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Preface
Genomics is the branch of molecular biology that is concerned with the structure, function,

evolution and mapping of genomes. A genome is an organism's complete set of DNA, including all of
its genes. Each genome contains all of the information needed to build that organism and allow it to
grow and develop. Understanding the genetic basis behind infectious diseases caused by bacterial
strains is one of the most important reasons for studying the bacterial genome.

The study of bacterial DNA and its genetics can be intellectually fascinating, but it also has
plenty of practical applications. A thorough understanding of the bacterial genome can have important
medical as well as social impacts in the drug discovery programmes carried out against infectious
diseases, which are the leading cause of deaths, worldwide. Most of infectious diseases have proved
to be fatal. The logarithmic increase of pathogens and their potential virulent factors are presenting a
formidable threat to public health. Evidences have shown that microbial pathogens use a common
pathogenic strategy known as pathogenesis. They have tremendous ability to adhere, escape from host
defence mechanism, invade and colonise inside the host cell. They cause damage to host tissue,
dysfunction the organs or organelles and finally enter into circulatory system. In the end, they
conquer the throne. The patient ultimately dies because of septicaemia or bacteraemia. Infectious
agents also acquire drug resistant mechanisms thereby making the drug therapy worthless. The spread
of common mechanism of pathogenesis and drug resistance by the bacterial strains are considered to
have originated from a common ancestor. The bacterial strains are notorious for their inclinations
towards exchanging of genetic material by the processes like conjugation, transduction and moreover
by transformation. The virulent genes present in core genome or plasmids are reported to have been
getting transferred from one bacterial strain to other bacterial strains by using the above-mentioned
processes. Consequently, the recipient bacterial genome gets enriched with a multitude of virulent
genes. The core genome intercalated with a number of gene cassettes for virulence or drug resistance
makes the ‘Pathogenicity island’ (PAI). Like an island which is surrounded by water, the virulent
genes flanked by other genes may not be for virulence but for other protein expressions related to its
metabolic activity. Further, it is evident that the PAIs as a whole are able to shuttle genome structure.
This is the root cause of spread of virulence as well as drug resistance among the bacterial strains.
Controlling this has always remained a challenge more possibly for lack of a comprehensive source
that provides complete guidelines to deal with the menace, and the present work attempts to bridge
this gap.

This book provides a complete course on Bacterial Genomics. It contains relevant information
on the features of Pathogenic islands (PAI), identification and typification of bacterial strains with
clinical relevance, the origin and spread of drug resistance by using horizontal gene transfer
mechanisms, bacterial gene editing strategies, bacterial whole genome projects and moreover Codon
bias and GC percentage skews. The most striking feature of the book is the provision of lab-based
findings, which will enable the students and researchers appreciate the subject with a scientific view.
This book is a compendium of all the techniques involved in Medical Bacteriology.



I have many goals in writing this book, the overriding one being providing a scientific approach
in Diagnostic Bacterial Genomics by which the students can make a journey from isolation of
bacterial strains from samples of clinical relevance and identification up to the bacterial gene level.
This process is not easy for either students or researchers. Indeed, the contents of the book shall be
one of the most challenging of all courses taken by the students.

The chapters have been structured into concept modules based on hands on trainings to handle
the bacterial strains of ambulatory importance. Each module begins with a list of learning objectives.
The presentations are smoother and more direct to key points. The illustrations are not only self-
explanatory but lively as well. At the same time, there is a general feeling that very few really cost-
effective and simplified student-friendly Medical Bacteriology books are available to the Indian
students to help them grasp the fundamentals of the subject with conviction. This book seeks to
remove the above deficiency too. Students of M.Sc., M.Phil., Ph.D. and advanced researchers in the
field of Biosciences, Pharmaceutical Biotechnology and Medicine both in Indian Universities and
specialized scientific institutions in India and abroad will find the book very ‘handy’.

While inviting criticism from readers for the improvement of the book and its subject matter,
I desire to express my indebtedness to those authors whose work I have referred to; and my gratitude
to my husband Prof. A.K. Das Mohapatra, Dean, School of Management Studies, Sambalpur
University and my son Debadarshee Das Mohapatra for being the pillars of support during this
scientific journey. My sincere thanks to M/s Himalaya Publishing House Pvt. Ltd., Mumbai and
Mr. Bijoy K. Ojha, Divisional Manager, HPH Ltd. for bringing the book to the domain of the
beneficiaries.

Bhubaneswar SMARANIKA PATTNAIK
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Introduction

Infectious diseases are the leading cause of death worldwide. Most of infectious diseases have
proved to be fatal. The logarithmic increase of pathogens and their potential virulent factors are
presenting a formidable threat to public health. Significant evidence has emerged which indicates that
the microbial pathogens use a common pathogenic strategy known as pathogenesis. They have
tremendous ability to adhere, escape from host defences, invade and colonise inside the host cell. They
cause damage to host tissue, dysfunction the organs or organelles and finally enter into circulatory
system. At the end they conquer the throne. The patient ultimately dies because of septicaemia or
bacteraemia. The infectious agents have also acquired the drug resistant mechanisms so that drug
therapy is observed to be a worthless. The spread of common mechanism of pathogenesis with
substantial efforts to drug resistance by the bacterial strains are thought to be originated from a
common ancestor. The bacterial strains are notorious for their inclinations towards exchanging of
genetic material by the processes of conjugation, transduction and moreover by transformation. The
virulent genes present in core genome or plasmids are reported to be transferred from one bacterial
strains to other bacterial strains by using the above mentioned processes. As a result of which the
recipient bacterial genome become enriched with a multitude of virulent genes. When the core genome
is intercalated with a number of gene cassettes for virulence or drug resistance, are called a
‘Pathogenicity Island’ (PAI). Like an Island which is a piece of island surrounded by water, the
virulent genes are flanked by other genes may not be for virulence but for other protein expressions
related to its metabolic activity. Further, it is evident that the pathogenicity islands (PAI) are able to
shuttle between donor and recipient bacterial cells provided they are compatible to take over the new
genome structure. This is the root cause of spread of virulence as well as drug resistance among the
bacterial strains. With this background, this write up was set-off to put some relevant information
regarding the features of Pathgenicity Islands because the PAI and their features are the prime focus of
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clinicians. Hence, this chapter has highlighted the origin and evolution of PAIs, their mode of shuttles
among bacterial strains and moreover the computer simulated programmes to study the PAIs,
characteristic features.

1. Pathogenicity Islands (PAI)

The concept of Pathogenicity Islands (PAI) was founded by Hacker et al., (1980) of Werner
Goebel’s group at the University of Wurzburg (Germany), who were investigating the genetic basis of
virulence of UPEC (Entero Pathogenic Escherichia coli) strains bearing numbers 536 and J96.

Pathogenicity islands (PAIs) are distinct genetic elements of pathogens encoding various
virulence factors, and are a subset of genomic islands (GIs) which mediate the horizontal or lateral
transfer (HGT) of genes encoding numerous virulence factors (VFs) such as type III and Type IV
secretion systems. Acquaintance of Pathogenicity Islands (PAIs) is an important event in the process
of pathogenicity. The emergence of virulent as well drug resistant strains in the course of evolution of
pathogens, is due to act of a PAI. The PAI, may be in association with REIs (Drug Resistant Islands)
in clinical isolates. In this case, the PAIs promote disease development and REIs give a fitness
advantage to the host over multiple antimicrobial agents.

Many bacteria (Yersinia spp., Pseudomonas aeruginosa, Shigella flexneri, Salmonella
Typhimurium, Enteropathogenic E. coli, Vibrio cholerae, Enterococci etc.) carry PAIs in their
respective core genomes for expression of virulence factors as well as drug resistance.

These pathogenicity islands are acquired during evolution by horizontal gene transfer. A pathogen
may have more than one pathogenicity islands. Pathogenicity islands generally increase microbial
virulence and are not present in non pathogenic members of the same genus or species. However, the
identification and characterization of PAIs are essential in understanding the development of disease
and the evolution of bacterial pathogenesis.

