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We compare genome sequences of three closely related soft-
rot pathogens that vary in host range and geographical dis-
tribution to identify genetic differences that could account 
for lifestyle differences. The isolates compared, Pectobacte-
rium atrosepticum SCRI1043, P. carotovorum WPP14, and 
P. brasiliensis 1692, represent diverse lineages of the genus. 
P. carotovorum and P. brasiliensis genome contigs, gener-
ated by 454 pyrosequencing ordered by reference to the 
previously published complete circular chromosome of P. 
atrosepticum genome and each other, account for 96% of 
the predicted genome size. Orthologous proteins encoded 
by P. carotovorum and P. brasiliensis are approximately 
95% identical to each other and 92% identical to P. atro-
septicum. Multiple alignment using Mauve identified a core 
genome of 3.9 Mb conserved among these Pectobacterium 
spp. Each core genome is interrupted at many points by 
species-specific insertions or deletions (indels) that account 
for approximately 0.9 to 1.1 Mb. We demonstrate that the 
presence of a hrpK-like type III secretion system-dependent 
effector protein in P. carotovorum and P. brasiliensis and its 
absence from P. atrosepticum is insufficient to explain vari-
ability in their response to infection in a plant. Additional 
genes that vary among these species include those encoding 
peptide toxin production, enzyme production, secretion 
proteins, and antibiotic production, as well as differences 
in more general aspects of gene regulation and metabolism 
that may be relevant to pathogenicity. 

Additional keywords: Erwinia, host range, soft rot. 

Comparative genomics can reveal physiological and func-
tional variation among bacteria that provides insight into their 
ability to exploit distinct ecological niches. For plant-patho-
genic bacteria, key factors related to interaction with a plant 
host have emerged from comparisons with closely related ani-
mal-associated bacteria. For example, identification of gene 
clusters, or islands, that distinguish a single plant-pathogenic 

Pectobacterium genome from those of other enterobacteria 
that infect animals, such as Escherichia and Salmonella spp., 
revealed known and novel virulence factors, many of which 
are also found in more distantly related plant pathogens (Bell 
et al. 2004; Toth et al. 2006). Comparison of more closely 
related genomes can be particularly useful for illuminating 
niche adaptation, in part because the level of observed genetic 
variation is lower, simplifying reconstruction of both the evo-
lutionary history and the phenotypic consequences of individ-
ual polymorphisms. Intraspecific comparisons of genomes 
from strains of both Pseudomonas syringae and Xanthomonas 
campestris with diverse host ranges revealed differences, in-
cluding the type and number of type III secreted proteins (Feil 
et al. 2005; Joardar et al. 2005; Thieme et al. 2005). These can 
affect host range either by suppressing host defenses and ena-
bling the growth of a pathogen or, conversely, they can trigger 
a strong resistance response blocking pathogen growth if an 
individual type III secreted protein is recognized by a cognate 
resistance protein in the host (Jones and Dangl 2006). 

There are no previous intraspecific genome sequence com-
parisons for plant-associated enterobacteria; however, several 
groups of animal-associated enterobacteria have been sampled 
fairly extensively. Early comparisons revealed that only 40% of 
the total distinct protein-coding sequences are shared among the 
model Escherichia coli K12 strain, an enterohemorrhagic strain, 
and a uropathogenic strain (Welch et al. 2002), despite the fact 
that over 3.5 Mb of the 4.5- to 5.5-Mb core genome is conserved 
among all three. This pattern has been observed in other groups 
of bacteria (Kettler et al. 2007; Tettelin et al. 2005), leading to 
the concept of a pan-genome, or the complete collection of 
genes in the species, only a fraction of which are found in any 
given strain. Importantly, as additional genomes (lineages) of a 
species are added to comparisons, the fraction of genes con-
served, or core genome, declines relatively slowly for most bac-
teria, reflecting the relative stability of core metabolic and infor-
mation-processing-related gene content. In contrast, some “cos-
mopolitan” species, such as E. coli and Streptococcus agalac-
tiae, have a much larger and dynamic pan-genome, with the 
variable fraction composed of the sum total of many distinct 
lineage-specific gene islands, acquired through horizontal gene 
transfer. Mathematical models predict that even relatively well-
sampled lineages such as E. coli will continue to yield novel 
genes as more strains are sequenced (Willenbrock et al. 2007). 
For plant-pathogenic enterobacteria with one published genome 
sequence, characterization of the pan-genome is in its infancy. 

The soft rot pectobacteria (previously known as Erwinia ca-
rotovora) are economically important plant-pathogenic entero-
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bacteria. Pectobacterium spp. cause a spectrum of disease 
symptoms (termed wilt, soft rot, and blackleg) on a wide range 
of monocot and dicot host plants. These diseases are responsi-
ble for large economic losses during potato and ornamental 
production. Pectobacterium spp. have been isolated from nu-
merous plant hosts, soil, and both surface and ground water 
(McCarter-Zorner et al. 1984, 1985). Pectobacterium spp. have 
also been found in association with a variety of invertebrates, 
ranging from fruit flies to snails (Harrison et al. 1977; Molina 
et al. 1974; Phillips and Kelman 1982). These invertebrates 
play an important role in the spread of soft rot bacteria be-
tween plant hosts and may also respond to the plant pathogen. 
For example, Basset and associates (2000) showed that fruit 
flies have an immune response when inoculated with Pecto-
bacterium spp. 

The genus Pectobacterium was recently resurrected and four 
E. carotovora subspecies were renamed as different Pectobac-
terium spp.: Pectobacterium atrosepticum, P. betavasculorum, 
P. carotovorum, and P. wasabiae (Gardan et al. 2003). Concur-
rently, a potential fifth species, originally named E. carotovora 
subsp. brasiliensis, was described as causing blackleg on po-
tato in Brazil (Duarte et al. 2004). This species is phylogeneti-
cally distinct from the other four Pectobacterium spp. (Ma et 
al. 2007) and will be referred to herein as P. brasiliensis. The 
pathogens P. carotovorum, P. atrosepticum, P. brasiliensis, and 
P. wasabiae all cause disease on potato. Multiple species may 
cause disease in the same field and even on the same individ-
ual plant. P. carotovorum is found in many climates world-
wide, P. atrosepticum is found in cool climates worldwide, and 
P. brasiliensis has only been reported in Brazil, Israel, and the 
United States but is likely to have a wider distribution (Ma et 
al. 2007). Of the potato-infecting species, P. carotovorum, P. 
brasiliensis, and P. wasabiae have all been reported to cause 
disease on other plant species and, thus, are broad-host-range 
pathogens, whereas P. atrosepticum appears to be limited to 
potato and closely related solanaceous crops. The genetic dif-
ferences that limit the host range of P. atrosepticum compared 
with other Pectobacterium spp. are unknown. 

