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Abstract-Non-celluloslc neutral sugar composthon of cell walls from seventeen fruit types were analysed durmg 
npenmg. Galactose was the nqor non-celluloslc neutral sugar m cell walls of cucurblt and solanaceous fruit, xylose was 
the predommant noncelluloslc neutral component of bernes, and arabmose was the major non-cellulosic component 
of pome fnuts. The major non-cellulostc neutral sugar residue m cell walls of stone fruits vaned In nectarme and peach, 
plum, and apricot,, the major sugar was arabmose, galactose, and xylose, respectively In 15 of the 17 types of fruit, a net 
loss of non-celluloslc neutral sugar residues occurred durmg npemng No net loss occurred m plums and cucumbers A 
net loss of cell wall galactose and/or arabmose occurred m 14 of the types of fnut Xylose was the major neutral sugar 
residue lost from walls of apricot durmg npenmg. In general, berry cell walls were comparatively low m galactose and 
arabmose content 

INTRODUCX’ION 

A substantil loss of firmness occurs m many frmts durmg 
npenmg. The softenmg that occurs 1s pnmardy due to a 
change m cell wall carbohydrate metabohsm, resulting m 
a net decrease m certain structural components [l, 21 In 
many fruit, the most apparent and mtenslvely studied 
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change m cell wall composltlon 1s the loss of uromc acid 
polymers which 1s accompanied by an increase m soluble 
polyuromde [2, 31 Polygalacturonase (EC 3 2 1 15), a 
hydrolytic enzyme that cleaves 1,4-galacturonosyl lmk- 
ages, has been strongly imphcated m the softening 
process [4-g]. In addition to the solublhzatlon of pectin, a 
net loss of non-celluloslc neutral sugar residues also 
occurs durmg the npenmg of pears [9, lo], apples [ll], 
strawbemes [12] and tomatoes [13, 141 Recent studies 
of relatively few species, suggest that the net loss of neutral 
sugar residues from cell walls dunng npenmg 1s due to 
altered turnover rates and seems to be restncted to 
galactose and/or arabmose contammg polymers 
However, unhke changes m cell wall polyuromde, the 
neutral sugar composition of fruits has only been studied 
in a limited number of species The ObJective of this study 

Table 1 The type of fruit and tissue used for cell wall non-celluloslc neutral sugar analysis 

Genus/species Common name Cultivar/clone Tissue type 

Lycopersacon esculentum Mdl 
Capszcum annuum L 
Capsxum annuum L 
Prunus perslca (L ) Batsch 
Prunus persrca (L) Batsch 
Prunus domestlca L 
Prunus armemaca L 
Malus domestlca Etorkh 
Pyrus pyrljbba (Bunn f) Naktu 
Cucumzs satwus L 
Cucumls me10 L 
Cucumrs me10 L 
Cucurbrta maxuna Duch 
Vaccuuum corymbosum L 
Rubus ldaeus L 
Rubus spp 
Fragarla x ananassa Duch 

Tomato 
Bell Pepper 
Hot Pepper 
Nectarme 
Peach 
Plum 
Aprnwt 

Apple 
Pear 
Cucumber 
Muskmelon 
Melon 
Sauash 

Red Ras& 
Blackberry 
strawberry 

ry 

‘Rutgers’ 
‘Mldway’ 
Cayenne 
NY-2603 
‘Lonng’ 
‘Demontford 
‘Goldcot’ 
‘Golden Dehclous 
‘El Dorado’ 
‘NatIonal Plckhng’ 
‘Honeyrock 
‘Golden Cnspy’ 
‘Early Prohfic’ 
G-132 
‘Chdcotm’ 
‘I)lrkson Thornless’ 
‘E!arhglow’ 

M==lJ 
MeSOWp 
Mesocarp 
M~==P 
Me%hXp 

Me==rp 
Me%XXp 
Cortex 
Cortex 
MeXMXp 

M=rp 
Me-socarp 
Me&Xarp 
Pencarp 
Mesoaup 
Mesocarp 
Receptacle 
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Table 2 Parameters used for determmmg stage of ripeness 

