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Bioinformatics tool for genomic era: A step towards the in

silico experiments-focused on molecular cloning

Akira Ohyama 

Abstract 

The thesis focuses on performing the molecular biological experiments in silico,

one of the simulation tools of the biological experiments in vitro. Among the various 

fields of experiments, this thesis especially focuses on molecular cloning, because DNA 

information is more systematically and exhaustively collected than that of other 

molecules. There are some advantages in in silico experiments in consideration of 

planning molecular biological experiments, usage as lab notebook, educational tool to 

learn molecular biological experiments. However, performing in silico cloning requires 

some formulations such as recording of the end shapes of digested products by 

restriction enzymes or amplified products by PCR. For this purpose, a few extensions to 

Genbank/EMBL database annotation convention are introduced and incorporated into 

existing convention as new feature keys and qualifiers. In addition, features on a DNA 

sequence are occasionally truncated in the case of amplified products of PCR or 

digested fragments by restriction enzymes, therefore the annotations about the truncated 

features should also be formulated. The ambivalent nature of DNA requires frequent 

changes of the interested strand to and fro, therefore a reverse complementary operation 

of large size DNA is necessary to be implemented for such a software system. 

According to these definitions or data descriptions, a software tool for in silico

experiments, named in silico MolecularCloning has been developed, and performed a 

few of typical molecular cloning experiments on computer, and verified that this 

approach might be effective.  

In addition, several functions covering a number of requirements in this genomic 

era, are also implemented in the software. Genome information is rapidly being 

accumulated and this warrants performance in software which swiftly refers and edits 
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such enormous data. The software tools accomplished one of the fastest speed records 

of reading and editing such large sized genome information among the many software 

systems which run on ordinary PC. Together with these high performances, also 

implemented are comparative genomics facilities. As one of the applications to the 

exhaustive expression analysis, additional development of data management and 

expression profile viewer and analyzer has been finished for high-density tiling arrays 

which entirely cover a whole genome with complementary probes as if the building tiles 

cover walls. Thus, the software is expected to provide further acceleration to the 

expression analysis researches. On the other hand, software tools, named 

MetaGenomeGAMBLER, for DNA sequencing are also developed at the same time 

with facilities of comprehensive and semi-automated functions for such upstream 

experiments. Its high-quality controlling of sequencing raw data provides 

high-throughput processing and data accuracy for the projects. This software is also 

applied to cDNA sequencing and clustering projects for plant genomes which are said to 

be relatively difficult to be wholly sequenced. 

As an application of the just-developed software tools, I investigated the 

asymmetry of nucleotide compositions in a number of the prokaryotic genomes and 

found that there is an unreported phenomenon in the local and transcription-coupled 

asymmetry of GC compositions. This phenomenon, which is currently found only 

among the prokaryotes with relatively low-GC content, is especially remarkable in 

species as follows, Clostridii including Clostridium perfringens, Fusobacterium

nucleatum, and is also detected in the genomes of Escherichia coli and Bacilli. On the 

contrary, none of prokarytes with high-GC content, shows any local asymmetry of GC 

composition coupled with transcription. This finding may lead to development of 

prediction algorithm to detect transcription units on prokaryotic genomes.

Keywords; in silico experiment, molecular cloning, GC Skew, Software, 

transcription-coupled, sequencing, Clostridium cDNA expression analysis, tiling array, 

comparative genomics
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1.1 Motivations 

One decade has passed since the first sequencing of complete genomes of 

Mycoplasma genitalium and Heamophylus influenzae (Fleischmann et al. 2005).

Currently, more than 400 genomes have been completely sequenced. In addition, some 

model genomes of further complex organization including that of Homo sapiens have

also been completely sequenced and these DNA sequences are publicly available via 

internet for every researchers and students. 

Contrary to these achievements in the genome DNA sequencing, there have 

been delays in development of suitable software tools for the genomic data handling. 

The basis to the most of sequence analysis software tools had been established during 

1980s, although their target was the merely a clone size sequence. For example, GCG 

(Genetic Computing Group) Wisconsin Package (Gribskov & Devereux 1991) was 

developed in early 80s, however it is still used by molecular biologists without 

adaptation to large-size genome data handling. Since the funding to the sequencing of 

complete genomes has been huge, and these genomic DNA sequences are surely the 

source of a lot of new knowledge about biology or medical sciences. Utilization of such 

treasures for human beings must be excavated. Therefore, software tools for the 

researchers to easily utilize numerous genomic DNA sequences should be developed. 

In addition, since the late 1990s, high throughput methods to detect expression 

of biological molecules have been invented. Among them, the DNA array is the most 

successful device with very subtle techniques. However, DNA array experiments 

produce larger amount of data compared with that of DNA sequencing. Therefore, 

further high-throughput performance of analytical software is also required. 

Previously, DNA sequences were usually stored on remote servers and multiple 

users are accessing the servers from client PCs because large capacities and high 

performances are required for maintaining and providing sequence data. This style of 

data server leads to a consensus of data gathering policies or restrictions to use these 

data. However, some of the researchers were not satisfied with these common and 

limited data, instead they like to possess their own private database. Thus, private data 

handling in a local PC is required. 

Although many software tools for different purposes have been developed, 

when using these tools, data conversions usually become most disturbing obstacles  

because the input and output format of these tools are not standardized. Development of 
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software tools which enable to use different tools without data conversion, is also 

necessary. 

DDBJ/EMBL/GenBank format file is commonly used data format for 

nucleotide and amino acid sequence data, and it is written in text format and visible by 

text editors. Therefore, data portability and visibility are higher than other formats 

specific to particular program. Thus, DDBJ/EMBL/GenBank format as a basic 

recording format is required. 

Consequently, to handle sequence data together with other data such as mRNA 

expression data, complicated data linkages is necessary. Thus, simpler format for 

experiment data is required. 

Earlier software tools for sequence analysis usually ran only on Unix machines. 

After Windows PC and Macintosh became popular among researchers, the developers 

of biological software tools usually release Windows version at first and Mac version 

much later. Thus, software compatibility between Windows, Mac and Unix is much 

requested.

in vitro experiments in the field of molecular biology are often performed 

consecutively. For example, amplification of DNA by PCR, digestion of a plasmid 

vector, ligation of the PCR product and the linear vector are performed in series. Thus, 

consecutive operations in silico are also required. 

In addition, the results in molecular biology are always invisible because that 

the target molecules are too small to see directly and only recognized by indirect 

manners, such as gel electrophoresis. A graphical presentation of the micro phenomena 

is much helpful. 

Experiments in vitro are regarded as cycles of designing, verifying and 

recording of experiments. During the cycle, a lot of works must be done by manually. 

To reduce the efforts, more comprehensive tools for supporting this cycle are required. 

Here in this thesis, I propose newly designed integrated genome research 

environments with functions which satisfy the above-mentioned requirements: handling 

genome scale sequence, and high-throughput experimental data, compatibility between 

Windows, Mac and Unix, private data handling, and in silico experimental tools to 

facilitate the wider comprehensive understanding of biological experiments.
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1.2 Backgrounds

(1) History of sequence analysis software tools 

Since the DNA sequencing was started, a lot of software tools to analyze them 

in computers have been accumulated. These software tools consist of nucleotide or 

amino acids sequence pattern search (Bairoch 1989), prediction of protein secondary 

structures (Chou and Fasman 1978, Garnier et al. 1978, Garnier and Robson 1989, Kyte 

and Doolittle 1982, Lupas et al. 1991, Eisenberg et al. 1984), sequence homology search 

(Burge and Karlin 1997, Karlin et al. 1992, Pearson and Lipman 1988), protein 3D 

structrure viewer (Sayle and Milner-While 1995) and others (Henikoff and Henikoff 

1991, Henikoff and Henikoff 1992, Quandt et al. 1995, Riley 1993, Wootton and 

Federhen 1993) (see Table 1.1). Most of them are still used commonly among the 

molecular biologists and information scientists. The most widely used one is the 

BLAST program which was developed in NCBI (Altschul et al. 1990), and 

implemented with a powerful homology search functions. ClustalW (Higgins and Sharp 

1988, Thompson et al. 1994) is also one of such software tools, which provides multiple 

alignment facilities of nucleotides or amino acids sequences. Thus, there are a lot of 

excellent algorithms which had been developed in early days of bioinformatics. 

However, most of such software tools had been developed in a command line style and 

most of potential users today will meet difficulties to run them on their PC. 

Two solutions are possible to overcome the difficulties. One solution is that 

these software tools themselves have a web-based user interface for more 

comprehensive operations. Actually, there are web-based user interfaces, for ClustalW, 

GeneScan (Burge and Karlin 1998) and BLAST. Web-based user interfaces of the 

existing software tools are further comprehensive compared with the previous command 

line operation. However, it is not convenient when users try to analyze their data 

consecutively with the different algorithms. In addition, data is not tightly secured 

because of the internet communication is necessary to use the web-based facilities. 

Another solution is that these software tools are incorporated into a front end 

software package which provides standardized user interfaces for their input commands 

and output results presentation. A front end software package runs the existing software 

algorithms and visualizes the results with graphical interface. GCG (Genetic Computer 

Group) Wisconsin Package and Staden Package (Gleeson and Staden 1991, Staden 

1996) are the first representative cases of the front-end software interfaces. However, 

GCG Package has limitations in handling of genome-scale sequences, and thus it is out 
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of date. Further-more, in GCG Package, all the algorithms were written in FORTRAN 

language. Consequently, it required a lot of development time and efforts to modify the 

algorithms. In addition, a DBMS (DataBase Management System) is required to run 

GCG. Therefore, most of the biological data to be analyzed by these packages is 

necessary to be converted into a particular format and stored as entries of the database. 

Table 1.1 Traditional and widely used sequence analysis programs 

(2) Large accumulation of data resulted from high throughput experiments 

Since the genome projects had started in early 1990s, exponentially increasing 

amount of DNA or amino acids sequences data has been accumulated in the 

international databases such as DDBJ/EMBL/GenBank. Further-more, huge biological 

data such as the results of micro-array experiments are also accumulating in the 

databases such as MIAME (Brazma et al. 2001,Ball et al. 2004, Stoekert et al. 2002, 

Spellman et al. 2002,). Integrated handling of both biological sequences with annotation 

and newly introduced experimental data are much required for the software 

environments in genome era. 

(3) Data format for sequence analysis software tools 

GenBank/EMBL formats are widely used for the description of DNA and 
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protein sequences with their annotation. Therefore, using the formats for the input and 

output of sequence analysis software tools is advantageous for data portability or 

visibility. However, current data description convention of GenBank/EMBL formats has 

limitation for the description of results in novel technology such as DNA array. In 

addition, when performing in silico experiments with GenBank/EMBL format, 

additional information is necessary. Thus, further extension to the current convention is 

required.

(4) Continuous advancement in the hardware and software technology 

There is non stop advancement in the hardware technology in PC. Every year 

its performance is improved in CPU speed and memory size. It is said that the latest PC 

models have superior performance than the supercomputers of a decade ago. Because of 

the advanced PC hardware, any user can run software which had been impossible to run 

except in a large size supercomputer previously. Thus, today, large-scale computing of 

genome data is achieved with small PC level machines 

Java language was invented by Sun Microsystems about ten years ago. As the 

technology was late-coming one compared with traditional developing languages of C, 

Perl and others, the Java has been furnished with integrated and superior functionalities 

compared with previously existing languages, ranging from web application capabilities, 

drawing functionalities, fast string handling and coding error detection. When Java was 

first introduced, the OS had been too heavily loaded and Java was not suitable for 

applications which require quick responses. However, advancement in computer 

hardware had gradually solved this problem. Recent version of Java provides excellent 

performance level.  

Molecular biologists and medical scientists are famous about their preferring of 

Macintosh computers. By using Java language, efforts to provide multiple versions 

compatible to Windows, Mac and Unix, are much reduced for the developers of 

molecular biology software. Under the situation, development of molecular biological 

software tools by utilizing the Java technology has advantageous for up-to-date release 

of new functions to multiple platforms.. 
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1.3 Concepts of software environments for molecular biology 

I here propose that a concept of the software environments which cover the 

field of molecular biology. I summarize the main points of my concept for the 

environments as follows. (1) The software should have ability to handle the largest 

entries in the international nucleotide database. (2) The software should have 

compatibility between Windows, Mac and Unix. (3) GenBank/EMBL format should be 

utilized to ensure the data visibility and portability. (4) The software should have a user 

interface, as front end software, which has ability to run most of the existing software 

inheritances. (5) Graphical interfaces to describe invisible phenomena of molecular 

biology are required. (6) The software should have an in silico experimental facility to 

perform consecutive routines of cloning experiments. 

(1) Handling of the largest entries to GenBank/EMBL 

It is important to have ability of handling sequences of whole chromosomes, 

such as those of human genome. The largest chromosome of the human genome 

contains about 250 mega base pairs and numerous features. Non stressed handling of 

such a huge chromosome sequences is needed. In addition, editing of sequences and 

features is also necessary. 

(2) Machine compatibility  

As for the bioscience software tools, machine compatibility between Mac, 

Windows PC and Unix is required. Java language satisfies the required compatibility for 

simultaneous distribution of multiplatform software tools. 

(3) GenBank/EMBL format 

Integration of in silico experiments or DNA array into GenBank/EMBL format 

files, provide seamless handling of all the data. Especially, when performing in silico

experiments, single data entries per molecule are necessary. Therefore, direct and sole 

handling of the GenBank/EMBL format files for reactions such as restriction enzyme 

digestion, PCR or ligation, should be implemented. 

(4) User interfaces as a front end software 

A front end software stands between its user and various programs such as 

BLAST, ClustalW and so forth. The user runs only the front end software to activate 
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these programs and access to the existing biological data. For example, when the user 

would like to know if there are homologous sequences to the gene what the user is 

viewing, what the user has to do is only clicking on the feature of gene and the interface 

program activates BLAST programs without knowledge of BLAST operation. In 

addition, the results from BLAST are also converted to graphical images, therefore it is 

not always necessary for the user to learn about its output format. These results are also 

incorporated into the annotated sequence file which the user is now viewing so as to be 

referred later. The conceptual diagram of the front end software is shown as Figure 1.1.

Figure 1.1 Conceptual diagram of a front end software tools for molecular biology 

(5) Graphical viewers to describe invisible phenomena of molecular biology 

When understanding molecular biological phenomena, most difficult matter is 

their invisible nature. To assist for understanding of the phenomena, graphical user 

interfaces should be implemented. 

(6) Sequential and uninterrupted operation of sequence analysis 

Biological sequence analysis usually requires consecutive operations of basic 

analysis tools. Most of software tools provide a single processing of input data, namely 

the input data are read and processed and the results are presented by particular formats. 

Consecutive operations are usually realized by making the output of the previous 

program to be the input for the following program. If the two formats are identical, 

these operations will be succeeded. The point is that in the consecutive operations of 



 10

different programs, all the programs participated in the operations, are required to share 

only one format for inputs and outputs (Figure 1.2). When considering about the 

biological sequence data, the shared format must be that of GenBank/EMBL annotated 

file which contains nucleotide or amino acid sequences and various information about 

the sequences. If an extension to the GenBank/EMBL format convention is possible, 

consecutive sequence analysis will be implemented. 

Figure 1.2 Consecutive operations of programs. (a) A single I/O programs can be consecutively 

operative if the output format of program A has same format with the input format of 

program B. If these two are different in format, a format conversion is necessary. (b) If all 

the programs share same format for their inputs and outputs, these programs can be 

performed consecutively.  
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1.4 Overviews of the thesis 

I had developed two software packages for molecular biology, 

MetaGenomeGAMBLER (MGG) as a supporting system of microbial genome 

sequencing and in silico MolecularCloning (IMC) as a biological sequence analysis 

system, on which I achieved consecutive operation of the programs, especially that of in

silico experiments. In addition, I implemented functions of handling huge expression 

data of tiling microarray in the second package.

To describe the above achievement, this thesis is divided into six chapters as 

shown in Figure 1.3.

Figure 1.3 Diagram of relationship between sections in the thesis 

In this first chapter, the motivation, backgrounds, and concepts of the 

software tool are described. 

In the second chapter, microbial genome sequencing support environment, 

MGG, and its implementation is discussed. Assembling software tools are essential to 

genome sequencing project, and high-speed and precise data handling is also important. 

In MGG, I implemented all-in-one handling and analysis of a microbial genome in a 

small PC or Mac.
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In the third chapter, sequence analysis software environment for genomic era, 

IMC, is described. I designed and implemented the environment which accommodates 

well-used software tools and provides comprehensive and graphical presentation of the 

results. Handling and editing of large chromosomes such as human chromosome No.l is 

achieved in the software. 

In the fourth chapter, in silico experiment software tool is described. This 

function is the part of IMC. A new data formalization to achieve consecutive operations 

of molecular cloning experiments is described. End type description is proved to be 

effective to perform digestion and ligation of DNA molecules.

In the fifth chapter, incorporation of the tiling array data handling and analysis 

functions into IMC is described. The software is enhanced with a unique data structure. 

The tiling array is a high-density DNA array with huge number of probes on it. 

However, suitable software tools to handle and analyze its expression data are not 

available previously. I describe how the software tool combines the nucleotide 

sequences and its annotation against tilling array expression data by extending the 

GenBank/EMBL database convention.

In the sixth chapter, as one of the case studies about the above-mentioned 

software tools, I found and discuss that transcription-coulpled GC skew is observed on 

the genomes of Clostridii, Fusobacterium and others. 



Chapter 2  

Assembling and quality controls of genomic DNA 

and cDNA 
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2.1 Introduction 

It is used to be said that the era of genome sequencing had passed and the 

post-genome era (Chait 1996) had come after the completion of human genome 

sequencing. This affected the decline in the efforts of developing sequencing project 

support systems such as quality controls of DNA sequence raw data, DNA assembler 

and genomic sequence annotation tools. However, genome sequencing projects are still

necessary especially for microbial researches. Biological diversity has been shown to be 

wide and has further complexity than previously anticipated. Thus, the requirements for 

the sequencing support software tools are still large.  

High-throughput sequencing of short fragments by DNA sequencers are 

accomplished due to the fast advancement of devices or reagents as multi-capillary 

DNA sequencers (Ansorge et al. 1987, Luckey et al. 1990, Lee et al. 1992), or high 

performance DNA polymerases (Peterson 1988). On the other hand, in the past decade, 

the information to be referred during sequencing projects, has been exponentially 

increased, and the shortage of software makes latter half of the projects, namely quality 

controls, assembling, and annotation, to be a bottleneck for the sequencing projects. The 

work flow of a genome sequencing project is shown in Figure 2.1, covering from DNA 

fragment sequencing to annotation.  
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Figure 2.1 Flow diagram of genome sequencing to annotation. The boxes painted in blue are 

the processes in the sequencing phase, the boxes painted in light brown are the process in the 

gap closing phase and boxes painted in rose color are the processes in the annotation phase. 

All-in-one implementation of all the functions of microbial sequencing support 

is necessary to achieve smooth operations of numerous data related to genome 

sequencing. Previously, this burdensome computing had been performed in 

high-performance remote servers. Only small part of the huge sequencing data is 

transferred to client PCs for editing or viewing the results because of the limitation of 

data transmission facilities between servers and client PCs. All-in-one implementation 

entirely solves this obstacle due to the no transmission any more if all the data are 

stored and processed in one PC or Mac. 

A graphical and comprehensive operation of quality controls of sequencing raw 

data and integrated handling of numerous results of annotation processes are also 

necessary. Quality per fragment or even per base is recorded. However, checking all the 

data by eyes is almost impossible for the largeness of the data. Quality per fragment or 

per base is rather easy to be identified the low quality regions at a glance. 
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Automated functions such as detection of low-quality regions, selection of 

appropriate sequences to be assembled and transferring of such data to annotation phase, 

are also required because manual handling of these huge data consume a lot of time and 

efforts. 
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2.2 Methods and Algorithms 

2.2.1 Management of DNA fragments 

Even in a sequencing project of a small prokaryotic genome, it is required to 

manage at least tens of thousands sequences of clone fragments. Therefore 

high-throughput handling of data is inevitable. In addition, mistakes in naming of clone 

fragments often resulted in misassembling. To prevent misassembling, clone fragments 

management is necessary. In addition, automated handling of data is also inevitable. 

When handling random shotgun fragments, each fragment has same weight of 

importance. It means every fragment must be handled equally. The fragments are 

referred several times during its sequencing project. (1) When imported, its file name is 

parsed and extracted information from the file name. (2) When quality checked, every 

fragment is called if qualified as quality checked, vector checked and trimmed. (3) 

When classified as a member of assembling, the specified fragments are transferred to 

an assembling unit. (4) After assembled, each fragment is retrieved again to be checked 

its quality. (5) For contig linkage check, each fragment is retrieved to be checked about 

extracted information of mate partners. (6) In all the time, each fragment is retrieved to 

be shown in the trace viewer. 

(Results) In MGG, the trace data and sequence are stored as files, therefore 

access to one fragment requires a I/O. This will reduce the memory space, while require 

more I/O time. On the contrary, PHRAP assembler stores all the fragment information 

on the memory, and sometimes it can not work any more if the memory shortage 

occurred.

2.2.2 Extraction of information from fragment file names 

Naming rules on the sequencing of clone fragments are not standardized. 

Therefore each sequencing team is applying its own naming rule. Simple naming is also 

used in certain projects teams and serial number is assigned to each fragment. Thus, 

rather flexible adaptation of the parsing rule is inevitable. 

Information extraction from fragment file names is performed as follows. 

Multiple sets of rules can be registered for differently ruled file names. In one set of 

rules, four kinds of rules can be set. First is the delimiter rule which denote one or more 
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character to be treated as a separator of fields. Usually, dot (.) or hyphen (-), and so forth 

are denoted as the delimiter, followed by the clone id field position, plate id and well id. 

If plate id and well id are extracted correctly, graphical quality viewer can display the 

exact position of the fragment in the plate. 

In addition, average sizes of clones are also registered. With this information, 

the distances between different contigs are estimated and hint for primer walking would 

be given. 

2.2.3 Quality evaluation of raw sequencing data 

In the early days of microbial genome sequencing, when a small DNA 

fragment, manual viewing of the chromatograms and removal or editing of low quality 

regions of them were performed. However, in a whole microbial genome sequencing 

project, the number of clones amounts to tens of thousands, and quality checking is an 

exhausting work even by talented personnel. Therefore, today, majorities are employing 

somewhat automated methods without visual and manual works has been developed, for 

screening low quality regions on the fragments. 

The primary output from a DNA sequencer is accompanied by chromatogram 

data for fluorescent intensities corresponding to four bases of Thymine, Cytosine, 

Adenine and Guanine. The chromatograms are used for basecalling which determines 

the base code for the each peak formed by the four color curves. Green quantized the 

quality of the basecalls by using a statistical algorithm. The software tool, named 

PHRED (Ewing 1998A, Ewing 1998B), has been implemented with unique ability of 

providing absolute error rate per base. Through this method, one can compare quality 

between the sequences of different manufacturers of DNA sequencers. By this 

advantage, PHRED software tool is used commonly among the genome sequencing 

teams. The base score of PHRED is derived as follows. If there is a chance of error of 

one base per 100 bases, the PHRED score is denoted as QV=20, where the QV 

(abridged for quality value) is derived in the following formula (Eq.2.1) (where p is 

defined as the absolute error rate). 

pQV log10          (2.1)

However, this error rate p is not obtained initially. Therefore he used the 

number of sample data from the actual sequencing data. Although, the borderline for the 
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error rate (Pbase) for acceptable affordances is different from case to case, it is actually 

obtained by Eq. (2.2) using object error rate (Pfinal) and mean average covering rate 

(R) which is derived from number of clones to cover a whole genome. 

RPP finalbase                    (2.2) 

For example, let us make an objective of the error rate of one per 10,000 bases 

along a whole genome sequence. If the genome is covered by clones with average 10 

fragments redundancy, the error rate for a single fragment should be controlled within 

one error per 1000 bases. According to this rule, the bases which have lower quality 

than QV=30, should be removed from the raw sequences.  

I proposed much simpler and relative method of sequence quality evaluation. 

The new quality check algorithm is described as follows. A base quality is defined as a 

product of two values. One is the difference between the top and the other is the average 

difference between top peak and neighboring valleys. With multiplying by a coefficient, 

the score is calculated (Eq.2.3).

QS = A (TP – SP)(TP – (LV + RV)/2),    (2.3) 

where QS is defined as quality score, TP as top peak intensity, Sp as the second peak 

intensity, LV as left valley intensity and RV as right valley intensity of the measurement 

point, and A is a coefficient. 

2.2.4 Screening of vector and host genome contamination 

Another issues related in the quality control of raw sequencing data are 

detection and removal of contamination of xenogenic sequences such as those of the 

vector or host chromosomes. Among such contaminations, the most disturbing problem 

is those from the vector sequences used for making sequencing clones. Typical vector 

removal software is CROSSMATCH (Green 1999A, Green 1999B).  

A new method of vector sequence detection is applying homology search 

against possible vector sequences. After detecting homologous sequence to the vectors, 

the region will be assigned as the vector sequence. However, in case that the dynamic 

range of homologous regions are wide in length, only single performance of vector 
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removal is not adequate and repetitive vector sequence removal with different 

parameters are required. When detected a longer vector sequence, the end of alignment 

are becoming ambiguous because the quality of the cloning site is usually not good 

compared with the other regions of the clone fragment. Therefore, there is a possibility 

of remaining short vector sequence even single scanning of vector by the above method. 

To avoid the remains of short vector sequence, the method employs a repetitive process 

with changing the parameters of sequence homology analysis. 