In order to identify variation between subspecies that could 
provide clues to the nature of differences in host range, nutri-
tional requirements, and species niches in the pectobacteria, we 
compared the genome sequences of three isolates that were 
phlyogentically well distributed. A phylogenetic analysis based 
on sequencing fragments of seven housekeeping genes from 
bacterial soft rot isolates collected from diverse locations around 
the world revealed that the Pectobacterium spp. could be classi-
fied into a monophyletic group distinct from the broad-host-
range soft rot pathogen Dickeya sp. (Erwinia chrysanthemi) and 
the tree pathogen Brenneria sp. The pectobacteria could be di-
vided into five clades related by monophyletic descent (Ma et al. 
2007). We chose the previously sequenced strain P. atrosepticum 
SCRI1043 representing clade V, P. carotovorum WPP14 repre-
senting clade II, and P. brasiliensis 1692 representing clade I. 
Conserved genes from these species were, on average, 95% 
identical. This degree of homology allowed us to assemble mul-
tiple sequence contigs derived by 454-platform pyrosequencing 
(454 Life Sciences, Branford, CT, U.S.A.) and Newbler analysis 
of genomic DNA from P. brasiliensis and P. carotovorum into 
ordered genome sequences by alignment with the genome of P. 
atrosepticum SCRI1043. Although we used the P. atrosepticum 
SCRI1043 genome to establish the structure of the other two 
genomes, the depth of sequence economically available with 
pyrosequencing allowed us to identify and position genes unique 
to each species as well as conserved sequences. 

Comparison of the three genomes revealed a common core 
genome (representing approximately 80% of the nucleotides in 
each species) dotted with islands carrying diverse sequences. 

The genes in unique islands were enriched for proteins of 
DNA replication, mostly of phage origin, and in regulatory 
genes. Unlike the xanthomonads and Pseudomonas syringae, 
and even the blight-causing E. amylovora (Triplett et al. 2006), 
the predicted type III secreted proteins were highly conserved 
within the group. Variability that could be associated with dif-
ferences in host range was seen in genes for type IV secretion 
systems (T4SS), putative phytotoxins, taxis and motility genes, 
and cell surface proteins. 

RESULTS AND DISCUSSION 

We used 454-platform massively parallel pyrosequencing 
(Margulies et al. 2005) to generate draft genome sequences for 
Pectobacterium carotovorum and P. brasiliensis. Comparisons 
with a published complete genome for P. atrosepticum and 
with each other allowed us to order and orient the large num-
ber of contigs onto a scaffold based on the P. atrosepticum 
sequence, thereby constructing virtual genomes for P. caroto-
vorum and P. brasiliensis and facilitating examination of higher 
order features, such as the presence, absence, or rearrangement 
of gene islands (Fig. 1). 

Assembly and ordering contigs in the draft genomes. 
Summary statistics are shown in Table 1. Three runs of the 

454 GS20 instrument on a DNA preparation for P. caroto-
vorum resulted in 116,320,270 bp of usable sequence, or 23.3-
fold coverage of the genome assuming a final size of 5 Mb, 
similar to P. atrosepticum and most other enterobacteria. Two 
runs using the same instrumentation yielded 86,099,090 bp 
and a level of 17.2-fold coverage for P. brasiliensis. De novo 
assembly for each genome was performed using the standard 
Newbler assembler, resulting in 4,746,006 and 4,775,163 bp in 
contigs greater than 500 bp in length for P. carotovorum and P. 
brasiliensis, respectively. We employed two approaches to pre-
dict the order and orientation of the large number of contigs 
from each draft genome, Projector 2.0 (van Hijum et al. 2005) 
and Mauve 2.0 (Darling 2004). Projector 2.0 uses BLAST 
searches of strategic segments of each contig against a com-
plete (or draft) reference genome to predict their relative loca-
tions and also outputs a list of polymerase chain reaction 
(PCR) primer pairs designed to link adjacent contigs. We 
tested 188 pairs of primers with P. carotovorum and confirmed 
84 predicted contig linkages (data not shown). It is likely that 
more could be confirmed by optimizing PCR conditions. 

Upon aligning the Projector 2.0 ordered contig sets for both 
draft genomes with the complete P. atrosepticum genome, we 
observed that Mauve detected additional contigs that could be 
ordered, including several cases where the P. carotovorum and 
P. brasiliensis contigs could be ordered relative to each other 
even if they were not homologous to regions of P. atrosepti-
cum. Starting with the Projector 2.0 ordered set, we iteratively 
aligned and reordered contigs until no additional members of 
existing locally collinear blocks were found. After running 
both Projector 2.0 and Mauve, order and orientation can be 
predicted for a total of 273/731 P. carotovorum contigs and 
169/1370 P. brasiliensis contigs. These ordered contigs ac-
count for 96.6 and 96.8% of their respective genomes. Mauve 
alignments for the unordered and ordered contig sets are com-
pared in Figure 1. The final alignment of ordered contigs is 
available through ASAP and was used for a variety of the 
analyses described below. 

Comparison of P. carotovorum draft genome  
with physical chromosome map. 

A preliminary physical map of the P. carotovorum chromo-
some was constructed using restriction enzyme mapping, 
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mutagenesis, and DNA hybridization (Yap et al. 2004), and 
this map was compared with the assembled draft sequence. 
Yap and associates (2004) digested P. carotovorum genomic 
DNA with I-CeuI, which recognizes a conserved sequence in 
bacterial 23S rRNA genes, and observed seven I-CeuI frag-
ments by pulsed field gel electrophoresis (PFGE), suggesting 
that P. carotovorum, like most Pectobacterium strains, encodes 
seven rRNA operons. Sizes of the smallest six fragments were 
estimated and compared with the draft genome alignment. All 
six fragments could be identified in the draft genome and all 
were roughly the same size as observed by PFGE; thus, the 
draft genome sequence appears to represent the majority of the 
genome sequence. The physical map obtained by Yap and asso-
ciates (2004) also correctly represented the order of the seven 
I-CeuI fragments in the WPP14 genome. 

