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Sammanfattning 
 
 
Biologisk forskning är idag en snabbt växande disciplin som använder sig av den senaste 
tekniken inom informationsvetenskap. Tillsammans med genforskning genereras stora 
mängder av nyupptäckt data i en accelererande takt. The Arabidopsis Information Resource är 
en kollaborativ organisation som förmedlar all relevant Arabidopsis Thaliana information till 
intressenter inom området. Stor möda har lagts ned på att skapa en enhetlig informationskälla 
med hög kvalitet för att fylla detta syfte. 
 
Detta examensarbete har syftat till att skapa ett verktyg som skall underlätta för forskarna vid 
TAIR att hantera och annotera denna information. Tre applikationer har implementerats. De 
är parvis jämförelse av gensekvensdata, multiple gensekvensjämförelse, samt ett 
litteratursöknings- och annoteringsverktyg. Verktyget har döpts till Curation Master och är 
idag under vidareutveckling hos TAIR. Det har konstruerats till att vara expanderbart, 
självunderhållande och interaktivt. Alla applikationerna har ett grafiskt användargränssnitt 
och kan användas via Internet.   
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1 INTRODUCTION 
 

Modern day biological science is a rapidly growing field that is at the forefront of 
information technology techniques. Together with gene sequencing projects, vast 
amounts of new data is generated at an accelerating pace. The Arabidopsis 
Information Resource, TAIR,1 is a collaborative organization that supplies all the 
relevant Arabidopsis thaliana information to the scientific community. Much effort 
has been put into designing and creating a high quality data source to support this 
cause.  
 
This project aims to develop software to help the researcher at TAIR manage and 
annotate this data. Three applications have been implemented. They are pairwise 
sequence alignment, multiple sequence alignment, and a literature search and 
annotation tool. The software is called Curation Master and is currently under 
further development at TAIR. It has been designed to be expandable, self-managing 
and interactive. All the applications have a graphical interface and are used through 
the Internet. 
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2 BACKGROUND 

2.1 Bioinformatics  
 

Bioinformatics is a young scientific discipline that has emerged from the 
combination of information technology and the rapid development of genetic 
analysis techniques.  
It has become essential to research progress in many areas of biology and medicine. 
The field of Bioinformatics has been broadly described as: the scientific discipline 
that encompasses all aspects of biological information acquisition, processing, 
storage, distribution, analysis and interpretation. The materials used are biological 
data. Many of the methods applied in Bioinformatics are derived from 
computational techniques,2 combining the tools and techniques of mathematics, 
computer science and biology. The growth of Bioinformatics has led to the 
development of new research fields. Proteomics is the study of protein sequences, 
function and 3-dimensional structure. Genomics is the study of an organisms genes 
and its genetic sequence. This information can be applied in structure-based drug 
design, therapeutics and evolutional studies. 
 
Many promises and hopes have been assigned to Bioinformatics. Understanding the 
significance of biological processes will enable researchers to predict the character 
(phenotype) of a cell or organisms.3 Comparative studies between genes or whole 
organism can reveal mechanisms of evolution. Protein structure can help researchers 
understand mechanisms of pathogenicity and disease. This information can be 
applied in therapeutics and provide the ability to tailor-make novel drugs and 
methods to combat disease. 
 
The field is rapidly evolving and is today understood to encompass new areas 
formerly found within information technology. The study of information 
infrastructure construction (data modeling) is needed for efficient use and 
representation of biological data. Computational research helps us understand 
biological information (computational biology). The study of an organism’s DNA 
(genomics), the study of an organism’s proteins (proteomics), and the study of the 
minute variations in DNA from one person to another (pharmacogenomics) are all 
applications of the Bioinformatic discipline. Bioinformatic research has presented a 
paradigm shift in biology. A large portion of biological discoveries are today made 
“in silico”, i.e. within a computer instead of in the laboratory. In the pharmaceutical 
industry however, Bioinformatics has so far mostly been confined to the drug 
discovery stage. Discoveries of novel drug targets and analysis of structure-activity 
data for making improvement in chemically active compounds are made with help 
of the new discipline. It has also contributed to an increase in the knowledge of the 
genetic differences between humans (polymorphisms). This information has proved 
to be an important tool for analyzing results of clinical trials in genetically diverse 
populations. 
 
Several different challenges have arisen from the complex nature of the biological 
questions attempted to answer. The technical challenges have to do with computer 
limitations. The amount of storage space on a computer hard drive, i.e. number of 
gigabytes, required to represent an entire genome is very large. The amount of 
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computer time, counted in number of CPU cycles, needed to perform certain 
Bioinformatic analyses has often been too great. Protein folding calculations and 
genetic sequence comparison etc are not computational problems anymore, but 
combinatorial problems. The size of the analysis grows exponentially with the sizes 
of the data sources being used. For instance, to compare one gene to another may 
take 1 millisecond, but to compare one organism to another, both having 100 000 
genes, would take not 100 000 milliseconds (28 hours), but 115 days! The scientific 
challenges have to do with laboratory research. Analysis is needed to turn raw data 
into knowledge. Development of new improved laboratory methods to verify 
biological functions inferred by computer generated data. Automation in laboratory 
operations and standard in data representation are needed for efficiency and ability 
to compare data from different sources. This has not developed in the same rapid 
pace as the technical possibilities. Computing power doubles in less than every 18 
months while many areas of laboratory work require the same amount of time as 
they did ten years ago.4 
 
An abundance of biological databases for structural, genome-mapping and 
sequencing data are today open to the public and provide rapid access to newly 
published data. This has resulted in a revolution of scientific publishing. One 
example is the publication of the Human Genome Sequence in 2000. The complete 
sequence was published in a single article but not in printed format. Instead, only 
the analysis was included in the printed version and a reference to the sequence 
data, freely available on the Internet. 3-dimensional images of new proteins are no 
longer presented in static images in articles, but as computer files with coordinates, 
which can be submitted to software capable of displaying the image.  
 
To cope with the burden put on databases part of the solution has been to develop 
smaller, more efficient specialized organismal databases. This has been a great 
success and the number of specialized databases is rapidly growing. These databases 
have been predicted to house hundreds of sequenced genomes by the end of 2001. 

 

2.2 Arabidopsis thaliana research 
 

Arabidopsis thaliana or “thale cress”i, is a small flower from the mustard family. 
Arabidopsis research dates back to the late 1800s.5 It is the first higher plant genome 
to be completely sequenced, completed December 13, 2000. It joined several other 
organisms as a completely sequenced model organism. Amongst these is the Fruit 
Fly (Drosophila melanogaster), Bakers yeast (Saccharomyces cerevisiae), a 
nematode worm (Caenorhabditis elegans) and over 20 dozen bacteria. A model 
organism is an organism that with ease can be studied in detail to help understand 
other more complex organisms. Thousands of researchers across the world, as well 
as several companies study Arabidopsis thaliana intensively today. It is an excellent 
model for higher plants due to several characteristics.6 It is small in size, on average 
15 cm in height and has the ability to mature quickly. The flowering plant 
reproduces abundantly with a short generation time, up to 8 generations per year. 
The nuclear genome is relatively small, less than 1/24 of the human genome. The 

                                                 
i “Backtrav” in Swedish 
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plant has the ability to be cultivated in normal laboratory environment using plastic 
petri dishes and normal cultivation media.7  
 
When the sequencing of its genome was finished it was concluded that the entire 
genome consists of a relatively small set of genes.8 Sequencing was stopped at 
115.4 Megabases (1 Megebase = 1 million base pairs) out of the 125 Megabases 
genome due to large portions of repetitive DNA sequence at the chromosome ends. 
A total of 25 498 predicted genes from 11 000 gene families have been found so far 
compared to the 100 000 originally presumed genes in the human genome. Today 
the human genome is thought to hold only 30 000 types of genes, but still have a 
capacity to produce 100 000 protein products. It is still the second largest gene-set 
published to date: Human genome 30 000 genes, nematode worm 19 099 genes and 
fruit fly13 601 genes. Unlike the human genome, Arabidopsis has little unused or 
so-called “junk” DNA, which is DNA that has no known function. Proteins from 
11,600 families were discovered using a combination of gene prediction software 
and algorithms; all optimized with parameters for Arabidopsis gene structuresii. This 
is similar to the functional diversity of Drosophila and C. elegans, indicating that a 
proteome (the totality of all proteins belonging to an organism) of 11,000 – 15,000 
types of proteins is sufficient for a wide diversity of multicellular life.  
 
