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Abstract: 

The biochemical processes underlying firmness loss of sweet cherry 
(Prunus avium L.) fruit are poorly understood. Studies on cell wall 
metabolism of sweet cherry have been generally undertaken during on-tree 
development or at harvest maturity, while published reports on 
postharvest changes are scarce and fragmentary. In this work, cell wall 
modifications after storage at 0 ºC were studied in two cherry cultivars 

(‘Celeste’ and ‘Somerset’) displaying different postharvest potential. 
Firmness was largely determined by the yields of the Na2CO3- and KOH-
soluble fractions, enriched in covalently-bound pectins and in matrix 
glycans, respectively, and correlated well with ascorbic acid contents. The 
yields of these two cell wall fractions were correlated inversely with PME 
and EGase activities, indicating a relevant role of these two enzymes in 
postharvest firmness changes in sweet cherry. The amount of solubilised 
cell wall materials was closely associated to the contents of 
dehydroascorbic acid, suggesting a possible role for oxidative mechanisms 
in cell wall disassembly. These data may help understanding the evolution 
of fruit quality during the marketing period, and give hints for the design of 
suitable management strategies to preserve key attributes. 
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Post-storage cell wall metabolism in two sweet cherry (Prunus avium l.) 16 

cultivars displaying different postharvest performance 17 

 18 

Abstract 19 

The biochemical processes underlying firmness loss of sweet cherry (Prunus avium L.) 20 

fruit are poorly understood. Studies on cell wall metabolism of sweet cherry have been 21 

generally undertaken during on-tree development or at harvest maturity, while 22 

published reports on postharvest changes are scarce and fragmentary. In this work, cell 23 

wall modifications after storage at 0 ºC were studied in two cherry cultivars (‘Celeste’ 24 

and ‘Somerset’) displaying different postharvest potential. Firmness was largely 25 

determined by the yields of the Na2CO3- and KOH-soluble fractions, enriched in 26 

covalently-bound pectins and in matrix glycans, respectively, and correlated well with 27 

ascorbic acid contents. The yields of these two cell wall fractions were correlated 28 

inversely with PME and EGase activities, indicating a relevant role of these two enzymes 29 

in postharvest firmness changes in sweet cherry. The amount of solubilised cell wall 30 

materials was closely associated to the contents of dehydroascorbic acid, suggesting a 31 

possible role for oxidative mechanisms in cell wall disassembly. These data may help 32 

understanding the evolution of fruit quality during the marketing period, and give hints 33 

for the design of suitable management strategies to preserve key attributes. 34 

 35 

Keywords:   36 

Ascorbate; cell wall; cold storage; enzymes; Prunus avium L.; postharvest 37 
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INTRODUCTION 39 

 40 

Keeping and handling potential of sweet cherry (Prunus avium L.) fruit is limited, owing to 41 

rapid postharvest deterioration and to high susceptibility to infections and mechanical injuries. 42 

These fruit must be harvested fully ripe in order to achieve good eating quality, surface colour 43 

and soluble solids content (SSC) being the main criteria commonly used to define harvest 44 

maturity (Romano et al., 2006). While the eating quality of sweet cherries is dependent upon 45 

SSC, titratable acidity (TA), SSC/TA ratio, aroma and flavour, handling options are 46 

determined largely by firmness, and indeed rapid softening rates of these fruit are closely 47 

related to their high perishability. These characteristics restrict drastically their storage 48 

potential and marketing possibilities after harvest.  49 

Ripening-related firmness loss is commonly attributed to modifications in cell wall 50 

composition and structure, driven by the cooperative, tightly-regulated action of numerous 51 

related proteins. Profound differences exist reportedly in the extent and enzyme regulation of 52 

ripening-related modifications of cell wall polysaccharides among fruit species or even 53 

cultivars (Goulao and Oliveira, 2008). For sweet cherry, the biochemical processes underlying 54 

postharvest firmness loss are poorly understood. Size exclusion chromatography studies 55 

revealed negligible pectin depolymerisation during ripening of cherry fruit, suggesting that 56 

fruit softening does not depend on this event (Batisse et al., 1994). Moreover, texture 57 

differences between firm and soft cherry fruit were also not related to depolymerisation of the 58 

pectin backbone, but rather to differences in the structure and size of the pectin side-chains 59 

(Batisse et al., 1996; Salato et al., 2013). A survey of six cherry genotypes with differing 60 

firmness levels indicated that cell walls of firmer cultivars contained higher amounts of 61 

alcohol-insoluble residues, of tightly-bound pectins and, although not consistently for all 62 

genotypes examined, of xyloglucans (Choi et al., 2002a). 63 
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A few studies have also addressed the changes in some cell wall-modifying enzyme 64 

activities in relation to a putative role in firmness loss of cherry fruit. Polygalacturonase (PG) 65 

activity increases reportedly late during sweet cherry development, suggesting that early fruit 66 

softening taking place at the onset of fruit ripening is unrelated to PG-mediated pectin 67 

disassembly, while carboxymethyl (Cx)-cellulase (currently termed endo-β-1,4-glucanase), β-68 

galactosidase and β-glucosidase activities might be involved in the initiation of the softening 69 