Gene prediction, annotation, and comparative genomics. 
In order to minimize redundant effort and maximize consis-

tency across genomes, we used a comparative approach to 
genome annotation. TBLASTN searches using the predicted 
proteins from the complete P. atrosepticum genome as queries 
against the draft genomes were used to identify and annotate 
the boundaries of all intact open reading frames (ORF). This 

analysis also revealed many gene fragments that would be an-
notated as pseudogenes if they occurred in complete genomes; 
however, we expect that, in these draft genomes, most of these 
disrupted reading frames are caused by sequencing errors aris-
ing from both known (Margulies et al. 2005) and potentially 
uncharacterized sources of error associated with pyrosequenc-
ing or assembly. PCR and resequencing using traditional 
Sanger sequencing chemistry confirmed that 10 of 10 examples 
were sequencing errors (data not shown). We filtered Glimmer 
2 results to remove predicted ORF that overlapped with the set 
inherited from P. atrosepticum in order to identify lineage-spe-
cific ORF. Orthologs were predicted using pairwise reciprocal 
BLASTP searches retaining only the best hits that include 
greater than 60% of both predicted proteins and show greater 
than 55% identity. Proteins with a second match that had an E 
value within one order of magnitude were labeled homologs 
rather than orthologs. Additionally, shorter (30 to 60% 
aligned) matches with comparable levels of sequence identity 
to orthologs were labeled homologs. This allowed us to ac-
commodate gene fragments. Annotations for P. carotovorum 
and P. brasiliensis genes with P. carotovorum orthologs were 
propagated directly without further manual review. Annota-
tions for lineage-specific genes were generated using the 

 

Fig. 1. Mauve alignments of the Pectobacterium atrosepticum genome and the draft genomes of P. brasiliensis and P. carotovorum before (top image) and 
after (bottom image) contig reordering. Each alignment has three panels, one for each genome (P. atrosepticum, P. brasiliensis, and P. carotovorum), 
composed of colored segments corresponding to the boundaries of locally collinear blocks with lines connecting the center of homologous blocks in each
genome. Vertical red lines in the P. brasiliensis and P. carotovorum panels indicate contig boundaries. A significant number of small, unordered lineage-
specific contigs appear as a dense red region at the end of the P. brasiliensis and P. carotovorum genome panels. The reduction in the number of locally 
collinear blocks from 361 in the top alignment to 50 in the bottom alignment and increase in average block length is clearly visible. 
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RAST server. Genes found exclusively in P. carotovorum or P. 
brasiliensis and genes found in both but absent from P. atro-
septicum that also had a significant match (E value > 0.00001) 
to a potentially informative (did not contain “unknown,” “hy-
pothetical,” “phage,” “orf,” or “transposase”) GenPept entry 
were flagged for manual review by human experts. All annota-
tions, automated and manual, and orthologs relationships were 
managed and distributed using ASAP (Glasner et al. 2006). 
The assembled contigs were also deposited in GenBank. 

Alignment of the three Pectobacterium genomes using 
Mauve (Figs. 1 and 2) revealed that approximately 77% of the 
complete P. atrosepticum chromosome is present in P. brasil-
iensis and P. carotovorum. This is comparable with the fraction 
of core genome relative to the total pan-genome in the previ-
ous three E. coli strain comparisons (Welch et al. 2002); how-
ever, the variable fraction of the pan-genome is more evenly 
distributed among the three Pectobacterium strains and subset 
genome pairs. Approximately 5.4% of the P. brasiliensis and P. 
carotovorum sequences match each other but are not con-
served with P. atrosepticum. This is close to double the amount 
of sequence shared by P. atrosepticum and either P. brasilien-
sis or P. carotovorum, but not both, supporting the closer rela-
tionship of P. brasiliensis and P. carotovorum observed by Ma 
and associates (2007). This estimate of the size of the core 
genome based on genome alignment is more reliable than what 
can be achieved by counting BLASTP-predicted homologs, in 
part because it includes intergenic regions and in part because 
it is more robust with regard to pseudogenes and sequencing 
errors. An extreme example is a region encoding two large 
(>7,000 amino acids each) predicted components of a nonribo-
somal synthase in P. atrosepticum. No homologous proteins 
are detected in either P. brasiliensis or P. carotovorum, even 
though DNA sequences homologous to almost the entire 42-kb 
region are present in both draft genomes. The large number of 
relatively small contigs found in this region of the draft ge-
nomes suggests that this type of highly repetitive gene poses 
assembly problems with short pyrosequencing reads. Keeping 
this caveat in mind, at least 3,251 of 4,492 predicted P. atro-
septicum genes have orthologs (or close homologs) in all three 
species, and an additional 177 and 192 genes have matches in 
P. brasiliensis or P. carotovorum, respectively. Likely sequenc-

ing errors are expected to have an even greater impact on infer-
ence of orthologs between the two draft genomes, where we 
detect 190 to 195 conserved genes. Average amino acid iden-
tity between P. carotovorum and P. brasiliensis is higher (95%) 
than observed between orthologs of either P. carotovorum or P. 
brasiliensis and P. atrosepticum (92%), underscoring the 
closer relationship between these two lineages. We strongly 
suggest that users consult the multiple alignment if they are 
interested in conservation of a particular gene or region. 

Pectobacterium islands and lineage-specific islands. 
Bell and associates (2004) described 17 islands in the P. 

atrosepticum genome absent from other enterobacteria. We ex-
amined the extent to which these islands are conserved among 
the three Pectobacterium spp. (Fig. 3). We also defined islands 
that differentiate these three genomes using the Mauve align-
ment. For the two draft genomes, we allowed islands to span 
multiple ordered contigs. Frequently, small islands can be 
gathered into larger “variable regions” that correspond to a 
likely single evolutionary event, such as acquisition of a pro-
phage, or a cluster of genes related to a common biological 
process, such as O-antigen synthesis. Analysis of the functional 
classes (Gene Ontology [GO] terms) of genes represented in 
gene islands specific to one or two genomes (Fig. 4) revealed 
that the predicted function for genes in indels were in similar 
proportions to those in the core genome with, the exceptions of 
genes for DNA replication and genes for transcriptional regu-
lation. The abundance of genes for phage in the indels accounts 
for the overrepresentation of genes for DNA replication. The 
abundance of unique transcriptional regulatory genes could 
reflect species adaptation to specific environments. 

