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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.
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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 (/). 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 (/0). 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 (1/1—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 (/8). 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 (PAls) 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 (ExXPEC)
E. coli CFTO073 strain, but the island of the pathogenic strain also contains the com-
plete Aly and pap gene clusters coding for the important virulence factors a-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 Aly 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 I1I 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 CTXe,
(2) CTX¢ that contains the ctx AB genes that encode cholera toxin (CT) (317), and (3)
transcriptional regulator genes (foxRS) 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 (4/—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 (/). 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 (MRS As), 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, PAls, GEls, 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 (50,5/; 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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Fig. 1. Mechanisms of evolution of virulent strains and species. Mechanisms are not exclu-
sive. Evolution of virulent strains from a nonvirulent strain may include one or more mecha-
nisms, whereas evolution of a virulent species generally would involve multiple mechanisms.
The letters M, N, and L are different genes, and m is a mutant gene of M. PAI, pathogenicity
island; pl, plasmid.

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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