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Since the first bacterial genome, Haemophilus influenzae, was fully sequenced in 1995, over 1000 complete bacterial
genome sequences have been determined. DNA sequencing technology has dramatically improved from the first
generation, automated Sanger DNA sequencing, which dominated this field for almost two decades, to the current Nextgeneration sequencing protocols. This newer technology dramatically reduces both the time and cost of DNA sequencing,
making it possible for a small laboratory to completely sequence the genome of their favorite bacterium. With the
enormous amount of information obtained from whole genome sequencing, scientists can readily address a wide range of
biological questions that were hitherto beyond their capabilities. In this chapter, strategies of how to sequence genomic
DNA as well as how to assemble and annotate a bacterial genome are reviewed and discussed.
Keywords bacterial genomics; next generation sequencing; de novo assembly; bacterial genome annotation

1.Genome sequencing
As of May 2010, 1,072 complete published bacterial genomes have been reported in the Genomes Online Database and
another 4,289 bacterial genome projects are known to be ongoing (www.genomesonline.org). The underlying reasons
for sequencing the genome of various bacteria are either because they are highly virulent to humans, animals or plants,
or they can be applied to bioremediation or bioenergy production. In 2009, a new initiative called ‘Genomic
Encyclopedia of Bacteria and Archaea’ (GEBA) was reported by Eisen and colleagues [1]. The project aims to provide
a more complete picture of bacterial and archaeal genomic diversity by systematically filling in the gaps in the tree of
life [1, 2]. With the assistance of continuously evolving DNA sequencing technologies, the goal of generating reference
genomes for every major and minor group of bacteria should be achieved in the near future.
1.1 Sanger DNA Sequencing
The Sanger DNA sequencing technique has been an important method in sequencing bacterial genomes. The
sequencing chemistry is based on the use of the DNA chain terminator dideoxynucleotide (ddNTP), which is a molecule
lacking a hydroxyl group at the 3’ carbon of the deoxyribose sugar [3]. During DNA synthesis, an incoming
deoxyribonucleotide (dNTP) can form a phosphosdiester bond between its 5’ α-phosphate group and the 3’ hydroxyl
group of the last nucleotide. However, if a dideoxynucleotide is incorporated at the end of the growing strand, DNA
chain growth terminates. The four dideoxynucleotides used in Sanger sequencing are labeled with four fluorescent dyes
with each dye representing a particular nucleotide [4]. The dye-labeled ddNTPs are added into the reaction mixture
containing single-stranded DNA template, primer, DNA polymerase and all four dNTPs. The polymerase chain reaction
(PCR) products are separated by capillary electrophoresis according to their masses. Each fluorescent dye emits light
following its activation by a laser at the end of the capillary. Therefore, the DNA sequence can be determined by the
order of the fluorescent signals [5]. Detailed schematic representations of these steps can be found in [6; Figures 4.204.22, 4.26].
Using Sanger DNA sequencing chemistry to sequence the entire genome of an organism is comprised of three major
steps: DNA library preparation, template purification and DNA sequencing. For shotgun de novo sequencing, DNA is
randomly fragmented to generate small (2 Kb) and large (15~20 Kb) fragments which are subsequently cloned into a
high-copy-number plasmid. The plasmids are then used to transform Escherichia coli cells. After transformation,
resultant colonies are transferred into either 96- or 384- well plates. Plasmid purification occurs directly on the plates.
Then PCR-based DNA sequencing is performed [7].
After decades of improvement of this methodology, sequences of up to ~1 Kb DNA can be obtained by Sanger
sequencing with an accuracy as high as 99.999% [8]. Nevertheless, an individual lab may encounter substantial expense
and many months of work to complete the sequencing of a microbial genome. These limitations have encouraged
scientists to develop and utilize a variety of new sequencing technologies.
