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Abstract Erwinia amylovora is the causal agent of fire
blight of Maloideae. One of the main pathogenicity fac-
tors of this bacterium is the exopolysaccharide (EPS) of
its capsule. In this paper, we used genetic transformation
tools to constitutively express an EPS-depolymerase
transgene in the pear (Pyrus communis L.) cv. Passe
Crassane with the aim of decreasing its high susceptibility
to fire blight. Expression of the depolymerase gene in 15
independent transgenic clones led, on average, to low
depolymerase activity, although relatively high expres-
sion was observed at the transcriptional and translational
levels. Only two of the transgenic clones (9X and 10M)
consistently showed a decrease in fire blight susceptibility
in vitro and in the greenhouse. These clones were also
among the highest expressers of depolymerase at the
RNA and enzyme activity levels. The correlation ob-
served among all transgenic clones between depoly-

merase expression and fire blight resistance suggested the
potential of this strategy.

Keywords Fire blight · Amylovoran lyase · Pear ·
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Introduction

Erwinia amylovora is a necrogenic bacterium causing fire
blight disease of Maloideae, a subfamily of Rosaceae
including important genera such as pear (Pyrus spp.),
apple (Malus spp.), Pyracantha and Cotoneaster (Thom-
son 2000). It provokes progressive necrosis in the aerial
parts of susceptible host plants, causing losses of fruit and
trees. The first genetic engineering strategies developed to
decrease the susceptibility of pear to E. amylovora were
based on the integration of transgenes with direct, un-
specific, antibacterial activities (Reynoird et al. 1999). In
order to avoid potential undesirable effects on beneficial
bacteria, we chose a more targeted strategy based on
degradation of the capsular exopolysaccharide (EPS)
amylovoran, a major pathogenicity factor of E. amylo-
vora.

The capsular EPS plays an essential role in pathoge-
nicity. Bacterial mutants that do not produce EPS fail to
colonise host plants (Bellemann and Geider 1992; Bern-
hard et al. 1993). The capsule functions not only to bind
water, ions and nutrients, but also as a protective layer to
reduce recognition and response by the host (Romeiro et
al. 1981). A protective role of EPS against oxidative stress
had also been proposed by Kiraly et al. (1997). However,
recent studies on the interaction between pear and E.
amylovora showed no role of the capsule in the elicitation
of the oxidative burst or in the protection of the bacteria
against active oxygen species (Venisse et al. 2003).

The composition and sugar linkages of extracellular
polysaccharides are characteristic of a bacterial species
(Geider 2000). The major EPS of E. amylovora, called
amylovoran, is composed of repeated units of three ga-
lactose residues, a side chain of glucuronic acid and an-
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other galactose residue that carries acetyl groups and a
pyruvate residue (Nimtz et al. 1996). Amylovoran bio-
synthesis requires a large number of enzymes encoded by
the ams (amylovoran synthesis) cluster of genes located in
a region of approximately 17 kb of the bacterial chro-
mosome (Bugert and Geider 1995). This EPS can be
naturally degraded by a coat protein (depolymerase) of
some bacteriophages. Hartung et al. (1988) isolated an
EPS-depolymerase gene from phage fEa1h. The encoded
enzyme is able to reduce fire blight symptoms in pear
slices (Kim and Geider 2000). The purified protein has
optimal activity at low pH, which is similar to the acidic
conditions encountered in damaged plant cells during
infection.

In this study, constitutive expression of an EPS-de-
polymerase transgene was attempted in the pear cultivar
Passe Crassane (Pyrus communis L.) with the aim of
decreasing its high susceptibility to fire blight by degra-
dation of a significant amount of the EPS forming the
bacterial capsules.

Materials and methods

Transgene construct and plant transformation

An insertion into the binary expression vector pBinAR (R�ber et al.
1996) was constructed by W-S. Kim (MPI Ladenburg, Germany)
by cloning the 1,973 bp depolymerase sequence under the control
of the cauliflower mosaic virus (CaMV) 35S promoter. Plasmids
pBinAR-dpo, containing the depolymerase sequence alone, and
pBinAR-Hdpo, containing the depolymerase sequence fused to a
histidine-tag (Fig. 1), were introduced by electroporation into the
supervirulent Agrobacterium tumefaciens strain EHA105 (Hood et
al. 1993).