Manual review of the computational predictions and visual 
inspection using the Mauve alignment viewer produced Sup-
plementary Figure 1, which describes the 42 variable regions 
(VR001 to VR042). This list includes both regions with a com-
putational predicted island longer than 10 kb and clusters of 
shorter islands that collectively span a region greater than 10 
kb in at least one of the Pectobacterium spp. Genes at the end 
of each island are listed, as well as putative functions for the 
genes encoded in the island. The P. atrosepticum horizontally 
acquired islands (HAI) identified by Bell and associates (2004) 

Table 1. Summary statistics for three sequenced Pectobacterium genomesa 

Genome P. atrosepticum SCRI1043 P. brasiliensis 1692 P. carotovorum WPP14 

Sequencing method Dye terminator chemistry on ABI3700 
automated sequencers 

 
Two plates of 454 GS20 sequencing 

Three plates of 454 GS20 
sequencing 

Assembly method assembled using PHRAP and GAP4 for 
finishing 

 
Newbler (version 1.0.53.12) 

 
Newbler (version 01.0.51.02) 

Total number of reactions 54,600 paired-end reads (two small 
insert libraries); 25,800 paired-end 
reads (medium insert library); 500 
paired-end reads (large insert library) 

 
 
 
804,834 

 
 
 
1,080,725 

Number of reads assembled 80,900 782,719 1,057,457 
Approximate read length 500 110 110 
Total number of bases sequenced 40,450,000 86,099,090 116,320,270 
Finished sequence Final closed sequence composed of 

106,500 reads; average 10.2-fold 
coverage 

 
Unclosed sequence with 
approximately 17.2-fold coverage 

Unclosed sequence with 
approximately 23.3-fold 
coverage 

Total number of contigs 1 1,370 731 
Total base pairs 5,064,019 4,918,574 4,823,187 
Number of large contigs (≈>500 bp) 1 143 272 
Total bp in large contigs 5,064,019 4,775,163 4,746,006 
Average contig size na 34,353 17,775 
N50 contig size na 75,304 38,023 
Largest contig size na 350,808 102,016 
Number of predicted proteins 4,492 4,387 4,245 
Number of pseudogenes identified 21 nd 150 
Reported Bell et al. 2004 This study This study 
a Abbreviations: na = not available and nd = not determined. 
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are indicated in parentheses. The variable region (VR_000) 
designations provide an identifier for a polymorphic region 
flanked by conserved chromosomes regardless of whether or 
not there are islands (homologous or nonhomologous) at that 
location. More details about the content and biological signifi-
cance of these regions are described below. P. atrosepticum 
ORF are referred to using the designation given in Bell and 
associates (2004) and ORF in the draft genome sequences are 
indicated by their ASAP feature ID number. When orthologous 
ORF are present in all three genomes, only the P. atrosepticum 
ORF number is used. 

Many previously defined P. atrosepticum HAI  
are not conserved in P. carotovorum or P. brasiliensis. 

The results presented in the previous section demonstrate 
that, although the HAI differentiate P. atrosepticum from 
other closely related animal-associated enterobacterial ge-
nomes (Bell et al. 2004), a substantial number of genes in 
those regions are not essential determinants of plant patho-
genicity or even the specific soft-rot phenotypes associated 
with Pectobacterium spp. as a group. Some of the HAI iden-
tified previously in P. atrosepticum are entirely absent from 
both P. brasiliensis and P. carotovorum, including HAI2, 
HAI3, HAI4, and HAI9. Although many of these are phage-
related, HAI2 includes genes for a type IV pilus as well as 
the cfa cluster (PA0511-0614). For other HAI, parts are con-
served in one or the other new genomes but not both. Our 
multiple alignment suggests that several have undergone rear-
rangements in one or more genomes. Large parts of HAI14, 

including the nitrogen fixation genes, are present only in P. 
atrosepticum. Both P. atrosepticum and P. brasiliensis encode 
metabolic genes and transporters at the same relative chro-
mosomal position but also a phage, suggesting that this loca-
tion may also be a frequent site of insertion of horizontally 
acquired genes. The HAI7 type IV system of P. atrosepticum 
(PA1598-1679) is replaced by two different insertions in P. 
carotovorum and P. brasiliensis, as expected if this is a hot 
spot for variation; however, P. brasiliensis has T4SS (AED 
4454-4501) genes, as part of an apparent integrated plasmid 
at a different site. In contrast HAI5, HAI6, HAI8, HAI15, 
and HAI 17 are completely or largely conserved among all 
three genomes. These HAI encode exoplysaccharide and the 
O antigen (HAI5); a nonribosomal peptide phytotoxin (HAI6); 
the type 3 secretion system (T3SS) and HecAB agluttinin 
(HAI8), the aggA agglutination adhesion island (HAI15); and 
a phage insertion (HAI17). 

Host range determinants in Pectobacterium spp. 
Soft-rot pathogens are notorious as broad-host-range patho-

gens capable of decaying a broad range of monocot and dicot 
plants. P. atrosepticum is notable because it is a well-charac-
terized narrow-host-range pathogen, found widely on potato 
and rarely on other solanaceous crops. In other bacterial plant 
pathogens, such as Xanthomonas and Pseudomonas spp., 
where individual strains often can infect only a few plant 
hosts, pathogenesis is often restricted by recognition of T3SS 
effectors by host plants. Thus, in these systems, in at least 
some cases, host range limitation is due to host recognition of 

 

Fig. 2. Venn diagram illustrating the total amounts of shared and lineage-specific nucleotide sequence observed in the Mauve multiple alignment and pre-
dicted orthologous genes. Gene fragments resulting from likely sequence errors in the two draft genomes leads to gene count differences between species
even within orthologous regions. For simplicity, the gene count for Pectobacterium atrosepticum (Pa) is shown for all shared regions except the comparison 
between P. carotovorum (Pc)and P. brasiliensis (Pb), where counts are shown for both species. 
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genes encoded by the pathogen and not because the pathogen 
is lacking genes required to infect a particular host species. 

The draft genome sequences of P. brasiliensis and P. caroto-
vorum provide some insight into the host range limitations of 

P. atrosepticum. Unlike Pseudomonas and Xanthomonas patho-
gens, the Pectobacterium spp. appear to encode few T3SS ef-
fector proteins; therefore, it is unlikely that these proteins are 
limiting the host range of P. atrosepticum to potato. In fact, the 

 

Fig. 3. Circular diagram comparing three Pectobacterium genomes. This plot is shown using the coordinate system of the complete Pectobacterium atrosepticum
genome. The outer ring illustrates the position of HAI (black boxes) previously reported by Bell and associates (2004). The next ring represents the Pectobacte-
rium atrosepticum (Pa) genome with blue corresponding to regions conserved across all three genomes and red corresponding to regions present in only one or
two of the three genomes. The next ring represents the P. carotovorum (Pc) genome and the innermost ring is the P. brasiliensis (Pb) genome. 

