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Preface

The first bacterial genome, Haemophilus influenzae, was completely sequenced,
annotated, and published in 1995. Today, more than 200 prokaryotic (archaeal and
bacterial) genomes have been completed and over 500 prokaryotic genomes are in vari-
ous stages of completion. Seventeen eukaryotic genomes plus four eukaryotic chromo-
somes have been completed. The concept of achieving better understanding of an
organism through knowledge of the complete genomic sequence was first demonstrated
in 1978 when the first bacteriophage genome, X174, was sequenced. Complete
genomic sequences of prokaryotes have led to a better understanding of the biology
and evolution of the microbes, and, for pathogens, facilitated identification of new
vaccine candidates, putative virulence genes, targets for antibiotics, new strategy for
rapid diagnosis, and investigation of bacteria–host interactions and disease mecha-
nisms.

Recent increased interest in microbial pathogens and infectious diseases is largely
attributed to the re-emergence of infectious diseases like tuberculosis, emergence of
new infectious diseases like AIDS and severe acute respiratory syndrome, the problem
of an increasing rate of emergence of antibiotic-resistant variants of pathogens, and the
fear of bioterrorism. Microbes are highly diverse and abundant in the biosphere. Less
than 1% of these morphologically identified microbes can be cultured in vitro using
standard techniques and conditions. With such abundance of microbes in nature, we
can expect to see new variants and new species evolve and a small number will emerge
as pathogens to humans.

In the first section of Bacterial Genomes and Infectious Diseases, some major gen-
eral findings about bacterial genomes and their impact on strategy and approach for
investigating mechanisms of pathogenesis of infectious diseases are discussed. Later
chapters focus on the value and power of genomics, proteomics, glycomics, and
bioinformatics as applied to selected specific bacterial pathogens.

Bacterial Genomes and Infectious Diseases is designed to provide valuable reading
for senior microbiology, pathobiology and genetics undergraduate and graduate stu-
dents, medical students, clinician scientists, infectious diseases clinicians, and medical
microbiologists.

Voon L. Chan, PhD

Philip M. Sherman, MD, FRCPC

Billy Bourke, MD, FRCPI
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Introduction

Billy Bourke

1. Genomic Data as a Cornerstone for Biomedical Science
A fundamental starting point for effective research in any scientific field is to first

submit the constituents of that particular domain of science to a process of categoriza-
tion, taxonomy, and systematics. Linnaeus, a compulsive cataloger, spent a lifetime
classifying living species and Tycho Brahe laboriously mapped the position of the plan-
ets and stars of the heavens for 20 yr of his life (1). These enormous tasks embodied
years of painstaking and repetitive observation and calculation. Although predicated
on deeply unglamorous, day-to-day work, the resulting body of data formed the basis
of all further scientific inquiry and discovery in the fields of botany and astronomy,
thereafter.

The late 20th century will be remembered as a time of major discovery in many
scientific fields. Undoubtedly, for the biological sciences, the major achievement of
recent years has been the advent of genomics. Technology-driven, laborious, and, some
might say, scientifically unexciting, genomic sequencing is reminiscent of the work of
Linnaeus and Brahe. However, in also laying down a fundamental scientific corner-
stone in biological sciences, the evolution of genomic sequencing represents an
achievement equivalent to those established centuries ago by these great scientists.

2. The Birth of Bacterial Genome Sequencing
In the nonscientific community, the proposal to sequence complete genomes is usu-

ally linked with the “flag ship” Human Genome Project (2). However, the genomes of
other organisms, in particular those of bacteria, in many respects form the vanguard of
genome sequencing science.  The first ever genome sequenced was that of the bacte-
riophage X174, the 5500 base chromosome that was decoded by Sanger and his col-
leagues in 1978 (3). Around this time, interest arose in attempting to sequence the
whole genome of Escherichia coli K-12, culminating in a more formal proposal from
Fred Blattner in 1983 (4). However, efforts to complete the E. coli sequence became
embroiled in controversy (5). Based on early predictions, Blattner and colleagues set a
goal of sequencing 1 Mb per year.  However, after nearly 4 yr of sequencing, only 1.4
Mb was completed (6). Projections for the E. coli sequencing project were undoubt-
edly overly optimistic and the whole process proved significantly more time consum-
ing than expected. Blattner first had to finish the process of breaking the whole E. coli
genome into 400 overlapping  clones, then break each clone into random subclones
before sequencing each clone and ordering them according to overlapping sequences
(6).

Although the E. coli genome sequence project started with a healthy advantage com-
pared with other bacterial sequencing efforts, in the early 1990s a dark horse appeared

xi



on the genomic horizon. By using rapid, fluorescence-based sequencing technology, a
random (“shotgun”) sequencing strategy, advanced computerization of data collection
and processing, novel software for generating contigs, and efficient long polymerase
chain reaction cloning to reduce the time needed to fill gaps in the sequence, The Insti-
tute of Genome Research (TIGR) successfully sequenced the whole Haemophilus in-
fluenza genome in about 1 yr (7). The genome of Mycoplasma genitalium, the smallest
genome known for a self-replicating organism (580 kb) (also from the TIGR group)
followed soon after in the same year (8). Using the novel  dye-terminator fluorescence
sequencing technology, Blattner and his colleagues went on to complete and publish
the entire E. coli K12 genome sequence 2 yr later (9).

The impact of this new technology and the interest in genome sequencing as a fun-
damental tool for understanding basic biological process, especially infectious diseases
and their treatment, has led to an explosion in the numbers of organisms being
sequenced. At the time of this writing, 179  prokaryotic genomes have been sequenced
and approx 500 bacterial genomes are in the process of being sequenced. The rapid
evolution of sequencing technology has been truly staggering and the accompanying
costs have dropped substantially. The M. genitalium sequence was calculated to cost
approx $0.30 per basepair. However, by 2002, random sequencing of genomes cover-
ing more than 99% of the whole sequence could be completed within a few days, at a
cost of only $0.04 per basepair. Completion of a shotgun sequenced bacterial genome
by closure of gaps and annotation can usually be accomplished within a few months
and the cost of a completely annotated genome is less than $0.10 per basepair (10).
Therefore, with a cost of less than $100,000 for a small- to medium-sized organism,
even the genomes of bacteria of lesser commercial interest can be sequenced. Such
accessibility to whole genome sequencing, even for research groups without major
financial resourcing, has led to a “democratization” of scientific exploration in micro-
biology worldwide (11).

3. Pathogens and the Postgenomics Era
Although the generation and analysis of extensive volumes of sequence data is a

major accomplishment, it is not an end in itself. Clearly, the motivation for sequencing
genomes comes for a desire to understand the biology of living organisms. A major
stimulus for research across all fields of biology is to understand and combat human
diseases. It is not surprising then that many of the first organisms to be sequenced were
important human pathogens. Indeed, given the small size and the paucity of intragenic
DNA, the potential for the genome sequences of bacterial pathogens to yield biologi-
cally useful information of direct relevance to human disease outstrips that of the
Human Genome Project, at least in the short to medium term.

The deluge of data generated by genome sequencing projects has forced a quantum
leap in the application of computer science and bioinformatics to help analyze effi-
ciently the information generated. This evolution of “biology in silico” is not the only
interdisciplinary scientific alliance forged in the post genomic era. Microarray technol-
ogy, proteomics, immunoinformatics, structural biology, and combinatorial chemistry,
all of which are predicated on a knowledge of genome sequence, have opened the door
to high-throughput technologies, increasing by orders of magnitude the efficiency with

xii Bourke



which novel virulence genes, potential drug targets, and vaccine strategies can be iden-
tified (12–14).

Bacterial Genomes and Infectious Diseases focuses on how bacterial genomics has
contributed to some of the major strides taken in understanding the basic biology of a
variety of important human pathogens. Knowledge of the genetic content of individual
pathogens has pointed toward novel virulence factors, provided unprecedented insights
into pathogen evolution, uncovered key epidemiological relationships between differ-
ent strains of the same organism, and helped forge important new links with other
scientific disciplines for the exploration of infectious pathogenesis.

Bacterial genomics is at the cutting edge of a movement evolving in modern scien-
tific research toward the integration of scientific subspecialities. The following chap-
ters detail some of the initial fruits of this reductionist approach to understanding
bacterial pathogens. Although much further information about individual organisms
will come from analysis of existing data, the future challenge for microbiology and
infectious disease in the postgenomic era lies in the integration of present knowledge
with other areas of scientific research with a view to developing a better understanding
of the biology of living organisms and the manner in which pathogens inflict disease.
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Microbial Genomes

Voon Loong Chan

Summary
With more than 200 bacterial and archaeal genomes completely sequenced, and more than 500

genomes at various stages of completion, we begin to appreciate the enormous diversity of prokary-
otic genomes in terms of chromosomal structure, gene content and organization, and the abundance
and fluidity of accessory and mobile genetic elements. The genome of a bacterial species is com-
posed of conserved core genes and variable accessory genes. Mobile genetic elements, such as plas-
mids, transposons, insertion sequences, integrons, prophages, genomic islands, and pathogenicity
islands, are part of the accessory genes, which can have a significant influence on the phenotype
and biology of the organism. These mobile elements facilitate interspecies and intraspecies genetic
exchange. They play an important role in the pathogenicity of bacteria, and are a major contributor
to species diversity. Further genomic analysis will likely uncover more interesting genetic elements
like small (noncoding) RNA genes that can play a significant role in gene regulation.

Key Words: Genome diversity; plasmids; insertion elements; genomic islands; prophages; small
RNA.

1. Introduction
The first bacterial genome sequenced to completion was Haemophilus influenzae. It

was published in 1995 (1). To date (Feb 1, 2006) 297 prokaryotic genomes have been
sequenced, 272 bacterial and 25 archaeal. In addition, there are more than 500 prokaryo-
tic genomes that are at various stages of completion. Interest in prokaryotic genomes is
still growing at an escalating rate (Fig. 1). The major impetus for determining the com-
plete genome sequence of an organism is to gain a better understanding of the biology
and evolution of the microbes; and for pathogens, to identify new vaccine candidates,
putative virulence genes, and targets for therapeutics, including antibiotics. Emergence
of new antibiotic-resistant isolates of pathogens spurs the search for new vaccines, anti-
microbials, and novel approaches in the prevention of infection.

The complete genome sequence of a bacterium provides valuable information on
the genome size and topology. Many sequence analysis programs and algorithms have
been developed, and their capacity and power have improved with the growth of the
data base (2).

With the aim of identifying the function of all the genes in a particular genome, the
nucleotide and predicted amino acid sequences are then compared with sequences in
the public database using Basic Local Alignment Search Tool (BLAST). Algorithms
have also been developed to align the whole genome of two closely related bacteria. A
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high percentage of protein genes can be identified through similarity to known genes.
However, for most of the genomes sequenced, 25% or more of identified open reading
frames (ORFs) do not match any known genes. To achieve full understanding of the
biology and pathogenic mechanisms of a bacterial pathogen, we need to have a good
understanding of the function of all the gene products and how the genes are regulated.

2. Structure and Diversity of Microbial (Bacterial and Archaeal) Genomes

The structure of a microbial genome can be analyzed and compared with other genomes
at various levels, including guanine and cytosine (G+C) content, overall size, topology,
organization of genes, and the presence and abundance of accessory and mobile genetic
elements. Limited information of the structure of bacterial genomes was available before
the era of genomic sequencing. Most of the early structural information was derived
from physical mapping using restriction enzyme cleavage and pulsed-field gel electro-
phoresis. This has been reviewed extensively (3–6). It is abundantly clear from physi-
cal mapping information and genomic sequence data that bacterial, as well as archaeal,
genomes are highly diversified.

2.1. Chromosome Size

Chromosome sizes of sequenced bacteria range from 580 kb of Mycoplasma geni-
talium (7) to 9105 kb of Bradyrhizobium japonicum (8). The distribution of the sizes of
bacterial genomes is shown in Fig. 2. Ninety percent of the bacterial genomes sequenced
are less than 5.5 Mb. There are clusters of genomes around 0.9–1.3, 1.7–2.5, 3.3–3.7,
and 4.5–4.9 Mb. Variations in the size of bacterial genomes are expected because there
is huge diversity among bacteria in morphology, metabolic capability, and the ability
to survive and grow in various environments or hosts. For some bacterial species, multi-
ple strains have been sequenced: Bacillus anthracis, Bacillus cereus, Brucella meliten-
sis, Chlamydophila pneumoniae, Escherichia coli, Leptospira interrogans, Myco-

Fig. 1. Number of completed genomes per year from 1995 to 2004. The numbers for each
year were derived from two web sites: http://www.ncbi.nlm.nih.gov/genomes/MICROBES/
Complete.html and http://www.genomeonline.org.
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bacterium tuberculosis, Neisseria meningitidis, Prochorococus marinus, Salmonella
enterica Typhi, Shigella flexneri, Staphylococcus aureus, Streptococcus agalactiae,
Streptococcus pyogenes, Tropheryma whipplei, Vibro vulnificus, Xylella fastidiosa,
and Yersinia pestis (see http://www.genomeonline.org; http://www.ncbi.nlm.nih.gov/
genomes/MICROBES/Complete.html). With the exception of E. coli and P. marinus,
different strains of the same species have a very similar genome size. E. coli K12-MG1655
is 4.6 Mb, whereas the largest strain sequenced, E. coli O157:H7 (Sakai) is 5.6 Mb,
18% larger. Two ecotypes (strains of the same species occupying a different niche) of
P. marinus, MED4 and MIT9313, were recently sequenced. The genome of both strains
consists of a single circular chromosome. The chromosome of MED4, a high-light-
adapted strain, is 1658 kb and that of MIT9313, a low-light-adapted strain, is 2411 kb.
That is, the genome of ecotype MED4 is only 68.8% the size of MIT9313 and yet, on
the basis of their ribosomal DNA sequences, they are classified as the same species.

There are fewer archaeal genomes sequenced than bacterial genomes. Even though
chromosomes of archaeal genomes can also differ greatly in size, ranging from the
smallest at 500 kb for Nanoarchaeum equitans (9) to 5751 kb for Methanosarcina ace-
tivorans (10), the sizes of archaeal genomes are not as varied as those of bacteria. Four-
teen of the 20 archaeal species sequenced to date have a genome size between 1.5 and
2.3 Mb (see Fig. 3).

2.2. Chromosome Topology and Number

Bacteria generally have a single, double-stranded circular DNA chromosome. How-
ever, a number of bacterial species have a linear chromosome (5,11). The first linear
bacterial chromosome identified was that of Borrelia burgdorferi (12). A number of
Streptomyces species, including S. lividans 66 (13), S. coelicolor A3 (14), and S. aver-
mitilis (15), also have a linear chromosome. It is likely that the Streptomyces linear
chromosome evolved from an ancestral circular chromosome (11).

Fig. 2. Size distribution of bacterial genomes. The sizes of the bacterial genomes were from
two web sites: http://www.ncbi.nlm.nih.gov/genomes/MICROBES/Complete.html and http://
www.genomeonline.org.When multiple strains of the same species were sequenced the mean
size of the different strains were used, provided the size variation was less than 10%. However,
if the size variation exceeded 10%, they were entered as separate genomes.
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Agrobacterium tumefaciens, an Proteobacteria, has two chromosomes, one linear
and one circular (16,17). Other Proteobacteria, Brucella melitensis biovar suis 1330
(18) and B. melitensis 16M (18), also have two chromosomes. B. melitensis, which
causes abortion in sheep and goats and undulant fever in humans, has three biovars
(biotypes), whereas Brucella suis, which infects swine, has four biovars. B. suis biovar
1, biovar 2, and biovar 4 all have two circular chromosomes. The two chromosomes in
biovar 2 and biovar 4 are of similar size, but are different from the two chromosomes
in biovar 1 suggesting chromosome rearrangement. B. suis biovar 3 has only one large
circular chromosome, which is about the sum of the two chromosomes found in the
other biovar types (19). So far, there are no other reports of different strains of the same
species having different numbers of chromosomes, therefore it is probably a rare occur-
rence. Other Proteobacteria that contain two circular chromosomes are Rhizobium
meliloti and Rhodobacter sphaeroides (5).

Leptospira interrogans, a causative agent of leptospirosis in humans, has a 4.33 Mb
large circular chromosome and a small 359 kb circular chromosome (20,21). Lepto-
spira borgpetersenii serovar Hardjobovis, belonging to the same phylogenic pathogen
group as L. interrogans, also has one large (3.61 Mb) circular and one small (317 kb)
circular chromosomes (see Chapter 7). The genome structure of Leptospira spp. is thus
different from that of two other sequenced spirochetes, Treponema pallidum (22) and
B. burgdorferi (23). The T. pallidum genome is a circular chromosome of 1138 kb,
whereas B. burgdorferi has a linear chromosome of 911 kb.

Among the Proteobacteria, most of the genomes have a single circular chromosome.
A well-known exception is the genus Vibro. Three Vibro species have been sequenced,
V. cholerae (24), V. vulnificus (25), and V. parahaemolyticus (26) and all three genomes
contain two circular chromosomes.

Burkholderia cepacia, a member of the -subdivision of Proteobacteria, is found in
soils and waters and is recognized as a serious respiratory pathogen for patients with
cystic fibrosis. Although the genome is still being sequenced, pulsed-field gel elec-

Fig. 3. Size distribution of archaeal genomes. The sizes of the archaeal genomes were from
two web sites: http://www.ncbi.nlm.nih.gov/genomes/MICROBES/Complete.html and http://
www.genomeonline.org.
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trophoresis analysis of B. cepacia isolates identified multiple circular chromosomes,
between two and four chromosomes with overall genome sizes in the range of 5 to 9 Mb
(27,28). The complexity and plasticity of the B. cepacia genome is likely associated with
the presence of multiple copies of an array of insertion sequences (IS) elements (27).

Deinococcus radiodurans, a Gram-positive bacterium known for its extreme resis-
tance to radiation and oxidative stress, has a genome with two circular chromosomes
(2.65 and 0.412 Mb) and a megaplasmid of 0.178 Mb (29). Part of the mechanisms for
the resistance to radiation is owing to the polyploidy nature of the genome and the
redundancy of DNA repair genes.

2.3. Molar G+C Content Variation

G+C content of bacterial genomes can range from as low as 24.9% for Mycoplasma
mobile (30) to 74% for Micrococcus luteus (5). Bacteria of the same species generally
have a very similar G+C content with less than 1% deviation. Before the genomic era,
G+C content played an important role in identifying and classifying bacteria. Close
phylogenetically related species tend to have similar G+C content. However, distantly
related bacteria also can have very similar G+C content. Therefore, G+C content can-
not be employed alone as the basis for phylogenetic analysis, but it is an important
parameter of a particular bacterial species that can be accurately obtained from the
genome sequence. Programs used in the annotation of a sequenced genome identify
G+C content of all the ORFs and RNA genes. The G+C content of an individual ORF
is usually very close to that of the whole genome, unless the genes are either very small
or have been acquired in recent evolutionary time from distantly related bacteria with
different G+C content via a horizontal gene transfer (HGT) process. Genomic islands
(GEIs) and pathogenicity islands (PAIs) are clusters of genes acquired through HGT,
and generally have a G+C content significantly different from the average of the whole
genome. Bacteria with different G+C content have different codon usage patterns (see
Subheading 2.5.).

2.4. Variation in Genome Structure Among Bacteria
of the Same Species and Closely Related Species

Comparative analyses of genomic sequences of closely related bacteria provide valu-
able knowledge on phylogenetic relationships and evolutionary mechanisms of the spe-
cies. For example, analysis of the genomic sequences of four Rickettsia species, R. typhi
(31), R. sibirica (32), R. conorii (33), and R. prowazekii (34) demonstrates major gene
loss during the evolution of R. prowazeki and prevalence of gene decay in all four obli-
gate intracellular Rickettsia species. Genes acquired by HGT do not play a major role
in the evolution of these species, unlike E. coli, Salmonella typhimurium, Shigella, and
many other species.

Eight closely related species of Mycoplasma have been sequenced (see www.genomes
online.org/). Like Rickettsia, evolution of the smaller genome (less than 1 Mb) species,
M. hyopneumoniae (35), M. mobile (30), M. gallisepticum (36), M. pulmonis (37), M.
pneumoniae (38), and M. genitalium (7) involved major gene losses (see Chapter 10).

The value of obtaining a genome sequence of multiple strains of the same species was
first demonstrated when the sequence of E. coli K12-MG1655 (39), a nonpathogenic
strain, and E. coli O157:H7 EDL933 (40), an enterohemorrhagic strain, were compared
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and analyzed (40). This analysis permitted the identification of putative virulence genes,
and provided insight into the evolution of pathogenic strains from nonvirulent strains.
Presently, five E. coli strains have been sequenced. Analysis of these genomes has shown
that the genomes of E. coli are highly diverse and the acquisition of clusters of genes,
as GEIs, has played a major role in the evolution of E. coli.

Multiple strains of S. aureus also have been sequenced. Comparative analysis of these
strains has provided insight regarding the mechanisms of evolution of this species, and
the development of antibiotic resistant strains (41; Chapter 11). Having multiple strains
of many bacterial species sequenced, we now have a better appreciation of the specia-
tion processes, and are in a better position to provide a molecular concept of what con-
stitutes a bacterial species. Lan and Reeves (42) defined bacteria of the same species as
sharing a common core of genes, which are present in 95% of the isolates. The genome
also possesses accessory genes that are found in 1–95% of the strains. Comparative anal-
ysis of multiple strains of a few species clearly shows that the current bacterial species
comprise many ecotypes, each of which has features commonly attributed to a species
in the eukaryotic species concept (43).

2.5. Codon Usage Diversity Among Microbes

The standard genetic code was established in the 1960s. It consists of 61 triplet nucleo-
tides (codons) coding for the common 20 amino acids and 3 codons coding chain ter-
mination. The genetic code is degenerate as some amino acids are coded by up to six
“synonymous” codons. The code was found to be identical for many organisms includ-
ing tobacco mosaic virus, human beings, E. coli, and bacteriophages, and, thus, was con-
sidered universal.

The first deviation from the standard genetic code was observed in 1981 when it was
found that mammalian mitochondria used AUA for methionine instead of isoleucine,
and UGA for tryptophan instead of chain termination (44). Many deviations have since
been observed in other organisms, including both lower eukaryotes and bacteria (45,
46). In bacteria, nonstandard genetic codes have been found in Micrococcus, Myco-
plasma, and Spiroplasma. Similar to mitochondrial DNA, the stop codon UGA in AT-
rich genomes of Mycoplasma and Spiroplasma is assigned to encode tryptophan. In
Mycoplasma capricolum, CGG, an arginine codon, appears unassigned; that is, it does
not code for any amino acid. In Micrococcus luteus, with a GC-rich genome (74%), the
arginine AGA and the isoleucine AUA codons also appear to be unassigned (47). As
further genome sequences are completed and analyzed, it is likely that further non-
standard genetic code usages will be identified.

 Different genomes have their own characteristic pattern of synonymous codon usage
(48). This property has been used to identify pathogenicity islands and HGT clusters
in bacterial genomes (49–52). Synonymous codon usage patterns in prokaryotes are
affected by two major factors, the overall G+C content of the genome and the optimal
growth temperature (53).

3. Orientation and Organization of Genes at the Genomic Level

3.1. Origins of Chromosome Replication

Initiation of chromosome replication involves several regulated steps: (1) binding
of initiator protein (DnaA) to sites located within the origin of replication (oriC); (2)



Microbial Genomes  7

local unwinding of the oriC region; and (3) loading the DNA helicase and other pro-
teins that are required to form replication forks. In bacteria, chromosomal replication
initiated at the oriC region proceeds bidirectionally until the replication forks reach the
termination site, terC for a circular chromosome or chromosomal ends for a linear
chromosome. During initiation of chromosomal replication, the initiator protein, DnaA,
interacts with repetitive nonpalindromic nonamer sequences, the DnaA boxes, located
within the oriC region. Sequences of bacterial oriC regions are conserved only among
closely related species. Sizes of the bacterial origin of replication vary from approx
200 to 1000 bp and generally contain several DnaA boxes and an AT-rich region. The
oriC region is always located within the intergenic region, frequently within the rnpA-
rmpH-dnaA-dnaN-recF-gyrB-rnpA genes cluster, usually next to the dnaA gene (54).

Three methods are used to identify the origin of chromosomal replication in a newly
sequenced genome. The first, and most reliable, method is based on bias (asymmetry)
in nucleotide composition observed in most bacterial chromosomes. The asymmetry
changes its polarity at the origin and the terminus of chromosome replication (55). This
asymmetry is usually measured as the normalized difference in the content of comple-
mentary GC nucleotides, GC skew (G–C)/(G+C). The oriC region can be identified
using the Oriloc computer program (56) that analyzes chromosome asymmetry. How-
ever, the origin of replication predicted by this program does not always correspond to
the position of a functional replication origin, as shown in the genome of H. pylori (57),
Synechococcus sp. (54), and Mesorhizobium loti (54).

The second method used to identify the oriC region is based on locating a cluster of
DnaA boxes (three or more). The best characterized DnaA box (5'-TTATCCACA-3') is
that of E. coli. It appears that the sequence of the DnaA box alters with the change in
the genomic G+C content (54). The consensus DnaA box derived from 76 chromosomes
is T93.7T94.9A78.9T98.7C88.1C90.6A96.6C96.0A95.3 (54).

The third method involves identifying the location of the dnaA gene. dnaA genes are
found in all bacterial genomes sequenced to date, with the exception of Wigglesworthia
glossinidia (58) and Blochmannia floridanus (59). Each is a small genome -Proteo-
bacterium. In addition, the chromosomes of these two endosymbionts do not contain any
clusters of DnaA boxes. Interestingly, many of the sequenced genomes of Mollicutes
(e.g., Mycoplasma gallisepticum, M. penetrans, M. pneumoniae, Phytoplasma asteris,
and Ureaplasma urelyticum) also do not contain any clusters of DnaA boxes.

3.2. Gene Clustering: Origin and Conservation

Clusters of cotranscribed genes, operons, often composed of genes with similar func-
tion, are the basic organization of genes and the units of gene regulation in prokaryotes.
Lawrence and Roth (60) proposed the Selfish Operon Model to explain the evolution
of gene clusters. This model proposes that the gene cluster was initially beneficial to
the genes themselves and not to the host organisms. Genes organized into clusters can be
transmitted by HGT or vertical transmission. Comparative analysis of bacterial and arch-
aeal genomes sequenced showed that only a few operons are conserved among dis-
tantly related species (61–63). In general, gene order in prokaryotes is poorly conserved
and undergoes frequent gene rearrangements. This feature is well illustrated by the lack
of genome-wide colinearity of orthologous genes among four -proteobacteria, Campylo-
bacter jejuni, Helicobacter pylori, Helicobacter hepaticus, and Wolinella succinogenes,
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all members of the order Campylobacteraceae (64). The conserved gene clusters com-
prise genes and operons involved in translation, transcription, energy production, and
membrane transport. The most conserved gene cluster observed is the ribosomal protein
genes, whose gene order is largely preserved throughout the bacteria domain and in
some archaeal species (61–63).

4. Accessory and Mobile Genetic Elements

4.1. Plasmids: Structure, Size, Topology, and Evolutionary Role

Plasmids are extrachromosomal genetic elements of diverse sizes ranging from a
few kilo basepairs to more than 400 kb. The most common structure of plasmids is a
double-stranded circular DNA molecule. However, linear plasmids are found in all
species of the Borrelia genus and in many species of Streptomyces (65). Linear plas-
mids have also been isolated from Rhodococcus fascians (66), Nocardia opaca (67),
and Clavibacter michiganensis subsp. Sepedonicus (68).

Many bacterial pathogen genomes were found to possess one or more plasmids that
encode a diverse array of virulence factors, including toxins, adherence pili, type IV
pili, hemolysins, capsules, and type III secretion systems (69). Most virulence plasmids
are large and have modular structures, with clusters of replication genes, virulence genes,
and DNA transfer-related genes (70). Virulence plasmids often contain IS elements,
transposons, and cryptic phages. IS elements may facilitate recombination between the
host chromosome and megaplasmid, as observed in Deinococcus radiodurans R1 (29).
Some plasmids have limited host ranges, although others are able to replicate in distantly
related bacterial hosts and, thus, play a major role in the horizontal transfer of genes and
in the evolution of microbial genomes.

4.2. Insertion Sequence and Transposons

An IS is a discrete segment of DNA, commonly between 1 and 1.5 kb, that can trans-
pose directly to new sites on the genome. An IS element usually has a short inverted
repeat (IR) sequence at both ends (i.e., IRL and IRR). The sequences of IRL and IRR
of each IS element are very similar, but not identical. The IR sequences, which can
vary in length from 9 to 41 bp, are characteristic for the particular IS and are required
for transposition. Transposition of an IS to a new site leads to a duplication of a small
sequence of the target DNA. The size of the duplication is characteristic of the IS
element, ranging from 2 to 13 bp. ISs encode only the protein(s) that is required for
transposition. Most of the ISs encode a transposase (Tpase) that has a conserved triplet
of amino acids, Asp (D), Asp, and Glu (E) (71). The Tpase, which binds and processes
IR sequences during transposition, is encoded by a single or sometimes two orf that
correspond to the entire length of the element. Some IS elements encode enzymes
related to the serine and tyrosine site-specific recombinases or the rolling circle repli-
case (72). At least 19 different families of IS elements have been identified in prokary-
otic genomes (71).

ISs are found on the chromosomes of many different sequenced bacterial and arch-
aeal genomes (71). No IS element was identified in a few sequenced genomes, notably,
Aeropyrum pernix K1, Aquifex aeolicus VF5, Bacillus subtillis 168, Buchnera sp. strain
APS, Chlamydia muridarum, Chlamydia trachomatis D/UW-3/CX, C. trachomatis
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MOPN, Chlamydophila pneumoniae AR39, C. pneumoniae CWL029, C. pneumoniae
J138, Methanobacterium thermautotrophicum DH, Mycoplasma genitalium G37, Myco-
plasma pneumoniae M129, Pasteurella multocida PM70, Pyrococcus horikkoshii OT3,
Pyrococcus abyssi, Rickettsia prowazekii, Synechocystis sp. PCC6803, and Treponema
pallidum subsp. pallidum. However, subsequent analysis by other workers have uncov-
ered IS in R. prowazekii, P. abyssi, Synechocystis, A. pernix K1, C. muridarum, and C.
trachomatis (71).

In some bacterial lineages, many IS elements are found in high copy numbers. The
genomes of Bordetella pertussis and Bordetella parapertussis have 261 and 112 copies
of different IS elements, respectively (73). These elements play an important role in
chromosomal rearrangements and generation of pseudogenes in B. pertussis and B. para-
pertussis (74). The genome of Burkholderia mallei with two chromosomes possesses
171 complete and partial IS elements accounting for about 3.1% of the genome. These
elements likely have mediated extensive genome-wide insertions, deletions, and inver-
sion mutations in B. mallei (75). Yersinia pestis is another genome with abundant IS ele-
ments. A total of 140 complete and partial IS elements amounting to 3.7% of the genome
were identified (76). Of the 149 pseudogenes found in Y. pestis 51 are caused by IS-
insertion mutations.

The complete genome sequence of two strains of Shigella flexneri serotype 2a, strain
2457T (77) and strain 301 (78) were determined and analyzed. Strain 2457T contains a
total of 284 IS elements, which account for 6.7% (309.4 kb) of the chromosome. The 301
strain contains 247 complete and 67 partial IS elements. These elements are believed
to be the major cause of the dynamic nature of the S. flexneri chromosome (77,78).

The genome of Leptospira borgpetersenii serovar Hardjobovis also has a diverse
and high number of IS elements, amounting to more than 6% of its genome. This is sig-
nificantly higher than that of Leptospira interrogans serovar Lai and serovar Copen-
hageni, both around 2% of the genome (see Chapter 7). The IS elements in L. borgpeter-
senii play a major role in the generation of large number (161) of pseudogenes in the
genome.

A transposon, unlike an IS element, is a more complex type of mobile genetic ele-
ment. Transposons contain genes that encode proteins required for transposition and
proteins that have other functions including, for example, resistance to antibiotics or
heavy metals. An important group of transposons is the conjugative transposon (CTn),
which is able to mobilize from one bacterial cell to another of the same, or different,
species by a conjugation-like process that requires cell-to-cell contact (79). Conjuga-
tive transposons are found in many bacterial genera, and are particularly common among
the Gram-positive streptococci and enterococci. A number of well-characterized CTns
are able to transfer to commensal bacteria of the human gastrointestinal tract in anaero-
bic filter matings (80). A major concern is that CTns with multiple antibiotic resistance
genes transmitted to commensal bacteria could potentially then transfer the resistance
genes to pathogens in the gastrointestinal tract.

Some of the conjugative transposons (e.g., Tn916 from Enterococcus faecalis and
CTnDot from Bacteroides thetaiotaomicron) have been classified as integrative and con-
jugative elements (ICEs). ICEs are a heterogenous group of self-transmissible mobile
genetic elements that can mobilize like a conjugative plasmid and integrate into a host
chromosome like a lysogenic phage. Many ICEs contain antibiotic and metal resistance
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genes like transposons. They may also contain DNA repair genes and genes encoding
virulence factors (81). ICEs promote genome plasticity and provide a major contribution
to lateral gene flow in prokaryotes (81).

4.3. Integrons and Mobile Gene Cassettes
Integrons are genetic elements that contain the determinants of the components of a

site-specific recombination system, which capture and promote expression of mobile
gene cassettes. A basic integron consists of an integrase gene (int) of the tyrosine recom-
binase family (82) and a proximal recombination site, called the attl site. A gene cas-
sette is a discrete mobile genetic unit that contains one ORF (or more) followed by a
recombination site (attC) belonging to a family of sites known as 59-base elements
(83). A gene cassette often contains an antibiotic resistance gene and can be integrated
into an integron by a site-specific recombination reaction between the attl site and the
attC site catalyzed by the integrase. Cassettes have been shown to exist as free cova-
lent circular DNA molecules generated by excision through an Intl-mediated reaction
from an existing integron with an integrated cassette. The covalent circular DNA cas-
settes are not able to replicate, but are able to integrate into another integron or second-
ary sites on the chromosome. Integrons containing up to eight resistance cassettes have
been identified in multiple antibiotic-resistant clinical isolates (84). These multi-anti-
biotic resistance integrons are found in plasmids and transposons and, thus, can be
transmitted horizontally to diverse bacterial species allowing rapid evolution of antibio-
tic-resistant bacterial species. A new form of integron, a super-integron (SI), first iden-
tified in Vibro cholera, is defined as a chromosomal array of a large number of gene
cassettes, mobilized by an integron-like integrase (85). SIs are widely distributed among
-proteobacteria, including many species of Vibrio, Shewanella, and Xanthomonas and

Pseudomonas (86,87; Chapter 13). These chromosomal SIs have been proposed as
ancestors for multiresistant integrons and play an important role in the evolution of more
adaptive strains (86).

4.4. Introns: Structure, Distribution, and Evolution
An intron is a segment of DNA that is transcribed as part of a premature RNA, but is

ultimately spliced out by ligating the exon sequences that flank it. In higher eukaryotic
genomes, intron sequences (spliceosomal introns) are widely distributed. In prokary-
otes, introns (group I and group II) are rare mobile genetic elements. Group I and II
introns are predicted to form distinct secondary structures (88). The first bacterial intron
identified was the group I self-splicing intron found in the thymidylate synthase (td)
gene of T4 bacteriophage (89). Group I introns are found in many bacterial species,
mainly in tRNA genes (90). However, a group I intron was identified recently in the
recA gene of Bacillus anthracis (91). Sizes of group I introns range from 200 to 3000
nt. Larger introns often have ORFs, which are either freestanding or in-frame with the
upstream exon that encodes endonuclease and maturase (90). Group I introns are able
to spread through a population of homologous (cognate) intron-less alleles. This hom-
ing process is dependent on the intron-encoded DNA endonuclease.

Group II introns were first discovered in organelles of plants, fungi, and other lower
eukaryotes, but have since been found in bacterial genomes of diverse lineages (92).
Like group I introns, group II introns may contain an ORF and the sizes varies from
approx 600 to 3000 nt. Group II intron RNAs are predicted to form a conserved struc-
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ture with six domains (I to VI), and are able to self-splice using a similar mechanism
as that of higher eukaryotic spliceosomal introns. Domains V and VI share secondary
structural features with U6 small nuclear RNA (snRNA) and U2 snRNA, respectively of
the spliceosomal complex. Because of these similarities, group II introns are believed
to have been predecessors of spliceosomal introns (93,94). Like group I introns, group
II intron RNAs can reverse splice into cognate intron-less DNA sites (retrohoming) but,
in addition, they can also transpose to nonallelic sites (retrotransposition) (95). Recently,
Lactococcus lactis group II intron, LI.LtrB, was shown to be mobilized by conjugation
to Enterococcus facalis and the integrated intron was able to retrotranspose to multiple
chromosomal sites of the recipient cell (96).

4.5. Prophages: Distribution, Influence on Chromosome Structure,
and Virulence

Prophages are latent phases of temperate bacteriophages and are commonly chromo-
somal genetic elements. However, some prophages (e.g., P1and N15) are extrachromo-
somal elements like plasmids. Prophages can constitute as much as 20% of a bacterium’s
genome and are major contributors to species diversity (97,98). For example, the E. coli
O157 strain Sakai genome has 18 prophages (including cryptic phages), whereas that
of E. coli K-12 only has 11 (97). The sequenced geonome of S. enterica serovar Typhi
CT18 has seven distinct prophage-like elements collectively encompassing more than
180 kb, representing about 3.8% of the genome.

Some of the phage genes cause major phenotypic changes of the host cell, including
antigenic variation, resistance to infection by related phages, and increased virulence.
The first phage-encoded virulence factor identified was the diphtheria toxin coded by
the -phage of Corynebacterium diphtheriae (99). Numerous phage-encoded virulence
factors have since been identified (69,100).These include many extracellular toxins
(e.g., Shiga toxins by H-19B phage in E. coli, neurotoxin by -phage in Clostridium
botulinum, cholera toxin by CTX in V. cholerae), type III secretion effector proteins
(SopE, SseI, and SspH1 by SopE, GIFSY-2, and GIFSY-3 phages, respectively in S.
enterica), as well as proteins that alter antigenicity, various hydrolytic enzymes, and
adhesins. Many of these virulence factors are encoded by genes of lysogenic phages
that are not essential for phage replication and growth, but enhance the fitness of the
bacteria. These prophage genes are called morons (101).

The integration site for many prophages has been characterized. Many prophages are
integrated into tRNA genes and often the attP site of the phage reconstitutes the gene to
produce a normal tRNA molecule (98,102,103). Many of the PAIs and GEIs are local-
ized at tRNA genes (104), thus providing support that the origin of these elements is
associated with prophages.

About half of the sequenced genomes of prokaryotes have defined prophages or phage
remnants. Archaea and intracellular eubacterial pathogens with a small genome (<1
Mbp) have no detectible integrated prophages (97). Presumably, these intracellular bac-
teria have undergone major genome reductions over time in which all nonessential genes
for the intracellular niche have been deleted.

4.6. Pathogenicity and Genomic Islands: Structure, Distribution, and Function
PAIs were first discovered in the genomes of pathogenic E. coli and subsequently iden-

tified in many other pathogens (104). PAIs are associated with pathogenicity of bacteria
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(104). The size of PAIs ranges from about 10 to more than 100 kb. In sequenced genomes,
PAIs are recognized as clusters of genes with a G+C content and codon usage that is dif-
ferent from that of the whole genome. PAIs contain virulence genes and often contain
phage- and/or plasmid-derived sequences, including transfer genes, integrases, and
IS elements. PAIs often are integrated into tRNA genes and flanked by direct repeats.
Some PAIs show instability that is likely because of excision catalyzed by phage-encoded
enzymes (105).

Genetic elements similar to PAIs, but with no known virulence genes, are found in
many of the sequenced bacterial genomes. These genetic elements and islands are given
a general name–GEIs. GEIs are diverse and may contain genes for environmental adap-
tation (ecological islands), for symbiosis survival (symbiosis islands), and for parasitic
life PAIs (105,106). Smaller islands (<10 kb) are known as genomic islets (105). Genes
located in GEIs and genomic islets are part of the flexible gene pool of a bacterial
genome and are evolutionarily recent genes acquired through HGT. These islands can
greatly increase the fitness of bacteria, and thus, are major driving forces of bacterial
evolution.

5. Small (Noncoding) RNA (sRNA) Genes:
Distribution and Role in Virulence

Prior to completion of the E. coli genomic sequence only 10 sRNA genes were known.
In the past 3 yr, using a variety of new approaches over 50 new sRNA- encoding genes in
E. coli (107) have been identified. These systematic approaches were based on the pres-
ence of a -70 promoter and -independent transcription terminator within a sequence
of less than 400 nt, conservation of the genes within closely related species, conservation
of secondary structure, microarrays, and cDNA cloning of the transcriptome (108–113).

The sRNA genes, in general, are not well conserved among distantly related bacterial
species. For example only 16 of the 55 E. coli sRNA examined were conserved in Y. pes-
tis and only one gene was conserved beyond Y. pestis. Fifty-five percent of the sRNA
genes are between 50 and 250 nt long (107). Only a small number of the new sRNAs
have been characterized. For those that have been characterized, expression and func-
tional studies indicate that many have multiple targets. Some of the target transcripts
encode global regulators, supporting a role in global control (114–116). Global regula-
tor sRNAs generally act in trans by base pairing with the target mRNAs to increase or
decrease their expression through either changes in the stability of mRNAs or in the
efficiency of translation. In E. coli, sRNAs are involved in regulating a variety of cellu-
lar processes, including carbon storage and utilization (117), response to iron limitation
(114), response to oxidative stress (118), transition to stationary phase (119), response to
acid conditions (120), and expression of outer membrane proteins (Omp) (121).

The prevalence of sRNA genes in bacteria other than E. coli and closely related spe-
cies is not known, largely because there is no reliable algorithm that can be used to screen
diverse genome sequences for these genes with such heterogenous sequences and struc-
tures. A recent study that used a bioinformatics approach based on detecting small RNA
genes with a -54 promoter sequence and -independent terminator within intergenic
regions of the V. cholerae genome identified four sRNA (Qrr1-4) genes that control
quorum sensing (122). Quorum-sensing controls diverse genes, including many that en-
code virulence factors (123).
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A bioinformatics approach was also used to search the Pseudomonas aeruginosa
genome for functional homologs of ryhB, a sRNA gene identified in E. coli to be repressed
by the ferric regulatory protein (Fur) in iron-replete conditions. Under iron-starvation
conditions, sRNA RyhB is made and negatively regulates the expression of genes encod-
ing iron-binding proteins (e.g., sdh and bfrB) and superoxide dismutase (sodB) by bind-
ing and destabilizing the target mRNAs (124). The search led to the identification of
two RyhB functional homologs, PrrF1 and PrrF2, in P. aeruginosa (125). PrrF1 and
PrrF2 are orthologs with over 95% identical nucleotide sequences. Two prrF sequence
homologs were found in Pseudomonas putida, Pseudomonas fluorescens, and Pseudo-
monas syringae (125). A recently sequenced genome of Rickettsia typhi was annotated
to have 39 noncoding RNA genes (126). Their identification was facilitated by infor-
mation gained from the sRNA genes of E. coli. It is likely that many more sRNA genes
will be identified in future sequenced bacterial genomes and many will be shown to
have a regulatory role in virulence and other cellular processes.

6. Conclusions
With more than 200 prokaryotic genomes sequenced and analyzed, we have gathered

an enormous amount of data and gained a significant amount of knowledge on bacterial
and archaeal genomes. Bacterial genomes are highly diversified in terms of chromo-
somal size, copy number, topology, and G+C content. Most bacterial chromosomes
are actively undergoing rearrangement, deletion, duplication, and acquisition of DNA
through HGT.

Most genomes contain accessory GEIs and mobile genetic elements. These islands
and elements contain species- and strain-specific genes, including determinants for fit-
ness, virulence, and antibiotic resistance. In order to gain a better understanding of the
evolution and emergence of pathogenic strains and species, future studies need to focus
more on genes located in these sites and elements.
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Evolution and Origin of Virulence Isolates

Voon Loong Chan, Philip M. Sherman, and Billy Bourke

Summary
Perhaps the most significant benefit of microbial genomic sequences is the knowledge gained

on the molecular process of genome evolution in microbes derived from comparative genomic analy-
sis. Genetic variations are the driving forces of evolution. These are generated not only through
base substitutions, small deletions and insertions, major DNA rearrangements and deletions, but
also through DNA acquisition by horizontal gene transfer. Pathogens are evolved from diverse
bacterial species. The molecular mechanisms involved are diverse, and likely affected by the condi-
tions of the microenvironment inhabited by the evolving bacterial species.

Key Words: Evolution; virulence; mutations; horizontal gene transfer.

1. Introduction
As a result of the ever increasing number of genomes being sequenced, we have a

much better understanding of the molecular processes of evolution of prokaryotes,
especially bacteria. Comparative genomic analysis between virulent and nonvirulent
strains of the same species provide valuable insight regarding mechanisms of evolu-
tion of virulence, whereas comparative analysis of genomes of closely related species
provide a much better understanding of how new species have evolved.

Genetic variations (mutations) by generating a large pool of diverse variants for
natural selection are the driving forces of evolution. Such genetic variations can be
generated through local base changes, deletions, and acquisition of new DNA through
horizontal transfer and DNA rearrangements. With constant change in environmental
conditions, some new variant strains may prove to be more fit for a new microenviron-
ment and, thus, survive, replicate, and become the predominant clone.

In this chapter, the key elements of biological evolution are discussed and some
critical information gained from comparative analyses of sequenced bacterial genomes
on the evolution of virulent strains and species are presented.

2. Genetic Variation
A significant source of mutant genes and mutants is small mutations like base substi-

tutions, addition, or deletion of a small number of bases (resulting in frameshift muta-
tions). Regions of the genome with homopolymeric tracts are “hot spots” for frameshift
mutations. These mutations could occur during DNA replication or repair. The rate of
infidelity of DNA polymerases during DNA replication or repair is usually low, but it
could be greatly enhanced by the presence of mutagens, generated either endogenously
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(e.g., free radicals generated through oxidative respiration), or from the environment.
This source of mutations is paramount for those bacteria that have little opportunity to
acquire new genes through horizontal gene transfer (HGT).

Mutations can also be generated through DNA rearrangement caused by intrachromo-
somal homologous recombination between repeated sequences, e.g., insertion sequence
(IS) elements and rrn operons. An inversion results when the repeated sequences in-
volved in the recombination are in reverse orientation on the chromosome. Deletions and
tandem duplications are generated when the repeated sequences are in the same, or tan-
dem, orientation. DNA rearrangement can generate a new gene through fusion of dis-
tantly linked domains. Some bacterial genomes have a great abundance of IS elements,
while others have few or none (see Chapter 1). For example, Bordetella pertussis and
Bordetella parapertussis genomes have 261 and 112 copies of different IS elements
respectively, whereas Bordetella bronchiseptica RB50 strain has none (1). B. pertussis
and B. parapertussis are believed to have evolved from different B. bronchiseptica-
like ancestors. The acquisition of IS elements and their proliferation in B. pertussis and
B. parapertussis is a major contributor to the generation of a large number of pseudo-
genes in these two bacterial genomes. This process likely has played an important role
in the evolution of these two species.

Perhaps the most important strategy for evolving new or variant genes is the acquisi-
tion of genetic material from distantly or closely related species by HGT. These acquired
genes, which have evolved in the donor organisms, are likely functional and may pro-
vide enhanced ability for the recipient cells to survive and grow in new niches (e.g., in
the presence of antibiotics, heavy metals, or iron-limitation). Certain bacteria are natu-
rally competent and can acquire these DNA fragments through transformation. HGT
can also be mediated by a virus (transduction) or a conjugative plasmid or conjugative
transposon (conjugation). Analyses of bacterial genomes sequenced to date indicate a
huge diversity in the amount of HGT genes that are accumulated ranging from 0% for
some small genomes (Rickettsia prowazekii, Borrelia burgdorferi and Mycoplasma geni-
talium) to 17% in Synechocystis PCC6803, and Escherichia coli K12 with 12.8% (2).

3. Evolution Genes
Arber (3) postulated the existence of “evolution” genes. The products of these genes

function to promote genetic variation or moderate the frequency of genetic variation
for the benefit of the evolution of the micro-organism population. Genes involved in
site-specific recombination are examples of evolution genes. Site-specific recombina-
tion systems are widespread in bacteria. In these systems, recombinases catalyze the
inversion of DNA fragments that are flanked by consensus sequences. Genomes con-
taining secondary consensus sequences at diverse sites provide the opportunity for a low
level of aberrant novel inversion events, thereby leading to a pool of genetic variants.
Transposase genes of IS elements are another example of evolution genes that promote
genetic variation (see Chapter 1). Mismatched base pairs generated during DNA replica-
tion or DNA repair would also result in mutations if not corrected before cell division.
The newly inserted noncomplementary nucleotide is generally removed by the methy-
lation-dependent mismatch DNA repair enzymes (4). Other DNA lesions can be repaired
by base or nucleotide excision repair enzymes. These DNA repair genes are evolution
genes that modulate the frequency of genetic variation.
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Restriction-modification (RM) systems are composed of genes that encode a DNA
restriction endonuclease and a modification methylase. A type II restriction enzyme
recognizes a specific DNA sequence and cleaves it if the sequence is not methylated.
The associated DNA methylase recognizes the same sequence and methylates a key
residue within the specific sequence, thereby preventing cleavage of host DNA by its
own restriction enzyme. Thus, RM systems are believed to play a role in reducing the
uptake of foreign DNA to a tolerable level. However, DNA fragments which have been
cleaved by restriction enzymes often have cohesive ends, and these DNA fragments
are recombinogenic, thus facilitating recombination with host DNA. In this way RM
systems can have a dual role in the evolution of prokaryotic genomes.

Analyses of sequenced prokaryotic genomes show that RM systems are widespread
and some genomes have an abundance of RM genes. For example, 23 DNA methyl-
transferase genes were identified in the sequenced genome of H. pylori 26695 with the
RM genes amounting to more than 1% of the genome (5). Typically, genes encoding
restriction enzymes are clustered with their cognate methyltransferase genes (6). DNA
methyltransferase genes are much easier to identify compared with genes for restriction
enzymes because the former contain coding sequences for many characteristic protein
sequence motifs (7). Some RM gene complexes were shown to behave as selfish gene
entities (8). Close linkage of the restriction and modification genes of a RM genetic
element favors mobility by HGT independent of the host chromosome. Furthermore,
host cells that have lost the RM genetic element are killed because some of the target
sites on the chromosome are no longer modified by the labile methylase and thus sub-
jected to degradation by the stable restriction enzyme. There is abundant evidence that
RM genetic elements are extensively transferred horizontally between distantly related
genomes (9). These genes are often linked with mobile genetic elements, including
plasmids, prophages, transposons, and integrons.

Arber (3) suggested that bacterial viruses and plasmids also should be considered pri-
marily as genetic elements with evolutionary functions because they are natural gene
vectors and are involved in DNA acquisition. These elements promote genetic variation
of host cells within a population and, therefore, enhance evolution.

4. Origin of Virulence Strains and Species
The first bacteria on this planet probably evolved about 3.8 billion yr ago. Virulence

factors started to evolve about 1 billion years ago during the coevolution of bacteria
and unicellular eukaryotic organisms (10). Virulence factors are commonly defined as
gene products that facilitate the bacterial interaction, subversion, and destruction of
host cells, or the neutralization of host defense mechanisms. Bacterial toxins that are
specific for highly conserved proteins like heterotrimeric G proteins, small G proteins,
and actin are likely to have evolved in early time. However, some virulence factors
evolved recently (since the arrival of higher eukaryotes). Other virulence factors of
human-restricted bacterial pathogens like Streptococcus pyogenes, Shigella spp., and
Salmonella enterica likely evolved in the past 1 million yr (the time frame of human
evolution) (10).

Virulent species have evolved from numerous divergent clades of bacteria. Preva-
lence of pathogenic bacterial species has been estimated from various environmental
sources, including the biota from animal surfaces and digestive tracts. These studies
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showed that pathogens represent only a small percentage of microbial species (11–14).
Pathogenic strains and species are thought to be derived or evolved from either nonpath-
ogenic siblings or closely related species.

A bacterial pathogen is defined as a microbe capable of causing host damage that
results from either direct bacterial actions or from the host immune response to infec-
tion. There are many properties of a bacterium that can determine whether or not it will
be a pathogen. As well as the production of a virulence factor, bacteria may need to
infect the host or at least establish close contact and avoid host defenses. A pathogen
may evolve from a commensal bacterium or a nonpathogen through various genetic
mechanisms; such as the acquisition of virulence genes by HGT, major genomic dele-
tions, genomic rearrangements, or point mutations.

The species of E. coli comprises not only nonpathogenic and commensal strains, but
also different intestinal (intestinal pathogenic E. coli [IPEC]) and extraintestinal pathoge-
nic (extraintestinal pathogenic E. coli [ExPEC]) strains that cause diseases in humans
and some animals. To date, complete genome sequences have been published for five
strains of E. coli, including nonpathogenic K12 strains MG1655 (15) and W3110 (http:/
/ecoli/aist-nara.ac.jp/), two enterohemorrhagic E. coli (EHEC) O157:H7 strains (16,
17), and one urosepsis (ExPEC) strain (18). In addition, there are four pathogenic strains
whose genomic sequences are at various stages of completion (see http://www.genome
online.org). Comparison of the genome sequences of pathogenic and nonpathogenic E.
coli strains identified a common core sequence of 4.1 Mb representing the backbone of
the chromosome. This is interspersed with variable genomic islands (GEIs) containing
strain-specific DNA sequences, some of which may contribute to virulence. Several of
these GEIs in pathogenic E. coli strains represent pathogenicity islands (PAIs) or other
mobile genetic elements that contain virulence genes (16–19).

Genome analysis of the nonpathogenic probiotic E. coli strain Nissle 1917 identified
four major GEIs (I–IV). The GEI II DNA region contains the iuc, sat, and iha genes that
encode the aerobactin siderophore system, the serine protease Sat (autotransporter),
and the putative adherence-conferring protein Iha, respectively (20). These three genes
are found and similarly organized in the pheV-associated GEI of the pathogenic (ExPEC)
E. coli CFT073 strain, but the island of the pathogenic strain also contains the com-
plete hly and pap gene clusters coding for the important virulence factors -hemolysin
and P fimbria, respectively. Interestingly, the pap operon in the GEI II of the probiotic
strain is disrupted and partially deleted probably because of insertion of IS10 elements,
and consecutive recombination events. These events, and the loss of the hly gene, were
important steps in the evolution of the nonpathogenic Nissle 1917 strain (20). Presuma-
bly the reverse could also occur, that is, a nonpathogenic E. coli strain, like Nissle 1917,
on acquiring a wild type hly gene and a functional pap operon, could be transformed to
a virulent strain.

Shigella species evolved from commensal E. coli strains in relatively recent evolu-
tionary history. Shigella species and enteroinvasive E. coli (EIEC) both cause dysentery
and have very similar phenotypic properties. Phylogenetic analysis indicates that Shi-
gella and EIEC should be considered as a single pathovar of E. coli (21). Evolution of
pathogenic Shigella involved acquisition of a virulence plasmid, two PAIs (SHI-1 and
SHI-2) (2) and the deletion of two virulence suppressor genes, ompT and cadA (22,23).
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Yersinia pestis, the causative agent of plague, also evolved recently in evolutionary
time (1500–20,000 yr ago). It evolved from Yersinia pseudotuberculosis (24). Two
fully virulent Y. pestis strains, CO92 (Orientalis strain) (25) and KIM (Mediaevalis
strain), (26) were sequenced in 2001 and 2002, respectively, followed by a nonvirulent
strain 91001 (27) in 2004. The genome of Y. pseudotuberculosis IP32953, an entero-
pathogen of humans and animals, was recently sequenced (28). All three sequenced Y.
pestis strains and Y. pseudotuberculosis possess a virulence plasmid pYV (70.3 kb)
(pCD1 in Y. pseudotuberculosis) that encodes a type III secretion system, which is respon-
sible for injecting a number of cytotoxins and effectors into host cells (29; Chapter 12).
Y. pestis possesses two additional plasmids, pPCP1 (9.6 kb) and pMT1 (102 kb), which
encode plasminogen activator, murine toxin, and capsule-like antigen, respectively.
The chromosome of Y. pestis CO92 (4.65 Mb) and Y. pestis KIM (4.60 Mb) are scat-
tered with 21 GEIs including a cluster encoding a type-III secretion system that shows
similar gene content and order to the Spi2 type III secretion system of S. enterica sero-
var Typhimurium (30). Comparative analysis of the genomes of Y. pseudotuberculosis
IP32953 and Y. pestis CO92 and KIM, identified 112 genes that are found in the two Y.
pestis strains, but not in IP32953 (28). Further analysis of 19 Yersinia strains showed
that 32 of the 112 genes, located in six clusters, are unique to Y. pestis (28). These six
clusters include many genes that encode phage-related proteins, membrane proteins,
and proteins with no known function. None of these are known virulence factors, but
their role in pathogenesis deserves to be explored.

Evolution of Y. pestis from Y. pseudotuberculosis also involved major accumulation
of pseudogenes, many of which result from insertion of IS elements. At least nine of the
pseudogenes are mutated regulatory genes, which likely have contributed to the pheno-
type of Y. pestis, including its virulence (28).

Vibrio cholerae is the etiological agent of cholera, a severe diarrheal disease ende-
mic in many areas of Southern Asia and the Indian subcontinent. The emergence of
pathogenic strains from nonpathogenic environmental strains involved the acquisition
of at least three essential elements: (1) the PAI VPI-1, which encodes the type IV toxin
coregulated pilus, an essential colonization factor and the receptor for phage CTX ,
(2) CTX  that contains the ctx AB genes that encode cholera toxin (CT) (31), and (3)
transcriptional regulator genes (toxRS) and (toxT and tcpPH) encoded on the core chro-
mosome and on the VPI-1, respectively (32,33; see Chapter 13). Determinants for resis-
tance to trimethoprim and aminoglycosides are encoded by super integrons, and integra-
tive and conjugative elements encode resistance to sulfamethoxazole, trimethoprim,
chloramphenicol, and streptomycin (34).

Unlike the evolution of E. coli pathogens, the evolution of obligate intracellular
pathogens of both mammals and arthropods, the Rickettsiales (Rickettsia, Anaplasma,
and Wolbachia), involves major genome reduction. It is estimated that a few thousand
genes were lost at the early stage of evolution prior to the divergence of Rickettsia and
Wolbachia spp. (35). R. prowazekii, the causative agent of typhus, has the smallest
genome of the group with 1.1 Mb. Genomes of Rickettsia spp. have characteristic low
levels of coding content and a high number of pseudogenes (36). R. prowazekii is the
extreme with 24% of the genome as noncoding DNA (37). Noncoding DNA and pseudo-
genes are intermediate stages of genome reduction. It appears that elimination of genes
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was most pronounced at an early stage of the transition to the intracellular environ-
ment (36), but the process is ongoing in the modern species (38).

Mycoplasma and Ureaplasma are two genera members of the taxonomic class of
Mollicutes. Mycoplasmas, like all mollicutes, are bacteria that do not have a cell wall.
Mycoplasma spp are all obligate parasites of various hosts and have a small genome,
generally between 0.6 and 1.4 Mb. At least five species of Mycoplasma (M. pneumo-
niae, M. genitalium, M. hominis, M. fermentans, M. penetrans) and one Ureaplasma
spp. (U. urealyticum) are human pathogens (see Chapter 10). Their small genomes are
thought to be the result of reductive evolution from a low guanine + cytosine Gram-
positive bacterial ancestor that is common with Clostridium spp. and Bacillus spp (39).
Comparative analysis of the sequenced genomes of mycoplasma and ureaplasma spe-
cies showed high levels of divergence and little conservation of gene order, except
between M. genitalium and M. pneumoniae (40; Chapter 10). Mycoplasmas evolved
different mechanisms of varying the antigenic structure of lipoproteins or adhesions,
which they encode, to evade the host immune system (41–45; Chapter 10).

Three closely related Bordetella species, B. pertussis, B. parapertussis, and B. bronch-
iseptica, were recently sequenced (46). These Gram-negative -proteobacteria colo-
nize the respiratory tract of mammals. B. pertussis is a strict human pathogen and is the
causative agent of whooping cough. B. parapertussis infects both humans and sheep,
and also can cause whooping cough in human infants. B. bronchiseptica has a broader
host range causing respiratory infections in a wide range of animals and only occasion-
ally humans. Comparative analysis of the three genomes indicates that B. pertussis and
B. parapertussis evolved independently from a B. bronchiseptica-like ancestor (46). Loss
of genes and gene function play a major role in the evolution process (1). B. pertussis
Tohama I (4.1 Mb) and B. parapertussis strain 12822 (4.8 Mb) are not only signifi-
cantly smaller than B. bronchiseptica RB50 (5.3 Mb), but also have a higher percent-
age of pseudogenes present in their genomes, 9.4 and 5.0 vs 0.4%, respectively.

Staphylococcus aureus, the causative agent of a wide range of human diseases, includ-
ing carbuncles, food poisoning, bacteremia, necrotizing pneumonia, toxic shock syn-
drome, and endocarditis, is an important nosocomial and community-acquired pathogen.
S. aureus encodes a large number of virulence factors that promote adhesion, coloniza-
tion, cell–cell interactions, immune-system evasion, and tissue damage (see Chapter 11).
Multilocus sequence typing of a large population of clinical isolates showed that the
population structure of S. aureus is highly clonal (47). Five S. aureus strains have been
sequenced, including hospital-acquired methicillin-resistant strains (MRSAs), methili-
cillin-sensitive strains (MSSA), and vancomycin intermediate susceptible strains (48–
50). The main differences between the strains are in accessory genetic elements, includ-
ing Staphylococcal chromosome cassette (SCC) elements, PAIs, GEIs, transposons, pro-
phages, plasmids, and insertion elements (50). Virulence factors are encoded by the PAIs
and lysogenic phages; therefore, it would appear as though evolution of virulence involved
acquiring these mobile genetic elements (50,51; Chapter 11).

5. Conclusions
Comparative analyses of genomic sequences of virulent and nonvirulent strains and

species provide great insight regarding the mechanisms of evolution of bacterial patho-
gens. Many bacterial lineages, especially those that occupy microenvironments that are
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rich in micro-organisms and phages, acquired their virulence genes from another spe-
cies through HGT. However, intracellular nonpathogenic bacterial lineages evolved to
virulent strains or species through endogenous mutations, including deletions, inser-
tions, gene duplications, gene fusions, and rearrangements (Fig. 1).
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Summary
Close to 100 genomes of bacterial pathogens have been sequenced, and yet most of the genomes

sequenced have approx 25% of their open reading frames annotated as proteins with no known
function. When genomic sequences of virulent and nonvirulent strains of a particular species are
available, comparative genomic analysis is a powerful tool to identify putative virulence genes. Vari-
ation in virulence between strains of the same species is a common phenomenon. Availability of the
genome sequence of a pathogen permits the application of DNA microarrays to investigate the gene-
tic basis of this variation. DNA microarray technology has facilitated the identification of putative
virulence determinants, host specificity genes, and bacterial and host genes that are activated or
repressed during an infection. Isogenic mutants and suitable virulence assays are critical in verifying
the role of the putative virulence genes identified.

Key Words: Comparative genomic analysis; microarray; virulence genes; bacteria–host interaction.

1. Introduction
As of late 2004, the genomes of 95 bacteria that infect humans were sequenced and

annotated. We have gained a huge amount of information on the diverse structure of bac-
terial genomes and the genes they encode, and have a fair understanding of their evolu-
tionary history. Unfortunately, for most of the pathogenic genomes sequenced, 25% or
more of the open reading frames (ORFs) identified do not match any known genes and,
thus, their functions are unknown (so called FUN genes). These FUN genes are often
species- or strain-specific. To gain full understanding of the mechanisms of pathogene-
sis, we need to focus research and mount a consolidated effort using multi-disciplinary
approaches to probe the structure and function of these FUN genes.

In this chapter, genomic approaches to gaining understanding of infectious disease
mechanisms of different pathogens will be discussed. Two innovative approaches, DNA
microarrays and whole genome polymerase chain reaction (PCR) scanning (WGPScan-
ning), have been developed to analyze and compare the gene contents of the sequenced
bacterial strains with that of other isolates of the same or closely related species. This
chapter will illustrate how DNA microarrays and WGPScanning are invaluable in defin-
ing intraspecies diversity and identifying putative virulence genes. In the final section,
the value of generating isogenic mutants of a putative virulence gene, and the necessity
of biochemical and virulence assays, are illustrated.
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2. Comparative Genomic Analysis of Virulent and Nonvirulent Strains
Yersinia pestis, the causative agent of bubonic and pneumonic plagues that killed 25

million people in Europe between 1346 and 1350, is an example where genomic sequence
is available for virulent and nonvirulent strains. Two fully virulent strains, CO92 (Orien-
talis strain) (1) and KIM (Mediaevalis strain) (2) were the first sequenced. Recently, the
genome of a nonvirulent strain 91001 was determined (3). Comparative genomic analy-
sis identified a 33-kb prophage-like fragment that is shared by CO92 and KIM but is
absent in the nonvirulent 91001 strain. Song et al. (3) proposed that, because CO92 and
KIM are virulent to humans and strain 91001 is only virulent to mice, the prophage-
like fragment might contribute to pathogenicity in humans. This hypothesis needs to
be verified by constructing mutants with mutations in genes located in this fragment.

Shigella is a major pathogen, but its pathogenicity is restricted to humans. Shigella
species evolved from a commensal Escherichia coli strain in relatively recent evolu-
tionary history (see Chapter 2). Recent phylogenetic analyses indicate that Shigella
should be considered as a single pathovar of E. coli (4). The complete genome sequence
of two strains of Shigella flexneri serotype 2a, strain 2457T (5) and strain 301 (6), were
determined and compared with that of the enterohemorrhagic E. coli O157:H7 and non-
pathogenic E. coli K12. Analyses of the genome sequences of S. flexneri 2457T and
301 identified many new candidate genes for involvement in different infectious stages
of bacterial invasion during translocation through the colonic mucosa (5,6). These new
candidate virulence genes are all located on genomic islands (GEIs) and some encode
proteins that have similarity to known virulence factors of other pathogens. Mutants
need to be constructed with mutations in these putative virulence genes and then tested in
an appropriate model system. Unfortunately, there is not an appropriate animal model
system available for S. flexneri strains (for instance, they have not been shown to cause
intestinal diseases in mice). Wei et al. (5) proposed constructing a transgenic mouse
expressing a human receptor for S. flexneri adhesion. However, this can not be done until
the human-specific adhesin and its cognate receptor have been identified.

3. DNA Microarray Analysis of Bacterial Pathogens
A DNA microarray is a high-density array of nucleic acid targets immobilized on a

glass slide or a silicon chip. The nucleic acids are either denatured complementary DNA
or genomic products amplified by PCR for spotted DNA arrays. For oligonucleotides
arrays, oligonucleotides complementary to specific gene sequences are generally syn-
thesized in situ. DNA microarray was first used in parallel detection and the analysis of the
expression patterns of thousands of genes in plant tissues (7) and human cells exposed to
different conditions (8). Since complete bacterial genome sequences have been avail-
able, DNA microarrays have been used to analyze genome-wide gene expression of many
bacteria and also to compare the whole genetic content of the sequenced bacterial strains
with those of closely related species or other isolates of the same species (9,10). As dis-
cussed in Subheadings 3. and 4., microarray has facilitated the identification of puta-
tive virulence determinants and genes that determine host specificity.

The genus Brucella consists of six species, B. melitensis (primarily in goats and sheep),
B. abortus (cattle), B. suis (pig), B. canis (dogs), B. ovis (sheep), and B. neotomae (wood
rats). B. abortus, B. melitensis, and B. suis are also pathogenic to humans; all causing
similar serious disease consequences. The complete genome sequence of B. melitensis
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16M was determined and a whole-genome high-density oligonucleotide DNA micro-
array was developed and used to compare genomes of other Brucella species (11).
Hybridization results showed that the great majority of the ORFs in B. melitensis 16M
are present in all five Brucella genomes examined, supporting the suggestion that Bru-
cella is a monospecific genus with limited genetic diversity (12). Many of the putative
deleted genes are clustered into nine GEIs. Comparison of B. melitensis 16M with two
Brucella species that are nonpathogenic for humans, B. ovis REO198 and B. neotomae
5K33, is of great interest because it may identify genes that are responsible for patho-
genicity in humans. Microarray hybridization, followed by PCR cloning and sequenc-
ing, identified 84 ORFs that are found in the 16M genome, but are absent or partially
deleted in the genome of B. ovis REO198. Eighty of the 84 ORFs were clustered in five
regions corresponding to GEIs (GI-1, GI-2, GI-5, GI-7, and GI-9) of the 16M genome
(11). The genome of B. neotomae 5K33 is very similar to that of 16M; only 17 ORFs
were identified as deleted or altered, including a region containing 10 contiguous ORFs
corresponding to about 7.5 kb in the GI-6 of 16M. The GEIs (GI-1, GI-2, GI-5, GI-7, and
GI-9) missing in B. ovis, are present in Brucella species that are pathogenic to humans.
However, B. neotomae, a species not pathogenic to humans, also has these islands. It is
possible that some of these genes in B. neotomae are expressed at a much lower level or
are inactivated, because microarray hybridization cannot identify minor base changes
and thus will not detect most pseudogenes. Further studies involving proteomic analy-
sis and mutagenesis of specific genes are needed to understand the role of these GEIs
in host adaptation and virulence of the Brucella species.

Porphyromonas gingivalis is a Gram-negative oral anarobe associated with perio-
dontal disease in humans. The genome of a virulent strain of P. gingivalis W50 was
recently sequenced (13). A DNA microarray was prepared from PCR amplicons derived
from the predicted ORFs of this virulent strain. This microarray was used as a refer-
ence to compare the genome of W50 with that of a nonvirulent strain, ATCC33277,
with the hope of identifying genes that are required for virulence. Hybridization results
showed that 154 ORFs (7% of the total) that are present in W50 are highly divergent or
absent in the nonvirulent strain ATCC33277. Interestingly, many of these divergent
genes are clustered into three regions of the W50 genome with a lower guanine and
cytosine content than the rest of the genome, corresponding to GEIs which are clusters
of genes that were likely acquired through horizontal gene transfer. These regions con-
tain putative virulence genes, including genes for capsular polysaccharide synthesis, a
lipoprotein gene (rag B), and many species-specific hypothetical genes. These GEIs
should be the focus for a future pathogenesis study of this pathogen.

