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a b s t r a c t

Evolutionary genomics is coming into focus with the recent availability of complete sequences for many
bacterial species. A hypothesis on the evolution of virulence factors in the plant pathogen Erwinia
amylovora, the causative agent of fire blight, was generated using comparative genomics with the
genomes E. amylovora, Erwinia pyrifoliae and Erwinia tasmaniensis. Putative virulence factors were
mapped to the proposed genealogy of the genus Erwinia that is based on phylogenetic and genomic
data. Ancestral origin of several virulence factors was identified, including levan biosynthesis, sorbitol
eywords:
enome
lant pathology
irulence factor
volution

metabolism, three T3SS and two T6SS. Other factors appeared to have been acquired after divergence of
pathogenic species, including a second flagellar gene and two glycosyltransferases involved in amylovo-
ran biosynthesis. E. amylovora singletons include 3 unique T3SS effectors that may explain differential
virulence/host ranges. E. amylovora also has a unique T1SS export system, and a unique third T6SS gene
cluster. Genetic analysis revealed signatures of foreign DNA suggesting that horizontal gene transfer is

hese d
responsible for some of t

. Introduction

Erwinia amylovora causes fire blight, the most important threat
o pome fruit production (i.e., apple, pear, and quince) globally, and
t affects a wide-variety of rosaceous plants (Duffy et al., 2005;
orelli et al., 2003). E. amylovora is native to the North Eastern
SA, and it was the first phytopathogenic bacterium described ever

Bonn and van der Zwet, 2000). E. amylovora has quarantine status
utside North America, and it is a controversial issue in fruit trade
ith fire blight-free countries like Australia, Japan and all areas

f the Southern Hemisphere aside from New Zealand (Calvin and
rissoff, 1998; Roberts et al., 1998).

Fire blight symptoms include wilting of flowers and shoots
shepherd’s crook), necrosis, release of ooze, and cankers. The
athogen enters through nectaries in flowers, hydathodes and
ounds resulting in blossom, shoot or rootstock blight symp-

oms (Thomson, 2000). E. amylovora growth is highly dependent
n weather conditions, which has been used to develop disease
orecasting models, and it is passively vectored by flower-foraging
nsects and rain (Johnson and Stockwell, 1998). Epidemics can
evelop rapidly and result in death of individual plants or entire
Please cite this article in press as: Smits, T.H.M., et al., Evolutionary
doi:10.1016/j.jbiotec.2010.10.075

rchards within a single season, leading to severe economic losses
Bonn and van der Zwet, 2000).

Although important insights have been acquired regarding this
mportant phytopathogenic bacterium, much remains uncertain

∗ Corresponding author. Tel.: +41 44 783 6189; fax: +41 44 783 6305.
E-mail address: theo.smits@acw.admin.ch (T.H.M. Smits).

168-1656/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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ifferential features between the three species.
© 2010 Elsevier B.V. All rights reserved.

about the genetics of E. amylovora (Oh and Beer, 2005). The recent
publication of the genomes of three species from the genus Erwinia
[E. amylovora CFBP 1430 (Smits et al., 2010b), E. pyrifoliae DSM
12163 (Smits et al., 2010a) and E. tasmaniensis Et1/99 (Kube et al.,
2008a)] provides basic scientific information to infer the evolution
and relatedness of the species within this genus.

2. Evolution of species within the genus Erwinia: a
genome-based hypothesis

We compared complete genomes of three Erwinia species (Smits
et al., 2010b) in order (1) to resolve the Erwinia core genome, and (2)
to identify differences that clarify the basis of E. amylovora pathogen
success in contrast to E. pyrifoliae which has a considerably more
limited host range on pome fruits (Kim et al., 1999), and E. tasman-
iensis Et1/99 which is a pome fruit epiphyte and is not reported to
be a phytopathogen of other species (Geider et al., 2006).