1.2 Next-generation DNA sequencing technologies
1.2.1 454/Pyrosequencing
Pyrosequencing was commercialized by Roche/454 in 2005 and was the first next-generation sequencing (NGS)
platform on the market [9]. The basis of this technique is the measurement of the release of inorganic pyrophosphate by
converting it into visible light during DNA synthesis [10, 11]. The sequencing chemistry consists of a series of
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enzymatic reactions. First, pyrophosphate, released from the growing DNA strand, combines with adenosine-5’phosphosulfate catalyzed by ATP sulfurylase to form ATP. Then, the ATP is used by luciferase to convert luciferin to
oxyluciferin to generate light. Before the next nucleotide is added, it is necessary to remove the unused ATP and the
unincorporated deoxynucleoside triphosphate; this is done by the enzyme apyrase. In addition, a thio-modified dATP,
deoxyadenosine α-thiotriphosphate (dATPαS), is used as a substitute for natural dATP to avoid creating a false positive
signal [10, 11].
The general pyrosequencing workflow includes DNA library preparation, emulsion PCR, DNA sequencing and data
analysis [9]. Briefly, bacterial genomic DNA is fractionated by nebulization, in which the DNA is forced through a
small hole, and DNA fragments in the range of 300- to 800-bp are selected. After DNA repair and end polishing to
generate blunt ends, short 3’ and 5’ DNA adaptors are added to each fragment. In the next step, each fragment is
immobilized onto a 28 µm bead which has sulphurylase and luciferase attached to it. PCR amplification is performed
within droplets of an oil-water emulsion. As a result, several thousand copies of the same template sequence are
generated on each bead. The beads are then deposited into titanium-coated PicoTiterPlate wells. The diameter of the
PicoTiterPlate wells are designed to allow for only one bead per well. During pyrosequencing, individual dNTPs are
added sequentially in a predetermined order. The amount of light generated is proportional to the number of dNTPs
added. The bioluminescent images are recorded by a charge-coupled device (CCD) camera. Because the linear
relationship between light intensity and the number of dNTP incorporated can only hold up to 6 nucleotides,
pyrosequencing has high error rates (insertions and deletions) in homopolymer repeats [9, 12]. Schematic
representations of this approach can be found in [6; Figures 4.29-4.31, 4.38-4.41].
The aforementioned DNA library preparation method generates sequences that can be assembled into a number of
unordered and unoriented “contigs”. In order to close the gaps in bacterial genome sequences between the contigs,
construction of a paired-end DNA library is usually recommended [13]. First, bacterial genomic DNA is sheared
randomly and certain size fragments are selected, i.e. 3 Kb, 8 Kb or 20 Kb. The fragments are methylated to avoid
EcoRI cleavage, and hairpin adaptors are ligated onto both ends of the DNA. Subsequent exonuclease digestion
removes all of the DNA fragments that are not protected by hairpins. In addition, the hairpin adaptors are biotinylated
and contain EcoRI recognition sites that are not methylated. Therefore, after digestion with EcoRI, the DNA can be
circularized by self-ligation. The EcoRI digestion step also removes the terminal hairpin structures from the DNA.
Second, the circularized DNA is fragmented by nebulization and fragments containing the added adaptors are selected
using streptavidin, which has very tight biotin-binding capability [14]. Eventually, a DNA library consisting of true
paired end reads is generated, with a 44-mer adaptor sequence in the middle, flanking with ~ 150 bp sequences on
average. The two flanking 150 bp sequences are fragments of DNA that were originally located approximately 3 Kb, 8
Kb or 20 Kb in the genome of interest. This library is now ready for emulsion PCR and DNA sequencing. Using pairedend reads, scaffolds can be obtained from the ordered and oriented contigs and this greatly facilitates the complete
sequencing of the genome.
Currently, the average read length from pyrosequencing is ~ 400 bp. However, Roche/454 has announced that this
technology is expected to extend read lengths up to 1,000 bp. In addition, a recently introduced bench top highthroughput sequencing platform should fit the needs of small to medium sized research laboratories.
1.2.2 Illumina/Solexa
llumina/Solexa’s Genome Analyzer is currently the most widely used DNA sequencing platform. It is based on fourcolour cyclic reversible terminators that are blocked at the 3’ end using modified nucleotides such as 3’-O-azidomethyldNTPs [15]. The sequencing chemistry behind this technique is based on the Sanger DNA sequencing technique [16].