Chlamydia trachomatis is an obligate intracellular pathogen of humans. Isolates are
differentiated into biovars based on their in vitro infection properties and type of dis-
ease caused. They are grouped into 15 serovars based on antigenic variation of the major
outer membrane protein, OmpA. Serovars A to C are the etiological agents of trach-
oma; serovars D to K and L1 to L3 cause cervicitis and urethritis or lymphogranuloma
venereum , respectively (14). The genomes of three Chlamydia species, C. trachomatis,
C. pneumoniae, and C. psittaci have been sequenced (15–17). Comparative analysis of
these genomes (1.04–1.3 Mb) showed a high degree of conservation in terms of gene
content and gene order with the exception of one polymorphic region named the plas-
ticity zone (PZ), which showed a significant amount of variation among the different
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species. A DNA microarray was developed based on the genomic sequence of C. trach-
omatis serovar D and used in analyzing the genomic diversity of the 15 serovars. The
hybridization results showed that the genomes of the 15 serovars are highly conserved
(>99%). In contrast, similar studies done with isolates of Helicobacter pylori (18) and
Staphylococcus aureus (19) identified major intraspecies diversity. Variation in the
OmpA gene was observed as expected, and was confirmed by gene cloning and sequenc-
ing. Serovar B showed the greatest diversity with a maximum of eight deleted genes.
Deletions were also observed with serovars A, Ba, C, L1, L2, and L3. No gene deletion
was observed in serovars E, F, G, H, I, J, and K. Without exception, all the deleted
genes observed localized to the PZ region (20). To precisely define the PZ region of C.
trachomatis, PCR primers were designed to amplify the region as four overlapping
fragments and sequenced. PCR amplification results showed that most of the ocular
and genital serovars have a large internal deletion compared with the intact cytotoxin
gene of C. muridarum, a mouse-adapted strain. Deletions in the ocular serovars (A, Ba,
and C) are smaller than those observed in the genital serovars (D, E, F, G, I, and K).

The DNA sequences obtained from all the serovars were aligned with the mouse-
adapted C. muridarum cytotoxin (TC0438) gene. Analysis of the sequence showed that
each serovar possessed a unique combination of DNA sequences and ORFs, but none
encoded a full-length cytotoxin. It appears that the genital serovars have a large ORF
that could encode both the uridine diphosphate (UDP)-glucose binding and the gly-
cosyltransferase domains, while the ORF of the ocular serovars could encode only the
UDP-glucose binding domain. Deletion in the genome of the lymphogranuloma vener-
eum serovars removed the encoding sequence of both domains. These results suggest
the UDP-glucose binding and the glycosyltransferase domains of the chlamydia cyto-
toxin, a homolog of the clostridial toxin, may have an important role in urogenital
infection (20).

Microarrays have also been used to analyze intraspecies diversity and to identify strain-
specific genes of many bacterial pathogens, including H. pylori, Streptococcus pneu-
moniae, Salmonella enterica serovar Typhimurium, Campylobacter jejuni (21,22), Vibrio
cholerae (23), E. coli, and many others. Microarray analysis of 15 H. pylori strains showed
great genetic diversity, 362 genes (22% of all H. pylori genes) are not conserved among
all 15 strains (9).

An Affymetrix high-density oligonucleotide array based on the genomic sequence of
S. pneumoniae serotype 4 strain was used to analyze genetic diversity of 20 clinical S.
pneumoniae isolates and 9 oral streptococcal isolates. Most of the S. pneumoniae strains
differed from the sequenced strain by 8–11%. In contrast, the nine oral streptococci
strongly diverged from the sequenced strain, as only 15–61% of their DNA hybridized
with the reference array. This study identified 470 S. pneumoniae strain-specific genes,
which were not detected in at least one of the strains examined (24). A desired future goal
is to be able to associate a specific gene(s) lost to a specific disease phenotype.

S. pneumoniae infection can lead to bacteremia and meningitis. Invasive diseases are
the result of spread of the bacteria from the nasopharynx, the site of colonization, to the
lung and bloodstream with possible sequelae of septicemia or meningitis. With the aim
of identifying virulence determinants of S. pneumoniae, a whole-genome microarray
was used to analyze the bacterial genes that are expressed in vivo. The study involved
isolating total RNA from S. pneumoniae isolated from infected blood, infected cere-
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brospinal fluid (CSF), and bacteria attached to a pharyngeal epithelial cell (ECC) line
in vitro. Gene expression levels at these three sites were compared with levels when
S. pneumoniae was grown in semisynthetic casein liquid medium. Such in vivo studies
are limited by the difficulties of obtaining sufficient quantities of pure and relatively
intact bacterial RNA from infected tissues. Interestingly, the majority of the genes (92%
in the blood, 85% in CSF, and 90% after ECC) were expressed in a similar fashion as
growth in culture medium. However, distinct patterns of gene expression in each anatom-
ical site can be identified. Amazingly, only eight genes showed similar alterations in
gene expression during bacterial growth in blood, in CSF, or during ECC (25). Two of
the eight genes encode pspA (26) and prtA (27) previously characterized as virulence
factors, three involved in manganese acquisition and transport (psa operon), two in
energy metabolism and one transporter. Orihuela et al. (25) postulated that these eight
genes may be part of the core set of genes required for virulence and, therefore, deserve
further investigation.

DNA microarrays also were successfully used in analyzing whole-genome gene ex-
pression (transcriptome) of uropathogenic E. coli strain CFT073 during urinary tract
infection of CBA/J mice (28). Total RNA was isolated from CFT073 bacteria obtained
directly from the urine of infected mice. The in vivo transcription profiles were compared
with those of CFT073 grown statically to exponential phase in rich medium. Overall, tran-
scription of 313 genes was found elevated, whereas that of 207 genes was reduced. Of
the 313 CFT073 genes that were to be elevated, only 45 genes were unique to the uropath-
ogenic strain and not found in nonpathogenic E. coli K12. The author proposed that these
45 are candidate virulence genes for urinary tract infection. Twenty-five of these genes
have previously been implicated in virulence. These include genes involved in iron acqui-
sition, capsule synthesis, and synthesis of microcin secretion proteins. Thirteen new
candidate virulence genes encoding hypothetical proteins were also identified.

4. DNA Microarray Analysis of Host–Pathogen Interaction
Understanding the molecular basis of the host response to bacterial infections is crit-

ical for understanding disease mechanisms involved, and in preventing disease and tis-
sue damage resulting from the host response. The global transcription effects on host
cells by various bacterial pathogens including Listeria monocytogenes, Salmonella
typhimurium, Pseudomonas aeruginosa, Bordetella pertussis, Mycobacterium tubercu-
losis, H. pylori, and Chlamydia trachomatis have been analyzed by using microarray
technology (29,30). Rosenberger et al. (31) identified novel macrophage genes whose
level of expression are altered in S. typhimurium infection or when treated with lipo-
polysaccharide. Similarly, Cohen et al. (32) identified 74 upregulated RNAs and 23
downregulated host RNAs in L. monocytogenes-infected human promyelocytic THP1
cells. Infection of human bronchial epithelial cells by B. pertussis results in an increase
in transcriptional levels of 33 genes and decrease in transcriptional levels of 65 genes
(33). Many of the upregulated genes encode proinflammatory cytokines (e.g., inter-
leukin-8, interleukin-6, and growth-related oncogene-1) and many of the downregu-
lated genes encode transcriptional factors and cellular adhesion molecules.

H. pylori is a human gastric pathogen that causes gastritis, gastric ulcer, and duodenal
ulcer, and is implicated to enhance the incidence of mucosa-associated lymphoid tis-
sue lymphoma and gastric cancer. The genomes of H. pylori strains sequenced contain
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a pathogenicity island (PAI) denoted cag (cagPAI), which has been shown to be a major
virulence factor encoding about 30 proteins (34; Chapter 6). The cagPAI encodes a
type IV secretion system that facilitates transfer of virulence factors to the host cells (35).
Nagasako et al. (36) used cDNA microarrays to compare the effects of cagPAI-positive
and cagPAI-negative H. pylori in altering the gene expression of infected gastric epi-
thelial cells. This study showed that a host protein, Smad5, was upregulated in cagPAI-
positive H. pylori-infected cells, but not the cagPAI-negative cells. The upregulated
expression of Smad5 mRNA is required for induction of apoptosis of gastric epithelial
cells because inhibition of Smad5 mRNA expression by Smad5-specific siRNA prevents
apoptosis (36).

5. Whole-Genome PCR Scanning Analysis
Another genomic analysis strategy, WGPScanning, was developed by Ohnishi et al.

(37). The principle of the WGPScanning method is to design a set of PCR primer pairs
so that amplified segments overlapp with adjacent segments at both ends and cover the
whole genome of a reference sequenced strain. By comparing the amplified fragments
with those of the reference genome, one can determine whether the target regions are
arranged in the same order, and whether the segments between target regions have
undergone any major structural changes, including deletions and insertions. Ohnishi et
al. (37) developed a WGPScanning primer pair set based on the genomic sequence of
E. coli O157 Sakai to analyze eight O157 strains in order to determine the genomic
diversity of this lineage. The results indicate that significant genomic diversity exists
among O157 strains. Variation of prophages located in GEIs is a major contributor of
genomic diversity of the O157 lineage.

WGPScanning was used in analyzing 19 serotype M3 group A Streptococcus strains
isolated from patients in Ontario, Canada (38). This scanning method permitted the
authors to detect genetic diversity in the sclb gene that encodes SclB, a collagen-like
surface protein, which has been implicated in host–pathogen interaction. This minor
sequence diversity was not detected by DNA microarray. Thus, WGPScanning is use-
ful in complementing the microarray method.

6. Construction and Characterization
of Isogenic Mutants of Putative Virulence Genes

Bioinformatics and various innovative genomic tools discussed in Subheadings 2.–5.
dramatically speed up the process of identification of putative virulence genes of vari-
ous bacterial pathogens. To verify and define the role of these genes in pathogenesis,
isogenic mutants need to be constructed and analyzed using different virulence assays
or disease animal models. Our laboratory recently reported the cloning and characteri-
zation of a lipoprotein gene, jlpA, of C. jejuni (39). The jlpA gene is located in a C. jejuni-
specific region of the genome (40,41). An isogenic C. jejuni mutant containing an inser-
tion in jlpA exhibited a reduced level of adhesion to HEp2 cells (20.2  2.1% relative to
wild-type), implicating possible involvement in cell adhesion. A deletion jlpA C. jejuni
mutant has also been constructed and shows a similar defect in adhesion to HEp2 cells.
Adhesion of wild-type C. jejuni to HEp2 cells is inhibited by anti-JlpA antibodies and by
the presence of excess purified GST–JlpA fusion protein further implicating a role for
JlpA in adhesion (39). JlpA binds to surface-localized Hsp90  of HEp2 cells, resulting
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in activation of nuclear factor B (NF- B) (42). The activation occurred in a dose-depen-
dent manner. Geldanamycin, an antibiotic that binds to the N-terminal of Hsp90, inhibits
the induction of NF- B activation by JlpA (42). Induction of NF- B activation in HEp-2
cells by JlpA was blocked by pretreatment of GST-JlpA (10 g/mL) with anti-GST-JlpA
antibodies, and GST-JlpA was unable to induce the activation of NF- B in anti-Hsp90
antibody-blocked (5 g/mL) HEp-2 cells (42). These results further indicate that inter-
action between JlpA and Hsp90  is critical in triggering the signaling pathway leading
to NF- B activation. To further define the affects of JlpA on the host cell signaling path-
ways, knockout mice with defects in different signaling pathways would be invaluable
(see Chapter 4).

7. Conclusions
The value of determining the complete genome sequence of pathogens is clear, as it

permits the identification of some virulence genes by comparing the predicted ORFs to
the data base. GEIs and mobile genetic elements can be identified. Comparative geno-
mic analysis with nonpathogenic strains will further identify putative virulence deter-
minants. Microarray and WGPScanning are powerful tools that can be used to identify
diversity and plasticity of the genome of the sequenced species, and also strain-speci-
fic genes and genes that determine host range. Microarray analysis is also an efficient
tool for examining the effects of bacterial infection on the host global transcription
profile, which could lead to a better understanding of disease mechanisms. Mutants of
the putative virulent genes need to be constructed and analyzed in different virulence
assays, including animal models, before their role(s) in pathogenesis can be confirmed.
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Knockout and Disease Models
in Toll-Like Receptor-Mediated Immunity

Huey-Lan Huang and Wen-Chen Yeh

Summary
In recent years, innate immunity has been one of the most intensively studied areas in immunol-

ogy. It secures the first line of host defense against various microorganisms, including bacteria
and viruses. Innate immune responses are highly conserved throughout evolution, and one impor-
tant family of sensors responsible for initiating innate immune responses in mammals, the Toll-like
receptors (TLRs), has recently been discovered. In this chapter, we will introduce the importance of
innate immunity and TLR signals. We will then systematically discuss individual TLRs, their ligands,
and the key downstream signaling molecules and pathways. Most of what we currently know is
based on multidisciplinary approaches and supported by the phenotypes of specific knockout mice.
Finally, we will briefly discuss the infectious diseases in humans that are caused by the mutations
of TLR signals.

Key Words: Innate immunity; Toll-like receptor (TLR); MyD88; IRAK; TRAF6; TRIF.

1. Introduction
When the host is infected with bacteria or other micropathogens, the innate immune

system is immediately turned on before the onset of medical symptoms. In fact, the
majority of initial symptoms exhibited by the host, such as fever, mucosal secretions,
and coughing, are manifestations of the innate immune system initiated to curtail the
propagation of foreign pathogens. Following these initial defense and inflammatory
responses, more specific lymphocyte-mediated immune responses against pathogens
are activated. Activation of these adaptive immune responses, primarily because of anti-
gen-specific antibodies and cytotoxic T cells, also depends on the systematic action of
innate immunity. Despite its critical function, the innate immune system had not gar-
nered much attention until 6 or 7 yr ago, when one of the major pathogen-sensing recep-
tor systems was discovered in mammals.

Innate immunity is conserved through evolution. In fact, it is the major immune sys-
tem for nonvertebrate organisms. Many pioneering studies on the components and the
signaling pathways of innate immunity were carried out in fruit flies (Drosophila) and
plants (Arabidopsis) (Fig. 1) (1–8). In contrast, vertebrates utilize both innate immunity
and the more sophisticated adaptive immune response to combat pathogens. Although
the latter response has been well characterized, particularly in mammals, our under-
standing of innate immunity in various organisms is still at its infancy stage.
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The innate immune defense begins by taking advantage of natural physical and
chemical barriers on the surface of hosts’ bodies. Some examples are tight junctions
between the epithelial cells, cilia movement in the respiratory tract, fatty acids on the
skin, and enzymes or low pH in the gastrointestinal tract (9). If pathogenic microorga-
nisms are successful in breaking through these barriers, cellular components of the
innate immune system, including neutrophils, macrophages/monocytes, and dendritic
cells (DCs), are recruited. These cells recognize pathogens mainly by their general molec-
ular patterns, and then respond by releasing inflammatory cytokines and phagocytosing
invading microorganisms. Inflammatory cytokines such as tumor necrosis factor (TNF)-

, interleukin (IL)-6, IL-1, IL-12, and IL-8 are produced and they signal through various
cytokine receptors to trigger inflammatory responses and to attract additional mono-
cytes/macrophages, DCs, and neutrophils to the pathogen-invaded tissue (Fig. 2). Fur-
ther-more, professional antigen-presenting DC undergo maturation and activation, and
trigger the adaptive immune response by interacting with naïve T cells and presenting
processed antigens derived from the pathogens (Fig. 3).

Table 1 summarizes some major differences between innate and adaptive immunity
(9). The latter is characterized by its specificity and diversity, as the adaptive immune
response requires recognition of many specific antigens, and relies on a diverse reservoir

Fig. 1. The parallel signaling pathways for innate immunity in Drosophila, the plant Ara-
bidopsis, and mammals. All have pathogen-recognizing Toll-like receptors (TLR) which con-
tain leucine-rich repeat motifs present in their extracellular domains. The TLR in plants is
called flagellin-sensitive 2 (FLS2). After binding to components of pathogens, all of these recep-
tors recruit adaptors and activate Pelle-like kinases (interleukin-1 receptor associated kinase
[IRAK4] in mammals and FLS2 kinase in plants) leading to activation of nuclear factor B
(NF- B)-like transcription factors through the degradation of NF- B inhibitors. This results in
transcription of mRNA for disease resistance genes and inflammatory cytokines. Furthermore
these signaling pathways also trigger MAP kinase activation in Drosophila, Arabidopsis, as
well as in mammals.
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Fig 2. The inflammatory cytokines and their functions. After pathogen recognition, Toll-like
receptors signaling pathways trigger inflammatory cytokine production. These cytokines can
activate vascular endothelial cells and lymphocytes, facilitate the penetration of neutrophils
and monocytes into the infected tissue, act as chemokines, increase the fluid volume in local
tissue, and may cause systemic fever (including swelling, redness, and pain, which are typical
inflammatory responses).

Fig. 3. Maturation of antigen presenting cells and activation of naïve T cells. TLR signaling
pathways not only trigger inflammatory cytokine production, but also upregulate major histo-
compatibility complex (MHC) B7.1 and B7.2 costimulatory molecules on the surface of den-
dritic cells (DCs) or macrophages. TLR activation also leads to DC maturation. The processed
pathogen, acting as antigen, combines with MHC molecules on DCs.
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of T-cell receptors and antibody molecules generated through somatic permutations.
In contrast, innate immunity requires a much smaller set of gross sensors that identify
molecular patterns derived from micropathogens, and initiates production of inflamma-
tory cytokines swiftly and efficiently. This set of pathogen pattern sensors is represented
by Toll-like receptors (TLR). These germline-encoded receptors contain variable leucine-
rich repeats in their extracellular domain, which are required for pathogen recognition.
The intracellular portion of TLRs contains a critically conserved domain, the Toll/IL-1
receptor (TIR) domain (further explained in Subheading 2.), which mediates downstream
signaling.

2. Toll-Like Receptors and Their Ligands
The first line of immune response in mammals against microbial pathogens is the

recognition of pathogen-associated molecular patterns by TLR family members. As the
cornerstone for initiating innate immune responses, the TLR pathogen recognition sys-
tem is evolutionarily conserved. The Toll protein was originally identified in Drosophila
as a receptor playing a key role in development, as well as in antifungal responses. In
mammals, at least eleven TLRs have been reported and most of these receptors have
been linked to recognition of specific pathogen-associated ligands. Based on the cyto-
plasmic domains of Drosophila Toll and some mammalian TLRs, they are also homolo-
gous to members of the IL-1 receptor (IL-1R) family. Furthermore, the intracellular
domains of TLRs and IL-1R are homologous to a region in the plant R gene product,
thus designating these regions as “TIR” domains (6,10).

Signaling mechanisms mediated by TIR domains are remarkably similar amongst
different organisms and various TLR/IL-1R family proteins. The apical signaling adap-

Table 1
Comparison of Factors Involved in Innate Immunity and Adaptive Immunity

Innate Immunity Adaptive immunity

TLRs as major sensor «

Evolutionary conserved from invertebrate «

(e.g., Drosophila) to vertebrate (e.g., Human)
Trigger immediate immune responses «

(e.g., inflammation) against pathogens
Activate signals for the initiation of adaptive immunity «

TLRs expressed by the particular cells «

(e.g., macrophages, monocytes, DC)
Using antibodies or cytotoxic T cells against pathogens «

Only in vertebrates «

Require gene rearrangement «

Need several days for clonal expansion «

Innate immunity uses Toll-like receptors (TLRs) as sensors, and triggers immediate immune responses via
secreted inflammatory cytokines in contrast to adaptive immunity which uses antibody (Ab) and T-cell recep-
tors (TCR) to recognize pathogens. Furthermore, pathogen-specific Ab and TCR requires activation by
innate immunity, therefore the adaptive response is generated several days later than the innate immune
response. TLRs are directly transcribed and translated from the genome, but Ab and TCR transcription occurs
from rearranged genes so that they can recognize thousands of different epitopes. Innate immunity is evo-
lutionary conserved from invertebrates to vertebrates, but adaptive immunity is only present in vertebrates.
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tors that are directly recruited to Drosophila Toll or mammalian TLR/IL-1R also con-
tain TIR domains that interact with the receptors through their TIR counterparts. Here,
we will first describe various TLRs and their specific ligands (Fig. 4) (6,11) and func-
tions based on biochemical and genetic studies. In the next section, we will focus on
TIR-containing adaptors and other key signaling molecules.

2.1. TLR4

In 1997, a paper published in Nature by Medzhitov et al. (12) jumpstarted the study
of human TLR. These researchers identified the first mammalian TLR, a homolog of
the Drosophila Toll protein, which was later named TLR4. They found that overex-
pression of a constitutively active TLR4 mutant induces nuclear factor B (NF- B)
activation, and production of inflammatory cytokines is dependent on NF- B. This publi-
cation initiated a new era of immunological research into the puzzle of innate immune
receptors.

In parallel to the landmark study previously mentioned, groups led by Beutler and
Malo discovered that TLR4 is a potential sensor for lipopolysaccharide (LPS) (13,14).
LPS is a component of Gram-negative bacterial cell walls, and is responsible for the
sepsis syndrome induced by overreacting innate immune responses. Sepsis syndrome
can lead to septic shock, which causes multiple organ failure and is a severe health threat
accounting for the death of many in-patients. They discovered that LPS-hyposensitive
mice, C3H/HeJ and C57BL/10ScCr, possess mutated an lps allele (lpsd/d) that causes the
animals to respond poorly upon LPS challenge. Using high-resolution genetic methods,
these researchers identified the lps allele as the tlr4 gene (13). C3H/HeJ and C57BL/
10ScCr mice contain a point mutation (a substitution of a highly conserved proline by

Fig. 4. TLRs and their ligands. See Subheading 2. for more details.
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histidine) and a deletion of the tlr4 gene, respectively. In addition, TLR4-knockout
mice, generated by Akira’s group, are also resistant to LPS-induced shock, corroborating
the phenotypes identified in naturally mutated mice (15). TLR4-deficient cells derived
from knockout mice also showed impaired production of TNF- , proliferation, MHC
class II expression, and NF- B activation induced by LPS. Taken together, TLR4 is a
critical receptor necessary for LPS signal initiation.

Further studies suggested that MD-2 and CD14 can cooperate with TLR4 for LPS
response (16,17). MD-2 was found as a molecule physically associated with TLR4 on the
cell surface and in the endoplasmic reticulum/cis Golgi by coimmunoprecipitation, flow
cytometry, and fractionation techniques. Cotransfection of TLR4 and MD-2 enhances
NF- B activation, a key TLR downstream signaling event, in the absence or presence
of LPS. Additional evidence supporting a critical role for MD-2 in TLR4/LPS response
was provided by studies of knockout mice (18). In MD-2-deficient embryonic fibro-
blasts, TLR4 cannot be secreted to the plasma membrane and predominantly resides in
the Golgi. Furthermore, TNF- , IL-6, and IL-12 production induced by LPS are severely
impaired in MD-2 knockout mice, similar to TLR4-deficient mice. MD-2 knockout
mice are also more susceptible to infection by Salmonella typhimurium than wild-type
mice, suggesting an essential role for MD-2 in immune responses against bacteria.

CD14 is another protein with a role in LPS-induced TLR4 signaling. Using resonance
energy transfer technique, Petty’s group showed that LPS triggers a physical association
between CD14 and TLR4 (19). Using cross-linking combined with radioimmunopre-
cipitation, this group also showed that LPS directly binds to CD14, which then associates
with the TLR4/MD-2 complex in a CD-14-dependent manner.

In addition to LPS, the following molecules were also reported to be TLR4 ligands:
the fusion protein from respiratory syncytial virus, a human respiratory pathogen (20);
Chlamydial heat shock protein 60 from bacteria Chlamydia pneumonine (21); envelope
protein from mouse mammary tumor virus (22); antitumor agent Taxol derived from
the yew tree (23); heat shock protein 70 (24,25), hyaluronic acid (26), heparan sulfate
(27), and fibrinogen (28) from the host.

2.2. TLR2, TLR6, and TLR1

TLR2 recognizes compounds from many microorganisms, including peptidoglycan
(PGN) and lipoteichoic acid from Gram-positive bacteria (e.g., Staphylococcus aureus
or Bacillus subtilis), and lipoproteins from Gram-negative bacteria (e.g., Borrelia burg-
dorferi, Treponema pallidum, and Mycoplasma fermentans) (29–34). These ligands for
TLR2 were confirmed by several studies. Lipoproteins or PGN were found to induce
NF- B activation in human embryonic kidney 293 cells or Chinese hamster macro-
phages transfected with TLR2. Furthermore, only anti-TLR2 antibody or a mutant
TLR2 (TLR2-P681H, with inhibitory activity) were found to block TNF-  production
induced by lipoprotein or whole Mycobacterium tuberculosis in human peripheral
blood mononuclear cells or RAW264.7 macrophages. Akira’s group also confirmed
that macrophages form TLR2 knockout mice are hyposensitive to PGN derived from
S. aureus (30,35).

Interestingly, TLR2 can form functional pairs with TLR6 or TLR1 for recognition of
diacylated or triacylated lipoprotein, respectively (6,36–38). TLR1, TLR2, and TLR6
were therefore classified in the TLR2 subfamily. TLR1 and TLR6 exhibit 69.3% identity
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in overall amino acid sequence. They have similar genomic structures, and are located
in tandem on the same chromosome, possibly the result of a gene duplication event (6).

Other possible ligands of TLR2 are: lipoarabinomannan from Mycobacteria (e.g., M.
tuberculosis) (39,40); zymosan from fungi (34); glycosylphosphatidylinositol (GPI) from
parasite Trypanosoma cruzi (41); glycolipid from Treponema maltophilum and Trepo-
nema brennaborense (42); porins from Neisseria (43); LPS from Leptospira interrogans
(44); phenol-soluble modulin from Staphylococcus epidermidis or zymosan (recognition
by TLR2 and TLR6) (45); and outer-surface lipoprotein from Borrelia burgdorferi (rec-
ognition by TLR2 and TLR1) (46).

2.3. TLR5

Bacterial flagellin contributes to the virulence of pathogenic bacteria, because flagel-
lin are required for bacterial movement, adhesion, invasion, and colonization of the
intestinal mucosa of a host. In 2001, mammalian TLR5 was reported to be responsible
for the recognition of flagellin from both Gram-positive and negative bacteria (47,48).
Using either reverse-phase chromatography or high-performance liquid chromatogra-
phy to purify different components from Listeria monocytogenes, these researchers
proved that flagellin-containing fractions induced NF- B activation in TLR5-trans-
fected Chinese hamster ovary (CHO) cells. Furthermore, deletion of the flagellin genes
from Salmonella typhimurium abrogated their ability to stimulate TLR5. Another group
utilized recombinant flagellin protein constructed from the Salmonella dublin flagellin
gene, and demonstrated that this induced NF- B activation and IL-8 production in Caco-
2BBe human adenocarcinoma cells (48). Recognition of bacteria flagellin by TLR5,
therefore, plays an important role in host immune defense systems against flagellated
bacteria.

2.4. TLR3

Double-stranded RNA (dsRNA) composes the genome of some viruses and is often
also a product of viral replication inside host cells. NF- B activation is induced when
certain types of cells (e.g., RAW264.7 macrophages) are treated with synthetic dsRNA,
polyinosine-polycytidylic acid [poly (I:C)] (49). Cells derived from TLR3 knockout mice
demonstrate impaired responses specifically to poly (I:C) (49), but responses are not
completely abolished. These results suggest that although dsRNA is one of the ligands
triggering TLR3, other TLR3-independent pathways induced by dsRNA also exist.

2.5. TLR9

Roughly a decade ago, synthetic DNA fragments containing unmethylated CpG
dinucleotides, CpG-oligodeoxynucleotide (CpG-ODN)—were reported to be useful
immune modulators (50). CpG-ODN is sufficient to induce immune cell responses,
such as IL-6, TNF- , IL-12, and interferon (IFN)-  cytokine production and upregula-
tion of costimulatory molecules. Administration of CpG-ODN is also sufficient to pro-
tect mice against lethal infection by Francisella tularensis, Listeria monocytogenes, or
Leishmania major, possibly owing to the effect of CpG-ODN on the enhancement of
Th1-responses (51–53). The unmethylated CpG motifs are common in bacteria, but
uncommon in the mammalian genome, which has a low frequency of CpG sequences
that are mostly methylated. TLR9 recognizes not only bacterial DNA containing these
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unmethylated CpG motifs (54,55), but also viral DNA (e.g., DNA from Herpes simplex
virus-2) (56) and chromatin-IgG complexes found in patients with systemic autoimmune
disease (57).

Physiological functions of TLR9 were clearly demonstrated in mice with targeted dis-
ruption of the tlr9 gene (54). TLR9-deficient mice and cells are specifically impaired
in responses (cytokine production and NF- B activation) to CpG-ODN, but not to LPS
or PGN. These data are consistent with the results that either Escherichia coli DNA or
CpG-ODN is capable of inducing TNF- , IL-8, IL-12 production, NF- B activation, or
B-cell proliferation in human B-cells, DC, or human TLR9-transfected 293 cells (55).

TLR9 is expressed within endosomal membranes, and TLR9-mediated immune re-
sponses to CpG-ODN requires endosome acidification and/or maturation, because it is
sensitive to inhibitors of endosomal acidification, e.g., chloroquine, ammonium chlo-
ride, concanamycin B, or balfilomycin A (the latter two drugs are inhibitors of the V-
type ATPase which is responsible for the endosome and lysosome acidification) (57–59).

2.6. TLR7 and TLR8
Synthetic ligands for TLR7 or TLR8 were initially discovered in 2002 (60,61). These

small imidazoquinoline compounds are guanosine nucleoside analogs, e.g., R-848 and
imiquinod, and are potent antiviral or antitumor agents with the ability to induce inflam-
matory cytokines, especially interferons, and cellular immunity. Imidazoquinoline com-
pounds activate NF- B in human TLR7-, TLR8-, and murine TLR7-transfected 293 cells
(59–62). In addition, these agents fail to trigger TNF-  and IL-12 production or other
immune responses in cells derived from TLR7-knockout mice (60), suggesting that rec-
ognition of guanosine nucleoside analogs is dependent on TLR7.

Recently, two groups independently discovered that single-stranded RNA (ssRNA)
is a potential natural ligand for TLR7 and TLR8. One group used influenza viral RNA,
green fluorescent protein RNA, or polyU (mixed with RNA stabilizer polyethylenim-
ine) (63), and the other group utilized GU-rich HIV RNA oligonucleotides (64). All of
these ssRNA trigger inflammatory cytokine production or IFN-   production from
wild type DC but not TLR7-deficient DC, again suggesting that recognition of ssRNA
is TLR7-dependent. Paradoxically, HIV RNA oligonucleotides can trigger NF- B acti-
vation in human TLR8-, but not human TLR7-transfected 293 cells.

TLR7 and TLR8 are homologous to TLR9 (in addition to sequence homology) for
several reasons (6,55,59,63). Firstly, they have similar genomic structures to TLR7,
TLR8, and TLR9, which are encoded by two exons and are located close to each other
on the X chromosome. Second, they all recognize DNA, RNA, or nucleoside analogs.
Finally, they are all thought to be located in endosomal/lysosomal compartments because
they are sensitive to chloroquine or bafilomycin A1. It is believed that mouse TLR8 is
nonfunctional, which helps explain the prominent phenotypes of TLR7-knockout. The
potential differences between human TLR7 and TLR8 concerning their ligands or tissue
distributions are intriguing questions that require further investigation.

2.7. TLR11
TLR11 was recently identified by Ghosh’s group using a sequence homology search

with the conserved TIR domain (11). TLR11 is expressed in macrophages and liver,
kidney, and bladder epithelial cells. In contrast to nonpathogenic E. coli (e.g., BL21,
DH5 ), heat-killed uropathogenic E. coli (e.g., 8NU, NU14, HLK120, and AD110)
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specifically activates NF- B in TLR11-expressed 293 cells. In addition, TLR11-knock-
out mice are highly susceptible to kidney infection by uropathogenic E. coli 8NU. This
study suggests that TLR11 provides an important sensor for uropathogenic E. coli on the
surface of uroepithelial cells, and helps prevent infection of the host by these bacteria.

3. Signaling Cascades Induced by TLRs
Signal transduction mediated by a mammalian TIR domain-containing protein was

first described in the IL-1R signaling pathway (Fig. 5). Myeloid differentiation pri-
mary response gene 88 (MyD88) is an adaptor protein that contains a TIR domain that
associates with the IL-1R protein via direct TIR–TIR domain interaction. The death
domain (DD) of MyD88, in turn, recruits through homologous DD interaction, a family
of IL-1R-associated protein kinases (IRAKs) (10,65–69). On ligand binding to the recep-
tor, IRAK-1 is phosphorylated and dissociates from the receptor complex to associate
with the signal transducer TNF receptor-associated protein 6 (TRAF6) (70,71). TRAF6
then triggers downstream signaling pathways, presumably through TAK1/TAB protein
complexes, resulting in the activation of NF- B and various MAP kinases, including
JNK and p38 MAPK. As mammalian TLRs share similar cytoplasmic domains with the
IL-1 receptor family, they both utilize the same signaling pathway on ligand binding.
The relatively simple cascade of MyD88 IRAK TRAF6 therefore applies to most
TLR signaling.

Fig. 5. MyD88-dependent TLR signaling pathway. After ligand binding, TLR recruits MyD88
through TIR domain–TIR domain interaction. MyD88 then interacts with IRAK4 via death
domain–death domain interaction. IRAK4 autophosphorylates, phosphorylates IRAK1, and then
recruits and activates TRAF6. This leads to TRAF6 activation of TAK1/TAB1/TAB2/TAB3 and
I B kinases IKK , IKK , and their modulator NEMO (IKK ). Finally, I B kinases phosphory-
late I B leading to I B degradation, freeing NF- B to translocate into the nucleus to transcribe
NF- B-dependent antipathogen genes. TRAF6 can also trigger MAP kinase activation.
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One outstanding question regarding the central signaling cascade is how IRAK-1
becomes phosphorylated and activated. One potential kinase that fits into this role and
cascade is IRAK-4, which will be described below. Another intriguing phenomenon is
that certain TLR signaling outcomes, e.g., antiviral responses and costimulatory func-
tions induced by specific TLRs, is not accounted for by the MyD88-mediated signal-
ing cascade. Indeed, several MyD88-like proteins that contain TIR domains have been
discovered. Some of these proteins, as detailed in Subheading 3.2., play important
roles in the MyD88-independent signaling pathways.

3.1. MyD88-Dependent Signaling

With the exception of perhaps TLR3, all TLRs appear to contain a common MyD88-
dependent signaling pathway (Fig. 5). We will first discuss the key signal transducers
in this pathway.

3.1.1. MyD88
MyD88 was discovered to be an important adaptor linking the signal from IL-1

receptor to IRAK1 and TRAF6, both of which were known as pivotal mediators for IL-1-
induced NF- B activation. MyD88 is also the first adaptor identified with a carboxyl-
terminal TIR domain for association with TLR receptors through direct TIR–TIR inter-
actions. In addition, MyD88 contains an amino-terminal DD that was originally found
in death receptors and their adaptors (72), e.g., Fas and FADD, which are also involved
in signal transduction. Overexpression of full-length MyD88 induces NF- B activation.
IL-1 or TLR4 overexpression-induced NF- B activation can be blocked by a dominant-
negative MyD88 mutant containing only the TIR domain. Many studies also suggest
that MyD88 is the adaptor for the signaling pathways of TLR2/TLR6, TLR2/TLR1,
TLR5, TLR9, TLR7, and TLR11 (11,35,54,60).

Deficiency of MyD88 in mice results in severe defects in responses to IL-1 and many
TLR ligands (73–77), and causes resistance to LPS-induced septic shock. MyD88-
deficient mice are more susceptible to various bacterial infections (e.g., S. aureus, myco-
bacteria), probably owing to the lack of innate immune responses. As mentioned in the
introduction to this section, MyD88 does not control all TLR signaling pathways. For
example, LPS/TLR4-induced NF- B and MAPK activations are largely intact in
MyD88-deficient cells. LPS-induced maturation of DCs, including upregulation of co-
stimulatory molecules, does not require MyD88. MyD88 is also dispensable for inter-
feron regulatory factor (IRF)3 activation and IFN-  production induced by TLR3 and
TLR4 (78). However, recent studies suggest that MyD88 does play a role in some anti-
viral responses and is in fact required for IRF7 activation and IFN-  production induced
by TLR9 (79,80).

3.1.2. IRAK-1 and IRAK-4
Of the four IRAK family members, prototypical IRAK-1 is the best characterized and

plays a key role in IL-1R/TLR signaling pathway downstream of MyD88 (66–68,70).
However, IRAK-1-deficient mice and cells are only partially defective in immune re-
sponses induced by IL-1 and LPS, suggesting potential redundancy within IRAK family
members or the presence of an alternative signaling pathway. In addition, IRAK-1
undergoes phosphorylation and activation on ligand binding, and autophosphorylation
of IRAK-1 only accounts for part of the activation process.
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One potential IRAK-1 kinase is IRAK-4. Both IRAK-4 and IRAK-1 are active kinases
and homologous to Drosophila Pelle, the only IRAK homolog in fruit flies. IRAK-4 is
capable of phosphorylating IRAK-1 in vitro (81). We have generated IRAK-4 knock-
out mice and demonstrated that these mutant mice and cells are severely impaired in
cytokine responses induced by LPS, PGN, poly(I:C), CpG-ODN, or IL-1 (65). Like
MyD88-deficient mice, IRAK-4 knockouts are resistant to LPS challenge and are highly
susceptible to S. aureus infection. IRAK-4 is also dispensable for most MyD88-inde-
pendent pathways, with the exception of TLR4-induced IFN-  and interferon-regulated
genes, as well as certain TLR3 signals. The severity of IRAK-4 knockout phenotypes
contrasts with the much milder phenotype observed in IRAK-1-deficient mice (82),
suggesting that other IRAK-4 substrates aside from IRAK-1 may also be involved in
TLR signaling. We have also demonstrated that the kinase activity of IRAK-4 is at least
partially required for IL-1-mediated signaling. Whether such kinase requirement applies
to TLR signals is currently one focus of the follow-up studies.

3.1.3. TRAF6
TRAF6 is a key signal transducer in TLR signaling pathways (see Fig. 5). Bio-

chemical studies have suggested that TRAF6 interacts with IRAK family proteins and
probably plays a role downstream of IRAKs, as the TRAF6 dominant-negative mutant is
capable of suppressing IRAK-induced NF- B activation (71). Indeed, TRAF6-deficient
mice and cells fail to respond to IL-1 and LPS (83). Although TRAF6 plays a promi-
nent role in MyD88/IRAK-mediated signals, TRAF6 has also been found to interact
with Toll/IL-1 receptor domain containing adaptor-inducing IFN-  (TRIF), which is
an adaptor involved in MyD88-independent pathways (see Subheading 3.2.1.) (84).
This, along with studies using TRAF6-deficient DCs, also suggests a role for TRAF6
in certain MyD88-independent pathways. In addition, it is worth noting that TRAF6-
mediated signals are not limited to TLRs, but are also important for signals induced by
various tumor necrosis factor receptor family members, including CD40 and receptor
activator of NF- B (RANK) (72,85–87). TRAF6-deficient mice are not responsive to
CD40 activation and exhibit defects in tooth eruption, osteopetrosis, and lymph node
organogenesis that are consistent with the lack of RANK signaling.

3.1.4. Mal/TIRAP
Mal (also called TIRAP) is the second TIR domain-containing cytoplasmic adaptor

discovered to play a role in the TLR4 signaling pathway (88). Mal knockout mice exhibit
very similar phenotypes to those observed in MyD88-deficient mice, except that the
defects are specifically associated with TLR4 and TLR2 (88–90). Mal is thought to inter-
act with MyD88 and likely mediates MyD88-dependent signals specifically downstream
of TLR4 and TLR2 (Fig. 6).

3.2. MyD88-Independent Signaling

Studies of the MyD88-independent pathways have been concentrated on TLR3/
dsRNA- and TLR4/LPS-induced IRF3 activation and production of type I interferons,
and downstream interferon-regulated genes such as IP-10 and GARG16 (77) (Fig. 6). It
appears that two newly discovered TIR-containing adaptors, TRIF and TRIF-related
adaptor molecule (TRAM), play critical roles in initiating this signaling cascade (91–
95). TRAFZ-associated kinase (T2K) and I B kinase (IKK  are recruited by TRIF and
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then potentially interact with IRF3 directly to phosphorylate and activate IRF3 (96,97).
These molecules will be discussed in this Subheading. TLR3 and TLR4-induced upreg-
ulation of costimulatory molecules during DC maturation is also MyD88-independent
(98), and the search for signaling molecules involved in this response has also yielded
some recent breakthroughs.

3.2.1. TRIF

TRIF (also called TICAM-1) was first discovered in 2002 as an important protein
linking TLR to type I interferon production (91–94). Recently, two studies using TRIF-
deficient mouse models demonstrated that TRIF is indeed essential for TLR3-mediated
signals and TLR4-induced IRF3 activation (Fig. 6). Using a reverse genetics approach,
Beutler’s group identified the mutation lps2, which displayed a defect in polyI:C- or
LPS-induced interferon production, and confirmed the product of lps2 gene as TRIF
(91). Intriguingly, these TRIF-defective mice also exhibited defects in LPS-induced
inflammatory cytokines and resistance to LPS-induced endotoxic shock (93). Although
MyD88 knockout or TRIF-defective cells retain LPS-induced NF- B activation, such
signal is completely abolished in cells lacking both MyD88 and TRIF. These results
suggest that TRIF not only is essential for the MyD88-independent pathway, but also
cooperates with MyD88 in the branch of NF- B and inflammatory signaling mediated
by bacterial LPS. TRIF-knockout mice generated by Akira’s group show the same funda-
mental phenotype as lps2 mutant mice (93,94). Furthermore, LPS-induced upregulation

Fig. 6. TRIF-dependent TLR signaling pathway. After LPS binding, TLR4 can trigger both
a MyD88-dependent signaling pathway (Fig. 5) and a TRIF-dependent pathway. The TRIF-
dependent pathway leads to activation of IKK  and T2K (or called TBK1) and causes IRF3
dimerization. Dimerized IRF3 can translocate into the nucleus and result in transcription of
IRF3-dependent genes (IFN-  or IFN- ). Upregulation of costimulatory molecules (Fig. 3) is
also TRIF-dependent. In addition, there is only a TRIF-dependent pathway, but no MyD88-
dependent pathway, for TLR3. Furthermore, TRAM is thought to be an adaptor only for TLR4.
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of costimulatory molecules such as CD40, CD80, and CD86 are also dependent on the
TRIF-signaling pathway (Fig. 6) (98).

3.2.2. TRAM

TRAM (also called TICAM2 or TIRP) is a closer homolog to TRIF than MyD88 or
Mal in TIR domain homology (92,95,99). Overexpression of TRAM in 293 cells in-
duces NF- B activation and also activates the genes encoding type I interferons. Inter-
estingly, TRAM knockout mice show specifically impaired LPS responses, including
cytokine production, B-cell activation, and costimulatory molecule upregulation. These
data suggest a model where TRAM is involved in TRIF-dependent signaling, specifi-
cally in the LPS/TLR4 pathway. TRAM appears to directly interact with TLR4 and pro-
vides a signaling link between TLR4 and TRIF (Fig. 6).

3.2.3. T2K and IKK

T2K (also called TBK1 or NAK) was originally isolated as a kinase associated with
TRAF2, whereas IKK  (IKKi) appears to be inducible by inflammatory stimuli. T2K
and IKK  are the most similar to each other and also share some homology with IKK
and IKK , particularly in the kinase domains. Initial characterizations of T2K and
IKK  implicate them in NF- B signaling (100–102). Whereas IKK -deficient mice are
viable and grossly normal, T2K knockouts die during embryogenesis because of fetal
liver apoptosis (103). Similar to mice lacking RelA or IKK , which are both core com-
ponents of NF- B signaling, the embryonic lethality and liver apoptosis of T2K-defi-
cient mice can be rescued by the elimination of tumor necrosis factor receptor-1 (103).
Intriguingly, NF- B activation is largely preserved in T2K knockout cells, despite the
fact that induction of a small subset of NF- B-dependent target genes is impaired.

Recently, T2K and IKK  were identified as kinases responsible of phosphorylating
and activating IRF3, the key transcription factor in the TRIF-dependent signaling path-
way (96,97) (Fig. 6). Indeed, TRIF appears capable of interacting with T2K/IKK , and
TRIF-mediated NF- B and IRF signals are impaired in T2K-deficient cells. In addition,
T2K is required for a subset of virus-induced responses, consistent with the function of
T2K along the line of IFN-  induction and IRF3 activation.

3.3. Negative Regulators of TLR Signals

Inflammatory responses are quite useful for the clearance of pathogens such as bacte-
ria. However, these responses are intricately controlled to prevent tissue damage, septic
shock, and autoimmune disorders resulting from excessive inflammation. In the follow-
ing section we discuss examples of negative signal regulators relevant to TLR signals, as
discovered by gene targeting studies.

3.3.1. IRAK-M

IRAK-M is an inducible member of the IRAK family and does not possess kinase
activity. Expression of IRAK-M is somewhat restricted to monocytes/macrophages and
is induced at least by LPS. Interestingly, IRAK-M knockout mice show enhanced inflam-
matory response on bacteria infection (104). Cells lacking IRAK-M exhibit enhanced
cytokine production and NF- B and MAP kinase activation on stimulation using various
TLR ligands or heat-inactivated bacteria (E. coli and S. typhimurium). A potential model
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for how IRAK-M may achieve negative signal regulation is through association with
the MyD88/IRAK complex and inhibition of the association between active IRAK pro-
teins and TRAF6.

3.3.2. SIGIRR and ST2

Two TIR-containing surface membrane proteins, SIGIRR and ST2, are implicated
as negative signal regulators primarily because of knockout studies (105,106). SIGIRR-
or ST2-deficient mice show enhanced sensitivity to LPS shock and lack of LPS toler-
ance, respectively. Cell surface expression of ST2 is induced after LPS treatment. ST2
knockout macrophages produce a heightened amount of inflammatory cytokines in-
duced by LPS. Both SIGIRR and ST2 probably inhibit TLR signaling through interac-
tion with TIR-containing cytoplasmic adaptors, e.g., MyD88 or Mal.

4. Conclusion and Clinical Perspectives
Innate immunity is an evolutionarily conserved response that antagonizes pathogen

invasion, such as bacteria infection, in a swift and efficient way. To achieve this, rec-
ognition of pathogens is sorted by general molecular patterns and signals generated by
such pattern recognition are then transmitted quickly to induce a legion of cytokines
that amplify the inflammatory responses. This chapter focuses on the events of patho-
gen pattern recognition and signal transduction that lead to major downstream events
initiating and regulating inflammation and pathogen control. As discussed in Subhead-
ings 2. and 3., primarily based on information gleaned from various mouse studies, per-
turbations of TLRs and their signaling cascades can lead to severe, and sometimes specific,
defects of innate immune responses.

Remarkably, TLRs or key signaling molecules mediating TLR signals, are rarely
reported deleted or mutated in humans. TLR4 sequence polymorphism is potentially
linked to susceptibility to bacterial infection or other diseases, but those observations
remain to be further investigated (107–111). One possibility for the lack of identified
human mutations may be that the mutations are generally silent and do not cause health
problems. If this is the case, innate immune responses against regular doses of patho-
gens, at least in humans, may be well compensated by pattern recognition systems other
than TLR signals. Along this line of discussion, it is interesting to note that there are in
fact several cases of patients with recurrent pyogenic bacterial infections who harbor
mutations in the irak-4 gene that abolish expression of IRAK-4 (112,113). These patients
suffered from repeated infections of Streptococcus pneumoniae, Streptococcus inter-
medicus, S. aureus, Gemella morbillorum (Gram-positive), and Neisseria meningitidis
(Gram-negative) during their childhood, but gradually became resistant to pathogens
as they grew older. Although adaptation of these patients supports the theory of non-
TLR signal compensation, it is intriguing as to why IRAK-4 deficiency specifically draws
infections from mostly Gram-positive bacteria. Further investigations of the patients,
IRAK-4 signals, and other TLR signaling molecules will help address these issues.

Interestingly, recent investigation of Nod family proteins, which may function as
intracellular pattern-recognition sensors, has yielded information relevant to clinical
diseases. In particular, mutation of Nod2 is thought to be associated with Crohn’s disease
(114,115), which, along with ulcerative colitis, are the prominent inflammatory bowel
disorders. Nod2 acts as a signal modulator alongside TLR signals, and Nod2 mutation
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found in Crohn’s disease results in enhanced NF- B and cytokine signals (116–118).
Further studies of Nod proteins will provide useful information that complements the
investigation of TLR signal regulation outlined in this chapter.
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Summary
Genome sequencing of Campylobacter jejuni NCTC11168 identified an abundance of carbohy-

drate biosynthetic clusters comprising a large proportion of the genome. Many of these pathways
were already under investigation including the lipooligosaccharide, flagellar O-linked protein glyco-
sylation, and general N-linked protein glycosylation systems. Genome sequencing also identified
a novel cluster of genes, which was subsequently shown to be involved in capsular polysaccharide
biosynthesis. In order to fully understand the C. jejuni glycome, sophisticated analytical techniques
were employed for functional characterization. We will describe these four important carbohydrate
pathways highlighting the methods used to characterize these systems, the biological relevance the
sugars play in campylobacter survival and pathogenesis, and the potential exploitation of the gly-
come for novel therapeutics against this common food-borne pathogen.

Key Words: Campylobacter; glycome; pathogenesis; mass spectrometry; NMR spectroscopy.

1. Introduction

1.1. Campylobacter

Since King first described human infection with a “related vibrio” in 1957, Cam-
pylobacter jejuni has become recognized as the leading cause of bacterial gastroenteri-
tis worldwide and a significant cause of child morbidity in underdeveloped countries
(1). In addition, infection with C. jejuni is the most frequent antecedent to Guillain-
Barré syndrome (GBS), the primary cause of neuroparalysis since the eradication of
polio (2). C. jejuni, from the epsilon group of Proteobacteria (3) and the closely related
Campylobacter coli, account for as much as 95% of the reported human infections
caused by campylobacters (4). However, it is believed that other Campylobacter spe-
cies are under-reported because of improper culturing techniques and/or lack of test-
ing. For example, Campylobacter upsaliensis is another species that is receiving more
attention owing to the reported high incidence among HIV-patients (5), and the recent
observation that it was the second most common species isolated among quinolone-
resistant campylobacters (6). Thus, the importance of campylobacter infection to human
health is now being recognized more than ever because of the increase in public aware-
ness, improvements in culturing and reporting techniques, investigation of other species,
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growing number of reports of campylobacter-induced autoimmunity and antimicrobial
resistance, and the increasing public concern for food and water safety.

The inconsistency in these observations is that C. jejuni is a fastidious organism in
the laboratory requiring restricted temperature and reduced oxygen for growth, yet it is
able to persist through extreme environmental changes. Many domestic and wild ani-
mals are colonized with campylobacters in the mucus lining their gastrointestinal tracts
where the organism remains highly motile (7). Birds, particularly poultry, are considered
the main reservoir, but C. jejuni has also been identified in several water-borne out-
breaks (8,9). Although C. jejuni contains a large number of characterized virulence fac-
tors, surprisingly the mechanisms by which the organism is able to persist and induce
diarrheal disease are still unknown.

One of the best-characterized virulence factors are the bipolar flagella. Several recent
reports are addressing the regulatory network and hierarchy of this complex system
(10–13). These organelles are not only essential for motility, colonization, and immune
avoidance, but have recently been shown to play another role in the infection process.
The flagellar channel serves as a primitive type III secretion system that is necessary
for the export of the adhesive protein, FlaC, that influences human cell invasion (14)
and export of the campylobacter invasion antigens, Cia proteins, that are upregulated
when the organism comes into contact with host cells (15). Similar to other mucosal
pathogens, campylobacters also produce cytolethal-distending toxin, consisting of
CdtABC, which is responsible for DNA damage leading to cell cycle arrest (16). Recently,
it was demonstrated that C. jejuni cytolethal distending toxin may have proinflam-
matory activity in vivo (17) suggesting that this toxin, in part, may contribute to human
enteritis. Another recent report identified a type IV secretion system (TFSS) encoded
by the pVir plasmid in certain isolates of C. jejuni (18). Mutation of proteins forming
the TFSS results in reduced adherence, invasion, competence, and ferret diarrheal dis-
ease (18,19). Iron is also an essential component for survival of all human pathogens,
and much work has been done in understanding iron acquisition and regulation in C.
jejuni (20,21).

The first genome sequence of C. jejuni NCTC11168 was published in 2000 and
revealed that the organism contains multiple hypervariable sequences (22). Genome
sequencing confirmed that 23 genes contained variable homopolymeric tracts (and
identified 9 possible others) that could potentially lead to 23! (2.6  1022) different phe-
notypes being expressed in the population because of frameshift mutations. Dynamic
populations with multiple variant cell types may contribute to the persistence of this
fastidious organism and the ability to adapt to a wide range of environmental conditions.
Although much work has been done to understand C. jejuni in the postgenomic era, it
is still one of the least understood enteric pathogens. However, genome sequencing has
provided “new insights into the biology of C. jejuni including . . . an unexpected capacity
for polysaccharide production” (22). This chapter will provide a summary of the ongo-
ing efforts in understanding the role and relevance of polysaccharide production in this
important mucosal pathogen.

1.2. Glycomics

The term glycome, first coined by V. N. Reinhold, was devised by analogy to proteome
and describes the complete set of carbohydrate molecules synthesized by an organism,
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tissue, or cell. The term proteomics describes the methods and experiments employed
to establish and investigate a proteome. However, carbohydrates are secondary gene
products, i.e., they are derived from protein products encoded by genes. Hence, it is use-
ful to extend glycomics to include the study of the relationship of a glycan’s structure
to the genes that govern it. From this standpoint, prior to the publication of the genome
sequence of C. jejuni (22), there had been little or no glycomic studies performed on
this organism. Although several glycan structures had been determined, principally by
Dr. G. O. Aspinall and colleagues (reviewed in ref. 23), the genes responsible for these
structures were largely unknown. Conversely, the carbohydrate structures made by the
strains used in studies of pathogenesis, such as 81-176, were not known, and this was
also true for the strain selected for genome sequencing, NCTC11168.

The C. jejuni 1.64 Mb genome sequence immediately clarified several general fea-
tures of the glycome (22). It was apparent that there were four distinct carbohydrate
gene clusters, one of which contained two sets of genes transcribed in opposite direc-
tions (Fig. 1). Apart from the abundance of carbohydrate synthesis genes, the four loci
differed from the remainder of the genome in three respects. First, they contained a
large proportion of the identified genes prone to phase variation, a mechanism by which
the structures of the cell-surface glycans can differ in daughter cells owing to frame-
shift mutations in their biosynthesis genes. Second, the majority of the genes in these

Fig. 1. Gene schematic demonstrating the organization of the Campylobacter jejuni NCTC11168
carbohydrate loci. Genes that have not been described in the literature are represented as blank
arrows. The loci are explained in more detail at: N-linked glycan (67–69), lipooligosaccharide
(50,51,87), O-linked glycan (67–69) and capsular polysaccharide (40,57,63). Vertical bars above
the arrows indicate genes with variable homopolymeric nucleotide tracts (22). R represents
nine repeats of the amino acid sequence KIDLNNT. The figure was created using the CampyDB
database (http://campy.bham.ac.uk/).
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loci were absent from the two sequenced genomes of the closely related organism,
Helicobacter pylori. Notably, this organism does not show any clustering of its carbo-
hydrate genes. Third, the guanine and cytosine content in the loci were slightly lower
than the remainder of the genome, raising the possibility of gene transfer, particularly
of the capsular and lipooligosaccharide (LOS) clusters. The whole genome contains
approx 1630 genes, and the genes for carbohydrate biosynthesis total approx 100. Taking
into account the genes for other glycans and for sugar nucleotide biosynthesis that are
distributed throughout the genome, as much as one-tenth of the genome may be devoted
to carbohydrate synthesis, making this organism an excellent model for glycomics studies.

The glycome of C. jejuni is summarized diagrammatically in Fig. 2. It is a set of five
glycans: the peptidoglycan, the capsular polysaccharide (CPS), the LOS, and the two
protein glycosylation systems, N- and O-linked. The peptidoglycan will not be described
further here. The syntheses of the remaining glycans are directed by the glycosyltrans-
ferases of the four loci, which also contain the genes for the biosynthesis of the unusual

Fig. 2. Representation of the Gram-negative Campylobacter jejuni NCTC11168 cell glycome.
The biosynthetic precursors (sugar nucleotides) are shown in the cytoplasm. N-linked glyco-
proteins are shown spanning the inner membrane and within the periplasm. The peptidoglycan,
composed of a polymer containing N-acetyl-glucosamine and N-acetyl-muramic acid with sev-
eral amino acids, is located within the periplasm. The flagella span both the inner and outer
membranes, and are located at both cell poles. The lipooligosaccharides and capsular polysac-
charides are attached to the outer leaflet of the outer membrane and surround the entire cell sur-
face. The models are not drawn to scale.
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sugars in each structure (Fig. 3). In their order within the genome, the loci encode the
N-linked glycan and the LOS, the flagellin O-linked glycan, and the CPS (Fig. 1). Exam-
ining the breakdown of the genes in the loci according to the genome annotation demon-
strates that they differ considerably in the proportion of transferases to sugar biosynthesis
genes, and this mainly reflects the fact that the LOS is comprised largely of the common
sugars such as glucose (Glc), galactose (Gal), and N-acetyl-galactosamine (GlcNAc)
(Fig. 3), and thus the locus contains less biosynthetic genes. In contrast, the CPS and N-
and O-linked glycans contain complex sugars (Fig. 3) requiring large biosynthetic gene
clusters.

The genome information has been used to construct DNA microarrays with up to
95% coverage of the 1654 C. jejuni NCTC11168 open reading frames, and many arrays
include additional genes from other strains. Studies have demonstrated extensive inter-
strain genomic variability, which was particularly evident in the genes encoding surface
structures (24–27). We have examined the variation among 75 strains (Fig. 4, upper
panel) and showed several regions of hypervariability, with the LOS, flagellin, and CPS
loci being prominent among them. However, enlargement of the N-glycan/LOS locus
(Fig. 4, lower panel) shows a striking asymmetry with the N-glycan genes being almost
entirely invariant (note that a function for wlaJ in this pathway has not been demon-
strated), whereas the LOS genes involved in outer core synthesis are highly variable.
Consistent with this variability plot, there are a wide variety of LOS, O-glycan, and CPS
structures, although the N-glycan is conserved. Further analyses of these four pathways
are described in detail in Subheadings 2.–4.

1.3. Analytical Tools to Examine Bacterial Glycomes

As science advances, there is a trend to merge multiple disciplines. For example, we
need biology, chemistry, and physics to analyze complex biological problems. Advances
in sequencing and high-throughput genomic technologies, such as microarrays and mass
mutagenesis, are providing a wealth of data. This information is creating new challenges
for bioinformatics, statistics, and mathematics. Mass spectrometry (MS) and nuclear
magnetic resonance (NMR) spectroscopy are two analytical tools that are being relied on
more heavily than before to generate functional information from the genetic data being
generated.

1.3.1. Mass Spectrometry

Modern MS techniques, based on electrospray ionization (ESI) and/or MALDI, are
exquisitely sensitive and can generate valuable information on tiny quantities of material
(low femtomole). Therefore, it is no surprise that MS has become an essential element
of any protocol to characterize novel glycoconjugates. A number of different MS tech-
niques are used in a typical analysis strategy. This is illustrated very well in the examples
described here which relate to the characterization of LOS, as well as the novel N- and
O-linked glycan modifications on proteins from campylobacter.

All of the research work described here was performed on triple quadrupole and/or
hybrid quadrupole time-of-flight (Q-TOF) mass spectrometers. ESI was used to ionize
the samples and introduce them into the mass spectrometer. Typically, complex sample
mixtures were separated by on-line high-performance liquid chromatography (HPLC)
(i.e., protein digests) or capillary electrophoresis (CE) (i.e., LOS) prior to ionization.
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Fig. 3. Molecular models of the four Campylobacter jejuni glycans described. (A) Lipo-
oligosaccharide structure (57). (B) O-linked glycans showing pseudaminic acid (Pse5Ac7Ac)
and its dihydroxypropionyl derivative (Pse5Pr7Pr) on the flagellin glycopeptide 392FTQNVSSI
SAFMSAQGSGF410 (34). (C) N-linked glycan (35). (D) Two repeating units of the capsular
polysaccharide with phosphoramidate pendant groups (57). All models where drawn with VMD
(88). Gal, galactose; GalNAc, N-acetyl-galactosamine; NeuAc, N-acetyl-neuraminic (sialic) acid;
Glc, glucose; Hep, L-glycero-D-mannoheptose; PEtn, phosphoethanolamine; KDO, 3-deoxy-
D-manno-2-octulosonic acid; Bac, 2,4-diacetamido-2,4,6-trideoxy-D-glucose (bacillosamine);
OP = O(NH2)OMe, methyl phosphoramidate; Rib, ribose; GalfNac, 2-acetamido-2-deoxy-galacto-
furanose; GlcA6(NGro), glucuronic acid with 2-amino-2-deoxyglycerol; and 6-O-Me-Hep, 6-O-
methyl-D-glycero- -L-glucoheptose.
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The mass spectrometers were operated in different modes depending on the type of
information that was required (Fig. 5). The masses of the intact ions (more correctly
their mass/charge ratio, [m/z]) entering the mass spectrometer were determined in MS-
only mode (Fig. 5A). In MS/MS mode (Fig. 5B) only ions of a specific m/z value were
allowed to pass through the first quadrupole (Q1), and were broken apart in the colli-
sion cell by collision with an inert gas, such as argon or nitrogen (a process called colli-
sion-induced dissociation). The resulting fragment ions were analyzed in the TOF (or
third quadrupole in triple quadrupole instruments) and yielded important structural and
sequence information. However, more detailed information was occasionally required
on the fragment ions. This was achieved by fragmenting the precursor ions as they
entered the mass spectrometer (a process called front-end collision-induced dissocia-
tion) and selecting one of the resulting fragment ions for MS/MS analysis (Fig. 5C).
There are additional data acquisition modes that can yield useful information for a novel
glycoconjugate (i.e., precursor ion scanning, neutral loss analysis, and others), but these
will not be discussed. Furthermore, there are many different mass spectrometers (FTICR-
MS, ion traps, hybrid instruments, and so on) available today each of which has its own
particular set of strengths and weaknesses. However, only the techniques and instru-
ments used in this work are described here.

Fig. 4. Microarray comparison demonstrating gene variability and conservation in Campylo-
bacter jejuni carbohydrate loci. Comparative genomic hybridizations were done for 75 C. jejuni
strains as described in (27). The variation was calculated for each individual gene in the genome
strain NCTC11168, and is shown as the percentage of strains that show divergence at that gene
(i.e., twofold or lower signal intensity than the genome strain). The genome region spanning all
four carbohydrate loci is shown in the top panel. An expanded view of the variability in the N-
linked protein glycosylation and lipooligosaccharide biosynthesis pathways is shown in the
bottom panel.
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Fig. 5. The different modes of mass spectrometry (MS) used in this research. The instrument
represented here is a hybrid quadrupole time-of-flight mass spectrometer (Q-TOF). However,
triple quadrupoles have a similar geometry except that the TOF tube is replaced with a second
quadrupole similar to Q1. In MS mode (A) all incoming ions pass intact through the quadrupole
(Q1) and the collision cell and are analyzed in the TOF. In MS/MS mode (B) only ions of a given
m/z value are allowed to pass through Q1 and enter the collision cell where they are fragmented
by collision-induced dissociation. The resulting fragment ions are analyzed in the TOF. Second-
generation MS/MS spectra can be acquired by increasing the orifice voltage such that incom-
ing ions are fragmented in the source (C). The fragment ions of interest are then selected by Q1,
fragmented in the collision cell, and the second-generation fragment ions are analyzed in the
TOF. It is worth noting that the design of some mass spectrometers (i.e., ion traps and FTICR-
MS) makes it easier to acquire good quality second- and even third-generation MS/MS spectra.
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1.3.2. NMR Spectroscopy and High-Resolution Magic Angle Spinning NMR

NMR has been used for decades to elucidate carbohydrate structures from all domains
of life (28–33). NMR is most often used in combination with MS and chemical methods
for structural elucidation of glycan structures. For carbohydrates of biological origin,
NMR experiments are done primarily for 1H, 13C, and 31P nuclei. Proton homonuclear
experiments are the most sensitive since 1H is naturally abundant. NMR experiments for
other nuclei are less sensitive and require more time or material. Protons can interact
with each other through bonds or through space which provides information on the
molecular distance and geometry used to elucidate the sugar type. Homonuclear experi-
ments usually consist of correlated spectroscopy (COSY), total correlated spectroscopy
(TOCSY), and nuclear overhauser effect spectroscopy (NOESY) experiments. In gen-
eral, two-dimensional (2D) COSY and TOCSY are used to assign the proton resonances
to each proton in the monosaccharide units, through H-C-H and H-C-C-H correlations.
2D NOESY correlations, which are dependent on interproton distances, are used to estab-
lish the sequence of sugars and locate pendant groups. The 13C resonances are assigned
with a heteronuclear multiple-quantum correlation (HMQC) or heteronuclear single-
quantum correlation (HSQC) experiment that detects heteronuclear correlations. Long-
range 13C-1H heteronuclear multiple bond correlations (HMBC) across the glycosidic
bond (H-C-O-C-H) are used to establish the sequence of sugars. Chemical shifts and
couplings through bonds are all dependent on the substitution patterns (H, C, O, or N) on
the carbon atoms (electronic environment). Hence, the NMR parameters can be used to
distinguish between all the various forms of monosaccharides possible, even if they have
the same mass. Once, all resonances have been assigned, comparison of chemical shifts
and coupling constants with model compounds (synthetic mono- or disaccharides) and
known structures are used to confirm the structural analysis.

For high-resolution NMR, a soluble sample in sufficient quantity is required. For a
glycan obtained from bacterial cells, this requires extensive purification methods that
can be very time consuming. For example, to produce microgram to milligram amounts
of the O-linked glycans from the flagellin, months of growing the appropriate amount
of cells, isolation, and degradation of the flagellin, and isolation of pure tryptic glyco-
peptides were required (34). For the N-linked glycopeptide, extensive purification fol-
lowed by pronase digestion was used to isolate the glycan structures (35). A nanoprobe,
which allows NMR experiments to be done on nanomolar amounts of material, was then
used to complete the structural elucidation of the glycan. For LOS, extensive purification
is also required, along with cleavage of the lipid-A moiety to obtain a soluble sample
(36). For CPS, milligram quantities can be obtained, but viscosity owing to the high
molecular weight (HMW) of the sample can lead to broad lines in the spectrum and can
be problematic. In all cases, apart from impurities, heterogeneity in the glycan struc-
ture because of phase variation or loss of pendant groups or sugars during purification
can further complicate the structural analysis.

In the analysis of the O-linked monosaccharide on C. coli flagellin (Fig. 6A), the
glycan resonances could not be completely separated from the small peptide resonances
in the partially purified pronase digest (Fig. 6B). In this case, selective 1D NMR methods
were used to select resonances from the glycan structure that could be identified from
a 2D COSY spectrum (34). From the selective 1D TOCSY spectrum for the H-3e (equa-
torial) resonance (Fig. 6C), the H-3a (axial), H-4, and H-5 resonances could be observed.
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From the selective 1D TOCSY spectrum for the H-9 methyl resonance (Fig. 6D), the
H-8, H-7, and H-6 resonances were detected. Only spins that are coupled through conse-
cutive H-C-H or H-C-C-H bonds were observed from a TOCSY experiment. From the
selective 1D NOESY spectrum for the H-9 methyl resonance (Fig. 6E), the H-8 and H-
6 resonances were detected because of the short interproton distances (<3 Å) between
the C-9 methyl group and the H-8 and H-6 protons. Owing to overlap of resonances, the
usual 2D COSY and TOCSY experiments were also performed to resolve any ambiguity.

Fig. 6. Structure and nuclear magnetic resonance spectroscopy (NMR) spectra for the O-linked
pseudaminic acid, -Pse5Ac7Ac, found in the Campylobacter coli flagellin purified pronase digest.
(A) Structure, (B) proton NMR spectrum, (C) 1D TOCSY for the H-3e resonance with a mixing
time of 150 ms, (D) 1D TOCSY for the H-9 methyl resonance with a mixing time of 90 ms, (E)
1D NOESY for the H-9 methyl resonance with a mixing time of 800 ms, and (F) HMQC spec-
trum with assignment of the glycan cross-peaks. Experiments were performed at 600 MHz (1H)
using a nanoprobe (Varian).
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It was possible to obtain a 13C-1H heteronuclear-correlated spectrum for this sample.
This had not been previously possible for the tryptic digest (34), because of less material
being available and the higher molecular weights of the glycopeptides affecting the
signal-to-noise ratio. From the HMQC spectrum in Fig. 6F, the 13C chemical shifts of the
glycan were obtained. The coupling constants were not obtained because the individual
resonances exhibited heterogeneity in chemical shifts owing to multiple linkage sites
to various peptides through serine (Ser) and threonine (Thr). A comparison of the 1H
and 13C chemical shifts with model compounds and known structures confirmed that
this sugar was Pse5Ac7Ac with the  anomeric configuration (37). The absolute config-
uration (L or D) could not be determined from NMR and is usually determined by
chemical methods which require a substantial amount of pure material. It was assumed
to be the L configuration that is found in nature for this type of sugar (37).

For glycomics, the genes encoding the components required for the synthesis of the
glycan must be identified. Once the glycan structure has been determined from puri-
fied material, alterations in structure resulting from genomic modification need to be
established without having to return to extensive glycan isolations. To this end, high-
resolution magic angle spinning (HR-MAS) methods, which also use the nanoprobe,
were utilized in order to directly observe glycans from intact bacterial cells and to pro-
vide a tool for geneticists to rapidly screen mutants for glycan alterations.