The pan-genome of Erwinia contains 5650 CDS, of which 2474
(43%) are core CDS (Smits et al., 2010b). According to the definition
(Medini et al., 2005), a core genome includes all genes responsi-
ble for the basic aspects of the biology of the genus and its major
phenotypic traits. In the dispensable genome, genes that confer a
selective advantage are included (Medini et al., 2005). Notably, a
large number of genes in the dispensable genomes of the Erwinia
insights from Erwinia amylovora genomics. J. Biotechnol. (2010),

spp. encode small hypothetical proteins that have no counterparts
in any other genome, and may in fact not encode functional pro-
teins (Smits et al., 2010b). It should be noted that, in comparison
to other Enterobacterial genomes, the sequenced genomes of the
three Erwinia spp. are smaller, possibly due to genome erosion.

dx.doi.org/10.1016/j.jbiotec.2010.10.075
dx.doi.org/10.1016/j.jbiotec.2010.10.075
http://www.sciencedirect.com/science/journal/01681656
http://www.elsevier.com/locate/jbiotec
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Fig. 1. Proposed genealogy of Erwinia spp. and putative virulence factors therein based on genome sequence information. The delineation of mentioned genera and/or
species is indicated by grey arrows. The “soft rot Erwinia” genera Pectobacterium, Dickeya and Brenneria (Hauben and Swings, 2005) and other Enterobacteriaceae separate
earlier in evolution from the Pantoea/Erwinia lineage (Rezzonico et al., 2009). Insertions and deletions of putative virulence factors between the levels within the Erwinia
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ncestry are indicated. Abbreviations: T3SS: type III secretion system; Inv/Spa: T3SS
xopolysaccharide; CPS: stewartan-like exopolysaccharide; AMS: amylovoran; lscC
orbitol metabolism operon; expRI: genes encoding autoinducer-2 biosynthesis; GI

A genealogy, based on the genes present in the core or dis-
ensable genomes, was generated (Fig. 1) for the origin and
volution of the three genome-sequenced species from the genus
rwinia. At the separation of the Enterobacterial ancestor in many
pecies, a common ancestor for the genera Erwinia and Pantoea
as formed (Rezzonico et al., 2009). This ancestor split then in the

wo genera, from which the different species originate (Grimont
nd Grimont, 2005; Hauben and Swings, 2005). The former “soft
ot Erwinia species”, nowadays represented by the genera Bren-
eria, Pectobacterium and Dickeya (Hauben et al., 1998; Hauben
nd Swings, 2005; Samson et al., 2005), the latter two for which
Please cite this article in press as: Smits, T.H.M., et al., Evolutionary
doi:10.1016/j.jbiotec.2010.10.075

enome sequences are available, must have separated before.
hereas the genomes of Erwinia spp. (Kube et al., 2008a; Smits

t al., 2010a,b) and Pantoea spp. (De Maayer et al., 2010; Smits
t al., in press, 2010c) are quite comparable in their gene con-
ent and percentage identity between core genes (Hauben et al.,
d to that of Salmonella enterica; Flg: flagellum; T6SS: type VI secretion system; EPS:
sucrase gene; cas: subtype of cas-genes according to Haft et al. (2005); srl-operon:

mic island.

1998; Rezzonico et al., 2009), the genomes of Pectobacterium spp.
(Bell et al., 2004; Glasner et al., 2008; Toth et al., 2006) and
Dickeya spp. (genome sequences available at GenBank, but unpub-
lished) are more distantly related based on the identity of core
genes.

The genealogy within the genus Erwinia agrees largely with
the phylogeny (Hauben and Swings, 2005) (Fig. 1), but intro-
duces additional levels of differentiation in the tree. The ancestral
Erwinia may have had several steps in the evolution until it reached
the common ancestor for the three genome-sequenced Erwinia,
thereby separating from all other Erwinia spp. From this common
insights from Erwinia amylovora genomics. J. Biotechnol. (2010),

ancestor, the non-pathogenic E. tasmaniensis separated from the
pathogenic Erwinia ancestor, that later differentiated in the species
E. amylovora and E. pyrifoliae. The hypothesis is supported by the
levels of gene identity between the individual species (Smits et al.,
2010b), and will be substantiated below.

