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Summary

In addition to the role of the cell wall as a physical barrier against pathogens, some of its constituents, such as

pectin-derived oligogalacturonides (OGA), are essential components for elicitation of defence responses. To

investigate how modifications of pectin alter defence responses, we expressed the fruit-specific Fragar-

ia · ananassa pectin methyl esterase FaPE1 in the wild strawberry Fragaria vesca. Pectin from transgenic ripe

fruits differed from the wild-type with regard to the degree and pattern of methyl esterification, as well as the

average size of pectin polymers. Purified oligogalacturonides from the transgenic fruits showed a reduced

degree of esterification compared to oligogalacturonides from wild-type fruits. This reduced esterification is

necessary to elicit defence responses in strawberry. The transgenic F. vesca lines had constitutively activated

pathogen defence responses, resulting in higher resistance to the necrotropic fungus Botrytis cinerea. Further

studies in F. vesca and Nicotiana benthamiana leaves showed that the elicitation capacity of the

oligogalacturonides is more specific than previously envisaged.
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Introduction

Pectin, one of the main components of the plant cell wall, is

continuously modified and remodelled during plant growth

and development (Ridley et al., 2001). It is a mixture of

complex polysaccharides, of which the main component is

polygalacturonic acid, a homopolymer of [1 fi 4]-a-D-gala-

cturonic acid (GalA) units (Carpita and Gibeaut, 1993). Pectin

is known to be synthesized with a high degree of methyl

esterification of the carboxyl groups and secreted to the cell

wall, where it is de-esterified in muro by pectin methyl

esterases (PME; EC 3.1.1.11) in a spatially regulated manner

during development (Carpita and Gibeaut, 1993; Knox et al.,

1990; Micheli, 2001). Chains of polygalacturonic acid with

blocks of de-esterified residues lead to the formation of

‘egg-box’ structures as a result of formation of calcium

cross-bridges between chains (Fry, 1986; Willats et al., 2001).

These structures are hypothesized to be important in both

stabilization of the middle lamella and controlling the

porosity and mechanical properties of the wall.

Fruit cell walls are usually highly enriched in pectin, which

may account for up to 35% of their total weight (Van Buren,

1991). During fruit softening, pectin undergoes solubiliza-

tion and depolymerization by the activities of pectin-modi-

fying enzymes, which in strawberry fruits contribute to wall

disassembly (Benitez-Burraco et al., 2003; Castillejo et al.,

2004; Jiménez-Bermúdez et al., 2002; Perkins-Veazie, 1995).

In order to understand cell-wall metabolism, special empha-

sis has been placed on study of the relationship between

modulation of the methyl esterification of pectin and the

activity of other cell wall-modifying enzymes (Carpita and

Gibeaut, 1993). However, a full understanding of how pectin
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demethylation influences the activities of other cell

wall-modifying enzymes remains elusive (Brummell and

Harpster, 2001; Burton et al., 2000; His et al., 2001).

Many pathogens directly penetrate the cell wall to access

cellular nutrients, and cell-wall polysaccharides cross-link

into a network that resists physical penetration, providing a

barrier between pathogens and the internal contents of the

plant cells (Carpita and McCann, 2000). In addition, the cell

wall may be a reservoir of anti-microbial proteins and

metabolites that inhibit the growth of many pathogens (De

Lorenzo and Ferrari, 2002; Thomma et al., 2002). During the

plant–pathogen interaction, pectin breakdown fragments

of [1 fi 4]-a-linked oligogalacturonides (OGA) have been

shown to elicit various defence responses (Côté and Hahn,

1994; Ridley et al., 2001). These include fortification of the

cell wall through oxidative cross-linking of polymers, gen-

eration and accumulation of reactive oxygen species, pro-

duction of anti-microbial metabolites such as phytoalexins,

and synthesis of pathogenesis-related (PR) proteins (Cessna

and Low, 2001; Lamb and Dixon, 1997). However, not all

OGA are capable of eliciting a defence response. The

majority of defence-response effects exerted by OGA require

a degree of polymerization between 10 and 15 units, and,

although shorter OGA generally do not exhibit biological

activity (Aziz et al., 2004; Côté and Hahn, 1994; Darvill et al.,

1992; Ferrari et al., 2007; Van Cutsem and Messiaen, 1994),

smaller oligomers have been shown to generate defence

responses in plants, such as in potato, where OGA with a

degree of polymerization <8 trigger plant cell death during

tissue decay induced by Erwinia carotorova (Weber et al.,

1996). There are some reports regarding the structural

requirements for the biological activity of OGA; for example,

chemical esterification of C6 carboxylates of OGA greatly

diminishes their ability to elicit biological responses (Jin and

West, 1984; Navazio et al., 2002).

Recently, analyses of several Arabidopsis mutants high-

lighted the importance of pectin and cell-wall modification in

the plant–pathogen interaction. The pmr6 mutant, with a

mutation in a pectate lyase-like gene (Vogel et al., 2002), and

the pmr5 mutant, with a mutation in a gene of unknown

function (Vogel et al., 2004), exhibited resistance to some

powdery mildew species. Both mutants exhibited a strong

increase in total uronic acid content, suggesting that PMR5

and PMR6 affect pectin composition. The Arabidopsis

mutant cev1, identified by its enhanced resistance to pow-

dery mildew, is mutated in CESA3, which encodes a

cellulose synthase, and its resistance was attributed to

constitutive activation of the jasmonate signalling pathway,

presumably due to a decrease in the amount of cellulose

(Caño-Delgado et al., 2003; Ellis et al., 2002).

In the present study, we modified the pectin in the fruits of

the wild strawberry Fragaria vesca by ectopic expression of

FaPE1 (accession number AY324809), a fruit-specific PME

from the cultivated strawberry Fragaria · ananassa. Ripe

transgenic fruits inoculated with spores of Botrytis cinerea

were more resistant to the growth of this pathogen than

inoculated fruits of the wild-type F. vesca. We demonstrate

that this was due to the presence of partially demethylated

OGA in the transgenic fruits, which had constitutively

activated the salicylic acid signalling pathway.

