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Abstract  The systematic application of next-generation DNA sequencing tech-
nologies has provided detailed insights into the genomics of corynebacteria. The 
genomes of 13 Corynebacterium diphtheriae strains isolated from cases of classi-
cal diphtheria, endocarditis and pneumonia were completely sequenced and anno-
tated, providing first insights into the pan-genome of this species. Comparative 
gene content analyses revealed an enormous collection of variable pilus gene clus-
ters relevant for adhesion properties of C. diphtheriae. Variation in the distributed 
genome is apparently a common strategy of C. diphtheriae to establish differences 
in host-pathogen interactions. Molecular data deduced from the complete genome 
sequences of two Corynebacterium ulcerans strains provided considerable knowl-
edge of candidate virulence factors, including a novel type of ribosome-binding 
protein with striking structural similarity to Shiga-like toxins. Likewise, functional 
data deduced from the complete genome sequences of six Corynebacterium pseu-
dotuberculosis isolates from various sources greatly extended the knowledge of 
virulence factors and indicated that this species is equipped with a distinct gene set 
promoting its survival under unfavorable environmental conditions encountered in 
the mammalian host.
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3.1 � Introduction

A new generation of DNA sequencing approaches, collectively called next-gener-
ation DNA sequencing technologies, has provided unprecedented opportunities for 
high-throughput functional genome research (Mardis 2008; Shendure and Ji 2008). 
Since first introduced to the market in 2005, these technologies have been used for 
standard sequencing applications, such as whole-genome sequencing and genome 
resequencing, and for novel applications previously unexplored by the ‘classical’ 
Sanger sequencing strategy (Morozova and Marra 2008). Despite the many advanc-
es in chemistries and the robust performance of modern Sanger sequencers, the ap-
plication of this relatively expensive method to large genome sequencing projects 
has remained beyond the means of the typical grant-funded investigator. An inher-
ent limitation of Sanger sequencing is the requirement of in vivo amplification of 
DNA fragments that are to be sequenced, which is usually achieved by cloning into 
bacterial hosts (Morozova and Marra 2008; Shendure and Ji 2008). The Roche/454 
technology, the first next-generation DNA sequencing technology released to the 
market, circumvents the cloning requirement by taking advantage of a highly ef-
ficient in vitro DNA amplification method known as emulsion PCR (Rothberg and 
Leamon 2008; Droege and Hill 2008). Moreover, the use of the picotiter plate sys-
tem in the Roche/454 approach allows hundreds of thousands of pyrosequencing re-
actions to be carried out in parallel, massively increasing the sequencing throughput 
(Droege and Hill 2008).

Recent scientific discoveries in the field of corynebacterial genomics resulted 
from the systematic application of next-generation DNA sequencing technologies; 
i.e. the Roche/454 Genome Sequencer FLX System and the Life Technologies 
SOLiD System (Tauch et al. 2008a; Cerdeira et al. 2011a). Not surprisingly, the first 
next-generation sequencing studies have focused on the genomes of corynebacterial 
pathogens because of their importance in human disease, including Corynebacteri-
um urealyticum, Corynebacterium kroppenstedtii, Corynebacterium aurimucosum 
and Corynebacterium resistens (Soriano and Tauch 2008; Tauch et  al. 2008a, b; 
Trost et al. 2010a; Schröder et al. 2012). The Genomes OnLine Database GOLD 
(Pagani et al. 2012) lists additional corynebacterial species, whose genomes have 
been sequenced to high-quality draft status in the course of the human microbiome 
project (Lewis et al. 2012).

This chapter describes the current status of genome sequencing projects of the three 
closely related pathogenic species Corynebacterium diphtheriae, Corynebacterium 
ulcerans and Corynebacterium pseudotuberculosis, the so-called ‘diphtheria’ group, 
and summarizes the major findings of comparative genomic studies, thereby focus-
sing on the detection of pathogenicity islands and virulence factors. To date, complete 
genome sequences of 21 strains have been published and sequencing of more clinical 
isolates is currently ongoing (Pagani et al. 2012). General features of the completely 
sequenced genomes of C. diphtheriae, C. ulcerans and C. pseudotuberculosis are list-
ed in Table 3.1. The deduced genomic data considerably improve our understanding 
of the architecture and evolution of corynebacterial genomes, species-specific traits 
and potential factors contributing to pathogenicity in humans and animals.
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3.2 � The Pan-Genome of C. diphtheriae and Deduced 
Pathogenicity Islands

3.2.1 � The Reference Genome of C. diphtheriae NCTC 13129

The first genome of the ‘diphtheria’ group to be sequenced was that of C. diphthe-
riae NCTC 13129, which was initially isolated from a pharyngeal membrane of a 
patient with clinical diphtheria (Cerdeño-Tarrága et al. 2003). This toxigenic strain 
is a representative of the clone responsible for an outbreak of diphtheria in the states 
of the former Soviet Union in the 1990s (Dittmann et al. 2000). The whole-genome 
shotgun method with Sanger technology has been applied to determine the genome 
sequence of C. diphtheriae NCTC 13129 (Cerdeño-Tarrága et al. 2003). The com-
plete genome sequence derived from two genomic shotgun libraries and terminal 
sequences from a large-insert bacterial artificial chromosome (BAC) library that 
was used for generating a scaffold. The genome of C. diphtheriae NCTC 13129 has 
a size of 2,488,635 bp with a G + C content of 53.5 % and contains 2,320 predicted 
coding regions, of which 45 were annotated as pseudogenes (Cerdeño-Tarrága et al. 
2003). Very recently, a comprehensive re-annotation of this genome sequence has 
been performed as a new approach to make the C. diphtheriae NCTC 13129 ref-
erence genome more descriptive and current with relevant features regarding the 
organism’s lifestyle (Salzberg 2007; D’Afonseca et al. 2012). This in silico strategy 
is facilitated by the massive amounts of publicly available data linked to sequenced 
genomes of other species of the genus Corynebacterium (Pagani et al. 2012). With 
respect to structural genomics of C. diphtheriae NCTC 13129, 23 protein-coding 
regions were deleted and 71 new genes were added to the initial genome annota-
tion (D’Afonseca et al. 2012). Nevertheless, all gene regions previously assigned 
as pseudogenes were validated and ten new pseudogenes were created. In relation 
to functional genomics, about 57 % of the initial genome annotation was updated to 
become functionally more informative, as the product descriptions of 973 predicted 
proteins were updated. Among them, 370 gene products previously annotated as 
‘hypothetical proteins’ now have more informative descriptions (D’Afonseca et al. 
2012). The re-annotation resulted in the discovery of new genes in the C. diph-
theriae NCTC 13129 genome sequence, correction of coding strands and the sig-
nificant improvement of functional description of protein-coding regions, including 
classical virulence genes (D’Afonseca et al. 2012). The re-annotated archives of C. 
diphtheriae NCTC 13129 are available at: http://lgcm.icb.ufmg.br/pub/C_diphthe-
riae_reannotation.embl.