2.2.5 Trimming of low quality sequences and vector contaminated 

regions 

As low quality regions or xenogenic contaminated regions should not be used 

when assembling, then either actual removal of bases with low quality or merely 

masking of the bases are required. After classifying these contaminated regions, 

trimming of contaminated sequences are performed in a single operation. When it 

comes to handling of repetitive sequences, the regions are masked in the same manner. 

However, these masked sequences are removed from the mask after the fragments are 

correctly assembled. Therefore, there are two types of making data handling. 

2.2.6 DNA fragment assembling 

A number of fragment assemblers have been developed in this twenty years. 

Before the genome sequencing projects, assembling of shotgun fragments of only 

cosmid or lambda sized clones were adequate. Among such assemblers, bap (Xbap) by 

R.Staden or GelAssemble of GCG obtained popularity in 1990s (Batzoglou et al. 2002, 

Bonfield et al. 1995, Iris 1994, Myers et al. 2000, Waterman 1995, Weber and Myers 

1997). One of the assemblers runs on Macintosh, named Sequencher, has been also 

widely used. However, since the first prokaryotic genome was wholly sequenced at 

TIGR in 1995, whole genome shotgun method has been employed and these software 

tools can not afford to assemble it because of large number of fragments. Thus, 

assembler with ability to assemble tens of thousands of fragments was required and 

TIGR has developed the TIGR assembler (Sutton 1995). At the same period, at 

University of Washington, a random shotgun assembler named PHRAP was developed 

(GREEN 1999). The PHRAP assembler has been widely utilized by microbial 

sequencing projects. When human genome sequencing had started, Celera Genomics 

had developed an assembler named Celera Assembler (Myers et al. 2000) to support 

whole genome shotgun assembling at the company.
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Overview of the assembling process is given as follows. The objects of 

assembler are DNA fragments after screening low quality regions or xenogenic regions 

from the raw data. Tens of thousands of such fragments are required to reconstruct the 

whole prokaryotic genome sequence. In the first stage of the assemble algorithm, (1) 

detection of overlaps between all the pair of fragments are performed with the round 

robin method. (2) If an overlap is detected between any two fragments, it is interpreted 

as the two fragments are both originated from overlapped and adjacent regions of the 

genome. (3) The detection of overlaps among the tens of thousands of fragments 

requires high-speed algorithm to compute hundreds of millions order sequence 

comparisons. The BLAST algorithm is fast enough to be used in assembler. In addition, 

multiple CPUs, such as those of PC clusters, help to accelerate such time consuming 

computation. (4) The results which are derived from this computation are overlap length 

in bases, homology scores, directions of each overlap.  

In the next stage of assembling, by using these overlap detection results, 

clustering is performed. The clustering algorithm is as follows. All the bi-directional 

best hit pairs are listed, here the bi-directional best hit pair is defined as the any two of 

the fragments found in a set of fragments where one of the two has most homologous to 

the other among all the fragments in the set and vice virsa. However, when the overlap 

length between the two fragments is smaller than the previously set parameter, it is not 

accepted as a bi-directional best hit pair. Allowance of too short length for overlap 

detection may include accidentally overlapped fragment pair, namely, the two originated 

from the absolutely different regions of the genome. That is, a short and true overlap 

should be allowed to be clustered while a long and false overlap should be expelled. In 

the assembler originally developed this time, overlap length of 15 to 30 bases are 

usually adopted. In addition to this parameter, the homology score itself is also required. 

In the homology search algorithm, low homology score is allowed if its user requests. In 

the case of this assembler, the score is 90 to 95 %. These bi-directional best hit pairs are 

used as core clusters. Next, the rest of fragments which are not included in the 

bi-directional best hit pairs are examined if it had single path best hit to any of the pairs 

and if detected this fragment is joined to the cluster. This process is performed until no 

fragment is left. The results are defined as final clustering sets. This is the final process 

in the clustering phase. 

In the third stage, alignments in all the clusters are performed. When aligning 

each member (fragment) of a cluster, if there are accidentally overlapped pairs existing, 

this leads to contradiction and without disposing some of overlaps, it can not be aligned 
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at all. These contradictions are not detected previously before alignment, therefore the 

algorithm must have capability of comparing the score of any possible alignment 

excluding one fragment by another. However, this computation requires a lot of CPU 

time, in fact, this is one of NP-complete problems (Waterman 1995), consequently it is 

impossible to compute it in an exhaustive manner. It is merely possible to compute the 

multiple alignment in a very small cluster exhaustively. Then, so-called greedy 

algorithm must be required. In fact, the differences between such assemblers are meant 

as differences of such greedy algorithms adopted by each assembler. 

The consensus sequence obtained from such aligning of the cluster members 

and represented by the bases of consensus between aligned bases, is called a contig. 

2.2.7 Termination of random shotgun assembling phase 

When assembling a prokaryote genome fragments, it leads to make hundreds to 

thousands of contigs generated. Thus, contig generation process is described as a two 

dimensional plot. For example, if plotted the total number of assembled fragments for X 

axis and the number of contigs for Y axis, the plot shows the good progress in a 

sequencing project. The plot graph is also theoretically drawn as shown in Figure 2.2.

Figure 2.2 Theoretical curves plotted by the number of fragments. X axis denotes the number of 

fragments. Y axis denotes the estimated number of contigs. 
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2.2.8 Detecting of misassembled regions of a contig 

There are two obstacles in an assembling algorithm. One is the treating of 

repetitive sequences (Jurka 1994) which are likely to cause misassembling, and another 

is how to solve the NP-complete problem within a practical time period. There are a lot 

of repetitive sequences even in a prokaryotic genome, although the number or variety of 

repeat elements is not comparable with huge sets of those in eukaryote genomes. 

Nevertheless, these repetitive elements in the genome would be obstacle to obtain a 

precise assembling result. Actually, if there are higher homologous regions in a genome 

sequence than the homology criteria of overlap detections, this problem occurs. 

Transposons, rRNAs, tRNAs and prophages are typical well known repetitive elements 

in a prokaryotic genome. If, prior to the random shotgun phase, these kinds of repetitive 

elements are detected experimentally, it is possible to mask out such regions from 

assembling and to obtain more clear contigs. However, the random shotgun protocols 

are much simple and in the recent genome sequencing projects, the random shotgun 

experiments are performed without such previous knowledge about repetitive sequences. 

After this phase, such repetitive sequences are detected on the sequence by computer 

programs (Brown et al. 1998, Shavilik 1994).  

Figure 2.3 Characteristic pattern caused by erroneous assembling. If there are more than two 

repetitive sites among the genome, when assembled, they are becoming the cause of 

misassembling. (1) Original genomic sites of repeats. (2) Erroneous assembling. 3) Contigs 

generated by misassembling. 

When it comes to align a contig with repeat, it becomes clear where such 

repeat sequences are located. If aligned with fragments which include repetitive 

sequences, the typical resulting alignment map is drawn as shown in Figure 2.3. The 

repetitive sequences which are originated from the different regions of the genome are 
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clustered as one single site and this creates densely covered region from average 

coverage of clones. This characteristic appearance of a contig alignment can be used to 

detect repetitive sequences posterior to the assemble process. In a typical pattern of 

clustering caused by repetitive sequences, repetitive regions are highly homologous 

however the consensus sequences just outside the region have no consensus at all. I 

introduced a simple scoring system of consensus index (Eq. 2.4) to detect the repetitive 

clustering pattern. 

CI = MB / NF,       (2.4)

where CI is defined as consensus index, MB as the number of fragments which 

are the majority of population and NF as number of fragments which are joined in the 

alignment on the base. 

 Most of misassemble patterns can be detected by monitoring the consensus 

index along the contig and used as a prediction tool of repetitive sequences and same 

time as a disassembling tool of such error clustering. The software is implemented with 

such functionality of automatic detection of repetitive sequences. To resolve such 

erroneously assembled results, making of repetitive regions for the fragments are 

usually performed. The masked sequences will be unmasked again after the correct 

consensus sequences are obtained.  

2.2.9 Contig Linkage by Pair Partner Finding 

When employing a random shotgun assembling, the distances between contigs 

are usually unknown. Namely, even if two contigs are actually located in the 

neighborhood each other with a very short distance, it is not known until the genome is 

completely sequenced. To estimate the distances between adjacent contigs, a bridging 

clone method was invented. One sequencing clone can be sequenced by the both ends if 

there are the priming sites on the vector sequence close to the inserted clone. When the 

size of clone is appropriately selected, two different contigs share one or more clones 

with one end sequence belonging to one of the contigs, while the other end sequence 

belonging to another. Using this information, the distance between two adjacent contigs 

can be estimated if they share one of mates each other (Figure 2.4). The end sequences 

of such a clone are called mates, and the two contigs which is connected by the mates 

are called scaffold or unitig (Myers et al. 2000). 
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Figure 2.4 Contig connectivity using mates information. (a) A bridge clone has been sequenced 

from both ends, namely both strands of the DNA. If Contig A has one end of the bridge 

clone and Contig B has another end, it means that the two contigs share the clone. The 

average distance of such clones is verified experimentally. Thus, the distance between the 

two contigs can be estimated as shown. (b) This method is also used for detection of 

misassembling. (b*) If mates are fallen in a same contig and indicated same direction of 

read, one of the mates may be regarded as misassembled because mates must have 

different directions each other. (b**) If mates are fallen in a same contig and the distance 

between the mates is too long or too short, one or both mates may be misassembled. 

In the Celera Assembler (Myers et al. 2000), this method was employed to 

connect large genome of Droshophila melanogaster (Adams et al. 2000) and the method 

wad proved to be effective and automated connection of the contigs can be performed if 

the error rate of mate match information is lower than 1%. This means that keeping 

accuracy of mates information is critical for reducing misassembling. 
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2.3 Results: Implementation of the MetaGenomeGAMBLER (MGG) 

I have developed an integrated environment of software tools for microbial 

genome sequencing projects, named MetaGenomeGAMBLER (MGG). The software is 

featured with all-in-one functions which are required for the sequencing projects. 

Figure 2.5 shows the schematic diagram of the software package. Functions of MGG 

are divided into three groups. Graphical user interfaces are implemented to provide 

users with comprehensive operability of MGG functions. Various routines such as 

Project Manager, Naming Rule Parser, Sequence Importer and so forth, are working as 

main commands to analyze data. Data handler consists of a set of the basic data 

management tools. 

Figure 2.5 Package design diagram of MetaGenomeGAMBLER (MGG). The structure of the 

software package is shown. (a) On the left, the graphical user interfaces including Quality 

Viewer, Multiple Alignment Viewer, Contig Alignment Viewer and Contig Linkage. (b) On 

the middle, various routines are shown, including Project Manager, Naming Rule Parser, 

Fragment Manager, and so forth. (c) On the right, Sequence and Supplement Data Handler 

which manages the basic sequence and quality data handling. (d) On the further right, 

sequence and quality data which MGG can handle is shown. 
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2.3.1 Structure of MGG system 

MGG has wide range of functions from quality control to annotation. These 

functions are divided into three major categories as follows, (a) Graphical User 

Interfaces, (b) Data Analysis Routines, (c) Sequence and Supplement Data Hander. The 

Graphical User Interfaces include (1) Quality Viewer, (2) Multiple Sequence and 

Fragment Alignment Viewer, and (3) Contig Linkage Viewer. Data Analysis Routines 

consists of (1) Project Manager which manages assembling data and results, (2) Naming 

Rule Parser, (3) Fragment Manager, (4) Quality Managers which evaluate the quality of 

each base in a fragment, (5) Vector Sequence Detectors which detect vector and host 

sequences in a fragment, (6) Sequence Trimmers which trim vector sequences and low 

quality regions in a fragments, (7) DNA Assemblers which assemble many fragments 

into contigs, (8) Misassembling Detector which detects misassembled regions from a 

contig, (9) Pair Partner Finder which connect the both ends of the same clone, and (10) 

IMC Activator which activates IMC (in silico MolecularCloning; see Chapter 3) for 

further annotation works. Sequence and Supplement Data Handler manages sequence 

conversions and data rearrangements between various format data. Some of these 

functions are also automatically processed if necessary. 

2.3.2 Data Analysis Routines 

(1) Project Manager: Project management of assembling data 

I here define that assemble is a unit of routine to assemble a given DNA 

fragments, and a project is a set of different assembles selected from . When assembled, 

exchanging of the set of the DNA fragments which are participated in an assemble unit, 

often occurs, and assemble itself is repeated until a good contig set is obtained. To 

satisfy these requirements, the concept of project and assemble is adopted in MGG. An 

assemble unit is an execution unit of assembling process, for each assembling execution, 

one assembling id and working area for assemble are newly assigned. Multiple 

assembles are belonging to one project, therefore the project is defined as the unit of the 

assembling. Even if using same fragment set, the purpose of assembling may be 

different. In such case, more than one project should be registered for a same set of 

fragments. For each assemble, the results are stored in the same place. And for each 

project, number of repeated trial of assembling are included. To operate this 

management process, MGG provides the project pane for handling of numerous 

assembles and projects. One click on a project node on the project pane of MGG, open 

the assemble list which are belonging to the project. Then after selecting an existing or 
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creating a new assemble and selection of a set of fragments to be assembled, assembling 

is executed immediately. It will take time to finish a large set of fragments to be 

assembled. To monitor the progress of assemble, a progress message is shown during 

assembling execution. 

Figure 2.6 Plot of contig generation and coverage of the genome. This graph indicates the 

number of fragments participated in assemble as X axis while the number of contigs and 

same time coverage ratio as Y axis, and is used for decision assistance of termination of 

random shotgun phase.  

As mentioned in the Chapter 2.2.7, termination of the random shotgun phase 

is determined by monitoring the plot of contig generation and coverage of the genome 

sequenced. MGG is implemented with this function by a graphical presentation. Usually, 

in this plot (Figure 2.6), the line indicating the number of total contigs generated has a 

peak point when the number of fragments reached certain level, and then declines 

gradually until the infinite limit of one contig. On the contrary, another line which 

indicates the genome coverage ratio, shows a monotonic increase to the infinite limit of 

100%. It takes an infinite time to reach both limit, therefore at one of reasonable level, 

the random shotgun sequencing should be stopped. This plot can be used to determine 

optimal timing of the termination of random shotgun phase. After termination of 

random shotgun phase, more certain method of sequencing such as primer walking is 

employed to close gaps between the contigs until they are combined into one 

chromosome. Therefore, it is necessary to design primers to be used to make a bridge 
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clone across gaps. 

When designing such primers for the primer walking, another algorithm is 

employed. In this algorithm, firstly, after picking one fragment which has no partner 

fragment in the same contig, the partner’s location is searched against any other contig. 

If the partner fragment is found in any other contig, these two contigs should be located 

in the clone size distance in the genome. This process loosely combines some number of 

contigs together with certain ambiguity. In the software, this relationship is drawn in a 

map including the two contigs. The result provides a good hint to design primer sets for 

the primer walking. Without this information, randomly selected primers are designed 

and it takes a lot of PCR experiments. Such walking processes would be repeated until 

obtaining a single contig finally. 

(2) Naming Rule Parser: Information extraction from fragment file names 

There are various formats for DNA fragment data, such as ABI format, SCF 

(Dear and Staden 1992) format, simple FastA (Pearson and Lipman 1988) format, 

GenBank (Benson et al. 2006) and plain text. Some of them have detailed information 

about fragments, while others have nothing but plain sequences. MGG can import 

mixture of such various format files in a single operation. As mentioned previously, 

naming rules on fragments are still not standardized among the different sequencing 

teams. To accommodate this situation, MGG is implemented with an information 

extraction capability from the DNA fragment file names. Usually, typical file name for 

such DNA fragment is constructed with such as primer direction, type of the clone, plate 

id, well id in plate, and serial number. These attributes are very important to process 

assembling projects efficiently. Therefore, the information is automatically extracted 

from the file name of the imported fragments. The operation window for the naming 

rules is shown in Figure 2.7.
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Figure 2.7 Naming rule parser window for extracting attributes of fragments. This window is 

partitioned by two parts, one is for nomenclature and another is for bridge clone 

information. 

(3) Fragment Manager: Importing and transferring of raw fragments 

After the extraction, the attributes are stored for later use. If filename of the 

fragment are accompanied with plate id and well id, MGG can show the plate format 

view of the raw data which is convenient for checking data. As shown in Figure 2.8, on 

the import pane of MGG, imported list of fragments are listed on the side pane, while 

the length of each fragment and the detailed information about each fragment are 

displayed at top right and bottom right panes. 



 32

Figure 2.8 Importing window of sequencer raw data. (a) DNA fragments are imported and 

stored into hierarchical data structure. (b) Every fragment is shown as bar whose length 

indicates number of bases in the fragment. (c) A list of fragments is shown with various 

attributes of fragments. 

(4) Quality Manager: Quality controls of fragments 

In MGG, the quality controls are performed in two ways. If the user has a 

license of PHRED software, MGG can activate PHRED for the quality control of 

imported data. If not, MGG activates its own quality check algorithm alternatively. 

MGG can import the results files of each quality checking tool automatically, and 

construct them into its own data structure. The Quality Viewer is shown in Figure 2.9. 
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Figure 2.9 Quality Viewer, a graphical presentation of quality evaluation. It is important for 

keep quality of every DNA fragment which participates in assemble. (a) View quality per 

fragment or quality per base with the viewer. The regions painted in rose or red are of low 

quality. (b) Quality viewer in a 96-well plate format. The wells painted in red are denoted 

as that of low quality sequences or absence of data. 
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(5) Vector Sequence Detector: Detection of vector sequences 

MGG provides a detection method of vector sequences with utilizing BLAST 

algorithm. The vector sequences are registered into MGG through the registration 

window as shown in Figure 2.10. Editing of registered vector sequences is performed 

on this window. 

Figure 2.10 Vector registration window of MGG. Name of vectors, their length in bps and 

nucleotide sequences are listed. 
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(6) Sequence Trimmers: Trimming of low quality regions and vector sequence 

After processed by quality check and/or vector sequence detection, any low 

quality region or vector contaminated region should be disqualified from participating 

in the coming assembling process. For this purpose, the trimming function is 

implemented in MGG. By using this function, low-quality regions or vector masked 

regions are excluded from assembling. In addition, fixed regions of each fragment can 

be removed from assembling. Especially, the upstream portion of each fragment is 

usually contaminated by vector sequences or host sequences, while the last or 

downstream portion of each fragment is likely to be low quality as shown in Figure 

2.11 

Figure 2.11 Masking controls of raw sequencing data. (a) View quality per fragment or quality 

per base with the viewer. (b) Masking of low-quality regions, painted in light brown. (c) 

Masking of vector contaminated regions, painted in red. 
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(7) DNA Assemblers 

Actually, no assembler is incorporated in MGG itself, instead that MGG only 

activates some registered assemblers and obtains results such as contigs automatically. 

Thus, MGG and assemblers are regarded as if they were a single identical system. Two 

of assemblers are currently activated by MGG. One is the PHRAP assembler which was 

developed by P.Green (Green 1999), another is in silico Assembler which I originally 

developed.

(8) Detection of misassembling caused by repetitive sequences 

By utilizing above scoring method, MGG is implemented with manual and 

semi-automated detector of misassembling caused by repetitive sequences. A profiling 

graph is implemented on the contig viewer to detect the possible locations of 

misassembling as shown in Figure 2.12. If consensus index goes under the level line, 

indicated by red bars below the level, this means that the alignment should be visually 

checked.

Figure 2.12 Identification of misassembling caused by repetitive sequences. The graph 

shows that a plotting of consensus index profile along a contig sequence with 

misassembling. The regions shaded with rose are low consensus regions due to the 

alignment of different bases. The graph below shows the graphical alignment of all 

the fragments which is belong to the contig. (1) Cluster of fragment caused by 

misassembling. 

When looking a contig with more globally, one typical contig with some 

misassembled regions is shown as Figure 2.13. IMC provides automatic detection 
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function of low consensus index regions with a list of contigs which have predicted 

regions of misassembled. From the list, user can directly jump to the local and detailed 

alignment, after masking the sequences, following process disassembles the regions and 

reassemble them without clustering repetitive sequences this time. 

Figure 2.13 Detection of misassembled regions caused by repetitive sequences. (1) Multiple 

alignment of the contig. (2) Enlarge from, A graphical alignment map of a contig with low 

consensus regions indicated by shaded with rose color. 

(9) Pair Partner Finder: Finding of the partner fragment 

At the final stage of random shotgun sequencing, this phase is taken over by 

usually primer walking phase. In this phase, a number of primer sets are designed from 

each contig to another. To avoid exhaustive and costly design, prior knowledge of 

estimated distance between any pair of contigs is required. One random shotgun clone is 

usually sequenced from both ends of the double strands. This means that there are two 

fragments originated from one clone, namely, every fragment has its pair partner among 

many library of shotgun fragments. MGG is implemented with this capability with the 

following manner. Initially, when a project is registered, the average length of the clone 

is also registered as parameters. Therefore if the sequencing protocol adopts reading of 
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both ends of such clone, almost every fragment has its partner fragment with the 

average length of the distance apart in the genome sequence. After an assemble is 

terminated, the searching process of all the partner pairs is manually activated and the 

results are listed and viewed in a panel. 

(10) Annotation function with IMC 

MGG is not implemented with annotation assistance functions, nevertheless it 

can activate in silico MolecularCloning (IMC), of which is described in the next chapter, 

and IMC provides the annotation functions. From the project pane, if a contig and its 

consensus sequence is shown, one click of the IMC button activates the IMC attached 

with its consensus sequence, then IMC automatically extracts ORF candidates from the 

simple nucleotide sequence, followed by changing of the feature key to CDS and 

translate it into amino acid sequence, finally, the homology of every CDS is searched 

against the previously designated databases such as orthologues(GO 2000, Lee 2002, 

Overbeek 2000, Tatusov et al. 2001, Uchiyama 2003, Yuan 1998). All the results are 

stored as qualifiers to CDS features and if previously specified, automatically 

transferring annotation on the databases to currently annotated sequence (Figure 2.14).

Multiple contig sequences are also processed in a batch mode, in this case, all or 

specified set of just generated contigs are becoming the objects of the above automated 

processes.

Figure 2.14 Automatic annotation by MGG and IMC: (a)The consensus sequence of the contig 

is directly transferred from MGG to IMC. (b)Extraction of ORF candidates; c)ORFs are 
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changed to CDS with amino acids sequences. 

2.3.3 Graphical User Interfaces 

(1) Quality Viewer 

After quality checking, every fragment is provided with the quality value 

which is described in Chapter 2.2. To overview the distribution of quality in a plate or 

in a library, MGG provides a graphical viewer as shown in Figure 2.15. The quality per 

fragment is overviewed in a plate style or list style appearance. Likewise, quality value 

per base is also visible in a bar style viewer as shown in Figure 2.16. 

Figure 2.16 Plate style viewing in quality per fragment. Every well of a 96-well plate is 

classified by the colors designated by the grade of quality score. 
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Figure 2.17 Viewing of quality per base in the bar style 

(2) Trace Viewer 

A trace viewer is a tool for monitoring the chromatograms of sequencing clone 

fragments (Figure 2.18). To draw these profiles, trace data which is included in the 

primary data reported from a DNA sequencer, is necessary. A trace data is created for 

each sequencing fragment. As for the 4 dye DNA sequencer, the trace data consists of 

four different series of fluorescent intensity which are derived from electrophoresis 

results. The four series of trace data are converted into spline curves of different colors 

which are assigned to 4 nucleotides of DNA. 

The trace viewer is activated by clicking a fragment entry of lists in the quality 

window. Intensity and time interval can be zoomed. 
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Figre 2.18 TraceViewer of MGG.  

(3) Multiple Sequence and Fragment Alignment Viewer 

Most of assemblers merely perform clustering and alignment of DNA 

fragments which are participated in one assemble trial, and produce a long list of 

contigs and their consensus sequences in a text format. Consequently, a graphical 

viewer for contigs and consensus sequences are much required. For this purpose, MGG 

is also providing such a graphical viewer named Contig Viewer. This viewer is 

incorporated in MGG and can be shown in a pane of MGG software as shown in Figure 

2.19. Clicking of an assemble node which had at least finished assembling process, 

would activate the viewer. 

Figure 2.19 Contig viewer with consensus sequence (Upper panel), while more graphical 

drawing is shown in the lower panel which describes the quality profiles of the contig 

alignment with quality per base. The left pane shows the list of contigs and fragments with 

hierarchical. The consensus index profile is shown just over it. 
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In this viewer, on the upper pane the consensus sequence and aligned 

sequences are shown in different coloring methods which can be modified by changing 

parameters. The upper panel board is editable by base. As for the lower panel, the 

profile shows the at-a-glance indicator of low quality alignment. To detect the 

misassembled sites on a contig, a scoring method, named consensus index is used as 

shown in Figure 2.20. The consensus index indicates that how many bases are having 

consensus each other in a particular alignment position. As previously mentioned, 

misassembled regions appeared in a characteristic clustering shape as shown in Figure 

2.3. The detection algorithm is based on the characteristics of misassembled clusters 

which are described in Section 2.2.8.

Figure 2.20 The consensus index and its viewer. (a) Consensus Index Profile is denoted by bars 

in blue color. (b) Multiple alignment of fragments is shown with four color presentation of 

each base. The alignment is in disorder at the low score region of the Consensus Index. 

(4) Contig Linkage Viewer 

As described in the Chapter 2.2.9, the mate information provides estimated 

distances between contigs when the sequencing clones are sequenced from the both 

ends. MGG provides the function as Contig Linkage Finder and Viewer (Figure 2.21).

When a contig is shown on the Alignment Viewer, finding of mate pair partner can be 

performed. If done, every sequence in the contig is related to mate pairs in other contigs 

or the same one and the list of mate pair location is shown as a dialog. Just below the 

Alignment Viewer, new window called Contig Linkage Viewer is displayed. When 

specifying one fragment in the contig which has mate pair partner in the other contig, 

the graphical presentation of the positional relationship between the two contig is 
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shown.