The pear cultivar Passe Crassane (P. communis L.) was chosen
for this study because of its high susceptibility to fire blight. The
pear cultivar Old Home (OH) was used as a resistant control for fire
blight resistance evaluation. All clones were propagated in vitro on
a Lepoivre’s culture medium supplemented with macroelements
and vitamins as previously reported (Leblay et al. 1991). Plants
were grown at 22–24�C with a 16 h photoperiod and subcultured
every month. Fully expanded leaves were excised from in vitro
growing shoots of Passe Crassane 2 weeks after subculture. Trans-
formation experiments were carried out as previously described
(Mourgues et al. 1996) using A. tumefaciens strain EHA105 con-
taining the binary vectors pBinAR-dpo or pBinAR-Hdpo.

Ploidy levels of the transgenic clones and the control were es-
timated by flow cytometry. Nuclei were isolated from in vitro
leaves by manual chopping with a razor blade directly into the
buffer described by Brown et al. (1991). After addition of 4,6-

diamino-2-phenyl indole dihydrochloride (DAPI; 2%, v/v) and
filtration through a 20 mm nylon mesh, the mixture was analysed
with a cytometer (Cell analyser II; Partec, M�nster, Germany).

Molecular analysis of transformants

DNA isolation from leaves of in vitro shoots and polymerase chain
reaction (PCR) experiments were carried out as previously de-
scribed (Mourgues et al. 1996). Specific primers (forward, 50-GG-
ACATACCGTGGAAGTG-30; reverse, 50-ATTGAGCCGGAGTT-
GATG-30) were used to amplify a 1,060 bp fragment of the de-
polymerase gene.

Expression of the depolymerase gene was studied at the tran-
scriptional level by semi-quantitative reverse transcription (RT)-
PCR analysis. RT was conducted as described by the manufacturer
(Promega, Madison, Wis.) with 1 mg total RNA, extracted from
0.5 g young leaves excised from in vitro shoots according to
Malnoy et al. (2001). Differences in cDNAs between transgenic
clones were estimated by semi-quantitative PCR according to
Malnoy et al. (2003). The amplified DNA fragments were analysed
by Southern blotting onto Hybond-N nylon membrane and hy-
bridisation with a fluorescein probe (Random Prime Labelling and
Detection Systems kit; Amersham, Little Chalfont, UK). Amplifi-
cation of a cDNA encoding the alpha subunit of translation elon-
gation factor 1 (EF1-a) was used as a control of expression level.
Signal intensity was quantified using Gel analyst-Clara vision
software and the ratio of depolymerase/EF1-a was calculated. This
experiment was performed at least twice and one representative
result is shown.

Protein extraction was carried out from 200 mg leaves from in
vitro shoots for each transgenic clone according to Reynoird et al.
(1999). The protein content of extracts was determined by the
method of Bradford (1976) using bovine serum albumin as a
standard.

For Western blot analysis, 2.5 mg aliquots of protein extract
from control and transgenic clones in Laemmli buffer were sepa-
rated on 16% (w/v) SDS-tricine polyacrylamide gel according to
the discontinuous procedure of Sch�gger and Von Jagow (1987).
After electrophoresis, proteins were blotted onto Hybond C nitro-
cellulose membrane (Amersham) by passive transfer. Polyclonal
rabbit anti-depolymerase antiserum (raised with the help of G.
Darai, Heidelberg) was used and depolymerase was detected with
the enhanced chemoluminescence western blotting detection sys-
tem (ECL, Amersham) using horseradish peroxidase-labelled sec-
ondary antibody, according to the manufacturer’s instructions. This
experiment was performed at least twice and one representative
result is shown.