process (Choi et al., 2002b). Deposition of active β-glucosidase in the cell wall has been 70 

demonstrated during ripening of cherry fruit, and the enzyme characterised to possess 71 

hydrolytic activity against complex glycans (Gerardi et al., 2001). The highest β-galactosidase 72 

activity during on-tree development of ‘Bing’ fruit was observed approximately two weeks 73 

prior to fruit maturity, and suggested to contribute to cell wall hydrolysis during sweet cherry 74 

fruit softening (Andrews and Li, 1994). Functional characterisation of the enzyme 75 

demonstrated high specificity for p-nithophenyl-β-D-galactopyranoside, together with 76 

increased activity during ripening (Gerardi et al., 2012).  77 

Studies on cell wall metabolism of sweet cherry have been undertaken during on-tree 78 

development or at harvest maturity, while we are not aware of any published reports on 79 

postharvest changes in cell walls of these fruit. Additionally, there is experimental evidence 80 

that non-enzymatic mechanisms may be involved in the oxidative scission of cell wall 81 

polysaccharides in other fruit species such as tomato, strawberry, banana or longan, and 82 

particular attention has been focused on the possible role of ascorbic acid and its oxidation 83 

derivatives (Fry, 1998; Agius et al., 2003; Cheng et al., 2008; Duan et al., 2011). For these 84 

reasons, we undertook this study on cell wall modifications during cold storage of ‘Celeste’ 85 

and ‘Somerset’ sweet cherry fruit, with special emphasis on the possible role of enzymatic 86 

and non-enzymatic factors on postharvest cell wall disassembly. 87 

 88 
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 89 

MATERIALS AND METHODS 90 

 91 

Plant material and postharvest handling  92 

Cherry fruit (Prunus avium L. ‘Celeste’ and ‘Somerset’) were hand-collected in 2011 (May 93 

23
rd

 and June 7
th

, respectively) from a family-led orchard located in Corbins, in the area of 94 

Lleida (NE Spain), at commercial maturity on the basis of size and colour according to the 95 

usual practices in the producing area. Samples were selected for uniformity and absence of 96 

visible defects and damages, transported directly to the laboratory, and stored at 0 ºC and 92% 97 

relative humidity under regular air for up to 14 (‘Celeste’) or 28 (‘Somerset’) days. Fruit were 98 

analysed immediately after harvest and upon removal from storage, with or without 3 99 

additional days at 20 ºC to simulate commercial shelf life. Tissue samples from the pericarp 100 

of 30 fruit (three replicate samples × 10 fruit per sample) were taken at each sampling date, 101 

frozen in liquid nitrogen, freeze-dried, powdered, and kept at -80 ºC for subsequent 102 

biochemical analyses. 103 

 104 

Analysis of standard quality attributes 105 

Firmness was measured with a Durofel DFT 100 durometer (Agro-Technologie, Forges Les 106 

Eaux, France) fitted with a 5.64-mm tip, on two opposite faces on the cheek region of 30 fruit, 107 

and results were expressed as Durofel units (1, no resistance - 100, maximum resistance). 108 

Weight of 30 cherries was determined at harvest and at each analysis date in order to 109 

determine weight loss (%) regarding harvest date. Fungal decay was expressed as a 110 

percentage of fruit affected. For the assessment of juiciness, three replicate samples (10 fruit 111 

each) were stoned and squeezed until no more juice was released. After filtration, the volume 112 

of juice recovered was measured, and expressed as mL 100 g
-1

 fresh weight. Soluble solids 113 
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content (SSC) and titratable acidity (TA) were assessed in juice obtained as described above. 114 

SSC was determined with a hand-held refractometer (Atago, Tokyo, Japan), and results 115 

expressed as ºBrix. For TA determination, 10 mL of juice were diluted in 10 mL distilled 116 

water, and titrated with 0.1 M NaOH to pH 8.1; results were given as g malic acid L
-1

. Skin 117 

colour was determined at two opposite equatorial points of 30 fruit using a portable 118 

tristimulus colorimeter (Chroma Meter CR-200, Minolta Corp., Osaka, Japan), with CIE D65 119 

illuminant and 8 mm aperture diameter. Lightness (L
*
) values were recorded, and hue angle 120 

was calculated from a
*
 and b

*
 parameters as arctg b

*
/a

*
. 121 

  122 

Extraction, fractionation and analysis of cell wall materials 123 

The phenol:acetic acid:water (2:1:1, w/v/v) (PAW) method was used for the extraction of cell 124 

wall materials (CWM) from lyophilised tissue (3 g) according to Redgwell et al. (1992). The 125 

pellet obtained after PAW extraction was resuspended in water and centrifuged again. The 126 

PAW and water wash supernatants were combined, dialysed (mol. wt. cut-off 7000) for two 127 

days against Milli-Q water at 4 ºC, and centrifuged again to sediment out the precipitate 128 

formed during the dialysis. The combined supernatant (henceforth, PAW-soluble fraction; 129 

PAWsf) was recovered, lyophilised and weighed. The PAW-insoluble pellet was washed twice 130 

in acetone, recovered by vacuum filtration, lyophilised and weighed to determine yield of 131 