Figure 2.21 Contig LinkageViewer. (a) A window of the mate list of the contig is popped up 

after finding of mates are done. (b) Alignment Viewer is displaying the contig. (c) Contig 

Linkage Window is showing the relationship of the two contig which share one clone. 
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2.3.4 Sequence and Fragment Hander 

Sequence and Fragment Handler is providing basic function of sequences and 

fragments handling. After imported, all the sequences are stored under the 

user-specified directory or folder and retrieved exact sequence when requested by 

viewers or managers of MGG. Information on the data location or other attributes, such 

as assembling parameters, results of assembling or quality data, is not saved anywhere 

else other than this directory. Therefore, this method realizes the multiple data handling 

with simple operation. Assembled data directory is transferred or exchanged like a 

cassette. Especially, the data is stored in a directory or folder of a portable disk drive, 

only inserting of the drive to the other PC or Mac is enough to use the data if MGG is 

installed on the machine. 
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2.4 Discussion 

MGG is featured with a set of unique functions, such as automatic extraction of 

clone information from the DNA fragment files, handling of a huge set of fragment, 

searching of the clone pair partners and estimation of distances between contigs, and 

viewing various quality and their results viewers. MGG runs on Windows xp and Mac 

OS X and is developed by using Java language. Consequently, as for the software 

compatibility, it is advantageous to other application software written in other language 

such as C, C++ and perl. 

(1) All-In-One handling of sequencing data in a small PC or MAC. 

The most remarkable accomplishment by the development of MGG, is its 

all-in-one capability of all the required processes for microbial genome and cDNA 

sequencing. MGG acts as a front end software system and provides integrated interfaces 

to existing quality controller, DNA assembler and other programs, as well as its own 

unique tools such as detection of misassembling.

(2) Assembling of wide range of sequences 

MGG can import various files with different formats or different naming rules 

together. This ability is advantageous when it comes to adding supplementary existing 

sequences which are registered in GenBank or EMBL. The user can assemble any part 

of genomes with only recruiting existing sequences which are stored everywhere in the 

world. This is new way of sequencing without cost. This type of functionality has not 

been implemented on the existing sequencing support systems. 

(3) Supporting of sequencing projects without a server 

Formerly, a large scale computing power is necessary when assembling. MGG 

provides rather small and personal research environment of compact assembling. 

Namely, all the processes of MGG run on one small PC and never rely on other 

computing facilities. Although being compact, MGG is still capable of assembling more 

than 100,000 fragments at once. Most of prokaryotic genome projects are within a reach 

of such MGG capability. No reliance on computer experts would create wider 

possibility of research on genomes. 

(4) Assembler independency 
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MGG is assembler independent software, namely, it has no inner functionality 

of assembling, instead of this, MGG can activate stand-alone assemblers with 

parameters transferred. Historically, the previous version of GenomeGAMBLER

(Sakiyama et al. 2000, Takami et al. 2000) had been developed as a web user interface 

to PHRAP assembler (Green 1999). Therefore this is inherited to MGG, too.  

(5) Searching of the mate pair for assisting the primer walking 

Random shotgun method is superior to primer walking due to its simplicity. 

Almost every process could be automated in a random shotgun phase. However, when it 

comes to the phase of gap closing, accidental closing of the gaps are becoming less and 

less. Consequently, primer walking as a more steady method would be adopted even if 

there is some complexity preparing suitable primer sets in a limited cost. Therefore, to 

simplify the primer walking phase with inferring optimal primer sets is requested. MGG 

provides this capability in it.  

(6) Graphical quality viewer per base or per fragment 

Even if more fragments are provided to be assembled, fragments with low 

quality regions or with contamination of vectors and other xenogenic sequences may 

become obstacles to obtain good results. In this case, prior processing of quality control 

is necessary. To perform this, a fully automated process may be the best, however it is 

not yet accomplished. In the next best solution, a graphical viewer of quality would help 

it a lot. 

(7) Furnished with many outputs for reporting the status and results of assemble 

Reviewing of previous sequencing project is much important to obtain higher 

performance in the following projects. For evaluation of the previous projects, variety 

of statistical and graphical presentation is required. MGG provides wide range of 

outputs with graphical presentation. 



Chapter 3 

Genomic DNA sequence analysis and its front end 

environment 



 48



3.1 Introduction 

A front-end molecular biology software system which is described in Chapter 

1, may be a mandatory software for molecular biologists. I designed and developed two 

of the software tools which run on the ordinary note PC and Macintosh environments. 

The software systems are actually already being used by molecular biologists, medical 

scientists and students. Producing such software tools may lead to more rapid 

acceleration of research in the related fields. In this chapter, major functions of the 

software system, named in silico Molecular Cloning (IMC), are described. 

Most of sequence analysis software tools first appeared in 1980s. They are 

roughly classified into two types. One type is integrated user interfaced software 

packages which incorporate a variety of then existing single function tools, the other are 

single functioned tools themselves. Typical tools of the former are GCG (Genetic 

Computer Group) Wisconsin Package (Gribskov & Devreaux 1990) which had been 

developed in University of Wisconsin since early 1980s, and Staden Package (Staden 

1996) which was developed by Roger Staden in the same periods. Later, a biotech 

company named Intelligenetics, developed GeneWorks which was popularly used by 

experimental molecular biologists. However, since a large size data of genomic 

sequences are publicly available around year of 2000, these software packages could not 

follow the rapidly increasing sequence data. 

As for the single functioned sequence analysis tools, BLAST (Altschul et al. 

1990) is the first to be nominated. The software is widely used among the molecular 

biologists. BLAST provides a single function of homology search accompanied with 

pairwise alignment capability. Due to its fast and flexible processing of nucleotide and 

amino acids sequences, BLAST also has been used as basic component of integrated 

software tools. The second to be noted is a program named ClustalW which provides 

multiple alignment algorithm to align many homologous sequences and obtains a 

consensus sequence. It is also used to obtain a phylogenetic tree. As for 3D structure 

viewer of proteins or nucleotides, RasMol (Sayle & Milner-While 1995) or Cn3D 

(Wang et al. 2000) have popularity. After large scale sequencing projects were launched 

in 1990s, numerous gene finding software tools were developed. Among them, Glimmer 

(Salzberg et al. 1998, Delcher et al. 1999) and GeneMark (Borodovsky et al. 1993)) are 

commonly used to find out ORFs in newly-sequenced microbial genome sequences. To 

find out the ORFS in eukaryotic genomes, GenScan (Burge 1997), MZEF (Zhang 1997), 

Morgan (Salzberg et al. 1998) and many other software tools were developed. In such 
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gene finding software tools, further basic algorithms such as codon preference (Staden 

& McLachlan 1982), TestCode (Fickett 1982) or simply calculation of nucleotides or 

amino acids composition, are more or less incorporated. Thus, one software can not be 

developed independently, it must depend on numerous previous tools. A number of the 

single function software tools are publicly available via web-sites which provide the 

prediction results to the internet users. However, they usually offer different procedures 

to a query, the users must customize their queries for each web-sites. Thus, it is not easy 

to analyze one biological sequence with different algorithms provided by these sites. 

Molecular biologists were confronted with lack of suitable integrated front end 

software tools for the genome era and also confused with the too many selections of 

web-sites for analysis of their data.  

In silico MolecuarCloning (IMC) was designed to handle a chromosome level 

sequence data up to the size of the human chromosome number one which has about 25 

mega bases. IMC also has a loose connection with single function software tools. For 

examples, IMC can activate those programs of BLAST, ClustalW (Higgins and Sharp 

1988, Thompson et al. 1994), RasMol and Cn3D, and import the results from Glimmer, 

tRNAscanSE (Lowe and Eddy 1997). 

IMC also provides many editing and viewing functions for the users to 

customize their biological sequences. These implementations are performed using only 

on the GenBank/EMBL format files. 
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3.2 Methods and Algorithms 

3.2.1 Data handling 

(1) Internal format data 

Although IMC uses GenBank (Benson 2006) and EMBL (Cochrane et al. 

2006) format for its basic file format, internal handling of the data is quite different. The 

structure of the internal data is optimally designed to fast access. After imported, 

sequences and features are converted from GenBank/EMBL format to the internal 

format of IMC. During editing, viewing or analyzing biological sequences, these 

internal processes are performed only against the internal format data which are mostly 

on memory to accelerate the processing speed. These internal format data are never 

exported as they are. Instead, the internal format data are immediately converted and 

exported as GenBank/EMBL format files if requested. The structure of the internal 

format is described in Figure 3.1.

Figure 3.1 Conceptual data structure of IMC internal format. Genbank format file is roughly 

divided into two sections, one for features and the other for nucleotide sequence. Features 

are classified with feature key, namely, features with same feature key are assigned in the 

same list. In the individual list of a feature key, every feature has its qualifiers and location 

in the DNA. 

(2) Compressed data 

IMC reads compressed sequence files and entries directly and uncompress 
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them inside the software. IMC uses the Java library of un-compression. 

(3) Automated structuring of taxonomy tree arrangement of sequence entries 

In IMC, entries imported can be automatically renamed according to taxonomy 

description in the source line or individual entry names, and transferred to exact 

position of the taxonomy tree. For example, in the GenBank format file of Bacillus 

subtilis subtilis 168 genome, the source line is described as followings. 

The last line indicates linage of the species. IMC purses this description and 

re-construct it into a rooted tree structure. When a huge number of entries are imported, 

this structure grows into a large tree of the taxonomy. However, when referring a 

species or strain on the tree, its routing is easy to be located than the other methods. 

(4) Data link to other software tools 

IMC imports and exports simple text format, FastA format or CSV format files, 

as well as GenBank/EMBL format files. The CSV format file is written in an original 

format and used to exchange features with other software tools. In the CSV format file, 

the positions of features are written according to the convention of the international 

nucleotide databases of DDBJ/EMBL/GenBank. A CSV format file with features 

attached with their nucleotide sequences are used for inheriting the old annotation to 

new version of genomic sequences. This is simply performed by using homology 

between genomic sequences and the nucleotide sequences attached with features. The 

annotation on features is transferred to the new version genomic sequences if the 

homology is detected (see also 3.2.3).

(4) Feature manipulation 

Features are defined as the stretch of sequence which has certain biological or 

physical functionality. Features are denoted on GenBank/EMBL format file as a set of 
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lines which describe the functionalities. Every feature is accompanied by several 

qualifiers which provide the feature values or characteristics.  

IMC creates new feature keys with new qualifiers, as well as editing, inserting 

or deleting existing features with qualifiers. This is performed on the tree structured 

internal format memory space. The direct editing of GenBank/EMBL format data is not 

performed. The tree size and depth are optimized to accomplish tolerate speeds of 

feature operation. In IMC, some original feature keys and qualifiers are initially 

assigned. These originally incorporated features and qualifiers can be filtered out when 

exporting as a GenBank/EMBL format file. 

As for the original feature keys, IMC uses the ‘Tiling_Array’ and ‘Tiling_Info’ 

feature key for microarray applications (see Chapter 5) and ‘blast’ feature key for 

storing the information about the locations of the blast databases, as well as the 

‘endtype’ feature key in in silico experiment functions (see Chapter 4).

As for the original qualifiers, a wide usage of them is implemented. When a 

feature is modified or inserted, a time-stamp qualifier ‘/update=datetime’ is added to the 

modified feature. A feature designated as to be deleted is given with a qualifier 

‘/delete=datetime’. A ‘/color=code’ qualifier is given to the feature which should be 

painted in the specified color code in the code value. Text files of referenced papers are 

also linked in a similar way by using a ‘/journal=file location’ qualifier. The three 

dimensional structure data is also linked using a ‘/3D_Structure=file location’ qualifier. 

A ‘/classification=code’ qualifier is used for classifying the CDSs with different 

functions. A ‘/annotation_grade=grade’ qualifier is used for identifying the CDSs on 

different grades of annotation. 

3.2.2 Sequence Analysis 

(1) Nucleotide compositional profiling 

GC content and AT content are complementary number each other and used to 

locate the candidate regions of genes or promoters or other biological functions on 

unknown genome sequences. These numbers are simply obtained by dividing the sum 

of guanines and cytosines with total number of bases (GC content) in a window. In the 

same manner, A, C, G and T contents are obtained by dividing corresponding number of 

bases by the total bases in a window. 

GC skew and AT skew is introduced to determine replication origin and 

terminus in genomes (Lobry 1996). GC skew can be calculated in the case that a 
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genome sequence is determined completely, because it is defined as the difference 

between G and C composition in one DNA strand in a genome. The detection of GC 

skew in a global genome is provided with a window approach. In IMC, GC skew for ith

nucleotide in the plus strand of a genome was represented by Eq.3.1.

GC skeww, i = (Gw,i-Cw,i )/ (Gw,i + Cw,i ),      (3.1) 

where, w is the window size, Gw, i and Cw, i are the numbers of guanine and 

cytosine nucleotides, respectively, with the ith nucleotide as the center of an window 

size with w nucleotides. AT skew is also obtained likewise (Eq.3.2).

AT skeww, i = (Aw,i-Tw,i)/ (Aw,i + Tw,i ),      (3.2) 

where, w is the window size, Aw, i and Tw, i are the numbers of adenine and 

thymine nucleotides, respectively, with the ith nucleotide as the center of an window 

size with w nucleotides.  

Cumulative GC skew is more sensitive for the detection of replication origin 

and terminus in genomes (Grigoriev 1998, 1999). The cumulative GC skew is 

calculated as a sum of (G – C) / (G + C) in adjacent windows, from arbitrary start to a 

given point in a sequence. The cumulative GC skew value reaches its global maximum 

at the terminus, while the minimum resides over the replication origin.

(2) Codon usage 

Codon usage is defined as the frequencies of codons within the CDS regions 

which are translated to amino acids. There are 64 possible codons including the stop 

codons and start codons. Therefore, codon usage is tabulated in 64 cells. The stop codon 

appeared in a CDS only once. Codons which are translated into a same amino acid, are 

not equally used (Nakamura 2000, Ikemura & Wada1991). Especially, several codons 

are rarely used. In IMC, the codon usage table is calculated for a single CDS or a group 

of CDSs and all the CDSs on a genome. 

(3) Finding ORF candidates 

As the first step of ORF finding in a given DNA sequence, all the stop codons 

are searched in six frames of the sequence. After the search, each frame can be divided 

into many subsequences separated by the stop codons. Hereafter, the subsequence is 
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called as an ORF box. An ORF box is a basic unit used for ORF finding. Then, ORF 

candidate is define as nucleotide sequence started by the start codon which is first 

encountered after scanning from the first codon of the ORF box. The start codons can be 

selected among ‘ATG’, ‘CTG’, ‘GTG’ and/or ‘TTG’ codons.  

(4) Translation 

A ribosome complex translates mRNA sequence into amino acids sequence. 

When translating, a different genetic code table should be used for the different 

organization, such as mitochondria, chloroplast or virus. Therefore, appropriate genetic 

tables must be given in translation. When no start codon is selected, the first codon of 

the candidate ORF is designated as a tentative start codon. In the prokaryote genome, 

nevertheless the start codon has its translated amino acids code, the first amino acids are 

translated as methionine (formylmethionine) except no start codon is selected. 

3.2.3 Feature Handling 

(1) Editing of features and affected annotation 

Features are modified in its position on the sequence and in the values or 

characteristics. In a circular DNA sequence, feature assignments across the last 

nucleotide and first one are possible. Features position is affected by the reverse 

complementary operation of DNA. Features are also affected by nucleotide 

modification. When the nucleotide sequence on which features are allocated, is 

modified, namely, deleted, replaced or inserted, features allocated on the downstream of 

the modified nucleotides are also shifted.  

(2) Feature handling with cloning functions 

When performing in silico cloning experiments, further consideration is 

necessary for feature handling. When digested by a restriction enzyme, DNA sequence 

with features is correctly divided at the exact site of RE digestion. If there is a feature 

which is located just across the digested site, the feature is also divided into two parts. If 

divided, the feature might loose the functions or characteristics. If so, the feature key of 

the feature must be changed. For example, if a CDS is digested in the midst of the 

sequence, the upstream half of the CDS may lose its stop codon while the downstream 

half of the CDS may lose its start codon. One of these digested fragments could be 

ligated into a vector then if it includes the upstream half of the CDS the inserted would 
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have a new stop codon. Thus, the resulted CDS would become longer or shorter in size. 

Then the annotation must be modified according to the changes. The restriction site it 

self may also be changed its recognition pattern in case of ligation between two ends cut 

by different restriction enzymes. 

Further description about feature handling in cloning is given in Chapter 4 and 

Chapter 5.

(3) Feature handling in a circular DNA 

Genomic DNA takes one of the shapes of linear or circular. When handling a 

circular DNA, several considerations must be taken. In a DNA, a reading frame is 

defined as a contiguous and non-overlapping set of three-nucleotide codons. There are 

six possible reading frames in a DNA molecule. In addition, a peculiar phenomenon is 

observed when a DNA has nucleotides whose number is the multiple of three plus one 

or two. When making a circuit of the whole DNA, reading frame is shifted to another 

across the starting point of DNA. This type of reading frame shift exist only small 

circular genome of virus or plasmid. Actually, any viruses have overlapping genes in 

different reading frame. 

In IMC, this kind of frame shift is expressed by the following methods. If there 

is a open reading frame (ORF) which goes around the DNA and enters into second 

round, this ORF is expressed as the join of two intervals, one is from (1..N) and the 

other is (1..m), where N is the largest nucleotide number in the DNA and the m is the 

last position of the ORF. 

(4) Importing and exporting of features 

Sometimes separate and independent handling of nucleotide sequences and 

features is necessary. Namely, features should be extracted from the annotated sequence 

and pasted again on the same nucleotide sequence. This is a simple case. However, if 

there is modification to the nucleotide sequence after feature extraction from the 

sequence, re-pasting is not so simple. In such a case, every feature should be extracted 

with its nucleotide sequence. When importing onto the modified nucleotide sequence, 

homology searches by the attached sequences assigned to corresponding features are 

performed. By this method, most of the features would be pasted onto the newly 

updated sequence. 

When ligation performed between two different DNAs, ‘source’ feature 

performs an important role. To identify the two DNA fragment, IMC generate ‘source’ 
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features if there are no ‘source’ feature. Compared with rather short spans of other 

features, a ‘source’ feature usually spans the entire sequence. A chimeric or ligated DNA 

is used to have more than two ‘source’ features. For example, IMC uses the ‘source’ 

features to identify the inserted DNA into a vector sequence to draw a plasmid map with 

protruding insert sequence from the circular plasmid. 

(5) Laboratory notebook functions 

Experiments in vitro, requires a strict record about the procedures of the 

experiments. A notebook made of paper is usually used for this purpose. All the 

procedures using IMC, are recorded sequentially and can be retrieved at random. In 

IMC, all the modifications on features are recorded with exact time stamp qualifiers. 

Since additional and overlain modification can be described with multiple entries of 

‘/update=time-stamp’ qualifiers, a history of modification will be also reproduced.

(6) Reverse complementary function 

Reverse complementary function against DNA sequence is important when 

performing ligation in silico. If the both ends of two fragments are of same shape, two 

types of ligation are possible. If one fragment is inserted reversely against the other 

fragment, the sequence of one of the fragments must be reversely complemented. In 

addition, all the features on the sequence must also be reversely annotated. In IMC, this 

reverse complementary operation is performed on the tree structured internal data on 

memory. All the positions of features are re-calculated at once on memory. However, the 

order of features is not affected this time. When exporting the data, features are 

re-sorted by the location on the DNA sequence.

3.2.4 Homology search and feature alignment 

In IMC, homology searches are performed in integrated and automated manner. 

A click on a feature immediately creates a query nucleotide or amino acid sequence 

derived from the feature, and activates homology search programs, such as BLAST, 

against temporarily created BLAST databases. On the other hand, its corresponding 

BLAST databases for nucleotide sequence and amino acids sequences are automatically 

created when a DNA sequence with translated amino acids is imported to IMC. The 

created BLAST databases are stored in a specified location on PC. The homology 

results are also stored automatically as qualifiers (/blast=results). These results can be 

transferable with GenBank/EMBL format files. 
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(1) Database creation 

In IMC, BLAST databases are created in two different ways, automatic 

creation and manual creation. When a DNA file with CDS or mRNA features is 

imported in the feature map or in the reference map, a BLAST database including all the 

CDS or mRNA is automatically created. When removed from the maps, these databases 

are automatically removed. Thus, these automatically created databases exist 

temporarily. On the other hand, a BLAST database is manually created for permanent 

use. Nucleotide or amino acid sequence files with FastA format, GenPept format can be 

currently handled.

(2) Feature alignment 

Features can be aligned according to the homology of nucleotide or amino acid 

sequence between each other. Since features are assigned on a sequence and given the 

absolute positions on the sequence, their nucleotide sequences are easily derived. As for 

the amino acid sequence of the features of CDS or mRNA must be translated using an 

appropriate genetic code table. In eukaryotic genomes, CDSs usually contain introns 

inside a gene. A feature alignment between two intron-containing genes about amino 

acids sequences is performed as if separate exons are aligned in nucleotide sequences. 

Namely, the corresponding DNA regions against aligned amino acids sequences are 

aligned between the feature map and the reference map. 

(Discussion) Let all the features on the feature map and the reference map be 

automatically registered in a BLAST database for later homology searching just when 

they are imported, this method provides implicit databases without specifying the names. 

By this method, selection of query, specification of databases and viewing of the results 

are easily operated. A query feature on the feature map or the reference map is fixed on 

the map and the homologous features are aligned one by one after specifying the entry 

of the homology result list.

(3) Multiple alignments 

A multiple alignment is one of the hard problems among the sequence analysis. 

Finding of the best alignment requires a lot of computing time and memory. To avoid 

this, greedy algorithms are developed applying heuristics to compute it within a limited 

computing time and memory. Although, these algorithms do not always provide the 

optimal alignment, they are practically useful. These algorithms are classified into four 

families (Duret & Abdeddaim 2000). (1) Algorithms that guarantee to find the optimal 
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alignment for a given scoring scheme. (2) Progressive pairwise alignment approach. (3) 

Global alignment based on local alignment. (4) Local multiple alignment. Among the 

four, practically the progressive alignment algorithms are commonly used because of 

their computing speed and reduced memory space. ClustalW (Thompson et al. 1994) is 

the one of the programs which uses the progressive alignment algorithm. As for the first 

step of the algorithm, ClustalW provides selection between dynamic programming and 

heuristic algorithm. Dynamic programming gives more accurate but slower than 

heuristic methods. The early version of Clustal (Higgins and Sharp 1988) used the 

UPGMA algorithm (Sneath & Sokal 1973). However, UPGMA is sometimes giving 

incorrect branching orders. Therefore, ClustalW currently uses the Neighbor-Joining 

(Saito & Nei 1987) algorithm to create the dendrogram. In IMC, the results from 

BLAST search are provided to ClustalW which is also automatically activated and after 

manual selection of sequences to be aligned, the results are obtained.

(4) Phylogenetic tree 

A phylogenetic tree is defined as a tree-structure presentation of the 

evolutionary interrelationship among the various species or other entities that are 

believed to have a common ancestor. In a phylogenetic tree, each node with descendants 

represents the most recent common ancestor of the descendants, and edge lengths 

correspond to evolution time estimated. A rooted phylogenetic tree is a directed tree 

with a unique node corresponding to the most recent common ancestor of all the entities 

(Feng and Doolittle 1990, Felsenstein 1981, 1988, 1997, Swofford and Olsen 1990). 

The most common method for rooted trees is the use of outgroup. Unrooted 

phylogenetic tree can be generated from rooted trees by removing the root. Optimally 

arranged drawing of un-rooted trees is not easy problem. IMC uses a modified 

algorithm of Feng and Doolittle. 

3.2.5 Viewing algorithms 

(1) Feature Map 

Most of annotation software tools are provided with feature map drawing 

facilities such as Artemis (Rutherford et al. 2000). A feature map is usually equipped 

with feature presentation in multiple figures and multiple colors along the entire stretch 

of long chromosomal nucleotide sequence. Selections of profiles, such as GC content or 

GC skew plots are always accompanied. Since a chromosome has wide dynamic range 

of features, zooming and locating functions are necessary for these viewers. IMC uses a 

frame request algorithm. Namely, the map drawing module of IMC, requests only 
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enough and adequate information to draw the map at one time, while the memory 

handler module prepares and hands the data immediately. When the map displays 

comparatively small region of the genome, features contained in the region are not many. 

Therefore, this computing is easily performed. However, the larger becomes the region 

to be displayed on the map, the burden on the computing increases rapidly. IMC is 

avoiding this rapidly increase load on computing using a thinning-out algorithm. This 

algorithm skips or thins out some portion of features from drawing when the map 

contains a lot of features and can not be identified in vision.

(2) Circular Genome Map 

Since the first two microbial sequences are completed, a circular genome map 

presentation became popular among the authors of sequencing project papers (Fraser et 

al. 1995, Fleischman et al. 1995). The drawing software tools of the circular genome 

map are continuously being developed, for examples such as Microbial Genome Viewer 

(Kerhoven 2004), GenomePlot (Gibson and Smith 2003) and GenoMap (Sato and Ehira 

2003). Most of the drawing software tools lack of integrated handling tools of genome 

sequences, therefore it is not easy to draw these circular map instantly. IMC draws the 

circular map from the annotated genome sequence of GenBank/EMBL format. 

(3) Plasmid Map 

Drawing of a plasmid map is one of the most requested functions in the 

sequence analysis software tools. Many software tools to draw a plasmid map were 

developed such as PlasMapper (Dong 2004). Commercial software packages such as 

GCG Wisconsin Package (Dolz 1994, Butler 1998)) also provide this kind of functions. 