The plant and animal kingdoms evolved independently from unicellular eukaryotes 
(living organisms with a distinct cell nucleus and cytoplasm, i.e. not bacteria and 
viruses) and represent highly contrasting life forms. Genome sequences from 
Drosophila and C. elegans reveal that metazoans (multicellular animals) share a 
great deal of genetic information required for developmental and physiological 
processes, but also that they represent a limited survey of multicellular organisms. 
Flowering plants such as Arabidopsis have unique features in addition to ancestral 
features conserved between plants and animals. As a result, Arabidopsis has become 
the plant counterpart of the laboratory mouse. From its studies, clues have been 
revealed to how all sorts of living organisms behave genetically. Much of this 
information is directly relevant to human biological functions. In Arabidopsis, one 
can study fundamental life processes that are common to all higher organisms, 
including humans and plants. This can be performed at the molecular and cellular 
levels. Often it is easier to study biological processes in plants than human or animal 
models. This provides means of understanding the genetic similarities between 
plants and other eukaryotes. A foundation for functional characterization of plant 
genes has been laid, including ones that dictate when the plant will bud, bloom, 
sleep or seed. All plants contain so called “master genes” controlling basic cell 
growth and behavior that have been at work since flowering plants appeared more 
than 125 million years ago. Many functional genes have their counterpart in higher 
living organism with much larger genomes, such as pine trees or humans. 
Identification of these genes and protein families are relevant to evolutionary 
biology and molecular medicine. Needless to say, identification of plant genes and 
cellular components with plant-specific functions are relevant to plant biology and 
agricultural sciences.  
 

                                                 
ii The parameters used to identify protein families were segmental duplications, tandem arrays, and sequence similarity 
exceeding a BLASTP value E<10-20 and extending over at least 80% of the protein length. 
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Arabidopsis contains numerous genes that are equivalent to those that prompt 
disease in humans. Some of these regulate cancer and premature aging. One 
example of a disease which exists in both humans and Arabidopsis  is Wilson’s 
disease, in which the cells inability to excrete copper can be fatal.9 Results of 
Arabidopsis research include improved plant characteristics. Cold resistance, faster 
and larger crop growth, disease and pesticide resistance, and in plant production of 
useful vitamins, chemicals and fuels are some accomplishments. These results are 
primarily being employed in the cultivation of food crops such as wheat, corn, rice, 
cotton, and soybean that feed billions of people. 
They have also helped improve farming techniques, nutrition, medicine, 
evolutionary studies, and quality of fossil fuels. 
 
The Arabidopsis thaliana research community is growing rapidly along with 
Bioinformatics and consists of an estimated 7000 researchers and organizations 
worldwide. Table 1 contains a summary of organizations active in Arabidopsis  
research. 
 

Organization Description Web site 
The Arabidopsis Information 
Resource (TAIR) 

Comprehensive resource for the scientific community working 
with Arabidopsis thaliana 

http://www.arabidopsis.org 

The TIGR Arabidopsis thaliana 
Database 

Arabidopsis genome sequencing and re-annotation. Tentative 
Consensus (TC) sequences database. 

http://www.tigr.org/tdb/e2k1/at
h1 

Kazusa DNA Research 
Institute  

Arabidopsis genome sequencing and re-annotation and cDNA 
analysis.  

http://www.kazusa.or.jp/en/pla
nt 

MIPS Arabidopsis thaliana 
Database (MATDB) 

Arabidopsis genome sequencing and re-annotation. Catalogue 
of Arabidopsis proteins.  

http://mips.gsf.de/proj/thal/db/i
ndex.html 

Arabidopsis Functional 
Genomics Consortium (AFGC) 

NSF-funded DNA microarray analysis and T-DNA Knockout 
facilities.  

http://afgc.stanford.edu/ 

Nottingham Arabidopsis Stock 
Centre (NASC) 

Provides seeds outside North America. http://nasc.nott.ac.uk/ 

Genomic Arabidopsis Resource 
Network (GARNet) 

UK Arabidopsis functional genomics network. http://www.york.ac.uk/res/garn
et/garnet.htm 

Table 1. Arabidopsis thaliana research organizations. 
 
With increasing community size there has been an increase in number of published 
articles relevant to Arabidopsis. Total annual publication has risen from 300 articles 
in 1990, to over 1700 in 2000. In 1996, an international team or researchers 
coalesced to form the Arabidopsis Genome Initiative (AGI).10 The aim was to 
sequence the entire Arabidopsis genome. This large team consists of researchers 
from several universities and research institutes. Its main funding comes from 
government agencies in Europe, Japan, and National Science Foundation, United 
States. 
 
The complete sequence of chromosomes 2 and 4 was reported in as early as 1999, 
followed by chromosome 1,3 and 5 in 2000. The entire genomic sequence was 
reported and published as a cover article of the journal Nature’s December 14, 2000 
issue. 
 
This effort is entirely in the public domain and can be reached immediately via the 
Internet by researchers across the world. A new project aiming to determine the 
function of 25 000 Arabidopsis genes over this decade is already under way, called 
the “2010 Project”. After analysis of the predicted genes, almost half the genes do 
not match to any genes with known function, indicating novel genes. This leaves 
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much work to be done and vast amounts of knowledge to be gained. The initiative 
also demonstrates how information technology (IT) is revolutionizing biological 
research field. Use of advanced computer and networks to share information have 
been utilized and show that Bioinformatics and IT can result in unprecedented 
scientific breakthroughs. Today, biologists are the fastest growing segment of IT 
users in the scientific community. The field of Bioinformatics is at the forefront of 
development of powerful computer databases and pattern recognition software for 
gene analysis. New visualization techniques displaying complex data in intuitive 
ways have taken computer software to a higher level.  

 

2.3 The need for curation software 
 

Several decades of research into the biology of Arabidopsis thaliana, have resulted 
in a wealth of genetic, physiological and biochemical information. The amount of 
biological information continuously being published is accelerating. In order for the 
research community to benefit from the information public databases have been 
created to serve as storage sites. Vast amounts of publicly available software and 
tools for data analysis have emerged along with these databases. The requirements 
on these databases to be comprehensive and the analysis systems to quickly query, 
browse and graphically visualize this information correctly have become more 
apparent.11 This has spurred the development of more sophisticated methods for 
storing and manipulating data.12  
 
Accessibility is not only the ability to search for information, but also the ability to 
verify the quality of the data and its source.13 The integrity of the data can be 
maintained by associating data objects with the researchers, references and methods 
used to obtain the information. This leads to the verified or ‘curated’ database. Data 
need to be ‘quality assured’ by domain experts and editors before incorporation of 
the data into the database, they have to act as ‘curators’. The advantage of this type 
of system is rapid access to well-linked data objects and analysis systems, resulting 
in reduced time spent searching for information and verifying it.  
 
Rigorous requirements need to be fulfilled by public databases for them to be 
considered curated. The data quality is of highest priority. Annotations are needed 
as a quality measure and should be attached to each basic data object in the 
database, comprising of deep, consistent supporting and ancillary information. Such 
annotation or supporting data, called Meta data, have to allow users to access 
primary experimental data. Today this can be accomplished by linking information 
within and between databases. Integration of the data to other databases enforces 
compliance to standards of data storage. This requires that the party responsible for 
the database and the curators act like journal editors to ensure a certain standard 
before accepting data. To keep up with the flow of novel information, databases 
need to meet timelines, i.e. make data available via the Internet within days or at the 
time of publication.  
 
Human factors involved with creating the database are by far the greater cost of 
database maintenance.14 This is due to the problem of error propagation. For 
example, when genes are deposited in a gene database, they are often annotated 
according to their similarity to other sequences in the same database. The result is 
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that functional annotations are propagated repeatedly from one gene sequence to the 
next, and so on, with no record made of the source of a given annotation. This leads 
to potential transitive erroneous annotations.  
 
Today many research institutes and companies are relying on the knowledge-lead 
research-model. This model relies on efficient information management. 
New data and existing knowledge has to be disseminated and distributed within the 
organization. Integration and efficient use of data in the most cost-effective and 
productive fashion is essential for future research. Innovative Bioinformatics 
solutions enable researchers to feed back data and discoveries into the knowledge 
base of the organization. This allows others to make use of the same information 
and avoids redundant work. These information management systems have made it 
possible for companies and entire communities to act as a whole, speeding up the 
discovery process. Data curation has become an integral part of the information 
management. As data warehouses grow rapidly in size, data storage becomes 
increasingly risky in that the data will be of variable or unverified quality. This may 
lead to false associations. Within data management one has to differentiate between 
data and knowledge. Where data can be thought of as large collections of primary 
observations (e.g. the draft sequence of the human genome or a set of expression 
profiles), knowledge, however consist of organized networks of related facts. These 
networks can be of use to a research project of commercial entity, and may include 
intellectual property rights and patentable material. 
 
The managing of vast amounts of data can become a problem and result in a 
bottleneck in biological projects.15 Each step, be it modeling, storing, querying, or 
analyzing is time and resource consuming. Difficulties arise more from 
idiosyncrasies within the data than from its share quantity. Many different types of 
data presenting numerous relationships make the information complex to model. 
Due to the numerous projects in genome sequencing and protein studies, new 
genomic and proteomic data emerge regularly from many different sources. Some of 
the research is carried out in collaboration, while other research is copyrighted and 
private. When projects are non collaborative, data is often represented in non-
standard formats. All types of data contribute in their own way to the knowledge 
base of the science community, and must be considered by researchers active in the 
field. The data analysis carried out by the researchers in turn generates new data that 
also have to be modeled and integrated for others to access. Raw data must be 
archived and traceable, so that scientist can return to it for confirmation with ease.  
As data is being updated, accessed, and exchanged frequently it needs to be 
continuously checked. The data can quickly become ambiguous, corrupt, or 
inconsistent. 
 
