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ABSTRACT Footrot is a contagious, debilitating disease of sheep, causing major economic losses in most sheep-producing coun-
tries. The causative agent is the Gram-negative anaerobe Dichelobacter nodosus. Depending on the virulence of the infective bac-
terial strain, clinical signs vary from a mild interdigital dermatitis (benign footrot) to severe underrunning of the horn of the
hoof (virulent footrot). The aim of this study was to investigate the genetic relationship between D. nodosus strains of different
phenotypic virulences and between isolates from different geographic regions. Genome sequencing was performed on 103 D. no-
dosus isolates from eight different countries. Comparison of these genome sequences revealed that they were highly conserved,
with >95% sequence identity. However, single nucleotide polymorphism analysis of the 31,627 nucleotides that were found to
differ in one or more of the 103 sequenced isolates divided them into two distinct clades. Remarkably, this division correlated
with known virulent and benign phenotypes, as well as with the single amino acid difference between the AprV2 and AprB2 pro-
teases, which are produced by virulent and benign strains, respectively. This division was irrespective of the geographic origin of
the isolates. However, within one of these clades, isolates from different geographic regions generally belonged to separate clus-
ters. In summary, we have shown that D. nodosus has a bimodal population structure that is globally conserved and provide evi-
dence that virulent and benign isolates represent two distinct forms of D. nodosus strains. These data have the potential to im-
prove the diagnosis and targeted control of this economically significant disease.

IMPORTANCE The Gram-negative anaerobic bacterium Dichelobacter nodosus is the causative agent of ovine footrot, a disease of
major importance to the worldwide sheep industry. The known D. nodosus virulence factors are its type IV fimbriae and extra-
cellular serine proteases. D. nodosus strains are designated virulent or benign based on the type of disease caused under optimal
climatic conditions. These isolates have similar fimbriae but distinct extracellular proteases. To determine the relationship be-
tween virulent and benign isolates and the relationship of isolates from different geographical regions, a genomic study that in-
volved the sequencing and subsequent analysis of 103 D. nodosus isolates was undertaken. The results showed that D. nodosus
isolates are highly conserved at the genomic level but that they can be divided into two distinct clades that correlate with their
disease phenotypes and with a single amino acid substitution in one of the extracellular proteases.
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Dichelobacter nodosus is a Gram-negative anaerobic bacterial
pathogen that is the primary causative agent of footrot in

sheep and other ruminants. In sheep, footrot is an economically
significant debilitating disease that limits the mobility of the in-
fected animal (1, 2). Footrot has been an ongoing problem in
Australia and has reemerged in Europe (3, 4) with a recent out-
break being the first reported in Norway for many years.

The severity of ovine footrot can vary from benign disease,

which presents as an interdigital dermatitis, to virulent disease, in
which there is severe underrunning of the horn of the hoof. Pro-
gression of disease is dependent on climatic conditions, on host
factors, and on the virulence of the infecting strain of D. nodosus.
In the past, strains have been assigned a virulence phenotype based
on the severity of disease, traditionally virulent or benign (5).

Major virulence factors are the type IV fimbriae and extracel-
lular proteases produced by D. nodosus, with the fimbriae allowing
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the bacteria to move into the lesion while the proteases degrade
the tissue (6–8). Diagnostic tests based on protease thermostabil-
ity and elastase activity have been used for many years to distin-
guish benign and virulent strains (9–11). We now know that these
tests detect a difference in activity between AprV2, one of the three
extracellular serine protease produced by virulent D. nodosus
strains, and its benign ortholog AprB2. This difference in function
is attributable to a single amino acid change (Y92R) in the mature
protease (8). Recently, a diagnostic quantitative real-time PCR
test based on the nucleotide sequence encoding this difference was
developed (12).

Determination of the genome sequence of the virulent D. no-
dosus isolate VCS1703A revealed that D. nodosus has a relatively
small genome (1.39 Mb) that does not show any evidence of on-
going gene reduction, although approximately 20% of the genome
appeared to be derived from lateral gene transfer (13). To better
understand the genetic relationship between benign and virulent
isolates and between isolates from different geographic regions,
we have undertaken the genome sequencing of 103 D. nodosus
isolates. A summary of the phenotypic data for many of these
isolates is provided as part of the baseline meta-information. Our
examination of the relationships between these genomes, inferred
from conserved sections of the genome that are present in each of
the strains, led to the observation of discernible geographic and
disease phenotype correlations. In particular, a clear genetic divi-
sion exists between isolates previously characterized as having vir-
ulent and benign disease phenotypes. This division correlates al-
most exactly with a classification based on the sequence difference
at amino acid 92 between the mature AprV2 protease and its
AprB2 ortholog (8, 14).

