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Abstract

Data about interaction of epiphytic gram-negative bacteria with plants and the
growth of Erwinia amylovora are summarized. Several strains isolated from apple and
pear trees at three places in Australia were classified into the novel species E.
tasmaniensis by microbiological data and DNA/DNA hybridizations assays, as well as
nucleotide sequence analyses of several house keeping genes. They are non-patho-
genic for apple and pear, produce levan from sucrose and can induce a hypersensitive
response (HR) on leaves of non-host plants. Taxonomically different strains, classi-
fied as E. billingiae, were isolated in England, and were assayed similarly as E. tasma-
niensis. Bacillus strains from South Africa inhibited the growth of E. amylovora on a
bacterial cell lawn. These belong to the species B. megaterium and B. pumilus. Most of
the isolated gram-negative bacteria and the B. megaterium strain produced the auto-
inducer 2 (AI-2). A Vibrio harveyi mutant was used as a sensor for induction of bio-
luminescence by culture supernatants of the epiphytic bacteria. Erwinia billingiae
produced acyl-homoserine lactone (AHL), which was monitored by complemen-
tation of a Chromobacter violaceum mutant for pigment secretion. In apple flowers, E.
billingiae and E. tasmaniensis interfered with the growth of E. amylovora. First trials in
an experimental orchard confirmed their ability to prevent symptom formation of
fire blight in blossoms of apple trees to a significant extent.

Expression of a viral lysozyme gene in Escherichia coli is highly toxic for the host,
and cell extracts with the enzyme interfere with gram-negative bacteria. Its lytic ac-
tivity damaged the cells after gene induction. A different second inhibitory activity
in cell lysates prevented bacterial growth and was only detected for cells cultured
with kanamycin. Complex formation of kanamycin with anionic polymers of the
cell mainly contributed to growth inhibition of E. amylovora.
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Introduction

Fire blight and other bacterial diseases can be controlled by application of anti-
biotics. Streptomycin (Sm) has been the compound of choice for a long time to
spray flowers in orchards, when the weather forecast has suggested a high risk of
fire blight outbreaks. Repeated applications have caused an increase of Sm-resis-
tant strains either by selection for a spontaneous chromosomal mutation or by se-
lection for a transposon encoding low resistance against Sm (Jones and Schnabel
2000). In countries with a high level of Sm-resistant strains other antibiotics were
applied with some success such as oxy-tetracycline and oxolinic acid (Kleitman et
al. 2005). Nevertheless, an increasing concern about the use of antibiotics led to
restriction of its use especially in European countries. Alternative methods for
control of fire blight have been widely proposed such as spraying other chemicals
and various microorganisms. Microorganisms include epiphytic bacteria, which
can secrete toxic compounds and/or directly interfere with growth of pathogens.
Gram-positive bacteria often produce bacterial growth inhibitors, and some were
chemically characterized (Emmert and Handelsman 1999). Application of those
cell cultures preparations comprise bacilli, spores and toxins. The latter may well
survive commercial formulations. Cell growth from surviving cells or after
sporulation is favored by elevated temperatures on the plant surfaces. Gram-nega-
tive bacteria have been applied from frieze-dried cultures as liquid suspensions
(Stockwell et al. 2002).

A few reports deal with application of yeasts or bacteriophages. Yeasts are often
sensitive to fungicides and can cause leaf rust. Bacteriophages are tedious to separate
from the pathogenic host cells, they may be unstable in their titer (plaque forming
units, PFU) and may not efficiently reach the bacteria on plant surface for destruction
of the pathogen. Spontaneous resistance to bacteriophages is common in bacterial
host cells, so several phages with different receptor targets may be favourable.

The release of large amounts of microorganisms could cause environmental
imbalances. Application of enriched or purified bactericidal compounds may
therefore be often preferred to cell preparations. In this view, we have isolated
and expressed genes from the Erwinia amylovora phage �Ea1h. An EPS depoly-
merase encoding gene (dpo) was cloned and the His-tagged protein purified on
Ni-columns (Kim and Geider 2000). The enzyme cleaves the repeating units be-
hind the galactose residue bearing the side chain. Destruction of the capsules ex-
poses E. amylovora cells to plant defense mechanisms. Expression of the dpo gene
in apple (Hanke et al. 2003) and pear (Malnoy et al. 2005) reduced symptom for-
mation of inoculated seedlings. Another gene pair, adjacent to dpo in the phage
genome, is lyz and hol. Holin mediates transfer of lysozyme through the inner cell
membrane, but expression of the cloned lyz gene alone reduced cell growth and
caused lysis of the host cells. Cell lysates with lysozyme interfered with many
gram-negative bacteria (Kim et al. 2004) with a lytic and a bactericidal activity
(Salm and Geider 2004). The latter was recently connected to kanamycin in
the growth medium bound to anionic cellular polymers (Geider and Schneider
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unpublished). After expression of the Escherichia coli phage T4 lysozyme gene the
lysates affected mainly gram-positive bacteria.