Genomic islands in the genome of C. diphtheriae NCTC 13129 were detected by 
examining local anomalies in the nucleotide composition of the DNA, such as G + C 
content, GC skew and/or dinucleotide frequency deviations that can be indicative of 
the recent acquisition of DNA regions by horizontal gene transfer (Cerdeño-Tarrága 
et al. 2003). The most prominent genomic island of C. diphtheriae NCTC 13129 
comprises the complete genome of a tox + corynephage encoding diphtheria toxin. 
This prophage has a size of 36,566 bp with a G + C content of 52.2 % and encodes 
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43 predicted proteins. Sequence similarities on the amino acid level were detected 
to proteins of phage BFK20 from Brevibacterium flavum (Bukovska et al. 2006). 
The diphtheria toxin gene tox is located at the right end of the prophage genome, 
adjacent to the attachment site and within a DNA region of low G + C content. This 
specific location of tox is indicative of a bacterial gene that was acquired from a 
previous host and is dispensable for the life cycle of the phage, but may affect the 
phenotype or fitness of the lysogenic bacterium (Brüssow et al. 2004). In addition 
to the tox + corynephage (PICD 1), twelve genomic regions (PICD 2–13) with local 
anomalies in the nucleotide composition were detected in C. diphtheriae NCTC 
13129 (Table 3.2). Several genes potentially involved in pathogenicity of C. diph-
theriae NCTC 13129 are located on the detected genomic islands. These putative 
pathogenicity islands encode, for instance, a siderophore biosynthesis and export 
system, a putative lantibiotic biosynthesis system, and three types of sortase-related 
adhesive pili (Table 3.2). It is therefore likely that C. diphtheriae NCTC 13129 has 
recently acquired by horizontal transfer specialized genes that may be involved in 
the pathogenic lifestyle by encoding variable pilus structures for the adherence of 
the bacterium to host cell surfaces (Cerdeño-Tarrága et al. 2003).

3.2.2 � The Pan-Genome of the Species C. diphtheriae

Very recently, the knowledge of the gene content of C. diphtheriae isolates was 
considerably extended, as the genomes of twelve clinical strains initially recovered 
from cases of classical diphtheria, endocarditis, and pneumonia were completely 
sequenced and annotated (Trost et  al. 2012). The selected collection of C. diph-
theriae strains (Table 3.1) includes the prominent ancestor of many toxoid vaccine 
producers C. diphtheriae PW8 (Park and Williams 1896) and the laboratory strain 
C. diphtheriae C7(β)tox +  (Freeman 1951; Barksdale and Pappenheimer 1954). In-
cluding the genome sequence of the reference strain C. diphtheriae NCTC 13129, a 
comparative analysis of these genomes allowed the first characterization of the pan-
genome of the species C. diphtheriae (Trost et al. 2012). The microbial pan-genome 
is defined as the total gene repertoire in a bacterial species and comprises the ‘core 
genome’, which is shared by all individuals, the ‘dispensable genome’ containing 
genes present only in a subset of individuals, and the ‘unique genome’, which is 
unique to an individual (Medini et al. 2005; Tettelin et al. 2008).

The twelve C. diphtheriae genomes were sequenced by pyrosequencing with 
the Roche/454 Genome Sequencer FLX System and sequencing depths ranging 
from 29 × to 55 × (Trost et  al. 2012). All genomic sequences were assembled to 
circular chromosomes with 2.395 Mb to 2.535 Mb in size (Table 3.1). The average 
G + C content of each genome is in the range of 53 %, which is consistent with the 
G + C content of the reference genome of C. diphtheriae NCTC 13129 (Cerdeño-
Tarrága et al. 2003). The annotation of the twelve C. diphtheriae genomes and re-
annotation of the C. diphtheriae NCTC 13129 genome sequence (D’Afonseca et al. 
2012) revealed a median number of 2,294 protein-coding genes for each strain, 
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with the lowest number of 2,196 genes annotated in the genome of C. diphtheriae 
VA01 and the highest number of 2,402 genes in C. diphtheriae 31A (Table 3.1). A 
comparative gene content analysis showed that the mean number of genes shared 
by two strains comprises 1,903 ± 54 orthologous genes, while the mean number of 
genes not shared by a distinct pair of strains comprises 644 ± 134 genes, indicating 
the large variability of the gene repertoire in the sequenced C. diphtheriae isolates 
(Trost et al. 2012).

The number of core genes of C. diphtheriae was determined with the software 
EDGAR using bidirectional best BLASTP hits for genome comparisons (Blom 
et  al. 2009). Based on a series of calculations using all C. diphtheriae genomes 
individually as a reference, the core genome of the sequenced C. diphtheriae strains 
comprises 1,632 genes that can therefore be regarded as highly conserved in this 
species (Trost et al. 2012). To deduce the development of the core genome in de-
pendence on the number of sequenced C. diphtheriae strains, the median number of 
core genes in each genome was calculated based on the permutation of all possible 
genome comparisons. According to this approach, the number of core genes pres-
ent in C. diphtheriae will comprise about 1,611 protein-coding genes when adding 
further genome sequences to the current data set. This value revealed a genetic 
backbone of the C. diphtheriae genome, which includes approximately 70 % of the 
gene repertoire of the sequenced strains, with about 30 % of the gene content being 
variable to some extent and therefore belonging to the dispensable portion of the C. 
diphtheriae genome. The full complement of protein-coding regions that are part 
of the dispensable genome of C. diphtheriae was determined as 2,361 distributed 
genes (Trost et al. 2012).