RESULTS AND DISCUSSION
Selection of strains. To maximize the genetic diversity of the 103
sequenced strains, isolates with a range of disease phenotypes and
geographic origins were selected. The collection comprised mul-
tiple isolates from Australia, Norway, Denmark, and Sweden and
individual isolates from England, Nepal, Bhutan, and India (Ta-
ble 1). The Australian collection included isolates acquired over a
period of more than 40 years. In contrast, the Norwegian collec-
tion comprised isolates only dating back to 2008 (15), arising from
an outbreak of virulent ovine footrot, a disease not observed in

Norway for more than 60 years. This outbreak appears to have
arisen from a single point of introduction of a virulent strain into
one county in southern Norway, possibly after the importation of
sheep from Denmark (16). It should be noted that this disease
introduction was into a background where benign D. nodosus dis-
ease was endemic but previously undetected.

The genome sequence of D. nodosus is highly conserved. A
whole-genome shotgun sequencing approach was used to gener-
ate read sets of between 30- and 100-fold coverage for the genome
of each isolate. These individual read sets were mapped to the
D. nodosus VCS1703A genome sequence and also were assembled
de novo using Velvet (17). A visual overview of the relationship of
each of these genome sequences to that of VCS1703A was then
produced using BLAST Ring Image Generator (BRIG) (18). Given
the diversity of these isolates, the genomes of D. nodosus were
remarkably conserved, as indicated by the areas of solid color in
Fig. 1, with the 103 isolates showing �95% sequence identity.
There were eight major regions of sequence variability, each of
which will be discussed below.

D. nodosus genomes can be divided into two distinct clades.
Based on genetic relationships, these D. nodosus genomes can be
divided into two major clades that correlate with the single amino
acid difference (Y92R) between the mature AprV2 and AprB2
proteases and with the presumptive designation of an isolate as
virulent or benign. The strength of the phylogenetic signal that
underpins this division indicates a fundamental difference that
spans the whole of the conserved regions of the D. nodosus ge-
nome.

The regions of the D. nodosus genome present in all of the
sequenced isolates collectively defined the core conserved genome
(Fig. 1), which was then analyzed as follows. First, we mapped
reads from each of the isolates onto the VCS1703A genome se-
quence. Then, limiting the analysis to those regions of the
VCS1703A genome where mapped reads were obtained from all
103 isolates, we identified those bases that varied in one or more of
the isolates. We observed 31,627 core single nucleotide polymor-
phisms (SNPs); these differences were distributed across the entire
core regions of the D. nodosus genome. The Neighbor-Net algo-
rithm as implemented in SplitsTree (19) was used to infer the
relationship between strains based on these core SNPs; a network
diagram providing an overview of this relationship is shown
(Fig. 2). The network clearly showed that the isolates group into
two distinct clades, as indicated by a vertical orange line in Fig. 2.
This grouping was strongly supported by statistical analysis, as
indicated by the presence of these clades in 92% of a set of 500
bootstrap replicate trees tested. Our analysis indicated that the
differences attributable to this phylogenetic signal were numerous
and were distributed across the whole of the core conserved re-
gions of the D. nodosus genome.

Clade I comprised isolates that encode a tyrosine residue at
position 92 in the mature AprV2 protease, which we have previ-
ously shown to be essential for virulence (8). Clade II comprised
isolates that encode an arginine residue at position 92 in the equiv-
alent AprB2 protease of benign isolates. The two exceptions to this
association were the RBG-17 isolate from Bhutan, which is located
in clade I but encodes an AprB2-type protease, and the Australian
strain JIR1204, which has no aprV2 or aprB2 gene because the
entire DNO_1166 to DNO_1168 region is missing from this iso-
late.

For many of the 103 D. nodosus isolates, there was insufficient

TABLE 1 Summary of D. nodosus strains

Countrya No. of isolates AprV2/AprB2 typeb

Y R

Australia (AU) 38c 29 8
Bhutan (BT) 1 0 1
Denmark (DK) 8 8 0
India (IN) 1 1 0
Nepal (NP) 1 1 0
Norway (NO) 36 19 17
Sweden (SE) 17 5 12
United Kingdom (GB) 1 1 0
Total 103 64 38
a Two-letter country codes used in the figures and supplemental material appear in
parentheses.
b Amino acid encoded at residue 92 of the mature AprV2 protein. Note that one strain
did not carry either gene.
c The Australian isolate JIR1204 had no aprV2 or aprB2 ortholog; therefore, one
Australian isolate had no AprV2/AprB2 type.
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information to make a definitive decision as to whether the strain
was virulent or benign. However, where it had previously been
possible to make such a virulence designation, clade I comprised
isolates that have a presumptive virulent disease phenotype and
clade II comprised isolates that have a benign disease phenotype.
Two isolates from Sweden did not conform to this pattern (see
Fig. S1 in the supplemental material); each isolate was of a clade II
(AprB2) type that was classified as having a virulent disease phe-
notype. However, it should be noted that there is considerable
variation in the manners in which different laboratories designate
isolates as virulent or benign. Since there is no uniformly accepted
standard, these designations must be regarded as provisional and
subject to further investigation and interpretation.

It is well established that the only consistent difference between
the mature AprV2 and AprB2 proteases is the Y92R substitution
(8, 14). This substitution alters the antigenicity of the protein and
the structure of an exosite that determines the accessibility of the
substrate binding pocket (8). AprV2/AprB2 SNPs contributed
only 28 of 31,627 points in the data set used to infer the network
diagram (Fig. 2; see Table S1 in the supplemental material). Re-
markably, only the SNP responsible for the Y92R difference had
an almost 100% correlation with the division between clade I and
clade II. We therefore conclude that the AprV2/AprB2 polymor-
phism is central to the definition of a virulent isolate of D. nodosus.