CWM, expressed as % (w/w) FW. For further fractionation, CWM (100 mg) from each 132 

replicate were extracted sequentially with water, 0.05 M cyclohexane-trans-1,2-diamine tetra-133 

acetate (CDTA), 0.05 M Na2CO3, and 4 M KOH as described previously (Selvendran and 134 

O’Neill, 1987), in order to fractionate water-soluble pectin, non-covalently-bound pectin, 135 

covalently-bound pectin and matrix glycans (hemicelluloses), respectively. Each fraction was 136 

filtered through Miracloth, extensively dialysed (mol. wt. cut-off 7000) against Milli-Q water 137 

at 4 ºC, lyophilised and weighed. Yields were expressed as % (w/w) CWM. 138 
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 Samples of total CWM, CDTA- and Na2CO3-soluble fractions (30-35 mg each) were 139 

hydrolysed with 12 M sulphuric acid for further analysis as described previously (Ortiz et al., 140 

2011a). Uronic acid content in the hydrolysate was measured by the m-hydroxydiphenyl 141 

method (Blumenkrantz and Asboe-Hansen, 1973) using galacturonic acid as a standard. Total 142 

neutral sugars were estimated at 490 nm by the phenol-sulphuric acid assay (Dubois et al., 143 

1956), with galactose as the standard. 144 

 The colorimetric ascorbate assay (Gillespie and Ainsworth, 2007) was used to analyse the 145 

contents of ascorbic (AA) and dehydroascorbic (DHA) acid in samples (40 mg) of lyophilised 146 

tissue. Determinations were done in triplicate, and data given as µmol gDW
-1

. 147 

  148 

Extraction and assay of cell wall-modifying enzyme activities  149 

For the extraction of polygalacturonase (exo-PG; EC 3.2.1.67 and endo-PG; EC 3.2.1.15), 150 

pectinmethylesterase (PME; EC 3.1.1.11), pectate lyase (PL; EC 4.2.2.2) and endo-1,4-β-D-151 

glucanase (EGase; EC 3.2.1.4) activities, a 10% (w/v) pulp homogenate was prepared by 152 

homogenising 100 mg of freeze-dried pulp tissue in an extraction buffer prepared according 153 

to Lohani et al. (2004). PG activity was determined on apple pectin (d.e. 70-75%) as 154 

described previously (Pathak and Sanwall, 1998), with galacturonic acid (GalUA) as a 155 

standard. One unit (U) of PG activity was defined as the liberation of 1 µmol of GalUA min
−1

. 156 

PME activity was measured according to Hagerman and Austin (1986). For the assay, the 157 

reaction mixture contained enzyme extract, apple pectin and bromothymol blue prepared as 158 

described previously (Alonso et al., 1997). One unit (U) of PME activity was defined as the 159 

decrease of one unit of A620 min
-1

. PL activity was assayed with apple pectin as the substrate 160 

according to Moran et al. (1968) as modified by Lohani et al. (2004). One unit (U) of PL 161 

activity was defined as the increase of one unit of A235 min
-1

. For the assessment of EGase 162 

activity, the DNS method (Miller, 1959), with carboxymethylcellulose as the assay substrate, 163 
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was used to determine the amount of reducing sugars released, with glucose as a standard. 164 

One unit (U) of EGase activity was defined as the release of 1 µmol of glucose min
-1

. 165 

For the extraction of β-galactosidase (β-Gal; EC 3.2.1.23), β-xylosidase (β-Xyl; EC 166 

3.2.1.37) and α-L-arabinofuranosidase (AFase; EC 3.2.1.55) activities, a 10% (w/v) pulp 167 

homogenate was prepared by homogenising 100 mg of freeze-dried pulp tissue in extraction 168 

buffer prepared according to previous work (Vicente et al., 2005). β-Gal, β-Xyl and AFase 169 

activity assays were undertaken in the crude extract as described in Vicente et al. (2005) and 170 

Wei et al. (2010), respectively. One unit (U) of β-Gal was defined as the liberation of 1 µmol 171 

of p-nitrophenol min
-1

 from p-nitrophenyl-β-D-galactopyranoside. One unit (U) of AFase or 172 

β-Xyl activity was defined as the liberation of 1 nmol of p-nitrophenol min
-1

 from p-173 

nitrophenyl-α-L-arabinofuranoside or p-nitrophenyl-β-D-xylopyranoside, respectively. 174 

Total protein content in the crude extracts was determined with the Bradford (1976) 175 

method, using BSA as a standard. All analyses were done in triplicate, and results were 176 

expressed as specific activity (U mg
−1

 protein). 177 

 178 

Statistical and multivariate analysis  179 

Results were treated for multiple comparisons by analysis of variance (ANOVA), followed by 180 

the least significant difference (LSD) Fisher’s test at P ≤ 0.05 with the Minitab 16 software 181 

package (Minitab Inc., UK). Partial least square regression (PLSR) was also used as a 182 

predictive method to relate a matrix of dependent variables (Y) to a set of explanatory 183 

variables (X) in a single estimation procedure, using the Unscrambler version 9.1.2 software 184 

(CAMO ASA, 2004). 185 

 186 

 187 

188 
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RESULTS AND DISCUSSION 189 

