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Abstract10

Fruit softening is thought to result fromextensive cellwallmodifications that occur during ripening. Thesemodifications are the result, at least

in part, of the activity of members of cell wall-modifying enzymes from the same families involved in the cell wall loosening which promote

tissue extension and growth. In this work, the activities of a set of pectolytic and non-pectolytic cell wall-modifying enzymes, namely poly-

galacturonase (PG; endo-and exo-acting), pectin methylesterase (PME), pectate lyase (PL), b-galactosidase (b-Gal), a-l-arabinofuranosidase

(AFase), endo-1,4-b-glucanase (EGase), xyloglucan endotransglycosylase (XET) and expansin, were monitored during growth and ripening

of ‘Mondial Gala’ apple (Malus × domestica Borkh.) fruit. After optimisation of extraction protocols and standard activity assays, activity

could be detected in all the assays, except for endo-PG. The overall results suggest that fruit growth and ripening are possibly coordinated

by members of the same families of cell wall-modifying enzymes, although different isoforms may be involved in distinct developmental

processes. Based on the trend of total activity measured in vitro using equal amounts of protein per developmental stage, the role of EGase

seems to be more prominent during growth than during ripening, and XET activity is most important only after the fruit stopped growing and is

maintained throughout ripening. b-Gal and AFase activities increased after harvest as the fruit became over-ripe. On the other hand, exo-PG,

PL and expansin activities increase from that in unripe fruit to fruit at harvest but are maintained at similar levels thereafter, throughout the

over-ripe stages. The patterns of activity observed are discussed in relation to published information about ripening of apples and to results

reported using other species.
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1. Introduction1

Selective modification of the cell wall architecture is asso-2

ciated with almost every stage of development. It is an3

integral part of cellular growth, but it also occurs in sev-4

eral non-growing organs in events such as seed germination,5

anther dehiscence, penetration of pollen tubes in the pistils,6

abscission of leaves, flowers and fruit, development of inter-7

cellular spaces (e.g. aerenchyma), and fruit ripening. Fruit8

ripening involves changes in the composition and organiza-9

tion of pectin, hemicellulose and cellulose polysaccharides10

of the cell wall, which takes place as a coordinated series11

∗ Corresponding author. Tel.: +351 21 365 34 53; fax: +351 21 362 32 62.

E­mail address: crismoniz@isa.utl.pt (C.M. Oliveira).

of assembly and disassembly steps. Although growth has 12

ceased, selective disassembly of the cellwall components and 13

cell-to-cell separation is very pronounced during fruit ripen- 14

ing and is thought to be a key ripening-associated metabolic 15

event that determines the timing and extent of loss of cell 16

adhesion, which leads to fruit softening. The plant cell wall 17

is a highly complex and dynamic structure composed of a 18

network of hemicelluloses linked to cellulose microfibrils, 19

embedded in a matrix of pectic polymers and other less 20

abundant compounds, like phenols, structural proteins and 21

enzymes (Brett and Waldron, 1996). Due to the nature of the 22

polymers, a large number of linkages exist within the cell 23

wall, maintaining and reinforcing its structure, thus various 24

families of enzymes and their different isoforms are sug- 25

gested to affect these processes. It has been proposed that 26

1 0925-5214/$ – see front matter © 2006 Elsevier B.V. All rights reserved.

2 doi:10.1016/j.postharvbio.2006.10.002
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among the principal enzymes that act on the linkages between27