However, most of the plasmid map drawing software tools lack of automatic 

identification methods of chimeric DNA, and must be manually specified. Therefore 

with them, it is not easy to draw a plasmid map with insert DNA protruding from the 

circle. IMC utilizes the ‘source’ feature for the automatic identification and draw the 

protruding plasmid map easily.

3.2.5 Other search algorithms 

(1) Keyword search 

A keyword search in IMC means that query keywords, such as ‘dehydrogenase’ 

or ‘human’, are searched against the features of GenBank/EMBL format files. Thus, the 

answered entities are the features themselves. Namely, features with qualifiers including 

the query words are detected. Keyword searches in IMC are performed using string 
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search function of Java language. Logical operations between keywords are limited but 

allowed a combination of ‘AND’ and ‘OR’.

(2) Feature key search 

Feature key search is defined as a searching method of feature key. In IMC, 

features with a same feature key are stored in a list structure so as to achieve the shorter 

computing time to add a new feature, modify a feature entry or delete an existing feature. 

This method is appropriate for the immediate listing of numbers of all the feature keys. 

After selecting one or more feature keys, all the lists of each feature locations are 

returned.

(3) Sequence pattern search 

Search by short and conserved nucleotide or amino acid sequences is defined 

as sequence pattern search. This search is performed with exact match detection with 

the query pattern. However, ambiguous pattern searches with ambiguous nucleotide or 

amino acid code are also performed. 

In IMC, pattern search is using regular expression. A regular expression is a 

string that describes or matches a set of strings, according to certain syntax rules. 

Programming languages, such as Java, support regular expressions for string 

manipulation. As for one nucleotide or amino acids mismatch searching, IMC searches 

target DNA sequence or amino acids sequence with changing the query sequence 

patterns one character by one from leftmost to the rightmost of the pattern sequences.

(4) Priming sites search 

When DNA amplification by PCR is performed in IMC, several basic functions 

are processed such as priming sites search, duplication of DNA regions between two of 

the priming sites and attaches of primer sequences to the both ends of the amplified 

products. A priming sites search in IMC is using string search method of Java language. 

Exact matches are required as detecting of priming sites. However, one or two 

mismatches are also allowed when specified.

3.2.6 Amino acid sequence analysis algorithms 

(1) Profiling 

When describing characteristics of an amino acid sequence, a window 

approach for amino acid profiling is often used especially for its secondary structure 
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predictions. Since a protein has multiple characteristics or functions, it is useful to show 

several different profiles in parallel. Currently available profiles are prediction of alpha 

helix, beta sheet and beta turn regions (Chou & Fasman 1978), average chain flexibility 

(Bhaskaran & Ponnuswamy 1988), relative mutability (Dayhoff et al. 1978), 

hydrophilicity for prediction of antigenic regions (Hopp & Woods 1981), prediction of 

accessible residues and buried residues (Janin 1979), prediction of chain flexibility 

(Karplus & Schulz 1985), hydrophobicity for prediction of trans-membrane regions 

(Kyte & Doolittle 1982), polarity (Zimmerman et al. 1968) and bulkiness (Zimmerman 

et al. 1968). 

(2) Linear combination of weighted profile 

I introduced a linear and weighted combination of the above profiles to predict 

a specific aspect of the amino acid sequence. Namely, the total index of jth window with 

size s amino adids, Ts,j, is defined as the following equation (eq. 3.3).

Ts,j = wiPi,(s,j).        (3.3) 

where wi is weight of ith profile and Pi is denoted as the value of ith profile and s is the 

window size indicated number of nucleotide in a sliding window, with the jth amino 

acid as the center of the window size. By changing the weight wi, a new linear 

combination profile can be obtained. Optimal weights can be obtained by solving the 

linear programming of simultaneous equations derived from experiments. 

3.2.6 Genome comparison 

(1) Dot plot between genomes 

When comparing two closely-related DNAs, dot plots are powerful means of 

sequence analysis, useful for searching out regions of similarity in two sequences. 

However, when it comes to compare two whole genomes, computing time required to 

obtain the result is very long. Therefore, several so-called greedy algorithms are 

developed. In IMC, megaBLAST (Zhang et al. 2000) is used to obtain adequate results 

within affordable time. A graphical presentation of dot matrix is usually used. The 

megaBLAST provides segment pairs from the two genomes. Then, the segment pairs 

are plotted on a dot matrix if the pair segment size is beyond the threshold size for 

plotting(Gibbs and McIntyre 1970, Devereux J. et al. 1984, Sonnhammer and Durbin 

1995, Junier and Pagni 2000). 

(2) Finding of repetitive sequences in a genome 
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Finding of repetitive sequences in a genome is a special case of the 

above-mentioned comparison between two genomes. There are a lot of software tools to 

find out repetitive sequences from DNA sequences such as FORRepeats (Lefebvre et al. 

2003, Lavorgna et al. 2005), MUMmer (Delcher et al. 1999), REPuter (Kurtz et al. 

2000) and RAP (Campagna et al. 2005). If the two genomes are identical, this means 

that similarity regions are denoted as candidates for its repetitive sequences. According 

to the threshold given to determine if repetitive or not, repetitive regions in a genome is 

indicated. IMC uses megaBLAST (Zhang et al. 2000) for its searching engine. 

(3) Finding of unique regions between genomes 

Finding of unique regions between different genome sequences, is also the 

special case of the two genome comparison method. In IMC, at first, pairwise 

comparison between any two genomes is performed. Afterwards, combination of the 

pairwise comparison can be obtained.

3.2.7 Other algorithms 

(1) Importing and pasting of cDNA sequences on genomes

If the genome sequence is known, cDNA transcribed from the genome, is 

expected to be pasted on, namely cDNA nucleotide sequences have the homology in 

exon regions with its genomic sequence. By using this phenomenon, most of cDNA can 

be allocated and assigned as mRNA features on the genome. In addition, eukaryotic 

genomes usually divided into many chromosomes. Therefore, when pasting, homology 

search against all the chromosomes of the genome are examined. If one of the cDNA 

has homology against multiple chromosomes, it means that they homologous regions 

are coded as paralogues each other. If one of cDNA has partial homology against the 

genome, it means that the cDNA may be derived from the truncated mRNA. 

(2) Primer design

In IMC, primers optimized for amplifying the specified region, can be obtained. 

The optimal primer set is obtained as described in the following method. All the sub 

sequences limited by the primer design parameters are examined. Any violation of the 

criteria means the drop from the primer candidates. To differentiate the results, two 

scoring systems are introduced. The product Tm value is given the first priority factor in 

Score T while the product length is given the first priority in Score P.

In the last part of the algorithm, homology search with primer sequences 
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against the whole DNA is performed to detect other possible priming sites in the 

genome.
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3.3 Results: Implementation of in silico MolecularCloning (IMC) 

Covering wide range of functionality may be the major role of a front end 

software environment. The major functions implemented in IMC are described in the 

Figure 3.2.

Figure 3.2 Package design diagram of in silico MolecularCloning. The structure of the 

software package is shown. The user operates IMC via Graphical User Interface 

(GUI), such as Feature Map Viewer Editor, Comparative Genome Viewer, CDS 

viewer, Plasmid Map Viewer, Circular Genome Viewer, Genbank/EMBL file Viewer 

and Result List Viewer. Sequence data is indispensably handled with Data Handler. 

Between the GUIs and Data Handler, several data managers, such as Sequence 

Importer, Feature Parser, Sequence Editor, Feature/Qualifier Manager and Search 

Manager are processing to and fro. Applications are also controlled by GUI. 

3.3.1 Handling of sequence data 

IMC imports annotated nucleotide sequences, and creates a feature map for any 

region in any scale. IMC reads and writes both GenBank and EMBL format annotated 

nucleotide sequence files. Format conversion between the two formats is done in an 
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automatic manner. IMC also supports plain nucleic acid sequences like FastA format 

file or plain text sequence file. IMC can read several different annotated sequence files 

concurrently, and switch views from one annotated feature map to another instantly. 

These files are editable with many editing functions.  

(1) FastA format files are imported and can be annotated freely 

Un-annotated nucleotides sequence files can be imported into IMC, a blank 

feature map is shown at first, then feature assignment works could be done on it as its 

user prefers. 

(2) Compression files are directly imported 

Since large genomes were sequenced, the international databases tend to 

provide sequence data with annotation in a compressed format to reduce the file size. 

When using the compressed data, one of uncompress software utilities is usually 

necessary. In IMC, most of compressed data are handled as they are. Namely, 

uncompress process is not necessary.  

The annotated sequence entries of GenBank/EMBL databases are released as 

many multiple formatted compressed files. The largest of the files may contain tens of 

thousands of single entries in one file. When uncompressed and expanded the file, very 

large directory or folder consists of same number of single format files, is generated. 

IMC provides a unique function of expansion of such a file. Since every entry of 

GenBank/EMBL data has a taxonomy annotation in its source line.  

(Discussion) With this function, local storage for such data is much reduced 

because the files are uncompressed only when imported into IMC.

(3) Importing features from other software 

The results of gene finding software like Glimmer can be directly imported to 

IMC, imported features do not interfere with existing features. Most of sequence 

analysis software tools accept text format or FastA (Pearson and Lipman 1988) format 

files for the input. Since these formats are simple, they can not accommodate feature 

information inside. CSV format are usually used for the purpose of transferring feature 

information in GenBank/EMBL annotated files. 
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(4) Multiple GenBank/EMBL format can be expanded by scientific names 

Downloaded GenBank files are archived and compressed into large size files. 

So it is not so easy to create ones own nucleic acids database on the local PC. IMC 

provides its users a unique function to create such database locally. By extracting 

scientific name from the source and organism of GenBank or EMBL format files, IMC 

expands such files into tree-structured directory like scientific taxonomy tree. This is 

called Lineage Expansion. 

(4) Fast reading and feature map drawing algorithm 

A Genbank or EMBL format nucleotide sequence file with features are read in 

a data structure described in Figure 3.1. This structure entry is entirely created on 

memory to speed up any process using this data structure and this entry is maintained on 

the memory until intentionally removed from it. When reading data from a GenBank 

file, IMC uses the stringbuffer of Java specification to accelerate reading speed. After 

reading, a GenBank format parsing process will start and store features information and 

its nucleotide sequence separately. The feature descriptions are also divided its location 

and qualifier values. These entries are created as a single path list to avoid a 

time-consuming creation of bi-directional path list. 

To accelerate drawing speed of a feature map, one return per one request policy 

is taken, namely if one event such as mouse button click has detected, only one response 

will be returned. This policy may lead to require a lot of time to draw a entire map of 

large genome due to the fact that it contains thousands of features on a map. However, 

this policy has a lot of advantages such as simplified program structure, scale and 

distance independent access speed to any location of the DNA sequence. A reverse 

complementary operation requires only conversion of feature locations and reversing all 

the nucleotides. Deletion of one or more nucleotides among the sequence also requires 

simple conversion of feature locations downstream of the deletion sites as well as 

nucleotides insertion or substitution case. 

3.3.2 Search functions 

(1) Search by feature keys 

After selecting feature keys to be searched, all the feature of selected feature 

keys are listed with its position, the feature containing DNA sequence, upstream gene 
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and downstream gene and if CDS, amino acids translation. The list can be saved as a 

CSV file and a multiple FastA file or single FastA files. Each line of the list is linked to 

the region of the feature map, which contains the pointed feature. Feature map jumps to 

show the pointed feature of the list in same scale. 

(2) Keyword search 

Keyword search among all the feature of current file is possible. Actually IMC 

searches qualifier’s contents and, if found, features containing found qualifier’s contents 

are listed in a window. Multiple keywords searching, with space delimiter, is also 

possible. AND operation would be applied to the results. For example, double keywords 

such as dehydrogenase pyruvate. can be specified. 

(3) Search by sequence patterns 

DNA sequence files are searched by short DNA patterns which are previously 

registered. For the registration of DNA patterns, mouse draw and right button click 

enables to register a DNA pattern easily. A DNA pattern file can be imported and 

registered as IMC DNA patterns. Copy and paste operation from other software is also 

provided. Pattern search regions can be restricted by inside CDSs, intergenic regions 

and upstream of CDS. Search results are listed in a window. One click of line of the list 

makes the feature map jump to show the site of found pattern. Found pattern sites can 

be registered as new features and saved in the annotated sequence file. 

In DNA pattern search, IMC uses IUPAC international nucleotide code for the 

notation of nucleic acids and realize the ambiguous pattern search like N for any base, R 

for purine, Y for pyrimidine, etc. 

3.3.3 Viewing and editing tools 

IMC is implemented with various viewers of maps and sequences such as 

feature map viewer-editor with profile plot capability, reference map viewer with 

comparative genome functions, plasmid map viewer for cloning, circular genome map 

viewer for whole prokaryotic chromosome, sequence viewer with text formatting 

functions and GenBank/EMBL annotated file viewer with direct linking to feature map. 

These maps are closely linked to each other and can be located at desired positions of 

any feature immediately. 
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(1) Feature map viewer-editor with profile plot 

This is also the main window of IMC, every sequence are the objects to be 

drawn on this map. Any feature on this map, is editable, namely, to be added or deleted, 

or modified with its context or by drawing colors or shapes. Up to the order of 

sub-billions of nucleotides are easily imported and shown as a feature map although 

adequate memory allocations are required to do this.  

The horizontal scroll speed of the map is also high enough to move to any 

desired position of the map. In addition to that, zooming functions of the map is also 

quick. It can be especially mentioned that the map can scroll without stop, namely, in 

the case of circular chromosome, there is no end point on nucleotide and IMC can scroll 

along the circumference of the circular chromosome without stop. This function is 

becoming important factor when it comes to perform in silico cloning. For an example, 

the feature map of that of Bacillus subtilis subtilis 168 and Escherichia coli K-12

MG1655 are shown in Figure 3.3 and Figure 3.4.

Figure 3.3 The feature map of the genome of Bacillus subtilis. (1) The wide arrows with 

tricolors are denoted by CDSs with EC number. (2) Red arrows are denoted by rRNAs.  
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Figure 3.4 The feature map of the genome of Escherichia coli. (1) On the top left, the icon for 

the currently displayed circular DNA is shown. (2) Nucleotide and amino acid sequence of 

specified region by the line cursor is shown. (3) GC skew profile is graphically presented 

as a two colored graph. (4) CDS assigned on the DNA are shown by arrows. The colors 

assigned for each CDSs can be changed by setting parameters. 
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(2) Reference map viewer 

There are two types of reference map, one is for standard purposes and the 

other type is for comparative genomes. On the standard type of reference map, only one 

genome or one stretch of DNA is shown, while on the comparative genome reference 

map, as many genomes as the memory permits, are drawn in parallel. An example of 

comparative genome map is shown in Figure 3.5.

Figure 3.5 Reference map of Bacilli. Seven of Bacilli genomes are aligned by dacA genes. Any 

feature on the map can be searched by homology against each others or against the genome 

on the feature map. (1) On the left, icons denoted as the circular genomes, are shown. (2) 

Arrows painted in red are the features of rRNA, while the arrows painted in mosaic style 

are denoted as those of CDS with EC number given. Arrows without color painting are 

those of CDS with no EC number. The lines can be exchanged by dragging a genome icon 

to preferred position. 
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(3) Plasmid map viewer 

A plasmid map is commonly drawn when cloning. IMC provides convenient 

functions of ligation to any plasmid and draw the map with insert in several ways, such 

as the insert region ballooned out from the plasmid circumference. A typical plasmid 

map with such insert, is presented as shown in Figure 3.6.

Figure 3.6 A plasmid map with an insert ballooned out from the circular plasmid. Colors, labels 

or shapes are editable. The inserted DNA is automatically identified using the ‘source’ 

features of the sequence. The colors and figure shapes can be changed by setting 

parameters. This map is written as a PDF file and further modified with vector image 

handling software tools. 
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(4) Circular genome map viewer 

To overview a circular chromosome, drawing of circular genome map is much 

requested. Although several drawing tools are available, they lack of integrated works 

with other functions. IMC provides this integrated and easy-to-drawing function of a 

genome map. There are four extra concentric circles on which any of registered feature 

keys are assigned to be drawn such as those of rRNAs, tRNAs, replication origins 

and/or promoters for example. A circular genome map of the Bacillus subtilis subtilis 

168 is shown in Figure 3.7.

Figure 3.7 A circular genome map of Bacillus subtilis. From the exterior circle, CDSs on the 

forward strand, CDSs on the reverse complementary strand, rRNAs, tRNAs and two 

introns and GC skew plot are drawn. The feature keys designated on each circle are 

changeable by setting drawing parameters. The diameter of the circle can be also changed. 

This map can be written in as a PDF file.  
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(5) Sequence viewer 

Any portion of imported sequences is shown in the sequence window with 

selections of formatting of nucleotides or amino acids such as bases per line or 

numbering method, or showing of the reverse complementary strand. If a CDS region 

are specified to be shown, all the candidates of initiation codons are located, in addition 

to that, fixing of the codon is performed by only click on the codon. If SD sequences are 

known and registered as features, they are also shown on the map. Figure 3.8 is an 

example of them. 

Figure 3.8 Sequence viewer showing a CDS region. Blue shaded bases are the candidates for 

the initiation codon. When another candidate for the start codon is considered to be actual 

start codon, a single click on the newly nominated start codon will replace the current start 

codon and also change the amino acids translated regions. If a RBS (Ribosomal Binding 

Site) is assigned around one of the start codon, it is used to be a good hint for the 

prediction of the actual start codon. 
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(6) GenBank/EMBL file browser 

IMC imports annotated sequence files of GenBank or EMBL format and draw 

a feature map using the information recorded them, in addition to that IMC can also 

show the GenBank/EMBL format file as text viewer. Any line of text, including the 

description of the features or nucleotide sequence are directly linked to the feature map 

and one click on either of a text line or feature on the feature map, immediately bring 

the user to the exact corresponding location of its counterpart. In Figure 3.9, the 

GenBank/EMBL viewer is shown with its corresponding feature located on the feature 

map. 

Figure 3.9 The Genbank/EMBL viewer. The blue shaded region of the viewer is directly link to 

the corresponding feature on the feature map behind and visa versa.

(7) Profile plotter 

The profile plotter is a presentation method of continuous values obtained 

along DNA or amino acid sequences. A window approach is adopted to draw a profile 

on the top of the feature map. The profile drawn is precisely corresponding to the 

currently showing region of the map. Most of nucleotide compositions can be plotted 

such as GC content, GC skew, AT content, AT skew, cumulative skew of GC, that of AT 
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as well as single compositions of T, C, A and G. A sample of the profile is also shown in 

Figure 3.9.

3.3.4 Other supporting functions 

(1) Inheritance of features in overlay fashion 

IMC can import features with position, direction and annotation from other 

software tools. These features can be incorporated into current feature map in overlay 

fasshion, namely this operation does not overwrite any exiting feature on the map. 

Therefore, co-researchers can share results without interfering each other. 

(2) Lab note tools 

As described in Chapter 4, IMC is implemented with a set of in silico cloning 

functions. For the purpose of recording the history of such experiments in silico, this 

function is implemented. Every experiment in silico is recorded with a time stamp on it 

and later recalled and compiled as a lab note book. 
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(3) Feature statistics 

IMC can afford to accommodate sub-million order features in a recording unit. 

When handling such a huge set of data, a statistical summery is very convenient for the 

user to overview and reach to his desired target. IMC provides this function as Feature 

Statistics. One click of the button, when a map with a huge number of features is shown, 

pops up a window of statistics such as shown in Figure 3.10. First, each number of 

existing features is indicated on the window, after selecting some, further details of 

compositions or attributes of each feature is listed. 

Figure 3.10 Feature statistics window. On the left, the exiting features and their counts are 

listing. On the top of the list, A special non existing feature name Total is shown. This is 

virtually introduced feature to describe statistics about whole sequence. On the left, details 

of each feature statistics are shown. Among them, initiation codons count is also visible. 

(4) Coloring methods on features 

If CDS feature has an EC Number, the CDS can be shown in the classified 

color for the EC number. There is also mosaic coloring for three digits of EC number. 

The different colors can be assigned for each of the first three digits of EC number. 

CDS features can be colored by the optionally assigned code when it is 

recorded on the qualifier /Classification=, IMC draws color features according to its 

assigned color on the feature map. 
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(5) Keeping the modification history on features 

Any touch on any feature is recorded with a time stamp and searched by 

keywords later on. From the result list of the searching, only one click moves the feature 

map into exact position of the modified feature. 

3.3.5 Structure analysis tools 

(1) Extraction of ORF candidates from an unknown microbial sequence 

IMC extracts ORF candidates from newly sequenced data with listing all the 

stop-to-stop codon regions of a given length. Then find the first start codon downstream 

of an ORF candidate, and translate the frames into amino acid sequence, simultaneously 

generate its own databases for homology search.  
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(2) Codon usage table 

A Codon usage table is widely used in basic analysis of protein coding regions. 

IMC provides this function in three different manners, namely per CDS, per regions and 

per genome. One click on a CDS leads to a pop up of the codon usage table. One sweep 

of mouse drag through any region on the currently shown feature map, and one click is 

enough to show the total and average codon usage of CDSs included in the region. One 

push of the codon usage button will show the codon usage of total or average among all 

the CDSs in the genome. An example is shown in Figure 3.11.

Figure 3.11 Codon usage table of Bacillus subtilis. The notations of codons are changeable by 

pushing the ‘mRNA’ button or ‘DNA’ button on the top. The ‘Composition’ or ‘Frequency’ 

is selected. 

3.3.6 Homology search functions 

CDSs in any region are homology searched automatically and the annotation of 

subjects is copied. After selection of CDSs and the database for homology search, 
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automated search is started. The search results are stored on each feature and referred 

afterwards permanently. Color classification by homology and overlap score can be 

applied. By using annotated amino acid databases, annotation of hit subject features can 

be automatically copied to the query feature. Alignment and annotation information are 

also shown and related list can be saved as text files. 

(1) Homology search with BLAST 

When imported into IMC, any annotated sequence data is automatically 

converted into a BLAST database, so that it can be searched by BLAST program later. 

In addition to that, BLAST is used in other ways in IMC. When it comes to find out 

repetitive sequences among a genome sequence, BLAST is also activated and the results 

are parsed to be reported. 

(2) Comparing related DNA sequences on the reference map 

CDS or RNA features can be searched by its homology against the reference 

DNA sequence. If there are homologous elements on the reference DNA, the results are 

listed in a window. One click on any line of window makes the reference map to jump 

and show the exact feature on the reference map. Homologous region of CDSs or RNAs 

are shaded. Homology search can be done with both nucleic acid and amino acid 

translation of CDS. If previously created, homology search against amino acid database 

is also done.  

3.3.7 Multiple alignment tools 

After finishing the homology search, a multiple alignment of the found 

homologous sequences is usually performed followed by a drawing of phylogenetic tree 

finally. This is the main stream of function analysis. 

(1) ClustalW 

IMC uses ClustalW function for the multiple alignment analysis. Actually, it 

activates ClustalW with a set of homologous sequences and obtains results. 
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(2) Phylogenetic tree viewer 

On the contrary to the fact of using of ClustalW for a multiple alignment, as for 

the phylogenetic tree drawing IMC provides its own function of drawing such trees. 

When drawing a tree, aligned file from ClustalW is used. IMC can draw one of three 

types of the trees as shown in Figure 3.12.

Figure 3.12 Multiple alignment and phylogenetic tree. (a) The multiple alignment of 

homologous amino acids sequences are shown on the left. (b), (c) The phylogenetic trees of 

the alignment are shown on the right. 

(3) Import of cDNA and incorporate them on the map 

cDNA sequences can be imported and pasted on the feature map as new 

features, with identifying exon and intron structure. Even after finishing the genome 

sequencing projects like the Human genome project, there still remain a lot of fragments 

which are not united yet. On the other hand, there are also several mRNA or cDNA 

sequencing projects that have a lot of mRNA or cDNA sequences. It is useful to paste 

cDNA onto its own genomic sequences. However, this is a clumsy work, because we do 
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not know on which chromosomes each cDNA should be located. IMC provides complex 

searching and pasting tool to locate the exact position on chromosomes for each cDNA 

sequence to be pasted. After completion of pasting, IMC automatically loads all the 

genomic fragments on feature map. Sometimes, cDNA can not be pasted along its 

whole length, both ends are often not homologous, IMC assigns such cDNA as partially 

pasted on genome, and classified it as a misc_RNA feature, instead of mRNA feature 

for exactly pasted cDNA. A click on mRNA on genomic sequence activates the 

alignment between genome and cDNA to examine the completeness of pasting. 

3.3.8 Comparative genome tools 

(1) Comparative genome map 

Multiple genome alignment is obtained in simple operation. in silico

MolecularCloning Genomics Edition (IMCGE) provides multiple genome alignment 

function with very simple and comprehensive operation. As far as platform's memory 

allows, a number of whole genomes can be compared simultaneously as shown in 

Figure 3.3. Alignment map would be aligned by clicking the concerned feature. This 

aligned map is directly printable on printer or created as a PDF file to be edited further 

by drawing software like Adobe Illustrator. 
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(2) Dot plot between two genomes 

Dot plotting of two genomes is another application of the BLAST algorithm. 

IMC uses the one of BLAST algorithms, named megaBLAST which is implemented 

with fast processing of large size sequences. Such a dot plot between B. halodurans and 

B. subtilis is shown in Figure 3.13.

Figure 3.13 Dot plot between Bacillus halodurans and B.subtilis. The Y axis denotes the 

position of DNA sequence from Bacillus halodurans. The Y axis denotes the position of 

DNA sequence from Bacillus subtilis. The red points denote the homologous regions 

between the two genome sequences. 
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3.4 Discussion 

IMC software has many advantages of the existing software tools. Especially, it 

has high speed import performance and handling of sub-millions order of features, as 

well as other unique functionalities. 