 

Fig. 4. Pie charts comparing Gene Ontology (GO) categories between genes found in all Pectobacterium genomes and genes unique to one of the three 
genomes. These pie charts show the distribution of genes in GO term categories. The chart on the left shows the distribution for all genes in all three Pecto-
bacterium genomes and the chart on the right shows the distribution for genes unique in one of the three Pectobacterium spp. The key in the middle shows 
the color code for the GO term categories shown in the pie charts. 
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P. atrosepticum T3SS is even more restricted than P. brasiliensis 
and P. carotovorum (see below). The most striking difference 
among the three species is that P. atrosepticum encodes genes 
for production of a putative phytotoxin that are lacking from the 
other two species. The action or recognition of this toxin by 
other plant species could restrict the host range of P. atrosepti-
cum in a manner similar to that seen with many toxin-producing 
fungal pathogens. The genomes of the broad-host-range P. bra-
siliensis and P. carotovorum pathogens appear to encode more 
plant cell-wall-degrading enzymes, an additional polyketide and 
peptide synthetase, and several large genes of unknown func-
tion, all of which could contribute to pathogenesis on a wide 
range of plant species. These draft genome sequences do not 
clearly show whether the limitation of P. atrosepticum to potato 
is due to this pathogen lacking mechanisms required for patho-
genesis on other species or due to P. atrosepticum inducing de-
fenses of other species; however, the draft genomes do provide a 
number of high-priority targets for answering this fundamental 
question about soft-rot pathogenesis. 

Plant cell wall degradation. 
Three Pectobacterium genomes encode nearly identical type 

II secretion systems (T2SS) and similar sets of plant cell-wall-
degrading enzymes. Pectobacterium spp. wilt and rot symp-
toms are caused by enzymes, including pectate lyases, polyga-
lacturonases, cellulases, and a rhamnogalacturonase, which 
degrade the structural components of the plant cell wall (Toth 
and Birch 2005). Multiple layers of regulation control synthe-
sis of plant cell-wall-degrading enzymes in soft-rot pathogens, 
and the known regulators, including KdgR, ExpRI, RexZ, Crp, 
and H-NS, are conserved among the three Pectobacterium spp. 
However, there are also important differences in regulators 
among the three strains, with P. atrosepticum encoding two 
tandem copies of pecT and lacking an AraC-family transcrip-
tional regulator likely to regulate the pectin methyl esterase 
gene pmeB. In addition, PecSM and Pir, key regulators found 
in Dickeya spp. (Nomura et al. 1998; Praillet et al. 1997), are 
not present in Pectobacterium spp. 

Most of the plant cell-wall-degrading enzymes, as well as 
Svx, a protein of unknown function homologous to X. campes-
tris AvrXca, are secreted through the T2SS (Corbett et al. 
2005). All three Pectobacterium spp. encode homologous 
T2SS gene clusters in the same locus and all three also encode 
a pectate lyase and a polygalacturonase adjacent to the T2SS 
gene cluster. All three species also encode orthologous plant 
cell-wall-degrading enzymes, including 10 pectate lyases, 1 pec-
tin lyase, 4 polygalacturonases, 2 cellulases, and 1 rhamnoga-
lacturonase (Table 2). The soft-rot and stem-rot symptoms 
caused by these three species are similar and the conservation 
of the plant cell wall enzymes is likely to account for much of 
the similarity in symptoms. 

Both P. carotovorum and P. brasiliensis encode putative cell-
wall-degrading enzymes that are not present in P. atrosepticum. 
For example, both P. carotovorum and P. brasiliensis have an 
indel that consists of a GntR regulatory protein homolog (ADT-
0003398; AED-0003444), a putative permease that could import 
the digested polymer (ADT-0002526; AED-0001909), a gene 
encoding a putative polysaccharide deacetylase (ADT-0003396; 
AED-0003442), and an Asp/Glu racemase (ADT-0003397; 
AED-0003443) which could degrade a host polymer. In addi-
tion, P. carotovorum encodes a cluster of enzyme homologs 
most closely related to Clostridium genes that may also play a 
role in plant cell wall degradation, including a glycoside hy-
drolase and a xylan β-1,4-xylosidase (ADT-0002737-8). Pecto-
lytic Clostridium spp. are often present in decaying root and 
tuber crops along with Pectobacterium spp.; thus, it is not sur-
prising that there would be evidence of horizontal gene transfer 

between these genera. In addition to the two genes mentioned 
above, 11 additional P. carotovorum genes and two P. brasilien-
sis genes are most similar to Clostridium genes. 

Metalloproteases contribute  
to Pectobacterium spp. virulence and  
multiple Pectobacterium gene islands encode novel proteases. 

Pectobacterium proteases also contribute to plant cell wall 
degradation (Marits et al. 1999) (Table 2), and numerous pro-
teases not found in related animal pathogens are present in 
Pectobacterium spp. Those proteases that have been experi-
mentally examined are secreted via a type 1 secretion system 
(T1SS) (Delepelaire and Wandersman 1991; Wandersman et 
al. 1990). Many of the Pectobacterium proteases are also 
found in Dickeya spp. and a few are present in Pseudomonas 
syringae, suggesting that their importance in virulence may be 
underestimated. Plants defend against proteases by production 
of enzymes inhibitors (Quilis et al. 2007); the presence of 
numerous proteases in gene islands and the likely co-evolution 
of microbial peptidases and plant inhibitors are reminiscent of 
the co-evolution of type III effector proteins and plant disease 
resistance genes. 

Suppression of plant defenses—the T3SS and phytotoxins. 
All three species encode homologous T3SS, but Pectobacte-

rium atrosepticum lacks hrpK. In contrast to hemibiotrophic 
plant pathogens such as Pseudomonas syringae and X. cam-
pestris, the T3SS of pectobacteria does not appear to be essen-
tial for growth on potato, because Pectobacterium wasabiae 
does not encode a T3SS but can cause disease on potato (Kim, 
H. S., Perna, N. T., Ma, B., and Charkowski, A. O., unpub-
lished data). However, the T3SS does contribute to virulence 
of other Pectobacterium spp. (Holeva et al. 2004; Rantakari et 
al. 2001). Mutation of genes required for the secretion appara-
tus or conserved effector proteins from P. atrosepticum 1039 
leads to a reduction in virulence on potato (Holeva et al. 2004). 
The T3SS of the three sequenced Pectobacterium spp. are ho-
mologous and in the same locus. All genes known to be re-
quired for functional T3SS are present in all three species; 
however, only two of the three, P. carotovorum and P. brasil-
iensis, elicit a type III-dependent hypersensitive response (HR) 
on tobacco plants, which indicates that resistance genes in to-
bacco recognize and respond to type III effector proteins deliv-
ered from Pectobacterium spp. 

We examined the three genomes for differences in putative 
T3SS effectors to account for this difference. All three Pecto-
bacterium spp. encode homologs to T3SS-secreted proteins 
identified in P. atrosepticum. Both P. carotovorum and P. bra-
siliensis, but not P. atrosepticum, encode HrpK, a T3SS-secreted 
protein that aids in translocation of effectors across the plant 
cell wall in Pseudomonas syringae (Petnicki-Ocwieja et al. 
2005). Mutation of hrpK in Pectobacterium carotovorum 
WPP14 did not eliminate the ability of this strain to elicit the 
HR, and expression of the P. carotovorum WPP14 hrpK gene 
from a plasmid in P. atrosepticum did not confer HR elicitation 
onto P. atrosepticum (not shown). Thus, the lack of HR elicita-
tion by P. atrosepticum SCRI1043 is not due to lack of hrpK. 