cell wall polymers are polygalacturonases (PG) (endo- and28

exo-), pectin methylesterases (PME), pectate lyases (PL), b-29

galactosidases (b-Gal), a-l-arabinofuranosidases (AFase),30

endo-1,4-b-glucanases (EGase), xyloglucan endotransglyco-31

sylase/hydrolases (XTH) and expansins. Although the same32

enzymes are believed to participate in different developmen-33

tal processes, each particular event is probably regulated by34

the activity or by the selective regulation of different isoforms35

of the same enzyme, acting sequentially or overlapping. In36

addition, a single enzyme does not seem to be the uniquely37

responsible for the disassembly of the cell wall, which results38

in softening, so the action of these enzymes should be inves-39

tigated collectively. With the advent of molecular biology, a40

number of genes have been recently identified, and a role for41

some enzyme families in fruit softening has been proposed,42

based on the correlation of mRNA accumulation and a given43

physiological stage or phenotype. This molecular informa-44

tion has been used to generate antisense or overexpressing45

transformants aimed to assess the physiological role of each46

enzyme. The results from genetic transformation supports47

the role of enzymes like expansins (Brummell et al., 1999),48

PLs (Jiménez-Bermúdez et al., 2002), and at least one b-49

Gal isoform (TBG4; Smith et al., 2002) in fruit softening,50

as antisense fruit proved to be firmer than controls and fruit51

over-expressing these transcripts showed a larger extent of52

softening. Nonetheless, a fruit that fails to soften has not been53

obtained by individual suppression of any transcript or activ-54

ity. On the other hand, down-regulation of PG (Smith et al.,55

1988), PME (Tieman and Handa, 1994) or some b-Gal iso-56

forms (reviewed in Smith et al., 2002) resulted in fruit with no57

significant differences in pulp firmness, despite some charac-58

teristics of the cell wall having been modified. The combined59

results illustrate that individual enzymes are not sufficient60

to produce an effect on fruit softening, so it has become61

evident that possible concomitant action of several isoforms62

and post-transcriptional regulatory events may be involved.63

In fact, although changes in levels of mRNA may predict64

changes in enzyme levels, the transcripts may not necessarily65

be translated and proteins detected in immunoassays may not66

necessarily be suitablymodified by post-translationalmecha-67

nisms to be fully active. Furthermore, the role of each enzyme68

cannot be explained by studying a single isoform since the69

presence of several isoforms, with distinct patterns of expres-70

sion, may mask the total activity in a given developmental71

stage. Also, the presence of mRNA transcripts encoding for72

a specific isoformcannot be directly correlated to the resultant73

total enzymatic activity, due to different transcription rates.74

For example, from the seven expansin (FaEXP 1-7) mRNAs75

expressed during strawberry (Fragaria ananassaDuch.) fruit76

development, FaEXP3, which is expressed in small green77

fruit and in ripe fruit, is transcribed at much lower levels78

(1000-fold) than the other expansin mRNAs (Harrison et al.,79

2001). For these reasons, assays for monitoring the changes80

in the activity during the development of the fruit are needed81

to complement the studies on genetic expression.82

In apples (Malus × domestica Borkh.), the activity of sev- 83

eral cell wall-modifying enzymes has been reported and 84

for some families, the activity fluctuations have been mea- 85

sured during fruit growth (Vincken et al., 1998) or ripen- 86

ing (reviewed by Johnston et al., 2002), although no work 87

has investigated a set of enzymatic activities together using 88

the same biological material. Furthermore, the ripening 89

behaviour has been studied using fruit held under cold stor- 90

age. The objective of this studywas to determine the temporal 91

patterns of activity of enzymes that have been implicated in 92

cell wall modifications, to gain an insight into the changes in 93

each activity during the complete development process; from 94

fruit-set to over-ripe fruit. 95

2. Materials and methods 96

2.1. Plant materials 97

Apples (Malus × domestica Borkh cv. Mondial Gala) 98

were obtained from trees grown at the experimental orchard 99

of the Instituto Superior de Agronomia, Lisboa, Portugal, 100

during two growing seasons. The fruit used were classified 101

and assigned to classes according to their physiological stage, 102

based on their time from anthesis or from harvest, size, skin 103

colour, seed maturation and pulp firmness as: fruit set (stage 104

1), growing fruit (stage 2), unripe expanded fruit (stage 3), 105

fruit at harvest (stage 4) and over-ripe fruit (stage 5). In all 106

cases, samples were harvested, immediately frozen in liquid 107

nitrogen and stored at −80 ◦C until extraction of proteins. 108

Fruit at stages 1 and 2 were frozen and assayed with skin, 109

whilst fruit fromstages 3–5were peeled and cut in small slices 110

immediately before freezing. Fruit diameter was measured at 111

the equatorial section using a vernier calliper. Seed matu- 112

ration was assessed visually and colour of the fruit skin was 113

accessed visually and measured using a colorimeter (Minolta 114

Meter CR-300). Ground colour was expressed as the hue 115

angle value in the Hunter scale (McGuire, 1992). Firmness 116

of the pulp was determined using a Texture Analyser (TA- 117

XT2, StableMicro SystemsTexture Technologies, Scarsdale, 118

NY) fitted with an 11mm diameter flat probe. Peeled flat 119

areas of the fruit were compressed 8mm at a test speed of 120

1mm s−1.The compression force for each fruit wasmeasured 121

three times and the average of the maximum force necessary 122

for the compression was used to define firmness. After the 123

definition of developmental classes, based on the statistical 124

analysis of 30 fruit, more than 60 fruit from each develop- 125

mental stage andgrowing seasonwere attributed to the classes 126

defined. Sliced (stages 3, 4 and 5) or intact (stages 1 and 2) 127

fruit were stored at −80 ◦C in bulks of mixed fruit from the 128

same developmental stage. For extraction of proteins, 10 g 129

samples of these fruit bulks were used per enzyme assay 130

and per sample. For each enzyme activity, three independent 131

assays were conducted per season (giving six replications). 132

For expansin assays, four replications were made due to the 133

high concentration of proteins required to detected activity 134
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under the conditions used. In viscosimetric and spectropho-135

