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Abstract

Purpose of review: This review highlights progress made in the recent past in understanding the molecular basis of
cell wall changes during fruit ripening and senescence.

Recent findings: Gene expression studies in several fruit have continued to show that isoforms of various classes of
cell wall modifying enzymes and proteins are involved in cell wall disassembly during fruit ripening and senescence.
However, manipulation of various genes encoding these enzymes in transgenic plants have also continued to chal-
lenge the central role of any individual cell-wall degrading enzyme in fruit softening, and it now appears that no
single cell-wall modifying enzyme can be identified as being necessary and sufficient for textural changes accompa-
nying fruit ripening. This may suggest that there might be a cooperative action between various enzymes (proteins)
in controlling fruit ripening. Furthermore, it is possible that there are yet to be identified enzymes, which by acting at
low amounts on particularly important chemical bonds, significantly contribute to textural changes during fruit rip-
ening.

Limitations: Tomato is the model system of choice for studying the textural changes during ripening of fleshy fruit
due to its commercial importance, a rich source of genetic and biochemical information, relative ease of gene trans-
formation and availability of pleiotropic mutants. However, extrapolation of findings in tomato to other fruit species
may not be true and therefore, fruit softening may have to be treated on a case-by-case basis.

Directions of future research: The individual roles of these enzymes and proteins are still being addressed in part
through use of gene silencing techniques (antisense and co-suppression). Another technique is the use of "chimeric"
genes to simultaneously silence several target enzymes in order to manipulate entire biochemical pathways. Pro-
teomics strategies in tomato and other fruit will also be useful in characterising the fruit cell wall proteome to iden-
tify novel proteins and to reveal the suites of proteins that are co-expressed during fruit ripening and senescence. An
additional approach in identifying genes regulating fruit texture is the use tomato pleiotropic mutations.
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Introduction
Fruit are an essential part of the human dietary in-

take and nutrition, supplying vital vitamins, miner-
als, fiber, lipids and other bioactive compounds for
health promotion and diseaseprevention. Some fruit
such as apricots, peaches, apples and berries are not
only rich in vital nutrients and high in fiber, but also
offer natural sweetness. As a bonus, the water found
in fiuit assists in curbing hunger by creating the feel-
ing of “fullness.” Fruit are normally harvested after
attaining physiological maturity, when development
is completed and growth has ceased. Ripening is
then initiated and fruit acquire the organoleptic, aes-
thetic and edible characteristic qualities for con-
sumption. During ripening fleshy fruit undergo pro-
found changes in texture, colour, flavour and aroma.

The textural changes that occur during ripening of
most fiuit largely arise from the structural and com-
positional changes in the fruit cell wall. These
changes include modifications of the structure and
compositionof the constituent polysaccharides that
have been correlated withthe expression of a range
of hydrolases and transglycosylases, and the poten-
tial alteration of covalent and noncovalent interac-
tions between polysaccharideclasses [1**]. Fruit
cell wall polysaccharides fall into three categories;
pectins, hemicelluloses and cellulose. Pectins and
hemicelluloses are components of the wall ‘matrix’
within which are embedded the skeletal, cellulosic
microfibrils [2]. Additional minor cell wall constitu-
ents include a broad range of structural and enzy-
matic proteins, hydrophobic compounds and inor-
ganic molecules. Solubilisation and depolymerisa-
tion of cell wall polysaccharides have been observed
in most fleshy fruit, but the relative extent and tim-
ing can vary among species and even among differ-
ent cultivars of a given species, causing different
rates of softening,

The significant and often dramatic combination of
cell wall loosening and degradation that occurs in
practically all fruit species during ripening are col-
lectively referred to as ‘softening’, but reflect multi-
ple sensory attributes. Fruit softening results in nega-
tive quality attributes including high transportation
and storage costs, short postharvest shelf-life, sus-

ceptibility to microbial infection and decreased con-
sumer acceptability. As a result of the economic
importance of fruit crop species, extensive research
at the biochemical level has been devoted to eluci-
date the mechanisms responsible for the textural
changes that occur during preharvest and posthar-
vest ripening. However, the molecular basis of cell
wall changes during fiuit ripening is still poorly un-
derstood and remains an active area of study. An
important purpose of research at molecular level is
that, by usingthe knowledge obtained, it might be
possible to interferewith some of the processes in
order to curtail the extent of the softening process
and, therefore, prolong the postharvest storage life of
fleshy fruit.