For HR-MAS NMR, a sample consists of 108–1010 bacterial cells suspended in aque-
ous buffer. To identify cellular components, such as the capsular polysaccharide, the
widths of the individual resonances must be sufficiently narrow so that resonance over-
lap does not prevent critical resonance assignment. Ideally, measurement times for
spectral acquisitions should be kept as short as possible to reduce the possibility that
cellular degradation may influence experimental results. Because bacterial samples
are relatively dilute, sensitivity becomes increasingly problematic with increasing line-
widths leading to unacceptable measurement times. In liquids, rapid tumbling and iso-
tropic (equal in all directions) molecular motion leads to sharp resonances. In bacteria,
cellular components exhibit motions that are anisotropic with resulting broad lines. This
residual line broadening can be reduced by spinning the sample rapidly around an axis
that is inclined at an angle of 54.7 , the so-called “magic angle,” with the direction of the
magnetic field (Fig. 7). For some cellular components the resonance linewidths approach
those achievable in liquid samples. Nearly 20 yr ago, Oldfield and coworkers demon-
strated that model membrane samples composed of liposomal phospholipids could yield
1H and 13C NMR spectra with sufficient resolution under MAS, to allow individual reso-
nance assignments (38). In our hands, HR-MAS at spinning rates of 2000–3000 Hz can
lead to linewidths of a few Hertz sufficient to acquire 1H NMR spectra in a few minutes,
to assign resonances to cellular components, and in fortuitous cases, to undertake struc-
tural studies in situ using both 2D and 1D NMR correlation experiments. It is also pos-
sible to perform heteronuclear correlation experiments such as 1H-31P and 1H-13C at
natural abundance.

2. Campylobacter LOS
Lipopolysaccharides (LPS) coat the surfaces are all Gram-negative bacteria. They are

composed of three domains: lipid A (also known as endotoxin) responsible for anchor-
ing the sugars into the outer leaflet of the bacterial outer membrane, the core region that
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is further divided into inner core (heptoses and 3-deoxy-D-manno-oct-2-ulosonic acids
[KDO], which display little variability between bacteria), and outer core (heterogene-
ous structures occasionally mimicking human antigens), and the HMW sugar repeats
which extend beyond the bacterial cell surface. Several mucosal pathogens, such as
Neisseria and Haemophilus, lack the sugar repeats and thus are said to express rough
LPS or LOS. It was previously believed that campylobacters produced LPS and that
these HMW structures were the serodeterminant of the heat-stable typing scheme devel-
oped by Penner (39). However, even in the early studies reported by Aspinall, the attach-
ment point for many of the sugar repeats was not defined. Subsequent genome sequenc-
ing demonstrated the unexpected presence of capsule genes and it was later shown that
the HMW sugars produced by campylobacters were capsule (see Subheading 3.; [22,
40,41]). Further support that these HMW sugars are not attached to the core was pro-
vided by Fry et al. (42) and Oldfield et al. (43) when they analyzed deep LOS mutants
and showed unaltered expression of the HMW polysaccharide. Thus, these organisms
produce LOS, as shown in Fig. 2. Also similar to other mucosal pathogens, campylo-
bacters express a phase-variable outer LOS core that is capable of mimicking human
antigens. Many of these structures were solved by Aspinall et al. (reviewed in ref. 23)
and have been shown to be unique because they mimic human gangliosides in struc-
ture. It is this mimicry that was predicted to lead to the development of the antecedent
neuropathies, GBS and Miller Fisher Syndrome, when antibodies that are generated
against the LOS ganglioside mimics crossreact and attack host gangliosides (44–47).
Recently, Yuki and colleagues provided direct evidence that C. jejuni LOS can cause
limb weakness in rabbits and, thus, carbohydrate mimicry can cause autoimmune dis-

Fig. 7. Schematic diagram of nuclear magnetic resonance (NMR) spectroscopy tubes. (A)
For high-resolution (HR)-NMR, a 5-mm NMR tube with 500 L of soluble sample is typically
used. (B) For HR-MAS NMR using a nanoprobe, the 40- L sample is contained in a cylindrical
rotor whose axis is inclined at an angle of 54.7  relative to the magnetic field (Ho). The sample
is rotated about the rotor’s axis at rates typically exceeding 2000 Hz. The tubes are drawn to
scale relative to each other.
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ease (48). It is speculated that C. jejuni expresses human ganglioside mimics to avoid
host immunity, and that individuals susceptible to developing GBS would demonstrate a
breakdown of immune tolerance (49).

The LOS gene loci from multiple strains of C. jejuni have been sequenced and grouped
into families based on the gene content and the resulting outer core structure (50,51).
The LOS cluster is the most thoroughly studied carbohydrate locus in C. jejuni. Through
the work of Gilbert et al., many of the enzymes in the biosynthetic pathway have been
characterized and the X-ray crystal structure of the first sialyltransferase, C. jejuni CstII,
has recently been determined (52). CstII has been demonstrated to be bifunctional and
capable of adding both 2,3- and 2,8-linked sialic acids allowing for a greater variety
of LOS structures (50,51). C. jejuni LOS sialylation protects against complement-medi-
ated killing, but does not play a role in adherence or invasion of host cells (53,54).
Recently, galE, which is located at the boundary between the LOS and N-linked gly-
cosylation gene clusters (Fig. 1), was overexpressed and its predicted glucose-4-epi-
merase activity investigated (55). Enzyme work demonstrated that the enzyme is actually
bifunctional, exhibiting both uridine diphospho (UDP)-Glc to UDP-Gal, and UDP-
GlcNAc to UDP-GalNAc conversion. Interestingly, derivatives of Gal and GalNAc are
found in three C. jejuni NCTC11168 carbohydrate structures: LOS, CPS, and N-linked
glycans (see Fig. 3) and remarkably mutation of galE affected all three structures (55).
Although enzymes involved in the biosynthesis of early sugar intermediates have been
shown to be shared between pathways in other organisms, this was the first example of
an enzyme being used for three separate carbohydrate pathways. Several of the genes
in the LOS loci are prone to phase variation because of the presence of homopolymeric
nucleotide tracts (see Fig. 1). Phase variation in cgtB (wlaN, galactosyltransferase [56]),
and cgtA (N-acetylgalactosaminyltransferase [54]) have been linked to changes in LOS
ganglioside mimicry. In addition, cgtA mutants exhibited increased bacterial attachment
and invasion of human cells, as well as increased protection from complement mediated
killing (54).

Recently, we described the LOS structure for the genome sequenced strain NCTC11168,
which exhibited both GM1a and GM2 ganglioside mimicry (Fig. 3; [57]). The varia-
tion in ganglioside mimicry was a result of the hypervariability of cgtB (wlaN) encoding
the -1,3-galactosyltransferase, which adds the terminal Gal residue to LOS. In order
to more fully characterize the LOS structure in this strain, we analyzed the O-deacylated
LOS by capillary electrophoresis–mass spectrometry (CE-MS) on a triple quadrupole
MS, a method we developed to examine small quantities of these complex glycoconju-
gates (58,59). Interestingly, we observed variability in sialylation, changes in the compo-
sition of the lipid A backbone, and variation in the relative proportions of phosphate
and phosphoethanolamine modifications (60). The C. jejuni lipid A region is unusual
compared with other lipid A structures in that the glucosamine (GlcN) disaccharide back-
bone can be substituted with 3,4-diamino-Glc (GlcN3N) residues, and a mixture of all
three forms: GlcN-GlcN, GlcN-GlcN3N, and GlcN3N-GlcN3N have been observed
(57,61). Changes in lipid A in other organisms have been demonstrated to affect immune
response and antimicrobial activity, therefore, further examination of the effect of these
changes and genes involved in C. jejuni is needed. Interestingly, unlike the other carbo-
hydrate pathways described in this chapter, the genes required for lipid A and KDO bio-
synthesis are scattered throughout the genome (22).
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3. Campylobacter Capsular Polysaccharides
As mentioned in the chapter summary, capsular polysaccharides remained unnoticed

until the genome sequencing project was initiated (22). Subsequent mutation of capsule
transport gene homologs demonstrated loss of the HMW polysaccharide and loss of the
ability to be Penner typed (40,41). It is now believed that all the HMW polysaccharide
structures determined by Aspinall and colleagues are CPS and are the main serodetermi-
nant of the Penner typing scheme. Further data supporting this conclusion was recently
provided by Gilbert et al. when they identified a GBS isolate that serotyped as HS:2,
but which had acquired an LOS gene cluster (and LOS structure) identical to the HS:19
serostrain (62). Although many molecular typing techniques have been developed, the
heat-stable typing scheme is still widely used and has demonstrated the clonality of cer-
tain C. jejuni isolates associated with GBS (i.e., HS:19 types in Japan and HS:41 types
in South Africa). Recently, the cps loci from strains of multiple Penner serotypes were
sequenced (63). Karlyshev et al. demonstrated horizontal transfer of complex heptose
gene clusters, as well as cps gene duplication, fusion, deletion, and contingency gene
variation (63). The CPS heptose pathway, which proceeds through GDP-linked inter-
mediates rather than the common ADP-heptose pathway used primarily for LOS core
biosynthesis, has also been identified in other pathogens, such as Burkholderia, Yersinia,
and Clostridium species. Several of the genes involved in C. jejuni heptose biosynthesis
of CPS (hddA, hddC, hddD) or shared with LOS (gmhA, gmhA2, gmhB) were verified
through mutagenesis, followed by CE-MS analyses of the LOS and HR-MAS NMR
analyses of the CPS (63).

Sequencing of NCTC11168 also demonstrated that a large proportion of phase-vari-
able genes are clustered within this locus (Fig. 1; [22]). The structure of the 11168 CPS
was determined by us (Fig. 3) and shown to consist of -D-Rib, -D-GalfNAc, -D-
GlcpA6(NGro)–a uronic acid with 2-amino-2-deoxyglycerol at C-6, and 6-O-methyl-D-
glycero- -L-glucoHep as a side-branch (57). Interestingly, in addition to aminoglycerol,
ethanolamine substitutions were also detected in minor amounts during the analysis
(57). We optimized the HR-MAS NMR method described in Subheading 1.3.2. to exam-
ine intact C. jejuni cells. With this procedure, we were able to compare strains with
known Penner type and unknown capsule structure to further demonstrate that strains
with the same Penner type also showed similar capsule spectra (60). HR-MAS NMR also
provided us with an excellent method to analyze mutants (such as the heptose mutants)
and to further examine the variation in 11168 CPS structure. We examined growth from
individual colonies of wild-type 11168 by HR-MAS, silver staining, and antibody reac-
tivity. This led to the identification of a variable 6-O-methyl group on the heptose branch,
a population expressing high levels of the ethanolamine modification on glucuronic
acid, and a unique phosphoramidate moiety on GalfNAc that resembled man-made pesti-
cides in structure (60). This phosphoramidate has subsequently been detected on the
HS:1 and HS:19 serostrains expressing different capsule structures and would suggest
that the modification is added to different sugars in different linkages (63). Interestingly,
variants expressing the phosphoramidate did not stain with silver or react with Penner
HS:2 typing sera (60). In contrast, variants unable to express the 6-O-methyl group
showed increased staining with silver and similar reactivity with Penner sera, whereas
ethanolamine expressing variants showed similar silver-staining patterns but increased
reactivity with antisera. Previous studies have demonstrated that intact CPS is required
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for ferret disease, chicken colonization, adherence and invasion of human epithelial
cells, serum resistance, and surface charge (41,64). However, the individual roles of
these phase-variable modifications are currently unknown. Interestingly, early reports
by Penner also described changes in HMW glycans after prolonged incubation in vitro
and in vivo (65,66). With the optimization of HR-MAS NMR used in our studies, we
can now apply this method to examine bacteria recovered directly from representative
models to further address these observations.

4. Campylobacter Protein Glycosylation Systems
Campylobacter is an excellent model system for examining bacterial glycomics because

it contains two well characterized protein glycosylation systems. Similar to eukary-
otes, C. jejuni is able to attach glycans to proteins through hydroxyl groups on Ser or
Thr (O-linked glycosylation) or through amino groups on asparagine residues (N-linked
glycosylation). These two pathways in C. jejuni have recently been reviewed (67–69),
so we will only briefly describe these two systems and instead describe the methodolo-
gies used in their characterization.

4.1. O-Linked Glycosylation of Flagellin

The structures of the O-linked sugars on C. jejuni 81-176 and C. coli VC167 flagella
have recently been described (Fig. 3; [34,70]). The predominant glycoform is a sugar
similar to sialic acid known as pseudaminic acid (Pse), a nine carbon sugar and mem-
ber of the 5,7-diamino-3,5,7,9-tetradeoxynon-2-ulosonic acids. Pse has also been iden-
tified on the pilin of Pseudomonas aeruginosa and on the flagellin of Helicobacter
pylori (71,72). Interestingly, in both Pseudomonas and Helicobacter, the O-linked gly-
cans are invariant. However, the sugars on Campylobacter flagella are very heteroge-
neous, and this is reflected in the polymorphic flagellar gene clusters (see Fig. 4; [67]).
In addition to Pse, C. jejuni 81-176 also attaches derivatives of Pse modified with ace-
tamidino (PseAm), O-acetylacetamidino, and dihydroxypropionyl to its flagellin (34).
In contrast, C. coli VC167 flagellin is modified with Pse, PseAm, and with a disacchar-
ide structure containing these Pse derivatives possibly attached to deoxypentose (70).
Furthermore, the acetamidino group of C. coli PseAm is presumably attached at the
alternate carbon, because the sugar fragments differently by MS and reacts differently
with glycan specific antisera in comparison with the C. jejuni PseAm (70). These results
are consistent with differences in the composition of carbohydrate biosynthetic genes
found in the corresponding flagellar loci (68,70). The reason for the diversity in O-linked
structures is currently unknown, but because this protein is the immunodominant anti-
gen during infection, it may be advantageous for the organism to vary the carbohydrate
structures. It has also been demonstrated that disruption of the Pse biosynthetic path-
way results in loss of flagellar filament assembly and the subsequent loss of motility
(73). The O-linked glycans on Helicobacter flagellin are also needed for filament assem-
bly and motility (72), but are not required for pilin assembly in Pseudomonas (74).

4.1.1. MS Analysis of Intact Flagellin Protein From C. jejuni 81-176

Analyzing the intact protein by MS is usually the first step in characterizing its post-
translational modifications (PTMs), especially those that are novel. The analysis pro-
vides a molecular weight which must all be accounted for (i.e., the combined mass of
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the amino acids plus the PTMs must equal the mass of the intact protein). Furthermore, a
protein may exist in a variety of modified forms, and this can often be determined easily
from the mass spectrum of the intact protein. In the example given here, the flagellin
from C. jejuni 81-176 was purified, dialyzed to remove salt, and analyzed by ESI-MS on
a Q-TOF mass spectrometer (34). The resulting mass spectrum (Fig. 8A) is composed
of a series of multiply charged ions each of which represents a different charge state for
the intact flagellin. Reconstructing the molecular mass profile from this spectrum yielded
a broad peak stretching over 650 Da that was dominated by two principal components
at 65,766 and 65,841 Da, respectively (inset in Fig. 8A). The observed mass profile is
approx 6.5 kDa larger than that predicted from the amino acid sequence alone (59,240
Da), suggesting extensive modification of the protein. Furthermore, the broadness of
the mass profile indicates some variation in the extent of modification.

4.1.2. Characterization of the Novel Glycan
Modifications on the Flagellin of C. jejuni 81-176

The next step in the analysis procedure was to digest the flagellin protein with trypsin
and to analyze the resulting tryptic peptides by capillary HPLC-MS/MS. Approximately
250 ng of the digest was separated on an HPLC column that was linked directly to the
ESI source of the Q-TOF mass spectrometer. The mass spectrometer was set to operate
in automatic MS/MS acquisition mode, and MS/MS spectra were acquired on multiply
charged ions only (i.e., peptide ions are usually multiply charged, whereas the back-
ground ions arising from the HPLC solvent are mostly singly charged). The MS/MS
spectrum of one of the modified flagellin tryptic peptides (T200-222) is given in Fig. 8B.
This spectrum was dominated by ions in the low mass region of the spectra that could
not be assigned to fragmentation of the peptide itself (m/z 317.1 and 299.1) and were
assumed, correctly as it turned out, to be the oxonium ions of unusual glycan modifica-
tions (i.e., the ion formed by cleavage of a glycosidic bond). In total, three novel glycan
ions were observed in the MS/MS spectra of all of the modified peptides in the tryptic
digest of this flagellin (m/z 316.1, 317.1, and 409.1, respectively). Accurate mass analy-
sis was carried out on the glycan ion at m/z 317.1 using the predicted masses of the sur-
rounding peptide fragment ions as internal calibrants (Fig. 8B). Thus, the accurate mass
of the neutral glycan residue was determined to be 316.122  0.004. The most plausible
empirical formula that satisfied this mass constraint was determined to be C13H20O7N2.

Further information regarding the structure of this unusual glycan modification was
obtained by second-generation MS/MS analysis (as described in Fig. 5C). The glycopep-
tide precursor ion was fragmented as it entered the mass spectrometer by increasing the
orifice voltage to 100 V (normally the orifice voltage is set to 30 V), and conventional
MS/MS analysis was carried out on the glycan oxonium ion at m/z 317.1 (20 V collision
activation). The MS/MS spectrum was dominated by the loss of small neutral molecules
(water, formic acid, ketene) arising principally from the ligand functionalities appended
to the glycan. This information, taken together with the empirical formula derived from
the accurate mass analysis, indicated that the glycan was a diamino sugar containing two
N-acetyl moieties and a carboxylic group, and could therefore be a pseudaminic acid.
Subsequent analysis by NMR (see Subheading 1.3.2.) clearly identified the glycan as
5,7-diacetamido-3,5,7,9-tetradeoxy-L-glycero-L-manno-nonulosonic acid (pseudaminic
acid, Pse5Ac7Ac). Second generation MS/MS analysis of the glycan ion at m/z 316.1
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Fig. 8. Mass spectrometry (MS) characterization of the O-linked glycan on the flagellin of
Campylobacter jejuni 81-176. (A) The ESI-MS mass spectrum of the intact flagellin. The recon-
structed mass profile presented in the inset was derived from this spectrum. (B) MS/MS spectrum
of the flagellin tryptic peptide, T200-222. The fragment ions derived from this peptide (sequence
presented in the inset) are annotated in the spectrum. The exact masses of the glycan oxonium
ion at m/z 317.1298, and the related dehydration product at 299.1191, were determined using
the theoretical masses of the y2 and b4 peptide fragment ions as internal standards. (C) Second
generation MS/MS spectrum of the pseudaminic (Pse5Ac7Ac) oxonium ion at m/z 317.1. The
orifice voltage on the mass spectrometer was raised to 100 V in order to fragment the glycopep-
tide ion in the source. Standard MS/MS analysis was then carried out on the m/z 317.1 oxonium
ion (20V collisional offset). The observed losses are annotated and the structure of the pseuda-
minic acid oxonium ion is presented in the inset.
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(data not shown) suggested that one of the two acetamido groups was substituted with
an acetamidino group (Pse5Am7Ac). A similar analysis of the less abundant glycan ion
at m/z 409.1 suggested that the two acetamido groups were substituted with two N-2,3-
dihydroxypropionyl groups (Pse5Pr7Pr).

All the evidence indicated that these glycans are O-linked to the hydroxyl group of
Ser/Thr residues. However, because of the labile nature of this bond, the sites of modi-
fication could not be identified from the MS/MS spectra. Therefore, purified fractions
of the tryptic glycopeptides were subjected to base-catalyzed -elimination (incubation
overnight at room temperature in 25% ammonium hydroxide), which removes O-linked
glycans and converts the side chain of the linking amino acid to an amino group. The
linking amino acid could then be easily identified by MS/MS analysis, as its mass was
one Da less than the unmodified amino acid from which it was derived. In all, a total of
19 sites of modification were identified on the flagellin protein of C. jejuni 81-176. All
sites were fully occupied, although the type of glycan attached at most of the sites varied
somewhat. Similar results were obtained for C. coli VC-167 in which a total of 16 sites
were identified (70). The two principal glycan modifications on the C. coli flagellin
had masses of 315 and 316 Da, respectively. MS/MS analysis indicated that the 316 Da
glycan was Pse5Ac7Ac. However, MS/MS analysis of the 315 Da glycan suggested that
it was an acetamidino version of pseudaminic acid (PseAm), but one that was structur-
ally distinct from that produced by C. jejuni 81-176. This indicates that PseAm is synthe-
sized by alternate mechanisms in the two strains.

4.2. N-Linked Glycosylation of Multiple Proteins

Since the discovery of the first Bacterial N-linked glycosylation system in C. jejuni,
the field has moved with remarkable progress. In contrast to the gene clusters involved
in LOS, CPS, and O-linked flagellar glycosylation (Fig. 1), the genes required for the
general N-linked protein glycosylation pathway are remarkably conserved (Fig. 3;
[69]) suggesting that the resulting glycans would also have the same structure. We
described the complete structure of the N-linked glycan: GalNAc- 1,4-GalNAc- 1,4-
[Glc 1,3]GalNAc- 1,4-GalNAc- 1,4-GalNAc- 1,3-Bac- 1,N-Asn-Xaa, where Bac
is bacillosamine, 2,4-diacetamido-2,4,6-trideoxyglucopyranose (35). Using HR-MAS
NMR, we observed small resonances that were conserved in all C. jejuni strains exam-
ined. Further analyses of the whole cells using NOESY and TOCSY experiments was
possible and confirmed that we were detecting the common N-linked heptasaccharide
(60). This was the first demonstration of the ability to detect glycans attached to glyco-
proteins within intact bacterial cells. Thus, we used this method to screen other strains
of C. jejuni and C. coli, and showed that the resonances exhibited similar chemical shifts
indicative of the same carbohydrate structure. The genes involved in the biosynthesis
of the N-linked glycan are named pgl for protein glycosylation (Fig. 1; [75]). Mutation
of the pgl genes affects the glycosylation of numerous proteins and, therefore, has
multiple effects including decreases in bacterial attachment and invasion of human epi-
thelial cells, mouse and chick colonization, and protein reactivity to both human immune
and Penner typing antisera (68,75–78). Recently, one of the components of the TFSS
in 81-176, VirB10, was shown to be modified by this pathway (79). Amino acid substi-
tution studies demonstrated for the first time, a direct role for the N-linked glycan in
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protein assembly/stability, which resulted in the reduction in natural competence (79).
Another recent study demonstrated the remarkable ability to functionally transfer the pgl
locus into E. coli to glycosylate recombinant C. jejuni proteins, such as PEB3 (major
antigenic protein) and AcrA (component of the multi-drug efflux pump) opening up
enormous possibilities for glycoengineering in bacteria (80).

4.2.1. MS Analysis of the Intact C. jejuni PEB3

Periplasmic and loosely associated cell surface proteins were isolated by gentle extrac-
tion of C. jejuni NCTC11168 cells (wild-type, as well as the oligosaccharyltransferase
mutant, pglB) with glycine-HCl buffer, pH 2.2 (35). The proteins were fractionated by
cation-exchange chromatography (CEC) and those fractions thought to contain PEB3
(two bands by 1D-gel electrophoresis separated by ~1500 Da) were dialyzed and ana-
lyzed by ESI-MS in a manner similar to that described for the flagellin protein (Sub-
heading 4.1.1.). Three protein peaks were observed in the reconstructed mass profile
of the principal PEB3-containing fraction (inset in Fig. 9A). The peaks at 25,454 and
28,376 Da corresponded well with the expected masses of PEB3 (25,453 Da) and PEB4
(28,377 Da) when the signal peptides have been removed. The peak at 26,861 Da could
not be identified immediately.

4.2.2. Capillary HPLC-MS/MS Analysis of PEB3

The PEB3-containing CEC fraction was digested with trypsin and analyzed by capillary
HPLC-MS/MS on the Q-TOF mass spectrometer in a manner similar to that described
in Subheading 4.1.2. All but one of the peptides in the digest of the sample could be
assigned to the sequence of PEB3 or PEB4. The presence of a strong N-acetyl-hexo-
samine (HexNAc) oxonium ion at m/z 204.1 in the MS/MS spectrum of the unknown ion
together with the consecutive losses of HexNAc and hexose (Hex) in the higher m/z
regions clearly identified it as a glycopeptide (Fig. 9). In addition, there was sufficient
peptide fragment information in this MS/MS spectrum to identify the tryptic peptide as
68DFNVSK73 from PEB3. The oligosaccharide is composed of 5 HexNAcs, 1 Hex and 1
unusual sugar with a residue mass of 228 Da. Later analysis by NMR identified this sugar
as 2,4-diacetamido-2,4,6-trideoxyglucopyranose (Bac). The mass of the oligosaccharide
(1406 Da) corresponds very well with the differences in molecular weights between
PEB3 and the unknown protein peak at 26,861 Da (1407 Da). Taken all together this
indicates that PEB3 is approx 50% substituted with the novel oligosaccharide. Further-
more, the oligosaccharide is linked to the peptide via the Bac residue.

This PEB3 tryptic peptide contains sites for both N- and O-linkage (i.e., Asn70 and
Ser72, respectively). However, the actual site of glycan linkage could not be readily
determined from the MS/MS spectrum. Therefore, second generation MS/MS analysis
was carried out on the m/z 937.4 fragment ion (the ion comprising the tryptic peptide
plus the linking Bac residue) in a manner similar to that described in Subheading 4.1.2.
The resulting MS/MS spectrum (Fig. 9C) contained an ion at m/z 605.3, which was
assigned to the b3 peptide fragment containing the Bac glycan residue indicating that
the oligosaccharide is N-linked to Asn70. Furthermore, the failure to remove the glycan
by -elimination (a procedure that removes O-linked modifications only, see Subhead-
ing 4.1.2.) substantiated this finding.
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Fig. 9. Mass spectrometry (MS) characterization of the N-linked glycan on PEB3 from Campylo-
bacter jejuni NCTC11168: (A) electrospray ionization (ESI)-MS mass spectrum of a cation-ex-
change chromatography (CEC) fraction of the glycine extract of C. jejuni proteins. The reconstructed
mass profile derived from this spectrum is provided in the inset. The fraction was determined to
contain PEB3 (25,454 Da) and PEB4 (28,376 Da), plus an unknown protein (26,861 Da) that was
later determined to be glycosylated PEB3. (B) MS/MS analysis of the PEB3 tryptic glycopeptide,
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4.2.3. Characterization of the N-Linked
Glycoproteome From C. jejuni NCTC11168

A mixture of possible N-linked glycoproteins was isolated from the glycine-HCl
extract of C. jejuni NCTC11168 by SBA (GalNAc specific lectin; [81]) affinity chroma-
tography. The enriched glycoproteins were separated by 1D- and 2D-PAGE. Approxi-
mately 13 proteins were identified by in-gel tryptic digestion and nanoHPLC-MS/MS of
the 1D-bands. However, the true complexity of the isolate was revealed by 2D-PAGE.
Over 100 protein spots were resolved by 2D-PAGE representing 32 proteins. Many pro-
teins exhibited vertical trains of spots with identical isoelectric points, indicating that
these proteins have multiple sites of glycosylation, some of which are partially occupied.
Indeed, almost all of the proteins identified have one or more N-linked sequon sites
(Asn-Xaa-Ser/Thr). In total, 39 proteins are now known to be glycosylated, 24 of which
are annotated as periplasmic proteins (Kelly and Young, unpublished observation; [35]).
It is noteworthy that nearly all the glycoproteins are of unknown function. Glycopep-
tides were often detected by nanoLC-MS/MS in the tryptic digests of the protein bands/
spots, and in every case the glycan was identical to that observed on PEB3. This is in
marked contrast to the varied O-linked glycans observed on the C. jejuni flagellin pro-
tein. Furthermore, the identified O-linked flagellin glycosylation sites are always fully
occupied, but this is not the case for the N-linked glycosylation sites.

5. Biological Roles for Surface Carbohydrates and Potential Uses
Because polysaccharides represent the predominant structures on the bacterial cell

surface, they are important in the interaction between the pathogen, host, and environ-
ment. To summarize the reports described in Subheadings 2.–4., C. jejuni carbohydrates
are involved in many cellular functions, including assembly of the flagellar filament
(73), which we now realize is a type III-like secretory apparatus necessary for the release
of invasion/colonization proteins (14,15), motility (73), assembly of the TFSS that
affects DNA uptake and natural transformation (79), adherence and invasion in vitro
(41,54,76), colonization, and disease in vivo (41,64,68,76–78), molecular mimicry of
gangliosides (82), autoimmunity leading to GBS (48), maintenance of cell surface charge
(41), serum resistance (41,53), antigenic (53,60,83) and phase variation (41,54,57,83,84).
Considering the importance of glycoconjugates in C. jejuni biology and based on the
hypothesis that glycoconjugates have evolved in bacteria to enable them to become
established in their preferred environmental niches, it is not surprising that these sug-
ars play critical roles in C. jejuni survival and persistence.

Further characterization of the conserved campylobacter N-linked glycosylation
pathway may lead to the development of novel therapeutic agents directed against the
common bacterial heptasaccharide, or against enzymes involved in its biosynthesis.
Because inactivation of the pathway also inhibits colonization, we may identify potential

Fig. 9. (Continued) T68-73. The fragment ions originating from the sequential loss of the oligosac-
charide residues are indicated in the spectrum, as are the peptide fragment ions. The oligosacchar-
ide is linked to the peptide via the unusual 288.1 Da glycan that was later identified as bacillos-
amine (Bac). (C) Second-generation MS/MS analysis of the glycopeptide fragment ion at m/z
937.4. The observation of the b3+288.1 fragment ion at m/z 605.3 clearly indicated that the oligo-
saccharide is N-linked to Asn70.
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targets for disease intervention, or crucial processes necessary for host–pathogen inter-
actions. Studies may also identify unique glycosyltransferases (such as PglB) with poten-
tial commercial applications, including the enormous potential for glycoengineering.
Further studies using campylobacter as the model system will aid in understanding the
importance of protein glycosylation, and the pathways involved for biosynthesis that will
have applications in both bacterial and eukaryotic glycobiology and infectious diseases.

Although there is more variability in the flagellin O-linked glycans, this pathway is
also an attractive therapeutic target for two obvious reasons: (1) Pse is common to two
other important human pathogens (H. pylori and P. aeruginosa) and (2) inhibition of Pse
biosynthesis results in inhibition of flagellar assembly and motililty in both campylo-
bacter and helicobacter. In addition, further elucidation of the biosynthetic pathway
will identify novel enzymes involved in Pse biosynthesis. Indeed, enzymes identified
from all four pathways: N- and O-linked protein glycosylation, LOS, and CPS may be
useful in industrial applications including glycoengineering. For example, there is an
interest to produce synthetic gangliosides using C. jejuni enzymes for use in cancer ther-
apy (85). Further study of these pathways can also lead to novel strategies for the detec-
tion and identification of these pathogens.

6. Conclusions and Future Directions
Genome sequencing demonstrated that C. jejuni contains multiple carbohydrate loci

including both N- and O-linked protein glycosylation pathways. C. jejuni is an excel-
lent model system for development of new techniques that can be applied to other
organisms, and for understanding the biological relevance of carbohydrates and their
importance in bacterial survival. Carbohydrates are required for multiple cellular func-
tions and, thus, should provide multiple targets to be further exploited for the reduction
of C. jejuni and related pathogens.

However, there are still a large number of questions to be answered. What is the func-
tion of the common N-linked glycan that is added to so many proteins? Where are the
glycosylation pathways located within the cell? What other pathways and/or proteins
interact with the glycosylation systems and how are they regulated? How do the O-linked
sugars assist with flagellar filament assembly and influence host immunity? Why do
only a limited number of individuals infected with C. jejuni develop GBS, and what is
the intended role for these LOS ganglioside mimics in host–pathogen interactions?
Why do campylobacters express such a diverse assortment of CPS structures and phase-
variable modifications?

Understanding these questions will allow us to gain a better awareness of the impor-
tance of glycosylation in campylobacter survival and pathogenesis. This will require
further model development and optimization of available analytical techniques. For
example, fresh C. jejuni isolates (108–1010 cells) can now be examined directly by HR-
MAS NMR to look for changes in N-linked glycan and CPS expression without labora-
tory culturing or further purification. LOS structural changes (using 107–108 cells) can
also be examined by using on-line preconcentration methods of capillary electrophore-
sis electrospray (CE-ES) MS (59). When structures need to be determined, purified car-
bohydrates can be analyzed in cryoprobes to increase sensitivity and therefore decrease
the amount of sample needed for NMR analysis. The field of metabolomics (analysis
of small metabolites) is also rapidly expanding through methods, such as selective
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precursor ion scanning coupled to CE-ES MS, and Fourier transform ion cyclotron
resonance MS. Indeed, precursor ion scanning MS has already identified several bio-
synthetic intermediates in the synthesis of Pse in C. jejuni (86). High-throughput tech-
niques such as mass mutagenesis, microarrays, and proteomics, as well as new methods
such as isotope-coded affinity tagging MS and real-time method development will not
only advance the understanding of glycobiology, but will move the field of bacterial
pathogenesis forward in leaps. We are currently in an exciting era in microbiology!
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Genomics of Helicobacter Species

Zhongming Ge and David B. Schauer

Summary
Helicobacter pylori was the first bacterial species to have the genome of two independent strains

completely sequenced. Infection with this pathogen, which may be the most frequent bacterial infec-
tion of humanity, causes peptic ulcer disease and gastric cancer. Other Helicobacter species are
emerging as causes of infection, inflammation, and cancer in the intestine, liver, and biliary tract,
although the true prevalence of these enterohepatic Helicobacter species in humans is not yet known.
The murine pathogen Helicobacter hepaticus was the first enterohepatic Helicobacter species to
have its genome completely sequenced. Here, we consider functional genomics of the genus Helico-
bacter, the comparative genomics of the genus Helicobacter, and the related genera Campylobacter
and Wolinella.

Key Words: Cytotoxin-associated gene; -Proteobacteria; gastric cancer; genomic evolution;
genomic island; hepatobiliary; peptic ulcer disease; type IV secretion system.

1. Introduction
The genus Helicobacter belongs to the family Helicobacteriaceae, order Campylo-

bacterales, and class -Proteobacteria, which is also known as the  subdivision of the
phylum Proteobacteria. The -Proteobacteria comprise of a relatively small and recently
recognized line of descent within this extremely large and phenotypically diverse phy-
lum. Other genera that colonize and/or infect humans and animals include Campylobac-
ter, Arcobacter, and Wolinella. These organisms are all microaerophilic, chemoorgano-
trophic, nonsaccharolytic, spiral shaped or curved, and motile with a corkscrew-like
motion by means of polar flagella. Increasingly, free living -Proteobacteria are being
recognized in a wide range of environmental niches, including seawater, marine sedi-
ments, deep-sea hydrothermal vents, and even as symbionts of shrimp and tubeworms
in these environments. To date, genome sequencing has been done on only a handful of
-Proteobacteria (Table 1). At the time of writing, six -Proteobacteria genomes have

been completed and six more are in progress (Table 2).

2. Diversity in the Genus Helicobacter

2.1. Helicobacter pylori

The genus Helicobacter comprises a remarkable group of bacterial species that thrive
in the surface mucus overlaying epithelia in the gastrointestinal tract of humans and
animals. Bacteria resembling the Helicobacter species were first observed in gastric
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mucosa around the turn of the last century (for review see ref. 1). These early morpho-
logical observations stood in contrast to the widely held belief that the stomach was
essentially sterile by virtue of the low pH of gastric acid. Some 100 yr later, Marshall
and Warren described spiral-shaped bacteria in biopsy specimens of human gastric
mucosa, successfully cultured and isolated the organisms, and speculated (correctly)
that the bacteria caused chronic gastritis and peptic ulcer disease (2). Originally believed
to be Campylobacter species, these organisms were subsequently recognized to belong
to a distinct taxon, and were ultimately named Helicobacter pylori, the type species for
the new genus (3). It is now generally accepted that H. pylori infection is the most
common bacterial infection worldwide, and that infection is typically acquired during
childhood. All infected individuals develop chronic gastritis, and remain persistently
infected despite a robust immune response (for reviews see refs. 4 and 5). The intense
interest in H. pylori pathogenesis is owing to the fact that it is the major causative fac-
tor in peptic ulcer disease (6), and is strongly associated with the development of gas-
tric adenocarcinoma (leading to its classification as a definite human carcinogen [7]),
as well as mucosa-associated lymphoid tissue (MALT) lymphoma (8).

2.2. Other Gastric Helicobacter Species

In addition to H. pylori, there are five named, two proposed, and three uncultured
Helicobacter species that have been identified in the stomach of different animal species
(for review see ref. 1). Helicobacter mustelae causes gastroduodenal disease in its natu-
ral host the ferret (3), and provided the first animal model system that allowed for the
study of host-to-host transmission, chronic gastritis, immunity, eradication, and candi-
date bacterial virulence determinants (using isogenic mutants) of a gastric Helicobacter
species. Helicobacter felis naturally infects dogs and cats (9). It is probably not the
most common gastric Helicobacter species in these hosts, and it is not clear how impor-
tant it is as a cause of canine and feline gastroduodenal disease, but it was fortuitously
found to readily infect the stomach of laboratory mice (for review see ref. 10). The
rodent model of H. felis has been extensively utilized to investigate chronic gastritis,
gastric atrophy (parietal cell loss), vaccine responses, and immunopathogenesis, as
well as gastric neoplasia, including adenocarcinoma in C57BL/6 and hypergastrinemic
INS-GAS mice, and MALT lymphoma in BALB/c mice (for review see ref. 11). Helico-
bacter bizzozeronni (12) and Helicobacter salomonis (13) have been isolated from the
stomach of dogs, and together with H. felis form a cluster of three closely related species.
Helicobacter acinonychis (14), formerly known as H. acinonyx, was originally isolated
from captive cheetahs, and appears to contribute to clinically significant gastroduodenal
disease in these and other big cats. “Helicobacter suncus” isolated from Asian house
(musk) shrews (15) and “Helicobacter cetorum” isolated from wild and captive dolphins
and a beluga whale (16) are species that have been proposed but not yet validated.

Perhaps the most commonly observed bacteria in the stomach of animals with natu-
rally occurring Helicobacter species infections are larger than and more tightly coiled
than H. pylori. Similar organisms are infrequent causes of human infection. These
organisms are uncultured, morphologically indistinguishable, and have been charac-
terized primarily by sequencing amplified 16S rDNA (genes encoding 16S ribosomal
RDNA) products (for review see ref. 1). Provisional status for such uncultured orga-
nisms is designated by the category Candidatus (Latin for candidate) followed by a
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descriptive epithet (17). Candidatus Helicobacter heilmannii (18) includes organisms
in humans (formerly “H. heilmanii” type 2) and domestic and exotic cats, which can-
not be distinguished from the cultured species H. felis, H. bizzozeronni, and H. salomonis
by 16S rDNA sequence. Candidatus Helicobacter suis (19) includes organisms in pigs,
as well as in humans and nonhuman primates (formerly “H. heilmanii” type 1). Candi-
datus Helicobacter bovis (20) has been identified in the abomasum of cattle.

2.3. Enterohepatic Helicobacter Species

An even greater number of Helicobacter species with comparable diversity to that
of the gastric organisms have been recognized to inhabit the intestinal tract, liver, and
biliary tree of humans and animals, which are collectively referred to as enterohepatic
Helicobacter species (for reviews see refs. 1 and 21). The 16 named species of enterohep-
atic Helicobacter species include host-restricted organisms that generally have only
been isolated from one or a few host species (mostly rodents), as well as organisms with
broader host ranges and zoonotic potential. There are also reports of provisionally named
and unnamed enterohepatic Helicobacter species, which almost guarantees the emer-
gence of additional novel species and expansion of the genus for the foreseeable future.
The first enterohepatic Helicobacter species to be cultured and isolated was Helicobac-
ter muridarum (22), although it would not be formally named until almost a decade later
(23). This organism, isolated from the intestine of rats and mice, is spiral-shaped and
possesses periplasmic fibers, in addition to polar flagella, similar to those of H. felis.
The pathogenic potential of H. muridarum is not clear. It apparently causes subclinical
infection in immunocompetent rodents, but it can cause gastritis under conditions where
it persists in the stomach (24), and triggers typhlocolitis when monoassociated with
immunodeficient mice following adoptive transfer with effector T cells (25). Based on
16S rDNA sequence similarity, the closest relative of H. muridarum is Helicobacter
hepaticus (26).

H. hepaticus is the best characterized enterohepatic Helicobacter species (for review
see ref. 1). H. hepaticus causes subclinical infection in resistant strains of mice, mild to
moderate typhlitis in susceptible strains of mice, and severe typhlocolitis that resembles
idiopathic inflammatory bowel disease in mutant lines of mice with altered immune
function. In some strain backgrounds, this severe inflammatory bowel disease-like con-
dition progresses to adenocarcinoma (27). In susceptible strains, H. hepaticus also causes
chronic hepatitis and hepatocellular carcinoma, particularly in males (for review see
ref. 11). Most recently, H. hepaticus has been shown to cause cholesterol gallstone for-
mation in C57L mice fed a cholelithogenic diet (28). H. hepaticus, like H. muridarum,
possesses an active urease enzyme. Unlike H. muridarum, H. hepaticus lacks periplasmic
fibers. Instead, it is a simple spiral-shaped rod with sheathed polar flagella. With the
exception of Helicobacter aurati (29), which has been isolated from the intestine of
Syrian hamsters, is associated with gastritis, produces urease, and has periplasmic fibers,
the other enterohepatic Helicobacter species with limited host range do not produce ure-
ase and lack periplasmic fibers. Helicobacter rodentium (30), Helicobacter typhlonius
(31), and Helicobacter ganmani (32) have been isolated from the intestinal tissue of
mice. Helicobacter cholecystus (33) and Helicobacter mesocricetorum (34) have been
isolated from Syrian hamsters, whereas Helicobacter pametensis has been isolated from
birds (35).
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2.4. Emergence of Enterohepatic Helicobacter Species as Human Pathogens

The enterohepatic Helicobacter species associated with human disease include both
urease producing organisms with perplasmic fibers, and organisms that lack urease
activity and periplasmic fibers (for reviews see refs. 1 and 21). The urease producing
organisms with periplasmic fibers resemble H. muridarum, but are fusiform, rather than
being spiral shaped. Based on their similar morphology, these organisms have been
called the “Flexispira rappini” group. 16S rDNA sequence analysis suggests that these
organisms can be grouped into at least 10 distinct taxa (36). Two of these taxa are named
species, Helicobacter bilis (37) and Helicobacter trogontum (38), originally isolated
from mice and rats, respectively. Attempts have been made to simplify the classification
of these taxa by grouping three of them (taxa 1, 4, and 5) with H. trogontum (39), and
three of them (taxa 2, 3, and 8) with H. bilis (40), based on dot-blot hybridization and
similarity of partial ureB and hsp60 sequences, respectively. Disparity between ureB
and hsp60 results indicate that additional phylogenetic studies are needed; nonethe-
less, some members of the “F. rappini” group, and H. bilis and taxon 8 in particular,
have been documented in cases of diarrhea (41,42), bacteremia, and related sequelae in
compromised patients (43–48). Studies have also implicated these organisms in human
biliary tract disease, including chronic cholecystitis (49) and/or cholangiocarcinoma
(50–52). These associations are based on amplification of specific polymerase chain
reaction (PCR) products, but so far culture and isolation from human gallbladder or
common bile duct have not been successful.

Of the urease-negative enterohepatic Helicobacter species without periplasmic fibers
associated with human disease (for reviews see refs. 1 and 21), Helicobacter cinaedi and
Helicobacter fennelliae (53,54) have been isolated from the rectum of homosexual
men with or without proctitis, from individuals with diarrhea or bacteremia, and from
a variety of animal species, including monkeys and cats (H. cinaedi) and hamsters and
dogs (both H. cinaedi and H. fennelliae). Helicobacter canis (55), Helicobacter pullorum
(56), and Helicobacter canadensis (57) have all been isolated from humans with diarrhea
and from animals, including dogs and cats (H. canis), chickens (H. pullorum), and geese
(H. canadensis). H. pullorum has also been identified by PCR in cases of human biliary
tract disease.

3. Genome Analysis and Functional Genomics

3.1. H. pylori Genome Structure

H. pylori was the first bacterial species to have the genome of two independent
isolates sequenced (58,59). Analysis of the genomes and how they contribute to our
understanding of H. pylori biology have been reviewed (60,61). H. pylori 26695 was
isolated in the United Kingdom from a patient with gastritis, and was sequenced by The
Institute for Genomic Research (TIGR), whereas H. pylori J99 was isolated in the United
States from a patient with duodenal ulcer and was sequenced as a collaboration between
Genome Therapeutics and Astra AB (now AstraZeneca PLC). The 26695 genome is 24 kb
larger, but both genomes contain a total guanine and cytosine content of 39% (Table
2). Both genomes contain two copies of the 16S and 23S-5S rRNA genes in the same
relative location, but 26695 has an additional third copy of the 5S rRNA gene. H. pylori
26695 has 1552 putative coding genes (1590 in the primary annotation), 57 more than
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H. pylori J99. In both strains, approximately two-thirds of the genes can be assigned a
predicted function, whereas one-third are either hypothetical conserved, or have no
known orthologs. Interestingly, most of the genes in the genomes of the two strains
occur at the same relative position, with only 10 discrete segments ranging in size from
1 to 83 kb being transposed or inverted. This was somewhat unexpected because it had
been observed that virtually all H. pylori strains appear unique by high resolution geno-
typing methods, such as pulsed field gel electrophoresis (PFGE) of chromosomal endonu-
clease fragments, random amplified polymorphic DNA (RAPD), and repetitive element
PCR (Rep-PCR). Much of this genome diversity can be attributed a high degree of
nucleotide variation within individual genes of different H. pylori strains, particularly
in the third “wobble” position of codon triplets, which produces silent (equivalent amino
acid) changes.

3.2. H. pylori Population Genetics

The nucleotide sequence diversity in H. pylori is among the highest seen in any bac-
terial species. This high allelic diversity could result from a high mutation rate, a high
rate of recombination, or both. Mosaicism in virulence and housekeeping genes indicates
that H. pylori has a high rate of recombination. If recombination occurs between two
strains during a mixed infection, phylogenetic relationships will become scrambled,
meaning that alleles at different loci will be in linkage equilibrium, which is character-
istic of species with panmictic population structures. In fact, a comparison between
J99 and isolates collected 7 yr subsequent to the patient’s original endoscopy revealed
both deletions and insertions in the genome compared with the original J99 strain (62).
As H. pylori is transmitted vertically within families, it has spread slowly as a result of
human migration between geographic areas (63). This biogeographical diversity is con-
sistent with historical human migration, such as the appearance of West African strains
in African Americans because of the slave trade, as well as with accepted prehistoric
human migration, such as East Asian strains in Native Americans as a result of theorized
Ice Age migrations across the Bering land bridge more than 12,000 yr ago (64). Other
Helicobacter species, including H. mustelae in ferrets (65) and H. hepaticus in mice (66,
67), do not exhibit such genome diversity. It is not yet clear if these species are clonal
because they have a lower rate of recombination than H. pylori, or if they appear clonal
because they have spread relatively rapidly within their host population since their first
appearance, or since the most recent selective sweep, and there has not yet been suffi-
cient time for divergence to accumulate.

3.3. H. pylori Functional Genomics

Features of the genome have yielded insight into the biology of H. pylori. In regard
to gene regulation, both of the sequenced strains possess four orthologs of histadine
kinase sensor proteins, seven orthologs of DNA-binding response regulators, and only
three  factors: RpoD ( 70), RpoN ( 54), and FliA ( 28). No stationary phase  factor
RpoS or heat shock  factor RpoH are evident. Subsequent to the primary annotation of
the genomes, the anti-  factor FlgM was identified and confirmed to regulate FliA-depen-
dent gene expression (68,69). Remarkably, over 20 DNA restriction and modification
systems are present in each strain (>4% of all genes), many of which are strain-specific.
In some cases, the restriction component is not active, although the cognate methylase
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is, suggesting that they play a role in gene regulation. Another striking feature of the
genome sequences is the large number of low-abundance outer membrane proteins,
rather than a limited number of predominant outer membrane proteins seen in other bac-
teria. There are at least five paralogous families of outer membrane proteins containing
3–33 members each, some of which are strain-specific. Some of these genes, as well as
the genes that encode glycosyltransferases involved in lipopolysaccharide biosynthe-
sis, contain homopolymeric or dinucleotide repeats that can mediate metastable regu-
lation (phase variation) by a slipped-strand mechanism. Some of these repeats are in
open reading frames (ORFs) where changes in repeat number (owing to slippage of DNA
polymerase) will lead to frameshifts and translation of truncated proteins, whereas others
are in 5' intergenic regions where changes in repeat length affect promoter activity.
Because many of these so-called contingency genes are predicted to affect the bacterial
surface, it seems likely that they play a role in modulating antigenicity, perhaps to avoid
immune recognition.

Information about H. pylori energy metabolism and biosynthetic pathways was also
gained from the genome sequence, including identification of the membrane-embed-
ded F0 and catalytic F1 components of ATP synthase, dehydrogenases, menaquinone,
cytochromes, and a terminal oxidase for respiration-coupled oxidative phosphorylation.
Fumarate reductase, which may play a role in anaerobic and/or aerobic respiration, as
well as superoxide dismutase, catalase, and two peroxidases, presumably to detoxify
oxygen species, are also present. Nonetheless, the genetic basis of microaerophily remains
incompletely understood. Genes encoding enzymes for nitrogen assimilation, the tricar-
boxylic acid cycle, and nucleotide metabolism have also been identified, and a metabolic
model has been constructed from genomic information that provides an in silico net-
work of almost 400 H. pylori enzymatic and transport reactions (70). More recently, a
global transposon mutagenesis approach has been used to identify essential genes (71).

3.4. H. pylori Genomics and Virulence

Many of the defined H. pylori virulence determinants such as flagella, motility, and
urease activity, are found in all strains (4,5). Conversely, the immunodominant cyto-
toxin-associated gene antigen, CagA, and the vacuolating cytotoxin, VacA, are present
in some strains and absent in others. Although CagA and VacA are now known to be
unlinked, strains that possess the cagA gene frequently express a functional vacA gene,
and these strains are more frequently associated with peptic ulcer disease or cancer than
strains without cagA that don’t express vacA (72). CagA is now known to be part of,
and the only identified substrate of, a type IV secretion system (72,73). Type IV secre-
tion systems are ancestrally related to Gram-negative bacterial conjugation systems,
and are used by pathogens to deliver protein substrates into eukaryotic host cells (74).
No type III secretion system, which are used by Salmonella, Shigella, Yersinia, and
enteropathogenic and enterohemorrhagic Escherichia coli to deliver protein substrates
into host cells and are evolutionarily related to flagellar systems, is present in H. pylori.
The best-studied type IV secretion systems are in Agrobacterium tumefaciens (virB
system), Bordetella pertussis (ptl system), and Legionella pneumophila (dot/icm system)
(for review see ref. 75). Both of the sequenced strains have type IV secretion systems,
but 26695 was subsequently found to have lost the ability to secrete CagA, presumably
as a consequence of laboratory passage (76). The cag type IV secretion system is encoded
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on a 40-kb pathogenicity island (PAI). Prominent Vir orthologs in the cag PAI include
the inner membrane localized ATPases VirB4 (CagE or HP0544), VirB11 (HP0525),
and the coupling protein VirD4 (HP0524) (for reviews see refs. 75 and 77). Systematic
mutagenesis of genes in the cag PAI has shown 18 of the 27 to be necessary for CagA
translocation, and 14 to be necessary for induction of secretion of the chemokine inter-
leukin (IL)-8 (76,78).

Mutants lacking CagA are still able to induce IL-8 secretion, whereas all of the type
IV secretion systems components, with the exception VirD4, are required for the induc-
tion of IL-8 secretion. Furthermore, VirD4 is required for CagA translocation, confirm-
ing that IL-8 induction is CagA independent. Type IV secretion system-dependent IL-8
induction involves nuclear factor B (NF- B) and AP-1 activation (for reviews see refs.
77 and 79). On the other hand, CagA-dependent signaling begins when CagA localizes
to the cell membrane at the site of H. pylori attachment. Here, CagA colocalizes with the
tight-junction scaffolding protein, ZO-1, and the transmembrane protein junctional adhe-
sion molecule, leading to disruption of epithelial barrier function (80). CagA is also a
substrate for host cell Src kinases, and tyrosine phosphorylation is required for other cel-
lular changes, including interactions with the tyrosine phosphatase, SHP-2, MAP kinase
signaling (such as the extracellular signal-regulated protein kinase [ERK]), cell scatter-
ing, and cell elongation (81,82). These cellular phenotypes are believed to correlate
with increased proliferation and migration of gastric epithelial cell in vivo. It turns out
that J99 has an allele of cagA that encodes a protein that cannot be phosphorylated,
limiting the utility of this strain for studying some of these cellular effects (77).

4. Comparative Genomics of Helicobacter and Campylobacter Species

4.1. Genome Sequencing of -Proteobacteria

In the 10 yr since the first complete bacterial genome sequence, that of Haemophilus
influenzae Rd, was published (83), 230 microbial genome sequences have been com-
pleted, including Archea and members of the Bacteroidetes, Chlamydiae, Cyanobacteria,
Firmicutes, Proteobacteria, and Spirochaetes groups of Bacteria (National Center for
Biotechnology Information Entrez Genome Project database prokaryotic projects data-
base; http://www.ncbi.nlm.nih.gov/genomes/lproks.cgi). An additional 388 genome-
sequencing projects are in progress. Comparative genomics will provide the blueprints
for understanding microbial survival strategies, host- and niche-specific adaptations,
pathogenic mechanisms, as well as evolutionary relationships among microbes. The com-
plete genome sequences of three Helicobacter strains, including two H. pylori isolates
(58,59) and the enterohepatic Helicobacter species H. hepaticus ATCC 51449 (67), have
been determined. The genomes of two C. jejuni strains, NCTC 11168 and RM1221, and
Wolinella succinogenes DSM 1740, have also been completed. Comparative analysis
of these -Proteobacteria genome sequences has been detailed elsewhere (84). Here, we
emphasize evolutionary relationships and the distribution of virulence determinants
among the different host-adapted -Proteobacteria.

4.2. Comparative Genomics and Virulence

In spite of differences in host specificity and sites of colonization (Table 1), H. pylori,
H. hepaticus, and C. jejuni share approx 50% of their genes, with similarities ranging
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from 45 to 50% (Fig. 1 [67,84]). The majority of these orthologs encode proteins involved
in housekeeping functions, including transcription, translation, energy metabolism, and
biosynthetic processes. All three organisms possess a small genome, similar coding
capability, and a relatively low number of copies of ribosomal RNA genes. The high
degree of homology among their genome contents is consistent with their similar mor-
phology and growth requirements (Table 1). It has been proposed that these three orga-
nisms, along with W. succinogenes, are derived from a common ancestor with a larger
genome, and have been subject to reductive evolution leading to reduced genome sizes
(84). Subsequent to diverging from the common ancestor, each organism has acquired
distinct genome features that contribute to their individual lifestyle and physiology.
There are 544, 810, and 585 species-specific genes for H. pylori, H. hepaticus, and C.
jejuni, respectively (84). In addition, a total of 109 H. hepaticus ORFs have orthologs
in the H. pylori genome, but not in the C. jejuni genome, whereas 130 H. hepaticus ORFs
have orthologs in the C. jejuni genome, but not in the H. pylori genome. The species-
specific genes are likely to play important roles in pathogen–host interactions. Although
some have known function, such as the CagA protein of H. pylori, many are unchar-
acterized genes that are clustered and linked to known and candidate virulence genes.
Functional characterization of these species-specific genes should provide insight into
the adaptations that permit each microbe to exploit their individual niche.

Genome diversity also exists between strains of a given species. This is particularly
true for isolates of H. pylori. Like H. pylori, the two sequenced strains of C. jejuni are also
syntenic (85). The major difference between the NCTC 11168 and RM1221 genomes
is the presence of four large integrated elements in the strain RM1221 genome. These
include a Campylobacter mu-like phage (CMLP1), two prophage elements containing
ORFs predicted to encode phage-related endonucleases, methylases, or repressors, but
no phage structural proteins, and an element without phage-related ORFs that appears
to be an integrated plasmid (85). Interestingly, this putative integrated plasmid con-
tains many proteins that are similar to those encoded within the 71-kb H. hepaticus
genomic island HHGI1, suggesting this genomic island could also be plasmid-derived.
There is 98.4% amino acid identity between the 1468 orthologs present in C. jejuni 11168
and RM1221 (85), considerably greater than the 93.4% identity between H. pylori
26695 and J99 orthologs (61). In sharp contrast to H. pylori, C. jejuni and H. hepaticus
have a paucity of restriction-modification loci. There is also no evidence of a chromoso-

Fig. 1. Comparative gene content of H. pylori 26695 (Hp), H. hepaticus ATCC 51449 (Hh),
and C. jejuni NCTC 11168 (Cj). Shown in the Venn diagram are the numbers of shared and spe-
cies-specific open reading frames.
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mally encoded type IV secretion system in either of the sequenced C. jejuni strains,
although the pVir plasmid of C. jejuni 81-176 has been shown to encode a functional
type IV secretion system (86). Neither sequenced C. jejuni strain contains plasmids, but the
C. coli, C. lari, and C. upsaliensis strains that are currently being sequenced do (Table 2)
(85). Although the large plasmids from the non-C. jejuni Campylobacter species also
contain type IV secretion system orthologs, these are more likely to be DNA conjuga-
tion systems than protein-delivery virulence determinants (85). It appears that H. hepati-
cus may be similar to C. jejuni in the sense that strains exhibit less allelic variation than
H. pylori, and major differences consist of the presence or absence of discrete genetic
regions. Five of twelve strains examined for gene content by microarray hybridization
were found to be missing all or part of the HHGI1 (67). The role the H. hepaticus HHGI1
and the putative type IV secretion system it encodes in virulence have not yet been
definitively established.

4.3. Sources of Genome Diversity

Progressive accumulation of point mutations over time, horizontal gene transfer, and
transposon-mediated gene mobility and recombination have been proposed to explain
significant genetic variation among H. pylori strains (63,87–89). The -Proteobacteria
tend to lose genetic information, and it has been suggested that the sequenced Helico-
bacter and Campylobacter genomes document a trend to reduce the fraction of non-
coding sequence in the drive to smaller genomes (84). This ongoing process is reflected
in the large number of pseudogenes in H. pylori, and the general trend for genome plas-
ticity resulting from high rates of mutation and recombination. In addition to deletion
of genetic information, there is ample evidence for gain of genetic information in the
sequenced genomes. Horizontal transfer may account for as much as 5–6% of the total
genetic information in the Helicobacter species (84). The presence of orthologous genes
in H. hepaticus and C. jejuni that are not present in H. pylori raises the intriguing pos-
sibility of horizontal transfer in the intestine between enterohepatic Helicobacter species
and Campylobacter species. One obvious example is cytolethal dystending toxin (CDT),
which is required for persistent infection by H. hepaticus (90) and C. jejuni (91), which
is not present in H. pylori (Table 2). Although it is possible that gastric Helicobacter
species have lost the genes encoding CDT, its conservation in Campylobacter species
and presence in some enterohepatic Helicobacter species but not others (92–94), sug-
gests that this virulence determinant was probably acquired by enterohepatic Helicobac-
ter species after splitting off from a last common ancestor. Whether gastric Helicobacter
species are specialized descendents of an ancestral intestinal Helicobacter species, or
enterohepatic Helicobacter species evolved from gastric species by acquiring genes for
intestinal colonization/infection, may become more apparent with the sequencing of
additional enterohepatic Helicobacter species genomes.

4.4. Perspectives on Genomics of the Genera Helicobacter and Campylobacter

The availability of complete genome sequences for additional Helicobacter and Cam-
pylobacter species will establish a minimum set of genes common to bacteria in the
order Campylobacterales. This will facilitate the identification of common and unique
virulence determinants, and permit a better understanding of the evolution of this impor-
tant group of emerging human and animal pathogens. The long-term goal for such studies
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is to develop better preventive and therapeutic strategies against infection and disease in
humans, which includes elimination of food-borne pathogens from animals and ani-
mal-derived products. Advances in molecular biology and biotechnology continue to
make genome sequencing ever more rapid and inexpensive. Indeed, genome sequenc-
ing of four non-C. jejuni Campylobacter species are in progress (Table 2). Given the
recent recognition of diverse Helicobacter species in human diseases, the availability
of the complete genomes for additional Helicobacter species is clearly warranted. It
may require a significant technological breakthrough to permit genome sequencing of
the uncultured gastric Helicobacter species, but genome sequences for many of the cul-
tured gastric and enterohepatic Helicobacter species is desirable and may, in turn, pro-
vide insight into methods for successful cultivation of the Candidatus species. The first
non-H. pylori gastric Helicobacter species to be sequenced is H. mustelae, which at the
time of writing is in the finishing/gap closure phase (Wellcome Trust Sanger Institute;
http://www.sanger.ac.uk/Projects/H_mustelae). It seems likely that additional entero-
hepatic Helicobacter species genome projects will soon be underway.

Genome comparisons alone do not provide all the details necessary to understand
Helicobacter biology and pathogenesis. Genome annotations are frequently based on
similarity to genes in disparate organisms, and may not accurately or completely reflect
the true role of these genes in vivo. Consequently, predicted functions of genes must be
experimentally validated. In addition, a large number of predicted ORFs have no detect-
able orthologs in the database. These unique genes are good candidates for the most
interesting and important biological and pathogen–host interaction activities. Neverthe-
less, comparative genome analysis has provided a successful means to begin to decipher
the lifestyles of, and the relationships between, these bacteria.
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The Organization of Leptospira at a Genomic Level

Dieter M. Bulach, Torsten Seemann, Richard L. Zuerner, and Ben Adler

Summary
The complete nucleotide sequences of three and, in the not too distant future, six strains from

the genus Leptospira will be available. Managing and maintaining these data will be a perpetual
problem unless a system is devised to address this issue. We propose a central role for the Interna-
tional Union of Microbiological Societies Subcommittee on the Taxonomy of Leptospira in main-
taining and updating the annotated leptospiral genome sequences. The first step in this process is
provided as part of this publication, namely a revision of the annotation of the three published
genomes, and an internet location for the current versions of these genomes.

Key Words: Leptospira; comparative genomics; spirochetes; genome annotation.

1. Introduction
Leptospirosis is a zoonosis of worldwide distribution. Significant efforts aimed at

raising the standard of diagnostics (1) and the collection and collation of disease data
(via LeptoNet; www.leptonet.net) will correct what is likely to be a significant under-
estimation of the contribution of this disease to human morbidity and mortality. Lepto-
spirosis is caused by pathogenic serovars from the genus Leptospira and in the current
species classification schema these pathogenic serovars are usually classified as Lepto-
spira interrogans, Leptospira borgpetersenii, Leptospira kirschneri, Leptospira noguchii,
Leptospira meyeri, Leptospira weilii, or Leptospira santarosai. Analysis based on 16S
ribosomal RNA (rRNA) gene analysis shows that these serovars are found in one of the
three phylogenic clades into which the genus can be divided (2). The severity of lepto-
spirosis varies from a mild febrile flu-like illness that is rarely fatal, to a disease causing
multi-organ failure and mortality rates of up to 20% where inadequate patient support is
available. There is an underlying association between severity of disease and serovar and
to some extent species, with severe disease being often associated with serovars from
L. interrogans and L. kirschneri (3).

The relative abundance of sequenced leptospiral genomes, and for that matter spiro-
chetal genomes, has been stimulated because of the difficulties these bacteria have
posed for genetic manipulation. Only in the last few years has it been possible to trans-
form Leptospira, and this is only in one strain of the saprophyte L. biflexa. Studies have
compared the genetic layout of strains of L. interrogans and demonstrated that gene
layout is variable between strains; speculatively, this genetic shuffling may be related to
the multitude of insertion sequence (IS) elements present. This genetic fluidity is para-
doxical, given the apparent stability of leptospiral strains in long-term serial passage,
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although this long-term stability is measured in the context of the absence of change to
the lipopolysaccharide phenotype. Clearly, pathogenic Leptospira undergoes consider-
able phenotypical change in the transition from in vivo growth to in vitro culture, as indi-
cated by strains that have undergone long term in vitro culture having low infectivity/
virulence when returned to in vivo conditions.

In the absence of reliable systems for the genetic manipulation of Leptospira, compar-
ative genomics provides a means by which we can begin to understand the genetic basis
for differences in virulence and the effects of long term passage. The background and
history of sequenced strains is therefore critical. Although two L. interrogans strains
have been sequenced, the serovar Lai strain has undergone long term in vitro passage
(4), whereas the serovar Copenhageni strain was isolated from a patient with severe
leptospirosis and has undergone minimal in vitro passage (5). Likewise, the L. borg-
petersenii serovar, Hardjobovis, is a low-passage, human isolate. Pulsed-field gel elec-
trophoresis analysis of the genomic DNA showed it to be a type A strain (unpublished
data). These strains have a wide geographical distribution and are the most common
Hardjobovis isolate.

As previously mentioned, the genus Leptospira is divided into three broad phyloge-
nic clades. L. interrogans and L. borgpetersenii are representative of the diversity of
one of the clades containing the pathogenic serovars, with L. interrogans serovars Lai
and Copenhageni associated with severe leptospirosis with high mortality, and Hardjo-
bovis with a much milder disease that is almost never fatal (2). Moreover, the mainte-
nance hosts for Copenhageni and Lai are rodent species, whereas bovine species are the
usual maintenance hosts for Hardjobovis. The sequenced strains, therefore, provide an
excellent insight into the genetic diversity of a key subgroup of the genus Leptospira
and perhaps even a means to investigate a genetic basis for disease severity.

Even in the short time since the release of the serovar Lai sequence, it has been neces-
sary to review and update the annotation of this sequence. In light of the imminent
release of several additional leptospiral genome sequences, it is essential to develop a
strategy that continues to revise the annotation of existing genomes as further applica-
ble data are published, thereby ensuring the maximum benefit is derived from the anno-
tated sequences. Ultimately, the system should ensure that the annotations are up-to-
date, consistent, and error-free.

This chapter will attempt to provide an overview of the genomic similarities and dif-
ferences between the sequenced strains, and propose a system to make orthologous genes
recognizable by using a unique identifier for orthologous, leptospiral genes. This chapter
will also examine the relationship between Leptospira and the other sequenced spiro-
chetes (Treponema pallidum [6], Treponema denticola [7], Borrelia burgdorferi [8],
and Borrelia garinii [7]).

2. Similarities

2.1. Comparing the Leptospiral Genomes

The primary difficulty in comparing the leptospiral genomes is the identification of
orthologous genes. In particular, the different naming schemes used by each of the
annotation groups make it difficult to recognize orthologous genes. Another, perhaps
less obvious, problem can arise where there are differences in the process used to decide
whether or not a reading frame is a protein coding sequence (CDS). Ussery and Hallin
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have noted that the number of CDS features has been overestimated in the Lai and
Copenhageni genomes (9), thereby interfering with comparisons to genomes where a
more conservative approach to the annotation of CDS features has been made. Given
that there was no relationship between the groups that annotated the three leptospiral
genomes, it is no real surprise that the annotations of the Lai, Copenhageni, and Hard-
jobovis genomes differ significantly. Adopting the method used to annotate the Hard-
jobovis genome, we have revised the Lai and Copenhageni annotations. A significant
benefit of the reannotation process has been that each set of orthologous genes from the
sequenced genomes has been assigned a unique identifier, and the start of the coding
region has been revised and made consistent across orthologous genes. Accurate esti-
mation of the start of the coding regions is critical to postgenomic studies where the
prediction of the subcellular location of the encoded protein is required. Moreover, this
type of revision has led to the identification of potential pseudogenes, where there is a
frameshift early in the coding region, and the identification of genes that have been
interrupted by the incorporation of IS elements into the genome. It is worth noting the
frequency of the different start codons that are predicted to be used by Leptospira
(Table 1). Although ATG is the most common start codon, TTG, GTG, and CTG occur
in diminishing frequencies. Based on similarity analysis, it is clear there is at least one
Hardjobovis CDS that has ATT as its start codon.

2.2. Overview of the Genome Sequences

The genome of L. borgpetersenii serovar Hardjobovis strain L550 comprises two
circular chromosomes of 3,614,446 bases and 317,336 bases, with an overall guanine
and cytosine (G+C) content of 41.3%. The density of CDS sequences across the genome
is 80.3%, with an average gene size of 931 bases. In total 3111 and 292 CDS features
were annotated on chromosome 1 and chromosome 2, respectively. The L. borgpetersenii
genome is smaller than the L. interrogans genomes (Table 2) and codes for proportion-
ally fewer genes. The G+C content is higher than that found for L. interrogans, consis-
tent with previous estimates of G+C content (3). The relatively lower density of coding
regions found in Leptospira compared with Escherichia coli may be related to the
fluidity of the arrangement of genes on the genome. Consistent with this viewpoint, the
gene layout found in the sequenced Borrelia genomes is conserved and the density of
coding regions is around 95% (10). Also likely to contribute to genome fluidity is the

Table 1
Start Codon Frequencies for all Protein Coding Sequence
Features in Leptospira

Serovar

Start codon Copenhageni Lai Hardjobovis

ATG 2733 2807 2572
TTG 479 468 402
GTG 221 220 175
CTG 17 19 19
ATT 0 0 1
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number of ISs. The IS elements are more numerous in the Hardjobovis genome than in
the sequenced L. interrogans strains. Fifteen different elements were identified in the
sequenced leptospiral strains, the most numerous of which was IS1533 with 95 com-
plete copies spread across both chromosomes of the Hardjobovis genome (Table 3).
Remarkably, none of the other sequenced spirochetes contains recognizable IS elements.

Like serovar Copenhageni, the Hardjobovis strain has one rrf, two rrs, and two rrl
genes, with each of the rRNA genes distributed on chromosome 1. Unlike the L. inter-
rogans strains, L. borgpetersenii has a characteristic IVS sequence that interrupts the
rrl gene, resulting in an rRNA profile which has no 23S rRNA band (11). Each of the
three sequenced genomes contains 37 tRNA genes; in all cases, these genes are encoded
on chromosome 1. The origin of replication for chromosome 1 is located upstream of
gidA and the gene layout in this region of chromosome 1 is conserved among the three
sequenced leptospiral strains. The origin of replication for chromosome 2 was identified
by a G+C skew. The differences between the origins of replication indicate that there
are different mechanisms for replication of each of the chromosomes.

2.3. Comparison of Gene Layout

The Copenhageni and Lai genomes are colinear except for the inversion of a 1000-
kb fragment that proportionally flanks the origin of replication on chromosome 1 and
several indels. A notable indel has occurred at the second copy of the 23S rRNA gene,
where a probable deletion event in serovar Lai has left only a gene remnant. The differ-
ence is assumed to be a deletion from the Lai genome, because in all other leptospiral
strains, there are two copies of this gene (Table 2).