As a result of the rapid pace of data generation, it is estimated that the amount of 
information doubles in less in than every two years for public databases. Which in 
turn is disseminated in a myriad of different databases, and resulting in 
heterogeneous formats. 
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2.4 TAIR  
 

The Arabidopsis Information Resource (TAIR) is one of the genome specific public 
databases existing today. It is located at Carnegie Institution of Washington, 
Department of Plant Biology, Stanford University and National Center for Genomic 
Resources (NCGR) in New Mexico. TAIR is a collaborative effort, between NCGR 
and CIW, to collect and provide information about the plant Arabidopsis thaliana. 
Started in October 1999, the goal of TAIR is to provide a database of genetic, 
physiological and biochemical information for the research community. The vast 
information produced in Arabidopsis research for several decades has made the 
need for an excellent, comprehensive database critical for not only Arabidopsis 
researchers, but the whole biological research community.  
 
Being the first higher plant genome to be completely sequenced in late 2000, 
Arabidopsis will serve as a model organism to solve research problems in other 
economically important plant species like rice,16 wheat and corn. It has therefore 
always been the objective to meet not only the needs and requirements of the 
Arabidopsis community but the scientific research community as a whole17. This 
requires easy access to the information and data representation guidelines to make 
maximum use of this model plant system. To provide comprehensive information in 
an industry standard relational database and serve as a learning source for other 
genome databases. To achieve this, collaborative efforts have been made together 
with several leading genome research institutes around the world. 
A dozen researcher and computer experts have been employed to work full time 
with the TAIR database. Much effort has been made to develop data representation 
guidelines and to develop industry standards for genome databases. The aim for the 
TAIR database is to provide not only biological information concerning genes, 
clones, sequences etc, but information about the researchers and organizations in the 
community, scientific methods, and research papers. To ensure the rigorous 
requirements on modern genome databases, all the information collected is 
associated with researchers providing the data. Means of analyzing, browsing, and 
graphically visualizing the wide variety of complex data types are provided and are 
under constant development. To conserve the data integrity and provide up-to-date 
and relevant information is one major task for the curators at TAIR.  
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3 CURATION MASTER – Materials, Implementation and 
Results 
  

The aim of this project has been to develop new curation software for the 
Arabidopsis Information Resource. Several areas of sequence analysis and data 
curation have the need for new tools.  To begin a process of addressing these, tree 
software applications have been developed. All applications needed to meet certain 
requirements to be part of the TAIR home page. The web site overlays the TAIR 
database and is daily accessed by thousands of researchers every day. It presents a 
modern and uniform design, which has to be incorporated into the different 
applications. This design includes a navigation tool bar containing site search and 
help links as a header, and a footer containing contact information. Each application 
requires a graphical interface accessible through the Internet that will serve as a start 
point. All options available within the incorporated software have to be available 
from the graphical interface. The resulting data presentation had to be 
comprehensive and browsable from all modern computer systems. 
  
What I present here is a collection of three server based graphical software solutions 
collectively called Curation Master. The first part incorporates the pairwise 
sequence alignment program BLAST (Basic Local Alignment Search Tool),18 with 
specific gene sequence datasets relevant to Arabidopsis and a graphical mapping 
tool developed at Stanford University. As a logical step, the second part employs the 
multiple gene sequence alignment program ClustalW. It incorporates independent 
datasets relevant to Arabidopsis and provides access to these through a stand-alone 
Internet application as well as through a search and report tool already developed at 
TAIR. The third part is the de novo developed literature search and annotation tool 
PubSearch. This application consists of a software package used for analyzing 
research articles and a graphical interface for accessing and updating the article 
database. Several other parts are now in development and will join the three 
applications and complement them in further sequence analysis. 
 

3.1 TAIR WU-BLAST 2.0 
 
The first part of the project is the TAIR WU-BLAST 2.0 Search interface. It is an 
entry point for running the pairwise alignment program BLAST, Washington 
University version 2.0. The aim of this part of the project was to set up a pairwise 
sequence alignment server running the latest version of Washington University 
BLAST, and to make use of the graphical display programs Map.pl, written and 
developed at the Department of Genetics, Stanford University. Several datasets were 
to be made available for sequence comparison. These included all of the genomic 
sequences relevant to Arabidopsis thaliana research published to date. This includes 
all CDNas, BACs, ESTs and all higher plant DNA transcripts published in GenBank 
and TIGR, including genome sequences for Tomato, Soy, Rice, and Maize. A 
complete list of the datasets is given in Table 2 at the end of chapter 3.1. 
  
The graphical display program developed at the Department of Genetics is a highly 
interactive visualization tool for the WU-BLAST alignment. The program is written 
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in the computer programming language Perl. The program creates a graphical 
window included in the BLAST alignment result report. A selection process is 
performed to give a color-coded brief summary of all the alignments enabling the 
viewer to see a broad perspective of the matching alignments. It also makes use of 
JavaScript to make each entity on the graphical display hyper linked to the actual 
sequence alignment further down in the result page. 
 
Each aligned sequence is hyper linked to the source sequence. This can be found in 
any of three public gene sequence databases, GenBank, MIPS, and TAIR. The 
viewer is therefore able to reach the source of the alignment of interest with just a 
click of the mouse. 

3.1.1 Pairwise sequence alignment 
 
Pairwise sequence alignment algorithms such as WU-BLAST 2.0 help researchers 
to identify the functions of novel sequences12. They can be used to identify 
homologs (similar sequences) of a novel gene sequence, and thereby infer the 
function of the new sequence with respect to the homologs that have been identified. 
Examining the range of functions of the homologous sequences can reveal clues as 
to what function the novel sequence might have. Sometimes only regions of the 
novel sequence are shared with the homologs, but this is often enough. BLAST has 
been developed over the years to be a simple, robust, and rapid sequence 
comparison program. It can be implemented in a number of ways and applied in a 
variety of contexts. DNA and amino acid sequences can be subject to DNA and 
protein database searches, protein motif searches, and simple gene identification 
searches. 
 
All sequence alignment methods use some measure of similarity between sequences 
to distinguish biologically significant relationships from chance similarities. 
Dynamic programming is often implemented to guarantee optimal alignments. 
Using scores for differences in the aligned sequences, such as insertions, deletions 
and replacements, an optimal alignment can be computed. Due to the nature of 
dynamic programming algorithms, which can be extremely thorough and 
mathematically intense, they are impractical for searching large databases. A local 
similarity search can be performed to locate regions of high similarity as compared 
to measuring the similarity between two complete genes. This is often preferred in 
biology since distantly related proteins often share only isolated regions of 
similarity, e.g. in the vicinity of the active sites of the proteins. 
 
The BLAST algorithm begins with a matrix of similarity scores for all possible 
residues17. The similarity score for two aligned segments is the sum of all scores for 
each pair of aligned residues in the segments. Using a fixed word length, a quick 
scan is performed, and only pairs with greater score than a threshold are considered 
for further analysis. This threshold can be that an exact match of over 11-15 base 
pairs between the two alignments is need for further analysis. The Maximal 
Segment Pair, or MS Pair, is defined to be the highest scoring pair of identical 
length segments chosen form two sequences. It may be of any length and is 
heuristically calculated, i.e. by trial an error. Not only the highest scoring pair of 
conserved regions between two proteins is selected for further analysis, but also all 
MS Pairs above a certain cutoff to provide all conserved regions that may be of 
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interest. An estimation of the statistical significance of the findings can be 
statistically estimated by comparing the obtained score to the highest score at which 
chance similarities are likely to appear.19 This score can easily be calculated using a 
statistic random sequence model. To speed up the process, BLAST minimizes time 
spent on sequence regions with little chance of exceeding this high score. 
 
WU-BLAST20  
 
WU-BLAST 2.0 is the BLAST version developed by Warren Gish at Washington 
University. This version was developed as stand alone “software for gene and 
protein identification through sensitive, selective and rapid similarity searches of 
protein and nucleotide sequence databases”. WU-BLAST 2.0 is copyrighted 
software compared to NCBI-BLAST and WU-BLAST 1.4, which are in the public 
domain and used by public databases such as GenBank. The new version provides 
improved results due to the introduction of gapped alignments. This function can be 
chosen in all applications of the program. These BLAST programs are:21 
 
• BLASTN – compares a nucleotide query sequence against a nucleotide sequence database 
• BLASTP – compares an amino acid query sequence against a protein sequence database 
• BLASTX – compares a conceptually translated (6 frames) nucleotide query sequence to protein 

sequence database 
• TBLASTX – compares a conceptually translated (6 frames) nucleotide query sequence to 

translated (6 frames) nucleotide sequence database  
• TBLASTN – compares a protein query sequence to conceptually translated (6 frames) 

nucleotide sequence database.  
 