Brummell and Harpster have comprehensively re-
viewed studies on fuit cell wall alterations in trans-
genic plants during ripening [2**]. The objective of
the present review is to highlight the progress made
in the recent past in understanding the molecular
basis of cell wall changes during fruit ripening and
senescence. The molecular studies on fruit cell wall
degradation during ripening have focused on the
expression and manipulation of genes encoding the
cell wall enzymes outlined in the subsequent sec-
tions.

Polygalacturonase

Pectin is the most abundant class of macromole-
cules within the cell wall matrix. It is also abundant
in the middle lamellae between primary cell walls
where, being the major adhesive material between
cells, it functions in regulating intercellular adhesion
[3**]. Fruit cell walls are usually highly enriched
with pectins. During fruit softening, pectins typically
undergo solubilisation and depolymerisation that are
thought to contribute to wall loosening and disinte-
gration. Polygalacturonase (PG) catalyzes the hy-
drolytic cleavage of galacturonan linkages of pectin
[2**]. PG 1s the most abundant and extensively
studied of the pectin-degrading enzymes and many
studies have focused on considerable pectin degra-
dation that coincides with fruit softening in relation
to expression of genes encoding PG and the activity
of the PG enzyme. However, molecular genetic
studies have revealed that even though PG is re-
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sponsible for polyuronide depolymerisation and
solubilisation, this makes only a partial contribution
to fiuit softening. However, the expression of the
genes encoding PG together with the increase in the
PG activity during ripening has been observed in
several fruit.

The expression of PG genes increased strongly dur-
ing ripening in ‘Rocha’ pears [4], peach [5*], and
figs [6]. Comparative studies showed that different
softening behaviours during ripening among three
pear cultivars may be caused by different endo-PG
activity and differential expression of PG genes [7*].
Differential expression of PG genes during ripening
in banana fruit showed that MAPG3 and MAPG4
were regulated by ethylene whereas MAPG2 was
associated more with senescence [8]. In tomato,
suppression of LePG alone did not significantly
increase fruit firmness [9**]. However, simultane-
ous suppression of both LeExp! and LePG signifi-
cantly reduced fruit softening during ripening. This
increased firmness was evident at all stages of ripen-
ing from mature green (unripe) stage to the red ripe
fruit, 21 days later, and the increased firmness was
observed in fiuit ripened on the plant or after har-
vesting at the mature green stage. Although fruit
with suppressed expression of both LeFxpl and
LePG were firmer throughout ripening, the fruit
continued to soften significantly. This indicates that
other hydrolases with polymer-modifying functions
or other proteins with unidentified influences on
polymer structure or intermolecular associations
were capable of completing the fiuit softening proc-
ess.

Pectate Lyases

The collapse of the hypothesis that PG represented
the primary determinant of tomato fruit softening
shifted attention to the isolation and functional
analysis of altemative cell wall-associated or me-
tabolising proteins [2**]. Altematives to PG, which
could play a major role in degrading pectins during
fruit ripening, include pectate lyases (PLs). These
are pectin degrading enzymes that randomly cleave
B (14) linkages between galacturonosyl residues,
generating 4, S-unsaturated oligogalacturonates by
B-elimination [3**. Until recently, it was thought