tometric assays, three readings were done per sample.136

2.2. Statistical analysis137

Single-factor (for fruit diameter, ground colour, and firm-138

ness), or two-way (for enzyme assay results) ANOVA anal-139

yses of were conducted using the Microsoft Office Excel140

2003 for Windows software. Means were compared using141

the Fisher’s least significant difference (LSD) post-test at142

P ≤ 0.01 with the SPSS (Version 12.0) software.143

2.3. Protein extraction144

All operations were conducted at 2 ◦C. Total crude pro-145

tein extracts were prepared starting with approximately 10 g146

of composite samples of fruit tissue at each developmental147

stage. The tissues were ground into fine powder in liquid148

nitrogen, using a mortar and pestle, and washed three times149

in cold acetone. Dry acetone powders were homogenized in150

25ml extraction buffer (200mMsodiumphosphate buffer pH151

8.0 containing 5mMEDTA and 5mMDTT (dithiothreitol)).152

Onemillilitre of 250mMPMSF (phenylmethylsulphonylflu-153

oride) was immediately added, and the homogenates were154

incubated at 2 ◦C for 30–60min, with occasional mixing.155

The pH of each sample was checked with test paper and156

confirmed to be between 6 and 7 for all samples. The suspen-157

sions were then centrifuged at 20,000× g for 1 h at 4 ◦C and158

the supernatants were filtered through cheesecloth. Finally,159

the extracts were desalted using Sephadex G-25 medium160

in PD-10 columns (Amersham Biosciences, Uppsala, Swe-161

den) according to the manufacturer’s instructions, frozen162

at −80 ◦C, and lyophilised over 2 days. For each activity163

assay, lyophilised powders were resuspended in a maximum164

of 1mL of the corresponding assay buffer and immediately165

assayed. Protein contents were measured using the dye-166

bindingmethod ofBradford (1976) usingBSA (bovine serum167

albumin) as standard.168

2.4. Enzyme activity assays169

For each enzyme activity assay, both lyophilised pow-170

ders and substrates were resuspended in the corresponding171

assay buffer, to obtain high concentrations of the proteins in172

the reaction mixtures. For the activity of pectolytic enzymes173

that require calcium (PG and PL), the amount of calcium174

chloride necessary to achieve a 2mM final concentration in175

the mixtures was added to a buffer aliquot used to resus-176

pend the protein lyophilised extracts and was not included177

in the buffer used to dissolve substrates to prevent formation178

of insoluble calcium–polygalacturonate complexes (Collmer179

et al., 1988). For those reasons, small modifications were180

introduced in previously published tests for each enzyme181

to be assayed. All assays were conducted based on equal182

amounts of total protein for each developing stage. All assays183

were conducted in six replicates (from two growing seasons),184

except for expansin (four replicates, due to the high protein 185

concentration required to detect activity). Negative control 186

reactions were always included, consisting of denatured pro- 187

teins boiled for 10min in 10% SDS. The Unicam UV–vis 188

spectrophotometer UV4 andVision software (Ver. 3.31) were 189

used, whenever colorimetric determinations were involved. 190

2.4.1. Endo­ and exo­polygalacturonase activity 191

Endo-PG activity was assayed by a viscosimetric method. 192

Several pectic substrates with distinct degrees of esterifica- 193

tion and from different plant sources were tested, including 194

sodium polypectate from citrus fruit (Sigma), polygalactur- 195

onic acid from orange (Sigma), citrus pectin 90% esterified 196

(Sigma) and apple pectin 70–75% esterified (Fluka). Reac- 197

tion mixtures containing 250mL 2.0% (w/v) each substrate 198

(prepared fresh for the assay) and 150mL protein extract 199

(48mg per sample), both in 50mM sodium acetate buffer pH 200

4.5. Calcium chloride concentration in the final mixture was 201

set up to 2mMas described above. Initial viscosity was deter- 202

mined by measuring the time taken for the movement of the 203

mixture through the 0 and the 0.05mlmarks of a 0.1mL glass 204

pipette fixed in a vertical position. Three readings were mea- 205

sured for each replicate using a stopwatch. Themixtureswere 206

then incubated for 4 and 24 h at 37 ◦C with shaking. After a 207

15min equilibration period at 24 ◦C, the viscosity of the mix- 208

ture was measured again as described. Exo-PG activity was 209

determined using a reducing sugar assay according to the 2- 210

cyanoacetamidemethod described byGross (1982). After 5 h 211

at 30 ◦C, the formation of reducing groups was estimated by 212

measuring the absorbance at 246 nm and comparison with a 213

calibration curve obtained using d-galacturonic acid (Sigma) 214

as standard. 215

2.4.2. Pectin methylesterase activity 216

PME was assayed based on the spectrophotometric pro- 217

cedure of Hagerman and Austin (1986). Changes in the 218

absorbance were monitored at 616 nm for 20min in a run- 219

assay. The analysis of the graphics showed some perturba- 220

tions in the curve during the first 60 s of the assay, probably 221

due to the mixing of the proteins and diffusion of the colour 222

generated by newly formed products in the solution. There- 223

fore, the results were expressed as the difference in measured 224

absorbance readings between 15min and 60 s, since in this 225

region the curves showed a near-linear decrease. 226

2.4.3. Pectate lyase activity 227

PL activity was estimated at 540 nm using the thiobarbi- 228

turic acid method (Weissbach and Hurwitz, 1959), at 37 ◦C 229

for 18 h, in 100mM Tris–HCl buffer pH 9.0 containing 230

2.0mM calcium chloride and 130mg of total extracted pro- 231

teins. It should be noted that using the standard method 232

described by Collmer et al. (1988), no activity was detected, 233

presumably due to the presence of interfering substances in 234

the extracts which result in high absorption at 232 nm. The 235

same has also been observed by others (Pilatzke-Wunderlich 236

and Nessler, 2001; Payasi et al., 2004).
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2.4.4. β­galactosidase and α­l­arabinofuranosidase237

