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Summary

Erwinia amylovora is a Gram-negative bacterium that
colonizes a wide variety of plant species causing
recurrent local outbreaks of fire blight in crops of the
Rosaceae family. Recent genomic surveys have
documented the limited genomic diversity of this
species, possibly related to a recent evolutionary bot-
tleneck and a strong correlation between geography
and phylogenetic structure of the species. Despite its
economic importance, little is known about the
genetic variability of co-circulating strains during
local outbreaks. Here, we report the genome
sequences of 82 isolates of E. amylovora, collected
from different host plants in a period of 16 years in
Trentino, a small region in the Northeastern Italian
Alps that has been characterized by recurrent out-
breaks of fire blight in apple orchards. While the
genome isolated before 2018 are closely related to
other strains already present in Europe, we found a
novel subclade composed only by isolates that were
sampled starting from 2018 and demonstrate that the
endemic population of this pathogen can be com-
posed by mixture of strains.

Introduction

Erwinia amylovora is the causative agent of fireblight, a
destructive disease of apple and pear trees and other rosa-
ceous plants that can severely damage the pear and apple
production in a region or country (Mansfield et al., 2012).
The typical symptoms of infected plants are brown to black
colour of twigs, flowers and leaves, production of exudates
and typical shepherd’s crook of infected shoots
(Vanneste, 2000). Since its first identification at the end of
the 18th century in the Hudson Valley in New York State,
E. amylovora has progressively expanded its area first to
the West Coast of the United States of America and subse-
quently to Europe, where it is one of the major threats to
several important crops. Large-scale genome sequencing
projects have shown that the major subdivision of E.
amylovora is associated with host specificity, defining a
Rubus-infecting clade and a Spiraeoideae-infecting clade
(Zeng et al., 2018; Parcey et al., 2020). Despite a general
low level of variability at the genomic level, apple and pear
tree infecting strains can be partitioned according to their
geographical distribution into three clades, namely, the
Widely prevalent clade, the Eastern North American clade
and the Western North American clade, with a heteroge-
neous group of strains (‘B-group’). Almost all the genomes
isolated outside North America (in Europe, Middle East,
New Zealand, Eastern Asia and North Africa) belong to the
Widely prevalent clade (Parcey et al., 2020).

The genome of E. amylovora is approximately 3.8 Mbp.
Whole-genome comparative analysis has shown a high
degree of genomic conservation between isolates, with an
estimated average nucleotide identity (ANI) of 99.90%
(Zeng et al., 2018). This remarkably low level of diversity
has been attributed to an evolutionary bottleneck due to the
recent colonization of fruit trees from an unknown natural
reservoir (Malnoy et al., 2012) that has coincided with the
beginning of large-scale cultivation of apples in North Amer-
ica. At the level of genes, the core genome was estimated
to include an average of 89% of the genes of each genome
based on the comparative analysis of 12 genomic
sequences (Mann et al., 2013). Besides the chromosome,
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E. amylovora strains also contain a variable combination of
plasmids, including the non-transmissible pEA29 plasmid,
which is consistently found in almost all sequenced isolates.
Variable combinations of other, less conserved plasmids
are commonly found (Parcey et al., 2020).

Pathogenicity of E. amylovora has been associated to
several chromosomally encoded features, including a
Type III secretion system, the amylovoran synthesis gene
cluster and the multidrug efflux pump AcrAB (Maes
et al., 2001; Lee et al., 2010; Vrancken et al., 2013;
Piqué et al., 2015). Production of the exopolysaccharide
amylovoran has been shown to be essential for the for-
mation of biofilm (Koczan et al., 2009) and to be one of
the major determinants of the degree of virulence both in
apple (Lee et al., 2010) and in Rubus-infecting strains.
The latter produces amylovoran with different structural
properties than other strains (Maes et al., 2001) The Hrp
pathogenicity island, a 62 kb region flanked by genes that
suggest that it might have been acquired by horizontal
gene transfer, encodes a Type III secretion system that
has been shown to deliver several proteins into host
cells, including the HrpN and HrpW hairpin proteins, the
dspA/E protein and EopB (Oh and Beer, 2005). Type VI
secretion systems have been identified in several Erwinia
species (De Maayer et al., 2011). The presence and
functionality of Type VI secretion systems in E.
amylovora has been shown to be associated to bacterial
competition and virulence and to alter exopolysaccharide
production and expression of motility and chemotaxis-
associated genes (Tian et al., 2017).

