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Abstract
The fire blight pathogen Erwinia amylovora was assayed
for survival under unfavourable conditions such as on
nitrocellulose filters, in non-host plants as well as in
inoculated mature apples and in infested apple stem
sections. In a sterile dry environment, an E. amylovora
EPS (exopolysaccharide) mutant, and to a lesser extent
its parental wild-type strain decreased within 3 weeks to
a low titre. However, under moist conditions the
decrease of viable cells occurred only partially for both
strains. Very low cell titres were recovered after applica-
tion of E. amylovora onto the surface of tobacco leaves,
whereas infiltration into the leaves produced lesions
(hypersensitive response, HR), in which the bacteria sur-
vived in significant amounts. A similar effect was found
for the necrotic zones of HR in tobacco leaves caused
by E. pyrifoliae, by Pseudomonas syringae pathovars
and HR-deficient E. amylovora mutants or mutants defi-
cient in EPS synthesis and disease-specific genes. During
7 years of storage, the viability of E. amylovora in wood
sections from fire blight-infested apple trees declined to
a low titre. In tissue of mature apples, E. amylovora cells
slowly dispersed and could still be recovered after sev-
eral weeks of storage at room temperature. A minimal
risk of accidental dissemination of E. amylovora apart
from infested host plants can experimentally not be
excluded, but other data confirm a very low incidence of
any long distance distribution.

Introduction
Fire blight can be disastrous in apple and pear orch-
ards (Bonn and van der Zwet, 2000). The causal
agent Erwinia amylovora is endemic in the east of
North America and has spread in the early 20th cen-
tury to New Zealand and later to many countries of
the northern hemisphere. Primary sources for the
long distance dissemination could not be determined
experimentally. However, import of infested plants
could have had the highest impact, although contam-

inated wooden crates, especially when used for ship-
ping of fruit, have been suggested as the vehicle for
introduction of fire blight to England (Billing and
Berrie, 2002). Trade of apples and pears has been
severely restricted by some countries free of fire blight
on the unproven argument that the pathogen could
be distributed by infested fruit. Experimentally, it is
impossible to define a precise risk limit. Heavily con-
taminated plant material including fruit may increase
a risk of fire blight distribution, and low levels of
contamination have been suggested to be risky in case
of large quantities of imported fruit.

However, there is no information on the possible
distribution of pathogenic Erwinias from Nashi pears
isolated in Korea, named E. pyrifoliae (Rhim et al.,
1999) and a similar pathogen from Japan (Kim et al.,
2001b). The host range of E. pyrifoliae is appar-
ently narrow (Kim et al., 2001a), but the potential
for a long distance spread may be similar to that of
E. amylovora.

Bacteria are often exposed to stress conditions in
many stages of their life cycle (Siegele and Kolter,
1992). They may find a favourable environment for a
short time but eventually they have to adjust their
cell metabolism to sustain the stationary phase or
cope with a decline of the population especially dur-
ing dry environmental conditions. The fire blight
pathogen E. amylovora is capable of rapidly colon-
izing host plants such as apple, pear or cotoneaster.
In non-host plants, a pathogen is recognized by plant
defence mechanisms, and the number of viable cells is
reduced (Klement et al., 1999). Even here, the patho-
gen may not become completely eliminated and a low
level of inoculum could be sufficient to infect host
plants.

Survival apart from described host plants or in atyp-
ical environments could be a source for distribution of
fire blight. Unproductive conditions were investigated
for persistence of E. amylovora wild type and mutant
strains.
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Materials and Methods
Bacterial strains

Erwinia amylovora Ea1/79-del100 is a mutant strain
with a deletion in the ams operon with 12 genes for
amylovoran synthesis (Bugert and Geider, 1995). Other
mutants and strains used in the assays are listed in
Table 1. Plasmid pfdC1Z¢-gfp multiplies in high copies
expressing gfp via the lac-promoter.

Storage of E. amylovora under sterile conditions

Erwinia amylovora strains Ea1/79 and the EPS-mutant
Ea1/79-del100 were grown overnight at 28�C on nitro-
cellulose filters placed on agar with minimal medium
(MM2; Bereswill et al., 1998), which induces EPS syn-
thesis. Subsequently, the filters were lifted off and cut
into four equal pieces, and one of them was directly
suspended in 1 ml of sterile 100 mm NaCl, and dilu-
tions of the bacterial suspensions were plated on agar.
The other three pieces were put into an empty Petri
dish after vacuum drying for 30 min or in parallel
experiments, pieces from a second filter were placed
onto plates with 1.5% water agar. The colony-forming
units (CFU) were determined weekly from each filter
section by plate counts.