2. Characteristic Features of PAI

The basic charachteristic features of a pathogenic island are depicted in Figure 1.1 and 1.2. The
PAIs are found near the positions of tRNA genes of core genome. Besides, the mobility genes, such as
integrases (int), are frequently located at the beginning of the island, close to the tRNA locus. PAI
harbour one or more genes (V1,V2, V3) that are linked to virulence and are frequently interspersed
with other mobility elements, such as IS elements (IS1, IS2 in Fig. 1.1). There are two types of IS
elements may be seen like (a) ISC (Complete Insertion Element) and (b) ISD (Defective Insertion
Element). Although the function of ISD is not yet clear but it seems to be or remnants of complete IS
elements. The PAI confinements (component sequences) are frequently determined by Direct Repeats
(DRs), which are used for insertion and deletion processes. There may be more than one PAIs are
present having different gene expressions or same gene expression.

There are certain general features which are observed with typical PAI. These features are
outlined below.

Features of PAI

Presence of virulence genes.

Specific presence in pathogens, absence in benign relatives

Comprised of large distinct chromosomal regions (10 to 200 kb).
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Characteristic base composition different from core genome

Insertion of PAI adjacent to tRNA genes

Frequent association with mobile genetic elements

Cryptic or functional integrase or transposase

Presence of IS elements

Chromosomally integrated conjugative transposons, plasmids, and phages

Genetic instability (if functional mobility elements are present)

Mosaic structures of several acquisitions

Different G+C content and codon usage from the rest of the chromosome

Express virulence upon the recipient.

PAI carry one or more virulence genes

For the integration of bacteriophages, and their integration resulted in the
duplication of the DR. Furthermore, DR act as recognition sequences for
enzymes involved in excision of mobile genetic elements, thus contributing to
the instability of a PAI flanked by DR.

3. Origin of PAI

The bacterial ancestor may undergo changes in its lifestyle by passing through the events. like
(a) Genome deletion events (b) Genome acquisition events (c) Mutations, Gene Rearrangements.
These events may lead to deletion of gene(s)/acquisition of plasmid(s) or rearrangement of genes.
Thus, there is origin of PAI. In this context, the conversion of an avirulent strain Escherichia coli into
virulent strains is illustrated in Fig. 1.3. It is well acknowledged that, Escherichia coli is a normal
microflora present in gut of human. This bacterium is commensally related to host. But in course of
time it was converted into different pathogenic strains. The strains were evolved due to acquisition of
plasmids, Phage genomes and more over LEE PAIs. The strains (ETEC, EPEC, EHEC, EIEC, UPEC,
EXEC, EAEC) were emerged with different pathogenicity or virulence factors. More over the strains
were observed with harbouring the PAIs with specific virulence properties. Therefore, the gut
environment could be a contributing factor to transform the avirulent E. coli strains into virulent
strains with distinct PAIs. They include type III secretion system and host invasion (LEE PAI in
pathogenic Escherichia coli, Hrp PAI in Pseudomonas syringae), superantigen (SaPI1 and SaPI2 in
Staphylococcus aureus), colonization factor (VPI in Vibrio cholerae), iron uptake system (SHI-2 in
Shigella flexneri), and enterotoxin (espC PAI in Escherichia coli, she PAI in Shigella flexneri).

4. Virulence Factors of PAI

The factors contributing towards the pathogenesis of bacterial strains are known as virulent factors.
The factors may be Adhesins, Secretins, Colonization factors etc. These factors are further categorized
into different groups and each group is associated with different PAIs. Table 1 depicts the different
Virulence factors and their respective PAIs.
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Table 1: Depicting the major groups of Virulence factors, associated PAI and
organisms (PAI)

Group of VF
(Virulence factors)

Specific Virulence
factors

Names of PAI

Adhesins (Fimbriae,
Glycocalyxor capsule,
Pilli, S layer, Slime layer,
Teichoic acid,
Lipoteichoic acid)

Type 4 pili, P-Pili, S-
and P-fimbriae, Sap
adhesin, Hek adhesin,
AfaE-III, Iha, TcpA

Major PAI, PAI I, IICFT073,
PAI I-IV536,
PAI I, IIJ96PAI-IAL863, TAI, VPI-1

Pore-forming toxins Listeriolysin, alpha-
hemolysin, RTX-like
exotoxin

LIPI-1, PAI I536, PAI II536, O#28

Second-messenger pathway
toxins

CNF-1 PAIIC5, PAI IIJ96

Proteins causing apoptosis Sip B SPI-1
Superantigens TSST-1, ET SAPI1, SAPI2, SAPIbov, etd
Secreted lipases PlcA, PlcB, SmlC LIPI-1, LIPI-2

Secreted Proteases EspC, SigA, Pic,
ShetA1, Mop, BFT

SHI-1, EspC PAI, VPI-1, BFPAI

O Antigens GtrA, GtrB, Gtr SHI-O
Proteins transported by type
I, III, IV, and V protein
secretion systems

Alpha-hemolysin,
EspI, EspC, SigA,
Cag, Tir, EspB, G, F,
Map, SptP, Sse,
Ste,SopD, SopE,
SopE2, PipB, SifA,
SpiC,EspC, CagA

SHI-1, PAI I, II536, PAI I, PAI, IIJ96,
LPA, EspC PAI, SHI-1, SPI-1, SPI-3,
SPI-5, LEE, cag PAI

Antibiotic resistance
phenotype

Pse-1, FloR, AadA2,
Sull, TetR, G

SGI-1

Iron uptake system SHI-2

5. Mobility of PAI

The process like Transformation, Transduction and moreover Conjugation have active role for the
mobility of PAIs across the bacterial genera.

5.1 Movement of PAI through Natural Transformation
Certain bacteria like, Bacillus subtilis, Streptococcus pneumoniae, Helicobacter pylori are capable

of natural transformation. During certain phases of growth, transport systems are expressed and allow
the uptake of free DNA from the environment. Although the majority of this foreign DNA will be
degraded, some fragments that harbouring genes (for pathogenesis) are integrated into the resident
genome of the recipient and maintained. Therefore,, the core genome is integrated with a new patch of
genome called a PAI.
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5.2 Plasmids as Vectors Transfer of PAI
Plasmids are the potent candidates for PAI insertions. Plasmids carrying the virulence genes or

drug resistance genes are able to transfer themselves from one bacterial to other bacterial strains
through a passage tube known as conjugation bridge. The fragment of plasmid DNA carrying the
pathogenic genes move to other bacterial strain. Prior to movement they follow the “Rolling circle”
mechanism. These plasmids can replicate autonomously from the bacterial chromosome, but under
certain conditions plasmids may also integrate into the chromosome. Thus, the PAI from one
bacterium to other bacterium is moved and expressed.

5.3 Viruses as Vectors for Transfer of PAI
Bacteriophages are able to transfer bacterial virulence genes as passengers in their genomes by the

process of Transduction. The bacteriophage injects its genome into its specified host. The genome by
crossing the barrier of bacterial cell wall, may integrate into the host genome or replicate as like as a
plasmid. It may follow the lytic cycle or lysogenic cycle. The cycles are initiated with specific gene
expressions. But the lysogenic cycle leads to origin of PAI as the foreign genome resides in
recombined form in the recipients genome. Prior to lysis, the virus progenies undergo phase of
“Assembling”. The virions started to pack with its own genome inside its capsid head. But,
accidentally there is possibility of incorporation of host bacterial genome carrying virulent genes.
After lysis of host cell, the progeny virions infect new bacterial hosts. In this process, the virus
containing bacterial genome also infects the new cell and the bacterial genome enters into cell and
recombine with its host genome carrying the foreign virulent genes. And there is the organisation of
PAI in the core genome of host cell. This occasional transfer of virulence genes by phages allows the
recipient bacteria to colonize new habitats. This extension also allows a more efficient spread of the
bacteriophages as well as PAIs.