The bioinformatic characterization of the unique genome (Table 3.1) revealed the 
average number of 61 ± 43 strain-specific genes per sequenced C. diphtheriae iso-
late (Trost et al. 2012). To deduce the development of the number of unique genes in 
dependence on the number of sequenced C. diphtheriae genomes, the median num-
ber of strain-specific coding regions was determined using the permutation of all 
possible genome comparisons. The respective calculation indicated that the median 
number of unique genes estimated to occur in additionally sequenced C. diphtheriae 
genomes comprises about 65 genes. Accordingly, the sum total of protein-coding 
regions representing the pan-genome of C. diphtheriae currently comprises 4,786 
genes, which is about three times the size of the deduced core genome (Trost et al. 
2012). This calculation was corroborated by applying Heaps’ law: n = κ × Nγ, with N 
being the number of sequenced genomes (Tettelin et al. 2008). Hence, the number 
of protein-coding regions added to the pan-genome of C. diphtheriae will increase 
by 69 genes per newly sequenced genome, indicating an open pan-genome for the 
species C. diphtheriae (Trost et al. 2012). In general, a microbial pan-genome can 
be classified as ‘closed’ or ‘open’ (Tettelin et al. 2008). A pan-genome is consid-
ered to be closed, if the number of new genes added per newly sequenced genome 
converges to zero. Therefore, a closed microbial pan-genome indicates a static gene 
content of a bacterial species that is no longer expendable by genome sequencing. 
On the other hand, a pan-genome is considered open when each newly sequenced 
strain can be expected to reveal some genes unique within the species, regardless 
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of the number of already analyzed genomes. An open pan-genome is therefore as-
sociated with a dynamic gene content of a bacterial species (Halachev et al. 2011).

3.2.3 � Genetic Variability of CRISPR/cas Regions  
in C. diphtheriae

Due to the genetic diversity of C. diphtheriae isolates, a number of typing methods 
have been established for inter-strain differentiation, such as amplified fragment 
length polymorphism analysis, multilocus enzyme electrophoresis, pulsed-field gel 
electrophoresis, ribotyping, randomly amplified polymorphic DNA analysis (Mok-
rousov 2009), and multi-locus sequence typing (Jolley et al. 2004). These methods 
allow the identification of clonal groups of closely related C. diphtheriae strains 
with different sensitivities. A newer method to determine the phylogenetic relation-
ship of C. diphtheriae strains is the so-called spoligotyping (spacer oligonucleotide 
typing), which is based on the presence of arrays of clustered regularly interspaced 
short palindromic repeats (CRISPRs) in the genome sequence (Mokrousov et al. 
2005). These arrays are composed of direct repeats that are separated by non-
repetitive, similar-sized spacer sequences (Deveau et al. 2010). CRISPRs and asso-
ciated cas genes represent a widespread genetic system across bacteria that causes 
RNA interference against foreign nucleic acids, for instance resistance to bacterio-
phages (Deveau et  al. 2010; Marraffini and Sontheimer 2010). The CRISPR/cas 
system of C. diphtheriae therefore participates in a constant evolutionary battle 
between the bacterium and corynephages through the addition or deletion of spacer 
sequences in the bacterial genome and mutations or deletion in phage genomes. 
Targets for spoligotyping are the spacer regions between the direct repeats, as vari-
ations in the number or nucleotide sequence of spacers provide patterns for the 
differentiation between clonal groups of C. diphtheriae isolates (Mokrousov et al. 
2005). In a macroarray-based approach of spoligotyping, 154 clinical C. diphthe-
riae strains were subdivided into 34 spoligotypes (Mokrousov et al. 2005).

Three types of CRISPR/cas systems were detected in the genomes of the se-
quenced C. diphtheriae strains (Fig. 3.1). A detailed classification of the CRISPR/cas 
regions is listed in Table 3.1. CRISPR/cas type I was detected in the genomes of 
eight strains and is composed of three cas genes ( cas1 to cas3). The number of as-
sociated spacer sequences ranges from one to 28. CRISPR/cas type II is addition-
ally present in three C. diphtheriae genomes and contains eight cas genes ( cas4 to 
cas11). The number of repeats in these arrays ranged from four to 26. CRISPR/cas 
type III is present in five genomes, with varying numbers of repeats ranging from 
12 to 42. The type III CRISPR/cas region is flanked by eight cas genes ( cas12 to 
cas19). A nucleotide sequence comparison of the identified spacer sequences re-
vealed that only 48 out of the 219 spacers are shared by two or three C. diphtheriae 
strains, supporting the view that CRISPR/cas regions provide an attractive target for 
the solid discrimination between different C. diphtheriae isolates (Mokrousov et al. 
2005; Trost et al. 2012).

3  Comparative Genomics and Pathogenicity Islands of Corynebacterium …
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3.2.4 � Genetic Variability of tox + Corynephages in C. diphtheriae

The pan-genome project also provided more detailed information about the ge-
netic variability of corynephages harboring the diphtheria toxin gene tox that was 
identified in C. diphtheriae NCTC 13129 (Cerdeño-Tarrága et al. 2003) and in C. 
diphtheriae strains C7(β)tox +, CDC-E8392, PW8 and 31A (Trost et al. 2012). In 
the case of C. diphtheriae PW8, two non-tandem copies of the corynephage ωtox + 
were detected in the complete genome sequence, as suggested previously from 
restriction endonuclease maps of phage DNA (Rappuoli et al. 1983). The 36-kb 
genome sequences of both ωtox + corynephages are almost identical, as they show 
only five nucleotide mismatches. Both copies of the prophage are separated by 
a 2-kb genomic region encoding a putative membrane protein that is flanked by 
two copies of a tRNAArg gene representing the known attachment site of coryne-
phages in C. diphtheriae (Ratti et  al. 1997). Nucleotide sequence comparisons 
of the tox + corynephages revealed that the ωtox + phage of C. diphtheriae PW8 is 
similar to the βtox + phage present in C. diphtheriae C7(β)tox +, which is consistent 
with an early report demonstrating that both corynephages differ in only three 
genomic regions (Rappuoli et  al. 1983). A highly different tox + prophage was 
detected in the genome sequence of C. diphtheriae 31A (Trost et al. 2012). Sig-
nificant nucleotide sequence similarity to β-like corynephages was observed only 
at the right-hand end of the prophage genome, which harbors the tox gene region. 
Other regions of the prophage genome revealed homology at the amino acid level 
to proteins of the prophage ΦCULC22IV, which is present in the tox− strain C. 
ulcerans BR-AD22 (Trost et al. 2011). It has been proposed previously that the 
diphtheria toxin gene tox was acquired by corynephage β due to the terminal 