Infiltration of bacteria into tobacco leaves, inoculation

of apples and tissue extraction

All used bacterial strains were grown overnight in LB
medium. Pelleted cells were diluted in sterile tab water
to 1 · 108 CFU/ml and approximately 50 ll was infil-
trated with a syringe into tobacco leaves (cv. �Samsun�)
at three different sites. The same amount of bacteria
(5 · 106 cells) was also applied to marked areas of
tobacco leaf surfaces and left until complete dryness.
The plants were incubated in a growth chamber at
22�C with 16 h illumination and leaves detached at the
times indicated in the Table 2 and in Figs 2–4. Nec-
rotic zones with hypersensitive response (HR) or areas
with cells on the leaf surface were cut out, placed into
an Eppendorf tube and extracted with sterile 1 ml
water. Undiluted and diluted 200 ll aliquots were
spread onto LB agar plates containing cycloheximide
(50 lg/ml). White colonies were confirmed to be
E. amylovora or E. pyrifoliae by transfer on MM2Cu-

agar plates, where they form yellow or slightly col-
oured mucoid colonies, respectively (Bereswill et al.,
1998).
Stem sections of apple trees with fire blight were

taken from an experimental orchard in Utah, USA.
One sample was derived from an inoculated apple tree,
the other from a tree with a �natural� fire blight infec-
tion. It was shown before that the isolates could be
distinguished by pulsed field gel electrophoresis
(PFGE) analysis (Jock et al., 2002). The wood sections
were loosely wrapped in paper and stored in a cold
room at 6�C. Bark from these samples was sliced and
approximately 100 mg tissue were placed into Eppen-
dorf tubes with 1 ml water and the released bacteria
were recovered.
Apples (cv. �Braeburn�) from the local market were

punctured with a plastic tip of a pipette and 10 ll dilu-
ted bacteria of strain Ea1/79(pfdC1Z¢-gfp) were injec-
ted. The fruits were stored at room temperature in the
laboratory until they were surveyed.

Results
Effect of water on the survival of E. amylovora under sterile

conditions

This experiment was done to determine the persistence
of E. amylovora in a sterile environment without addi-
tional nutrients. Under dry conditions, the CFU
decreased within 2 weeks to more than 104-fold for the
wild type and 107-fold for the mutant strain (Fig. 1a).

Table 1
Decline of culturable bacteria in
lesions of infiltrated tobacco
leaves. The first assay (1d after
in filtration with 5 · 106 CFU)
was set to 100% corresponding to
1 to 5 · 105 CFU

Strain Properties Reference source

Ea1/79 Erwinia amylovora wild type, Germany 1979 Falkenstein et al. (1988)
Ea1/79(pfdC1Z¢-gfp) Ea1/79 with gfp-expression Bogs et al. (1998)
Ea1/79-del100 Deletion in ams region (no EPS synthesis) Bugert and Geider (1995)
Ea7/74-A72 E. amylovora strain Ea7/74 (Germany 1974)

with mutation in dsp gene
Bellemann and Geider (1992)

Ea322A Tn5-mutant of E. amylovora strain Ea322
(CFBP1368), HR-negative

Steinberger and Beer (1988),
Jock et al. (2000)

Ep1/96 E. pyrifoliae from Korea (pear pathogen) Rhim et al. (1999)
Ep2/97
Psg19/84

E. pyrifoliae, natural hrpL mutant
Pseudomonas syringae pv. glycinea wild type,
HR-positive

Jock et al. (2003)
B. Völksch

PssU4 P. syringae pv. syringae wild type, from pear
(P. communis), Bölingen, Germany, 1991,
HR-positive

W. Zeller, Darmstadt

Table 2
Bacterial strains used in the experiments

Days after
infiltration Ea1/79 Ea1/79-del100 Ea7/74-A72 Psg19/84 PssU4

1 100/100a 100 100 100 100
7 100/100 214 2.5 167 50
28 9/10 7 1 3 2.5
38 0.1/10 1 4 3 1
46 0/10 7 1 3 1
53 0/6 6 4 3 1

The colony-forming units (CFUs) were determined from three lesions
per leaf.
aThe data separated in the column were derived from two independ-
ent series of experiments.
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The EPS capsule apparently protected the wild-type
E. amylovora cells from drying out by increasing the
survival of the capsulated cells. When a similar experi-
ment was done under humid conditions, the decay of
viability of the two strains was in both cases slow and
was not different from the EPS-mutant. After 3 weeks,
both strains decreased at these conditions approxi-
mately 100-fold (Fig. 1b) supporting the assumption of
cell protection by moist conditions.

