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FIG. 5. Distribution of protospacers on plasmids pEA72 (A) and pEU30 (B). Each bar indicates the position of a sequence integrated as a
spacer in the CRISPR region of at least one of the E. amylovora strains considered in this work. Blue and red bars represent protospacers in
forward and reverse orientations, respectively. Sections of pEU30 which were sequenced in group III strain OR29 to evaluate the presence of

potential mutations in the 12 associated protospacers are represented by the shaded area.

regions the plasmid did not undergo any mutation in either the
protospacer itself or the PAM to overcome the CRISPR/Cas
system. Sites on pEU30 that corresponded to sequences of
CRISPR spacers in group III strains were evenly distributed
around the whole plasmid in a way that most of its genes could
be related to at least one spacer (Fig. 5B). Analysis of the PAM
in pEU30 revealed that a three-nucleotide consensus sequence
(AAG) situated immediately upstream of the target region is

likely accountable for the selection of spacers to be incorpo-
rated into CRRs (Fig. 6).

Sequencing of casgenes in group III E. amylovorastrains.
The large number of spacers of some group III strains that
perfectly match a sequence on plasmid pEU30 is hardly com-
patible with the currently accepted mode of action for the
CRISPR/Cas system. The option of CRISPR autoimmunity
(52) was discarded, as no spacers were found to match the

FIG. 6. WebLogo plot of the PAM consensus created utilizing the entire pool of 37 protospacers found on plasmid pEU30. All entries are
oriented in the same way as the cognate sequences in CRR1 and CRR2 of E. amylovora and are aligned relative to the 5’ end of the protospacer
(base 1). Sequences include 28 nucleotides upstream of the first base of the protospacer (containing the PAM) and the protospacer itself (positive
numbers).



VoL. 77, 2011

sequence of any of the cas genes or of the CRISPR array itself.
We therefore explored the possibility that one or more defec-
tive cas genes may prevent the CRISPR machinery from ful-
filling its role in group III strains by sequencing the section of
the genome between CRR1 and CRR2 in pEU30-containing
strains UTRJ2 and OR29 (CRISPR groups II and III, respec-
tively). Comparison with complete genome sequences of E.
amylovora strains CFBP1430 and Ea273 (50) revealed perfect
identity among both group I strains and UTRJ2 over the entire
cas gene cluster, including the leader sequence of CRRI1. In
contrast, five SNPs were detected in strain OR29, all of which
were located at position 3 of the predicted codon. Four of
these account for silent mutations in three different genes,
specifically two in cas! and one each in cas2 and cse2. A fifth
one (60G—C) is predicted to cause the substitution of a glu-
tamine for a histidine (Q20H) in Cas protein Csel. Another
peculiarity of OR29 was the absence of four predicted open
reading frames (ORFs) situated between CRR1 and the cas3
gene in strains belonging to groups I and II (e.g., CFBP1430,
UTRIJ2, and Ea273) (Fig. 1). However, none of these genes
appeared to have a function which could obviously be related
to the CRISPR machinery or was found to be associated phys-
ically with the cas gene cluster in other bacteria. The presence
of these ORFs inside the ~20-kb genomic island inserted in
the same spot of the genome in Rubus-derived strains suggests
instead that they may be remnants of this region in group I and
II strains (45).

DISCUSSION

All E. amylovora strains from Spiraeoideae or Prunus plants
fit within one of three main CRISPR groups, while strains
obtained from Rosoideae (Rubus spp.) plants and Indian haw-
thorn strain IH3-1 clustered independently. Similarity between
Prunus and Spiraeoideae strains of E. amylovora was reported
previously (38). Spacers of E. tasmaniensis and E. pyrifoliae
show no commonality with those of E. amylovora, while Rubus
and Spiraeoideae strains are highly similar regarding CRR4,
confirming the placement of both as E. amylovora. CRISPR
groups II and III are composed of strains from the United
States, whereas CRISPR group I contains primarily strains
from Europe and the Mediterranean. Groupings based on
CRISPR diversity matched PCR ribotyping results. Ribotype 1
has been reported to be the dominant pattern found in E.
amylovora strains from eastern North America and New Zea-
land (37), and it was the sole profile recovered among Euro-
pean strains as well as for Ea273 (11). Ribotype 3 is prevalent
in strains from the western United States (37). Thus, PCR
ribotypes 1 and 3 appear to correspond with CRISPR groups I
and III, although CRISPR analysis further resolves these two
ribotypes into nine and three distinct genotypes, respectively.
Conversely, CRISPR genotyping did not completely overlap
with PFGE-derived Pt grouping used to outline geographic
distribution patterns for E. amylovora (27) but was able to
discriminate similar strains within individual PFGE Pt groups,
thus demonstrating deeper resolution power than that of
PFGE, in particular within populations of similar geographic
origin. For instance, a comparatively high level of diversity was
revealed for five Swiss strains of similar origin (years 2007 to
2008; ACW56400, ACW63230, ACW63579, ACW63889, and
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ACW64132) that fell into three different CRISPR genotypes.
While this may also reflect an increased diversity of more
recent strains than of older and more clonal populations, no
new spacer was acquired at the 5’ terminus in any of these
strains, and diversity was mainly the result of duplications or
deletions within CRRs. From this perspective, E. amylovora
Ea263 appears to be the most evolutionarily recent strain in
CRISPR group I, carrying an additional spacer compared to
the other strains at the 5’ ends of both CRR1 and CRR2. Both
spacers match sequences on plasmid SL483 of Salmonella en-
terica subsp. enterica (GenBank accession no. CP001137) and
were possibly acquired from a related promiscuous enterobac-
terial plasmid.