Fig. 3.1   Schematic representation of CRISPR/cas regions detected in the genomes of C. diph-
theriae, C. ulcerans, and C. pseudotuberculosis. The CRISPR/cas regions show different num-
bers and arrangements of cas genes ( labeled arrows). The position of the CRISPR locus is also 
variable. The nucleotide sequences of the conserved repeats are shown. CRISPR types I–III were 
detected in the sequenced C. diphtheriae genomes. CRISPR types IV–VI were found in the geno-
mes of C. ulcerans isolates. CRISPR type VI of C. ulcerans is lacking associated cas genes. 
C. pseudotuberculosis isolates contain only CRISPR type IV. See also Table 3.1 for a detailed 
classification of CRISPR/cas regions
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location of this gene in the prophage and the significantly decreased G + C content 
of this region in the phage genome (Cerdeño-Tarrága et al. 2003; Brüssow et al. 
2004). The detection of identical tox genes in different prophages now indicates 
that the acquisition of the diphtheria toxin gene tox occurred independently in two 
different corynephages or that gene shuffling is frequently found in this group of 
phages (Trost et al. 2012).

3.2.5 � Pathogenicity Islands and Pilus Gene Clusters  
of C. diphtheriae

The plasticity of the C. diphtheriae genome was analyzed by two comparative ap-
proaches designed to detect differences in the repertoire of pathogenicity islands 
that were initially assigned in the reference genome of C. diphtheriae NCTC 
13129 (Cerdeño-Tarrága et  al. 2003). The distribution of pathogenicity islands 
PICD 3 and PICD 8 was investigated by a PCR-based approach in eleven C. diph-
theriae strains (Soares et al. 2011). The pathogenicity island PICD 8 was detected 
in only one strain, C. diphtheriae HC01 (Table 3.1), whereas PICD 3 was more 
widely distributed and present in six C. diphtheriae strains. This data indicated 
that the pathogenicity islands of C. diphtheriae strains can be differentiated by 
their variable genomic stability, thereby contributing to genome evolution and 
the lifestyle of this bacterium (Soares et  al. 2011). Another study analyzed the 
global genome organization of C. diphtheriae C7(−) and C. diphtheriae PW8 by 
comparative genomic hybridization including probes representing the 13 patho-
genicity islands of C. diphtheriae NCTC 13129 (Iwaki et al. 2010). Remarkably, 
eleven of the 13 pathogenicity islands were considered to be absent in the genome 
of C. diphtheriae C7(−), although this strain retained clear signs of pathogenicity, 
including adhesion to Detroit 562 cells and the formation of abscesses in animal 
skin. In contrast, the genome of C. diphtheriae PW8 was considered to lack only 
three pathogenicity islands, but exhibited more reduced signs of pathogenicity in 
a model system. These results already suggested a great genomic heterogeneity of 
the species C. diphtheriae, not only in genome organization, but also in pathoge-
nicity (Iwaki et al. 2010).

This data were recently confirmed on a much broader scale during the pan-
genome project of C. diphtheriae (Trost et al. 2012). Genomic islands and candidate 
pathogenicity islands of the sequenced C. diphtheriae strains were identified with 
the new pathogenicity island prediction software PIPS, which performs a combined 
analysis of DNA sequences based on typical features of genomic islands (Soares 
et al. 2012). In total, 57 genomic islands were identified in the sequenced C. diph-
theriae genomes, including 24 islands (PICD 1–24) in the reference genome of 
C. diphtheriae NCTC 13129 (Table 3.2). Additionally detected genomic islands in 
C. diphtheriae NCTC 13129 carry, for instance, the irp6ABC operon encoding a 
siderophore-dependent iron uptake system (PICD 15) (Qian et al. 2002) and the sid-
erophore biosynthesis and transport gene cluster ciuABCDEFG (PICD 19) (Kunkle 
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and Schmitt 2005). Therefore, the extended search for genomic islands in the se-
quenced C. diphtheriae strains revealed additional gene clusters with characteristics 
of horizontal gene transfer, which are probably involved in iron acquisition. Com-
parative in silico analysis of the predicted genomic islands revealed that some are 
strain-specific, whereas others are partially or completely conserved in more than 
one strain (Trost et al. 2012). Only eight genomic islands can be regarded as highly 
conserved in all C. diphtheriae genomes, demonstrating the great genomic plas-
ticity of C. diphtheriae (Trost et al. 2012). Many genomic islands encode typical 
phage products and the respective genomic regions of the C. diphtheriae genomes 
can be regarded as remnants of prophages. Some genomic islands encode proteins 
involved in specific metabolic pathways and were assigned as metabolic islands of 
the C. diphtheriae genome, whereas others encode proteins involved in antibiotic 
resistance or heavy metal ion resistance, such as cadmium, copper, mercury, and 
arsenic resistance.

The plasticity of the C. diphtheriae genome is also obvious when visualizing the 
gene content of the sequenced isolates with the BRIG software (Alikhan et al. 2011) 
and using the genome of C. diphtheriae NCTC 13129 as a reference (Fig.  3.2). 
Variations in the gene repertoire of the C. diphtheriae isolates seem to cluster in 
genomic regions assigned as pathogenicity islands, indicating that horizontal gene 
transfer is a major force in shaping the gene content and physiological traits of C. 
diphtheriae strains.