Table 2
Genome Features in Leptospira

Serovar

Copenhageni Lai Hardjobovis

Feature CI CII CI CII CI CII

Size (bp) 4,277,185 350,181 4,332,241 358,943 3,614,446 317,336
G+C content (%) 35.1 35.0 36.0 36.1 41.0 41.2
Protein-coding percentage 73 73 73 73 80 80
Protein-coding (CDS)
With assigned function 1811 161 1901 159 2000 177
Conserved and hypothetical 1643 113 2459 208 1121 115
Total 3454 274 4360 367 3121 292
Revised annotation 3375 279 3327 300
Difference (%) 2 0 31 22
Transfer RNA genes 37 0 37 0 37 0
Ribosomal RNA genes
23Srrl 2 0 1 0 2 0
16Srrs 2 0 2 0 2 0
5Srrf 1 0 1 0 1 0

CI, chromosome 1; CII, chromosome 2.
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Table 3
Summary of Insertion Sequence Elements in Leptospira

Serovarb

Copenhageni Lai Hardjobovis

Insertion sequence (IS)a CI CII CI CII CI CII

IS1533 (SPT0001) – – – – 88 (6) 7 (0)
IS1500 (SPT0002) 6 (2) – 7 (1) 1 (1) – –
IS1501 (SPT0003) 3 (1) – 1 (1) 2 (0) – –
IS1501a (SPT0004) – – – – 7 (1) 1 (0)
ISLin2 (SPT0005) 1 (2) – 0 (1) – 1 (0) –
ISLin3 (SPT0006) 1 (0) – 2 (1) – – –
ISLin1 (SPT0007) 12 (2) – 41 (2) 3 (0) 0 (1) 1 (1)
IS1502 (SPT0008) 1 (0) – 1 (0) – – –
YhgA-like (SPT0011) – – 4 (1) – 5 (2) –
ISLbp1 (SPT0015) – – 0 (1) – 15 (2) 1 (0)
ISLbp2 (SPT0016) – – – – 1 (2) 1 (0)
ISLbp3 (SPT0017) – – – – 1 (1) 1 (0)
IS1477-like (SPT0018) – – – – 2 (0) –
ISLbp4 (SPT0019) – – – – 1 (0) –
ISLbp5 (SPT0020) – – – – 9 (2) –

aName of IS element. ISLin2, ISLin3, ISLbp1, ISLbp2, ISLbp3, ISLbp4, and ISLbp5 are proposed
element names based on the current nomenclature scheme (http://www-is.biotoul.fr/is.html). The number
in parentheses is the leptospiral ortholog number.

bThe number of complete IS elements and chromosome distribution of the IS elements is tabulated. In
each instance, the number in parenthesis is the count of incomplete elements.

CI, chromosome I; CII, chromosome 2.

Interspecies comparison of gene layout reveals extensive rearrangement of genes.
Differences in gene layout appear to be the result of rearrangements that have occurred
frequently enough for it to be rare for synteny to extend beyond 20 kb (Fig. 1). This
high frequency of gene rearrangement is the underlying cause of the scattering across
the genome of sets of genes that are normally arranged in operons, for example the lpx
genes for lipid-A biosynthesis. This adds a level of complexity to the genetic analysis
of this pathway, especially given the unique structure of leptospiral lipid-A, such that
all the biosynthetic genes will not necessarily be identifiable by similarity (12). The
process of genetic rearrangement does not seem to be limited to intrachromosomal events,
with the occurrence of a small number of genes on chromosome 1 in one species and
chromosome 2 in the other. The limited exchange may be the result of a lower frequency
of rearrangement between chromosomes or some unknown limitations on the genes that
can be exchanged onto chromosome 2, as may be indicated by the absence of tRNA and
rRNA genes on chromosome 2.

2.4. The Annotated Genomes

Our revised annotation of the Lai genome has removed more than 1100 CDS features
resulting in a final count of 3613 CDS features. The revision included updating the
predicted translation initiation sequence for more than 10% of the Lai and Copenhageni
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CDS features. The majority of the deleted features encoded predicted proteins of less
than 50 amino acids. Generally, these small CDS features had no orthologous reading
frame in L. borgpetersenii L550, no similarity to other sequences in GenBank, lacked
credible translation initiation sequences, and were not found by the GeneMarkS gene-
finder (13). Similarly, our revised annotation of the Copenhageni genome contains
almost 200 fewer CDS features, resulting in 3529 CDS features. Although the Hard-
jobovis genome is around 10% smaller than the L. interrogans genomes, it contains
3409 CDS features. However, the total number of CDS features is a misleading figure
to use to compare the genomes, because more than 6% of the L. borgpetersenii genome
comprises IS element sequences. This is significantly higher than either the Lai or
Copenhageni genomes, both around 2% of the genome. In addition, the number of CDS
features includes the coding regions of pseudogenes and there is more than three times
the number of pseudogenes in L. borgpetersenii strain L550 (161 pseudogenes) com-
pared with either of the L. interrogans genomes. By excluding both the IS element-
related CDS features and the CDS features associated with pseudogenes, a more rational
comparison of the coding capacity of the genomes can be made. These figures show
the similarity in the coding capacity of the L. interrogans genomes, with 3390 CDS fea-
tures for Lai and 3388 CDS features for Copenhageni, and the substantially lower coding

Fig. 1. Visual overview of the regions of similarity between Leptospira interrogans serovar
Copenhageni and L. borgpetersenii serovar Hardjobovis. The Artemis comparison tool was used
to display a TBlastn search result (subject: Copenhageni chromosome 1; query: Hardjobovis
chromosome 1). The Copenhageni chromosome (bases 1 through 4,277,185) is represented by
the top bar and the Hardjobovis chromosome 1 (bases 3,614,446 through 1) is represented by
the bottom bar. Regions of similarity are indicated by the bars between the chromosomes.
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capacity of the L. borgpetersenii L550 strain with 2840 CDS features. Remarkably,
between 23 and 26% of the CDS features encode proteins that are unique to the genus
Leptospira (Table 4). When the hypothetical proteins for which there are homologs in
other genera are included, the total proportion of hypothetical proteins is between 37
and 42%.

The similarities between the leptospiral genomes are considerable, with just over
2700 CDS features (approx 80%) with orthologs in each of the three genomes. Although
a number of approaches can be used to compare the coding capacities of related genomes,
we have chosen to include only intact CDS features, because it is our intention to com-
pare the predicted protein functions encoded by the genomes. We have excluded features
encoded on IS elements because the high copy number of these features will artificially
inflate particular functions. 612 CDS features are present in both Lai and Copenhageni
but not in Hardjobovis, whereas 238 CDS features are found exclusively in Hardjob-
ovis. These figures exclude CDS features associated with pseudogenes. It is interesting
to note that there are CDS features that are unique to either the Copenhageni genome
(82 features) or Lai genome (42 features). In addition, there are four CDS features that
are found on the Lai and Hardjobovis genomes and not the Copenhageni genome, and
13 CDS features found on both the Copenhageni and Hardjobovis genomes, and not
the Lai genome. This final group of features is consistent with lateral transfer of gene-
tic material between different species of Leptospira.

The Clusters of Orthologous Groups of proteins (COGs) classification scheme (14)
can be used to provide a general overview of the functions of the reduced set of CDS
features that excludes the IS element-related CDS features and pseudogenes associated
CDS features. COG classification depends on proteins being similar to a protein with a
characterized function. The high proportion of unique and conserved hypothetical pro-
teins means that COGs were assigned to 1967 out of the 2840 Hardjobovis CDS fea-
tures, and 2176 of the 3388 Copenhageni CDS features. The breakdown of the numbers
of CDS features assigned to each COG is shown in Table 5. The most notable differ-
ences between the Copenhageni and Hardjobovis genomes is that Hardjobovis has
fewer “signal transduction” proteins (cluster T) and fewer “metabolism” proteins (spread
across clusters G, E, H, I, and P), indicating that Hardjobovis may exist in a less varied

Table 4
Overview of Total Number of Protein Coding Sequence Features in Leptospira

Serovar

Copenhageni Lai Hardjobovis

CI CII CI CII CI CII

Total CDS 3250 279 3313 300 3119 290
Excluding pseudogenes

and IS elements 3113 275 3118 272 2603 237
Unique hypothetical proteinsa 805 82 823 82 583 70
Conserved hypothetical proteinsb 501 35 496 34 378 32

CI, chromosome 1; CII, chromosome 2.
aUnique hypothetical protein means hypothetical proteins unique to the genus Leptospira (thus far).
bConserved hypothetical proteins refers to hypothetical proteins found in other genera.
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environment (fewer cluster T proteins) and the apparent reduction in “metabolism”
proteins may indicate an increased host dependency.

3. Overview of Core Leptospiral Features

3.1. Metabolism

Studies of the metabolism and enzyme activities of Leptospira, most of which were
performed more than 30 yr ago, provide a framework for predicting the sets of meta-

Table 5
Overview of Clusters of Orthologous Groups Classification
of Predicted Leptospiral Proteins

Serovar

COG category COG description Hardjobovis Copenhageni

Information, storage, and processing
[J] Translation, ribosomal structure, and biogenesis 168 143
[A] RNA processing and modification – –
[K] Transcription 77 79
[L] Replication, recombination, and repair 87 101
[B] Chromatin structure and dynamics 2 2

Cellular processes and signaling
[D] Cell cycle control, cell division, chromosome 22 22

partitioning
[Y] Nuclear structure – –
[V] Defense mechanisms 33 37
[T] Signal transduction mechanisms 149 190
[M] Cell wall/membrane/envelope biogenesis 203 218
[N] Cell motility 85 90
[Z] Cytoskeleton – –
[W] Extracellular structures – –
[U] Intracellular trafficking, secretion, and vesicular 34 30

transport
[O] Posttranslational modification, protein turnover, 93 96

chaperones

Metabolism
[C] Energy production and conversion 112 115
[G] Carbohydrate transport and metabolism 62 74
[E] Amino acid transport and metabolism 128 143
[F] Nucleotide transport and metabolism 52 50
[H] Coenzyme transport and metabolism 104 111
[I] Lipid transport and metabolism 84 99
[P] Inorganic ion transport and metabolism 64 80
[Q] Secondary metabolites biosynthesis, transport, 13 15

and catabolism

Poorly characterized
[R] General function prediction only 227 279
[S] Function unknown 168 202
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bolic/biosynthetic enzymes that are likely to be encoded by the sequenced leptospiral
genomes (3). Among others, these studies anticipate the presence of enzymes involved
in oxidative phosphorylation, the electron transfer chain, -oxidation of long chain fatty
acids, gluconeogenesis, and the pentose phosphate pathway. Many of the enzymes in
these pathways have been predicted with a high degree of certainty based on similarity
and, therefore, provide supporting evidence for the earlier biochemical studies. Although
it would be possible to fill many of these gaps in biochemical pathways with likely
candidates, it is our opinion that this should be left to future functional studies.

In summary, leptospires use phospholipids and fatty acids as their major carbon and
energy sources. Phospholipids are digested extracellularly to long chain fatty acids and
glycerol, both of which are then transported into the cell and metabolized. Specula-
tively, the primary role of the leptospiral sphingomyelinases is in nutrient acquisition
via the preliminary digestion of phospholipids prior to transport into the cell; their role
in virulence is incidental.

All sugars are synthesized de novo and there is no biochemical evidence or bioinfor-
matic inference for a glycolytic pathway in Leptospira; the gene identified by Nascimento
et al. (5) as a glucokinase (EC 2.7.1.2, LA1437, LIC12312, SPN1953) is, by similarity,
more likely to be a regulatory protein. The components of the electron transport system
include an NADH dehydrogenase complex, a fumerate reductase complex, a cytochrome
O ubiquinol oxidase-like cytochrome c oxidase complex, as well as an F0F1-type ATPase
complex (EC 3.6.3.14). There is a marked difference between the predicted metabolic
capabilities of Leptospira and the other sequenced spirochetes. A general comparative
overview is provided in Table 6.

Table 6
Overview of the Predicted Metabolic Capabilities of the Sequenced Spirochetes

Treponema Treponema Borrelia
Leptospira pallidum denticola burgdorferi

Oxidative phosphorylation Yes No No No
Electron transfer system Yes No No No
Glycolysis No Yes Yes Yes
Gluconeogenesis Yes No Yes No
Pentose phosphate pathway Yes Yes Yes Yes
Lipopolysaccharide biosynthesis Yes No No No
Fatty acid metabolism ( -oxidation) Yesa No Yes No
Fatty acid biosynthesis Yesb No Yes No
Glycerol metabolism Yes No Yes No
Nucleotide biosynthesis Yes No Yes No
Amino acid degradation and Yesc No Yes No

interconversion
aLong chain fatty acids (C15 or longer) or shorter chain fatty acids can be utilized if there is a mixture

of long and short chain fatty acids (3).
bBiochemical studies indicate that Leptospira can modify long chain fatty acids, but is unable to synthe-

size them from pyruvate or acetate (3).
cOne study on a serovar Pomona strain indicates that there is no interconversion of arginine, leucine,

valine, and phenylalanine. Glutamate and aspartate, and alanine and glycine, are interconverted (3).
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3.2. Regulation of Gene Expression

Leptospira appears to use a number of known strategies to tailor expression patterns
to the diverse environments normally encountered by this bacterium. Like the other
spirochetes, Leptospira appears to have both Sigma-54 (LA2404, LIC11545, SPN1246)
and Sigma-70 (LA2232, LIC11701, and SPN1385) transcription initiation factors. Sigma-
70 is essential for the regulation of transcription during exponential growth (15). Spe-
cialized sigma factors, such as the extracytoplasmic function (ECF) sigma factors, which
respond to specific environmental signals, are not found in the Borrelia genomes, whereas
there are one and two examples in the T. pallidum and T. denticola genomes, respec-
tively. By contrast, each of the leptospiral genomes has 11 ECF sigma factors. Nota-
bly, these factors are not encoded exclusively on chromosome 1. In other bacteria these
factors are normally cotranscribed with an antisigma regulatory factor that is normally
located in the inner membrane (16). It is not surprising, perhaps, that none of the 11
leptospiral ECF sigma factor genes is located near the genes encoding the 11 anti-sigma
regulatory factors. About 20 anti-sigma factor antagonists are encoded on each of the
leptospiral genomes. The second main class of response regulators found in Leptospira
are the two component response regulators. Each of the leptospiral genomes contains
approx 80 genes that encode either sensor histidine kinases, response regulators, or both.
This is in contrast to the T. pallidum and B. burgdorferi genomes, each of which has
less than 20 of these genes. Two general classes of response regulators can be identified,
those with DNA binding domains, and those with diguanylate cyclase activity (17). Di-
guanylate cyclase domain regulators are found on each of the spirochete genomes, with
seven found on the L. borgpetersenii genome, and 14 on the L. interrogans genomes. The
difference is because of an apparent gene duplication event in L. interrogans resulting in
seven paralogous copies of one of the response regulator genes (LIC11125-LIC11131
and LA2926-LA2933, excluding LA2928).

Core components of the heat shock response are conserved in all the sequenced spiro-
chetes, including DnaK, GroES, GroEL, and GrpE. However, the regulation of the expres-
sion of these genes in the T. pallidum, T. denticola, B. burgdorferi, and B. garinii differs
from Leptospira because of the absence of an HrcA ortholog (18).

3.3. Endoflagella

Each of the two endoflagella in Leptospira located in the periplasmic space arise from
the end of the bacterium. After cell division, each daughter cell retains one parental
endoflagellum and a new endoflagellum is formed at the end where cell division occurred.
There are between 47 and 49 endoflagellar-related genes in each of the sequenced, lepto-
spiral genomes; cumulatively, these genes cover more than 45 kb. Comparison of the
leptospiral, endoflagellar-related proteins with those encoded on the other sequenced
spirochetal genomes reveals that the assembly process and structure of the endoflagellum
is conserved across the spirochetes. Predominantly, the differences relate to the number
of paralogous copies of key genes encoding endoflagellar structural proteins.

3.4. Lipopolysaccharide

Lipopolysaccharide (LPS) is a major component of the outer membrane of Lepto-
spira and a key interface between the bacterium and the surrounding environment. None
of the other sequenced spirochetes is genetically capable of producing an attached, sur-
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face-exposed polysaccharide. An insight into the complexity of the leptospiral LPS
structure is indicated by the more than 200 recognized serovars, each of which synthe-
sizes a unique LPS structure. Even more remarkable is the fact that metabolically, all
sugars incorporated into the LPS must be synthesized de novo (3). This structure thus
comes at a considerable energy cost to the cell, and therefore, LPS must confer an enor-
mous, but as yet poorly understood, benefit to Leptospira.

LPS is normally comprised of three parts, lipid-A, core polysaccharide, and a variable
O-antigen side chain polysaccharide. In Leptospira, the genes encoding the enzymes for
the biosynthesis of the polysaccharide component of LPS are predominantly found on
a single 100-kb region of the genome. This region is remarkable because almost exclu-
sively, the genes are encoded on the one strand. Toward the 3' end of the region there is
a cluster of approx 17 genes for which there are orthologs in each of the sequenced lep-
tospiral genomes; included in this region are the thymidine dTDP-rhamnose biosyn-
thesis genes. Immediately upstream, there is synteny between the L. interrogans serovars,
but there is no such conservation of gene layout between species. Toward the 5' end of
the region, there are some genes that appear to encode proteins that have no role in LPS
biosynthesis.

3.5. Protein Secretion Systems

Based on similarity, Leptospira has a Sec translocase that resembles that of E. coli.
This complex is responsible for the translocation of both inner membrane and extra-
cytoplasmic proteins (19). The processing of the extracytoplasmic proteins occurs via
the signal peptidases. Orthologs of Lgt, Lnt, and LspA (signal peptidase II) are present,
indicating that Leptospira processes lipoproteins using a mechanism similar to other
Gram-negative bacteria, although the specificity of the signal recognition sequence is
different (20). In addition, proteins related to LolA, LolC, and LolD are present and are
probably involved in the transport and incorporation of lipoproteins into the outer mem-
brane. The signal directing, newly translocated lipoproteins to the outer membrane is
encoded by the second amino acid of the mature lipoprotein; again, this signal differs
from that found for Gram-negative bacteria (20). Two LepB-related proteins are encoded
on each of the sequenced genomes indicating a possible redundancy for signal peptidase
I. The Sec translocase and related signal peptidases are found in the other sequenced
spirochetes, although the processing of lipoproteins in Borrelia may differ because of the
absence of an Lgt ortholog. Sec-independent secretion of proteins occurs via the twin-
arginine translocase (21). The sequenced leptospiral genomes each encode orthologs
for two of the three proteins normally found in the translocase. Although no leptospiral
proteins have been shown to be secreted by a twin-arginine translocase, it appears to be
a likely mechanism for secretion in Leptospira. Thus far, no other spirochete encodes
proteins for an equivalent translocase (Table 7).

Leptospira appears to have the genetic capability to secrete proteins via both type I
and type II secretion systems, but there appears to be no type III secretion system. Pro-
teins related to components of this secretion system are likely to be involved in endo-
flagella biosynthesis rather than a secretion system. In the absence of specific functional
data, candidate outer membrane proteins and ABC transporter proteins are present and,
therefore, it is possible that type I secretion complexes exist for Leptospira. Genes encod-
ing proteins for the terminal branch of the general secretory pathway (type II secretion)
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Table 7
Leptospiral Proteins Involved in Translocation and Extracellular Protein Maturation

Leptospiral
   Lai Copenhageni   ortholog

Protein number     number    number Function

Sec translocase
SecA LA1960 LIC11944 SPN1609 Sec protein translocation
SecY LA0759 LIC12853 SPN2440 Sec protein translocation
SecE LA3426 LIC10747 SPN0540 Sec protein translocation
SecG LA1695 LIC12095 SPN1742 Sec protein translocation
YajC LA1141 LIC12540 SPN2160 Sec protein translocation
SecD LA1142 LIC12538 SPN2158 Sec protein translocation
SecF LA1143 LIC12537 SPN2157 Sec protein translocation
YidC LA0178 LIC10157 SPN0004 Sec protein translocation
SecB – – – No related protein

Signal peptidases and associated proteins
LepB LA2788, LIC11233, SPN0965,

LA3754 LIC10478 SPN0297 Signal peptidase I
Lnt LA1124, LIC12556, SPN2175a,

LA4078 LIC13250 SPN2800 Lipoprotein biosynthesis
(Apolipoprotein
N-acyltransferase)

LspA LA1336 LIC12389 SPN2022 Signal peptidase II
Lgt LA3004 LIC11063 SPN0813b Lipoprotein biosynthesis

(Prolipoprotein
diacylglyceryltransferase)

Lipoprotein, outer membrane targeting
LolA LA0410, LIC10359, SPN0193, outer membrane incorporation

LA1136 LIC12545 SPN2165b

LolE LA0273, LIC10232, SPN0071, outer membrane incorporation
LA1284, LIC12429, SPN2059, (permease)
LA2983 LIC11080 SPN0829

LolD LA0274, LIC10233, SPN0072, outer membrane incorporation
LA2982 LIC11081 SPN0830 (ATP-binding protein)

Twin arginine translocase
TatA LA1926 LIC11980 SPN1638 Sec-independent protein

secretion pathway component
TatC LA1925 LIC11981 SPN1639 Sec-independent protein

secretion pathway translocase
aNo Hardjobovis ortholog.
bT. denticola and T. pallidum ortholog, no Borrelia ortholog.

are located in an operon in each of the sequenced leptospiral genomes. Orthologous
genes are not found in the other sequenced spirochetal genomes (Table 8).

3.6. Lipoproteins
Although key physical properties, such as membrane localization and expression pro-

files, of more than 10 leptospiral lipoproteins have been determined, there have been
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few functional studies, with the exception of the Lig family of lipoproteins (22). The pri-
mary interest in this class of proteins has been as a source of cross-protective antigens, in
that these proteins are highly conserved in a wide range of serovars (20). Using LipoP to
predict potential lipoproteins (23), we estimate, excluding pseudogenes, that there are
96 lipoproteins encoded by the Hardjobovis genome, 136 by the Lai genome, and 147
by the Copenhageni genome. There are 96 lipoproteins for which there is an ortholog
in each of the genomes, and of these 14 are pseudogenes in Hardjobovis, and five in Lai.
There are 44 lipoproteins that are found in the L. interrogans genomes, but not in Hard-
jobovis, and 13 lipoproteins that are unique to Hardjobovis. There are two and five lipo-
proteins that are unique to serovar Lai and Copenhageni, respectively. In each instance,
more than 75% of the lipoproteins are unique to the genus. In the case of the conserved
hypothetical lipoproteins, there are only one or two examples of orthologous proteins
being encoded by any other spirochete genome.

4. Concluding Remarks
The remarkable feature of the relationship between Leptospira and the other spirochetes

is the near absence of a relationship. Although there are fundamental features that have
been conserved among the sequenced spirochetes, such as the endoflagella and the sys-
tems for protein translocation, the systems used for nutrient acquisition and metabolism
have virtually no similarities. However, these differences are probably related to the
apparent extensive genome reduction that T. pallidum and Borrelia have undergone.

The annotation of any genome is an ongoing operation. Studies will reveal that im-
proved prediction methods will provide better indications of function and mistakes
will have to be corrected. In addition, leptospiral genomics is by no means a static field,
with at least three other genome sequences to be published over the next few years.
Given our experience with the comparative analysis of the published leptospiral genomes,
where a substantial review of both the Copenhageni and Lai annotation was necessary
before any meaningful comparisons could be made, it is necessary to examine systems
whereby the leptospiral genome data can be updated and revised. It is clear that this will
not be done by the main genetic databases (GenBank, EMBL) and there seems to be no
incentive for the groups that initially publish annotated genome sequences to update the
annotations. For instance, the T. pallidum strain Nichols annotation has not been updated
since its initial publication in 1998. There are examples of organisms for which the anno-
tations are reviewed and updated and include the Pseudomonas aeruginosa genome

Table 8
Leptospiral Proteins Involved in Type II Secretion

Leptospiral
Lai Copenhageni ortholog

Protein number number number

GspK LA2368 LIC11577 SPN1278
GspG LA2372 LIC11573 SPN1274
GspF LA2373 LIC11572 SPN1273
GspE LA2374 LIC11571 SPN1272
GspD LA2375 LIC11570 SPN1271
GspC LA2376 LIC11569 SPN1270
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(http://www.pseudomonas.com) and the E. coli genome (http://ecocyc.org). We consider
a key step to be the establishment of a group to take responsibility for maintaining the
genome data for the genus Leptospira, as well as a website from which the current ver-
sions of the annotated genomes can be obtained. Our current version of annotated lep-
tospiral genomes can be obtained from http://vbc.med.monash.edu.au/genomes. The
IUMS Subcommittee on the Taxonomy of Leptospira seems to be an appropriate body
to assume responsibility for maintaining and updating the annotated leptospiral genome
sequences.
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Listeria monocytogenes

Keith Ireton

Summary
Listeria monocytogenes is a Gram-positive, intracellular bacterial pathogen responsible for severe

food-borne illnesses resulting in central nervous system infection or abortion. L. monocytogenes
induces its own internalization into mammalian cells, escapes from the host cell phagosome, repli-
cates extensively in the cytosol, and spreads from one host cell to another through an F-actin-depen-
dent motility process. Previously, classical genetic approaches were used to identify bacterial
virulence factors critical for the intracellular life cycle of L. monocytogenes. The recent availabil-
ity of the nucleotide sequence of L. monocytogenes has provided the potential for global analysis
of bacterial proteins that affect pathogenesis. In this chapter, ways in which the L. monocytogenes
genome has been used to probe the functions of bacterial proteins in virulence is discussed. At the
end of the chapter, future genomic- or proteomic-based approaches that might improve or expand
on current work are highlighted.

Key Words: Genomics; internalins; leucine-rich repeat; Listeria monocytogenes; listeriosis; PrfA;
lipoprotein; LPXTG; sortase; surface protein.

1. Introduction
Listeria monocytogenes is a Gram-positive, food-borne pathogen capable of causing

gastroenteritis and severe systemic infections culminating in meningitis or abortion
(1). The incidence of listeriosis in the general population is low (~2500 cases per year
in the United States), representing less than 0.1% of all food-borne illnesses (2). How-
ever, the high mortality rate of listeriosis (~20%) makes L. monocytogenes responsible
for almost 30% of deaths caused by food-borne pathogens.

L. monocytogenes is a facultative, intracellular pathogen that occupies several environ-
mental niches (1). This bacterium infects a wide variety of animal hosts in addition to
humans, including other mammals (sheep, cattle, goats, pigs, rabbits, mice), birds, and
fish. Moreover, L. monocytogenes replicates outside of host animals, and is thought to
live in the soil as a saprophyte utilizing decaying vegetation as a food source. Thus, in
contrast to obligate bacterial pathogens of humans, such as Neisseria spp. or Chlamy-
dia spp., L. monocytogenes exercises multiple lifestyles that are adapted for different
environmental situations. Consistent with this greater breadth of habitat, the genome
size of L. monocytogenes (~3 Mb [3]) is larger than those of the aforementioned obli-
gate pathogens (4–6).

Much of our current knowledge of the functions of individual genes in L. monocytogenes
has focused on those involved in virulence in animal models, and probably humans
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(1,7). Originally, classic “phenotype-driven” genetic screens were performed to identify
bacterial virulence genes (1), and genetic, biochemical, or immunological approaches
were employed to define mouse or human proteins that influence host susceptibility to
infection (8). The recent availability of the nucleotide sequences of the genomes of L.
monocytogenes and its human or animal hosts provides the potential for global analy-
sis of bacterial and host factors that influence pathogenesis. This chapter begins with a
brief introduction to the intracellular life cycle of L. monocytogenes, and the functions
of virulence factors identified through classic genetic screens (Subheading 8.2.). Then,
the general characteristics of the L. monocytogenes genome are described (Subhead-
ing 8.3.), followed by a discussion on how DNA sequence information has prompted
genetic analysis of the roles of particular bacterial genes in virulence (Subheading 8.4.).
Recent genomic-based studies of bacterial gene expression responses are covered
in Subheading 8.5. Finally, at the end of the chapter, future genomic- or proteomic-
based approaches that might improve or expand on current work are highlighted (Sub-
heading 8.6.).

2. Intracellular Life Cycle of L. monocytogenes
L. monocytogenes has the ability to penetrate host mammalian cells, to replicate within

cells, and to spread from one cell to another while always remaining in the host cyto-
sol. The various stages of the L. monocytogenes intracellular life cycle were originally
characterized through transmission electron microscopy analysis of infected cultured
mammalian cells (9). Genetic approaches led to the identification of bacterial factors
controlling the different steps in the life cycle (1). A cartoon based on the seminal elec-
tron microscopy work by Tilney and Portnoy is presented in Fig. 1, with virulence pro-
teins indicated next to the step(s) that they regulate. The life cycle is briefly described
in Subheading 2.1. For a detailed discussion of molecular mechanisms of Listeria virul-
ence proteins, the reader is referred to an excellent comprehensive review by Vazquez-
Boland and coauthors (1).

Fig. 1. The intracellular life cycle of Listeria monocytogenes. Bacterial virulence factors are
indicated next to the stage of infection that they control. (Adapted from ref. 9, with permission
from The Rockefeller University Press.)
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2.1. Bacterial Entry, Phagosome Dissolution, and Cell–Cell Spread

On interaction with host mammalian cells, L. monocytogenes is rapidly internalized
into membranous structures called phagosomes. Listeria is engulfed by professional
phagocytes, such as macrophages or neutrophils, and also by cells that are generally
thought of as nonphagocytic, including epithelial and endothelial cells (1). Internaliza-
tion (“entry”) into nonphagocytic cells requires active participation of both the bacte-
rium and the host cell. The two major bacterial factors that mediate Listeria entry into
mammalian cells are the surface proteins Internalin A (InlA) and InlB (10). Each of these
microbial proteins contains an amino-terminal leucine-rich repeat (LRR) domain that
folds into a horseshoe-like structure, followed by an internal immunoglobulin-like inter-
repeat (IR) region, and a carboxyl-terminal region that mediates cell surface anchoring
(10,11). The LRR regions in InlA and InlB interact with distinct mammalian surface
receptors, the cell–cell adhesion molecule, E-cadherin (12), or the receptor tyrosine
kinase, Met (13), respectively. Bacterial engagement of E-cadherin or Met promote
entry through modulation of mammalian signaling pathways that lead to F-actin-driven
remodeling of the host cell surface (10,14,15).

Within approx 30 min after internalization, L. monocytogenes lyses the phagosome
through the action of the secreted pore-forming hemolysin, listeriolysin O (LLO) (16).
In some mammalian cell lines, the secreted phospholipases, PlcA and PlcB, aid LLO in
mediating phagosomal escape (17). Once free in the cytosol, pathogens replicate exten-
sively and use the bacterial surface protein, ActA, to recruit host actin into filaments
that become organized into tail-like structures (1,16). These “comet tails” propel patho-
gens through the cytosol, and allow cell–cell spread through formation of a protrusion
that is engulfed by an adjacent cell. The engulfed bacterium is found in a double-mem-
branous, “secondary vacuole,” which it rapidly dissolves through the concerted action
of LLO, PlcA, and PlcB (18,19). Having again accessed the cytosol, L. monocytogenes
repeats its cycle of replication, motility, and cell–cell spread. With the exception of
inlA and inlB, expression of the genes encoding each of the previously described viru-
lence proteins requires the bacterial transcription factor PrfA (20,21). PrfA directly
activates transcription of promoters of these genes by binding to an upstream sequence
called a PrfA box. PrfA activity is upregulated in the phagosome and cytosol of host
cells, ensuring that maximal synthesis of virulence proteins occurs in the intracellular
environment in which they exert their functions.

2.2. Role of Bacterial Virulence Genes in Listeriosis

The intracellular life cycle of L. monocytogenes observed in cultured cells is thought
to play an essential role in colonization of host tissues during human listeriosis (1,10,
22). Gastroenteritis likely arises from damage resulting from L. monocytogenes internal-
ization and proliferation within cells lining the lumen of the small intestine, with a sub-
sequent inflammatory response. In systemic infections, bacterial traversal of the intestinal
cell barrier is probably followed by replication in macrophages and possibly hepato-
cytes, with blood-borne spread to the central nervous systems (CNS) or placenta (1).

Work with animal models indicate that the bacterial genes depicted in Fig. 1 play key
roles in virulence. InlA/E–cadherin interaction appears to mediate translocation across
the intestinal cell barrier, based on experiments with guinea pigs or transgenic mice
expressing human E-cadherin (23). InlB is needed for infection of hepatocytes and
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efficient colonization of the liver in mice (24,25). Bacterial propagation in the mouse
liver, spleen, and other organs also requires LLO, ActA, and PrfA (1), indicating critical
roles for intracellular replication and cell–cell spread. In contrast to these virulence fac-
tors, PlcA and PlcB have redundant functions in colonization, which reflect the over-
lapping roles for these phospholipases in mediating escape from primary and secondary
phagosomes (18).

In addition to promoting infection of the liver, InlB might also contribute to CNS
infections by inducing internalization into brain microvascular endothelial cells (1,22).
Alternatively, or additionally, infections of the CNS could be initiated by ActA-mediated
spread of bacteria inside phagocytes to endothelium, or by transmigration of infected
leukocytes across the endothelial barrier (22,26). Most abortions are thought to arise from
L. monocytogenes infection of placental trophoblast cells, followed by entry into the fetal
blood stream. Although InlA and InlB promote internalization into primary human tro-
phoblast cultures or placental villous explants (27,28), neither of these bacterial surface
proteins play a detectable role in traversal of the fetal–placental barrier in pregnant guinea
pigs (28). These findings suggest that infection of trophoblasts in vivo may occur primar-
ily through ActA-mediated cell–cell spread from maternal macrophages.

3. Listeria Genomes

3.1. L. monocytogenes Strain, EGDe
and the Nonpathogenic L. innocua Strain, CLIP11262

Although phenotype-driven genetic screens were instrumental in the identification
and characterization of the L. monocytogenes virulence factors depicted in Fig. 1 (1,7),
the determination of the complete sequence of the L. monocytogenes genome in 2001
([3] http://genolist.pasteur.fr/ListiList/genome.cgi) has significantly impacted the way
in which gene function is being studied. Many laboratories have used DNA sequence
information to provide clues as to the potential role of particular genes in pathogenesis.
One trend has been to identify genes encoding proteins with sequence similarity to known
virulence factors or proteins that are predicted to regulate the localization or activity of
previously identified virulence factors. Another strategy, termed “comparative geno-
mics” takes advantage of the availability of the genome sequence of the nonpathogenic
Listeria species, L. innocua (3). The logic behind this strategy is that genes present in
L. monocytogenes, but absent in L. innocua, might be involved in pathogenesis.

The genomes of the L. monocytogenes strain EGDe (serovar 1/2a) and the L. innocua
strain CLIP11262 (serovar 6A) are similar in size (~3 Mb), overall guanine and cyto-
sine content (~40%), gene identity, and gene organization. About 90% of the genes pres-
ent in L. monocytogenes EGDe are also found in L. innocua, and approx 95% of the
genes found in L. innocua are conserved in L. monocytogenes. These findings indicate
that the difference in pathogenicity between these two Listeria species is owing to a rela-
tively small number of genes representing a minor proportion of the genome.

A subset of the 270 EGDe-specific genes are likely to contribute to pathogenesis (3,7).
Among these are the known L. monocytogenes virulence genes depicted in Fig. 1. In
addition to InlA, InlB, and ActA, 26 of the EGDe-specific genes encode putative cell
surface proteins. Strikingly, 9 of the 26 surface-anchored proteins contain LRR and IR
domains that have sequence similarity to those in InlA and InlB (3,29,30). In addition
to these surface proteins, three putative secreted proteins with LRR and IR domains are
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present in EGDe and absent from L. innocua (31,32). Together with InlA and InlB,
these surface and secreted LRR proteins comprise the internalin family (11,33). LRR
proteins are widespread in nature, being found in prokaryotic and eukaryotic proteins
of diverse function (34). A feature common to virtually all LRR domains is that they
mediate protein–protein interactions. However, without exception, different LRR pro-
teins have distinct ligands, indicating that the “horseshoe” structure common to these
proteins serves as a scaffold on which specific amino acid clusters are presented for
interaction. The multitude of EGDe-specific LRR proteins suggests that internalins, in
addition to InlA and InlB, likely play important roles in pathogenesis. This notion has
already been confirmed for a small proportion of these L. monocytogenes LRR pro-
teins (30,31,35). Apart from internalins and other cell surface or secreted factors, other
classes of genes present in EGDe and absent in L. innocua include those mediating trans-
port or metabolism of carbohydrates or other nutrients, and transcription factors.

3.2. Other L. monocytogenes Strains

The genome of EGDe was sequenced because it is arguably the most commonly used
strain for molecular virulence and immunological studies. However, EGDe was isolated
from an outbreak in rabbits (1) and it is not clear if this strain would be highly virulent
for humans. L. monocytogenes strains are classified into 13 serotypes, which fall into
distinct evolutionary lineages (36,37). Serotypes 1/2a, 1/2c, 3a, and 3c are in lineage I;
4b, 4d, 4e, 1/2b, and 3b serotypes occupy lineage II; and 4a and 4c strains comprise
lineage III. Interestingly, certain serotypes appear to have greater pathogenic potential
than others (38). The majority of epidemic and sporadic cases are associated with 4b
strains, despite the fact that 1/2a and 1/2c strains are commonly found in food and the
environment (36). Based on this data, the 1/2a strain EGDe probably does not have the
full pathogenic potential manifested by 4b strains isolated from food outbreaks.

In an effort to identify bacterial proteins that might contribute to human epidemics,
two different groups determined the nucleotide sequences of the genomes of three sero-
type 4b strains associated with listeriosis outbreaks, and one 1/2a strain responsible for a
sporadic illness (36,37). Comparison of genes present in the newly sequenced 1/2a strain
and EGDe, and the three 4b strains revealed that individual strains of L. monocytogenes
are surprisingly genetically diverse, with 2–5% (50–140) of genes being strain-spe-
cific. This is approximately the same level of divergence observed between EGDe and
L. innocua CLIP11262. In one of the studies, DNA microarrays containing EGDe genes
were used to screen 93 different L. monocytogenes strains of various serotypes, includ-
ing 25 1/2a and 22 4b strains (36). As expected, genes encoding the major virulence
factors characterized in EGDe (InlA, InlB, LLO, ActA, PlcA, PlcB) were conserved
among all of the 1/2a or 4b strains analyzed. These findings support the idea that these
proteins constitute “core” virulence factors critical for pathogenesis in humans.

The study also led to a more precise determination of genes specific to 1/2a or 4b
strains (36). Nineteen genes present in all 1/2a strains and absent in all 4b strains were
found. Six of these genes encode potential surface proteins, four of which also contain
LRR domains likely to have structures similar to those of InlA and InlB. Transport pro-
teins represent another class of 1/2a-specific genes, with a putative oligopeptide perme-
ase ABC transporter and four phosphoenol pyruvate-dependent transport system enzyme
II components being absent in 4b strains. Eight genes found in 4b strains, but absent in
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1/2a strains, were identified in the microarray study (36). Similar to the situation with
1/2a-specific factors, three of the 4b-specific proteins are surface-anchored LRR pro-
teins. Other proteins present specifically in 4b strains include putative transcription
factors and proteins whose function cannot be easily predicted. Based on the microarray
data, it would appear that some of the differences in pathogenicity thought to exist
between 1/2a and 4b strains is because of a distinct repertoire of LRR and other surface
proteins.

3.3. Identification of Virulence Genes Through Comparative Genomics

Given that elucidation of the genomes of 4b strains is very recent, the roles of 4b-
specific genes in pathogenesis have yet to be addressed. In contrast, use of the EGDe and
L. innocua CLIP11262 genomes has already led to the identification of several bacte-
rial genes that affect virulence in animal models. In Subheading 8.4., examples in which
EGDe-specific proteins belonging to some of these categories were found to play impor-
tant roles in pathogenesis are discussed. It should be noted, however, that the presence
of a particular gene in both Listeria species does not exclude the possibility that it might
encode a virulence factor, particularly if the corresponding protein participates in fun-
damental processes, such as protein secretion or anchoring. Examples of genes con-
served among Listeria species that contribute to L. monocytogenes pathogenesis are also
presented.

4. Use of Genomics to Identify L. monocytogenes Virulence Proteins

4.1. Surface or Secreted Proteins

4.1.1. Translocation Across the Plasma Membrane

With the exception of the transcription factor PrfA, all of the well-studied Listeria
virulence factors presented in Fig. 1 are anchored to the bacterial surface or secreted
into the external environment, where they interact with host cell membranes or pro-
teins. Each of these Listeria proteins contains an amino-terminal signal peptide (SP)
sequence typical of substrates of the classical Sec-dependent secretion pathway (39).
The genome of L. monocytogenes EGDe encodes 219 SP-containing proteins (3), indi-
cating that at least 8% of all proteins are likely to be exported through a Sec apparatus.
In Escherichia coli, transport through the Sec pathway is driven by the SecA ATPase,
which provides energy for translocation and also presents SP-containing proteins to an
integral membrane channel composed, in part, of SecY and SecE. E. coli and most other
bacteria have single copies of these sec genes. Interestingly, L. monocytogenes and L.
innocua encode two SecA homologs, SecA1 and SecA2 (40). SecA1 is probably essen-
tial (40), and is thought to be needed for export of the majority of SP-containing proteins,
including InlA, InlB, LLO, PlcA, PlcB, and ActA. SecA2 is nonessential, required for
virulence in mice, and appears to mediate secretion of a smaller subset of proteins,
including the cell wall hydrolases p60 and N-acetylmuramidase, the fibronectin-bind-
ing protein/adhesin, FpbA, and several lipoproteins (41,42). Surprisingly, in contrast
to SecA1 substrates, some proteins that are exported in a SecA2-dependent manner
lack recognizable SP sequences (41,42). It is not clear how these secreted proteins are
recognized by the SecA2 apparatus.
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4.1.2. Anchoring of Surface Proteins

After export by the Sec machinery, proteins are either localized to the cell surface or
released into the extracellular milieu. Release (secretion) appears to be a default path-
way that occurs when a particular protein lacks an anchoring region. There are four dif-
ferent mechanisms, defined by the nature of the anchoring motif, that mediate surface
association of proteins in Listeria species (33).

4.2. Hydrophobic Membrane Anchor

Some surface proteins have a carboxyl-terminal hydrophobic region that is inserted
in the cytoplasmic membrane, followed by a positively charged, cytosolic “stop trans-
fer” sequence. The protein’s amino-terminus projects through the peptidoglycan (33).
ActA is anchored to the bacterial surface through such a hydrophobic tail-based mecha-
nism, and examination of the EGDe genome identified 10 additional proteins that are
likely to have hydrophobic sequences embedded in the cytoplasmic membrane (33). The
roles of these other surface proteins in virulence remain to be determined.

4.3. Linkage to the Cell Wall

A second general anchoring mechanism occurs through covalent linkage to the pep-
tidoglycan. Many surface proteins of various Gram-positive bacterial species contain a
carboxyl-terminal LPXTG sequence (where X is any amino acid) that undergoes enzy-
matic cleavage between the threonine and glycine residues, followed by linkage of the
carboxyl group of the threonine to meso-diaminopimelic acid in the cell wall (43). The
first protein to be demonstrated to be anchored by such a mechanism was Staphyloccus
aureus protein A. There are 17–21 additional LPXTG-containing proteins in S. aureus
strains. The staphylococcal enzyme that promotes anchoring of LPXTG sequences is
called Sortase A (43). S. aureus also encodes a related enzyme, Sortase B, which medi-
ates cell wall linkage of the carboxyl-terminal motif, NPQTN. In contrast to Sortase A,
staphylococcal Sortase B may have only one substrate, IsdC (43,44).

Genes encoding proteins similar to Sortases A and B were recently identified in the
EGDe and L. innocua genomes (45–47). Like S. aureus, Listeria species exhibit a dis-
proportionality in Sortase A and Sortase B substrates. L. monocytogenes InlA contains
an LPXTG motif that mediates its cell surface localization (48). In addition to InlA, an
astounding 40 other LPXTG-containing proteins are encoded in the EGDe genome
(3,33). This number represents about 30% of all surface proteins in this strain. Nineteen
of these LPXTG proteins contain LRR domains, and 11 of the LPXTG/LRR proteins
are absent from L. innocua (3,29,30). L. monocytogenes Sortase B is thought to recog-
nize a carboxyl-terminal NXXTN sequence, and might have only two substrates, SvpA
and Lmo2186 (47,49). Both of these Listeria proteins exhibit significant amino acid
similarity to staphylococcal IsdC (47).

In S. aureus, Sortase A plays an important role in virulence (50), underscoring the
importance of LPXTG proteins in colonization of host tissues by this pathogen. In L.
monocytogenes, inactivation of srtA caused the expected elimination in cell surface
anchoring of InlA and several other LPXTG-containing proteins, and abolished InlA-
dependent entry into host cells (45). The srtA deletion also resulted in a virulence defect
in intravenously or orally inoculated mice. It is noteworthy that the srtA mutant was
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more attenuated than an inlA deletion mutant, which does not exhibit a virulence pheno-
type unless mice are genetically modified to express human E-cadherin (23,24). Taken
together, these results indicate that, in addition to InlA, other LPXTG-containing pro-
teins influence pathogenesis by acting at a step subsequent to E-cadherin-mediated tra-
versal of the intestinal cell barrier.

In S. aureus, Sortase B is dispensable for initial host colonization, and is instead
needed for persistence in host tissues (44). Sortase B and its substrate IsdC promote
heme–iron acquisition, and it is thought that the virulence defect of srtB mutants may
be because of impaired scavenging of iron in the host (43,51). Despite the fact that the
putative L. monocytogenes substrates, Lmo2186 and SvpA, have sequence similarity
to IsdC (47), these proteins do not have a detectable role in heme–iron utilization in L.
monocytogenes (49). Moreover, deletion of svpA or srtB does not substantially alter the
median lethal dose (LD50) in intravenously inoculated mice (47,49), suggesting that
surface anchoring by SrtB does not play an essential role in Listeria pathogenesis.

4.4. Anchoring to Lipids

A third mechanism of cell surface association is mediated by covalent linkage to lipids
in the bacterial cell membrane (33). Prolipoproteins contain signal peptide sequences
that differ from those in other secreted proteins, chiefly in the presence of a cysteine resi-
due immediately following the site of cleavage. The thiol group in this cysteine is linked
to an N-acyl diglyceride group of a glycerophospholipid by the action of an enzyme
called prolipoprotein diacylglyceryl transferase (Lgt). After linkage of the cysteine, the
signal pepide is removed by the type II signal peptidase, SPase II.

The EGDe genome encodes 68 predicted lipoproteins, representing approx 2.5% of
all proteins, and approx 50% of all surface proteins (3,33). Twenty-four (~35%) of the
lipoproteins are substrate-binding components of ABC transporter systems predicted
to promote uptake of sugars, metals, amino acids, or peptides (3,52). OppA, a lipoprotein
that mediates import of oligopeptides, plays a minor role in the growth of L. mono-
cytogenes in host mammalian cells (53), suggesting that cytosolic bacteria might use
peptides as a nutrient source. However, bacteria deleted for oppA are unaffected for viru-
lence in mice, possibly because of the presence of multiple ABC transporters capable
of importing di- or oligopeptides, or because host sugars can also be utilized as a food
source (see Subheading 4.6.). The roles of other lipoprotein components of ABC trans-
porters in pathogenesis have not been addressed. LpeA, a lipoprotein with homology
to the PsaA adhesin of Streptococcus pneumoniae (54) was found to be required for
internalization of L. monocytogenes into epithelial cell lines, but not for virulence in
mice (55). In an effort to determine if lipoprotein maturation is essential for virulence,
a gene (lsp) encoding a protein with homology to bacterial SPase II enzymes was iden-
tified in the genomes of L. monocytogenes EGDe and L. innocua. Inactivation of lsp in
L. monocytogenes resulted in a partial inhibition in maturation of LpeA, and a minor
virulence defect in mice, perhaps because of an impairment in phagosomal escape (52).
Given the incomplete effect of the lsp mutation on SvpA processing, it is difficult to
conclude from these studies whether lipoprotein maturation is critical for L. monocyto-
genes pathogenesis. Importantly, a gene (lmo1101) encoding a second putative lipopro-
tein signal peptidase is present in the L. monocytogenes genome, but absent in L. innocua
(3). In future work, it would appear worthwhile to determine the effect of inactivation
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of this gene, alone and in combination with lsp, on lipoprotein maturation and bacterial
virulence. Another consideration is that removal of signal peptides might not be impor-
tant for pathogenic properties of lipoproteins; perhaps it is only crucial that these pro-
teins be anchored to the cytoplasmic membrane. Deletion of the L. monocytogenes lgt
gene, encoding prolipoprotein diacylglyceryl transferase, might help determine the role
of lipoprotein anchoring in virulence.

4.5. Electrostatic Anchoring of Proteins to Lipotechoic Acid

The entry-promoting protein, InlB, is bound to the bacterial surface through interac-
tion of its positively charged carboxyl-terminal domain with negatively charged lipotech-
oic acid present in the outer leaflet of the cell membrane (10,33). The InlB anchoring
domain is comprised of three conserved, approx 80 amino acid “GW” modules con-
taining the dipeptide glycine–tryptophan. Apart from InlB, EGDe contains seven other
proteins with GW modules, with six of these also being present in L. innocua (3,33).
One of the species-conserved GW proteins, Ami, promotes adhesion to mammalian cells
through its carboxyl-terminal GW modules (56). Ami contains an amino-terminal auto-
lysin domain, which is also present in the related GW protein, Auto (57). Auto is absent
from L. innocua, appears to aid InlA- and InlB-dependent entry into host cells, and is
needed for efficient colonization of the intestine and liver of orally inoculated guinea
pigs. Based on the findings with Ami and entry, it would be interesting to determine if
the GW domain of Auto is sufficient for its role in mammalian cell invasion.

4.5.1. Export of Proteins to the External Environment (Secretion)

At least 105 proteins encoded in the EGDe genome are likely to be fully secreted, as
judged by the presence of an SP sequence and the absence of a recognizable anchoring
motif. This number represents about 4% of the L. monocytogenes proteome. The best
characterized of the signal peptide-containing secreted proteins are the virulence fac-
tors LLO, PlcA, PlcB, and a metalloprotease (Mpl) that mediates PlcB processing (1).
Another secreted protein demonstrated to have a role in virulence in mice is the LRR
protein, InlC (31). The inlC gene is transcribed at low levels outside of host cells, and
its expression is strongly induced on internalization of bacteria (31,58). inlC expres-
sion is directly activated by the transcription factor PrfA (31,59).

Despite the intriguing data on InlC expression, the mechanism by which this protein
affects pathogenesis is not clear. InlC is dispensable for phagosome escape, intracyto-
solic replication, or cell-to-cell spread in all cell lines tested thus far (31,60). A recent
report suggests that InlC might aid InlA-dependent entry into host cells (61). However,
the fact that inlC expression is strongly upregulated inside host cells suggests that
this LRR protein probably also influences postinternalization events. It is tempting to
speculate that, like InlA and InlB, InlC may also promote virulence by interacting with
one or more mammalian binding partners. In the case of InlC, the expectation is that at
least one of its ligands is intracellular. The identification of InlC binding partners will
likely provide important clues as to the mechanism(s) by which this protein affects
pathogenesis.

In addition to InlC, LLO, PlcA, PlcB, and Mpl, the genome of EGDe encodes 18 other
secreted proteins that are absent from L. innocua (3) Presently, the role of these secreted
proteins in virulence is unknown. Interestingly, two of the uncharacterized secreted
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proteins are members of the LRR family, raising the possibility that they could interact
with host factors.

4.6. Proteins Involved in Nutrient Acquisition or Metabolism

A genomic approach was recently used to elucidate mechanisms by which L. mono-
cytogenes obtains nutrients for replication in the mammalian cell cytosol (60,62). The
intriguing observation that catabolism of hexose phosphates during growth in broth is
PrfA-dependent (62,63) prompted a search for PrfA-regulated genes that might medi-
ate sugar transport. A scan of the L. monocytogenes genome for open reading frames
containing an upstream PrfA box led to the identification of a gene encoding a putative
hexose phosphate transporter (Hpt) with sequence similarity to a known mammalian
glucose-6-phosphate translocase (62). Hpt is absent from L. innocua. Subsequent expe-
riments demonstrated that Hpt is needed for utilization of hexose phosphates (but not
unphosphorylated sugars) in broth, efficient bacterial replication within host cells, and
for virulence in mice. Taken together, these results provide compelling evidence that
one or more host hexose phosphate(s) fuels cytosolic growth of L. monocytogenes.
Glucose-1-phosphate, the precursor and breakdown product of glycogen, is a plausible
candidate for the growth-promoting sugar. Glycogen is abundant in the cytosol of hepa-
tocytes (62,63), and hpt deletion mutants are defective in colonization of the liver of
infected mice (62).

Fig. 2. Multiple levels of regulation of PrfA activity. At low temperatures (20–30 C) typically
encountered in the soil, PrfA translation is inhibited owing to occlusion of the ribosome bind-
ing site (RBS) in a stem-loop structure formed by the 5' untranslated region (UTR) of the mRNA
transcript originating from the P1 promoter or the upstream plcA promoter (not shown) (74). At
37 C, the secondary structure in the UTR is melted out, rendering the RBS accessible for transla-
tion. Transcripts directed from the P2 promoter lack the stem-loop structure; however, expression
from this promoter is low when PrfA is active (20). PrfA protein is regulated at the post-transla-
tional level by at least three different conditions. First, readily metabolizable, nonphosphorylated
sugars, including the plant-derived dissacharride, cellobiose, inhibit PrfA activity through an
undefined mechanism (20). Second, the presence of activated charcoal in the bacterial growth
medium enhances PrfA activity through sequestration of an unidentified bacterial “autorepres-
sor” (AR) (76). Finally, one or more host factors stimulate PrfA activity (78).
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4.7. Transcriptional Regulators

The EGDe genome encodes 24 putative or known transcription factors that are absent
from L. innocua CLIP11262 (3). Based on amino acid sequence, these transcriptional
regulators can be placed into one of several families, including GntR, BglG, Xre, AraC,
TetR, LysR, Fur, the CAP/Fnr family, and the response regulator (RR) proteins of two
component-systems. Of all these proteins, only functions of the CAP/Fnr family mem-
ber PrfA and the RRs CesR, LisR, and DegU have been determined. CesR, LisR, and
DegU are all needed for efficient colonization of the spleen in intragastrically inoculated
mice (64–66). CesR and its cognate histidine protein kinase (HPK), CesK, promote
resistance to -lactam antibiotics, and the virulence defect of the CesR/CesK mutants
may reflect a role for this two-component system in controlling cell wall integrity dur-
ing infection. LisR and its partner HPK, LisK, might also affect the cell wall, because
these proteins influence resistance to cephalosporins and the lantabiotic, nisin (67). DegU
is a member of a two-component system that promotes the development of genetic
competence, degradative enzyme synthesis, and motility in the Gram-positive bacterium
Bacillus subtilis (68). L. monocytogenes DegU is required for flagellin gene expression
and motility (66). However, the fact that flagella are not required for virulence in mice
(66) suggests that DegU promotes bacterial infections through a process distinct from
motility. The transcription factor PrfA has been extensively studied since its discovery
in 1991, and has been found to play a critical role in regulation of virulence gene expres-
sion (20). Subheading 4.8. describes what is known about how the activity of PrfA is
controlled, and Subheading 5. discusses results from a recent transcriptional profiling
study that led to the identification of several classes of PrfA-controlled genes.

4.8. Regulation of PrfA Activity

The virulence genes hlyA (encoding LLO), plcA, mpl, actA, plcB, and inlC are all
highly dependent on PrfA for their transcription (20,21). PrfA activity is upregulated
on bacterial entry into host cells, resulting in a large induction in expression of these
genes (20). Unlike the above genes, which have functions inside mammalian cells, the
inlA and inlB genes are only partly dependent on PrfA for expression. inlA and inlB
comprise an operon with multiple promoters, only one of which is controlled by PrfA
(69,70). PrfA-independent expression of InlA and InlB makes intuitive sense, given
that their role in internalization into host cells precedes PrfA activation in the cytosol.

PrfA has structural and functional similarity to the Catabolite Activator Protein (CAP)/
Fnr family of transcription factors (20,71,72). PrfA boxes located upstream of target pro-
moters conform to the consensus palindromic sequence TTAACANNTGTTAA, where
N is any nucleotide (20). The hly and plcA promoters have “perfect” consensus PrfA boxes,
whereas promoters for the remaining virulence genes have PrfA binding sites contain-
ing one or two base pair mismatches relative to the consensus. Promoters with perfect
consensus PrfA binding sites appear to have higher affinity for PrfA than those with
imperfect palindromes (71). In all PrfA-regulated target genes studied to date, the PrfA
box is centered approx 41 nucleotides upstream of the transcriptional start site, a situa-
tion that mirrors the position of CAP binding sites in so-called class II CAP-dependent
promoters (72). CAP-mediated transcriptional activation of class II promoters is known
to involve interactions between the transcription factor and the  and 70 subunits of
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RNA polymerase (RNAP) holoenzyme (72,73). It is possible that PrfA controls transcrip-
tion through a similar mechanism.

PrfA is regulated by multiple mechanisms that allow increased transcriptional activ-
ity in the infected host (Fig. 2). One mechanism is controlled by temperature (74). At low
temperatures typical of growth in the soil (less than 30 C), translation of prfA mRNA
is inhibited. This inhibition is probably because of occlusion of the ribosome binding
site in a folded structure formed by the 5' untranslated region (UTR) of the prfA mRNA.
Higher temperatures encountered in host tissues (37 C) cause unfolding of the 5' UTR,
resulting in access to the ribosome binding site and derepression of translation.

PrfA is also regulated at the post-translational level by several environmental, bacte-
rial, and host-derived factors. Experiments with constitutively activated mutants of PrfA
suggest that these factors control conformational changes that regulate the DNA binding
activity of this transcriptional regulator (20,71,75). Readily metabolized, nonphosphor-
ylated sugars including glucose, fructose, mannose, and -glucosides, such as cellobiose,
all strongly inhibit PrfA activity (20). In contrast, hexose phosphates, including the
Hpt substrate glucose-1-phosphate, fail to impair PrfA activity (62,63). Interestingly,
cellobiose is derived from plants and this disaccharide may serve the dual function of
sustaining Listeria growth on decaying vegetation, while simultaneously preventing
wasteful and inappropriate expression of PrfA-dependent virulence genes. Another
mode of PrfA inhibition involves a diffusible molecule that is made by L. monocyto-
genes and secreted into culture supernatants (76). This proteinaceous autorepressor (AR)
can be removed by addition of activated charcoal to the growth medium. AR might
regulate PrfA by direct interaction with the transcription factor or, alternatively, could
antagonize the function of a putative PrfA-activating factor (77). Like cellobiose, AR
could act to restrain PrfA activity during the saprophytic lifestyle of L. monocytogenes.
On internalization of individual bacteria into mammalian cell phagosomes and release
into the cytosol, AR would likely be diluted, resulting in increased PrfA activity. Finally,
the activation state of PrfA also appears to be controlled by one or more mammalian
cell protein(s) (78). Host surface proteins could be involved, because upregulation of
PrfA activity was found to require bacterial adhesion, but not internalization. Together,
the multiple modes of regulation of PrfA ensure that the transcription factor is fully
active only when L. monocyogenes infects host cells.

5. Use of Genomics or Proteomics to Characterize Changes
in Bacterial Gene or Protein Expression

5.1. Identification of PrfA-Controlled Target Genes

Availability of the L. monocytogenes genome sequence has made it possible to ana-
lyze transcription of all known or predicted open reading frames in response to specific
genetic and/or environmental conditions. Buchrieser and colleagues used DNA arrays
containing 99% of all predicted open reading frames in the EGDe genome to identify
genes that are differentially expressed in wild-type and prfA-deletion mutant strains
(21). Gene expression was monitored in the presence or absence of charcoal or cello-
biose in order to assess the effect of conditions that enhance or inhibit PrfA activity.
Seventy PrfA-regulated genes organized in 47 predicted transcription units were iden-
tified. These genes fell into three distinct groups, based on whether PrfA augmented or
impaired transcription, and on the influence of charcoal or cellobiose on regulation.
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Altogether, the results suggest the existence of at least two different activation states
of PrfA, each of which regulates expression of distinct sets of target genes (Fig. 3).

Group I genes were directly upregulated by PrfA, in a manner enhanced by charcoal
and diminished by cellobiose. This group contains key virulence genes already known
to be under direct PrfA control, including hlyA, mpl, actA, plcA, plcB, inlA, inlB, inlC,
hpt, and prfA itself. Two genes of unknown function, lmo2219 and lmo0788, also fall
into group I. Based on the presence of upstream PrfA boxes and the distance between
these binding sites and the predicted –10 promoter elements, it seems likely that lmo2219
and lmo0788 are also directly regulated by PrfA.

PrfA negatively regulates expression of group II genes (Fig. 3). Interestingly, PrfA-
mediated repression was insensitive to charcoal or cellobiose, suggesting that regula-
tion of these genes may not require fully active PrfA. Eight group II genes comprising
two putative transcription units were identified. One transcription unit contains seven
genes (lmo0178–0184), some of which encode substrate-binding and permease com-

Fig. 3. Three classes of PrfA-regulated genes. Three categories of PrfA-controlled genes were
identified in DNA microarray study performed by Buchrieser and colleagues (21). Group I
genes include nine well-characterized virulence genes whose expression was previously known
to be promoted by PrfA, as well as two novel genes (lmo2219 and lmo0788) of undefined func-
tion. Expression of these genes is enhanced by charcoal and impaired by cellobiose, suggesting
that a high activity form of PrfA (PrfA*) directs their transcription. Surprisingly, cellobiose did
not alter expression of the two group II and 35 group III transcription units identified in the study.
These results raise the possibility that a low activity form of PrfA might direct transcription of
these genes. Expression of group II genes was repressed by PrfA, whereas transcription of group
III genes was enhanced. “Direct?” indicates the presence of an upstream PrfA box, and the possi-
bility the PrfA directly regulates gene expression. “Indirect” indicates that absence of a predicted
PrfA-binding site making it improbable that the transcription unit is directly controlled by PrfA.
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ponents of an ABC transport system predicted to import disaccharides, oligosaccharides,
and polyols. The second transcription unit, lmo0278, is monocistronic and codes for
the ATPase component of a sugar transporter. It is possible that the products of the two
group II transcription units act together to mediate sugar import. lmo0278 has a poten-
tial PrfA box located only about four nucleotides upstream of its –10 region. The prox-
imity of these binding sites to the –10 might inhibit transcription by preventing binding
of RNAP. In contrast to the situation with lmo0278, lmo0178 lacks an upstream PrfA box
near predicted –10 or –35 regions of the promoter, and the mechanism by which PrfA
downregulates expression of this gene is unclear. It is also not obvious why it would be
advantageous for L. monocytogenes to impair expression of this transport system through
PrfA. One possible explanation might be that the group II genes encode a transporter
of sugars that are readily available in the host cell cytosol and capable of inhibiting
PrfA activity. In this case, repression of these genes would be crucial for the ability of
PrfA to efficiently activate virulence gene expression in mammalian cells. This idea
could be tested by identification of the specific carbohydrates transported by the group
II gene products and determining the effects of these sugars on PrfA activity.

Group III genes were positively regulated by PrfA, in a manner that was insensitive to
cellobiose (Fig. 3). Again, regulation of these genes might not require full PrfA activity.
Fifty-three class III genes organized in 37 transcription units were found. Two of these
genes, bsh and lmo0596, contain potential PrfA binding sites located 18–24 nucleo-
tides upstream of the –10 regions of their promoters (3,79). Thus, these genes are likely
to be direct targets of PrfA. bsh codes for a bile salt hydrolase that plays an important role
in virulence, presumably by protecting L. monocytogenes from toxic effects of bile
salts in the duodenum and liver (79). The recent and unexpected finding that L. mono-
cytogenes colonizes the gall bladder in mice (80) suggests that bsh also might promote
bacterial survival in this bile-producing organ. The function of lmo0596 is unknown.

In contrast to the situation with bsh and lmo0596, the vast majority of group III genes
lack upstream PrfA boxes. It seems likely that PrfA induces expression of one or more
intermediary factors that then exert more direct effects on transcription (see Subhead-
ing 5.2.). The functions of about 70% of the indirectly regulated group III genes have
been characterized or predicted based on sequence (Fig. 3). One group of proteins that
have been extensively studied is the OpuC carnitine/betaine ABC transport system,
which promotes growth in high salt conditions (osmotolerance) and is also needed for
colonization of the small intestine and livers of infected mice (81). OpuC might pro-
mote growth and survival of L. monocytogenes in the high salt/low water environment
of many food products and also in the duodenum, which has an osmolarity equivalent to
approx 0.3 M NaCl (81). The predicted functions of the remainder of the group III pro-
teins include regulation of the cellular redox environment (oxidoreductase- Lmo0669),
di- and/or tripeptide transport (Lmo0555), pyruvate-dependent transport system-medi-
ated import of mannose, uptake of glucose or other sugars (Lmo169), and carbon cata-
bolism (succinate semi-aldehyde dehydrogenase- Lmo0913; dihydroxyacetone kinase
subunits- Lmo2695-2697). Although not identified in the microarray study, another tran-
scription unit that may be classified as belonging to group III is the bilE operon (82). This
operon appears to be indirectly regulated by PrfA, and encodes a two-component bile
exporter that promotes resistance to bile in vitro and intestinal colonization in mice. Taken
together, the findings suggest that PrfA-mediated expression of group III genes may help
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L. monocytogenes cope with toxicity associated with osmotic shock, oxidative stress,
and bile salts, and perhaps also provide energy for growth in the mammalian cytosol.

5.2. Interaction Between the PrfA and B Regulons

The DNA array study of PrfA-regulated genes revealed an unexpected interaction
between regulons controlled by PrfA and the alternative sigma factor, B. In L. mono-
cytogenes, Bacillus subtilis, and other Gram-positive bacteria, B is activated and pro-
motes survival during multiple stress conditions, including starvation, acid, osmotic, heat,
or oxidative shock (83–86). The group I inlAB operon, all of the group II transcription
units, and about 60% (22/37) of the group III transcription units, including the opuC
and bilE operons, are predicted to contain promoters transcribed by RNAP containing

B (21). Moreover, a DNA microarray study comparing gene expression in wild-type
and sigB deletion strains of L. monocytogenes demonstrated that inlAB, bsh, opuC, bilE,
and at least five of the other group III transciption units indicated in Fig. 3, are indeed
controlled by B (82,87). Experiments with a sigB null mutant strain support the idea
that B-dependent expression of inlA, bsh, and opuC is critical for the function of these
genes (79,83,85,88–91). Finally, one of the three promoters (P2) known to drive PrfA
expression has consensus B –10 and –35 sites (Fig. 4A), and is transcribed by B-con-
taining RNAP in vitro (92). B-mediated transcription of PrfA from P2 could, at least
in part, be responsible for the stimulatory effects of oxidative stress, high osmolarity,
and severe heat shock (42–48 C) on PrfA activity (20).

For genes with upstream PrfA boxes, PrfA and B are likely to regulate transcription
by acting at different promoters. Both inlAB and bsh contain multiple promoters (69,79),
and sequence information suggests that at least one promoter for each of these tran-
scription units is probably transcribed by RNAP containing the major sigma factor, A

(Fig. 4B). Based on spacing between –10 sites and PrfA boxes, it seems likely that PrfA
activates expression of the A promoters for both inlAB and bsh, and that the B pro-
moters are not direct PrfA targets (Fig. 4B). The fact that PrfA has no influence on B-
directed transcription of bsh in vitro is consistent with this idea (92). The existence of
separate promoters for B and PrfA could provide a mechanism for distinct environ-
mental signals to regulate gene expression at different steps of infection. In the mildly
acidic conditions (pH 4.5–6.5) and elevated osmolarity (~0.3 M NaCl) of the small
intestine, B-dependent transcription of bsh and/or inlAB could play an important role
in acquisition of resistance to bile salts and/or enhancement of bacterial invasion. B is
probably uniquely suited to boost gene expression at this early step in infection, as
PrfA is inhibited by low pH (20). The contribution of PrfA to inlAB and bsh transcrip-
tion might become more important during infection of the liver, where the pH of fluids
is closer to neutral. It would be interesting to determine the relative contributions of
the different promoters upstream of inlAB and bsh to intestinal and hepatic coloniza-
tion using orally inoculated guinea pigs and/or transgenic mice expressing human E-
cadherin (23).

A central unresolved question is how PrfA promotes expression of the majority of
group III genes, which lack identifiable upstream PrfA-binding sites. Three different
models are presented in Fig. 4C. In two of the models, PrfA activates expression of a gene
whose product (X) directly stimulates transcription at either B- and/or A-dependent
promoters. In the third model, factor X stimulates B activity. A particularly attractive
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candidate for “X” in model 3 is RsbV, an anti-antisigma factor that positively regulates
B activity in a variety of Gram-positive bacteria (86). rsbV was identified as a group

III gene in EGDe but, surprisingly, PrfA did not enhance rsbV expression in a different
L. monocytogenes strain that has an almost identical profile of group III genes (21).
Hence, rsbV transcription alone cannot account for the PrfA-dependency of group III
genes. Moreover, rsbV lacks upstream PrfA boxes, indicating that it is unlikely to be

Fig. 4. Interaction between the PrfA and B regulons (A) PrfA transcription. The three pro-
moters directing PrfA expression are depicted. The # symbol indicates that PrfA directly acti-
vates transcription of the plcA promoter by binding to an upstream PrfA box. Activated PrfA
(PrfA*) and RNA polymerase (RNAP) holoenzyme containing B (E B) control expression of
distinct promoters. E A indicates that transcription of the plcA and P1 promoters is directed by
RNAP containing the major sigma factor, A. It is worth noting that data in a recent report sug-
gests that P2 is actually comprised of two overlapping promoters, one of which is transcribed
by B-containing RNAP and the other of which is recognized by A (92). For the sake of sim-
plicity, only B-dependent transcription is depicted. (B) Transcription of inlAB and bsh. The
roles of PrfA and B in controlling gene expression is illustrated. Similar to the situation with
the plcA–prfA operon, PrfA and B appear to regulate gene expression by acting at distinct pro-
moters. The fact that bsh expression is insensitive to cellobiose (21) suggests that PrfA might
not need to be fully active in order promote transcription of the gene. (C) Group III genes
indirectly regulated by PrfA. PrfA is predicted to stimulate expression of one or more genes (x)
that have more direct effects on group III gene expression. x could represent a single gene that
controls transcription f all group III genes or, alternatively, several x genes could exist, each of
which regulates expression of distinct subsets of group III transcription units. Three potential
modes by which X might indirectly control gene expression are presented. X could be a tran-
scription factor that activates transcription from A- (1) or B- (2) dependent promoters. Alter-
natively, X might enhance B activity (3).
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directly controlled by PrfA. Clearly, understanding the mechanism(s) by which PrfA
affects group III gene expression will require identification of factor X. This could be
accomplished by genetic screens to identify mutations that simultaneously affect expres-
sion of several group III genes. In addition, biochemical studies might lead to the identi-
fication of factor(s) that bind group III promoters, providing evidence for models 1 or 2.