dx.doi.org/10.1016/j.jbiotec.2010.10.075
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A question that cannot be answered until genome sequences
re available is the exact position of Rubus isolates of E. amylovora
nd the so-called Japanese Erwinia strains. Rubus isolates are com-
only included in E. amylovora, although genomic differences to

ome fruit isolates were found (Triplett et al., 2006). The Japanese
rwinia spp. were recently assigned to E. pyrifoliae based on a
olyphasic approach (Geider et al., 2009). Additionally, the posi-
ion of all other Erwinia spp. (Hauben and Swings, 2005) is still
nresolved (Fig. 1). The genealogy leaves space for them to sepa-
ate between the level of the ancestral Erwinia and the common
ncestor of the sequenced Erwinia spp. For the novel species E. pir-
florinigrans that causes necrosis on pear blossoms (López et al.,
n press; Roselló et al., 2006), a separation close to the level of the
athogenic Erwinia ancestor can be anticipated, as it is more closely
elated to E. amylovora and E. pyrifoliae.

. Type III secretion systems

In the genome sequence of E. amylovora CFBP 1430, three com-
lete Type III Secretion Systems (T3SS) were found: the “classical”
rp T3SS involved in phytopathogenicity (Oh et al., 2005), and two

nv/Spa T3SSs on genomic islands PAI-2 and PAI-3 with high homol-
gy with the insect–pathogen S. glossinidus str. morsidans and to the
ammalian pathogens Salmonella and Yersinia (Smits et al., 2010b;

hao et al., 2009). The latter two systems appear non-functional in
irulence of E. amylovora on both apple seedlings and in immature
ear tests (Zhao et al., 2009). Both PAI-2 and PAI-3 have a signifi-
antly lower G+C content as the host, and may be acquired before
he common ancestor of the three genome-sequenced Erwinia spp.
fter the separation of E. tasmaniensis, the insertion of a second
obile element has deleted a part of PAI-2 in E. tasmaniensis Et1/99

Kube et al., 2008a), whereas PAI-2 has been excised and lost in E.
yrifoliae as seen in the genome of DSM 12163T (Smits et al., 2010a).

In contrast to PAI-2 and PAI-3, the G+C content and GC skew of
he Hrp T3SS system resembles that of the host, contradicting the
urrent assumption that it has also been acquired (Oh and Beer,
005; Oh et al., 2005). This assumption was originally based on the
nding of a region with variable G+C-content directly flanking the
rp T3SS (Oh et al., 2005), which in fact may constitute a remnant
f an Integrating Conjugative Element (ICE) (Fig. 2) (Gaillard et al.,
006; Mohd-Zain et al., 2004).

In E. amylovora CFBP 1430, some T3SS effectors (eop2, hopPtoC
nd avrRpt2) were identified, that all were singletons (Smits et al.,
010b). These genes must have been acquired after the separation
f E. amylovora and E. pyrifoliae, and may play a role in the stronger
irulence of E. amylovora on apple trees (Zhao et al., 2006).

. Flagella

Two sets of genes encoding flagellar biosynthesis and chemo-
axis related proteins were found in the genome of E. amylovora
FBP 1430 (Smits et al., 2010b): a complete gene set spread over

our gene clusters (Flg-1), and a second set contained in a single
ene cluster (Flg-2). The operons encoding Flg-1 closely resemble
he operons for biosynthesis of flagella found in other Enterobacte-
ia and is spread over the genome in all Erwinia spp. while Flg-2
atches an analogous region found in E. pyrifoliae DSM 12163T

Smits et al., 2010a). Flg-1 can be considered ancestral, whereas Flg-
is acquired at the level of the pathogenic ancestor for E. amylovora
nd E. pyrifoliae.
Please cite this article in press as: Smits, T.H.M., et al., Evolutionary
doi:10.1016/j.jbiotec.2010.10.075

