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The Hrp pathogenicity island (hrpPAI) of Erwinia amylovora not only encodes a type III secretion system
(T3SS) and other genes required for pathogenesis on host plants, but also includes the so-called island trans-
fer (IT) region, a region that originates from an integrative conjugative element (ICE). Comparative genomic
analysis of the IT regions of two Spiraeoideae- and three Rubus-infecting strains revealed that the regions in
Spiraeoideae-infecting strains were syntenic and highly conserved in length and genetic information, but that
the IT regions of the Rubus-infecting strains varied in gene content and length, showing a mosaic structure.
None of the ICEs in E. amylovora strains were complete, as conserved ICE genes and the left border were missing,
probably due to reductive genome evolution. Comparison of the hrpPAI region of E. amylovora strains to syntenic
regions from other Erwinia spp. indicates that the hrpPAI and the IT regions are the result of several insertion and
deletion events that have occurredwithin the ICE. It also suggests that the T3SSwas present in a common ancestor
of the pathoadapted Erwinia spp. and that insertion and deletion events in the IT region occurred during speciation.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The host range of Erwinia amylovora includes more than 180 spe-
cies from 39 genera (Bradbury, 1986; van der Zwet and Keil, 1979).
Within E. amylovora there are no formal species-specific pathovars;
however strains can be divided into two distinct groups on the basis of
host specificity (Braun and Hildebrand, 2005). The first group, here re-
ferred to as ‘Spiraeoideae-infecting’ strains, infect a wide range of hosts
in the subfamily Spiraeoideae including Malus spp. (apple), Pyrus spp.
(pear), Crataegus spp. (hawthorn) and Cotoneaster spp. (cotoneaster).
The second group, referred to as ‘Rubus-infecting’ strains, have a host
range limited to plants in the genus Rubus, including raspberry and

blackberry (Braun and Hildebrand, 2005; Maes et al., 2001; McManus
and Jones, 1995). Pathogenicity assays have shown that Spiraeoideae-
infecting strains of E. amylovora can be weakly pathogenic to raspberry
but Rubus-infecting strains are not pathogenic to apple (McIntosh and
Gala varieties) (Asselin et al., 2011; Braun and Hildebrand, 2005).

Genetic variation has been reported between Spiraeoideae-
infecting and Rubus-infecting strains with studies consistently sepa-
rating the two groups (Laby and Beer, 1992; McManus and Jones,
1995; Momol et al., 1997; Rezzonico et al., 2012). The basis of this var-
iation in pathogenicity is still elusive; however, protein profiles secret-
ed in an hrp (hypersensitive response and pathogenicity)‐inducing
medium were distinctly different for Spiraeoideae-infecting and
Rubus-infecting strains (Braun and Hildebrand, 2005). DNA–DNA hy-
bridization has shown Spiraeoideae-infecting strain Ea110 to share
88% (±2.6%) similarity to Rubus-infecting strain IL-5 and 70%
(±15.6%) similarity to Rubus-infecting strain MR-1 (McGhee et al.,
2002). While the Rubus-infecting strains were not directly compared,
this indicates not only variation between Spiraeoideae-infecting and
Rubus-infecting stains but also genetic variation among Rubus-
infecting strains. Spiraeoideae-infecting strains of E. amylovora are
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considered to be relatively homogeneous based on subtractive hybrid-
ization (Triplett et al., 2006); however, genetic variation has been ob-
served using pulse field gel electrophoresis analysis (Jock et al., 2002;
Zhang and Birch, 1997) and clustered regularly interspaced short pal-
indromic repeats (Rezzonico et al., 2011), and differential virulence to
apple cultivars has also been observed (Norelli et al., 1984).