6. Future Challenges of Genome-Based Approaches
Although the complete sequence of the L. monocytogenes genome has been available

for less than 4 yr, it is already clear that genomics has made a large impact on Listeria
research. Several studies have utilized genome sequence information as an indispensa-
ble tool to provide clues about whether a particular gene might be involved in virulence.
Approaches include mutating L. monocytogenes genes that are absent in L. innocua
and/or have sequence similarity to genes of known function from other bacteria, and
the use of DNA microarrays to identify bacterial genes that might affect Listeria patho-
genesis. In addition, although not discussed in this review, several recent proteomic
studies have led to the identification of bacterial proteins that are secreted or differen-
tially expressed under particular environmental conditions, such as starvation or bio-
film formation (41,90,93–96). On the side of the host organism, information on the
human and mouse genomes has allowed the study of mammalian genes and proteins that
may affect susceptibility to Listeria (97–100).

The work outlined in this chapter represents the first generation of studies utilizing the
power of genomics. Future work is likely to expand and improve on the initial studies in
several respects. For example, transcriptional profiling experiments that more closely
mirror in vivo physiological situations could be performed by analysis of mRNA iso-
lated from infected host cells or mice. The use of bacterial strains deleted for genes
encoding PrfA or B could confirm, extend, or modify regulons that had been identi-
fied using artificial or simplified in vitro activating or repressing conditions, like growth
in charcoal or cellobiose. Simultaneous analysis of host and bacterial gene expression
through DNA microarrays has recently been performed in mice infected with a patho-
genic E. coli strain (101), and similar experiments could probably be performed with
L. monocytogenes. Such studies could lead to identification of bacterial or host genes
that are differentially expressed in various tissues, such as the intestinal epithelium,
the liver, or the spleen.

Another likely future direction in Listeria genomics is the analysis of bacterial genes
that have been previously neglected because the sequence of their protein products did
not suggest a precise molecular function. One category of “neglected” genes is those
whose proteins have signature motifs that allow them to be confidently placed into
general functional classes, such as transcription factors, two-component HPKs or RRs,
or LRR proteins. Although sequence information predicts that the corresponding pro-
teins are likely to regulate transcription or promote protein–protein interactions, their
exact responses and molecular targets are difficult if not impossible to divine. It will be
important to systematically and exhaustively examine the roles of these proteins using
functional genomic approaches that are currently being utilized to great effect with the
budding yeast Saccharomyces cerevisiae (102). For example, the functions of unchar-
acterized HPKs, RRs, or other transcription factors can begin to be probed by transcrip-
tional profiling using DNA microarrays of the L. monocytogenes genome. In the case
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of RRs and other DNA binding proteins, the approach can be modified so as to identify
target genes that are under direct control of the transcriptional regulator by performing
chromatin immunoprecipitation (ChIP) of the DNA binding protein of interest, followed
by hybridization to DNA microarrays (chip). This “ChIP-on-chip” approach has been
recently employed to identify direct targets of DNA binding proteins in yeast (102)
and bacteria (103,104). Finally, the near universal involvement of LRR domains in pro-
tein–protein interactions (34) suggests that the function of an uncharacterized Listeria
LRR protein can be effectively investigated through comprehensive analysis of protein
complexes. This goal could be accomplished through two-hybrid-based screens of geno-
mic libraries using the LRR protein as bait, or affinity purification of a tagged LRR
protein followed by identification of copurifying ligands through mass spectrometry.
Two-hybrid or mass spectometry strategies have been successfully used to comprehen-
sively characterize protein complexes in the Gram-negative bacterial pathogen Helico-
bacter pylori (105) and in yeast (102). However, it is vital to consider that the two L.
monocytogenes LRR proteins that have been most extensively studied, InlA and InlB,
bind to mammalian ligands. The eleven EGDe-specific LRR proteins whose binding
partners have yet to be identified (3) could have bacterial and/or host binding partners.
Hence a thorough investigation of a given LRR protein will require attempts to isolate
binding partners from both the bacterial and mammalian proteomes.

Another future goal will be to use the genomes of serotype 4b epidemic strains to
identify bacterial factors that may enhance pathogenic potential. Such factors might be
present in 4b strains, but absent in other L. monocytogenes serotypes. One potential
complication is that existing mouse or guinea pig animal models may not be appropriate
for identification of auxillary virulence factors that augment pathogenicity in humans.

Recent advances in inhibition of mammalian gene expression through RNA interfer-
ence (RNAi) technology suggest that it may become possible in the not-too-distant
future to perform genome-wide screens to identify mouse or human genes that regulate
various aspects of Listeria pathogenesis. A recent report describes a phenotypic screen
using microarrays containing spots of mammalian cells in which expression of various
target genes were “knocked down” through transfection with small interfering RNAs
(siRNAs) (106). Although only seven genes were targeted in the study, plans to assem-
ble comprehensive RNAi collections for the human genome will likely make large-
scale genetic screens a reality (107). siRNA–mammalian cell microarrays could be used
to elucidate many important events in Listeria pathogenesis. For example, a recent study
described an innate immune response induced by cytosolic L. monocytogenes that results
in induction of the  interferon gene and downstream interferon responsive genes (100).
When comprehensive RNAi microarrays are available, these could potentially be em-
ployed with a mammalian cell line expressing a luciferase reporter driven by the  inter-
feron promoter to identify host genes that sense or transduce signals elicited by cytosolic
bacteria. Similarly, siRNA-mammalian cell arrays could be infected with L. monocyto-
genes harboring a transcriptional reporter of a PrfA-controlled target gene, with the goal
of finding host genes that stimulate PrfA activity (78). In addition to cell microarrays
containing siRNA, microarrays in which a cell line is subjected to a battery of chemical
inhibitors have also been described (106,107). In principle, such arrays could be used to
screen natural or synthetic compounds for the ability to impair key events in Listeria
virulence, such as bacterial internalization or actin-dependent movement.
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Although several mammalian genes that affect susceptibility to L. monocytogenes
infection have been identified through gene targeting (8), transgenics (23), or other
approaches (108), the list of host susceptibility factors is far from complete. Recently,
genome-wide chemical mutagenesis of mice has been performed with the aim of per-
forming unbiased screens for a variety of novel mutant phenotypes (109,110). Efforts are
underway to screen mouse mutants for susceptibility to L. monocytogenes and other bac-
terial pathogens ([111] http://www.mikrobio.med.tu-muenchen.de/forschung/enu.html).

Finally, in addition to animals or mammalian cell lines, other model systems might
prove useful in genomic-based investigations of host susceptibility factors. For exam-
ple, L. monocytogenes establishes infections in Drosophila melanogaster cell lines or
whole organisms, in a manner that depends on LLO-mediated escape and ActA-depen-
dent cell–cell spread (112,113). The availability of Drosophila mutants and the amena-
bility of Drosophila cell lines and animals to RNAi-mediated gene silencing may make
this metazoan useful for identification of host proteins that play an evolutionarily con-
served role in defense against intracellular pathogens. Clearly, genomic-based strategies
will play an increasingly important role in investigations of mechanisms of virulence
of L. monocytogenes and other bacterial pathogens. Of course, equally important is the
use of classic genetic and biochemical approaches to thoroughly probe the function of
any candidate virulence factor identified from genomics.

References
1. Vazquez-Boland, J. A., Kuhn, M., Berche, P., et al. (2001) Listeria pathogenesis and molec-

ular virulence determinants. Clin. Microbiol. Rev. 14, 584–640.
2. Mead, P. S., Slutsker, L., Dietz, V., et al. (1999) Food-related illness and death in the United

States. Emerg. Infec. Dis. 5, 607–625.
3. Glaser, P., Frangeul, L., Buchrieser, C., et al. (2001) Comparative genomics of Listeria

species. Science 294, 849–852.
4. Tettelin, H. E., Saunders, N. J., Heidelberg, J., et al. (2000) Complete genome sequence

of Neisseria meningitidis serogroup B strain MC58. Science 287, 1809–1815.
5. Parkhill, J., Achtman, M., James, D. D., et al. (2000) Complete DNA sequence of a sero-

group A strain of Neisseria meningitidis Z2491. Nature 404, 502–506.
6. Subtil, A. and Dautry-Varsat, A. (2004) Chlamydia: five years A.G. (after genome). Curr.

Opin. Microbiol. 7, 85–92.
7. Dussurget, O., Pizarro-Cerda, J., and Cossart, P. (2004) Molecular determinants of Listeria

monocytogenes virulence. Annu. Rev. Microbiol. 58, 587–610.
8. Pamer, E. (2004) Immune responses to Listeria monocytogenes. Nat. Rev. Immunol. 4,

812–823.
9. Tilney, L. G. and Portnoy, D. A. (1989) Actin filaments and the growth, movement, and

spread of the intracellular bacterial parasite Listeria monocytogenes. J. Cell Biol. 109,
1597–1608.

10. Cossart, P., Pizarro-Cerda, J., and Lecuit, M. (2003) Invasion of mammalian cells by Lis-
teria monocytogenes: functional mimicry to subvert cellular functions. Trends Cell Biol.
13, 23–31.

11. Schubert, W. D. and Heinz, D. W. (2003) Structural aspects of adhesion to and invasion of
host cells by the human pathogen Listeria monocytogenes. Chembiochem. 4, 1285–1291.

12. Mengaud, J., Ohayon, H., Gounon, P., Mège, R. M., and Cossart, P. (1996) E-cadherin is
the receptor for internalin, a surface protein required for entry of Listeria monocytogenes
into epithelial cells. Cell 84, 923–932.



144  Ireton

13. Shen, Y., Naujokas, M., Park, M., and Ireton, K. (2000) InlB-dependent internalization
of Listeria is mediated by the Met receptor tyrosine kinase. Cell 103, 501–510.

14. Cossart, P. and Sansonetti, P. J. (2004) Bacterial invasion: the paradigms of enteroinva-
sive pathogens. Science 304, 242–248.

15. Sun, H., Shen, Y., Dokainish, H., Holgado-Madruga, M., Wong, A., and Ireton, K. (2005)
Host adaptor proteins Gab1 and CrkII promote InlB-dependent entry of Listeria mono-
cytogenes. Cell Microbiol. 7, 443–457.

16. Portnoy, D. A., Auerbuch, V., and Glomski, I. J. (2002) The cell biology of Listeria mono-
cytogenes infection: the intersection of bacterial pathogenesis and cell-mediated immu-
nity. J. Cell Biol. 158, 409–414.

17. Marquis, H., Doshi, V., and Portnoy, D. A. (1995) The broad-range phospholipase C and
a metalloprotease mediate listeriolysin O-independent escape of Listeria monocytogenes
from a primary vacuole in human epithelial cells. Infect. Immun. 63, 4531–4534.

18. Smith, G. A., Marquis, H., Jones, S., Johnston, N. C., Portnoy, D. A., and Goldfine, H.
(1995) The two distinct phospholipases C of Listeria monocytogenes have ovelapping
roles in escape from a vacuole and cell-to-cell spread. Infec. Immun. 63, 4231–4237.

19. Gedde, M. M., Higgins, D. E., Tilney, L. G., and Portnoy, D. A. (2000) Role of Listerio-
lysin O in cell-to-cell spread of Listeria monocytogenes. Infect. Immun. 68, 999–1003.

20. Kreft, J. and Vazquez-Boland, J. A. (2001) Regulation of virulence genes in Listeria. Int.
J. Med. Microbiol. 291, 145–157.

21. Milohanic, E., Glaser, P., Coppee, J.-Y., et al. (2003) Transcriptome analysis of Listeria
monocytogenes identifies three groups of genes differently regulated by PrfA. Mol. Micro-
biol. 47, 1613–1625.

22. Drevets, D. A., Leenen, P. J. M., and Greenfield, R. A. (2004) Invasion of the central
nervous system by intracellular bacteria. Clin. Microbiol. Rev. 17, 323–347.

23. Lecuit, M., Vandormael-Pournin, S., Lefort, J., et al. (2001) A transgenic model for Lister-
iosis: role of internalin in crossing the intestinal barrier. Science 292, 1722–1725.

24. Dramsi, S., Biswas, I., Maguin, E., Braun, L., Mastroeni, P., and Cossart, P. (1995) Entry
of L. monocytogenes into hepatocytes requires expression of InlB, a surface protein of
the internalin multigene family. Mol. Microbiol. 16, 251–261.

25. Gaillard, J. L., Jaubert, F., and Berche, P. (1996) The inlAB locus mediates the entry of
Listeria monocytogenes into hepatocytes in vivo. J. Exp. Med. 183, 359–369.

26. Join-Lambert, O. F., Ezine, S., Le Monnier, A., et al. (2005) Listeria monocytogenes
infected bone marrow myeloid cells promote bacterial invasion of the central nervous
system. Cell Microbiol. 7, 167–180.

27. Lecuit, M., Nelson, D. M., Smith, S. D., et al. (2004) Targeting and crossing of the human
maternofetal barrier by Listeria monocytogenes: Role of internalin interaction with tro-
phoblast E-cadherin. Proc. Natl. Acad. Sci. USA 101, 6142–6157.

28. Bakardjiev, A. I., Stacy, B. A., Fisher, S. J., and Portnoy, D. A. (2004) Listeriosis in the
pregnant guinea pig: a model of vertical transmission. Infect. Immun. 72, 489–497.

29. Dramsi, S., Dehoux, P., Lebrun, M., Goossens, P. L., and Cossart, P. (1997) Identification
of four new members of the internalin multigene family of Listeria monocytogenes EGD.
Infect. Immun. 65, 1615–1625.

30. Raffelsbauer, D., Bubert, A., Engelbrecht, F., et al. (1998) The gene cluster inlC2DE of
Listeria monocytogenes contains additional new internalin genes and is important for virul-
ence in mice. Mol. Gen. Genet. 260, 144–158.

31. Engelbrecht, F., Chun, S.-K., Ochs, C., et al. (1996) A new PrfA-regulated gene of Listeria
monocytogenes encoding a small, secreted protein which belongs to the family of inter-
nalins. Mol. Microbiol. 21, 823–837.



Listeria monocytogenes 145

32. Glaser, P., Frangeul, L., Buchreiser, C., et al. (2001) Comparative genomics of Listeria
species. Science 294, 849–852.

33. Cabanes, D., Dehoux, P., Dussurget, O., Frangeul, L., and Cossart, P. (2002) Surface
proteins and the pathogenic potential of Listeria monocytogenes. Trends Microbiol. 10,
238–245.

34. Kobe, B. and Kajava, A. V. (2001) The leucine-rich repeat as a protein recognition motif.
Curr. Opin. Struct. Biol. 11, 725–732.

35. Schubert, W. D., Gobel, G., Diepholz, M., et al. (2001) Internalins from the human patho-
gen Listeria monocytogenes combine three distinct folds into a contiguous internalin
domain. J. Mol. Biol. 312, 783–794.

36. Doumith, M., Cazalet, C., Simoes, N., et al. (2004) New aspects regarding evolution and
virulence of Listeria monocytogenes revealed by comparative genomics and DNA arrays.
Infect. Immun. 72, 1072–1083.

37. Nelson, K. E., Fouts, D. E., Mongodin, E. F., et al. (2004) Whole genome comparisons of
serotype 4b and 1/2a strains of the food-borne pathogen Listeria monocytogenes reveal
new insights into the core genome components of this species. Nucl. Acids Res. 32, 2386–
2395.

38. Kathariou, S. (2002) Listeria monocytogenes virulence and pathogenicity, a food safety
perspective. J. Food Prot. 65, 1811–1829.

39. Mori, H. and Ito, K. (2001) The Sec protein-translocation pathway. Trends Microbiol. 9,
494–500.

40. Lenz, L. L. and Portnoy, D. A. (2002) Identification of a second Listeria secA gene
associated with protein secretion and the rough phenotype. Mol. Microbiol. 45, 1043–
1056.

41. Lenz, L. L., Mohammadi, S., Geissler, A., and Portnoy, D. A. (2003) SecA2-dependent
secretion of autolytic enzymes promotes Listeria monocytogenes pathogenesis. Proc. Natl.
Acad. Sci. USA 100, 12,432–12,437.

42. Dramsi, S., Bourdichon, F., Cabanes, D., Lecuit, M., Fsihi, H., and Cossart, P. (2004) FbpA,
a novel multifunctional Listeria monocytogenes virulence factor. Mol. Microbiol. 53,
639–649.

43. Ton-That, H., Marraffini, L. A., and Schneewind, O. (2004) Protein sorting to the cell
wall envelope of Gram-positive bacteria. Biochem. Biophys. Acta 1694, 269–278.

44. Mazmanian, S. K., Ton-That, H., Su, K., and Schneewind, O. (2002) An iron-regulated
sortase anchors a class of surface protein during Staphylococcus aureus pathogenesis.
Proc. Natl. Acad. Sci. USA 99, 2293–2298.

45. Bierne, H., Mazmanian, S. K., Trost, M., et al. (2002) Inactivation of the srtA gene in
Listeria monocytogenes inhibits anchoring of surface proteins and affects virulence. Mol.
Microbiol. 43, 869–881.

46. Garandeau, C., Reglier-Poupet, H., Dubail, I., Beretti, J.-L., Berche, P., and Charbit, A.
(2002) The sortase SrtA of Listeria monocytogenes is involved in processing of internalin
and in virulence. Infect. Immun. 70, 1382–1390.

47. Bierne, H., Garandeau, C., Pucciarelli, M. G., et al. (2004) Sortase B, a new class of
sortase in Listeria monocytogenes. J. Bacteriol. 186, 1972–1982.

48. Lebrun, M., Mengaud, J., Ohayon, H., Nato, F., and Cossart, P. (1996) Internalin must be
on the bacterial surface to mediate entry of Listeria monocytogenes into epithelial cells.
Mol. Microbiol. 21, 579–592.

49. Newton, S. M. C., Klebba, P. E., Raynaud, C., et al. (2005) The svpA-srtB locus of Listeria
monocytogenes: fur-mediated iron regulation and effect on virulence. Mol. Microbiol.
55, 927–940.



146  Ireton

50. Mazmanian, S. K., Liu, G., Jensen, E. R., Lenoy, E., and Schneewind, O. (2000) Staphy-
lococcus aureus sortase mutants defective in the display of surface proteins and in the
pathogenesis of animal infections. Proc. Natl. Acad. Sci. USA 97, 5510–5515.

51. Mazmanian, S. K., Skaar, E. P., Gaspar, A. H., et al. (2003) Passage of heme-iron across
the envelope of Staphylococcus aureus. Science 299, 906–909.

52. Reglier-Poupet, H., Frehel, C., Dubail, I., et al. (2003) Maturation of lipoproteins by type
II signal peptidase is required for phagosomal escape of Listeria monocytogenes. J. Biol.
Chem. 278, 49,469–49,477.

53. Borezee, E., Pellegrini, E., and Berche, P. (2000) OppA of Listeria monocytogenes, an
oligopeptide-binding protein required for bacterial growth at low temperature and involved
in intracellular survival. Infect. Immun. 68, 7069–7077.

54. Sampson, J. S., O’Connor, S. P., Stinson, A. R., Tharpe, J. A., and Russel, H. (1994)
Cloning and nucleotide sequence of psaA, the Streptococcus pneumoniae gene encoding
a 37-kilodalton protein homologous to previously reported Streptococcus sp. adhesins.
Infec. Immun. 62, 319–324.

55. Reglier-Poupet, H., Pellegrini, E., Charbit, A., and Berche, P. (2003) Identification of
LpeA, a PsaA-like membrane protein that promotes cell entry by Listeria monocytogenes.
Infect. Immun. 71, 474–482.

56. Milohanic, E., Jonquieres, R., Cossart, P., Berche, P., and Gaillard, J.-L. (2001) The
autolysin Ami contributes to the adhesion of Listeria monocytogenes to eukaryotic cells
via its cell wall anchor. Mol. Microbiol. 39, 1212–1224.

57. Cabanes, D., Dussurget, O., Dehoux, P., and Cossart, P. (2004) Auto, a surface associated
autolysin of Listeria monocytogenes required for entry into eukaryotic cells and virulence.
Mol. Microbiol. 51, 1601–1614.

58. Bubert, A., Sokolovic, Z., Chun, S. K., Papatheodorou, L., Simm, A., and Goebel, W.
(1999) Differential expression of Listeria monocytogenes virulence genes in mammalian
host cells. Mol. Gen. Genet. 261, 323–336.

59. Luo, Q., Rauch, M., Marr, A. K., Muller-Altrock, S., and Goebel, W. (2004) In vitro
transcription of the Listeria monocytogenes virulence genes inlC and mpl reveals over-
lapping PrfA-dependent and -independent promoters that are differentially activated by
GTP. Mol. Microbiol. 52, 39–52.

60. Goetz, M., Bubert, A., Wang, G., et al. (2001) Microinjection and growth of bacteria in
the cytosol of mammalian host cells. Proc. Natl. Acad. Sci. USA 98, 12,221–12,226.

61. Bergmann, B., Raffelsbauer, D., Kuhn, M., Goetz, M., Hom, S., and Goebel, W. (2002)
InlA- but not InlB-mediated internalization of Listeria monocytogenes by non-phagocy-
tic mammalian cells needs the support of other internalins. Mol. Microbiol. 43, 557–570.

62. Chico-Calero, I., Suarez, M., Gonzalez-Zorn, B., et al; European Listeria Genome Con-
sortium. (2002) Hpt, a bacterial homolog of the microsomal glucose- 6-phosphate trans-
locase, mediates rapid intracellular proliferation in Listeria. Proc. Natl. Acad. Sci. USA
99, 431–436.

63. Ripio, M., Brehm, K., Lara, M., Suarez, M., and Vazquez-Boland, J. A. (1997) Glucose-
1-phosphate utilization by Listeria monocytogenes is PrfA dependent and coordinately
expressed with virulence factors. J. Bact. 179, 7174–7180.

64. Kallipolitis, B. H. and Ingmer, H. (2001) Listeria monocytogenes response regulators
important for stress tolerance and pathogenesis. FEMS Microbiol. Lett. 204, 111–115.

65. Kallipolitis, B. H., Ingmer, H., Gahan, C. G., Hill, C., and Sogaard-Andersen, L. (2003)
CesRK, a two-component signal transduction system in Listeria monocytogenes, responds
to the presence of cell wall-acting antibiotics and affects beta-lactam resistance. Anti-
microb. Agents Chemother. 47, 3421–3429.



Listeria monocytogenes 147

66. Knudsen, G. M., Olsen, J. E., and Dons, L. (2004) Characterization of DegU, a response
regulator in Listeria monocytogenes, involved in regulation of motility and contributes to
virulence. FEMS Microbiol. Lett. 240, 171–179.

67. Cotter, P. D., Guinane, C. M., and Hill, C. (2002) The LisRK signal transduction system
determines the sensitivity of Listeria monocytogenes to nisin and cephalosporins. Anti-
microb. Agents Chemother. 46, 2784–2790.

68. Ogura, M. and Tanaka, T. (2002) Recent progress in Bacillus subtilis two-component
regulation. Front. Biosci. 7, 1815–1824.

69. Dramsi, S., Kocks, C., Forestier, C., and Cossart, P. (1993) Internalin-mediated invasion
of epithelial cells by Listeria monocytogenes is regulated by the bacterial growth state,
temperature and the pleiotropic activator prfA. Mol. Microbiol. 9, 931–941.

70. Lingnau, A., Domann, E., Hudel, M., et al. (1995) Expression of the Listeria monocyto-
genes EGD inlA and inlB genes, whose products mediate bacterial entry into tissue culture
cell lines, by PrfA-dependent and -independent mechanisms. Infect. Immun. 63, 3896–
3903.

71. Vega, Y., Rauch, M., Banfield, M. J., et al. (2004) New Listeria monocytogenes prfA*
mutants, transcriptional properties of PrfA* proteins and structure-function of the viru-
lence regulator PrfA. Mol. Microbiol. 52, 1553–1565.

72. Busby, S. and Ebright, R. H. (1999) Transcription activation by catabolite activator pro-
tein (CAP). J. Mol. Biol. 293, 199–213.

73. Dove, S. L., Darst, S. A., and Hochschild, A. (2003) Region 4 of sigma as a target for
transcription regulation. Mol. Microbiol. 48, 863–874.

74. Johansson, J., Mandin, P., Renzoni, A., Chiaruttini, C., Springer, M., and Cossart, P. (2002)
An RNA thermosensor controls expression of virulence genes in Listeria monocytogenes.
Cell 110, 551–561.

75. Shetron-Rama, L. M., Mueller, K., Bravo, J. M., Bouwer, H. G. A., Way, S. S., and
Freitag, N. E. (2003) Isolation of Listeria monocytogenes mutants with high-level in vitro
expression of host cytosol-induced gene products. Mol. Microbiol. 48, 1537–1551.

76. Ermolaeva, S., Novella, S., Vega, Y., Ripio, M.-T., Scortti, M., and Vazquez-Boland, J. A.
(2004) Negative control of Listeria monocytogenes virulence genes by a diffusible auto-
repressor. Mol. Microbiol. 52, 601–611.

77. Bockmann, R., Dickneite, C., Goebel, W., and Bohne, J. (2000) PrfA mediates specific
binding of RNA polymerase of Listeria monocytogenes to PrfA-dependent virulence gene
promoters resulting in a transcriptionally active complex. Mol. Microbiol. 36, 487–497.

78. Renzoni, A., Cossart, P., and Dramsi, S. (1999) PrfA, the transcriptional activator of
virulence genes, is upregulated during interaction of Listeria monocytogenes with mam-
malian cells and in eukaryotic cell extracts. Mol. Microbiol. 34, 552–561.

79. Dussurget, O., Cabanes, D., Dehoux, P., et al. (2002) Listeria monocytogenes bile salt
hydrolase is a PrfA-regulated virulence factor involved in the intestinal and hepatic phases
of listeriosis. Mol. Microbiol. 45, 1095–1106.

80. Hardy, J., Francis, K. P., DeBoer, M., Chu, P., Gibbs, K., and Contag, C. H. (2004)
Extracellular replication of Listeria monocytogenes in the murine gall bladder. Science
303, 851–853.

81. Sleator, R. D., Wouters, J., Gahan, C. G. M., Abee, T., and Hill, C. (2001) Analysis of the
role of OpuC, an osmolyte transport system, in salt tolerance and virulence potential of
Listeria monocytogenes. Appl. Environ. Microbiol. 67, 2692–2698.

82. Sleator, R. D., Wemekamp-Kamphuis, H. H., Gahan, C. G. M., Abee, T., and Hill, C.
(2005) A PrfA-regulated bile exclusion system (BilE) is a novel virulence factor in Listeria
monocytogenes. Mol. Microbiol. 55, 1183–1195.



148  Ireton

83. Becker, L. A., Cetin, M. S., Hutkins, R. W., and Benson, A. K. (1998) Identification of
the gene encoding the alternative sigma factor sigma B from Listeria monocytogenes and
its role in osmotolerance. J. Bacteriol. 180, 4547–4554.

84. Chaturongakul, S. and Boor, K. J. (2004) RsbT and RsbV contribute to {sigma}B-depen-
dent survival under environmental, energy, and intracellular stress conditions in Listeria
monocytogenes. Appl. Environ. Microbiol. 70, 5349–5356.

85. Sue, D., Fink, D., Wiedmann, M., and Boor, K. J. (2004) Sigma B-dependent gene induc-
tion and expression in Listeria monocytogenes during osmotic and acid stress conditions
simulating the intestinal environment. Microbiology 150, 3843–3855.

86. Price, C. W. (2000) Protective function and regulation of the general stress response in
Bacillus subtilis and related Gram-positive bacteria, in Bacterial Stress Responses (Storz,
B. and Hengge-Aronis, R. eds.). ASM Press, Washington, DC, pp. 179–197.

87. Kazmierczak, M. J., Mithoe, S. C., Boor, K. J., and Wiedmann, M. (2003) Listeria mono-
cytogenes sigma B regulates stress response and virulence functions. J. Bacteriol. 185,
5722–5734.

88. Kim, H., Boor, K. J., and Marquis, H. (2004) Listeria monocytogenes sigma B contrib-
utes to invasion of human intestinal epithelial cells. Infect. Immun. 72, 7374–7378.

89. Fraser, K. R., Sue, D., Wiedmann, M., Boor, K., and O’Byrne, C. P. (2003) Role of sigma
B in regulating the compatible solute uptake systems of Listeria monocytogenes: osmotic
induction of opuC Is sigma B dependent. Appl. Environ. Microbiol. 69, 2015–2022.

90. Sue, D., Boor, K. J., and Wiedmann, M. (2003) Sigma B-dependent expression patterns
of compatible solute transporter genes opuCA and lmo1421 and the conjugated bile salt
hydrolase gene bsh in Listeria monocytogenes. Microbiology 149, 3247–3256.

91. Cetin, M. S., Zhang, C., Hutkins, R. W., and Benson, A. K. (2004) Regulation of tran-
scription of compatible solute transporters by the general stress sigma factor, sigma B, in
Listeria monocytogenes. J. Bacteriol. 186, 794–802.

92. Rauch, M., Luo, Q., Muller-Altrock, S., and Goebel, W. (2005) SigB-dependent in vitro
transcription of prfA and some newly identified genes of Listeria monocytogenes whose
expression is affected by PrfA in vivo. J. Bacteriol. 187, 800–804.

93. Schaumburg, J., Diekmann, O., Hagendorff, P., et al. (2004) The cell wall subproteome
of Listeria monocytogenes. Proteomics 4, 2991–3006.

94. Weeks, M. E., James, D. C., Robinson, G. K., and Smales, C. M. (2004) Global changes
in gene expression observed at the transition from growth to stationary phase in Listeria
monocytogenes ScottA batch culture. Proteomics 4, 123–135.

95. Tremoulet, F., Duche, O., Namane, A., Martinie, B., and Labadie, J. C.; European Listeria
Genome Consortium. (2002) Comparison of protein patterns of Listeria monocytogenes
grown in biofilm or in plantonic mode by proteomic analysis. FEMS Microbiol. Lett. 210,
25–31.

96. Helloin, D., Jansch, L., and Phan-Thanh, L. (2003) Carbon starvation survival of Listeria
monocytogenes in plantonic state and in biofilm: a proteomic study. Proteomics 3, 2052–
2064.

97. Cohen, P., Bouaboula, M., Bellis, M., et al. (2000) Monitoring cellular responses to Lis-
teria monocytogenes with oligonucleotide arrays. J. Biol. Chem. 275, 11,181–11,190.

98. Baldwin, D., Vanchinathan, V., Brown, P., and Theriot, J. (2002) A gene-expression
program reflecting the innate immune response of cultured intestinal epithelial cells to
infection by Listeria monocytogenes. Genome Biology 4, R2.1–R2.14.

99. Pizarro-Cerda, J., Jonquieres, R., Gouin, E., Vandekerckhove, J., Garin, J., and Cossart,
P. (2002) Distinct protein patterns associated with Listeria monocytogenes InlA- or InlB-
phagosomes. Cell Microbiol. 4, 101–115.



Listeria monocytogenes 149

100. McCaffrey, R. L., Fawcett, P., O’Riordan, M., et al. (2004) A specific gene expression
program triggered by Gram-positive bacteria in the cytosol. Proc. Natl. Acad. Sci. USA
101, 11,386–11,391.

101. Motley, S. T., Morrow, B. J., Liu, X., et al. (2004) Simultaneous analysis of host and
pathogen interactions during an in vivo infection reveals local induction of host acute
phase response proteins, a novel bacterial stress response, and evidence of a host-imposed
metal ion limited environment. Cell Microbiol. 6, 849–865.

102. Bader, B. D., Heilbut, A., Andrews, B., Tyers, M., Hughes, T., and Boone, C. (2003)
Functional genomics and proteomics: charting a multidimensional map of the yeast cell.
Trends Cell Biol. 13, 344–356.

103. Molle, V., Fujita, M., Jensen, S. T., et al. (2003) The Spo0A regulon of Bacillus subtilis.
Mol. Microbiol. 50, 1683–1701.

104. Molle, V., Nakaura, Y., Shivers, R. P., et al. (2003) Additional targets of the Bacillus
subtilis global regulator CodY identified by chromatin immunoprecipitation and genome-
wide transcript analysis. J. Bacteriol. 185, 1911–1922.

105. Rain, J. C., Selig, L., Reuse, H. D., et al. (2001) The protein-protein interaction map of
Helicobacter pylori. Nature 409, 211–215.

106. Bailey, S. N., Sabatini, D. M., and Stockwell, B. R. (2004) Microarrays of small mole-
cules embedded in biodegradable polymers for use in mammalian cell-based screens. Proc.
Natl. Acad. Sci. USA 101, 16,144–16,149.

107. Carpenter, A. E. and Sabatini, D. M. (2004) Systematic genome-wide screens of gene
function. Nature Rev. Genet. 5, 11–22.

108. Boyartchuk, V., Rojas, M., Yan, B.-S., et al. (2004) The host resistance locus sst1 controls
innate immunity to Listeria monocytogenes infection in immunodeficient mice. J. Immu-
nol. 173, 5112–5120.

109. Nolan, P. M., Peters, J., Strivens, M., et al. (2000) A systematic, genome-wide, pheno-
type-driven mutagenesis programme for gene function studies in the mouse. Nat. Genet.
25, 440–443.

110. Hrabe de Angelis, M. H., Flaswinkel, H., Fuchs, H., et al. (2000) Genome-wide, large-
scale production of mutant mice by ENU mutagenesis. Nat. Genet. 25, 444–447.

111. Walduck, A., Rudel, T., and Meyer, T. F. (2004) Proteomic and gene profiling approaches
to study host responses to bacterial infection. Curr. Opin. Microbiol. 7, 33–38.

112. Cheng, L. W. and Portnoy, D. A. (2003) Drosophila S2 cells: an alternative infection
model for Listeria monocytogenes. Cell Microbiol. 5, 875–885.

113. Mansfield, B. E., Dionne, M. S., Schneider, D. S., and Freitag, N. E. (2003) Exploration
of host-pathogen interactions using Listeria monocytogenes and Drosophila melanogaster.
Cell Microbiol. 5, 901–911.



Mycobacterial Genomes 151

151

From: Bacterial Genomes and Infectious Diseases
Edited by: V. L. Chan, P. M. Sherman, and B. Bourke © Humana Press Inc., Totowa, NJ

9

Mycobacterial Genomes

David C. Alexander and Jun Liu

Summary
Tuberculosis (TB), caused by Mycobacterium tuberculosis, remains a major cause of death around

the world. Diseases caused by nontuberculous mycobacteria are increasingly associated with immuno-
compromised individuals. The availability of whole-genome sequences of mycobacterial species in
the past several years has revolutionized TB research. This chapter provides an overview of the biol-
ogy of mycobacteria and the diseases that they cause, with emphasis on how recent advances in geno-
mics have improved our knowledge of the lifestyle and phylogeny of these organisms.

Key Words: Mycobacterial genomes; Mycobacterium tuberculosis; Mycobacteria.

“If one judges of the importance of a disease according to its distribution, and accord-
ing to the degree in which it menaces health and induces death prematurely, tuberculosis
assumes the first rank in human pathology...it has been known as far back as the memory
of man extends, and has unceasingly decimated the race for hundreds and thousands of
years,” (1)

Prof. Dr. Georg Cornet, 1904 (19th century Bacteriologist)

1. Introduction
One hundred years later, mycobacterial diseases retain their first rank as menaces to

human and animal health. Despite global initiatives and five decades of chemothera-
peutics, tuberculosis (TB) caused by Mycobacterium tuberculosis remains a common
bacterial disease. An estimated 2 billion people are infected with M. tuberculosis and 2
million succumb to TB each year (2). Leprosy, caused by Mycobacterium leprae, inflicts
disfigurement and untold human suffering. Effective treatments for leprosy are avail-
able, but attempts at eradication have failed, and more than 600,000 new cases are
reported each year (3). Buruli ulcer, a deadly necrotizing skin disease caused by Myco-
bacterium ulcerans, is often described as an emerging infection, but in endemic regions
it is more common than leprosy. Diseases caused by atypical, nontuberculous mycobac-
teria, such as members of the Mycobacterium avium complex (MAC), used to be rare.
However, the epidemic of HIV infection and AIDS has been accompanied by a surge
in these opportunistic mycobacterial infections, which are often difficult to treat. Ani-
mals also suffer. Vigilant farming practices have reduced the incidence of Mycobac-
terium bovis infection, but outbreaks of bovine TB still occur. Johne’s disease, a fatal
inflammatory bowel disease of livestock, caused by the Mycobacterium avium subspe-
cies paratuberculosis, remains endemic in domestic herds (4).

Historically, mycobacterial research has been hampered by the fastidious nutritional
requirements, extraordinarily slow growth rates of these organisms and, especially with
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M. tuberculosis, the high risk of contagion. During the past 15 yr, the development of
effective molecular biology tools has rendered these bacteria more amenable to gene-
tic and biochemical studies. The availability of whole-genome sequences, starting with
M. tuberculosis strain H37Rv in 1998 (5), has revolutionized TB research. The genome
sequences of M. bovis (6), M. leprae (7), and M. tuberculosis strain CDC1551 (8) have
now been published. Additional sequencing projects are underway for the genomes of
M. ulcerans, Mycobacterium marinum, Mycobacterium microti, Mycobacterium smeg-
matis, two M. avium subspecies, several strains of M. tuberculosis and the vaccine strain,
Bacille Calmette-Guérin (BCG).

This chapter provides an overview of mycobacteria and the diseases that they cause,
with an emphasis on how recent advances in genomics have enriched our understand-
ing of both the biology and phylogeny of these organisms. The focus of the first section
is TB and M. tuberculosis. As illustrated in the second section, the role of other mycobac-
teria should not be underestimated. The final section focuses on specific gene families
and virulence factors that distinguish mycobacteria from other prokaryotes.

2. Mycobacterium tuberculosis and the Genus Mycobacterium
The genus Mycobacterium comprises more than 70 species (9). A few, notably M.

tuberculosis, M. leprae, and M. ulcerans, cause significant morbidity and mortality.
Others, including M. kansasii, M. fortuitum, M. abscessus, M. xenopi, M. chelonae, and
the M. avium complex, are responsible for occasionally lethal opportunistic infections
(10–12). However, the vast majority are harmless environmental organisms, common
in water and soil (13). Under the microscope, mycobacteria are small, rod-shaped bacte-
ria. They are Gram-positive organisms, but are best distinguished by their characteris-
tic acid-fast staining. This acid-fastness is a property of the mycobacterial cell wall, an
unusual, lipid-rich structure that forms a hydrophobic, low permeability barrier and pro-
vides innate protection against many antimicrobial agents. Traditionally, mycobacte-
ria have been classified according to growth rate and pigmentation (e.g., the Runyon
Groups), and further subdivided on the basis of biochemical reactions (e.g., niacin pro-
duction, nitrate reduction, drug resistance), serotypes, bacteriophage susceptibility, and
cell wall lipid profiles. However, these have been superseded by molecular methods,
especially DNA sequencing and polymerase chain reaction-based tests, which are rapid
and require little starting material, both of which are important considerations when
dealing with slow-growing and hazardous organisms. Sequencing of 16S ribosomal
DNA (rDNA) and the 16S–23S rDNA internal transcribed spacer (ITS) region has been
used to establish a phylogeny of Mycobacterium species. The latter has revealed that
the ITS of fast-growing mycobacteria is longer and structurally distinct from the ITS
of slow-growers, and supports the traditional distinction based on growth rate (14).
Sequencing allows discrimination between isolates that are phenotypically indistinguish-
able (15), and has uncovered phylogenetic differences (i.e., sequevars) within individual
species (14).

3. Mycobacterium tuberculosis and the Global Impact of Tuberculosis
M. tuberculosis was first described in 1882 by the eminent microbiologist Robert

Koch (16), but it has been with us since antiquity. Known as tuberculosis, consumption,
phthisis, and the white plague, evidence of M. tuberculosis disease has been found in
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ancient manuscripts, sculptures, and wall paintings. In recent years, M. tuberculosis
DNA has been extracted from mummies (17,18). At the end of the 19th century, TB
was the leading cause of death in the Western world, killing one in seven. Advances of
the 20th century, including antibiotics, succeeded in almost eliminating the disease from
Europe and the Americas. Despite a recent resurgence in Eastern Europe, the annual
incidence of TB in most of the developed world remains low, with less than 50 cases
per 100,000 people (19). Globally, the situation is much worse. With more than 250
cases per 100,000 people, the incidence of TB is highest in Africa, but because of its
larger population, the total number of cases is greater in Asia. The World Health Organi-
zation estimates that M. tuberculosis is responsible for 2 million deaths and 8.8 million
new infections each year, 80% of which occur in developing countries (20). One impor-
tant impediment to global efforts to control TB is the ongoing HIV epidemic (21,22).
There is an overlap in the geographical distribution of these infectious diseases and, in
the year 2000, an estimated 11% of new adult TB cases were also infected with HIV.
At greatest risk for both M. tuberculosis and HIV infections are people in their prime
working and reproductive years, between 14 and 49 yr of age. Widespread illness in this
age group has profound social and economical effects. Without a workforce to main-
tain and fund the local medical, educational, and business infrastructure, the health of
an entire community suffers.

The enormous cost of M. tuberculosis is matched by the complex lifestyle of this
facultative intracellular pathogen (23,24). It is transmitted between people, most often
by an aerosol route. The cough of a tuberculous individual generates tiny nasal droplets,
no larger than 5 m in diameter, which contain live bacteria. New infections occur when
these droplets are inhaled and penetrate to the alveoli of the respiratory tract, where
M. tuberculosis is ingested by alveolar macrophages. Although macrophages typically
destroy invading microbes, M. tuberculosis has the ability to subvert these phagocytic
cells (25,26). During the first 2 wk of infection, the bacteria slowly but continuously
replicate inside of the macrophages. Two to eight weeks postinfection, cell-mediated
immunity develops. At this stage, activated T-lymphocytes and noninfected macro-
phages act to control the growth of M. tuberculosis. In most individuals (~90%), the
infection stops here. The immune response generates a granuloma around the M. tuberc-
ulosis that prevents the bacteria from spreading. With the infection contained, active
disease does not develop. However, in some infected individuals, especially children
under 5 yr and immunocompromised adults, the primary M. tuberculosis infection can-
not be contained. The bacilli continue to replicate, host tissue is destroyed, and active TB
develops. Although most often associated with the lungs (pulmonary TB), M. tuberc-
ulosis can attack anywhere in the body including the bones (Pott’s disease), brain (TB
meningitis), lymph nodes (scrofula), and intestinal tract.

M. tuberculosis is a tenacious pathogen. Even when the primary infection is con-
tained, the bacteria within the granuloma can survive for decades, persisting in a special
dormant state (27,28). When the immune system is compromised, by such factors as
malnutrition, HIV infection, diabetes, renal disease, chemotherapy, or extensive corti-
costeroid therapy, reactivation of the disease can occur (29). The protective granuloma
disintegrates, and the long dormant M. tuberculosis revives and spreads unchecked.

Most cases of TB will respond to antibiotics. Standard regimens involve daily treat-
ment with four drugs: isoniazid, rifampin, pyrazinamide, and ethambutol, for 2 mo,
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followed by 4 mo of isoniazid and rifampin. Failure to comply can result in a relapse and
the emergence of multi-drug resistant strains, which no longer respond to these agents
(30–32). Effective treatment of multi-drug resistant strains requires quarantine of the
patient and up to 24 mo of drug therapy. Atypical nontuberculous mycobacterial orga-
nisms, responsible for opportunistic infections in AIDS patients, tend to exhibit natural
antibiotic resistance. Combined with the immunocompromised state of the host, these
infections are, therefore, extraordinarily difficult to eradicate.

4. The Genome of Mycobacterium tuberculosis
The complete genome sequence of M. tuberculosis H37Rv (a virulent strain isolated

in 1905 and then propagated in vitro) was published in 1998 (5). The circular genome
comprises of 4,411,532 bp and has a mean guanine and cytosine content of 65.6%. The
original annotation identified 3974 genes encoding 3924 proteins and 50 stable RNA.
Initially overlooked, an additional 82 protein encoding genes have since been added.
Genes have been identified via (1) sequence homology to known proteins in other micro-
organisms, (2) experiments using two-dimensional electrophoresis and mass spectrom-
etry, and (3) bioinformatic techniques that examine M. tuberculosis codon usage. The
approx 4000 genes are classified into 11 broad functional groups. Of these, 52% are
assigned with precise or putative functions, with the remaining 48% being conserved
hypotheticals or functionally unknown genes.

The publication of the H37Rv genome was followed by completion of the M. tuberc-
ulosis strain CDC1551 genome sequence (isolated in 1995 and responsible for a out-
break in the United States) (8,33), and the partial genome sequencing of M. tuberculosis
strain 210 (a representative of the W/Beijing strains, responsible for the majority of
cases in Asia and the former Soviet Union, as well as outbreaks in the United States)
(34,35). Analysis of these sequences reveals single nucleotide polymorphisms (SNPs,
including both synonymous and nonsynonymous substitutions), large sequence poly-
morphisms (LSPs; genetic deletions/insertions), plus variations in the numbers and types
of mobile elements (e.g., transposons and prophages) among M. tuberculosis isolates.
For example, comparison of the whole genome sequences of H37Rv (4.41 Mbp) and
CDC1551 (4.40 Mbp) revealed approx 1100 SNPs (8). Approximately 65% of the SNPs
are nonsynonymous substitutions, which is unusual because it is generally thought that
many nonsynonymous substitutions are lost during purifying selection, as demonstrated
in other bacteria, such as Escherichia coli and Salmonella enterica. LSP analysis indi-
cates that M. tuberculosis exhibits less genetic diversity than other bacteria. Only 74
LSPs longer than 10 bp were identified between H37Rv and CDC1551 (8). In a larger
study of 100 clinical isolates, a total of 68 distinct deletion events, ranging in size from
105 bp to approx 12 kb, were identified (36). Together, these LSPs represent approx 186
kb (~4.2%) of the H37Rv genome and affect 224 (~5.5%) genes, including genes in all
major functional categories. However, among individual isolates no more than 41 kb or
50 genes were deleted. In contrast, differences between the K12 and O157 strains of E.
coli affect more than 1300 genes (37). Even so, these studies indicate that a degree of
polymorphism does exist between different M. tuberculosis strains, which is consistent
with the phenotypical diversity observed among clinical isolates (38). Numerous meth-
ods, most commonly restriction fragment length profiles, spoligotypes, IS6110 profiles,
and SNP analysis are used to characterize clinical isolates (39–41). These differences
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provide insight into the epidemiology of outbreaks, infectivity, and virulence of individ-
ual strains. Notably, half of LSPs between H37Rv and CDC1551 involve genes encod-
ing Pro–Pro–Glu (PPE) and Pro–Glu (PE)-polymorphic GC-rich repetitive sequence
(PGRS) family proteins (8), which are considered antigens important for human immu-
nity (see Subheading 11.2.). Genetic studies also provide insight into the evolution of
M. tuberculosis. Current evidence indicates that the W/Beijing strains, such as 210, are
more ancestral than CDC1551 and H37Rv, and contain genes that are no longer present
in the more recently derived strains (38,42,43).

5. The Mycobacterium tuberculosis Complex
The M. tuberculosis complex refers to a number of genetically related human and ani-

mal pathogens that share 99.9% similarity at the nucleotide level and are indistinguish-
able by 16S rDNA sequencing. These include M. tuberculosis, M. africanum, M. microti
(voles), M. caprae (goats), M. bovis, as well as the BCG vaccine strains and a variety
of isolates from unusual sources, such as M. pinnipedii (from seal lions and fur seals),
and the dassie bacillus (from Procavia capensis, the hyrax, or dassie). The animal strains
are responsible for zoonotic transmission of TB to humans, especially via ingestion of
infected meat or milk. Indeed, it was long believed that TB was an animal disease that
managed to jump the species barrier. However, genetic interrogation of M. tuberculo-
sis complex isolates, together with genome sequencing of M. microti, M. bovis AF2122/
97 (a virulent strain from Great Britain) (6), and BCG Pasteur (a vaccine strain main-
tained in Paris since 1923), reveals that the opposite is true. M. tuberculosis originated
with humans and was transmitted to animals (44). The current phylogeny indicates that
the M. tuberculosis complex evolved from a human strain via successive, unidirec-
tional deletion events (see Fig. 1).

M. africanum refers to human TB isolates from parts of Africa which, on the basis
of biochemical tests, were considered distinct from both M. tuberculosis and M. bovis.
However, this classification scheme has proven unreliable as biochemical markers do
not correlate with genetic data, which identify at least three groups of M. africanum
(42,45). Some so-called M. africanum strains are genetically indistinguishable from
M. tuberculosis. A second group contains a single genomic deletion, or region of differ-
ence (RD), called RD9, which affects seven genes. In the third group of M. africanum,
RD9 is deleted along with the LSPs, RD7, RD8, and RD10. These four deletions are con-
served across all animal strains. An additional five deletions are found in both M. caprae
and M. bovis. Taken together, these RDs provide a scheme for the reductive evolution of
the M. tuberculosis complex from human to cattle. Additional deletions define branches
within the M. tuberculosis complex. For example, a small deletion, called TbD1, is a
marker of “modern” TB (42). Multiple genomic deletions distinguish the dassie bacil-
lus from other species (46). Additional variations are unique to specific host–pathogen
pairs. The biological roles of individual RDs have yet to be established. Some may be
hot spots for genetic rearrangement, but most are believed to influence disease trans-
mission and progression. Consistent with both of these ideas, several overlapping, but
nonidentical deletions have occurred in discrete isolates of the M. tuberculosis com-
plex. For example, the RD1 deletion, which has occurred independently in M. microti,
the dassie bacillus, and BCG impairs the secretion of key immunodominant antigens
and impacts bacterial virulence. In contrast, the RD5 deletion, which affects five genes in
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M. microti, seven genes in the dassie bacillus, and eight genes in BCG Pasteur, is associ-
ated with transposition of the mobile genetic element, insertion sequence (IS)6110 (44).

The role of SNPs in the evolution of the M. tuberculosis complex is less clear. The
genome of M. bovis is 99.95% identical to that of M. tuberculosis. Fewer than 2500
SNPs have been identified and at least one-third are synonymous changes that do not
alter amino acid sequence (6). However, frameshifts and other variations do occur. A
point mutation in ald (alanine dehydrogenase) prevents M. bovis and BCG strains from
catabolizing the amino acid alanine (47). M. bovis, although not BCG, also has a muta-
tion in pykA (pyruvate kinase), such that glycolytic intermediates are not converted to
pyruvate or used in the TCA cycle. Other SNPs alter the antigenic repertoire of M. bovis,
and are likely to impact host–pathogen interactions (6). Curiously, some genes that are
defective in M. bovis are also psuedogenes in M. leprae.

5.1. Bacille Calmette-Guérin

Live attenuated vaccines have reduced the incidence, and even eliminated, many
important bacterial and viral diseases. The original BCG was derived between 1908
and 1921 by 230 in vitro passages of an M. bovis strain. This attenuated BCG was found
to be nonpathogenic in guinea pigs, yet sufficiently immunogenic to protect against a
challenge with virulent M. tuberculosis (48,49). In the preantibiotic era, the promise of
an effective vaccine against TB made BCG popular and, starting in 1923, stocks were
distributed around the world. BCG vaccination of newborns remains common in many
countries with an estimated 100 million doses of BCG administered each year. BCG is
safe and probably protects children against TB meningitis. However, in randomized

Fig. 1. Phylogenetic tree of the Mycobacterium tuberculosis complex. This phylogeny was
generated using a variety of molecular markers, but only major genomic deletion events (filled
circles) are indicated. Events on the thick vertical axis have accumulated over time and affect
successive members of the complex. Events on the thin horizontal axes are only found in specific
members of the complex. (Adapted from refs. 42,44–46,54,55,58.)
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controlled trials the efficacy of BCG against adult pulmonary disease has ranged from
0 to 80%, and remains a matter of debate (50,51). Efficacy may be diminished by prior
exposure to environmental mycobacteria, which can alter the immune response to the
vaccine (52,53). However, BCG itself is also likely to blame. Between 1923 and the
1960s (when lyophilized stocks were finally established), BCG strains continued to be
propagated in vitro. Different laboratories employed different culture media and pas-
saged strains according to different schedules. BCG continued to adapt to laboratory
conditions, plus there was selection for strains that produced few side effects, yet still
promoted tuberculin conversion (wrongly considered an indicator of immunogenicity).
The net result has been the creation of numerous, genetically heterogeneous BCG sub-
strains. Although the original BCG of 1921 has been lost, genetic analysis of BCG sub-
strains indicates that the initial attenuation event was the deletion of RD1 (54,55). Indeed,
experimental deletion of RD1 impairs the virulence of M. tuberculosis H37Rv in a
mouse model of TB (56,57). As with the M. tuberculosis complex, evolution of BCG
substrains has involved multiple unidirectional deletion events. For example, the RD2
region is deleted from all substrains obtained from the Pasteur Institute after 1931,
whereas nRD18 is only deleted in strains derived after 1933 (54,58).

The need for an effective vaccine against M. tuberculosis remains. Although some
research is directed at the generation of attenuated M. bovis or M. microti strains, DNA
vaccines, and protein preparations, much of research continues to focus on improving
the BCG strain (59–61). Despite its shortcomings, BCG has an excellent safety record
and, as a live persistent vaccine, it exhibits long lasting and complex immunostim-
ulatory properties. Work with recombinant BCG, modified to produce immunogenic
mycobacterial antigens, also shows promise against TB (62,63). Recombinant BCG is
also being used to fight other infections (64,65). For example, BCG expressing an
antigen from Schistosoma mansoni appears to protect mice from this helminthic infec-
tion (66). In addition, BCG exhibits antitumor properties and is used as effective treat-
ment for bladder cancer (67).

6. Mycobacterium leprae
On February 28, 1873, G. H. Armauer Hansen identified bacilli in nodules removed

from a patient with leprosy (68). Previous epidemiological evidence suggested that
leprosy was transmissible, but it was Hansen’s finding that established leprosy as an
infectious bacterial disease. Leprosy, often called Hansen’s disease, affects millions
and is endemic in India, Vietnam, and the Philippines, with approx 630,000 new infec-
tions occurring each year (3). Despite its global importance, leprosy remains difficult
to study. Animal models do not accurately emulate human disease, and the mecha-
nisms of transmission are poorly defined. M. leprae is a slow growing obligate intrac-
ellular bacterium that has never been cultured in vitro. The complete genome sequence
of M. leprae strain TN revealed that this organism has undergone massive gene decay;
that is, an extreme form of the reductive evolution seen in the M. tuberculosis complex
(7). The genome is 3.3 Mbp, which is 1.1 Mbp smaller than that of M. tuberculosis. Of
the estimated 3720 M. leprae open reading frames, more than 1100 are pseudogenes that
no longer encode proteins. Even so, biosynthetic pathways for most molecules (e.g.,
amino acids, nucleotides) and cell wall components (e.g., peptidoglycan, arabinogalac-
tan, mycolic acids, lipids) remain intact (7,69). Conversely, many catabolic pathways,
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transcriptional regulators, transport proteins, polyketide synthesis systems, detoxifica-
tion enzymes, and DNA repair processes are impaired. These defects likely account for
the fastidious growth requirements of M. leprae. Many putative virulence factors, such
as the mce genes, PE/PPE genes, and all PE-PRGS genes are also absent or defective.
As in some strains of BCG, the mma3 gene, required for synthesis of methoxymyco-
lates, is defective (70). Similar to M. avium subsp. paratuberculosis, the mycobactin
siderophore biosynthesis (mbt) operon is nonfunctional, suggesting that iron metabolism
is impaired. At the same time, M. leprae has an extra NRAMP-like metal transporter,
which may compensate for the mbt defect. Other genes not found in M. tuberculosis,
and possibly beneficial to intracellular survival of M. leprae, include a uridine phos-
phorylase, a eukaryote-like adenylate cyclase, and a putative sugar transport system.

The chronology of gene decay in M. leprae has been a matter of some debate. Did the
loss of regulatory genes precipitate or follow the loss of metabolic functions? The isola-
tion of an ancestral M. leprae, with a more intact genome, could answer this question, but
no such organism has been identified. Epidemiological studies of M. leprae are ham-
pered by the lack of molecular typing methods. One contribution of genome sequence
analysis has been the identification of polymorphic regions suitable for molecular typ-
ing (71,72). Such characterization is integral to an improved understanding of disease
transmission. Although several natural reservoirs have been suggested, including arma-
dillos, insects, soil, and water, the sources for human infection remain a mystery.

7. The Mycobacterium avium Complex
MAC includes a variety of genetically related species with diverse pathogenic poten-

tial (10). M. avium subsp. avium (Maa) is common in the environment. It causes avian
tuberculosis and sporadic infections of wild mammals (e.g., deer), as well as opportunis-
tic infections in immunocompromised humans. M. avium subsp. silvaticum (Mas), the
so-called wood pigeon bacillus, is primarily a bird pathogen. M. avium subsp. paratuber-
culosis (Map) causes Johne’s disease and, although the hypothesis remains controver-
sial, has been implicated as a cause of Crohn’s Disease, a chronic inflammatory bowel
disease in humans (73–75). MAC organisms exhibit greater heterogeneity than mem-
bers of the M. tuberculosis complex. Multiple sequevars have been revealed by rDNA
analysis and unidirectional deletion events cannot account for relationships between
all isolates (9,76). Different branches appear to have acquired new genetic material via
horizontal transfer (77). Genome comparison of Maa strain 104 (a human pulmonary
isolate) and Map strain K10 (a Johne’s disease isolate from a cow) has emphasized
variations both within MAC, and between MAC and the M. tuberculosis complex.

Maa strain 104 (5.4 Mbp) and Map strain K10 (4.5 Mbp) have larger genomes than
M. tuberculosis and encode several hundred more genes. Orthologs to many M. tuberc-
ulosis genes exist, but there are some notable differences. For example, Maa encodes
one-third as many PE/PPE genes as M. tuberculosis. Although the function of these
repetitive proteins is unknown, they are thought to contribute to the antigenic diversity
of mycobacteria. The RD1 region, considered important for virulence, is missing from
MAC. At the same time, Maa possesses more transcriptional regulatory genes and
dedicates a larger portion of its genome to lipid metabolism. Extra genes, especially
those involved in transcriptional regulation or associated with cell wall functions, likely
help Maa adapt to volatile environmental conditions. In general, the genomic differ-
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ences between MAC and the M. tuberculosis complex seem to reflect their disparate
lifestyles. M. tuberculosis is an obligate pathogen with a relatively stable intracellular
niche and little exposure to other bacteria. In contrast, MAC are environmental orga-
nisms, which must contend with changing environmental conditions and have greater
opportunity for horizontal gene transfer via interactions with disparate bacteria and
phages. Map is capable of infecting cattle, but is also capable of survival for months in
a barnyard or field (78). Maa infects birds, thrives in drinking water and hot tubs, and
is an endosymbiont of free-living protists (79). Indeed, it has been suggested that the
ability of Maa to colonize phagocytic amoebae and protozoans prefigures that hall-
mark of mycobacterial infections: the invasion and subversion of macrophages (80).

Maa is considered to be the ancestral form of MAC, but the enormous diversity between
Maa isolates has precluded a robust analysis of phylogeny. Isolates from diverse
sources (e.g., a deer in New Zealand and a bird from the Netherlands) may be indistin-
guishable, yet samples from similar sources (immunocompromised people living in the
same city) can differ at multiple sites and exhibit discrepancies in genome size of greater
than 250 kb (81).

Traditionally, ISs have been used to define species. Isolates containing IS900 are
called Map (82). IS900 negative isolates are called Maa when positive for IS1245, and
Mas if positive for IS901. However, inconsistencies exist, and some nonMAC organ-
isms may contain these mobile elements. New, genome-based approaches likely will
reveal the evolutionary history of MAC (81). Such methods have already contributed
to the phylogeny of Map (83). Long suspected on the basis of culture characteristics, it
is now clear that Map can be subdivided into bovine (cattle) and ovine (sheep) branches
(84,85). However, it remains unclear if these genetic differences are related to idiosyn-
crasies of the host–pathogen interaction, or if they represent some geographical bias.
Identification of markers restricted to individual MAC subspecies is key to the devel-
opment of sensitive and specific diagnostic tests (86). Reliable tests are not yet avail-
able for MAC diseases, but would be valuable for the efficient detection and treatment
of conditions, such as Johne’s disease (4).

8. Mycobacterium ulcerans and Mycobacterium marinum
Buruli ulcer is a devastating skin disease. The ulcers are difficult to treat and can con-

sume as much as 70% of the skin surface before causing death (87). First described in
the scientific literature in 1948, after an outbreak in an Australian resort town (88),
historical evidence suggests the disease has long been endemic in Africa. It takes its
name from the Buruli region of Uganda (89). The causative agent, M. ulcerans, is among
the slowest growing mycobacteria, with an in vitro generation time of more than 30 h.
It is associated with wetlands. Contaminated water and water-borne insect larvae are
implicated in the infection cycle. The related organism, M. marinum, is a lethal patho-
gen of fish, amphibians, and reptiles (90). In humans, M. marinum is responsible for
skin diseases, such as swimming-pool granuloma and fish-fancier’s finger. As the names
suggest, this opportunistic infection also results from contact with contaminated water.
However, M. marinum infections are rarely lethal.

The genome of M. ulcerans has yet to be completely sequenced, but its associ-
ated plasmid, pMUM1, has been deciphered (91). This 174-kb plasmid contains genes
for the biosynthesis of mycolactone, a ketolide with immunosuppressive properties.
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Mycolactone is thought to be the virulence factor responsible for the Buruli ulcer, and
the key difference between M. ulcerans and M. marinum. A thorough comparison of
these organisms with M. tuberculosis has yet to be completed. The genomes of M. mari-
num and M. ulcerans are in the 6 Mbp range, and likely encode numerous genes required
for their aquatic lifestyles. Even so, rDNA sequencing suggests that M. marinum and M.
ulcerans are closely related to the M. tuberculosis complex. Large regions of synteny are
present, and virulence-associated genes, including the RD1 region, are known to be
intact (92).

M. marinum has found favor as an experimental model of mycobacterial infections
because it grows more quickly and is safer to work with than M. tuberculosis (93–96).
More importantly, M. marinum can be used to study genuine host–pathogen interactions.
Mice are widely used to study tuberculosis, but M. tuberculosis is not a mouse patho-
gen and the mouse model, although useful, does not accurately reflect human disease.
In contrast, M. marinum naturally infects both fish and frogs. The combination of M.
marinum and zebrafish may prove to be a particularly useful model. Numerous genetic
tools are available for their study and, like humans, zebrafish exhibit both innate and
adaptive immune responses.

9. Mycobacterium smegmatis
Mycobacterium smegmatis was once believed to cause syphilis. It is now recognized

as a harmless saprophyte, common in soil. Fast growing, it has served as a model for
the study of mycobacteria (97–99). Sequencing of the M. smegmatis mc2155 laboratory
strain reveals that, like the other environmental mycobacteria, it has a large genome. It
also shares many of the physiological characteristics particular to the mycobacteria.
However, M. smegmatis is quite different from the pathogenic mycobacteria and is un-
able to survive in macrophages (100). Its genome shows little synteny with M. tuberculo-
sis and many putative virulence genes are absent.

10. Mycobacteriophages
The first mycobacteriophage was described in 1947 (101). Since then, several hun-

dred have been isolated and every mycobacterial genome sequence contains at least
one prophage. Phages are likely a key mediator of diversity in the MAC complex. It is
not known if prophage gene products contribute to mycobacterial virulence, but con-
sidering the importance of prophage-derived toxins in other actinomycetes (e.g., the
diphtheria and tetanus toxins of Corynebacterium spp.) their role in disease pathogen-
esis would not be surprising.

Mycobacteriophages have been widely employed as diagnostic tools. Phage-based
strain typing has now been superseded by other methods, but luminescent reporter
phages and phage replication assays still are used for rapid detection of mycobacteria
in clinical and environmental samples, and to determine antibiotic resistance (102–106).
Phage-based systems also are used for genetic manipulation of mycobacteria, includ-
ing allelic replacement and transposon-delivery (107–111). Although little is known
about individual phages, sequencing projects, such as those conducted at the Pittsburgh
Bacteriophage Institute have revealed great diversity in both genome size and gene con-
tent (112–117).
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11. Mycobacterial Gene Families
Analysis of the genome sequences of different Mycobacterium species indicates

that genome size may vary and individual genes may lack orthologs, but most func-
tions are conserved. These include basic metabolic activities common to all prokary-
otes, such as DNA replication, transcription, cell division, and small molecule bio-
synthesis, along with some mycobacterial-specific functions. Perhaps most importantly,
several large gene families that were either previously unknown or poorly understood
have been identified through the genome projects. Analysis of Mycobacterium genomes
indicates that there is a core set of approx 200 highly conserved genes encoding myco-
bacterial-specific functions (118). Half of these are associated with cell wall biosyn-
thesis. Others fall into a “conserved hypothetical” category for which roles remain to be
determined. Several are PE/PPE genes, and a few are classified as regulatory genes or
virulence determinants, such as the mce genes. Not included in this core set are antigens
of the 6 kDa early secretory antigenic target (ESAT)-6 and 10 kDa culture filtrate protein
(CFP)-10 family, as individual loci are not perfectly conserved, and similar proteins are
found in other actinomycetes. Likewise, the resuscitation promoting factors have homo-
logs in other organisms.

11.1. Mycobacterial Lipid Metabolism

Genome sequencing revealed that a large number of M. tuberculosis genes (~250)
encode enzymes involved in lipid metabolism. In contrast, E. coli, which has a similar
genome size as M. tuberculosis, contains approx 50 enzymes involved in lipid metabo-
lism. As mentioned earlier, the lipid-rich cell wall is a defining characteristic of myco-
bacteria (Fig. 2) (119). The excess of lipid metabolic enzymes in M. tuberculosis corre-
late with the unusual chemical composition of the structure. The wall consists of three
covalently linked polymers: peptidoglycan, arabinogalactan, and mycolic acid (Fig. 2)
together with a variety of complex lipids, including lipoglycans (e.g., lipoarabinoman-
nan, lipomannan, and the related phosphatidylinositol mannosides), glycopeptidolipids,
sulfolipids, trehalose-containing glycolipids, phthiocerol dimycocerosates, phenolic
glycolipids, and triacylglycerols (120,121). The proportion of these lipids varies from
species to species and is also affected by changing growth conditions (122).

The lipid domain of mycobacterial cell wall forms an asymmetric bilayer. The outer
leaflet of this bilayer contains various surface glycolipids, whereas the inner leaflet is
composed exclusively of mycolic acids. The mycolic acid layer displays exceptionally
low fluidity and low permeability. It is this barrier that is responsible for the natural
resistance of mycobacteria to many antimicrobial agents, including antibiotics and host
immune factors (121,123,124). Important roles also have been suggested for the sur-
face glycolipids, especially the multiple methyl-branched fatty acids: sulfolipids, phthio-
cerol dimycocerosates, phenolic glycolipids, diacylated trehaloses, and polyacylated
trehaloses (125). Genes for phthiocerol and phenolphthiocerol dimycocerosate synthe-
sis are present on a M. tuberculosis pathogenicity island (PAI). The latter lipid is neces-
sary for the growth of M. tuberculosis in the lungs of infected mice (126). Another
component of interest is the lipoglycan, lipoarabinomannan. The M. tuberculosis ver-
sion of this lipid exerts immunomodulatory effects, including the downregulation of
cell-mediated immunity (127). Curiously, lipoarabinomannan from M. chelonae has
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no such ability. The difference appears to stem from species-specific variations in the
structure of lipoarabinomannan (127).

Homology searches to genes of known function in other bacteria have assisted in the
identification of mycobacterial genes involved in cell wall lipid synthesis. Specula-
tions on the role of individual genes can be tested by mutagenesis of the target gene
and biochemical analysis of purified gene products. Such insight into the genetics and
enzymology of cell wall biosynthesis and assembly makes it possible to identify cellu-
lar targets for the development of new drugs. Several front-line antitubercular drugs,
such as isoniazid, ethambutol, and pyrazinamide, are now known to target lipid bio-
synthesis and cell wall assembly.

11.2. The PE and PPE Gene Families

The novel PE and PPE gene families are also highly abundant, accounting for 9% of
all genes in M. tuberculosis. The proteins are distinguished by the eponymous PE or
PPE motifs at N-terminal residues 8 and 9, or 8 to 10, respectively. Each family is fur-
ther subdivided on the basis of characteristic C-terminal motifs. For example, all PE pro-
teins have a conserved N-terminal domain (~110 amino acids). One subgroup includes
short proteins with no C-terminal region. Members of the second group, PE-PGRS,
have large C-terminal domains that contain multiple (sometimes hundreds) of tandem
repeats of the glycine-rich motif, Gly–Gly–X (often Gly–Gly–Ala). The remaining PE
proteins have substantial (100–400 amino acids) C-terminal domains, but the repeated
Gly–Gly–X motif is absent. Analysis suggests that some proteins in this third group
share an approx 225 amino acid motif in which the primary sequence is degenerate, but
the secondary structure is conserved (128).

The role of the PE/PPE genes has been the source of much speculation. One promi-
nent idea is that they contribute to antigenic variation among strains of M. tuberculo-
sis, and influence the host immune response. Comparative analysis of the PE-PGRS
proteins of M. tuberculosis strains H37Rv and CDC1551 revealed variations resulting
from frame-shift mutations, as well as in-frame insertions and deletions. Usually, the
PE domains were unaffected and just the PGRS domains differed between strains. Size
variations also were seen in clinical samples of M. tuberculosis by Western blot using
PE-PGRS-specific antibody. In addition, some PE-PGRS proteins are surface exposed
(129). Others are antigenic and recognized by sera obtained from TB patients and those
vaccinated with BCG (130,131). However, their enzymatic functions, if any, are un-
known and the importance of the conserved and variable regions is a mystery.

Additional evidence for the role of the PE/PPE genes in pathogenesis stems from the
recent identification of three PAIs conserved among M. tuberculosis H37Rv, CDC1551,
and M. bovis (132). Prominent in PAI2 and PAI3 are PPE and PE-PGRS family genes.
In vivo studies also indicate that these genes are important. For instance, when M. mari-
num resides in host granulomas or macrophages, two PE-PGRS genes are preferenti-
ally expressed (95). Furthermore, disruption of PE/PPE family genes can lead to growth
attenuation in the mouse model of TB (133).