 190 

The usual standard indicators used to evaluate commercial quality of fruit indicated that 191 

samples were picked at a suitable maturity stage according to the standards in the producing 192 

area (Table 1). ‘Somerset’ fruit were in average larger and heavier than ‘Celeste’ cherries, and 193 

also displayed higher firmness, juiciness, SSC and TA values, besides being darker and 194 

redder. ‘Celeste’ cherries were analysed after 0, 7 and 14 days of cold storage. Because 195 

‘Somerset’ fruit display better keeping potential, the analyses on this cultivar were undertaken 196 

after storing the samples at 0 ºC during 0, 14 and 28 days. For clarity, Tables and Figures 197 

show results corresponding to 0 and 14 days of storage uniquely. However, all samples (2 198 

cultivars × 3 storage periods × 2 shelf life periods) were used for the development of the 199 

regression models. 200 

 201 

Fruit quality and cell wall materials after cold storage 202 

Firmness of ‘Celeste’ fruit declined significantly after 14 days at 0 ºC, whereas that of 203 

‘Somerset’ cherries increased (Table 2), indicating a tightening effect of cold temperature on 204 

fruit tissues as observed elsewhere for ‘Pájaro’ strawberries (Lara et al., 2004). ‘Somerset’ 205 

samples actually retained high levels of this attribute (> 80 Durofel units) throughout the 206 

whole experimental period of 28 days (not shown). In addition, weight loss rates were lower 207 

in ‘Somerset’ than in ‘Celeste’ fruit, but in contrast ‘Somerset’ cherries suffered from higher 208 

incidence of fungal infections (Table 2). 209 

 Insoluble and PAW-soluble cell wall materials were extracted from fruit samples in order 210 

to assess possible relationships to some shelf life potential-related attributes. Different trends 211 

were observed for each cultivar considered. For ‘Celeste’, increased yields of insoluble cell 212 

wall materials (CWM) and decreased amounts of PAW-soluble materials (PAWsf), indicative 213 
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of the degree of in vivo solubilisation of cell wall polysaccharides, were observed in fruit after 214 

a two-week cold storage period (Table 3). These changes resulted in remarkably augmented 215 

CWM:PAWsf ratios as compared with values at harvest (120.8 vs. 22.2) in spite of decreased 216 

fruit firmness. For ‘Somerset’, the increase in firmness after cold storage of fruit was 217 

accompanied by a two-fold increment in CWM yields recovered from fruit pericarp. 218 

However, firmness remained at similar levels after fruit was kept 3 days at 20 ºC thereafter, 219 

even though CWM yields remained similarly high and PAWsf yields were lower (Table 3), 220 

leading likewise to increased CWM:PAWsf ratios (132.3 vs. 76.1). This disagrees with 221 

previous observations on fruit displaying non-melting as well as melting softening patterns, 222 

such as apple (Ortiz et al., 2011a) and nectarine (Ortiz et al., 2010), for which we found 223 

declining CWM:PAWsf ratios with concomitant firmness loss during on-tree ripening, 224 

reflecting progressive solubilisation of cell wall polymers during the process. However, the 225 

biochemical mechanisms underlying firmness changes may be different during ripening and 226 

during the postharvest period of fully ripe fruit. These discrepancies may also be placed in 227 

connection with the view that noticeable differences exist among fruit species in the 228 

mechanisms involved in ripening-related firmness loss (Goulao and Oliveira, 2008), and 229 

suggest that additional processes besides cell wall modifications may play a role in sweet 230 

cherry fruit softening. One of such mechanisms may be related to water loss rates, which in 231 

turn are dependent upon the properties of the fruit cuticle. Indeed, there is experimental 232 

evidence for some fruit species that firmness loss shows good correspondence to the 233 

alterations in cell turgor taking place during ripening (Lara et al., 2014). The water-proofing 234 

properties of the cuticle depend to a large extent on the composition of cuticular waxes. For 235 

fruit species within the Solanaceae family, such as tomato or pepper, it has been reported that 236 

the ratio of alkanes to triterpenoids (Vogg et al., 2004) or to triterpenoids plus sterols (Parsons 237 

et al., 2012) correlated inversely to dehydration rates. Our own results (unpublished data) 238 
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indicated ratios of 0.18 and 0.33 for ‘Celeste’ and ‘Somerset’ at harvest, respectively, which 239 

would be consistent with higher firmness and lower water loss rates in the latter (Table 2). 240 

 Cell wall status may be more properly described by the specific composition and 241 

structure of the cell wall polymers, rather than by CWM:PAWsf ratios. When the insoluble 242 

cell wall materials obtained from the samples were fractionated and analysed, cultivar-related 243 

differences were found, which might be related to the different keeping potential in each case.  244 

For both cultivars, yields of the chelator-soluble fraction (CDTAsf), enriched in pectins bound 245 

non-covalently to the cell wall, did not change after keeping the samples at 0 ºC during 14 246 

days. However, different responses were observed for each cultivar considered after the 247 

simulated commercialisation period at 20 ºC subsequent to cold storage. While for ‘Celeste’ 248 

fruit lower CDTAsf yields were found as compared with non-refrigerated samples kept 3 days 249 

at 20 ºC immediately after harvest, the opposite was found for ‘Somerset samples (Table 3). 250 

