EPILOGUE ................................. ... 106

A. Cellular and Whole-fruit Growth ............... 106

B. Anthocyanin and Enzymatic Activity ............ 108

BIBLIOGRAPHY ........................ ... ........... 110

APPENDICES ................................ ... ........ 126

A. Complementary Data of Fruit Growth ........... 126

B. Primary Experiment of Enzyme Isolation and assay . 128

1. PAL Activity in Extracts from Fresh Tissue and

Tissue Aceton Powder .................... 128

2. L-Phenylalanine Amino-transferase (PAT) in

Strawberry Fruit ........................ 132

3. Effect of Polyvinylpolypyrrolidone (PVPP) on

Spectrophotometric Measurement of tmns-Cinnamic

Acid (CA) .. ... 135

4. Extraction of tmns-Cinnamic Acid (CA) by Ethyl

Acetate (EA) from an Aqueous Solution ...... 137

5. Miscellaneous .......................... 140

C. Genetic Difference of Anthocyanin Accumulation in

Strawberry Leaf Disks ....................... 145

D. Induction of Anthocyanin Accumulation in Strawberry

Leave Disks .............................. 148



LIST OF FIGURES

Figure Page

2-1 Pathway of phenolics metabolism and related carbon sources
(leucoanthocyanidins = flavan-3,4-diols; catechins =
flavan-3-ols; proanthocyanidins = condensed tannins) ........... 27

2-2 Pathway from L-phenylalanine to anthocyanins. R1 and R2
for dihydroflavonols and anthocyanins, respectively:
H, H = dihydrokaemperol and pelargonin; OH, H =
dihydroquercetin and cyanin; OH, OH = myricetin and
delphinin (C-4-H: cinnamate-4-hydroxylase) (adapted
from Hrazdina et al., 1984) ............................. 28

2-3 Basic flavonoid molecule with 5,7-hydroxylation pattern of
A-ring (adapted from Stafford, 1991) ....................... 29

3-1 Developmental increase in (A) diameter and (B) fresh weight
and volume of the secondary fruit of three strawberry
cultivars. Vertical bars represent ±SE, bars smaller than
symbols not shown. Inserts show increase in (a) diameter
and (b) fresh weight on a logarithmic scale .................. 49

3-2 Post-anthesis changes in number of receptacle cells of secondary
fruit of three strawberry cultivars. Data from Knee et al.
(1977) on mean receptacle cell numbers in `Prizewinner' fruit
plotted for comparison after adjustment of days after petal
fall to 3 days after anthesis .............................. 50

3-3 Light photomicrographs of receptacle tissue in secondary fruit
of strawberry. (A) Cross section of the cortex of `Tillikum' 5
DAA. Arrows identify dividing cells. Bar = 50 µm. (B) Cross
section of pith and cortex of `Tristar' 25 DAA. Bar = 100 gm .... 51

3-4 Developmental changes in number of cells per gram fresh weight
of receptacle and receptacle cell volume in secondary fruit of
three strawberry cultivars. Vertical bars represent ±SE, bars
smaller than symbols not shown ........................... 52

4-1 Changes in color, fresh weight and chlorophyll level and content
in the developing secondary fruit of `Tillikum' strawberry.
Vertical bars represent ±SE .............................. 69



4-2 Changes in level and content of total soluble phenols of the
developing secondary fruit of `Tillikum' strawberry. Vertical
bars represent ±SE, bars smaller than symbols not shown. ....... 70

4-3 Changes in level and content of tannins, nontannin (NT)
flavonoids and nonflavonoid (NF) phenolics in the developing
secondary fruit of Tillikum' strawberry. Vertical bars
represent ±SE, bars smaller than symbols not shown ........... 71

4-4 Developmental changes in (A) anthocyanin accumulation and
activity of PAL expressed on a (B) protein and (C) fresh
weight and whole fruit basis in the secondary fruit of
`Tillikum' strawberry. Vertical bars represent ±SE,
bars smaller than symbols not shown ....................... 72

5-1 Elution profile of glucosyltransferase activity on DEAE-52
column. Collected fraction size was 2.6 ml .................. 94

5-2 Elution profile of glucosyltransferase activity on Affi-Gel
blue gel column. Collected fraction size was 2.6 ml ............ 95

5-3 Elution profile of glucosyltransferase activity on Hydroxylaptitle
column. Collected fraction size was 2.6 ml .................. 96

5-4 Dependence of glycosyltransferase activity on pH .............. 97

5-5 Radioautogram of a UDPGIc:flavonoid 7-0-glucosyltransferase
assay reaction in extract from strawberry fruit. Three different
amount of the ethylacetate extract were separated by TLC
using the BAW solvent system. B = baseline and F = solvent
front ............................................... 98

5-6 Lineweaver-Burk plot of 0-glycosyltransferase activity (V)
and UDPGlc concentration (S) ......................... 99

5-7 Lineweaver-Burk plot of O-glycosyltransferase activity (V)
and quercetin concentration (S) .......................... 100

5-8 Determination of molecular weight of the isolated strawberry
0-glycosyltransferase by gel filtration on a Sephacryl
S300 column and activity assay ........................... 101



LIST OF TABLES

Table Page

3-1 Characteristics of secondary fruit of `Tillikum', `Tristar', and
`Selva' strawberry with regard to achenes and receptacle
fresh weight ..................................... .. 47

3-2 Characteristics of secondary fruit of `Tillikum', `Tristar', and
`Selva' strawberry with regard to cell volume and cell number .... 48

5-1 Purification of UDPGlc:flavonoid O-glucosyltransferase isolated
from ripening strawberry fruit ............................ 89

5-2 Effects of cations and chemical reagents on activity of
UDPGlc:flavonoid 0-glucosyltransferase isolated
from ripening strawberry fruit ........................... 90

5-3 Substrate specificity of UDPGlc:flavonoid O-glucosyltransferase
isolated from ripening strawberry fruit ............. ..... 91

5-4 Properties of the UDPGlc:flavonoid 0-glucosyltransferase
isolated from ripening strawberry fruit ..................... 92

5-5 Rf values of authentic quercetin 3-0-glucoside and reaction
product of quercetin in the prescence of 0-glucosyltransferase
isolated from ripening strawberry fruit ...................... 93



LIST OF APPENDIX FIGURES

Figure Page

Al Length of developing primary, secondary, and tertiary fruit of
greenhouse-grown day-neutral strawberry cultivars, Tillikum,
Tristar, and Selva ... ............ ........... ...... 126

A2 Plot of length versus diameter at maximum shoulder width of
developing primary, secondary, and tertiary fruit of
greenhouse-grown day-neutral strawberry cultivars, Tillikum,
Tristar, and Selva .................................... 127

B1 Relative absorbance spectra of extraction supernatants and
PAL assay solutions in which enzyme isolation from fresh
fruit involved one or two additions of PVPP (at 50% sample
fresh weight), and from acetone powder using PVPP at 10%
fresh weight. The absorption spectrum of tmns-cinnamic
acid (CA), the product of PAL, is shown for comparison ....... 130

B2 Time course PAL activity (see Chapter 4 for extraction
and assay methods) ..................... ....... ... 142

D1 Anthocyanin accumulation in strawberry leaf disks incubated
in 0.15 M sucrose under 100 µmol-m-2 s"1 cool-white
florescent light at ambient temperature .......... .. .... 148

D2 Effect of light (L, 100 umol-m 2s"1 cool-white florescent) and
dark (D) periods (numerals indicate hours) on anthocyanin
accumulation in leaf disks of strawberry cultivar Surecrop
incubated in 0.15 M sucrose at ambient temperature .......... 149

D3 Accumulation of anthocyanins in leaf discs of strawberry
cultivar Surecrop during an 80 hr period with different
lengths of light (L, 100 µmol m 2 's-1 cool-white florescent)
and darkness (D) (numerals indicate hours). Disks were
incubated in water or 0.15 M sucrose at ambient temperature ... 150



LIST OF APPENDIX TABLES

B1 In vitro PAL activity extracted from fresh fruit, using one or
two additions of PVPP, and from acetone powder ............ 131

B2 Activity of PAL and PAT in the presence of a-ketoglutaric
acid (a-KG) in an extract from fresh fruit .................. 133

B3 Activity of PAL and PAT in the presence of a-ketoglutaric
acid (a-KG) in an extract from acetone powders of fruit ....... 134

B4 Absorbance of tmns-cinnamic acid (CA) in the presence of
polyvinylpolypyrrolidone (PVPP) ................. 136

B5 Recovery of tmns-cinnamic Acid (CA) by ethyl acetate (EA)
extraction from aqueous solution ..................... . 138

B6 Absorbance at 290 nm of ethyl acetate (EA) residues in
aqueous solution in relation to the amount of EA used ........ 139

B7 Relative in vitro PAL activity recoveredfrom acetone powder
of ripening fruit of strawberry `Tillikum' grounding with Dry
Ice or liquid N2 ...................................... 140

B8 Effect of addition of chelating reagent and various reducing
agents to the assay mixture on in vitro PAL activity from
ripening fruit of strawberry `Tillikum' ...................... 141

B9 Rf values of tmns-cinnamic acid and PAL assay reaction
product on one dimension ascending silica TLC .............. 143

B10 Comparison of acetone and methanol-HC1 extraction of
anthocyanins in ripening fruit of strawberry `Tillikum. ......... 144

C1 Induced anthocyanin level of leaf disks and color grade
of fruit skin and flesh in strawberry ....................... 146



CHANGES IN DEVELOPING STRAWBERRY FRUIT:

I. CELL DIVISION AND ENLARGEMENT; AND

II. ACCUMULATION OF ANTHOCYANINS AND OTHER

PHENOLICS AND ACTIVITY OF ASSOCIATED ENZYMES

Chapter 1

INTRODUCTION

The strawberry is a very popular fruit, both as a fresh market commodity and

in processed food products. Producers, consumers, and the food industry expect

strawberry fruit to have particular characteristics, which they use to appraise its

quality. Characteristics associated with good fruit quality are, however, varied, since

desired quality factors are strongly dependent upon how fruit is harvested, handled,

stored, processed, and consumed. Much research effort is directed toward providing

strawberry fruit with characteristics desired by growers and various users.

Two important appearance quality factors of strawberry fruit are size and

color. Moderate to large sized fruit is favored in fresh markets, whereas a wider

range of sizes may be used in fruit products. Regardless of size, uniformity of size

is generally preferred because it enhances visual appeal and facilitates handling and

processing. Fruit size is also a factor in the efficiency of strawberry harvesting.

Strawberry fruit is most appealing if the characteristic red color is moderately

intense and uniform in both the fruit's outer surface and fleshy interior. An

attractive exterior color is especially desirable for fresh market fruit. Good interior

coloring is preferred for fruit destined to be sliced, segmented, or extracted for
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juice. Because of health concerns, naturally colored fruit products are favored over

the addition of synthetic color additives. The red color of strawberry fruit results

from the accumulation of particular anthocyanins, a type of flavonoid to which a

sugar moiety is attached. The research discussed in this thesis was directed toward

a better understanding of the basis for differences in fruit size among strawberry

genotypes and the accumulation of the anthocyanins, and related phenols during

fruit development.

Cell division and enlargement are the two fundamental processes that lead

to growth of tissues, organs, and the entire plant. The size of a plant organ is

determined by number of cells, cell size, and intercellular volume. Potential plant

or fruit size is a genetic character governed by these three components and the

genetic expression relies on plant and environmental conditions.

The increase in size of a developing strawberry fruit results from

multiplication and enlargement of cells of the receptacle tissue, and in some

instances, a large increase in the intercellular volume in the central portion of this

tissue. Fruit size of strawberry varies broadly among genotypes, but the relative

contribution of cell number, cell size, and intercellular volume to these differences

has not been examined. In addition, duration of cell division in strawberry fruit,

which presumably could affect final fruit size, is uncertain since active cell division

has been reported to both cease near and continue for some time after flower

opening.

The color of strawberry fruit varies with genotype, ranging from white to

dark red to almost black. Reddening of strawberry fruit, i.e., the accumulation of
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anthocyanins, is genetically controlled and coupled to development. Anthocyanins

only accumulate during the fruit ripening stage. The biochemical reactions of

anthocyanin synthesis in strawberry have been little studied, and the mechanisms

behind the genotypic and developmental regulation of anthocyanin accumulation

are unknown.

Anthocyanins are synthesized through the phenylpropanoid and flavonoid

pathways. Phenylalanine ammonia-lyase (PAL) catalyzes the first committed

synthetic reaction of this biosynthetic sequence. This enzyme functions in diverting

carbon of amino acids into the phenolic phenylpropanoids (C6-C3 compounds), and

in some plants appears to regulate flavonoid synthesis. Flavonoids (C6-C3-C6) are

derived from a reaction between a phenylpropanoid, coumaroly-CoA, and malonyl-

CoA. The product of the reaction, a chalcone, is metabolized into a diverse array

of flavonoids, including anthocyanidins, the unstable aglycones of anthocyanins.

One of the last steps in synthesis of many flavonoids, such as an anthocyanin, is the

addition of a sugar, a reaction catalyzed by glycosyltransferase.

PAL and a flavonoid glucosyltransferase have been detected in ripening

strawberry fruit (Given et al., 1988a). The enzymes involved in the synthesis of

anthocyanins and other flavonoids are often co-expressed in cells, and PAL and

flavonoid glucosyltransferase can be considered as representing the phenylpropanoid

and flavonoid pathways, respectively. They are suitable for studying the regulation

of flavonoid synthesis in strawberry fruit. PAL from strawberry fruit has been

characterized (Given et al., 1988b), but flavonoid glucosyltransferases have not.

Objectives of this research were, (a) to determine the relative contribution
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of cell number and cell size to genotypic differences in strawberry fruit size, (b) to

establish when cell division ceases during fruit development, (c) to measure the

activity of the phenylpropanoid pathway in strawberry fruit throughout development

using PAL as the representative enzyme, (d) to compare the fruit development

profile of PAL activity with the accumulation of anthocyanins and other phenolics,

and (e) to isolate and characterize a flavonoid glucosyltransferase(s) in strawberry

fruit.
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Chapter 2

LITERATURE REVIEW

A. Morphology and Growth of Strawberry Fruit

1. Fruit Morphology

The strawberry produces an aggregate fruit in which the fleshy portion is

derived from the flower receptacle. The true botanical fruits, the achenes, are the

`seeds' distributed over the receptacle surface. The fleshy fruit is composed of a

central pith surrounded by a ring of vascular tissue from which separate bundles

radiate outward through the cortex to individually link each superficial achene.

The strawberry inflorescence, or truss, is a dichasial cyme is which a single

primary flower is subtended by two secondary flowers and these by two tertiary

flowers each and so on (Anderson and Guttridge, 1982). While this is the

archetype strawberry inflorescence, size and branching of inflorescences vary greatly.

The largest fruit is bore at the primary position and fruit size decreases with

inferior ranking.

2. Fruit Growth Characteristics

The growth of the strawberry fruit, as measured by an increase in fresh

weight or volume, often shows a sigmoid pattern (Knee et al., 1977; Woodward,

1972), but a double sigmoid growth curve has also been reported (Miura et al.,
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1990; Perkins-Veazie and Huber, 1987; Stutte and Darnell, 1988). Presumably the

double sigmoid growth pattern of strawberry fruit is not strong and, therefore, not

easily detected when growth conditions are not controlled and growth of fruit is not

monitored individually or grouped by ranking.

Fruit size in strawberry is strongly correlated with the number of achenes per

fruit. This correlation has been observed among fruits of the same and different

genetic background (Moore et al., 1970; Odyvin, 1984). The decline in fruit size

with inferior rankings, is also accompanied by fewer achenes per fruit, although not

in a proportional manner (Odyvin, 1984). Odyvin (1984) found that 93% of the

variation in size of secondary fruit from 13 strawberry genotypes is accounted for

by the total number of achenes per fruit. Nevertheless, the ratio of fruit size or

weight and total achene number is not constant among genotypes (Abbott and

Webb, 1970; Janick and Eggert, 1968; Strik and Proctor, 1988; Webb et al., 1978).

Strong correlation between seed number and fruit size are also observed in other

fleshy fruits such as citrus (Cameron et al., 1961), apple (Denne, 1963), and grape

(Gartel, 1954).