Survival of E. amylovora in tobacco leaves and leaf surfaces

Erwinia amylovora cells (50 ll, 5 · 106 CFU) were
inoculated into tobacco leaves or put onto a leaf surface
and allowed to air dry. The plants were kept in a growth
chamber at 22�C. From leaf lesions (zones with HR),
one-tenth of the inoculated bacteria were recovered,
whereas from the affected zones of leaf surfaces, one-

fiftieth of the applied cells were reisolated at day 4 after
inoculation (Fig. 2). In HR lesions, the population of E.
amylovora did not significantly decrease during a 3-week
period indicating that necrotic tissue provided some
protection. However, on the leaf surface, a substantial
decrease of viability was observed (Fig. 2).

Survival of a pathogen causing Asian pear blight in necrotic

tissue of tobacco leaves

When the Asian pear pathogen E. pyrifoliae strain
Ep1/96 was infiltrated into tobacco leaves, the affected
zones showed a grey colour within a day, which is typ-
ical for HR and the infected areas slowly dried out in
consecutive days. The dry necrotic pieces of equal size
together with the surrounding green tissue were
removed from the leaves, and after extraction in water,
the number of viable bacteria was determined. For
establishing the growth, number of bacteria, extracts
were plated on LB agar, and colonies confirmed to con-
sist of E. pyrifoliae by their mucoid, yellowish colony
morphology on MM2Cu agar (Rhim et al., 1999). As
the colony number only decreased slowly over time
(Fig. 3), it was an indication that E. pyrifoliae partially
survived in the necrotic zones developed after infiltra-
tion into leaves of non-host plants.

Survival of HR-deficient E. amylovora strains and other

bacteria in tobacco leaves

In two independent series of experiments, the titre of
Ea1/79 decreased 10-fold from the level of the first day
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Fig. 1 Viability of Erwinia amylovora under sterile dry and humid
conditions. (a) Wild-type strain Ea1/79 (—�—) and the ams mutant
Ea1/79-del100 (–s–) on nitrocellulose filters in a dry environment.
(b) The same strains as in (a), the filters stored on water agar. The
Petri dishes with the filters were kept in a cold room. The experi-
ments were repeated twice with similar results
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Fig. 2 Survival of Erwinia amylovora Ea1/79 in necrotic lesions of
an infiltrated tobacco leaf (light bars) and on a tobacco leaf surface
(dark bars). The �normalized� colony-forming unit (CFU) refer to the
number for the whole area treated with the bacteria. The experi-
ments were repeated twice and an averaged standard error was cal-
culated from corresponding lesions assayed
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within a month when infiltrated into a tobacco leaf
(Table 2). When HR-deficient mutants of E. amylovora
(Ea322A) and E. pyrifoliae (Ep2/97) were infiltrated
into tobacco leaves, a reduction in viable cells was
observed similar to that for an HR-positive Pseudo-
monas syringae pv. syringae strain (Fig. 4). The loss
of viability was comparable with E. amylovora, E. pyri-
foliae wild type and an HR-negative E. pyrifoliae
strain. Apparently, HR-deficient strains are as well
recognized by plant defence reactions as those, which
are HR-positive. A similar loss of viability was also
observed for the dsp-negative strain Ea7/74-A72. For
these bacteria, the zone of HR was weak, although the
mutation does not directly affect hrp genes, but rather
a region adjacent to the hrp cluster. A comparable loss
of viability was also observed for the EPS-deficient
strain Ea1/79-del100. A similar decrease was found for
the HR-positive P. syringae strains Psg19/84 and
PssU4 (Table 2).

In all experiments evaluated, the standard amount
of bacteria (5 · 106 CFU) used for infiltration dropped
in the leaf tissue by a factor of 10–50 at the first day
after treatment, because of the dry out of the bacteria.
There was no difference for bacterial species or for
mutants affecting HR, the dsp region or EPS-synthesis.
The recovered bacteria were routinely checked for their
growth morphology on agar plates and also for induc-
tion of HR.