11.3. ESAT-6/CFP-10 Antigens

Exponentially growing M. tuberculosis secretes numerous proteins into the surround-
ing media. Two of these, ESAT-6 and CFP-10, are immunodominant antigens (134,135).
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However, neither protein is produced by BCG. The genes encoding ESAT-6 (esxA/Rv3875)
and CFP-10 (esxB/Rv3874) belong to the RD1 region that is absent from all BCG vac-
cine strains. Independent deletion events also resulted in the loss of these genes from
M. microti and the dassie bacillus (46). ESAT-6 and CFP-10 are important for pathoge-
nicity. Experimental deletion of RD1 from M. tuberculosis results in a diminution of
virulence, whereas restoration of this region to M. microti enhances its virulence (56,57,
136). The two proteins form a heterodimeric complex (137). CFP-10 most likely acts as
a chaperone. ESAT-6 has cytolytic properties and contributes to the cell-to-cell spread
of mycobacteria within the host (92,136). The antigens are coexpressed with genes
encoding a novel type of secretion system. Work with both M. tuberculosis and M. mari-
num indicates that, even if the esxA and esxB genes are intact, disruption of this secre-
tory apparatus blocks export of ESAT-6 and CFP-10, such that cytolysis does not occur
(92). Interaction of CFP-10, but not ESAT-6, with components of the secretion system
has been demonstrated (138). This entire gene cluster is conserved in M. marinum, M.
smegmatis, and probably M. kansasii and M. szulgai. A homologous region is present in
M. leprae, but contains several pseudogenes In contrast, the cluster is completely absent
from M. avium (137,139).

Ten paralogous gene pairs (esxC/esxD to esxV/esxW) are annotated in the M. tuberc-
ulosis H37Rv genome. Although expected to form heterodimeric complexes similar to
ESAT-6/CFP-10, their roles have yet to be established. Several of these pairs are asso-
ciated with their own versions of the novel secretion system. These clusters are variably
present across mycobacterial genomes, but at least one, esxG/esxH and its associated
secretion apparatus, is conserved between M. tuberculosis, M. avium, M. smegmatis, and
M. leprae (139). Related systems are present in other actinomycetes, including Coryne-
bacterium and Streptomyces, but their importance is currently unknown (139).

ESAT-6 and CFP-10 are being used in the development of new diagnostics and new
vaccines. Skin testing with PPD (the purified protein derivative of M. tuberculosis) is
a sensitive method for the diagnosis of TB. Unfortunately, it lacks specificity because
false-positive reactions commonly occur among BCG vaccinated individuals. In con-
trast, ESAT-6 and CFP-10 are not produced by BCG. The two immunodominant antigens
are recognized by sera from the majority of TB patients, but not sera from people vac-
cinated with BCG. As such, ESAT-6 and CFP-10 can effectively discriminate between
vaccinated and infected individuals (140).

Vaccine development has employed two approaches toward the antigens. The first
involves deletion of esxA and esxB from M. bovis and M. tuberculosis to produce a live
attenuated vaccine (141,142). The opposite strategy has been to use ESAT-6 and CFP-10
for vaccination. They have been used individually, in protein cocktails, and expressed
in either recombinant BCG or alternate carrier strains, such as attenuated Salmonella
(63,143–146). Both approaches show promise, but a deletion strain would permit con-
tinued use of the antigens as diagnostic tools.

11.4. Mammalian Cell Entry

The mammalian cell entry (MCE) proteins are putative virulence factors present in
diverse mycobacteria (147). Their name stems from the finding that a cloned fragment
of the M. tuberculosis H37Rv mce1 region permits nonpathogenic E. coli cells to invade
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cultured HeLa cells (148). The canonical mce region is a polycistronic operon of eight
genes following the order yrbAB mceABCDEF. However, among the four mce operons
in M. tuberculosis and nine in Maa, some variations exist. The M. tuberculosis mce2
operon contains two extra genes, one upstream of yrb2A and a second between mce2B
and mce2C (149). Consistent with a putative role in invasion, these proteins are pre-
dicted to be cell wall-associated and/or secreted. In silico modeling of Mce1A sug-
gests its structure resembles that of Colicin N, a pore-forming bacterial toxin (150).
This attractive, albeit hypothetical, model predicts that binding of Mce1A to its cog-
nate receptor is followed by a conformational change of the protein and perforation of
the target cell membrane. The putative receptor-binding surface of the in silico struc-
ture corresponds to a known MceA1 epitope, recognized by a monoclonal antibody.
This epitope is not conserved in MceA2, MceA3, or MceA4, implying that the proteins
bind to different receptors and possibly target different cells. In agreement with this
model, a truncated form of recombinant MceA1 protein, which includes the putative
receptor-binding domain, promotes the uptake of latex beads by HeLa cells, whereas
recombinant Mce2A protein does not (151). Although the roles of individual mce oper-
ons have not been determined, gene expression profiling indicates that they are differ-
entially transcribed. In synthetic media, mce1 is strongly expressed by exponentially
growing M. tuberculosis, but only weakly by stationary phase cells. The inverse pat-
tern is found with mce4; strong expression in stationary phase but none during expo-
nential growth. The mce genes are also transcribed in vivo. M. tuberculosis from the
spleens of experimentally infected Guinea pigs were found to express mce4. Bacilli
from the lungs of infected rabbits express mce1, mce3, and mce4 (149). Appropriate
spatial and temporal expression of the mce operons may be important events in the infec-
tious process. Primary mouse macrophages infected with a mce1-defective M. tuberc-
ulosis strain have an altered cytokine profile and may be unable to stimulate T-cell
immunity. Mice infected with the same mutant mce1 strain develop histologically aber-
rant lung granulomas and are unable to control bacterial replication (152). However,
the impact of mce defects likely varies among different mycobacterial species and in
different hosts. Homologs of the mce3 operon have been deleted from both Map and
M. bovis, yet these organisms remain effective pathogens in cattle.

11.5. Resuscitation Promoting Factors

The resuscitation promoting factor (Rpf) was first described in another actinomycete,
Micrococcus luteus (153). Following long-term culture, these cells lose viability and are
unable to form colonies when plated onto fresh solid medium. However, the senescent
cells are not dead, just dormant and nonculturable. Viability and colony formation by
Micrococcus are restored by the addition of Rpf, a small protein secreted by actively
growing cells. As mentioned earlier, dormancy is a feature of the bacteria persisting in
TB granulomas. Moreover, M. tuberculosis, BCG, and M. smegmatis all respond to
exogenously added Rpf (154,155). Genome sequencing has revealed five rpf genes in
M. tuberculosis and a similar number in MAC. M. smegmatis also produces Rpf.

The M. tuberculosis rpf genes have been systematically deleted (156). Individually,
the genes are neither essential for growth in vitro nor for in vivo infection of mice. This
suggests that they have redundant or overlapping functions, although strains with mul-
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tiple rpf deletions have yet to be tested. Analysis indicates that all M. tuberculosis rpf
genes are transcribed during logarithmic growth. Expression patterns vary at intermedi-
ate time points, but all transcripts are also detected in 4-mo-old cultures. During the acute
phase of infection, rpf expression is also present in M. tuberculosis from mouse lungs
(156). Additional work on the immunological impact of Rpfs is required, but they have
attracted some attention as vaccine candidates (157).

12. Concluding Remarks
Mycobacterial research is experiencing a renaissance. The wealth of genome sequence

data, new molecular tools, plus bioinformatic, proteomic, structural, and functional geno-
mic approaches hold substantial promise for understanding the biology of these unusual
microbes, elucidating the molecular mechanisms of pathogenesis, and developing new
chemotherapeutic agents and effective vaccines. These approaches ultimately should
lead to the effective control of mycobacterial disease and end the scourge of TB.
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Summary
Mycoplasmas are cell wall-less bacterium with small genome sizes, typically 0.6–1.4 Mb. All

mycoplasma species are obligate parasites with specific hosts. Their small genomes are thought
to be the result of reductive evolution from an ancestor on a bacterial phylogenetic branch with a
low guanine and cytosine content (i.e., a member of the Firmicutes, such as Clostridium spp. and
Bacillus spp.) adapting to obligate parasitic life. In this chapter, the features of mycoplasma/urea-
plasma/phytoplasma genomes are discussed in terms of reductive evolution, a gene set for essential
functions, and paralog formation under evolutionary pressure for gene reduction.

Key Words: Mollicutes; mycoplasma; reductive evolution; host-specificity; genome size; anti-
genic variation; self-replication; paralog; ortholog.

1. Introduction

1.1. Host Specificity of Mollicutes

Mollicutes are cell wall-less bacteria and form the taxonomic class Mollicutes, con-
taining five families and nine genera including uncultivated phytoplasma (1). Most
mollicutes, except some acholeplasma, are obligate parasites for specific hosts. Four
genera (Entomoplasma, Mesoplasma, Spiroplasma, and Phytoplasma) are both plant-
and insect-associated, two genera (Anaeroplasma and Asteroleplasma) are anaerobes
in the bovine rumen, and two genera (Mycoplasma and Ureaplasma) form the family
Mycoplasmataceae and associate with many different hosts, including fish, birds, and
mammals. The genus Mycoplasma contains greater than 100 species, each with host
specificity in Pisces, Reptilia, Aves, Rodentia, Carnivora, Perissodactyla, Artiodactyla,
and Primates. For example, M. mycoides subsp. mycoides SC, the first mycoplasma
isolated in 1898 by Nocard and Roux and originally named a pleuropneumoniae-like
organism, is the etiological agent of contagious bovine pleuropneumoniae and causes
a highly contagious respiratory disease in cattle and water buffaloes with high mortal-
ity, but is harmless for other animals and birds. The pathogenicity of mycoplasma
species is linked to their natural host; e.g., M. gallisepticum for birds, M. pulmonis for
rodents, M. bovis for cattle, M. capricolum for sheep and goats, M. hyopheumoniae for
pigs, phytoplasma for plants, and so on. These relationships between mollicutes and
their hosts are probably the result of coevolution during geological epochs. For example,
analysis of 16S–23S ribosomal RNA (rRNA) intergenic spacer regions of ureaplasma
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suggests the possibility of coevoluation between ureaplasmal species and host animals
(2). Mollicutes infection in nature also reflect such evolutionary relationships (3–10).

1.2. Mycoplasma Infection-Related Diseases in Humans
Sixteen mollicutes species, including 13 mycoplasma species, have been isolated

from either the respiratory or genitourinary tract of humans (11). A pathogenic role has
been described for at least six species: M. pneumoniae, M. genitalium, M. hominis, M.
fermentans, M. penetrans, and U. urealyticum. In certain hosts, both mycoplasma and
ureaplasma cause respiratory disease, urogenital disease, breeding disorders, and arthri-
tis, possibly including rheumatoid arthritis. M. pneumoniae is the best known species
and causes atypical pneumonia in humans. In rare cases, M. pneumoniae infection is
fatal with diffuse pneumonia, respiratory distress, disseminated intravascular coagula-
tion, and multiple organ failure (12,13). M. genitalium is phylogenetically close to M.
pneumoniae and is a major human pathogen causing nongonococcal urethritis. Even in
recent years, human-related mycoplasmal species such as M. amphoriforme (Pitcher 2005)
and M. penetrans have been newly discovered. M. penetrans was originally isolated
from the urine of a human immunodeficiency virus (HIV)-positive patient (14,15). M.
penetrans produces an intracellular infection in urothelium (16) and persists long-term
(17). Seroepidemiological data in Europe and the United States indicated that about 20–
40% of HIV-positive men infected via a homosexual route were also M. penetrans-
positive (18,19). Rapid decline in CD4-positive lymphocyte counts in M. penetrans-sero-
positive HIV-infected individuals has been observed (20). The mitogenic effects of M.
penetrans on lymphocytes of HIV-positive people imply its possible contribution for
both the deterioration of the immune system and virus replication (21,22). More recently,
a systemic disease was reported by M. penetrans infection in a non-HIV-infected previ-
ously healthy young woman (23). The patient, from whom M. penetrans HF strains were
isolated, developed severe respiratory distress and abnormality in blood coagulation
accompanied with increasing level of anti-cardioripin antibody, diagnosed as primary
anti-phospholiplid syndrome (APS), required intensive care management, and recovered
after treatment with suitable anti-M. penetrans antibiotics. The genome of the M. pene-
trans HF-2 strain has been completely sequenced (24). Comparative genome analysis of
the Mollicutes is discussed in Subheading 3.1.

2. Reductive Evolution

2.1. Reductive Evolution in Both Mutualistic and Commensal Symbiosis
Symbiotic relationships between organisms tend to coevolve. In mutualistic relation-

ships, both organisms develop functions in a complementary manner, therefore, some
genes for complemental functions are reduced in one of the two organisms. A well-
known example of mutualism is Buchnera aphidicola, the intracellular bacteria of aphids.
This bacteria is an obligate mutualistic symbiont of aphids and has a genome size about
0.6 Mb. The Buchnera’s genome has genes for the biosynthesis of several amino acids
essential for its host (e.g., arginine, valine, isoleucine), but lacks those amino acids that
are nonessential for the host. Hence, B. aphidicola provides its aphid host with metab-
olites it cannot synthesize, and the host provides the bacteria with metabolites B. aphid-
icola cannot synthesize (25). In this obligate mutualistic association, B. aphidicola has
a reduced genome size. Another example of a reduced genome in symbiotic relation-
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ships is provided by the nucleomorph in both Cryptophyta and Chlorarachniophyta.
The nucleomorph is a relic of a eukaryotic endosymbiont’s nucleus encoding approx
464 putative coding sequences (CDSs; i.e., open reading frames) (26,27). Such obligate
endosymbionts lose gene sets for metabolism, reduce their genome size, and become
organella of unicellular organisms. Some obligate parasites develop commensalistic
rather than mutualistic relationships with their hosts, and evolve like symbionts in terms
of genome reduction. An obligate parasite risks losing its nutrient source either by
death of the host or elimination by the host immune system, subsequently it is unable
to find a sensitive population to infect. For these reasons, unlike naturally occurring
bacteria that occasionally infect a host, obligate parasites probably need to evolve to
produce a chronic infection in the host as commensal symbionts. Mollicutes that are
obligate parasites for specific hosts have lost their cell wall and the ability to synthe-
size cholesterol, and rely on host-dependent nutrition. Mycoplasmas have reduced their
genome size to approx 1.4–0.6 Mb encoding 1000–480 CDSs. Reductive evolution in
mycoplasma is similar in some ways to that of the mutualistic symbiont, B. aphidicola,
which has a genome size of approx 0.64 Mb encoding about 550 CDSs. Both bacteria
have incomplete gene sets for biosynthesis of amino acids, for the TCA cycle, and for
cell envelope components. Such a small genome size is probably the result of host depen-
dency, with the parasite being able to reduce its genome size by relying on complemen-
tal genes in the host. The rate of reductive evolution is probably rapid. Similar to the
nucleomorph that has a different rate of evolution to that of the host nucleus (28), the
rate of evolution of mollicutes is more rapid than that of other eubacteria. On a few
rapidly evolving mollicutes phylogenetic branches, such as the pneumoniae group, small-
genome mycoplasmas existed (29).

2.2. Reductive Evolution in Mollicutes

Based on 16S rRNA gene analysis, it has been calculated that mollicutes diverged
from Gram-positive bacteria with low guanine and cytosine (G+C) contents in the late
Proterozoic era of the Precambrian, about 605 million yr ago. At that time, the ancestral
mollicutes probably lost cell wall synthesis, some biosynthesis and rRNA genes, and
reduced their genome size. The ancestral mollicutes were probably not obligate parasites
and did not require cholesterol as a nutrient for replication, similar to acholeplasma.
The Genera Acholeplasma, Anaeroplasma, Asteroplasma, Phytoplasma (AAP) phylo-
genetic branch, and the Spiroplasma, Mesoplasma, Entomoplasma, Mycoplasma, Urea-
plasma (SEM) phylogenetic branch diverged in the middle Ordovician, about 470
million years before the present. In the SEM branch, the Spiroplasma-Mesoplasma-
Entomoplasma branch (adapting to plants and insects) split to the Mycoplasma-Urea-
plasma branch (adapting to fish, reptiles, birds, and mammals) at the Silurian-Devonian
boundary at about 410 million years ago, the time of major expansion of marine life
and the appearance of the first land animals (30). The genome reductions during evolu-
tion produced different genome sizes; 1.7–1.5 Mb for most of the AAP branch, 1.4–1.1
Mb for most species in the SEM branch and, the smallest, 0.8–0.6 Mb for both phyto-
plasma and some species in the mycoplasma-ureaplasma group (30).

All mycoplasma species are on the Mycoplasma-Ureaplasma phylogenetic branch
except the M. mycoides subgroup, which are within the Spiroplasma-Mesoplasma-Ento-
moplasma branch. The Mycoplasma-Ureaplasma phylogenetic branch consists of four
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groups, designated  and  branches (30). The most recently evolved  branch (also
designated the pneumoniae group) contains species with small genome sizes generally
less than 1 Mb (29), such as M. genitalium (0.58 Mb, 484 CDSs), M. pneumoniae (0.81
Mb, 689 CDSs), and U. parvum (0.75 Mb, 614 CDSs) (U. urealyticum biovar parvum
was recently reclassified as a separate species). However, although species not only on
other branch in mycoplasma (e.g., M. pulmonis, 0.96 Mb) but also on the AAP branch
(e.g., onion yellow phytoplasma, a plant pathogen and symbiont for insects, Candidatus
Pytoplasma asteris, 0.86 Mb) have smaller genomes than some members of the  branch
(e.g., M. penetrans, 1.3 Mb), reductive evolution probably occurred independently on
several different phylogenetic branches. In each case, 0.6-0.8 Mbs is the lower genome
size limit (31).

2.3. The Essential Genes for Mollicutes

Study on small mollicute genomes provides on opportunity to identify the minimal
essential set of genes for a functioning cell. M. genitalium has the smallest genome
size of any cultivable organism. Based on a comparative analysis of the genomes of M.
genitalium and Haemophilus influenzae, and the study of gene knockouts in M. geni-
talium, it has been proposed that 256 genes constitute the minimal gene set necessary
and sufficient for sustaining a functional cell (32–34), even though recent experiments
re-examined by using global transposon mutagenesis for pure clonal populations indi-
cated that 387 of 482 protein-encoding genes are essential in M. genitalium (Glass 2006).
Subsequently, some genes in the 256 gene candidates have been found to be missing in
the genome of several mycoplasma-ureaplasma species. For example, genes for the
cell division protein (ftsZ) and chaperonins for protein folding (groEL and groES) are
missing in U. parvum. Eight genes including groEL, 1-phosphofructokinase (fluK), and
uridine kinase (udk) are missing in M. pulmonis. udk is also missing in M. penetrans,
and 11 genes including groEL and groES, genes for the ribosomal protein S6 modifica-
tion protein, cytidine deaminase, riboflavin kinase, thymidylate synthase, dihydrofolate
reductase, and a histone-like protein are absent in M. mycoides (24,35–39). In addition,
nucleoside-diphosphate kinase (ndk) for nucleoside metabolism is absent in the genomes
of all nine species that have been sequenced in mollicutes listed in Table 1 (24,40).
Using gene inactivation, 271 of the approx 4100 Bacillus subtilis genes have been found
to be essential genes (41). Bacillus is a low G+C Gram-positive bacterial group that
probably shared a common ancestor with mollicutes (42). When essential genes are com-
pared in mollicutes and B. subtilis, genes for cell wall synthesis is absent in mollicutes.
tRNA synthetases, the gene for threonyl-tRNA synthetase (thrS) is essential in molli-
cutes, but missing in B. subtilis. Two genes for a two-component system, (yycF and yyc)
are essential in B. subtilis. However, of all the nine species mollicutes, except M. pene-
trans, this common bacterial regulation system is absent. Some pyrimidine metabolism
genes (e.g., ndk and udk) are also nonessential in mollicutes and B. subtilis. However,
genes missing in some Mollicutes species (e.g., ftsZ, groEL, and groES) are essential in
B. subtilis. Both Chlamidia sp. and the archeaon Aeropyrum pernix also lack ftsZ. The
functions of some missing genes are probably replaced by nonorthologous displacement
(43). The genome of an intracellular uncultivable species in mollicutes, onion yellow
phytoplasma Candidatus Phytoplasma asteris, lacks genes that are essential in other
organisms, such as the pentose phosphate pathway, F0F1-type ATP synthase subunits,
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and ATP/ADP translocation (37). The missing essential genes for other bacteria in
mollicutes reflect events during reductive evolution in host–parasite relationships.

3. Comparative Analysis of Closely Related Species

3.1. The M. penetrans Genome is Larger Than Other Species
in the Delta/Pnemoniae Phylogenetic Branch

The sequenced genomes of mycoplasma and ureaplasma species are highly diver-
gent and very little gene order/synteny is conserved, except between M. genitalium and
M. pneumoniae. This diversity is probably because of the rapid rate of Mycoplasma
evolution and dynamic gene rearrangement during adaptation to hosts and tissues. Of
the sequenced species on the  branch (M. genitalium, M. pneumoniae, M. penetrans,
M. gallisepticum, and U. parvum), the genome size of M. penetrans, approx 1.3 Mb, is
the largest. Humans are the hosts of these species, except M. gallisepticum, which infects
birds. To clarify evolutionary events in the  branch, we analyzed three aspects of the
M. penetrans genome: conserved genes from an ancestral bacteria, events during gene
reduction, and species-specific paralog genes developed during host adaptation (24).

3.1.1. Conservation of Genes From an Ancestral Bacteria

For the ortholog search, reciprocal best-hit pairs of genes were identified by pairwise
BLASTP comparisons of predicted M. penetrans proteins with those in other species
in mycoplasma, ureaplasma and low G+C content Gram-positive bacteria. As shown
in Table 1, the number of CDS hits with B. subtilis indicates that approx 200 orthologs
of B. subtilis genes that are in the M. penetrans genome are missing in the M. genitalium

Table 1
Reciprocal Best Hit Genes With Either Mycoplasma penetrans or Baccilus subtilis

Percent
Percent of CDS

Number of CDS Number hits with
Total of CDS hits with of CDS B. subtilis/

number hits with M. penetrans hits with all B. subtilis
Species of CDSs M. penetrans in each genome B. subtilis CDSs

M. penetransa 1038 1038 100.0% 587 14.3%
M. genitaliuma 484 383 79.1% 384 9.3%
M. mobile 633 408 64.4% 461 11.2%
U. parvuma 614 390 63.5% 458 11.1%
M. pneumoniaea 689 433 62.8% 467 11.4%
M. gallisepticuma 742 457 61.6% 472 11.5%
M. pulmonis 782 400 51.2% 472 11.5%
M. mycoides 985 419 42.5% 544 13.2%
Candidatus

Phytoplasma asteris 754 297 39.4% 381 9.3%
Cl. perfringens 2660 503 18.9% ND ND
B. subtilis 4112 587 14.3% 4112 100%
Cl. acetobutilicum 4927 520 10.6% ND ND

aSpecies in the delta/Pneumoniae group.
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genome. Conversely, the core proteome, defined as functionally distinct protein families
in the theoretical proteome, was 847 in M. penetrans (24). This core proteome is greater
than that in the other species in the branch, indicating richer functions in M. penetrans.
M. penetrans is likely to have genes concerning with a two-component system, com-
monly present in other bacteria for regulating gene expression under the control of sen-
sor/regulator sets. Interestingly, there is an ortholog of the putative response regulator
of M. penetrans in the fish-associated M. mobile genome (44). The presence of these
genes suggests that M. penetrans has lost fewer genes from a common ancestor with
mycoplasma and B. subtilis than other species in the branch.

3.1.2. Events During Gene Reduction
Like other mycoplasma and ureaplasma species with genomes smaller than 1 Mb,

M. penetrans also lacks some important genes for pyrimidine metabolism enzymes;
e.g., udk that converts uridine/cytidine to uridine/cytidine monophosphate (UMP/
CMP), 5'-nucleotidase for the reverse reaction to that of udk, and ndk that converts
uridine/cytidine diphosphate (UDP/CDP) to uridine/cytidine triphosphate (UTP/CTP).
Since phytoplasma also lacks ndk, ndk seems likely to have been lost during an early
stage of evolution in mollicutes. The arginine dihydrolase operon is an example of gene
rearrangement in the  branch. In general, mollicutes have no urea cycle, although
some species in the branch synthesize ATP via the arginine dihydrolase pathway,
probably with a partial urea cycle plus arginine deiminase to convert arginine to citrul-
line directly. M. penetrans has all the genes for this pathway (i.e., arginyl-tRNA syn-
thetase, argS; arginine deiminase, arcA; ornithine carbamoyltransferase, arcB; and
carbamate kinase, arcC). These genes are located adjacently in the order arcA-arcB-
arcC-amino acid permeases-argS, similar to the arrangement in Clostridium spp. The
carbamoyl-phosphate of the end product in this pathway is converted to UMP via an
orotate-related pathway that has been found only in M. penetrans, of the eight sequenced
species in mollicutes. Arginine dihydrolase pathway-related genes have also been found
in M. pneumoniae, although the arcB genes are fragmented and the related genes locate
separately. Hence, this pathway in M. pneumoniae looks inactive. The gene set for this
pathway in M. gallisepticum is incomplete, but it has two arcA genes and one argS. Dis-
location and absence of genes in the arc operon may be a reflection of dynamic genome
rearrangements accompanying gene reduction in both M. pneumoniae and M. gallisepticum.

3.1.3. M. penetrans-Specific Genes Developed for Adaptation
The most remarkable feature of the M. penetrans genome is the large number of

paralogous gene families. Of 1038, 264 (25.4%) genes form 63 gene families, ranging
from 2 to 44 proteins per family (24). As shown in Fig. 1, the number of paralogs in
bacterial genomes is correlated with genome size, with a few exceptions. These excep-
tions are of two types: species with very few paralogs (e.g., Richettsia prowasekii), and
species with more paralogs than average (e.g., Candidatus P. asteris. and M. penetrans).
Most M. penetrans paralog families appear to have evolved without horizontal transfer
of genes by transposase or phage integration. A comparison of paralogs in mollicutes
is shown in Table 2.

It can be concluded from these data that the larger genome size of M. penetrans is the
result of loss of some genes in the early stage of mollicutes evolution, functional conser-
vation after divergence from ancestral bacteria, and development of unique paralogs.
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Fig. 1. Correlation between the number of paralogs and genome size in bacteria. In a BLAST
score-based single-linkage clustering search using BLASTCLUST, proteins with more than
30% amino acid identity over 70% of their length were defined as paralogs. The number of
genes in paralog families, including transposases, with more than three copies including trans-
posase are counted.

Table 2
Paralogs More Than Three Copies With or Without Transposase

   Excluding transposase Including transposase

Percent Percent
Total of paralogs of paralogs

Genome number Number in the Number in the
Species size (bp) of CDSs of paralogs genome of paralogs genome

Candidatus 860,631 754 203 26.9% 210 27.9%
Phytoplasma
asteris

M. penetrans 1,358,633 1038 173 16.7% 196 18.9%
M. pneumoniae 816,394 689 76 11.0% 98 14.2%
M. mycoides 1,211,703 985 72 7.3% 144 14.9%
M. gallisepticum 996,422 742 61 8.2% 66 8.9%
M. pulmonis 963,879 782 37 4.7% 40 5.1%
M. mobile 777,079 633 28 4.4% 28 4.4%
U. parvum 751,719 614 24 3.9% 24 3.9%
M. genitalium 580,074 484 7 1.4% 7 1.4%

In a BLAST score-based single-linkage clustering search using BLASTCLUST, proteins with more than
30% amino acid identity over 70% of their length were defined as paralogs.
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3.2. Paralog Formation Under the Evolutionaty Pressure of Gene Reduction
3.2.1. Paralogs of the p35 Gene Family and Antigenic Variation in M. penetrans

The results of cluster analysis of paralogs in the nine sequenced mollicutes genomes
show that the largest gene family is the p35 gene family encoding the surface-exposed
lipoproteins responsible for antigenic variation. This family contains 44 genes, includ-
ing the unique p35 gene. Of these 44 genes, 38 probably encode lipoproteins, because
these 38 genes have a highly conserved N-terminal amino acid sequence of about 34
amino acids containing a cysteine residue that binds the fatty acid that anchors the
lipoprotein to the cell membrane lipid bilayer. The remaining six genes lack conserved
regions and are signal peptide-less p35 gene homologs. The identity of each gene at the
amino acids level to the actual p35 gene ranges from 29 to 70%. These 44 genes are
clustered at four different loci: (1) one with 4 genes, (2) the largest with 30 genes, (3)
one with the remaining 4 genes of the 38 lipoprotein genes, and (4) one with 6 genes
for the signal peptide-less p35 homologs (24). As shown in Fig. 2A, the genetic tree of
the p35 family indicates that the 30 genes in the largest locus are closely related to each
other, three other genes in different loci (MYPE2690, MYPE2700, and MYPE7400)
formed the same branch with the 30 genes and these are probably the results of a dynamic
gene rearrangement during paralog formation, and six signal peptide-less p35 homo-
logs are close to the root of the tree.

3.2.2. Different Antigenic Epitopes are Regulated
by On/Off Switching of Multiple Promoters in the p35 Multi-Gene Family

Mycoplasmal lipoproteins, including the P35 lipoprotein families of M. penetrans,
are immunodominant. The lipoproteins encoded by the p35 gene family are phase vari-
able and have “on and off” expression phases. The frequency of phase variation for P35
lipoprotein ranges from 1.5  10 2 to 4  10 3 per cell per generation (45,46). Horino et
al. found transcriptional regulation of the p35 gene family (47). Based on sodium
dodecyl sulphate-polyacrylamide gel electrophoresis analysis of lipoproteins, two dif-
ferent sized lipoproteins (P35 and P42) of the 38 genes were expressed in M. penetrans
strain HF-2, but P42 was not expressed in M. penetrans strain GTU. A 135-bp DNA
region flanked by 12-bp inverted repeats upstream of the P42 gene was found to be
oriented in opposite direction in strains HF-2 and GTU. The promoter-like sequence
within the 135-bp sequence was confirmed by primer extension analysis. This showed
the promoter is in “on” orientation in strain HF-2, and in “off” orientation in strain
GTU. Moreover, in “off” orientation in strain GTU, one of the 12-bp inverted repeats
upstream of the p42 gene was partially overlapped by 16-bp inverted repeats forming a
hairpin structure. This hairpin structure appears only when the 135-bp sequence is in
the “off” orientation and seems to act as a terminator to block both transcription to the
reverse direction and transcription of an adjacent gene upstream. These invertible pro-
moter-like structures are found in association with 31 of the 38 genes in the p35 gene
family. Terminator-like hairpin structures are combined with promoter-like structures
in 37 of the 38 genes (47). One of the major antigenic epitopes in the P35 lipoprotein,
FTGEAYSVWSAK, that is found in approx 66% of M. penetrans-seropositive indi-
viduals and one of two infected monkeys (48) existed only in the actual p35 gene in the
gene family. Such a gene structure suggests a large antigenic repertoire in M. penetrans.



Mycoplasma  183

3.2.3. Polymerase Slippage in Expression of Single Gene in Multi-Gene Family

Unless the structure of p35 family in M. penetrans is expressible multiple antigens
at a time, many other mycoplasmas have developed multi-gene family as resources of
antigenic diversity for an expressing single gene in the family at a time. It means that
only single gene should be translated at a time, and modification of RNA polymerase
recognition site in promoters by variation in the number of di- or trinucleotides repeats,

Fig. 2. (A) Gene tree for the 44 genes in the p35 paralog family for antigenic variation-related
Mycoplasma penetrans lipoproteins. The ClustalW program was used for sequence alignments
and tree reconstructions. The number indicated is the M. penetrans gene ID, the MYPE num-
ber, which is related to gene location. The six signal peptide-less p35 gene homologs are marked
(*), and the 30 coding sequences at the largest locus are marked (+). The lipoprotein 6950
(MYPE6950) gene is an outgroup of the p35 gene family.
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so called polymerase slippage, is one of the mechanisms in the reguration. For exam-
ple, in M. gallisepticum, which is a member of the Pneumoniae group of mycoplasma
and is an avian pathogen, the vlhA encoding haemagglutinin consists of 43 genes in five
loci (38), with only one of the 43 genes being expressed at a time (49). Gene expression in
the vlhA family is regulated by the number of GAA trinucleotide repeats upstream of
the start codon for vlhA. A transcription regulatory protein may bind both upstream and
downstream of GAA repeats only if the number of GAA repeats is 12 (50). In the M.
gallisepticum genome, 38 of 43 vlhA genes have different numbers of GAA repeats, and
the unique vlhA3.03 gene has 12 GAA repeats. Another mechanism of antigenic varia-
tion not involving paralog genes also has evolved in mycoplasma. M. gallisepticum cyto-

Fig. 2. (B) Gene tree for the ssb paralog family and pOYW-bearing ssb of Candidatus Phyto-
plasma asteris. Fourteen ssb genes in Candidatus P. asteris OY-M are numbered 1–14 based on
gene order, with ssb-1 located in a ribosomal protein operon. The ssb genes from plasmid pOYW,
B. subtilis, M. pulmonis, M. pneumoniae, and M. penetrans in the database are labeled ssb-pOYW,
Bsub-ssb, Mpul-ssb, Mpn-ssb, and MYPE-ssb, respectively.
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adhesin GapA is an ortholog of the M. pneumoniae P1 adhesin and has also “on-off”
switching regulated by a reversible point mutation (51). Other M. gallisepticum adhesin-
related protein PvpA has both size variation and sequence divergence in the C-terminal
coding region (52).

In M. mycoides, paralog genes, excluding transposase, consists of genes for putative
variable surface proteins (11 genes), prolipoproteins (22 genes), and glycosyltransfer-
ase (5 genes for epsG and 4 genes for cps) involved in capsule synthesis, a potential
virulence factor (Table 2). An only known gene, vmm, for a phase variable lipoprotein
precursor in M. myvoides is regulated by alteration of the number of TA repeats in the
promoter region of the gene causing polymerase slippage during protein expression.
Additional five gene encoding prolipoproteins with TA repeats in their promoter were
also found in the M. mycoides genome (39).

3.2.4. Small Repetitive DNA Elements and Antigenic Variation
of Adhesin in M. pneumoniae and M. genitalium

Mollicutes with small genomes less than 1 Mb have very few paralogs, except Candi-
datus P. asteris. Instead of paralog formation, they have a thrifty mechanism of antige-
nic variation using repetitive sequences. Both the major P1 adhesin of M. pneumoniae
and MgPa adhesin of M. genitalium are orthologous. The M. pneumoniae genome con-
tains repetitive DNA elements, designated RepMP. RepMP sequences are located in
the p1 gene and other genes in the genome. In total, about 8% of the M. pneumoniae
genome is composed of the RepMP sequences (40). There are four different types of
sequences classified into RepMP: 1, 2/3, 4, and 5. Of the 14 regions for RepMPs, only
1 region for both RepMP2/3 and RepMP4 is located in the p1 gene, and the remaining
RepMP regions exist outside of the p1 gene. Antigenic variation of the p1 gene via
homologous recombination between RepMP regions has been hypothesized because
of this genomic structure. Based on the restriction fragment length polymorphism pat-
tern corresponding to the RepMP2/3 and RepMP4 sequences in the p1 gene, M. pneu-
moniae clinical isolates are classified into two types, groups I and II. The isolation rate of
these M. pneumoniae types from patients has been changed with 8- to 10-yr intervals;
for example, in Japan the dominant type was group II in 1980, thereafter, it changed to
group I in 1988–1990 (53). During surveillance of clinical isolates, a M. pneumoniae
strain with a new restriction fragment length polymorphism pattern of the p1 gene has
been isolated and designated as a group II variant. By sequence analysis, gene conver-
sion between the RepMP2/3 region in the p1 gene and in another region of the genome
has been suggested (54). Hybrid sequences in the RepMP2/3 region between groups I
and II also have been reported (55). In, M. genitalium, repetitive sequences are designated
MgPa repeats, and show sequence similarities to the M. pneumoniae RepMPs except for
RepMP1 (56). The MgPa repeats, containing five regions (B, EF, KL, G, and LM), are
probably involved in polymorphisms within sequences of MgPa adhesin in clinical iso-
lates (57). In total, 4.7% of M. genitalium genome is composed of the repetitive sequences
contained in the mgpa operon and nine other elements (58). This repetitive sequence-
based recombination system shows the dynamics of mycoplasma evolution (59).

3.2.5. Paralog Formation in Phytoplasma
As previously described in Subheading 2.2., phytoplasma in the AAP phylogenetic

branch diverged a long time ago from the SEM branch that contains mycoplasma have
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adapted to both insects and plants. Phytoplasma infects to plants through insects as
vectors, and its life-style including intracellular proliferation in two different environ-
ments has probably developed multi-gene families with putative essential functions
for replication. Paralogs in onion yellows phytoplasma (Candidatus P. asteris) have dif-
ferent features from those in mycoplasmas. In the small phytoplasma genome, 26% of the
genome consists of paralogs (Table 2), including single-strand DNA-binding protein (ssb),
bacterial nucleoid DNA-binding protein (himA), and DNA-directed RNA polymerase
specialized sigma factor (fliA) (37). One copy of ssb locates in the ribosomal protein
operon with genes for S6 and S18, which is also observed in many bacteria. However,
with high frequency, 14 paralogous ssb genes are adjacent to either fliA or himA para-
logs. The original Candidatus P. asteris wild-type strain OY-W has a pOYW plasmid
encoding ssb (60), and the pOYW may have an evolutionary relationship to a eukaryotic
single-strand DNA virus because the rep gene for rolling circle replication initiation pro-
tein of the pOYW contains a virus-like helicase domain of the ssDNA virus (61). As
shown in Fig. 2B, a gene tree suggests the possibility that plasmid-encoded ssb might
have been the origin of the 14 paralog ssb genes in the phytoplasma genome.

3.3. Adaptation and Pathogenicity of Mycoplasma
As described in Subheading 3.2., most of mycoplasmas’s paralog genes/repetitive

sequences are related to antigenic variation for lipoproteins or adhesins. Because the
mycoplasma genomes lack apolipoprotein transacylase, maturation of mycoplasmal
lipoproteins does not involve a phospholipidation step for adding a third fatty acid,
resulting in diacylglyceryl lipoprotein. Mycoplasma genomes code only prolipoprotein
diacylglyceryl transferase (lgt) and prolipoprotein signal peptidase (lsp). Mycoplas-
mal diacylated lipopeptides at the N-terminal of lipoproteins are recognized by human
innate immunity through both Toll-like receptors 1, 2 and 6, in a different recognition
pathway from other bacterial lipopolysaccharides (62,63, Shimizu 2004). The diacylated
lipopeptide (e.g., M. fermentans MALP-2 and M. salivarium FSL-1) is a powerful immune
modulator, and activates monocytes/macrophages (64–66), stimulates dendritic cell
maturation (67,68), and has cytopathic effects on lymphocytes via both necrosis and
apoptosis (69). Mycoplasmal surface-exposing lipoprotein also has strong antigenicity,
and mycoplasmas have sophisticated antigenic variation systems for evading host adap-
tive immunity, as described in Subheading 3.2. Furthermore, mycoplasma adhesin has
antigenic mimicry regions to its host’s molecules. The M. pneumoniae P1 major adhesin
has epitopes with similarity to human molecules (70). In conclusion, mycoplasmas
without a cell wall attach onto or invade into host cells with a cell membrane and acquire
nutrition from the host cell. In this rich nutritious environment, genes encoding pro-
teins with functions complementary to existing host proteins are probably deleted. On
the other hand, mycoplasmas have to develop sophisticated mechanisms for evading the
host immune system. These features stabilize adaptation of mycoplasma to their hosts.

Host-specific pathogenesis is one of the results of evolutionary relationships of obli-
gate parasites and their host. Unlike many viruses, receptor specificity in mycoplasmal
infection is not restricted; for example, the M. pneumoniae P1 adhesin also attaches to
sheep erythrocytes. Mycoplasma contamination in cultured cell lines shows no host-
specificity. The acquired immunity against M. pneumoniae in repeat infections may be
involved in development of interstitial pneumonia in M. pneumoniae infection. Host-speci-
fic pathogenesis is probably regulated by either immune recognition or immune response.
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Staphylococcus aureus Strains
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Summary
As with other pathogens, the genome of Staphylococcus aureus can be subdivided into core

and accessory segments, comprising roughly 75 and 25% of the genome. Particular attention is given
to the MRSA252 strain, which is phylogenetically distinct from other S. aureus genomes, is epi-
demic in the United Kingdom and North America, and is closely related to methicillin-susceptible
clinical isolates that are hypervirulent in musculoskeletal infection models. This strain contains a
number of unique or unusual small-scale variations compared with other genomes, and their poten-
tial significance as mediators of virulence is discussed. With respect to horizontally transferred
virulence determinants of the core genome, another focus is to assess the integration sites of toxin-
carrying prophage, in terms of a potential cost–benefit relationship. The Staphylococcal Cassette
Chromosome is discussed in terms of its role in promoting the evolution of antibiotic resistance, and
as a potential mediator of genetic diversity and gene shuffling between species. The association of
pathogenicity islands (SaPI) with temperate prophage is considered, with emphasis on a segment
of the genome flanking the coa (coagulase) allele, and the diversity of SaPI content, such that there
does not appear to be a single SaPI that is associated with the majority of virulent strains. The Sa
and Sa  genomic islands, which can be variable in composition, but common to all strains, are
discussed in terms of how they may provide insight into the infection strategy of S. aureus, and
how Sa  may be coevolving in association with antibiotic-resistant hospital-adapted strains.

Key Words: Staphylococcus aureus; MRSA; virulence; antibiotic resistance; genome structure
and evolution; pathogenicity island; horizontal transfer; genetic diversity; phage lysogeny.

1. Introduction
Staphylococcus aureus has achieved notoriety as the microorganism for which more

complete genome sequences are now available compared with any other bacterial spe-
cies. Currently, six S. aureus genomes have been published (1–4), and a seventh strain,
S. aureus 8325, has been completed but not annotated (www.genome.ou.edu/staph.html).
The first S. aureus genome sequences were published in 2001 (4), 6 yr after Haemo-
philus influenzae, the first microorganism to have its entire genome sequence deter-
mined (5). In terms of the justification for this remarkable progress, S. aureus can be
described as an enigmatic opportunistic pathogen, living as a commensal of the human
nose in 30 to 70% of the population; about 20% of the population are always colonized,
whereas 60% are transiently colonized, and 20% never carry the organism (6,7). However,
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it also carries a plethora of genes encoding secreted toxins and tissue-degrading enzymes,
such that once it contaminates a breach in the dermal layer or mucous membranes, it
can go on to colonize and infect virtually every tissue and organ system of the body,
causing diseases ranging from relatively mild skin and soft tissue infections to severe
osteomyelitis and septic arthritis and life threatening conditions, such as infective endo-
carditis and hemolytic pneumonia. Although the majority of S. aureus infections are
not of an obviously toxigenic nature, the ability of specific strains to cause toxin-medi-
ated diseases is well documented, including toxic shock syndrome, food poisoning,
and scalded skin syndrome (8). Particularly alarming is the association of strains har-
boring the Panton Valentin Leukotoxin (PVL) with a new syndrome of high mortality
community-acquired necrotizing pneumonia in children, as well as severe boils and skin
infections in prisons, gymnasiums, and the homosexual community (9,10).

Approximately 40–60% of all hospital-acquired S. aureus are now resistant to meth-
icillin (methicillin-resistant S. aureus; MRSA) across several industrialized nations.
These isolates are typically also resistant to multiple classes of antimicrobial agents, and
have historically been treated with vancomycin, the antibiotic of last resort when physi-
cians are confronted with MRSA. However, recent reports have documented high level
vancomycin-resistant S. aureus (VRSA) isolates, attributed to acquisition of the vanA
gene from enterococci (11–13). This raises the spectre of an approaching postantibiotic
era where it will no longer be possible to resolve S. aureus infections with antimicro-
bial therapy. These factors all contribute to the focus of genome sequencing projects
on S. aureus.

2. Description of Strains With Sequenced Genomes
The wealth of information made available through genome sequencing projects is

enormous, and major findings have been summarized in recent reviews (7,14,15). A
brief description of the strains for which genome sequences are available is presented
in Table 1. Strains N315 and Mu50 are both MRSA and closely related to one another
(4). The Mu50 strain also harbors an intermediate susceptibility to vancomycin (VISA)
phenotype. Strain MW2 (2) is a community-acquired MRSA originating from a case
of fatal pediatric bacteremia in North Dakota, and is closely related to a community-
acquired methicillin susceptible S. aureus strain MSSA476 (3), isolated from a patient
with osteomyelitis in the United Kingdom. Strain MRSA252 (3) is representative of
the epidemic EMRSA-16 clonal group that is responsible for 50% of the MRSA infec-
tions in the United Kingdom (16). This is also one of the dominant MRSA clones
found in the United States (17), and by pulsed-field gel electrophoresis it is indistin-
guishable from the CMRSA-4 strain that is epidemic in Canadian hospitals (18). The
COL strain is an early isolate of MRSA originating from the UK in 1961, and NCTC8325
is a common laboratory strain dating back to 1949.

Multi-locus sequence typing (MLST) has illustrated the relatedness of strains for
which genome sequences have been completed (3,14,19); NCTC8325 is closely related
to COL, whereas N315 and Mu50 belong to the same ST-5 clonal type. Similarly, the
community-acquired MW2 and MSSA476 strains belong to the ST-1 clonal type. These
pairs of closely matched strains all originate from a common branch point on the MLST-
dendrogram, whereas MRSA252, representative of the epidemic EMRSA-16, is the
most divergent of the sequenced strains.
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3. Genome Organization
The S. aureus strains listed in Table 1 possess a genome ranging in size from 2,799,802

to 2,902,619 base pairs. The genomes are dispersed with regions of small and large-
scale difference, the latter of which are primarily responsible for the size variation of
the individual genomes. Small-scale variation has been defined as genetic changes that
affect either an individual gene or fewer than 10 protein coding sequences (CDSs), and
these include the formation of pseudogenes by insertion sequence integration, point
mutations, and variation in polymeric nucleotide repeats (3). Large-scale variation involv-
ing more than 10 CDSs is associated with horizontally acquired DNA, and these seg-
ments comprise the “accessory” genome. Many of the genes contained in these regions
are associated with virulence and drug resistance. In addition to relatively small inte-
grated plasmids and transposons, the accessory genome also includes temperate bacte-
riophage, genomic islands (GEIs), pathogenicity islands, and chromosomal cassettes.

Excluding the accessory elements, the core genome is highly conserved and colinear
in the different strains. Up to 52% of S. aureus genes find their closest homologs in
either Bacillus subtilis or Bacillus halodurans (4), and the genomes of S. aureus and B.
subtilis show certain degrees of homology between 3 and 9 o’clock of the circular chro-
mosome (15). Genes present in the vertically transmitted core domain, which comprises
approx 75% of any S. aureus genome, are mostly associated with central metabolism
and housekeeping functions, and the similarity of individual genes among the five

Table 1
Details of the Seven Sequenced Staphylococcus aureus Strains

Straina Source Year Comments References

N315 Pharynx; Japan 1982 Hospital-acquired MRSA 4
Mu50 Wound; Japan 1997 Hospital-acquired VISA; 4

related to N315
MW2 Fatal pediatric bacteremia; 1998 Typical USA community- 2

North Dakota, USA acquired MRSA, PV-toxin
positive

MRSA252 Fatal bacteremia; 1997 Typical UK hospital-acquired 3
Oxford, UK epidemic MRSA

(EMRSA-16)
MSSA476 Osteomyelitis; 1998 Community-acquired MSSA 3

Oxford, UK
COL Colindale, UK 1961 Early MRSA 1
NCTC8325 Colindale; UK Earlier Laboratory strain parent http://www.

than of nonlysogenic 8325-4; genome.ou.
1949 can be genetically edu/staph.

manipulated html
aThe GenBank accession numbers of the annotated genomes are: N315 chromosome, NC_002745;

Mu50 chromosome, NC_002758; MW2 chromosome, NC_003923; MRSA252 chromosome, NC_002952;
MSSA476 chromosome, NC_002953; COL chromosome, NC_002951.

MRSA, methicillin-resistant S. aureus; MSSA, methicillin-sensitive S. aureus; PV-toxin, Panton-Valen-
tine leukocidin toxin; VISA, vancomycin intermediate level-resistant S. aureus.
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genomes is typically 98–100% at the amino acid level (14). With this highly conserved
core genome, MLST has been used in parallel with genome sequence data to provide a
greater understanding of factors that contribute to genome evolution (14,19). MLST
analysis of 334 S. aureus isolates recovered from a well-defined population over a
limited time span suggested that point mutations give rise to new alleles at least 15-fold
more frequently than does recombination (20). Thus, accumulation of point mutations
is likely to be a significant force in the evolution of different S. aureus clonal complexes,
and may provide a means for S. aureus to alter its phenotypic traits in response to selec-
tive pressure. Accordingly, strains N315 and Mu50 belong to the same ST-5 clonal
complex, and exhibit less than 0.08% overall nucleotide sequence difference in their
core genomes, but differ in their susceptibility to vancomycin (4). Similarly, the commu-
nity-acquired strains MW2 and MSSA476 belong to the ST-1 MLST type, and exhibit
only 285 single nucleotide polymorphisms within functional coding regions of their
core genomes (3).

The core genome is supplemented with genes that are species-specific, but not essen-
tial for growth and survival. Among these are several virulence genes not carried by
other species of Staphylococcus (14), including coagulase (coa), which differentiates
S. aureus from the coagulase-negative staphylococci, the immunoglobulin G-binding
proteins Spa (protein A) and Sbi,  and hemolysins (hla and hlg), sir and sbn encod-
ing siderophore biosynthesis and transport, superoxide dismutase (sodM), fibrinogen-
binding protein (fib), capsular polysaccharide biosynthesis (cap), an alternate sortase
(srtB) involved in anchoring of iron-regulated cell surface proteins to the cell wall, and
ssp, an operon encoding secreted serine and cysteine protease functions. These virulence
factors encoded by the core chromosome, together with other genes encoding essential
metabolic and catabolic functions necessary for in vivo growth and survival, are likely
to comprise a minimal pathogenic unit that contributes to the majority of S. aureus
infections, whereas a number of accessory functions contribute to specific toxin-related
disease syndromes.

The “accessory” genome accounts for approx 25% of the S. aureus chromosome, con-
sisting primarily of large-scale regions of difference interspersed randomly throughout
the core genome, and which frequently carry antibiotic resistance determinants or viru-
lence-related functions. Consequently, the emerging view of the S. aureus genome is that
of a conserved core genome scattered with variable regions that have been acquired
through horizontal transfer. These considerations reflect two contrasting forces that
dictate the overall gene content and functionality in S. aureus; the rapid loss or gain of
accessory genes by horizontal transfer, and conservation of the core genes by vertical
inheritance (20). This is proposed to represent a two-tier evolution, ensuring that S.
aureus harbors a stable core genome that is shaped by long-term selection, but is also
capable of rapidly accessorizing to reshape itself in a more virulent or drug-resistant
guise (14). The duration of this chapter shall focus on examples of variation in the core
and accessory genome, and a discussion of their potential significance.

4. Variation in the Core Genome

4.1. Pseudogenes
With the propensity of S. aureus to generate altered alleles via point mutation, rather

than genetic recombination, the analysis of pseudogene content and associated pheno-
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typic traits deserves closer scrutiny. The first tabulation of pseudogenes in sequenced
genomes identified 66 pseudogenes in MRSA252 (3). The majority of these are attrib-
uted to nonsense mutations and frameshifts. The pseudogenes of MRSA252 include 11
putative membrane or lipoproteins, two cell wall anchored proteins, and eight genes
encoding known or putative exported proteins, the most significant being a nonsense
mutation within  hemolysin (SAR1136) which is the major lethal toxin of S. aureus and
one of the virulence factors encoded by the core genome. The amber nonsense muta-
tion occurs at codon 112 of the 319 amino acid protein, and is certain to result in a non-
functional protein. It will be of interest to determine if this same mutation appears in
other isolates of this epidemic clone. The two-cell wall anchored genes, SAR1809 and
SAR2208, that are annotated as pseudogenes encode previously described proteins,
Haptoglobin receptor A (HarA) and FmtB (factor that affects methicillin resistance
and autolysis), respectively. HarA has been described in terms of its haptoglobin and
hemoglobin binding activity thought to promote iron acquisition (21), whereas FmtB
was first described as being required for optimal expression of methicillin resistance,
but this phenotype is manifested through an uncertain mechanism (22).

Analysis of pseudogene content has been employed in an effort to resolve the basis
of the VISA phenotype of strain Mu50, in relation to its closely related susceptible coun-
terpart, strain N315. A common feature of VISA strains is thickened cell walls and
reduced crosslinking of glycan chains, which is believed to facilitate the intermediate
resistance phenotype by binding and immobilizing vancomycin. As this phenotype can
be created in vitro through a simple selection procedure, it is believed that the VISA
phenotype is driven by point mutations that occur, or are selected for, in response to
vancomycin. A proteome comparison of N315 and Mu50 identified 17 CDSs that were
disrupted in the genome of Mu50, but not in N315 (23). On resequencing to verify the
published genome sequences, it was found that only four were actually disrupted in
Mu50, whereas the remainder encoded predicted products that were identical to those
of N315 or MW2, and the four genes that were disrupted in Mu50 did not appear to be
common to other VISA isolates.

These studies illustrate the dynamic process and close mutual relationship between
genome annotation and genome driven research. With respect to the VISA phenotype,
although it first appeared that this was closely associated with the Clonal Complex CC5
identified by MLST analyses (19), recent findings suggest that VISA phenotypes can be
associated with any of the five major MLST complexes that are used to differentiate
MRSA lineages (24). This provides testament to the relative ease with which S. aureus
can alter its phenotypic traits via point mutation, and the phenotypic complexity that
arises from subtle genotypic alterations.

4.2. Genomic Islets

These elements are categorized as regions of small-scale variation affecting an indi-
vidual gene or a small number of genes, and not generally associated with point muta-
tions or insertion sequence integration (3,15). The best description of genomic islets is
for the MRSA252 strain, which harbors 41 islet-encoded genes that are not present in
other sequenced S. aureus genomes. These include 24 CDSs associated with islets that
harbor 3 or less CDSs, whereas the remaining 17 are associated with two regions of 7 and
10 CDSs (3). These islet-encoded CDSs are not flanked by any obvious features associated
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with mobile genetic elements, and generally do not encode functions associated with
virulence or antibiotic resistance. In contrast, many are predicted to encode metabolic and
transport functions, which are suggested to enhance the metabolic repertoire of MRSA252.
One notable exception may be the genomic islet defined by SAR0285 through SAR0291
of MRSA252, as described in Subheading 4.2.1.

4.2.1. The SAR0285/0291 Genomic Islet of MRSA252
This genomic islet encoding predicted proteins of unknown function is unique to

MRSA252. However, it lies adjacent to a gene cluster that is conserved in Gram-posi-
tive bacteria (25), which facilitates a specialized secretion pathway in Mycobacterium
tuberculosis and S. aureus (26,27). In M. tuberculosis, this system promotes secretion
of ESAT-6 (early secreted antigen target 6 kDa) and CFP-10 (culture filtrate antigen 10
kDa) encoded by the respective esxA and esxB genes, both of which are important medi-
ators of virulence, serving to subvert macrophage function and promote lysis of infected
cells (26,28). A single such ESAT-6-like cluster is a component of the core genome of
S. aureus, but in MRSA252 it is adjacent to the SAR0285/0291 genomic islet, and dis-
plays a few differences compared with other strains (Fig. 1).

In the Mu50 genome, the CDSs SAV0282 (esxA) and SAV0290 (esxB) represent the
boundaries of the ESAT-6-like locus. Although EsxA and EsxB do not harbor signal

Fig. 1. Comparison of the early secreted antigen target 6 kDa (ESAT-6)-like locus and flank-
ing regions of methicillin-resistant Staphylococcus aureus (MRSA) strains, Mu50 and MRSA252.
The numbers on the scale bar correspond to the coordinates of the nucleotide sequences in the
respective genomes. In strain Mu50, the protein coding sequences (CDSs) SAV0281 and SAV0305
(black), and their respective orthologs in MRSA252 (SAR0278 and SAR0302) are annotated
as ssaA (homolog of secretory antigen precursor) and nirC (formate transporter) respectively,
and flank a variable region of the genome that harbors the ESAT-6-like locus. The ESAT-6 locus
(white) of strain Mu50 (SAV0282-SAV0290) and corresponding gene names are as defined by
Burts et al. (27). The diagonally hatched CDSs of strain Mu50 flanking the ESAT-6-like locus
(SAV0291-SAV0293) are present in other sequenced genomes, but absent from MRSA252.
In the ESAT-6-like locus of MRSA252, the terminal esaC and esxB genes are absent, but are
replaced by similarly sized proteins encoded by the adjacent genomic islet, SAR0285-SAR0291
(gray shaded and diagonally hatched). Although this genomic islet is unique to MRSA252, two
genes represented by SAR0288 and SAR0291 marked by asterisks, show approx 20% amino
acid identity with SAV0295 and SAV0296 of strain Mu50, also marked with asterisks. Preced-
ing these genes in Mu50, SAV0294 encodes a gene that is duplicated four times downstream of
SAV0296 (shaded light gray). Tandem repeats of homologous genes in the MRSA252 strain are
also shaded gray (SAR0293-0296).
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peptides, they appear in the culture supernatant of S. aureus, and three gene products
(SAV0284, essA; SAV0286, essB; and SAV0287, essC), each possessing one or more
predicted membrane spanning domains, are essential for their secretion (27). Mutation
of either esxA, esxB, or essC in S. aureus Newman resulted in a two- to three-log reduc-
tion in virulence in a kidney and liver abscess infection model (27). The ESAT-6-like
locus in all other sequenced genomes of S. aureus is identical to that of Mu50, with the
exception of MRSA252, where the terminal esaC and esxB genes are absent, but appear
to be replaced by genes of similar size and organization in the adjacent genomic islet
that is unique to this strain (Fig. 1).

Several of the islet genes (i.e., SAR0285, SAR0286, SAR0289, SAR0290) encode
small proteins (~9–17 kDa) that may be potential substrates for secretion by the adja-
cent ESAT-6-like cluster. Two gene products (SAR0288 and SAR0291) also share 19
to 20% amino acid identity toward similarly sized proteins encoded by SAV0295 and
SAV0296 in the genome of S. aureus Mu50, just downstream of the ESAT-6-like locus.
These genes are preceded by SAV0294, encoding a 19.8 kDa acidic protein that shares
between 68 and 95% identity toward proteins encoded by sequential downstream genes
SAV0298–SAV0302. In MRSA252, four tandem genes SAR0293–0296 downstream
of the SAV0285–SAV0291 genomic islet also share high homology with SAV0294 from
strain Mu50. The genome of MSSA476 carries nine orthologs of SAV0294 (SAS0269
and SAS0272–SAS0279), which share from 63 to 89% identity toward SAV0294. The
same genes are maintained in the closely related strain MW2, whereas in strain COL
there are 11 genes encoding proteins that share from 66 to 95% homology toward the
product of SAV0294, all of them clustered after the conserved ESAT-6-like locus.

What forces have contributed to this gene apparently having undergone variable
numbers of duplication events in the genomes of different S. aureus strains? Apart from
its homologs in the different annotated genomes of S. aureus, the SAV0294 product dis-
plays greatest homology toward a 62 amino acid protein, annotated as the site of integra-
tion of transposon, Tn552, in S. aureus strain NCTC9789 (29), and described as being
the third open reading frame in a series of three tandemly repeated genes. Although none
of the sequenced genomes reveal a copy of Tn552 at this site, it may represent a hot
spot for transposon integration and excision, resulting in multiple duplications of the
target site. Factors contributing to the duplication of SAV0294, the relationship of this
and neighboring genes with the conserved ESAT-6-like locus, as well as the identifica-
tion of proteins that are secreted by the ESAT-6 system, and their contributions to viru-
lence of S. aureus will be an interesting area of future research.

4.3. Coagulase and Collagen Adhesin Genomic Islets

A more liberal definition of genomic islets includes coagulase (15), a hallmark enzyme
for species identification of S. aureus, defined earlier in this chapter as a component of
the core genome. The basis of coa definition as an islet is owing to the extensive allelic
variation among different strains, such that different allotypes share only 65.9–88.4%
of their amino acids. Reportedly, certain coa alleles are distributed across several dif-
ferent genetic backgrounds, whereas two distinct coa alleles can be found in strains that
are closely related. This is suggested to indicate that the coa gene may be transferred
from cell to cell through a lateral gene transfer mechanism. Through the same rationali-
zation, the collagen adhesin (cna) gene encoding a collagen-binding adhesin should also
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be classified as a genomic islet, on the basis of it having a limited strain distribution
and no obvious association with a mobile genetic element (30). As this same feature
occurs with other genes that encode adhesion-related functions, this is described in more
detail in Subheading 4.3.1., which is dedicated toward islets that encode adhesion
proteins.

4.3.1. Adhesion Islets

The collagen adhesin Cna of S. aureus was first described as being expressed by
strains associated with cartilage infections, but not isolates that caused soft tissue infec-
tion, and this correlated with the presence or absence of the cna gene (31). The cna gene
is present in the genomes of MRSA252, as well as the closely related MW2 and MSSA476
strains, but is not present in the other sequenced genomes. As represented by MRSA252,
cna (SAR2774) is flanked by genes that are contiguous in the genomes of strains that
lack cna. Thus, cna is inserted precisely between two genes that are components of the
core genome, and hence its designation as a genomic islet. In addition to its association
with strains isolated from patients with cartilage infections, there is also a strong asso-
ciation of cna with strains isolated from patients with community-acquired necrotizing
pneumonia (32). Therefore, acquisition of this single gene may significantly enhance
the disease potential of S. aureus.

The Cna adhesion protein is a member of the MSCRAMM family of proteins in
Gram-positive bacteria, which promote adherence to the tissue extracellular matrix (33).
The fibronectin-binding proteins, FnBPA and FnBPB, were the first well described
members of the MSCRAMM family, encoded by tandem genes fnbA and fnbB on the
chromosome of S. aureus strain 8325-4 (34). Prompted by a report that strain 879R4S
possessed only one fnb gene (35), we conducted an analysis of MRSA and MSSA
clinical isolates for polymorphisms in the fnb locus. We found that strains harboring a
single fnb gene were unusual, but this attribute was associated with a strain of MRSA
that is epidemic in Canada, designated as CMRSA-4 (36), which was later found to be
closely related to the EMRSA-16 strain that is epidemic in the UK (18). Among the
sequenced S. aureus genomes, MSRA252 representative of the EMRSA-16 strain, is
the only sequenced genome to possess a single fnb gene (SAR2580) corresponding to
fnbA. This segment of the genome is another key feature that differentiates MRSA252
from other sequenced genomes (Fig. 2).

Fig. 2. The genomic adhesin islet of MSSA476 and its differentation from MRSA252. The black-
shaded protein coding sequences are contiguous in MRSA252, an arrangement that appears to
be unique to this strain when compared with other sequenced genomes. In MSSA476 and other
sequenced genomes, additional genes (white) are present. These include a duplication of the
fnb adhesin, an additional adhesion protein encoded by sasG, and divergently transcribed tran-
scriptional regulators, sarU and sarT. Additional details are provided in Subheading 4.3.1.
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In MSSA476 and other strains, the tandem fnbB (SAS2387) and fnbA (SAS2388)
genes are highly homologous to one another, suggesting a gene duplication event. These
genes are flanked by SAS2386, encoding a putative nucleotidyl transferase function, and
SAS2390, encoding a gluconate permease (gntP). The same flanking genes are present
in MRSA252 (SAR2579 and SAR2582), but with only one fnb gene corresponding to
fnbA in the intervening sequence. Three-prime of the tandem fnb genes in MSSA476,
the CDSs represented by the SAS2386 nucleotidyl transferase function, and SAS2380,
which encodes a small transmembrane protein, define the outside boundaries of what
could be described as a genomic islet that is present in all sequenced genomes, with the
exception of MRSA252, in which the respective orthologs of these genes (SAS2579
and SAS2578) are contiguous.

The genes encoded by this islet include divergently transcribed transcriptional regu-
lators SAS2385 (sarT) and SAS2384 (sarU); both belonging to the staphylococcal
accessory regulator (Sar) family of proteins that modulate expression of cell surface and
secreted virulence factor expression in S. aureus (37). SarT represses expression of
both  hemolysin (38) and sarU (39), but also induces expression of sarS (40) that is
encoded elsewhere on the chromosome, and is described as an inducer of staphylococ-
cal protein A expression (40,41). Additionally, sarT and sarU, together with sarA (42),
contribute to regulation of the accessory gene regulator (agr) locus of S. aureus, and
agr in turn plays a major role in modulating expression of both cell surface and secreted
virulence factors (43). Therefore, it seems likely that MRSA252 and related strains that
lack this genomic islet should display significant differences in the regulatory circuits
that control expression of virulence factors, compared with other strains.

The divergently transcribed sarT–sarU transcriptional regulators are followed by
SAS2383 (sasG), encoding a cell wall anchored surface protein (44). The SasG protein
bears significant homology toward accumulation associated protein of S. epidermidis
that has been implicated in biofilm development (45), and toward plasmin-sensitive
surface protein, Pls, that is unique to certain strains of MRSA (46). All three proteins
promote adhesion of S. aureus to nasal epithelial cells (44). In addition, the Pls protein
expressed by certain strains of MRSA masks the function of other adhesion proteins
(46,47), and promotes adhesion to cellular glycolipids (48). Therefore, there are sev-
eral potential mechanisms through which SasG might promote adhesion and coloniza-
tion functions of S. aureus.

Another segment of the S. aureus genome that is dedicated toward adhesion functions
and further emphasizes the unique nature of the MRSA252 genetic background is the
sdrCDE locus, representing another cluster of genes belonging to the MSCRAMM fam-
ily. The sdr genes are differentiated from other MSCRAMMs on the basis of their encod-
ing members of the serine-aspartic acid (SD)-repeat (sdr) family of proteins, character-
ized by long stretches of SD dipeptide repeats in their C-terminal segments (49). The
fibrinogen-binding proteins ClfA(SdrA) and ClfB(SdrB) were the first two such char-
acterized proteins. In MSSA476, sdrA (SAS0752) and sdrB (SAS2516) are located in
different quadrants of the genome, and the same arrangement is observed in all other
sequenced genomes. In contrast, sdrCDE are located in tandem in the first quadrant of
all published S. aureus genome sequences, with the exception of MRSA252, which har-
bors only the sdrCE components. In MRSA252, the sdrE ortholog SAR0567 is anno-
tated as a bone sialoprotein-binding protein, Bbp. Excluding the SD repeat segment,
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the SAR0567 product is 98% identical to the Bbp protein first described in an osteo-
myelitis isolate, strain O24 (50), which confers binding of bone sialoprotein. However,
as the SAR0567 gene product is 83–84% identical to sdrE gene products in all other
sequenced S. aureus genomes, it appears that Bbp is an ortholog of sdrE. As the preced-
ing gene SAR0566 is annotated as sdrC, it is clear that this segment of the MRSA252
genome differs from other strains because of the absence of sdrD.

5. Correlation of Small-Scale Genetic Variation and Phenotypic Traits
To what extent can the described small-scale genetic variations promote significant

differences in phenotypical traits? It has been reported that methicillin susceptible S.
aureus clinical isolates UAMS-1 and UAMS-601 are hypervirulent in musculoskeletal
infection models (osteomyelitis and septic arthritis) compared with other strains, and
comparative genomics has revealed these strains to be closely related to MRSA252 (51).
As with MRSA252, these isolates harbor the cna genomic islet but carry only a single
fnb gene, and also lack the sasG genomic islet previously described. Whether or not
these features directly contribute to the feral nature of these strains in musculoskeletal
infection, or are part of a broader genotypic and phenotypic combination that promotes
these infections, remains to be determined. It is interesting to note that  hemolysin (
toxin) could not be detected in culture supernatants of either UAMS-1 or UAMS-601
using a monoclonal antibody (52), and that the hla gene of MRSA252 is annotated as a
pseudogene (3). The sasG genomic islet, which contains sarT, a repressor of  hemoly-
sin expression, is absent from strains of this distinct genetic background, on which basis
it would be expected that these strains should produce enhanced levels of this toxin.
Could the occurrence of hla as a pseudogene in MRSA252 be an adaptation to the
absence of sarT? Potentially, enhanced expression of  toxin would result in greater
morbidity and less opportunity for transmission, in which case a nonsense mutation in
the hla gene might be a compensatory mutation that allows greater transmissibility.

MRSA252 also harbors more unique genes compared with other strains that have
been sequenced thus far; oddly, these are primarily associated with metabolical func-
tions, rather than virulence, suggesting that MRSA252 has a greater metabolic reper-
toire compared with other strains (3). A notable difference is the SAR0285–SAR0291
genomic islet that is adjacent to the ESAT-6-like locus, suggesting that this strain could
secrete a different subset of ESAT effecter proteins compared with other strains. Perhaps
the MRSA252 background represents a more primal version of the S. aureus genome,
which failed to acquire the SasG genomic adhesion islet, and has not undergone gene
duplication events in the fnbA and sdrCE loci that are characteristic of other strains.
Collectively, these considerations suggest that the success of this strain, both as an
MRSA and a methicillin-sensitive S. aureus that is known for virulent musculoskeletal
infections, may be attributed primarily to small-scale variations in the genome.

6. The Accessory Genome of S. aureus
6.1. Bacteriophage

As with other pathogenic bacteria, phage conversion is an important mechanism in the
evolution of virulent strains of S. aureus. Examples of both positive and negative lyso-
genic conversion are described using what has been accepted as standardized nomencla-
ture for the S. aureus prophage (2,14). The exfoliative toxin A (ETA) responsible for scalded
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skin syndrome is carried by the Sa1 family of S. aureus prophage (53). Although none
of the sequenced genomes harbors eta, strain Mu50 is lysogenized with a Sa1 variant
that lacks the eta toxin gene. The Sa1 prophage of Mu50 is inserted after nucleotide
917,507 of the genome, and the attP site of the prophage occurs immediately after a
gene that is highly conserved in all strains. This gene, designated as sufB (SACOL0918)
in strain COL is homologous to a family of proteins that participates in assembly of
proteins containing iron-sulfur clusters under conditions of oxidative stress and iron
limitation, and is therefore a potential virulence factor. The gene encoding -toxin (hlb),
is expressed mainly by isolates of animal origin, but is disrupted in most human iso-
lates, including the genomes of MRSA252, N31T, MuTO, MW2, and MSSA476, by
the Sa3 family of S. aureus bacteriophage, all of which carry the sak gene encoding
staphylokinase, which is a plasminogen activator. In addition to sak, most members of
the Sa3 family also carry sea, encoding enterotoxin A, which is a major cause of food
poisoning, and other enterotoxins (i.e., sep, seg2, sek2) may also be present (3,14).