activity238

b-Gal and AFase activities were assayed according239

to Pressey (1983), by measuring the hydrolysis of p-240

nitrophenyl-b-d-galactopyranoside or p-nitrophenyl-b-d-241

arabinofuranoside, in 50mM sodium acetate pH 4.0 or pH242

5.0, respectively. The released p-nitrophenol was measured243

spectrophotometrically at 415 nm, after incubations of 15min244

and 3 h at 37 ◦C, respectively. Activity was reported as the245

amount of p-nitrophenyl glycoside released according to246

a comparison with a standard curve constructed using p-247

nitrophenol (Sigma).248

2.4.5. Endo­1,4­β­glucanase activity249

EGase activity wasmeasured by the change in viscosity of250

a solution containing CMC (Durbin and Lewis, 1988). One251

hundred millilitre of enzyme extract were added to 350ml252

of a 1.5% (w/v) CMC (medium viscosity, Sigma) solution253

in 20mM phosphate buffer pH 6.0. Each sample contained254

55mg total proteins.Viscosimetry readingswere taken at time255

0 and after 6 h, according to the procedure described in the256

endo-PG assay. Activity was reported as the percentage of257

viscosity reduction after the assay period, with respect to258

time zero.259

2.4.6. Xyloglucan endotransglycosylase activity260

XET activity was determined according to the semi-261

quantitative blot assay described by Fry (1997), for 1 h at262

26 ◦C in 50mM phthalate buffer pH 5.5 and 11mg protein.263

The relative density of each spot was calculated using the264

‘Scion Image (Version beta 4.0.2) forWindows’ software and265

the activity was reported as the percentage of the maximum266

reading.267

2.4.7. Expansin activity268

Activity of expansins was assayed by a stress-relaxation269

test according to Cosgrove (1989) with some modifications,270

using a TA-XT2 Texture Analyser fitted with tensile grips.271

A custom-made plastic cuvette was adapted to the lower272

tensile grip to allow the wall specimens to be submerged273

in the sample solution during the assays. Seeds of Cucumis274

sativus L. cv. Burpee Pickler were grown at 28 ◦C in the dark,275

in a humidified environment. The active growing region of276

the hypocotyls (cell wall specimens) was excised, frozen at277

−20 ◦C, thawed, and the cuticle was abraded with carborun-278

dum slurry. Endogenous enzymeswere inactivated by boiling279

the hypocotyls in water, prior to the assays. After equilibra-280

tion at room temperature, cell fluids were removed by press-281

ing the hypocotyls between two microscope slides. The wall282

specimens were clamped between two grips separated 5mm283

in 50mM sodium acetate pH 4.5 buffer. A constant force284

of 20 g was applied for 30min to minimize intrinsic varia-285

tions of the cell wall specimens. After that period, the buffer286

was completely removed and replaced with 300mL of pro-287

tein samples (1.25mg/mL assay buffer) and, after applying a288

20 g initial force, the subsequent force required to maintain289

the distance between clamps was recorded for 20min at 25 290

points per second. All assays were performed at 24 ◦C. The 291

stress relaxation spectrum of each sample was obtained as a 292

function of d(Force (g))/d(log10t (s)) with respect to log10t (s) 293

(Cosgrove, 1996). Estimates of total expansin activity were 294

based on the force necessary to maintain the cell wall spec- 295

imen distance at the end of the assay. Activity was reported 296

after subtracting the force measured to the negative control 297

values. 298

3. Results 299

3.1. Establishment and validation of developmental 300

stages in apple 301

Due to the high number of studies conducted in tomato 302

(Lycopersicon esculentum Mill.) (taken as a model for cli- 303

macteric fruit ripening) and strawberry (used as a model 304

for non-climacteric fruit ripening), well established stages of 305

development and maturation have already been established 306

for these species. Hence, direct comparison of the results 307

obtained from different research groups can be undertaken. 308

In apple this information is not available. For that reason, 309

a preliminary assay was conducted to define suitable fruit 310

developmental stages to be used in the subsequent analyses. 311

For that, the behaviour of fruit growing and ripening was 312

investigated from fruit set to over-ripe stages. Fruit size, skin 313

colour, seed maturation and pulp firmness were quantified 314

(Fig. 1), and based on the results obtained, five stages of 315

development and ripening are proposed (Table 1). As shown 316

in Fig. 1, the growth curve obtained for ‘MondialGala’ apples 317

is in accordance with the typical growing pattern of pome 318

fruit (Peña and Carpita, 2004). The diameter of the fruit was 319

used as the criteria to classify the fruit through until commer- 320

cial maturity. During the growth of apples, fruit classified as 321

stage 1were collected from 35 to 45 days post-anthesis (dpa), 322

which corresponds to the period of fruit set and predominant 323

cell division (Gillaspy et al., 1993). All fruit attributed to 324

this stage were of between 15 and 25mm diameter (Table 1). 325

Fig. 1. Growth, development and ripening behaviour of ‘Mondial Gala’

apples. Values and vertical bars indicate the mean and S.D. of measurements

for 30 fruit per observation. The arrow shows the date of harvest.
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Table 1

Description of the criteria used to classify the fruit (bold) and the measured characteristics by growing season

Developmental stage (1) Fruit set (2) Active growing (3) Unripe; expanded (4) Harvest (5) Overripe

dpaa/dphb (days) 35–45a 60–70a 90–100a 135–140a 21–30b

Growing season 1 41 67 95 137 25

Growing season 2 39 65 94 136 25

Diameter (mm) 15–25 32–40 – – –

Growing season 1 17.4± 2.5 a 37.1± 2.4 b 61.6± 2.3 c 62.3± 2.3 c 61.6± 2.8 c

Growing season 2 18.5± 3.0 a 36.8± 1.9 b 60.2± 2.4 c 61.4± 2.1 c 62.7± 3.0 c

Mature seeds (%) – – 30–70 90–100

Growing season 1 45.7± 9.1 100

Growing season 2 48.4± 8.7 100

Skin colour (%red) – – <1/3 About 2/3

Growing season 1 <1/3 About 2/3

Growing season 2 <1/3 About 2/3

Ground hue (◦) – – 106–115 100–105 <105

Growing season 1 114.2± 9.7 a 103.6± 8.3 b 95.7± 7.2 c

Growing season 2 112.3± 9.1 a 102.1± 7.9 b 94.1± 8.3 c

Pulp firmness (N) – – 65–80 <40

Growing season 1 121.6± 7.9 a 76.2± 9.1 b 32.2± 6.3 d

Growing season 2 129.7± 8.1 a 78.8± 8.3 b 31.6± 7.1 d

Values are the average±S.D. of 30 representative samples and the letters represent statistical significance at 1%.
a dpa-days post-anthesis.
b dph-days post-harvest.