In many plant pathogenic bacteria, including E. amylovora, the
type III secretion system (T3SS) plays an integral role in the transport
of effectors into the host cell (Collmer et al., 2009). It comprises a spe-
cialized protein-export apparatus that can inject effectors into host
cells (Cornelis and Van Gijsegem, 2000) which is relatively conserved
across plant pathogenic bacteria (Cornelis, 2006). The genes that
encode the T3SS apparatus are generally clustered in genomic
islands of pathogenicity genes known as pathogenicity islands
(PAIs) (Arnold et al., 2003; Winstanley and Hart, 2001). The ge-
nome of the Spiraeoideae-infecting E. amylovora strain CFBP 1430
contains three T3SS PAIs (Smits et al., 2010b); however, only one,
the hrpPAI, is required for pathogenicity on host plants (Zhao et
al., 2009). This and the published hrpPAIs of E. amylovora strains
ATCC 49946 and Ea321 (Oh and Beer, 2005; Sebaihia et al., 2010)
all span 62 kb of genomic DNA that are virtually identical in se-
quence (Smits et al., 2010b). The genes encoded within are divided
into 4 regions: the Hrp-associated enzymes (HAE) region; the hrp/hrc
(hrp genes and hypersensitive response conserved genes) region,
which encodes the T3SS apparatus and hypersensitive response
genes; the hrp effectors and elicitors (HEE) region; and the island trans-
fer (IT) region (Oh and Beer, 2005). Comparative genomics and in-
depth analysis of the gene content led to the recent hypothesis, that
the IT region is a remnant of an insertion event by an integrating con-
jugative element (ICE), and that it may have entered the genome at a
different time point as the Hrp region (Smits et al., 2011).

ICE are a family of mobile genetic elements that vary in size from
10 to 500 kb, encode for mobility proteins, and commonly exhibit
mosaic G+C content and codon usage. Typical ICEs are flanked by di-
rect repeats and carry phage-like integrase genes that allow for site
specific integration, often into tRNA genes, as well as plasmid-like
replication, recombination functions and conjugative machinery that
allow them to contribute to horizontal gene transfer (Binnewies
et al., 2006; Juhas et al., 2009; Mavrodi et al., 2009; Seth-Smith and
Croucher, 2009; Wozniak and Waldor, 2010). Within an ICE there
are often genes referred to as ‘cargo’ genes that are not required by
the ICE for self-transmission, but can increase the fitness of the host
bacteria (e.g., virulence genes).

The aim of this work was to compare the sequences of the hrpPAI of
five E. amylovora strains (two Spiraeoideae-infecting strains and three
Rubus-infecting strains) with each other and with those of two closely
related species (Erwinia pyrifoliae and Erwinia piriflorinigrans). We
describe the genetic variation within the IT regions and draw conclu-
sions towards the evolution of the species examined. The ability of
different E. amylovora strains to infect different hosts is likely to be
reflected in their genetic makeup, and thus variability, especially in

horizontally acquired regions, may have relevance for pathogenicity
and host specificity.

2. Material and methods

2.1. Strain selection

Five complete or draft genome sequences of E. amylovora strains
were used (Table 1): two from Spiraeoideae-infecting strains (CFBP
1430 and ATCC 49946) and three from Rubus-infecting strains
(ATCC BAA-2158, Ea644 and MR-1). The draft genome sequences of
E. amylovora Ea644 and MR-1 were determined in the frame of a larg-
er study, for which details will be published at a later time point
(Mann et al., unpublished). Additional published genome sequences
from other Erwinia spp. were used for comparison (Table 1).

2.2. Genome annotation

Genes were predicted using a combined strategy (McHardy et al.,
2004) based on the gene prediction programs Glimmer (Salzberg et
al., 1998) and Critica (Badger and Olsen, 1999). Subsequently, the po-
tential function of each predicted gene was automatically assigned
using the GenDB annotation pipeline (Meyer et al., 2003). The
resulting genome annotation was curated manually, and metabolic
pathways were identified using the KEGG pathways (Kanehisa et al.,
2002) tool in GenDB.