With respect to E. amylovora CFBP 1430, the region upstream
f Flg-2 differs in E. pyrifoliae DSM 12163T where the insertion of
low-G+C genomic island was obvious (Smits et al., 2010a,b). We
ropose that the low-G+C genomic island in E. pyrifoliae was only

nserted at the establishment of E. pyrifoliae as separate species.
 PRESS
chnology xxx (2010) xxx–xxx 3

Flg-2 is absent in E. tasmaniensis Et1/99, which contains amongst
others the quorum-sensing (QS) genes expRI at the equivalent posi-
tion in its genome (Kube et al., 2008a). Both E. amylovora and E.
pyrifoliae lack a QS signal-generating enzyme (Rezzonico and Duffy,
2008; Smits et al., 2010a,b).

5. Type VI secretion systems

Three Type VI secretion system (T6SS) gene clusters were iden-
tified in the genome of E. amylovora CFBP 1430 [see supplemental
Figure 2 in Smits et al., 2010b]. T6SS cluster 1 is shared with E. pyri-
foliae DSM 12163T and E. tasmaniensis Et1/99, with the exception
of some genes encoding hypothetical proteins that do not belong
to the core genes of T6SSs (Bingle et al., 2008) and some differ-
ences in the genes encoding VgrG effector proteins. Compared to
the small T6SS cluster 2 in E. amylovora CFBP 1430, a frameshift is
found in one of the genes in E. pyrifoliae DSM 12163T and a gene
is lost in the corresponding cluster in E. tasmaniensis Et1/99 (Smits
et al., 2010a,b). Both clusters can be considered ancestral, and the
modifications must have been introduced at the level of species
differentiation. T6SS cluster 3 is solely identified in E. amylovora
CFBP 1430 (Smits et al., 2010b), and might be acquired at the level
of species differentiation. For T6SS cluster 3, some genes encoding
core proteins appear missing, that could be complemented by the
genes present in T6SS cluster 2.

6. Amylovoran biosynthesis

The exopolysaccharide (EPS) amylovoran, a pathogenicity fac-
tor contributing to biofilm formation of E. amylovora (Koczan et al.,
2009), is produced by both E. amylovora and E. pyrifoliae (Bernhard
et al., 1996; Kube et al., 2008a), but not by E. tasmaniensis (Kim et al.,
2002). This is reflected in the genetic makeup of the gene cluster
responsible for the biosynthesis, in which two glycosyltransferases
(amsD and amsE) in the ams cluster of E. amylovora CFBP 1430 were
found, while two different glycosyltransferases are present in the
cps cluster in E. tasmaniensis Et1/99 (Smits et al., 2010a). The lat-
ter two genes rather resemble the glycosyltransferases of Pantoea
stewartii pv. stewartii DC283 (Coplin et al., 1996).

It is difficult to establish the time point of exopolysaccharide dif-
ferentiation within the evolution of Erwinia spp. with the current
data set. It can be suggested that the Erwinia ancestor originally
produced an EPS resembling stewartan of P. stewartii (Coplin et al.,
1996; Kube et al., 2008b), but that the differentiation of EPS pro-
duction has taken place at or after the separation of the pathogenic
Erwinia from E. tasmaniensis. This would indicate that the genes
involved in amylovoran production (Bernhard et al., 1996) are
rather acquired.

7. CRISPR-associated genes

Clustered regularly interspaced short palindromic repeats
(CRISPRs) and CRISPR-associated sequence (Cas) proteins con-
stitute a putative prokaryotic RNA-interference-based immune
system (Makarova et al., 2006; Sorek et al., 2008) protecting against
bacteriophages or plasmids (Mojica et al., 2005). The annotation
of the genome of E. amylovora CFBP 1430 revealed eight genes
with homology to cas-genes (Smits et al., 2010b) of the Ecoli sub-
type (Haft et al., 2005; Rezzonico et al., submitted for publication).
insights from Erwinia amylovora genomics. J. Biotechnol. (2010),

Orthologues thereof were detected in the genome of E. pyrifoliae
DSM 12163T, but not in E. tasmaniensis Et1/99. The latter strain con-
tains cas-genes of the Ypest subtype (Haft et al., 2005; Rezzonico
et al., submitted for publication), and orthologues of these were
found as well in E. pyrifoliae DSM12163T.