Strawberry fruit size is influenced by the proportion of healthy achenes, if

a sufficient portion of achenes do not develop normally or are removed, growth will

be restrained and fruit will not reach their potential size (Nitsch, 1950; Tafazoli and

Vince-Prue, 1979). In strawberry, about 85% of the flower pistils commonly

develop into healthy achenes (Janick and Eggert, 1968; Moore et al., 1970). Size

of strawberry fruit has been shown to be more related to the number of developed

than total achenes (Janick and Eggert, 1968; f dyvin, 1984). This is expected, since
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strawberry fruit growth depends on auxin released by developing achenes (Nitsch,

1950; Beech, 1983). Fleshy tissue in the vicinity of unfertilized and aborted

achenes normally fails to expand fully (Nitsch, 1950; Thompson, 1964). In cases

where fruit size was more closely related to total rather than developed achene

number (Moore et al., 1970), particular growth conditions and fruit sampling

methods may have involved. A difference in the amount of auxin received by the

fruit tissue or the level of tissue sensitivity to auxin or both is also possible.

In addition to achene number, fruit size is also tempered by fruit shape and

relative expansion capacity. Abbott and co-workers (Abbott and Webb, 1970; Webb

et al., 1974, 1978) have developed a mathematical relationship between fruit size

in strawberry and three parameters, namely, total achene number, achene

population density, and an adjustment constant for fruit shape. Achene population

density, often recorded as number of achenes per square centimeter fruit surface,

decreases during fruit growth and is viewed as a measure of fruit expansion. It is

a genetic determinant strongly influenced by environmental conditions. Fruit shape

is also a genetic character. Within a genotype, total achene number, achene

density, and fruit shape are relatively stable, but are affected by environmental and

crop management practices (Strik and Proctor, 1988).

3. Fruit Size and Cell Number

The size of a fleshy fruit is determined by three components: cell number,

mean cell size, and intercellular space (Bollard, 1970; Coombe, 1976). Variation
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in fruit size, regardless of genetic background and environmental conditions, can be

traced back to differences in these three components. Cell number is often

responsible for size variation of fleshy fruits, both among and within genotypes.

Although mean cell size may increase during fruit development, the growth of a

fruit is achieved, to a large extent, by cell division and the resulting increase in cell

numbers (Coombe, 1976). Smith (1950) showed that fruit size in apple cultivars

differing in the length of fruit maturation was determined primarily by the degree

of cell multiplication occurring after pollination. The work of Martin and Lewis

(1952) also supports cell number as the dominant factor in genotypic differences in

apple fruit size. Within a genotype, larger fruit generally have more cells than the

smaller ones, as observed in apple (Bain and Robertson, 1951; Robertson and

Turner, 1951; Smith, 1950), avocado (Schroeder, 1953), grape (Harris et al., 1968),

and peach (Bradley, 1959).

The relative contribution of cell number, cell size, and intercellular space to

differences in strawberry fruit size is unknown, but may well vary between cortex

and pith sections. In ripe strawberry fruit, cells of the cortex are more compressed

together than those of the central pith, indicating that intercellular space accounts

for a larger volume of the pith than cortex. Indeed, in some cultivars the

intercellular space of the pith region is so large and interconnected that the fruit

has a hollow central core. Strawberry has a broad range of fruit sizes, both within

and between genotypes (Moore et al., 1970; odyvin, 1984). The observation by

Knee et al. (1977) that different sized fruit of `Prizewinner' strawberry had a similar
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number of cells per unit fresh weight is evidence that fruit size variation within a

genotype is determined by cell number. Relationships of cell number and size

components and fruit size among strawberry genotypes, however, has not been

examined.

Cell division in fruit tissue may cease soon after anthesis in some species but

continue for some time in others (Bollard, 1970; Coombe, 1976). The period of cell

division in many fleshy fruit varies with type, but it often lasts for 35% to 50% of

the total fruit growth period, which is equivalent to the first few weeks after

anthesis for many fleshy fruits (Bollard, 1970). Exceptions are noticed, for example,

cell division in avocado continues throughout fruit growth (Schroeder, 1953),

whereas in Corinth grape, cell division in not observed after anthesis (Coombe,

1973).

The period of cell division in strawberry fruit was first studied by Havis

(1943). He estimated the termination of cell division by measuring relative changes

in the dimensions of fruit cells and tissues in cross sections of fruit throughout

development. He concluded that cell division after anthesis was only responsible

for 10% of the growth of the cortex and 15% to 20% of that of the pith. Thus he

reasoned that most cell division occurred before anthesis, except for occasional

divisions which he observed throughout fruit development. In contrast, Knee et al.

(1977) reported that the number of cells of a strawberry receptacle increased three

fold over a 7-day period following petal fall. In this work cells were counted with

a hemocytometer after digesting receptacle tissues in strong acid. The authors
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suggest that Havis overlooked the increase in intercellular space in the central

cylinder during early fruit development which, because of the indirect method he

used, may have precluded the detection of cell division later in development.

The number of cells at fruit maturity depends upon the base cell number at

anthesis and the subsequent rate and duration of cell division; each can be the

major factor determining final fruit size. A longer cell division period can allow

increased number of cells per fruit and potentially greater fruit size. Larger fruit

size in cucurbits is associated with a longer cell division period (Sinnott, 1939).

Similar sized fruit of different apple genotypes where shown to have comparable

cell numbers and cell size at harvest, even though they differed in these

characteristics at anthesis (Denne, 1963). The genotypes differed in the rate of cell

division and its duration, the latter varying by as much as 8 weeks.

4. Fruit Size and Cell Size

In some instances cell size is a major determinant of fruit size. A positive

correlation of fruit size with cell size was observed in `Jonathan' apple (Martin et

al., 1954). When two `Sultana' (Thompson Seedless) grape lines were grown in the

field, fruit of the smaller-fruited line had cell numbers comparable to those of the

normal-sized line, however, its pericarp cells were appreciably smaller (Harris et al.,

1968).

Cells of fruit expand at different rates during fruit development, usually at

a lower rate during the period of active cell division but accelerating
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after cell division stops (Bain and Robertson, 1951; Denne, 1960; Harris et al.,

1968; Pearson and Robertson, 1953; Smith, 1950). Considerable cell enlargement

can occur even before flower opening, as in apple (Bergh, 1985; Smith, 1950). The

dimensions of strawberry fruit cells increase exponentially between petal fall and

maturity (Knee et al., 1977).

5. Environmental Influence on Fruit Size via Cell Number and Size

The number of cells per fruit and cell size are greatly influenced by plant

and environmental conditions. Factors weakening the nutritional status of plants,

such as defoliation the previous fall (Hirata et al., 1975) and heavy cropping (Bergh,

1985), cause fewer cells per mature fruit. Fruit of field-grown `Sultana' grape had

twice the number of cells as those grown in a greenhouse, but mean cell size was

similar (Harris et al., 1968). Apple fruit grown in Washington State was found to

be larger and have fewer cells than fruit of the same cultivar grown in Australia

(Westwood et al., 1967).

Growth and environmental conditions can influence fruit cell number

through effects that occur before and after flower opening. Bergh (1985) showed

that heavy cropping the previous year affects fruit size of the current crop by

reducing cell number in developing flowers by about 25%. Defoliation has been

demonstrated to shorten the fruit cell division period in apple (Hirata et al., 1975).

The lower fruit cell number in Australian apples compared to fruit from

Washington State may be a consequence of decreased cell division in the flower
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bud due to unsatisfied chilling requirements (Westwood et al., 1967).

Not surprisingly, growth and environmental conditions also affect cell size

of fruit. Both variation in number and size of cells contribute to the difference in

fruit size among growing seasons (Smith, 1950). The major cause of difference in

fruit size can change with bearing load. Martin and Lewis (1952) found that

difference in fruit size from heavily or lightly cropped apple trees is more related

to dissimilarity in cell size rather than cell number, even though the latter

dominates in genotypic difference in fruit size. The effect of environment or plant

growth on the number of cells and cell size in strawberry fruit has not been

examined.

B. Fruit Phenolics and Color Development

Composition and levels of phenolic compounds in fruit, and their changes

with development, have been extensively reviewed in a recently published book by

Macheix et al. (1990). Therefore, only a brief overview is provided here.

1. Phenolics and Fruit Quality

Phenolics are a group of secondary metabolites that have one or more

hydroxyl groups attached to an aromatic nucleus. Although present in other

organisms, they are most evolved and diverse in higher plants. Phenolic compounds

give plants unique biochemical and biophysical properties, are involved in regulating

plant growth and development, and serve in pest defense systems. They accumulate
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to various levels in plant parts and influence the quality of harvested organs,

including fruit.

Phenolics are responsible for many sensory qualities of fleshy fruit, such as

astringency, bitterness, texture, aroma, and especially color. The astringency of

fruits is due to the presence of a group of protein-binding phenolics called tannins.

Young fruits are rich in tannins, as well as other phenolics, and so have strong

astringency and bitterness. Tannins are believed to function as feeding repellents

to predators before the fruits are mature and seeds ready for dispersal. Excessive

tannins are undesirable in ripe fruit because they can diminish or modify fruit

quality. Volatile phenolic compounds, e.g., vanillin in banana and citropten in

lemon (Nurstern, 1970), contribute to the characteristic aromas of some fruits.

Deposition of another group of phenolics, lignins, in the wall of pulp cells gives

some fleshy fruits, such as pear, a gritty texture.

Color is an important quality factor of fruit. The sundry variety of fruit

colors ranging from orange, red, to blue are commonly due to the presence of

flavonoids, more specifically anthocyanins. They are the largest water soluble group

of pigments in ripe fruit.

The pharmacological and clinical quality of fruits are gaining more

significance as new scientific findings emerge. Remarkably, plant phenolics such

as ellagic acids possess antitumor and antivirus properties in humans (Cairnes et al.,

1980; Wagner, 1985). Some fruits, including strawberry, are a good source of these

phenolics (Mass et al., 1991) and there daily consumption may be of special health
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benefit. However, some fruit phenolics are also potential dietary toxins, since

several flavonoids reportedly have mutagenic and carcinogenic properties in certain

test systems (MacGregor, 1984).

Phenolic compounds may also indirectly affect fruit quality since some seem

to participate in the regulation of fruit development and ripening mediated by

phytohormones such as auxin and ethylene. Phenolics may regulate growth and

development by influencing the activity of enzymes catalyzing the metabolism of

plant growth substances. Endogenous auxin levels appear to be regulated in part

by phenolics since o-diphenols generally inhibit, whereas p-monophenols stimulate,

IAA oxidase (Galston, 1970; Lee et al., 1982; Tafuri et al., 1972). Ethylene is

thought to cause an increase in anthocyanin accumulation in.ripening climatic fruits

by stimulating enzymes involved in anthocyanin synthesis, particularly, PAL

(Faragher and Brohier, 1984; Blankenship and Unrath, 1988). Production of

ethylene seems to be affected by the ratio of monophenols to diphenols (Wardale,

1973), even though the underlying mechanism, which may be auxin-mediated, is not

clear.

2. Fruit Phenolics

a. Phenolic classes

Fruits have an abundance of phenolic compounds, both qualitatively and

quantitatively. Phenolics found in other plant parts are also often detected in fruit

tissues. Briefly, the majority of phenolics in fruits, as in other plant parts, can be
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classified into several groups, namely, hydroxybenzoic acids, hydroxycinnamic acids,

flavonoids (see Fig. 2-3), tannins, and lignins. Hydroxycinnamic acids and

flavonoids are diphenols, whereas tannins and lignins are complex polyphenols.

Many compounds in each group exist as various derivatives with esters, acyl groups,

sugars,,and so on.

b. General fruit phenolics characteristics

Fruit phenolics are frequently present in conjugated forms. Hydroxycinnamic

acids are usually present as esters, commonly with quinic acid (Macheix, et al.,

1990; Van Buren, 1970). Chlorogenic acid (5'-caffeoylquinic acid) is the most

important cinnamic acid derivative in fruit and sometimes is the predominant single

phenolic compound (Macheix, et al., 1990; Van Buren, 1970). Flavonoids generally

exist as glycoside derivatives. Glycosylation protects phenolic compounds from

oxidation, increases solubility, allowing sequestering in the vacuole, and reduces

phytotoxicity (Harborne, 1977). Although glycosylation can potentially occur at

more than one site on a given flavonoid, the preferential site, if available, is the

hydroxyl group at the 3-position (see Fig. 2-3). Accordingly, in fruits, 3-0-

monoglycosides of flavonoids are predominant, whereas di- and tri- glycosides are

often present in much lower concentrations (Hrazdina, 1982; Timberlake and

Bridle, 1975). Glucose is the most frequently involved in the formation of

glycosides, but arabinose, galactose, xylose, and rhamnose also form glycosidic

linkages.
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Unlike other classes of flavonoids, the monomeric flavan-3-ols, such as

catechin and epicatechin, are generally found in free rather than glycosylated or

esterified forms in fruit (Macheix et al., 1990).

Polyphenols are polymers of simple phenolics and their derivatives; they are

grouped into two types, lignins and tannins. Lignins are insoluble polymers of

hydroxycinnamic acid derivatives that are associated with secondary cell walls.

Tannins, which are associated with astringency and hence fruit quality, are of two

types: hydrolyzable and condensed. Hydrolyzable tannins are derived from gallic

acid and/or hexahydroxydiphenic acids and contain sugar (usually glucose) in their

basic structural unit (Goodwin and Mercer, 1983). Condensed tannins, which are

derived from flavan-3-ols (catechins), are also referred to as proanthocyanidins.

The latter term is now preferred although it is confusing because it suggests that

these tannins are biosynthetic precursors of anthocyanidins, which they are not.

Proanthocyanidins are only occasionally, if at all, associated with sugar (Macheix et

al., 1990). The absence of protective groups on the hydroxylated matrix of tannins

is probably the reason why they are capable of protein precipitation or tanning.

c. Strawberry phenolics characteristics

Strawberry fruit is distinguished from many fleshy fruits by the composition

and levels of certain pheriolics. Generally, the content of hydroxybenzoic acids is

low in fruit except for some in the family Rosaceae, such as strawberry. This may

help explain that why hydrolyzable tannins, which are principally derived from
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hydroxybenzoic acids via the shikimate acid pathway, are abundant in strawberry

fruit. One-third of the soluble tannins in strawberry fruit are hydrolyzable (Foo and

Porter, 1980).

Strawberry fruit apparently accumulate hydroxycinnamic acid only as

glycosides; chlorogenic acid, a major hydroxycinnamic acid ester common in other

fruits, is not detected (Schuster and Herrmann, 1985). Many other fruit, such as

apple and cherry (Moller and Herrmann, 1983) (for additional examples see

Macheix et al., 1990), contain both ester and glycoside derivatives of

hydroxycinnamic acid.

Cyanidin 3-0-glucoside is often the major anthocyanin in fruit, but in

strawberry it is a minor component, the predominant one being pelargonidin 3-0-

glucoside. In addition, flavonol 7-O-glycosides (Ryan, 1971) and flavonoid 3,7-0-

glucosides (Henning, 1981) have been tentatively identified in strawberry fruit,

although they are rarely found in fruits (Macheix et al., 1990).

3. Developmental Changes in Fruit Phenolics

a. Total soluble phenolics

The amount of phenolics in a fruit changes considerably during its growth

and development. After fruit set, the concentration of phenolics on a unit fresh or

dry weight basis quickly rises to a maximum then steadily declines during the

remainder of fruit growth. This decrease may persist during maturation of fruit

which do not accumulate large amounts of anthocyanins, for example, white grape
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(Kataoka et al., 1983; Schmidtlein and Herrmann, 1975), some sweet cherry (Melin

et al., 1977), mango (Frylinck et al., 1987), and banana (Lal et al., 1974).

However, the concentration of total soluble phenolics often increases during

maturation of red fruits which accumulate anthocyanins (Kataoka et al., 1983; Pirie

and Mullins, 1977) or other flavonoids (Wardale, 1973). Changes in total phenolics

in developing strawberry fruit have not been examined.