The AprV2/AprB2 type is the mechanistic basis for the tradi-
tional elastase and gelatin gel tests that are used for the differential

FIG 1 BRIG diagram showing an overview of the genomic relationship between strain VCS1703A and the 103 sequenced strains of D. nodosus. Black arcs and
labels at the edge of the circle indicate the eight nominally variable regions. Each sequenced isolate is represented as a colored ring, with a solid color representing
greater than 95% sequence identity and a white region showing areas with less than 50% sequence identity to VCS1703A. A gradient of color is used to represent
sequences in the range of 50 to 95% identity. The colors indicate the country of origin and the protease genotype. The major color groups are Denmark (gray),
Sweden (light blue and dark blue), Norway (pink and red), and Australia (yellow and green). Gray, dark blue, red, and green indicate isolates with a virulent
AprV2 (Y92) protease. Light blue, pink, and yellow indicate isolates with a benign AprB2 (R92) protease. The four innermost rings are the isolates from the
United Kingdom, Nepal, Bhutan, and India, respectively.
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diagnosis of D. nodosus (5, 8, 11). Recent studies by other workers
have provided evidence that the AprV2/AprB2 status of a D. no-
dosus isolate correlates with the disease status of the individual
sheep or the flock from which it was obtained (20), although these
studies were not validated by pen or field virulence trials. Subse-
quently, a diagnostic competitive real-time PCR test based on the
Y92R sequence difference was developed (12). Our SNP analysis is
in agreement with the conclusions of that study and provides clear
evidence that presumptive virulent and benign isolates of this bac-
terium represent two distinct clades, a finding that has significant
implications for attempts to eradicate this important disease.

The aprV2 gene is not the only gene contributing to the phylo-
genetic signal dividing clade I and clade II. The widespread distri-
bution of differences across the core conserved genome is pre-
dominantly in the form of single nucleotide differences. The
implication is that the difference in disease phenotypes repre-
sented by clade I (virulent) and clade II (benign) is either encoded
through loss of function (differences resulting in premature stop
codons) or changes to function (as illustrated by AprV2 and
AprB2). We note that almost no pseudogenes were observed in the
analysis of the VCS1703A genome sequence (13) and that loss of
function in such a small genome is not likely to be sustainable and
does not contribute to the difference in phenotype between D. no-
dosus clade I and clade II isolates.

The occurrence of two distinct clades (Fig. 2) indicated that

intermediate genomic states between clade I and clade II occur
very rarely, if at all. Despite indications that recombination had
occurred between benign and virulent isolates, there was no ap-
parent impact on the phylogenetic signal that separated the clade
I and clade II isolates. Detailed analysis of the SNP distributions in
each gene led to the identification of 12 genes where the sequence
differences correlated with the clade I/II division in 101 isolates
(Table 2) (analysis excluded strains JIR1204 and RGB_17). For 5
of these 12 genes, none of the clade I/II-correlating differences
resulted in a difference in the encoded protein. The remaining
seven genes included DNO_1167, which encodes the AprV2/
AprB2 protease. The DNO_1034 gene had the most number of
differences (21 SNPS) that correlated with the clade I/II division
(Table 2).

These data demonstrate the existence of genes that have dis-
tinctive alleles found in either presumptively virulent (clade I) or
benign (clade II) isolates, which suggests that the encoded pro-
teins have subtly different functions that may play an important
role in the difference in disease phenotype between virulent and
benign isolates. These SNPs (Table 2) account for only ~500 of the
31,627 core SNPs. The use of a less stringent approach, where
some deviation from an exact match with the clade I/II division
was allowed, identified an extended list of candidate genes that
may have a role in virulence (Table S2). This analysis provides a

FIG 2 Network diagram showing the relationship between the genome sequences of 103 D. nodosus isolates. The data set used for the inference of the
relationship comprised 31,627 bases from each isolate and represented conserved positions in the VCS1703A reference genome sequence; an orthologous
sequence was present in each of the sequenced isolates, and the sequence in one or more of the isolates differed from that found in the reference genome sequence.
The relationship shown was inferred using the parsimony-based method as implemented in SplitsTree (19). The tree is annotated with a vertical orange line,
indicating a division of taxa into clade I and clade II. The taxon labels are further annotated by colors, with yellow indicating Australia, red indicating Norway,
lilac indicating Sweden, and green indicating Denmark. Individual isolates from Bhutan (pink), Nepal (blue), India (orange), and the United Kingdom (gray) are
also shown. The taxon labels have the following information: the name of the isolate, the serogroup, and the AprV2 type.
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basis for a new, directed approach to the investigation of virulence
in D. nodosus and to the development of new diagnostic tools.