Results

Over-expression of FaPE1 in Fragaria vesca

Fragaria vesca L., a diploid (2n = 2x = 14) wild relative of the

commercial octoploid strawberry (Fragaria · ananassa), is

an attractive model for functional genomics (Oosumi et al.,

2006) as it has a small genome size, short reproductive cycle,

and easy vegetative and seed propagation. We used this

plant model to investigate the function of a fruit-specific

pectin methyl esterase gene FaPE1 previously isolated from

the commercial strawberry (Castillejo et al., 2004). For this

purpose, we positioned FaPE1 under the control of the CaMV

35S promoter and generated eight independent transgenic

F. vesca lines. The expression level of FaPE1 was analysed in

the leaves, and, as shown in (Figure 1a), expression was

detected in all transgenic lines with the exception of the

untransformed wild-type (WT) and line 2. WT, used as con-

trol, and three transgenic lines presenting low, medium and

high expression levels of the transgene in leaves (lines 15, 4

and 22, respectively) were selected for further analysis and

propagation. All transgenic plants followed a growth pattern

similar to that of WT F. vesca, without any detectable phe-

notypic difference. In transgenic ripe fruits, the levels of

FaPE1 transcripts were comparable to those previously

detected in the leaves (Figure 1b), indicating that expression

of the transgene was maintained after vegetative propaga-

tion. Again, no signal for transcripts was detected in WT

fruits.

Protein levels of FaPE1 were analysed using polyclonal

antibodies raised against two conserved antigenic peptides

derived from the strawberry PME proteins (see Experimental

procedures). Western analysis showed recognition of a

protein of approximately 67 kDa in fruit extracts of lines 4

and 15, but no protein was detected in the control and a very

faint band was detected in line 22 (Figure 1c). Thus, despite

the high expression of the transgene in line 22, FaPE1 protein

is produced at very low levels. Sequence analysis of FaPE1

revealed the presence of a short hydrophobic domain around

25 amino acids long at the N-terminus corresponding to a

putative signal peptide with predicted cell-wall localization.

We confirmed the final destination of FaPE1 as the cell wall, as

the protein was detected in the fraction corresponding to

ionically bound cell-wall proteins (see Figure S1).

We next investigated whether the total PME activity was

increased in the transgenic lines over-expressing FaPE1.

Fruit extracts from lines 4 and 15 showed 1.2–1.3-fold more
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PME activity than WT and line 22 (Figure 1d), indicating that

the FaPE1 cDNA encodes a functional PME enzyme.

Although the three transgenic lines selected showed accu-

mulation of FaPE1 mRNA in ripe fruits, only lines 4 and 15

displayed both enhanced FaPE1 protein and PME activity.

Therefore, we continued the study with these lines, and WT

and line 22 were considered controls.

Expression of FaPE1 in Fragaria vesca modifies pectin

structure in the fruits

The cell-wall material was sequentially extracted using HE-

PES, imidazole and Na2CO3 solutions, yielding three distinct

fractions. These three fractions correspond to pectin freely

soluble in the apoplast and/or very weakly bound to the cell

wall, pectin ionically associated with the cell wall, and pectin

linked to the wall by covalent bonds, respectively (Selven-

dran and Ryden, 1990). Polymers extracted in those three

fractions from F. vesca ripe fruits were characterized in the

3500–1000 cm)1 range by FTIR spectroscopy. The spectra for

the three fractions (Figure 2a) are similar those for to other

pectin fractions previously reported (McCann et al., 1992).

The diagnostic peak associated with pectin at 1745 cm)1

(band A) arose from stretching of the ester carbonyl group.

When the pectin is treated with a base, hydrolysis of the

ester is indicated by enhancement of two peaks around

1600 cm)1 (band B) and 1420 cm)1 (band C), corresponding

to anti-symmetric and symmetric carboxylate stretches

respectively (Parker, 1983). It is noteworthy that, in the

Na2CO3-soluble fraction, the ester peak (band A) almost

disappeared, whereas the carboxylate peak (bands B and C)

became more pronounced (Figure 2a), suggesting that, in

the Na2CO3-soluble fraction, the pectin polymer was

de-esterified as a result of the extraction procedure. Pectin

extracted from ripe fruits of the transgenic lines showed no

differences in FTIR spectra when compared with those for

WT pectin (data not shown).

We next evaluated the degree of methyl esterification of

the pectin by measuring the ratio between the methanol

released from cell-wall extracts treated with alkali and the

total galacturonic acid content (Blumenkrantz and Asboe-

Hansen, 1973). Measurements were performed only in the

pooled HEPES and imidazole fractions, as the Na2CO3-

soluble fraction was already demethylated after the extrac-

tion procedure, as indicated above. As shown in (Figure 2b),

pectin from fruits of transgenic lines 4 and 15 showed 20%

less methyl esterification than control lines (WT and line 22).

The pattern of the de-esterified sites, either randomly or in

blocks, is also important in pectin structure as it determines

two important properties of the polymer: its ion binding

capacity, and its susceptibility to hydrolytic breakdown by

enzymes such as pectate lyase and polygalacturonase

(Fischer and Bennett, 1991; Mort et al., 1993). Thus, the

methyl esterification pattern in the HEPES- and the imidaz-

ole-soluble fractions of pectin was determined. The proce-

dure involves random chemical hydrolysis of bonds

selectively linking methyl esterified D-galacturonic

residues, and analyses the oligomers produced (Needs

et al., 2001). Pectin that is de-esterified blockwise produces

(a)

(b)

(d)

(c)

Figure 1. Analysis of Fragaria vesca plants over-expressing FaPE1.

(a) Northern analysis of RNA from leaves of F. vesca WT and transgenic lines

transformed with CaMV35S:FaPE1. Bottom, RNA loading control (ethidium

bromide-stained rRNA). A total of 10 lg RNA was loaded per lane.

(b) Northern analysis of ripe F. vesca fruits of WT and lines 4, 15 and 22. A total

of 10 lg RNA was loaded per lane.

(c) Immunoblot analysis of proteins from F. vesca fruits. Equal amounts of

proteins (20 lg) from WT and lines 4, 15 and 22 were loaded. The molecular

mass is indicated on the right.

(d) PME activity of extracts from ripe F. vesca fruits. Results are the means of

three independent experiments. Values marked with a different letter differ

significantly from each other (P < 0.05).
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a fractionation pattern with a higher ratio of large versus

short fragments than pectin that is de-esterified randomly.