When expressed on a fruit content basis (i.e., per fruit), the total phenolics

may increase continuously throughout development (Maier and Hasegawa, 1970)

or only up to ripening (Billot et al., 1978; Crippen and Morrison, 1986). The

amount of phenolics per fruit decreases during late ripening in some species, such

as plum (Schmidtlein and Herrmann, 1975; Macheix, 1974).

b. Composition

Accumulation of different groups of phenolics are developmentally

dependent. Generally, developmental changes of particular phenolic groups mirror

the overall change in total phenolics. Thus the concentration of phenolics, other

than anthocyanins, is high in young fruit but drops early in development followed

by a slower decline during maturation. The following phenolics have displayed this

pattern in some fruits: hydroxybenzoic acid (Yonemori. et al., 1983),

hydroxycinnamic acid (Mosel and Herrmann, 1974a; Schmidtlein and Herrmann,

1975; Stohr and Herrmann, 1975a and b; Stohr et al., 1975), flavanone glycosides

(Albach et al., 1981), flavonols (Dick, 1986; Melin et al., 1979; Prasad and Jha,
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1978; Starke and Herrmann, 1976), catechins (Dumazert et al., 1973; Singleton and

Esau, 1969; Macheix, 1970; Mosel and Herrmann, 1974a; Stohr and Herrmann,

1975b; Stohr et al., 1975; Yonemori et al., 1983), and tannins (Melin et al., 1977;

Palmer, 1971; Van Buren, 1970). However, exceptions to this pattern are observed,

for example, quercetin and myricetin (both flavonols) content is higher in ripe than

young fruit of `Sibergieters Schwarze' black currant and certain clones of cultivated

blueberry (Starke and Herrmann, 1976) as are flavonol glycosides in grape

(Dumazert et al., 1973).

In contrast to other fruit phenolics, anthocyanins tend to accumulate only

during ripening. This maturation related accumulation has been quantified in fruit

of many species, including, apple (Chalmers et al., 1973;'Faragher and Brohier,

1984; Faust, 1965), cherry (Melin et al., 1977), cranberry (Eck, 1972), fig (Puech et

al., 1976), grape (Hrazdina et al., 1984; Kataoka et al., 1983; McCloskey and

Yengoyan, 1981; Pirie and Mullins, 1977; Singleton, 1980; Singleton and Esau,

1968), and strawberry (Given et al., 1988a; Woodward, 1972).

Anthocyanins accumulate rapidly in ripening strawberry fruit (Given et al.,

1988a; Woodward, 1972), which may turn from white to the characteristic red in a

few days. Other than anthocyanins, there is little information on changes in levels

of phenolic compounds during strawberry fruit development. Leucoanthocyanidins

and proanthocyanidins reportedly are present in similar amounts in both unripe and

ripe strawberry fruit (Co and Markakis, 1968; Jersch et al., 1989).
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4. Biosynthesis of Phenolics

Plants synthesize aromatic compounds, those containing a cyclic resonating

system of double bonds as in benzene, via the shikimate pathway. Alterations,

additions, and substitution of intermediates (e.g., shikimic acid) and products (e.g.,

phenylalanine) of this pathway are the basis for the biosynthesis of phenolics. Some

monophenols, e.g., hydroxybenzoic acids, are derived more or less directly from the

shikimic acid, but the more important pathway is via phenylalanine through

cinnamic acid derivatives. Phenylalanine is in fact the original substrate of most

phenolics, and it along with malonyl-CoA provides the molecular carbon skeleton

for the flavonoids (Fig. 2-1).

Deamination of the amino acid phenylalanine to form traps-cinnamic acid

is the major reaction in the biosynthesis of phenolics, and the first committed step

of the phenylpropanoid pathway (see Fig. 2-2). Phenylalanine ammonia-lyase

catalyzes this reaction and thus provides the link between primary and so-called

secondary metabolism. From cinnamic acid, the pathway leads to the formation of

various phenylpropanoids and their derivatives. These have a fairly simple

molecular structure, although they can combine to form complex polymers such a

lignin.

Condensation of 4-coumaryl-CoA, a product generated from the

phenylpropanoid pathway, and malonyl-CoA, which is derived from acetyl-CoA,

initiates flavonoid synthesis. This condensation results in the formation of a

tetrahydroxychalcone, a chalcone which is converted into a flavanone (naringenin)
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by cyclyzation, then into dihydroflavonols by hydroxylation. Dihydrofavonols serve

as intermediates to the synthesis of many classes of flavonoids such as flavonols and

flavans. Reduction of the carbonyl group of dihydroflavonols at the 4-position

produces leucoanthocyanidins (flavan-3,4-diols) which are the precursors for

synthesis of anthocyanidins. Glycosylation of the unstable anthocyanidins results in

the formation of the stable and highly water soluble anthocyanins. This reaction,

often catalyzed by flavonoid 3-0-glucosyltransferases, is generally believed to be the

last step in anthocyanin synthesis, although anthocyanins may be further acylated

with aromatic and aliphatic compounds. Flavonoid metabolism was recently

reviewed in a monograph by Stafford (1990).

Synthesis of polyphenols such as lignins and tannins is based on mono- and

diphenols as precursors. Lignins are synthesized from dehydrogenation and

polymerlyzation of p-coumaryl, coniferyl and sinapyl alcohols derived from the

phenyipropanoid pathway. While proanthocyanidins (i.e. condensed tannins) are

formed from polymerization of leucoanthocyanidins and catechins; hydrolyzable

tannins are derived from esterification between gallic acid or hexahydroxydiphenic

acid and sugars, usually glucose.

5. Enzymes in fruit phenolics biosynthesis

a. Phenylalanine ammonia-lyase (PAL)

Most of the enzymatic steps in the biosynthesis of the various classes of

phenolic compounds have been demonstrated in vitro with protein extracts of fruits.
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Much of the work on enzymes involved in the metabolism of fruit phenolics has

focused on PAL during the developmental period when anthocyanins accumulate,

i.e., ripening. This emphasis probably results from the rapid and striking color

change observed in maturing fruit and the importance of phenolics to fruit quality

at harvest.

As the first enzyme in the phenyipropanoid pathway, PAL diverts

phenylalanine from the channel of protein synthesis into that of phenolic synthesis

(Margna, 1977). The product of the PAL catalyzed reaction, tmns-cinnamic acid,

is the primary precursor for synthesis of nearly all di- and polyphenols in higher

plants. The importance of PAL as a regulatory enzyme is suggested by its

extraordinarily sensitivity to the physiological state of the plant (Jones, 1984; Liang

et al., 1989).

The activity of PAL is often at a maximum in very young fruit, but falls

during subsequent growth before ripening. This pattern is observed in many fruit,

including grape (Kataoka et al., 1983), cherry (Melin et al., 1977; Melin-Moulet

and Hartmann, 1978), pear (Billot et al., 1978; Melin-Moulet and Hartmann, 1978),

and grapefruit (Maier and Hasegawa, 1970).

PAL activity remains low during ripening of fruits which do not accumulate

anthocyanins, but rises rapidly in those that do. The former pattern is observed in

white or green grape genotypes such as `Muscat of Alexandria' (Kataoka et al.,

1983). Fruits which accumulate anthocyanins and show a rise in PAL activity

during ripening include: red or dark grapes (Hrazdina et al., 1984; Kataoka et al.,
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1983), plum (Tsuji et al., 1983), cherry (Melin et al., 1977; Melin-Moulet and

Hartmann, 1978), red apples (Blankenship and Unrath, 1988; Kubo et al., 1988),

peach (Aoki et al., 1971), citrus (Hyodo and Asahara, 1973) and strawberry (Given

et al., 1988a). However, PAL activity may also increase during fruit ripening

without the accumulation of anthocyanins, as is reported for `Golden Delicious'

apple (Blankenship and Unrath, 1988; Kubo et al., 1988).

A rapid escalation in PAL activity is also associated with induced

accumulation of anthocyanins in fruits. Both PAL activity and anthocyanin

accumulation increased in grape upon exposure to light for 72 hr, but not in those

kept in dark (Roubelakis-Angelakis and Kliewer, 1986). Unripe `Jonathan' apples

exposed to ethylene showed parallel increases in PAL activity and anthocyanin

levels, similar to those observed in ripe fruit (Faragher and Brohier, 1984).

Similarly, Riov et al. (1972) showed that PAL activity in the flavedo of grapefruit

increased in response to exposure to ethylene and decreased rapidly when treatment

ceased.

The most detail enzymatic study of PAL in a ripening fleshy fruit is that by

Given et al. (1988a) with `Brighton' strawberry. They demonstrated that the

increase in PAL activity in ripening fruit is accompanied by de novo synthesis of the

enzyme. Furthermore, L-a-aminooxy-p-phenylpropionic acid, a specific PAL

inhibitor, was shown to prevent anthocyanin accumulation when supplied just prior

to ripening. This demonstrated that the rise in PAL activity resulted from new

protein synthesis and was necessary for the accumulation of anthocyanins in
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ripening strawberry fruit.

The finding of de novo synthesis of PAL in ripening strawberry fruit is in

agreement with studies using other plant materials in which transcription of PAL-

mRNA was shown to occur just before an induced rise in PAL activity (Kuhn et al.,

1984; Fritzemeier et al., 1987). Often a rise in PAL activity is transient, and the

subsequent rapid decline in activity is considered the result of both cessation of de

novo synthesis and loss of the current active PAL. The latter may result from an

endogenous PAL inhibitory system (PAL-IS), which reportedly is present in

sunflower leaf (Creasy, 1976) and sweet potato root (Tanaka, 1977). Apple fruit

contain PAL-IS and its activity appears to increase during ripening (Tan, 1979),

apparently well in advance of the rise in PAL activity (Blankenship and Unrath,

1988). There are no reports of PAL-IS in other fruits.

b. Flavonoid glucosyltransferases

Compared to PAL, other enzymes associated with flavonoid metabolism in

fruit have received little attention. Therefore, information on changes in the

activity of these enzymes during fruit development is usually lacking, except in grape

(Hrazdina et al., 1984) and tomato (Fleuriet and Macheix, 1985). In the grape

berry, activity of p-coumarate CoA ligase, chalcone synthase, chalcone isomerase,

o-methyltransferase, and flavonoid 3-0-glucosyltransferase are low during fruit

development and only increase at maturity (Hrazdina et al., 1984). The activity of

flavonoid 3-O-glucosyltransferase has been detected in ripening strawberry fruit
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(Given et al., 1988a).

Flavonoid glucosyltransferases acting at different hydroxyl-groups and with

diverse specificity toward flavonoid classes have been isolated and characterized

from several plant sources (Hosel, 1981). Information about flavonoid

glucosyltransferases and their enzymatic characters in fleshy fruit is not available.

Many secondary plant products are accumulated and stored as glycosides,

such as anthocyanins. The enzymes responsible for glycosylating secondary products

are transferases that utilize nucleotide sugars, usually UDPGlc. Glycosylation is

usually the last step in the biosynthesis of flavonoid glycosides.

Flavonoid-specific glycosyltransferases show strict specificity toward the

position of the hydroxyl group to which the sugar is transferred and the specificity

may be restricted to certain classes of flavonoids (e.g.,isoflavones, flavonols,

anthocyanidins). Flavonoid glycosyltransferase, including those that catalyze 3-0,

5-, 7-0 and 4'-O-glucosylation, usually have an optimum pH in the alkaline range

(i.e., 7-9)(Heilemann and Strack, 1991; Ishikura and Yamamoto, 1990;

Kleinehollenhorst et al., 1982; Kosel and Barz, 1981; Saleh et al., 1976a; Teusch et

al., 1986), but not always (Sun and Hrazdina, 1990). Some O-glycosyltransferases

exhibit two pH optima, with one acidic (5) and a shoulder at alkaline pH (8-8.5)

(Hrazdina, 1988) or vice versa (Larson, 1971). The activity of some

glycosyltransferases is stimulated by divalent cations such as Ca+ + and Mg+ +

(Kamsteeg et al., 1980; Ishikura and Yamamoto, 1990; Larson, 1971; Larson and

Lonnergan, 1972; Brederode and Nigtevecht, 1974). The molecular weight of

UDPGIc:flavonoid glycosyltransferases are between 42,000 to 60,000 (Bajaj et al.,
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1983; Hrazdina, 1988; Ishikura and Yamamoto, 1990; Jourdan and Mansell, 1982;

Kamsteeg et al., 1979 and 1980; Sutter et al., 1972).
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carbohydrate

pyruvate Glycolysis Pentose phosphate pathway- gluc-6-p-

acetyl CoA

W
malonyl CoA

phospoenolpyruvate erythrose-4-p

Shikimate pathway

li
- gallic acid -> I Hydrolyzable tannins

L-phenylalanine 1 protein synthesis

Phenylpropanoid pathway [Hydroxycinnamates

Coumaroyl CoA - cinnamyl alcohols Lignin

DihydroflavonolsFlavones flavonols

I

Leucoanthocyanidins + Catechins - Proanthocyanidins

Anthocyanidins _- Anthocyanins

Fig. 2-1. Pathway of phenolic metabolism and related carbon sources.

(leucoanthocyanidins = flavan-3,4-diols; catechins = flavan-3-ols;

proanthocyanidins = condensed tannins).

Hydroxybenzols



28

NH
z PAL

H \--, - NH3

PHENYLALANINE

CoA-LIGASE

CoASH

COA-S

0
C

0

CINNAMIC ACID

OH

P-COUMARYL-CoA

0
C

0

P-COUMARIC ACID

NARINGENIN CHALCONE

Ri

OH

C-4-H

NADPH NADP

CHALCONE

SYNTHASE

3-MALONYLCoA

---- ------------ -1

OH 0

3-OH DIHYDROFLAVONONES

I

GLYCOSYL

TRANSFERASE

UDPO

----------- ------- - l 1-

LEUCOANTHOCYANIDINS

OH

OH

ANTHOCYANINS

HO

OH

ANTHOCYANIDINS

Fig. 2-2. Pathway from L-phenylalanine to anthocyanins. R1 and R2 for

dihydroflavonols and anthocyanins, respectively: H, H = dihydrokaemperol

and pelargonin; OH, H = dihydroquercetin and cyanin; OH, OH = myricetin

and delphinin (C-4-H: cinnamate-4-hydroxylase)(adapted from Hrazdina et

al., 1984).
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Rr

Flavanone: R3, H; R4, C=O.

3-Hydroxyflavanone (dihydroflavonol): R3, OH; R4, C=O.

Flavan 3-ol: R3, OH; R4, H.

Flavone: C2=C3; R3, H; R4, C=O.

Flavonol: C2=C3;R3, OH; R4, C=O.

Anthocyanidin: 01=C2; C3 = C4; R4, H or OH.

Isoflavone: aryl migration to C3; R4, C=O. B-ring: R1, R2, H, or OH

Fig. 2-3. Basic flavonoid molecule with 5,7-hydroxylation pattern of the A-ring.

(adapted from Stafford, 1991).
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Chapter 3

CELL NUMBER AND SIZE IN RELATION TO FRUIT SIZE

AMONG STRAWBERRY GENOTYPES

Abstract

Fruit size, number of receptacle cells, and mean cell size were determined

throughout development of secondary fruit of three day-neutral strawberry (Fmgaiia

x ananassa Duch.) cultivars grown in a greenhouse. Cells were counted after

enzymatic separation of receptacle tissue and mean cell volume estimated from cell

number and receptacle tissue volume. Size of mature fruit was small (3.8 g) in

`Tillikum', medium (11.6 g) in `Tristar', and large (15.6 g).in `Selva'. Fruit size was

correlated with the number of achenes per berry. Mature fruit of `Tillikum' had a

lower fruit fresh weight per achene and lower achene population density

(achenes .cm2) than the larger-fruited cultivars. The average number of cells per

mature fruit was 0.72, 1.96, and 2.94 x 106 for `Tillikum', `Tristar', and `Selva',

respectively. The relative difference among cultivars in the number of receptacle

cells was established by anthesis. In all cultivars, cell division was exponential for

10 days following anthesis and ceased by the 15th day. Cell volume increased

slowly during active cell division, but showed a rapid linear rise for a 10-day period

after cell division halted. Mean cell volume increased more than 12 fold after

anthesis and was z 6 x 106 µm3 in mature fruit of all three cultivars. The genotypic
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variation in the size of mature fruit was not the result of differences in either

duration of cell division after anthesis or mean cell volume, but rather was primarily

due to differences in the number of receptacle cells established by anthesis.
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Introduction

Strawberry genotypes show a wide range in fruit size (Moore et al., 1970;

mydvin, 1984). This variation could result from differences in the number of cells

making up the receptacle, cell volume, and intercellular volume. Differences in

either cell number or cell volume, or both, are responsible for size variation of

fleshy fruits resulting from dissimilar genetic makeup, environmental conditions, and

crop management practices (Coombe, 1976; Harris et al., 1968; Sinnott, 1939;

Smith, 1950). The relative contribution of the components of fruit size is species

and cultivar dependent (Bollard, 1970; Coombe, 1976). The contributions of cell

volume and cell number to genotypic differences in strawberry fruit size are

unknown, although such information would be helpful in interpreting fruit growth

patterns and size and quality characteristics at maturity. For example, cultivar

differences in cell size are a factor in the degree of tissue disorganization observed

in frozen-thawed strawberry fruit (Armbruster, 1967).