that PLs were secreted mainlyby plant pathogens
and that their action resulted in the macerationof
plant tissues. However, the tomato expressed se-
quence tags programmesuggests a high levelof PL-
like gene expression in ripe tomato fruit indicating
an important role of these enzymes in fiuit softening
[10]. The expression of PL genes has been observed
in fruit such as banana [11,12], grapes [13], straw-
berry [14,15] and peach [5*]. In climacteric fruit,
PLs appear to have the taskof carrying out an early
and coarse degradation of pectins, thusmaking them
more susceptible to the subsequent attack by other
degrading enzymes such as PGs. In non-climacteric
fruit such as strawberry, PGapparently play a minor
role in softening because little or no activity has been
found in fruit. An antisense PL gene resulted in a
high increase in firmness of full ripe strawberry fruit
and reduced the postharvest softening, without af-
fectingother fruit characteristics such as weight, col-
our, or solublesolids [16**]. This data suggest that
PL plays a more important role in fruit softening
than previously thought. Thus, this gene is an excel-
lent candidate for biotechnologicalmanipulation of
fruit softening,

Pectin Methylesterases

Pectin is secreted into the cell wall in a highly me-
thylesterified form and subsequently de-esterified in
muro by pectin methylesterases (PMEs) [17**].
PMEs may play important roles in determining the
extent to which demethylated polygalacturonans are
accessible to degradation by PGs, releasing galactu-
ronic acid (exo-PG) or oligogalacturonate (endo-
PG), and the availability of homogalacturonan car-
boxylic groups for Ca*" binding resulting in su-
pramolecular assembliesand gels. The formation of
these calcium-mediated pectin gels significantly
affects the mechanical properties of the cell wall and
adds rigidity to the wall [3**, 2**]. In most fruit,
PME is expressed before ripening and is down-
regulated by ethylene as ripening begins. PMEs
play little role in fruit softening during ripening, but
substantially affect tissue integrity [2**]. PME
genes were recently isolated and expression patterns
determined in strawberry [18], peach [5*] and
grapes [19]. These data indicate that PME tran-
scripts accumulate prior to fruit softening. In straw-
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berry, low level accumulation of FaPEI mRNA
was observed at the late stages of fruit ripening and,
in particular duringsenescence. The inhibition of
FaPE] following the endogenous ethylene burst
would increasethe degree of methyl esterification of
pectic polysaccharidesand thus reduce pectin stabili-
zation mediated by calcium cross-links. The nabil-
ity to form calcium cross-bridges would lead to cell
separation and have a negative effect on fiuit integ-
rity [18]. Low PME expression could have been
responsible for maintaining a strong cell wall ob-
served in the Crnr tomato mutant, further implicating
PME as playing an important role in maintaining
fruit cell wall integrity [20**].

B-Galactosidase

Another possible contributor to wall loosening and
relevant to fruit softening is the cleavage of the pec-
tin—xyloglucan cross-links by enzymes such as -
galactosidase. f-Galactosidases of a number of fruit
types were reported to possess B-galactanase activi-
ties, functioning possibly, as exo-glycanases [2**].
The mechanism by which -galactosidase with -
galactanase activity can substantially affect modifi-
cation of both pectin and hemicellulose is unclear
and needs further investigation. Molecular ap-
proaches have been used to study the role of -
galactosidasein fruit development and ripening, -
Galactosidases from fruit sources occur in multi-
forms, seemingly encoded by multi-gene families;
however, not all members of the gene family were
ripening related [6, 21, 22, 23]. Down-regulation of
a ripening-related B-galactosidase cDNA reduced 3-
galactosidase enzyme activity and free galactose
content,and increased tomato fruit firmness thus
confirming a rolefor this gene’s product in deter-
mining fiuit firmness[24**]. In tomato, ethylene
positively regulated mRNA abundance of 7BG4 in
a time-dependent manner, but down-regulated
TBGS5 and TBG6 mRNAs [25]. Antisense suppres-
sion of a TBG6 in transgenic tomato plants resulted
in increased fruit cracking, reduced locular space,
and a doublingin the thickness of the fruit cuticle
[26**]. The decreased locularspace phenomena
observed in TBG6 transgenic lines can be useful in
developing ‘meatier’ tomatoes,which could have
significant impact in the fresh-cut slice industry. Fur-