Figure 2c shows the ratios of oligomers of five (P5), four (P4)

and three (P3) D-galacturonic units against the smallest

oligomer of two (P2) units in the hydrolysed imidazole-

soluble fraction. Transgenic lines 4 and 15 showed higher

values for these ratios than the WT and line 22, indicating

that de-esterification in blocks was more frequent in the

transgenic lines. When this analysis was performed for the

HEPES-soluble fraction, no difference in the ratio of oligo-

mers was found between the transgenic and the control

lines (data not shown), suggesting that pectin that is freely

soluble in the apoplast is not the substrate of FaPE1. The

distribution of free carboxylic groups of D-galacturonic acid

residues in the pectin polymer influences the electrostatic

properties of the plant cell wall (Pilling et al., 2004). Thus, the

observed changes in the esterification pattern of pectin in

the transgenic lines (Figure 2c) are expected to modify their

cation-binding capacity. When the Ca2+, Mg2+ and K+ con-

tents were determined in the cell walls, we found higher

values in lines 4 and 15 than in WT and line 22 (see

Table S1).

Total amount and partitioning of pectin in the various

fractions was similar for WT and lines 4 and 15 (Figure 3a).

When pectin was size-fractioned in a Sepharose CL2B

column, the HEPES- and imidazole-soluble fractions from

both control and transgenic fruits showed a similar molec-

ular mass of around 2000 kDa (data not shown). However,

pectin from the Na2CO3-soluble fraction of the transgenic

lines had a greater mean size than that of the control

(Figure 3b). Pectin is fragmented in the ripe fruits as result of

the action of pectin hydrolytic enzymes, mostly pectate lyase

and polygalacturonase. Thus, the change observed in the

size of the fragments (Figure 3b) indicates that demethyla-

tion caused by FaPE1 affects the later action of these

hydrolytic enzymes, probably as an indirect effect, as in

other species pectin hydrolytic enzymes show preference for

methyl esterified substrates (Wakabayashi et al., 2003).

Transgenic Fragaria vesca fruits display increased

resistance to Botrytis cinerea

It is known that changes in the cell wall might affect the plant

response to a wide range of pathogens (Ellis et al., 2002;

Vogel et al., 2002, 2004; Vorwerk et al., 2004). Thus, we

performed controlled injection of spores of Botrytis cinerea,

a pathogen that causes important pre- and post-harvest

losses due to fruit rot, into ripe fruits from the selected lines.

Figure 4a shows fruits of the control and of lines 4, 15 and 22

3 days after inoculation. This experiment was performed in

two successive growing seasons, and repeated each year a

minimum of five times, with similar results. Conidiophore

development on the control and line 22 fruits was consid-

erably higher than that on the fruits of lines 4 and 15, indi-

cating an enhanced resistance to B. cinerea in those

transgenic lines. Quantification of the fungal growth using

quantitative PCR (see Experimental procedures) was

performed (Figure 4b). A reduced amount of the fungus

in transgenic lines was observed as early as 24 h after

inoculation.

(a)

(b)

(c)

Figure 2. Degree and pattern of methyl esterification of Fragaria vesca fruit

pectin.

(a) Analyses by FTIR spectroscopy of pectin fractions solubilized in HEPES,

imidazole and Na2CO3 solutions. Bands A, B and C correspond to 1745, 1600

and 1429 cm)1, respectively.

(b) Percentage of pectin methyl esterification in WT and transgenic lines.

(c) Ratios (P3/P2, P4/P2, P5/P2) of galacturonic acid (GalA) oligomers in WT

and transgenic lines after chemical degradation of the pectin in the imidazole-

soluble fraction. P2, (GalA)2; P3, (GalA)3; P4, (GalA)4; P5, (GalA)5. Results are

the mean values of three independent assays. Values marked with a different

letter differ significantly from each other (P < 0.05).
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Transgenic fruits show constitutive expression

of the PR5 gene

A common response of plant cells after elicitation is to

enhance the expression of pathogenesis-related (PR) genes

that are involved in plant defence. Using quantitative

RT-PCR, we analysed the basal expression of genes that

have been reported to be induced upon pathogen challenge,

such as PR5 (accession number EU289405; Payne et al.,

1988), PR10 (accession number EU289406; Liu and Ekra-

moddoullah, 2003) and polygalacturonase inhibitor protein

(PGIP; accession number AF196892; Mehli et al., 2004). Non-

inoculated ripe fruits from transgenic lines 4 and 15 showed

higher expression of PR5 compared to WT and line 22 fruits

(Figure 5a), while the mRNA levels of PR10 and PGIP were

similar in all lines (Figure 5a). This constitutive activation of

PR5 expression was specific to the transgenic fruits and was

not observed in leaves from the same plants (Figure 5b),

despite the previous detection of FaPE1 expression in

this tissue (Figure 1a). The higher expression of PR5 in the

transgenic fruits of lines 4 and 15 suggested that the

enhanced resistance in these fruits to B. cinerea could be

(b)

(a)

Figure 4. Trangenic Fragaria vesca fruits over-expressing FaPE1 show

increase resistance to Botrytis cinerea.

(a) Representative phenotypes of fruits from WT and transgenic lines 4, 15 and

22 after B. cinerea infection. A minimum of 40 fully ripe harvested fruits per

line were injected. Representative fruits were photographed 3 days post-

inoculation.

(b) Fungal growth was measured by following the expression of the EF-b gene

of B. cinerea (accession number AL111685) using quantitative PCR, 0, 6 and

24 h after inoculation.

(a)

(b)

Figure 3. Pectin fractions and fragment size.

(a) Yield of polyuronides extracted in the HEPES, imidazole and Na2CO3

solutions. Values are the mean of seven independent measurements

(g 100 g)1 of cell wall).

(b) Profiles of polyuronides after gel filtration of the Na2CO3-soluble pectin

fraction from fruits of control and transgenic plants. A Sepharose CL-2B

column was used. The arrow indicates the molecular mass of 2000 kDa of the

dextran standard.
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mediated by activation of the salicylic acid (SA) pathway

(Sticher et al., 1997). The measurement of SA content in

healthy ripe fruits indicated that fruits of lines 4 and 15

contained 35% more SA than those of the control lines

(Figure 5c).