6. Evolution of PAI

The PAIs move from one bacterial cell to other bacterial cell by following any of the processes
mentioned above. Therefore this process can be considered as a dynamic process. However, the PAIs
always under the selection pressure of evolution. The best environmental fitted PAIs are able to retain
their existence. A number of examples are reported regarding the process of evolution of different
PAIs and their respective hosts. Relevant evidences are suggestive about the evolution processes of
different PAIs in different bacterial genera including Yersinia, Pseudomonas, Escherichia,
Staphylococcus, Vibrio, Shigella, Salmonella and so on. The various bacterial genera and their
respective PAIs are outlined below.

6.1 Yersinia PAI 0
Y. pestis, the causative agent of plague, has caused several epidemics with a large number of fatal

cases. While plague is no longer a major health problem with respect to naturally occurring infection,
today Y. pestis is considered a potential agent of bioterrorism. The Yersinia specific PAIs and their
essential features in terms of GC %, ORF sequences, core genome GC %, t RNA genes are depicted in
Table 2.
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Table 2: Essential features associated with different Yersinia PAIs (PAI)

Name
of
bacteria

Names of spp. Names
of PAI

ORF
Sequence
of PAI

PAI
GC
%

Core
genome
GC %

IS
elements

t RNA
gene

Yersinia
spp.

Y. pestis HP1,
pYV

36 and 43 60% 46 -50% IS 100 asnT

Y.
pseudotuberculosis

pYV
HP1

36 and 43 60% 46- 50% IS 100 asnT

Y.enterocolitica HP1
pYV

36 and 43 60% 46- 50% IS1328,
IS1329,
IS1400

asnT

6.1.1 HP1

The full virulence characteristics are expressed only by Yersinia spp. that harbours the high-
pathogenicity island (HPI). HPI is present in Y. pestis and highly virulent serotypes of Y.
pseudotuberculosis and Y. enterocolitica but absent in low-virulence serotypes. Analyses of HPIs in
the three pathogenic species indicated that the locus is between 36 and 43 kb in size and has a G-C
content of 60%, which is higher than the average G-C content of 46 to 50% for the core genome of
Yersinia spp. The HPI of all three species are flanked by a gene for tRNAs. During the colonization of
an eukaryotic host, iron is one of the most limiting factor for bacterial proliferation, and a variety of
systems are found in bacteria for the synthesis of high-affinity iron-binding molecules (siderophores)
and their binding and uptake. The HPI encoded system appears to be especially important for the
extracellular life style of Yersinia spp. within the infected host. Enzymes encoded by HPI synthesize
the siderophore yersiniabactin, and further genes within this PAI encode a membrane- bound transport
system of iron-loaded yersiniabactin.

HPI is a genetically unstable PAI with a frequency of loss of 2 x 10-3 in Y. pestis and 1 x10-4 in Y.
pseudotuberculosis, but it appears to be more stable in Y. enterocolitica. Several DRs, copies of the IS
100 element (in Y. pestis and Y. pseudotuberculosis) or IS1328, IS1329, and IS1400 (in Y.
enterocolitica), and a functional integrase gene have been identified in unstable versions of HPI.

This PAI (Identified originally in Yersinia sp.) is observed to be distributed in other members of
the Enterobacteriaceae. This group of pathogens include septicemic, uropathogenic, and
diarrheagenic strains of E. coli (such as EPEC, EAEC, EIEC, ETEC, and STEC), as well as diffuse-
adhering E. coli (DAEC), Klebsiella spp., Citrobacter spp., Enterobacter spp., S.enterica subspecies
III and IV. The contribution of this PAI is in Iron - Uptake system of bacterial cells for pathogenesis.
In Yersinia spp., the HPI is inserted at the asnT tRNA gene, and the same insertion point was
identified in the said species harbouring HPI. Additionally, it was found that the HPI in Yersinia spp.
and other pathogens are highly conserved; indicating that distribution of this locus is a recent
evolutionary event.

6.1.2 pYV

pYV is an import virulence factor of pathogenic Yersinia species harboured in the virulence
plasmid pYV. This virulent plasmid encodes a T3SS and various translocated effector proteins. This
has been designated an “anti host genome”.
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6.2 Escherichia coli PAI
The Escherichia coli PAI evolution is better understood than other bacterial PAIs. The virulent

strains (EPEC, EHEC, ETEC, EIEC, EAEC, EXEC, UPEC, STEC) might have originated from an
ancient non pathogenic E. coli, which was a normal inhabitant of the gut of vertebrates. The details of
pathogenic Escherichia coli strains are listed in Table 3. But in course of time and environmental
pressure, there was emergence of a virulent strain EHEC (Entero Haemorrhaegic). In EHEC, a
virulence-associated plasmid and at least one Stx-converting phage and several PAI have been
acquired and maintained due to the specific adaptation to different environments. These PAIs express
the virulence factors those are involved in the development of diseases such as, diarrhoea and
hemolytic-uremic syndrome after colonization of the large intestine, watery diarrhoea after
colonization of the small intestine. Further the strain started to colonize in Urinary Tracts and bladder
leading Urinary Tract Infections (UTI). Such events probably have led to the development of specific
pathotypes of E. coli, examples of which are EHEC, EPEC and UPEC. The various PAI acquired
strains of Escherichia coli are enlisted in Table 3.

6.2.1 LEE PAI

There are evidences about the existence of LEE PAI both in EPEC and EHEC strains. The LEE
PAI of EHEC encodes proteins also involved in the A/E phenotype and is inserted in the selC site as
well. The LEE region of EHEC contains 54 ORFs, of which 41 are common with the EPEC LEE. The
remaining 13 ORFs belong to a putative P4-like prophage element, designated 933 L that is located
close to the selC locus and, probably, has been acquired at a later time. Despite, EPEC and EHEC
sharing virtually the same LEE PAI, their primary host, the colonization sites, and the disease they
cause are different.

Table 3: List of some PAI acquired Escherichia coli strains

Abbreviated
Names

Acronyms Diseases PAI/ VF

EPEC Entero Pathogenic
Escherichia coli

Infantile diarrhea Pathogenesis is not
fully understood

ETEC Entero Toxigenic
Escherichia coli

Travellers diarrhea,
plasmid encoded
enterotoxin, CFA I,
II,III,IV

EHEC Entero-haemorrhgic
Escherichia coli

Haemorrhagic colitis
and HUS
(Haemorrhagic Uremic
Syndrome)

VT (Verotoxin)

EAEC Entero Aggressive
Escherichia coli

Persistent diarrhea,
Shortening of villi,
hemorrhagic necrosis,
mild edema

EAST-1 (Entero
aggressive heat
stable Toxin-1)

EIEC Entero Invasive Escherichia
coli

Shigellosis VMA (Virulence
Marker Antigens)
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UPEC Uro Pathogenic Escherichia
coli

Urinary Tract Infections

EXEC Extra cellular Escherichia
coli

SIRS (Systemic
Inflammatory Response
Syndrome)

STEC Shiga Toxigenic
Escherichia coli

Shiga Toxin

EPEC strains are classically associated with diarrhoea in young children and humans are
considered their primary host. In contrast, EHEC infections are known to originate from particular
ruminants. EHEC colonization of ruminants is generally asymptomatic while in humans it can cause a
spectrum of diseases ranging from uncomplicated watery diarrhoea to bloody diarrhoea with
abdominal cramps. These differences likely result from the evolution of EHEC from EPEC through
the acquisition of phage-encoded Shiga toxins (Stx).

6.3 Staphylococcus aureus PAI
Staphylococcus aureus is a Gram-positive bacterium that can be found in the respiratory system

and on the skin. S. aureus has become more widely known to the world because new strains are
emerging that are more virulent and resistant to multiple antibiotics. This increased virulence and
antibiotic resistance is due to the acquisition of mobile genetic elements that carry these virulence
factors.