2.3. Software

Routine sequence manipulations were done using several subrou-
tines of the LASERGENE package (DNASTAR, Madison, WI). Compara-
tive genome analysis of Erwinia spp. genome sequences was done
using EDGAR (Blom et al., 2009) with the settings as described previ-
ously (Smits et al., 2010b). DNA-level sequence comparisons were
done using the progressive alignment option of the Mauve compari-
son software (version 2.3.1 (Darling et al., 2004)).

3. Results and discussion

3.1. Comparison of the hrpPAI of E. amylovora strains

Comparison of the genomes of two Spiraeoideae-infecting strains
(CFBP 1430, ATCC 49946) showed that the hrpPAI is conserved in
both strains (Smits et al., 2010b). The recent sequencing of the ge-
nome of the Rubus-infecting strain ATCC BAA-2158 (Powney et al.,
2011) showed that the IT region of this strain was much larger than
that of Spiraeoideae-infecting E. amylovora strains. Therefore, a
more detailed analysis was done, for which the hrpPAIs of two further
Rubus-infecting isolates (MR-1 and Ea644) were sequenced.

The hrpPAIs of the three Rubus-infecting strains ATCC BAA-2158,
Ea644 and MR-1 were all larger than the Spiraeoideae-infecting

Table 1
Genome sequences used in this study.

Species Strain Origin Host Acc. number Reference

Erwinia amylovora CFBP 1430 France, 1972 Crataegus sp. FN434113 Smits et al. (2010b)
ATCC 49946 NY, USA, 1973 Malus domestica FN666575 Sebaihia et al. (2010)
ATCC BAA-2158 IL, USA, 1972 Rubus idaeus FR719186a Powney et al. (2011)
Ea644 MA, USA, 2003 R. idaeus cv. Polana Unpublished Mann et al., unpublished
MR-1 (Ea574) MI, USA R. idaeus Unpublished Mann et al., unpublished

Erwinia pyrifoliae DSM 12163T South Korea, 1996 Pyrus pyrifoliae FN392235 Smits et al., (2010a)
Ep1/96 South Korea, 1996 P. pyrifoliae FP236842 Kube et al. (2010)

Erwinia sp. Ejp617 Japan P. pyrifoliae CP002124 Park et al. (2011)
Erwinia piriflorinigrans CFBP 5888T Spain, 2000 Pyrus communis In progress Smits et al. (submitted for publication)
Erwinia tasmaniensis Et1/99 Tasmania, Australia, 1999 Malus domestica CU468135 Kube et al. (2008)
Erwinia billingiae Eb661 United Kingdom P. communis FP236843 Kube et al. (2010)

a Relevant contig only.
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strains, and each hrpPAI varied in length, coding sequence (CDS)
number and content. The hrpPAI of ATCC BAA-2158 was 93.5 kb in
length and contained 95 predicted CDS; the hrpPAI of Ea644 was
95 kb in length and contained 113 predicted CDS, and the hrpPAI of
MR-1was 95 kb in length and contained 108 predicted CDS. The hrpPAIs
of Ea644 and MR-1 were the most similar among the Rubus-infecting
strains sharing 92.5% nucleotide identity.

All strains of E. amylovora compared in this study share a high de-
gree of synteny and sequence similarity across the hrpPAI (see sup-
plemental data) except for the IT region which ended with a CDS of an
integrase and a tRNA-Phe. The G+C content of the hrpPAI of each strain
varied between 52% and 54%, which is consistent with the average G+C
content for the E. amylovora genome (approx 53.5% G+C) (Smits et al.,
2010b). However, the G+C content of the IT regions is highly variable
(Oh and Beer, 2005).

In the Rubus-infecting strains, the predicted integrase next to the
tRNA-Phe at the flank of the hrpPAI encodes a 276 amino acid product
sharing 63% sequence identity to a Yersinia pseudotuberculosis 32777
complete phage integrase gene. In Spiraeoideae-infecting isolates,
this integrase [EAMY_0574-0575] is non-functional due to two
frameshift mutations that have produced an early stop codon (Oh
and Beer, 2005). None of the Rubus-infecting strains possess this
frameshift mutation in this integrase.