The resistance phenotype is associated with a reduced

degree of esterification of the small oligogalacturonides

produced in the transgenic fruits

Oligosaccharide fragments generated by depolymerization

of the parietal polysaccharides elicit defence responses in

plants (Côté and Hahn, 1994). Among the pectin breakdown

fragments, [1 fi 4]-a-linked oligogalacturonides (OGA) have

been shown to be especially strong defence response elici-

tors (Côté and Hahn, 1994; Ridley et al., 2001). We investi-

gated whether differences between control and lines 4 and

15 in pectin methylation and further processing resulted in

changes in the OGA content and/or structure. Isolation of

small-size OGA was performed as previously described (An

et al., 2005). The elution profile in a Bio-Gel P-4 column (size

fractionation range 800–4000 Da) revealed that isolated OGA

from transgenic lines 4 and 15 were smaller than OGA from

the WT and line 22 (Figure 6a). The sharpness of the peaks in

the elution profile suggests the presence of a major oligo-

mer in each fraction rather than a mix. The molecular weight

of OGA isolated from WT fruits was further analysed by

mass spectroscopy using electrospray ionization. Five frac-

tions showing the highest uronic acid content were pooled

and lyophilized (Figure 6a). Mass spectroscopy produced a

major doubly charged peak at m/2z = 769, corresponding to

a molecular weight of 1538 (see Figure S2). The only hit for

known soluble oligosaccharides from the plant cell wall

corresponds to a fully methylated octamer of D-galacturonic

acid (C56H82O49). OGA from transgenic lines 4 and 15 cannot

be analysed by this method due to the presence of negative

charges in the oligomers that caused binding of ions and

subsequent alteration of the mass spectra.

Differences in size could result from differences in the

degree of polymerization, or in the esterification degree, or

both. This was investigated by alkali treatment of the OGA

fragments under conditions such that the ester bonds

were broken and glycosidic bounds were not affected. Fully

de-esterified OGA from WT F. vesca and transgenic line 4

showed the same final size (Figure 6b), indicating that it is

the degree of esterification and not the degree of polymer-

ization that results in the apparent differences in the size of

OGAs.

The elicitation capacity of purified OGA from WT and

line 4 fruits was evaluated based on their effect after

injection into ripe WT F. vesca fruits. Desalted solutions

of purified OGA (500 lg D-galacturonic equivalent) were

injected into healthy fruits, and the expression level of the

PR5 gene was analysed 48 h later using quantitative RT-PCR.

As shown in Figure 6c, purified OGA from line 4 fruits

caused a significant increase in PR5 expression compared to

expression of PR5 in fruits injected with OGA from the WT.

Interestingly, fully de-esterified OGA from both WT and

line 4 (Figure 6b) did not have any effect on PR5 transcrip-

tion when injected into WT fruits (Figure 6c). We assessed

(a)

(b)

(c)

Figure 5. Expression of PR5 and SA content in fruits.

(a and b) Quantitative RT-PCR of PR5, PR10 and PGIP in fruits (a) and leaves (b)

of Fragaria vesca WT and transgenic lines. The increase in expression of each

gene is shown relative to the WT value.

(c) SA content in ripe fruits of WT and transgenic lines. Results are means

from three independent experiments. Values marked with a different letter

differ significantly from each other (P < 0.05).

48 Sonia Osorio et al.

ª 2008 The Authors
Journal compilation ª 2008 Blackwell Publishing Ltd, The Plant Journal, (2008), 54, 43–55



whether the SA content correlated with the activation of PR5

expression, and found that only those fruits injected with

OGA from line 4 showed increased SA content (Figure 6d).

We previously detected FaPE1 expression in leaves of the

transgenic lines, and decided to analyse the OGA produced

in this tissue (Figure 1a). The elution profile of OGA from

line 4 was similar to that from fruits of WT plants, indicating

a similar degree of methylation (Figure 7a). Differences in

OGA methylation between leaves and fruits of line 4 could

be explained either by differences in pectin content and

structure resulting from different expression of the cell-wall

enzymes in leaves, or by the need for an additional activity

that is only present in the fruits.

We also determined whether the OGA purified from WT or

transgenic line 4 could elicit a defence response in another

species such as Nicotiana benthamiana. Figure 7b shows

expression of the PR5 and PR1b genes (accession numbers

AB121785 and X05453, respectively) from N. benthamiana

in OGA-injected leaves, using actin (accession number

X63603) as a control. An SA solution was infiltrated as a

positive control of PR5 induction. Purified OGA from WT and

line 4 did not elicit differential PR5 or PR1b expression, while

SA injection induced PR5 expression.

Discussion

The role of the cell wall in plant defence responses

Cell walls are natural complex structures, mostly made up of

high-molecular-weight polysaccharides, proteins and lignin

(Carpita and McCann, 2000). Plant cells are surrounded by

layers of long cellulose fibrils embedded in a matrix of

hemicellulose and pectin, which is the collective term used

for the D-galacturonic acid-rich fraction of the cell wall

(Ridley et al., 2001). The traditional view of the cell wall as a

passive component is obsolete, and the cell wall is now

(a) (b)

(d)(c)

Figure 6. Analysis of OGA from Fragaria vesca fruits, and their effect on PR5 expression in F. vesca fruits.

(a) Gel-filtration profiles of OGA extracted from ripe fruits of WT and transgenic lines. A Bio-Gel P-4 column was used. Fractions (0.8 ml) were assayed for uronic acid

content.

(b) Elution profiles of OGA from WT and line 4 before (closed symbols) and after (open symbols) de-esterification.

(c) Quantitative RT-PCR of PR5 in ripe fruits 48 h after injection with 500 lg OGA purified from WT or from line 4, before and after de-esterification. Results are the

means from independent assays (n = 3).

(d) SA content in ripe fruits 48 h after injection with purified OGA as in (c).
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considered to be a dynamic organization that is essential for

cell division, enlargement and differentiation, as well as

responding to biotic and abiotic stresses (Ellis et al., 2002;

Roberts, 1989, 1990; Vogel et al., 2002, 2004; Vorwerk et al.,

2004).

Although there is increasing genetic evidence for the

importance of the cell wall in plant defence (Nishimura et al.,

2003; Vogel et al., 2002), there is limited information about

the components and interactions that support this relation-

ship between the plant cell wall and the response to

pathogens. However, it is known that certain oligosaccha-

rides derived from plant cell walls have the capacity to elicit

defence responses, those derived from pectin (OGA) being

the best characterized and analysed (Aziz et al., 2007; Côté

and Hahn, 1994; Moscatiello et al., 2006; Ridley et al., 2001).