Differences were observed as well in the evolution of yields of the carbonate-soluble fraction 251 

(Na2CO3sf), representative of covalently-linked pectins, which decreased after cold storage of 252 

‘Somerset fruit while remaining at similar levels in ‘Celeste’ samples (Table 3). Moreover, 253 

the percentages of both pectin-containing fractions over total insoluble materials were 254 

generally higher in ‘Somerset’ than in ‘Celeste’ samples, which had considerably lower 255 

firmness and more intense weight loss (Table 2). When the content of uronic acids was 256 

analysed in total insoluble materials as well as in pectin-containing fractions, it was found that 257 

uronic acid content in the Na2CO3-soluble fraction increased in both cultivars after storing the 258 

fruit at 0 ºC during 14 days. In contrast, uronic acids in the chelator-soluble fraction decreased 259 

after cold storage in comparison with levels at harvest, although ‘Somerset’ cherries were 260 

found to display higher contents than ‘Celeste’ fruit in all the sampling dates considered (Fig. 261 

1). Differences were also observed in the dynamics of the potassium hydroxide-soluble 262 

fraction (KOHsf), which contains mainly cell wall xyloglucans, ‘Somerset’ samples generally 263 
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displaying also higher contents of this cell wall fraction (Table 3). Although levels of ascorbic 264 

acid, both reduced (AA) and oxidised (DHA), showed similar dynamics in both cultivars in 265 

response to storage conditions, very different contents were observed in each case, ‘Somerset’ 266 

samples displaying higher AA and lower DHA contents in comparison with ‘Celeste’ fruit 267 

(Table 4). 268 

 In order to assess possible relationships to firmness and other quality attributes, cell wall 269 

composition data, together with AA and DHA contents, were used as the potentially 270 

explanatory variables (X-matrix) to develop a regression model. The corresponding 271 

correlations loadings plot (Fig. 2) shows that firmness was associated closely to yields of the 272 

Na2CO3-soluble fraction, enriched in covalently-linked pectins, to the levels of uronic acids in 273 

the chelator-soluble fraction of pectins and, to a lower extent, to KOHsf yields. This agrees 274 

with a previous report on six sweet cherry cultivars differing in firmness, which demonstrated 275 

that softer fruit had lower levels of these two fractions (Choi et al., 2002a). Interestingly, 276 

firmness was also related to AA contents, while more intense cell wall solubilisation, as 277 

indicated by higher yields of PAW- and water-soluble materials, was associated to 278 

dehydroascorbate (DHA) contents. Since AA and DHA contents were assessed in lyophilised 279 

pericarp tissue rather than in isolated cell wall fractions, these data should be considered with 280 

caution. However, they are consistent with previous reports that ascorbate-induced hydroxyl 281 

radicals can cause non-enzymatic, oxidative scission of cell wall polysaccharides and thus 282 

contribute to fruit softening (Fry, 1998; Cheng et al., 2008; Duan et al., 2011), and suggests a 283 

role for ascorbate in softening of cherry fruit. Actually, a highly positive correlation between 284 

total antioxidant activity and ascorbic acid content has been reported for cherry fruit (Serrano 285 

et al., 2005).  286 

 287 

288 
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Cell wall-modifying enzyme activities after cold storage 289 

Ripening-related modifications in cell wall composition and structure are commonly 290 

attributed to the finely-tuned, coordinated action of a number of specific enzymatic and non-291 

enzymatic proteins on different cell wall polysaccharides, which eventually lead to cell wall 292 

disassembly. The controlling mechanisms involved in this event, though, appear to vary 293 

widely among species (Goulao and Oliveira, 2008). Historically, depolymerizing enzymes 294 

acting on the pectin backbone, such as PG and PME, have been considered to play a central 295 

role in fruit softening. More recently, pectate lyase (PL), a lyase which removes demethylated 296 

uronic acid residues from the pectin backbone through a β-elimination mechanism, has 297 

received increasing attention, and has been shown to contribute to firmness loss in some fruit 298 

species, including banana (Domínguez-Puigjaner et al., 1997), strawberry (Jiménez-Bermúdez 299 

et al., 2002), nectarine (Ortiz et al., 2010), peach (Ortiz et al., 2011b) and apple (Ortiz et al., 300 

2011a, 2011c). Because PME catalyses the demethylation of galacturonosyl residues, which is 301 

required for subsequent PG and PL depolymerising action (Bennett and Labavitch, 2008), this 302 

enzyme activity is believed to be essential for ripening-related firmness loss. When these 303 

activities were analysed, cultivar-specific differences were observed in their evolution after 304 

harvest.  305 

 Cold storage did not cause significant changes in PME activity in ‘Celeste’ fruit, but 306 

levels increased during the subsequent simulated shelf life period at 20 ºC (Fig. 3A), while in 307 

‘Somerset’ samples similar PME activity levels were observed both at harvest and in cold-308 

stored fruit (Fig. 3B). PG activity increased in ‘Celeste’ cherries after cold storage (Fig. 3A), 309 

whereas similar levels as compared with those at harvest were observed in ‘Somerset’ fruit 310 