Fruit Stage I Stage II Stage III 

Tomato 
Bell pepper 
Hot pepper 

Apple 
Pear 

Cucumber 
Melon 
Muskmelon 

Yellow squash 

Nectarme 
Peach 
Plum 
Aprxot 

Blueberry 

Blackberry 

Strawberry 
Red raspberry 

Mature/green 

Pre-chmaterrc 

Immature/green, seeds undeveloped 

Immature/light yellow 

Immature/green, pa hardenmg nearly complete 

Green 

Green/firm 

Mature/turning, pit hardening complete Ripe/soft, 
flesh yellow 

Green/blue, tummg Dark blue&x 

Red Black/soft 

White/firm Pmk 

Turning Red/npe 

Clunateric Post-climateric 

Mature/turning, seeds developed 

Mature/Yellow 

Mature/ripe, 
yellow 

Overnpc 

Redfnpe, soft 

was to charactenze and compare changes m cell wall 
neutral sugar composition of fruit from various specax 
durmg rqnxung 

RESULTS AND DISCUSSION 

Tomato, bell pepper and hot pepper fruit lost 39x, 
42 % and 56 %, respectively, of then total cell wall neutral 
sugar durmg rlpemng (Table 3) Galactose was the maJor 
neutral monosacchande present m unnpe fruit account- 
ing for 14x, 11% and 14% of the walls of tomato, bell 
pepper and hot pepper, respectively The net loss of 
neutral sugar residues during npemng involved pnmardy 
galactose and arabmose contammg polymers Although 
the content of non-celluloslc glucose declined during 
npemng, this may be due to the presence of small, 
undetectable amounts of starch m wall preparations of 
unripe fruit rather than representing a true decrease m 
wall glucose residues Previous studies with tomato did 

not indicate a loss of glucose residues from cell walls 
durmg ripening [14] 

Cell wall composition of stone fruits vaned fibstan- 
trally (Table 4) Arabmose was the major neutral sugar m 
walls of nectarmes and peaches, although these fruits also 
contamed hrgh levels of galactose In comparison,, xylose 
and galactose were the predommant neutral monosac- 
cbdes m walls of apncots and plums, respectively A 
substantial net loss of wall galactose and arabmose 
residues occurred m nectarine and peach fruit during 
ripening, while the cell wall neutral sugar composition of 
plums remained relatively constant There was a 30% 
decrease m the content of xylose and glucose m walls of 
aprxots durmg rqxmng. 

Similar to previous studies [ 11,153, apple and pear cell 
walls contained relatively high levels of arabmose and 
xylose, galactose was also a major wall component of 
apples but not pears (Table 5) The net loss of non- 
celluloslc neutral sugar residues from cell walls during 

Table 3 Changes m non-cellulosic neutral sugar composition of cell walls from various solanaceous 
fruits 

Non-celluloslc neutral sugar (mg/lOO mg wall)? 

Fruit Stage* Total Rha Fuc Ara XYl Man Glc Gal 

Tomato 

Bell pepper 

Hot pepper 

I 283 12 
II 249 13 

III 172 12 
I 246 07 

II 185 09 
III 143 10 

I 297 11 
II 206 10 

III 130 06 

NW 40 32 17 45 139 
ND 40 32 17 46 103 
ND 30 43 24 22 40 

TrS 38 43 12 37 109 
Tr 35 41 12 32 56 
Tr 29 42 11 16 35 

ND 48 34 11 56 138 
ND 35 45 13 55 47 
ND 19 47 11 18 29 

*Stages are described m Table 2 
t Data represent the mean of three analyses, tnphcate uqectlons were made of each sample 
*ND, none detected, Tr, trace (less than 0 1 mg/lOO mg wall) 
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Table 4 Changes m non-celhdosic neutral sugar cornpositIon of ceil walk from vanous stone fruits 

Non~llulosx neutral sugar (mg/lOO mg wall)? 