Other secretion systems. 
Plant-pathogenic bacteria encode numerous secretion systems 

that contribute to virulence in addition to the T1SS, T2SS, and 
T3SS. The T4SS, which is required for plasmid conjugation 
and which, like the T3SS, is capable of secreting proteins to 
the extracellular milieu and of translocating proteins into host 
cells, is present in different locations in P. atrosepticum 
(HAI17) and P. brasiliensis (VR028 AED4454-4501). A rem-
nant of a T4SS is present in P. carotovorum (ADT-0003337). 
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Currently, it is not possible to predict which proteins travel the 
T4SS; thus, although it appears that the P. atrosepticum T4SS 
may contribute to virulence (Bell et al. 2004), whether or not 
proteins secreted via the T4SS are conserved among P. atro-
septicum and P. brasiliensis remains unknown. 

The type V secretion system (T5SS), which includes auto-
transporter and two-partner secretion, is the simplest of the se-
cretion systems (Henderson et al. 2004). T5SS play important 
roles in pathogenicity of many bacterial pathogens, including 
Dickeya spp. where the type V-secreted HecA hemagglutinin 
promotes attachment to leaf surfaces (Rojas et al. 2002). Sev-
eral large proteins encoded in Pectobacterium indels are likely 
to be secreted via T5SS, including serine protease, hemolysin, 
and hemagglutinin homologs. 

Polyketide and peptide synthetases. 
Secondary metabolites produced by polyketide or peptide 

synthetases are important fitness and virulence factors in Pseu-
domonas syringae, where these exceptionally large proteins 

produce toxins active against plants and microbes as well as 
siderophores critical for obtaining iron. The cfa locus (HAI2) 
of Pectobacterium atrosepticum is absent from P. brasiliensis 
and P. carotovorum. A P. atrosepticum region in HAI6 encodes 
genes (PA1487-1488) similar to the pore-forming phytotoxin 
syringomycin synthetase from Pseudomonas syringae (Bender 
et al. 1999) and is conserved among all three genomes but 
fragmented in the two draft genomes. In addition, Pectobacte-
rium carotovorum and P. brasiliensis encode a polyketide or 
peptide synthetase system not found in P. atrosepticum 
(VR006; ADT-0002503-2509), which is most similar to ones 
from distantly related gram-positive bacteria and cyanobacte-
ria, including several that produce toxins. This variability in 
secondary metabolite production capabilities suggests differ-
ences in how the Pectobacterium spp. interact with either their 
plant hosts or competing microbes, and calls for further char-
acterization of the synthesis products, analysis of the distribu-
tion of these systems among Pectobacterium isolates, and 
cross-species growth inhibition assays. 

Table 2. Pectobacterium plant cell-wall-degrading enzymesa  

Enzyme Pectobacterium atrosepticum P. brasiliensis P. carotovorum 

Cellulases    
 ABL-0062482 ADT-0000571 AED-0001316 

bcsZ ABL-0064711 ADT-0001191 AED-0002581 
Pectate and pectin lyases    

pelA ECA 4067 AED-0002421 ADT-0004257 
pelB ECA 4068 AED-0003514 ADT-0004256 
pelC ECA 4069 AED-0002430 ADT-0004255 
pelI ECA 1094 AED-0002063 ADT-0001495 
pelW ECA 2402 AED-0001427 ADT-0002894/5 
pelX ECA 4510 AED-0002687 ADT-0001203 
pelZ ECA 4070 AED-0002419 ADT-0002215 

 ECA 3112 AED-0001793 ADT-0000798 
 ECA 2135 AED-0001225 ADT-0001743 
 ECA 2553 AED-0003665 ADT-0003928 
 Not present AED-0002413 Not present 
pnl ECA 1499 AED-0000858 ADT-0001600 

Polygalacturonases    
pehA ECA 1095 AED-0002061 ADT-0000261 
pehK ECA 3552 AED-0003871 ADT-0003117 
pehN ECA 1190 AED-0000675 ADT-0000300 
pehX ECA 3111 AED-0001794 ADT-0000797 
peh fragment ECA 0663 Not present Not present 

Proteases    
 ECA 0879 AED-0000493 ADT-0001419 
 ECA 1450 AED-0003719 ADT-0003664 
 ECA 2007 AED-0001126 ADT-0001719 
 ECA 2785 AED-0004128 ADT-0004008 
 ECA 3211 AED-0001839 ADT-0001994 
 ECA 2160 AED-0001247 ADT-0001749 
 ECA 2074 AED-0003289 ADT-0002858 
 ECA 1988 AED-0001062 ADT-0000521 
 ECA 1290 AED-0000730 ADT-0001454 
 ECA 4192 AED-0002472 ADT-0001132 
 ECA 4397 AED-0001980 ADT-0003103 
 ECA 2771 AED-0003468 ADT-0003994 
 ECA 0388 AED-0000276 ADT-0001318 
 ECA 0134 AED-0004146 ADT-0003438 
 ECA 0133 AED-0000078 ADT-0001251 
 ECA 2802 AED-0001639 ADT-0000726 
 ECA 2964 AED-0001716 Not present 
 Not present AED-0003397 Not present 
 Not present AED-0004092 Not present 
 ECA 1004 Not present ADT-0003580 
 Not present AED-0003242 ADT-0002516 
 Not present Not present ADT-0004360 
 Not present AED-2871 ADT-3651 
 ECA 0980 Not present Not present 
 Not present AED-0004079 Not present 
 Not present Not present ADT-2640 
 Not present Not present ADT-3526 and ADT-2470 
a Pectobacterium protease homologs not also present in Escherichia coli are included as potential plant cell-wall-degrading enzymes. 
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Motility and taxis. 
The Pectobacterium spp. are all capable of swimming and 

swarming and the entire flagellar gene cluster is encoded in 
one locus, similar to that of Dickeya dadantii and Yersinia spp. 
but differing from Escherichia coli and Salmonella enterica. 
Pectobacterium spp. encode two flagellin homologs. In all 
three Pectobacterium spp., one of the flagellin genes is located 
in the midst of the flagella gene cluster while the second flag-
ellin is encoded elsewhere in a locus that contains numerous 
indels and rearrangements. All three flagellin genes encode a 
flg22 peptide sequence, suggesting that Pectobacterium spp. 
could activate Fls2-mediated defenses in Arabidopsis and 
other host plants able to recognize this particular flagellin pep-
tide. 