Timing, duration, and rate of cell division and enlargement are distinct

characteristics of fruit type (Bollard, 1970; Coombe, 1976). Cells of mature fleshy

fruits are the product of cell divisions that occur before and for sometime after

anthesis (Coombe, 1976). Differences in duration of post-anthesis cell division

contribute to genotypic variation in number and size of cells of mature fruit. The

length of the cell division period in many fleshy fruits is well documented (Bollard,

1970), but it is uncertain in strawberry. Havis (1943) reported that cell division in

the cortex of strawberry fruit essentially ceases by anthesis. However, Knee et al.
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(1977) found that the number of cells of a strawberrMwfruit continues to increase

for more than a week following petal fall.

Changes in cell number and size of developing strawberry fruit have been

examined (Knee et al., 1977; Neal, 1967; Szczesniak and Smith, 1969), but there is

little information on genotypic comparisoMw of cell size. Darrow (1966) noted that

cells of the fruit cortex in the cultivated strawberry are 4 to 5 times as wide at those

of the smaller-fruited F. vesca.

It is well established that growth of the strawberry receptacle depends upon

auxin supplied by developing achenes on the berry surface (Nitsch, 1950). Final

fruit size is correlated with the number of achenes per berry, which is determined

during floral development. Much of the variation in fruit size among strawberry

cultivars can be accounted for by differences in achene number (Moore et al., 1970;

oydvin, 1984), although size is also affected by environmental and internal factors

(Strik and Proctor, 1988). Each achene may be envisioned as associated with a

contiguous group of fruit cells, the division and enlargement of which increases fruit

size. This expansion decreases the number of achenes per unit berry surface during

fruit development (Abbott et al., 1970; Forney and Breen, 1985). Conversely, fruit

weight per achene increases as the fruit enlarges, and it may be a genotypic

character that reflects differences in auxin release, tissue responsiveness, and

photoassimilate supply.

The main objectives of this study were to determine the duration of cell

division and the contribution of cell number and size to differences in fruit size

among three strawberry cultivars. In addition, achene number and spacing were
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measured in an attempt to interpret their effects in terms of the number and size

of receptacle cells.
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Materials and Methods

Certified nursery plants of day-neutral cultivars Tillikum, Tristar, and Selva

were grown in 3.8-liter pots in soil:coarse sand:peat (1:1:1, by volume) in a

greenhouse. High pressure sodium lamps (175 ± 25 µmolm-2s"1) provided a 16

h photoperiod, and temperature was maintained at 21C during the day and 17C at

night. Emerging runners and flower buds were removed until a desired plant size

was established. Flowers were hand-pollinated at anthesis to improve uniformity

of fruit development. Only the secondary fruit were collected for analysis. Flower

buds at inferior rankings were removed when secondary flowers were pollinated.

Fruit, often 10 to 15, were harvested at anthesis and subsequently at 5 day

intervals until ripe. After removing sepals and pedicel, the fruit was weighed and

diameter at the greatest shoulder width measured with a Vernier caliper.. Achenes

on each intact fruit were counted and classified either as normally or poorly

developed (aborted) based on size and color. Each achene was marked with a pen

as it was counted. Water displacement was used to estimate receptacle tissue

volume (not whole fruit volume), with Tween 80 (0.1 drop -ml-1) added to prevent

bubbles from forming on the fruit surface. Fruit was sliced in half lengthwise to

avoid difficulties with the void in the pith. Tissue volumes at anthesis were too

small to measure and so measurements started with fruit at 5 DAA. Expansion of

receptacle tissue was observed by changes in the population density of achenes

(achenesccm-2), which was measured by averaging the number of achenes visible

in a circular 0.5 cm2 aperture held against the berry at two random locations in the
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shoulder region.

To determine cell number per fruit, 3 mm thick-slices of fruit-halves were

placed in an enzyme digestion solution under reduced pressure for 1 hr and then

gently shaken overnight in a water bath at 25C. When necessary, clumps of tissue

were agitated very gently with a glass rod to help cell separation. The enzyme

digestion solution consisted of pectinase (2 mg-ml-1, Sigma), cellulase (1 mg-ml-1,

Sigma), and sucrose (60 mg-ml-1) in a buffer of 5 mM MES, 0.7 mM NaH2PO4,

and 6 mM CaC12 (pH 5.5). Before counting cells, an aliquot of digestion mixture

was diluted with buffer to a population of about 5,000 cells per milliliter and several

drops of aqueous neutral red added. Since most cells showed some shrinkage, cell

bursting was assumed to be minimized. Cells were counted in eight randomly

selected 2.2 mm squares under a microscope using a Batch (Sedgewick Rafter)

counting chamber (20 x 50 x 1 mm, capacity 1 ml). Counts were made on three

aliquots of each digest and the number of cells per fruit calculated from the total

volume of the digestion mixture. The accuracy of the Batcha counting chamber was

considered accepatable since comparisons made using suspensions of `Tillikum'

pollen and a hemocytometer (AO) differed by only 7%. Mean cell volume (4m)

was calculated from measurements of cell number and fruit tissue volume. Since

receptacle tissue is made up of cells with a diversity of sizes, and the calculation

made no allowance for variations in the amount of intercellular volume, the

estimated cell volume was only an approximation.

For anatomical examination, fruit at selected stages were sliced and fixed in

FAA, dehydrated in a graded ethanol series, embedded in Paraplast, and 10 µm
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sections cut with a microtome. Sections were mounted, stained with safranin and

fast green, and examined with light microscopy.
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Results

Fruit growth. Size of secondary fruit of the three cultivars differed throughout

development and at maturity, as shown by differences in fruit diameter (Fig. 3-lA),

fresh weight, and fruit tissue volume (Fig. 3-1B). Fruit weight at anthesis was 0.034

g in `Tillikum', 0.075 g in `Tristar', and 0.178 g in `Selva'. Gain in fresh weight was

greatest between 15 and 20 days after anthesis (DAA), and growth of `Tillikum' and

`Tristar' fruit essentially ceased at z 25 DAA. Growth of `Selva' fruit may also have

stopped at that time, but unfortunately it was not harvested at 30 DAA. Fresh

weight of mature fruit at 25 DAA was 3.8 g, 11.5 g, and 15.6 g for `Tillikum',

`Tristar', and `Selva', respectively. Comparable fruit tissue volumes were 4.0, 11.3,

and 15.3 cm3 (Fig. 3-1B). The correlation between fresh weight and receptacle

volume was highly significant (R2 = 0.974 to 0.994, P < 0.01) throughout fruit

development. Fruit growth in terms of diameter, fresh weight, and fruit tissue

volume (not shown) were nearly exponential in all cultivars during the first two

weeks of development (Fig. 3-1a and 3-ib).

Fruit of `Tillikum' had about 100 achenes, whereas berries of `Tristar' and

`Selva' had 220 and 315 achenes, respectively (Table 3-1). The proportion of

developed achenes was higher in the larger fruited cultivars. Across all cultivars,

fresh weight was significantly correlated with total achenes at anthesis (R2 = 0.687,

P < 0.01) and with both total and developed achenes at 25 DAA ( R2 = 0.911 and

R2 = 0.843, respectively, P < 0.01). At the start of rapid fruit growth at 10 DAA,

there were 23 to 25 achenes per square centimeter fruit surface. However, achene
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density decreased sharply in all cultivars over the next 10 days (data not shown).

Minimum achenes population density was attained by 25 DAA and the value for

`Tillikum' was significantly lower than that of `Tristar' or `Selva' (Table 3-1). Fruit

fresh weight per either total or developed achenes was similar in mature fruit of

`Tristar' and `Selva', but significantly less in `Tillikum' (Table 3-1).

Cell division and cell enlargement. The number of cells per fruit differed among

genotypes throughout development (Fig. 3-2). Data from Knee et al. (1977) with

field-grown fruit of `Prizewinner' strawberry are included for comparison. Cell

number at anthesis was approximately 0.10 x 106, 0.26 x 106, and 0.46 x 106 for

`Tillikum', `Tristar', and `Selva', respectively. In all three cultivars, cells divided at

an exponential rate for 10 days following anthesis and division ceased by 15 DAA.

Due to differences in the base cell number at anthesis, the average number of

receptacle cells produced per day during the 10 day period following anthesis

differed among cultivars, about 38,000 in `Tillikum', 119,000 in `Tristar', and 168,000

in `Selva'. Dividing cells were observed in flesh tissue of fruit sampled post-anthesis

(Fig. 3-3A). The number of cells per mature fruit was 0.72 x 106 in `Tillikum', 1.96

x 106 in `Tristar', and 2.94 x 106 in `Selva'. Cultivars showed similar developmental

changes in number of cells per gram fresh weight of receptacle (Fig. 3-4), although

`Tillikum' tended to have a higher value at maturity (Table 3-2). After cell division

ceased, mean cell number per fruit across all cultivars was correlated with the

number of total (R2 = 0.897, P < 0.01) and developed (R2 = 0.870, P < 0.01)

achenes. The number of receptacle cells per achene was lowest in `Tillikum', but
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differences among cultivars were not significant (Table 3-2).

Average volume of receptacle cells increased slowly in each of the three

cultivars during the cell division period, but showed a very rapid rise as cell division

ceased (Fig. 3-4). Genotype did not have a significant effect on average cell

volume, which on 25 DAA was approximately 6 x 106 µm3 (Table 3-2). This

volume was approximately 12 times greater than the mean cell volume at 5 DAA.

The apparent differences in cell volume among cultivars at 5 DAA likely resulted

from difficulties in measuring the volume of small receptacles. Differences at 30

DAA are attributed to errors in counting cells of soft, ripe fruit.

Cell enlargement in the fruit pith and cortex was not synchronous. At

anthesis, cells in the pith were several times larger than those in the cortex, but

cortex cells expanded more rapidly following anthesis, and the difference in overall

size of cells between the two parts of the fruit was much less at 10 DAA. A large

range of cell sizes was observed in both tissues, and diversity increased during fruit

growth (Fig. 3-3B). Cortex cells in regions midway between parallel vascular

bundles attained a much larger size than those near the bundles.
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Discussion

Fresh weight of ripe secondary fruit of `Selva' was 4 times of that of

Tillikum' and 1.3 times of that of `Tristar'. Correspondingly, cell number in `Selva'

fruit was 4 and 1.5 times that of `Tillikum' and `Tristar', respectively. Thus the

number of cells per gram fruit fresh weight was similar in these cultivars. Since the

mean volume of fruit cells was not significantly different among the three cultivars,

it is clear that cell number per fruit was the predominant component of genotypic

variation in fruit size, assuming that cultivar differences in fruit intercellular volume

were small.

The results from both counting separated cells and microscopic examination

of receptacle tissue verify that there is active post-anthesis cell division in

strawberry fruit. Comparing cell numbers at anthesis with those of mature fruit in

the three cultivars indicated that > 80% of the receptacle cells were formed after

anthesis. This agrees with the results of Knee et al. (1977) that = 70% of the

receptacle cells of `Prizewinner' are formed after petal fall, which probably occurs

3-4 days after anthesis. In contrast, Havis (1943) claimed that after anthesis < 10%

and 20% of the growth of fruit cortex and pith, respectively, was due to cell

division. His low estimate of cell division was derived from relative changes in

cross sectional-width of the pith and cortex and the average width of the largest

cells. Knee et al. (1977) suggested that this method is probably unsuitable since it

overlooks the increase of intercellular space in the pith during fruit development.
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The total number of fruit cells produced post-anthesis is a function of the

number of cells present at anthesis and the duration and rate of cell division.

Duration of cell division after anthesis in the three cultivars was about equal,

between 10 and 15 days, or = 30% to 50% of the length of the 30-day fruit growth

period. This is comparable to the relative cell division period of other fleshy fruits

(Bollard, 1970). Possibly cessation of cell division early in the second week

following anthesis is a general characteristic of strawberry fruit, since division in

fruit of field-grown `Prizewinner' also stopped z 10 days following anthesis (Fig. 3-

2). The relative number of fruit cells in `Tillikum', `Tristar', and `Selva' was,

respectively, 1.0:2.5:4.6 at anthesis and 1.0:2.5:4.0 at 15 DAA, when cell division had

ceased. Since the duration and rate of cell division were similar among genotypes,

as was mean cell size, the potential cultivar variation in size of mature fruit was

established by differences in the base cell number at anthesis. The establishment

of genotypic variation in fruit size in strawberry at anthesis contrasts with the causes

of size differences in other species. For example, fruit size variation among apple

cultivars primarily results from differences in the abundance of cell division after

pollination (Smith, 1950). Ovaries of large-sized pumpkin genotypes have a high

number of cells at flowering, but variation in fruit size usually results from

differences in both the number and size of cells (Sinnott, 1939).

Rapid cell expansion, after cell division ceased, is reflected in the sharp rise

in mean fruit cell volume at 10 DAA. Knee et al. (1977) found that the mean

diameter of receptacle cells measured in transverse sections increased exponentially

until late in fruit development. The large diversity in receptacle cell sizes found in
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this study, especially in the cortex, showed that all cells did not expand equally.

Szczesniak and Smith (1969) observed distinct groups of cell sizes in `Sparkle'

strawberry; cells ranged from widths of less than 100 gm to lengths greater than 800

gm. Neal (1965) reported that the average dimensions of cells in cortical

parenchyma was of 250 x 150 gm in mature fruit of `Cambridge Favorite' and

`Huxley' strawberries. A cell of such dimensions in an ideal cylindrical shape has

a volume of 4.4 x 106 gm3, and as a solid rectangular, 5.6 x 106 gm3, which is

similar to the estimated mean cell volume at 25 DAA in the three cultivars used

in this study (i.e., 6 x 106 gm3).

The similarity among the three cultivars in the pattern of cell division and

mean receptacle cell volume could be an result of their analogous genetic

backgrounds. Although the cultivars used in this study are products of strawberry

breeding programs in diverse regions of the U.S. (i.e., Pacific Northwest, Mid-

Atlantic, and California), the day-neutral trait of each can be traced to the breeding

selection Cal 65.65-601, which is a parent of `Tillikum' (Sjulin and Barritt, 1984)

and grandparent of `Tristar' (Draper et al., 1981) and `Selva' (D.V. Shaw, personal

communication).

In addition to genetic makeup, the number of cells of strawberry fruit is likely

influenced by growth conditions and management practices, as has been shown with

fruit of other species (Bergh, 1985; Harris et al., 1968; Smith, 1950). However, it

is surprising that the number of cells in mature field-grown `Prizewinner' fruit, with

a fresh weight of only 8.7 g (Knee et al., 1977), is similar to that of greenhouse-

grown `Selva' fruit which averaged 15.6 g (Fig. 3-
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2). As a result, mature `Selva' fruit had only half the number of cells per gram fruit

weight compared to that of `Prizewinner', which was 382,000 as calculated from data

of Knee et al. (1977). This difference could be a genotypic effect as well as a

reflection of dissimilar growth environments. Grape berries from field-grown plants

were found to have twice as many pericarp cells as greenhouse-grown berries

(Harris et al., 1968). Northwest-grown `Delicious' and `Jonathan' apples contain

more cells than fruit of the same cultivars grown in Australia (Westwood et al.,

1967). Methodology may also contribute to the apparent dissimilarity in cell

numbers per gram fruit fresh weight in `Prizewinner' and `Selva' fruit, since

somewhat different procedures were used by us and Knee et al. (1977) to separate

and count receptacle cells.

The effect of achenes on strawberry fruit size, even across genotypes, is

accumulative (Moore et al., 1970). 0dyvin (1984) found that 93% of the variation

in size of secondary fruit from 13 strawberry genotypes is accounted for by the total

number of achenes per fruit. Among the three genotypes used in this study, the

comparable figure was 91% for total achenes or 84% when only developed achenes

were considered. During strawberry flower bud formation, the potential achenes

(pistils) are initiated in an orderly sequential pattern (Sattler, 1973) and their

number is linked with receptacle size (Takeda et al., 1990). Therefore, receptacle

dimensions at anthesis, which also reflect the number of receptacle cells, should be

a good indication of final fruit size, assuming normal development. Achene

population density (achene -cm-2) is strongly influenced by environmental conditions

during berry growth (Webb et al., 1974), but the minimum value recorded at fruit
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maturity may well be genotype-dependent (Strik and Proctor, 1988; Wenzel and

Smith, 1974). The significantly lower achene density in mature berries of `Tillikum'

than Tristar' and `Selva' could reflect greater fruit expansion in this small-fruited

cultivar (Webb et al., 1974), even though it had the highest proportion W of poorly

developed achenes. However, differences among strawberry genotypes in achene

density at fruit maturity might also be a consequence of differences established

during floral development.