In this procedure, four fluorescently labeled nucleotides are simultaneously added into the reaction mixture and DNA
polymerase incorporates the nucleotide that is complementary to the template base. DNA synthesis terminates after the
addition of one nucleotide. The unincorporated nucleotides are washed away and fluorescence is recorded to determine
the incorporated nucleotide. Then, the 3’ blocking group is cleaved from the incorporated nucleotide to restore a 3’-OH
group and the fluorophore is also removed from the base. Therefore, two chemical bonds need to be cleaved before the
next cycle begins [16]. Also, since the 3’ blocked terminators cannot be readily incorporated into the growing DNA
strand by the native form of DNA polymerase, a modified form of DNA polymerase, created by site-directed
mutagenesis, is used to perform the reaction [17].
The sequencing workflow of the Genome Analyzer includes three steps: DNA library preparation, generation of
clonal clusters, and sequencing [16]. Genomic DNA is first fragmented by nebulization or sonication. DNA end-repair
is performed in order to generate blunt ended DNA. Following phosphorylation of the 5’ and 3’ ends, an adenosine
overhang is added to each end. This facilitates the ligation between the sequencing adapters and the DNA fragments.
Next, a flow cell is used to capture template molecules to generate clonal clusters, which are identical copies of each
single DNA template within the diameter of one micron. The flow cell is a silica slide with eight channels and each
channel can hold up to 12 samples. Different from emulsion PCR on small beads, in solid-phase amplification
denatured DNA templates are covalently attached to a lawn of oligonucleotides immobilized on the flow cell surface.
Templates bound to the primers are 3’-extended using a high-fidelity DNA polymerase. After denaturation, the original
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templates are washed off and the amplified copies are left on the flow cell surface. Because there are adapter
oligonucleotides on the free ends of the bound templates, this adapter may hybridize to adjacent lawn primer, which is
immobilized on the flow cell surface, to form a bridge. DNA polymerase copies the template from the primer to form a
double-stranded DNA bridge, which is subsequently denatured and two single-stranded DNAs may hybridize to
adjacent lawn primers to form new bridges. This process is repeated to create millions of dense clonal clusters, each
containing about 2,000 molecules. Following denaturation of the double-stranded DNA bridges, the reverse strand is
removed by cleavage at the reverse strand-specific lawn primers. The 3’-OH ends are blocked to avoid nonspecific
priming and sequencing primers are hybridized to the adapter attached to the unbound ends of the DNA templates. Now
the flow cell, which contains clusters of ~1,000 copies of single-stranded DNA molecules, is ready for transfer to the
Genome Analyzer for sequencing [16]. Detailed diagrams of the procedure can be found in [18; Figure 2.2].
Illumina/Solexa offers three strategies to prepare a DNA library, including single-read, paired-end and mate pair. The
single-read method is described in the sequencing workflow section of this review. Mate pair library preparation is
essentially the same as paired end library preparation in pyrosequencing, except that in mate pair protocols the
templates to be sequenced are separated by 2-5 Kb inserts instead of 3 Kb, 8 Kb or 20 Kb. The protocol for paired-end
library preparation for the Illumina Genome Analyzer is completely different from mate pair DNA library preparation.
It generates twice the amount of sequencing data compared with single-read and it also requires twice the run time. In
addition, another instrument, a Paired-End Module, needs to be attached to the Genome Analyzer. End users may
choose the length of the sequencing insert ranging from 200 to 500 bp. During paired-end library sequencing, the
forward strand of the DNA template is sequenced in the same way as in single-read sequencing. After denaturation, the
newly synthesized partial strand is removed and the 3’ ends are unblocked. The free ends can bind to lawn primers to
reform bridges and double-stranded DNA clusters are regenerated. This time, the forward strands are cleaved leaving
only the newly synthesized reverse strands attached to the flow cell. Subsequent sequencing is performed on the reverse
strands to produce paired end data.
Currently, Illumina/Solexa provides three sequencing systems, Genome AnalyzerIIe, Genome AnalyzerIIx and HiSeq
2000. Sequencing read length can be chosen from 35, 50, 75 and 100 base pair, single or paired-end. With this system,
the most common error during sequencing is substitutions, especially after a ‘G’ base [19]. Amplification bias during
template preparation could also cause underrepresentation of AT-rich and GC-rich regions [12, 19, 20, 21].
1.2.3 Single-Molecule Sequencing
Single-molecule sequencing has the advantage of not requiring amplification of the templates by PCR before
sequencing, since clonal amplification of templates may introduce errors. HeliScope developed by Helicos BioSciences
was the first commercialized single-molecule sequencer [22]. This technology significantly increased the speed of DNA
sequencing, while decreasing the cost.