The search for pathogenicity islands in the genomes of the sequenced C. diph-
theriae strains led to the detection of several islands harboring gene clusters for 
adhesive pili (Trost et al. 2012), which play important roles in bacterial coloni-
zation and pathogenesis (Ton-That and Schneewind 2003). Pilus assembly has 
been studied extensively in C. diphtheriae and occurs by a two-step mechanism, 
whereby pilin subunits are first polymerized and then covalently anchored to cell 
wall peptidoglycan. A pilin-specific sortase catalyzes the polymerization of the 
pilus, consisting of the shaft protein, the tip pilin and the base pilin (Rogers et al. 
2011). Based on amino acid sequence homology searches using the pilin mo-
tif and cell wall sorting signal as queries, at least two pilus gene clusters were 
identified in each of the sequenced C. diphtheriae isolates, with C. diphtheriae 
HC04 haboring four pilus gene clusters (Fig.  3.3). Six different types of pilus 
gene clusters were detected according to the arrangement of genes encoding pilus 
subunits ( spa) or pilin-specific sortases ( srt). It is noteworthy to mention that the 
genome of C. diphtheriae PW8 contains a highly degenerated SpaD gene cluster 
with multiple intact and disrupted genes encoding SpaD, SpaE, SpaF pilins and 
sortases SrtB and SrtE, in addition to a SpaA gene cluster with a disrupted spaC 
gene (Fig. 3.3). Mobile DNA elements were also detected in the SpaD locus of C. 
diphtheriae PW8, suggesting horizontal gene transfer for gene duplication. Phy-
logenetic trees reconstructed with the neighbor-joining algorithm revealed that 
the protein components of the pilus, i.e. shaft protein, tip pilin and base pilin, 
and the cognate pilin-specific sortases display a great diversity in their amino 
acid sequences (Trost et al. 2012). Therefore, most spa and srt genes present on 
the predicted pathogenicity islands of the sequenced C. diphtheriae strains were 
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assigned as unique genes during the pan-genome analysis. This result strongly 
implies that important variations exist on the cell surface of C. diphtheriae strains, 
which might be relevant for the initial step of an infection (Trost et  al. 2012). 
Previous studies demonstrated different degrees of attachment of C. diphtheriae 
to HEp-2 cell monolayers (Hirata et al. 2004), differences in adhesion of C. diph-
theriae C7(−) and C. diphtheriae PW8 to Detroit 562 cells (Iwaki et al. 2010) and 
strain-specific differences of C. diphtheriae in adhesion, invasion and intracellu-
lar survival (Ott et al. 2010). Moreover, mutations in the base pilin SpaB and the 
tip pilin SpaC of the SpaA-type pilus reduced the adhesive activity of C. diphthe-
riae (Mandlik et al. 2007).

Fig. 3.2   Circular genome comparison between C. diphtheriae strains using C. diphtheriae NCTC 
13129 as a reference. The genome comparison was generated with the BLAST Ring Image Gene-
rator BRIG. It shows the positions of candidate pathogenicity islands in the genome of C. diph-
theriae NCTC 13129 and the presence/absence of these islands in other C. diphtheriae strains or 
species of the genus Corynebacterium. Abbreviations: GC Content, G + C profile of a genome 
region; Cd, C. diphtheriae; Cp, C. pseudotuberculosis; Cu, C. ulcerans; Cg, C. glutamicum; PICD, 
putative pathogenicity island of C. diphtheriae
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Fig. 3.3   Schematic representation of pilus gene clusters in the genomes of C. diphtheriae, C. 
ulcerans and C. pseudotuberculosis. The detected pilus gene clusters revealed different arrange-
ments of genes encoding subunits of adhesive pili ( spa) or pilin-specific sortases ( srt). Assigned 
strains are listed above the gene clusters. Each C. diphtheriae genome contains at least two pilus 
gene clusters. C. diphtheriae PW8 contains a degenerated gene cluster with multiple intact and 
disrupted genes. Symbols: asterisk (*), clusters of the labeled strains contain a fragmented gene; 
prime (‘), denotes variants of the respective pilus gene cluster
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3.3 � Comparative Genomics of C. ulcerans and Candidate 
Virulence Factors

3.3.1 � Reference Genomes of C. ulcerans from Human 
and Animal Sources

C. ulcerans has been detected as a commensal in domestic and wild animals that 
may serve as reservoirs for zoonotic infections (Hogg et al. 2009). As the knowl-
edge of the bacterium’s lifestyle and additional virulence factors besides the diph-
theria toxin was very limited, the complete genome sequences of two C. ulcerans 
strains from human and animal sources were recently determined and characterized 
by comparative genomics (Trost et al. 2011). C. ulcerans 809 was isolated from 
an elderly woman with rapidly fatal pulmonary infection and a history of chronic 
bilateral limb ulcers. The woman lived in the metropolitan area of Rio de Janeiro 
and was hospitalized in coma, with shock and acute respiratory failure. The patient 
died 23 days after hospitalization despite an intensive medical treatment (Mattos-
Guaraldi et al. 2008). C. ulcerans BR-AD22 was recovered from a nasal sample 
of a young asymptomatic dog that was kept in an animal shelter in Rio de Janeiro 
(Dias et al. 2010). The complete genome sequences of C. ulcerans 809 and C. ul-
cerans BR-AD22 were determined by pyrosequencing with the Roche/454 Genome 
Sequencer FLX System. This approach revealed sequence coverages of 42.8 × and 
22.9 ×, respectively (Trost et al. 2011). The chromosome of C. ulcerans 809 has a 
size of 2,502,095 bp and encodes 2,182 proteins, whereas the genome of C. ulcer-
ans BR-AD22 is 104,279  bp larger and comprises 2,338 protein-coding regions 
(Table 3.1). The difference in size of the genomes is mainly caused by prophage-
like elements that are present only in the genome of C. ulcerans BR-AD22. Both 
genomes show a highly similar order of orthologous genes and share a common set 
of 2,076 protein-coding regions, which demonstrates the very close phylogenetic 
relationship of both isolates. The pan-genome of the species C. ulcerans currently 
comprises 2,445 protein-coding genes. Obviously, more genome sequences of C. 
ulcerans isolates are necessary to determine the development of core genes, unique 
genes and the pan-genome of this species precisely.