(1) Expanding usability of features and qualifiers 

The most contribution of IMC to molecular biology is that IMC expanded the 

usages of feature keys and qualifiers of the GenBank/EMBL convention. Previously, the 

convention is used only for the permanent recording purposes, however I proved that 

further dynamic and wider usages are possible (see also Chapter 4 and Chapter 5).

(2) High speed importing of whole genome GenBank/EMBL files 

IMC imports typical GenBank/EMBL format genome annotation files with 

higher speed compared to existing programs. In the Table 3.1, importing times for large 

genome sequences with annotations are listed. Even a largest of the human genome 

chromosomes can be imported within minutes. 

Table 3.1 Importing performance of IMC. Six different sizes of genome sequences with 

annotations are imported and measured the speed until the feature map is first shown in the 

map.

(3) Accommodation of sub-millions order features 

IMC can handle annotated files with a huge number of features on them. 
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Actually, it affords to accommodate them in large sized single files. As described later 

in Chapter 5, a huge number of features, such as those of the tiling microarrays, are 

also stored in a single GenBank/EMBL format file. Even if handling of small 

prokaryotic genome, its file size would be around 50-100Mbytes. However, operation 

performance is not affected much. This good performance has been achieved by the 

improved technology of Java programming. 

(4) High performance scrolling or zooming of maps 

The good performance of scrolling and zooming the feature map with profile 

drawing or array map drawing has also been achieved. The measured speeds of feature 

map scrolling are about 19 seconds per million base (Mbp) and 58 seconds per Mbp, 

without drawing the profile of GC content and with drawing it, respectively. The 

measured speed of zooming from maximum scale to minimum scale in the case of B.

sublitis (4,214,630bps), are about 4.5 seconds, 91 seconds and 102 seconds for without 

GC content profile drawing, with GC profile drawing of a relative window size and with 

GC profile drawing of an absolute window size, respectively. 

(5) Variety of editing functions 

IMC is implemented with a variety of editing functions. First of all, on the 

feature map, every feature on it is editable. Thousands of insertion of new features on 

the map require only a second, nevertheless if there are already a lot of features 

registered on the map, it will be much slower than that. In the case of a tiling microarray, 

the total number of features to be registered in a GenBank/EMBL file amounts to 

100-300 thousands. The scrolling speed of the feature map with a tiling microarray is 21 

seconds per Mbps and 35 seconds per Mbps, without drawing profiles and with profiles, 

respectively. 

(6) Linked map with search results 

Most of the searching results lists in IMC are directly linked to the locations of 

the found features. Consequently, users can jump to the desired site on the map 

immediately. Such cases are, that of homology search, keywords search, feature key 

search, lab note entry search, update entry search etc. In addition, any line of the 

GenBank/EMBL text file whose features are currently shown on the feature map is 

directly linked to the corresponding feature or nucleotides. 
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(7) Multiple alignments between entire genomes 

IMC is implemented with a unique alignment method of genome level. Tens of 

whole genomes can be aligned according to following procedure. The genomes are not 

aligned just after importing, rather the result of homology search is first obtained and 

then genomes are aligned according to the homologous features of genes. Exchange of 

orders of genomes is easily handled by only dragging the icon designated for one 

genome. 



Chapter 4 

in silico experiments of molecular cloning 
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4.1 Introduction 

Cloning is the most popular experiment routinely performed in the molecular 

biology field. The experiments consist of basic routines such as DNA digestion by 

restriction enzyme, ligation and PCR, and so forth and routines for detection, such as 

gel electrophoresis (Figure 4.1). A wide variety of combination of these basic routines, 

are repeated in laboratories. 

Figure 4.1 Flow of cloning experiments. (a) Digestion of DNA by a restriction enzyme BamHI 

produces linear DNA fragments with 5’ sticky ends. A circular vector is linearized by 

digestion. (b) Amplification of DNA by PCR produces DNA fragments between two 

priming sites recognized by the given PCR primers. Occasionally, ambiguous priming 

produces different sized PCR products which can be seen by 1D gel electrophoresis. (c) 

The linear vector and a DNA fragment are ligated together with the presence of an enzyme 

ligase if the end shapes of the both ends are matched. This reaction produces two different 

circular vector with the insert is reversely ligated to the vector. (d) The vector with the 

insert is transformed into a host cell. The host cells are cultured until a number of clones 

are obtained. (e) 1D gel electrophoresis separates many DNA fragments by size. 
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Experiments in molecular biology are defined as the series of basic routines 

starting from the sample DNA molecules, after receiving various chemical or physical 

changes such as purification, amplification, modification or decomposition, until 

obtaining final target materials which are regarded as more feasible to be detected in 

amount or in property as the proof of the chemical reactions. For example, when DNA 

samples are applied into a test tube with solution of a restriction enzyme, the DNA 

molecules in the tube undergo chemical changes of digestion at the particular sites of 

the molecules. The solution is applied into a well of agarose gel for electrophoresis. 

Then solution of ethidium bromide is applied on the agarose gel. Finally, the gel is taken 

by a photograph under the UV lighting. It is suggested that a variety of consecutive 

experiments would be performed until the final target molecules which are detectable 

with certain experimental devices, are obtained.  

In this work, I attempt to perform the molecular biological experiments in 

silico, in other words, in computer, as one of simulation tools of performing the 

experiments in vitro. The word, experiment, has wide meaning. In this thesis, I treat 

only experiments in the field of molecular cloning in which experiments are handled 

with mainly on DNA molecules. Therefore, I had focused on in silico molecular cloning 

and describe feasibility and effectiveness of in silico cloning and provide formulation of 

each component of the virtual experiments, such as DNA samples, reagents or reactions. 

Prior attempts to perform in silico cloning were reported. A computer program 

named VIRTLAB was developed (Iazzetti 1998). VIRTLAB simulates plasmid 

preparation, digestion with restriction enzymes, agarose gel electrophoresis, DNA 

cloning and DNA sequencing. However, these simulated experiments in VIRTLAB are 

performed without accompanying DNA sequences processing. Visual Cloning 2000 is 

another software package providing restriction enzyme analysis,  

Most software, when handling DNA, defines it as a single sequence. In nature, 

the DNA is, actually, consisting of two separate sequences. Most of the regions in DNA 

have bases complementary to each other. Accordingly, it is natural for such software to 

adopt a single sequence for the expression of DNA. However, as for the both ends of the 

molecule, it is quite different. They likely take single strand shapes at the end of DNA 

which takes an important role especially in ligation against other DNA end points. Most 

of such software tools do not have an expression about the end shapes of DNA 

molecules. Without information on the ends of DNA molecules, in silico cloning 

experiments are not feasible. Here, I emphasize that it is necessary to express the end 

shapes of DNA before developing in silico cloning software. Therefore, I propose extra 
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expression about the end forms of DNA molecules at first. Then, I discuss the in silico

cloning software. 

Genome projects such as the human genome, or many microbial genomes, 

have targeted the DNA sequencing across whole genomes, and most of these genomic 

DNA sequences are publicly available (Benson et al. 2006, Cochrane et al. 2006). DNA 

sequences of artificial vectors and amino acid sequences of restriction enzymes, where 

both materials are usually used in cloning experiments, are also available in nucleotide 

or amino acid databases (Roberts 2005). Thus, the infrastructure for launching in silico

experiments has already been established by these preceding databases. For an organism, 

when its DNA sequence is determined, it becomes possible to make a logical plan for 

performing experiments, such as cloning of specific genes on the genome. In the present 

study, I introduce simulation of experiments for molecular biology referred to as in

silico cloning focused on molecular cloning based on genome information.  
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4.2 Methods and Algorithms 

I describe the definition of in silico cloning and requirements for the software. 

Typical functions of in silico cloning are implemented on this newly developed software 

on the basis of the required definitions and format for the DNA samples to describe state 

of these molecules. Then the feasibilities of performing such experiments in silico are 

discussed.

Although many software tools have been developed to implement cloning 

experiments, few of them have focused on this treatment of consecutive operations of 

cloning. A guideline to in silico experiments should be established before describing 

about the software itself. That is, such software would satisfy at least the minimum 

requirements such that consecutive experimental routines could be performed and could 

describe and visualize the states of molecules such as single stranded ends of DNA, 

circular double stranded DNA with staggered and blunt ends and so on as described 

later in this chapter. To satisfy these requirements, I will propose the formats for sample 

DNA.

4.2.1 Guideline to in silico cloning software  

So as to make a guideline that leads to in silico experiments, I, hereafter, 

propose some requirements, although this is, in the same time, regarded as definitions 

on in silico experiments, for software to be implemented as follows:  

(1) A recording unit of a DNA molecule should be one-to-one correspondence to each 

molecule participating in a reaction. Namely, information concerning the molecule 

should be stored as a single corresponding recording unit. 

(2) After a reaction has finished, information on input molecules would be inherited to 

the resulting products. Namely, whenever DNA molecules are fragmented into 

several smaller and partial ones or amplified as many clones, or synthesized into 

fewer molecules, information on the corresponding regions of them must be exactly 

transferred to those of newly produced molecules. 

(3) Whenever a DNA molecule is synthesized together from two different DNA 

molecules by covalent bond, the combined molecule should have a single DNA 

sequence without trace of reaction left. That is, any evidence can not exist to show 
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where or when the bonding reaction occurred. 

(4) In a circular DNA, visualization, detection of recognition sites and reaction, which 

occurs on any sites or bases of the DNA, should be equivalently handled. Namely, 

this means that in circular DNA, any part of DNA should not be any gap between any 

bases.  

(5) An enzyme, as a protein, can be treated as a catalyst, i. e., nothing of these molecules 

should be affected or changed after any reaction. However, this is a temporary 

requirement adaptable only for the time being, until adequate information on such 

enzymes would be formally annotated on the Genbank or EMBL files. 

(6) As for the selection of the viewing strand of DNA, there should not be any 

significant weight between the selected strand and its complementary. And moreover, 

there should be a function of switching to the reverse complementary strand from 

current strand, with all the features kept on it. 
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4.2.2 Samples and products of in silico experiments 

Figure 4.2 Example of GenBank format file. The end shapes of the DNA is described by a 

feature key endtype with its qualifier endtype=n, m. The above example shows that the 

DNA has two single stranded bases at both 5’ ends. The bases are recorded as the first two 

and the last two bases of its nucleotide sequence part. 

In the international nucleotide database conventions, most of biological 

characteristics, such as genes, are expressed as feature keys and their qualifiers as 

shown in Figure 4.2. Feature keys are defined as units which have functions or 

structures of biological meanings, while their qualifiers providing values or contents. 
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When implementing software for in silico experiments, it is desirable to use these 

descriptions as much as possible. The reason is due to the fact that a large amount of 

nucleotide sequence is submitted to the international databases and anyone can access 

such databases and obtain the requested data anytime. Therefore, utilization of these 

international nucleotide database format records increases the data availability in a great 

extent. However, current conventions of GenBank/EMBL do not always satisfy the 

requirements to perform in silico experiments. Therefore, some extension for the 

existing conventions would be necessary. Software implementation is discussed in the 

following examples. 

4.2.3 Description of sample DNA molecules 

Extension required for qualifiers, is description of the end shapes of DNA 

fragments after digestion by restriction enzymes or PCR amplification. The end shapes 

of DNA fragment after RE digestion or PCR are likely to take sticky ones, namely to be 

single stranded at the end. To describe these end shape, categories of feature keys and 

qualifiers must be extended as shown in Figure 4.2. The annotation based on endtype is 

introduced as a new feature key to describe this molecule has an expression about the 

end shapes, and new qualifier named endtype=m,n are introduced to describe the type 

of ends created after reaction (Figure 4.3). Actually, it is not necessary to describe about 

the cause of reaction for the new feature key, because we generally do not know the 

cause of reaction. 
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Figure 4.3 Examples of DNA fragments digested by restriction enzymes. (a) 5’ sticky ends of a 

BamHI digested DNA fragment have four single stranded bases. The end shapes are 

annotated as /endtype=-4, 4. (b) 5’ sticky ends of a BlcI digested fragment. (c) 5’ Sticky 

ends of an EcoRI digested fragment. (d) 3’ sticky ends of an AatII digested fragment. (e) 3’ 

sticky ends of a PvuI digested fragment with two single stranded bases. (f) Blunt ends of an 

EcoRV digested fragment have no single stranded base. The end shapes are annotated as 

/endtype=0, 0. (g) Blunt ends of a SmaI digested fragment. 

In the case of ligation, it is possible to simulate a ligated DNA fragment 

derived by two DNA fragments if each ends of DNA fragments match in a 

complementary style. This is discriminated by using the endtype=m, n, where m means 

5’ single stranded base length and n means 3’ single stranded base length as shown in 

Figure. 4.3. In the case that ligation would occur, a pair of ends match in length along 

single stranded bases and also match in complementary sequences. Let’s take the 

ligation between the end digested by BamHI, and the end digested by BclI, as an 

example (Figure 4.4a). The ends digested by BamHI, are expressed by endtype=4,-4,

while the ends digested by BclI are also expressed by endtype=4,-4. Ligation occurs 

between 5’ end of one DNA fragment and 3’ end of another fragment, so the 

discriminating process goes on like this. (1) Among the four possible combinations (if 



 97

the reverse complementary fragments are considered), the first one is taken to be 

examined. (2) The first combination (4, -4), (m, n) means the testing of 5’ end of a 

BamHI fragment and 3’ end of a BclI fragment. (3) Simple sum is performed between 

the digits in the bracket, if the answer is zero this means shapes are matched for ligation 

between the two ends. (4) Then, reverse complementary sequence between the two 

single stranded bases are examined, and the BamHI product has single strand of GATC 

at the 5’ end, while the BclI has single strand of CTAG at the 3’ end. Thus, the 

combination is proved to be ligated. (5) Remaining three combinations are examined 

and all the combinations are proved to be ligated. Further examples are shown in Figure 

4.4. This means two circular DNA would be produced by ligation reaction between the 

two DNA fragments. In addition, it is better to implement suppress of ligation if 

phosphate group is removed from one or both ends by some enzymes like phosphatases. 

Thus, the implementation of the feature key dephosphorylation is necessary in view of 

the higher visibility, integrity and compactness for describing the state of DNA 

molecule.

Figure 4.4 Examples of ligation reactions. Two fragments digested by BamHI and BclI can be 

ligated by End shape check and complementary check. Two fragments digested by BamHI 

and EcoRI can not ligated by complementary check. Two fragments digested by BamHI 

and AatII can not ligated by End shape check and complementary check. 
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Description of recognition site sequences, cleavage patterns, and affection by 

methylation of recognition sites  

The information on recognition site sequences and cleavage pattern of each 

restriction enzyme is registered in REBASE (Roberts et al. 2005), a restriction enzyme 

database. However, according to the requirements of in silico experiments, entries from 

amino acid databases would be transferred as input data for restriction enzyme. Namely, 

it is desirable to use rather amino acid data entries which describe RE recognition site 

sequences, cleavage patterns and possibility of affection by methylation at the site. 



 99

4.3 Results 

4.3.1 in silico vs. in vitro experiments  

In comparison of in silico experiments with in vitro experiments, let us 

consider upon the digestion of a DNA sample by restriction enzymes. Information on 

DNA is collected in the international nucleotide database such as GenBank or EMBL. 

As each sequence of DNA is recorded as one individual entry, it is also appropriate to 

use it as a sample to in silico experiments. In in vitro experiments, DNA samples are 

applied to a micro tube, followed by applying solution of restriction enzymes, then a 

reaction is allowed to progress in the tube, then digested fragments are obtained.  

In silico version of this experiment is processed as software programs read the 

corresponding data file which describes a DNA sample sequence and annotations, and 

stores these data into a folder designed as a simulated micro tube. As soon as the sample 

is read, the corresponding feature map is drawn with many features indicated by a 

variety of figures. Typical experiments can be done against this sample. All the 

implemented experiments are applied to the DNA sample. For example, digestion by 

restriction enzymes is performed as follows. In in silico version, the restriction enzyme 

database is searched for cutting appropriate sites of DNA sequence and target enzymes 

are selected to be applied to the tube. Then, the reaction would be started until 

completely digested fragments are obtained. In the first step of digestion, a list of 

restriction sites are shown, then selection of sites leads to final digested DNA fragments, 

each of them is described and saved as a GenBank or EMBL format file. 

Actually, IMC consists of a set of experiment functions ranging from digestion 

by restriction enzyme, PCR, ligation, and so forth as shown in Table 4.1. An 

experimental operator is defined as in silico process corresponding to the equivalent 

experiment in vitro. Thus, experiments in silico are regarded as computing of DNA 

sequences by some of the experimental operators to obtain the resulting sequences.  

4.3.2 An example of confirmation viewer which shows the target molecule as it is  

Most of plasmids and prokaryotic chromosomes have circular structure in vitro

or in vivo. Such circular structure has actually no end point along its nucleotide 
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sequence. However, when it comes to record the nucleotide sequence in a text file, it 

can not be avoided to describe them as a string of characters with the start character and 

the end one. A seamless viewing and drawing of circular DNA sequence is thus required 

as well as for recognition or reaction across the point in in silico experiments. 

4.3.3 DNA cloning in silico

DNA cloning means the extraction of a particular region of DNA (often that of 

a particular gene) from a genomic DNA or from other DNA sources, then the extracted 

DNA fragment is inserted into a plasmid vector. After transformed them into host cells, 

a lot of clones are obtained as the host cells are cultured. Cloning any designated 

segment of DNA from a genome is one of the most important techniques of 

recombinant DNA technology, as it is the starting point for understanding the function 

of any region of DNA within the genome. Figure 4.1 shows protocol for DNA cloning. 

DNA cloning can be carried out by mainly three experimental protocols, digestion of 

DNA by restriction enzyme (RE digestion), polymerase chain reaction (PCR), ligation 

reaction, and transformation of the vector constructed to bacterial cells. In addition, to 

check the band patterns of gel electrophoresis are generally used to confirm whether or 

not DNA fragment of interest is obtained. In this chapter, we describe how efficiently 

IMC works in DNA cloning in combination of experimental units such as (1) RE 

digestion, (2) PCR, (3) ligation reaction, (4) transformation and (5) gel electrophoresis. 

( ) RE digestion 

The restriction enzymes used in cloning technology are derived mainly from 

bacteria, and their recognition sequences are too short to accidentally occur in any long 

DNA molecule. Thus restriction enzymes can be used to analyze DNA from any source. 

The main reason why they are useful is that a given enzyme will always cut a given 

DNA molecule at the same sites.  

There are two types of ends of DNA fragments cleaved by restriction enzymes, 

sticky or blunt ends. For example, restriction enzyme BamHI recognizes the site 

5’-GGATCC-3’ and cleave it as two DNA fragments with 5’-G-3’ and 5’-GATCC-3’ 

which carry sticky ends (Figure 4.3a). On the other hand, blunt ends are produced by 

cleavage by restriction enzyme, such as EcoRV (Figure 4.3f). Note that sticky ends 

enable the ends of the two fragments to base-paired correctly with each other. This 

ligation also reconstructs the original restriction enzyme recognition site, which allows 

DNA fragments to be easily inserted or removed. Information on restriction enzymes 

has been accumulated in REBASE (Roberts 2005). 
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IMC software has functions concerning DNA fragmentation by restriction 

enzymes as shown in Table 4.1. One is to be able to recognize both two types of ends 

(staggered and blunt ends). This is important that the consecutive ligation is performed 

by using such information. Once a DNA fragment is digested by a restriction enzyme in 

IMC, the end type of the fragment is described with the qualifier. 

Table 4.1 Experiment functions provided by IMC (Part). The functions in yellow colored lines 

are described in this paper. The columns are function identification code(1st column), 

Function corresponds to experiment in vitro (2nd), experiment name (3rd), substrates name 

(4th), enzymes (5th), reaction products name (5th), IMC function name (6th), IMC 

operator (7th), sample in silico (8th, 9th). 

Once, a DNA sample has been digested by restriction enzymes, an extra 

description is added or re-written so as to identify the exact shape of its end. When the 

end has a single strand or protruding bases (sticky end), the end shapes of a digested 

DNA are expressed as two integers with sign depending on the direction of protruding 

bases and with comma as the delimiter which separates 5’ and 3’ end digits. A DNA 

sequence with this description will be examined whether the ligation between two ends 

of any fragments is possible or not, when these fragments are specified as target 

molecules applied with ligase enzyme. 
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As mentioned above, the single stranded bases in the double stranded DNA can 

be recorded upon the information about each end shape. Along most of DNA sequence, 

a DNA molecule has double stranded shape so only one strand sequence is adequate to 

be recorded. In addition, one end with actually complementary to the recorded strand 

must be converted into complementary sequence before viewed. Therefore IMC keeps 

the description of the extra single stranded bases after digestion. The bases on the sticky 

end of the complementary strand to the current sequence, are immediately converted as 

the bases on current strand, therefore it is always enough to record only one strand 

sequence.

Digestion by a restriction enzyme sometimes occurs just on any feature of the 

DNA sequence. After digestion, the feature is divided into two separate fragments. 

Namely, the each fragment has one incomplete feature on it each other. IMC performs 

this operation precisely.  

(2) PCR 

Using PCR technique, a given nucleotide sequence can be selectively and 

rapidly replicated in large amounts from any DNA sample that contains it. PCR is 

iterative reactions consisting of three steps by starting with a double-stranded DNA; 

separation of two strands (Step 1), hybridization of two primers to complementary 

sequences in the two DNA strands (Step 2), and synthesis of DNA from the two primers 

(Step 3). In the case of Nth iteration, DNA fragments specified by two primers are 

produced to 2
N
 times of them.  

 Like as digestion by a restriction enzyme, priming in PCR sometimes occurs 

just on any feature of the DNA sequence. After PCR, the feature on the PCR product 

becomes incomplete one with either side of the feature missing. As for the primers 

themselves, they are usually modified by insertion or substitution of a few bases. These 

modifications are inherited to the PCR product. IMC performs this operation precisely. 

Occasionally, different sizes of multiple DNA fragments are obtained in PCR because of 

a few base-mismatched priming to complementary DNA. These multiple DNA 

fragments can be viewed by 1D gel electrophoresis in IMC.  

(3) Ligation 

The enzyme DNA ligase reseals also the nicks in the DNA backbone that arise 

during DNA replication and DNA repair, and has become one of the most commonly 

used tools of recombinant DNA technology, as it allows to combine any two DNA 
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fragments. Isolated DNA fragments can be recombined in the test tube to produce DNA 

molecules.  

IMC decides whether two DNA fragments are ligated or not. This is important 

for constructing a vector including DNA fragment of interest. The results of in silico

digestion by restriction enzymes or in silico PCR performed by IMC, are recorded as to 

reconstruct the shape of each products. When some of these products are the targets of 

in silico ligation, a test is performed if the end shapes are matched to be ligated. If not, 

ligation does not occur. The results are easily verified by drawing the plasmid map or 

one dimensional gel electrophoresis. 

The exact bonding site of ligation should not be located after the reaction. 

Namely, there is no trace of ligation on the DNA ligated in experiment in vitro. However, 

identification of the ligation site sometimes would be convenient because IMC users 

would like to draw the plasmid map with the insert sequence ballooned outside the map. 

In this case, IMC’s answer is that it records both the DNA fragments with different 

sources, instead of recording the ligation site. It has been a custom to describe that the 

ligated DNA sequence with various inserts should be recorded with the feature key 

source. Self-ligation could be described in the same manner. A single DNA fragment 

would be ligated with both ends of its own if matched for ligation. This ligation 

produces one circular DNA molecule, and the ligation site would not be identified after 

reaction. In this case, it is difficult to hide the trace of ligation because the sequence 

itself is actually recorded as a string of characters with the start character and the last 

one.

IMC realize a circular DNA map by examining the definition line information, 

linear or circular of the international nucleotide databases. If the definition line is 

written as circular, IMC would draw one circular DNA feature map without identifying 

the start base or last base. That is, the map can be eternally scrolled to one direction or 

another without stop.  

If a DNA fragment is removed by a phosphate group at its 5’ end by enzyme 

phosphatases, this end could not be ligated with any end of other DNA any more after 

the reaction. I have introduced a new feature key dephosphorylation for this purpose. If 

the DNA fragment has the feature key dephosphorylation as the expression according to 

the international nucleotide databases, ligation to this DNA fragment does not occur. 

Some features may be specially processed when the bases on the features are 

the target of RE digestion, PCR amplification and ligation. Taking CDS feature for an 



 104

example, when a CDS is RE digested or PCR amplified and only a upstream half of the 

CDS is ligated into a plasmid vector. This means that the CDS has lost its downstream 

nucleotides and they are replaced by the nucleotides of the vector. In this case, the CDS 

has lost former termination codon, therefore if the initiation codon is maintained, only 

thing to do is to locate first downstream termination codon on the frame. Accordingly, 

the location of the CDS and the last half of the nucleotides might be updated. In 

contrary, when the CDS has lost its upstream half of the nucleotide, it means that the 

CDS has lost the initiation codon and considering that no initiation codon may 

identified on the vector sequence of the upstream of the CDS, the next possible 

initiation codon should be located and if found the CDS length becomes shorter while if 

not found, the CDS annotation must be deleted. 

(4) Other experiments 

DNA can be introduced into bacteria by a mechanism called transformation. 

DNA fragment does not change in transformation. A DNA fragment transformed with a 

vector plasmid, could be methylated in certain sequences if the host is that of 

Escherichia coli. If methylated, the sequence might not be digested by some of the 

restriction enzymes which are affected not to digest their recognition sites on 

methylated DNA. IMC recognizes these affections by methylases in such cells. If some 

recognition sites are methylated and the restriction enzymes are affected by methylation, 

IMC does not digest at these sites. 