Mean fruit weight per achene in strawberry varies with cultivar (Janick and

Eggert, 1968; Moore et al., 1970; Strik and Proctor, 1988; Webb et al., 1974), and

is undoubtedly associated with fruit size and shape. Assuming spherical shaped

berries, an increase in linear dimensions of the receptacle would increase surface

area and volume in a quadratic and cubic manner, respectively, thereby increasing

the volume (or weight) to surface ratio of the berry and fruit weight per achene

(Abbott et al., 1970). Fruit shape could modify both ratios. Differences in fruit

size and shape were likely responsible for lower fruit weight per achene in

`Tillikum' compared to the other cultivars. The smaller Tillikum' fruit had a

globose-conic shape whereas berries of `Tristar' and, especially, `Selva' were more

wedge-shaped. Surprisingly, the lower fruit weight per achene in mature `Tillikum'

berries was not reflected in a significantly lower number of receptacle cells per

achene or cell size, possibly because our cell counting procedures lacked sufficient

precision and/or genotypic differences in the amount of intercellular space

confounded estimates of cell size.

In summary, during the 10-day period following anthesis, growth in strawberry
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receptacles was primarily due to an increase in number of cells, accompanied by

only a relatively small increase in mean cell size. When cell division ceased,

between 10 and 15 DAA, enlargement of receptacle cells increased rapidly. Even

though fruit of `Tillikum', Tristar', and `Selva' differed in size over a 4-fold range,

the duration and relative rate of cell division and mean cell volume were similar.

Variation in size of receptacle tissue among the three cultivars was due to

differences in cell number, which were established at anthesis. Although unit fruit

fresh weight per achene was lower in `Tillikum' than the other cultivars, genotype

did not have a significant effect on the number of receptacle cells per

achene.
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Table 3-1. Characteristics of secondary fruit of `Tillikum', `Tristar', and `Selva'

strawberry with regard to achenes and receptacle fresh weight.

Cultivar
Achenes per fruitz Percent

develo ed
Achene
densit y

mg F.W. per acheney

Total Developed
p

achenes
y

(achene cm 2) Total Developed

Tillikum 100±4a' 69±4a 69 9.2±0.3a 39±2b 53±3a

Tristar 220±4b 172±4b 78 10.8±0.3b 51±2b 71±3b

Selva 315±5b 243±5b 77 10.7±0.3b 53±1b 65±4ab

Z Data at and after 10 DAA (mean ±SE).
Y Data at 25 DAA (mean ±SE).
X Means within columns separated by Fisher's least significant difference at

P < 0.05.
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Table 3-2. Characteristics of secondary fruit of `Tillikum', `Tristar', and `Selva'

strawberry with regard to cell volume and cell number.

Cell vol.' Cell number' Cell number per achene'
Cultivar

x 106 m3µ per g F.W. Total Developed

Tillikum 5.7 ± 0.3y 190,000 ± 8,740 7271 ± 381 10203 ± 844

Tristar 6.2 ± 0.4 170,000 ± 1,025 8474 ± 449 11640 ± 598

Selva 5.9 ± 0.6 173,000 ± 1,664 9083 ± 813 11184 ± 1107

' Data at 25 DAA (mean ±SE).
Y Mean separation within columns was not significantly different by Fisher's least

significant difference at P < 0.05.
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three strawberry cultivars. Data from Knee et al. (1977) on mean receptacle

cell numbers in `Prizewinner' fruit plotted for comparison after adjustment

of days after petal fall to 3 days after anthesis.
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m
Fig. 3-3. Light photomicrographs of receptacle tissue in secondary fruit of

strawberry. (A) Cross section of the cortex of `Tillikum' 5 DAA. Arrow heads

identify dividing cells. Bar = 50 gm. (B) Cross section of pith and cortex of

`Tristar' 25 DAA. Bar = 100 gm.
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Chapter 4

ACTIVITY OF P INE AMMONIA-LYASE (PAL)

AND LEVELS OF ANTHOCYANINS AND PHENOLICS

IN DEVELOPING STRAWBERRY FRUIT

Abstract

Studies on regulation of production of phenolics in strawberry (Fmgaria x

ananassa Duch.) fruit were initiated by monitoring phenylalanine ammonia-lyase

(PAL) activity and levels of anthocyanins, flavonoids, tannins, and other soluble

phenols throughout fruit ontogeny in `Tillikum'. PAL catalyzes the first step in the

biosynthesis of phenylpropanoids, which are further modified into a wide variety of

phenolic compounds. Peak in PAL activity (1 mole -sec -1 = 1 kat) of 90 pkat mg 1

protein was detected 5 and 27 days after anthesis (DAA), when fruitwas green and

nearly ripe, respectively. PAL activity was only 10% of peak values in the white

berry stage, when fruit growth was most rapid. The second peak in PAL activity

was followed by a rapid drop, to nearly zero in red-ripe fruit at 30 DAA. Total

soluble phenols reached a maximum level soon after anthesis, just before the first

peak in PAL activity, then declined to a low constant value well in advance of fruit

ripening. Similar changes were observed in levels of tannins and flavonoids that, at

anthesis, accounted for 44% and 51% of the soluble phenols, respectively. The

concentration of anthocyanin was very low throughout most of fruit development,
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but beginning at 23 DAA it increased from < 0.03 to > 0.53 mgg-1 fresh weight

in 3 days. This accumulation paralleled the second rise in PAL activity.

Accordingly, strawberry fruit have a developmental-dependent expression of PAL

activity and accumulation of phenolic substances derived from the phenylpropanoid

pathway.
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Introduction

Many distinctive developmental features of fleshy fruits, such as loss of

astringency and appearance of characteristic color at ripening, are related to

changes in the synthesis and accumulation of phenolic compounds. For example,

astringency is a tannin effect and the color of ripe fruit often results from

accumulated anthocyanins. Besides anthocyanins and condensed tannins

(proanthocyanins), fruit also contain other flavonoids, as well as simple phenols

such as phenolic acids and cinnamic acid derivatives (see review by Macheix et al.,

1990). The type and amount of phenolic compounds in plant tissues depends on

genotype and developmental stage (Hahlbrock and Griseback, 1979). Tissues of

fleshy fruits commonly have high levels of cinnamic acid derivatives, flavonoids, and

tannins during early development, but accumulate anthocyanins only near maturity

(Billot et al., 1978; Hyodo, 1971; Kataoka et al., 1983). Information on metabolism

of phenolics is important not only because they influence the quality of fruit and

related processed products, but also because of their roles in developmental

physiology and defense mechanisms.

Understanding phenolic metabolism in plant - cells and tissues requires

knowledge of the biosynthetic reactions and their regulation. The majority of

monophenolic compounds, most of which are phenolic acids and phenylpropanoids,

are intermediates and derivatives of the shikimate and phenylpropanoid pathways.

Flavonoids, including anthocyanins and condensed tannins, are derived from

p-coumaric acid of the phenylpropanoid pathway. Another group of tannins, the
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hydrolyzable tannins, are ester derivatives of gallic acid that may be synthesized via

the shikimate or phenylpropanoid pathways (Ishikura et al., 1984). Conversion of

L-phenylalanine to tmns-cinnamic acid is the initial step of the phenylpropanoid

pathway. This ammonia elimination reaction is catalyzed by L-phenylalanine

ammonia-lyase (PAL) (EC 4.3.1.5), a key regulatory enzyme in the biosynthesis of

phenolics (Jones, 1984). High PAL activity is associated with the accumulation of

anthocyanins and other phenolic compounds in fruit tissues of several species (Billot

et al., 1978; Blankenship and Unrath, 1988; Kataoka et al., 1983). Recent work of

Given et al. (1988a) shows that accumulation of anthocyanins in ripening strawberry

fruit requires high PAL activity. However, neither the changes in total soluble

phenolics, flavonoids, and tannins nor their relationships to PAL activity throughout

development of the strawberry fruit have been reported.

We monitored PAL activity and quantified changes in anthocyanins, tannins,

flavonoids, and total soluble phenols in strawberry fruit from anthesis to ripeness.

The aim of the work was to provide a basis for future studies on the biological

mechanisms regulating the production of phenolics in developing strawberry fruit.
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Materials and Methods

Certified nursery plants of `Tillikum', a day-neutral strawberry that produces

small to medium sized fruit (Sjulin and Barritt, 1984), were grown in 3.8-liter pots

in 1 soil:1 coarse sand:1 peat (by volume) in a greenhouse that was maintained at

30/18C (day/night) and where high-pressure sodium lamps (175±25 gmolm 2s 1)

provided a 16-hr photoperiod. Flower buds were removed during the first 40 days

after planting to encourage vegetative growth. Subsequently, flowers at anthesis

were tagged and hand-pollinated to ensure normal fruit growth. Flower buds at the

tertiary rank and below were removed to improve growth uniformity of secondary

fruit, which were collected for analysis.

PAL extraction and assay. Prechilled fruit were ground with pestle and mortar

placed on dry ice. The resulting tissue powder was well mixed with chilled acetone,

placed in a freezer for 15 min, and then centrifuged at 20,000 x g at 4C for 15 min.

The pellet was dried under vacuum and extracted by gentle stirring at 4C with 100

mM sodium borate buffer (5 ml g"1 fresh weight), pH 8.8, containing 5 mM /3-

mercaptoethanol, 2 mM EDTA, and acid-washed polyvinylpolypyrrolidone at 10%

the fresh weight. After 1 h the solution was filtered through one layer of nylon

cloth and centrifuged as above.

PAL activity in the buffer supernatant was determined by the production of

cinnamate during 1 h at 30C as measured by the absorbance change at 290 nm

(Zucker, 1965). The assay mixture contained 15 µmol L-phenylalanine, 30 mM

sodium borate buffer (pH 8.8), and 0.2 to 0.5 ml buffer supernatant, depending on
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the PAL activity level, in a total volume of 3.0 ml. The substrate was added after

10 min of preincubation and the reactions stopped with 0.1 ml 6 N HCI. Assays

were performed in triplicate. Under the experimental conditions, the increase in

absorbance at 290 nm was linear for up to 3 h. The molar extinction coefficient of

authentic tmns-cinnamic acid in assay buffer plus HCl was determined to be 17,400.

A unit of enzyme activity (kat) was defined as the amount of enzyme required for

the formation of 1 mol of product in 1 sec under the assay conditions.

Identification of reaction product. The reaction product was identified as cinnamic

acid by using 14C-L-phenylalanine (ICN Radiochemical, Irvine, Calif.) and thin layer

chromatography (TLC). One dimensional ascending TLC was carried out on silica

plates (G60 F254, EM Science, Gibbstown, N.J.) with three separate solvent systems

--- benzene:acetic acid (4:1, v/v), benzene:methanol:acetic acid (45:8:4), and

ethanol:ammonia:water (80:4:16). Spots on the plates were detected under UV

light. In all solvent systems, the Rf values of the 14C-reaction product were

identical to those of authentic tmns-cinnamic acid. Radioactivity of the reaction

products was confirmed by scraping off the spot, extracting with ethyl ether, and

measuring 14C-activity in a scintillation counter.

Protein. Protein was determined using the dye binding assay of Bradford (1976)

with bovine serum albumin as a standard.

Chlorophyll. Chlorophyll in the acetone supernatant was determined from

absorbance at 645 and 663 nm according to Mackinney (1941).
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Anthocyanin. Anthocyanin was estimated by a pH differential method. Absorbance

was measured at 515 nm, and 700 nm for eliminating interference from background

turbidity, in buffers at pH 1.0 and 4.5, using A = (A515 - A700 )pH1.0 - (A515 -

A700 )pH4.5' and a molar extinction coefficient of 22,400 (Pilando et al., 1985).

Acetone extraction (i.e., acetone supernatant from the PAL extraction) was used.

Preliminary experiments indicated that the recovery of anthocyanins with acetone

extraction was equal to that with 0.1% HCl methanol. Results were expressed as

milligrams of pelargonidin-3-0-glucoside per gram fresh weight.

Phenolics. Fruit was ground with pestle and mortar with 95% ethanol (2 mlg 1

fresh wt each). The pellet, after centrifugation, was again extracted with 95%

ethanol and then once with 5% ethanol in the same procedure. Total soluble

phenols in the combined supernatants were determined with Folin-Ciocalteu

reagent by the method of Slinkard and Singleton (1977). Total soluble phenols

were separated into three fractions according to the method of Peri and Pompei

(1971). Tannins were precipitated by cinchonine and dissolved in ethanol-HCI.

The supernatant was treated with formaldehyde; nonflavonoid phenolics (NF-

phenolics) remained in solution and nontannin flavonoids (NT-flavonoids),

determined by difference, precipitated. Results were expressed as milligrams gallic

acid equivalent (GAE) per gram fresh weight.
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Results

Fmit Growth. Secondary fruit of `Tillikum' grew slowly for z 15 DAA, then rapidly

gained weight, approaching a maximum weight of -_ 4.5 g by 25 DAA (Fig. 4-1).

Fruit turned from green to white at = 15 DAA, showed pink at 23 DAA, and was

red-ripe at 30 DAA.

Chlomphyll The concentration of chlorophyll in young fruit was 70 µg%-' soon

after anthesis but then rapidly dropped to 10 µg-g-1 by 15 DAA, just before the

rapid burst in fruit growth (Fig. 4-1). As shown by changes in the amount of

chlorophyll per fruit, chlorophyll formation continued for up to 15 DAA (Fig. 4-1).

Phenolics. The concentration of total soluble phenols reached a maximum of 194

mg GAE g 1 during fruit set, then rapidly decreased, falling to a minimum, stable

value of z 8 mg GAE g1. fresh wt by 19 DAA (Fig. 4-2). Even though

concentration of total soluble phenols continuously decreased, the amount per berry

increased steadily (Fig. 4-2). Patterns of change in concentration of both tannins

and NT-flavonoids in fruit reflected that of total soluble phenols (Fig. 4-3). At their

peaks, tannins and NT-flavonoids accounted for 44% and 51%, respectively, of total

phenols. The NF-phenolics never accounted for > 5% of the total. Most of the

increase in total soluble phenol content on a fruit basis was due to increases in NT-

flavonoids.

Anthocyanins. Anthocyanins were undetectable during the white berry stage (Fig.

4-4A). Low absorbance was recorded in young fruit, but this was likely an artifact
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due to interference from chlorophyll. . Anthocyanins were not detected when

phenolics from green fruit were separated by high performance liquid

chromatography using the method of Spanos and Wrolstad (1990). Anthocyanins

began to accumulate rapidly at 23 DAA, and the concentration increased within a

week to a maximum of z 0.65 mgg"1 fresh wt in ripe fruit. Anthocyanin content

per fruit showed a similar pattern.

PAL. Two peaks of PAL activity occurred during strawberry fruit development, each

with a rate of 90 pkatmg 1 protein (Fig. 4-4B). The first peak occurred within a

week after anthesis and was followed by a decline to z 10 pkat-mg-1 protein by 15

DAA, where it remained for 7 days. A sharp rise in activity began 23 DAA,

concomitant with the rise in anthocyanin accumulation, and reached the second

peak 27 DAA. PAL activity then underwent a rapid decline and was nearly

undetectable at 30 DAA. At 6 DAA, the total PAL activity in receptacle and

achenes was equal, even though the fresh weight of receptacle tissue was 4 times

that of the achenes (data not shown). For comparison, PAL activity was also

plotted on per-gram fresh weight and per-fruit basis in Fig. 4-4C. Clearly, total

PAL activity per fruit w as much higher in ripening than in young fruit.
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Discussion

Development of `Tillikum' strawberry fruit can be visually separated into

green, white, and red berry stages. These stages reflect changes in chlorophyll and

anthocyanin levels as well as distinctive differences in growth and development,

phenolic levels, and PAL activity.

The 15 days of the green berry stage accounted for about half of the total

period of fruit development, although the fruit attained < 25% of its final fresh

weight. While the fruit chlorophyll content increased throughout the entire 15-day

period, the concentration decreased rapidly following anthesis. Similar changes

occur in `Red Gauntlet' strawberry fruit (Woodward, 1972).