3.3.2 � Genetic Variability of CRISPR/cas Regions and Prophages 
in C. ulcerans

A screening of the genome sequences of C. ulcerans 809 and C. ulcerans BR-AD22 
with the CRISPRFinder revealed the presence of three CRISPR/cas regions, herein 
named CRISPR types IV–VI (Fig. 3.1). CRISPR type IV is present in both C. ul-
cerans genomes and flanked by four cas genes. The direct repeats of this locus are 
29 bp in length and separated by spacers with variable nucleotide sequences that 
are completely different in both C. ulcerans strains. Similar features were observed 
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for the second CRISPR/cas region in the C. ulcerans genomes (Fig. 3.1). CRISPR 
type V is characterized by six cas genes and repeats of 36 bp. The spacer sequences 
present in C. ulcerans 809 are also different to those present in the corresponding 
CRISPR/cas region of the C. ulcerans BR-AD22 genome. CRISPR type VI of C. 
ulcerans is lacking associated cas genes in the direct proximity (Fig. 3.1). The spac-
er sequences of this CRISPR type have a length of 29 bp and show the largest varia-
tion between both strains, with 67 spacers present in the genome of C. ulcerans 809 
and 32 spacers in C. ulcerans BR-AD22 (Table 3.1). The detection of CRISPR/cas 
regions in the genome of C. ulcerans strains and the sequence variations of the 
CRISPR loci suggests the use of these markers for a precise typing of clonal groups 
of C. ulcerans isolates from human and animal sources (Trost et al. 2011).

In accordance with the tox− phenotype of C. ulcerans 809 and C. ulcerans BR-
AD22, both genomes were devoid of nucleotide sequences of a tox + corynephage 
encoding diphtheria toxin. However, the genomes of C. ulcerans 809 and C. ulcer-
ans BR-AD22 harbor the highly similar prophages ΦCULC809I and ΦCULC22I 
with sizes of about 42 kb (Trost et al. 2011). Both prophages were detected at the 
same genomic position and apparently integrated at slightly different sites into a 
coding region for a hypothetical protein that might represent the integration site 
of these phages in the C. ulcerans chromosome. Minor differences between the 
prophages were detected in the number of genes, as ΦCULC809I comprises 45 
genes, whereas 42 genes were assigned to the ΦCULC22I genome. According to 
global amino acid sequence alignments, both prophages share 36 genes that code 
for gene products with at least 98 % amino acid sequence identity, indicating the 
very close relationship of both prophages from different C. ulcerans isolates (Trost 
et al. 2011). The genome sequence of C. ulcerans BR-AD22 contains the additional 
prophages ΦCULC22II, ΦCULC22III and ΦCULC22IV, of which ΦCULC22III 
is incomplete and probably a defective remnant of a formerly active corynephage 
(Trost et  al. 2011). Most strain-specific genes of the animal isolate C. ulcerans 
BR-AD22 were assigned to the additional prophage-like regions ΦCULC22II, 
ΦCULC22III and ΦCULC22IV. Therefore, only 92 protein-coding regions of this 
strain were regarded as unique genes, of which 13 genes were annotated with puta-
tive physiological functions (Trost et al. 2011).

3.3.3 � Pathogenicity Islands and Virulence Factors of C. ulcerans

The search for unique genes by reciprocal best BLASTP matches revealed 90 
strain-specific genes for the human isolate C. ulcerans 809, of which ten were 
annotated with putative physiological functions (Trost et  al. 2011). This set of 
gene regions includes the vsp2 gene coding for a secreted serine protease and 
the rbp gene encoding a putative ribosome-binding protein. Both gene products 
represent candidate virulence factors of C. ulcerans 809. The rbp gene is located 
between a gene coding for a putative phage integrase and a transposase gene and 
is moreover specified by the low G + C content of 45.1 %, suggesting the lateral 
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transfer of rbp to C. ulcerans 809. The respective tyrosine recombinase detected 
in C. ulcerans 809 shares 92 % amino acid sequence identity with the integrase of 
the β-type corynephage present in the reference genome of C. diphtheriae NCTC 
13129 and is also encoded directly adjacent to a tRNAArg gene. This gene an-
notation supports the assumption that a lysogenic β-type corynephage had been 
integrated downstream of the rbp gene in the C. ulcerans genome in former times 
(Trost et al. 2011). The protein product of the rbp gene showed weak similarity 
to the A chains of the Shiga-like toxins SLT-1 and SLT-2 from Escherichia coli, 
but contains all highly conserved amino acid residues relevant for the catalytic 
N-glycosidase activity (O’Loughlin et  al. 2001; LaPointe et  al. 2005). In con-
trast, the amino acid sequence of the Rbp protein lacks the typical ER-targeting 
sequence at the C-terminal end, which is necessary for the retranslocation of the 
catalytic domain of SLT-1 from the endoplasmatic reticulum (ER) into the cytosol 
of the host cell (O’Loughlin et al. 2001). As C. ulcerans can probably persist as 
a facultative intracellular pathogen in mammalian host cells, a retranslocation of 
the Rbp protein into the cytosol is nonessential for activity. The secretion of the 
putative toxin into the cytosol of host cells is supported instead by a typical signal 
sequence at the amino-terminal end of the protein (Trost et al. 2011). The enzy-
matic activity of the ribosome-binding protein Rbp probably leads to inhibition 
of protein biosynthesis by depurination of a single adenosine residue in the 28S 
rRNA of the eukaryotic ribosome (O’Loughlin et  al. 2001). A genome screen-
ing for further virulence factors revealed the presence of endoglycosidase E (see 
below), neuraminidase H and adhesive pili of the SpaA’ and SpaD’ type that are 
encoded in both C. ulcerans genomes (Fig. 3.3). The C. ulcerans genome is ap-
parently equipped with genes for a broad spectrum of virulence factors, including 
a novel ribosome-binding protein that is encoded only in the human isolate C. 
ulcerans 809.

Putative pathogenicity islands of C. ulcerans were detected the in larger genome 
of the animal isolate C. ulcerans BR-AD22 (Table 3.3). The C. ulcerans BR-AD22 
genome contains 14 putative pathogenicity islands, including a phospholipase D 
gene region, an operon encoding urease and genes for iron uptake systems, which 
are generally associated with virulence. Most genes assigned to the pathogenicity 
islands of C. ulcerans have diverse roles in cellular metabolism or even hitherto 
unknown functions. However, all candidate virulence factors in the detected patho-
genicity islands have characteristics that are indicative of horizontal gene transfer.