EPS degradation activity (Kim and Geider 2000) was assessed
in a turbidity assay according to Bellemann et al. (1994). Purified
EPS (100 mg) was dissolved in 1 ml buffer (10 mM sodium acetate,
10 mM acetic acid, 100 mM NaCl, pH 4.7). A 5 ml sample of
diluted depolymerase or protein extract (prepared from leaves from
in vitro shoots as described above) was added and incubated at
28�C for 30 min. Cetylpyridinium chloride [CPC 5% (w/v); 20 ml]
was then added and the mixture incubated for 10 min. Absorbance

Fig. 1 Schematic representation and partial restriction map of the
T-DNA from the binary vector pBinAR-Hdpo. RB, LB, T-DNA
right and left border sequences, respectively; P-nos, T-nos nopaline
synthase gene promoter and terminator, respectively; P-CaMV35S

cauliflower mosaic virus 35S promoter; T-ocs octopine synthase
terminator; nptII neomycin phosphotransferase II; dpo 1,973 bp
sequence of depolymerase from phage fEa1h
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was measured at 600 nm, and EPS degradation activity of protein
extracts was expressed in units per milligram of protein. Eight
replicates were performed per clone in two separate experiments.

Fire blight susceptibility assessments

The level of fire blight resistance of the transgenic clones was first
evaluated in vitro (80–100 actively growing shoots per clone) ac-
cording to Brisset et al. (1988). Before inoculation, shoots were
micropropagated without kanamycin for at least three subcultures.
The youngest expanded leaf was wounded with teeth-nosed dis-
secting forceps dipped previously into a bacterial suspension of E.
amylovora strain CFBP 1430 (Paulin and Samson 1973) at 106 cfu/
ml or 107 cfu/ml. Inoculated shoots were incubated in the dark at
22€1�C and symptom development was assessed after 10 days.
Disease severity was rated according to the extent of necrosis from
the inoculated leaf and apex to the base of the shoot, using a scale
of 0 to 3 (0=no necrosis; 1=necrotic apex; 2=less than half of the
shoot with necrosis; 3=more than half of the shoot with necrosis).
Shoots of non-transgenic clones of ‘Passe Crassane’ and the re-
sistant cultivar OH were used as positive and negative controls,
respectively.

Transgenic clones that showed a reduction in fire blight
symptoms in vitro were rooted and acclimatised in the greenhouse.
Rooting was induced on half-strength micropropagation medium
containing a-naphthalene acetic acid (2 mM), in the dark for 6 days.
Shoots were then transferred to the light on hormone-free, half-
strength micropropagation medium. Rooted shoots were acclima-
tised in the greenhouse in peat/Perlite mixture by progressively
decreasing the humidity over 1 month. Actively growing shoots
were inoculated by cutting the youngest expanded leaf with scissors
previously dipped in an E. amylovora suspension (CFBP 1430 at
106 cfu/ml). Disease symptoms were rated 15 days after inoculation
by measuring the length of the necrosis and the total shoot length.
Shoots without any symptoms 15 days after inoculation but which
stopped growing during this period were not taken into account.
Controls were the same as for the in vitro inoculation.

Statistical analysis

Quantitative data were subjected to statistical analysis (ANOVA
and Dunnett test) or compared pairwise between transgenic clones
and non-transgenic ‘Passe Crassane’ using the non-parametric H-
test of Kruskall and Wallis, using the SAS/STAT 6.06 software
(SAS Institute, Cary, N.C.). Correlation analyses were conducted
by determining the product-moment correlation and its level of
probability, taken into account the transgenic lines but not the non-
transformed controls.

Results

Generation and characterisation
of depolymerase transformants

Transformation with A. tumefaciens EHA105 containing
the binary vectors pBinAR-dpo or pBinAR-Hdpo har-
boring the depolymerase gene was performed on 2,000
leaves from in vitro shoots of ‘Passe Crassane’. Seventeen
transgenic buds (lines 9A–9AA: pBinAR-dpo; lines 10A–
10Q: pBinAR-Hdpo) were regenerated on kanamycin
selective medium. The presence of the depolymerase
transgene was checked by PCR analysis of these clones.
All clones amplified the expected fragment of the de-
polymerase gene (data not shown). Ploidy level deter-
mined by flow cytometry revealed two tetraploid clones.
Further analyses were performed on the 15 diploid
transgenic clones. The majority of transformants were
phenotypically similar to non-transgenic ‘Passe Cras-
sane’, during in vitro as well as greenhouse growth.