3.2. Variation in the IT region of E. amylovora strains

The IT regions of Spiraeoideae-infecting strains of E. amylovora are
highly conserved across the 18 kb region (>99% nucleotide identity
and identical synteny), and the major difference observed between
the available sequences appears to be the annotation rather than
the actual sequence information. This is largely due to differences
in the annotation platforms used by different researchers. For this
analysis, the sequence of the Spiraeoideae-infecting E. amylovora strain
CFBP 1430 was used as the type sequence that was annotated on the
same platform (GenDB) as the Rubus-infecting isolates. For each of
sequences of the individual Spiraeoideae-infecting strains, the G+C
content of CDS in this region varies between 32% and 65%.

The IT regions of the Rubus-infecting strains all vary in sequence
identity and length (Fig. 1). The IT region of ATCC BAA-2158 spans
50 kb and encodes 52 CDS whereas the IT regions of Ea644 and MR-
1 both span approximately 53 kb and encode 69 and 62 predicted
CDS, respectively. The G+C content within the regions, but not be-
tween strains, varies as well between 32% and 66%. Annotation of
the variable IT regions of all strains contain predicted CDS that are in-
dicative of an ICE, as it contains (most of) the components that qual-
ify this region as such (de la Cruz et al., 2010; Guglielmini et al.,
2011).

All strains share sequence identity (97–99% nucleotide identity)
for the first 5.5 kb of the IT region containing genes for the transcrip-
tional regulator of levansucrase rlsA [EAMY_0559], the chaperone
protein encoding clpB [EAMY_0560], and several hypothetical genes.
As the rlsA region is conserved in all E. amylovora strains and in other
pathoadapted Erwinia spp., irrespective of their host, it can be questioned
whether this part of the IT region belongs to the ICE, and should rather be
included in the HEE region.

Following this 5.5 kb region, there is variation between Spiraeoideae-
infecting and Rubus-infecting strains but also among Rubus-infecting
strains (Fig. 1). These variable regions extend for 11.5 kb in the
Spiraeoideae-infecting strains, 42.5 kb in ATCC BAA-2158 and 45.5 kb in
MR-1 and Ea664. The IT regions regain sequence similarity across all
strains in the 2 kb at the 3′ end of the hrpPAI (96–100% nucleotide iden-
tity) with the relaxase rel and the integrase gene xerD, truncated in the
Spiraeoideae-infecting strains, and a tRNA-Phe.

No direct repeats were found flanking the variable ICE in the IT
region of any E. amylovora strain used in this study and therefore
no recombination related attachment sites were identified. Searches

for repeats (direct, overlapping and palindromic) also yielded no
significant matches for the identification of the origin of transfer.
Therefore, the IT region of all the E. amylovora strains contains coding
regions/domains indicative of an integrative conjugative element
(ICE), but based on the absence of a recognizable AttL, it can be specu-
lated that none of the ICE are complete.

3.3. Typical components of the integrative conjugative element (ICE) in
the E. amylovora IT region

To qualify as an active, self-transmissible ICE the element specifi-
cally needs three components i) a relaxase, ii) a type 4 secretion sys-
tem (T4SS) and iii) a coupling factor (de la Cruz et al., 2010;
Guglielmini et al., 2011). Rubus-infecting strain ATCC BAA-2158
lacks the T4SS, but has the other two required ICE-related compo-
nents. The Rubus-infecting E. amylovora strains Ea644 and MR-1 en-
code the relaxase (frameshifted in Ea644), the TraD/G coupling
factor (frameshifted in Ea644) and the T4SS pil gene cluster. The pil
gene cluster of strain MR-1 is missing the genes encoding the pilin
protein PilS, prepilin peptidase PilU, the pilus adhesion protein
PilV and the pilus retraction protein PilT. These T4SS genes are, how-
ever, found in the ICE of strain Ea644, which encodes 10 pil genes,
pilLNOPQRSTUV, a combination also found in functional ICE including
the Salmonella enterica subsp. enterica ICE CTnscr94 region (Hochhut
et al., 1997), but Ea644 encodes the frameshifted relaxase and coupling
factor. The left border and accompanying genes of the ICE could not be
identified in the three Rubus-infecting E. amylovora strains analyzed in
this study, and it is therefore doubtful whether the ICE can still be ex-
cised from these strains, even when using the required proteins in
trans. The G+C content of the pil cluster in Ea644 (59% G+C) and
MR-1 (60% G+C) is distinctly higher than the average G+C content
of the E. amylovora chromosome (53.5% G+C).