Between 60 and 70 dpa, the development of apples is based326

mainly on cell growth (Gillaspy et al., 1993). During this327

period, fruit with a diameter between 32 and 40mm were328

sampled and classified as stage 2. Around 90–100 dpa, fruit329

stopped growing, as revealed by media comparison analysis,330

but theywere still unripe, based on their skin and seed colours331

(Table 1). These fruit were assigned to stage 3. At this stage,332

firmness of the pulp started to be assessed at regular periods333

in order to define the date of harvest, based on commercial334

maturity criteria. Harvest was initiated when fruit reached335

80–90N, as measured in the field using the Magness–Taylor336

test. Visual observation of the ground skin colour supported337

the decision for harvesting.Harvestwas done around135 dpa,338

which is in accordance with other studies with ‘Gala’ apples339

(Peña and Carpita, 2004). Harvested fruit were sampled for340

stage 4 and a set was allowed to ripe at 22 ◦C. The change341

in the firmness of the pulp measured with a texture anal-342

yser (Fig. 1) agrees with previous work (Johnston et al.,343

2001). Softening of several apple cultivars, including ‘Gala’,344

is triphasic at low storage temperatures, consisting of an ini-345

tial slow softening phase, a rapid softening phase and a final346

slow softening phase, although above 12 ◦C, the first phase347

is usually not present (Johnston et al., 2001). In the present348

study, however, this phase could beobserved for a short period349

of time even at 22 ◦C. A possible explanation might reside350

in differences in fruit sampling at harvest, since in this work351

the firmness of each fruit studied was measured and the fruit352

were carefully selected according to the criteria described353

previously. Fruit with firmness out of the range defined were354

discarded. This contrasts with harvest for commercial pur-355

poses, in which fruit withmixed firmness values are collected356

together. Physiologically over-ripe fruit were considered to357

be those in the final phase of softening, with firmness below358

40N, and were classified as stage 5. However, it should be359

noted that fruit with firmness below 65N are not accepted by 360

the market. 361

3.2. Protein extraction 362

Apples are known to have characteristically low pro- 363

tein content, about 0.2% (w/w) (Wu et al., 1993). In this 364

work, a protocol for the extraction of total soluble proteins 365

was adapted and optimised based on standard procedures 366

(Deutscher, 1990), in order to be suitable for all the assays 367

conducted. The protocol described in Section 2 allowed the 368

best yields, with the highest activity (evaluated in preliminary 369

assays after testing for b-Gal, EGase and XET activities in 370

fruit at harvest) when compared with a large set of alterna- 371

tive protocols described in the literature (data not shown). The 372

amount of protein extracted was low, but increased from fruit 373

set to over-ripe fruit, ranging from 65.9± 19.7mg g−1 at fruit 374

set to 334.6± 64.8mg g−1 in over-ripe fruit. This is proba- 375

bly the result from differences in the nature of the biologi- 376

cal material such as increased water content and decreased 377

cell wall material as the fruit mature, which results in more 378

efficient solubilisation and extraction of the proteins, rather 379

than a significant increase in the protein content of the fruit. 380

According to Lay-Yee et al. (1990), the amount of protein 381

extracted from apples is not significantly different between 382

different ripening stages. Such facts must be considered care- 383

fullywhen the objective is tomeasure enzyme activities based 384

on a fresh weight basis. The extracted proteins were anal- 385

ysed by conventional SDS-PAGE and the results suggest that 386

the method employed for the extraction, desalting and con- 387

centration of the proteins was adequate and did not cause 388

major degradation of the proteins (Supplementary Fig. 1). 389

Moreover, the pattern of proteins obtained during fruit devel- 390

opment suggests that the major differences in the protein 391
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composition occur at stage 3, when fruit stop growing (data392

not shown).393

3.3. Patterns of enzyme activity394

The levels of activity of the cell wall enzymes assayed395

show different patterns throughout the development and396

ripening of apples. Figs. 2 and 3 show the fluctuations of the397

activity of pectolytic and non-pectolytic cell wall-modifying398

enzymes respectively, using total protein extracts in five399

developmental stages. Pectolytic activity could be detected400

for all enzymes assayed, except for endo-PG, even using a401

viscosimetric assay, which is considered to be the most sen-402

sitive test available for monitoring the activity of this enzyme403

(Tagawa and Kaji, 1988). Moreover, high concentrations of404

extracted proteins and several substrates were used (see Sec-405

tion 2). Lack of endo-PG detectable activity during ripening406

was also reported in previous works in apples. According407

to several authors (Bartley, 1978; Abeles and Biles, 1991;408

Yoshioka et al., 1992), the increase in pectin solubility occurs409

without detectable activity of endo-PG, and only exo activity410

has been detected during ripening in this species (Bartley,411

1978). The results obtained in all of the other assays show a412

general decrease to low levels in unripe, expanded fruit and a413

subsequent increase as the fruit ripens (Fig. 2). This evidence414

suggests the action of different isoforms during fruit growth415

and during ripening and softening. b-Gals and AFases are416

glycosidases that putatively act on the sugars that compose417

and decorate the side-chains of the polysaccharides. These418

enzyme families display an increased activity after commer-419

cialmaturity, reaching itsmaximum inover-ripe fruit (Fig. 2D420

and E). This aspect is highly significant in the AFase assay.421

Exo-PG and PL activities were maintained at similar lev-422

els after harvest whilst PME activity decreased slightly from423

harvest to the over-ripe stage (Fig. 2A–C). All pectolytic424

enzymes displayed significant levels of activity during fruit425

growth.Whilst PL andAFase seemed to bemore important at426

fruit set (with active cell division), exo-PG, PME and b-Gal427

increased when the fruit are growing (during cell expansion).428

The pattern of activity of non-pectolytic enzymes is shown429

in Fig. 3. EGase activity was high at fruit set and decreased430

progressively during fruit development (Fig. 3A). This result431

de-emphasises the importance of this enzyme family in the432

ripening progress of apples, although its action seems to be433

necessary to promote growth of the fruit. XET activity is434

one of the two activities known of xyloglucan endotransgly-435

cosylase/hydrolase (XTH) enzymes. Only transglycosylase436

activity could be measured in this work using crude pro-437

tein extracts. The hydrolytic activity derived from XTHs438

cannot be determined due to the presence of putatively inter-439

fering endoglucanases that can also act on hemicelluloses.440

Expansin activity was estimated using a stress-relaxation441

assay, which is assumed to be more specific for assessing442

expansin activity than the creep assay, using crude samples.443

From Figs. 3C and 4, it is clear that the highest activity444

occurred at fruit set and low activity was detected in unripe445

Fig. 2. Patterns of pectolytic enzymatic activities accessed during growth

and ripening of ‘Mondial Gala’ apples using the assays described in Section

2. (1) Fruit-set; (2) growing fruit; (3) unripe, fully expanded fruit; (4) fruit

at harvest; (5) over-ripe fruit; NC, negative control (boiled enzyme extract

with 10%SDS). Values represent themean±S.D. of six replicates per assay.