Eight major regions of sequence variability in D. nodosus.
Eight major regions of sequence variability were identified from
our analysis, as shown in the BRIG diagram (Fig. 1), where white
regions indicate where these isolates had no sequence similar to
the reference VCS1703A sequence. These regions generally corre-
sponded to the regions of atypical trinucleotide composition iden-
tified previously (13). The coding sequences associated with each
of the variable regions in strain VCS1703A are listed in Table S3
and will now be discussed in turn.

The largest area of variability is the region shown in VCS1703A
to be an integrated Mu-like bacteriophage (13) that was previ-
ously characterized from another isolate and named DinoH1 (21).
Twenty-nine of the strains sequenced here have an identical or a
very similar integrated bacteriophage at this position; 18 of these
isolates are Australian, 8 are from Norway, and 1 each is from
Sweden, Nepal, and Bhutan. Other strains, including most of the
benign Swedish strains, show some regions of similarity across this
region and therefore may have similar although not identical in-
tegrated bacteriophage genomes.

The vrl region previously was identified in Australia as being
preferentially associated with virulent isolates (22, 23), but se-
quencing of this region did not identify any potential virulence
genes and the region is most likely the remnant of an inserted
bacteriophage genome (24). Only 21 of the isolates sequenced
here contained most of the vrl region (14 Australian isolates, 6
Swedish isolates, and 1 Indian isolate), with a further 2 Australian,
2 Swedish, and 2 Norwegian isolates containing a portion of the
region (Fig. 1). While this region is still preferentially associated
with virulent isolates, we note that of the Australian isolates, the
vrl region is present only in strains isolated before 1990, indicating
a possible loss of this region from the Australian D. nodosus ge-
netic pool. However, the regional localization of our recent Aus-
tralian isolates may also explain this difference. It is regardless
clear that there is no direct functional association of the vrl region
with virulence.

The vap regions were originally identified as genomic islands

present in virulent strains of D. nodosus but absent from more
than two-thirds of benign strains (23). These regions are found in
multiple copies in two of the eight variable regions of the genome
in many strains and appear to have arisen by insertion of a bacte-
riophage or plasmid into the tRNA gene(s), leading to their des-
ignation as genomic islands (25). Integrase genes are found adja-
cent to these vap regions, and further investigation of these regions
has led to their designation as intA, intB, intC, and intD elements
(26–28). Further studies indicated that there was some correlation
between the presence of the intA element and virulence (29), al-
though this was not found in a study by other workers (11). There
also appears to be a correlation between the intD element and
benign strains (30). In this study, we have found that all of the
isolates have at least some of the genes contained within the vap
regions, but those that contained the largest vap regions were vir-
ulent isolates from Australia and Sweden. In contrast, in the Nor-
wegian strains, the vap regions more commonly were associated
with benign isolates, with two virulent serogroup H exceptions
(15). From the overall distribution of the vap regions (Fig. 1)
among the 103 isolates, there was no correlation between the vap
regions and the clade I or clade II designations.

Another variable region encoded a type 1 restriction and mod-
ification system that typically consists of three closely linked genes,
hsdR, hsdM, and hsdS (31). All three genes were present in 95 of the
D. nodosus strains sequenced, and major variation between the
strains was observed only in the hsdS gene. In other bacteria, HsdS
is the specificity subunit and is known to contain two variable
regions, with the rest of the protein being highly conserved (31).
The D. nodosus hsdS gene showed similar variation, with the re-
gions encoding amino acids 210 to 256 and 420 to 476 being con-
served and other regions being more variable. It has recently been
reported that genetic rearrangement by domain shuffling in hsdS
drives the diversification of the very common system (32). These
data suggest that there is strain-to-strain variability in the DNA
sequences recognized by the different Hsd restrictions systems
present in D. nodosus isolates.

Many Gram-negative bacteria secrete RTX proteins. These
proteins contain repeated C-terminal glycine- and aspartate-rich

TABLE 2 Genes containing SNPs that correlate with the clade I/clade II division

Genea

No. of variable
positionsb

No. of bases in
coding region

No. of correlating
SNPsc

No. of correlating SNPs
resulting in an amino
acid difference Product

DNO_0246 76 2,504 1 0 Leucyl-tRNA synthetase
DNO_0309 25 1,164 6 1 N-Acetylglucosamine-6-phosphate deacetylase
DNO_0330 117 1,842 2 1 Competence family protein
DNO_0620 15 192 4 1 ABC iron transporter permease
DNO_0817 13 816 2 0 2,3,4,5-Tetrahydropyridine-2-carboxylate