Molecular characterisation of transgene expression

RNAs extracted from depolymerase transgenic plants in
vitro were analyzed by RT-PCR. After reverse tran-
scription, the amounts of cDNA were adjusted among
samples based on equivalent amplification of an EF-1a
fragment, then used as templates for depolymerase PCR.
Amplification products were detected after blotting onto
nylon membrane and hybridisation with a fluorescein-
labelled depolymerase probe (Fig. 2), and the signal in-
tensity of each clone was quantified. No amplification
occurred in the non-transgenic ‘Passe Crassane’ control,
whereas large differences in depolymerase mRNA ex-
pression were observed among the 15 diploid transgenic
clones (Table 1). No dpo signal was obtained for clones
10O and 10P, and only low signals for clones 9N, 9S, 10E
and 10N. Clones 9X and 10M had the highest depoly-
merase/EF1-a ratios.

Western blotting with polyclonal rabbit anti-depoly-
merase antiserum indicated the presence of depolymerase
in all the transgenic clones, but not in the non-transgenic
control. The 74 kDa band corresponded exactly to the
expected size of the full-length depolymerase protein, and
was accompanied by a secondary band of lower intensity
in several clones (Fig. 3). This confirms that the de-

Fig. 2 Comparative RT-PCR analysis of depolymerase and alpha
subunit of translation elongation factor 1 (EF-1a) gene transcription
in leaves of in vitro shoots from non-transgenic pear (Pyrus com-
munis L.) cultivar Passe Crassane (PC) and transgenic clones (9A–

10Q). Differences among transcription levels of transgenic plants
were estimated after 20 cycles of PCR. The EF-1a transcript was
used an internal control of transcript expression
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polymerase transgene is correctly transcribed and trans-
lated in all transgenic clones.

Increased EPS degradation activity was detected in all
transgenic clones (Table 1). These activities ranged be-
tween 10 U/mg and 40 U/mg protein, which is 0.003–
0.015% of total soluble protein. The overall correlation
between depolymerase expression at the mRNA level
(depolymerase/EF-1a RT-PCR ratio) and depolymerase
activity (EPS degradation) was positive (R=0.80, P<0.01).
The transgenic clones could be divided into three groups
according to their transcriptional and translational level of
depolymerase expression. 9X, 10M, 9M, 9AA and 9C
could be included in a group of high expressers of de-
polymerase. 10P, 10E, 10O, 9S and 9N belong to a group
of low expressers. The remaining group consists of in-
termediate expressers with lower correlation between
mRNA and EPS degradation data.

Fire blight susceptibility of transgenic clones

Ten days after in vitro inoculation with 107 cfu/ml E.
amylovora, 90% of the non-transgenic ‘Passe Crassane’
shoots showed strong necrotic symptoms, while less than
20% of the resistant control OH shoots were weakly af-
fected (Fig. 4a). The transgenic clones displayed inter-
mediate levels of susceptibility to E. amylovora. Two
clones (9X and 10M) showed a significant (P<0.05) re-
duction in disease symptoms compared to non-transgenic
‘Passe Crassane’. After inoculation with a lower inoculum
concentration (106 cfu/ml), more significant differences
of susceptibility were detected. Nine clones (9A, 9C, 9S,
9X, 9AA, 10E, 10K, 10M and 10O) were less susceptible
to E. amylovora than the non-transgenic control ‘Passe
Crassane’, although they did not express the same level of
resistance as the highly resistant genotype OH. The sus-
ceptibility of all transgenic clones and control ‘Passe
Crassane’ towards the two inoculum concentrations was
significantly correlated (R=0.62, P<0.05).

Eight transgenic clones showing the lowest levels
of in vitro fire blight susceptibility at 107 cfu/ml were
rooted and acclimatised in the greenhouse. This sample
of eight clones included the six higher expressers of
depolymerase at both RNA and enzyme activity levels
(Table 1), plus two clones (9N and 9S) that expressed
depolymerase at a very low level. Fifteen days after in-
oculation, 80% of the non-transgenic ‘Passe Crassane’
plants had the highest rating of necrosis, while less than
3% of the ‘OH’ shoots (resistant control) were infected
with low severity (Fig. 4b). Three clones (9X, 9M, 10M)
showed a significant diminution of fire blight suscepti-
bility compared to the non-transgenic control. Among all
transgenic clones and control ‘Passe Crassane’, a positive
correlation was observed between the results of in vitro
inoculation at 107 cfu/ml and greenhouse inoculation at
106 cfu/ml (R=0.69, P<0.05).