4.3.4 Examples of consecutive routines in cloning experiments 

IMC implements fundamental in silico experiments concerning DNA cloning, 

that is, RE digestion, PCR and ligation. I explain how IMC performs the consecutive 

routines by giving an example of TA cloning (Holton and Graham 1991, Marchuk et al. 

1991, Mead et al. 1991). In TA cloning, a DNA fragment with sticky end of a 

deoxyriboadenosine obtained in PCR procedure is cloned into the linear plasmid called 

the T-plasmid-vector with a deoxyribothymine (dT) addition at the 3’ end, which is the 

complementary to the dA of the PCR product. 

This experiment is performed in silico with IMC, according to the procedure 

described below. 

(1) Applying a sample of DNA: Apply a sample of DNA, namely, read a GenBank 

format file of a DNA sequence. This is carried out by clicking Read Sequence File

button. Then, Read Sequence File(s) into Feature Map dialog window is popped up, 
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where one or more sequence files are selectable to be read and feature map of one of 

them is shown(Figure 4.5(1)).

(2) Specify the region to be amplified on the map: After showing the region to be 

amplified by manipulating zoom or scroll buttons, dragging mouse across the region 

on the feature map results in change of the background color in red(Figure 4.5(2)).

(3) Design of optimal primer sets: Design optimal primer sets to amplify the declared 

region of the DNA sequence. On the colored region, clicking of the right button of 

mouse pops up a menu. On the top of the menu, there is a submenu Design PCR 

Primer, then clicking of the submenu pops up PCR Primer Design window where a 

set of parameters for designing PCR primers are listed and can be changed. PCR runs 

immediately after clicking set button at the bottom of the window(Figure 4.5(3)).

(4) PCR: Let PCR be performed after selecting one of the just designed primer sets. 

This is initiated by starting PCR with clicking PCR button after selection of the 

primer, then Priming site search window is popped up where one set of primers can 

be selected with allowance of mismatches. If one base mismatch is allowed, select the 

radio button of 1 base mismatch, then clicking of Reaction button starts PCR. All or 

specified portion of the DNA sample sequence are searched for priming sites, and a 

list of PCR products is shown (Figure 4.5(4)).

(5) Selection of PCR: After selection of PCR products from the list of PCR products, a 

click on Reaction button starts PCR. Perform one dimensional gel electrophoresis for 

all the above PCR products. One clear band is shown on the lane with many dark 

bands resulting from mismatched priming. On the bottom of Priming site window, 

there is a button for one dimensional gel electrophoresis which is used to start gel 

electrophoresis about all or selected PCR products (Figure 4.5(5)).

(6) Registration of PCR products in DNA sequence file: Any of products is registered 

in a new GenBank or EMBL format file. The shape of the both ends of a PCR 

product can be changed dependent on the kind of PCR enzymes. IMC lets users select 

type of shapes of one adenine base sticky or blunting end. The end shapes of the PCR 

product can be verified by scrolling the map until the both ends of DNA sequence are 

shown (this could be done one by one), after making the PCR product DNA as the 

current one. Each of the PCR products is recorded as a single entry of GenBank or 

EMBL format file. The contents of the file can be verified by a click on the 

GenBank/EMBL Viewer button (Figure 4.5(6)).
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(7) Selection of Restriction enzyme: Let us take a vector sequence digested by the 

restriction enzyme EcoRV which generates blunting ends. This is done by clicking 

RE Recognition button after the vector sequence is selected as current one. Then, 

Enzyme Selection Window is popped up and checking on EcoRV and clicking of 

Show Recognition Site button makes the Recognition site window to pop up on 

which a list of the recognition sites by the enzyme is shown. Clicking Digestion

button starts the digestion process (Figure 4.5(7)).

(8) Addition of thymine to 3’ end: Let one thymine be added at 3’ end of the above 

vector. This is a virtual reaction for IMC user’s convenience and could produce a 

T-vector for TA-cloning. This is carried out by clicking Add T-base at both 3’ends

button. The end shapes of the digested product can be examined by scrolling the map 

until the both ends of sequence are shown, after making one of the digestion 

fragments as the current one (Figure 4.5(8)).

(9) Ligation: Let one of the PCR products and a T-vector be ligated. This reaction 

generates a circular plasmid vector with the PCR product inserted. This is carried out 

by clicking Ligation button. On the pop up window for ligation, two DNA sequences 

can be specified. After setting the T-Vector sequence as the first fragment and setting 

the PCR product as the second, clicking of Ligation button starts ligation and 

produces two circular DNA after reaction (Figure 4.5(9)).

(10) Plasmid map: Before drawing of the plasmid map of the vector, list of DNA 

sources which consist of the circular DNA, is shown for the selection of inserted 

DNA. The inserted DNA is clearly identified on the plasmid map. This is done by 

simply clicking the Plasmid Map button. On the popup, a list of sources on the 

ligation product is shown. After selecting one for the source of the inserted PCR 

product, clicking of Set button leads to draw the plasmid map with the insert of PCR 

product. Map sizes can be changed by modifying the parameters (Figure 4.5(10)).



 107

Figure 4.5 IMC Operation in consecutive routines. (1) After importing a GenBank format file 

with annotation, its feature map is drawn. (2) Dragging mouse over a region on the feature 

map to specify the region to be amplified by PCR. (3) By clicking the mouse right button, a 

menu is popped up. Selection of ‘primer design’ sub menu will start the PCR primer 

designing. A list of primer sets are shown in a dialog and PCR will be directly performed 

from this dialog, too. (4) After starting PCR, a confirmation message is appeared. (5) A list 

of the PCR products are shown and can be save as a GenBank/EMBL forma file. (6) At 

both ends of the PCR product, additions of adenines are optionally selected to be ligated 

with T vector. (7) A circular vector is imported and digested by a restriction enzyme. (8) 

Attachment of a single strand thymine base at the both ends of the linear vector can be 

performed to produce a T vector. (9) Ligation between T vector and the PCR product is 

performed. This reaction produces two ligation products, one has the reversely inserted 

PCR product. (10) Drawing of a plasmid map is accomplished by clicking one of buttons. 
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4.4 Discussion 

4.4.1 Advantages 

There are three merits in in silico experiments in view of (1) planning 

molecular biological experiments, (2) usage as lab notebook, (3) educational tool to 

learn molecular biological experiments.

(1) Clarification of procedure by predicting the results of actual experiments:  

A large cost is required in in vitro experiments handling DNA samples because 

reagents or disposable materials such as plastic micro titer plates, micro tubes and 

pipette tips are consumed in large amount. Genome-wide projects require much higher 

rates in resource consumption. in silico experiments can provide low cost alternatives 

for verifying the effectiveness of in vitro experiments prior to starting them actually. For 

example, in a molecular cloning experiment, there is a case that insert DNA is actually 

inserted into vector in reverse way. To detect this event, an optimal selection of 

restriction enzyme is necessary, and leads to a good method to determine the direction 

of insert using 1D gel electrophoresis. 

(2) Usage as lab notebook:  

If there is a series of experiments that researchers are planning to perform, 

there are always some modifications against the standard protocols, so these procedures 

should be recorded just at the time the plan is ready. The history of these records could 

be utilized as a lab note, which is also important for researchers to verify the finished 

experiments. Recording such as comprehensive drawing of a plasmid map with DNA 

insert with features on it, will increase efficiency of the experiments.  

(3) Educational tool to learn molecular biological experiments:  

It might be difficult for beginners to understand what are going on in the micro 

tube in molecular biology experiments in vitro because molecules in the tube are only 

visible with indirect means like gel electrophoresis, in silico experiments, which can 

show any molecule at any time, help them to understand the micro phenomena and 

process of experiments. 
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4.4.2 Framework construction for in silico experiments 

Performing in silico cloning requires recording of the end shapes of digested 

products by restriction enzymes or amplified products by PCR. For this purpose, I 

introduce a new feature key endtype and its qualifier endtype, and incorporate them into 

GenBank/EMBL database annotation convention. Some features on a DNA sequence 

might be truncated by PCR or digestion by restriction enzymes, therefore the 

annotations on the truncated features should also be modified. The ambivalent nature of 

DNA also requires occasional switching to the interested strand from one to another. In 

addition, I redefine information about the RE recognition sequences, end shapes after 

digestion and affection of methylation at the sites, to a new feature key and qualifiers. 

According to these definitions or data descriptions, I have developed a software for in

silico experiments, and perform a few of typical molecular cloning experiments on 

computer, and verified that this approach would be effective as a recording tool of a 

series of experiments as a lab notebook, training tools for beginners to molecular 

biology, prior simulating tool for time or cost consuming experiments. 

In molecular biology experiments, it is important how to describe the 

functionalities or activities of enzymes and how to use such description. According to 

the requirements of an in silico experiment, one data entry to one enzyme seems to be 

the best way. Descriptions on the enzymatic functional sites, are still poor in case of 

most of protein database entries. Therefore, in this stage, we assume that enzyme 

proteins act as only catalyst instead of multi-functional protein which has 

residue-specific activities around its amino acid sequence. 
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Chapter 5 

A viewer for tiling microarray data
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5.1 Introduction 

A DNA microarray is defined as a miniature plate made of glass, plastic or 

silicon wafer attached with densely planted numerous DNA probes (Fodor et al. 1993, 

Chee et al. 1996, DeRisi et al. 1996). The probes are allocated on the plate with matrix 

shape, consist of single-stranded cDNA or oligonucleotides and are hybridized with 

complementary single-stranded DNA or RNA samples. If the probes are uniquely 

designed among the genome or the transcriptome, the DNA microarray can be used as a 

high throughput expressed molecular detector which measures numerous differently 

expressed genes in a single experiment. Since all the probes are derived from cDNA or 

complementary to genic regions of the genome, these kinds of microarray are called 

gene level expression microarrays. 

A tiling microarray (Kapranov et al. 2002, Cawley S. et al. 2004, Kampa et al. 

2004) is defined as high density DNA microarray whose probes cover a whole genome 

without gaps, namely the microarray probes are arranged to cover the genome entirely 

such as actual tiles which cover whole wall of a building as shown in Figure 5.1. The 

probes can be overlapped with each other, the extreme type of the tiling microarray is 

such that one probe sequence is only one base shifting apart from the previous probe 

sequence. Thus, the total number of probes which cover the entire genome, amounts to 

the same number of nucleotides in the genome. A tiling microarray provides an 

extremely fine measurement tool for transcriptome and genome analysis, such as novel 

gene discovery, gene expression, alternative splicing, binding of transcription regulators, 

chromatin immunoprecipitation-chip, ChIP-chip (Ren 2000, Iyer 2001), DNA 

methylation, polymorphism discovery and genotyping, comparative genome 

hybridization, CGH, and re-sequencing (Mockler & Ecker 2005). In contrast to a gene 

level microarray which provides gene level analysis after obtaining means of 11 to 20 

values to enforce the robustness of measurement, a tiling microarray is much dependent 

upon the individual probe intensities and an intensity measured on a probe is required to 

be more significant and used independently from neighboring probes. Therefore, robust 

estimators for probe level expression intensities are much required. Thus, the tiling 

microarray is also called a probe level expression microarray. 
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Figure 5.1 Schematic drawing of a quasi-tiling microarray (part), since the probes do not cover 

the genome entirely. Arrows painted in blue denote the CDS features. Smaller arrows in 

pale green denote probes of the tiling microarray. 

Tiling microarrays are commercially available from Affymetrix, inc. or Agilent 

Technologies, inc. and other manufacturers. As for the Affymetrix microarray, its probes 

are made of 25-mer oligonucleotides while Agilent uses 60 or 70-mer. Even for a 

microbial tiling microarray, the number of the probes amounts to sub millions order, if 

the genome size is 5Mbp and the probes cover the entire genome even without any 

overlap.



 115

Quasi-tiling microarrays with unevenly distributed probes with certain gaps 

between neighboring probes, are also designed (Mockler and Ecker 2005). Exon arrays 

are one of the typical examples. On the contrary, tiling microarrays whose probes on the 

intergenic regions are densely allocated while probes on the genic regions are sparsely 

planted (Figure 5.2), can be also designed. This kind of tiling microarray is used for 

detection of promoters or unknown smaller genes on the intergenic regions. 

Figure 5.2: Probes on the Bacillus subtilis whole genome map. Narrow arrows with wings 

denote features of tiling microarray probes, while wide arrows without wings denote CDSs 

on the genome. 

Currently, there are few software tools available to view the entire expression 

pattern on a whole genome using a tiling microarray. Without such tools, the tiling 

microarray analysis is not adequately performed. Therefore a software tool to visualize 

the tiling microarray data is urgently required. Even for a quasi-tiling microarray with 

unevenly distributed probes, the number of probes amounts to 120-160 thousands, 

whereas the number of genes in Escherichia. coli and B. subtilis amounts to about 4,200 

and 4,100, respectively. Thus, such a software tool is required to handle these huge 

amounts of data without frustration. Unlike the gene level microarray software tools, a 

software tool for tiling microarray data analysis is required to be implemented with 

site-specific viewing facilities because the results are closely related with the position 

on the genome sequence and each probe is required to be more significance than a gene 

level analysis. Therefore, the existing annotation about genes, promoters and so forth, 

should be displayed in parallel with intensity indicators on each probe.  

An efficient and effective structure for the above-mentioned tiling microarray 

data should be introduced and smooth viewing and editing should be also accomplished. 

In addition, when handling microarray data, certain problems are commonly 

encountered, including the existence of background and cross-hybridization, array 
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manufacturing bias, and so forth. Therefore, software tools are also required to solve 

these problems altogether. 

If uniformly distributed similar sized DNA fragments which are derived from 

random fragmentation of the genome, are obtained, their hybridization to the microarray 

probes can be used to normalize the corresponding expression level of mRNA or other 

hybridizing molecules, due to the assumption of the hybridization intensity which is 

interpreted as hybridization efficiency of same oligonucleotides. Therefore, this concept 

requests that such a software tool provides arithmetic operation between RNA 

expression microarrays and genome fragments hybridization microarrays. Furthermore, 

as the still low level of microarray reproducibility leads to repetitive sample 

measurements or replicated experiments, average calculation between microarrays, is 

also necessary to be implemented on the software tool.  

I developed a software system, named in silico MolecularCloning Array 

Edition (hereafter, referred to as IMCAE), to provide researchers with a visualization 

tool of the tiling microarray data with data correction functions as well as gene level 

analysis such as clustering and ranking of the expressed genes. In IMCAE, since the 

probes of the tiling microarray are assigned as features on a GenBank/EMBL format file, 

they are handled in a same way with other features such as CDSs, mRNAs, rRNAs and 

promoters. In addition, expression intensity values are also incorporated as the qualifiers 

to the corresponding probe features. The design requires only one file to record probes, 

expression data and features on a genome. Thus, simple operations and visualization of 

the tiling array data, is accomplished. This design increased the portability of the 

complicated microarray data between the researchers and their collaborators. 
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5.2 Methods and Algorithms 

5.2.1 Mapping of tiling microarray data on a annotated genome 

sequence

(1) Structure of the probes and expression data

For describing an Affymetrix custom tiling microarray data, three types of data 

file, probe sequence file, channel definition file and microarray expression data files, are 

necessary. The channel or chip definition format file (CDF) is a conversion table 

between the array matrix position of each probe and corresponding probe sequence. The 

expression data file is named as CEL file, derived from microarray with one-to-one 

correspondence as the hybridization intensity on each probe position on the microarray. 

A probe file contains all the probe sequences and atom numbers and probe unit numbers. 

The probe sequences file contains these of perfect match only. And the atom number 

and the unit number are used to link a probe sequence and its hybridization intensity on 

microarrays. By using the probe sequence file and the CDF file, probe sequences are 

linked to its microarray position of the CEL files. The CEL files have only microarray 

positions for corresponding probe intensities. Thus, these expression intensities are 

connected to probe sequence to show where in the genome the expression is detected. 

The schematic diagram on the relationship between these files and the formats are 

described in Figure 5.3.

Figure 5.3 Diagram of relationship between Probe, CDF, CEL and Genome Map. The CDF file 

acts as a link table between probe sequences and their corresponding microarray positions. 
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There are detailed data formats of a probe and an expression microarray as shown 

in Figure 5.4. The probe file consists of the target sequences of each probe. 
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Figure 5.4 Tiling microarray data formats. (a) A probe file format consists of six columns. The 

first column indicates ‘EXPOS’. The second is called ‘LOCAL_TARGET’, which is probe 

target DNA sequence. The fifth and sixth columns are used to link data between a probe 

file and a CDF file. (b) This shows the header portion of a CDF file. This is a text format 

CDF written by the software named GCOS provided from Affymetrix. In the [CHIP] fields, 

information about the array is described. The array name is indicated in the Name line. The 

same name is also appeared in CEL files. (c) This is a portion of a CDF file. The Unit 
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number (Unit3127) and ‘ATOM’s are used to link to the probe file. Namely, if a probe is 

given by Unit=3127, Atom=2, it is linked to the line written in red. Actually there are two 

of the lines which link to the probe. One is for the perfect match probe, and the other is for 

one-base mismatch probe. Mismatch probe is clearly identified with the same three bases 

such as TTT while the perfect match probe line is identified by the difference of the central 

base of the codon. ‘CellHeaders’ (X, Y) can be used to link to the CEL files which are the 

actual records of array expression intensities. X and Y mean the coordinates of the probe 

location on the array. (d) This is the contents of a CEL file in a text format produced by 

GCOS. In the [Intensity] field, X and Y of ‘CellHeader’ are used to locate its probe 

position. A perfect match probe’s expression intensity is shown here in blue characters, 

while its corresponding mismatch probe’s expression intensity is shown in red characters. 

To accommodate millions order of these numerical data efficiently, a new data 

structure for the tiling microarray data is introduced. Prior to this, high throughput data 

handling method is already established on the software tool, in silico MolecularCloning

(IMC: see Chapter 3). IMC handles almost all the biological annotation as features and 

qualifiers on a DNA sequence. In the same manner, when handling the tiling microarray 

data, most of information about the microarray data can be mapped as features on the 

genomic DNA sequence. Currently there are two feature keys, ‘TilingInfo’ and 

‘TilingArray’, to describe tiling microarray data. General information about the 

microarray is also recorded as ‘TilingInfo’ feature. A ‘TilingInfo’ feature consists of data 

about the probe file, the CDF file and CEL files. Each file location on the PC is 

recorded on ‘probe_valuen’ qualifiers, where n denote the nth CEL file to be stored on 

the file. The probes on a tiling microarray are defined as ‘TilingArray’ features on the 

annotated genome sequence with GenBank or EMBL format. Every ‘TilingArray’ 

feature has a couple of qualifiers to describe the probe name, the probe position, and the 

means and SDs of measured intensities from PM and MM probes. Therefore, the 

computation between stored microarray data is immediately performed without 

referring any other file. 

(2) Mapping of the probes on the genome sequence 

Since the tiling microarray probes entirely cover a genome, it is always 

required to draw a genome map with probes, similar to the way of drawing map with 

array CGH experiments. Therefore, I describe how to draw such genome map with 

tiling microarray probe intensities. First, probe sequences are searched against the 
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whole genome nucleotide sequence. A perfect matched search is required to be 

performed for probe mapping on the genome. Most of the probe sequences are unique 

among the genome sequence, while some of the probe sequences, such as probes on 

rRNAs or tRNAs and other highly homologous elements among the genome, may have 

multiple perfect match sites on the genome sequence. This can be interpreted as one 

single probe represents two or more sites on the genome. All the different sites of a 

multiply allocated probe sequence are registered as single probes. 

This kind of mapping process is usually performed only once and each probe is 

registered as a feature on the genome sequence. Therefore, the process time to complete 

the mapping is not critical and the probe file is not necessary to be referred later. At the 

same time, the two-dimensional coordinates of the probes on the array are also recorded 

as the qualifiers to the corresponding probe feature. Afterwards, by only using the 

coordinates, corresponding intensity of samples hybridized to the probe is directly 

obtained. Therefore, neither CDF file nor CEL files are necessary after the creation of 

probe features. Thus, four kinds of data files are used to describe the results from 

Affymetrix oligonucleotide microarrays. Figure 5.3 shows the diagram to explain the 

relationship between the four data formats. The target sequence is a reverse 

complementary sequence to the actual probe sequence.  

The other two parameters named ‘unit’ and ‘atom’ are used to link to the 

corresponding CDF file which has the planted positions of all the probes on the 

microarray. The probe positions, including these of perfect match probes and mismatch 

probes, are designated by the coordinate X and Y. The mismatch probe’s location is 

always just below (plus 1 row) the location of its corresponding perfect match probe. As 

for all the probes on the microarray, a mean value and a standard deviation (SD) value 

of hybridization intensity are accompanied with its probe coordinates X and Y on a CEL 

file. 

5.2.2 Correction of tiling microarray data 

As well as gene level microarrays, the tiling microarray data has also 

statistically interesting but problematic characteristics. To conquer these problems, a 

variety of methods or algorithms should be implemented. 

(1) Evaluation and correction of array data reliability using SD 

Affymetrix oligonucleotide microarrays consist of huge number of probes 

which hybridize to complementary RNA or DNA fragments. These probes on the 
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microarray are usually measured by an image scanner of typically 16-bit resolution and 

the image assigned for one probe, can be pixelated up to about 100 individual pixels 

(Affymetrix 2006). One pixel is given one single value of intensity, from zero to 65,535 

if the bit is used at its full range. After analyzed by the image processing software, 

outliers among the measured intensities are screened out and therefore only the mean 

and the standard deviation (SD) of all the pixels except the outliers, are provided as the 

primary data. To remove the outliers with large SD value of probe intensity, a straight 

line through (0, 0) with slope A is drawn. All the points dropped below the line are 

classified as outliers. A common graphical notation of error bar to describe the 

reliability for each intensity, is also implemented. 

(2) Background subtraction 

The background measured with microarray is regarded as fluorescence 

intensity resulting from various factors, including non-specific binding of labeled target, 

stain, and other fluorescent materials contained in the sample solution (Liu 2002). The 

background also varies by regions on a microarray. Average of lowest 2% intensity 

values are used as the background intensity in the Affymetrix software, MAS 5.0. The 

background subtraction from detected intensity of probes, is performed before other 

data correction methods. This is global correction of background intensity. However, 

occasionally, the surface of microarray is unevenly stained. In such a case, local 

estimation of the background intensity is required. Currently, I used only a global 

background subtraction method for avoiding complicated and multiple correction to the 

raw data. 

(3) Normalization methods of microarray data 

It is reported that the efficiency of hybridization is different from one 

microarray by microarray. In addition, when manufactured, the microarray probes are 

not evenly planted and when hybridized, the fluid containing RNA samples are not 

equally extended on the chip surface (Holloway 2002, Liu 2002). These facts lead to 

some systematic biases existence in microarray experiments. Therefore, some 

normalization methods are necessary when handling microarray data. 

When comparing two microarrays, most popular method to normalize data is to 

sum up globally over the probe intensities on the microarray surface, the entire genomic 

region, namely to take summation of all the intensities, then the each expression 

intensity is divided by the sum. In this calculation, the values of normalized intensities 

tend to be very small numbers, therefore the use of double precision type of data format 
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is required to avoid the loss of significant digits. A local normalization is also 

considered. Similar calculation of global normalization is applied in a given interval 

between ith and (i+n)th intensities. 

(4) Confirmation of intensity distribution 

The distribution of raw probe intensities of microarrays, is in advance 

examined to decide the strategy how to handle the microarray expression data. In this 

process, screening of outlier intensities is also required. The common method to confirm 

the distribution pattern of probe intensities, is plotting of every expression intensities on 

a scattered plot. Because the dynamic range of intensities is wide and, in most case, 

ratios between two different arrays are concerned, logarithm scales are introduced to 

both axes of the plot graph. The simplest plot is that of two microarrays, x for one axis 

and y for another.  

In some of microarray data, systematic biases appear. It is reported that the log2

(ratio) values can have a systematic dependence on intensity, which commonly appears 

as a deviation from zero for low-intensity regions. Locally weighted linear regression 

(LOWESS) analysis has been proposed as a normalization method that can remove such 

intensity-dependent effects in the log2 (ratio) values (Quackenbush 2002).  

I implemented the function of drawing the distribution plots of probe 

intensities, with a robust normalization of trimmed means. 

(5) Reduction of the effects from non-specific binding or cross-hybridization 

In Affymetrix oligonucleotide microarray, two types of probes were introduced; 

one type has the perfect match (PM) complementary DNA sequence to the genome, 

while the other has one-base mismatch (MM) complementary DNA sequence to the 

genome (Lipshutz et al. 1999). These probes are allocated on the microarray in the 

neighboring rows each other. The differences of intensities between perfect match and 

mismatch probe are used to reduce the effects of non-specific binding or 

cross-hybridization. The perfect match expression intensity is called PM, the mismatch 

expression intensity MM and the ideal expression intensity (IM) that might be 

calculated by using PM and MM as IM. IM (Ideal Match) is represented by PM minus 

MM if PM is larger than MM, nevertheless if PM is smaller than MM, some 

consideration must be taken. On the gene level microarray analysis, the PM-MM set is 

used for determine the probability of each probe expression detection is positive or 

negative.
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One solution is IM should be zero if PM < MM. Another solution is IM would 

be neglected if PM < MM. Other solution is IM would be the absolute value of PM 

minus MM, namely IM = |PM – MM|. This is a controversial problem so the software 

can handle either way. Affymetrix adopts more complicated calculation to derive IM. An 

example of PM, MM, and IM profiles are shown later in Figure 5.7.

The usage and interpretation of PM and MM are still controversial, therefore I 

implemented functions to handle PM and MM independently each other. Namely, PM 

and MM are called, exhibited and computed separately. 