N-succinyltransferase
DNO_0818 17 474 2 0 GTP cyclohydrolase I
DNO_0819 48 1,236 1 0 Two-component phosphate sensor PhoR
DNO_0820 19 675 7 1 Conserved hypothetical membrane protein
DNO_0823 31 1,197 2 1 Phosphopantothenoylcysteine decarboxylase/

phosphopantothenate-cysteine ligase
DNO_1034 80 1,998 21 5 Carboxyl-terminal protease family protein
DNO_1167 29 1,806 8 3 Acidic extracellular subtilisin-like protease AprV2/B2
DNO_1203 18 867 1 0 Hypothetical protein
a Locus tag from the VCS1703A genome annotation.
b Positions where at least one of the 101 isolates has an SNP.
c Positions where the sequence difference correlates with the clade I/clade II division.
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sequences which form calcium binding sites and are secreted via a
type I secretion system (33). The DNO_0334 protein was identi-
fied as an RTX-like protein by comparative sequence analysis (13)
and by domain searches (33). The gene encoding this protein con-
tains multiple tandem repeats, limiting our ability to accurately
assemble contiguous sequences across this region; as a result, it
appears as a region of sequence variability. The gene encoding the
D. nodosus RTX-like protein lies downstream of a gene encoding
an OmpA family protein (DNO_0333) and upstream of genes
encoding an ABC-2 transporter and an ABC transporter domain
protein (DNO_0335, DNO_0336). While not a typical type I se-
cretion system, these transporter proteins may be involved in the
secretion of the putative RTX protein in D. nodosus. The three
genes neighboring DNO_0334 are all highly conserved across the
103 sequenced strains.

The Omp1 region of the genome (DNO_0382 to DNO_0385)
contains four linked genes that encode four different forms of the
major outer membrane protein Omp1. It has been suggested that
site-specific inversion events in this region give rise to the anti-
genic variation of Omp1 (34). The genes on either side of these
four genes are highly conserved across all of our isolates.

Finally, the pgr gene (DNO_0690) encodes a protein with a
variable number of 9-amino-acid repeat units and was originally
identified as being absent from benign isolates (13). However,
further work showed that the gene was present in benign isolates
but contained a different repeat unit structure (35). The function
of the Pgr protein is unknown, and the significance of the varia-
tion in repeat structure has not been determined. Our study con-
firmed the presence of this highly variable gene in each isolate, but
once again, contiguous sequences could not be assembled.

Fimbrial biogenesis genes are highly conserved. A key ques-
tion was whether the known virulence genes demonstrated vari-
ability that correlated with the two clades. D. nodosus type IV
fimbriae are known virulence factors, and the major fimbrial sub-
unit gene fimA and the twitching motility genes pilT and pilU are
essential for virulence (6, 7). These fimbriae are the major surface
antigens and define the 10 serogroups of D. nodosus (5, 36, 37).
These serogroups are divided into two classes based on differences
in the genetic organizations of the fimA gene region. Class I strains
have the fimA and fimB genes (38), but the fimB gene is not re-
quired for fimbrial biogenesis (7). Class II strains (serogroups D
and H only) contain the fimA and fimZ genes, and fimZ is a po-
tentially redundant fimbrial subunit gene (38). We have inferred a
phylogenetic tree that provides a comprehensive overview of the
relationship between all available D. nodosus fimA and fimZ genes,
including the sequences arising from this study (see Fig. S2 in the
supplemental material). The uniformity within serogroup A was
striking, with 14 of the Norwegian isolates and three of the Danish
isolates having identical fimA sequences, which suggested that
there was a close genetic relationship between these isolates. The
relationships between taxa within other serogroup clades was in
many cases a continuum, with no clear subgroups of isolates; this
result suggests that any classification subordinate to that of a se-
rogroup is impractical.

The other fimbrial biogenesis genes are scattered throughout
the genome (13) and are listed in Table S4 in the supplemental
material. These genes and their deduced gene products generally
were conserved across the 103 sequenced isolates. For example,
only one amino acid difference was observed in the essential fim-

brial retraction protein PilT among the 103 isolates sequenced, a
P52Q substitution in strain 07BKT018497 from Sweden.

The more varied fimbrial biogenesis genes included pilQ, for
which taxa were loosely divided into three groups, with one group
predominantly comprising Norwegian and Danish isolates. The
pilE fimU pilX pilW pilV locus showed variation across the whole
locus, with a tendency for the serogroup class II isolates to be
located in a separate group. None of the trees inferred using the
fimbrial biogenesis genes alone were congruent with the whole
core genome phylogeny (Fig. 2), indicating that none of the fim-
brial biogenesis genes contribute to the phylogenetic signal that
divides clade I and clade II. Therefore, although fimbriae are es-
sential for virulence, it appears that none of the fimbrial compo-
nents are exclusively present in virulent strains and that none of
the allelic forms are exclusive to clade I isolates (Table S5). This
finding may be a reflection of a more general role of the fimbriae in
D. nodosus; fimbriae are essential not only for virulence but also
for more-general functions, including protease secretion and
DNA uptake (6, 7).

Sequence variation of the extracellular proteases. D. nodosus
strains produce three extracellular serine proteases that are all pu-
tative virulence factors (8). The genes for these proteases are lo-
cated in highly conserved regions of the chromosome, with aprV5
(DNO_0603) and bprV (DNO_0605) in close proximity and
aprV2 (DNO_1167) in a different region. All three genes encode
proteases with a pre-pro region and a C-terminal extension, which
are cleaved to produce the mature protease (39).