Besides chromosomally encoded proteins, plasmids
commonly found in E. amylovora have been shown to
have a role in virulence. Strains cured from the pEA29
plasmid have been shown to be less virulent (Falkenstein
et al., 1989), although strains lacking pEA29 have been
found in symptomatic hosts (Llop et al., 2006). Similarly,
strains cured from pEI70 plasmid show decreased
aggressiveness compared to the wild type (Llop
et al., 2011). Type IV secretion systems are predicted to
be encoded by the accessory plasmids pEA72, pEU30
and pEA78 (Parcey et al., 2020).

Due to the excellent climatic conditions that enhance
the quality of the fruit, apples are one of the most impor-
tant crops in Trentino, an Italian region located in the
North East of Italy. Apple trees are grown on approx.
12 000 ha, and their production accounts for about 65%
of apples harvested in Italy. The main production areas
are Val di Non, a valley of about 630 km2 located west of
the Adige river close to the Adamello mountain group,
and Valsugana, a valley of about 980 km2 east of the
Adige river. Fire blight appeared for the first time in
Trentino in 2003 in two locations on two pear trees. From
2003 to 2019 the contagion situation was stable and spo-
radic and over the years the stabilization of the disease

was attributed to the effectiveness of the control mea-
sures adopted for the containment of the disease. This
relatively stable situation changed in 2020, when a seri-
ous epidemic has affected particularly the orchards
located in the Valsugana valley.

To understand if the major 2020 outbreak is to be
attributed to the introduction of a more virulent variant of
E. amylovora, possibly originated outside of the Trentino
region, or to strains already present in the area from pre-
vious years, we assembled the genome sequences of
82 isolates of E. amylovora collected in Trentino both
from Val di Non and Valsugana, exhaustively covering
the strains circulating in the area since the first appear-
ance of the pathogen in the area.

Results and discussion

We selected 82 isolates of Erwinia amylovora collected in
Trentino over a 16-year timespan (2005–2020). In the
vast majority of the cases the isolates were recovered
from Malus domestica, one of the major crops in the
sampled area, but the sampled hosts also include Cydo-
nia oblonga, Eriobotrya japonica, Cotoneaster sp. and
Crataegus sp. (Supplementary Table 1). The draft
genomes assembled (see Methods) have a length
between 3 810 012 and 3 948 503 bp and are composed
of a number of scaffolds ranging between 124 and
388, with an N50 between 359 899 and 599 290. All the
sequenced genomes were estimated 100% complete
with a level of contamination below 1% evaluating the
presence of clade-specific single-copy genes (Albanese
and Donati, 2021). Summary statistics about the quality
of the assembled genomes are reported in Supplemen-
tary Table 2.

In addition to the newly sequenced genomes, 134 com-
plete and draft genome sequences were downloaded
from GenBank (for a complete list of the sequences
included in the present study see Supplementary
Table 1). In order to guarantee homogeneity of the data,
both newly sequenced genomes and genomes down-
loaded from GenBank were de novo annotated using the
same bioinformatic pipeline (see Experimental proce-
dures). The number of predicted genes in each genome
of the complete dataset varied between 3338 and 3666.
Pangenome analysis (see Experimental procedures) identi-
fied a core of 2935 genes that were present in more than
99% of the strains, complemented by 584 genes present in
between 99% and 15% of the genomes and 3005 cloud
genes present in less than 15% of the genomes. In total,
the pangenome of E. amylovora included 6524 genes. Core
genes produced a concatenated alignment of
2 111 642 bp. The high degree of sequence conservation
of E. amylovora is confirmed by the Watterson estimator
theta (see Supplementary Material).
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The concatenated gene sequence alignment of the
complete dataset was used to reconstruct a Maximum
Likelihood phylogenetic tree (Fig. 1A and B). Since phylo-
genetic tree inference was performed using core gene
alignments, non-ubiquitous genetic elements like some
plasmids were not considered. The phylogenetic analysis
confirms that E. amylovora isolates can be partitioned
into different clades (bootstrap support >90%), in accor-
dance with Parcey et al. (2020). In particular, we could
identify a highly divergent Rubus-infecting clade (not
shown, due to their high level of divergence from the rest
of the species), a B-group clade, a North American spe-
cific clade subdivided into Eastern and Western sub-
clades, and a Widely Prevalent clade that included,
besides a group of isolates from North America, all the
isolates from the rest of the World, and, in particular, all
the newly sequenced isolates from Trentino (Fig. 1A).
Within the Widely Prevalent clade, North American iso-
lates formed a subclade that included also five recent iso-
lates from South Korea (Song et al., 2021) and that was