One hallmark that sets plant pathogens apart from animal 
pathogens is the large number of taxis proteins encoded in 
plant pathogens. Related enteric animal pathogens encode 5 to 
12 methyl-accepting chemotaxis (MCP) receptors whereas, in 
contrast, all of the soft-rot pathogens encode over 30 MCP 
receptors, with P. atrosepticum, P. carotovorum, and P. brasil-
iensis encoding 36, 39, and 34 taxis receptors, respectively. 
Taxis receptors function as heterotrimers of homodimers 
(Parkinson et al. 2005). Thus, the five receptors commonly 
found in E. coli could form up to 35 different combinations of 
heterotrimers, although some combinations are more likely 
than others due to an approximately 10-fold higher concentra-
tion of two of the receptors compared with the other three. The 
high number of receptors found in plant pathogens means that 
thousands of combinations of heterotrimers are possible. 

Invertebrate interactions. 
Many enterobacteria have intimate interactions with insects 

and, since the early part of the 1900s, insects have been sus-
pected of spreading soft-rot disease. For example, Pectobacte-
rium spp. have been cultured from corn maggot eggs and 
mouth parts (Gnanamanickam 2006), and transgenic plants 
with resistance to corn maggots also suffer less from soft-rot 
pathogens. The related pathogen D. dadantii 3937 is notable in 
that it encodes four Bacillus thuringiensis toxin homologs, at 
least one of which is active against aphids (Grenier et al. 
2006). The genetics of interactions between Pectobacterium 
spp. and invertebrates have only recently been examined. A 
single locus, which includes Evf and its regulator, Evr, improves 
survival of Pectobacterium spp. in fruit fly guts (Basset et al. 
2000; Muniz et al. 2007). None of the sequenced Pectobacte-
rium strains encode either a Bacillus toxin homolog or an Evf. 
P. atrosepticum, P. brasiliensis, and P. carotovorum all encode 
the regulator Evr although, in P. atrosepticum, evr is a pseu-
dogene. P. atrosepticum may have an additional mechanism 
for invertebrate interactions because it encodes a cluster of 
genes homologous to the hemin storage proteins required by 
Yersinia spp. for transmission by fleas (Hinnebusch et al. 
1996). 

Competition with other microbes—antibiotics  
and bacteriocins. 

Pectobacterium spp. differ in the mechanisms they use to 
compete with other microbes in the environment. Some strains 
of Pectobacterium produce the carbapenem antibiotic 1-car-
bapen-2-em-3-carboxylic acid (Car), an indication that the 
Pectobacterium sp. is in competition with potato endophytes 
and secondary invaders for resources (Parker et al. 1982). Of 
the three sequenced strains, the car genes are only found in P. 
brasiliensis. Pectobacterium strains also produce multiple 
forms of carotovoricin, a phage-tail-like bacteriocin which 
kills closely related strains and species (Nguyen et al. 2001, 
2002). P. atrosepticum encodes two bacteriocin resistance pro-

teins which are not homologous to each other, and only one of 
these two is also found in P. carotovorum and P. brasiliensis. 
Both P. carotovorum and P. brasiliensis encode one gene ho-
mologous to the Yersinia bacteriocin pesticin (ASAP ID ADT-
0002424; AED-0003952) and a second, unrelated bacteriocin 
homolog is adjacent to the pesticin homolog in P. brasiliensis 
(AED-0003953). No bacteriocins are apparent in the P. atro-
septicum genome. 

Variability in nutrient acquisition and metabolism. 
Pectobacterium strains vary in the carbon sources they can 

use (Yap et al. 2004) and numerous Pectobacterium indels 
appear to be involved in metabolite uptake or degradation, pro-
viding a genetic explanation for some of these differences. For 
example, P. atrosepticum and P. brasiliensis but not P. caroto-
vorum encode galactonate and gluconate metabolism islands 
as well as a sucrose isomerase. Thus, these P. atrosepticum and 
P. brasiliensis strains are likely to be able to metabolize more 
different, common plant sugars than P. carotovorum. This 
variation suggests that competition among Pectobacterium 
strains goes beyond how well they attack plants and includes 
which plant nutrients they are able to metabolize. 

A protein family unique to the soft-rot erwinia. 
A family of large proteins ranging between 515 and 732 resi-

dues was found in all of the soft-rot enterobacterial genomes 
but is lacking from all other genomes in GenBank. Two mem-
bers of this protein family are found in P. atrosepticum 
(ECA1185 and ECA1186) and P. brasiliensis (AED-0003594 
and 2989), while P. carotovorum encodes three members 
(AADT-002625, 3321, and 4109) and D. dadantii 3937 en-
codes one homolog (ABF-0020188). These proteins each have 
a conserved F5/8 type C domain that may aid in binding galac-
tose (Newstead et al. 2005). Other proteins with this domain 
bind to cell membranes; thus, these proteins could be involved 
in interactions with the plant cell wall or cell membrane. 

Conclusions. 
We characterized the pan-genome of Pectobacterium by 

comparing three genomes from strains that are well separated 
phylogenetically within the genus. Using 454-platform pyrose-
quencing to a depth of approximately 20-fold genome cover-
age allowed assembly into roughly 200 contigs representing 
approximately 95% of each draft genome. The availability of a 
high-quality assembled genome from a related type strain 
made it possible for us to align the 200 contigs of each ge-
nome into a useful chromosome assembly using the Mauve 
program. The genes unique to each isolate were identified and 
aligned, making the information most useful for genome com-
parison available at an affordable cost. However, without com-
pleting the genome sequences by closing gaps and resequenc-
ing regions of low coverage or ambiguous sequence, it is not 
possible to rule out the existence of missing or erroneous data, 
determine the extent of rearrangements among chromosomes, 
and identify extrachromosomal elements. As the use of 454 
and other “next-generation” sequencing technologies increases, 
it is important to weigh the costs and benefits of collecting 
additional data such as dual-ended sequences of fragments, op-
tical map information, or directed sequences of gaps by standard 
PCR or cloning methods. Currently, the costs of collecting this 
additional data are roughly equivalent to the costs of obtaining 
the initial sequence data and warrant consideration when com-
pletion of the genome is critical for comparison or interpreta-
tion of sequence data. In the case of the Pectobacterium ge-
nomes presented here, little was known about the pan-genomic 
content of members of this genus before this report, and analysis 
of partially completed genomes was sufficient to identify major 
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differences between isolates that will form the basis for further 
characterization to see if they explain phenotypic variation. 