We focused our studies on the strawberry fruit, where

pectin is an important component of the cell wall, up to

approximately 35% (Figure 3a). In the present study, pectin

modification has been achieved by ectopic expression of a

strawberry fruit-specific PME (FaPE1) gene in the model

plant F. vesca that shows almost undetectable expression of

homologue FaPE1 (Castillejo et al., 2004), reasoning that

over-expression of FaPE1 in F. vesca would not be influ-

enced by the expression of an endogenous gene.

Over-expression of FaPE1 modifies pectin breakdown

in the ripening fruits of F. vesca

Analysis of transformants allowed us to identify two lines

with significantly increased expression of FaPE1 protein, as

well as a line, further used in this study as a control, that

produces very low levels of the protein (Figure 1c). The

expression of FaPE1 correlated with an increase of total PME

activity, confirming that FaPE1 encodes a bona fide PME

(Figure 1d).

Higher-plant PMEs have been classified as type I or II

based on the presence of various structural motifs

(Pelloux et al., 2007). FaPE1 may be considered a type II,

as sequence analysis revealed the presence of a signal

peptide, a region with similarity to a PMEI (pectin

methylesterase inhibitor) domain, a subtilisin-like serine

protease target (RKLL), and a PME domain (Castillejo

et al., 2004). The FaPE1 size deduced from the Western

blot was 67 kDa, bigger than the predicted 53.4 kDa for

the mature FaPE1. This difference in final size is probably

due to glycosylation of the protein, as its sequence

contains eight putative glycosylation sites (Castillejo et al.,

2004). Previous reports on other plant PMEs have pro-

posed an additional post-translational proteolytic cleavage

(Micheli, 2001), but we did not detect smaller protein

fragments.

We found an approximately 20% decrease in the degree of

methyl esterification in the pooled HEPES- and imidazole-

soluble pectin fractions of transgenic fruit pectin. It has been

hypothesized that PME enzymes could have different modes

of action, either acting at random or linearly, depending on

their origin (fungi or plant, respectively) or their isoelectric

point (acidic or basic/neutral, respectively) (Markovic and

Kohn, 1984). However, this simplistic view is no longer

accepted, as further studies have shown that the action of

PME enzymes in the cell wall is regulated by factors such as

pH, initial stage of methyl esterification, and cation concen-

tration (Micheli, 2001; Pelloux et al., 2007). In addition to the

degree of esterification, chemical analyses of the pectin

showed a difference between transgenic and control fruits

with regard to the esterification pattern. Based on the

fragments obtained by chemical hydrolysis of the bonds

between esterified D-galacturonic acid units, we concluded

that the pectin methyl esterase activity of FaPE1 occurs

linearly rather than at random (Figure 2c). Thus, the

enhanced cation-binding capacity of the pectin from the

transgenic fruits is a direct effect of the FaPE1 catalytic

activity in muro. It has been reported that PME enzymes

acting linearly on homogalacturonan chains give rise to

(a)

(b)

Figure 7. Analysis of OGA in transgenic leaves and their effect on gene

expression in Nicotiana benthamiana leaves.

(a) Gel-filtration profiles of OGA extracted from leaves of line 4 compared with

OGA extracted from ripe fruits of WT and line 4. The elution procedure was as

described in the legend to Figure 6.

(b) Semi-quantitative RT-PCR of PR5 and PR1b of N. benthamiana leaves 48 h

after infiltration with a solution of 0.5 mM SA or nanopure water, or with

500 lg of OGA extracted from WT fruits or line 4 fruits.
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blocks of free carboxylic acids that could interact with Ca2+,

creating a pectate gel that contributes to cell-wall stiffening

(Fry, 1986; Willats et al., 2001). This change in the pectin

probably affects the action of other pectin hydrolytic

enzymes, such as polygalacturonase and pectate lyase.

The larger average size of pectin fragments in the ripe fruits

of transgenic lines 4 and 15 compared to the WT, as shown

in Figure 3b, is probably a consequence of limited action of

these pectin hydrolytic enzymes, whose substrate has been

modified in the transgenic lines. The access of polygalactu-

ronase, pectate lyase or rhamnogalacturonases to pectin

backbones is likely to be influenced by enzymes that remove

backbone substituents, such as PME, or polymer side

chains. For instance, over-expression of polygalacturonase

in fruits of the tomato mutant rin caused increased depoly-

merization of hemicelluloses, in addition to the expected

effects on pectin integrity (Vicente et al., 2007). This is

probably related to the cooperative action of enzymes acting

in the cell wall and the degree of interaction between the

major wall polysaccharide networks (Rose and Bennett,

1999; Vicente et al., 2007).

The possibility remains that the increased resistance of

line 4 to B. cinerea is partially caused by the structural

changes in pectins described here. However, increased

pathogen resistance associated with greater higher block-

wise demethylation has not been reported previously. For

instance, studies of homogalacturonans from cell walls of

near-isogenic lines of two wheat cultivars that were suscep-

tible and resistant to the stem rust fungus showed that

susceptibility was associated with a blockwise distribution

of methyl esters (Wiethölter et al., 2003). Furthermore, over-

expression of a pectin methyl esterase inhibitor in Arabid-

opsis restricted fungal infection by Botrytis cinerea (Lionetti

et al., 2007), indicating that a higher degree of methylation is

associated with a lesser degree of fungal infection. On the

other hand, previous studies have suggested that the OGA

produced from pectin acts as a signal molecule in plant–

pathogen interactions (An et al., 2005; Côté and Hahn, 1994).

Here we show that OGA from transgenic fruits are smaller in

size than OGA from control fruits, with the difference being

attributable exclusively to differences in the esterification

degree. In leaves of the transgenic line 4, the FaPE1 gene is

expressed, as expected, but OGA were similar in size and

eliciting capacity to those from the WT. These results

suggest that OGA produced in transgenic fruits are not only

the result of FaPE1 activity, but that additional factor(s) that

are not present in leaves may be required.