Comparison of the mature protease sequences across the 103
sequenced isolates showed the mature AprV2 protease to be
highly conserved, with the only major variation being the previ-
ously reported Y92R substitution that correlated strongly with the
clade I and clade II groupings of isolates, as already discussed
(Fig. 2). The mature AprV5 protease showed more variation, with
4 Norwegian and 5 Swedish isolates having a G216K substitution
and another 33 isolates having a D310N change, which placed
these strains into phylogenetic groups separate from the remain-
der (Fig. S3). These groups did not correlate with our clade I and
clade II classifications. The mature basic protease BprV also
showed more variation, with 11 conservative differences in one or
more isolates; 8 of these changes generally correlated with the
clade I/II division (Fig. S3). These differences were the same as
those previously reported to distinguish BprV and BprB (40),
while the remaining variations occurred in only a minority of
strains.

Geographic overview. (i) The Norwegian outbreak. An out-
break of virulent ovine footrot occurred in Norway in 2008, prob-
ably arising from a single point introduction of a virulent D. no-
dosus strain. Subsequently, a range of healthy and diseased sheep
were screened for D. nodosus, leading to a detailed characteriza-
tion of isolates from several locations (15). Each isolate was des-
ignated by the diagnostic laboratory as virulent or benign based on
its protease stability profile. The virulent isolates were predomi-
nantly serogroup A, and pulsed-field gel electrophoresis (PFGE)
indicated that they were clonal (16). The benign isolates were
more diverse in serogroup and geographical spread. The isolates
sequenced were chosen to allow examination of both the clonality
of the virulent serogroup A isolates and the diversity of the overall
Norwegian isolates. In addition, since a few importations of sheep
from Denmark predated the 2008 outbreak, eight Danish isolates,
including two isolates with PFGE types similar to the predomi-
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nant Norwegian PFGE type, were sequenced. BRIG analysis
(Fig. 3A) showed that the virulent Norwegian and Danish isolates
were very similar; an overview of the relationship between the
clade I Norwegian and Danish isolates is shown in Fig. 3B. The
near clonality of the Norwegian clade I isolates was in contrast to
the genomic diversity of the Danish isolates, probably reflecting a
difference between endemic strains and an outbreak situation.

All of the virulent isolates from the Norwegian outbreak (clade
I) (Fig. 3B), even isolates from different fimbrial serogroups, were
closely related. Our analysis indicated that these differences were
likely to have arisen from a small number of genetic recombina-
tion events, not from a gradual accumulation of single base mu-
tations. We suggest that these strains were recently derived from a
common progenitor. The relationships between the isolates ob-
served in this study were consistent with the hypothesis that the
Norwegian outbreak strain originated from Denmark. However, a
definitive conclusion to this effect cannot be made due to the lack

of any epidemiological link between the isolates that were se-
quenced.

(ii) The Swedish isolates are diverse. The Swedish virulent
isolates contained the majority of the vrl region and both vap
regions, making them more similar to the older clade I Australian
isolates than to the other Scandinavian isolates and quite different
from the benign Swedish isolates (Fig. 1 and 4A). In contrast, a
related, although not identical, bacteriophage genome was present
in several benign isolates, while one virulent strain contained an
integrated bacteriophage almost identical to that in VCS1703A
(Fig. 4A). SNP analysis confirmed these findings, with the clade I
isolates from Sweden being most closely related to Australian iso-
lates (Fig. 2). Overall, the Swedish clade I isolates were closely
related, whereas the clade II isolates were more diverse (Fig. 4B).

(iii) Analysis of the Australian isolates demonstrated a his-
torical and geographical distribution. The vrl region was present
in the historical virulent Australian isolates but was absent from

FIG 3 Comparative analysis of sequences from Norway and Denmark. (A) BRIG diagram showing an overview of the genomic relationship between VCS1703A
and the 44 sequenced isolates of D. nodosus originating from either Denmark or Norway. Symbols and colors are as described in Fig. 1. (B) Network diagram
showing the relationship between the genome sequences of the 44 D. nodosus isolates from Norway and Denmark. The methodology is as described in Fig. 2.

FIG 4 Comparative analysis of sequences from Sweden. (A) BRIG diagram showing an overview of the genomic relationship between VCS1703A and the 17
sequenced isolates of D. nodosus originating from Sweden. Symbols and colors are as described in the legend of Fig. 1. (B). Network diagram showing the
relationship between the genome sequences of the 17 D. nodosus isolates from Sweden. The methodology is as described in the legend of Fig. 2.
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the more recent isolates from Tasmania and South Australia
(Fig. 5A). SNP analysis (Fig. 5B) revealed that the Australian clade
I isolates, but not the clade II isolates, formed clusters, with most
of the historical isolates forming one large cluster. The more re-
cent isolates from Tasmania formed two distinct clusters, possibly
indicating that these isolates, which remained in the population
after a vaccination program, were derived from two different
strains. The three South Australian isolates also grouped into a
distinct cluster. Finally, two of the isolates from Western Australia
grouped into a cluster quite separate from the other historical
isolates, which was consistent with previous observation suggest-
ing that isolates from this state were different from other Austra-
lian isolates (10). The clustering of distinct sets of related isolates
may indicate some sampling bias; the sequencing of more isolates
will be required to build a complete picture of the genetic diversity
of the virulent D. nodosus isolates present in Australia, where vir-
ulent footrot has been endemic over an extended period of time.