Analysis of the different CRRs supports ideas about the
origin of fire blight on domesticated Malus and Pyrus species.
Global biodiversity among E. amylovora strains isolated from
Spiraeoideae plants is very low in comparison to that among
strains isolated from Rubus spp. We hypothesize that the Spi-
racoideae genotype of E. amylovora was selectively enriched
from the broader genetic pool present on wild host plants in
North America with the introduction of European apple and
pear. These new hosts may have selected pathogen genotypes
highly virulent for domestic Malus and Pyrus. The primarily
vegetative propagation of apple and pear trees employed in
horticulture (i.e., grafting) would have resulted in clonal host
populations unable to circumvent the disease, thus eliminating
the need for diversification in the pathogen. This could explain
the relatively small number of type III secretion system effec-
tors, which reflect prolonged coevolutionary adaptation to di-
verse hosts, in E. amylovora (50) compared to other plant
pathogens (e.g., Pseudomonas syringae and Xanthomonas) (15).

Based on CRISPR data, the most probable genotype of the
earliest causal agent of fire blight in apple and pear was similar
to that of group IA strains, with spacers 2012 and 2013 prob-
ably lost after the separation of group III strains from the
common ancestor. In fact, neither group IB nor group II
strains can be ancestral, because compared to group IA strains
they display extensive deletions in the central regions of CRR2
and CRRI, respectively. Likewise, the 5’ end of CRR2 of
group III strains shows a recent incorporation of new spacers
possibly resulting from the encounter with plasmid pEU30.
Accumulation of anti-pEU30 spacers is also evident in CRR1,
which experienced major rearrangements leaving only a few
spacers that share commonality with group I and II strains. The
intermediate genotype observed for E. amylovora TH3-1 from
Indian hawthorn warrants further analysis of strains from this
ornamental, which was introduced into the United States from
China, as a possible selective host for advanced divergence
from Rubus or other Spiraeoideae genotypes. Together, our
data support the hypothesis that fire blight and E. amylovora
originated in the eastern United States and suggest a slow
evolution during westward migration across North America.
The genetic similarity observed within strains of the cosmopol-
itan CRISPR group IA also supports historical evidence of
recent global dissemination of a founder strain. As with any
biogeographic study, refinement based on deeper analysis of
individual populations is needed, and this can be facilitated
using the CRISPR tools described here (27).

Compatible with the established mode of action of the
CRISPR/Cas system, there was generally a good correlation
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between the presence of spacers and the absence of target
plasmids bearing cognate sequences. However, in group III
strains such as OR29, pEU30 should theoretically be repelled
by the accumulation of spacers perfectly matching several re-
gions of the plasmid, and its retention may result from a par-
tially defective CRISPR/Cas system. It is apparent that of the
three distinct stages that shape the CRISPR/Cas defense
mechanism (55), adaptation of the array via recognition of
alien DNA and integration of new spacers is unaffected, while
transcription analysis reveals that both cas gene and
pre-ctrRNA are expressed at comparable levels in all three
major CRISPR strain groups (our unpublished preliminary
data). Thus, further work will be needed to assess whether the
point mutation causing an amino acid substitution in Csel of
group III strains is sufficient to affect subsequent processing of
pre-crRNA or to disturb the interference mechanism itself, as
the functions of individual cas gene products have not been
elucidated completely. The four predicted ORFs between
CRRI1 and cas3 are not obviously involved in the CRISPR/Cas
system, and their absence in group III strains is most likely not
accountable for any malfunction thereof. However, their pres-
ence in group I and II strains as remnants of the genomic
island found in Rubus strains further emphasizes the fact that
group III strains are not ancestral in apple and pear trees.

Although CRISPR analysis applied to E. amylovora has a
lower resolution than that of spoligotyping for Yersinia (44),
Streptococcus (3), and E. coli (10), it offers greater strain dis-
crimination than previously possible and provides a foundation
for developing inoculum source-tracking methods. The chro-
nological succession of spacers within CRRs also offers insight
into fire blight spread, phage resistance, and plasmid content/
evolution.
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