Discussion

Exopolysaccharide is a major virulence factor of E. am-
ylovora. Therefore, constitutive expression of a depoly-

Table 1 Quantification of depolymerase expression in transgenic
clones (9X–10P) and non-transgenic pear (Pyrus communis L.)
cultivar Passe Crassane (PC) control. EPS Exopolysaccharide, EF-
1a alpha subunit of translation elongation factor 1

Clone Depolymerase/EF-1a
mRNA ratioa

Protein extract activity,
EPS degradationb

9X 1.57 37.4€4.0
10M 1.32 28.7€3.9
9M 0.98 28.7€0.8
9AA 0.80 38.4€2.9
9C 0.71 28.7€3.0

10A 0.49 14.1€4.6
10K 0.48 27.6€1.7
10Q 0.45 22.2€2.2
9A 0.40 17.1€1.7

10N 0.18 22.8€4.4
9N 0.07 14.4€2.4
9S 0.03 11.5€1.7

10O 0.01 21.2€0.8
10E 0.01 14.5€5.0
10P 0.01 13.7€1.8
PC 0 0
a Ratio of signal intensities of depolymerase and EF1-a RT-PCR
products (20 cycles) in one representative experiment
b EPS degradation activity of protein extracts expressed in U/mg
protein. Data represent the mean of eight replicates in two separate
experiments € confidence interval at a=0.05

Fig. 3 Detection of depolymerase by western blot analysis of in
vitro leaf extracts from transgenic clones (9A–10Q) and non-
transgenic ‘Passe Crassane’ (PC); 2.5 mg soluble proteins were

loaded per lane. In lane T+, 10 ng purified depolymerase were
loaded as a positive control. Arrow 74 kDa protein band
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merase gene in transgenic pear should lead to increased
fire blight resistance. After E. amylovora inoculation,
damaged plant cells would release the enzyme, which
would degrade the bacterial capsules, thus reducing bac-
terial colonisation and exposing E. amylovora to plant
defence reactions. In this study, 17 transgenic clones
expressing the depolymerase gene were produced from
the very susceptible cultivar Passe Crassane. The trans-
formation rate obtained (0.9%) was similar to results
obtained with other Rosaceae woody plants (James et al.
1989; Scorza et al. 1994). Expression of the depolymerase
gene did not lead to abnormal phenotypes among the
transformants. However, two tetraploid clones were de-
tected. A similar frequency of chromosome doubling
(about 10%) has been observed for ‘Passe Crassane’
transgenic clones in our previous report (Malnoy et al.
2000), and can be attributed to somaclonal variation.

Evidence of expression of the depolymerase transgene
in the transformants was obtained both at the RNA (RT-

PCR) and protein (western blot) level, for all transgenic
clones. EPS degradation activity measurements revealed
low amounts of depolymerase accumulation in tissue of
the transgenic clones. These low amounts are comparable
to the amount of other antibacterial transgene products
in several other crops: lysozyme T4 in potato (0.001%,
D�ring et al. 1993) or in tobacco (0.003%, Trudel et al.
1995), and a-thionin in tobacco (0.002%, Carmona et al.
1993). The variation of depolymerase expression between
the different clones could be explained by differences in
transgene copy number, position and length of the trans-
gene integration event.

In general, a negative correlation between the degree
of depolymerase expression and the fire blight suscepti-
bility of the transgenic clones was observed. The most
significant correlation was between depolymerase/EF-1a
RT-PCR ratio and susceptibility after in vitro inoculation
at 107 cfu/ml (R=	0.65, P<0.01). In the group of high
depolymerase expressers, two transgenic clones (9X and