(iv) Analysis of individual isolates from the United King-
dom, Bhutan, India, and Nepal. The isolates from the United
Kingdom, Bhutan, India, and Nepal were included to provide a
snapshot of the genetic relationship between isolates from the ma-
jor regions covered in this study (Scandinavia and Australia) and
isolates from two other regions where footrot is prevalent. Analy-
sis of the isolates from Bhutan, India, and Nepal provided an in-
dication that virulent isolates from Asia are similar to those pres-
ent in other parts of the world, with the India and Nepal isolates
being most closely related to isolates from Australia (Fig. 2) and
the Bhutan isolate being somewhat unique among the clade I iso-
lates, with this isolate being the only AprB2-type isolate located in
clade I. This may be an aberrant isolate or an indicator of an
unusual pattern of footrot in Bhutan. The United Kingdom isolate
was more closely related to some of the Danish isolates, suggesting
that isolates in the United Kingdom may be similar to those found
in Europe. Further genomic studies involving a larger number of
isolates from these countries are required to confirm these find-
ings.

Conclusions. The sequencing of 103 genomes of isolates from
diverse geographical locations showed that D. nodosus comprises a
distinctly bimodal population of strains. Detailed analysis of core
SNPs revealed two distinct clades of D. nodosus isolates, with these
clades correlating with the presumptive designation of virulent
and benign isolates and with a single amino acid difference be-
tween the mature AprV2 and AprB2 proteases. Eleven other genes
with SNPs (Table 2) that correlated with this phylogenetic differ-
entiation were identified; however, in only six of these genes did
these differences result in an amino acid substitution in the puta-
tive encoded protein. These genes, along with other genes that
have SNPs that generally correlated with the clade I/II division
(Table S2), were scattered throughout the genome. This finding
indicated that the genetic differences between the clades were
deeply embedded.

The relationships between sequences in regions outside those
mentioned in Tables 2 and S2 in the supplemental material show
no consistent pattern of relationship, except that isolates from the
same outbreak are more closely related. This pattern of sequence
difference between isolates cannot be explained by the divergence
of two independent lineages. This conclusion is supported by the
presence of regions of sequence identity between clade I and clade
II isolates in the non-clade I/II-conforming regions of the ge-
nome. In a naturally transformable organism such as D. nodosus,
this type of relationship is consistent with horizontal gene transfer
occurring regularly between any two isolates of D. nodosus. Re-
gions of the genome not contributing to the disease phenotype
differences are presumably under no selective pressure, in contrast
to those regions in Tables 2 and S2, where we propose that these
genetic differences in total contribute to niche adaption, leading
to the virulent and benign disease phenotypes and resulting in the
observed relationship between core SNPs. The relatively low rate
at which horizontal gene transfer changes are embedded is indi-
cated by the strong relationship in the core SNP tree between
isolates from the Norwegian footrot outbreak. Further analysis of

FIG 5 Comparative analysis of sequences from Australia. (A) BRIG diagram showing an overview of the genomic relationship between VCS1703A and the 38
sequenced isolates of D. nodosus originating from Australia. The major color groups are light blue for New South Wales (NSW), dark blue for Victoria (VIC), red
for South Australia (SA), green for Tasmania (TAS), yellow for Western Australia (WA), and gray for isolates of unknown origin in Australia (AU). (B) Network
diagram showing the relationship between the genome sequences of the 38 D. nodosus isolates from Australia sequenced as part of this study. The methodology
is as described in the legend of Fig. 2.
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these genome sequences will be used to examine in more detail the
genetic legacy of horizontal gene transfer in D. nodosus.

It was previously reported that D. nodosus has one of the small-
est genomes of an anaerobic bacterium and lacks any evidence of
ongoing genome reduction (13). This observation is in agreement
with the results obtained here, where we have shown that the
genomes of 103 isolates are 95% conserved. We conclude that this
bacterium has refined its genome to what is required for it to
survive within its niche, the hoof of the ruminant, and to cause
disease. Whether by occupying distinct subenvironments within
the hoof or by utilizing distinct life cycles, two genetically defin-
able lineages of D. nodosus coexist in this niche.

MATERIALS AND METHODS
Bacterial isolates and epizootiology. The D. nodosus isolates used in this
study are listed in Table S5. It is important to note differences in the breeds
of the animals, the climates, and the husbandry conditions in the regions
from which these isolates were obtained.

Sheep in Australia are predominantly Merino, which are very suscep-
tible to footrot. They are kept on pasture throughout the year, and flock
sizes of �2,000 sheep are common. The Australian isolates were a collec-
tion of virulent and benign isolates from collections held at Monash Uni-
versity, the University of Sydney, and the Commonwealth Scientific and
Industrial Research Organisation (CSIRO) and included strains for each
of nine serogroups (41). The majority of the isolates were historical and
were isolated between 1972 and 1991, except for 10 isolates from South
Australia (Kangaroo Island) and Tasmania (King Island), which were iso-
lated between 2005 and 2011 (42).