dx.doi.org/10.1016/j.jbiotec.2010.10.075
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ig. 2. Comparison of the island transfer (IT) region in E. amylovora CFBP 1430 wit
ype III secretion system. Numbers below the genes indicate locus tag numbers (lo
nsertions, while conserved ICE genes are indicated black. Orthologous genes betwe

It is very well possible that the presence of multiple CRISPR/Cas
ubtypes in E. pyrifoliae DSM 12163T represents the ancestral sit-
ation of the true Erwinia spp., and that both E. amylovora CFBP
430 and E. tasmaniensis Et1/99 have lost one or the other set at
he species differentiation time point. This is supported by the fact
hat a remnant of a CRISPR repeat region having the Ypest subtype
epeats is still present in E. amylovora CFBP 1430 as CRISPR3 region
Rezzonico et al., submitted for publication; Smits et al., 2010b). In
he genome sequence of E. tasmaniensis Et1/99 no such scar was
bserved for the Ecoli subtype.

. Other putative virulence systems

E. amylovora CFBP 1430 has a Type I secretion system, that
xports a protease (Zhang et al., 1999). As the genomes of the two
ther species do not contain this gene cluster, it must have been
cquired at the species differentiation level.

A difference between E. tasmaniensis Et1/99 and the pathogenic
pecies is the presence of a sorbitol metabolism gene cluster in
he latter two species (Kube et al., 2008a; Smits et al., 2010b). This
eature may be ancestral, as also other Erwinia spp. are able to grow
ith sorbitol (Hauben and Swings, 2005). Therefore, it is proposed

hat the srl-operon is lost from the genome of E. tasmaniensis Et1/99.
The exopolysaccharide levan is produced by E. amylovora strains

nly, but both E. amylovora CFBP 1430 and E. tasmaniensis Et1/99
ontain the levansucrase gene lscC (Gross et al., 1992; Kube et al.,
008a). As other Erwinia spp. also produce levan (Hauben and
wings, 2005), it seems likely that the gene is ancestral, and got
ost in E. pyrifoliae at the species differentiation level (Smits et al.,
010a).

. Role of horizontal gene transfer in evolution of Erwinia

The genomes of the three Erwinia spp. are largely collinear,
howing a relatively low number of rearrangements (Smits et al.,
010b). This indicates that evolution must have taken a different
trategy for differentiation of the individual species. Apart from
he already discussed variations in the virulence systems, a large
ole in the differentiation of the Erwinia spp. can be appointed to
orizontal gene transfer. Genomic islands containing transposon-
Please cite this article in press as: Smits, T.H.M., et al., Evolutionary
doi:10.1016/j.jbiotec.2010.10.075

elated genes were numerous in E. pyrifoliae DSM 12163T (Smits
t al., 2010a), while less prominent in E. amylovora CFBP 1430
nd E. tasmaniensis Et1/99 (Smits et al., 2010b). The genomes of
. pyrifoliae DSM 12163T and E. tasmaniensis Et1/99 have several
egions that contain phage-related genes, while only few remnants
integrative conjugative element (ICE) in E. pyrifoliae DSM 12163T, flanking the Hrp
g prefix at the organism name). Genes indicated in grey are border regions of the
amylovora CFBP 1430 and E. pyrifoliae DSM 12163T are shaded.

were observed in E. amylovora CFBP 1430 (Smits et al., 2010a). A
prominent feature of the genome of E. tasmaniensis Et1/99 is the
presence of multiple clusters encoding fimbriae, largely absent in
the genomes of the other two species (Smits et al., 2010a). For many,
mainly smaller regions that are differential between the Erwinia
species, the insertion mode cannot be reconstructed with the cur-
rent data set.