(Fig. 3B), maybe in relation to the retention of higher firmness in these fruit (Table 2). For 311 

both cultivars, PL activity levels did not show significant differences after cold storage, but an 312 

increase was found when fruit were kept at 20 ºC thereafter for 3 days (Table 5). 313 
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 Current experimental evidence shows that cell wall disassembly is far more complex than 314 

initially thought, and that other cell wall proteins may contribute significantly and decisively 315 

to this event. Actually, textural differences between crisp and soft cherry fruit are apparently 316 

related to structure and composition of pectin side-chains rather than to depolymerisation of 317 

the pectin backbone, which has been reported to be very limited (Batisse et al., 1996). Indeed, 318 

the highly branched structure of pectins is believed to control pore size in the cell wall, thus 319 

restricting the access of pectin backbone-acting enzymes to their substrates, and protecting 320 

cell wall polysaccharides from extensive depolymerisation by pectolytic enzymes (Goulao 321 

and Oliveira, 2008), even though high levels of pectolytic activity may be present. Removal 322 

of these galactosyl- and arabinosyl-containing pectin side-chains thus increases cell wall 323 

permeability and favours the access of PG, PL and PME to their backbone substrates. For 324 

cherry fruit, it has been reported that higher firmness was associated with higher degree of 325 

pectin branching (Batisse et al., 1996), although a recent study in which the degree of pectin 326 

branching in fruit of a soft (‘Newstar’) and a firm (‘Sweetheart’) cultivar was compared found 327 

the opposite (Salato et al., 2013). β-Gal and AFase act on these neutral sugar-rich pectin side-328 

chains, and may therefore have a major role in pectin solubilisation. 329 

 A cell wall-associated sweet cherry β-galactosidase (β-Gal) has been characterised to be 330 

active against complex glycans (Gerardi et al., 2012). Because the enzyme was the main 331 

glycosidase activity detected in sweet cherry extracts at different ripening stages, and 332 

increased notably during ripening, it was suggested to play a significant role in fruit softening. 333 

In this work, β-Gal activity levels rose in ‘Celeste’ samples both after cold storage and after 3 334 

days of simulated commercial life at 20 ºC (Fig. 3A), whereas cold storage induced a sharp 335 

increase in activity levels of ‘Somerset’ fruit (Fig. 3B). AFase activity, which cleaves 336 

arabinosyl residues from pectin side-chains, was also assessed, and found to follow dissimilar 337 

trends in both cultivars, with significantly increased levels being found in ‘Celeste’ fruit after 338 
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harvest regardless of temperature, whereas in ‘Somerset’ samples cold storage did not cause 339 

significant differences in AFase activity (Table 5). 340 

 Since data indicated that firmness was associated to the yield of specific cell wall 341 

fractions and to ascorbate content (Fig. 2), an additional regression model was developed in 342 

order to aid the visualisation of relationships among the variables assessed. Yield and 343 

composition of cell wall materials isolated from fruit were taken as the Y variables, with the 344 

assessed pectolytic and non-pectolytic enzyme activities, together with AA and DHA 345 

contents, as the potentially explanatory (X matrix) variables. The correlations loading plot for 346 

this model (Fig. 4) shows that the yields of the Na2CO3-soluble fraction, found to relate 347 

closely to fruit firmness (Fig. 2), were correlated inversely to PME activity levels, suggesting 348 

a role in firmness loss. Actually, PME activity was also well correlated to PAWsf and Wsf 349 

yields, indicative of the degree of solubilisation of cell wall materials, and associated to 350 

higher DHA contents. This is interesting in regard of previous evidence that de-esterified 351 

pectin is more susceptible to ascorbate-induced scission in vitro than methylesterified pectin, 352 

and that the ability to release ascorbate into the apoplast increases during ripening of tomato 353 

fruit (Dumville and Fry, 2003).  354 

 PG activity was apparently unrelated to firmness loss (Fig. 4), and PL activity levels were 355 

moreover generally higher in firmer fruit (Tables 2 and 5), which de-emphasises the role of 356 

these enzymes in postharvest firmness changes of cherry fruit. High levels of PG and PL 357 

activity might be not really of consequence for extensive changes in cell wall polysaccharides, 358 

as their action is dependent upon the availability and accessibility to their demethylated 359 

backbone substrate.  360 

 Removal of methyl moieties by PME also confers an anionic charge to polyuronides, and 361 

contributes to changes in the electric charge and to the acidification of the apoplast, thus 362 

modifying the activity and mobility of other cell wall proteins. Indeed, the pH optimum of 4.0 363 
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reported for sweet cherry β-Gal (Gerardi et al., 2012) is consistent with the idea of increased 364 

activity upon ripening-associated decrease of apoplastic pH (Almeida and Huber, 1999). Yet 365 

results do not support a key role for β-Gal in postharvest deterioration of ‘Celeste’ and 366 

‘Somerset’ cherries, firmer fruit actually displaying higher activity levels (Fig. 4). This result 367 

is not in accordance with the proposed role on sweet cherry softening (Gerardi et al., 2012), 368 

and it also disagrees with previous results on other fruit species (Ortiz et al., 2011a, 2011b). 369 

However, Gerardi et al. (2012) reported that β-Gal activity increased at early stages of sweet 370 

cherry ripening but decreased in over-ripe fruit. Similar results were obtained for nectarine 371 