Letters represent statistical significance at 1%.
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Fig. 3. Patterns of non-pectolytic enzymatic activities accessed during

growth and ripening of ‘Mondial Gala’ apples using the assays described

in Section 2. (1) Fruit-set; (2) growing fruit; (3) unripe, fully expanded fruit;

(4) fruit at harvest; (5) over-ripe fruit; NC, negative control (boiled enzyme

extract with 10% SDS). Values represent the mean±S.D. of six replicates

per assay, except for the expansin assay in which n= 4. Letters represent

statistical significance at 1%.

expanded fruit. There seemed to be similar levels of activity446

from harvest to the over-ripe stage. Interestingly, this pattern447

has some similarity with the pattern of enzyme activities of448

pectolytic enzymes. In this study, estimates of total activity449

attributed to expansin action were assumed to be correlated450

with the force necessary to maintain the cell wall specimen451

distance at the end of the assay, after subtracting the force452

measured from the negative control values. However, the453

analysis of each individual stress-relaxation profile is nec-454

essary to achieve more detailed information. Based on the455

observation of individual stress-relaxation profiles in differ-456

ent developmental stages (Fig. 4), a similar mode of action457

is suggested to occur from fruit set to unripe fully expanded458

fruit. However, the spectrum is considerably distinct in fruit459

Fig. 4. Stress-relaxation spectra of specimens of inactivated cucumber-

hypocotyl cell walls incubated with crude protein extracts purified during

‘Mondial Gala’ apple growth and ripening. Relaxation in shown as the

derivative of force (g) with respect to log10 of time (s). The plots repre-

sent the average of four samples per developmental stage. Negative control

stands for boiled enzyme extract with 10% SDS.

collected at harvest and in over-ripe fruit. This suggests that 460

different isoforms can be involved in the process, or that they 461

can be acting in distinct linkages between polysaccharides. 462

Therefore, the difference in the spectrum obtained using fruit 463

at harvest and over-ripe fruit should be considered together 464

with the results shown in Fig. 3C, which indicates simi- 465

lar activity levels in both developmental stages. The overall 466

results provide a general picture of the activity fluctuations 467

of the most studied cell wall-modifying enzymes from apple 468

fruit set to the over-ripe stage. Since all activities were esti- 469

mated using the same biological material, their role in the 470

development and ripening of apples can be collectively dis- 471

cussed. 472

4. Discussion 473

Diverse structural changes in pectins, hemicelluloses and 474

cellulose together may be responsible for the alteration of 475

cell wall structure that occurs during fruit ripening (Huber, 476

1983; Seymour et al., 1990). Depending on the fruit species, 477

different modifications may occur and to different extents. 478

Although pectic solubilisation is considered to be a uni- 479

versal feature of pectin modification, depolymerisation of 480

pectins seems to occur additionally in some species like avo- 481

cado (Huber and O’Donoghue, 1993), peach (Orr and Brady, 482

1993), persimmon (Cutillas-Iturralde et al., 1993) or tomato 483

(Sakurai and Nevins, 1993; Brummell and Labavitch, 1997), 484

whilst it is absent in others, including apple (Yoshioka et al., 485

1992; Redgwell et al., 1997a). Similarly, apples soften with- 486

out detectable depolymerisation of hemicelluloses (Bartley, 487

1976; Siddiqui et al., 1996; Percy et al., 1997), whilst in 488

other species, depolymerisation of these compounds appears 489

to occur (e.g. MacRae and Redgwell, 1992; Maclachlan and 490
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Brady, 1994; Sakurai and Nevins, 1997; Barnavon et al.,491