3.4 � Towards the Pan-Genome of C. pseudotuberculosis

3.4.1 � The Reference Genome of C. pseudotuberculosis 1002

C. pseudotuberculosis is an important animal pathogen and the causative agent of a 
disease that is commonly called caseous lymphadenitis (Dorella et al. 2006a). This 
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disease is found in the major sheep and goat production areas worldwide and causes 
significant economic losses. The strain selected for the first genome sequencing 
project was C. pseudotuberculosis 1002, which was isolated from goat caseous 
granulomas in Bahia state (Brazil). This strain has been licensed as a live attenuated 
vaccine strain in Brazil (Dorella et al. 2006a). The genome of C. pseudotuberculosis 
1002 was sequenced using both ‘classical’ Sanger and pyrosequencing technologies 
(Ruiz et al. 2011). The genome sequencing project initially started with only 215 
genomic survey sequences (GSSs) obtained from random samples of a BAC library 
of C. pseudotuberculosis 1002 (Dorella et al. 2006b). This representative library 
contained about 18,000 clones with inserts ranging in size from 25 to 120 kb and 
provided a 390-fold coverage of the C. pseudotuberculosis genome. Many GSSs 
(80.4 %) revealed significant similarity to the genome sequence of C. diphtheriae 
NCTC 13129 confirming the very close phylogenetic relationship of both species 
(Dorella et al. 2006b). Pyrosequencing was carried out with the Roche/454 Genome 
Sequencer FLX System and a sequencing depth finally resulting in 31 × coverage of 
the C. pseudotuberculosis 1002 genome (Ruiz et al. 2011). The chromosome of C. 
pseudotuberculosis 1002 has a size of 2,335,112 bp with a G + C content of 52.19 % 
and contains 2,111 predicted protein-coding regions, of which 53 were annotated as 
pseudogenes (Ruiz et al. 2011).

Meanwhile, five additional genome sequences of C. pseudotuberculosis iso-
lates have been determined and published (Table 3.1), including C. pseudotuber-
culosis C231 from a sheep in Australia (Ruiz et al. 2011), C. pseudotuberculosis 
I19 from a cow with mastitis in Israel (Silva et  al. 2011), C. pseudotuberculo-
sis PAT10 from a sheep with lung abscess in Argentina (Cerdeira et al. 2011b), 
C. pseudotuberculosis CIP 52.97 from a horse with ulcerative lymphangitis in 
Kenya (Cerdeira et al. 2011c) and C. pseudotuberculosis FRC41 from a young 
French girl with necrotizing lymphadenitis (Trost et  al. 2010b), which was the 
first genome sequence publicly available for this species. The complete genome 
sequences of C. pseudotuberculosis C231 and C. pseudotuberculosis FRC41 were 
both determined with the Roche/454 Genome Sequencer FLX System, whereas 
the Life Technologies SOLiD System was used for the remaining three genome 
projects. To address the problem of short reads in the case of the latter next-
generation sequencing technology, a new hybrid de novo assembly strategy was 
developed combining De Bruijn graph and Overlap-Layout-Consensus methods 
(Cerdeira et al. 2011a). This in silico approach was used in a case study to as-
semble the complete genome sequence of C. pseudotuberculosis I19 from short 
reads (Cerdeira et al. 2011a). Briefly, contigs were assembled de novo from the 
short reads and were oriented using the complete genome sequence of C. pseudo-
tuberculosis FRC41 as a reference for anchoring. Remaining gaps in the genome 
sequence of C. pseudotuberculosis I19 were closed using an iterative anchoring of 
additional short reads adjacent to sequence gaps (Cerdeira et al. 2011a). This new 
assembly strategy is feasible as the sequenced C. pseudotuberculosis genomes 
show a highly similar architecture and a highly conserved order of orthologous 
coding regions (Ruiz et al. 2011).
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3.4.2 � Comparative Genomics and the Pan-Genome  
of C. pseudotuberculosis

The number of core genes of C. pseudotuberculosis was calculated with the soft-
ware EDGAR using bidirectional best BLASTP hits for genome comparisons 
(Blom et al. 2009). Based on a set of calculations using all C. pseudotuberculosis 
genomes individually as references, the core genome of the hitherto sequenced C. 
pseudotuberculosis isolates comprises 1,810 genes that can be regarded as highly 
conserved in this species. The bioinformatic characterization of the unique genome 
of C. pseudotuberculosis revealed a very low number of strain-specific genes in 
the four C. pseudotuberculosis biovar ovis isolates 1002, C231, I19 and PAT10, 
whereas 86 unique genes were detected in the genome of the C. pseudotuberculosis 
biovar equi isolate CIP 52.7 and 49 in C. pseudotuberculosis FRC41 from a human 
clinical source (Table 3.1). This preliminary data indicate that the genomes of C. 
pseudotuberculosis biovar ovis isolates have very similar gene contents. Accord-
ingly, the sum total of protein-coding regions representing the pan-genome of C. 
pseudotuberculosis currently comprises only 2,630 genes, which is just about 1.5 
times the size of the predicted core genome.

The close similarity between the sequenced C. pseudotuberculosis strains is also 
evident when comparing the structure of the CRISPR/cas regions. All C. pseudotu-
berculosis isolates share a CRISPR type IV with only one repeat sequence, with the 
exception of C. pseudotuberculosis CIP 52.97 that completely lacks a CRISPR/cas 
region (Table 3.1). It is therefore unlikely that spoligotyping is a suitable approach 
to analyze the genetic diversity of C. pseudotuberculosis isolates.

3.4.3 � Pathogenicity Islands and Virulence Factors  
of C. pseudotuberculosis

Pathogenicity islands of C. pseudotuberculosis were detected and annotated in the 
reference genome of C. pseudotuberculosis 1002 by the means of the recently de-
veloped software PIPS (Ruiz et  al. 2011; Soares et  al. 2012). The C. pseudotu-
berculosis 1002 genome includes eleven putative pathogenicity islands (Table 3.4), 
which contain several classical virulence factors, including genes for pilus subunits, 
adhesion factors, iron uptake systems and secreted toxins. All of the candidate viru-
lence factors in the islands have characteristics that indicate horizontal transfer. 
Comparative in silico analysis of the predicted pathogenicity islands with the BRIG 
software (Alikhan et al. 2011) revealed that most of the respective genes belong to 
the distributed genome of C. pseudotuberculosis and are only present in genome 
sequences of biovar ovis isolates, whereas others are partially or completely con-
served in almost all strains (Fig. 3.4). This data indicates that prominent differences 
exist in the genetic repertoires of isolates belonging to the C. pseudotuberculosis 
biovars ovis or equi.
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Despite the importance of C. pseudotuberculosis for animal health, there is little 
information about the pathogenesis and the facultative intracellular lifestyle of this 
bacterium. Only few virulence factors were identified previously in C. pseudotuber-
culosis (Dorella et al. 2006a), of which the most prominent one is phospholipase D 
(Pld), a sphingomyelin-degrading exotoxin (McKean et al. 2007). The annotation 
of the complete C. pseudotuberculosis FRC41 genome sequence provided addi-
tional knowledge of candidate virulence factors in this species (Trost et al. 2010b). 
In addition to the virulence factor phospholipase D, the endoglycosidase EndoE 
(misleadingly described as corynebacterial protease CP40 in previous studies) is 
encoded in the genome of this human isolate. The ndoE gene product of C. pseudo-
tuberculosis FRC41 revealed sequence similarity to the α-domain of the secreted 
endoglycosidase EndoE from Enterococcus faecalis (Collin and Fischetti 2004.). 