Frmt stage* Total Rha Fuc Ara Xyl Man Glc Gal 

Nectanne I 294 09 Tr$ 119 47 09 12 98 
II 144 03 04 35 55 05 09 33 

III 179 04 06 44 58 09 14 44 
Peach I 343 12 Tr 154 44 09 11 113 

II 258 07 07 91 56 10 15 72 
III 246 06 09 83 64 09 15 60 

Plum I 293 09 Tr 105 34 04 10 13 1 
II 322 10 03 105 35 08 09 152 

III 299 09 03 102 34 09 09 135 
Apricot 1 234 08 Tr 51 90 14 20 51 

II 207 06 Tr 40 85 13 17 46 
III 205 08 Tr 64 64 11 14 44 

*Stages are described 1x1 Table 2 
tData represent the mean of three analyses, tnphcate mJectlons were made of each sample 
$Tr, trace (less than 0 1 mg/lOO mg wall) 

Table 5 Changes m non-celluloslc neutral sugar composltion of cell walls from various pome frmts 

Non-celluloslc neutral sugar (mg/lOO mg cell wall)? 

Frutt Stage* Total Rha Fuc Ara XYl Man Glc Gal 

Apple I 411 20 ND$ 149 71 14 24 133 
II 370 21 ND 154 75 14 24 82 

III 353 23 ND 151 82 12 20 65 
Pear I 383 14 ND 153 153 13 25 25 

II 296 12 ND 100 141 11 12 20 
III 284 07 ND 44 199 08 10 16 

*Stages are described m Table 2 
tData represent the mean of three analyses, trlphcate mJectlons were made of each sample 
*ND, none detected 
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rlpenlng was quite specific with losses involving pnmanly 
galactose m apple fruit and arabmose m pears 

Fruit cell wall composrttons of the cucurbrts studied 
were similar m that they contamed relatively low levels of 
arabmose and xylose and high levels of galactose 
(Table 6) Melon, squash and muskmelon cell walls lost 
substantial amounts of galactose and smaller amounts of 
arabmose residues during maturation and ripening, 
whereas the non-cellulosrc neutral sugar composrtion of 
cucumber cell walls remained fairly constant 

Xylose was the predommant neutral monosaccharide 
constituent m cell walls of berries (Table 7) Cell wall 
galactose and arabmose content of these fruits was quite 
low In general, the net loss of neutral sugar components 
from walls durmg ripening was less than most of the other 
fruits m thrs study Blueberry, red raspberry, blackberry 
and strawberry fret lost 9 %, 6 %, 17 % and 30 %, respect- 
ively, of then total neutral wall resrdues durmg rrpenmg. 
The losses mvolved pnmarrly arabmose and/or galactose- 
contammg polymers 

These results show that wrth the exception of the stone 
fruit, little species variation exrsted wrthm each botanical 
group of frmt, m regard to the major cell wall non- 
cellulosrc neutral sugar component However, the neutral 

sugar composrtron of cell walls vaned between the 
botanical groups 

The primary factor considered when sorting fruit mto 
stages of npeness was to select three stages whrch 
represented the spectrum of rrpemng for each species 
Thus, although compansons of cell wall neutral sugar 
composrtron wrthm a specres represents relative changes 
durmg npenmg, compansons between species at specific 
stages must be interpreted wrth caution 

In 15 of the 17 types of frmt, a net loss of non-cellulosrc 
neutral sugar residues occurred from cell walls during the 
developmental perrod tested The degree of loss ranged 
from 6% (raspberry) to 56% (hot pepper) No loss of 
neutral sugar residues occurred durmg the npemng of 
plums or cucumbers It 1s notable that m the present study, 
no loss occurred m cucumbers because m a recent study, 
cucumber fruit cell walls lost 51 ‘A of then total non- 
cellulosrc sugar residues dunng 12 days at 12 5” after 
harvest [la] This sharp contrast apparently reflects 
differences between cucumbrs on and off the vine 