(Ortiz et al., 2010), where β-Gal levels increased at the initial phase of softening, prior to the 372 

onset of the melting-like drop in firmness, to remain steady thereafter. Thus, the association 373 

between firmness and β-Gal activity might be indicating this early role in softening-leading 374 

events. No apparent association to firmness changes was found either for AFase activity, 375 

which is also considered to contribute to these controlling mechanisms of cell wall porosity. 376 

However, it was found to relate closely to the yields and to total neutral sugar contents in the 377 

CDTAsf, which is consistent with previous observations that a part of insoluble cell wall 378 

materials are reallocated transiently from the carbonate- to the chelator-soluble fraction of 379 

pectins during softening of some fruits (reviewed in Goulao and Oliveira, 2008; Duan at el., 380 

2011).  381 

 Similarly to the observations for PME, the matrix glycan-degrading EGase activity was 382 

inversely correlated to firmness levels and to the contents of ascorbic acid, again suggesting 383 

that antioxidant activity may have a role in preventing extensive cell wall disassembly. This is 384 

also consistent with the finding that higher yields of the KOH-soluble fraction of insoluble 385 

cell wall materials, which is enriched in hemicellulosic polymers, were associated to higher 386 

firmness values (Fig. 2). Contradictory reports on the relevance of this non-pectolytic activity 387 

for fruit softening have been published (Goulao and Oliveira, 2008), and it has been suggested 388 
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that it might be related rather to cell wall extensibility at early stages of fruit development. 389 

Activity levels decreased progressively during fruit development of ‘Mondial Gala’ apples 390 

(Goulao et al., 2007) and ‘Snow Queen’ nectarines (Ortiz et al., 2010), and were reportedly 391 

higher in firmer ‘Golden Reinders’ apples (Ortiz et al., 2011c). However, results of the 392 

present study suggest that EGase activity may have a relevant role in postharvest firmness 393 

loss of sweet cherry fruit, in agreement with observations during fruit development (Choi et 394 

al., 2002b). 395 

 396 

 As the concluding remarks, total amount of insoluble cell wall materials was not a good 397 

predictor of firmness in ‘Celeste’ and ‘Somerset’ cherries. Further fractionation of these 398 

materials revealed that firmness was largely determined by Na2CO3sf yields, representative of 399 

the amount of covalently-bound pectins, and to a lesser extent by KOHsf yields, which contain 400 

mainly the matrix glycans. Firmness was also associated to higher levels of ascorbic acid, 401 

whereas the degree of solubilisation of cell wall materials was closely related to the contents 402 

of dehydroascorbic acid, which suggest a possible role of oxidative mechanisms in cell wall 403 

disassembly. PME and EGase activities, respectively a pectin- and a hemicellulose-degrading 404 

enzyme, were inversely correlated with the yields of the firmness-determining Na2CO3- and 405 

KOH-soluble fractions, as well as with ascorbic acid contents. These data may help 406 

understanding the evolution of fruit quality during the marketing period, and thus identifying 407 

key involved factors which may give hints for the design of suitable management strategies to 408 

preserve key attributes. 409 

 410 

 411 

412 
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Table 1.  Maturity and quality indices of ‘Celeste’ and ‘Somerset’ sweet cherry fruit at 

commercial harvest. 

 

 

 

 

 

 

 

 

 

 

Parameter ‘Celeste’ ‘Somerset’ 

Weight (g) 9.02 ± 1.43 10.49 ± 1.49 

Diameter (mm) 27.95 ± 3.23 30.73 ± 2.08 

Firmness (Durofel units) 77.7 ± 8.25 80.43 ± 5.89 

Juiciness (mL 100g
-1

 FW) 61.07 ± 6.35 65.37 ± 7.62 

SSC (º Brix) 16.07 ± 0.57 19.43 ± 0.91 

TA (g L
-1

) 6.70 ± 0.35 7.32 ± 0.38 

Hue (º) 21.88 ± 2.82 16.97 ± 1.46 

Lightness (L*) 33.51 ± 0.17 27.01 ± 0.32 

Values represent means ± SD of 30 or three (SSC, TA, juiciness) replicates.  
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Table 2.  Firmness (Durofel units), weight loss (%) and decay incidence (%) in ‘Celeste’ 

and ‘Somerset’ sweet cherries at harvest and after cold storage. 

 

Cultivar Days
a
 Firmness Decay  Weight loss   

‘Celeste’ 0 77.7 a  0.0  -   

 0+3 72.1 ab  0.0 9.6 c  

 14+0 68.5 b  0.0 15.8 b  

 14+3 69.9 b  6.7 22.4 a  

‘Somerset’ 0 80.4 b  0.0 -   

 0+3 77.2 b  0.0  2.4 c  

 14+0 86.5 a  8.5 7.2 b  

 14+3 82.1 ab  21.4 15.4 a  

Values are the means of 30 (firmness, weight loss) replicates. Decay incidence was evaluated as 

a percentage on the total number of fruit. For a given cultivar, means followed by different 

letters within the same column are significantly different at P ≤ 0.05 (LSD test).  
a
 Days at 0 ºC + days at 20 ºC. 
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Table 3.  Yield of insoluble (CWM) and PAW-soluble (PAWsf) cell wall materials (% FW), 

and of fractions isolated from insoluble cell wall materials (% CWM) in ‘Celeste’ 

and ‘Somerset’ sweet cherries at harvest and after cold storage. 