The HeliScope uses Virtual Terminators, which are 3’-unblocked cyclic reversible terminators [23]. The inhibiting
group is a nucleoside analogue that is directly attached to the fluorophore. Using a 3’-unblocked terminator is highly
efficient because removal of the fluorophore and terminating group is combined into one step. Furthermore, it is no
longer necessary to screen large libraries of mutant DNA polymerase since 3’-unblocked terminators can be
incorporated into the growing strand DNA effectively by wild-type DNA polymerase.
The workflow of single-molecule sequencing may be summarized as following [24]. A DNA sample is sheared into
short strands of about 100 to 200 nucleotides in length before a poly-A universal priming sequence is added to the 3’
end of each DNA strand which is then labeled with a fluorescent adenosine nucleotide. The labeled strands serve as
templates for the single molecule sequencing chemistry. The DNA strands are hybridized to the Helico’s flow cell
which contains billions of oligo-T universal capture sites that are immobilized on the flow cell surface. Because the
HeliScope sequencer detects single molecules, the templates can be packed at very high density, i.e. billions of
templates per run. After the DNA sequences have been hybridized to the flow cell surface, they are loaded into the
Heliscope instrument. A laser illuminates the surface of the flow cell, highlighting the location of each fluorescently
labeled template. A CCD camera then produces a map of the template on the flow cell surface. After the template has
been imaged, the template label is cleaved and washed away. The sequencing reaction begins by introducing a DNA
polymerase and a fluorescently (Cy5) labeled nucleotide with the oligo-T capture sites serving as sequencing primers.
DNA polymerase catalyzes the addition of Cy5-labeled nucleotides to the primers in a template directed manner. A
washing step then removes the polymerase and any unincorporated nucleotides. The billions of single molecule
templates that have incorporated a particular nucleotide are then visualized by illuminating and imaging the entire flow
cell surface. After imaging, the fluorescent labels are cleaved and removed. The process continues with each of the
remaining bases and repeats until the desired read length has been achieved. Unlike amplification-based sequencing
technologies, the single-molecule sequencing process is asynchronous. Every strand is unique and is sequenced
independently. Illustration of this sequencing approach is shown in [12; Figure 2].
Paired-end reads can be obtained from individual single molecules as well (www.helicosbio.com). Unlike the
traditional paired-end library preparation, the procedure does not involve cloning, circularization and digestion of the
sheared genomic DNA sample. Briefly, after fragmentation of genomic DNA, an adaptor sequence is ligated to the 5’
ends of the fragments. Then poly-A tails which will hybridize to the poly-T immobilized on the flow cell surface are
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created on the 3’ ends of the fragments. Following the completion of sequencing the 3’ end of the template, the template
is copied to the end by DNA polymerase and all four natural nucleotides. The template DNA is removed by
denaturation, leaving only the reverse strand bound to the flow cell surface. A universal primer can then hybridize to the
adaptor sequence which is at the free end of the DNA fragment and sequencing can be performed from the free end of
DNA template, i.e. the 3’ end of the reverse strand.
Currently, the average single read length that the HeliScope procedure generates is 35 bp. The error rate for
substitution, insertion and deletion are 0.2%, 1.5%, and 3.0%, respectively.
1.2.4 Sequencing by ligation
In contrast to DNA sequencing by synthesis, sequencing by ligation uses DNA ligase to determine the identity of a
nucleotide in a DNA sequence. DNA ligase can join two DNA strands that have a double-strand break. It can also link
the ends on only one of the two strands, providing that the incoming single strand nucleotides are perfectly
complementary to the reverse strand [25].
The technology of sequencing by ligation was commercialized by Applied Biosystems in 2007; its platform is named
support oligonucleotide ligation detection (SOLiD) [26]. DNA templates are prepared in a manner similar to
pyrosequencing technology. The DNA is sheared by nebulization or sonication, and ligated to oligonucleotide adapters.