ther study in the genetic and molecular origins of
increased cuticle thickness, without the deleterious
effects of increased cracking, may be helpful in de-
veloping fruit with improved resistanceto water loss
and infection by pathogens. In ‘La France’ pear
fruit, the B-galactosidase genes can be divided into
three classes based on ethylene response; positively
regulated, negatively regulated and the constitutive
genes [23]. Controlling the expression of the genes
positively regulated by ethylene may serve to regu-
late the rate and extent of softening during ripening
of ‘La France’ pear fiuit ripening and thereby im-
prove the quality and postharvest handling of the
fruit.

o-L-Arabinofuranosidases

The release of galactosyl and arabinosyl residues
during softening has been observed in many kinds
of fruit. The release of these sugar residues is as-
sumed to increase the sensitivity of enzymatic deg-
radation or accessibility of other glycan hydrolases.
Terminal arabinosyl residues are widely distributed
in pectic and hemicellulosic polysaccharides such as
arabinan, arabinogalactan, arabinoxylan, arabinoxy-
loglucan and glucuronoarabinoxylan [27]. o-L-
Arabinofuranosidases catalyze the hydrolysis of
terminal nonreducing -L-arabinofuranosyl residues
from various pectic and hemicellulosic homo-
(arabinans) and heteropolysaccharides (arabino-
galactans, arabinoxylans, arabinoxyloglucans, glu-
curonoarabinoxylans, etc.) as well as from different
glycoconjugates [27]. a-L-Arabinofuranosidases
activity is detectablethroughout preripening devel-
opment control and ethylene synthesis-suppressed
(ESS; antisense- ACC synthase transgene-
expressing) fruit, but that the large increase in the
extractable o-L arabinofuranosidase activity exhib-
ited by ripening-controlled fiuitoccurred only in the
ESS fruit if they were given postharvestethylene
treatment [28]. o-L-Arabinofuranosidase activity
has also been observed to increase in fruit such as
avocado [29], persimmon [30] and peach [31].

Recently o-L-arabinofuranosidase was purified
from Japanese pear fruit and its corresponding
cDNA (Pp ARF?2) clone isolated [32**]. The pear
Pp ARF? is a new member of the glycosidase hy-
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drolase family 3, according to the primary structure
of the enzyme and its activity against native sub-
strates and its gene was highly expressed in pear
fruit. In fig fruit, Fe-Arabfl gene was highly induced
at the onset of fruit ripening [6]. Many of the physio-
logical changes that occur during fiuit ripening are
in response to ethylene production. In tomato,
LeARF1 mRNA was detected in ripe fruit of Nr2,
nor and rin, but not in ripe fruit of the Nr mutant and
the LeARFI mRNA was negatively regulated by
ethylene [33**]. These gene expression studies
show that o-L-arabinofuranosidase may play an
important role in alteration of fruit texture during
ripening. However, the mechanism by which o-L-
arabinofuranosidase affects modification of the cell
wall polysaccharides is unclear and needs further
investigation.