The sensitivity has been improved due to multiple region of similarity between a 
query and database sequence. This means that potentially multiple, discrete domains 
of similarity between sequences can be reported, not just the most prominent one.  
“Sum statistics” are used by all of the search programs to evaluate the combined 
significance of multiple regions of similarity.22 This allows statistically significant 
groups of similar regions to be reported even though each region may be 
individually statistically insignificant.  
 
The program supports multi-sequence query files in FASTA format to be submitted 
at once for sequential analysis. Both sequence filtering and word masking of query 
sequences are supported. A filter allows the program to change the sequence being 
submitted. For instance, a low complexity region such as a Poly-A-tail (AAAA*100 
which may be at the end of a gene) can be replaced with equivalent-length runs of 
ambiguity codes (XXXX*100 which has no biological meaning). The mask function 
works similarly but in a different stage of the alignment. It prohibits low complexity 
regions from initiating alignments instead of changing the sequence to ambiguity 
codes. Without prohibition two matching poly-A-tails may initiate an alignment. 
Some of the more technical improvements include support for parallel processing 
and the Linux computer operating system. A reduction in the amount of virtual 
memory needed from the computer is also an improvement. 
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3.1.2 Implementation 
 
The set of programs included in the WU-BLAST 2.0, all written in the Perl 
programming language,23 were implemented on a Dell parallel processor server with 
dual Intel Pentium 833 Mhz processors. The program runs using Perl 5.6 under the 
Linux Operating System (RedHat 7.0).24 The WU-BLAST 2.0 was received under 
copyright agreement from Warren Gish, at the Department of Genetics at 
Washington University.   
A script is used to display a web-based graphical input form, much like the one used 
by NCBI blast at GenBank. This is based on a script (nph-ATDBblast) written by 
Dr. J. Michael Cherry at the Department of Genetics, Stanford University, for a Sun 
Microsystems computer. The graphical display module (Map.pl) written by John 
Slenk at Department of Genetics, Stanford University, also for a Sun Microsystems 
server was altered to run under the Linux/Intel system. Other necessary software was 
freely available. These programs are the Linux operating system, the Apache Web 
Server and Perl 5.6 with the GD.pm Graphics Module. Finally, all the datasets were 
collected either through collaboration agreements with MIPS, TIGR, GenBank or 
created by the scientific curators at TAIR. 
 

3.1.3 Results 
 
A successful implementation of the setup was created and is today part of TAIR 
Internet site. All options that can potentially be chosen in the program suite can be 
specified from the web interface. Since the setup is available via a web page it can 
be accessed and run from any platform or computer with Internet capabilities, 
anywhere in the world. A private setup, only accessible to the researchers at 
Stanford University, was also created to allow access to gene sequence datasets 
generated at TAIR or restricted under copyright laws.  
 
Several additions were written in Perl to force the script to read the input parameters 
from the HTML. It is necessary to verify the input to see that the chosen parameters 
are compatible with each other and with the chosen database. Sometimes the user 
may make mistakes and submit sequences not compatible with the alignment 
program chosen. Nucleotide sequences alignment programs must be chosen with 
nucleotide queries and so on. The sequence type, either DNA or amino acid, is 
checked, so that the actual sequence being submitted is of the type for which the 
program options have been set. 
 
When the query is submitted to the server through the web form, the query sequence 
and all the parameters are passed to the BLAST program.  The BLAST algorithm is 
invoked and an alignment is performed against the chosen dataset. The resulting 
alignment result text file is parsed by Map.pl to produce a GIF-image (Graphics 
Interchange Format) containing the alignments represented in different colors and 
hyper links. Another Perl script (blast2html.pl) parses the same text file and 
produces an HTML document containing hyper links to the source databases for 
each sequence, i.e. GenBank, MIPS, and TAIR.  
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Figure 1. A schematic view of the WU-BLAST 2.0 server-database set up. 
 
Input form for WU-BLAST 2.0  
 
The top of the page includes all the functions that are generally provided by the 
TAIR website. The title is linked to the original help manual provided by Warren 
Gish at  
Washington University17. An email link is provided directly to the curators at TAIR 
through the Contact TAIR hyperlink at the bottom of the page. All option headings 
are hyper linked to a users manual provided by TAIR.25  
 
In the first menu, any of the five different algorithms can be chosen, BLASTN, 
BLASTP, BLASTX, TBLASTN, and TBLASTX. In the second menu, any of the 19 
different datasets can be chosen (see Table 2). Five different sequences can be 
pasted into the query window at once, allowing for sequential submission to the 
server. As an alternative option to pasting the sequence, a file upload can be used. 
An output title can be specified. A hyper link to the original documentation on the 
BLAST options and parameter is provided.26 
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The BLAST options can be set in the options box at the bottom of the input form. 
The different filter options default, none, dust, seg, xnu, and seg-xnu can be chosen. 
Two output formats, gapped alignment and non-gapped alignment, can be chosen. 
All the different Comparison Matrixes can be chosen, BLOSOM30, BLOSOM62, 
BLOSOM100, PAM40, PAM120, PAM250, GONNET, and IDENTITY. The 
different cut-off scores (S values) default, 30, 50, 70, 90, and 110 can be set. The 
Expect Threshold (E threshold) can be set to 0.0001, 0.01, 1, 10, 100, and 1000. The 
number of alignments to be shown in the result page can be limited to 0, 25, 50, 
100, 200, 400, 800, and 1000. The output can be sorted after p-value, count, high-
score, or total-score. If the user wishes, the results can be sent to him/her by email 
instead of being presented on the Internet. This can be very helpful if many queries 
are to be performed and the results need to be stored for a later analysis.  
 
The GIF image (see Figure 3) from Map.pl and the HTML file from blast2html.pl 
are joined to produce one file. The web sites header and footer are added before the 

Figure 2. The TAIR WU-BLAST 
2.0 web. input form. 
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result is presented in the web browser. This resulting HTML document is sent to the 
computer from which the request was received.  
 

 
Figure 3. GIF image produced by Map.pl 
 
When the computer mouse is centered over one of the alignments, the information 
about that sequence is displayed in the one-line description information window 
above the alignment, i.e. p-value (p=2.0e-247), s-value (s=2371), source (PIR), 
sequence id (A57632), and the first parts of the gene detail information (homeotic 
protein). The alignments are color coded after their P-values into five different 
ranges, 1.0 to 1e-10, 1e-10 to 1e-50, 1e-50 to 1e-100, 1e-100 to 1e-200, 1e-200 to 0.0, 
displaying the highest scoring pairs in each range. Each sequence may contain one 
or more High-scoring Segment Pairs, each drawn as a colored line. In the full text 
BLAST result the alignments are either plus or minus, depending on the orientation 
relative to the query sequence. This directional information is also shown here by 
the use of arrows at the beginnings and ends of the colored lines. The alignment 
pairs are shown with alternating white and gray backgrounds. This result is a great 
improvement from the way the alignment was presented in the older version of 
TAIR BLAST shown in Figure 4.  
 

 
Figure 4. GIF image produced by older version of TAIR BLAST. 
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Summary of BLAST result in text format 
A summary of the hits is provided in text format after the GIF image. This summary 
contains the sequence id, part of the description, the high score and the sum 
probability. 
There are links to the actual alignment further down in the result from the text 
summary as well. Part of a summary is shown in Figure 5.  
 

 
Figure 5. Summary of BLAST result. 
 
After the summary comes the actual alignment of the sequences. The hyper links in 
the alignment will connect the viewer directly with the report generator in each data 
bank. In this case TIGR. An example of a Gene Detail Report from TIGR is given in 
Figure 6 at the end of this chapter. 
 
Currently the datasets available via the TAIR web site includes all Arabidopsis 
proteins, all Arabidopsis DNA sequences, bacterial artificial chromosome end 
sequences, expressed sequence tags, all genes, transcripts from Arabidopsis, maize, 
rice, tomato, and soy. A complete list of the datasets is shown in Table 2. 
 