 

 CWM fractions   

Cultivar  Days
a
 CWM PAWsf Wsf CDTAsf Na2CO3sf   KOHsf 

‘Celeste’  0 1.086 c 0.049 ab  11.197 a 16.510 a 8.613 b 0.938 c 

 0+3 1.302 c 0.058 a 6.552 ab 17.710 a 13.674 a 2.406 a 

  14+0 2.412 b 0.020 c 2.438 b 15.572 ab 7.860 b 0.948 c 

  14+3 3.751 a 0.029 bc 1.588 b 11.964 b 7.258 b 1.833 b 

‘Somerset’ 0 1.186 b 0.022 b 3.495 a 18.204 ab 17.136 a 3.738 a  

  0+3 2.205 a 0.019 b 2.409 ab 17.232 b 9.660 b 1.267 b 

  14+0 2.153 a 0.028 a 1.078 b 17.451 b 10.098 b 1.912 ab 

 14+3 2.117 a 0.016 c 2.767 ab 20.098 a 14.750 ab 3.690 a 

Values are the means of three replicates. For a given cultivar, means followed by different letters within the 

same column are significantly different at P ≤ 0.05 (LSD test). 
a 

Days at 0 ºC + days at 20 ºC.  
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Table 4.  Content of ascorbic and dehydroascorbic acid (µmol gDW
-1

) in ‘Celeste’ and 

‘Somerset’ sweet cherries at harvest and after cold storage. 

 

Cultivar Days
a
 AA DHA   

‘Celeste’ 0 9.041 a 5.532 b    

 0+3 11.766 a 6.629 a   

 14+0 2.567 b 0.240 d   

 14+3 8.134 a 1.082 c  

‘Somerset’ 0 13.850 a 0.524 b   

 0+3 17.573 a 2.056 a    

 14+0 6.884 b 0.017 c   

 14+3 13.966 a 0.253 b  

Values are the means of three replicates. For a given cultivar, means followed by different letters 

within the same column are significantly different at P ≤ 0.05 (LSD test).  
a
 Days at 0 ºC + days at 20 ºC. 
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Table 5.  Specific activities (U mg protein
-1

) of some pectolytic and non-pectolytic cell 

wall-modifying enzymes in ‘Celeste’ and ‘Somerset’ sweet cherries at harvest and 

after cold storage. 

 

Cultivar  Days
a
 PL AFase β-Xyl   EGase 

‘Celeste’  0 1.026 b 36.920 c 80.935 b 11.943 ab 

  0+3 1.294 b 45.845 a 104.401 ab 18.708 a 

  14+0 1.652 ab 40.926 b 144.240 a 15.580 a 

  14+3 2.137 a 43.517 ab 114.650 ab 6.712 b 

‘Somerset’ 0 2.712 b 35.207 b 129.844 b 13.851 ab 

  0+3 3.151 b 38.402 b 156.394 ab 11.574 b 

  14+0 2.287 b 39.003 b 60.025 c 15.545 a 

 14+3 4.688 a 46.910 a 183.751 a 7.788 c 

Values are the means of three replicates. For a given cultivar, means followed by different letters within the 

same column are significantly different at P ≤ 0.05 (LSD test). 
a 

Days at 0 ºC + days at 20 ºC.  
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Figure 1.  Uronic acid content (% w/w) in total insoluble cell wall materials and in pectin-

containing fractions isolated from ‘Celeste’ (A) and ‘Somerset’ (B) sweet cherries 

at harvest and after cold storage. Bars represent means of three replicates. For a 

given fraction, values bearing different letters are significantly different at P≤ 0.05 

(LSD test).  

Page 30 of 32

http://mc.manuscriptcentral.com/fsti

Food Science and Technology International

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

30 

 

 

 

Figure 2.  Correlation loadings plot of PC1 vs. PC2 corresponding to a PLSR model for 

quality attributes (Y variables) vs. yield and composition of cell wall fractions (X 

variables) isolated from ‘Celeste’ and ‘Somerset’ cherries after cold storage at 0 

ºC (AA, ascorbic acid; DHA, dehydroascorbic acid; UA and TS, uronic acid and 

total sugar content in a given cell wall fraction, respectively). 
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Figure 3.  β-Galactosidase, polygalacturonase and pectinmethylesterase activities in 

‘Celeste’ (A) and ‘Somerset’ (B) sweet cherries at harvest and after cold storage. 

Bars represent means of three replicates. For a given enzyme activity, values 

bearing different letters are significantly different at P≤ 0.05 (LSD test). 
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Figure 4.  Correlation loadings plot of PC1 vs. PC2 corresponding to a PLSR model for 

yield and composition of cell wall fractions (Y variables) vs. cell wall-modifying 

enzyme activities and ascorbic acid content (X variables) in ‘Celeste’ and 

‘Somerset’ cherries after cold storage at 0 ºC (AA, ascorbic acid; DHA, 

dehydroascorbic acid; UA and TS, uronic acid and total sugar content in a given 

cell wall fraction, respectively). 
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