Expansins

The expansins comprise a family of proteins that
appear to beinvolved in the disruption of the nonco-
valent bonds between cellulose microfibrils and
cross-linking glycans. Their role in the modification
of the fruit cell wall has been evaluated by manipu-
latingthe expression of expansin genes in transgenic
tomato plants [34]. It was shown that reduced ex-
pression of LeFxp! in transgenic tomato plants re-
sulted in considerable decreases in polyuronide deg-
radation. LeExpl-suppressed fruit of some lines
were 13-23% firmer than controls, depending upon
the ripening stage, shelf-life was increased by ap-
proximately 10 days in boxes and 5 days in clam
shells. The increase in firmness of LeExpl-
suppressed fruit cannot be explained entirely by
reduced polyuronide depolymerisation. LeExp! is
thought to have a direct effect on some aspects of
cell wall loosening during ripening which contrib-
utes to fiuit softening, probably including increasing
the accessibility of depolymerases such as endo-1,4-
B-glucanases (EGases) to matrix glycans, with an
additional and perhaps more indirect effect on the
accessibility of a pectinase such as PG to polyuron-
ide substrates. A reduction in both the direct effect of
LeExpl on wall loosening and the indirect effect on
pectin disassembly may together be responsible for
the substantially improved shelf-life of LeExpl-
suppressed fiuit. While several expansins show a

general increase in expression levels during the later
stages of fiuit development, some isoforms show a
greater association with softening than others. En-
hanced expansin gene expression during ripening
has recently been reported in tomato [35], peach [5%,
36], pear [37], banana [38], olive [39], watermelon
[40] , apricot (41) and fig [6]. The large number of
expansins isoforms in fruit such as pear [37], poses
intriguing questions regarding the function of these
proteins and the significanceof their redundancy.
Furthermore, individual expansins could have differ-
ent substrate specificities, theremay be differences in
their biochemical modes of action, and theycould
act in different cell types.

Other fruit cell wall modifying enzymes

In many fiuit the depolymerisationof cell-wall
hemicellulose is a common characteristic of fruit
ripening. Some of the enzymes that might be in-
volved in the breakdown of fruit cell wall matrix
glycans include EGases and xyloglucan endotrans-
glycosylases (XTHs) [2**]. In ‘Masui Dauphine’
figs, Fe-Cell mRNA was up-regulated by ethylene
similar to other ripening-related Egases isolated
from avocado, tomato and pepper [42]. The Fc-
XTHI mRNA was down-regulated by ethylene
whereas Fe-Cell and Fe-XTH?2 were ethylene inde-
pendent indicating that XTHs and EGases from fig
fruit comprise gene families with divergent mem-
bers showing differential regulation during fruit rip-
ening. However, suppression of cell in transgenic
strawberry had no appreciable effect on endo gluca-
nase (EG) activity and fruit firmness [43**]. The
unchanged level of EG activity in fruit with lowered
cell expression could be explained by the presence
of strawberry Cel2. In this case, the activity of Cel2
would be likely to increase in order to compensate
for the expected loss of Cell activity. The relative
contribution of Cell and Cel2 enzymes to the total
EG activity in normal ripe strawberry fruit is un-
known. These transgenic studies did not reveal the
role of Cell in fruit softening but the absence of any
effect of cell suppression on fruit texture implicated
Cel2 in the softening process. Transgenic suppres-
sion of Cacel in bell pepper indicated that EGases of
the CMCase types are not necessary for the ripen-
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ing-related depolymerisation of either xyloglucan or
matrix glycan polymers [44%%].

Furthermore, constitutive overexpression of CaCell
in transgenic tomato did not cause depolymerisation
of tomato fruit xyloglucan in vivo, suggesting that
fruit softening is not limited by the amount of EGase
activity present during ripening [45**].

Endo~(1,4)-3-Mannanase is another cell wall hy-
drolase identified some time ago in ripening tomato
but which has received less attention. Mannanase
activity was observed to increase during the latter
stages of ripening in tomato but no corresponding
increase in LeMAN4 mRNA was observed [46].
This suggests that either this gene is subject to post-
transcriptional regulation or that the LeMAN4 pro-
tein remains inactive or sequestered until the later
stages of ripening. It is also plausible that the natural
substrate of tomato fiuit mannanase is not a cell wall
mannan.