Table 2. Datasets. Legend: TAIR, The Arabidopsis Information Resource,1 TIGR – The Institute for Genomic 
Research,27 CSHL – Cold Spring Harbor Laboratory,28 WU – Washington University School of Medicine, Genome 
Sequencing Center,29 GenBank – GenBank, National Center for Biotechnology Information,30 Kazusa - Kazusa DNA 
Research Institute,31 

Dataset Description Type Source 
Genes from TIGR, Total 
genome All Arabidopsis transcription unit (gene) sequences,  DNA TIGR 
CDS from TIGR, Total 
Genome All Arabidopsis coding sequences DNA TIGR 
Proteins from TIGR, Total 
Genome All Arabidopsis Protein sequences Protein TIGR 

AGI BAC Sequences 
Arabidopsis genomic seq from GenBank, from BAC, cosmid, TAC, 
P1, and YAC clones DNA AGI 

CDNA from TIGR  DNA TIGR 

GenBankPlus 
All Arabidopsis DNA from GenBank including ESTs and BAC 
ends DNA GB 

GenBankMinus All Arabidopsis DNA from GenBank without ESTs and BAC ends DNA GB 

GenPept, PIR & SwissPROT All Arabidopsis Proteins Protein GB 

New GenBank 
All Arabidopsis DNA from GenBank that has been added within 
the last month  DNA GB 

GenBank and Kazusa BAC 
ends All GenBank and Kazusa Arabidopsis BAC end sequences DNA GB 

GenBank ESTs All GenBank Arabidopsis ESTs DNA GB 

CSHL/WASHU Preliminary 
All preliminary Arabidopsis sequences larger than 1.5kb from 
CSHL and WU-BLAST 2.0 DNA 

CSHL/W
U  

CSHL Repeat Database Arabidopsis genomic repeated sequences (AtRepBase) from CSHL DNA CSHL 

All Higher Plant Sequences All Viridiplantae sequences from GenBank DNA GB 

Soy All Soy transcripts from TIGR DNA TIGR 

Maize All Maize transcripts from TIGR DNA TIGR 

Tomato All Tomato transcripts from TIGR DNA TIGR 

Rice All Rice transcripts from TIGR DNA TIGR 

Arabidopsis All Arabidopsis transcripts from TIGR DNA TIGR 
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Figure 6. A Gene Detail Report from TIGR. 
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3.2 ClustalW 
 

The second part of the project is the TAIR ClustalW Search interface. It is the main 
entry point for running the multiple alignment program ClustalW, version 1.7.32 The 
aim of this part of the project was to set up a server for running multiple alignments 
against the sequence datasets housed at TAIR. An effort was also made to link this 
alignment program to a sequence search and retrieval tool already developed. 
 

3.2.1 Multiple Alignment 
 
During the course of gene hunting or discovery of new proteins it is of great benefit 
to have the possibility to align the new sequence with the sequences of proteins of 
known function. Once homologs (similar sequences) have been identified from a 
large number of genes, like the datasets housed at TAIR, using a sequence 
alignment program such as BLAST, a multiple alignment of the homologs and the 
sequence of interest can be performed. The mathematical algorithms employed are 
based on dynamic programming to ensure an optimal alignment22, and are even 
more calculation intense than the BLAST algorithms. For alignments involving 
several sequences the computational challenge can therefore become somewhat 
daunting. The number of sequences aligned is therefore kept to a bare minimum of 
3-12 genes. 
 
By using a multiple alignment program to compare similar sequences one can 
identify regions of similarity and conserved amino acid motifs, which may provide 
information about the protein structure and improve prediction of secondary and 
tertiary structure. When studying a protein family having slightly different yet 
related biological functions, characteristic motifs and conserved regions can reveal 
structure-function relationships.33 If the sequences contain regions of high similarity 
they may share a common origin such as a common ancestor sequence or a gene 
duplication event, and thus infer the evolutionary history of the sequence. The 
sequences are considered to be homologous if there is additional evidence of 
evolutionary relationship. The stronger the alignment between sequences, the more 
likely they are to be related.34 Multiple-alignment of protein sequences is an 
essential tool in molecular biology today, and can lead researchers to the answer of 
numerous biological questions. Considering a collection of aligned sequences, by 
studying the phylogenetic relationships the evolution of the proteins can be 
deduced.35 
 
ClustalW 
 
ClustalW is one of the most widely used multiple alignment programs.36 It is based 
on a progressive alignment approach, which means that it performs the alignment in 
several steps. In the first step it takes an input set of sequences and calculates a 
series of pairwise alignments, comparing each sequence to every other sequence, 
one at a time. A distance matrix is calculated and serves in the calculation of a 
phylogenetic guide tree. Pylogeny is the evolutionary history of a group of 
organisms, as depicted in a family tree.  
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A progressive alignment is thus dependant on the existence of biological or 
phylogenetic relationship between the aligned sequences. ClustalW uses a 
Neighbour-Joining algorithm and pairwise alignment to construct a guide tree 
(dendrogram). The program allows the user to incorporate sequence weighting, 
position-specific gap penalties and a choice of residue comparison matrices 
depending on the degree of identity of the sequences. In the second step, the 
dendrogram provides the basis for constructing the alignment. Starting with the 
addition of the alignment of the most closely related sequences according to the 
guide, then realigning with the addition of the second most closely related sequence, 
and so on, until all sequences are aligned. Gaps are introduced to accommodate 
more divergent sequences. The gaps are controlled by gap penalties relative to the 
likelihood of existence. This likelihood is deduced from protein structural 
information such as loops in the sequence structure, and likelihood of a certain 
amino acid residue to exhibit this anomaly.  
 
The rapid increase in number of protein sequences from genome sequence projects, 
have led to automatic methods of searching protein databases for homologous 
sequences. Heuristic approaches using progressive pairwise followed by the 
multiple alignment of the top scoring hits can be programmed to run on a computer 
indefinitely. 
ClustalW has been shown to be a clear improvement to traditional progressive 
alignment programs. 
  

3.2.2 Implementation 
 
The set of programs included in the ClustalW version 1.7 from EMBL,37 all written 
in the C programming language, were implemented on the same Dell parallel 
processor server with dual Intel Pentium 833 MHz processors as was used for WU-
BLAST 2.0. The program needs to be compiled with a Gnu C compiler, freely 
available under Linux Operating System (Red Hat 7.0). A Perl script 
(inputclustalw.pl) was written to display a web-based graphical HTML input form 
and collect input sequence and program parameters. As an extra feature a separate 
web-based input form was written to accommodate another database setup created 
by Dr. Lukas Mueller. This input form allows the user to search and select 
sequences from a relational database. The selected sequences can thereafter be 
submitted to the ClustalW program directly from the database without having to 
paste them in the input window. The script also runs the ClustalW program and 
creates a HTML file including the resulting alignment. The Apache Web Server was 
used to read the input parameters from the HTML form. 
 

3.2.3 Results 
 
Two successful implementations of the setup was created and is today in use by the 
researchers at TAIR. A script, InputClustalW.pl, displays an input form in the web 
browser. Before sending the sequences and parameters to the multiple alignment 
program it performs a check to see that the input is in the appropriate format. 
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Input Form 1 
 

Figure 7. The TAIR ClustalW 1.3 web Input Form 1. 
 
A set of sequences may be pasted into the window or submitted as a file for 
alignment. All the sequences must be submitted in one file to the ClustalW program. 
If sequences are both pasted into the window and submitted through the upload 
function, the Perl script will automatically detect this and enter them as one file to 
the program. The UPPLOAD FILE button allows the user to submit sequences in a 
file on the users computer, instead of pasting them in the window. 
 
Input Form 2 
As mentioned before, a separate input script was written to work with the relational 
database created by Dr. Lukas Mueller. This database named TAIR Homology 
database contains thousands of homological gene sequences from several different 
organisms. These include Arabidopsis, Tomato, Maize, Soy and Rice. The 
sequences can be queried and searched for from a separate search interface. This 
search function was rewritten to allow the search result to be directly inputted to 
ClustalW. The sequences of interest can be chosen by marking check boxes on the 
result page and thereafter clicking a submit to ClustalW button. An identical input 
form to the one above is displayed with the identification numbers of the chosen 
sequences listed above the parameter table. The ClustalW parameters can then be 
specified and additional sequences may be pasted or uploaded. All the sequences 
will be aligned along with the sequences chosen from the database. 
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Input options 
 
Under the ALIGNMENT TITLE option the user may enter a title for the alignment 
query. This title will be included in the result file and can be used as future 
reference to identify the results. The RESULTS option is to be used with together 
with the YOUR EMAIL option. If the user wishes to have the result sent to the users 
computer via email instead of viewing the result directly on the Internet, the user 
can enter the email option here. This option is not available yet at TAIR. The main 
reason for this is that the application is only in use within TAIR. 
 
Input formats 
 
The sequences must all be in one file. ClustalW currently supports 7 multiple 
sequence formats. These are NBRF/PIR, EMBL/SwissProt, Pearson (Fasta), GDE, 
ClustalW, GCG/MSF and RSF. 
 
An example of a protein sequence in FASTA format is shown in Figure 8.  
 
>FOSB_HUMAN P53539 homo sapiens (human). fosb protein  
MFQAFPGDYDSGSRCSSSPSAESQYLSSVDSFGSPPTAAASQECAGLGEMPGSFVPTVTA 
ITTSQDLQWLVQPTLISSMAQSQGQPLASQPPVVDPYDMPGTSYSTPGMSGYSSGGASGS 
GGPSTSGTTSGPGPARPARARPRRPREETLTPEEEEKRRVRRERNKLAAAKCRNRRRELT 
DRLQAETDQLEEEKAELESEIAELQKEKERLEFVLVAHKPGCKIPYEEGPGPGPLAEVRD 
LPGSAPAKEDGFSWLLPPPPPPPLPFQTSQDAPPNLTASLFTHSEVQVLGDPFPVVNPSY 
TSSFVLTCPEVSAFAGAQRTSGSDQPSDPLNSPSLLAL 
Figure 8. A protein sequence in FASTA format. 
 