Materials and methods

Isolation of epiphytic bacteria from apple and pear at three places in Australia has
been performed (Geider et al. unpublished). The nucleotide sequences of the 16S
rRNA and the “house keeping genes” recA (encoding recombinase A), gapDH (en-
coding glyceraldehyde-3-phosphate dehydrogenase) were also reported. The lsc
genes (encoding levansucrase) of the Australian epiphytes were sequenced and the
antagonistic effects of the bacteria on green pear slices and on apple flowers were de-
termined (Jakovljevic et al. unpublished). Erwinia billingiae strains were isolated by
Eve Billing in England and later placed into a novel species (Mergaert et al. 1999).

The assay conditions for lysozyme activity with bacteria in suspension or on
plates were previously described (Kim et al. 2004, Salm and Geider 2004).

Results and discussion

Characterization of Erwinia tasmaniensis for control of fire blight

Bacteria on plant surfaces are apparently well equipped for survival under re-
strictive conditions. Since they do not damage the plant tissue to a visible extent,
they have to use secreted plant compounds for nutrition. In flowers, the bacteria will
find nutrients in the nectar, which is a source to support an array of microorganisms.
On the other hand, high sugar concentrations favour osmotolerant bacteria.

A novel species of epiphytic bacteria, E. tasmaniensis, was characterized for mi-
crobiological and molecular properties (Table 1). Selected as white, levan-produc-
ing bacteria, they cause a hypersensitive response (HR) on tobacco. HR could
increase their fitness on plant tissue, levan synthesis their growth in high sugar
concentrations such as nectar of flowers. Strains isolated at three different loca-
tions in Australia are very similar to each other for nucleotide sequences of the 16S
rRNA, the “house keeping genes” recA and gapDH, and can be distinguished from
the fire blight pathogen E. amylovora and the Asian pear pathogen E. pyrifoliae.
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Table 1
Some properties of antagonistic bacteria and of Erwinia amylovora

Strains of Levan synthesis HR on tobacco AHL synthesis AI-2 production

Erwinia tasmaniensis yes yes* no yes

Erwinia billingiae no no yes yes

Erwinia amylovora yes yes no yes

*After cell treatment in inducing medium.



Levansucrase genes of E. tasmaniensis strains show nucleotide changes compared to
E. amylovora (Geider et al. unpublished). The strains are non-pathogenic when in-
oculated on green pear slices or into apple seedlings. By microbiological assays (to-
gether with B. Völksch, Jena) and by DNA/DNA hybridizations (together with G.
Auling, Hannover), they comprise a novel species in the genus Erwinia.

Autoinducers for bacteria cell/cell communication

Another species of epiphytic bacteria, E. billingiae, does not produce levan and
does not induce HR on tobacco. These bacteria produce acyl homoserine lactone
(AHL), a small molecule secreted for cell/cell communication, called quorum sens-
ing. AHL accumulates at high cell densities in the medium and interferes with gene
expression. Some selectivity results from the chain length of the acyl-residues. An-
other type of molecules for quorum sensing is the autoinducer 2 (AI-2), a furanosyl
borate (Federle and Bassler 2003). In Vibrio harveyi, AI-2 and AHL (AI-1) interfere
with the expression of the lux operon, which is activated at high cell densities. Al-
though most bacteria do not display bioluminescence, the autoinducers are used to
later bacterial gene expression which can be activation or reduction of gene expres-
sion. Erwinia amylovora produces AI-2 and may be affected by the compound for
growth, even after secretion of AI-2 by other bacteria in the environment. Contro-
versial reports exist about synthesis of AHL by E. amylovora. Sensor strains for AHL
were described to respond to culture supernatants of E. amylovora (Venturi et al.
2004, Molina et al. 2005), but we could not confirm these findings (Mohammadi
and Geider unpublished). PCR primers proposed for amplification of luxI/R analo-
gous genes of E. amylovora, did not result in DNA amplification in our hands
(Mohammadi and Geider unpublished), nor were the nucleotide sequences indi-
cated in the reports found in blast searches with the assembled genomic sequence
and the “shotgun” library of E. amylovora, provided by the Sanger Institute, Cam-
bridge, UK. Quorum sensing of E. amylovora may thus mainly depend on AI-2.