(6) Trimmed mean estimator 

Single measurement of expression intensity for the target DNA or RNA is not 

robust against background noise and cross-hybridization. To reduce the effects, 

redundantly arranged probes have been introduced. In the case of a tiling microarray, 

one problem is that a probe intensity has much more significance than that of a gene 

level microarray. Therefore, if it is used to represent as a single measurement, the 

robustness may be lost against noise. 

To increase the robustness of tiling microarray data, a sliding window approach 

and trimmed mean is usually effective. The sliding window approach method is widely 

used in the sequence analysis of nucleotides or amino acids. In similar way, the single 

intensity on a probe is replaced with the average of n intensities within the window size 

interval of the genome. The trimmed mean is a robust estimator in statistical analysis. 

When calculating trimmed mean within the window, highest m values and lowest n

values are omitted from calculation, where m and n are integers independently given 

each other. The outliers are usually removed before obtaining the trimmed means. 

(7) Detection of transcript initiation sites using intensities on CDS regions 

Unevenly distributed quasi-tiling microarray probes between CDSs and 

intergenic region of the genomes are designed (see Figure 5.2). In this case, the probes 

are allocated densely in the intergenic regions while these in the CDS regions are more 

sparsely allocated. The purpose of this imbalance is coming from the ideas to reduce the 

number of probes totally, and to investigate local structures and functions on the 

intergenic regions. The main targets are to obtain the exact site of transcription initiation 

and to find out possibilities of smaller CDSs between identified larger CDSs. As the 

expression values of the probes on the CDS regions are regarded as the baseline of the 

transcript, they can be used to prove the expression intensities of the intergenic probes 



 125

valid or not. If there is no probe on the CDS regions, it is difficult to prove the real 

expression level of the CDS. 

5.2.3 Comparison between arrays 

Most microarray experiments provide only relationship between related 

samples and the finding of differently expressed regions or genes are the simplest 

approach by using the relation between the two expression values.

(1) Scattered plot and R-I plot 

The dynamic range of the array expression value is mostly wide to plot the 

intensities in a single real number scale. For such a wide dynamic range data, logarithm 

conversion is effective. In addition, in the two-channel microarray, the intensities are 

usually presented as ratios. The resulting reciprocal value is easy to understand when it 

is shown in logarithm scale. In the case of the RNA expression microarrays using a 

typical image scanner, the dynamic range is the order of 10
5
-10

6
. This is also useful to 

detect systematic biases for drawing an R-I plot, (it is also referred to as M-A plot). An 

R-I plot is defined as the plot graph for each intensity of two arrays where X axis is 

presented by X=log2(ratio) and Y axis is presented by Y=log10(intensity). This plot 

indicates intensity-dependent bias of measured data. 

(2) Comparative operators between different arrays 

Due to the low confidence level of microarray expression intensity accuracy, 

repetitive measurements, or replication experiments, on the same sample are often 

performed in the actual microarray experiments. For this purpose, some arithmetic 

operators between raw or corrected intensities are implemented to calculate averages 

between the repeated measurements. In addition, genomic DNA fragments of same size 

are applied to the microarray to measure the sequence-dependent efficiency of probe 

hybridization. This requires for the software tool to be implemented with arithmetic 

operators between RNA hybridization or other expression and genomic DNA fragment 

hybridization. Five of such operators of additive, subtractive, multiplier and divider and 

mean operator are required to satisfy the minimum functions. These operators directly 

take the expression file (CEL file) as their arguments. Therefore, simple operation of A

(CEL) / B (CEL) gives numerous multiple divider operations between each component 

of A and B.
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The genomic fragments are regarded as evenly distributed, however each 

hybridization efficiency is different according to the GC content of the probe DNA 

sequence. For example, if a probe sequence is AT-rich one, it may be more likely to be 

hybridized to the corresponding genomic DNA fragment. The hybridization efficiency 

may be theoretically calculated however it is also useful to obtain the experimental data 

from the genomic fragments hybridization. In the case of RNA expression data 

normalization, division operator would be applied as follows (Eq. 5.1).

 Ici = Imi / Igi,       ( 5.1) 

where Ici is defined as ith calibrated intensity of an array, Imi as ith intensity of mRNA 

and Igi as ith intensity of genomic fragment. The reason why the division operator is 

used is that the genomic fragments hybridize to almost all of the probes of the tiling 

array. The proof of the validity of division in this case should be done with the other 

comparative experiments on the efficiency of hybridization by sequence. 

5.2.4 Gene level analysis 

(1) Gene level expression 

A gene level microarray consists of approximately 11 to 20 probe pairs on each 

gene of a genome. The expression level of gene is estimated using all or selected 

intensities of the probe pairs. After clustering of co-expressed genes together, a gene 

expression matrix with a gradient color scale, is commonly presented. 

As for the tiling microarray, probes pairs are further densely allocated on each 

gene. The major difference between a gene level microarray and tiling microarray is that 

tiling microarray is regarded as probe level microarray. The probe intensities of tiling 

microarray are much significant than those of a gene level microarray. In contrast, it is 

rather easy to interpret tiling microarray data into gene level one. The difference is that 

of number of probe pairs on each gene. Then, gene level expression is easily presented 

by the tiling microarray, too. The co-expressed genes derived from the tiling microarray, 

is also presented as a gene expression matrix. 

(2) Trimmed mean estimator 

The mean calculation after removing m and n values from the largest m

intensities and smallest n intensities from all the measured intensities mapped on a gene, 

resulting from the order statistics, is defined as trimmed mean. Trimmed mean is 
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regarded as a robust estimator of gene expression intensity. 

(3) Ranking and clustering of gene level expression using tiling microarray 

By using above trimmed means of intensities on CDS, gene level expression 

analysis is performed. A ranking of genes by trimmed mean is easily obtained by sorting 

a set of microarrays. Gene clustering is also possible using the data. Various algorithms 

for clustering genes by similar expression pattern were reported, such as hierarchical 

algorithms, self-organized map (SOM) (Kohonen 1984), support vector machine (SVM) 

and others. Without prior knowledge about the gene set, unsupervised clustering is 

usually used. Among the hierarchical methods, UPGMA (Un-weighted Pair Group 

Method using Arithmetic Averages) (Sokal and Michener 1958) and Neighbor-joining 

method (Saitou & Nei 1987) are most popular. I implemented an algorithm to clustering 

gene level data by using UPGMA.
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5.3 Results: Implementation of a software tool for the tiling microarray

I developed a software tool, named in silico Molecular Cloning Array Edition 

(IMCAE), for analyzing, viewing, and editing of the tiling microarray data. IMCAE is 

written in Java application language and compatible with Windows
xp

 and Mac OS X. 

The software is implemented with several unique features, especially its probe and 

microarray data recording method as described in the Section 5.2.

5.3.1 Mapping of probes and expression data 

(1) Probe and microarray data importing

In IMCAE, a probe file with its corresponding CDF file, is imported after 

reading the GenBank/EMBL annotated sequence of the genome. This procedure 

requires several hours on a typical PC to complete the importing of the probes and 

mapping them on the genome sequences. Then, currently, up to 10 expression 

microarray data files can be imported and their intensity data is recorded as the qualifier 

of the probe features. 

 Figure 5.5 Parameter setting dialog for importing a probe and a CDF file. When ‘Update’ is 

selected, the probe mapping on the genome is additive without affecting the probes 

previously mapped. Currently, five types of tiling microarray is supported, four of 

Affymetrix microarrays and one for Agilent microarrays. The probe file and its CDF file 

must be specified simultaneously.  

Multiple files of probes and CDF are also imported and mapped to a same 

genome using update function of the importing procedure. Before importing a new 

probe file, IMCAE usually clears the existing probe features on the GenBank/EMBL 
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format file (Figure 5.5). However, if the update function is selected, this initial 

clearance of probe features is not performed. In the current version of IMCAE, up to 

sub-millions of probes can be imported and mapped in a single genome sequence. 

Figure 5.6 The CEL files importing window. Selection of importing methods, initial or additive 

import, is implemented. Two channel probe expression table format files can be also imported 

when the ‘Two Expression Series’ button is ON. The intensities are selectable from PM, MM 

or PM minus MM. ‘Cut Min:’ or ‘Cut Max:’ is used to cut off the intensities with lower than 

‘Cut Min:’ or higher than ‘Cut Max’. ‘SD 1/’ is used to define the inclination of the cut off 

line. The probes with SD value larger than this value are cut off. Cut off is also performed on 

the rank of probe intensities, lower m % or larger n % of probe intensities are cut off.  

After completion of probe mapping on the genome, up to 10 CEL files can be 

specified and imported. The CEL file locations are recorded as a description of feature 

key ‘TilingInfo’ on the GenBank/EMBL file. The probe intensities recorded on a CEL 

file are transferred to the exact corresponding probe features and also recorded as the 

qualifier. Namely, each probe feature entry, ‘TilingArray’, on a Genbank/EMBL format 

file has all the intensities of PM and MM probes. 
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Figure 5.7 GenBank format file with tiling microarray annotation. (1) Newly introduced feature 

key, ‘Tiling_array’, is shown with its position on the genome. (2) The two-dimensional 

position of each probe is given such as ‘/probe_x_y=174_343<>175_344’. The former pair 

values mean the x-y coordinates of the perfect match probe on the microarray while the latter 

pair values mean the x-y coordinates of the one base mismatch probe on the microarray. (3)  

The means and standard deviations of the probes, are shown. 
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Consequently, the EMBL/GenBank file is added by numerous entries of new 

features of tiling microarray along the genome DNA sequence. The file is saved and can 

be handled by most of ordinal sequence analysis software tools. Since the IMC series 

software is capable of in silico cloning experiments, with its PCR function, a specified 

region of the genomic sequence is duplicated with the features on it. Namely, any 

portion of genome with tiling microarray probes and expression intensities are 

reproduced easily. A drawing sample is presented in Figure 5.8.

Figure 5.8 (a) Microarray data format and profiles for RNA hybridization. The means, standard 

deviations and number of pixels measured by image scanner, are listed as well as the probe 

coordinates on the microarray. (b) Probe file format of the tiling microarray. Probe set 

names, coordinates on the microarray, and probe sequences are listed. Bases in red show 

mismatch base for MM. (c) The main viewing window of tiling microarray software. 

Rectangles painted in pale green are tiling microarray probes. Arrows in red and blue are 

CDSs and rRNAs. The vertical bars denote the corrected probe intensities. 
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5.3.2 Correction of tiling microarray data 

(1) Hybridization quality indicators 

Among the results from hybridization of sub-millions of probes to sample 

DNA, considerably large number of the intensities measured, may be outliers. There are 

several functions to cut off or eliminate them from analysis. The most basic of them is 

that of the cut off parameters of upper and/or lower limit to the means and standard 

deviations of probe intensities. There are also the cut off parameters by ratio, in these 

parameters the upper and/or lower limit are given by percentage ratios of the number of 

the to-be-eliminated results. When certain probe intensities are cut off by the 

above-mentioned methods, on the genome map drawn by IMCAE, these probes are 

certainly identified from those probes with missing intensities. IMCAE reports these 

states to indicate each probe with missing intensities or cutoff intensities in different 

colors each other (Figure 5.9).

Figure 5.9. Histograms of means (upper) and standard deviations (lower) of all the probe 

intensities. Width and color of the bars can be changed. Probe intensities shown on the 

histograms, can be limited within a specified region of the genome. Two dimensional 

scattered graph is shown when ‘2 Dimension’ button is ON. An example is shown Figure 

5.10.
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(2) Detection of corrupted spots 

IMCAE provides a visual tool to draw expression intensity per probe with 

value of data reliability. A two dimensional plot, standard deviations of intensities for X

axis and means for Y axis, can be drawn using all or part of intensities within a 

microarray cutoff line is selected . Figure 5.10 shows that some of outliers exist on the 

other sides of cutoff lines. 

Figure 5.10 Cutting off of outliers. In actual measurements in tiling microarray of Affymetrix,

one probe consists of up to 100 effective pixels at the highest resolution and only the 

means and standard deviations of them are provided as primary output. (1) The points 

circled are estimated as outliers. 

(3) Scattered plot: viewer of measurement bias 

In IMCAE, a scattered plot for any two sets of measured intensities can be 

drawn including a scattered plot between PM and MM intensities of the same 

microarray (Figure 5.11). A series of intensities, one of PM, MM or PM minus MM 

values from the imported microarrays, can be selected on X or Y axis. When ‘R-I plot’ is 

selected, an R-I plot is drawn to show the intensity-dependent bias of the microarrays. 
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Figure 5.11 R-I plot between intensities comparing two microarrays. X axis denotes the 

intensity (I). Y axis denotes the ratio (R). The scale is automatically adjusted. This plot 

shows that there are large variances in the middle range of intensities.  

(4) Reduction of effects caused by non-specific binding or cross-hybridization 

By using the method described in Section 5.2, as for the intensity of each probe, 

one from PM, MM or PM minus MM, is selectable for each array although it is 

recommended to use PM minus MM. The expression profiles are also drawn with any 

of three values. In addition, it is also possible to draw three profiles of PM, MM and PM 

minus MM of the same array in parallel (Figure 5.12).
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Figure 5.12 Perfect matched vs. one base mismatch probe intensity. (a) Perfect matched data list 

is shown. 1st and 2nd columns denote the probe location on the array, 3rd column denotes 

means and standard deviations of expression values on the probe. 5th column denotes 

NPIXELS which is the number of pixels on the probe image. (b) Same as (a), (c) Probe 

sequences list. The 25-mer probe has one mismatch base on the 13th base of the mismatch 

probes.

(4) Windows approach for increasing reliability of tiling array data 

To increase the robustness of the estimated intensities, a window approach is 

also chosen when drawing the tiling microarray expression profile. The single intensity 

is replaced with the average intensity of all the probes within the window size reach of 

the genome positions. In addition, the upper and lower trimming settings to expel the 

outliers, are also chosen as parameters to increase the robustness. 

(5) Normalization by total sum of expression intensities on entire microarray 

IMCAE provides a normalization function for comparison between two 

microarrays. If checked on the microarray data, the normalization process has applied to 

all the expression intensities on the microarray. All the intensities, actually the mean of 
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all the probe pixel intensities, are summed up to obtain total sum of intensities over the 

microarray, then all the means are divided by the sum. The process leads to those 

divided numbers very small,  

5.3.3 Comparison of tiling microarray data

Arithmetic operators between three different microarray expression 

experiments are implemented. As mentioned in the previous chapter, the hybridization 

intensities of genomic fragments which are fragmented in almost same size, is used as 

calibration factor to normalize the measured intensities of a tiling microarray. IMCAE is 

implemented with several operators, such as addition, subtraction, division, 

multiplication and average (Figure 5.13). The adding operator provides all the adding 

results of the two components derived from a same probe along the genome. A 

coefficient can be placed before each microarray data for a weighted calculation 

between two microarrays. 

Figure 5.13 Settings of the arithmetic operations between microarrays. On the first row, he 

scale used is selected as ‘Custom’, which means that the scale is set as indicated by the three 

parameters on right. On the second row, two of logarithm presentations are selectable. On the 

third row, this indicates that Array4 is divided by Array1 with coefficients are 1.0. Four 

arithmetic operators between three microarrays are implemented, as well as an average 

operator on two or three microarrays. One click on the graph button activates drawing of 

comparison plot including R-I plot. On the fourth row, five options to plot the corresponding 

profile on map are shown.  

The average operator is applied in the case of replicated experiments on the 

same sample. When the reproducibility of the microarray experiment is not adequate 

enough, a next best solution is to perform the experiment repeatedly and obtain 

replicated results on the same sample. In this case, the average operator is required. In 

the Figure 5.14, an example of normalization by genomic fragments is shown. 
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Figure 5.14 Normalization by expression of genomic fragments hybridization. The genomic 

fragments are evenly distributed on the genome, therefore it is regarded as index for 

site-specific hybridization efficiency of the genome. In the above profiles, the CDS yetJ’s 

expression intensities are still remarkable after subtraction of hybridization efficiency. 

However, the CDS yetK’s expression values are much reduced after subtraction. 

5.3.4 Viewing of expression data 

(1) Viewing of the expression results with features 

IMCAE provides parallel viewing facility of expression profiles and genome 

annotation. Up to three microarray expression profiles can be displayed in parallel on 

the feature map (Figure 5.15). The expression profiles on each strand of DNA can be 

shown separately or in superimposed manner (Figure 5.16). On the reverse 

complementary strand, the profiles can be also plotted downwards instead of upward 

bars to indicate intensities of the probes. Profiles to be displayed on the plot, are ranging 

from the raw intensities such as PM or MM, to the resulting intensities from the 

between-microarray arithmetic operations. Three level lines can be changed by a 

parameter setting, or automatically arranged to the optimal setting. 
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Figure 5.15 Parallel viewing of tiling microarray expression profiles with annotation. On the 

top of the window, nucleotide sequences of the both strands are shown. By sliding bar cursor 

at the center, the nucleotide sequence will be moved accordingly. Up to three expression 

profiles can be displayed in the window at one time. Profiles can be shown from simple raw 

intensities or from arithmetic operation between two or three different microarrays. On the 

center of the window, corresponding sequence features are shown. The probe sequences can 

be also shown as features. Each probe feature contains the expression intensities of up to ten 

microarrays. Just below the feature map, the expression profiles on the reverse strand of the 

sequence are shown. 

On the superimposed expression profiles (Figure 5.19), the probe intensities 

from the reverse complementary strand are plotted in the paler color from intensities on 

the forward strand. This plotting method is used by microarray applications such as 

ChIP-chip and others. 
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Figure 5.16 Superimpose of the profiles on the reverse complementary strand. The intensity 

plots on the reverse strands are overlain on profiles on the forward strand (bottom) by 

clicking the toggle button on the button tool box. 

.

(2) Trimmed means of microarray expressions on CDSs or on intergenic regions 

Another function which is implemented on IMCAE, gives trimmed means of 

all the probe’s expression intensities which are planted on each CDS or intergenic 

region (Figure 5.17). If a series of probes are located on any CDS of the genome, this 

function provides that statistical results from the intensity values of every probe on it. 

Namely, the users of IMCAE can be provided by the average intensity of expression in 

the range of a CDS or an intergenic region. This function is consequently compatible to 

the gene level microarray analytical function which shows an ordered list of expression 

intensity per gene. 
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Figure 5.17 Gene level expression table. The Window shows the average intensities per CDS or 

per one intergenic region. This is compatible to the common presentation of gene level DNA 

microarray. (1) This list can be sorted by 4 different sorting keys. (1) ‘Feature Key’ denotes 

the type of regions, such as CDS, rRNA and Intergenic region. (3) ‘Start’ denotes the starting 

base number on the genome. (4) ‘End’ denotes the end base number on the genome. (5) 

‘Strand’ denotes the strand on which each feature is located. (6) ‘Ex1’ to ‘Ex10’ denote the 

average intensities on the feature of different microarrays. 

(3) Clustering of genes with similar expression pattern between microarrays 

Gene level expression matrix for up to ten microarrays can be extracted from 

the above function of trimmed means of the probes on all the CDSs. IMCAE also 

provides common analysis of gene level expression clustering using UPGMA. A result 

is shown in Figure 5.18 where 10 microarrays x 4,100 genes expression matrix is 

shown. The label for the genes is selectable among the all qualifiers given to the CDS 

feature. By using the position information about every gene, this matrix has many direct 

links to the corresponding features on the feature map and nucleotide sequences. The 

number of probes to be allocated on each gene is also indicated. Color assignment is 

changeable between two color codes which can be freely selectable, with also selectable 

gradient scale. Logarithm presentations of log2 and log10 are also implemented as 

options.
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Figure 5.18 Clustering of a gene expression matrix. The Window graphically shows that a gene 

expression map of clustering genes with similar expression by using UPGMA method. The 

column, ‘CDS’, denotes gene name assigned to each gene region. The column, ‘Start’ and 

‘End’ denote the start and end positions, respectively, of each CDS on the genome 

sequence. The column, ‘Length” denotes the nucleotide length of each CDS. ‘Strand’ 

column denotes the direction of transcription for each CDS. The column ‘Probe’ denotes 

the number of probes which are mapped on the CDS. The colored columns display the 

trimmed mean intensity of each CDS and each microarray participated in the analysis. The 

colors are allocated in flexible manner. After selection of two colors, interpolating colors 

are generated between the two colors. Because of wide dynamic range of probe intensities, 

logarithm scales are also selectable. Any line is selectable and sub set of the gene 

expression map is easily generated after storing as a CSV format file. 
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A subset is derived from the whole set of genes by manual selection (Figure 

5.19). Since a subset is also the same format as the whole genes set file, it can be handle 

in the same manner of the whole set. 

Figure 5.19 Manually selected set of genes with similar patterns of expression. This is derived 

from the whole set of genes displayed in the Figure 5.18.
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5.4 Discussion

(1) Portability and visibility with GenBank/EMBL format files 

In IMCAE, I implemented a storing function of the complicated microarray 

data into single portable GenBank/EMBL text format file which is commonly visible 

with any available viewer and editor software. In addition, another advantage of 

handling a probe as a feature is that any region of tiling arrayed genome could be copied 

or transferred without affecting remaining regions of the genome. For example, only a 

small part of the tiling arrayed genome can be duplicated by the PCR function of IMC 

without losing any information about the microarray experiment. Occasionally, the file 

of a whole genome tiling array amounts to several hundred mega bytes in size, therefore 

it is useful to divide it into several partial files without losing any corresponding array 

data and annotated features. In addition, this kind of portability and reproducibility is 

also useful to exchange the array data with the research collaborators. 

(2) Multiply allocated probes on a genome 

In IMCAE, multiply allocated probe sequences, such as probes on rRNAs, 

tRNAs or highly homologous genes, are recorded as multiple entries for different sites 

on the genome sequence. This handling should be considered to be different from 

handling of probes on the unique sequence genes. When the concentration of total RNA 

is low, most of the probe molecules are not hybridized and not saturated, then the 

intensity measured on the probe is regarded as total sum of the corresponding RNA 

molecules which have complementary sequence to the probe. Consequently, the 

intensities on the multiply allocated probes should be divided by the number of sites 

which share the same probe sequence. When the microarray probe is designed to have 

exact copy number of probes for each multiply allocated probe, the intensities measured 

on the probes are thought to be equal to each other and reflect actual intensities on the 

probes. On the other hand, when the concentration of total RNA is high, most of the 

probe molecules are hybridized and saturated, then the intensity measured on the probe 

can be underestimated. 

(3) Saturated intensities 

In the same sense, saturated intensity can be regarded as underestimated. When 

the dynamic range of the image scanner which was used to measure the microarray, is 

given, saturated intensity can be easily estimated. However, some of image scanner 

software may have corrected saturated intensities. In such cases, the algorithms taken by 
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these image analyzing software tools are necessary to estimate the saturated intensity. 

 However, further consideration is necessary when handling PM and MM 

intensities provided by Affymetrix GeneChip. When considering PM and MM 

intensities, there are three cases of saturated intensities, both PM and MM saturated, PM 

saturated and MM unsaturated, and PM unsaturated and MM saturated. IMCAE 

identifies three cases because these cases should be differently treated. When a PM 

intensity is saturated and the corresponding MM intensity is not saturated, this is easily 

speculated as the actual intensity on the probe is underestimated. Therefore, the 

intensity could be used with remarks such as ‘Underestimated’. In contrast, when a PM 

intensity is not saturated and the corresponding MM intensity is saturated, the original 

scanned image of the MM probe might be in low quality. Therefore the PM intensity 

can be used carefully. However, most of microarray software tools treat these intensities 

as outliers and do not use for further analysis. When both intensities of a probe pair are 

saturated, a couple of explanations can be given, such as too heavy cross-hybridization, 

or corruption of both images of PM and MM, or others. In any case, the intensities 

should be handled as outliers. 

(4) Microarray analysis with sequence analysis functions 

The standard edition of IMC software provides a wide variety of sequence 

analysis functions about genomic sequences, and IMCAE inherits almost all the 

functions of IMC, as well as its original microarray analysis functions. Therefore, these 

combined functions of IMCAE can provide various useful operations when handling 

microarray data, while most of other microarray software tools were specially designed 

to analyze microarray data only. For example, when some novel features are identified 

on the genome after analysis on the microarray data, these features can be directly 

inserted on the same data file which describes the genome sequence and microarray 

results. Another example is that of searching functions of IMC ranging from keywords 

search, pattern matching, and homology search against reference genomes or databases. 

The combination of microarray analysis tools and information retrieved by the 

searching tools accelerates and widens the comprehensive analysis. 

(5) Comparison analysis using arithmetic functions between arrays 

A comparison analysis between two microarrays is performed in common. The 

results from genomic fragments hybridization are used to normalize the mRNA 

expression levels. In addition, the replicated microarray experiments are commonly 

performed to increase the reliability of the results. The arithmetic operators on IMCAE 
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between all the intensities of arrays together, provide several important functions, such 

as averaging replicated microarray experiments, normalization by genome fragment 

hybridization and raw data analysis of PM and MM intensities.  

(6) Strand specific and strand non-specific viewer 

The most of ChIP-chip experiments provides site-specific but not 

strand-specific data along a genome sequence, while RNA expression data is provided 

as strand-specific. Thus, software tools to handling the both types of the microarray 

experiments, are required with an overlay function of reverse complementary strand 

data onto the forward strand. IMCAE provides both viewing methods of strand-specific 

and strand-non-specific. 

(7) Flexibility against the genome sequence update 

Currently, most of the genome sequences, which were already published, are 

neither the final version nor fixed yet. These nucleotide sequences will be occasionally 

updated with additional annotations. The newly updated information can not be used 

until the microarray provider modifies the data and provides it to the users. IMCAE is 

implemented with the function of importing probes sequences and mapping them onto 

target genome sequence. By using this function, up-to-date analysis is possible.  