The program tries to “guess” the format by checking the first letter. It is therefore 
important that the sequences submitted be in exactly the right format. In FASTA 
format a description line, or header precedes each sequence. This line commences 
with a “>” sign followed by the gene name and id. The program also guesses if the 
sequences are nucleic acid (DNA/RNA) or amino acid (proteins). The program 
performs this by counting the number of ACGTU and N characters. If 85% of the 
characters in a sequence are as above, then DNA/RNA is assumed, protein 
otherwise. 
 
Alignment options 
 
ClustalW can essentially be run in two different ways, either FAST or FULL. This 
can be chosen with the ALIGNMENT option. With the FULL alignment option a 
stringent algorithm is used to construct the guide tree. Pairwise alignment 
parameters control the speed and sensitivity of the initial alignment. Multiple 
alignment parameters control the gaps in the final multiple alignments. 
 
Fast pairwise alignment options 
 
If the FAST option is chosen, five other parameters may be chosen to control the 
guide tree construction.  
 
• KTUP specifies which word length is to be used. Values 1-5. 
• WINDOW specifies the length of the window to be used. Values 10-1. 
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• SCORE allows the user to specify which score type, percent or absolute, is to be taken into 
account in the calculation. 

• TOPDIAG allows the user to specify how many top diagonals to be integrated. Values 10-1. 
• PAIRGAP allows the user to specify the gap penalty. Values 1-5, 10, 25, 50, 100, 250, or 500. 
 
 
Multiple Sequence Alignment options  
 
Several parameters can be chosen for the alignment. MATRIX allows the user to 
chose which matrix series to employ when generating the alignment. The program 
goes through the full range of matrix series spanning the full range of amino acid 
distances.  
 
The different matrixes are: 
 
• BLOSUM – supposed to be the best for homology searches. The series is Blosum 80, 62, 40 and 

30 matrices. 
• PAM – have been widely used since the 1970’s. The series is Pam 120, 160, 250, and 350 

matrices.  
• GONNET – a modern version of PAM. Based on a much larger data set. The series is GONNET 

40, 80 120, 160, 250, and 350 matrices. 
• ID – this is the IDENTITY matrix series. It gives a score of 10 to two identical 

amino acids and a score of zero otherwise. 
 
GAPOPEN specifies the penalty score for opening a gap. Possible values are 1, 2, 5, 
10, 25, and 50.  
ENDGAP specifies the penalty score for closing a gap. Possible values are 10 and 
20. 
GAPEXT specifies the penalty score for extending a gap. Possible values are 0.05, 
0.5, 1, 2.5, 5, 7.5, and 10. 
GAPDIST specifies the penalty score for gap separation. Possible values are 1-10. 
The COLOUR ALIGNMENT option is not in use at TAIR. 

 
Phylogenetic Tree options  
 
ClustalW can be used to create a phylogenetic tree file from an already performed 
multiple alignment.  
The output format for the tree created can be chosen to be Neighbour-Joining, 
Phylip, or Distance. 
 
Only PIR and PHYLIP formats are supported as input for this service. 
CORRECTION DISTANCE and IGNORE GAPS option can both be turned on or 
off. 
 
Output format 
 
With the OUTPUT FORMAT option the user can specify the format the results are 
to be presented. This is to allow the user to submit the results into another program 
for further analysis. All options supported by the ClustalW program can also be 
chosen from the TAIR web interface. These include ALN with or without numbers, 
GCG MSF format for the GCG program package, and PHYLIP, PIR, and GDE for 
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tree drawing programs. The OUTPUT ORDER may be chosen to be the same as the 
input order or in the order the program finds the optimal alignment. 
 
Multiple Alignment Result File   
 
This is an example of an alignment file. It is divided into two sections. Under 
Pairwise scores a 
short description 
of each pairwise 
alignment is given. 
This includes 
scores and number 
of residues in each 
sequence. The 
second section is 
Your Multiple 
Sequence 
Alignment. This is 
the actual 
alignment with 
each character 
from each 
sequence aligned 
along side each 
other. Underneath 
each residue a 
character “ * : . “ 
indicates how 
similar the 
residues are: 
"*" identical or 
conserved residues 
in all sequences in 
the alignment, ":" 
indicates 
conserved 
substitutions, "." 
indicates semi-conserved substitutions. The link to the alignment file is provided so 
that the user may store the alignment and use it for further analysis with another 
program. 
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3.3 Annotation Tool – PubSearch 

3.3.1 Publication Search and Reporting Tool - PubSearch 
 
Curating and annotating biological information involves acquisition of data related 
to the information from several different sources including scientific literature. It is 
a time consuming process and involves identifying publications relevant to the data 
of interest. PubSearch is a search and report tool for value adding analysis and the 
visualization of biological information stored in TAIR database. The tool is 
designed to help the curators find publications relevant to the biological objects of 
interest and help them create informative associations. The associations will be part 
of the collective knowledge stored in their database.  
 
In its current version it enables the user to search and query over 36 000 data objects 
such as genes, proteins and genetic markers and 16 000 research publications. The 
reporting tool visualizes the association made between the data objects and the 
research publications housed in TAIR’s literature database. The user can change, 
add and update the associations from a web interface. The information can later be 
used for annotation of such biological objects as genes or proteins and facilitate 
future evidence investigations and cross species comparisons. PubSearch provides 
an intuitive and interactive environment for searching the collection of data objects 
and research articles. The search result and the article information are presented in a 
highly interactive graphical web-integrated environment. Each result provides links 
to object and article detail pages. This provides easy access to networked resources. 
 
The tool includes programs for adding new information to the database, such as 
articles and biological object names in an automated process. The mining of 
scientific information form articles is executed in a regular and automated fashion 
by Perl programs. The computer can easily be scheduled to run these programs on a 
regular basis. 
 
The Annotation Process 
 
The data annotation process is an integral part of data management in a 
Bioinformatic research organization. Vast amounts of information are often 
collected from many different sources. To maintain a high quality on the 
information, additional information needs to be linked to each data object. This 
includes critical and explanatory notes on the data, or metadata. If the users, at any 
stage have reason to question the accuracy of a particular set of information in the 
database, the link will lead to the correct evidence. It is important that the evidence 
for the association is clear and the source of the experimental evidence is 
transparent.  
 
If an article describes the protein function of a gene product, the association will 
include, not only the reference to the article but a reference of the experimental 
evidence included in the article as well, e.g. enzyme assay or micro array data. This 
will enable us to know if the function was determined experimentally or 
computationally. If computationally, we will know whether a person or a program 
made the final decision. Ultimately, we will know which program was used, or 



26 

which similarity-searching program (or set of programs) the person relied on. We 
will also know when the analysis was performed, if the database was up-to-date, and 
if the computational techniques were up-to-date12. In our case, we will even be able 
to know who made the annotation. This meta data, such as level of confidence in the 
functional annotation or the name of the program that created the functional 
annotation, will make it possible for scientists or programs to know what data to 
trust 
 
The objective is to have each node in the TAIR database linked to other kinds of 
information resources, such as gene-, keyword- and literature-databases. This will 
guarantee recent and abundant biological knowledge, all be it never complete and 
changing frequently. 
 
To add further efficiency to the data curation process, another aspect is taken 
advantage of. Data can be annotated to varying levels depending on the amount of 
evidence available to support it. As a measure of data quality the curators may add 
an annotation of relevance to the information of interest. By storing the relevance of 
the information being analyzed, an independent annotation is obtained. This will 
allow the user of the data to make the focus of their queries narrow or wide 
according to relevance. For instance, if we are looking for evidence for a protein 
function, we can narrow the search to only include the five most relevant articles 
concerning this protein function. One can compare this to selecting all the published 
articles that deal with the function of interest, which can yield a result of several 
hundred articles.  
 
By using a common language to annotate the information about this specific 
genome, the foundation will be laid to enable cross species comparisons. 
Annotations of a gene will comprise of the same vocabulary as the annotation of a 
similar gene in another organism. Cross species comparisons are limited today by 
the lack of nomenclature standards for genes and their products. Biologist today 
believe there is likely to be a single limited set of genes and proteins, many of which 
are conserved in most or all living cells. Knowledge of the biological role of shared 
proteins can often be transferred to other organisms, since it is likely that proteins of 
highly similar structure will play similar roles. This knowledge can be used to add 
value to the object in the database.  
 
Public databases themselves provide very little meta, historical or tracking data 
about the primary data in the database. PubSearch can help the scientist generate 
this extra knowledge. Both by providing immediate access to objects meta-data as 
well as reference-data. The tool can therefore be used as a selection tool for data 
reduction and knowledge generation. 
 