6.3.1 SaPI family

SaPIs are a family of mobile Staphylococcus aureus pathogenicity islands that represent a large
group of elements, widely distributed among Gram-positive bacteria, which collectively are
designated as phage-related chromosomal islands. SaPI mobility occurs via an unusual high efficiency
transduction mechanism that involves specific utilization of helper bacteriophages. One of the
mechanisms used by SaPIs to accomplish this molecular piracy is the redirection of the helper phage
DNA packaging machinery. SaPIs encode a small terminase subunit that can be substituted for that of
the phage transduction. The members of the SaPI family of mobile pathogenicity islands encode the
toxic shock syndrome toxin (TSST) and hijack a helper phage capsid gene for their horizontal gene
transfer. SaPI1 genes 6 and 7 are responsible for capsid size redirection. When these genes are
overexpressed together, there is increased phage interference. There are also existence of several other
SaPI genes with unknown functions namely, SaPIbov1. Experimentally it is proved that, there is a
direct relationship between the SaPIbov1 gene 16 with gene expression levels of int, stl, str, rep, and
ppi after 80α infection. The studies are in progress to investigate the unknown roles of more SaPI
genes.

6.3.2 SaP3 family

The Staphylococcal Enterotoxin serotypes B.K and Q are harboured with SaP3 family of 15.9-kb.
The island, contains 24 open reading frame potentially encoding proteins of more than 50 amino acids,
including an apparently functional integrase. Further, there is existence of two 17-bp direct repeats
(DRs) at identical to those found flanking SaP1. The suggested model is supportive about the origin
and evolution of this island through specialized transduction events.

However, polymorphism analysis of two large pathogenicity islands distributed among the strains
of Staphylococcus aureus Newman shows that the two islands were acquired independently from the
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evolutionary pathway of the chromosomal backbones of staphylococcal genomes. Prophages and
pathogenicity islands play central roles in S. aureus virulence and evolution.

6.4 Helicobacter pylori PAI
H. pylori infects the mucosa of the stomach, an organ that has long been considered an

environment too aggressive for bacterial colonization. The Helicobacter PAI is called as cag
(Cytotoxin associated gene). As the name indicates, this PAI was associated with expression of VacA
(Vacuolating Cytotoxin). But the later findings added that both VacA and PAI are independent.

6.4.1 cag PAI

The PAI of H. pylori is reported as the hypervariable region of the resident genome, found as a
single unit. The PAI consists of an ORF (Open Reading Frame) of appx. 40kb flanked by 3bp
DR( Direct Repeats) either side. The position of PAI (cag) is in between a glr gene and an ORF
(function is not known) but nomenclatured as HP0519 (ORF5). Both the extreme ends of both left and
right sides of cag PAI are packed with Insertion sequences called as IS605 elements with a variable
numbers. The two regions of PAI comprising the IS elements at both the ends are named as cag I and
cag II respectively. There is a correlation between cag PAI of this bacterium and disease severity.
Sequence analysis of the cag PAI indicated that a T4SS (Type IV Secretory System) is encoded by this
locus and that CagA is a translocated substrate of the secretion apparatus. The T4SS system is
associated with bacterial conjugation system. In this context, the Helicobacter PAI having T4SS
sequences is reported to be involved in horizontal gene transfer. The speculative model of Pathogenic
island functional genes of T4SS in cagII and cagI (cag A) region of Helicobacter pylori is illustrated
in Figure 1.5.

6.5 Pseudomonas aeruginosa PAI
A variety of human infections ranging from superficial skin infections to acute infections

damaging body sites such as the eyes and invasion of tissues through severe burns and wounds can be
caused by P. aeruginosa. This organism is also able to cause infections of mucosal tissues such as the
urinary and respiratory tracts.

The Pseudomonas aeruginosa strain PAO1 comprised of 6,264,403-bp chromosome is sequenced
completely. The sequencing data has reported about the existence of 10 number of pathogenic islands
of ≤3.0 kb. The PAI GC content percentages are lower than the core genome (66.6% for the rest of the
chromosome) and show an unusual codon usage.

6.5.1 PAG 1

PAG I consists of 48,893 bp of DNA and contains 51 ORFs. The G-C content of PAGI-1 has an
asymmetric distribution. In the first three-quarters of the sequence, from ORF 1 to ORF 30, the G-C
content is 63.7%, and the remaining portion of the PAI, from ORF 31 to ORF 51, has a G-C content of
54.7%, which is lower than that of the P. aeruginosa core chromosome.

Besides PAGI-2, PAGI-3 and PAO 1 (Isolated from patients with Cystic fibrosis) are observed to
have evolutionary concurrence. Further, analysis of PAGI-2(C) and PAGI-3(SG) sequences revealed
111 and 106 ORF, respectively.

6.6 Shigella PAI
Shigella spp. are Gram-negative, facultatively anaerobic rods that includes the four pathogenic

species namely, S. dysenterieae, S.flexneri, S. boydii, and S. sonnei. They are the causative agents of
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shigellosis (bacillary dysentery). These bacteria are able to invade epithelial cells via M-cells to gain
entry into the colonic epithelium. The genes for invasiveness are located on the large invasion plasmid.
This plasmid contains a 30-kb DNA region encoding a T3SS including Mxi (for “membrane excretion
of Ipa”) and Spa (for “surface presentation of invasion plasmid antigen”) proteins, and a second
operon encoding effector proteins such as Ipa (for “invasion plasmid antigens”). In addition to this
plasmid, chromosomal genes are needed for the full array of virulence phenotypes caused by Shigella
spp. So far, five PAIs, namely SHI-O, SHI-1, SHI-2, SRL and SH-3 have been identified in Shigella
spp.

6.6.1 SHI-O

LPS (Lipo Poly Saccharide) is an important virulence factor of Shigella spp. The genes for
determination of O antigen in serotype 1, which are perceptibly located on a PAI termed SHI-O. The
gene composition and order indicate that this PAI is derived from an ancestral bacteriophage which
has lost its ability to be excised from the bacterial chromosome. A larger part of the phage genome is
deleted. The remaining genome is flanked by two typical phage attachment sites which are located in
an unusually short distance of 6.5 kb. The G-C content of SHI-O is appx. 40%, much lower than the
G-C content of the rest of the Shigella chromosome. SHI-O island contains three ORF whose products
have high sequence identity to proteins encoded by other serotype converting bacteriophages. The
respective gene products are putatively involved in glucosylation reactions necessary for serotype
conversion.

6.6.2 SHI-1

The second PAI, first described in S. flexneri serotype 2a. This PAI was originally termed “she”
because it contains the she gene. It consists of 46,603 bp, is located directly downstream of the pheV
tRNA gene, and includes an imperfect repeat of the 3’end 22 bp of the pheV gene at the right boundary
of that PAI. SHI-1 contains a bacteriophage P4-like integrase gene, intact and truncated mobile genetic
elements, plasmid-related sequences, ORF similar to those found in the EHEC LEE and SHI-2.

Additionally, the sigA, pic (she), set1A, and set1B genes, as well as two novel ORFs (4, 282bp)
are located. Several of the proteins encoded by SHI-1 are thought to be virulence factors. SigA and Pic
(also known as ShMU) belong to the autotransporter family of proteins. It has been speculated that Pic
could be involved in enabling Shigella spp. to burrow through the mucin layer, helping to establish
initial colonization.

6.6.3 SHI- 2

The third PAI, SHI-2, was discovered independently by two groups. It is 23.8 kb long and is
inserted at the selC tRNA locus in S. flexneri. It carries a couple of cryptic genes, an aerobactin operon,
a colicin V immunity gene. Two other putative virulence factors were proposed to be encoded on SHI-
2: a tetracycline transporter and a protein involved in scavenging free oxygen radicals.