Persistence of E. amylovora in tissue of mature apples

When we inoculated mature apples with 1 · 106 CFU
of E. amylovora strain Ea1/79(pfdC1Z¢-gfp), no symp-

toms were observed during storage at room tempera-
ture for 2 weeks or longer. The inoculation sites
showed a narrow brown spot of necrosis similar to
that in controls with water injection. The gfp-labelled
bacteria were visualized in apple tissue as green fluor-
escent zones 14 days after inoculation (data not
shown). When tissue from these sites was extracted
with water, the obtained fluorescent bacteria reached
in four assays the range of 1–1.5 · 107 CFU 2 weeks
after inoculation, i.e. an increase of the bacterial popu-
lation by approximately a factor of 10 was observed,
which did not change during further storage over a
period of 5 weeks. A very low number of fluorescent
bacteria was found in control spots inoculated with
water, which indicated some dispersion of E. amylovo-
ra in the soft tissue of mature apples.

Survival of E. amylovora in wood samples

Stem sections from branches of two fire-blighted trees
bark extracts were removed and stored for a period of
7 years and annually assayed for the presence of viable
E. amylovora cells. Bacteria forming white colonies on
LB agar with cycloheximide were confirmed as E. amy-
lovora on MM2Cu agar (Bereswill et al., 1998) by the
formation of yellow mucoid colonies. A high titre at
the beginning gradually declined in later years (Fig. 5).
No viable E. amylovora cells were found for sample 2
in 2001, but extracts from 2003 gave rise to a
few colonies of the pathogen on agar plates. Survi-
ving E. amylovora cells could have been unevenly
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Fig. 3 Survival of Erwinia pyrifoliae Ep1/96 in lesions after infiltra-
tion of a tobacco leaf. The experiments were repeated twice and an
averaged standard error was calculated from corresponding lesions
assayed
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Fig. 4 Survival of hypersensitive response (HR)-deficient Erwinia
amylovora and E. pyrifoliae strains in a tobacco leaf; Ea322A (bars
with intermediate colour); Ep2/97 (dark bars); Pseudomonas syringae
pv. syringae 4U (light bars). The experiments were repeated twice
and an averaged standard error was calculated from corresponding
lesions assayed
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distributed in the wood sample. In sample 1, E. amylo-
vora persisted for as long as 7 years, although at a
level of three orders of magnitude lower than in 1996,
but still at a readily detectable level in the sample
extracts (Fig. 5). Again, 25 of the predominantly white
colonies from each LB-plate containing cycloheximide
were transferred to nutrient agar with 5% sucrose and
to MM2Cu agar, and all produced levan as well
as yellow mucoid colonies confirming that they were
E. amylovora. It is assumed that the pathogen can sur-
vive longer in the xylem of diseased trees, when the
stem sections have been stored in the cold room. On
the contrary, the pathogen was not detected in several
isolation attempts from bark of a tree presumably
destroyed by fire blight indicating a low chance for
E. amylovora to survive in a host after its destruction
in an orchard.

Discussion
When exposed to a sterile and humid environment,
E. amylovora survived well in contrast to dry condi-
tions on a nitrocellulose filter, similar to survival in
sterile, moist sand (Hildebrand et al., 2001). As the
decrease of living bacteria under sterile, wet conditions
was similar for a wild-type strain and an EPS-mutant
(Fig. 1b), it is suggesting that the capsule does not
supply the bacteria with nutrients. On the contrary,
the EPS capsules of amylovoran seem to protect the
bacteria at least partially from desiccation as seen by
the different survival rates of wild type and EPS-
mutant strains under dry conditions (Fig. 1a). This

result is in agreement with the reports of Maas Geest-
eranus and de Vries (1984) that capsulated E. amylovo-
ra cells persisted at least 4 days after desiccation, while
washed, naked cells did not survive 24 h. Roberson
and Firestone (1992) showed that Pseudomonas sp.
produced more EPS when introduced into dry soil
than in wet soil leading to the conclusion that EPS
production may be a strategy used by bacteria to alter
the microenvironment and to enhance survival during
desiccation.

Survival of E. amylovora in leaf tissue of tobacco
can also be a model system for evaluating the occur-
rence of the pathogen in symptomless host plants,
which may be possible vehicles for spread of the dis-
ease. The pathogen was shown to persist in stem sec-
tions from fire-blighted trees for up to 7 years. This
long-term survival might not be typical for pathogen
persistence in all contaminated wooden plants. Never-
theless, introduction of fire blight to England has been
associated with fruit crates, which could have been
contaminated in American farms or by infested fruit
packed into the containers (Billing and Berrie, 2002).
However, it is a matter of debate whether almost
matures pears and apples can develop fire blight symp-
toms during late stages of ripening on trees. A few
papers describe mature apples with symptoms attrib-
uted to fire blight (Dueck, 1974; Van der Zwet et al.,
1990). It cannot be excluded that fruit may develop
ooze and necrosis at an advanced stage of maturation
mediated by E. amylovora, but no rigorous examina-
tion of the fruit in question was done to determine
whether they were primarily infested with E. amylovora
or by other microorganisms producing similar symp-
toms. Australian customs have intercepted oozing
pears suspected of carrying fire blight (P. Merriman
and B. Rodoni, personal communication). A typical
isolate from that ooze, designated NP4, is a levan and
HR-positive bacterium different from E. amylovora
(unpublished). Commercial apples maintained the
amount of E. amylovora inoculum for at least 2 weeks,
but did not produce any fire blight symptoms. Apples
are therefore another humid and sterile environment
well suited for survival of the fire blight pathogen. Per-
sistence of E. amylovora in symptomless pear scions
was observed for a period of 1 year (Traversa and
Mazzucchi, 2002).