One adapter is then hybridized to another adapter, called the P1 adapter, which is immobilized onto one-micron
diameter paramagnetic beads. The DNA library is diluted before the hybridization between the two adapters to ensure
that only one DNA template attaches to each bead. In the next step, DNA templates are clonally amplified by emulsion
PCR, followed by bead purification. In contrast to pyrosequencing where a PicoTiterPlate is used to catch the beads, in
the present technique a flow cell glass slide is used. Before bead deposition, it is necessary to modify the 3’ end of the
DNA template on the beads to allow its covalent attachment to the slide. Because there is another adapter attached to
the free end of the DNA template, the modification can be made by attaching a polystyrene bead which has
complementary adapter sequences on its surface. Currently, three types of slides are available, which allow for the
analysis of 1, 4, or 8 samples on a single slide. In order to further extend the throughput, barcoding is introduced and up
to 16 libraries can be loaded on one region of an 8 region glass slide. The SOLiD system can hold two independent flow
cell slides at once. Therefore, up to 256 samples can be analyzed in a single run.
Three types of DNA libraries can be used for sequencing: a fragment library, a mate-paired library (insert size from
600 bp ~ 10 Kb) and a paired-end library. The strategies that are used to construct fragment and mate-paired libraries
are similar to those are used in the Illumina/Solexa technology, and up to 75 base pair read lengths can be generated
from the SOLiD system. Paired-end library sequencing involves sequencing of both the forward and reverse direction of
DNA templates using DNA ligase and provides read lengths of up to 35 base pairs at the 5’ and 3’ ends.
The first step of sequencing by ligation is to ligate a probe to a sequencing primer [26]. Each probe consists of eight
base pairs (octamer), of which the first two at the 3’ end are the ones providing the measuring information. The
remaining six nucleotides are degenerate nucleotides with one of four fluorescent labels linked to the 5’ end. Since
dinucleotides can generate sixteen different combinations, and only four colors are used for measurement, a two-base
encoding strategy is employed. For instance, blue represents the combination of AA, CC, GG or TT; green represents
the combination of CA, AC, TG or GT; yellow corresponds to the combination of GA, AG, TC or CT; and red
corresponds to the combination of TA, AT, GC or CG. As long as the first nucleotide is known, the second nucleotide
can be determined based on the color observed. In the first sequencing step, the probes representing all 16 possible twobase combinations are added into the reaction mixture. Annealing only occurs when the probe is complementary to the
sequences immediately adjacent to the sequencing primer. Then ligation is performed and the unbound probes are
washed away. In the next step, unextended reactions are capped by dephosphorylation, making them unavailable to
participate the future reactions. The last three bases and the fluorescent moiety from the probes are then cleaved with
AgNO3. Now the probe is reduced to 5 nucleotides with a free phosphate group. Ligation is repeated up to 15 cycles to
obtain a sequence of 75 base pairs. Fifteen cycles of ligation is referred to as a “round”. Primer reset is carried out
where the extended sequences melt off the template and a new primer which is one base inset closer to the bead than the
starting primer is hybridized to the adapter. Then the same set of probes is used to measure different pairs of
dinucleotides. Primers are reset for five rounds in total and each new primer has a successive offset, i.e. n-1, n-2 and so
on. Using this approach, each nucleotide on the template is sequenced twice by different dye-labeled probes, thereby
reducing sequencing errors dramatically. Eventually, 75 color space sequence information is collected which will be
taken forward to obtain a 75 nucleotides sequence. In order to convert the color space sequence to a base pair sequence,
the first nucleotide has to be known. This information can be easily obtained from the first cycle of the second round of
sequencing because the first base pair of probe is the complement of the last nucleotide of the sequencing primer.
Diagrammatic representation of this procedure is found in [12; Figure 3].
In order to obtain paired-end or mate-pair sequences, sequencing of the reverse direction of the template is performed
[26]. First, 3’-hydroxylated primer is annealed to the adapter region of the templates and probes that are 5’
phosphorylated are ligated to the primer. To prevent dephasing, primer that is unextended is capped by a ddNTP which
is introduced by polymerase. After cleavage by AgNO3, only 5 nucleotides from the probe will remain. The 3’
phosphate is removed and the cycles are repeated until the desired read length is obtained.
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Applied Biosystems provide three next generation sequencing instruments and they are the SOLiD 4 System, SOLiD
4hq System and SOLiD PI System. Among the three systems, SOLiD PI system is a bench top instrument and designed
for smaller laboratories.