Biological Data Objects - Terms 
 
Different types of biological data objects have been selected from TAIR database 
for searching in the literature database. These objects include gene names, proteins, 
cellular components and names of biological processes. All of the data object are of 
some biological nature and important to biological research. Each data object has 
one or more scientific “name” which allows it to be referenced in the database and 
in the scientific literature. This “name” is in this report referred to as a Term. Many 
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of the complex Terms have been taken from research project specializing in the 
research of biological Terms. One such project is the Gene Ontology Project.38 The 
other objects have been collected directly from TAIR database. These Terms are 
often of a simpler nature, such as a gene or protein name. Many of these objects 
originate from the genome sequencing projects and the mapping of all the gene 
products and proteins in Arabidopsis. 
 
Gene Ontology Terms – Function, Process, Cellular Component 
 
Part of the curation process at TAIR is the annotation of genes with Gene Ontology 
Terms. These are taken from the list of Terms, the Controlled Vocabulary,39 
produced by the GO Consortium.  
 
The goal of the Consortium is to provide a structured, precisely defined, common, 
vocabulary for describing the roles of genes and gene products in any organism.40  
These Terms are Controlled Vocabularies for annotating genes, and are to be used in 
cross-species comparisons.  
 
Genomic sequencing has made it clear that a large fraction of the genes specifying 
the core biological functions are shared by all eukaryotes; all forms of life except 
viruses and bacteria (prokaryotes). Knowledge of the biological role of a shared 
gene in one organism can therefore provide strong inference of its role in another 
organism. The knowledge can often be directly transferred to the other organism. 
The greatest opportunity lies in the possibility to transfer biological annotation data 
from an experimentally tractable model organism, like mouse or yeast, to a less 
tractable organism, based on gene and protein sequence similarity. The information 
can therefore be used to improve knowledge about genes and their biological 
functions in more complex organisms, like humans and plants, and thereby improve 
human health and agriculture. 
 
To facilitate cross-species comparisons, interoperability of genomic databases is of 
highest priority. Scientific information in this field is largely incomplete and 
changing rapidly. To guarantee recent and abundant biological knowledge, each 
Term in the Gene Ontology will be linked to other kinds of information resources, 
such as gene and keyword databases (SwissPROT, GenBank etc). This will make it 
possible to organize, describe, query and visualize the information at vastly different 
stages of completeness. 
 
Three independent sets of Terms, Ontologies, are being constructed: biological 
process, molecular function and cellular component.  

 
• Biological process refers to a biological objective to which the gene or gene 
product contributes. Ex. Cell growth, repair, and signal transduction. 
• Molecular function is defined as the biochemical activity of a gene product. 
Ex. Enzyme, transporter, and adenylate cyclase.  
• Cellular component refers to the place in the cell where a gene product is 
active. Ex. Ribosome, proteosome, nuclear membrane. 

 
When the GO terms were used to annotate the complete Fruit fly genome, as much 
as 50% of the genes could be annotated accurately using automated processes and 
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computers. The annotation process was thereby accelerated, displaying its 
usefulness. The example also demonstrates how gene ontology can be a vital tool 
enabling researchers to turn data into knowledge in an effective manner. 
 
TAIR Database Terms – Genes, Proteins, Markers …  
 
The other Terms originate from the names of data objects in TAIR database. The 
database serves as a repository for all Arabidopsis information relevant to the 
research community. As such, it is important to provide the possibility to verify the 
source of each piece of data. Such data objects include gene, marker, species, germ 
plasm, clone, allele and sequence. The majority of these objects has been described 
in the literature and can be searched by their scientific name (GAG) or by their 
biological names (glycosaminoglycans). 
 

3.3.2 Implementation 
 
The application was developed using both Java and Perl and were implemented on a 
Dell parallel processor server with dual Intel Pentium 833 Mhz processors. The 
program runs using Perl 5.6 under the Linux Operating System (RedHat 7.0). 
Several Perl script were written and function as index engines, much like the index 
engines that update the Internet search sites like Yahoo or AltaVista. Several Java 
Servlets were written and function as the search and query interfaces that access the 
information in the database. Other necessary software such as the Linux operating 
system, the Apache Web Server and Java Runtime Environment are freely available. 
Finally, all the datasets were collected either through collaboration agreements with 
Pub Med, TIGR, GenBank or created by the scientific curators at TAIR. Scanning 
old research journals has created large portions of the literature database. 
 

3.3.3 Results 
 
A working prototype application was completed and is today available at TAIR.41 
The application was developed to be used with scientific abstracts downloaded from 
TAIR DB or GenBank, but can be extended to be used with full length text articles 
or other scientific text information. The user interaction is through an Internet based 
graphical user interface (GUI). The program is primarily a tool for querying and 
selecting scientific abstracts to be connected with known data objects, as well as a 
tool for visualizing information available to such objects. It was developed to be 
adaptable to the underlying text information, but it has its primary use for analysis 
of scientific publications with abstracts.  
The indexing scripts are dependant on a set of files containing the text articles. The 
publication format is a well-standardized format and is generated when 
downloading articles from public databases such as Pub Med or Medline. Java 
Servlets was used for development of the Internet based searching and updating 
tools. Perl programming language was used for the search engine and indexing 
engine that populate the database on a regular basis. 
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The current version allows searching for published articles, biological terms and any 
word contained in the article title or abstract. A detail page for each entry in the 
database can be reached from the web interface. 
 
PubSearch Database 
 
The PubSearch database houses information about over 16 000 articles, 9000 
controlled vocabulary terms and 26 000 gene names, and 500 000 indexed abstract 
entries. Table 3 contains a summary of the amount of information stored in the 
database. All articles do not contain abstracts. This is due to the fact that the articles 
originate from TAIR database and do not contain abstracts there either.  
 
As new articles are published they can easily be added to the database and become 
part of the annotation tool. The majority of the Terms are names of genes. These 
genes have been imported from TAIR database and include all of the known genes 
in Arabidopsis. 
The Controlled Vocabulary Terms include all the Terms that are in use at TAIR 
today. New Terms and different Term types can be added easily when desired. A 
Hit is a record of a Term identified in an article Title or Abstract. The number of 
times this Term was found in the Title or Abstract is also recorded. The Articles 
originate from 957 different journals or publications. To follow good database 
practice this information has been stored in a separate table. To create the Article 
Index each unique word was registered in the Word table. This resulted in 42 731 
unique words excluding unnecessary words called “Stop Words”. These are 
common words of no scientific interest such as ‘the’, ‘of’, ‘a’, ‘one’, ‘two’ etc. 
When a word is identified in an Article a record of this is made in the Word Index 
table.  A summary of the information stored in PubSearch is shown in Table 3. 
 

Table Nr of entries Example 
Articles   16 000  
   -Titles   16 000 The Arabidopsis Information Resource (TAIR): a 

comprehensive... 
   -Abstracts   11 145 ARABIDOPSIS thaliana, a small annual plant belonging 

to the must… 
   
Term   36 423  
   Genes   26 815 AG, TAG1, Agamous, AT3G18020,  
   Controlled Vocabulary     9 608  
   - anatomy terms        244 Stigma, anther wall, tissue, embryo, columella root cap 

cell 
   - component terms        884 Viral nucleocapsid, nuclear matrix, clathrin coat 
   - function terms     4 685 cAMP generating pepside, biogenic amine receptor, 

biotin synthase 
   - process terms     3 795 Drought response, double-strand break repair via 

homologous recombination, electron transport 
   
Hit   27 586  
PubSource        957  
Word   42 731  
Word_index 544 387  
   

Table 3. A summary of the information stored in the PubSearch database. 
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Database structure design and implementation 

  All the information collected in the PubSearch database is stored in a relational 
database. The free RDB software MySQL is used. Four different objects are in use 
today. These are Article, Term, Word, and PubSource. The Synonym object will be 
used to allow several names for the same term. Two Linking Tables, Hit and Word 
Index store the information on which Terms or Words were identified in which 
Articles. This data structure was intended to be space efficient and allow for fast 
retrieval of information. All the tables except Article are indexed for two identifiers. 
The Article table is only indexed after the article id. This allows the information to 
be retrieved by the calling Servlets in an optimal fashion both when an id or a name 
is used to reference the data.   