well separated from a second subclade that is predomi-
nantly European but also includes isolates from
New Zealand, Middle East and North Africa. The
European subclade can be further subdivided into two
major branches, both of which include isolates from
Trentino. One of these branches also included eight iso-
lates from Europe (France, Switzerland, England and
Italy), two from North Africa (Morocco) and one from
Israel. A t-distributed stochastic neighbour embedding
(t-SNE) analysis using the ANI as a measure of similarity
(Fig. 1C) confirms the population structure of E.
amylovora, including the heterogeneous nature of the
B-Group. The subclades of the Widely Prevalent clade
and their correlation with geographic origin of the isolates
were clearly visible in the two-dimensional projection.

Using the Jaccard distances between the gene
presence–absence profiles from the pangenome analy-
sis, we could quantify the variability in the gene repertoire
both within and between the clades. We found (Fig. 1C
and D) that the B-group included a heterogeneous group

A

C D

B

Fig. 1. A. Maximum Likelihood phylogenetic tree based on core gene alignment rooted at the 1994 Rubus-infecting EaLevo2 strain. B. Full tree
(C) t-SNE based on the ANI (left) and on the Jaccard distance between profiles of orthologous gene presence–absence. Points are coloured
according to the geographical origin of the isolate. Eastern North American clade, Western North American clade and B-Group are highlighted;
all other points belong to the Widely Prevalent clade. D. Intra-clade distances based on ANI and Jaccard distances between profiles of
orthologous gene presence–absence. Rubus-infecting strains are not shown.
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of isolates, while the Eastern North American, Western
North American and Widely Prevalent genomes have a
comparable intra-clade variability, much smaller than the
variability within the B-group. However, applying the t-
SNE analysis on genes profiles, we could further partition
the Widely Prevalent clade, identifying three distinct sub-
groups. One of these subgroups was composed almost
exclusively by the North American and South Korean iso-
lates, while the European isolates were distributed in the
other two groups. The latter distinction, surprisingly well
defined given the low ANId distance between the mem-
bers of the two European subgroups (Fig. 1D), is due to
the presence in one of the two of a large (70 kb) plasmid,
the PEI70 (Llop et al., 2011), that so far had been identi-
fied only in a small group of isolates from France,
Morocco and Switzerland (Parcey et al., 2020).

Exploiting the low level of sequence divergence
between isolates from the Widely Prevalent clade and
the relatively large time range spanned by the sampling
(1959–2020), we could estimate the dates of the most
recent common ancestor (MRCA) of the clade and the
dates of the diversification of the major branches within
the clade using an approximate maximum likelihood
method (Sagulenko et al., 2018). We found that a strict
molecular clock model could be used to describe the evo-
lution of this set of sequences (Supplementary Fig. S1),
with a scaled mutation rate inferred from the regression
of the root to tip distance versus time of 1.159E-
7 � 1.66E-8 mutations per site and year. Using this
approach (Fig. 2), we could estimate that the last com-
mon ancestor of the Widely Prevalent clade can be
traced back in the first quarter of the 18th century (1721,
CI 1657–1787, WP node in Fig. 2), and the MRCA of the
European subclade is estimated in the mid-19th century
(1849, CI 1817–1888 EU node).

Following the European branch of this tree we could
further infer the dates of introduction of E. amylovora in
the different parts of the continent. In particular, the
MRCA of all the isolates from central and Eastern Europe
(Germany, Poland and Belarus) could be dated in 1935
(CI 1909–1946, CE-EU node). In the same time range is
the MRCA of the isolates from England, Ireland, France,
Switzerland and Italy (CW-EU node, 1935, CI 1909–1941).

The molecular clock analysis allowed us to date also the
time when the Italian isolates from Trentino diversified from
the other European strains. One of the two Italian sub-
clades (that also includes two isolates from Morocco, and
isolates from France and Switzerland) had the MRCA that
could be dated in 1958 (CI 1945–1960 node C1), while the
second Italian subclade had a last common ancestor in
1965 (CI 1957–1982, node C2). Interestingly, we found that
the isolates from 2020 could not be traced back to a single
recently evolved group of closely related isolates, but rather
belong to both the Italian lineages.