HR is a plant defence mechanism against incompat-
ible pathogens (Klement, 1963, 1982). Several reactions
of plant cells initiate recognition of the bacteria, induc-
tion of processes for elimination of bacteria and sub-
sequent loss of viability of the potential pathogen.
Changes in the membrane potential are assumed as
critical steps initiating plant defence mechanisms
(Pavlovkin et al., 1986). A decrease of the viable bac-
terial population is clearly seen after 8 h (Klement
et al., 1999), whereas the appearance of the typical
grey discoloration generally requires a full day after
infiltration. Although the zones slowly turn light to
dark brown, the level of culturable bacteria did not
drastically decrease in the following days. The lesions
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Fig. 5 Survival of Erwinia amylovora strains in wood from apple
trees with fire blight. From stem sections, 100 mg bark were sliced
and extracted in Eppendorf tubes. Light bars, sample 1 with strain
Ea8865N; dark bars, sample 2 with strain Ea8/96 (Bereswill et al.,
1998). The year of assays is indicated
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could therefore be zones for the surviving bacteria pro-
tecting pathogens against further decay.

Erwinia amylovora is readily inactivated in non-ster-
ile soil (Hildebrand et al., 2001). Artificially inoculated
apples were not a substrate for significant multiplica-
tion of E. amylovora; only a 10-fold increase was
recovered in contrast to an increase in immature pears
by four orders of magnitude (Bellemann and Geider,
1992). In orchards and after harvest, E. amylovora
may also barely grow in mature fruit.

It is important especially for countries being free of
fire blight to consider the probability of E. amylovora
cells remaining on plant surfaces, in tissues or even in
fruit which could lead to dissemination of the disease.
Bacteria in or on plant tissue may have rarely spread
fire blight. This can be concluded from the PFGE
strain patterns in Europe and the Mediterranean
region (Zhang and Geider, 1997; Zhang et al., 1998;
Jock et al., 2002). They are well grouped without any
observed mixing of pattern types in spite of essentially
uncontrolled trade fruit and even plants in most Euro-
pean countries. Furthermore, apples are exported from
North America to South America. Although Argentina
and Chile have a high production of apples, yet fire
blight has never been reported in these countries. This
implies that the chance of transferring fire blight via
fruit seems to be small.

Insects can be carriers for fire blight within an
orchard (Hildebrand et al., 2000). Once the disease is
established, insects visiting flowers are the major
cause of rapid sequential spread. Persistence of the
pathogen in the environment apart from host plants
has been discussed as another source for fire blight
outbreaks. We have therefore conducted survival
studies especially with necrotic lesions of tobacco
leaves after infiltration of bacteria. Viable cells were
shown to persist in tobacco, but there is no evidence
that non-host plants contribute to spread of fire
blight.

In contrast, fire blight has been introduced with host
plants to nurseries in two instances by importations to
northern Italy and Central Spain (Jock et al., 2002).
The E. amylovora strains isolated showed the PFGE
pattern type Pt3, typical for the distant areas of
Northern France and Belgium. The distribution of
E. pyrifoliae in Korea and similar Erwinia strains in
Japan has not been discussed at all in the literature.
The persistence of E. pyrifoliae in necrotic zones of
tobacco leaves is similar to survival of E. amylovora,
also without evidence of a contribution to spread of
Asian pear blight. Similarly, no evidence has been
forthcoming that contaminated plant tissue apart from
host plants was the source for establishment of fire
blight in a country.

The described survival studies support the concept
that there is a minimal theoretical risk of accidental
dissemination of E. amylovora apart from pathogen-
infested host plants. A remote incidence of fire blight
such as reported for the Melbourne Botanic Gardens
in 1997 (Jock et al., 2000) can only allow specula-

tions about its causation. The experiments of this
paper contribute to describe some possible infection
sources.
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