6.6.4 SRL

The Shigella resistance locus (SRL) was discovered following the spontaneous loss of multiple
antibiotic resistance by S. flexneri 2a strain YSH6000. SRL is 66,257 bp in length and harbors 59
ORFs. It is integrated downstream of the serX tRNA gene, contains an integrase gene adjacent to serX,
and further genes encoding resistance to Streptomycin (str), Ampicillin (ampr) and tetracycline (tetr)
and a complete ferric dicitrate uptake system. Further two more genes related to the CP4 prophage
group and the 933L prophage are noticed. Besides enterobactin and aerobactin, the siderophore
systems also encoded on this PAI.
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6.6.5 SH-3

The SHI-3 island of Shigella boydii maps between pheU and yidL genes and is 21 kb in size. It
contains a P4-like integrase gene, an ORF with 97% sequence identity to shiB, an ORF with similarity
to the ORF found in SHI-2, a functional aerobactin operon, IS elements, and prophage genes
homologous to those found in the LEE of E. coli O157:H7. Although it carries an aerobactin operon
with high sequence identity to that found in SHI-2, SHI-3 is distinct from SHI-2.

6.7 Salmonella PAI
Salmonella enterica is one of the most common food-borne bacterial pathogen. Disease outcome

ranges from localized self-limiting gastrointestinal infections to typhoid fever, a life-threatening
systemic bacteremia.

Most virulence factors of S. enterica are determined by chromosomal genes, and many of these
are located within PAIs. The PAI of S. enterica serotype Typhimurium are referred to as Salmonella
pathogenicity islands (SPI). The different isoforms of SPI are named as SPI-1, SPI-2, SPI-3, SPI-4 and
SPI-5 respectively. Additionally, two other PAIs namely Major PAI and SHI-1 PAI.

6.7.1 SPI-1

The function of SPI-1 is required for the invasion of nonphagocytic cells, an important virulence
trait of Salmonella enterica. The virulence factors encoded by this SPI-1 are (a) T3SS which form
needle-like surface appendages that can mediate the delivery of proteins by extracellular Salmonella
organisms into host cells. (b) A set of effector proteins which is also encoded by SPI-1 and (c) An
additional genes outside of SPI-1 for translocation (d) One subset of these effector proteins for
modification of signal transduction pathways resulting in the temporal reorganization of the actin
cytoskeleton of the host cell.

SPI-1 is about 40 kb long and forms a Salmonella-specific insertion between genes that are
consecutive in E. coli K-12. Mention may be made here that, this PAI is not associated with a tRNA
gene. The base composition of SPI-1 is 47% G-C, lower than the average G-C content of the core
genome (which is about 52%). Mobility Genetic elements are not observable in SPI-1, but this locus
appears to be stable in all clinical isolates of Salmonella spp.

6.7.2 SPI- 2

SPI-2 is also responsible for pathogenesis of Salmonella. This VF has enabled Salmonella to
survive inside the phagocytotic cells and is escaped from eukaryotes body defence mechanisms. SP-2
encoded T3SS is required for the protection of cryptic Salmonella cells, which reside inside the SCV
(Salmonella-containing vesicle) , so that it may be escaped from hosts innate immunity.

6.7.3 SPI-3

The genetic organization and function of SPI-3 are different from those of SPI-1 and SPI-2. This
PAI is inserted at the selC tRNA gene, a locus that serves as insertion point for PAI in also in
pathogenic E. coli strains.

The locus is about 17 kb, with an overall base composition similar to that of the core genome.
Two fragments of IS elements were located in the central region of SPI-3.
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6.7.4 SPI-4

This locus has characteristic features of a PAI and forms an insertion of 25 kb in S.enterica
serovar Typhimurium resident genome. The Putative virulence factors are (a) A set of encoded genes
having a sequence similarity to genes encoding T1SS for production of toxins and (b) a gene that is
required for the survival of Salmonellae from the macrophages.

6.7.5 SPI-5

This PAI is of composite in nature. The locus is only 7 kb long, has a G-C content of 43.6%, in
contrast to 52% for the core genome of S. enterica, and is located adjacent to the serT tRNA gene.
SPI-5 harbors the gene for (a) SopD, an effector protein of the SPI-1-encoded T3SS, as well as (b)
pipB, encoding an effector protein for the SPI-2-encoded T3SS.

6.7.6 Major PAI

This PAI is specific for S. enterica serovar Typhi and but absent in other serovars of S. enterica
subspecies I has been identified and named the major PAI. This locus is 146.9 kb long and is
associated with the pheU tRNA gene. The major PAI contains several individually identified virulence
factors: (a) the viaB gene locus for the biosynthesis of the Vi polysaccharide capsular of S. enterica
serovar Typhi; (b) the sopE prophage harboring the sopE gene encoding an effector protein of the SPI-
1 system; and (c) a gene cluster encoding type 4 pili with a function in invasion of epithelial cells by S.
enterica serovar Typhi.

6.7.7 SGI-1

The emergence of multidrug-resistant Salmonella DT104 strain is currently a major clinical
problem. The resistance factors of multidrug- resistant strains of S. enterica serovars Typhimurium
and Agona isolates are characterised and this genomic island was identified.

This locus, termed Salmonella genomic island I (SGI- 1), is 43 kb long and is flanked by DRs.
The elements associated with DNA mobility, i.e., transposase, integrase, and excisionase genes with
sequence similarities to transposon genes, have been detected. Within SGI-1, genes conferring the
penta resistance phenotype are clustered within the multidrug resistance region.

6.8 Francisella tularense PAI
Francisella tularense is an intracellular pathogen that possesses the Francisella pathogenicity

island (FPI). Till date only one active PAI is noticed in Francisella tularense strains.

6.8.1 FPI PAI

The FPI contains genes with homology to genes encoding type 6 secretion systems (T6SS). F.
tularensis secretes FPI-encoded proteins that facilitate the organism’s ability to escape the vacuole,
enter the cytoplasm to replicate intra cellularly, and down regulate the host immune cytokine response.

The above mentioned PAIs in respective pathogenic bacterial genera are associated with plasmid
genomes. How ever there are evidences, where chromosomally encoded PAIs are also active among
the bacterial strains like Yersinnia sp, Vibrio cholerae etc.

6.9 Chromosomally encoded type III secretion systems
PAI-like chromosomal regions have been identified recently in Yersinia spp. In addition to the

T3SS encoded by the virulence plasmids pYV of Yersinia spp., there are chromosomal loci that



Pathogenicity-Islands (PAI) 15

encode there are chromosomal loci that encode additional T3SS in all three highly virulent species of
Yersinia.

The hybridization analysis of genomic arrays based on the genome sequence of a V. cholerae
serotype O1 strain from the seventh pandemic identified two genomic regions in the pandemic strain
that were absent in prepandemic strains termed as ‘Vibrio seventh-pandemic island I’ (VSP-I) and
‘Vibrio seventh-pandemic island –II’ (VSP-II).

6.9.1 VSP-I and VSPII

These loci show several characteristics of PAI, including a low G-C content. The G-C content of
VSP-I is 40%, in contrast to 47% for the entire genome. Beside containing a number of genes without
known functions, this island putatively encodes a deoxycytidylate deaminase-related protein, a
transcriptional regulator, and a protein with phospholipase A activity VSP-II comprises eight number
of ORFs for hypothetical protein expression. More over the other PAIs and their corresponding the
host bacterial strains are depicted in Table 4.