The Norwegian isolates were from an outbreak of ovine footrot that
started in 2008. Virulent isolates were found only in sheep in Rogaland
County in southwest Norway, and 96% of these isolates belonged to se-
rogroup A, pointing to a focal disease outbreak (15). The Norwegian
sheep industry consists primarily of farms with between 20 and 99 breed-
ing ewes, which is a situation very different from the large sheep farms in
Australia. The meat- and wool-producing crossbred Norwegian white
sheep is the most common breed. Sheep are usually housed during the
winter and kept on mountain pastures with their lambs during the sum-
mer.

The Swedish D. nodosus isolates were mainly from a study conducted
between 2011 and 2012. Flocks from different geographical locations in
Sweden, primarily in the southeast, and with different manifestations of
footrot were sampled. As in Norway, but unlike in Australia, sheep are
often housed indoors in winter.

Bacteriological methods. All isolates except those from Sweden were
grown at Monash University in a Coy anaerobic chamber (Coy Labora-
tory Products Inc.) in an atmosphere of 10% (vol/vol) H2, 10% (vol/vol)
CO2, and 80% (vol/vol) N2 on Eugon (BBL) yeast extract (EYE) agar with
5% (vol/vol) defibrinated horse blood (Bio-Lab) or in EYE broth, as de-
scribed previously (43). D. nodosus genomic DNA was prepared by using
a Qiagen DNeasy kit according to the manufacturer’s instructions. The
Swedish isolates were grown on fastidious anaerobe agar plates (Lab M
Ltd.) with 5% defibrinated horse blood (Håtunalab AB). The plates were
incubated anaerobically at 37°C for 4 days. DNA extraction was per-
formed with a BioRobot EZ1 system (Qiagen) according to the manufac-
turer’s instructions using the EZ1 tissue kit and the bacterial protocol
from the same manufacturer.

DNA sequencing and sequence compilation. For each strain,
genomic DNA prepared from pure cultures was mechanically sheared to
an average size of 300 bp. Libraries were prepared according to Illumina
protocols for paired-end sequencing, and libraries were run on either an
Illumina GAIIx or a MiSeq instrument. The yield of sequence for each
strain, along with details of read length and read coverage, can be found in
Table S6 in the supplemental material.

The raw, paired-end sequence read sets have been submitted to the

Sequence Read Archive; accession numbers are listed in Table S6. Prior to
analysis, read sets were filtered, which involved deleting regions of reads
with low-quality base calls or similarity to Illumina adaptors. Subse-
quently, reads shorter than 20 bases were removed from the analysis. Read
sets in which more than 10% of the reads were removed by filtering were
manually checked for suitability. Various similarity-searching techniques
were used to detect evidence of contaminating reads; the extremely low
levels (�10 reads per read set) detected were assessed to have no potential
to interfere with the analysis conducted in this study.

The numbers of reads in each of the read sets ranged from 135,899
(strain AC3488, 151 bases, paired ends) to 7,869,851 (strain 10_4697_2b,
101 bases, paired ends), yielding read coverage that ranged from 30- to
1,000-fold. For analysis purposes, read subsets were used to cap read cov-
erage at 100-fold. Each read set was mapped to the genome sequence of
D. nodosus strain VCS1703A (GenBank accession number NC_009446.1)
using SHRiMP (44) as implemented in our in-house software package
Nesoni (Victorian Bioinformatics Consortium). The resultant BAM file
was used as the input to call sites of sequence variation in each strain using
the “nway” module of Nesoni. For each strain, reads not mapping to the
VCS1703A genome sequences were collected into a new data set of un-
mapped reads.

Reads were assembled de novo using Velvet (17). For each assembly, a
coarse optimization of assembly conditions was conducted by varying the
k-mer size in the range 35 to 195 in increments of 10. An optimized
assembly condition was identified for each data set. PLINK (45) was used
to rank the correlation of the pattern of base differences at a particular
position with particular groups of isolates.

Comparative analysis of genome sequences. BLAST Ring Image
Generator (BRIG) (18) was used to provide a visual overview of the rela-
tionship between the draft genome sequences of various isolates to the
genome sequence of D. nodosus strain VCS1703A. SplitsTree (19) and
MEGA6 (46) were used to infer relationships between sequences. Muscle
(47) was used for alignment of sequences. Specific gene sequences were
extracted from the draft genome sequences of each of the strains using
BLAST (48). The minimum evolution method, as implemented in
MEGA6, was used to infer relationships between individual gene se-
quences. SplitsTree was used to infer the genome-wide relationship be-
tween the strains.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org
/lookup/suppl/doi:10.1128/mBio.01821-14/-/DCSupplemental.

Figure S1, PDF file, 0.2 MB.
Figure S2, PDF file, 0.1 MB.
Figure S3, PDF file, 0.2 MB.
Table S1, PDF file, 0.3 MB.
Table S2, PDF file, 0.1 MB.
Table S3, PDF file, 0.1 MB.
Table S4, PDF file, 0.1 MB.
Table S5, PDF file, 0.2 MB.
Table S6, PDF file, 0.2 MB.
Table S7, PDF file, 0.1 MB.
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