We found that each strain differed in approximately 11 to 
18% of the genome. Regulatory genes were more abundant in 
the class of uniquely represented genes. This diversity in gene 
regulatory mechanisms may reflect adaptation to specific eco-
logical niches where each organism must respond to different 
environmental stimuli such as varying temperatures and alter-
native stressful conditions. Not surprisingly, these regulators 
are often clustered with other strain-specific genes, suggesting 
potential targets of regulation, and many of these variable 
genes encode products involved in metabolic processes. 

A number of genomic differences that we identified might 
have consequences for virulence of the organisms. We found 
variation in the content of plant cell-wall-degrading enzymes, 
the most obvious players in causing the symptoms of soft-rot 
disease, as well as diversity in the content of genes encoding 
metalloproteases, which are also important for degradation of 
host cell walls. Each strain has unique genes for production of 
phytoxins, another likely determinant of host range. Differences 
in the secretion abilities of these organisms are suggested by 
variation in the presence and location of type IV (and other) 
secretion systems among the genomes. Each genome had a 
large but not fully overlapping collection of genes for motility 
and chemotaxis. Genes for surface proteins such as O-anti-
gens, pili, and adhesins showed significant variability among 
genomes for factors that could either suppress or trigger host 
defenses. A large fraction of genes that differ between these 
organisms are of unknown function, including a family of pro-
teins that appears unique to the soft rot pathogens. Figuring 
out which of the factors identified in this study are key deter-
minants of the phenotypic differences between these pathogens 
will require sequencing of additional genomes and experimental 
characterization of gene functions, particularly sensitive assays 
for even subtle roles in virulence. The P. atrosepticum, P. bra-
siliensis, and P. carotovorum isolates examined in this report 
represent relative extremes with respect to the phylogenetic 
diversity within this genus, and their genomes vary considera-
bly in genomic content. Resolving which changes are respon-
sible for niche specialization is challenging given the magni-
tude of genomic differences. Sequences of a few additional 
members of the genus, particularly isolates more closely related 
to each of the groups already sampled or isolates with similar 
phenotypes, would likely help pinpoint a smaller number of 
important factors. 

MATERIALS AND METHODS 

Genomic analysis of P. carotovorum and P. brasiliensis. 
P. carotovorum strain WPP14 (Yap et al. 2004) and P. brasil-

iensis strain 1692 (Duarte et al. 2004) were streaked from frozen 
cultures onto Luria-Bertani (LB) plates. Genomic DNA was iso-
lated (Sambrook and Russell 2001) from cultures of P. caroto-
vorum and P. brasiliensis grown in LB broth in shaking incuba-
tors at 25 and 37°C, respectively. P. carotovorum was sequenced 
in three standard runs on a 454 GS20 by 454 Life Sciences 
(Branford, CT, U.S.A.) and assembled with Newbler software 
version 1.0.51.02. P. brasiliensis was sequenced in two standard 
runs on a GS20 by the Washington University Genome Center 
and assembled with Newbler software version 1.0.53.12. Con-
tigs were reordered using Projector 2.0 (van Hijum et al. 2005) 
and Mauve 2.0 (Darling 2004) which was also employed for 
multiple genome alignment. Primer pairs for 188 gaps in the 
P. carotovorum genome sequence were designed using Projector 
2.0 and used in PCR with P. carotovorum genomic DNA. Se-
lected PCR products were sequenced by standard dye-deoxy 
sequencing on an ABI capillary sequencer. 

We used a combination of TBLASTN (Altschul et al. 1997) 
searches with predicted proteins from P. atrosepticum 
SCRI1043 (Bell et al. 2004) and Glimmer2 (Delcher et al. 
1999) to predict ORF in the P. carotovorum and P. brasiliensis 
genomes. Manual inspection of predicted ORF was used to 
remove some ORF that overlapped other ORF and small ORF 
(<250 bp) that lacked significant BLASTP (E value <0.00001) 
matches against the GenPept database. We used InterProScan 
(Quevillon 2005) to identify protein domains in the Pectobac-
terium genomes and obtained GO (Ashburner et al. 2000) 
terms associated with each domain from the InterPro to GO 
term mapping available from the GO website. 

Sequence data and analyses are available for download from 
the ASAP database (Glasner et al. 2006). 

Expression of P. carotovorum hrpK in P. atrosepticum. 
We PCR amplified the hrpK gene from P. carotovorum, in-

cluding a 135-bp upstream region relative to the translation 
start site of hrpK that contains a putative HrpL-binding motif, 
using primers P0492 (5′-taa gag tca gga gct agt gtg gcg gag ctc 
agg gtt-3′) and P0493 (5′-taa gct ggc gca tta gcg cga att cgg aat 
att g-3′). The PCR fragment was cloned into pCPP50 
(Bogdanove et al. 1998), resulting in plasmid p50hrpK. This 
plasmid was electroporated into P. atrosepticum and a single 
ampicillin-resistant colony was isolated for hypersensitive 
response assays. 

Deletion of hrpK from P. carotovorum. 
Regions flanking the P. carotovorum hrpK gene were PCR 

amplified with the left primer set P0504 (5′-gtg ctg gat ccg cta 
ata tca tca tac-3′) and P0505 (5′-cgt act ctg cga agc ttc ccg tcc 
cca ttc tgc tgt tgt ca-3′) and right primer set P0506 (5′-gga agc 
ttc gca gag tac gat tcc caa acc gcg cta atg c-3′) and P0507 (5′-
gtc tgc cgg atc cac gtt taa cga t-3′). These two PCR fragments 
were used as templates for crossover PCR with primers P0504 
and P0507. The 2.9-kb product was cloned into pGEMT-easy 
(Promega Corp., Madison, WI, U.S.A.), resulting in a plasmid 
pTAΔhrpK_ABCD. A chloramphenicol resistance and GFP 
cassette obtained from pTAgfp::cm was cloned into the HindIII 
site of pTAΔhrpK_ABCD, producing pTAΔhrpK::gfp::cm 
This plasmid was electroporated into P. carotovorum for 
allelic-exchange mutagenesis following the methods described 
by Ried and Collmer (1987). The hrpK deletion mutation was 
confirmed by PCR and Southern blot analysis. Methods for 
electroporation, restriction endonuclease digestion, PCR, clon-
ing, and Southern blotting were performed as described by 
Sambrook and Russell (2001). 

HR assay in Nicotiana tabacum. 
An assay for the HR was performed essentially as described 

in Bauer et al. (Bauer et al. 1994). Six- to seven-week-old 
Nicotiana tabacum cv. Xanthi leaves were infiltrated with 
either P. atrosepticum, P. atrosepticum with p50hrpK, P. caro-
tovorum, PcΔhrpK, or water as a negative control. Plants were 
visually assayed for HR elicitation after 24 h. 
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