The very high concentration of phenolics in young `Tillikum' fruit is a

common feature in strawberry cultivars (Spayd and Morris, 1981) and other fruit

species (Billot et al., 1978; Hyodo and Asahara, 1973; Melin et al., 1977). When

achenes and receptacle were separated before analysis, 58% of the total soluble

phenols in strawberry fruit at anthesis was found in achenes (data not shown).

Since tMw achenes contributed 56% of the total fruit fresh weight, the

concentration of total soluble phenols was similar in achenes and receptacle early

in fruit development. During this period, the total soluble phenols consisted

essentially of equal portions of tannins and NT-flavonoids. An appreciable share

of the tannin fraction was likely condensed tannins, since strawberry fruit reportedly

contains substantial amounts of these substances (Jersch et al., 1989). Foo and

Porter (1980) found that condensed tannins account for 74% and 63% of the total
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tannins (condensed + hydrolyzable) isolated from unripe and ripe strawberry fruit.

Changes in the concentration of total soluble phenols soon after anthesis were

broadly associated with, but not parallel to, the first rise in PAL activity. Total

soluble phenols reached a peak and began to decline a few days before the

maximum in PAL activity was observed. A close parallel between PAL activity and

phenol levels and a lag in the peak in phenols has been reported in other fruit

spieces (Billot et al., 1978; Kataoka et al., 1983; Kubo et al., 1988; Melin et al.,

1977). The apparent discrepancy between PAL activity and level of total soluble

phenols in this study may have resulted from accumulation of phenols before

anthesis, active biosynthesis of insoluble phenolic compounds (e.g. polymeric

proanthocyanins, etc.), or difference in the sensitivity of the phenol assay to various

phenolics. Difference between in vivo and in vitro PAL activity also may have

contributed to the discrepancy since measurement of PAL can be extremely variable

when activity is high, such as in young fruit of pear (Billot et al., 1978) and cherry

(Melin et al., 1977), or during fruit maturation in strawberry (Aoki et al., 1970) and

apple (Kubo et al., 1988).

Fruit growth was rapid during the white berry stage, gaining - 60% of the

final weight, and the levels of chlorophyll, phenolics, and PAL activity remained low

and showed little change. One important feature of this developmental stage was

the decline in chlorophyll content. Chlorophyll degradation likely was accompanied

with that of the yellow carotenoids (Woodward, 1972), resulting in the white

appearance of the fruit. Increase in the content of total soluble phenols per fruit,

which was mostly due to accumulation of NT-flavonoids, commenced before and
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continued throughout the white berry stage. The particular flavonoids that

accumulated during this fruit expansion period were not determined. Ripe

strawberry fruit contain considerable amounts of colorless flavonols and flavan

monomers (Henning, 1981). The flavonol content in ripe strawberries is reportedly

higher than that of anthocyanins (Pilando et al., 1985).

The persistent increase in the content of total soluble phenols, mostly

flavonoids, throughout development of strawberry fruit is also found in pear (Billot

et al., 1978). Continual production of flavonoids indicates that the phenylpropanoid

and flavonoid pathways are intact and functional throughout fruit development.

This may allow fruit tissues to respond rapidly to endogenous and external signals

for new or enhanced synthesis of specific phenolic substances for particular

developmental and defense requirements.

As fruit growth slowed and then ceased in the final development stage, two

dramatic events occurred, both beginning at 23 DAA: PAL activity increased > 8

fold within 4 days, and anthocyanins accumulated at a remarkable rate. The

average rate of accumulation was 3.8 4g g 1 fresh weight per hour (e.g., 23 to 30

DAA); > 75% of the final anthocyanin concentration was acquired within 2 days

of the initiation of the rise. This rapid anthocyanin accumulation during ripening

of strawberry fruit was observed in other cultivars (Given et al., 1988a; Woodward,

1972). During 23 to 27 DAA, `Tillikum' fruit gained nearly 2.2 mg of anthocyanins,

or < 5 µmol, an amount easily accounted for by the potential substrate supply

calculated from in vitro PAL activity (i.e., 52 µmol cinnamic acid). Superabundant

PAL activity in relation to actual phenolic synthesis is often found in plant cells and
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tissues (Margna, 1977). The final anthocyanin level in ripe `Tillikum' fruit is similar

to that of `Totem' (Pilando et al., 1985), a highly colored cultivar, and higher than

that in fruit of several other cultivars (Given et al., 1988a; Woodward, 1972).

The parallel rise in PAL activity and anthocyanin level was reported in two

other strawberry cultivars (Given et al., 1988a; Hyodo, 1971), and fruit of several

other species (Billot et al., 1978; Kataoka et al., 1983). Analogous changes in

anthocyanin accumulation and PAL activity might reflect control of anthocyanin

synthesis by PAL through the supply of cinnamic acid. Treatment of strawberry

fruit with L-a-aminooxy-p-phenylpropionic acid, an inhibitor of PAL, prevents fruit

coloring (Given et al., 1988a). No anthocyanin accumulation was observed when

PAL activity was undetectable in fruit of some grape (Kataoka et al., 1983) and

apple (Kubo et al., 1988) cultivars. However, the apparent excess of PAL activity

in `Tillikum' fruit suggests that, although the enzyme is essential for anthocyanin

synthesis, it might not be the rate limiting enzyme. However, PAL may be a key

factor controlling the channelling of phenylalanine into phenolic synthesis according

to the physiological requirement of the fruit.

The rise in PAL activity observed in ripening strawberry fruit is due to de

novo enzyme synthesis (Given et al., 1988b). Transient transcription of PAL is

observed in other systems (Kuhn et al., 1984) and could explain the sharp rise and

fall back of the PAL activity observed during the final ripening of `Tillikum' fruit.

Involvement of a PAL inactivation system (PAL-IS) that causes an irreversible loss

of enzyme activity in some plant tissues (Creasy, 1987), including skin of apple fruit

(Blankenship and Unrath, 1988), has not been examined in strawberry.
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The decline in PAL activity following the first peak in the green berry stage

was slow compared with the precipitous fall in ripe fruit. This difference could be

accounted for by several possibilities, including dissimilar systems regulating PAL

activity or the consequence of separate genes encoding different PAL proteins in

the two developmental stages (Liang et al., 1989). Although Given et al. (1988b)

found that only a single isozyme of PAL is present in ripe `Brighton' strawberry

fruit, the isozyme pattern of PAL isolated from green fruit has not been

determined.

Although flavonoids were synthesized throughout strawberry fruit

development, anthocyanins only accumulated during ripening, concomitant with the

second rise in PAL activity. This relationship suggests,as has been observed in

other plant systems (Kuhn et al., 1984; Templeton and Lamb, 1988), that the

phenylpropanoid pathway, as represented by PAL, is coordinated in ripening fruit

with the activity of the enzymes involved in the synthesis of flavonoids, including

anthocyanins. The last step in the biosynthesis of the major anthocyanin in

strawberry, pelargonidin 3-glucoside, is glucosylation of the aglycone by

UDP-glucose:flavonoid 3-0-glucosyltransferase (3-O-GT). The activity of 3-O-GT

parallels that of PAL during fruit ripening (Given et al., 1988a). The failure of

immature `Tillikum' fruit to accumulate anthocyanins when they were competent

to synthesize other flavonoids could have resulted from poor expression of 3-O-GT

or other enzymes closely associated with anthocyanin synthesis.
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Chapter 5

ISOLATION AND CHARACTERIZATION OF

A UDP-GLUCOSE:FLAVONOID O-GLUCOSYLTRANSFERASE

FROM RIPENING STRAWBERRY FRUIT

Abstract

An enzyme catalyzing the glucosylation of quercetin at the 7-hydroxyl group

using uridine diphosphate-D-glucose (UDPGIc) as the glucosyl donor was isolated

and purified about 100 fold from ripening strawberry (Fmgaria ananassa cv.

Tillikum) fruit. The optimum pH of this glucosylation reaction was 7.5. The

apparent Km values for UDPGIc and quercetin were 143 µM and 4.5 AM,

respectively. Isoelectric point was between 4.1 to 5.0. The enzymatic activity was

slightly stimulated by divalent ions, e.g. Ca++ and but was inhibited by

heavy metal (i.e., Cu + +) and p-chloromercuribenzene sulfonic acid (PCMBS), a

sulfhydryl-group binding reagent. The molecular weight of the glucosyltransferase

was about 55,000 Da and SDS-PAGE suggested the enzyme as a dimes. The

enzyme had a broad substrate specificity, glucosylating flavonols, flavonones, and

a flavone. However, highest glucosyltransferase activity was observed with the

isoflavone, biochanin A, as the substrate.



77

Introduction

Plants often accumulate flavonoids as glycosides, the biosynthesis of which

involves the transfer of a glycosyl moiety from a sugar nucleotide to the aglycone,

a reactions catalyzed by various flavonoid glycosyltransferases (E.C. 2.4.1.-.) (Hosel,

1981).. Glycosylation frequently occurs after other modifications to the flavonoid

ring structure and, as a consequence, is generally considered the terminal reaction

in flavonoid synthesis (Ebel and Hahlbrock, 1982; Hahlbrock and Grisebach, 1975).

Flavonoid 0-glycosyltransferases are highly specific with regard to the sugar donor

and hydroxyl position glycosylated, some also show narrow substrate specificity

toward flavonoid aglycones (Gerats et al., 1984; Heilemann and Strack, 1991;

Ishikura and Yamamoto, 1990; Jonsson et al., 1984b; Lewinsohn et al, 1989).

However, others accept a broad range of aglycones as substrates but with disparate

specificity (Hosel, 1981; Hrazdina, 1988; Saleh et al., 1976a and b).

Glycosyltransferases have been isolated and characterized from many plant

sources such as cell suspensions (Saleh et al., 1976a and b), seedlings (Jourdan and

Mansell, 1982; Sun and Hrazdina, 1991; Sutter and Grisebach, 1973), flower parts

(Kleinehollenhorst et al., 1982), and roots (Koster and Barz, 1981), but not from

fruit. However, enzyme preparations with the ability to glycosylate flavonoids have

been obtained from fruit of citrus (Lewinsohn et al., 1989), grape (Hrazdina et al.,

1984), and strawberry (Given et al., 1988).

Here we describe the isolation, purification, and characterization of a UDP-

glucose:flavonoid 7-0-glycosyltransferase from ripening strawberry fruit.
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Materials and Methods

Plant materials. Ripening fruit (about 25 days postanthesis) were collected from

strawberry plants (Fmgaria X ananassa Duch. cv. Tillikum) grown in pots in a

greenhouse under 18/ 15C (day/night) temperatures and 16-h photoperiod

supplemented with high pressure sodium lamps (175±25 µmolm-2s 1).

Chemicals. Flavonoids were obtained from Sigma or Serva and uridine diphospho-

D-[U-14C]-glucose (355 mCi-mmol-1) (14C-UDPGlc) from Amersham. Column

materials were from Bio-Rad and Whatman and precoated isoelectric focusing gels

from Serva. All other chemicals were reagent grade and were purchased from

commercial sources.

Enzyme isolation and purification. All protein extraction and purification steps were

carried out at 4C unless otherwise mentioned.

For the isolation of 0-glucosyltransferase, strawberry fruit were grounded

into a powder in liquid N2. The tissue powder was mixed with chilled acetone

(-20C), homogenized for 60 sec, passed through filter paper with suction, and then

the collected powder was dried under vacuum. The resulting acetone powder was

stirred for 1 h in a buffer mixture described by Given et al. (1988), filtered through

cheese cloth, and then centrifuged at 4,000 g for 20 min. Proteins in the

supernatant were precipitated by adding solid (NH4)25O4. The protein fraction

between 30-75% saturation, which contained most of the UDP-glucose

(UDPGIc):flavonoid 0-glucosyltransferase activity, was collected by centrifugation
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as above. The pellet was redissolved in a minimal volume of 20 mM KPi buffer

(pH 7.7) containing 1 mM dithiothreitol (DTT) (buffer A), centrifuged again, and

desalted by dialyzing with stirring overnight against buffer A. The desalted

preparation was recentrifuged and loaded onto a DEAE-52 column (14 x 2.5 cm)

previously equilibrated with buffer A. The loaded column was washed with 3 bed

volumes of buffer A and eluted with the same buffer with a linear 20-300 mM KPi

gradient. The contiguous fractions containing glycosyltransferase activity were

combined and dialyzed overnight against 20 mM KPi, 1 mM DTT, pH 7.5,

containing 10% glycerol (buffer B). The preparation was loaded on a Bio-Rad Affi-

Gel blue affinity gel column (1.5 x 8 cm) preequilibrated with buffer A, followed

by a 3 bed volume-wash with the same buffer. The column was then eluted with

buffer B and a linear gradient of 20-600 mM NaCl and fractions with enzyme

activity pooled and concentrated with Centriprep-10 (Amicon). The preparation

was dialyzed overnight against buffer B, but at pH 6.7, and applied to a

hydroxylapatite column (1.5 x 5 cm) pre-equilibrated with the same buffer. After

washing with 3 bed-volumes of the buffer, the bound protein was eluted with the

same buffer and a linear 20-200 mM KPi gradient. Fractions possessing

glycosyltransferase activity were combined and concentrated with Centriprep-10, and

used immediately or stored at -20C in 50% glycerol.

Enzyme assay. Routine enzyme assay mixtures contained 0.44 nmol 14C-UDPGlc

(5.5 x 104 dpm), 8 nmol quercetin in 2 Al of ethyleneglycolmonomethylether

(EGME), 5 µl glycosyltransferase preparation from hydroxylapatite chromatography,
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in a total volume of 50 µl in 50 mM buffer of 3-[N-morpholino]-2-hydroxypropane

sulfonic acid (MOPSO) (pH 7.0), containing 1 mg-ml-1 bovine serum albumin

(BSA). The reaction was carried out at 30C and initiated by the addition of

UDPGlc. Ethyl acetate (200 µl) was added after 10 min and the mixture

immediately vortexed and then centrifuged at 10,000 x g for 10 sec to aid the Folch

partitioning. A 50 µl aliquot of the upper ethyl acetate phase was transferred to

a vial containing 10 ml Ready Gel scintillation cocktail (Beckman) and radioactivity

counted immediately.

For monitoring column eluates for glycosyltransferase activity, the assay

mixture contained 0.07 nmol 14C-UDPG1c (5.5 x 104 dpm, 2,41), 8 nmol quercetin

in 2µl of EGME, and 96 µl glycosyltransferase preparation.

Enzyme characterization. All the experiments described below were undertaken

using the enzyme preparation after hydroxylapatite chromatography and

experiments were repeated at least once.

The pH optimum of the enzyme was determined over a pH range from 5.5

to 9.5 with 200 mM buffers of KPi and N-[2-hydroxyethyl] piperazine-N'-[2-

ethanesulfonic acid (HEPES).

In determining the Km value for UDPGlc, quercetin was used at 160 µM and

the UDPGlc concentration ranged from 40 to 604 µM. The Km for quercetin was

determined using a concentration range of 0.8 µM to 40 µM and UDPGlc at 313

M.

The molecular weight of the native glycosyltransferase was determined by gel
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chromatography of the hydroxylapatite eluates on a calibrated Sephacryl S300

column (1.5 x 90 cm) with 20 mM KPi buffer containing 0.1 M NaCl, pH 6.5. The

reference proteins of phosphorylase B (191,000 Da), BSA (68,000 Da),

chymotrypsinogen A (25,000 Da), and cytochrome c (12,400 Da) were separately

chromatographed at a flow rate of 20 ml/h and a fraction volume of 2.5 ml. The

elution of reference proteins was monitored by absorbance at 280 nm and their

identification determined by sodium dodecylsulfate polyacrylamide gel

electrophoresis (SDS-PAGE). The elution volume of glycosyltransferase was

determined by measuring enzyme activity of eluate fractions. The three fractions

containing the highest enzyme activity were combined, concentrated, and subjected

to SDS-PAGE.

Confirmation of reaction product. Products in the ethyl acetate extract of the assay

mixtures were identified by one dimensional ascending thin layer chromatography

(TLC) on silica plates (20 x 20 cm)(G60 F254, EM Science, Gibbstown, NJ) and

one dimensional descending paper chromatography (PC) on Whatman 3MM (15 x

50 cm), at room temperature. Solvent systems used were, butanol: acetic acid:

water (4:1:5, by vol.)(TLC and PC) and 15% acetic acid (PC). Due to the

unavailability of quercetin 7-0-monoglucoside, only authentic quercetin 3-0-

monoglucoside was co-chromatographed with the reaction product. After

developing, migration spots were detected under UV light and Rf values

determined. The 14C-activity of the product was confirmed by autoradiography of

TLC plates at -80C using preflashed XAR-5 film for a 10-day expose period, and



82

for PC, by extracting 1 cm-wide strips of the chromatogram with ethyl acetate and

determining radioactivity with a scintillation counter.