Similar to Genome Analyzer of Illumina/Solexa, the most common error type created by SOLiD is substitution [21].
In addition, SOLiD data also reveals an underrepresentation of AT-rich and GC-rich regions [21].
1.2.5 Single Molecule Real Time Sequencing
Single molecule real time (SMRT) sequencing is a sequencing by synthesis technology that has been developed quite
recently [27]. The technology involves monitoring the incorporation of fluorescent dye-labeled nucleotides
continuously during DNA synthesis [27].
The SMRT DNA sequencing system designed by Pacific Biosciences was released to a small group of research
institutes in February, 2010. The official commercial launch of the machine is expected to be in the second half of 2010.
The most attractive feature of this sequencing system is that it can generate more than a thousand base pairs of sequence
information in fast cycle times, since DNA polymerase synthesizes DNA continuously without termination [12, 27, 28].
Sample preparation is unique for SMRT sequencing. The DNA sample is first sheared to the desired size; the ends of
the fragments are then repaired so that a hairpin structure can be ligated to each end. Following purification, the
fragments with hairpin adaptors are selected and ready for sequencing. In contrast to other sequencing by synthesis
approaches in which templates are attached to a solid surface, in SMRT sequencing, single DNA polymerase molecules
are immobilized in a nanoscale well [29, 30]. Parallel sequencing is achieved using a chip containing thousands of wells
to capture individual DNA polymerase molecules [27]. A modified φ29 DNA polymerase is chosen for this sequencing
platform because it can incorporate phospholinked dNTPs efficiently into the growing strand. In addition, φ29
polymerase is able to synthesize DNA in a strand-displacement manner so that the template can be sequenced multiple
times to ensure accuracy. With this approach, read accuracy was improved from <80% for a 499 bp template to >99%
by circular consensus sequencing for 15 times or more [27]. The nucleotides used in SMRT are phospholinked
hexaphosphate nucleotides and have a distinct character in that a fluorophore is linked to the terminal phosphate rather
than to the base. The formation of phosphodiester bond leads to the release of the dye-labeled pentaphosphate and the
signal is recorded immediately before it diffuses away [27]. A schematic representation of this sequencing method is
shown in [12; Figure 4].
It has been reported that using the SMRT system to sequence an E. coli genome, it is possible to achieve 99.3%
genome coverage with average read lengths of 964 bp and at high accuracy, i.e. >99.999% [12]. Although the
technology is still in its infancy and requires additional improvements to accommodate large genome sequencing, the
current SMRT platform satisfies the needs for sequencing small viral and bacterial genomes.
Due to the intrinsic limitations and biases of each of the currently available sequencing technologies, it has been
suggested that using a combined sequencing strategies is more practical, considering both the quality of sequencing
results and cost [31, 32, 33]. In addition, for a genome having a large number of repetitive regions, the use of pairedends or mate-pairs is necessary because the addition of a large amount of relatively short reads won’t help to reduce the
gaps between sequenced regions.

2. Bacterial genome assembly
Currently, sequencing reads generated by different sequencing technologies range from 35-1000 bp. In order to obtain a
complete bacterial genome, the fragments need to be aligned and joined together using a computer program called an
assembler. Assemblers can join sequences together based on overlapping regions between the sequences, assuming that
the two sequence reads have originated from the same place in the genome. After assembly, a collection of contiguous
pieces (contigs) instead of an entire chromosome are usually obtained. This is often due to non-random shearing of
DNA, intrinsic cloning bias and repeated regions in the genome. Increasing the sequencing coverage of the genome will
help to reduce the number of contigs. For example, Lander and Waterman [34] showed that sequencing a 1 Mbp
genome using Sanger chemistry resulted in a small number of contigs (~5) if 8 to 10 times genome coverage was
attained.
In addition to the assembler, another computer program called a scaffolder is used if paired-end or mate-pair reads
are available. Scaffolder can link distant sequences together based on the distance between the two ends of the original
template, i.e. 3 kb or 8 kb. Therefore the scaffolder is able to define the size of gaps between contigs and orient the
contigs into a draft genome [35].