Fig. 3.4   Circular genome comparison between C. pseudotuberculosis strains using C. pseudotu-
berculosis 1002 as a reference. The circular genome comparison shows the positions of putative 
pathogenicity islands in the genome of the reference strain C. pseudotuberculosis 1002 (biovar 
ovis) and the presence/absence of these islands in other C. pseudotuberculosis biovar ovis strains 
(C231, PAT10 and I19), a C. pseudotuberculosis biovar equi strain (CIP 52.97), an isolate from a 
human clinical source (FRC41), and in other corynebacterial species. Abbreviations: GC Content 
G + C profile of a genome region; Cp C. pseudotuberculosis; Cu C. ulcerans; Cd C. diphtheriae; 
Cg C. glutamicum; PICP putative pathogenicity island of C. pseudotuberculosis
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EndoE from E. faecalis is a two-domain protein that is characterized by two dis-
tinct activities involved in the degradation of N-linked glycans from ribonuclease 
B and the hydrolysis of the conserved glycans on IgG. The latter activity of the 
enzyme was assigned exclusively to the β-domain of EndoE, suggesting that the 
homologous protein from C. pseudotuberculosis has only endoglycosidase activ-
ity. In this way, C. pseudotuberculosis is probably able to interact directly with 
the mammalian host by glycolytic modulation of host glycoproteins (Trost et al. 
2010b). The genome annotation of C. pseudotuberculosis FRC41 revealed serine 
proteases, neuraminidase H, nitric oxide reductase, an invasion-associated protein 
and acyl-CoA carboxylase subunits involved in mycolic acid biosynthesis as ad-
ditional candidate virulence factors. Moreover, a gene-regulatory network analysis 
suggested that the cAMP-sensing transcriptional regulator GlxR plays a key role in 
controlling the expression of several genes contributing to virulence of C. pseudo-
tuberculosis (Trost et al. 2010b). The human isolate C. pseudotuberculosis FRC41 
is furthermore equipped with SpaA‘ and SpaD‘ gene clusters encoding protein sub-
units involved in the sortase-mediated polymerization of adhesive pili (Fig. 3.3). 
The pilus gene cluster of the SpaA‘-type is present in all sequenced genomes of C. 
pseudotuberculosis (Fig. 3.3).

3.5 � Future Perspectives

The development of ultra-fast next-generation sequencing technologies has opened 
a new era of microbial genomics, enabling the rapid and detailed characterization 
of bacterial genomes and associated bacterial lifestyles. This progress in microbial 
genomics is obviously helping to shape our understanding of bacterial evolution. 
In particular, comparative genomics, or on a broader scale pan-genomics, affords 
the opportunity to detect species-specific features of a genome or strain-specific 
traits such as virulence factors contributing to the pathogenicity of bacteria. The 
systematic application of next-generation sequencing technologies also provides 
the possibility to generate bacterial DNA sequence data of extraordinary resolution, 
making it possible to identify single nucleotide changes within entire genomes and 
to map genome-wide single-nucleotide polymorphisms (SNPs). This type of studies 
provides data of very fine-scale resolution and enables the detection of the evolu-
tionary history of multiple isolates within a clonal bacterial lineage. Distinguishing 
clonal groups within a pathogenic bacterial species was initially performed by phe-
notypic and subsequently by genotypic typing techniques and has been the corner-
stone of infectious disease epidemiology, allowing the identification and tracking 
of clones responsible for infection and disease. Sequence-based typing approaches, 
such as multilocus sequence typing, have relied on the variation within a few se-
lected marker genes. Although this technique is highly informative, it has a limited 
resolution when applied to closely related isolates. Approaches based on next-gen-
eration sequencing are also suitable for identifying subtle evolutionary events or 
for distinguishing clonal strains within a recent epidemic when applied on bacterial 
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collections of known origin. Studies of the phylogeny of a bacterial species or of a 
clonal lineage within a species are highly dependent on the quantity and diversity of 
sampled isolates. However, the recent pan-genomic study of C. diphtheriae demon-
strated that it has become possible to fully sequence significant numbers of isolates 
in a strain collection in reasonable time, thereby revealing new information on the 
plasticity of the C. diphtheriae genome. In principle, the size and the composition 
of the investigated strain collection is crucial for subsequent biological interpreta-
tions. This is particularly relevant for bacterial pathogens that reside in multiple 
niches and is therefore considered in the ongoing genome sequencing of C. pseu-
dotuberculosis isolates from various geographical regions and sources, including 
sheep, goats, cows, horses, and humans. This strategy prevents bias in the data sets 
and provides a more complete picture of the true diversity of the bacterial species. 
A pan-genomic approach is also feasible for the characterization of C. ulcerans, 
which has been recognized in a broad spectrum of animal hosts. Whole-genome 
sequencing also facilitates the identification of gene losses and gene gains that can 
play a significant role in the evolution or pathogenicity of a bacterial species, as 
indicated by the detection of the candidate virulence factor rbp in C. ulcerans 809. 
Therefore, next-generation sequencing technologies provide a means of rapidly de-
tecting associations between phenotype and genotype. The next few years will see 
an increase in the biological interpretation of such data using either high-throughput 
in vitro assays or the selected testing by targeted genetic experiments. This should 
further improve our understanding of the various forces that are important in the 
evolution of bacterial pathogens and enable the development of appropriate inter-
ventions. The next few years also promise an enhanced understanding of how and 
why epidemic clones emerge or disappear, and ultimately the better management 
and treatment of infectious diseases.
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