Increased expression of FaPE1 and pectin modification

result in constitutive defence gene activation and

increased resistance to B. cinerea

The transgenic fruits of F. vesca exhibited increased

expression of the defence marker gene PR5, as well as

increased SA content. In Arabidopsis, it has been reported

that local resistance to the necrotrophic fungal pathogen

B. cinerea involves SA, as transgenic plants expressing the

nahG gene displayed enhanced symptoms of infection

(Ferrari et al., 2003). However, a more recent study has

reported the existence of a signalling pathway in

Arabidopsis elicited by OGA or during B. cinerea infection,

that is independent of SA, pointing to the occurrence of

various defence response pathways against B. cinerea in this

species (Ferrari et al., 2007). The increase in SA after OGA

elicitation suggests that, at least in the fruits of F. vesca, SA

could mediate defence responses against B. cinerea.

It is hypothesized that the initiation of a defence response

by an elicitor requires its recognition by a specific receptor in

order to initiate a signalling cascade, which in turn modifies

the expression of a set of genes. As no plant receptor for

OGA has been cloned to date and a range of OGA structures

have been reported to be active (An et al., 2005; Aziz et al.,

2007; Simpson et al., 1998), it has been suggested that these

molecules probably do not act through receptors, but

instead elicit the responses due to their physical properties,

such as the presence of several negative charges (Aldington

et al., 1991). However, the results reported in this study do

not support this hypothesis. The OGA produced by the

transgenic lines induced PR5 in the fruits of F. vesca, but

were ineffective in N. benthamiana leaves. This species-

specific response suggests that specific receptors might be

required for sensing these OGA and initiating defence

responses.

Some studies have been performed on plant recognition

of specific chemical structures that trigger an immune

response, such as the lipo-oligosaccharides (LOS) of the

cell surface of Gram-negative bacteria (Silipo et al., 2005).

The structure of these LOS shows strong accumulation of

negative charges in a core region, similar to that seen for

OGA. Also, a rice receptor has been cloned that recognizes

fungus-derived chito-oligosaccharides, encoding a protein

anchored to the plasma membrane and predicted to contain

recognition and kinase domains (Kaku et al., 2006). We

propose that similar receptors might be present in

strawberry fruits, making this tissue sensitive to slight

changes in the structure of OGA. Although some receptor-

like protein kinases are induced by OGA, their exact role in

the signal transduction cascade requires further investiga-

tion (Moscatiello et al., 2006).

Elicitation of defence responses is dependent on

the degree of OGA esterification

Our comparison of OGA produced in ripe fruits from WT

F. vesca and those from the transgenic lines revealed that

the only difference between them was the degree of methyl

esterification, and therefore the eliciting capacity of the

purified OGA from transgenic line 4 may be assigned

Strawberry fruit oligogalacturonides 51

ª 2008 The Authors
Journal compilation ª 2008 Blackwell Publishing Ltd, The Plant Journal, (2008), 54, 43–55



exclusively to its reduced methylation caused by FaPE1.

Previous studies on tomato fruits infected with B. cinerea

showed that OGA extracted from infected tissue had a

smaller size than those from uninfected tissue (An et al.,

2005), and further analysis of the OGA fragments revealed

the presence of a complex mixture of compounds with var-

ious esterification degrees (An et al., 2005). The OGA frag-

ments identified here show clear differences from those of

the infected tomato tissue, as our elution profile indicates

the presence of a single major OGA oligomer in the F. vesca

fruits rather than a mixture (Figure 6a). This was further

confirmed by the analysis of OGA from WT fruits using mass

spectroscopy and its identification as a fully methylated

octamer. Recently, OGA with polymerization degrees of 7

and 10 have been shown to be effective in protection of

grapevine leaves against B. cinerea (Aziz et al., 2007), and an

induced resistance to B. cinerea has been reported in Ara-

bidopsis after treatment with OGA with a polymerization

degree between 10 and 15 (Ferrari et al., 2007). None of

these studies provided information on the methylation

degree of the OGA. Here, we found that the appropriate

methylation degree is critical for eliciting a response in the

F. vesca fruits, as neither OGA from WT fruits (fully methy-

lated) nor OGA that had been totally demethylated by

chemical hydrolysis can elicit defence responses. How uni-

versal the importance of a specific degree of OGA methyla-

tion is for eliciting defence responses deserves further

investigation and will improve our understanding of OGA

recognition. Our results also provide insight into the bio-

genesis of active OGA, making it unlikely that FaPE1 acts

directly on methylated OGA previously originated by the

action of pectin hydrolases. Rather, we propose that FaPE1

acts on the pectin polymer prior to the action of such

hydrolases. This is supported by our finding that, despite the

fact that fruits and leaves produce OGA of similar size in

F. vesca, modification of the degree of OGA methylation

occurred only in fruits of the transgenic plants and not in

leaves. Detailed structural analyses of the active and inactive

OGA in terms of both the degree and the pattern of methyl

esterification will provide important information on the

mechanism of OGA action.

Experimental procedures

Plant material

Leaf disks of wild strawberry Fragaria vesca plants were obtained
from a stock culture initiated from seeds germinated in vitro.
Transformation of F. vesca was performed essentially as describe
by El-Mansouri et al. (1996). A pBINPLUS plasmid (Van Engelen
et al., 1995) was prepared containing the nptII gene for kanamycin
resistance and the Fragaria · ananassa pectin methyl esterase gene
(FaPE1, 19 111 bp) in the sense orientation under the control of a
single constitutive (CaMV 35S) promoter. Plants used in this work
correspond to the first, second and third vegetative generations,
and were evaluated in consecutive years.

RNA isolation and gene expression analysis

Total RNA was isolated from Fragaria vesca leaves and fruits
according to the method described by Manning (1991). Total RNA
from Nicotiana benthamiana was isolated from 4-week-old leaves
using Trizol reagent (Invitrogen, http://www.invitrogen.com/),
according to the manufacturer’s instructions. Northern blotting was
performed as previously described (Castillejo et al., 2004).

Expression of the PR5, PR10 and PGIP genes in F. vesca tissues
was analysed by real-time quantitative RT-PCR using the fluores-
cent intercalating dye SYBR Green in an iCycler detection system
(Bio-Rad, http://www.bio-rad.com/) as described by Benı́tez-Burraco
et al. (2003). Relative quantification of the target expression level
was performed using the comparative Ct method.