Antagonistic effects of epiphytic bacteria

In growth assays with slices of immature pears or with apple flowers, applica-
tion of E. tasmaniensis or E. billingiae strains resulted in growth inhibition of E.
amylovora (Jakovljevic et al. unpublished). An excess of the antagonist was essen-
tial to prevent growth of E. amylovora. The titre of the pathogen was not reduced,
which ceased growth, indicating growth inhibition by the epiphytic bacteria.
Strong growth retardation may eventually result in autolysis of E. amylovora. First
field trials with the epiphytes also showed a reduction of fire blight symptoms after
flower inoculation in an experimental orchard (Geider unpublished).

Gram-positive bacteria, classified as Bacillus megaterium and B. pumilus, can also
interfere with growth of E. amylovora on cell lawns (Jock et al. 2002). Growth inhi-
bition is caused by the release of inhibitors, which could explain the antagonistic
effect of B. pumilus in apple flowers preventing growth of E. amylovora as good as E.
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tasmaniensis and E. billingiae. Another component for interference with growth of E.
amylovora could be secretion of AI-2 by the antagonistic bacteria.

A viral lysozyme for growth bacterial inhibition

The release of large amounts of microorganisms may be environmentally unfa-
vourable for repeated application in orchards. We have therefore investigated a
lysozyme encoded by the E. amylovora phage �Ea1h. A DNA fragment from the viral
genome was sequenced and three OFRFs were detected (Kim and Geider 2000).
Besides, a gene encoding EPS depolymerase, an ORF with significant homologies
for a lysozyme, was also cloned and expressed in E. coli cells. The gene was fused to
the his-tag in vector pQE30 (Qiagen), and the E. coli lac-promoter controlled ex-
pression in the presence of elevated amounts of lac repressor (Kim et al. 2004).
Upon induction with IPTG, the cells stopped growth and slowly lysed. We assume
a high toxicity of the �Ea1h lysozyme for the E. coli host cells. The sonicated cell
pellet was used to assay for lysozyme activity. Its lytic activity produced
spheroblasts, which were green fluorescent in LIVE/DEAD bacterial staining as-
says. Non-viable red cells were barely seen in the fluorescence microscope, pre-
sumably they immediately burst in the medium (Salm and Geider 2004). When
cell extracts with lysozyme were boiled for 10 min or more, formation of E.
amylovora spheroblasts was no longer observed.

When the E. coli phage T4 lysozyme gene was cloned and expressed similarly to
the �Ea1h lysozyme, the cell lysate had an inhibitory effect on gram-positive bacte-
ria, but affected E. amylovora only weakly. This might limit the use of the phage T4
lysozyme gene for transformation of fire blight host plants. On the other hand, the
�Ea1h lysozyme was so toxic for the carrier cells of the gene that they were appar-
ently damaged by minute quantities of the enzyme. This could explain the reason
for low expression of the �Ea1h lyz gene in contrast to expression of fusion pro-
teins without lytic activity (Geider and Schneider unpublished). Although
his-tagged, purification of the enzyme has not been achieved. In sizing columns,
the bactericidal activity migrated in the exclusion volume separated from the salt
fraction. Lysates from cells with lyz-induction, which were cultured without
kanamycin, show lytic activity but no significant growth inhibition of E. amylovora
(Geider unpublished). The compound inhibitory for cell growth could be kana-
mycin released from its complex with other cellular high molecular weight anionic
components such as nucleic acids. Interference of �Ea1h lysozyme with growth of
E. amylovora has therefore to be further investigated.

Conclusions

Two antagonistic species, E. tasmaniensis and E. billingiae, were characterized for
their interference with growth of E. amylovora on plant tissue and in apple flowers.
An excess of the antagonists prevented growth of E. amylovora. A common feature
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of the antagonistic bacteria and E. amylovora is synthesis AI-2, which may restrict
growth of the pathogen by sensing the concentration of the autoinducer causing
growth retardation at high AI-2 levels.

A soluble lysis system was created by cloning the E. amylovora phage �Ea1h
lysozyme gene and its expression in E. coli. Copurification of kanamycin from the
growth medium bound to cellular polymers could be the main reason for bacterial
growth inhibition. Expression in eukaryotic organisms, as in plants, may facilitate
access to the lysozyme, although the protein in transgenic fire blight host plants
might not directly interfere with E. amylovora during invasion of the tissue.
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