Table 4: The PAIs and host bacterial strains and the virulence factors

Names of PAI Names of bacteria Virulence factors
HPI Citrobacter kosei P4 like integrase, located within HP I

(High pathogenic region)
Pa Loc Clostridium difficile Toxin A (Tcd A)

Toxin B (TcdB)
Pic PI Corynebacterium

pseudotuberculosis
PLD, Iron uptake

HP I Enterobacter cloacae P4 like integrase, within H PAI island
HrP PAI Erwinia amylovora Hrp gene clusture, hrp associated systemic

virulence
AGI-3 Escherichia coli Putative mobile genetic elements
espC PAI Escherichia coli EsPC, ORF 3, Enterotoxin
ETT 2 Escherichia coli Type III secretary system
HP I Escherichia coli Siderophore Yerwiniabactin biosynthetic gene

clusture
LEE II Escherichia coli Type III secretary system
OI-122 Escherichia coli 2 non LEE effecters (Nle)
PAI 4787 Escherichia coli P-fimbriae
PAI- 536 Escherichia coli Α-haemolysin, fimbrie, adhesins
PAI-APEC-O1 Escherichia coli P-pilus (pap operon), siderophore receptor (IreA),

Invasion determination genes (tia), Capsule
biosynthesis (kps gene clusture)

PAI-CL3 Escherichia coli Putative hemolysis/ Adhesine clusture
PAI-II CFT 073 Escherichia coli P fimbriae, Iron regulator gene
PAI -IV-526 Escherichia coli Siderophore synthesis, Iron uptake gene

From this concise review work related to pathogenic islands (PAIs) and their features, it was
observed that that PAI identification, more over its characterisation is a very tricky task because of its
dynamism. Although wet lab studies related to PAI of pathogenic bacterial strains are progressing in
depth, the bioinformatics tools (available in different web browsers) are very supportive to predict and
characterise the PAIs and their virulence factors. In other words the in silico pathogenomic studies are
the part of PAI studies.
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7. Computer Simulation studies to identify PAI- Bacterial
Pathogenomics

The pathogenicity island database (PAIDB; http://www.gem.re.kr/paidb) is a comprehensive
relational database of all the reported pathogenicity islands (PAIs) and potential PAI regions which
were predicted by a method that combines feature-based analysis and similarity-based analysis. Yoon
et al. (2005, 2007) have presented a comprehensive database and a search engine specialized for PAIs,
and released PAIDB that contained 112 types of PAIs and 889 GenBank accessions for complete or
partial PAI loci previously described in 497 pathogenic bacterial strains. They have claimed that most
of the PAI-related databases which focus on predicting PAIs in the aspect of horizontal gene transfer,
PAIDB has been the only database that dedicated to provide wide-ranging information on all
annotated PAIs and predicted ones in prokaryotic genomes. PAIDB is a web-based user-friendly
resource and has been widely used for detecting PAIs in newly sequenced genomes and mining
virulence genes from metagenome.

In addition to PAIs, PAIDB v2.0 becomes a centralized resource of REIs described so far in
academic literatures. PAIDB v2.0 contains 223 types of PAIs with 1331 accessions and 88 types of
REIs with 108 accessions. With the improved detection scheme, 2673 prokaryotic genomes were
analyzed to locate potential PAIs and REIs. The update encompasses dramatic increase in database
contents of genomes analyzed, accuracy improvement of detection of candidate regions, and
functionality update of web application.

7.1 PAI Database
During the last decade, high-throughput techniques have been developed that allow the

sequencing of bacterial chromosomes in a short time. To date, 143 bacterial chromosomes have been
sequenced completely, and the genome sequences are available at the National Center for
Biotechnological Information http://www.ncbi.nlm.nih.gov/PMGifs/Genomes /micr.html) In parallel,
bioinformatics underwent a coevolution with the field of genomics. Genomic techniques have shown
that bacterial DNA is highly dynamic and that the genetic content of bacterial species is in a
permanent flux (Schmidt and Hensel, 2004). Yoon et al., (2014) developed an algorithm reflecting the
evolutionary process of PAIs. In 2007, They had established a comprehensive database and a search
engine specialized for PAIs, and released PAIDB that contained 112 types of PAIs and 889 GenBank
accessions for complete or partial PAI loci previously described in 497 pathogenic bacterial strains.
Compared with most of the PAI-related data bases which focus on predicting PAIs in the aspect of
horizontal gene transfer, PAIDB has been the only database that dedicated to provide comprehensive
information on all annotated PAIs and predicted ones in prokaryotic genomes. PAIDB is a web-based
user-friendly resource and has been widely used for detecting PAIs in newly sequenced genomes and
mining virulence genes from metagenome.

The studies of (Genomic islands) GIs are very important to biomedical and bioinformatics
research as the identification of GIs represents one of crucial tasks for genome evolution and gene
transfer mechanism studies. But certain parameters like Genomc Sequence Signatures, GC content,
GC percentage, k-mer frequency, codon usage, caveat, etc., should be addressed to identify and
charachterise the PAIs in bacterial genomes by using Bioinformatic tools.
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7.2 Genomic Sequence Signatures
Most of genomes with unique genome signatures, can be assayed by G+C content, dinucleotide

frequencies (or other k-mer frequencies), and more over codon usage. As PAIs are movable genomic
fragments able to shuttle among pathogenic strains.

7.2.1 The G+C Content and GC-Skew

The G+C (%) contents (i.e., the percentage of guanine and cytosine bases) in PAIs are often
different from that of the core genome of hosts. For instance, the G+C content of the Uropathogenic E.
coli core genome was 51%, while the G+C content was 41% in PAI I, II, IV, and V. In the genome of
Enteropathogenic E. coli, the G+C content of PAI of LEE was only 39%. G+C content differences
between PAIs and the core genomes have also been found in other genomes of H. pylori and Y. pestis .

Therefore, differential measure can also be used for calculating the difference between GC content
of PAI and genomic core region respectively by using a simple formula {G−C]/[G+C] .

7.2.2 � -mer frequency

The measurements of dinucleotides or high-order oligonucleotide frequencies have been
increasingly used but theoretically. The higher-order measurement used, the more accurate to
differentiate two genomes, given the assumption that the genomic region for measurement is long
enough to evaluate all combinations of oligonucleotide patterns (or words). For instance, if 6-mer
frequency is used, then there will be 46 = 4,096 words, and, thus, a genomic region with at least
several kb is required if 6-mer frequency is used. There are several approaches such as AlienHunter
and Centroid [that used k-mer frequencies to predict island regions.

7.2.3 Codon usage

As each genome has its own preferred codon usage, and thus the codon usage in a genome region
will be significantly different than the rest of host genome if this region was inserted from other
genomic source. SIGI-HMM software uses codon usage bias to predict GIs.

7.2.4 Caveat

The PAIs have skewed sequence composition, HEGs (Highly Expressed Genes). This HEGs
include ribosomal related genes, chaperonin genes, transcription and termination factor genes, energy
metabolism genes, recombination and repair genes, and electron transport genes, have codon usage
bias and dinucleotide bias. Therefore while detecting, PAIs, there may be appearance of ‘False
postitives” or “False negatives”. More over donor and recipients may have similar sequence
composition, may lead to misdirection. A sequence composition of PAI may be similar to that of the
core genome also. Hence, the computer simulation study should scan HEGs to subside the
misinterpretations if any.

8. Fundamentals of PAI Prediction

The computer PAI prediction approaches are based on two fundamentals.

1. Comparative genomics to find unique regions which are absent in several related isolates
(Comparative Genomic-based approach)

2. Sequence features and sequence composition differences (sequence composition based
approach.
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Several Bioinformatic tools are also developed. The thumb’s rule states that “The genomes of closely
related species should be highly assumed to share similar preferences and signatures”. Therefore, if a
genomic sequence of one species contains the differential signatures in comparison to other isolate,
then it may be inferred that genomic sequence under study has a distant origin.

8.1 Comparative genomics approach
The comparative genomic-based approach (Figure 1.6) consists of three general steps:

(1) Collecting all genome sequences from closely related species for a query genome; (2) Aligning
these genome sequences together; and (3) Considering those gene segments present in the query
genome but not present in others to be islands.

The following Bioinformatic based softwares are in use in websites to locate the PAIs.

8.1.1 IslandsPick:

This is one of the popular comparative genomic-based sequence approach. This approach starts
with using a “distance function” to measure the phylogeny relatedness of the reference genomes with
the query genome using a tool named CVTree, and then picks appropriate genomes for genome
alignment. After the genome selection step, IslandPick uses the Mauve program to pairwise genome
alignments and identify unique regions of the query genomes, which are considered to be GIs. Mauve
can be used again for multiple genome alignments. Therefore the genomic regions that are common to
all genomes can be identified, and are considered as non-GIs.

8.1.2 MobilomeFINDER

MobilomeFINDER is another tool that uses comparative genomics-based approach for GI
prediction. It includes the information of tRNAs because tRNA has been found to be involved in GI
insertion process. However, the disadvantage of this approach is it may lead to false negative GI
prediction. This is because not all GIs contain tRNAs as insertion points, therefore,
MobilomeFINDER will miss some of GIs which are devoid of tRNA sequence.