In contrast to the ubiquitous distribution of Sa3 amongst the sequenced genomes,
the Sa2 prophage, which carries the PVL leukotoxin, appears only in the genome of
the community-acquired MRSA strain MW2, although a Sa2 variant that lacks the
PVL toxin is present in MRSA252. The clinical implications of this toxin, which pro-
motes severe invasive infections, have been described in Subheading 1. of this chap-
ter. The identical attL and attR sites of the Sa2 prophage genome (54) correspond to
nucleotides 1554771–1554799 of the MSSA476 genome, which does not carry the Sa2
prophage. This site occurs near the C-terminus of SAS1429, encoding a 720 amino acid
hypothetical protein of no known function. In the genome of strain MW2, the ortholog of
SAS1429 is disrupted by the Sa2 prophage, and annotated as two CDSs (MW1377 and
MW1433), with the intervening genes corresponding to the Sa2 prophage. Although
SAS1429 bears no obvious signal peptide or domains of known function, it is flanked
by genes SAS1426-28 and SAS1430, each of which harbor putative lipoprotein signal
peptides, and are highly homologous to one another. This gene cluster is preceded by
the previously described staphylococcal respiratory response srrAB operon (SAS1432
and SAS1431) (55,56). The srrAB operon encodes a two-component signal transduc-
tion pathway that controls metabolic processes and energy transduction in response to
oxygen (57), and also regulates the oxygen-dependent expression of toxic shock syn-
drome toxin and other virulence factors (55,56). It is intriguing that the Sa2 prophage
that carries the PVL toxin integrates adjacent to a gene locus that appears to have an
important role in regulation of toxin expression.

The function of this gene cluster, and the consequence of Sa2 prophage integration
within SAS1429, is an area that deserves further attention. Although the enhanced dis-
ease severity associated with acquisition of the PVL toxin can be profound, the toxin
has not yet appeared among endemic and epidemic hospital-acquired MRSA strains,
suggesting that the transmissibility of strains that harbor this toxin is limited. Potenti-
ally, SAS1429 and flanking genes encoding lipoproteins may have a role in mediating
host interactions or evasion of defense mechanisms, and disrupted expression by integra-
tion of the Sa2 prophage may ultimately reduce the transmissibility. The epidemic
MRSA252 strain harbors a variant Sa2 prophage that lacks the PVL toxin. In this situa-
tion, the multiple resistance phenotype of MRSA252 could facilitate transmission within
the hospital environment.
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6.2. The Staphylococcal Cassette Chromosome Element
The Staphylococcal Cassette Chromosome (SCC) designates a family of mobile gen-

etic elements including, but not limited to, SCCmec, which confers resistance to methi-
cillin and other antimicrobial agents. Five versions of SCCmec are found in S. aureus,
at the same location near the oriC replication origin of the chromosome (15,58–61).
All SCCmec elements carry the mecA gene encoding the alternate penicillin-binding pro-
tein, PBP2a, which confers resistance to the -lactam family of antibiotics. The type I
SCCmec carried by S. aureus COL is representative of the earliest arising SCCmec ele-
ments, dating back to the emergence of methicillin resistance in 1961, and, therefore,
conveys resistance only to -lactam antibiotics. Types II and III SCCmec also carry vari-
ous integrated plasmids and transposons, which harbor additional resistance determi-
nants to non- -lactam antibiotics, including aminoglycosides, macrolides, tetracycline,
and heavy metals. Types IV and V SCCmec are significantly smaller than types I to III,
and as with type I, do not carry resistance genes other than mecA. So far, these elements
have been detected only in community-acquired MRSA, and it is suggested that their
small size renders them amenable to horizontal transfer via transducing phage. MLST
analyses have established that different categories of SCCmec are carried by strains of
the same genetic background, supporting the conclusion that S. aureus has acquired
SCCmec on multiple occasions (19).

Although SCC elements typically carry mecA, there are some interesting variants.
The closely related strains MW2 and MSSA476 both harbor an SCC element (2,3).
That of MW2 is a typical type IV SCCmec, whereas MSSA476 possesses a novel ele-
ment designated SCC476 that lacks mecA, but harbors a putative fusidic acid resistance
determinant, far1, encoded by SAS0043 (3,14) that is not present in other sequenced S.
aureus genomes. Its assignation as a fusidic acid resistance determinant is based on it
displaying 42% amino acid identity with the product of a poorly characterized fusidic
acid resistance gene far1/fusB encoded by S. aureus plasmid pUB101 (62). Fusidic
acid is employed as a topical agent for treatment of superficial S. aureus skin infections,
including impetigo and atopic dermatitis. A gene that is similar or identical to the far1/
fusB determinant of pUB101 has been identified on the chromosome of a single S. aureus
clonal type associated with superficial skin infections in Norway and Sweden, and it
was suggested that the emergence and dissemination of this strain could be associated
with the increased use of topical fusidic acid (63–65). Potentially, the SCC476 element
of MSSA476 is an adaptation that promotes dissemination of this strain in the commu-
nity. Intriguingly, the fusidic acid resistance determinants of SCC476 and pUB101 both
possess domains that are present in a family of fibronectin-binding proteins described
in Listeria species (66,67), which have been described as promoting adherence to fibro-
nectin-containing surfaces. Although there is no obvious signal peptide present in the
far1 encoded product of SCC476, the same is also true for this protein family in Listeria.
Therefore, a dual function in promoting fusidic acid resistance and adherence to the
epithelium is an interesting possibility.

Another SCC element that lacks mecA was found to carry genes encoding capsule
biosynthesis, designated SCCcap (68), and a gene encoding a novel staphylococcal
enterotoxin was immediately adjacent to the SCCcap locus. Similarly, two genes with
homology to staphylococcal and streptococcal enterotoxins/exotoxins are also observed
outside the right boundary of the respective SCC476 and SCCmec elements of the com-
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munity-acquired MSSA476 (SAS0051-0052) and MRSA MW2 (MW0051-0052) strains
(2,3). This feature is not observed in the hospital-adapted MRSA strains MRSA252,
N315, and Mu50. These associations suggest that the community-acquired MRSA strain
MW2 could have first been a successful community-acquired MSSA strain that carried
a non-mecA type SCC element, which subsequently facilitated acquisition of SCCmec.
Indeed, it has been suggested that these novel non-mecA carrying SCC elements could
serve as reservoirs for shuffling of genes between staphylococcal species, contributing
to the diversity of various SCC elements (69). This is based on the description of a SCC
element of S. epidermidis that carried genes encoding homologs of penicillin-binding
protein, pbp4, and a gene, tagF, encoding a product predicted to be involved in teichoic
acid biosynthesis, a major component of the Gram-positive cell wall (69). Specifically,
in S. epidermidis and B. subtilis, proteins encoded by tagF genes promote polymeriza-
tion of the polyglycerol-phosphate teichoic acid polymer (70,71).

Analysis of the type I SCCmec element, the earliest originating member of the SCCmec
family carried by S. aureus COL, appears to support this contention. This element pos-
sesses a gene, pls (SA0050), encoding a cell surface adhesion protein, Pls, that most
closely resembles the accumulation-associated protein of S. epidermidis. The Pls protein
is expressed as a glycoprotein in MRSA (48,72), and the pls gene within the SCCmec
element of COL is flanked by genes that could be involved in glycosylation of Pls (Fig.
3A). The pls gene is followed by SA0051, encoding a putative 64-kDa protein with
69% amino acid identity toward a protein encoded by SE2394 in the genome of S. epi-
dermidis that is annotated as a polyglycerol-phosphate -glucosyltransferase of S. epi-
dermidis (73). The basis of this assignation for the S. epidermidis protein is not clear,
because neither it nor the protein encoded by SA0051, possess any protein family domains
that would identify it as a glucosyl transferase. However, SA0051 does harbor a con-
sensus ATP/GTP binding site motif A (P-loop), whereas neighboring SA0052 encodes
a protein with a type 1 protein family glucosyl transferase domain (PF00534). This is fol-
lowed by SA0053, also transcribed on the minus strand, encoding a putative muramyl
ligase, a protein involved in the sequential assembly of the pentapeptide substituent of
N-acetyl muramic acid in the biosynthesis of peptidoglycan. Although this gene is anno-
tated as a pseudogene in S. aureus COL, its presence, together with other genes encoding
proteins that are homologous to enzymes involved in teichoic acid biosynthesis, is sug-
gestive of a function in glycosylation of the Pls protein, perhaps by decoration with a teich-
oic acid like modification.

This type of arrangement is not unique to type I SCCmec, being observed also down-
stream of the sdrCDE gene cluster (Fig. 3B) that was described earlier in this chap-
ter (see Subheading 4.3.1.). The MW0519 and MW0520 CDSs downstream of sdrE
(MW0518) in strain MW2 have the same transcriptional organization and similar anno-
tations as the SA0052 and SA0053 genes that follow pls in the SCCmec element of S.
aureus COL. Both genes are annotated as encoding poly glycerol-phosphate -glu-
cosyl-transferase proteins. A similar arrangement is observed in the genome of S. epider-
midis strain ATCC 12228 (73) (Fig. 3C) immediately downstream of a gene SE2395,
encoding a surface protein of the SD-repeat family that when compared with proteins
of S. aureus, most closely resembles SdrD within the sdrCDE gene cluster of the dif-
ferent sequenced genomes. In view of these considerations, the biochemistry and sig-
nificance of cell surface protein glycosylation in S. aureus is an area that is deserving
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Fig. 3. Comparison of the plasmin-sensitive surface protein (Pls) locus and 3' flanking region
within the type I SCCmec element of methicillin-resistant Staphylococcus aureu (MRSA) strain
COL (A), the sdrCDE locus, and 3' flanking region of community-acquired MRSA strain MW2
(B), and a gene locus with similar organization from Staphylococcus epidermidis strain ATCC
12228 (C). Numbers below the scale correspond to the nucleotide coordinates in each genome.
For S. epidermidis, the reverse and complement of the minus strand genomic DNA was trans-
lated, to maintain the same format as in (A) and (B). Genes encoding cell surface adhesion pro-
teins of the serine-aspartic acid-repeat family are white. For clarity, the sdrCD genes are omitted
from (B). When compared with proteins of S. aureus, the SE2395 coding sequence (CDS) of S.
epidermidis most closely resembles the SdrD protein (approx 37% identity) encoded within the
sdrCDE locus of different strains. The transcriptional organization and annotation of genes
immediately downstream of each adhesin-encoding gene is similar in each of the different loci.
Gray-shaded CDSs (SA0052, MW0519, MW0520, and SE2393) designate proteins that pos-
sess a C-terminal type 1 glucosyl transferase protein family domain (PF00534), and are anno-
tated as polyglycerol-phosphate -glucosyl transferase proteins on the basis of homology to
enzymes involved in polymerization of the polyglycerol-phosphate teichoic acid polymer. The
SA0052 CDS of S. aureus COL displays 39, 48, and 59% amino acid sequence identity, respec-
tively, toward MW0519, MW0520, and SE2393. The cross-hatched CDS (SA0051) of S. aureus
COL contains no annotation. It does not harbor an obvious type I glucosyl transferase domain,
but possesses a consensus ATP-GTP binding motif A (P loop) and is 69% identical to SE2394
of S. epidermidis, which also possesses a consensus ATP-GTP binding motif. Although SE2394
is annotated as a polyglycerol-phosphate -glucosyl transferase, this appears to be an error, as
SE2394 does not possess an obvious glucosyl transferase domain, and there is no obvious homol-
ogy toward the neighboring SE2393, which is correctly annotated as a glucosyl transferase. How-
ever, the ATP-GTP binding motif may indicate a role for this protein, as well as SA0051 in
satisfying an energy requirement for sugar polymerization. The black-shaded SA0054 CDS of
S. aureus COL is not present in the other loci and encodes a protein that harbors a murine ligase
protein family domain (PF01225), which is present in a family of proteins that assemble the pen-
tapeptide modification of N-acetyl muramic acid in the synthesis of peptidoglycan.

of attention, as is the role of SCC elements in promoting the shuffling of genes between
Staphylococcal species, and phenotypic modification of the host strains.

6.3. Pathogenicity Islands
The description of S. aureus pathogenicity islands (SaPI) is a relatively recent devel-

opment (74–76). They can be broadly categorized into four groups on the basis of inte-
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grase homology and insertion site, and so far no strain has been found to carry more than
one copy of each (14). The nomenclature is complicated by the close association of
different SaPIs with one another, but standardized terminology has been proposed (14),
which is used here. The best-characterized SaPI belongs to the SaPI2 family, most of
which carry tst, encoding toxic shock syndrome toxin. In addition to tst, the SaPI2 family
can also carry genes encoding enterotoxins. Among the sequenced genomes, SaPI2 occurs
only in the related N315 and Mu50 strains, in close proximity to the Sa3 prophage
discussed earlier in Subheading 6.1. Accordingly, phage-encoded functions can pro-
mote the autonomous replication of excised SaPI2 and its packaging into phage parti-
cles (77), a factor that probably promotes the dissemination of SaPI2.

Similar considerations probably apply to SaPI1, which is present in S. aureus COL
but not in other sequenced genomes. SaPI1 carries a gene encoding a putative -lacta-
mase (ear) encoded by SACOL0908, and several enterotoxins. The -lactamase encoded
by SACOL0908 is in close proximity to the sufB gene encoded by SACOL0918, a com-
ponent of the core genome which contains the attachment site for the Sa1 prophage
discussed earlier in Subheading 6.1. Strain COL carries SaPI1, but is not lysogenized
by Sa1, whereas Mu50 is lysogenized by Sa1 at 0.92 Mbp of the genome, but does not
carry SaPI1. However, Mu50 carries a member of the SaPI3 family at approx 0.88 Mbp
of the genome, in close proximity to the coa allele located at 0.89 Mbp. This approx 40
kb segment of the genome may be a hot spot for horizontal transfer of virulence factors,
with the potential of harboring two different SaPI families, in addition to the integration
site for the Sa1 prophage family, which can carry the eta exfoliative toxin. This may
explain why closely related strains can have distinct coa alleles, whereas apparently
nonrelated strains can share the same coa allele as discussed in Subheading 4.3. (15).
Potentially, the coa allele is carried along in the en masse horizontal transfer of geno-
mic DNA catalyzed by the close association of pathogenicity islands and prophages.

The SaPI3 element of Mu50, first annotated as GEI SaGIm (4), is closely related
to SaPI2, but encodes a different integrase function, and as noted, localizes to a differ-
ent segment of the genome. It does not carry any toxin-encoding genes, but encodes a
homolog of the fhuD, ferric hydroxamate uptake transporter, which is an important
factor in iron acquisition (78,79). In contrast, MW2 harbors a different member of the
SaPI3 family at the same relative genomic coordinates (0.84 Mbp); this element lacks
fhuD, and instead carries genes encoding a putative -lactamase (ear) and two entero-
toxins (2). Thus, this member of the SaPI3 family carries a similar complement of
resistance determinants and enterotoxins as described for SaPI1 of strain COL. This is
the only pathogenicity island carried by MW2, whereas the related MSSA476 does not
carry any pathogenicity islands. MRSA252 carries a single pathogenicity island described
as a member of the SaPI4 family; in this situation encoding several hypothetical pro-
teins, but none with obvious virulence associated functions. However, it should be
noted that this strain is closely related to the epidemic EMRSA-16 strain, which com-
monly carries tst (80). Therefore, other isolates belonging to this clonal type probably
carry SaPI2.

From these considerations, it is evident that pathogenicity island carriage in S. aureus
is quite variable; MSSA476 does not carry any, whereas the SaPI4 element of MRSA252
has no obvious virulence factors, and other strains will carry a common SaPI that har-
bors different virulence determinants. The SaPI2 element that carries tst probably has
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the greatest capacity to exert a dramatic influence over the virulence phenotype of the
host strain. Oddly, whereas approx 20% of S. aureus isolates carry tst, the actual clinical
incidence of toxic shock syndrome is quite low (14). This represents a major difference
in pathogenicity island function of S. aureus, compared with Gram-negative pathogens
such as E. coli, Salmonella, and Yersinia species, in which pathogenicity islands are
much more likely to carry genes that are essential components of the infection strategy.

6.4. GEIs

The Sa  and Sa  GEIs are located at approximately two o’clock ( Sa ) and eight
o’clock ( Sa ) on every S. aureus genome that has thus far been sequenced. They are
differentiated from the SaPI2 pathogenicity island that carries tst on the basis of har-
boring a truncated transposase, and no obvious association with a temperate prophage.
Both elements are characterized by extensive duplication of the putative virulence
genes that are carried, and have therefore also been referred to as “gene nurseries.” A
third distinguishing feature is that both elements carry a DNA methylase (hsdM) and a
flanking hsdS gene that probably dictates the specificity of methylation. It has been sug-
gested that these genes facilitate the stable carriage of the Sa  and Sa , such that the
genomic DNA of the host strain will undergo digestion by restriction endonucleases if
these GEIs are excised from the chromosome (4).

The central hsdM/hsdS genes of Sa  are flanked on the 5' side by 9–11 tandem
repeats of set genes with high homology to one another, and also with other S. aureus
exotoxin superantigens, whereas on the 3' side there are from 3 to 9 tandem copies of lpl
genesencoding putative lipoproteins, but of unknown contribution to virulence. Although
its role in virulence has not been proven, this GEI may provide insight into the virulence
strategy of S. aureus, which unlike other species of pathogenic bacteria, such as Neis-
seria and Salmonella, has not evolved sophisticated mechanisms for evasion of the
host immune response as the main strategy for survival. Rather, S. aureus seems to spe-
cialize in provoking a strong regional inflammatory response leading to abscess forma-
tion, and localization within an abscess could be advantageous in that the secreted exo-
totoxins would become concentrated and efficiently destroy leukocytes (4). Potentially,
the multiple lpl genes within Sa  encoding putative cell surface lipoproteins could
also promote some capacity for antigenic variation and evasion of humoral immunity. In
this capacity, the virulence factors encoded by Sa  could be seen to promote key
aspects of the S. aureus virulence strategy.

In the Sa  GEI, the hsdS/hsdM genes are located at the left end of the element,
adjacent to a truncated or frameshifted transposase, and these genes are followed by up
to five tandem spl genes, encoding putative serine proteases, SplA-SplF. Each of these
proteins possesses a histidine active site signature sequence (Prosite PS00672) that
designates them as members of the V8 family of serine proteases. The V8 protease, now
designated as SspA (81) is a glutamyl endopeptidase that is encoded by the core genome
of S. aureus, as discussed earlier in this chapter in Subheading 3. Exfoliative toxins
A and B, which are highly selective glutamyl endopeptidases, also possess the histidine
active site signature sequence of the V8 family. Furthermore, the Spl proteins, as well as
SspA and the EtA and EtB toxins, share significant homology to one another. In spite
of this potential association with toxin function, the tandem spl genes can be deleted
from the chromosome of S. aureus strain RN6390 with no obvious reduction in virulence
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in a tissue abscess infection model (82), even though the Spl proteins are normally
expressed and secreted by this strain in vitro.

Other elements of Sa  are variable, and differentiate Sa  into types I and II (2). In
type I Sa , the spl genes are followed closely by lukD and lukE, encoding leukotoxins,
and these are in turn followed by a variable number of genes encoding putative entero-
toxins, depending on the host strain. The hospital-adapted MRSA strains N315, Mu50,
and MRSA252 all carry a type I Sa  element. In contrast, the community-acquired
MSSA476 and MW2 possess a type II Sa , in which the lukDE leukotoxin compo-
nents are separated from the spl locus by insertion of a cluster of genes that most closely
resemble those involved in synthesis of the peptide lantibiotic, epidermin, by S. epi-
dermidis. First identified in the community-acquired MRSA strain MW2, it was sug-
gested that the type II Sa  is important for strain MW2 to compete with other natural
flora for successful colonization (2). That the same element is also present in MSSA476
appears to strengthen this contention. Intriguingly, MRSA strain COL also harbors a
type II Sa . However, COL differs from the hospital-adapted MRSA that harbor type
I Sa , because it was one of the earliest originating MRSA strains dating back to 1961,
prior to the emergence of multiply resistant nosocomial strains. This would suggest
that as MRSA evolved as nosocomial pathogens, the acquisition of multiple antibiotic
resistance mechanisms displaced the need for bacteriocins as a means of competing
with resident flora, and the bacteriocin locus within the Sa  was replaced with genes
of greater utility, including leukotoxins and exotoxins. Along this note, the association
of the spl genes with leukotoxins and exotoxins in the type I Sa  would appear to
implicate an offensive role for these serine proteases in terms of disease severity. How-
ever, if type I Sa  evolved from type II, then the original association of the Spls would
be with the bacteriocin locus, and this thought should influence our considerations in
suggesting functions for the Spl proteins. Potentially, the Spl proteases could be involved
in proteolytic inactivation of epidermin-type lantibiotics secreted by different species
of coagulase-negative staphylococci and other resident microflora.
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Type III Secretion Systems in Yersinia pestis
and Yersinia pseudotuberculosis

James B. Bliska, Michelle B. Ryndak, and Jens P. Grabenstein

Summary
Three species of bacteria in the genus Yersinia are pathogenic for humans. Yersinia entero-

colitica and Yersinia pseudotuberculosis cause enteric diseases. Yersinia pestis causes the disease
known as plague. Studies utilizing DNA hybridization and multilocus DNA sequencing show that
Y. pestis and Y. pseudotuberculosis are closely related at the genetic level, while Y. enterocolitica
represents a distinct evolutionary lineage. It has been known for some time that Y. pestis, Y. pseudo-
tuberculosis, and Y. enterocolitica encode homologous type III secretion system (TTSS) gene clus-
ters on a common virulence plasmid. More recently, genome scale sequence analysis has revealed
that Y. pestis and Y. pseudotuberculosis also encode homologous TTSS gene clusters on their chro-
mosomes. In this chapter, we describe the genetic organization of TTSSs in Y. pestis and Y. pseudo-
tuberculosis. We also describe several genetic changes in these TTSSs that have occurred during
the evolution of Y. pseudotuberculosis and Y. pestis, and discuss the implications of these changes
on our understanding of TTSS function during Yersinia pathogenesis.

Key Words: Yersinia; plague; type III secretion; Yop protein; pathogenicity island.

1. Overview of the Pathogenic Yersinia

1.1. Classification of the Pathogenic Yersinia

The genus Yersinia contains three species that are frequent pathogens of humans (1).
Yersinia pseudotuberculosis and Yersinia enterocolitica are enteropathogenic bacteria
that cause a variety of self-limiting intestinal infections. These bacteria invade and
replicate within Peyer’s patches and mesenteric lymph nodes. These infections can
result in enterocolitis, mesenteric lymphadenitis, and (rarely) septicemia. Yersinia pestis
is the agent of plague, which is an acute, often fatal disease. Three major types of plague
infections, bubonic, septicemic, and pneumonic, are defined by the nature of the organs
colonized by the bacteria. Bubonic plague is an infection of regional lymph nodes,
septicemic plague is an infection of the blood stream, and pneumonic plague is an infec-
tion of the lungs.

Twenty-one different serological groups of Y. pseudotuberculosis have been identi-
fied (2). Y. pestis lacks O-antigen and has traditionally been classified into three biovars
(Antiqua, Mediaevalis, and Orientalis) based on several biochemical differences (3).
More recently, a fourth biovar designation (Microtus) has been proposed for a group of
low-virulence Y. pestis strains indigenous to China (4).
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Y. enterocolitica is classified into five biogroups and approx 60 O-antigen serogroups
(5). Strains of biogroup 1B (serotypes O4, O8, O13, and O21) form a geographically dis-
tinct group known as the “New World” strains, and are considered highly pathogenic.

1.2. Pathogenesis of Y. pseudotuberculosis and Y. enterocolitica Infections

Y. pseudotuberculosis infections are typically initiated following consumption of
contaminated foodstuffs. The ingested bacteria transit through the intestinal tract until
they reach the small intestine. Specialized phagocytic cells (microfold or M cells) that
reside on the surface of the follicle-associated epithelia of the small intestine are spe-
cifically targeted by these pathogens (6,7). Y. pseudotuberculosis carries the inv gene,
which encodes a specialized surface protein called invasin. Invasin promotes efficient
bacterial uptake into M cells (7,8). The internalized bacteria are transported through
the M cell, exit from the basolateral side, and gain access to a specialized lymphoid fol-
licle called the Peyer’s patch. Bacterial colonization of Peyer’s patches results in local
inflammation that causes enterocolitis. Dissemination from Peyer’s patches to mesen-
teric lymph nodes can also occur, resulting in mesenteric lymphadenitis and abdomi-
nal pain that can mimic appendicitis. In rare cases, Y. pseudotuberculosis will enter the
blood stream and cause septicemia in humans.

The pathogenic strategy of Y. enterocolitica is similar to that of Y. pseudotuberculo-
sis. However, there are subtle differences in the pathologies of their infections. Y. pseudo-
tuberculosis appears to preferentially colonize mesenteric lymph nodes, causes a char-
acteristic mesenteric lymphadenitis, and is more likely to cause septicemia. On the other
hand, Y. enterocolitica infections are typically restricted to the Peyer’s patches and sur-
rounding tissues (lamina propria). In addition, Y. enterocolitica causes a more severe
enterocolitis than Y. pseudotuberculosis.

1.3. Pathogenesis of Y. pestis Infections

The pathogenesis of Y. pestis infections is distinct from that of the enteropathogenic
Yersinia in several important aspects. Plague is usually transmitted from a rodent host
to humans by the bite of an infected flea. When an infected flea takes a blood meal on
a human, the bacteria are introduced into the capillary system of the dermis (3). The
bacteria may be internalized by blood-derived monocytes, in which they can prolifer-
ate (9). Subsequently, the bacteria colonize regional lymph nodes resulting in bubonic
plague, or disseminate to the blood stream resulting in primary septicemic plague. If
the infection is not eliminated in either case, the bacteria will ultimately spread via the
circulatory system to the spleen, liver, and lungs. Following extensive bacterial repli-
cation in these organs, the host dies of septic shock and multiple organ failure (3). A
second mode of Y. pestis transmission that can occur is by direct inhalation of aero-
solized bacteria into lungs, resulting in primary pneumonic plague (3).

2. Evolution of the Pathogenic Yersinia Species
Early studies utilizing DNA–DNA hybridization demonstrated that Y. pseudotubercu-

losis and Y. pestis are closely related at the genetic level, while Y. enterocolitica repre-
sents a separate evolutionary lineage (1). More recently, multilocus sequence typing of
housekeeping genes has indicated that Y. pestis is a clone of a Y. pseudotuberculosis
O1b strain. Y. pestis appears to have evolved as recently as 1500–20,000 yr ago (2,10).
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Although Y. enterocolitica and Y. pseudotuberculosis/Y. pestis strains can be grouped
into two lineages, these bacteria share a number of homologous virulence genes pre-
sumably inherited from a common ancestor. Determinants such as these represent
“core” virulence factors of the pathogenic Yersinia species. Of special importance to
this discussion is an approx 70 kb plasmid, referred to generically as the virulence
plasmid, which encodes a TTSS (Fig. 1, and see Subheading 3.3.). Additional factors
that may fall into this group include genes that promote survival and replication in
macrophages (11), and a set of genes involved in acquisition of iron, e.g., the high
pathogenicity island (HPI). (12). Unique sets of pathogenicity genes were acquired by
the different Y. enterocolitica and Y. pseudotuberculosis/Y. pestis lineages during evo-
lution. For example, all enteropathogenic Y. enterocolitica carry the chromasomally
encoded yst gene, which encodes a heat stable enterotoxin (Yst). The yst gene is absent
from Y. pseudotuberculosis/Y. pestis; such a factor could explain why Y. enterocolitica
infections are associated with more severe gastroenteritis (13). On the other hand, all
Y. pseudotuberculosis and Y. pestis strains carry a pathogenicity island (PI) referred to
as the pigmentation (pgm) segment, which is absent from Y. enterocolitica (14). The
hemin storage (hms) genes within the pgm segment have been linked genetically to the
ability of Y. pseudotuberculosis and Y. pestis strains to form biofilms on the mouth of
the nematode worm (13). Biofilm formation prevents worm feeding and may have
evolved in Y. pseudotuberculosis as a mechanism to avoid predation by nematodes.

Two plasmids, pMT1 (~101 kb) and pPCP1 (9.6 kb), are uniquely found in Y. pestis
(3). pMT1 and pPCP1 are associated with the increased virulence (pMT1 and pPCP1)
and vector-borne transmissibility (pMT1) of Y. pestis (3). The acquisition of these two
plasmids was likely a key event in the evolution of Y. pestis from a Y. pseudotubercu-
losis ancestor. What additional genetic changes occurred in Y. pestis that can explain
its dramatic increase in virulence, compared with Y. pseudotuberculosis? Some answers
to this question are being gleaned from analysis of the chromosome sequences of three
Y. pestis strains (CO92, biovar Orientalis, KIM, biovar Mediaevalis, and 91001, biovar
Microtus) and a Y. pseudotuberculosis strain (IP32953, serotype 01) that have recently
been published (15–18). Soon to be published is the genome sequence of a Y. entero-
colitica strain (8081, serotype 08, NC_003222). The overall structure of the Y. pseudo-
tuberculosis/Y. pestis chromosome is similar to that of other Enterobacteriaceae, with
a shared genetic backbone and high colinear arrangements of housekeeping genes and
operons. However, large segments of the chromosome have apparently undergone re-
arrangement in some Y. pestis strains (e.g., CO92), either by inversion or translocation
mechanisms, indicating that there is the potential for genomic instability in Y. pestis
(18). The Y. pseudotuberculosis/Y. pestis genome also contains numerous islands of
Yersinia-specific genes. For example, analysis of the Y. pestis chromosome for regions
of distinct GC content suggest that approx 21 PI are present (13). These chromosomal
PIs harbor a number of intriguing genes, including two insecticidal toxin gene clusters,
a TTSS gene cluster, a flagellar gene cluster, and a type II secretion gene cluster. Inter-
estingly, comparison of the Y. pestis and Y. pseudotuberculosis genomes shows that
the vast majority of these islands (~18) are present in Y. pseudotuberculosis (13,16,19).
The major genetic differences between Y. pestis and Y. pseudotuberculosis correspond to
the presence of phage-related sequences and a higher number of insertion sequence ele-
ments in the Y. pestis chromosome. The expansion of these insertion sequence elements,
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combined with other types of mutations (e.g., insertions, deletions), has resulted in the
inactivation of a large number of nonessential pathogenicity and metabolic genes in Y.
pestis. Examples of pathogenicity genes inherited from Y. pseudotuberculosis that have
been inactivated in Y. pestis include inv, O antigen biosynthetic genes, and one of the
flagellar gene clusters.

A view that is emerging is that most of the genes required for pathogenicity in Y.
pestis were inherited from Y. pseudotuberculosis (13). For example, Y. pestis forms bio-
films in the throats of fleas as part of its strategy for efficient vector transmission, and
the hms genes are required for this activity. Thus, Y. pestis did not have to acquire a new
set of genes for this purpose, but rather genes that promote biofilm formation on nema-
todes were inherited from Y. pseudotuberculosis and adapted for efficient flea trans-
mission. In addition, it has been suggested that the dramatic increase in virulence of Y.
pestis is owing to the inactivation of genes encoding metabolical functions (13). Thus,
increased virulence could result from energy conservation as a consequence of inactivat-
ing dispensable metabolical pathways. However, it is important to point out that Y. pseu-
dotuberculosis is nearly as virulent as Y. pestis when the bacteria are injected directly
into the blood stream of mice (20). Therefore, if metabolic streamlining does play a
role in the increased virulence of Y. pestis, this phenotype would need to be expressed
during the early stages of infection from peripheral routes.

3. Type III Secretion Gene Clusters

3.1. Overview of the TTSS

TTSSs are essential determinants of pathogenicity in a large number of Gram-negative
bacteria (21). TTSSs function during host cell contact to introduce virulence proteins
into host cells. Secretion systems involved in the export of flagella will also be discussed
here because they are structurally and functionally related to TTSSs. For example, the
flagellar export apparatus can secrete virulence proteins in addition to flagella (22). In
fact, under certain conditions, the flagellar export pathway can secrete TTSS substrates
(23). TTSSs and flagella export pathways are distinguished from other secretion systems
by the following characteristics: (1) the secretion apparatus is a highly organized struc-
ture of greater than 20 proteins and this structure spans the inner membrane, periplasm,
and outer membrane of the bacteria; (2) secretion of substrates is independent of the gen-
eral secretory (sec) pathway; (3) there is no periplasmic intermediate; and (4) the secreted
proteins are not processed in any way, such as by removal of a signal sequence. Topolog-
ically, these multi-protein systems span the bacterial envelope and are able to secrete
components across this barrier in one step without processing. Both TTSSs and flagella
export pathways require ATP hydrolysis for this activity. Genes encoding the basal
bodies are highly similar (24,25). However, the protruding appendages of the two sys-
tems are quite different. The flagellum is comprised of a rigid hook and flexible fila-
ment, which is used for bacterial motility. The TTSS appendage is comprised of a rigid,
hollow needle, which is used for the transport of substrates to the surface of the host cell
and beyond. Only TTSSs appear to be able to transfer virulence proteins into the host
cell cytosol (25). It is commonly believed that the TTSS is evolutionarily related to the
flagellar export pathway, but how these two systems are related remains controversial.
It is generally accepted that the flagellar system did not evolve from the TTSS. Which of
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the two alternative scenarios (evolution of the TTSS from the flagellar system, or coevo-
lution from a common ancestor) is correct, remains to be determined (24,26–28).

3.2. Flagellar Gene Clusters

Y. pseudotuberculosis and Y. enterocolitica strains are typically motile. Motility is
important in Y. enterocolitica for efficient invasion into host cells in vitro (29), and
therefore motility may be important during intestinal infection by both pathogens. Inter-
estingly, Y. pseudotuberculosis and Y. pestis contain two homologous flagellar gene
clusters. One cluster (cluster II in Fig. 1) is similar to the systems found in other Entero-
bacteriaceae. This gene cluster is presumably responsible for motility in Y. pseudotu-
berculosis, since it is inactivated by multiple mutations in Y. pestis (17,18), and Y.
pestis is known to be nonmotile. Comparative DNA hybridization by microarray of
several Y. pseudotuberculosis strains indicates that this gene cluster has undergone
marked divergence within the species, suggesting it is under selective pressure from the
host immune system to vary (30). The second flagellar gene cluster (cluster I in Fig. 1)
represents a mystery. This gene cluster is less similar to well-characterized flagellar
systems (17,18). It is presently not clear if it represents a complete, functional gene clus-
ter in either species. In addition, comparative DNA hybridization by microarray of this
gene cluster in several Y. pseudotuberculosis strains shows no divergence from Y. pestis.
A lack of divergence may mean that this cluster is under no selective pressure to vary,
and therefore may not be expressed in either species during infection (30).

3.3. Virulence Plasmid-Encoded TTSS

The virulence plasmid-encoded TTSS has been extensively studied and has been the
subject of several recent reviews (31–33). The plasmid carrying this TTSS is desig-
nated pYV in Y. pseudotuberculosis and pCD1 in Y. pestis. The virulence plasmid car-
ried by Y. enterocolitica strains is also referred to as pYV. Complete sequences have
been determined for plasmids from three Y. pestis strains (NC_003131, NC_004836,
NC_005813), one Y. pseudotuberculosis strain (NC_006153) and three Y. enterocoli-
tica strains (NC_002120, NC_004564, NC_005017). The Y. pseudotuberculosis and Y.
pestis plasmids are nearly identical at the DNA sequence level (16). In addition, the
TTSS genes are highly conserved between all the plasmids, with approx 98% sequence
identity in the genes comprising the major operons of the TTSS (between yopD and
yscM in Fig. 1). The contiguous arrangement of the major TTSS operons is also con-
served between Y. pseudotuberculosis, Y. pestis, and Y. enterocolitica plasmids. How-
ever, the overall structure of the Y. enterocolitica plasmid differs from the plasmids in
Y. pseudotuberculosis and Y. pestis (34). These differences appear to be because of rear-
rangements caused by inversions in the Y. enterocolitica plasmid (34).

The following scenario is consistent with the current understanding of how the TTSS
functions during Yersinia–host cell interactions. Growth of the bacteria at 37 C results
in production of the TTSS components and assembly of the apparatus in the cell enve-
lope. Most of the secretion substrates (Yersinia outer proteins [Yops] and low calcium
response protein V [LcrV]) are also produced and held within the bacterium until acti-
vation of secretion by contact with host cells. Type III secretion can be elicited in vitro
by culturing Yersinia at 37 C in medium that is low in free calcium (the low calcium
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response). However, it remains unclear how intimate contact with the host cell triggers
activation of type III secretion. At the same time that the bacterium is receiving signals to
activate type III secretion, the host cell initiates a response to the pathogen. For exam-
ple, a macrophage encodes integrin receptors that recognize proteins on the bacterial
surface (e.g., invasin in the case of enteropathogenic Yersinia species), and this inter-
action can stimulate actin-dependent bacterial phagocytosis (35). Macrophages also
encode Toll-like receptors, which recognize components of the bacterial envelope (e.g.,
lipopolysaccharide), and trigger production of cytokines or apoptosis (36,37). Proba-
bly the first substrates to be secreted through the tip of the TTSS needle are YopB, YopD
and LcrV, as these proteins are thought to form a channel which mediates delivery of
six additional substrates (YopO [YpkA], YopH, YopM, YopT, YopJ [YopP], and YopE)
across the host cell membrane (31,32). After the Yops are delivered into the host cyto-
plasm, they act to disrupt key signal transduction pathways. For example, several Yops
antagonize signaling pathways important for actin polymerization and cytokine produc-
tion (38). LcrV is also secreted into the extracellular milieu, where it functions as a dif-
fusible factor to downmodulate the inflammatory response (39). The combined actions
of the Yops and LcrV cause a localized suppression of the innate immune response,
allowing the bacteria to replicate in host tissues.

3.4. Loss of yopT in Y. pseudotuberculosis O3 Strains
Although the virulence plasmids are in general highly similar among Y. pseudotu-

berculosis and Y. pestis strains, a notable difference is found in the yopT-yopD region
of virulence plasmids carried by Y. pseudotuberculosis O3 strains. The virulence plas-
mid carried by several Y. pseudotuberculosis O3 strains contains a deletion of approx
1790 base pairs that removes most of the yopT coding region, as well as the entire cod-
ing regions for sycT (the YopT chaperone), and an uncharacterized ORF YPCD1.22c
(Fig. 2). The mechanism of this deletion is not clear. Only a very short repetitive sequence
(CAG) is found at the site of the deletion (Fig. 2). This is the only known example of a
genetic change on the virulence plasmid that ablates the expression of a TTSS sub-
strate. The genes encoding the secreted effectors are generally extremely well conserved,
with greater than 92% identity in protein coding sequence between Y. pseudotuberculo-
sis, Y. pestis, and Y. enterocolitica (34), arguing that there is strong selective pressure
to maintain these genes. Thus, it is unusual that Y. pseudotuberculosis O3 strains lack
functional yopT and sycT genes. It should be noted that only a small number of O3 strains
have been examined thus far. Additional strains need to be tested before it can be con-
cluded that this mutation is specific for O3.

A possible explanation for this genetic alteration in Y. pseudotuberculosis O3 strains
comes from molecular studies of YopT and another Yop protein, YopE. These studies
indicate that YopT is dispensable for pathogenesis because it has functional redun-
dancy with YopE. To understand the basis for this functional redundancy, it is neces-
sary to first describe the molecular functions of YopT and YopE. YopT and YopE act
on a subfamily of small guanosine triphosphate (GTP)-binding proteins that have GTP
hydrolyzing activity and are referred to as GTPases (40). Small GTPases act as molec-
ular switches to turn key signaling pathways on and off. When bound to GTP, the
GTPase is switched on allowing it to interact with downstream effectors; hydrolysis of
GTP to GDP switches the GTPase off (Fig. 3). The three small GTPases that are targeted
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by YopT and YopE, (RhoA, Cdc42, and Rac1) are referred to as the Rho GTPase sub-
family. Rho GTPases regulate signaling pathways that are important for controlling actin
polymerization and cytokine production (41).

YopE inactivates Cdc42, RhoA, and Rac1 by accelerating GTP hydrolysis (Fig. 3).
YopE thus functions as a GTPase activating protein (GAP) (42). YopT, on the other

Fig. 2. Representation of the yopT-yopM region in the pCD1 virulence plasmid. The region
shown at the top corresponds to nucleotides 12610-17565 of pCD1 (NC_003131) and contains
three genes (yopT, sycT, and yopM) and two open reading frames (YPCD1.22c and YPCD1.23)
represented by thick arrows. Double headed thin arrows point to end points of the deletion in
the virulence plasmid of Y. pseudotuberculosis O3 strains that removes most of yopT and all of
sycT and YPCD1.22c. Nucleotide sequences at the deletion end point are shown at the bottom.
The top line corresponds to the sequence in the Yersinia pseudotuberculosis O3 virulence plas-
mid (U18804). The bottom line corresponds to the sequence in Y. pseudotuberculosis O1 viru-
lence plasmid (NC_006153) and the Yersinia pestis pCD1 virulence plasmid (NC_003131). A
tri-nucleotide repeat at the site of the deletion is underlined.

Fig. 3. Model of Rho GTPase inactivation by YopT and YopE. The model depicts Rac1, but is
representative for all three Rho GTPases (Rac1, Cdc42, and RhoA). Rho GTPases cycle between
an active GTP-bound form (diamond) and an inactive GDP-bound form (oval). Guanine nucle-
otide exchange factors facilitate the release of GDP and the binding of GTP by Rho GTPases.
GTPase activating proteins accelerate hydrolysis of GTP. Rho GTPases modified by prenylation
(squiggle) localize to the membrane, where the GTP-bound forms interact with effector pro-
teins to stimulate cellular responses. YopE functions as a GAP for Rho GTPases. YopT cleaves
near the C-terminus of Rho GTPases, removing the prenyl group, and preventing interaction with
the membrane. GTP, guanosine triphosphate; GDP, guanosine diphosphate; GEF, guanine nucleo-
tide exchange factor; GAP, GTPase activating protein.
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hand, is a cysteine protease that functions to remove a key post-translational modifi-
cation (prenylation) from the C-terminus of Rho GTPases (43). Prenylation of Rho
GTPases promotes their association with the inner side of the plasma membrane, which
is necessary to bring them into proximity with their effectors. YopT-induced cleavage
of the prenyl group prevents the GTPase from anchoring to the membrane, and from
interacting productively with effectors (Fig. 3). Thus, YopT and YopE inactivate the
same targets, but by completely distinct mechanisms.

Although YopT and YopE can inactivate all three Rho GTPases in vitro, studies
carried out using cultured cell infection models suggest that YopT acts selectively on
RhoA (44), whereas YopE acts selectively on Rac1 (45). However, in experimental
mouse infection assays, yopE mutant Y. enterocolitica strains are significantly attenu-
ated for virulence, whereas yopT mutant strains are not attenuated for virulence (46,47).
This finding coincides with the observation that Y. pseudotuberculosis O3 strains (natu-
rally yopE+ yopT ) appear to be roughly as virulent as other Y. pseudotuberculosis
serotypes that are yopE+ yopT +. These results argue that YopE can compensate for the
loss of YopT in vivo, but that YopT cannot fully compensate for the loss of YopE. One
possibility is that YopT is more selective in its action; for example, YopT may prefer-
entially inactivate RhoA, whereas YopE has broader substrate specificity, which encom-
passes all three Rho GTPases.

Although YopT may be dispensible for pathogenesis owing to overlapping function
with YopE, what selective advantage results from the inactivation of yopT in Y. pseudo-
tuberculosis O3 strains? In a recent study, a Y. enterocolitica yopT mutant was found
to be slightly more pathogenic than the isogenic wild-type strain in a mouse infection
assay (47). Specifically, the mutant grew to higher numbers in certain tissues (e.g., liver)
than its parent. Therefore, yopT appears to function as an “avirulence” gene to down-
modulate the pathogenicity of Yersinia. Homologs of YopT that are found in plant path-
ogens also function as avirulence proteins (48). It is conceivable that inactivation of yopT
provided a selective advantage to Y. pseudotuberculosis O3 strains by increasing their
virulence in a specific host.

3.5. Chromosome-Encoded TTSS

The TTSS encoded on the chromosome of Y. pseudotuberculosis and Y. pestis (referred
to here as TTSS-2) shares a high degree of similarity with respect to gene order and
content to the TTSS encoded in SPI-2 of Salmonella enterica (Fig. 1). Biotype 1B
strains of Y. enterocolitica encode a different chromosomal TTSS (ysa TTSS) that is
related to the mxi-spa TTSS of Shigella species and to the SPI-1 encoded TTSS of S.
enterica (49). TTSS-2 is encoded within a PI of approx 60 kb along with genes involved
in hemin uptake (hmu), tellurite resistance, and a chaperone-usher system. An interest-
ing difference between the SPI-2 TTSS and TTSS-2 is that a block of genes that encode
substrates of the S. enterica system are absent from TTSS-2, and in their place is a sin-
gle gene encoding a transcriptional activator of the arabinose utilization protein C (AraC)
family (YPO0260 in Fig. 1). The transcription factor encoded by this gene may regulate
the expression of TTSS-2 substrates encoded at different locations in the genome. Genes
encoding homologs of substrates secreted by the SPI-2 TTSS have been identified at
several different locations in the genome of Y. pestis (50). Whether these genes encode
substrates of TTSS-2 remains to be determined.
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The SPI-2 TTSS plays an important role in the ability of S. enterica to replicate in
macrophages (51). The TTSS encoded in SPI-2 is selectively expressed during the intra-
cellular phase of S. enterica growth. Y. pseudotuberculosis and Y. pestis can replicate in
macrophages, but, surprisingly, the TTSS-2 does not appear to be required for this activ-
ity (52). Thus, the function of TTSS-2 in Yersinia pathogenesis remains a mystery.

3.6. Inactivation of TTSS-2 Genes in Y. pestis

Deng et al. (17) compared TTSS-2 sequences from Y. pestis KIM and CO92 and noted
that a TTSS-2 gene in KIM (y0521) contains a frame shift mutation. The gene inacti-
vated in KIM corresponds to YPO0263 in CO92 (Fig. 1). This gene encodes a lipopro-
tein homologous to SsaJ in S. enterica.

We have compared TTSS-2 sequences between Y. pseudotuberculosis IP32953 and
several Y. pestis strains and identified a second mutation present in KIM and CO92
strains. In KIM and CO92 the gene encoding the putative AraC family transcription
factor (YPO0260 in Fig. 1) contains a 20-bp deletion located downstream of the pre-
dicted ATG initiation codon (Fig. 4). A GTG codon located 3' to the 20-bp deletion was
assigned as the initiation codon of this gene in KIM and CO92 (Fig. 4). Interestingly, this
mutation is not present in the low-virulence Y. pestis 91001 strain (biovar Microtus),
suggesting that the mutation arose in a common ancestor of KIM and CO92 after it
diverged from 91001. Given that there are one or more mutations in TTSS-2 in highly
virulent Y. pestis strains, we suggest that TTSS-2 is a genetic “remnant” inherited from
Y. pseudotuberculosis that is not required for plague pathogenesis, and is, therefore, under-
going genetic decay in Y. pestis. Therefore, a possible role for TTSS-2 in the pathogen-
esis of enteric infections caused by Y. pseudotuberculosis should be further investigated.

4. Conclusion
Studies of the pathogenic Yersinia species have yielded many important insights

into the mechanisms of bacterial pathogenesis. For example, pioneering investigations
of the LcrV and Yop proteins were instrumental in the discovery of the TTSS. The
pathogenic Yersinia species also represents a model genus for the study of pathogen
evolution. Sequence analysis at the genomic level, made possible by the completion of
sequencing projects on all three pathogenic Yersinia species, confirms that Y. pestis is
a clone of Y. pseudotuberculosis, whereas Y. enterocolitica is on a distinct evolutionary
pathway. A striking conclusion of these genomic studies is that loss of genetic infor-
mation in Y. pestis likely contributes to its increased virulence relative to Y. pseudotu-
berculosis. A number of nonessential metabolic and pathogenicity genes have been
inactivated in Y. pestis by genetic decay. Pathogenicity genes inactivated in Y. pestis
may be important for intestinal pathogenesis by Y. pseudotuberculosis. Included in this
group are a flagellar export pathway and a second TTSS encoded on the chromosome.
Future studies of these specialized secretions systems and their roles during infection
will likely yield additional insights into bacterial pathogenesis.
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Genomics and the Evolution of Pathogenic Vibrio cholerae

William S. Jermyn, Yvonne A. O’Shea,
Anne Marie Quirke, and E. Fidelma Boyd

Summary
In this chapter, the complete genome sequence of the human pathogen Vibrio cholerae is exam-

ined. We discuss, in particular, the level of gene acquisition in the form of pathogenicity and geno-
mic islands within the species, and the role of these elements in the various lifestyles of the organism.
This chapter will highlight the significant role horizontal gene transfer plays in the evolution,
ecology, and virulence of V. cholerae-specific traits.

Key Words: Vibrio cholerae; evolution; horizontal gene transfer.

1. Introduction
Vibrio cholerae is the causative agent of the severe diarrheal disease cholera (Table 1).

Cholera is a devastating disease that is prevalent in Southern Asia, where the disease is
endemic in many areas. Cholera is unusual in that it causes severe explosive outbreaks,
particularly in areas where social upheaval has occurred owing to flooding or war. Patho-
genic V. cholerae isolates belonging to the O1 and O139 serogroups are the predomi-
nant cause of epidemics and pandemics of cholera (1,2). V. cholerae isolates belonging
to other serogroups, collectively referred to as non-O1/non-O139, are implicated only
in moderate to severe forms of gastroenteritis (2–5). Since 1817, seven pandemics of
cholera have been record, all of which are associated with two biotypes of the O1 sero-
group named classical and El Tor biotypes. The first six pandemics were caused by the
classical biotype, whereas the seventh and current pandemic, which began in 1961, is
caused by the El Tor biotype. In 1992, a newly recognized serogroup, O139, was iden-
tified as the cause of a cholera outbreak in South Asia (6). The O139 serogroup initi-
ally replaced the El Tor biotype as the dominant cause of cholera in India and Bangla-
desh (7). Recently, El Tor strains have re-established themselves as the main etiological
agent of cholera (7). The emergence of the O139 serogroup in 1992 and the re-emer-
gence of cholera in South America in 1991 led to renewed interest in V. cholerae evolu-
tion and pathogenesis.

In 1996, it was discovered that the ctxAB genes, which encode cholera toxin (CT),
the main cause of the profuse, watery diarrhea characteristic of cholera, were part of the
genome of a filamentous phage CTX  (8). Subsequently, it was shown that the recep-
tor for CTX  on the V. cholerae cell surface, the toxin coregulated pilus (TCP), was
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encoded on a pathogenicity island (PAI) named Vibrio pathogenicity island (VPI) (9).
In 1998, pulse-field gel electrophoresis analysis demonstrated that the genome of V.
cholerae strain N16961 consisted of two circular chromosomes of unequal size (10).
The 4.1-Mb genome sequence of V. cholerae strain N16961 was published in 2000, and
confirmed the existence of two circular chromosomes: a large 3.0-Mb chromosome 1
(encoding 2770 open reading frames [ORFs]) and a smaller 1.1-Mb chromosome 2
(encoding 1115 ORFs) (Table 2) (11). Analysis of gene content on both chromosomes
indicated the vast majority of genes for essential cell functioning, such as DNA repli-
cation, transcription, translation, cell wall biosynthesis, and pathogenicity, for example
adhesins, surface antigens, and toxins, are located on chromosome 1, whereas chromo-
some 2 contained a higher proportion of hypothetical genes (58%) than chromosome 1
(42%) (11). The presence of a larger number of hypothetical genes on chromosome 2,
however, is highly localized to a large super integron (SI) of 125 kb encoding 216
ORFs (Figs. 1 and 2; Table 3). In addition, chromosome 2 does contain several essen-
tial metabolic and regulatory pathways (11).

In this chapter, we first describe the evolutionary genetic relationships among V. chol-
erae natural isolates based on multilocus enzyme electrophoresis (MLEE), comparative

Table 2
Size and Percent G+C Content of the Vibrio-Sequenced Genomes

chr 1 chr 2                               Overall

Species strain Size (Mb)  Size (Mb) Size (Mb) Percent G + C content

Vibrio cholerae N16961 2.96 1.07 4.03 47%
Vibrio parahaemolyticus

RIM2210633 3.29 1.88 5.17 45%
Vibrio vulnificus YJ016 3.35 1.86 5.26 45%
Vibrio vulnificus CMCP6 3.28 1.84 5.12 46%
Vibrio fischeri ES114 2.91 1.33 4.24 38%

chr, chromosome; nk, not known.

Table 3
Location and Size of Super Integrons Among Vibrio Species

Number
Vibrio species Integron size Location of ORFs Reference

Vibrio cholerae N16961 125 kb VCA0282–VCA0498 216 (11)
chromosome 2

Vibrio parahaemolyticus 48 kb VP1787–VP1865 79 (91)
RIMD 2210633
chromosome 1

Vibrio vulnificus YJ016 138 kb VV1740–VV1941 202 (99)
chromosome 1

Vibrio vulnificus CMCP6 151 kb VV12401–VV12550 150 (100)
chromosome 1

ORF, open reading frame.
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Fig. 1. Circular map of Vibrio cholerae chromosomes 1 and 2 showing the location of vari-
ous mobile genetic elements.

Fig. 2. Schematic representation of eight regions that are associated with pathogenesis in
Vibrio cholerae. The position and direction of transcription of the open reading frames are indi-
cated by the direction of the arrows. The numbers within the arrows refer to the genetic organi-
zation of the genes, e.g., 175 is VC0175.
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single-locus and multilocus sequence analyses (SLSA and MLSA), as well as whole
genome microarray analysis. We report on the role mobile genetic elements (MGEs)
play in V. cholerae diversity and evolution, and then we describe the global regulation
of virulence genes encoded on MGEs and the core genome. Finally, we report on the
four additional Vibrio whole-genome sequences available and what comparative geno-
mic analysis between Vibrio species has revealed.

2. Evolutionary Genetic Relationships Among V. cholera Natural Isolates
Until relatively recently, it was assumed that the V. cholerae O1 antigen was an essen-

tial component of epidemic isolates since non-O1 serogroup strains were only associ-
ated with sporadic cases of cholera. This assumption changed when a V. cholerae O139
serogroup emerged in Bengal in 1992 to cause epidemic outbreaks of cholera. Subse-
quently, it has been shown that V. cholerae O139 serogroup isolates evolved from a V.
cholerae O1 El Tor strain by horizontal gene transfer (HGT) of the O antigen genes
(12,13). This finding limited the value of serotyping for predicting the epidemiological
potential of a strain, and established the importance of understanding the genetic rela-
tionships among isolates. A precise account of the determinants that differentiate non-
pathogenic V. cholerae strains from those causing disease in humans is essential. Numer-
ous studies have illustrated that at least three essential elements are required in the
emergence of pathogenic V. cholerae isolates: (1) the presence of VPI (named VPI-1
in this chapter), which encodes the type IV pilus TCP, an essential colonization factor,
and the receptor for CTX  (2) the presence of CTX , which encodes CT, and (3) the
presence of ToxR, an essential regulatory protein (14,15). Environmental strains of V.
cholerae may acquire these virulence genes to become pathogenic to humans, but most
of these strains are unlikely to attain pandemic potential by acquisition of VPI and
CTX  alone (7,15). In order to better understand the defining properties of epidemic
isolates, their underlying genetic relationships must be elucidated.

Several genotypic studies have endeavoured to examine the evolutionary genetic
relationship between V. cholerae pathogenic and nonpathogenic isolates using methods
that survey the entire genome, such as MLEE (16–20) and MLSA of housekeeping genes
(21–23), or methods that examine a locus representative of the genome, such as SLSA
of housekeeping genes (24–28). In this section we will report on the findings of these
studies and their impact on our understanding of V. cholerae evolution.

2.1. Multilocus Enzyme Electrophoresis

MLEE analyses electrophoretic mobility differences in multiple enzymes (20–35
enzymes) distributed around the genome among large collections of isolates (50–500
isolates typically). Electrophoretic mobility differences are converted into genetic dis-
tances, which are used to construct phylogenetic trees indicating overall evolutionary
relationships among isolates. Several groups have carried out MLEE analysis of epi-
demic V. cholerae classical, El Tor sixth and seventh isolates, and nonepidemic envi-
ronmental isolates (16–20, 29). All of these MLEE studies found that the epidemic V.
cholerae isolates formed a separate lineage from nonepidemic isolates. Therefore, epide-
mic V. cholerae O1 serogroup isolates were all found to exhibit similar electrophoretic
profiles, differing at only 1–3 of the 12–16 loci analyzed, implying a closer relation-
ship among these pathogenic isolates than the nonpathogenic environmental isolates,
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which display diverse electrophoretic patterns (16–20,29). However, differences among
the studies were found regarding the relationship between sixth (classical) and seventh
(El Tor) pandemic isolates. Some studies showed that limited genetic diversity exists
between these biotypes, hence pathogenic isolates from various sources were shown to
have identical electrophoretic profiles, or differed very slightly in their profiles (16,17,
29). Other studies indicated that the sixth pandemic and seventh pandemic isolates
were independent clones, whereas others have postulated that the two clones are very
closely related (18,19). More recently, Farfan and colleagues applied MLEE methods to
a large collection of isolates of diverse origin, including serogroup O1/O139 and non-
O1/non-O139 strains of V. cholerae and the population showed a high degree of gene-
tic variation (20).

2.2. Single-Locus Sequence Analysis

The evolutionary genetic relationships among V. cholerae have also been assessed using
comparative SLSA. In 1995, asd, a chromosomal housekeeping gene, which encodes
aspartate-semialdehyde dehydrogenase, was sequenced from 45 V. cholerae isolates (24).
Comparative sequence analysis of asd found no nucleotide polymorphisms within either
the sixth or seventh pandemic isolates; however, nucleotide variation was found between
the two clones and between clinical US Gulf strains isolated in the 1980s, which formed
a third independent clone. It was reported that all three clones evolved independently
from environmental, nontoxigenic non-O1 El Tor organisms (24). Subsequently, it was
shown that the variation at the asd locus was owing to recombination, and is, therefore,
not a suitable indicator of evolutionary relationships (21).

A SLSA study carried out by Stine and colleagues (25) examined a 705-bp fragment
of the recA gene, which encodes RecA protein involved in homologous recombination,
from 113 V. cholerae isolates, and found the sixth (classical) pandemic and seventh pan-
demic strains tended to cluster separately from one another. Although V. cholerae O139
strains generally fell within the biotype El Tor cluster as expected, there were several
strains, which were not within this clade.

Comparative sequence analysis of a 648-bp region of the malate dehydrogenase (mdh)
locus among 64 V. cholerae isolates showed that clinical O1 (classical and El Tor bio-
types) and O139 epidemic isolates formed a highly uniform clone (an epidemic clonal
complex), whereas non-O1/non-O139 environmental isolates formed several more diverse
lineages (28). In addition, multilocus virulence gene profiling among these isolates found
that the 12 virulence regions examined were associated predominantly with the epidemic
clonal complex of sixth and seventh pandemic isolates (28). These data taken together
indicated that the emergence of V. cholerae sixth and seventh pandemic strains resulted
from the successive acquisition of virulence regions by an O1 progenitor. Interestingly,
O’Shea and colleagues identified a number of O37 and O8 serogroup isolates that clus-
tered within the epidemic clonal complex and which had similar multilocus virulence
gene profiles, which suggests that these isolates may have arose through the acquisition
of a novel O antigen by an O1 strain similar to O139 isolates (28). This is consistent with
a study by Bik and colleagues (30), in which they determined by IS1004 fingerprinting
that a V. cholerae O37 serogroup strain from Sudan was closely related to O1 strains, and
may have acquired the O37 biosynthesis genes via lateral gene transfer, similar to the
emergence of the O139 serogroup strains from India.
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A recent study using polymerase chain reaction single-stranded conformational poly-
morphism analysis at the housekeeping genes groEL-I on chromosome 1 and groEL-II
on chromosome 2 gave profile patterns, which differentiated O1 classical and El Tor
isolates from non-O1/non-O139 isolates (31). This study also demonstrates that both
chromosomes have a similar evolutionary history, and that groEL-I, groEL-II, and mdh
are good indicators of overall genetic diversity (31).

2.3. Multilocus Sequence Analysis

Because MLEE analysis enables one to examine regions throughout the genome,
and given some of the discordance between MLEE and SLSA studies, MLSA has been
posited as a better method to determine overall genetic relationships. Byun and co-
workers (21) sequenced five chromosomal genes; asd, mdh, hlyA (hemolysin), recA,
and dnaE, from 32 V. cholerae isolates representing sixth pandemic, seventh pandemic,
and US Gulf coast isolates. They showed that for each of the five genes examined, no
variation was found within the sixth pandemic, seventh pandemic, or US Gulf isolates.
In addition, they found the mdh and hlyA sequences from these three pathogenic clones
to be identical, except for the previously reported 11-bp deletion in hlyA in sixth pan-
demic isolates. Both sixth pandemic and seventh pandemic isolates had identical dnaE
sequences (21). Differences between clones were identified at the asd and recA loci,
however, further analysis indicated that the variation at both these loci was the result
of recombination rather than random point mutations (21). This study suggests that the
rate of recombination in V. cholerae is high and highlights the importance of choosing
the right loci (recombination-free) for evolutionary studies.

2.4. Comparative Genomic Microarray Analysis

Dziejman et al. (15) constructed a V. cholerae genomic microarray that contained
over 93% of the predicted genes of the seventh pandemic El Tor strain N16961. They
used this V. cholerae DNA chip to examine the gene content of O1 (El Tor, classical,
US Gulf Coast) and O139 serogroup isolates. Their comparative genomic analysis indi-
cated that the O1 and O139 strains examined showed a high degree of conservation with
the N16961 genome, which suggested that only a small group of V. cholerae strains might
be capable of evolving to become epidemic through the acquisition of CTX  and VPI-1
(15). As well as supporting previous studies that showed that the sixth and seventh pan-
demic strains are highly clonal, microarray analysis identified genes specific to seventh
pandemic isolates. Most of these seventh pandemic specific genes were located in three
clusters: the 2.7-kb repeat sequence-1 (RS1) prophage, and two newly identified geno-
mic islands (GEIs), the 16-kb Vibrio seventh pandemic island-1 (VSP-I), and the 7.5-kb
VSP-II. The RS1 prophage encodes an anti-repressor, and is required for the produc-
tion of infectious CTX , which explains why classical sixth pandemic isolates cannot
produce infectious CTX  particles (32). The role(s) that the VSP islands play in V. cholerae
survival remains unknown, but potentially they could be responsible for more efficient
infection of the human host or improved environmental survival (15). This study, along
with previous studies examining the evolutionary genetic relationships among V. cho-
lerae, indicates that the differences between pathogenic isolates have arisen predomi-
nantly by the acquisition of regions via HGT and recombination, rather than mutation.
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3. Impact of Mobile Genetic Elements on V. cholerae Genome Diversity
Gene acquisition via HGT results in genomic changes that can rapidly and radically

alter the lifestyle of a bacterium in “quantum leaps” (33). V. cholerae is an aquatic
organism that exists in a number of different states: (1) in association with crustacean,
(2) as a free-living organism, (3) in a viable but nonculturable state, and (4) as a patho-
gen (34). Pathogenic V. cholerae probably evolved from an aquatic form that acquired
the ability to colonize the human intestine. Many essential virulence factors of bacteria
are encoded on MGEs, such as bacteriophages, pathogenicity and GEIs, integrons, and
integrative and conjugative elements. In this next section, we will describe a number of
these MGEs and their role in V. cholerae virulence (Figs. 1 and 2; Table 4).

3.1. Bacteriophages in V. cholerae
The ctxAB genes, which encode CT, are located on a filamentous phage CTX . The

6.9-kb CTX  genome contains two functionally distinct regions, the core and the RS2
(Figs. 1 and 2; Table 4) (8). The core region encodes CT and the genes involved in bac-
teriophage morphogenesis, including genes that are thought to encode the major and
minor bacteriophage coat proteins (Psh, Cep, OrfU, and Ace) and a protein required for
CTX  assembly (Zot) (8). The repeat sequence-2 (RS2) region encodes genes required for
replication (rstA), integration (rstB), and regulation (rstR) of CTX (35). In pathogenic
V. cholerae El Tor and O139 isolates, a 2.7-kb RS1 prophage is integrated upstream of
the CTX prophage, which is closely related to the RS2 region of CTX (35–39). The RS1
element contains an additional ORF encoding RstC (36,40). RstC is an anti-repressor
that controls CTX  lysogeny, production of CTX  particles, and expression of CT (32).

It was recently reported that the RS1 element (Figs. 1 and 2; Table 4) is in fact the
genome of a satellite bacteriophage that utilizes CTX  morphogenesis genes to pro-
duce RS1  particles (39). An additional filamentous phage named KSF-1  has also
recently been identified in V. cholerae isolates, and this phage, which is similar to CTX
plays a role in production of RS1 particles (32,39). Additionally, a V. cholerae fila-
mentous bacteriophage called VGJ  has been isolated that transmits CTX  or RS1  by
a TCP-independent mechanism (41). It was recently found that VGJ  infects host cells
through the mannose sensitive hemagglutinin pilus and that it uses the same integra-
tion site as CTX  that is, the attB chromosomal site (41). These recent studies indicate

Table 4
Genome Location of Mobile Genetic Elements Identified in Vibrio cholerae

MGE Location Size ORFs Function/virulence factor Reference

VSP-I VC0175–VC0185 14 kb 11 Unknown 15
VSP-II VC0490–VC0516 27 kb 24 Unknown 15
VPI-1 VC0819–VC0846 39.5 kb 28 TCP, ACF, ToxT, TcpPH 9
RS1 VC1452–VC1455 2.7 kb 4 CT anti-repressor 39
CTX VC1456–VC1464 6.9 kb 9 CT, Zot, Ace 8
TLC VC1465–VC1480 4.5 kb 16 Unknown 59
VPI-2 VC1758–VC1809 57.3 kb 52 Neuraminidase 55
Integron VCA0282–VCA0498 125.3 kb 216 Drug resistance 11

MGE, mobile genetic element; ORFs, open reading frames; TCP, toxin coregulatory pilus; ACF, acces-
sory colonization factor; Zot, zonula occludens toxin; Ace, accessory cholera enterotoxin.
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that an array of filamentous bacteriophages have the ability to alternatively package dif-
ferent DNA elements in V. cholerae (39).

In addition to filamentous phages, generalized transducing phage has also been iden-
tified in V. cholerae. One such phage, CP-T1, has the ability to transduce both CTX
and VPI to nonpathogenic strains (42,43). Similar to a range of pathogenic bacteria, pro-
phages in V. cholerae play a very important role in the emergence of pathogenic isolates,
and also in the regulation of virulence (44).

3.2. PAIs and GEIs in V. cholerae

PAIs are large chromosomal regions typically 10–200 kb that encode one or more vir-
ulence genes. Their guanine and cytosine (G+C) content varies from the core genome,
and are very often found adjacent to transfer RNA (tRNA) genes and are associated
with direct repeats, integrases, or transposases (45). Typically, PAIs are present in the
genomes of pathogenic bacteria but are absent from the genomes of nonpathogenic
isolates of the same species. GEIs are similar to PAIs except they encode genes such as
iron uptake systems, which may increase the fitness of the bacterium GEIs in pathogenic
and environmental micro-organisms (45). A number of PAIs and GEIs have been iden-
tified in V. cholerae and in the following sections some of these chromosomal regions
are described.

3.2.1. Vibrio Pathogenicity Island-1
The 39.5-kb VPI-1 encodes approx 28 ORFs, including TCP, an essential coloniza-

tion factor and receptor for CTX (Figs. 1 and 2; Table 4) (8,9,46,47). VPI-1 has a
sporadic distribution among V. cholerae natural isolates and has also been identified in
Vibrio mimicus (9,28,48). The species V. mimicus is closely related to V. cholerae;
however, V. mimicus is phenotypically and genotypically distinct from V. cholerae and
can be readily differentiated from V. cholerae (21,28,31,48,49). The natural habitat of
V. mimicus, similar to V. cholerae, is the aquatic ecosystem, where it has been found
both as a free-living bacterium and in association with phytoplankton and crustaceans
(50,51). To date, the mode and mechanism of VPI-1 transfer among isolates remains
unknown, however several pathways have been proposed. It was suggested in 1999
that the VPI-1 was a filamentous bacteriophage (52), however, this was greeted with
skepticism resulting from a lack of gene sequence similarity between VPI-1 and cano-
nical filamentous bacteriophages, and the inability to independently verify the existence
of VPI  (7). It was shown that VPI-1 could be transferred to a recipient strain by the gen-
eralized transducing bacteriophage CP-T1 (43). This led to the suggestion that VPI-1
corresponds to a satellite element, which can be efficiently packaged by a helper bacte-
riophage but are not viable bacteriophages themselves (7,43,53). VPI-1 can precisely
excise from the chromosome to form extra-chromosomal circular excision products
(pVPI), which is mediated by the VPI-encoded recombinases, int and vpiT, which may
suggest a possible transfer route (54).