3.4. The variable gene content of the ICE in E. amylovora strains

There are 20 predicted CDS that are common between the IT regions
of all Rubus-infecting strains but are absent from the Spiraeoideae-
infecting strains (some of these CDS are frameshifted and thus
probably inactive in individual strains). Most of these CDS encode ICE-
specific hypothetical proteins and includes the ssb gene encoding a
single-stranded DNA-binding protein [EAIL5_0582, MR1_draft2_898 &
EA644_draft_833].

A 7 kb region in the ICE of ATCC BAA-2158 has no sequence simi-
larity to genes in any of the other sequenced strains (Fig. 1). Within
this region, there are only four CDS including genes that encode a pu-
tative type VI secretion system effector protein Hcp [EAIL5_0574] and
a remnant of a replication protein [EAIL5_0572] indicating that this
region may have originated from a plasmid. Additional singleton ICE
genes in the ATCC BAA-2158 genome include the topB gene encoding
a putative topoisomerase IA [EAIL5_0578] and a putative lipoprotein
[EAIL5_0593]. The Rubus-infecting strains ATCC BAA-2158 and Ea 644
both encode a predicted ATP-dependent endonuclease [EAIL5_0599
and EA644_draft_873, respectively] that is not present in the third
Rubus-infecting strain MR-1 or the Spiraeoideae-infecting strains.

3.5. ICE in the hrpPAI of other pathoadapted Erwinia spp.

The genomes of pathoadapted Erwinia species E. pyrifoliae DSM
12163, Erwinia sp. Ejp617, E. piriflorinigrans CFBP 5888 and Erwinia
tasmaniensis Et1/99 all contain a Hrp T3SS (Kamber et al., 2012;
Smits et al., 2010b). With the exception of E. tasmaniensis Et1/99
(see supplemental data), each species also contains CDS that are char-
acteristic of an ICE (Fig. 1) (de la Cruz et al., 2010; Guglielmini et al.,
2011). The ICE in E. piriflorinigrans CFBP 5888 contains both the AttL
site and the common mobility genes, and is nearly complete in
its complement of ICE genes (Mavrodi et al., 2009; Smits et al.,
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submitted for publication). In contrast, the ICE in E. pyrifoliae DSM
12163 lacks several typical features, such as the T4SS pilus genes
and the coupling factor (Smits et al., 2010a; Smits et al., 2011). Addi-
tionally, this strain has several larger insertions that may represent
cargo DNA that could have been inserted afterwards. The reduction
of ICE genes is even more pronounced in Erwinia sp. Ejp617 (Park et
al., 2011), which has lost the majority of the typical ICE genes to a
final size of only 12 kb, and contains a frameshifted integrase gene,
comparable to that of the Spiraeoideae-infecting strains of E.
amylovora.

When comparing the near complete ICE of E. piriflorinigrans CFBP
5888 with that of all E. amylovora strains, the most obvious difference
is in the region containing the clpB gene and multiple copies of the
genes encoding putative EF hand domain proteins (pfam00036)
[EAMY_0560-EAMY_0565 and related genes in Rubus-infecting
strains] (Fig. 1). Based on our comparative genomics approach, it
may be hypothesized that this region was acquired after the entry
of the ICE (Fig. 2), and that this event may have removed the AttL
site and some of the conserved ICE genes, including the dnaB gene.
This would have rendered the ICE immobile. Subsequently, the re-
moval of inactive remnants has occurred, which has resulted in the
loss of smaller parts of the ICE in the Rubus-infecting isolates, and
large parts in the Spiraeoideae-infecting isolates (Fig. 3). The extent
of the individual deletions corresponds to the phylogenetic difference
between these three Rubus-infecting isolates (Rezzonico et al., 2012)
and needs to be examined further using more strains.