2000). Loss of neutral sugars from side-chains of pectins is492

also a universal event that occurs concomitantlywith ripening493

but depending on the species, different sugars are lost (Gross494

and Sams, 1984). Since differences exist between different495

species, species other than the fruit model tomato should be496

investigated.497

In apple, the concentration of water-soluble polyuronides498

increases (Knee, 1978a; Siddiqui et al., 1996) but those499

of EDTA and chloridric acid-(HCl) soluble polyuronides500

decrease during softening (Yoshioka et al., 1992). Siddiqui et501

al. (1996) suggest that pectin solubilisation may result from502

enzymatic cleavage of linkages between pectin and other cell503

wall components. The activity of enzymes like exo-PG, b-504

Gal or AFase may be responsible for pectin solubilisation.505

The present results show an increase in these enzymes with506

the onset of ripening.Detection of exo-PGactivity in ripening507

apples is in accordance with Bartley (1978).508

Loss of firmness has been associated with a significant509

decrease in the galactose content of the cell wall, associated510

with b-Gal activity (Bartley, 1974; Ross et al., 1994). Apple511

b-Gal showing activity against native substrates have been512

purified and partially characterised from ripe apples (Dick513

et al., 1990; Ross et al., 1994; Yoshioka et al., 1995) and a514

cDNA clone characterised (Ross et al., 1994). In this work,515

a gross change in b-Gal activity during apple growth and516

ripening was not observed, although it had its lowest level517

at fruit set, and its highest in over-ripe fruit. This pattern is518

probably the result of the action of more than one isoform.519

Four b-Gal activities (GA-I–IV) were detected in cell wall520

extracts from apples stored at 0 ◦C for 5 months (Yoshioka et521

al., 1995). The activity of GA-I is undetectable at harvest, and522

as the fruit ripen, and is the only one of the four isoenzymes523

that increases after harvest, whereas the activity of the other524

enzymes is highest at harvest and decreases gradually as the525

apples soften in storage (Yoshioka et al., 1995). Thus, GA-I526

might account for the high level of activity in over-ripe fruit527

reported in this work. In previous reports, enzyme activity528

measured in crude extracts increases during fruit develop-529

ment, slightly decreases at harvest and ismaintained at similar530

levels during ripening (Dick et al., 1990; Ross et al., 1994),531

so it has been suggested that there is no relationship between532

changes in the total b-Gal activities and the loss of galactose533

during ripening. The present results using over-ripe fruit tend534

to disagree with that assumption since an increase in b-Gal535

activitywas recorded as the fruit soften. This can be explained536

by the nature of the material employed, since fruit with lower537

firmness than fruit used in other studies were employed.538

The role of AFases in fruit ripening has been less stud-539

ied, probably because of the absence of significant loss of540

arabinose during tomato ripening (Gross and Sams, 1984;541

Carrington et al., 1993). Total AFase activity remains con-542

stant during ripening in this species (Campbell et al., 1990;543

Itai et al., 2003), but closer examination reveals that, whilst544

the activity of two isoforms decreases during ripening, the545

activity of a third isoform increases (Sozzi et al., 2002).546

On the other hand, arabinose is the primary neutral sugar 547

lost during maturation of some fruit such as European pears, 548

peaches, strawberries (Gross and Sams, 1984) and avocados 549

(Redgwell et al., 1997b). In Japanese pear, a species with 550

a softening behaviour similar to apples, AFase is the gly- 551

cosidase that shows the highest increase in activity during 552

ripening (Tateishi et al., 1996). During growth of Japanese 553

pears AFase activity is highest in young small fruit and then 554

decreases gradually as the fruit expands. During fruit enlarge- 555

ment, AFase activity is detected at low levels but the activity 556

increases thereafterwith ripening (Tateishi et al., 1996). Inter- 557

estingly, this pattern of enzyme activity corresponds to the 558

one obtained in our work, using ‘Mondial Gala’ apples. Dur- 559

ing ripening of apples, release of arabinosyl residues has been 560

described to occur at low levels (Gross and Sams, 1984; Dick 561

et al., 1990) and only one AFase activity was detected and 562

found to increase during ripening (Yoshioka et al., 1995). 563

Based on the results reported here, this enzyme may have 564

an important role in the regulation of softening of apples at 565

late stages of ripening. This hypothesis is supported by a com- 566

parison of several apple cultivars and ‘Honeycrisp’, a cultivar 567

that maintains its crispness through long storage (Tong et al., 568

1999). Interestingly, the only difference observed between 569

this cultivar and others is the maintenance of the arabinose 570

content (Tong et al., 1999). 571

As stated above, apples soften without detectable depoly- 572

merisation of pectins and lack endo-PG activity. The results 573

obtained in our work agree with these previous reports. How- 574

ever, an endo-PG was reported to be purified from apples 575

(Wu et al., 1993), and activity of endo-PG was detected in 576

ripe ‘McIntosh’ apples both by activity measurements and 577

immunoblotting (Wuet al., 1993). Itwas suggested that previ- 578

ous failure to detect activitywas due to lowamounts of protein 579

assayed (Wu et al., 1993). This should not be the reason for 580

the results obtained in the present work, since activity was 581

not detected even using up to 375 (g of total protein extracted 582

from fruit at harvest. More work is needed to explain the 583

detection of activity in the cited work, which contrasts with 584

all of the literature, in order to clarify the biological mode of 585

action of this enzyme. 586

The pH in the fruit apoplast is known to decrease during 587

ripening (Almeida and Huber, 1999). Therefore, enzymes 588

with an alkaline pH optimum, such as PME and PL are 589

expected to be involved in the early stages of softening. 590

The overall degree of esterification remains at similar 591

levels in apples during ripening (Knee, 1978b; Yoshioka et 592

al., 1992; Klein et al., 1995). However, according to Knee 593

(1978b) andYoshioka et al. (1992), the degree ofmethylester- 594

ification decreases in the water- and CDTA-soluble fractions, 595

whilst the insoluble fraction remains unchanged. Since the 596

water-soluble polyuronides have a lower degree of methyla- 597

tion than those lost in the EDTA- and HCl-soluble fractions, 598

de-esterification of polyuronides is suggested to lead to their 599

solubilisation rather than depolymerisation (Yoshioka et al., 600

1992), which supports the assumption that endo-PG in apples 601

is absent or minimal. In the present work, PME activity could 602
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be detected in all of the developmental stages assayed, with603