Of the 15 fnuts in which a net loss of non-celluloslc 
neutral sugar residues occurred, galactose was the major 
residue lost in seven of the species and arabmose was the 
pnmary residue lost m another seven In apncot, xylose 
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Muskmelon 

Melon 

Frmt Stage* Total Rha Fuc Ara XY1 Man Glc Gal 

Cucumber I 175 08 02 15 26 08 09 107 
II 197 07 02 12 34 12 12 118 

III 198 06 02 12 34 12 14 118 
I 191 08 03 19 31 09 13 108 

II 112 07 05 11 41 09 14 25 
III 114 05 06 08 47 09 16 23 

I 205 04 02 14 33 13 14 125 
II 198 05 02 18 39 12 17 105 

III 150 05 02 10 41 10 14 68 
I 280 15 04 28 38 06 63 126 

II 191 08 05 10 52 08 86 22 
III 211 13 05 13 48 08 69 55 

*Stages are described m Table 2 
iData represent the mean of three analyses, trlphcate mJeetions were made of each sample 

Squash 
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Table 6 Changes m non-celluloss neutral sugar cornposItIon of frmt cell walls from various cucurblts 

Non-cellulosx neutral sugar (mg/lOO mg wall)? 

Table 7 Changes m non-celluloslc neutral sugar composmon of cell walls from vanous berries 

Non-celluloslc neutral sugar (mg/lOO mg wall)? 

Fruit Stage* Total Rha Fuc Ara XY1 Man Glc Gal 

Blueberry I 267 04 ND$ 60 146 07 13 37 
II 283 03 ND 18 210 07 12 33 

III 242 03 ND 11 180 06 11 31 
Raspberry I 163 04 Tr$ 15 121 03 07 13 

II 153 03 Tr 11 118 03 06 12 
III 153 03 Tr 10 119 03 07 11 

Blackberry 1 179 06 03 39 94 04 10 23 
II 166 04 02 23 115 03 07 12 

III 148 03 Tr 14 115 03 06 07 
Strawberry I 212 12 Tr 54 61 09 21 55 

II 172 05 Tr 28 68 10 26 35 
III 148 04 Tr 19 64 11 20 30 

*Stages are described m Table 2 
tData represent the mean of three analyses, triplicate inJectIons were made of each sample 
$ND, none detected, Tr, trace (less than 0 1 mg/lOO mg wall) 

was the major monosaccharide lost from walls durmg 
rlpemng Clearly, the loss of arabmose and/or galactose 
contammg polysaccharldes 1s associated with and can be 
considered a feature of the fruit npemng process m a 
number of economically important species 

Galactose and arabmose are maJor neutral sugar 
components of pectlc polysaccharldes They exist pnmar- 
dy as side chains on the rhamnogalacturonan backbone 
However, the means by which cell wall neutral sugar- 
contalmng polymers are turned over 1s not as clear as the 
enzymatic mechamsm of polyuromde hydrolysis, le 
cleavage of a-1,4-linkages between non-estenfied galactu- 
ronosyl residues of the pectlc portion of fruit cell walls by 
polygalacturonase Ahmed and Labavltch [lo] proposed 
that the solubthzatlon of pear wall arabmose residues 1s 
due to the action of polygalacturonase They dem- 
onstrated that m uatro hydrolysis of pear cell wall prep- 
arations Hrlth highly punfied polygalacturonase solubll- 
lzed a pectlc arabman slrmlar to the soluble polymer 

observed m ripe pear homogenates In tomatoes however, 
the loss of galactose residues does not seem to be due to 
polygalacturonase activity because rzn fruit (ripemng- 
inhibited mutant) cell walls lost a substantial number of 
galactose residues but contained httle or no polygalactu- 
ronase activity [14] Tomatoes also contam a fl- 
galactosldase capable of degradmg a fl-1,Cgalactan lso- 
lated from tomato cell walls [17] The Increase m free, 
monomeric galactose m tomatoes during rlpemng [18,19] 
may be a product of this enzyme 