Fig. 4 a Fire blight susceptibility of in vitro transgenic clones (9A–
10Q) compared to non-transgenic ‘Passe Crassane’ (PC) and ‘Old
Home’ (OH) inoculated with Erwinia amylovora [strain CFBP
1430 at 106 cfu/ml (light bars) or 107 cfu/ml (dark bars)]. Data
correspond to the mean of 90 microshoots from three separate
experiments. Bars Confidence interval at a=0.05. Susceptibility of
transgenic clones is significantly different from ‘Passe Crassane’ at
*P<0.05, **P<0.01 and ***P<0.001 according to Kruskall and

Wallis test. b Fire blight susceptibility of greenhouse-grown trans-
genic clones (9C–10K) compared to non-transgenic ‘Passe Cras-
sane’ (PC) and ‘Old Home’ (OH) inoculated with E. amylovora
(strain CFBP 1430 at 106 cfu/ml). Data correspond to the mean of
15–61 shoots from two separate experiments. Bars Confidence
interval at a=0.05. Susceptibility of transgenic clones is signifi-
cantly different from ‘Passe Crassane’ at *P<0.05 and **P<0.01
according to Dunnett test
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10M) were significantly less susceptible to fire blight both
in vitro and in the greenhouse, compared to the control.
The fire blight susceptibility of two other transgenic
clones of this group (9AA, 9C) appeared significantly
reduced only after in vitro inoculation with the lowest
inoculum concentration. We can assume that the amount
of depolymerase secreted into the intracellular spaces of
these two transgenic clones is below the necessary
threshold to sufficiently destroy the EPS capsules at the
high concentration of inoculum, but was partially effec-
tive when the concentration of inoculum was lower.
Clone 9M, with high expression of depolymerase, was
significantly less susceptible to fire blight in the green-
house test, but did not show a significant increase in re-
sistance after in vitro inoculation. In vitro fire blight as-
sessment methods are known for the extensive variability
of the results produced (Chevreau et al. 1998). In order to
reduce this variability, we have chosen to use very high
replicate numbers (80–100 microshoots per clone) in this
type of test. Greenhouse assessments of fire blight resis-
tance are generally reproducible when based on a repli-
cate number of around 30 shoots per clone. Differences in
the behaviour of some clones between in vitro and
greenhouse tests could be explained by a modification in
transgene expression following the change of physiolog-
ical state of the plants from in vitro microshoots to
greenhouse-grown plants. Similar variations have been
observed in transgenic potato lines, where the translation
level of a transgene expressed under the control of the
CaMV 35S promoter in in vitro plants was not indicative
of its level in acclimatised plants in the greenhouse
(Castanon et al. 2002). A field test inoculation, taking into
account both shoot and flower susceptibility, would cer-
tainly produce a response closer to the practical interests
of breeders and growers.

Our results in pear are comparable to the preliminary
results recently reported on transgenic apple expressing
the same depolymerase gene (Hanke et al. 2003). In this
latter work, out of 83 apple transgenic lines carrying the
depolymerase gene, 61 appeared significantly less sus-
ceptible than their parental cultivar Pinova, after detached
leaf in vitro inoculation. Three lines appeared less sus-
ceptible than the control after greenhouse inoculation. No
data on the molecular level of expression of the transgene
were reported, therefore no correlation between increased
fire blight resistance and depolymerase expression could
be established.

The general correlation observed in our study among
all transgenic pear clones between depolymerase expres-
sion and fire blight resistance suggests that the differences
in fire blight resistance can be attributed mainly to a direct
effect of depolymerase expression rather than to so-
maclonal variation due to regeneration and/or transfor-
mation processes. The partial fire blight resistance ob-
served in transgenic pear clones could be explained by the
mode of action of the depolymerase. Indeed, in capsule
degradation assays using purified depolymerase, totally
uncapsulated E. amylovora cells required high enzyme
concentrations (Kim and Geider 2000). Thus, we can

assume that the amount of depolymerase produced in
most transgenic clones is below the necessary threshold
for a sufficient destruction of the EPS capsules at a high
concentration of inoculum, but is partially effective when
the concentration of inoculum is lower. To achieve a
better control of fire blight in a very susceptible pear
cultivar such as Passe Crassane, improvements in this
strategy could be obtained by placing the depolymerase
gene under the control of a stronger promoter than the
CaMV 35S and/or directing the depolymerase protein
fused with a signal peptide to the intercellular spaces.
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