3.2.2. Vibrio Pathogenicity Island-2
VPI-2 is a57.3-kb chromosomal region that has all the characteristics of a PAI (Figs. 1

and 2; Table 4) (55). All pathogenic V. cholerae isolates contain VPI-2, whereas non-
pathogenic isolates lacked the region. VPI-2 encodes several gene clusters; the nan-
nag region involved in the utilization of sialic acid, which may be an alternative nutrient
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source; a type-1 restriction modification system, which may protect the bacteria from
viral infection; neuraminidase (nanH), which acts on higher order gangliosides in the
intestines converting them to GM1 gangliosides with the release of sialic acids, and a
gene cluster that shows homology to Mu phage. Among V. cholerae O139 serogroup
isolates, the nan-nag and hsd type-1 restriction modification regions are deleted, indi-
cating the instability of the region (55). In addition, the loss of this region among V.
cholerae O139 isolates may have resulted in their decline as a serious cause of epidemic
cholera. Recently, a 14.1-kb region of VPI-2 comprised of ORFs VC1773 to VC1787
was identified in V. mimicus isolates (56). Interestingly, the VPI-2 region was found in
all 17 V. mimicus strains examined, suggesting that this region is essential for survival.
The VPI-2 region in V. mimicus was inserted adjacent to a serine tRNA similar to VPI-2
in V. cholerae. In 11 of the 17 V. mimicus isolates examined, an additional 5.3-kb region
encoding VC1758 and VC1804 toVC1809 was present, which suggests that additional
regions of VPI-2 may have been deleted. The evolutionary history of VPI-2 was recon-
structed by comparative analysis of the nanH (VC1784) gene tree with the species gene
tree, deduced from the housekeeping gene mdh among V. cholerae and V. mimicus
isolates. Both gene trees showed an overall congruence; on both gene trees V. cholerae
O1 and O139 serogroup isolates clustered together, whereas non-O1/non-O139 sero-
group isolates formed separate divergent branches with similar clustering of strains within
the branches. One exception was noted. On the mdh gene tree V. mimicus sequences
formed a distinct divergent lineage from V. cholerae sequences as expected for a distinct
species; however, on the nanH gene tree, V. mimicus clustered with V. cholerae non-O1/
non-O139 isolates suggesting horizontal transfer of this region between these species
(56). In addition, analysis of the genomes of Vibrio vulnificus strains YJ016 and CMCP6
demonstrated the presence of homologs of the nan-nag region on chromosome 2 of
these strains (Fig. 4) (57). Twenty-nine of the 52 ORFs of VPI-2 showed homology to
ORFs in the genome of V. vulnificus strain YJ016. These ORFs were clustered into
three distinct regions on the V. vulnificus YJ016 genome at ORFs VV2151 to VV2162,
VV2250 to VV2262 on chromosome 1, and VVA1196 to VVA1206 on chromosome 2.
Only homologs of V. cholerae ORFs VC1773 to VC1783 encoding a sialic acid metab-
olism gene cluster (nan-nag) were identified in both V. vulnificus YJ016 (VVA1196 to
VVA1206) and CMCP6 (VV20726 to VV20736) genomes (Fig. 4). Additional homo-
logs of VPI-2 were identified in only V. vulnificus strain YJ016. Comparative sequence
analysis suggests that the nan-nag region maybe ancestral to V. vulnificus.

3.2.3. Vibrio Seventh Pandemic Island-I and Vibrio Seventh Pandemic Island-II

As stated previously in Subheading 2.4., comparative genomic analysis using a V.
cholerae genome microarray identified two genomic regions designated VSP-I and
VSP-II that were present only in seventh pandemic strains (Figs. 1 and 2; Table 4) (15).
These regions showed several characteristics of PAIs. VSP-I spans a 16-kb region encod-
ing 11 ORFs designated VC0175–VC0185, which are mostly hypothetical proteins, with
a G+C content of 40%, in contrast to 47% for the entire genome (15). The VSP-II region
encompassed eight ORFs VC0490–VC0502, but the boundaries were not well defined.
Subsequently, it has been shown that VSP-II is a 26.9-kb region that shows homology to
a 43.4-kb GEI from V. vulnificus (Fig. 3) (58). The VSP-II region from ORFs VC0490
to VC0516 encoded transcriptional regulators, a putative ribonuclease, a putative type
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IV pilin, and a number of methyl accepting chemotaxis proteins, as well as a large num-
ber of hypothetical proteins. VC0516 encodes an integrase and inserts adjacent to a
tRNA gene (Fig. 3) (58). Interestingly, V. cholerae ORFs VC0493 to VC0498, VC0504 to
VC0510, and VC0516 were homologous to V. vulnificus strain YJ016 ORFs VV0510 to
VV0516, VV0518 toVV0525, and VV0560, respectively (Fig. 3). Some ORFs showed
amino acid identities greater than 90% between the two species in these regions. In V.
vulnificus strain YJ016, a 43.4-kb low GC-content (43%) GEI encompassing ORFs
VV0509 to VV0560, designated V. vulnificus island-I (VVI-I), was identified (58). The
VVI-Is 52 ORFs included a phosphotransferase system gene cluster, genes required
for sugar metabolism, as well as two transposase genes and two insertion sequence
elements. There was synteny and homology between the 5' region of V. cholerae VSP-II
and the 5' region of V. vulnificus VVI-I; however, VVI-I contained an additional 31.5 kb
of DNA between VV0526 and VV0560 in strain YJ016 (58). Comparative genomic anal-
ysis between V. vulnificus strain CMCP6 and YJ016 identified only two ORFs between
the 5' and the 3' flanking ORFs VV10636 and VV10632, which show 100% identity to
the VVI-I flanking ORFs VV0508 and VV0561, respectively. This indicated that the
43.4-kb VVI-I region is absent from strain YJ016, and that this site is empty in this
strain (Fig. 3) (58).

It was suggested by Dziejman and colleagues that the genes encoded on the VSP-I and
VSP-II islands are likely to be responsible for the unique characteristics of the seventh
pandemic strains (15). For example, they might allow the seventh pandemic strains to
survive more efficiently than preseventh pandemic strains either in the aquatic ecosys-
tem or in the human host.

3.3. Plasmids in V. cholerae
Upstream of the CTX prophage is an integrated 4.7-kb plasmid named pTLC (toxin-

linked cryptic element) (Figs. 1 and 2; Table 4) (59). The plasmid also exists as an
extrachromosomal circular double-stranded DNA form of a tandemly duplicated chro-
mosomal element. The size and low copy number of pTLC suggest that it is identical to
the three megadalton plasmid identified in many classical V. cholerae strains and in
the small cryptic plasmid identified in classical strain V58 (60,61).

As the TLC element is tandemly duplicated on the V. cholerae chromosome, the
extrachromosomal circular pTLC may arise from homologous recombination between
directly repeated TLC element copies. Once excised as an extrachromosomal circle,
pTLC may replicate under the control of its own replication functions (59). As of yet,
the function of pTLC remains undiscovered.

Another plasmid identified in V. cholerae is the P factor, which is capable of immo-
bilizing chromosomal genes. Its presence in wild-type strains is extremely rare (62)
and results in partial attenuation, with a decrease in intestinal colonization ability (63).
In some V. cholerae non-O1 strains, a plasmid carrying genes that encode a thermostable
direct hemolysin-like toxin has been reported (64).

3.4. Super Integrons
Reports of toxigenic V. cholerae strains resistant to the antibiotics commonly used for

treatment are appearing with increasing frequency, although the genetic mechanisms
for the resistance are often not determined (65–67). The 1996–1997 cholera epidemic
in Guinea-Bissau, which involved a reported 26,967 cases, was caused by a V. cholerae
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O1 strain that had a genotype identical to that of the 1994–1995 epidemic strain, but
that contained a 150-kb conjugative multiple-antibiotic-resistance plasmid with class
1 integron-borne gene cassettes encoding resistance to trimethoprim and aminoglyco-
sides (68). Studies indicate that super integrons are prevalent among Vibrio species and
can be highly variable even within the same species (69). In V. cholerae strain N16961,
the SI encompasses VCA0331–VCA420 on chromosome 2 and encodes 216 genes (Figs.
1 and 2; Table 3) (11).

3.5. Integrative and Conjugative Elements
The 99.5-kb SXT element (SXT) is an integrative and conjugative element that was

originally identified in a 1993 V. cholerae O139 serogroup isolate called MO10. The
MO10-derived SXT encodes resistance to sulfamethoxazole, trimethoprim, chloram-
phenicol, and streptomycin. The transfer of the SXT element has features reminiscent
of both temperate bacteriophages and conjugative plasmids. The element encodes a 
family recombinase (Int) that is required for excision from the chromosome and circu-
larization by recombination between the left and right ends of the integrated element.
Generation of this extrachromosomal intermediate is an essential step in the successful
transfer of the SXT element; it must precede conjugative transfer to recipient cells. Once
transferred, the SXT element integrates specifically into the chromosome in an int-depen-
dent, recA-independent fashion via recombination between element (attP) and chromo-
somal (attB) sequences that are nearly identical (70).

4. Virulence Gene Global Regulation and Expression in V. cholerae
The ctxAB and tcp genes belong to a network of genes called the ToxR regulon,

whose expression is modulated by transcriptional regulators encoded on the core chro-
mosome (toxRS) and on the VPI-1 (toxT and tcpPH). In addition to CT, ToxR controls
expression of at least 17 genes that make up the ToxR regulon, these include the TCP
colonization factor, the acf colonization factor, and the outer membrane proteins OmpT
and OmpU (71). ToxRS are not sufficient to activate transcription of ctxAB, and an
additional factor, ToxT, is required (72,73). In addition, TcpP and TcpH function as
positive regulators of toxT (74–79).

4.1. In Vivo Virulence Gene Expression Analysis
A number of molecular techniques have been devised to examine the regulatory net-

works of virulence gene expression of V. cholerae in vivo. Many of these technologies used
a whole genome approach to identify and elucidate virulence gene expression in vivo;
these included recombination-based in vivo expression technology (RIVET), signa-
ture-tagged mutagenesis (STM), and microarray analysis using a V. cholerae DNA chip.

Fig. 3. (Opposite page) (A) Regional variation in the mean proportion of GC-content of Vibrio
vulnificus island-I (VVI-I) from V. vulnificus strain YJ016 based on a sliding window of 500 bp.
(B) Schematic representation of the organization of the VVI-1 from V. vulnificus strain YJ016.
(C) Schematic representation of the organization of the Vibrio seventh pandemic island-II from
Vibrio cholerae strain N16961. (D) Schematic representation of the organization of the VVI-1
in V. vulnificus strain CMCP6. The position and direction of transcription of the open reading
frames (ORFs) are indicated by the direction of the arrows. The numbers refer to the genetic
organization of the genes. Gray bars link homologous ORFs. Genes are pattern coded accord-
ing to their function.
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The RIVET system is based on recombinase gene fusions, which, on induction during
infection, mediate a site-specific recombination, the product of which can be screened
for after recovery of bacteria from host tissues (80). Lee and colleagues (81) using
RIVET demonstrated that CT and TCP were expressed sequentially during infection,
and that full CT expression was dependent on prior TCP expression. A biphasical TCP
induction was noted, in which early expression occurred in the lumen of the gastrointesti-
nal tract, this is followed by full induction in the small intestine. Therefore, expression of
CT only occurred after, and was dependent upon colonization; so CT was only expressed
after coming into close proximity to its target cells. They also found that there were
differences in the requirements of particular regulators in vivo as opposed to in vitro.
For example, the TcpP regulator and its accessory protein, TcpH, which are essential
for TCP expression in vitro, are not required during infection in vivo (82).

STM is a whole genome approach that uses insertional mutagenesis with in vivo neg-
ative selection of attenuated strains in an animal host model, enabling many different
mutants to be screened in a single host to identify factors that are essential for coloniza-
tion (83). STM analysis showed that mutations in a number of genes involved in metabol-
ism, adaptation to stress, transport, regulation of cellular processes, and others of unknown
function were found to have an adverse effect on colonization and survival (84,85).

More recently, a whole V. cholerae genome microarray, consisting of 3890 full-length
polymerase chain reaction products representing the V. cholerae strain N16961 genome
sequence, was used to elucidate virulence gene expression in vivo by determining changes
in gene expression on exposure of V. cholerae to various environments. A number of
studies have been conducted using different environments: (1) V. cholerae derived from
stool sample vs in vitro grown V. cholerae, (2) V. cholerae grown to midexponential
phase derived from the rabbit ileal loop model vs in vitro grown V. cholerae, (3) V. chol-
erae derived from stool sample vs wild-type and toxRS, tcpPH, and toxT mutant V. chol-
erae grown under optimal conditions for CT and TCP expression (86–88). Microarray
analysis revealed that under both in vivo and in vitro conditions, the genes showing the
highest levels of expression resided primarily on chromosome 1. However, a shift in
expression occurred in vivo resulting in more genes on chromosome 2 being expressed.
These genes were involved in the production of adhesions, amino acids, type IV pili,
chemotaxis, iron transport, anaerobic metabolism, and the formation of a periplasmic
nitrate reductase complex that may allow for respiration under low oxygen tension
(86–88). Expression of genes involved in motility was down regulated, possibly to aid
shedding of V. cholerae from the human host (86). The ace and cep genes involved in
CTX  morphogenesis, and genes involved in repeat in toxin (RTX) toxin production,
were also highly expressed. Bina and workers examined the transcriptional profile of
toxT, tcpPH, or toxR mutant cells against a wild-type background under optimal CT-pro-
ducing conditions. They revealed that the tcpPH mutant showed TcpPH being required
for expression of CT, TCP, and the regulator arcA, whereas the OmpT and OmpW porins
and genes involved in glycerol metabolism exhibited a decrease in expression (87).

5. Whole-Genome Comparisons Between Vibrio Species
Vibrios are Gram-negative -proteobacteria that is ubiquitous in marine and estuarine

environments. A common genomic feature among Vibrio species and probably all Vibrio-
naceae is the existence of two chromosomes of unequal size (10,89,90). Pulse-field gel



Pathogenic Vibrio cholerae 241

electrophoresis analysis of a V. cholerae O1 classical biotype isolate by Trucksis and
colleagues, estimated a genome size of 2.41 Mb for chromosome 1 and 1.58 Mb for
chromosome 2 (10,11). The complete sequenced genome of V. cholerae El Tor stain
N16961 was 2.96 and 1.07 Mb, respectively, for chromosome 1 and 2 (11). Since the
completion of V. cholerae O1 strain N16961 genome, a further four complete genome
sequences of members of the family Vibrionaceae are available; Vibrio parahaemoly-
ticus strain RIMD2210633, two V. vulnificus strains, YJO16 and CMCP6, and Vibrio
fischeri strain E116 (Table 2) (91). A related deep sea bacterium Photobacterium pro-
fundum SS9 whole genome is also available (92). V. cholerae, a human pathogen, and
V. fischeri, an endosymbiont, have the smallest Vibrio genomes of 4.1 and 4.3 Mb,
respectively, whereas the other three Vibrio genomes are all approx 5 Mb in size. P.
profundum SS9 has the largest genomes at 6.2 Mb. All sequenced Vibrio genomes
have several features in common; the presence of two chromosomes, a similar number
of ORFs of known and unknown function, and all genomes contain an integron (Table 5).
The relative position of the integron, its gene content and its size, differs among the
Vibrio species (Table 3). The integron is present on chromosome 1 of V. vulnificus and
V. parahaemolyticus, but in V. cholerae N16961 the SI is present on chromosome 2. The
ToxRS regulatory proteins are also a common feature of Vibrio species. Whole-genome
comparisons of the relative positions of conserved genes among V. cholerae, V. para-
haemolyticus, and V. vulnificus indicate that the gene order is more highly conserved
between V. vulnificus and V. parahaemolyticus, than between V. cholerae and V. vulnif-
icus or V. parahaemolyticus (Fig. 5). Whole-genome comparison analysis also indicates
that the gene order and content is more highly conserved on chromosome 1 than on
chromosome 2 (Fig. 5).

A striking difference among the six Vibrionaceae genomes is the G+C content of
the DNA. V. fischeri has the lowest, with a genome-wide value of 38% G+C, next is
P. profundum SS9 with 42% G+C, whereas V. cholerae, V. parahaemolyticus, and V.

Table 5
Comparison of the Genome Composition of Vibrio Species

Conserved Hypo.
Vibrio species  ORF hypo. protein  protein tRNA rRNA Integron

Vibrio cholerae N16961
chromosome 1 2770 478 515 94 8 0
chromosome 2 1115 165 419 4 0 1

Vibrio parahaemolyticus
RIMD2210633

chromosome 1 3080 377 714 112 10 1
chromosome 2 1752 122 636 14 1 0

Vibrio vulnificus YJ016
chromosome 1 3262 495 569 100 8 1 
chromosome 2 1697 240 377 12 1 0

Vibrio vulnificus CMCP6
chromosome 1 3205 348 732 98 8 1
chromosome 2 689 136 479 13 1 0

Hypo, hypothetical.
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vulnificus vary from 45 to 47% G+C. In keeping with their size, the genome of P. pro-
fundum SS9 has 5640 annotated ORFs, whereas V. fischeri ES114 has only 3747. The
number of tRNA operons is similar among the species with the larger P. profundum
SS9 genome having 169, more than the average of 110 found in the other genomes.
The distribution of rrn operons (most are present on chromosome 1) is similar amongst
all six species examined, with the exception of the absence of a rrn operon on chromo-
some 2 of V. cholerae. Many of the metabolic processes that are critical to the normal
life cycle of the bacterial cell are conserved among the six genomes examined. The
genome percentage for metabolic processes is maintained across the V. vulnificus YJ016
and CMCP6, V. parahaemolyticus, and V. cholerae species. Transport and metabolism
of carbohydrates, amino acids, nucleotides, coenzymes, lipids, and inorganic ions accounts
for approx 19% of protein-coding genes. Similarly, functions such as signal transduc-
tion, cell wall biogenesis, and transcription are encoded for by 15.5% of the genome.
On the other hand, a higher percentage of genes in V. vulnificus are involved in replica-
tion, recombination, and repair (5.8% for both strains) than in V. parahaemolyticus
RIMD2210633 (4.6%) and V. cholerae N16961 (4.5%). Conversely, more genes in V.
cholerae N16961 and V. parahaemolyticus RIMD2210633 are involved in energy
metabolism (6.3%) than is the case for V. vulnificus (average of 5.4% for both strains)
(Table 2). P. profundum SS9 has the highest number (216 in total) of transposase genes
and V. fischeri the least number (1) of transposase genes among the six genomes exam-
ined, which may be a reflection of the very different lifestyles of these bacteria. P. pro-
fundum is a free-living deep sea organism, and V. fischeri is an endosymbiont of squid,
which may reduce its opportunities for the acquisition of MGEs by HGT from other
organisms. However, the V. fischeri ES114 genome did show evidence of the presence
of a retron, an integron and a filamentous prophage with homology to the CT-encoding
CTX prophage from V. cholerae (93). V. fischeri ES114 also encoded a region that shows
homology to a type IV pilus from V. cholerae that is encoded on a PAI. Interestingly,
both V. vulnificus strains contain a large number of transposase genes compared with
V. parahaemolyticus strain RIMD2210633. V. vulnificus YJ016 and CMCP6 contain
48 and 43 transposase genes each, whereas V. parahaemolyticus RIMD2210633 only
contains two transposase genes. The difference in the number of transposase or remnant
transposase genes between the two species has not altered the genome size, however,
many of the transposase genes in V. vulnificus YJ016 and CMCP6 are associated with
novel GEIs unique to each strain (57). The reason for the abundance or lack of trans-
posase genes is not apparent from the lifestyles of these two species, which are very
similar. Within V. cholerae N16961 21 transposase genes are annotated, many of which
are associated with PAIs.

5.1. V. parahaemolyticus Strain RIMD2210633 Genome Sequence

V. parahaemolyticus is a major causative agent of gastroenteritis, particularly in
areas of high seafood consumption (Table 1) and is an emerging pathogen in North
America (94). A characteristic of pathogenic V. parahaemolyticus strains is the pro-
duction of a thermostable direct hemolysin on Wagatsuma’s blood agar resulting in the
haemolytic Kanagawa phenomenon (KP) (95). Similar to V. cholerae, most strains of
V. parahaemolyticus are not pathogenic to humans. The complete genome sequence
of V. parahaemolyticus strain RIMD2210633, a 1996 pandemic KP-positive serotype
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O3:K6 isolate from Japan, is available (91). The V. parahaemolyticus strain RIMD2210633
genome is 5.2 Mb, comprised of a 3.29 Mb chromosome 1 and a 1.88 Mb chromosome 2,
and contains 4832 genes, 40% of which were annotated as hypothetical proteins (Tables
2 and 5) (91). A high number of rRNA operons, 11 in all, were identified (Table 5).
Examination of the genome sequence revealed that, as in V. cholerae, most of the genes
essential for growth and viability are located on chromosome 1 (91). Chromosome 2,
however, contained several genes involved in important metabolic pathways and encoded
more genes required for transcriptional regulation and transport of various substances
than chromosome 1. It was suggested that these types of genes have a role in response
to environmental changes and that chromosome 2, therefore, may have a role in adapta-
tion to environmental changes (91). For example, V. parahaemolyticus produces two
types of flagella, polar and lateral. The polar flagella, encoded on chromosome 1, are
constitutively expressed, whereas the lateral flagella, encoded on chromosome 2, are
induced for movement through viscous surroundings or swarming on solid surfaces.
An approx 80 kb PAI encoding the tdh gene (VPA1313) was identified on chromosome
2, along with homologs to a cytotoxic necrotising factor (VPA1321) and an exoenzyme
T (VPA1327). A type III secretion system (TTSS) was also identified on this PAI (91).
The TTSS region is only found in KP-positive isolates and the PAI in which it is embed-
ded has a GC content of 40% compared with 45% for the entire genome. The TTSS is an
essential virulence factor for a number of enteric pathogens, such as Shigella and Salmo-
nella. The presence of a TTSS is probably responsible for the characteristic inflamma-
tory diarrhea associated with V. parahaemolyticus gastroenteritis. V. cholerae isolates
do not contain a TTSS and cause a noninflammatory diarrhea. A second TTSS was
identified in V. parahaemolyticus strain RIMD2210633 on chromosome 1, encompass-
ing ORFs VP1654 to VP1702. This second TTSS was found to be present in all V. para-
haemolyticus examined and had a percent GC content similar to the entire genome,
suggesting that this region is ancestral to the species (91). Many of the ORFs within
this second TTSS (VP1654 to VP1702) showed homology to a TTSS described in V.
harveyi (ORFs VP1657 to VP1675) and Yersinia entercolitica (VP1687 to VP1700)
(91). A bacteriophage named f237 was also present on chromosome 1 between ORFs
VP1547 and VP1588 in strain RIMD2210633, which showed strong homology to Vf33
(96). The replication origin (ori) of chromosome 1 had several feature in common to that
of prokaryotic genomes, however, the ori of chromosome 2 has no features in common
to known bacterial or plasmid oris. The ori on chromosome 2 of V. parahaemolyticus
was similar in sequence to that identified in V. cholerae (91).

5.1.1. V. parahaemolyticus vs V. cholerae Genomic Comparison

The 5.2-Mb V. parahaemolyticus genome is 1.1 Mb larger than the V. cholerae genome,
with chromosome 2 showing the greatest size difference between the species; 1.1 Mb
vs 1.9 Mb. The reason for the size difference is unclear but could be accounted for by
gene acquisition in V. parahaemolyticus and/or gene loss in V. cholerae. Most of the
ORFs present on chromosome 1 of V. cholerae had homologs on chromosome 1 of V.
parahaemolyticus and similarly with chromosome 2 of both species. As mentioned
earlier in Subheading 5., whole genome comparative analysis between V. parahae-
molyticus and V. cholerae N16961 revealed multiple intrachromosomal rearrangements,
with the most divergence in size and gene content on chromosome 2 (Fig. 5) (91).
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5.2. V. vulnificus Strains YJ016 and CMCP6 Genome Sequences

V. vulnificus is the major cause of mortality associated with food-borne disease result-
ing in the highest death rate of any causative agent (Table 1) (97). V. vulnificus causes
a severe human infection acquired through wounds or contaminated seafood (98,99).
V. vulnificus invades connective tissue, where it releases extracellular proteins, caus-
ing blistering and hemorrhagic necrosis of the tissue (100). V. vulnificus is halophilic
and is present in the aquatic ecosystem. The V. vulnificus strain YJ016 genome was
recently completed and consists of two circular chromosomes of 3.35 Mb (3262 ORFs)
and 1.86 Mb (1697 ORFs), respectively, and a 49-kb plasmid (Table 2) (101). V. vul-
nificus strain YJ016 is a biotype 1 hospital isolate from Taiwan. Of the 4959 genes iden-
tified, 1688 (34%) encoded hypothetical proteins, which account for most of the genes
that are unique to the V. vulnificus genome (Table 5). A SI was identified on chromo-
some 1 spanning 138 kb and containing 202 ORFs of which 160 are hypothetical (Table
3). The V. vulnificus strain CMCP6, a biotype 1 hospital isolate from South Korea, com-
plete genome sequence is also available in the databases (accession no. AE016795) (102).
The genome of strain CMCP6 is similar in size (5,126,798 bp) and sequence to strain
V. vulnificus strain YJ016. V. vulnificus contains a number of virulence genes, such as
genes involved in type IV pilus formation, capsular polysaccharide biosynthesis, iron
acquisition, extracellular enzyme, toxin production, and RTX toxin production. The
extracellular enzymes metalloprotease, phospholipase, and cytolysin, and the RTX toxin,
which have been implicated in causing tissue damage and subsequent bacterial invasion
into the bloodstream, are all present on chromosome 2 (101).

5.2.1. V. vulnificus Strain YJ016 vs V. cholerae
and V. parahaemolyticus Genomic Comparisons

The 5.13-Mb genome of V. vulnificus strain CMCP6 is similar in size to V. parahae-
molyticus, but is larger than the 4.07-Mb of V. cholerae strain N16961 owing to a larger
chromosome 2 (1.84 vs 1.88 vs 1.07 Mb for V. vulnificus, V. parahaemolyticus, and V.
cholerae, respectively) (101). V. vulnificus shows a higher degree of conservation in
gene organization in the two chromosomes to V. parahaemolyticus than to V. cholerae
(Fig. 5) (101). Comparative genome analysis between V. cholerae strain N16961 and
V. vulnificus strain YJ016 revealed that multiple intra- and interchromosomal rearrange-
ments have occurred. Between chromosomes 1 and 2, the gene content and position is
better conserved among chromosome 1 from the three species, unlike chromosome 2,
which is divergent in gene content between V. cholerae, V. parahaemolyticus, and V.
vulnificus (Fig. 5). Overall, the distribution of functionally known genes is similar to
that of V. cholerae and V. parahaemolyticus. V. vulnificus contains more genes involved
in transcription, carbohydrate transport, metabolism, and secondary metabolism bio-
synthesis than V. cholerae. V. cholerae lacks the operon involved in capsular polysac-
charide biosynthesis, whereas V. vulnificus strains exhibit different capsular types (103).
The iron metabolism gene clusters in V. vulnificus are located on the chromosome 1,
whereas in V. cholerae the genes are dispersed between the two chromosomes. Chen
and colleagues (101) compared the number, distribution, and position of gene family
members in the V. vulnificus and V. cholerae genomes and concluded that duplication
and transposition events occurred more frequently in V. vulnificus (260 duplications
added 495 genes compared with 113 duplications adding 147 genes in V. cholerae). This
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suggested that these events could account for genome size differences between the
species.

Homologs of V. cholerae nan-nag region of VPI-2 were identified in both V. vulnif-
icus strains YJ016 and CMCP6 (Fig. 4). Three regions were identified on the genome
of V. vulnificus strain YJ016 that showed homology to ORFs VC1758 to VC1809 of
VPI-2 from V. cholerae. Homologs of VC1773 to VC1784 of VPI-2 were identified on
chromosome 2 of both V. vulnificus strains. The two other regions of homology were
found only in strain YJ016 dispersed on chromosome 1 (Fig. 4) (57). Homologs of the V.
cholerae VSP-II region were also identified in V. vulnificus strain YJ016 but were absent
from strain CMCP6 (Fig. 3) (58). The region of homology to VSP-II in strain YJ016 was
embedded in a 43 kb GEI named VVI-1 (58). In addition to VSP-II homologs, VVI-I
encoded a fructose/mannose phosphotransferase system (PTS) system and a sugar metab-
olism gene cluster, and was integrated in V. vulnificus YJ016 at the same site as VSP-II
in V. cholerae N16961 (Fig. 3) (58). The metalloprotease, phospholipase, and the RTX
cluster of V. vulnificus YJ016 exhibited homologies to those in V. cholerae.

5.2.2. V. vulnificus Strain YJ016
vs V. vulnificus Strain CMCP6 Genomic Comparisons

Genomic comparison between the two V. vulnificus strains indicates that a few small
intrachromosomal rearrangements have taken place on the CMCP6 genome (57). A total
of 17 GEIs ranging in size from 10 to 117 kb were identified between the two strains, 9
unique GEIs were identified in strain YJ016, and 5 unique GEIs in CMCP6. These GEIs
encoded a range of genes involved in transport, sugar metabolism, and restriction modi-
fication systems (57).

5.3. V. fischeri Strain ES114
and Photobacterium profundum Strain SS9 Genome Sequences

V. fischeri is found worldwide, mainly in temperate and subtropical waters. V. fischeri
exists as a light-organ symbiont of several species of squids and fishes, and as a patho-
gen of certain invertebrates (104). The ability to emit visible levels of light has been
shown to be caused primarily by the activity of a small cluster of five genes, luxCDABE,
and the regulatory genes, luxR and luxI (105). The V. fischeri genome is complete and
information is available at the web address (http://ergo.integratedgenomics.com/Genomes/
VFI/vibrio_fischeri.html). The V. fischeri strain ES114 genome is 4.3 Mb encoding
3802 genes, of which 2810 have been assigned function, and has an overall GC content
of 38% (Table 2) (93). Homologs of CTX  and TCP are found on the genome. The
whole genome sequence of Photobacterium profundum strain SS9, a member of the
family Vibrionaceae, is also available in the databases (92). Photobacterium profundum
strain SS9 is a moderately piezophilic (“pressure loving”) psychrotolerant marine bac-
terium. Chromosome 1 consists of 4,085,304 bp (accession number CR354531) and
chromosome 2 consists of 2,237,943 bp (accession number CR354532) and an 80,033-
bp circular plasmid is also sequenced from this strain (92).

6. Conclusion
Examination of the genomic content and organization of the Vibrio species gives an

indication of how these species have evolved to cause disease in different ways and to
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occupy different niches. The voluminous diarrhea associated with V. cholerae is caused
by CT, which causes electrolyte imbalance leading to massive water loss; V. cholerae is
the prototypical extracellular pathogen. In V. parahaemolyticus, the TTSS is believed to
be responsible for the inflammatory diarrhea. TTSS are required to inject bacterial
proteins directly into host cells. In V. vulnificus, the extensive tissue damage and sep-
ticemia are the result of extracellular proteins and toxin production. A number of the
virulence factors found in Vibrio species, and in particular V. cholerae, are encoded on
MGEs. In addition, among the six Vibrionaceae species sequenced to date, three tRNA
sites, a tmRNA, a tRNA-met, and a tRNA-ser are all hotspots for the insertions of MGEs
among the six species (57,106). For example, in V. parahaemolyticus, at a tRNA-met
locus a 23-kb GEI was identified only among strains isolated after 1996 including all
pandemic O3:K6 isolates (106). Elucidation of these MGEs, and the virulence factors
that they encode, could help our understanding of how pathogenic strains originate and
evolve. Through the use of comparative and functional genomic analysis, we may also
be able to identify potential antibacterial targets that may inhibit the disease causing
ability of these bacteria or their transmission from aquatic reservoir to human host.
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Summary
Sequencing of bacterial genomes and comparative genomics provide novel approaches for the

identification of previously unrecognized microbial pathogens that likely cause a variety of infec-
tious diseases in humans and animals. In addition, the genetic approaches probably will discover
new virulence determinants that can be used as targets in the development of novel intervention
strategies for both the prevention and treatment of infectious diseases. This chapter cites specific
examples in support of these contentions, with particular reference to recent advances of selected
infectious and chronic inflammatory diseases involving the gastrointestinal tract.

Key Words: Microbiota; Crohn’s disease; Whipples disease; Helicobacter; probiotics; commensals.

1. Introduction
Less than a decade ago, prognosticators forecast the importance of whole genome

sequencing for the field of microbial pathogenesis in particular, and for microbiology
as a whole (1,2). Since then, there has been incredible progress in the sequencing of bac-
terial genomes (3,4), including about 95 of the roughly 200 or so associated with human
diseases (December 20, 2004; www.genomes.org).

Genome sequencing has also identified virulence determinants in microbial pathogen-
esis, including the acquisition of large blocks of DNA, su
ch as pathogenicity islands
and molecular syringes encoded by type III and type IV secretion systems, through hor-
izontal gene transfer (3). Loss of genes from microbes adapted for life in specific micro-
environments (5) and phase variation in gene expression also both affect the virulence
properties of pathogens.

2. Identification of Nonculturable Organisms

2.1. Unidentified Microbial Pathogens

It is well known that not all microbes can be grown in the laboratory using standard
culture techniques. A recent phylogenetic analysis, based on 16S ribosomal RNA (rRNA)
sequences available in the database, identified 52 phyla of which only 26 have cultivated
representatives (6). For example, Whipple’s disease is a chronic enteropathy, which has
been known for decades to be caused by an infectious agent that could be visualized by
histology and electron microscopy. There is a symptomatic response to empirical anti-
microbial therapy. However, it is only in the past decade, using novel methodological
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approaches, that the causative agent of Whipple’s disease was cultured successfully
(7). Successful culture from the cerebrospinal fluid of an affected patient then allowed
sequencing of the entire genome of Tropheryma whipplei (8). Nevertheless, much was
known about the organism in advance of its being cultured, based on a genetic analysis
of prokaryotic DNA extracted from intestinal biopsies of affected patients (9). For this
approach, conservation of portions of 16S rDNA amongst prokaryotes can be employed
as the basis for developing templates for polymerase chain reaction (PCR) to identify
novel and unculturable microorganisms.

Peptic ulcer disease in humans was, for decades, considered to be a disorder of excess
acid production and reduced cytoprotection that causes recurrent gastrointestinal hem-
orrhage, intestinal perforation, and bowel obstruction. In the past, such recurrences meant
that affected patients underwent surgical interventions, including antrectomy and vagot-
omy with pyloroplasty.

With the advent in the late 1970s of microaerobic culture conditions, it became pos-
sible to culture intestinal Campylobacters, including C. jejuni and C. coli. Using micro-
aerophilic conditions, Marshall and Warren (reviewed in ref. 10) were the first investi-
gators to successfully culture a related bacterium, now referred to as Helicobacter pylori,
from the antrum (i.e., the portion of the stomach proximal to the pylorus) of patients
with chronic-active gastritis and associated duodenal ulcers.

Remarkably, many groups confirmed this original observation and then showed that
the natural history for peptic ulcers to recur is completely abolished if the gastric infec-
tion is eradicated. This dramatic change in the conceptualization of peptic ulcer dis-
ease from a disorder of acid production, to that of an infectious disease, has raised the
possibility that other chronic, recurrent disorders have an infectious etiology that has
yet to be identified.

For instance, there is increasing evidence that bacterial infections are promoters of
the development of cancers. H. pylori was the first bacterium defined as a class 1 (that
is, a definitive) carcinogen based on compelling epidemiological evidence associated
with chronic infection in humans with development of gastric adenocarcinomas and
MALTomas (mucosa-associated lymphoid tumors) of the stomach (11). Helicobacter
felis infection of mice is associated with the development of stomach cancer, which
appears to be related to the honing of malignant precursor cells of bone marrow origin
to sites of inflammation in the gastric mucosa (12). C. jejuni infection has been associ-
ated with the development of a small bowel lymphoma variously referred to as immuno-
proliferative small intestinal disease and  chain disease (13).

As another example, there is great interest in the potential for chronic inflammatory
bowel diseases in humans (Crohn’s disease and ulcerative colitis) to have an infectious
etiology (14). Although standard culture techniques have not proven successful, the
unexpected observations by Marshall and Warren for peptic ulcer disease have fueled
the hope that newer methodological approaches might prove more fruitful. As summa-
rized in Table 1, there are a number of observations supporting the hypothesis that at
least some cases of inflammatory bowel disease in humans are infectious in origin.

Animal models of inflammatory bowel disease support the consideration that Crohn’s
disease might have an infectious etiology. For instance, Johne’s disease of ruminants has
some features in common with Crohn’s disease affecting humans. Because Mycobacte-
rium paratuberculosis is the causative agent of Johne’s disease, there has been at least
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two decades of studies assessing this possibility, with inconsistent results between research
groups (15).

Novel helicobacters that colonize the bowel, rather than the stomach, have been asso-
ciated with the spontaneous development of colitis in experimental animals, including
the cotton topped tamarin (16) and mice (17). Eradication of the infection reduces the
severity of colitis and will prevent the development of colitis if therapy is provided
before the onset of mucosal inflammation (18). Isolation of Campylobacter species in
fecal specimens of Rhesus macaques with chronic colitis also has been reported (19).
However, studies in the human setting have, to date, provided inconsistent results.

The possibility has also been proposed that virulent strains of Escherichia coli may
be associated with either Crohn’s disease or ulcerative colitis (20). Some of the studies
support the concept that there are bacteria present adherent to the surface mucosa in
affected patients that are not observed in asymptomatic controls. Fluorescent in situ
hybridization analysis provides a complementary experimental approach to support
these observations, which were initially provided using standard culture techniques of
luminal materials and intestinal biopsy specimens.

It is possible that other nonculturable organisms are associated with the onset of chronic
inflammatory bowel diseases in genetically susceptible persons. As a result, several
groups are now undertaking broad range PCR with 16S rDNA as template using tissues
obtained from either new-onset disease or surgical resection specimens. The potential
for such an approach bearing fruit is provided by other successes using this methodo-
logical approach to identify the hepatitis C virus. Such an approach also has been used to
identify at least 50 novel, nonculturable microbial species in the oral cavity of humans
(21). Whether the organisms are simply nonpathogenic inhabitants of a complex micro-
flora or are opportunistic pathogens, at least in certain circumstances, associated with
clinical disease (such as periodontitis), remains to be determined.

16S rRNA templates for PCR have also been used to demonstrate that archaea can
inhabit the large intestine of humans. Whether the number and composition of archaea
are altered in the intestinal microflora of subjects with chronic inflammatory bowel
diseases is the subject of current investigation. This research focus is worthy of pursuit
given recent evidence of archaea species identified in subgingival crevices of the oral
cavity in 36% of 50 subjects with periodontitis vs none of 31 healthy controls (22). In
further support of a role for these archaea species in disease, there was evidence of
improvement in clinical periodontitis following eradication therapy.

2.2. Commensal Microflora as an Injurious Agent
Increasingly, it is now recognized that constituents of the normal microbiota can

cause damage to susceptible and stressed hosts. For a large variety of murine models of

Table 1
Observations Which Suggest That Crohn’s Disease Has an Infectious Etiology

Positive response to antibiotic therapy.
Positive response to surgical diversion of the fecal stream.
High prevalence of antibodies to microbial antigens.
Absence of inflammation in susceptible animals raised germ-free.
Susceptibility gene (Nod2) involved in recognition of bacterium-derived peptidoglycan.
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inflammatory bowel disease, mice will only develop inflammation when they are raised
in conventional facilities (23). By contrast, animals raised under germ-free conditions
do not develop intestinal injury.

We have shown that commensal bacteria, which normally have no effect on gut bar-
rier integrity and function, adhere to the mucosal surface and cause damage when the gut
is under stress (24,25). These observations using polarized intestinal epithelia grown
in tissue culture have been extended to the in vivo setting using a model of chronic water
avoidance stress in rats (26).

There is also the potential that bacterial products, rather than intact viable organisms,
induce mucosal inflammation in the genetically susceptible host. For instance, recent
evidence suggest that subjects with Crohn’s disease have a much greater prevalence of
anti-flagellin antibodies in the serum (50%), compared with healthy matched controls
(8%). Moreover, adoptive transfer of flagellin-specific CD4+ T-cells into severe com-
bined immunodeficiency mice induces colitis (27).

Gastrointestinal disorders have been considered here as a paradigm for the identifi-
cation of microbes as etiological agents in a variety of human disease conditions. These
same considerations are also being applied to a variety of disease states related to chronic
inflammation, including for example, autoimmune disorders (28).

3. Role of Probiotics
Probiotics is a term that refers to live organisms that are purported to have beneficial

effects on health (29). Prebiotics refers to substrates, such as nonabsorbable carbohy-
drate in the form of fructo-oligosaccharides and inulin, which promote the growth of pro-
biotics (30). Synbiotics is used to describe the approach of combining prebiotics and
probiotics with the intention that the combination therapy is better than either approach
provided in isolation.

Probiotic agents commonly employed to promote human health or to prevent or treat
diseases in humans generally are Gram-positive bacteria resident in the normal colonic
microbiota and predominate in the intestinal flora of healthy breast-fed infants (Table 2).
The entire genomes of several probiotic bacteria have now been sequenced (31,32).

There is compelling level 1 evidence (that is, results arising from randomized con-
trolled clinical trials) showing that probiotics are effective in treating a variety of diseases
affecting the gastrointestinal tract (33). For instance, probiotics have been successfully
used to reduce colonization of the stomach by H. pylori both in humans (34) and in expe-
rimental animals (35). Several meta-analyses show that probiotics also reduce the sever-

Table 2
Agents Used as Probiotic Therapy in Humans

Bacteria
Lactobacillus species (acidophilus, rhamnosus, bulgaricus)
Lactococcus lactis
Streptococcus thermophilus
Bifidobacter species (bifidum, breve, infantis)
Escherichia coli, strain Nissle 1917
Fungi
Saccharomyces boulardii
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ity and duration of acute virus-induced enteritis in young children (36,37). In addition,
probiotics may prevent the onset of infectious diarrhea in a variety of clinical settings,
including, for example, antibiotic-associated diarrhea (38), in children attending the day
care setting and in the context of travelers’ diarrhea.

Gram-negative bacteria have also been employed as a probiotic agent. For instance,
E. coli strain Nissle 1917 (serotype O6:K5:H1) lacks virulence determinants, such as
enterotoxins, encoded by pathogenic E. coli strains, but does possess genes encoding
bacterial adhesins, including type 1 fimbriae and curli (39). The strain has been used in
a variety of experimental studies and clinical trials in humans with apparent efficacy
(40). Although there are theoretical concerns about the acquisition of virulence deter-
minants and antimicrobial resistance genes from other organisms in the intestinal flora,
such negative outcomes have not been documented.

Nonpathogenic fungi also have been employed as probiotic agents. Saccharomyces
boulardii has been widely used in the prevention and treatment of antibiotic-induced
Clostridium difficile pseudomembranous colitis. S. boulardii can prevent the damag-
ing effects of enterohemorrhagic E. coli O157:H7 infection on polarized epithelia grown
in tissue culture (41). There is some debate about whether S. boulardii is truly distinct
from S. cerevisiae used in Baker’s yeast (42). Although generally safe, there are reports
of fungemia in immunocompromised individuals (43).

Recent interest has focused on the use of a mixture of bacteria as a probiotic cocktail.
A mixture of eight different bacteria in concentrations reported as high as 1010 live
organisms per administration have been employed with success in randomized con-
trolled clinical trials. For instance, in prospective placebo-controlled clinical trials the
VSL no. 3 mixture of probiotics (VSL Pharmaceuticals) was used to prevent both the
development and the recurrence of pouchitis in the neorectum of subjects with idio-
pathic ulcerative colitis who have previously undergone sub-total colectomy (44,45).

VSL no. 3 also has been employed to treat experimental colitis in mice deficient in
interleukin (IL)-10 (46). The development of colitis in the IL-10 knockout mice also
can be prevented by feeding the animals the mixture of probiotics after weaning, before
the onset of colitis (47).

There is increasing interest in the mechanism(s) of action underlying the proposed
beneficial effects of probiotics (Table 3). Although there is no general consensus (48), cur-
rent evidence suggests that probiotics exert their effects through multiple mechanisms

Table 3
Potential Mechanisms of Action of Probiotics

Enhanced innate immunity
Increased mucin secretion
Enhanced adaptive immunity
Increased sIgA
Reduced NF- B activation
Altered Th1/Th2/Thr balance
Blocking receptor binding sites
Direct antimicrobial effects
Bacteriocins
Reduced pH



260  Sherman, Bourke, and Chan

of action that may well differ amongst different strains and varying species. Some pro-
biotic agents promote innate immune functions; for example, by promoting mucin secre-
tion that prevent pathogen binding to mucosal surfaces (49). Probiotics also can adhere
to surface epithelia and compete for available receptor binding sites with pathogenic
bacteria. Probiotics also may influence adaptive immunity by promoting production and
secretion of polymeric secretory immunoglobulin A and downregulating activation of
proinflammatory transcription factors such as nuclear factor- B (50).

There is increasing interest in the possibility that live organisms might not be abso-
lutely necessary for the observed beneficial effects. For instance, several reports indicate
that DNA derived from probiotic bacteria can mimic the effects observed with intact,
viable organisms (51,52) Although by definition no longer a probiotic agent, bacterial
products, including DNA, offer the potential for use of a product that is cheaper and
easier to maintain, store, and transport. Nonviable products also offer, of course, the
advantages of avoiding acquired antimicrobial resistance and systemic toxicities. On
the other hand, many studies indicate the requirement for viable organisms in order to
observe beneficial effects.

Lactococcus lactis has been genetically engineered to produce and secrete biologi-
cally active murine forms of IL-10 or trefoil factor. Feeding mice these modified L. lactis
strains is effective in healing and preventing intestinal injury in murine models of colitis
(53,54). Thus, probiotic strains appear to be useful as vehicles for the delivery of anti-
inflammatory compounds to sites of injury in the intestinal tract.

It is apparent that probiotic agents may have effects distal to their site of colonization.
For instance, both short-term and longer-term prospective randomized studies in infants
and toddlers indicate that probiotics can prevent eczematous skin disease in atopic indi-
viduals. Verdu and colleagues (55) have shown that L. paracasei, but not other probiotic
strains, can attenuate muscle hypercontractility in a mouse model of postinfectious
irritable bowel syndrome. Intravaginal administration of probiotics has been used to pre-
vent and treat vaginitis and urinary tract infections in women and relevant experimen-
tal animal models (56).

Probiotics taken orally colonize the length gastrointestinal tract. However, the coloni-
zation is transitory in nature because the organisms are replaced by the resident colonic
microflora soon after stopping ingestion. Although this means that probiotics must be
taken on a regular (usually daily) basis, it also provides a level of reassurance that the
organisms can be removed from the host should untoward or unexpected effects arise.

The previously mentioned discussion has considered the effects of probiotics in
humans. There is also great interest in the use of probiotic agents as an alternative to anti-
biotics in the prevention and treatment of diseases in domesticated animals, fish farm-
ing, and the like.

4. Comparative Genomics for the Identification of Virulence Genes
The availability of an increasing number of bacterial genomes now permits analyses

undertaken at the whole genome level. For instance, Bansal and Meyer (57) compared
the complete genome sequences of 27 bacteria, eight archaea and two eukaryotic species.
The study showed a positive relationship between gene content and genome size. Not un-
expectedly, smaller genomes were characterized by essential genes. The authors con-
cluded that roughly 2000 genes is the about the minimal size for a free-living organism.
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The number of Fun (for “function unknown”) genes is roughly 20% of open reading
frames for most of the prokaryotes sequenced to date (58). Although all such predicted
open reading frames may not be transcribed and translated into proteins, it is not yet
known whether the hypothetical proteins potentially encoded by at least some of these
Fun genes are involved either enhancing virulence or in mediating the pathogenesis of
disease by pathogenic bacteria.

Eppinger and colleagues (59) compared the complete genome sequences available
for five organisms from the epsilon subdivision of Proteobacteria, including two strains
of H. pylori, Helicobacter hepaticus, C. jejuni and the related but nonpathogenic
Wolinella succinogenes. The study showed that the five bacteria share about one-half
of their genes in common. Variations in genes relate to virulence including, for exam-
ple, genes encoding lipopolysaccharide, flagella, and lipoproteins. Such variability likely
accounts for variations in the niche occupied in the infected host (that is, the stomach
for H. pylori vs the small bowel and large intestine for H. hepaticus and C. jejuni).

Read and colleagues (60) have shown the ability of a genome-based analysis to detect
unique polymorphisms between sequenced strains of Bacillus anthracis. Such molecular
targets could prove helpful, for example, in determining whether outbreaks of infecti-
ous disease in the future arise from a common point source. Microbial forensics is a term
coined by Cummings and Relman (61) to describe the utility of employing compara-
tive genome sequencing to determine the molecular relatedness of bacterial pathogens.
Such tools can also be employed, of course, to determine ancestral origin and potential
routes of transmission of related strains.

Characterization of microbes in the future is likely to combine assessment of whole
genome sequencing with a detailed proteomic analysis (62). Putative virulence genes
identified from the genomes sequenced by these analyses must be verified experimen-
tally by the construction of isogenic mutants and testing the constructs using appropri-
ate animal models. Transgenic animals and knockout mice defective in innate immune
responses or signal transduction pathways will prove invaluable for such studies (see
Chapter 4). These complementary analyses are likely to prove fruitful in dissecting mech-
anisms of virulence and, thereby, provide novel targets for use in the development of
strategies that can be employed for interrupting the infectious process.

Acknowledgments
PMS is the recipient of a Canada Research Chair in Gastrointestinal Disease.

References
1. Doolittle, R. F. (1998) Microbial genomes opened up. Nature 392, 339–342.
2. Jenks, P. J. (1998) Sequencing microbial genomes—what will it do for microbiology?

J. Med. Microbiol. 47, 375–382.
3. Chan, V. L. (2003) Bacterial genomes and infectious diseases. Pediatr. Res. 54, 1–7.
4. Ussery, D. W. (2004) Genome update: 161 prokaryotic genomes sequenced, and counting.

Microbiology 150, 261–263
5. Moran, N. A. (2002) Microbial minimalism: genome reduction in bacterial pathogens. Cell

108, 583–586.
6. Rappe, M. S. and Giovannoni, S. J. (2003) The uncultured microbial majority. Annu. Rev.

Microbiol. 57, 369–394.



262  Sherman, Bourke, and Chan

7. Raoult, D., Birg M. L., La Scola, B., et al. (2000) Cultivation of the bacillus of Whipple’s
disease. N. Engl. J. Med. 342, 620–625.

8. Bentley, S. D., Malwald, M., Murphy, L. D., et al. (2003) Sequencing and analysis of the
genome of the Whipple’s disease bacterium Tropheryma whipplei. Lancet 361, 637–644.

9. Maiwald, M., Von Herbay, A., Lepp, P. W., and Relman, D. A. (2000) Organization, struc-
ture, and variability of the rRNA operon of the Whipple’s disease bacterium (Tropheryma
whipplei). J. Bacteriol. 182, 3293–3297.

10. Allan, P. (2001) What’s the story H pylori? Lancet 357, 694.
11. Peek, R. M. Jr. and Blaser, M. J. (2002) Helicobacter pylori and gastrointestinal tract adeno-

carcinoma. Nature Rev. Cancer 2, 28–37.
12. Houghton, J. M., Stoicov, C., Nomura S., et al. (2004) Gastric cancer originating from bone

marrow-derived cells. Science 306, 1568–1571.
13. Lecuit, M., Abachin, E., Martin, A., et al. (2004) Immunoproliferative small intestinal dis-

ease associated with Campylobacter jejuni. N. Engl. J. Med. 350, 239–248.
14. Linskens, R. K., Huijsdens, X. W., Savelkoul, P. H. M., Vandenbroucke-Grauls, J. E., and

Meuwissen, S. G. M. (2001) The bacterial flora in inflammatory bowel disease: current
insight in pathogenesis and the influence of antibiotics and probiotics. Scand. J. Gastro-
enterol. 36(Suppl 234), 29–40.

15. Selby, W. S. (2004) Mycobacterium avium subspecies paratuberculosis bacteraemia in
patients with inflammatory bowel disease. Lancet 364, 1013–1014.

16. Saunders, K. E., Shen, Z., Dewhirst, F. E., Paster, B. J., Dangler, C. A., and Fox, J. G.
(1999) Novel intestinal Helicobacter species isolated from cotton-top tamarins (Sanguinus
oedipus) with chronic colitis. J. Clin. Microbiol. 37, 146–151.

17. Jiang, H.-Q., Kushnir, N., Thurnheer, M. C., Bos, N. A., and Cebra, J. J. (2002) Mono-
association of SCID mice with Helicobacter muridarum, but not four other enterics, pro-
vokes IBD upon receipt of T cells. Gastroenterology 122, 1346–1354.

18. Whary, M. T. and Fox, J. G. (2004) Natural and experimental Helicobacter infections.
Comp. Med. 54, 128–158.

19. Sestak, K., Merritt, C. K., Borda, J., et al. (2003) Infectious agent and immune response char-
acteristics of chronic enterocolitis in captive rhesus macaques. Infect. Immun. 71, 4079–
4086.

20. Campieri, M. and Gionchetti, P. (2001) Bacteria as a cause of ulcerative colitis. Gut 48,
132–135.

21. Kroes, I., Lepp, P. W., and Relman, D. A. (1999) Bacterial diversity within the human
subgingival crevice. Proc. Natl. Acad. Sci. USA 96, 14,547–14,552.

22. Lepp, P. W., Brinig, M. M., Ouverney, C. C., Palm, K., Armitage, G. C., and Relman, D. A.
(2004) Methanogenic Archaea and human periodontal disease. Proc. Natl. Acad. Sci. USA
101, 6176–6181.

23. Pizarro, T. T., Arseneau, K. O., and Cominelli, F. (2000) Lessons from genetically engi-
neered animal models XI. Novel mouse models to study pathogenic mechanisms of Crohn’s
disease. Am. J. Physiol. 278, G665–G669.

24. Zareie, M., Singh, P., Irvine, E., Sherman, P., McKay, D., and Perdue, M. (2001) Monocyte/
macrophage activation by normal bacteria and bacterial products: implications for epithe-
lial function in Crohn’s disease. Am. J. Pathol. 158, 1101–1109.

25. Nazli, A., Yang. P.-C., Jury, J., et al. (2004) Epithelia under metabolic stress perceive
commensal bacteria as a threat. Am. J. Pathol. 164, 947–957.

26. Soderholm, J., Yang, P.-C., Ceponis, P., et al. (2002) Chronic stress induces mast cell
dependent bacterial adherence and initiates mucosal inflammation in rat intestine. Gastro-
enterology 123, 1099–1108.



Future Directions in ID Research 263

27. Lodes, M. J., Cong, Y., Elson, C. O., et al. (2004) Bacterial flagellin is a dominant antigen
in Crohn’s disease. J. Clin. Invest. 113, 1296–1306.

28. Waldner, H., Collins, M., and Kuchroo, V. K. (2004) Activation of antigen-presenting
cells by microbial products breaks self tolerance and induces autoimmune disease. J. Clin.
Invest. 113, 990–997.

29. Agostoni, C., Axelsson, I., Braegger, C., et al. (2004) Probiotic bacteria in dietetic prod-
ucts for infants: a commentary by the ESPGHAN committee on nutrition. J. Pediatr. Gastro-
enterol. Nutr. 38, 365–374.

30. Agostoni, C., Axelsson, I., Goulet, O., et al. (2004) Prebiotic oligosaccharides in dietetic
products for infants: a commentary by the ESPGHAN committee on nutrition. J. Pediatr.
Gastroenterol. Nutr. 39, 465–473.

31. Schell, M. A., Karmirantzou, M., Snel, B., et al. (2002) The genome sequence of Bifido-
bacterium longum reflects its adaptation to the human gastrointestinal tract. Proc. Natl.
Acad. Sci. USA 99, 14,422–14,227.

32. Boekhorst, J., Siezen, R. J., Zwahlen, M.-C., et al. (2004) The complete genomes of Lacto-
bacillus plantarum and Lactobacillus johnsonii reveal extensive differences in chromo-
some organization and gene content. Microbiology 150, 3601–3611.

33. Servin, A. L. (2004) Antagonistic activities of lactobacilli and bifidobacteria against micro-
bial pathogens. FEMS Microbiol. Rev. 28, 40–440.

34. Hamilton-Miller, J. M. (2003) The role of probiotics in the treatment and prevention of
Helicobacter pylori infection. Int. J. Antimicrob. Agents 22, 360–366.

35. Johnson-Henry, K., Mitchell, D. J., Avitzur, Y., Galindo-Mata, E., Jones, N. L., and
Sherman, P. M. (2004) Probiotics reduce bacterial colonization and gastric inflammation
in H. pylori-infected mice. Dig. Dis. Sci. 49, 1095–1102.

36. Van Niel, C. W., Feudtner, C., Garrison, M. M., and Chritakis, D. A. (2002) Lactobacillus
therapy for acute infectious diarrhea in children: a meta-analysis. Pediatrics 109, 678–684.

37. Huang, J. S., Bousvaros, A., Lee, J. W., Diaz, A., and Davidson, E. J. (2002) Efficacy of
probiotic use in acute diarrhea in children: a meta-analysis. Dig. Dis. Sci. 47, 2625–2634.

38. Cremonini, F., Di Caro, S., Nista, E. C., et al. (2002) Meta-analysis: the effect of probiotic
administration on antibiotic-associated diarrhoea. Aliment. Pharmacol. Therap. 16, 1461–
1467.

39. Grozdanov, L., Raasch, C., Schulze, J., et al. (2004) Analysis of the genome structure of the
nonpathogenic probiotic Escherichia coli strain Nissle 1917. J. Bacteriol. 186, 5432–5441.

40. Kruis, W., Fric, P., Pokrotnieks, J., et al. (2004) Maintaining remission of ulcerative colitis
with the probiotic Escherichia coli Nissle 1917 is as effective as with standard mesalazine.
Gut 53, 1617–1623.

41. Dahan, S., Dalmasso, G., Imbert, V., Peyron, J. F., Rampal, P., and Czerucka, D. (2003)
Saccharomyces boulardii interferes with enterohemorrhagic Escherichia coli-induced sig-
naling pathways in T84 cells. Infect. Immun. 71, 766–733.

42. Stevens, D. A. (2001) Saccharomyces and enteropathogenic Escherichia coli. Infect. Immun.
69, 4192.

43. Cassone, M., Serra, P., Mondello, F., et al. (2003) Outbreak of Saccharomyces cervisiae
subtype boulardii fungemia in patients neighboring those treated with a probiotic prepara-
tion of the organism. J. Clin. Microbiol. 41, 5340–5343.

44. Gionchetti, P., Rizzello, F., Venturi, A., et al. (2000) Oral bacteriotherapy as maintenance
treatment in patients with chronic pouchitis: a double-blind, placebo-controlled trial. Gastro-
enterology 119, 305–309.

45. Gionchetti, P., Rizello, F., Helwig, U., et al. (2003) Prophylaxis of pouchitis onset with pro-
biotic therapy: a double-blind, placebo-controlled trial. Gastroenterology 124, 1202–1209.



264  Sherman, Bourke, and Chan

46. Madsen, K. L., Doyle, J. S., Jewell, L. D., Tavernini, M. M., and Fedorak, R. N. (1999)
Lactobacillus species prevents colitis in interleukin-10 gene-deficient mice. Gastroenter-
ology 116, 1107–1114.

47. Madsen, K., Cornish, A., Soper, P., et al. (2001) Probiotic bacteria enhance murine and
human intestinal epithelial barrier function. Gastroenterology 121, 580–591.

48. Abbott, A. (2004) Gut reaction. Nature 427, 284–286.
49. Mack, D. R., Michail, S., Wei, S., McDougall, L., and Hollingsworth, M. A. (1999)

Probiotics inhibit enteropathogenic Escherichia coli adherence in vitro by inducing intes-
tinal mucin gene expression. Am. J. Physiol. 276, G941–G950.

50. Petrof, E. O., Kojima, K., Ropeleski, M. J., et al. (2004) Probiotics inhibit nuclear factor-
kB and induce heat shock proteins in colonic epithelial cells through proteasome inhibi-
tion. Gastroenterology 127, 1474–1487.

51. Rachmilewitz, D., Katakura, K., Karmeli, F., et al. (2004) Toll-like receptor 9 signaling
mediates the anti-inflammatory effects of probiotics in murine experimental colitis. Gastro-
enterology 126, 520–528.

52. Jijon, H., Backer, J., Diaz, H., et al. (2004) DNA from probiotic bacteria modulates murine
and human epithelial and immune function. Gastroenterology 126, 1358–1373.

53. Steidler, L., Hans, W., Schotte, L., et al. (2000) Treatment of murine colitis by Lactococcus
lactis secreting interleukin-10. Science 289, 1352–1355.

54. Vandenbroucke, K., Hans, W., Van Huysse, J., et al. (2004) Active delivery of trefoil fac-
tors by genetically modified Lactococcus lactis prevents and heals acute colitis in mice.
Gastroenterology 127, 502–513.

55. Verdue, E. F., Bercik, P., Bergonzelli, G. E., et al. (2004) Lactobacillus paracasei normal-
izes muscle hypercontractility in a murine model of postinfective gut dysfunction. Gastro-
enterology 127, 826–837.

56. Reid, G., Jass, J., Sebulsky, M. T., and McCormick, J. K. (2003) Potential uses of probiotics
in clinical practice. Clin. Microbiol. Rev. 16, 658–672.

57. Bansal, A. K. and Meyer, T. E. (2002) Evolutionary analysis by whole-genome compari-
sons. J. Bacteriol. 184, 2260–2272.

58. Doolittle, F. R. (2002) Microbial genomes multiply. Nature 416, 697–700.
59. Eppinger, M., Baar, C., Raddatz, G., Huson, D. H., and Schuster, S. C. (2004) Compara-

tive analysis of four Campylobacterales. Nature Rev. Microbiol. 2, 872–885.
60. Read, T. D., Salzberg, S. L., Pop, M., et al. (2002) Comparative genome sequencing for

discovery of novel polymorphisms in Bacillus anthracis. Science 296, 2028–2033.
61. Cummings, C. A. and Relman, D. A. (2002) Microbial forensics—”cross-examining patho-

gens.” Science 296, 1976–1979
62. Boyce, J. D., Cullen, P. A., and Adler, B. (2004) Genomic-scale analysis of bacterial gene

and protein expression in the host. Emerg. Infect. Dis. 10, 1357–1362.



Index 265

265

Index

A

ActA, 128
Adaptive immunity, overview, 42, 44
Adhesin,

antigenic variation in mycoplasma, 185
Staphylococcus aureus genomic islet,

198–200
asd, 233

B

Bacille Calmette-Guérin (BCG), derivation
and uses, 152, 156, 157

Bacteriophage,
mycobacteria, 160
Staphylococcus aureus, 200, 201
Vibrio cholerae, 234, 235

BCG, see Bacille Calmette-Guérin
Bordetella, virulence species origins, 26
Brucella, DNA microarray analysis,

32, 33

C

CagA, 98, 99
Campylobacter,

Campylobacter jejuni,
genome sequencing, 64
glycomics,

capsular polysaccharides,
76, 77

flagellin glycosylation studies,
77, 78, 80

lipooligosaccharides, 73–75
mass spectrometry, 67, 69, 77, 78,

80, 81, 83
N-linked glycosylation, 80, 81, 83
nuclear magnetic resonance,

71–73, 78
overview, 64–67
prospects for study, 84, 85
therapeutic targeting, 83, 84

virulence factors, 64

comparative genomic analysis with
Helicobacter species,

genome diversity sources, 101
prospects for study, 101, 102
sequence availability, 99
virulence, 99–101

culture, 256
diseases, 63, 64
genome sequencing, 91–93

CFP-10, 163, 164
Chlamydia, DNA microarray analysis,

33, 34
Cholera, see Vibrio cholerae
Chromosome,

origins of replication, 6, 7
prophage influence on structure, 11
size distribution in microbes, 2, 3
topology and number, 3–5

ClfA, 199
ClfB, 199
Clusters of Orthologous Groups of proteins

(COGs), Leptospira analysis,
115, 116

Coagulase, Staphylococcus aureus genomic
islet, 197, 198

Codon usage, diversity among microbes, 6
COGs, see Clusters of Orthologous Groups

of proteins
Commensal bacteria, mucosal injury,

257, 258
Comparative genomic analysis,

Campylobacter vs Helicobacter species,
genome diversity sources, 101
prospects for study, 101, 102
sequence availability, 99
virulence, 99–101

intraspecies comparisons, 5, 6
virulence gene identification, 260, 261
virulent vs nonvirulent strains, 32

Crohn’s disease, infectious etiology
evidence, 256, 257



266 Index

D

DegU, 135
DNA microarray,

Brucella species, 32, 33
Chlamydia, 33, 34
Escherichia coli, 35
host–pathogen interaction studies, 35, 36
Porphyromonas gingivalis, 33
principles, 32
Streptococcus pneumoniae, 34, 35

DNA microarray, Vibrio cholerae virulence
gene expression analysis, 239, 240

E–G

ESAT-6, 161, 163, 164, 197
Escherichia coli,

DNA microarray analysis, 35
virulence strain origins, 24

ETA, see Exfoliative toxin A
Exfoliative toxin A (ETA), 200
FlaC, 64
Flagellin, glycosylation studies in

Campylobacter, 77, 78, 80
fnb genes, 198, 199
FUN genes, analysis, 31, 261
GBS, see Guillain-Barré syndrome
GC content,

Leptospira genome, 111
variation in microbes, 5
Vibrio genomes, 229, 241, 242

GEIs, see Genetic elements and islands
Gene cassette, comparative genomic

analysis, 10
Genetic elements and islands (GEIs),

Staphylococcus aureus, 193, 206, 207
structure, distribution, and function, 12
Vibrio cholerae, 236, 237
virulence species origins, 24

Glycomics, Campylobacter jejuni,
capsular polysaccharides, 76, 77
flagellin glycosylation studies, 77, 78, 80
lipooligosaccharides, 73–75
mass spectrometry, 67, 69, 77, 78, 80,

81, 83
N-linked glycosylation, 80, 81, 83
nuclear magnetic resonance, 71–73, 78
overview, 64–67
prospects for study, 84, 85
therapeutic targeting, 83, 84

Group A Streptococcus, whole-genome
polymerase chain reaction
scanning, 36

Guillain-Barré syndrome (GBS),
Campylobacter role, 63

H

Haemophilus influenzae, genome
sequencing, 1

Helicobacter,
comparative genomic analysis with

Campylobacter species,
genome diversity sources, 101
prospects for study, 101, 102
sequence availability, 99
virulence, 99–101

culture, 256
enterohepatic species and pathogenicity,

95, 96
gastric species, 94, 95
genome sequencing, 91–93
Helicobacter pylori,

DNA microarray analysis, 35, 36
functional genomics, 97, 98
genome structure, 96, 97
history of study, 91, 94
population genetics, 97
virulence factors, 98, 99

virulence gene identification, 261
HGT, see Horizontal gene transfer
hlyA, 233
Horizontal gene transfer (HGT),

evolution role, 22
Vibrio cholerae, 231, 234

hsd genes, 206

I

IKK , Toll-like receptor signaling, 53
InlA, 128–130, 139
InlB, 128–130, 133, 139
InlC, 133
Innate immunity, overview, 41, 42, 44
Insertion sequence (IS),

comparative genomic analysis, 8–10
Mycobacterium avian complex,

159
Integrons,

comparative genomic analysis, 10
Vibrio cholerae, 229, 237, 239



Index 267

Interleukin-1 receptor-associated protein
kinases (IRAKs), Toll-like receptor
signaling, 49–51, 53, 54

Introns, structure, distribution, and
evolution, 10, 11

IRAKs, see Interleukin-1 receptor-
associated protein kinases

IS, see Insertion sequence

J–L

JlpA, virulence factor function, 36, 37
Lactococcus lactis, probiotic use, 260
Leptospira,

classification, 109, 110
endoflagella, 118
gene expression regulation, 118
gene layout, 112, 113
genome annotation, 113–116, 121, 122
genome comparisons, 110, 111
genome features, 111, 112
lipopolysaccharide, 118, 119
lipoproteins, 120, 121
metabolism, 116, 117
protein secretion systems, 119, 120
serovars, 109

lgy, 186
Lipooligosaccharide, see Glycomics
Lipopolysaccharide (LPS), Leptospira,

118, 119
Listeria monocytogenes,

diseases, 125
DNA microarray analysis, 35
genome features of strains, 128–130
genomics study prospects, 1341–143
hosts, 125
life cycle, 125–127
PrfA,

B regulon interactions, 139–141
target gene identification, 136–139

virulence factors,
cell wall linkage of proteins,

131, 132
comparative genomics in

identification, 130
lipoprotein anchoring, 132, 133
lipotechoic acid anchoring of proteins,

133, 134
metabolism genes, 134
PrfA activity regulation, 135, 136

protein translocation across plasma
membrane, 130

role in disease, 127, 128
surface protein anchoring, 131
transcriptional regulators, 135

LpeA, 132
LPS, see Lipopolysaccharide
luk genes, 207

M

Mal, Toll-like receptor signaling, 51
Mammalian cell entry (MCE) proteins,

mycobacteria, 164, 165
Mass spectrometry (MS), glycomics

analysis, 67, 69, 77, 78, 80, 81, 83
MCE proteins, see Mammalian cell entry

proteins
mdh, 233
mecA, 202, 203
MLEE, see Multilocus enzyme

electrophoresis
MLSA, see Multilocus sequence analysis
Mollicute, see Mycoplasma
MS, see Mass spectrometry
Multilocus enzyme electrophoresis (MLEE),

Vibrio cholerae studies, 229,
231, 232

Multilocus sequence analysis (MLSA),
Vibrio cholerae studies, 231, 233

Mycobacteria,
bacteriophages, 160
diseases, 151, 152
ESAT-6/CFP-10 antigens, 163, 164
lipid metabolism genes, 161, 163
mammalian cell entry proteins, 164, 165
Mycobacterium avian complex,

genome features, 158, 159
species, 158

Mycobacterium leprae,
disease, 157
genome features, 157, 158

Mycobacterium marinum, 159, 160
Mycobacterium smegmatis, 160
Mycobacterium tuberculosis,

Bacille Calmette-Guérin, 152,
156, 157

complex, 155, 156
genome features, 154, 155
immune response, 153



268 Index

treatment, 153, 154
tuberculosis history and impact,

152, 153
Mycobacterium ulcerans, 159, 160
PE/PPE genes, 163
prospects for study, 166
resuscitation promoting factors, 165, 166
species, 152

Mycoplasma,
adaptation and pathogenicity, 186
adhesin antigenic variation, 185
human diseases, 176
mollicute host specificity, 175, 176
Mycoplasma penetrans,

gene conservation from
ancestral bacteria, 179, 180

gene reduction events, 180
genome size, 179
paralogs, 180, 182

p35 paralogs,
Mycoplasma penetrans, 182
promoter switching, 182

paralog formation in phytoplasma, 185,
186

polymerase slippage, 183–185
reductive evolution,

essential genes for mollicutes,
178, 179

mollicutes, 177, 177
symbiosis, 176, 177

virulence species origins, 26
MyD88, Toll-like receptor signaling,

49–51

N–P

ndk, 180
NMR, see Nuclear magnetic resonance
Nonculturable organisms, approaches to

study, 255–257
Nuclear magnetic resonance (NMR),

glycomics analysis, 71–73, 78
OpuC, 138
Origin of replication, comparative genomic

analysis, 7, 8
p1, 185, 186
p35, see Mycoplasma
PAIs, see Pathogenicity islands
Pathogenicity islands (PAIs),

Staphylococcus aureus, 204–206

structure, distribution, and function,
11, 12

Vibrio cholerae, 235, 236
virulence species origins, 24

PE genes, 163
Phage, see Bacteriophage
Phospholipases, Listeria, 127
Plague, see Yersinia pestis
Plasmids,

structure, size, topology, and evolution, 8
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bacteriophages, 234, 235
biotypes, 227
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