B-D-Xylosidase is a cell wall enzyme responsible
for the hydrolysis of xylans liberating 3-D-xylosyl
residues. LeXYL2 was expressed abundantly during
fruit development and LeXYL1 was expressed dur-
ing fruit ripening. The abundance of LeXYL! and
LeXYL2 mRNAs was not influenced by treatment
with 1-methylcyclopropene, indicating that the ex-
pression of the two -D-xylosidase genes is inde-
pendent of ethylene action [33%%].

a-Galactosidase is one of the exoglycosidases, capa-
ble of hydrolysing a-1,6 linked o-galactoside resi-
dues. o-Galactosidases are known to remove galac-
tosyl moieties from stored galactomannan polysac-
charides in germinating seeds and can be used to
change the rheological properties of these important
plant gums [47]. Despite their wide distribution and
diversity, a-galactosidases seem to be less abundant
in fruits compared with other plant organelles. o-
Galactosidases activity increased substantially dur-
ing postharvest storage in grapes, whereas the unripe
grape showed a "stagnancy" for 10-15 days prior to
the increase [48]. In another study, even though the
activity could be detected, a-galactosidase cDNA
could not be isolated from grapes [13]. o-

Galactosidase activity was observed to increase dur-
ing ripening in tomato [49]. a-Galactosidase activity
was ethylene regulated in Ceccona apricot whereas
in San Castrese apricot its activity was ethylene in-
dependent [50] and ethylene affected the abundance
a-galactosidase transcripts in water-melon [40].
Even though the presence of o-galactosidases has
been observed in a number of fruit species its
physiological role in fiuit softening is yet to be estab-
lished.

Conclusions

The cell wall degradation during fruit softening of
fleshy fiuit is a physiological process thatis still be-
ing thoroughly studied in many laboratories all over
theworld. Such huge interest is due to both a desire
for deeper knowledge and to the relevant economic
implicationsof this process. Fruit softening during
ripening is a complex process mainly contributed to
by the action of a variety of cell wall modifying en-
zymes and proteins. Within a single species, each of
these classes of plant cell wall enzymes and proteins
involved in cell wall disassembly contains isoforms
that show specific expression during fiuit ripening.
However, the central role of any individual cell wall
enzyme in fruit softening has been challenged and it
now appears that no single enzyme can be identified
as being necessary and sufficient for fruit softening,

The individual roles of these enzymes and proteins
is still being addressed in part through use of gene
silencing techniques (antisense and co-suppression)
to manipulate the activities of these enzymes in ge-
netically modified plants and determine the effect on
cell wall degradation and fruit quality. Another tech-
nique is the use of "chimeric" genes to simultane-
ously silence several target enzymes. This technique
could be used to manipulate various biochemical
pathways. While several families of cell wall-
modifying proteins have been identified to date that
contribute to cell wall modification processes, nu-
merous new classes remain to be discovered and
preliminary studies suggest that most extraceltular
proteins cannot yet be assigned a biochemical func-
tion. Proteomics strategies are being utilised to char-
acterise the cell wall proteome in tomato fiuit, to
identify novel proteins and to reveal the suites of
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proteins that are co-expressed during fruit ripening,
Another approach in identifying genes regulating
fruit texture is the use tomato pleiotropic mutations.
Recent research has focused on the tomato Crnr mu-
tation, which has aparticularly dramatic effect on
fruit texture [20**, 51**]. Cnr is a dominant muta-
tion that arose spontaneously in a commercial popu-
lation of cv. Liberto. This single gene mutationre-
sults in a non-ripening fruit phenotype with charac-
teristics such as firm fruit with much reduced cell-to-
celladhesion and complete abolition of carotenoid
biosynthesisin the pericarp with obvious mealy tex-
ture when ripe. There is a limited amount of infor-
mation available on gene expression in Cr mutant.
Studies on the cell wall of Crr mutant and the isola-
tion and characterization of other such pleiotropic
mutants will provide further insights into the cell
wall degradation during fruit ripening. Parallels
drawn between such mutants and normal fleshy
fruit will aid in unraveling the molecular basis of
fruit cell wall loosening and degradation accompa-
nying fruit softening.
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