We explored the correlation between the phylogenetic
analysis of the newly sequenced genomes and the year
of sampling, the area within Trentino where they were
sampled (Supplementary Fig. S2a,b) and the host spe-
cies. Mapping the species of the infected hosts on the
phylogenetic tree, we found no evident correlation
between host and position on the phylogenetic tree
(Supplementary Fig. S2c). We also found that a large
fraction of the 2020 isolates from Alta and Bassa
Valsugana are closely related, and well distinct from the
isolates from previous years and from other areas of
Trentino.

For the newly sequenced isolates, we assembled and
characterized the plasmids that could be recovered from
the whole genome sequencing. We found that all isolates
contain the pEA29 plasmid (Parcey et al., 2020) (see
Supplementary Fig. S2). Although strains lacking pEA29
have also been described (Llop et al., 2006) the pEA29
plasmid is commonly found in E. amylovora isolates and
is known to modulate the development of symptoms dur-
ing infection (Falkenstein et al., 1989). In addition, we
could assemble two additional plasmids that could be
classified as pEI70 and pEA30. While the pEA30 was
only present in isolates sampled before 2020 (the most
recent isolate harbouring pEA30 was from 2017), the
pEI70 plasmid has been recovered from isolates that
span the entire sampling time frame. Supplementary
Fig. S2 indicates that there is only partial correlation
between the tree structure and the presence of pEA30
and pEI70, suggesting that these plasmids could have
been exchanged between co-infecting strains by lateral
transfer. The pEA30 plasmid, that had been previously
identified in a single isolate of E. amylovora, and that
encodes a putative type IV secretion system for con-
jugative transfer (Mann et al., 2013; Christie, 2016) is dis-
tantly related to the IncU plasmids, which often include
antibiotic resistance cassettes (Llop, 2015). However, no
known antibiotic resistance gene has been identified in
pEA30 (Mann et al., 2013). The pEI70 plasmid is a
65.8 kb genetic element that has been shown to be asso-
ciated with increased aggressiveness in pear trees (Llop
et al., 2011; Llop, 2015). The heterogeneity of the plas-
mid distribution that we have found among closely related
isolates is in stark contrast with the high level of
sequence conservation of the chromosome of E.
amylovora (Parcey et al., 2020), and supports the hypoth-
esis that plasmids play a role in the evolution and adapta-
tion of this pathogen (Sundin, 2007).

Our results greatly expanded the repertoire of genetic
information available for E. amylovora and allowed us to
better define the population structure of strains circulating
in Europe, demonstrating the geographical structuring of
this species. These results also show that the endemic
population of this pathogen in a relatively small
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geographic area and homogenous from the agricultural
management point of view such as Trentino is composed
by a complex mixture of strains that have been indepen-
dently introduced in different times, suggesting that epi-
demics outbreaks of the disease might be related to
specific environmental factors, rather than to the introduc-
tion of new strains.

Experimental procedures

Selection of isolates, library construction and
sequencing

In the period 2005–2020, bacterial cultures associated with
natural infections of different plants were isolated in Trento
Province. Isolates were selected on the basis of the typical

levani form morphology on NSA medium followed by the
lack of production of the fluorescent pigment on King’s B
medium. The identity of the isolates was then confirmed
with Real-Time PCR (Gottsberger, 2010). Pure cultures
were stored in glycerol at �80�C. Among these, 82 isolates
were chosen to sequence the genome on the basis of the
collection year, host plant species and, in the case of apple,
cultivar. Thus, the selected isolates were transferred from
the glycerol stock to NSA medium. Erwinia amylovora DNA
was extracted according to the Nucleospin® Plant II proto-
col (Macherey-Nagel GmbH KG, Germany) starting from a
250 μl aqueous solution of pure culture. The DNA was
eluted with 70 μl H2O. The extracted DNA of 82 isolates
have been used to construct the next-generation sequenc-
ing libraries, starting from 100 ng each and using the Kapa
Hyperplus library kit (Roche) combined with the Kapa

Fig. 2. Maximum-likelihood time-scaled phylogeny of the Widely Prevalent clade.
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Unique Dual Index adapters (Roche) following the manufac-
turer’s instruction. The pooled library was quantified by
qPCR and the fragment insertion size of 500 bp was evalu-
ated on the Agilent 2200 TapeStation. The final library was
sequenced at IGA Technology on NovaSeq 6000 in paired-
end 150 mode.

Bioinformatic analysis

Bioinformatic methods, including raw sequences
processing, genomes assembly and downstream ana-
lyses are described in the Supplementary Material.
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