To assemble next-generation sequencing reads, de novo assembly becomes more of a challenge because only short
overlaps can be considered. Therefore, higher coverage of the genome is required for assembly of shorter reads,
resulting in large volumes of data [36]. However, one study has shown that it is possible to assemble a large portion of
the E. coli K12 MG1655 genome using read lengths of 20-50 nucleotides, given that the reads were error-free [37].
Since then, several bacterial genomes have been de novo assembled using short read sequence data, including
Helicobacter acinonychis [38, 39], Staphylococcus aureus [39], Bacillus subtilis [40, 41], Pseudomonas aeruginosa
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[42], Pseudomonas syringae [43, 44], and Erwinia pyrifoliae [45]. Furthermore, combining the read data from more
than one type of sequencing platform can improve de novo assembly of a bacterial genome significantly [33, 43, 45].

3. Bacterial genome annotation
In general, genome annotation can be performed at two main levels, static and dynamic [46]. At the static level, the
main features of the genome can be obtained, such as protein coding genes, functional RNA products, GC content,
codon usage, genomic islands, motifs, chemical and structural properties of proteins and their subcellular localisation.
In contrast, the dynamic view can exhibit gene context, gene order, regulatory networks, protein interaction networks,
metabolic networks as well as phyloprofile and gene fusion/fission information obtained by comparative genomics [46].
Nowadays, bacterial genomes are often annotated using automated pipelines, which can be either web-based or run
locally [46, 47]. Web-based annotation pipelines are more convenient for small research groups or smaller sequencing
facilities that lack computing resources and expertise that is necessary to maintain or implement the software [47]. As
an example, BASys (Bacterial Annotation System) is a automated bacterial annotation web server
(http://wishart.biology.ualberta.ca/basys), which uses more than 30 programs to determine nearly 60 annotation
subfields for each gene [48]. With this system, results can be generated in about 24 h for a 5 megabase genome and can
be browsed and evaluated using a navigable graphical map. However, BASys is not able to analyze partially assembled
genomes [48]. In 2008, the RAST (Rapid Annotation using Subsystem Technology) Server (http://rast.nmpdr.org/), a
fully automated annotation service for complete or draft archaeal and bacterial genome, was built [49]. Annotations
provided by the service include protein-encoding, rRNA and tRNA genes, gene function and metabolic network. On the
completion of annotation, the annotated genome can be downloaded in a variety of formats or browsed in SEEDViewer for up to 120 days [49]. The SEED is an annotation/analysis tool provided by the Fellowship for Interpretation
of Genomes (FIG) [50]. More recently, a metagenomics RAST server was constructed (mg-RAST) [51]. Mg-RAST
(http://metagenomics.nmpdr.org/) is used to generate pylogenetic and functional summaries from metagenome data.
The user can also perform comparative metagenomic analyse using the tools incorporated into the annotation pipeline
[51]. WeGAS (http://ns.smallsoft.co.kr:8051) is another web-based microbial genome annotation system [52]. Like the
RAST Server, it is capable of handling both ongoing and completed microbial genome projects. The user can start
genome annotation with contigs and the process can be monitored during each analysis. The annotation pipeline
includes seven major modules, which are gene prediction, homology search, promoter search, pathway mapping, motif
search, COG (Clusters of Orthologous Groups of proteins) assignment and GO (Gene Ontology) assignment. A genome
browser is also available to view the detailed results [52]. Recently, another prokaryotic genome annotation web server
called Integrative Services for Genomics Analysis (ISGA) became available to the community
(http://isga.cgb.indiana.edu/) [53]. Unlike many other web-based annotation servers, ISGA can be installed on a desktop
computer in order to better serve the needs of scientists. This is particularly beneficial because the increasing demand of
web users may eventually cause deteriorating performance of public web servers [53].

Summary
In this chapter, an overview of genome sequencing technologies, genome assembly strategies as well as bacterial
genome annotation approaches have been discussed. This is not intended to provide an exhaustive review of each topic,
but rather focus on the strategies that may be useful for a small microbial laboratory that is interested in sequencing
bacterial genomes. Currently, sequencing cost and sequence quality are still the main concerns of bacterial genome
sequencing. However, with constantly developing sequencing technology, assembly algorithms, and annotation
software, it is possible that in the near future, sequencing, assembling and annotating bacterial genomes will become a
routine procedure in every microbial laboratory.
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