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The polygalacturonase FaPG1 gene plays a key role in strawberry fruit
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The loss of firm texture is one of the most characteristic physi-
ological processes that occur during the ripening of fleshy fruits.
It is generally accepted that the disassembly of primary cell wall
and middle lamella is the main factor involved in fruit softening.
In this process, polygalacturonase (PG) has been implicated in
the degradation of the polyuronide network in several fruits.
However, the minor effect of PG downregulation on tomato
softening, reported during the nineties, minimized the role of
this enzyme in softening. Further works in other fruits are chal-
lenging this general assumption, as is occurring in strawberry.
The strawberry (Fragaria x ananassa) fruit undergoes an exten-
sive and fast softening that limit its shelf life and postharvest.
Traditionally, it has also been considered that PG plays a minor
role on this process, due to the low PG activity found in ripened
strawberry fruits. Transgenic strawberry plants expressing an
antisense sequence of the ripening-specific PG gene FaPGI
have been generated to get an insight into the role of this
gene in softening. Half of the transgenic lines analyzed yielded
fruits significantly firmer than control, without being affected
other fruit parameters such as weight, color or soluble solids.
The increase on firmness was maintained after several days of
posharvest. In these firmer lines, FaPGI was silenced to 95%,
but total PG activity was only minor reduced. At the cell wall
level, transgenic fruits contained a higher amount of covalently
bound pectins whereas the soluble fraction was diminished. A
microarray analysis of genes expressed in ripened receptacle did
not show any significant change between control and transgenic
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fruits. Thus, contrary to the most accepted view, it is concluded
that PG plays a key role on pectin metabolism and softening of
strawberry fruit.

Texture is one of the most important quality attributes of fruits.
During its ripening, fleshy fruits undergo a softening process which
determines its shelf life, frequency of harvest, postharvest dete-
rioration, transportation and storage. Several factors contribute to
the overall fruit texture but it is generally accepted that the disas-
sembly of cell walls and the dissolution of the middle lamella, both
processes mediated by hydrolytic enzymes, are the main factors
that cause fruit softening.!? In the case of strawberry fruit, main
cell wall changes during softening are the increased solubilization
of polyuronides and the slight depolymerization of hemicellulosic
polymers.>* Among the cell wall hydrolytic enzymes involved in
fruit softening, polygalacturonase (PG) is the best characterized.
Several commodities such as tomato, avocado or peach show a
peak of PG activity during ripening, and it has been related to the
degradation of cell wall polyuronides.’ In tomato, which has been
largely adopted as the model species to study fruit softening, the
downregulation of a PG gene suppressed pectin depolymerization
but not pectin solubilization.

However, despite these biochemical changes, fruit softening was
not significantly altered.®” Furthermore, the overexpression of a
PG gene in the non-softening tomato mutant 7z failed to induce
softening, although polyuronide solubilization was restored to wild
type level.® These previous works led to the hypothesis that PG
mediated pectin solubilization is neither necessary nor sufficient
to induce fruit ripening.’> Contrary to tomato, in strawberry fruits
PG activity is low, and several studies suggested that softening is
not mediated by PG, which would be in accordance with the low
pectin depolymerization observed during the ripening of this soft
fruit.” At the molecular level, two fruit-specific PG genes have been
described in strawberry, FaPG1 and FaPG2. We have shown that
the expression of both genes is induced during strawberry ripening
and they are also repressed by auxin, as occurs with most ripening-
related genes in strawberry. ! Previous studies on F2PGI expression
in fruits at different developmental stages indicated that this gene
could be involved in the release of pectic oligosaccharins, small
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pectin fragments which could be elicitors of the ripening process.!!

To ascertain the role of F2PGI on strawberry softening, we have
obtained transgenic plants expressing an antisense sequence of this
gene under the control of the constitutive promoter C2MV358.10
Eight out of the 16 independent transgenic lines analyzed showed
fruit firmness significantly higher than wild type, without being
modified other fruit characteristics such as weight, color or soluble
solids (Fig. 1).

Further characterization was performed in four selected lines.
These lines showed a 95% silencing on FzPG1 expression in
red ripened fruits. This silencing did not affect FzPG2 which
was expressed at the same level than in wild type fruits. Despite
the high FaPG1 silencing achieved, total PG activity was only
moderately reduced. Cell walls from control and transgenic fruits
have been isolated and sequentially extracted to isolate several
pectin fractions based on their solubility on different solvent that
are used to extract them from the wall, i.e., water-, chelator- and
sodium carbonate-soluble polyuronides. These fractions corre-
spond to pectins that are freely soluble in the apoplast, ionically
or covalently bound to the wall, respectively.! Transgenic fruits
showed a higher amount of ionically and, especially, covalently
linked pectins than controls, whereas the soluble fraction was
diminished.!® Fraction of sodium carbonate-soluble pectins is
mainly composed by polyuronides located within the cell wall,
and presumably, pectin solubilization during softening occurs at
the expense of this fraction.! Size exclusion chromatography of
covalently bound pectins extracted from green-unripe strawberry
fruits shows two predominant peaks, one of large average size and
the other one of medium size.!? At the ripened stage, both peaks
remained although pectins were slightly displaced toward lower
molecular sizes, and the first peak, comprising large molecular
weight pectins, was notably reduced.'? This fact could indicate
that depolymerization and solubilization of large pectins occurs
simultaneously during strawberry ripening. The chromatographic
profile of covalently bound pectins from antiPG ripened fruits
showed enrichment on the amount of pectins within the first
peak, and interestingly, both peaks were displaced toward larger
polyuronide sizes (unpublished results). Histological observations
of ripened transgenic fruits showed a higher extent of cell to cell
contact areas when compared with control tissues.