RT-PCR analysis was performed with 1 lg of total RNA using the
Access RT-PCR system (Promega, http://www.promega.com/) and
gene-specific primers (see Table S1). All RT-PCR reactions shown
were completed at least in duplicate.

Antibody production, protein extraction and

immunoblot analysis

The synthetic peptides AGPEKHMAARSDSDLC and CTAHGRKYK-
DEPTGF, corresponding to the C-terminus of the FaPEs (Castillejo
et al., 2004) were synthesized, and conjugated to keyhole limpet
haemocyanin (KLH) protein. Polyclonal antiserum was raised in
rabbits. Protein extraction from fully ripe strawberry fruits was
performed according to the method described by Downie et al.
(1998). Protein concentration was determined using the Coomassie
(Bradford) protein assay. For immunoblot analyses, the protocol
described by Jiménez-Bermúdez et al. (2002) was used.

Pectin methyl esterase activity

Pectin methyl esterase (PME) activity was assayed according to the
method described by Wojciechowski and Fall (1996), the only dif-
ference being that the enzyme extraction buffer used was 1.5 M NaCl.
Initial rates were based on the data collected from 1 to 10 min at 25�C.

Extraction of cell-wall polymers

Cell walls from fully ripe fruit of the various lines were extracted as
previously described (Koh et al., 1997). Approximately 1 g dry
weight of cell-wall material was mixed with 50 ml of 0.1 M HEPES
buffer, pH 6.5, for 24 h with continuous stirring. This fraction was
called the HEPES-soluble fraction (Koh and Melton, 2002). The
imidazole-soluble fraction was extracted with 2 M imidazole, pH 7.0,
at 20�C for 24 h, and, after centrifugation (17 500 g, 4�C, 20 min),
new solution was added and the mixture stirred for a further 15 h.
Subsequently, the Na2CO3-soluble fraction was extracted with 0.1 M

Na2CO3, 0.02 M NaBH4 solution at 4�C for 16 h (Séné et al., 1994).
After each incubation step, the cell-wall material was collected by
centrifugation (17 500 g, 4�C, 20 min) and washed with distilled
water. The supernatant and washings containing extracted poly-
mers were neutralized to pH 7.0 using HCl and dialysed against
distilled water. The final samples were lyophilized and stored at
room temperature.

Fourier transform infrared analysis

Fourier transform infrared spectroscopy was performed as des-
cribed by Séné et al. (1994). Infrared spectra of solid samples were
recorded using the attenuated total reflection technique in a Nicolet
Magna-IR 800 spectrometer (Thermo Scientific; http://thermo.com).
The samples were introduced onto a window (2 mm square) and
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compressed lightly whilst monitoring the spectral absorbance. All
spectra were obtained at a resolution of 4 cm)1, and averaged over
128 scans. Each spectrum was manually baseline-corrected in
OMNIC software (Thermo Scientific) over the full collection range
(4000–1000 cm)1).

Degree of pectin esterification

The degree of pectin esterification was calculated from independent
measurements of galaturonic acid and methanol contents of the
polymer (Manrique and Lajolo, 2002). The methanol content was
quantified after pectin saponification. To 1–2 mg of lyophilized
pectin fraction, which had been suspended by sonication, was
added 1 ml of 2 M NaOH, and the methanol produced was quanti-
fied by headspace gas chromatography. The galacturonic acid
content in each fraction was determined according to the method
described by Blumenkrantz and Asboe-Hansen (1973).

Esterification pattern of pectin

Determination of the distribution of methyl esters in pectin was
performed according to the method described by Needs et al.
(2001). Generation of contiguous non-esterified acidic blocks from
pectin requires various steps that were strictly followed as
described previously (Needs et al., 2001).

Size fractionation of pectins

Gel filtration column chromatography of pectins was performed as
described by Redgwell et al. (1997) using a Sepharose CL-2B column
(35 · 1.5 cm) with 0.1 M Tris buffer (pH 8.5) as eluent (Bio-rad; http://
www.bio-rad.com). Fractions (1.0 ml) were analysed for galact-
uronic acid content according to the method described by Blu-
menkrantz and Asboe-Hansen (1973), and for total sugars according
to the method described by Dubois et al. (1956). Each chromato-
graphic profile was repeated three times with three extracts. As an
external standard, a dextran of approximately 1500 Da (Fluka, ref-
erence number 31394; http://www.sigmaaldrich.com) was used.

Botrytis cinerea inoculations and quantification

using quantitative RT-PCR

Botrytis cinerea conidia collection and plant inoculation were per-
formed as previously described by Mengiste et al. (2003). Conidia
were suspended in distilled water for plant inoculation, and 5 ll of
spore suspension (2 · 105 spores ml)1) was injected into each fruit,
which were kept under a 16 h light/8 h dark cycle for 3 days. The
fruit were kept under a transparent cover to maintain high humidity
fungal growth was measured by quantification of the expression of
a fungal housekeeping gene (Gioti et al., 2006) using quantitative
RT-PCR.

Salicylic acid (SA) was extracted and separated by HPLC accord-
ing to the protocol described by Naranjo et al. (2003). SA levels were
quantified at 254 nm using a spectrophotometer detector.

Determination and chemical de-esterification

of oligogalacturonides

Oligogalacturonides were extracted and analysed according to the
method described by An et al. (2005). Gel filtration was performed
in a Bio-Gel P-4 column (35 · 1.5 cm; Bio-Rad), and 0.8 ml fractions
were collected. Fractions were analysed for galacturonic acid using

the method described by Blumenkrantz and Asboe-Hansen (1973).
Each chromatogram was repeated three times with independently
extracted samples. Oligogalacturonides eluted from the Bio-Gel P-4
column were totally de-esterified by adding 1 ml of 2 M NaOH,
stirring overnight at 25�C, and neutralizing to pH 5.0 using HCl.

OGA injection procedures

Solutions of OGA (500 lg GalA equivalents) eluted from the Bio-Gel
P-4 column were exhaustively dialysed against nanopure water
using a 0.025 lm cut-off membrane, and then injected into healthy
tissues of fruits or leaves using a 1 ml sterile syringe. Injected fruits
or leaves were kept under a 16 h light/8 h dark cycle for 48 h.
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Jiménez-Bermúdez, S., Redondo-Nevado, J., Munoz-Blanco, J.,

Caballero, J.L., Lopez-Aranda, J.M., Valpuesta, V., Pliego-Alfaro,

F., Quesada, M.A. and Mercado, J.A. (2002) Manipulation of
strawberry fruit softening by antisense expression of a pectate
lyase gene. Plant Physiol. 128, 751–759.