highest activities in actively growing fruit and at fruit at har-604

vest. The slight decrease in activity after harvest reported605

in this work was also observed in several other species, in606

which PME has been associated with ripening (Ahmed and607

Labavitch, 1980;Gaffe et al., 1994; Tieman andHanda, 1994)608

and the increase in the activity observed with the onset of609

commercial maturity is also in accordance with previous610

reports in apple (Yoshioka et al., 1992; Klein et al., 1995).611

PLs have been suggested to cause depolymerisation of612

pectins via a b-elimination reaction (Dominguez-Puigjaner613

et al., 1997). Enhanced levels of enzyme activity in banana614

have been reported to correspond with an increase in sol-615

uble polyuronides (Marı́n-Rodriguez et al., 2003), but the616

evidence for the action of PL in the cell wall of fruit and its617

role during ripening is very restricted and few reports of PL618

activity have been published (Payasi and Sanwal, 2003). The619

role of PL in ripening fruit has been addressed mainly based620

on the observation of the mRNA accumulation of putative621

PL transcripts in ripening strawberries (Medina-Escobar et622

al., 1997) and bananas (Dominguez-Puigjaner et al., 1997;623

Medina-Suarez et al., 1997; Marı́n-Rodriguez et al., 2003).624

Furthermore, strawberry fruit with suppressed PL mRNA625

expression were significantly firmer than controls (Jiménez-626

Bermúdez et al., 2002). The present work seems to be the627

first evidence of PL activity in apples. The results indicate628

that, although the highest levels of activity are observed at629

fruit set, activity was also detected in ripening and softening630

fruit, suggesting a possible role of this enzyme in the pro-631

cess. The detection of activity in early stages of development632

and ripening contrasts with the absence of activity in precli-633

macteric banana fruit pulp (Payasi et al., 2004). Although no634

depolymerisation of pectins is thought to occur in apple, this635

enzyme may cause subtle but important modifications on the636

apple cell wall and deserves further investigation.637

Although no alterations in themolecularmass of the hemi-638

cellulosic fraction appears to exist in apple (Percy et al.,639

1997), it is known that subtle changes in the architecture and640

linkages of the polysaccharides that compose the cell wall of641

the fruit may result directly or indirectly in significant mod-642

ifications in its firmness. Among the enzymes known to act643

on the cellulose–hemicellulose network are EGases, XTHs644

and expansins.645

EGase activity is known to decrease during fruit growth646

(Bonghi et al., 1998), but it increases with ripening of several647

fruit, like tomato (Campbell et al., 1990; Maclachlan and648

Brady, 1994) Japanese pear (Yamaki and Matsuda, 1977),649

strawberry (Abeles and Takeda, 1990), peach (Bonghi et al.,650

1998) or avocado (Christoffersen et al., 1984; O’Donoghue651

and Huber, 1992), which suggests a role in fruit soften-652

ing (Cass et al., 1990). In this study, EGase activity was653

high at fruit set and decreased progressively during the fruit654

development. This result agrees with the previous reports655

(Abeles and Biles, 1991) and de-emphasizes the importance656

of this glucanases in ripening of apples. Similarly to apples,657

EGase activity was not detected in ripening European pears658

(Ahmed and Labavitch, 1980), grapes (Nunan et al., 2001) 659

or muskmelons (Lester and Dunlap, 1985). 660

Previous reports on XET activity in apple provide contra- 661

dictory results. According to Percy et al. (1996), the overall 662

XET activity (on a fresh weight basis) is highest in young, 663

growing apple fruit then decreases markedly towards the 664

end of fruit expansion. According to Vincken et al. (1998) 665

XET activity is not detected in the earlier stages of growth, 666

and the activity increases as fruit stop growing and during 667

cold storage. In thiswork, endotransglycosylase activity from 668

XTH enzymes was observed to be low at the fruit set stage, 669

increased to high levels when the fruit stops growing and 670

remained high throughout ripening and softening. The results 671

obtained tend to agree with the former authors. The apparent 672

reduced activity ofXET in growing fruit may seem surprising 673

due to the proposed role of this enzyme in cell wall loosen- 674

ing. It is generally assumed that the activity of EGases is 675

needed to generate oligosaccharides that act as acceptors for 676

XET activity. However, although EGase activity is high at 677

fruit set, that does not seem to reflect in high XET activi- 678

ties. One can speculate that, in apples, the mechanisms are 679

not dependent. Nevertheless, the low level of XET activity at 680

fruit set is in accordance with other work since, in persim- 681

mon, no detectable activity exists in fruit in the early stages 682

of growing (Cutillas-Iturralde et al., 1994). 683

The identification of a fruit-specific and ripening-related 684

expansin in tomato (Rose et al., 1997) and the evidence that 685

its suppression resulted in firmer fruit with reduced break- 686

down of some wall components (Brummell et al., 1999) 687

and its overexpression enhanced fruit softening (Brummell 688

et al., 1999), suggests that expansins might contribute to 689

cell wall disassembly and fruit softening (Rose and Bennett, 690

1999). Nevertheless, few studies report assays for expansin 691

activity in fruit. An evaluation of the expansin activity in 692

developing strawberry fruit was reported using extensibility 693

assays (Harrison et al., 2001). The extension was greatest 694

with extracts from ripe and over-ripe orange fruit but little or 695

no extension was observed in fruit before the turning stage. 696

Interestingly, in tomato, creep activity was present although 697

at fairly low levels in extracts from stage 2 and mature green 698

tomato fruit and induced either transient or prolonged exten- 699

sion, whereas the extracts from breaker fruit had negligible 700

activity levels (Rose et al., 2000). Those results are different 701

from those presented here. In the present work, the stress- 702

relaxation assay is suggested to be the most specific assay for 703

determining expansin activity, and it is clear that the highest 704

activity occurs at fruit set and very low activity is detected in 705

unripe expanded fruit. To the best of our knowledge, this is the 706

first report of analysis of expansin activity during fruit devel- 707

opment using the stress-relaxation assay. The analysis of the 708

individual stress-relaxation profiles in specific developmen- 709

tal stages discloses differences in the mode of action of the 710

expansins in distinct developmental stages. The reasons that 711

account for these differences still require clarification butmay 712

be attributed to the involvement of different isoforms, which 713

can act in different linkages or different regions of the cell 714
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wall. During apple ontogeny, at least six expansin genes are715

expressed with divergent and specific patterns (Wakasa et al.,716

2003). Different patterns of stress-relaxation spectrums were717

observed for the first two expansins isolated from cucumber718

(Cucumis sativus L.) (McQueen-Mason et al., 1992) and the719

authors attributed that observation to different mechanisms720

of action.721

In summary, the overall results suggest that apple fruit722

have limited softening during ripening when compared with723

other fruit like persimmon, strawberry, kiwifruit or tomato.724

Therefore, one can assume that the structural integrity of the725

cell walls is less compromised. This assumption is supported726

by the results obtained in this work, since, in contrast with727

other species, apples have minimal endohydrolysis revealed728

by the fact that no detectable or low activity of endo-PG729

nor EGase occurs during softening. However, based on the730

results from PL and XET activity, hydrolytic cleavage of731

some linkages should not be discarded. The results obtained732

for exo-PG, PME, b-Gal and AFase suggest that solubilisa-733

tion of pectins is determinant and occurs markedly during734

late softening.735

Since the results of in vitro enzymatic assays may not736

match exactly the activity in vivo, due to methodological737

constraints and influence of the changes in the apoplast envi-738

ronment during development, the results reported here should739

be considered as trends in enzyme activities during apple740

development and ripening, but do not necessarily represent741

the exact measure of activity that occurs in vivo.742
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