10. The Erwinia amylovora species pan-genome

E. amylovora originated in North America, from where it has rel-
atively recently spread first to New Zealand in the 1910s, to the U.K.
and Northern Europe in the late 1950s, and more widely in Europe
and the Middle East in the 1960s (Bonn and van der Zwet, 2000).
It continues to spread across Europe and the Middle East, with
advance eastward threatening the native origin of apple germplasm
resources in Central Asia (Jock et al., 2002).

A comparison of the recently published genomes of E. amylovora
strains CFBP 1430, isolated from Crataegus (Paulin and Samson,
1973; Smits et al., 2010b) and the apple isolate Ea273 (Sebaihia
et al., 2010) showed that they are more than 99.99% identical on
sequence level. Other whole-genome-targeting molecular meth-
ods like AFLP (Rico et al., 2004) illustrated the high similarity
between individual strains as well, while PFGE revealed only mini-
mal differences (Jock et al., 2002; Jock and Geider, 2004; Zhang and
Geider, 1997). Only one replacement of a small region of 700 bp
was observed that has an effect on the pan-genome of the species
in that it added a single hypothetical protein in E. amylovora Ea273
(Smits et al., 2010b).

The factor currently known with the most influence on the
E. amylovora pan-genome is the presence of diverse plasmids
in some strains of E. amylovora. The plasmid pEA29 is nearly
ubiquitous in E. amylovora strains worldwide (Llop et al., 2006;
McGhee and Jones, 2000). Two RSF1010-based plasmids confer-
ring streptomycin resistance (Palmer et al., 1997) and plasmid
pEU30 (Foster et al., 2004) were only detected in USA west coast
isolates, whereas a 72 kb plasmid was detected in E. amylovora
Ea273 and further strains from the USA (Sebaihia et al., 2010;
Steinberger et al., 1990). The plasmid pEL60 was only detected
in isolates from the Middle-East area (Israel and Lebanon) (Foster
insights from Erwinia amylovora genomics. J. Biotechnol. (2010),

et al., 2004; Rezzonico et al., submitted for publication), and the
plasmid pEI70 in European isolates (Llop et al., 2006) (P. Llop,
J. Cabrefiga, T.H.M. Smits, T. Dreo, S. Barbé, J. Pulawska, A. Bul-
treys, B. Duffy, E. Montesinos and M.M. López, 2010, manuscript
in preparation). Apart from pEA29, all plasmids are found at a

dx.doi.org/10.1016/j.jbiotec.2010.10.075
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egional scale, and are not omnipresent in all isolates from the
egion.

Resequencing of 4 additional European isolates of E. amylovora
T.H.M. Smits and B. Duffy, unpublished) revealed a near full cov-
rage of the chromosome, while no new insertions were observed.
his would mean that the pan-genome of E. amylovora affecting
piraeoidae can be considered closed, apart from the plasmid con-
ent. From the 5 European E. amylovora genome sequences, only
single base change in around 36–150 kb was calculated (T.H.M.

mits and B. Duffy, unpublished). This may be explained by the rel-
tively rapid dispersal of the organism over Europe, starting from
round 1957 in the UK. Considering the average mutation rate in
acteria, the number of polymorphisms observed cannot be high
nless a strong selective advantage is present. The current breeding
trategy in pome fruit production is the vegetative proliferation of
ommercialized high-value varieties, that are in many cases highly
ensitive to fire blight. This strategy counteracts natural resistance
f the host against the pathogen, and allows E. amylovora to not
aving to adapt its genome to changes in host resistance.

1. Perspectives

With the available genome data of three species (Kube et al.,
008a; Smits et al., 2010a,b), preliminary conclusions were drawn
or the evolution of Erwinia spp. However, we were not able to
llocate some of the modifications at present, as genome informa-
ion from the less related Erwinia spp. is still missing. The GOLD
atabase (www.genomesonline.org) indicates sequencing projects
or E. billingiae Eb661 (Mergaert et al., 1999) and E. aphidicola DSM
9347 (Harada et al., 1997), but draft sequences are not available
et. Whenever the genome sequences for these species and even-
ually others are made publicly available, it will be possible to have
closer look at some of the features therein and conclude on the
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