Gel electrophoresis. SDS-PAGE was performed on a linear 9 to 19% gradient mini

gel system (8 x 10 cm) using preparations of 30% acrylamide and 0.8% bis

(acrylamide) according to Laemmli (1970), except that the separating gel buffer was

0.75 M Tris-HC1 (pH 8.8) and the running buffer contained 50 mM Tris, 60 mM

boric acid, 1 mM EDTA, and 0.1% SDS, at pH 8.3 (Malencik and Anderson, 1987).

The molecular weight markers were, phosphorylase B (95,500 Da), actin (42,000

Da), carbonic anhydrase (24,000 Da), troponin C (18,000 Da), and parvalabumin

(12,000 Da). Coommassie Brilliant Blue G was used for protein staining.

Isoelectricfocusing. Determination of the isoelectric point of the glycosyltransferase

was performed with a mini polyacrylamide gel of pH range 3 to 10 on a Bio-Rad

model 1405 electrophoresis cell at 8C.

Protein determination. Protein was measured using the dye binding assay of

Bradford (1976) with BSA as a standard.
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Results

The purification procedure involving (NH4)2SO4 fractionation and

chromatography on DEAE-cellulose, affinity gel, and hydroxylapatite, resulted in

a preparation with a 98 fold higher specific activity than the crude strawberry fruit

extract. (Table 5-1). The greatest enrichment in enzyme activity was obtained by

chromatography on Affi-Gel. The chromatography profiles on DEAE-cellulose,

affinity gel, and hydroxylapatite columns are shown in Fig. 5-1, Fig. 5-2, and Fig. 5-

3.

The pH optimum for the glucosylation of quercetin was 7.5 when assayed

with two buffer systems (Fig 5-4). Glycosyltransferase showed higher activity in the

HEPES buffer. Due to the concern of possible degradation of flavonoid aglycones

under alkaline conditions, routine enzyme assays were carried out at pH 7.0 with

a MOPSO buffer system. The glucosyltransferase activity remained stable for

several months when stored in KPi buffer with 50% glycerol at -20C. Divalent

cations Mg + + and Ca + + slightly stimulated the glucosylation of quercetin at 1 mM

and 2 mM, but Cu + + completely inhibited the glycosyltransferase activity at the

same concentrations (Table 5-2). Ethylenediaminetetraacetic acid (EDTA) showed

some inhibition of glycosyltransferase activity. Activity of glycosyltransferase was

completely inhibited by addition of the SH group binding reagent PCMBS at a final

concentration of 1 mM; the inhibition was partially reversible with 15 mM p-

mercaptoethanol (,p-ME).

The use of a limited number of substrates showed that the partially purified
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glucosyltransferase was able to glucosylate, in addition to quercetin, other flavonols,

flavonones, and a flavone at appreciable rates (Table 5-3). Anthocyanidins,

pelargonidin, the major anthocyanidin of strawberry, and malvidin, were relatively

poor substrates. Enzymatic activity was highest with the isoflavone biochanin A as

a substrate.

Only one spot was observed on the radioautogram of the TLC plate when

quercetin was the substrate, indicating a single reaction product (Fig. 5-5).

Scintillation counting after PC also revealed a single band of radioactivity band.

Rfs of the radioactive product after PC are shown in Table 5-5.

The apparent Kms for quercetin and UDPGlc under the assay conditions

were in the µM range, as seen in Table 5-4, Fig. 5-6, and Fig. 5-7.

Determination of the molecular mass of the glycosyltransferase by gel-

filtration on a calibrated Sephacryl S300 column indicated that the enzyme had a

molecular size of 55,000 Da (Fig. 5-8). Results of SDS-PAGE showed a major

band at about 30,000 Da (data not shown). A major Coomassie-blue stained

protein band, along with a few miner bands, were observed in the isoelectric

focusing gel within the pH range of 4.1 to 5.0. However, attempts to isolate and

detect glucosyltransferase activity in this region were unsuccessful.
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Discussion

The results presented here show for the first time the characteristics of a

partially purified UDPGlc:flavonoid O-glycosyltransferase from a fleshy fruit.

Radioautography suggested a single reaction product when quercetin was the

acceptor of the labelled glucose moiety. Comparing the PC Rf values of the

reaction product with those of the co-chromatographed reference compound,

quercetin 3-0-glucoside, and those reported by Sutter and Grisebach (1973),

indicate that the product was quercetin 7-0-glucoside. Thus, the enzyme isolated

from strawberry fruit showed positional specificity at the 7-hydroxyl group of

flavonoids. Many properties of the enzyme are similar to those reported for

flavonoid 0-glycosyltransferases from other plant tissues mentioned earlier.

The optimum pH of 7.5 for the strawberry fruit glucosyltransferase is the

same as that of the 7-0-glucosyltransferase from parsley cell cultures (Sutter et al.,

1972), but less than that of a similar enzyme from chick pea (Koster and Barz,

1981). Flavonoid glycosyltransferases, including those that catalyze 0-glucosylation

at ring positions 3, 5, and 4', generally have optimum pH's in the alkaline range

(i.e., 7-9) (Heilemann and Strack, 1991; Ishikura and Yamamoto, 1990;

Kleinehollenhorst et al., 1982; Teusch et al., 1986). A flavonoid 7-0-

glucosyltransferase from grapefruit seedlings showed a pH optimum of 6.5-7.5

(McIntosh and Mansell, 1990).

Reported molecular weights of UDPGlc:flavonoid 0-glycosyltransferase from

other plant materials are between 42,000 to 60,000 (Bajaj et al., 1983; Hrazdina,
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1988; Ishikura and Yamamoto, 1990; Jourdan and Mansell, 1982; Kamsteeg et al.,

1980; Saleh et al. 1976; Sutter et al., 1972). Thus the apparent molecular weight

of the native strawberry glycosyltransferase (55,000 Da) falls within this range. The

protein subunit molecular weight of about 30,000 from SDS-PAGE suggests that the

enzyme isolated from the strawberry fruit is a dimer. This agrees with studies on

other flavonoid 0-glycosyltransferases (Hosel, 1981; Hrazdina, 1988; Sun and

Hrazdina, 1991).

The partially purified strawberry glycosyltransferase showed slightly higher

activity upon addition of divalent cations Ca++ and Mg++ to the assay system.

Detectable stimulation of glucosyltransferase activity by divalent cations, in

particular Mg+ +, has been reported for anthocyanin glucosyltransferase (Kamsteeg

et al., 1980; Ishikura and Yamamoto, 1990; Larson, 1971;), but not for flavonol

glycosyltransferases from peas (Jourdan and Mansell, 1982) or anthers of Tulipa

(Kleinehollenhorst et al., 1982), or flavonoid glycosyltransferase from Petunia (Kho

et al., 1978). The inhibitory effect of EDTA has been observed on flavonoid 0-

glucosyltransferases isolated from various plant materials (Ishikura and Yamamoto,

1990; Kleinehollenhorst et al., 1982; Sutter et al., 1972; Teusch et al., 1986).

However the inhibition could be related to substrate decomposition rather than to

an enzyme effect (Jonsson et al., 1984a). Inhibition of PCMBS on enzymatic

activity indicates the presence of SH groups at the active site of the enzyme, as

previously suggested also by other authors (Ishikura and Yamamoto, 1990; Larson,

1971).

Flavonoid glycosyltransferase are generally unstable at room temperature, but
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relatively stable at 4C (Jourdan and Mansell, 1982), especially in the presence of

glycerol at levels of 20% or higher (Koster and Barz, 1981). The strawberry fruit

enzyme appeared to be quite stable. Enzyme activity was stable for at about one

month at 4C and for several months at -20C, when in 20. mM KPi buffer and 50%

glycerol.

The high efficiency of biochanin A as a substrate is consistent with the

isolated enzyme's capacity to glycosylate at the 7-hydroxyl position, since the only

7-0-glycosides of this isoflavone have been reported (Wong, 1975; Dewick, 1988).

Flavonoids lacking a 3-hydroxyl group, the site commonly glycosylated in strawberry

(Macheix et al., 1990), were also competent substrates (e.g., apigenin) (Table 5-3).

Substrate specificity of UDPGlc:flavonoid 7-0-glucosyltransferases has been

studied with enzymes isolated from roots of chick pea (Koster and Barz, 1989),

parsley cell suspension (Sutter et al., 1972), and grapefruit seedlings (McIntosh and

Mansell, 1990). The chick pea 7-0-glucosyltransferase shows highest activity with

biochanin A and formononetin as substrates, but other isoflavones are not

glucosylated or only poorly (Koster and Barz, 1989). Numerous flavonoids from

various classes and hydroxy substituted coumarins, cinnamic acids and benzoid acids

reportedly are not glucosylated by the enzyme. In contrast, isoflavones are not

substrates for the enzyme from parsley, which shows highest activity with flavones

and also glucosylates flavonones and to a lesser degree, flavonols. The 7-0-

glucosyltransferase isolated from grapefruit seedlings, on the other hand,

glucosylates flavonols more actively than flavonones, but is not reactive with

flavones. The enzyme isolated from strawberry fruit showed highest activity with
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an isoflavonone, and flavonols were generally better substrates than flavonones.

The dissimilarity of flavonoid-class specificity of UDPGlc:flavonoid 7-0-

glycosyltransferases may reflect the diversity of flavonoid metabolism in different

tissues, organs, and species.

The isolation and characterization of the flavonoid 7-0-glucosyltransferase,

as shown here, provides support for the occurrence of flavonoid 7-0-glucosides in

strawberry fruit. These glucosides have been identified in other fruits of the

Rosaceae (Macheix et al., 1990), and Ryan (1971) tentatively identified kaempferol

7-glucoside as present in strawberry fruit. The fruit may also contain 3,7-

diglycosides (Henning, 1981). Although the strawberry fruit 7-0-glucosyltransferase

showed high activity with biochanin A, the presence of isoflavones in strawberry

have not been reported.
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Table 5-1. Purification of UDPGlc:flavonoid O-glucosyltransferase isolated from

ripening strawberry fruit.

Sample
purification

stage

Total
protein

(mg)

Total Specific
activity

(nkat mg 1

Protein Purification
recovery (fold)

protein)

Crude Extract 460 2382 5.2 100 1

(NH4)2SO4 174 1080 6.2 38 1.2

DEAF-cellulose 82 1109 13.5 18 2.6

Affi-Gel blue gel 3.2 704 220 0.7 42.3

Hydroxylapatite 0.48 246 512 0.1 98

activity
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Table 5-2. Effects of cations and chemical reagents on activity of

UDPGlc:flavonoid 0-glucosyltransferase isolated from ripening strawberry

fruit.

Substance' Concentration
(mM)

Relative Activity (%)

Control 100

Mg+ + 110

2 113

Ca++ 1 106

2 118

Cu++ 1

EDTA 1 84

5 74

-ME 15 91

PCMBS 1 0

PCMBS + p-ME 1 + 15 49

' All cations were in chloride salt form.

1

0
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Table 5-3. Substrate specificity of UDPGlc:flavonoid O-glucosyltransferase

isolated from ripening strawberry fruit.

Aglycone substrate Hydroxyl positions Relative activity (%)

Flavonone

naringenin 5,7,4' 14

hesperetin

Flavone

apigenin 5,7,4' 56

Isoflavone

biochanin A 5,7 186

Flavonol

quercetin 3,5,7,3',4' 100

kaempferol 3,5,7,4' 65

myricetin 3,5,7,3',4',5 25

Anthocyanidin

pelargonidin 3,5,7,3'

malvidin 3,5,7,4'

Flavonol glucoside

quercetin
5,7,3',4'

3-0-rhamnoside
12

5,7,3'

4
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Table 5-4. Properties of the UDPGlc:flavonoid 0-glycosyltransferase isolated

from ripening strawberry fruit.

pH optimum 7.5

Isoeletric point 4.1-5.0

MW (dalton) 55,000

Km (MM)

Quercitin 4.5

UDPGlc 143
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Table 5-5. Paper chromatograph Rf values of authentic quercetin 3-0-glucoside

and reaction product of 0-glucosyltransferase isolated from ripening

strawberry fruit.

Rf values of quercetin glucosides

Solvent system
Authentic 3-0-glucose Product

(3-0-glucoside)Z (7-0-glucoside)

Butanol:acetic acid:water 0.69 0.53

(4:1:5, by vol.) (0.7) (0.55)

15% acetic acid 0.40 0.05

(0.4) (0.1)

Z Rf values in brackets reported by Sutter and Grisebach (1973).
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Chapter 6

EPILOGUE

A. Cellular and Whole-fruit Growth

Fruit size is an important component of fruit marketability and quality. The

conclusions of the research reported here are: (1) cell number is the major

determinant of differences of fruit size among strawberry genotypes, (2) the relative

difference in the number of cells per fruit is established at anthesis, and (3) cell

division in fruit continues for about 12 days after anthesis. Our initial questions on

the contribution of cellular components to genotypic variation in fruit size, were

answered. However, as it is often said, one answer raises many new questions.

Conclusions (1) and (2) imply that cell division which occurs in receptacle

tissue before the strawberry flower opens plays a crucial role in determining

potential fruit size. Flower bud differentiation in June-bearing strawberry starts in

the cool short days of fall and in day-neutral genotypes obviously during the current

season. Data of Havis (1943) indicate that there is active cell division just prior to

flower opening. However, this needs further experimental confirmation. Possibly

the number of cells making up the receptacle at anthesis is preset in the

differentiating flower bud the previous fall, or is determined when growth resumes

in early spring. The knowledge of pre-anthesis cell division and the influences by

plant and environmental conditions may be helpful in achieving maximum fruit size

potential through management practices. As shown in apple, defoliation and heavy
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cropping the previous year significantly reduces the number of cells per flower bud

(Bergh, 1985; Hirata et al., 1975). Environmental effects on cell number were

obviously shown in the example of grape, where the same cultivar under field and

greenhouse conditions produced berries that differed significantly in the number of

cells (Harris et al., 1968).

The conclusion (3) of this study, and results of Knee et al., 1977), suggests

a potential function of auxin in cell division in developing strawberry fruit. It is

well demonstrated that growth of the strawberry fruit is dependent on a supply of

auxin from the achenes located on the fruit surface (Nitsch, 1950; Archbold and

Dennis, 1985). For almost the entire month-long growth period of strawberry fruit,

expansion of the fruit can be stopped by interrupting the endogenous auxin supply

by achene removal (Nitsch, 1950). Application of auxin-like growth regulators can

be used to stimulate a resumption of fruit growth halted by achene removal from

anthesis to 20 DAA. The auxin level in strawberry fruit is highest in young fruit,

reaching a maximum at about 12 days after anthesis (Lis and Borkowska, 1977;

Dreher and Poovaiah, 1982). Therefore, a high level of auxin and rapid growth

promotion occurs during the period of active cell division. Nonetheless, auxin may

not directly influence cell division, for the lack of tissue growth when the auxin

supply is lowered may result from the failure of recently divided cells to enlarge.

However, the promotive effect of auxin on cell division in fruits (Nitsch, 1970)

suggests that direct involvement of auxin in cell division of strawberry fruit is very

likely. The role and mechanism of auxin in strawberry cell division will remain as

speculations unless cell numbers are monitored in developing fruit while
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manipulating the auxin supply.

Investigations which monitor both auxin and cell division, if carried out on

different genotypes, will also yield information about whether the response to auxin

in strawberry fruit is a concentration effect, or due to changes in tissue sensitivity

to the growth regulator, or both.

B. Developmental and Genotypic Variations

in Enzymatic Activity of Phenolic Metabolism

Results of this thesis research show that PAL activity was high both in very

young and ripening fruit, but low in an intermediate stage, suggesting

developmental dependency of the biosynthesis of phenolics. It is not clear,

however, whether peak PAL activities in the two separated growth stages are the

result of same enzyme protein. Characterization of the enzymatic and protein

properties of PAL is needed in fruit when very young and at ripening to answer the

question and to provide background information for future studies on gene

expression and regulation of phenolics biosynthesis in strawberry fruit. The PAL

enzyme(s) may be due to expression of one or more genes, or of combined set of

genes at different developmental stages as it found in pea (Liang et al., 1989).