(8) Requirements of handling raw data 

Since the complicated characteristics of microarray data was discovered, 

thousands of papers about microarray data correction, were reported annually (Chen et 

al. 2004). Many novel methodologies were introduced, and the analysis on the 

microarray is said to become too sophisticated and complicated for the ordinary 

biomedical researchers (Chen et al. 2004). These complicated algorithms and processes 

are becoming black boxes for the most of researchers. IMCAE provides raw data 

handling for the researchers. If preferred, the simplest analysis can be performed, such 

as using only PM intensities without any correction to the data. 

(9) Common handling of tiling and quasi- or non-tiling microarray data 

 The probe positions on the genome sequence are rarely concerned previously 

and the results from the gene level microarray are presented as a list or matrix of 

clusters which share similar expression patterns. In a gene level oligonucleotide 

microarray such as Affymetrix GeneChip, 11 to 20 probes are allocated on each genic 

region. Therefore, the tiling microarray is regarded as the extension from the gene level 
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expression microarrays. IMCAE can interpret the results from tiling microarrays into 

those of gene level analysis. Gene clustering is provided after extracting the intensities 

on the genic regions. 

(10) Compatibility with MIAME format 

 In response to the widely acknowledged need for public repositories for 

microarray data, MIAME, the Minimum Information About a Microarray Experiment, 

was proposed (Brazma 2001). MIAME provides only a standard or guideline for the 

format and information about microarray results to be stored. Several actual databases 

were already established according to the MIAME standard (Brazma 2003, Parkinson 

2005, Menten 2004, Ball 2005). In the concept of MIAME standard, three major kinds 

of information resulted from microarray experiments, gene expression matrix, gene 

annotation and sample annotation, are necessary. Among them, the gene annotation is 

recommended to be linked to public sequence databases such as GenBank or EMBL, 

while the sample annotation has currently no database like sequence database. MIAME 

proposed that some of gene annotation should be also included in microarray databases. 

However, this handling requires complicated many-to-many relationship between genes. 

Therefore, the MIAME implementation is still controversial. 

 My proposal of integrating microarray expression data with its annotated 

sequence will be one of the solutions for the above problem, although it requires a large 

size file to describe a eukaryotic microarray experiments. The links between genes with 

related or similar expression can be easily performed using the subset table from the 

gene expression matrix of IMCAE. 



Chapter 6 

Asymmetry found in the local composition of GC 

and its correlation to the transcript units and 

directions in genomes 



 148



6.1 Introduction 

Today, over 400 complete microbial genomes are sequenced. This widens the 

chance to study the causes of the asymmetries of the base composition found in 

microbial genomes. The biased base composition in the local region of genomes have 

been a clue to predict horizontal transferred regions in bacterial genomes, isochores in 

eukaryotes (Bernardi 1993) and base skew information such as GC skew and AT skew is 

also important to determine replication origin and terminus in microbial genomes 

(Lobry 1996; Mackiewicz 1999). However, the causes of the asymmetries in the base 

composition are still controversial. 

The cause of the GC asymmetries has been explained mainly by five 

mechanisms, two from mutation, one from repair error, one from natural selection and 

one from tRNA availability. The replication-coupled mutation hypothesis explains an 

excess of G over C in the leading strand (Lobry 1996). While DNA replication is 

occurred, the leading strand is staying in the single-stranded longer than the lagging 

strand. Therefore the leading strand sequence is more prone than the lagging strand 

sequence. The transcription-coupled mutation hypothesis can explain the similar 

mechanism as that of replication-coupled mutation. When RNA transcription is 

occurred, RNA is transcribed along the complementary strand against coding strand 

while the coding strand is not paired. Therefore the coding strand sequence is more 

prone to mutation during transcription. In addition, the transcription-coupled repair 

hypothesis explains an excess of purine over pyrimidine in the coding strand. In this 

mechanism, pyrimidine dimmers are repaired by enzymes after transcription. This 

causes the bias of purine over pyrimidine (Francino et al. 1996). Natural selection on 

individual nucleotide also explains biased codon usages and sometimes amino acid 

compositions, such as arginine composition over lysine to obtain thermostability in a 

higher temperature environment (Trovato et al. 1999, Nishio et al. 2003). While 

Nishizawa and Nishizawa shows the existence of correlation between GC content at 

third codon positions and local bias in arginine-lysine usages (Nishizawa and Nishizawa 

1998). The number of tRNA on a genome varies between the different genomes. This 

also affects the nucleotide composition of coding regions. 

To collect the evidences of the proof about the causes of the asymmetries 

between the strands of genomes, local and regional analysis of the skews are necessary. 

Francino and Ochman examined the extraordinary long intergenic regions with the 

known transcription start point and terminator of Escherichia coli K-12 (Francino and 

Ochman 2001). Lobry and Sueoka examined the skews on overall intergenic regions 
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and the first, second and third position of the codons (Lobry and Soeoka 2002). None of 

the single hypothesis seems to directly prove the causes of the asymmetries found in 

genomes. In addition, other mutations and selections also affect the asymmetries.  

IMC (in silico MolecularCloning; see Chapter 3) has many functions to 

visualize base compositions such as GC content, GC skew, AT skew along with the 

positions of individual nucleotides in genomes, which is used to examine genome 

structure based on base compositions. I illustrate species-specific and site-specific GC 

and AT compositional asymmetries for several genomes.  

By examining those skews using IMC, I obtained a fact that transcription 

direction is coincided with local GC skew and AT skew for the genomes low GC 

content such as Clostridium perfringens strain 13 (Shimizu et al. 2002) and 

Fusobacterium nucleatum nucleatum ATCC 25586 (Kapatral et al. 2002). This fact 

strongly supports the hypothesis of transcription-coupled mutation is the major bias of 

the asymmetries found between both strands of genomes. 
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6.2 Methods and Algorithms 

(1) Microbial nucleotide sequences 

Nucleotide sequences are mainly obtained from the NCBI web site. NCBI 

provides two types of genomic nucleotide sequences with annotation, GenBank 

(www.ncbi.nih.gov/genbank/genomes) and RefSeq 

(www.ncbi.nih.gov/refseq/release/microbial). Since the RefSeq is a somewhat 

automatically annotated, the database is less biased. 

(2) GC skew 

GC skew is defined as the difference between G and C composition in one 

strand in a DNA sequence. The profile of GC skew in a genome is provided with a 

window approach. In the present system, GC skew for ith nucleotide in the plus strand 

of a genome was represented by Eq.6.1.

GCSkeww, i = (Gw,i-Cw,i) / (Gw,i + Cw,i).      (6.1) 

where, w is the window size, G(w, i) and C(w, i) are the numbers of guanine 

and cytosine nucleotides, respectively, with the ith nucleotide as the center of an 

window size with w nucleotides. 

(3) Definition of genic and intergenic regions 

 To identify genic and intergenic regions, CDSs boundaries annotated of the 

database entries are used. Although a very few cases of introns are annotated on some of 

the genomes, such as those found in Bacillus subtilis genome. 

(4) Gene cluster 

 A gene cluster is defined as an uninterrupted series of genes or CDSs whose 

transcription directions are identical. Therefore, if the directions of transcription 

direction of CDSs are not change during a long stretch of genomic sequence, it is 

regarded as a single gene cluster. 
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6.3 Results 

I arbitrary set window size (w) and step size (ss) can be arbitrarily set. The step 

size is a unit to calculate a base composition. When I set ss = k, the base composition is 

calculated every k bases in genomes. Figure 6.1 (abc) shows GC skew with w = 10,000 

bases and w = 500 bases in Clostridium perfringens. The global asymmetry of GC skew 

is observed in C. perfringens, that is, GC skew (1000, i) switches from negative to 

positive at the center of this figure along with genome from left to right, and from 

positive to negative at the right side of the genome. In addition to the global GC skew 

observed in C. perfringens, a local GC skew is also observed (see lower in Figure 6.1 

(abc)). The positive GC skew is seen in the regions including genes on the plus strand, 

on the other hand, the negative GC skew is seen in those including genes on the minus 

strand. This indicates that the transcription direction is also associated with the 

asymmetry of GC skew.  
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Figure 6.1 Local GC skew profiles. (a) Local GC skew profile in Clostridium perfringens Strain 

13. GC skew per DNA replication unit are observed clearly (top). GC skew per 

transcription unit (bottom). The exceptions to this rule are transposons, some membrane 

proteins and transcription factors. This genome is classified as a gram negative bacteria, 

however the GC skew is clearly observed. (b) Local GC skew profile in Fusobacterium 

nucleatum nucleatum ATCC 25586. GC skew per DNA replication unit are observed 

clearly, however this is not mono-cycled such as seen in gram positive bacteria (top). GC 

skew per transcription unit are observed clearly (bottom). (c) Local GC skew profile in the 

Escheirchia coli K-12 genome. 

Asymmetry of the global GC skew is also observed in F. nucleatum, but the 

situation is somewhat different from C. perfringens, that is, there are four switching 

points in the global GC skew, but transcription coupled asymmetry of the local GC 

skew is again observed in F. nucleatum.
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Figure 6.2 (abc) shows that majority of gene clusters have positive GC skew. 

For examples, C.perfringens has average 0.206 GC skew per gene cluster. On the plus 

strand, GC skew is higher on the leading strand, which is the left half of the bar chart 

while lower on the lagging strand, which is the right half of the bar char (Figure 6.2

(a+)). On the minus strand of C.perfringens, GC skew is higher on the leading strand, 

which is the right half of the bar chart while lower on the lagging strand which is the 

left half of the chart(Figure 6.2 (a-)). Even on the lagging strand, the GC skews are 

almost positive.  
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Figure 6.2 GC skews per gene cluster. X axis denotes CDS order from first CDS to the last CDS. 

Y axis denotes GC skew value in ratio(-1< Y <1). The skews are measured in the direction 

of transcription. (a+) GC skews per gene cluster on the plus strand in C.perfringens. (a-) 

GC skews per gene cluster on the minus strand in C.perfringens. (b+) GC skews per gene 

clusters on the plus strand in F.nucleatum. (b-) GC skews per gene clusters on the minus 

strand in F.nucleatum. (c+) GC Skews per gene cluster on the plus strand in E.coli. 6.2(c-) 

GC Skews per gene cluster on the minus strand in E.coli.

The genome of F.nucleatum shows a little different appearance of GC skew per 

gene cluster. On the plus strand of F.nucleatum genome, the GC skews are evenly 

positive along the whole sequence. Considering about its irregular global GC skew 

profile, this may show that the replication direction may be only one. In the genome, no 

homologous gene with the DNA replication initiator, dnaA, is found (Kapatral et al. 

2002).

In E. coli genome, there are two switching points in the global GC skew 

associated with the origin and terminus of replication but the extent of asymmetry (from 

-0.04 to 0.04 in the vertical axis) is much smaller than C. perfringens and F. nucleatum
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(the extents from -0.30 to 0.30, and from -0.26 to 0.26, respectively) and the local GC 

skew is again observed. The asymmetries of global or local skews can be easily 

examined by setting arbitrary size of the window in the present software. 
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A local GC skew profile is obtained along the whole genome of F.nucleatum 

(Figure 6.2 (b+-). In this case, GC skews for 99% of genes in transcribed DNA 

sequences are positive. This indicates that transcription directions are highly associated 

to produce bias of GC skews in the local level. Here, the local GC skew in sense or 

coding strand is referred to as transcription-coupled asymmetry of GC skew (taGC 

skew). This trend can be observed in E. coli (Figure 6.2 (c+-)) and B. subtilis.

Figure 6.3 Negative correlation is observed between GC content and GC skew. X axis denotes 

GC skew value (-1 < X < 1). Y axis denoted GC content (0 < Y < 1) 
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The taGC skew in such genomes as E. coli, is not obvious than that of the 

low-GC bacteria such as B. subtilis, C. perfringens, F. nucleatum, that is, the average of 

GC skews for genes in transcribed strand is 0.040 in E. coli, otherwise, those are 0.091, 

0.276, 0.262 for B. subtilis, C. perfringens, and F. nucleatum, respectively. As shown in 

Figure 6.3, the clear negative correlation is obtained between genome GC content and 

the average of taGC skew. It should be noted that the large extent of taGC skew occurs 

in genomes with lower GC content represented by Bacillus sp. Borrelilia sp., 

Campylobacter sp., Clostridium sp., Fusobacterium sp. and so on. At least two types of 

asymmetrical structure of GC skews are observed, replication-coupled and 

transcription-coupled asymmetry of GC skews derived from the global and local GC 

skews, respectively. 

Figure 6.4 Various Directions of mutation are observed among genomes. 

Asymmetry between sense and antisense strands has been extensively studied 

(Francino 1996; Beletskii 1996, Beletskii 1998; Frank 1999; Francino 2001). Their 

study shows that C to T deaminations are induced by transcription in E. coli, because 

transcription of a gene promotes deamination of cytosine only when it is present in the 

sense strand. Mutation from T to C in a sense strand induces negative AT skew and 
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positive GC skew, because of decrease of T and increase of C. Therefore, bias mutation 

effects derived by transcription-coupled asymmetry of base composition can be 

systematized by plot of genomes by averages of transcription-coupled asymmetries 

between AT and GT skews (Figure 6.4). Genomes for Chlamydia sp. Synechocystis sp.

are obviously classified into the category affected by C to T deaminations. This type of 

the asymmetries is reported for several eukaryotic genomes (Touchon et al., 2004).  

Relatively large umber of genomes including Fusobacterium, Clostridium,

Camphylobacter, Bacillus, and Borrelia are plotted into positive region for both 

transcription-coupled GC and AT skews. In this group, transcription-coupled GC skews 

are consistent with the fact that G is relatively abundant in comparison of C induced by 

the deamination process from C to T however reverse factor to this deamination process 

may reflect the transcription-coupled AT skews. Therefore there may be the other 

mutation mechanism coupled by transcription. IMC software makes it possible to 

systematize genomes by the properties based on base composition, and the local GC 

skew profile may be used as a prediction algorithm of unknown transcription unit.  

To investigate the affection of natural selections, thirteen genomes are 

investigated for codon usages and amino acids usage analysis on every CDS on the 

genomes. Among them, 10 genomes are observed with the local GC skew, while the 

other 3 genomes are not observed with the local GC skew. What is clearly observed is 

that basic and hydrophobic amino acids composition changed when the GC content are 

increased by genome and third position of codons tend to be GC rich according to the 

increase of GC content. Especially, the arginine composition increases while the lysine 

composition decreases (Figure 6.5). According to the fact that arginine is coded by 

CGN and AGR and lysine is coded by AAR, where R is denoted by purine, it is natural 

that lysine is substituted by arginine. This fast supports that guanine composition 

increases than that of cytosine. 
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Figure 6.5 Amino acid usages of 13 different genomes. They are observed with the local GC 

skew and three other genomes which are not observed with the local GC skew. In this plot, 

composition of basic amino acids (Arg:Arginine, Lys:Lysine) are shown. On X axis denotes 

Lys composition in ratio. Species listed are Methanocaldococcus jannaschii DSM 2661, 

Fusobacterium nucleatum nucleatum ATCC 25586, Clostridium tetani E88, Clostridium 

acetobutylicum ATCC 824, Bacillus anthracis Sterne, Lactobacillus acidophilus NCFM,

Bacillus subtilis subtilis 168, Bacteroides fragilis NCTC 9343, Acinetobacter sp. ADP 1,

Escherichia coli K-12 MG1655, Corynebacterium glutamicum ATCC 13032,

Corynebacterium efficiens YS-314 and Pseudomonasaeruginosa PA01, Y axis denotes Arg 

composition in ratio. 
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6.4 Discussion 

The asymmetrical structure of the global GC skew is interpretable by the 

results of asymmetric structure in the DNA replication complex (Lobry, 1996). This 

type of mutation bias may be induced by transcription event, that is, RNA polymerase 

attached to transcribed strand induces the similar mutation bias in DNA replication 

complex. DNA polymerases and RNA polymerases may have an identical single 

ancestor, namely, they are regarded as paralogues against each other. Some infer leads 

to the conclusion that the cause of the local GC skew asymmetry is not the result of 

asymmetry of RNA polymerase, but rather it explain that they are merely the 

newcomers to the genome in comparing with other older habitants of the genome. 

Experimentally proved transcription initiation sites are reported in the genome of B. 

subtilis.

Asymmetry of the global GC skew is observed as sum of at least two 

contributions, DNA replication and RNA transcription. In the E.coli genome, CDS are 

evenly distributed either on the leading strand or lagging strand. This gene-organization 

affect to cancel replication-coupled asymmetry of GC skew because, if the direction of 

the replication folk is opposite to that of transcription in a CDS, the effects of 

transcription-coupled and replication-coupled asymmetries of GC skew can be canceled 

to each other. So the magnitude of the asymmetry of global GC skew is very small in 

comparison of species with genomes coupled in transcription and replication directions 

such as B. subtilis. 

I found coincidence of the transcription direction and asymmetry of GC 

composition. Such asymmetry had been already known as a genome-scale phenomenon 

and related to the direction of chromosome replication, however, local and transcription 

level of this phenomenon is rarely reported (Francine and Ochman 1996). After 

checking all the available prokaryotic genomes, low GC-content genomes are likely to 

show this tendency. Especially remarkable are the genomes of some Clostridii and

Fusobacterium nucleatum. Their AT compositional asymmetries are also correlated with 

those of GC. 

The nucleotide compositional asymmetry found in microbial genomes is not 

clearly explained by any single hypothesis. Possible interpretation is that different 

causes, such as replication-coupled mutation, transcription-coupled mutation and repair, 
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biased distribution of tRNA and natural selections, more or less affected the asymmetry.  

Therefore, it is useful to describe the asymmetry by the following equation (eq. 6.2). 

)NS,D,R,M,M(fS tRNAionTranscriptionTranscriptplicatinReobserved   (6.2)

where Sobserved is defined as the observed asymmetry; MReplication denotes asymmetry 

caused by the replication-coupled mutation; MTranscription denotes asymmetry caused by 

the transcription-coupled mutation, RTranscrption denotes asymmetry caused by the Repair 

mechanism during transcription; DtRNA denotes the asymmetry caused by the biased 

distribution of tRNA; and NS denotes the asymmetry caused by natural selections. 

Probably, the major cause of the asymmetry is the transcription-coupled 

mutation on untranscribed strand, while other causes, such as replication-coupled 

mutation, biased distribution of tRNAs, or natural selection on codon usages, also 

contributes more or less to the asymmetry found in GC composition. However, gene 

density is not one of the causes but only a secondary appearance of the other causes. In 

some genomes, natural selections are much stronger than these causes of asymmetry, 

therefore in such genomes natural selections are regarded as the cause of asymmetry. 

Until now, the GC skew of E.coli can not be explained by the density of genes 

on the leading strands which accounts for the presence of GC skew in the genomes of 

Bacilli. This finding accounts such presence of GC asymmetry in E.coli genome. The 

asymmetry of GC composition which is globally observed in complete genomic 

sequences, is the results of superposition between that from DNA replication and that 

from RNA transcription. The absolute value of fluctuations in GC asymmetry found in 

Bacilli is larger than that of E.coli. This shows that in Bacilli the contribution from 

transcription level asymmetry is added to that of replication level asymmetry, while in 

E.coli the contribution from transcription level asymmetry is subtracted from that of 

replication level. 
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Conclusions





Assembler and quality control in microbial genome sequencing project 

Although it was used to be quoted that the time of genome sequencing had 

passed and now we are in the post genome era, genome sequencing projects are still 

necessary to provide basic resource to new areas of science and technology because 

every research would rely on the accumulated genome information more or less. In 

addition to that higher quality of such data is much required. However, such projects in 

coming age should not be conducted as those of the past. Labor-intensive and high-cost 

projects can not survive today, thus an integrated and compact sequencing project 

management system to be developed had been waited for. 

A software system named MetaGenomeGAMBLER has been developed to 

meet such requirements of scientists. It provides semi-automated processing of whole 

genome or cDNA sequencing data. It runs on Windows PCs or Macintosh computers 

which are the most ordinary tools of the molecular biologists in the world. A researcher 

who would like to investigate a bacteria genome, now possesses in his hands almost all 

the tools required to accomplish his research targets. 

The accomplishments of MetaGenomeGAMBLER(MGG) and in silico

Assembler(ISA) are as follows. (1)Since the software tools handle almost every 

genomic and cDNA row data, a user can utilize every available data around him. 

(2)Even a whole genome sequencing data is easily processed in a small PC on the desk. 

(3)With link to IMC software, most of annotation works are also performed on the same 

computer. (4)The software tools can also support meta genome projects or cDNA 

sequencing and clustering projects with clustering algorithms. 

Sequence analysis in genome era 

Together with the above-mentioned MGG/ISA, in silico

MolecuarCloning(IMC) is also providing all-in-one functionalities to perform almost 

everything about computer analysis of genes and genomes. With these integrated 

software tools, most of such analysis and data handling are coming within a reach of 

ordinary molecular biologists and its students. 

IMC can handle from small DNA fragment of 13 nucleotides up to the whole 

chromosome of human chromosome no.1 whose length amounts to about 250,000,000 

bases. Even such huge size data, IMC reads the 250 millions bases data in a few 

minutes and can view with fast scrolling and zooming on ordinary PC. 
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BLAST and ClustalW are excellent software tools which are widely used by 

molecular biologists. However, the user interfaces to these tools are not so easy to be 

operated by general users. In addition, the increasing data itself is making it difficult to 

locate. Without exact knowledge of the locations of such biological databases, BLAST 

and ClustalW could not provide adequate performance which they originally possess. 

IMC incorporates BLAST and ClustalW in it and with its data searching algorithms 

IMC also provides facilities to locate exact sites of useful databases. 

Another contribution of IMC is that it has revitalized the sequence analysis 

algorithms of the past decades. These algorithms are still valuable. 

in silico experiments 

Performing in silico cloning requires recording of the end shapes of digested 

products by restriction enzymes or amplified products by PCR. For this purpose, I 

introduce a new feature key endtype and its qualifier endtype, and incorporate them into 

GenBank/EMBL database annotation convention. Some features on a DNA sequence 

might be truncated by PCR or digestion by restriction enzymes, therefore the 

annotations on the truncated features should also be modified. The ambivalent nature of 

DNA also requires occasional switching to the interested strand from one to another. In 

addition, I redefine information about the RE recognition sequences, end shapes after 

digestion and affection of methylation at the sites, to a new feature key and qualifiers. 

According to these definitions or data descriptions, I have developed a software for in

silico experiments, and perform a few of typical molecular cloning experiments on 

computer, and verified that this approach would be effective as a recording tool of a 

series of experiments as a lab notebook, training tools for beginners to molecular 

biology, prior simulating tool for time or cost consuming experiments. 

In molecular biology experiments, it is important how to describe the 

functionalities or activities of enzymes and how to use such description. According to 

the requirements of an in silico experiment, one data entry to one enzyme seems to be 

the best way. Descriptions on the enzymatic functional sites, are still poor in case of 

most of protein database entries. Therefore, in this stage, I assume that enzyme proteins 

act as only catalyst instead of multi-functional protein which has residue-specific 

activities around its amino acid sequence. Further research is necessary to take these 

activities into consideration for in silico experiments.  
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Tiling array 

Exhaustive experiments such as those for DNA array, require further 

performance for its analysis software. A tiling array for a prokaryote genome has 

sub-millions order of probes on its array matrix. Until now, there have been few 

software tools available to handle such huge amount of data. A special edition of IMC is 

designed and is implemented for such tiling array data analysis. This software currently 

provides fast scrolling and zooming with accommodation of ten arrays at once. This 

limitation will be extended by facilitating simultaneous handling of up to 30 arrays in a 

near future. 

Since the data structures of the array manufacturers are not so easy for 

scientists to understand, IMC solved this problem with a simple manner. Every related 

data are stored in a single file of GenBank/EMBL format and probe sequences are 

interpreted as features of the annotation on the genome sequence. In addition, 

expression profiling data of each array is also incorporated as qualifiers of probe 

features. By this method, a user should handle only one large-sized file which contains 

everything he needs to analyze. This software tool also provides traditional results of 

array analysis by interpreting tiling probe expression data to gene level summery data. 

Transcription-coupled GC Skew is found in prokaryotic genomes 

As for the purpose of proving usability of the above-mentioned software tools, 

I had been investigating available genomic and cDNA sequences one by one. When I 

was viewing the nucleotides composition profiles along one microbial genome, I found 

a strange coincidence of the transcription direction and asymmetry of GC composition. 

Such asymmetry had been already known as a genome-scale phenomenon and related to 

the direction of chromosome replication, however local and transcription level of this 

phenomenon is yet reported. After checking all the available prokaryotic genomes, low 

GC-content genomes are likely to show this tendency. Especially remarkable are the 

genomes of some Clostridii and Fusobacterium nucleatum. Their AT compositional 

asymmetries are also correlated with those of GC. 

Until now, the GC skew of E.coli can not be explained by the density of genes 

on the leading strands which accounts for the presence of GC skew in the genomes of 

Bacilli. This finding accounts such presence of GC asymmetry in E.coli genome. The 

asymmetry of GC composition which is globally observed in complete genomic 

sequences, is the results of superposition between that from DNA replication and that 

from RNA transcription. The absolute value of fluctuations in GC asymmetry found in 
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Bacilli is larger than that of E.coli. This shows that in Bacilli the contribution from 

transcription level asymmetry is added to that of replication level asymmetry, while in 

E.coli the contribution from transcription level asymmetry is subtracted from that of 

replication level. 

Since DNA polymerases might be originated from one common ancestral gene 

with RNA polymerases, both may cause the resulting asymmetry of GC composition in 

similar manner with different scale.
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