8.1.3 MOSAIC

MOSAIC is another comparative genomic approach to built an online databases that provides the
alignment results of bacterial genomes under study. The process is known as “Genome segmentation
process” includes four major steps (Figure 1.7):

(1) Selecting related genomes using Mummer3 and Multiple Genome Alignment (MGA)

(2) Aligning genomes using MGA

(3) Generating backbone (i.e., conserved regions) and loops (strain-specific segments)

(4) Database integration.

This database considers variable regions (i.e., loops) in the alignment results to be GI regions.
There is a user friendly web interface that facilitates the browsing and downloading of these GI
regions, which illustrates the important properties of these regions. Such segmentation results along
with the visualization of these bacterial genomes are useful to the researchers for functional analysis.
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Fig. 1.7: MOSAIC genome segmentation processes

8.2 Sequence Composition-based Approach
Theoretically, all genomic regions inside the host genome are supposed to share same genomic

signatures. A generalised scheme is proposed to predict putative PAIs in the query genome (Figure
1.8). The following software packages are used for the sequence compositional-based approach to
predict the PAIs.

8.2.1 AlienHunter

AlienHunter is one of popular software package that use sequence composition-based approach.
The key feature of this software is, use of Interpolated variable order motifs (IVOM). The
compositional biases can be exploited at various levels by implementing variable order motif
distributions. Thus, it can capture sequence signature accurately with variable length of sequences.
The higher order motifs can be focussed if the gnomic region is long enough. But for short genomic
regions, it considers lower order motifs.
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Fig. 1.8: The scheme for computer framework to predict PAI

8.2.2 Centroid

This is an approach to focus the compositionally distinct regions in genomes using word
frequencies. The query genome is separated into non-overlapping groups of equal length. For any
given group, this tool finds the frequencies for all possible words with the length of m. Since there are
four possible symbols A, C, G, and T, the total number of possible words is n = 4m. The average of
each word frequency based on the whole genome can be calculated, and this is considered to be the
“Centroid”. The distances between any genomic region and the centroid based on word frequencies
are computed and these regions may be predicted as PAIs.

8.2.3 EGID

This is an algorithm programme for island detection, which takes the prediction results of existing
computational tools (including AlienHunter, IslandPath, SIGI-HMM, INDeGenIUS and PAI-IDA),
and then generates consensus results by using ‘Voting algorithm”. GIDetector is a J48-based decision
tree-bagging model for island prediction. There is use of different ensemble algorithms including
adaBoost, bagging, multiboost, and random forest and found bagging. The model was trained based on
the features of IVOM score (obtained from AlienHunter), insertion points, size of the genomic region,
number of genes per kb, repeats (computed through REPuter ), integrase, phage, and non-coding RNA.

A Scheme for computational framework
for prediction of PAI
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8.2.4 GI-GPS (Genomic Island Genomic Profile Scanning)

GI-GPS is a support vector machines (SVMs) based GI prediction model. This construction of
SVMs is based on (1) codon usage frequency; (2) dinucleotide frequency; (3) codon adaption index;
and (4) GC content.

8.2.5 GIHunter

GIHunter predicts PAI using the gene information and inter-genic distances along with sequence
informations.

8.2.6 INDeGenIUS

This programme is used for improved N-mer based Detection of Genomic Islands. This algorithm
basically uses the principles of “Hierarchical clustering to find the real -Centroid”. This tool first
divides the query genome into “n” overlapping groups of equal sizes. For each group, the frequencies
of word length of “k” are computed, and a vector of 4k words is computed. The word enumeration
process for each group, thus, generating “n” clusters. There may be “major cluster” or “minor clusters”.
Based on the members of the “major cluster”, this approach is efficient to predict PAI.

8.2.7 IslandPath

This approach incorporates multiple DNA signals and genome annotation are made to predict
PAIs.

8.2.8 PAI-IDA

PAI-IDA uses interactive discriminant analysis for GI prediction. In practice, the genomic islands
are calculated from the deviated data obtained from the rest of the genome in three compositional
criteria namely, G+C content, (b) dinucleotide frequency and (c) codon usage.

8.2.9 PIPS (Pathogenicity Island Prediction Software)

PIPS is a software also designed for predicting pathogenicity islands specifically. Features used in
PIPS include atypical G+C content, codon usage deviation, virulence factors, hypothetical proteins,
transposases, flanking tRNA. By using these features, the comparative studies are made between the
pathogenic and non pathogenic strains, so that specific PAIs can be located.

8.2.10 PredictBias

PredictBias is a server for identification for genomic and PAI of prokaryotes. It presents the pre-
computed bias results for all the completed microbial genome in RefSeq and the dataset is updated
regularly. As an input, PredictBias takes the genome file in GenBank format, performs the analysis
and presents the results in tabular format.

8.3 Composition Bias Analysis (A Sliding Window Approach)
PredictBias uses a cluster of six ORFs for calculating %GC bias, dinucleotide bias and codon bias

(nucleotide composition measure parameters). ORF clusters are taken consecutively for the entire
genome by using a sliding window shifting by one ORF at a time. Cluster of six ORFs is chosen for
analysis because previous codon based analysis has shown that a minimum of 1,500 codons or 4.5 kb
(corresponding to about 6-8 ORFs) is necessary for the reliable estimate of bias. The %GC bias for
each ORF cluster has been calculated by %GC Bias (Cluster) = %GC (Cluster) − %GC (Genome).
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PredictBias examines the query genome for consecutive ORF clusters (≥6) with codon bias
deviation and either of the %GC bias or dinucleotide bias deviation above the threshold value and
marks the first ORF of each cluster as part of a genomic island in the output result.

The Table 5 is showing the computer simulation-based search tools to charachterise PAIs.

Table 5: Computer simulation-based search tools for PAI related features

Charachteristics related to PAI Computer simulation-based search tools

Genomic sequence signatures G+C content, GC skew, Codon usage,
Codon bias

Presence of virulence factors Virulence factor database (VFDB)

Presence of mobile elements, Phage related
Genes, hypotheical proteins

NCBI-nr/nt, UniprotKB, Pfam or COG
database

Presence/Abscence of Direct repeats (DR) Repeat finder software REPuter

Presence/Abscence of Insertion sequences (IS
elements)

ISfinder database

Presence/Abscence of t RNA genes tRNA gene search tool of tRNAscan-SE

9. Predicting a Novel Pathogenicity Island by Barcoding

A barcode is an optical machine readable representation of data relating to the object to which it
attach. Originally, barcodes systematically represented data by varying the widths and spacing the
parallel lines may be referred to as linear or one dimensional (1D). Barcodes were originally scanned
by special optical scanners called barcode readers.

The genes located on each PAI serve as molecular markers for clinical testing to diagnose
bacterial pathogens, estimate their pathogenic potential, and predict treatment response (i.e., antibiotic
resistance). The barcode genomic image technique is available to predict the novel PAIs to overcome
limitations conferred by in silico studies.

In silico methods have been developed to predict PAIs in a bacterial genome. PAIs have been
identified mostly based on fact that PAIs have distinctive G + C levels and codon usage biases
compared to the rest of their core genomes. These prediction methods tend to have high false negative
rates owing to the reality that the PAIs may not necessarily have distinct G + C levels and/or distinct
codon usages. Wang et al., (2009) had reported about the barcode genomic image of EHEC O157:H7
chromosomes.

The barcoding is carried out with genome sequencing, computation of the barcode for each of
sequenced genomes using barcode calculation scheme, partitioning its sequence into a series of non-
overlapping fragments and mapping the combined frequencies of each 4-mer/reverse complement to
grey levels with darker grey levels for lower frequencies. The genomic barcode is generated by
measuring the κ-nucleotide sequence frequency distributions across a whole genome using a fixed
window size of at least 1000 bp. The 2-D barcode-like image is generated by converting the frequency
matrices to grey-scale levels. A novel PAI, tsf3-PAI, was detected in H. pylori using the genomic
barcode imaging technique (Wang et al., 2013).