3.6. Evolution of the IT region in Erwinia spp.

In contrast to the variable region flanking the tRNA-Phe in the
Rubus-infecting strains, the Spiraeoideae-infecting E. amylovora
strains are all monomorphic across this region, containing, as sparse
remnants of the ICE, three CDS with ICE-like domains of unknown
function, together with a frameshifted integrase (Oh et al., 2005;
Smits et al., 2011). The deletions in this region (Fig. 3) would support
the hypothesis of reductive genome evolution in E. amylovora
(Kamber et al., 2012). Whereas in the Rubus-infecting strains this pro-
cess is not as advanced when compared to the Spiraeoideae-infecting
strains, the process in the latter seems to have come to a state of com-
plete inactivation that does not pose a metabolic burden anymore to
the Spiraeoideae-infecting E. amylovora strains.

Comparative genomics with Erwinia genomes supports the fact
that the insertion of the Hrp cluster is more ancient than the insertion
of the IT region (Smits et al., 2011). The genome of the epiphyte
Erwinia billingiae Eb661 (Kube et al., 2010) lacks all T3SSs present in
E. amylovora (Smits et al., 2010b); hence it may be concluded that
the Hrp T3SS was acquired by the common ancestor of the
pathoadapted species E. amylovora, E. pyrifoliae, E. piriflorinigrans
and E. tasmaniensis. The overall genome synteny in E. billingiae
Eb661 is quite different to that of the pathoadapted Erwinia spp.,
and resembles more that of Pantoea spp. (Kamber et al., 2012). It is
still difficult to identify the original insertion site of the Hrp genes.
The first consistent region ends at EAMY_0498 in E. amylovora CFBP
1430, far upstream of the Hrp-region (EAMY_0525-EAMY_0551).
The G+C content and GC-skew of the Hrp region resemble that of
the complete chromosome of E. amylovora CFBP 1430 (Smits et al.,
2010b), indicating that adaptive mechanisms may already have
been at work, whereas for the IT region, both parameters clearly de-
viate from the backbone values. This again points to an ancient intro-
duction of the Hrp region in the genome of the pathoadapted Erwinia
spp.

4. Conclusion

The major differences between the hrpPAIs of the Rubus-infecting
and Spiraeoideae-infecting strains of E. amylovora are within the IT
region and seem to be due to the presence of an ICE (or remnants
thereof), which is also present in other pathoadapted Erwinia spp.
Comparative analysis of the E. amylovora hrpPAI reveals that the re-
gion between rlsA and the tRNA-Phe has undergone extensive recom-
bination in E. amylovora strains, rather than a single insertion event.
Compared to the Spiraeoideae-infecting strains, the three Rubus-
infecting strains are all variable across this region; longer; mosaic in
composition and G+C content; and encode CDS indicative of an
ICE. The extensive deletion of regions within the ICE of the
Spiraeoideae-infecting strains is indicative of genome reduction,
which has been observed in the pathoadapted species of Erwinia
(Kamber et al., 2012). It may thus be concluded that the hrpPAI as de-
fined earlier (Oh and Beer, 2005) is the result of several insertion and
deletion events (Fig. 3), before and during the specialization of
the pathoadapted Erwinia species (Fig. 2) (Kamber et al., 2012;

Fig. 2. Genealogy of Erwinia spp., combined with the hypothesis for the development of the different ICE regions therein. Gray regions in arrows represent the presence of the ICE in
the species.
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Smits et al., 2011), and that the name IT (island transfer) region thus
has to be revised.
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