Absence of anthocyanin accumulation at early stages of fruit development

when PAL activity reaches the first peak, may be the result of insufficient activity

of enzymes at subsequent steps leading to anthocyanin biosynthesis. In strawberry,

the flavonoid pathway is functional throughout fruit development since flavonoid

content per fruit continues to increase. Catechin and other flavonoids are detected
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in fruit of all stages. Anthocyanins may fail to accumulate in very young fruit

because of limited activity of flavonoid 0-glycosyltransferases. Studies are needed

to determine flavonoid 0-glycosyltransferases activity and levels of immediate

precursors of anthocyanins in young strawberry fruit.

The ability of fruit to accumulate anthocyanins of course varies among plant

species, but also within genotypes of a single species (Macheix et al., 1990). For

example, among the cultivated strawberry, the color of mature fruit ranges from

white, through various intensities of red, to nearly black. In grape berries from

cultivars which lack color development at ripening, i.e., no anthocyanin

accumulation, PAL activity also fails to increase during this period (Kataota, et al.,

1983). In contrast, fruit of `Golden Delicious' apple shows high PAL activity but

poor anthocyanin accumulation during ripening (Blankenship and Unrath, 1988).

Genotypic comparison of PAL and activities of other enzymes, e.g., chalcone

synthase and flavonoid 0-glycosyltransferases, will be helpful in determining the

cause for the variation in color development among strawberries.

It is worthwhile to point out that in anthocyanin-lacking clones, the

deficiency of fruit PAL activity does not necessarily mean the whole

phenylpropanoid and flavonoid pathways are inactive. Experiments using

approaches such as feeding developing fruit selected biosynthetic precursors may

reveal the competency of particular steps of the phenylpropanoid and flavonoid

pathways in genotypes varying in coloration and/or at different fruit developmental

stages.
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A Complementary Data of Fruit Growth
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Fig. Al. Length of developing primary, secondary, and tertiary fruit of

greenhouse-grown day-neutral strawberry cultivars, Tillikum, Tristar, and

Selva.
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Fig. A2. Plot of length versus diameter at maximum shoulder width of

developing primary, secondary, and tertiary fruit of greenhouse-grown day-

neutral strawberry cultivars, Tillikum, Tristar, and Selva.
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B. Primary Experiments of Enzyme Isolation and Assay

1. PAL Activity in Extracts from Fresh Tissue and Tissue Acetone Powder

Introduction. The object of this work was to compare the PAL activity level in

buffer extracts of `Tillikum' strawberry fruit, using polyvinylpolypyrrolidone (PVPP)

and acetone as phenolics removal reagents.

Pwcedure. Fresh fruit was sliced in half and the halves, which were of similar color

and size, divided between two groups. One group was ground in extraction buffer

(1:8, w/v) to which PVPP was added (at 50% sample fresh wt.) and then removed

by centrifugation (see Chapter 4). An aliquot of the supernatant was saved and

PVPP was added to the remaining portion which was then centrifuged. The other

group of fruit-halves was ground and extracted with chilled acetone, filtered

(Whatman #1), and the acetone powder (AP) vacuum dried after placing on

weighing papers. PAL was extracted from the AP in the presence of PVPP at 10%

sample fresh wt. PAL assay mixtures contained 0.5 ml of supernatant (see Chapter

4). Absorbance spectra of the control and reaction assay solutions were measured

to estimate phenolics level in the supernatant and formation of the reaction

product, tmns-cinnamic acid (CA).

Results and Conclusion. The level of phenolics remaining in the supernatant

decreased upon increasing treatment with PVPP (Fig. B1). Acetone was much

more effective than PVPP in removing phenolics (Fig. B1). Lowering of the

phenolics level was accompanied by an increased in vitro PAL activity, but not
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proportionally (Table 131).
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Fig. B1. Relative absorbance spectra of extraction supernatants and PAL assay

solutions in which enzyme isolation from fresh fruit involved one or two

additions of PVPP (at 50% sample fresh weight), and from acetone powder

using PVPP at 10% fresh weight. The absorption spectrum of tmns-cinnamic

acid (CA), the product of PAL, is shown for comparison.
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Table 1 31. In vitro PAL activity extracted from fresh fruit, using one or two

additions of PVPP, and from acetone powder.

Treatment PAL activity (nmole CA g 1 F.W. h'1)

Fresh fruit

50% PVPP 122.6

50% + 50% PVPP 136.8

Acetone powder

10% PVPP 148.2
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2. L-Phenylalanine Amino-transferase (PAT) in Strawber Fruit

Intivduction. PAT converts L-phenylalanine (L-PA) to L-phenylpyruvic acid (L-PP)

in the presence of the amino acceptor a-ketoglutaric acid (a-KG), which in turn is

converted to L-glutamic acid. L-PP has an absorption spectrum similar to that of

cinnamic acid (CA), with a maximum absorption near 300 nm. This test was

carried out to determine whether the absorbance change at 290 nm in the PAL

assay could be contributed to in part by PAT activity.

Pmcedure. Enzymes were extracted by (1) direct buffer extraction of fresh fruit in

which PVPP was added at the rate of 100% of fruit fresh wt. (see Appendix 3) and

by (2) extraction of acetone power as described in Chapter 4. All assay mixtures

contained 0.5 ml enzyme supernatant.

Results and Conclusion. No increase in absorbance at 290 nm of PAL assay solution

resulted from the addition of a-KG over a wild concentration range, regardless of

whether enzyme extracts were from fresh tissue (Table B2) or tissue acetone

powder (Table B3). There are two possible explanations for this: either a-KG was

already present in the supernatant and in the acetone powder at very high levels so

as to saturate the PAT reaction, or detectable PAT activity was not present. The

latter explanation is more likely since the residue after acetone extraction

presumably contained very small amounts of amino acids and other simple organic

compounds.
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Table B2. Activity of PAL and PAT in the presence of a-ketoglutaric acid (a-KG)

in an extract from fresh fruit.

Treatment CA nmole -g 1 F.W. Change (%)

L-PA 159 ± 3Z 100

D-PA -12 ± 9

L-PA + a-KG 5 µM 155 ± 5 98

20 MM 163 ± 5 102

100 µM 157 ± 11 99

1000 µM 161 ± 3 101

z Mean ±SD.

-8
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Table B3. Activity of PAL and PAT in presence of a-ketoglutaric acid (a-KG) in

an extract from acetone powders of fruit.

Experiment Treatment CA nmole g 1 F.W. Change (%)

L-PA 296 ± 6z 100

D-PA -3 ± 10 -1

L-PA + a-KG 5µM 289 ± 4 98

20 µM 301 ± 1 102

100 µM 293 ± 6 99

1000 µM 297 ± 3 100

II. L-PA 171 ± 11 100

D-PA -6 ± 6 -4

L-PA + a-KG 10,4M 180 ± 7 105

1000 µM 181 ± 5 106

z Mean ±SD.
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3. Effect of Pol vy_,iinylpolypyrrolidone (PVPP) on Spectrophotometric Measurement

of tmans-Cinnamic Acid (CA)

Intraduction. Insoluble PVPP is frequently used in extraction buffers to remove

phenolics which otherwise may interfere with recovery of active enzymes from plant

tissues: Trace amounts of PVPP may solubilize and interfere with the PAL assay,

since the reaction product, CA, is also a phenolic compound. Absorption of CA to

the soluble PVPP may hinder its spectrophotometric detection and quantification.

This test was carried out to evaluate this effect.

Procedure. The following mixtures were prepared: 1 ml CA solution in KCl buffer

(0.05 M, pH 1.0), 0.1 ml 6N Hcl, and 1 ml the PVPP treated buffer (1:8,

w/v)(mixed and centrifuged as described in Chapter 4). Absorbance at 290 nm of

the above mixtures were determined against a blank with the same composition but

without PVPP.

Results and Conclusion. Results showed that PVPP-treated buffer reduced the

absorbance of cinnamic acid (Table B4). The change in A290nm was, however, less

than 0.010 absorbance unit and was considered negligible.
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Table B4. Absorbance of tmns-cinnamic acid (CA) in the presence of

polyvinylpolypyrrolidone (PVPP).

Net change in absorption at 290 nmZ

Buffer only

Buffer + 8µM CA

Buffer + 12 µM CA

Buffer 50% PVPP 75% PVPP

(0.000)z (0.017) (0.017)

(0.127) -0.007 -0.006

(0.203) -0.008 -0.006

z Net change in A290 nm was calculated after adjusted for increase in absorbance
due to PVPP treatment.

Y Values in parentheses were readings of A29onm.
" PVPP was as percentage of 1 gm F.W. in 8 ml of buffer.
W SD of all measurements were <_ 0.002.
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4. Extraction of tmns-Cinnamic Acid (CA) by Ethyl Acetate (EA) from an

Aqueous Solution

Introduction. Production of CA in the PAL assay is determined

spectrophotometrically at 290 nm. This is not the pH-dependent maximum

wavelength of CA, which is below 280 nm at a pH of less than 8.8, but is used to

reduce the interference from proteins and nucleic acids. Isolating CA from aqueous

solution using EA may eliminate the interference. This test was carried out to

evaluate practicability of the method.

Procedure. (1) CA recovery test: two set of tubes containing 1 ml 10 µM CA in

buffer (0.05 M KC1, pH 1.0) and 1 ml EA were hand-shaken for 2 min. In set one,

the EA was evaporated under a N2 stream. In set two, a 0.7 ml aliquot of the

upper EA phase was pipeted into empty test tubes, evaporated under a N2 stream,

and the residues redissolved in 1.5 ml buffer by shaking slightly for 1 hr. All

solutions were brought to a final volume of 1.5 ml before taking the A290

measurement. (2) EA residues test: to empty tubes, different amounts of EA were

added, dried, residuals redissolved, absorbance at 290 nm taken as above.

Results and Conclusion. The level of CA in buffer measured after extracted with

EA was higher than that originally present (Table B5). Results indicated that the

overestimation of CA was due to 290 nm absorbing compounds that contaminated

the EA used (Table B6). EA extraction is, therefore, not applicable in the way

described here.
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.Table B5. Recovery of traps-cinnamic Acid (CA) by ethyl acetate (EA)

extraction from aqueous solution.

Experiment Treatment Recovery (%) Amax

I Control 100

EA extract 131

II Control 100

EA extract 124

III Control 100 275 nm

EA + N2-dry 191 277 nm

EA + N2-dry

+ vacuum 20 min 194 277 nm
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Table B6. Absorbance at 290 nm of ethyl acetate (EA) residues in aqueous

solution in relation to the amount of EA used.

EA volume (ml) A290 nm

1 0.069 100

2 0.145 210

3 0.218 316
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5. Miscellaneous

Table B7. Relative in vitro PAL activity recovered from acetone powder of

ripening fruit of strawberry `Tillikum', grounding with Dry Ice or liquid N2.

Experiment Treatment PAL activity in A290 nmZ

I Dry Ice 0.459 ± 0.048y

Liquid N2 0.451 ± 0.007

II Dry Ice 0.297 ± 0.140

Liquid N2 0.451 ± 0.038

III Dry Ice 0.326 ± 0.029

Liquid N2 0.312 ± 0.015

Z See Chapter 4 for PAL extraction and assay methods.
' Mean ±SD.
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Table B8. Effect of addition of chelating reagent and various reducing agents to

the assay mixture on in vitro PAL activity from ripening fruit of strawberry

`Tillikum'.

Experiment Reducing reagent PAL activity in A290 nmZ

Control 0.121

Metabisulfite 0.1 mm 0.118

Thioglycolate 0.1 mm 0.123

EDTA 0.1 mm 0.124

II Control 0.331

Metabisulfite 5 mM 0.340

Thioglycolate 1 mm 0.298

5 mM 0.243

EDTA 1 mm 0.322

5 mM 0.328

DTT 1 Mm 0.200

5 mM 0.080

Z See Chapter 4 for PAL extraction and assay method.
Y EDTA = ethylenedianine tetraacetic acid; DTT = dithiothreitol.
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Fig. B2. Time course PAL activity (see Chapter 4 for extraction and assay

methods).
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Table B9. Rf values of tmns-cinnamic acid and PAL assay reaction product on one

dimension ascending silica TLC.

Solvent system
Rf Value

Authentic t-CA Product

Benzene:acetic acid (4:1) 0.63 0.63

Benzene: Methanol: acetic acid (45:8:4) 0.57 0.57

Ethanol:ammonia:water (80:4:16) 0.72 0.72
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Table B10. Comparison of acetone and methanol-HC1 extraction of

anthocyanins in ripening fruit of strawberry `Tillikum'.

Extraction solvent ngg 1 F.W.

Acetone 898 ± 48Z

0.1% HCl MeOH 896 ± 14

Z Mean ±SD.
" Each ripe fruit was cut in half. One half was ground with a mortar and pestle

and extracted in 1% HCL-methanol and the other in acetone (1:10, w/v).
After centrifugation, the anthocyanin content was determined by
pH-differential method (see Chapter 4).



145

C. Genetic Difference of Anthocyanin Accumulation in Strawberry Leaf Disks

Introduction. The purpose of this experiment was to see if there is a correlation

between fruit color level and induced anthocyanin level in leaf disks among

genotypes.

Procedure. Fully expanded leaflets were sampled from field or greenhouse-grown

strawberry plants of the USDA-National Clonal Germplasm Repository at Corvallis,

OR. Leaf disks of 13 mm diameter were punched from the leaflets and incubated

in 0.15 M sucrose solution under inflorescence lights (100 µmolm2s") at ambient

temperature. After 72 hr incubation, the leaf disks were cut into strips about 1

mm wide and extracted with 0.1% HCl methanol at 4 °C. Anthocyanin level was

estimated by the pH differential method using formula: A = (A535 A700 )pHl

A535 - A700 )pH4.5-

Because there was insufficient fruit to determine anthocyanin content,

relative fruit color of the genotypes was based on a visual fruit color index

previously determined at the Repository. The fruit color index consists of separate

skin and flesh color grades, the former on a scale of 1 to 9 and the latter from 1 to

7. A grade of 1 indicates no or little red color with higher numerals indicating

increasingly greater redness.

Results and Conclusion. No obvious correlation was observed between induced

anthocyanin levels in leaf disks and the visual color grades of either fruit skin or

flesh (Table Cl).

- (
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Table C1. Induced anthocyanin level of leaf disks and color grade of fruit skin and

flesh in strawberry.

Color grade Anthocyanin level
Genotype

Skin Flesh 2(A535nm *cm`

Exp. I' Exp.IP`

CA 1501 1 1 0.396
White Carolina 1 1 0.201 0.355
CA 1421 3 1 0.062
CA 1364 3 1 0.082
Marsyalakaya 3 1 0.301 0.331
Massey 3 1 0.138 0.115
Berkeley 3 3 0.214
Dover 3 3 0.127 0.082
Hsins Yu 3 3 0.201
Marshall 3 3 0.119
Redglow 3 3 0.137 0.227
Rubin 3 3 0.373 0.250
Sivetta 3 3 0.275
Komsomalka 5 1 0.122 0.272
Pocahontas 5 1 0.213 0.198
Fukuba 5 3 0.122
Redcoat 5 3 0.209
Aberdeen 5 7 0.265
Rosanne 5 7 0.114
Canoga 5 7 0.376
Profumata di Tortona 7 1 0.977 0.583
Midway 7 3 0.145
Surecrop 7 3 0.446
Tristar 7 5 0.178
Benton 7 7 0.011 0.056
Gilbert 7 7 0.375 0.178
Rainier 7 7 0.061 0.045
Savio 7 7 0.246 0.086
Vibrant 7 7 0.181 0.206
F. vesca 9 1 0.278 0.149
F. vesca A-16 9 1 0.145
Vantage 9 3 0.083
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Fairfax 9 3 0.118
Cascade 9 7 0.246 0.269
Podnyaya Zagorga 9 7 0.461 0.483
Shuksan 9 7 0.317 0.243

z One replicate of 5 disks.
Y Four replicates of 5 disks each.
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D. Induction of Anthocyanin Accumulation in Strawberry Leave Disks

10 20 30 40 50 60 70 80 90

TIME OF INCUBATION (hr)

Fig. D1. Anthocyanin accumulation in strawberry leaf disks incubated in 0.15 M

sucrose under 100 µmol -m 2 s
1 cool-white florescent light at ambient

temperature.
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Fig. D3. Accumulation of anthocyanins in leaf discs of strawberry cultivar

Surecrop during an 80 hr period with different lengths of light (L, 100

µmol-m2s-1 cool-white florescent) and darkness (D) (numerals indicate

hours). Disks were incubated in water or 0.15 M sucrose at ambient

temperature.
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