Pathogenicity-Islands (PAI) 23

The six predicated to PAIs marked as horizonal barcodes in the strain of EHEC 015:H7
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Fig. 1.9: The six predicted PAIs marked as horizontal barcodes in the strain of EHEC 0.15.H7

10. Regulatory Genes in PAIs

There are various combinations of regulation strategies are set forth to combat against virulence.
(a) The first combination is that the pathogenicity island contains the genes to regulate the virulence
genes encoded on the PAI. (b) The second combination is that the pathogenicity island contains the
genes to regulate genes located outside of the pathogenecity island. (c) Regulatory genes outside of the
PAI may regulate virulence genes in the pathogenicity island.

Regulation genes typically encoded on PAIs include AraC-like proteins and two-component
response regulators. Genetic determinants of bacterial pathogenicity are subjected to strict regulation
that assures expression only under optimal environmental conditions, avoiding at the same time,
intense metabolic cost and/or to alert the host immunological system, in order to ensure a successful
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colonization. The environmental cues and the quorum sensing factors have a credible effect to regulate
the PAI shuttle between bacterial cells. The various well studied PAIs of respective bacterial strains
are mentioned in the following sections.

10.1 Environmental cues as PAI regulators
The PAIs of pathogenic bacterial strains are regulated by environmental factors like nutritional

stress, antibiotic stress Iron stress, Divalent cations stress.

10.1.1 PAI regulator in Salmonella typhimurium

The enteric pathogen Salmonella typhimurium co-ordinates the expression of virulence
determinants in response to environmental signal from the host organism. S. typhimurium possesses
Salmonella pathogenicity island 2 (SPI2), a large virulence locus encoding a type III secretion system
for virulence determinants required for systemic infections and accumulation inside host cells. SPI2
gene expression is induced by Mg2+ deprivation and phosphate starvation. These conditions are
represent the environmental cues encountered by S. typhimurium inside the phagosome of infected
host cells. The induction of SPI2 gene expression is modulated by the global regulatory system PhoPQ
and is dependent on SsrAB, a two-component regulatory system encoded by SPI2(Figure 1.10).

The function of a type III secretion system (T3SS) encoded by Salmonella pathogenicity island 2
(SPI2) is essential for the intracellular lifestyle of Salmonella enterica serovar Typhimurium.
Expression of SPI2 genes is induced within the Salmonella-containing vacuole (SCV) inside host cells
and is controlled by the SsrAB two-component system. However, the nature of the signals leading to
expression of SPI2 genes is controversial.
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Fig. 1.10: Mg+2 and Po 4- deprivation regulates the PAI gene
expression of intracellular Salmonella typhimurium
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Lober et al., (2006) reported that expression of SPI2 genes can be induced independently by two
different environmental stimuli. Exposure of bacteria to slightly acidic pH was sufficient to induce a
rapid up-regulation of SPI2 genes. In contrast, limitation of inorganic phosphate (ip) in the growth
media led to activation of SPI2 genes in the late exponential growth phase and was independent of the
media pH. Limitation of iP induced an over-expression of sensor protein SsrB. Response to both
environmental stimuli required a functional SsrAB system. In vivo analyses indicated that limitation of
iP is also encountered by intracellular Salmonella.

10.1.2 PAI regulator in Escherichia coli

This is well acknowledged that E. coli and Salmonella have diverged from a common ancestor
one hundred million years ago. E. coli strains have evolved and diversified by acquiring new genetic
information through numerous horizontal transfer events. These events provided virulence attributes
that allowed E. coli variants to adapt and exploit different host niches using varied molecular
mechanisms. The colonization mechanisms performed by the E. coli pathogenic strains are intended to
survive with host natural barriers such as: low pH, mucus, antimetabolites, peptides, peristalsis and
more over antagonistic activities of non-pathogenic E. coli strains.

10.1.2.1 Environmental Regulation in EPEC strains

LEE PAI (EPEC) are affected by diverse environmental factors that include the bacterial growth
phases, temperature, Presence of cations, pH, osmolarity, stress conditions and nutrients starvation.
EPEC expresses GadX, an activator of genes involved in acid tolerance, such as glutamate
decarboxylase, but a repressor of the perABC operon located on the EAF plasmid present in EPEC
strains. Ler, is the LEE PAI master regulator. ler expression is negatively influenced by proteins such
as H-NS and Hla, a protein involved in α-haemolysin regulation in EPEC. H-NS is found in
Enterobacteriaceae family and related species, playing a role like histone-like protein. The role of this
protein is to compress the bacterial chromosome. It can inactivate the “foreign” DNA expression by
binding to DNA sequences with high A-T content. Due to this characteristic feature, H-NS has
become a virulence factor regulator in enteric bacteria.

10.2 Quorum Sensing as Regulators
Quorum sensing is a cell to cell-signalling system based on production of compounds known as

autoinducers. Virulence, symbiosis, sporulation, biofilm formation and secondary metabolites
production are among several important processes regulated by quorum sensing in different bacteria.
LEE transcription is activated by autoinducer-3 (AI3)/epinephrine/norepinephrine, an interspecies
signalling molecule present in the intestine. EPEC and EHEC detect AI-3 through QseC, a sensor
histidine kinase, which upon phosphorylation starts a complex signalling cascade to regulate genes
involved in A/E lesion and flagella formation. Two-component systems are widespread mainly in
prokaryotes. In EHEC the two-component system QseEF, involved in quorum sensing, regulates A/E
lesion formation. Also in EHEC two response regulators, YhiF and YhiE, belonging to the LuxR
subfamily, were identified as playing a role repressing LEE2 and LEE4 transcription, hence
modulating A/E lesion formation.

Conclusion
The genomic rearrangements are known as genome plasticity. The “Genome Plasticity” is a

charachteristic feature of clinically important bacterial isolates because of regular events of gene loss
and gain conferring the genome in a state of dynamism. These events are influenced by presence of
Pathogenic Islands (PAIs). It is important to study gene regulation and virulence mechanisms
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governing pathogenicity on microorganisms in order to develop drugs and therapy to treat and avoid
disease caused by these pathogens. Furthermore the SOS system includes more than 40 proteins
involved in DNA protection, reparation, replication, mutagenesis and metabolism. SOS response is
present in many bacterial species, including E. coli. Among the factors turning on the SOS response
are: UV radiation, methyl methane sulphonate (MMS), mitomycin C, and some other chemicals
altering DNA synthesis, cell division and producing single strand DNA accumulation.

However, there is no systematic performance evaluation on current PAI prediction tools, though
each of these methods was evaluated in a limited number of genomes. However, the development of
computational approaches for finding the relationship between donor and recipient genomes through
PAIs might also be very useful.

Practice Questions
Long type questions
1. What is the mechanism behind horizontal gene transfer (hgt) ?

2. What are nosocomial bacterial strains and why they are notorious as “Bad guys” in clinical
microbiology?

3. Why PAIs are unstable?

4. What are the factors enable the normal microbiota to become pathogenic strains?

5. Describe in detail about insertion of PAI in genomic DNA.

6. Write the characteristic features of a Pathogenic Island.

7. Write in detail about the circumstances, at which the normal gut commensal Escherichia coli
became EPEC, ETEC, EAEC or EHEC strain.

8. Give a detailed account on the different PAIs are found to be associated with Salmonella
typhimurium.

9. Give a detailed account on the different PAIs are found to be associated with Staphylococcus
aureus.

10. Give a detailed account on the different PAIs are found to be associated with Escherichia coli.

11. How quorum sensing is related with PAIs ?

12. What are the bioinformatic tools are in web to predict the PAIs in host genome?

13. Write in detail about the different virulence factors and their respective PAIs ?

14. What is SOS response among bacteria? How it is correlated with distribution of PAIs?

15. How can the PAIs be predicted by genome barcoding technique?
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