Jin, D.F. and West, C.A. (1984) Characteristics of galacturonic acid
oligomers as elicitors of casbene synthetase activity in castor
bean seedlings. Plant Physiol. 74, 989–992.

Kaku, H., Nishizawa, Y., Ishii-Minami, N., Kimoto-Tomiyama, C.,

Dohmae, N., Takio, K., Minami, E. and Shibuya, N. (2006) Plant
cells recognize chitin fragments for defence signaling through a
plasma membrane receptor. Proc. Natl Acad. Sci. U.S.A., 103,
11086–11091.

Knox, J.P., Linstead, P.J., King, J., Cooper, C. and Roberts, K. (1990)
Pectin esterification is spatially regulated both within cell walls
and between developing tissues of root apices. Planta, 181, 512–
521.

Koh, T.H. and Melton, L.D. (2002) Ripening-related changes in cell
wall polysaccharides of strawberry cortical and pith tissues.
Postharvest Biol. Technol. 26, 23–33.

Koh, T.H., Melton, L.D. and Newman, R.H. (1997) Solid-state C-13
NMR characterization of cell walls of ripening strawberries. Can.
J. Bot. 75, 1957–1964.

Lamb, C.J. and Dixon, R.A. (1997) The oxidative burst in plant
disease resistance. Annu. Rev. Plant Physiol. Plant Mol. Biol. 179,
45–51.

Lionetti, V., Raiola, A., Camardella, L., Giovane, A., Obel, N., Pauly,

M., Favaron, F., Cervone, F. and Bellincampi, D. (2007) Over-
expression of pectin methylesterase inhibitors in Arabidopsis
restricts fungal infection by Botrytis cinerea. Plant Physiol. 143,
1871–1880.

Liu, J.J. and Ekramoddoullah, A.K.M. (2003) Root-specific expres-
sion of a western white pine PR10 gene is mediated by different
promoter regions in transgenic tobacco. Plant Mol. Biol. 52, 103–
120.

Manning, K. (1991) Isolation of nucleic acids from plants by differ-
ential solvent precipitation. Anal. Biochem. 195, 45–50.

Manrique, G.D. and Lajolo, F.M. (2002) FT-IR spectroscopy as a
tool for measuring degree of methyl esterification in pectins
isolated from ripening papaya fruit. Postharvest Biol. Technol.
25, 99–107.

Markovic, O. and Kohn, R. (1984) Mode of pectin deesterification by
Trichoderma reesei pectin esterase. Experientia 40, 842–843.

McCann, M.C., Hammouri, M., Wilson, R., Belton, P. and Roberts,

K. (1992) Fourier transform infrared microspectroscopy is a
new way to look at plant cell walls. Plant Physiol. 100, 1940–
1947.

Mehli, L., Schaart, J.G., Kjellsen, T.D., Tran, D.H., Salentijn, E.M.J.,

Schouten, H.J. and Iversen, T.H. (2004) A gene encoding a
polygalacturonase-inhibiting protein (PGIP) shows developmen-
tal regulation and pathogen-induced expression in strawberry.
New Phytol. 163, 99–110.

54 Sonia Osorio et al.

ª 2008 The Authors
Journal compilation ª 2008 Blackwell Publishing Ltd, The Plant Journal, (2008), 54, 43–55



Mengiste, T., Chen, X., Salmeron, J. and Dietrich, R. (2003) The
BOTRYTIS SUSCEPTIBLE1 gene encodes an R2R3Myb tran-
scription factor protein that is required for biotic and abiotic stress
responses in Arabidopsis. Plant Cell, 15, 2551–2565.

Micheli, F. (2001) Pectin methylesterases: cell wall enzymes with
important roles in plant physiology. Trends Plant Sci. 6, 414–419.

Mort, A.J., Qiu, F. and Maness, N.O. (1993) Determination of the
pattern of methyl esterification in pectin. Distribution of contig-
uous nonesterified residues. Carbohydr. Res. 247, 21–35.

Moscatiello, R., Mariani, P., Sanders, D. and Maathuis, F.J.M. (2006)
Transcriptional analysis of calcium-dependent and calcium-
independent signalling pathways induced by oligogalacturo-
nides. J. Exp. Bot. 57, 2847–2865.

Naranjo, M.A., Romero, C., Belles, J.M., Montesinos, C., Vicente, O.

and Serrano, R. (2003) Lithium treatment induces a hypersensi-
tive-like response in tobacco. Planta, 217, 417–424.

Navazio, L., Moscatiello, R., Bellincampi, D., Baldan, B., Meggio, F.,

Brini, M., Bowler, C. and Mariani, P. (2002) The role of calcium in
oligogalacturonide-activated signalling in soybean cells. Planta,
215, 596–605.

Needs, P.W., Rigby, N.M., Ring, S.G. and MacDougall, A.J. (2001)
Specific degradation of pectins via a carbodiimide-mediated
Lossen rearrangement of methyl esterified galacturonic acid
residues. Carbohydr. Res. 333, 47–58.

Nishimura, M.T., Stein, M., Hou, B.H., Vogel, J.P., Edwards, H.

and Somerville, S.C. (2003) Loss of a callose synthase results
in salicylic acid-dependent disease resistance. Science, 301,
969–972.

Oosumi, T., Gruszewski, H.A., Blischak, L.A., Baxter, A.J., Wadl,

P.A., Shuman, J.L., Veilleux, R.E. and Shulaev, V. (2006) High-
efficiency transformation of the diploid strawberry (Fragaria
vesca) for functional genomics. Planta, 223, 1219–1230.

Parker, F.S. (1983) Applications of Infrared, Raman, and Resonance
Raman Spectroscopy in Biochemistry. New York: Plenum Press.

Payne, G., Middlesteadt, W., Williams, S., Desai, N., Parks, T.D.,

Dincher, S., Carnes, M. and Ryals, J. (1988) Isolation and nucle-
otide sequence of a novel cDNA clone encoding the major form of
pathogenesis-related protein R. Plant Mol. Biol. 11, 223–224.
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