Alrogether, these results indicate that FzPG1 silencing reduced
pectin solubilization and depolymerization, and this was related
to higher tissue integrity and, finally, fruit firmness. The suppres-
sion of a fruit specific pectate lyase gene in strawberry also
induced cell wall changes similar to those described for antiPG
fruits and increased fruit firmness, although the improvement on
firmness achieved was lower than the observed with the FaPGI
silencing.!>13 As above mentioned, it was thought that FaPG1
could be involved in the release of oligosaccharins inducer of the
ripening process. In that case, significant changes on gene expres-
sion profiles at ripening in transgenic fruits underexpressing this
gene would be expected. However, transcriptomic analysis of gene
expression in ripened receptacle tissues from control and transgenic
antiPG fruits did not show any significant change in the 1250
receptacle expressed sequence tags analyzed.!? The effect of FuPG1
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Figure 1. (A) Control and transgenic strawberry fruit expressing the
antisense FaPG1 gene (AntiPG) harvested at the full ripened stage. (B)
Firmness of control and transgenic AntiPG fruits at the full ripened stage.
Firmness was estimated by a puncture test using a TAXT-Plus texturometer,
and curves correspond to mean values of 10 independent fruits.

product on strawberry softening may be therefore structural rather
than regulatory, because it does not seem to affect the expression of
other genes during ripening. We hypothesized that 72PGI product
acts on specific homogalacturonan domains, releasing more freely
bound pectins, which in turn has a significant effect on the weak-
ening of the primary wall of cortical cells.

Cell wall changes in PG silenced tomato fruits were broadly
similar to those described for antiPG strawberry fruits, but the
enhancement on texture in tomato was very modest.'4 Which
could be the physiological factors that explain this difference?.
First, strawberry and tomato have different developmental origins.
Strawberry is an aggregate fruit originating from the develop-
ment of the flower base, receptacle, whereas ovaries develop into
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one-seeded fruits, achenes, attached to the outer surface of the
receptacle.” By contrast, tomato is a berry which develops directly
from a single ovary, and the fruit contains a liquid placenta at
the ripe stage. These developmental differences yield structural
differences. The molecular pathways that underline cell wall
disassembly during ripening could also be different as well as its
effect on softening. Another explanation to the different behavior
between transgenic tomato and strawberries could be related to the
contrasting level of PG activity in both fruits. It has been suggested
that PG activity in tomaro is present in at least 5-fold excess.®
Thus, the low PG mRNA level still present in transgenic tomato
fruits underexpressing a PG gene could be enough to induce
softening. By contrast, in strawberry fruit, where PG activity is
50 fold lower than in ripe tomato, the transgenic manipulation
could have decreased the FzPG 1 mRNA amount below a threshold
level that could lead to a modification of texture. Along this line,
it would be interesting to test this strategy in other fruits such
as melon or apple, which contain low levels of PG activity but

1516 45 occurs in strawberry.

express PG ripening-specific genes,
Finally, fruit texture is a complex trait influenced not only by the
mechanical properties of the cell walls but by many other factors,
such as turgor pressure, cell shape and the strength and exten-
sion of adhesion areas between neighboring cells.!” Recently, it
has been suggested that turgor and transpirational water loss are
more determinant than cell wall metabolism in the softening of
tomato.'8 In this model, the fruit cuticle has a key role in texture.!8
Strawberry cuticle, by contrast, is a much softer structure than its
corresponding in tomato, and it is likely that in this soft fruit the
physical properties of the cell wall were the most relevant textural
factor.

10 and

genes by antisense transformation indicates that

In summary, the downregulation of polygalacturonase
pectate lyase!>13
pectin metabolism plays a key role in the textural changes that take
place during strawberry ripening. Pectins linked to the cell wall by
covalent interactions seem to be the target of these enzymes. In the
case of antiPG plants, it has been shown that pectin degradation
mediated by FzPG1 product does not significantly modify the
expression of other ripening-related genes. This biotechnological
approach could be therefore a useful strategy to improve the
texture of this soft fruit.
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