The turnover of galactose and arabmose residues m 
tomatoes does not seem to be directly related to fruit 
firmness since rzn fruit soften only shghtly although a 
considerable net loss of galactose-containing polymers 
occurs [14] Thus, the direct effect of gala&an turnover on 
tomato fruit firmness may be mmor Nevertheless, It has 
been suggested that neutral sugar srde chains on the pectlc 
polysaccharlde backbone of pear and tomato cell walls 
may confer protection from polygalacturonase action by 
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restnctmg access of the enzyme to the polygalacturomc 
acid substrate [14, 151 It 1s notable that cell walls from 
bexrtes, which are relatively soft fruit, had a low content of 
galactose 

Regardless of the function of and mechamsms mvolved 
m cell wall turnover m relation to fruit ripening and 
softening, this study has shown that the net loss of neutral 
sugar residues 1s not restncted to apples [ll], strawberries 
[12], pears [9, 151 and tomatoes [13], but 1s a relatively 
general feature of fruit npemng m many, but not necess- 
arily all, spectes Further, this study provides evtdence that 
substanttal vartatton exists m cell wall composttton 
among tissues and fruits from various botanical groups 
Care should be taken to avoid generahzatlons about the 
‘mechamsm’ of frmt softening Cell wall composttton and 
metabolism, m relation to softenmg, may be quite dlf- 
ferent among various fruits and fruit tissues 

EXPERIMENTAL 

Plant materraj With the exception of apples and tomatoes, 
plants were field-grown using standard cultural practices at the 
Agricultural Research Center, Beltsvdle, MD Apples were 
obtained from a commercial orchard m Pennsylvama and 
tomatoes were grown m a greenhouse Table 1 lists the species 
and tissue type used The cnterla used for selecting various stages 
of ripeness differed between species (Table 2) Apples were 
‘harvested when mature and stored m au at o”, npeness stages 
were based on the pattern of C,H, and CO, evolution which was 
monitored by using GC Pear npeness was determined slmdarly 
except that fruit were stored at 0” for 6 weeks and then transferred 
to 20” 

Cell wall extractton Fruit were hand-harvested, washed with 
dlstdled H,O, and sorted mto three stages of ripeness The skin 
was removed from all fruit except bluebernes, red raspberries, 
blackberries and strawbernes Although the number of frmt used 
vaned between species, five was the mmlmum number used The 
appropriate tissue was exnsed, shced mto small sections, and 10 g 
was placed mto 20 ml 80 y0 EtOH Samples were stored at - 70” 
for up to 1 month pnor to cell wall extraction 

Samples were homogenized with a Polytron (Brmkmann 
Instruments), filtered through Mlracloth (Calbmchem), and the 
residue washed with 20 ml 80% EtOH After filtration, the 
residue was washed with 20 ml 20 mM HEPES-NaOH (pH 6 9) 
and suspended in 25 ml HEPES-NaOH (pH 6 9) contauung 
25 mg a-amylase (Sigma Chem Co, type III) and a drop of 
toluene Samples were incubated at 37” for 24 hr with continuous 
shaking. After filtration, the residue was washed twice with 25 ml 
20 mM HEPES-NaOH (pH 6 9) Cell walls were then extracted 
with CHCl,MeOH (1 1) and Me&O as previously described 
1141 Cell walls were dried m uacuo at 37” over P,O, for at least 5 
days poor to analysis 

Cell wall neutral sugar analysts The neutral monosaccharide 
components of non-celluloslc polysaccharldes were determined 
by using capillary GC Wall mate& was hydrolysed with 2 N 
TFA as described by Jones and Albershelm [20] The resulting 
neutral monosaccharides were then made mto their aldonomtrde 
acetate derivatives using the procedure of Lchrfeld [21] and 
quantified by capillary GC using conditions previously described 
[19], myo-mosltol was used as the internal standard 

At least three analyses were run for each stage of ripeness of 
each species Each GC analysis consisted of trlphcate mJectlons of 
each sample, data were averaged over the three mJe&ons 
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