 
PubSearch Application 
 
The PubSearch.html web page serves as the main entry point for searching the data 
in the PubSearch database. The application is password protected and only available 
to TAIR. It consists of the four parts used in the annotation tool, Article Search, 
Term Search (Search for Terms in Articles), Word Search (Search Articles for 
Words), and Search Hit/Term table using Term Names/IDs. The fifth part, Article 
Search with Update is used form keeping track of the Articles in the PubSearch 
database. This allows the users to change the status of the Articles by entering 
information about if they are available locally at TAIR, either as an electronic file or 
in printed format, or on line via Pub Med etc. Each of the first three parts is 
explained in detail below. 

article_id int(12) DEFAULT '0' 
NOT NULL auto_increment,
publication_id int(12),
reference_id int(12),
pub_source_id varchar(30), 
title text,
type varchar (20),
authors text,
year smallint ,
issue varchar(10),
volume varchar (20),
medline_id varchar (10),
biosis_id varchar(10),
agricola_id varchar (10),
pubmed_id varchar(10),
pubmed_central_id
varchar(12),
page_start varchar(6),
abstract text,
is_peer_reviewed char(1),
is_print_reference char(1),
is_electronic_reference 
char(1),
link varchar(255),
publication varchar(100),
ref_text text,
is_local_online char(1),
is_local_hard char(1),
is_downloaded char(1),
is_scanned char(1),
scanned_date date,
scanned_by varchar(10)

PRIMARY KEY (article_id)

Article

term_id int(12) DEFAULT '0' 
NOT NULL auto_increment, 
external_id varchar (12), 
name varchar(200), 
type char(4),
date_entered date,
entered_by char(4),
definition varchar(100),
reference varchar(100)  

PRIMARY KEY (term_id)
INDEX (name)

Term

match_id int(11) DEFAULT '0' 
NOT NULL auto_increment,
term_id int(11) NOT NULL,
article_id int(11), 
match_nr int(11),
in_title char(1),
in_abstract char(1),
comment text,
is_valid char(1),
validated_by char(4),       
search_date date,
date_validated date

PRIMARY KEY (match_id) 
INDEX (term_id)

Hit

match_id int(11) default '0' 
NOT NULL  auto_increment,
word_id int(11), 
article_id int(11),
match_nr int(11)

PRIMARY KEY (match_id),
INDEX (word_id)

Word_index

word_id int(12) DEFAULT '0' 
NOT NULL auto_increment, 
name varchar(200)

PRIMARY KEY (word_id),
INDEX (name)

Word

term1_id int(12) DEFAULT '0' 
NOT NULL auto_increment, 
term2_id int (12),
type varchar(4),

PRIMARY KEY (term1_id)
INDEX (type)

Synonym

pub_source_id int(12) DEFAULT '0' 
NOT NULL , 
name varchar(255),
type varchar(50),
publisher varchar(100),
editors varchar(255),
isbn_number varchar(13),
issn_number varchar(10)

PRIMARY KEY (pub_source_id)
INDEX (name)

PubSource

Figure 9. Database structure and design. 
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Figure 10. PubSearch – TAIR Publication Search Entry Page. 
 
The overall layout is designed to comply with the rest of the TAIR web site. Each 
part contains the navigational toolbar that links the user to all the other resources 
available on the TAIR web site. The footer always contains the contact information. 
Each search entry point contains a short users manual. Different options can be 
specified for the different searches. 
 
Article Search 
 
The first search and query page is the Article Search page. This page contains a 
brief description of how to use the search functions. The main search options are 
ARTICLE TITLE, JOURNAL NAME, AUTHORS, YEAR, VOLUME, and PAGE 
START.  
All the options provide the ability to use “wild cards” to enable the user to search 
for articles with fields only partly specified. For instance one might search for all 
articles with a title = “%membrane%” to retrieve all articles written about any kind 
of membrane. A TYPE field is available to restrict the search to research article, 
review or both. RESULT LIMIT is also available to limit the result to a specific 
number.  
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Figure 11. TAIR Publication Search – Article Search page. 
 
The default number is 25 articles. If the ARTICLE ID is known the user can enter 
this and retrieve the article directly. The result of the query is displayed in the web 
browser. 
 

 
Figure 12. Article Search – Report Page. 
 
This report page displays the retrieved articles with one article on a separate line. It 
includes the article TITLE and AUTHORS with some auxiliary information such as 
JOURNAL NAME, YEAR, VOLUME, PAGE_START and ARTICLE_TYPE. The 
report also informs about the number of articles that are being displayed and the 
total number of articles that matched the query. Each TITLE is hyper linked to the 
Article Detail Page. 
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Figure 13. Article Detail Page. 
 
The article detail page contains all the available information that is stored in the 
literature database. This includes the complete ABSTRACT and TITLE. It also 
includes information about where the article was retrieved from and if it is available 
as an electronic PDF file, in printed format at the Carnegie Library, or on line. If the 
article is available through the online article database Pub Med at the National 
Library of Medicine, a hyper link to the article at Pub Med is supplied. 
 

 
 
 
This link will lead the user directly to the Pub Med Article Detail Page. This page 
may contain the full text article, depending on user subscription etc, as well as other 
information not stored in the PubSearch database. If the article is available online as 
a PDF document a Pub Med link will lead to the source. The complete article can 
then be retrieved. 

 
 
 
 

Figure 14. Pub Med Article Detail 
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Term Search 
 
The second search and query page is the Term Search page. The user can search by 
Term Name and narrow the query to specific Term Types and choose to display a 
limited number of results. The result can be sorted by Term, Year or Relevance, 
where Relevance is the number of times the Term Name occurs in the Article. In the 
future this option will include searching for only curated and validated information. 
The Term Name supports the ability to use “wild cards” to enable the user to search 
for Term Names only partly specified.  
 

 
Figure 15. TAIR Publication Search – Term Article Search. 
 
The result of the query is displayed in the web browser. Figure 16 displays an 
Article Search Report Page. This result page displays a comprehensive summary of 
all the data associated to the Term-Article match. Each hit is presented in a similar 
format to the Article Search Report Page. Each line includes links to a Term Detail 
Page by clicking on the Term Name, to the Article Detail Page by clicking on the 
Article Title, and to a Term – Article Association Update Page by clicking on the 
VALID field. If the Term – Article Association has been previously validated the 
VALID field will display a 1 if the association is valid, a 0 if the association is not 
valid, and null if the Association has not yet been validated. 
 

 
Figure 16. Term Article Search – Report Page. 
 
The Term – Article Association Update Page (see Figure 17) includes a 
combination of the Term Detail Page (not shown), information from the Article 
Detail Page (see Figure 13), and information about the association. The TERM ID 
links to the Term Detail Page. The ARTICLE ID links to the Article Detail Page. 
MATCH ID is the unique id in the Hit table. MATCH NR is the number of times 
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the Term exists in the Article or Title. TITLE or ABSTRACT indicates where the 
Term was found. DATE ENTERED is the date the association was validated. 
VALIDATED BY is the person who validates the association. The user can chose 
among all the curators who have access to the system. This field id NULL if the 
association has not been validated. IS VALID can be set to Yes, No, or Null. A 
COMMENT can be attached to the association if the curator wishes to do so.  
 

 
Figure 17. Term - Article Association Update Page. 
 
When the SUBMIT button is pressed the information is updated in the database and 
a Confirmation Message is displayed in the Update Confirmation Page (see Figure 
18). 
 

 
 
 
Word Search 
 
The third search and query page is the Word Search page. This search allows the 
user to search the complete article database, the Word Index table, for any word. 
This works much like the popular Internet search engines. The report can be limited 
to a specified number of results. The results are always ordered in descending order 
of number of occurrences in the Article. The Word Search supports the ability to use 
“wild cards” to enable the user to search for words only partly specified. In the 
future this search will support searching for combinations of several words.  The 
index does not contain information about common word such as ‘the’, ‘and’, ‘of’, 
‘one’, ‘two’ etc. The index consists of over 42 000 unique words and over 540 000 
article entries. 
 
An example of a result report is given in Figure 19. The matching WORD, the 
number of occurrences as HITS, and information about the Article is presented in 
one line. The ARTICLE TITLE links the user to the Article Detail Page. 

 

Figure 18. Term Article Search – Update Confirmation Page. 
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Figure 19. Word Search – Report Page. 
 
PubSearch Programs 
 
A set of programs was written in the Perl programming language to generate the 
information stored in the PubSearch database. Five of the programs are described in 
detail below. These include a program for identifying Articles containing the Terms 
of interest, TermMatcher.pl, a program for creating the Index engine used in Word 
Search, AbstractIndexer.pl, and loading scripts for adding Terms, Articles, and 
Synonyms to the database. These scripts and programs can be set to run on the 
computer without any human interaction in an automated and regular fashion. When 
new Terms, Synonyms and Articles are published, files with these can be moved to 
the appropriate directory on the computer and they will be incorporated into the 
PubSearch database the next time the programs are executed.  
 
TermMatcher.pl 
 
This program uses all the Terms stored in the Term and Synonym Tables and 
searches for them in all the Titles and Abstracts stored in the Article Table. It counts 
the number of occurrences of each Term/Synonym in each Abstract/Title and 
checks that it only enters each occurrence once. 
 
Example: If Term1 is present two times in the Title of Article number 12345, this 
will be entered in the database once. 
 
Table 4. Hit Table 
Term ID Article ID Match Nr In Title  In Abstract 
1 12345 2 Yes No  

  
AbstractIndexer.pl 
 
This program creates an index in the database much like the Internet search engines 
Yahoo, Lycos, and Google. Starting from a text file containing an unspecified 
amount of scientific articles, it counts the number of occurrences of  unique words 
in each abstract and title, and enters this into the Word Index Table in the database.  
 
An example of an article title with id 12 345 is shown in Figure 20. 
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“SUC1 and SUC2: two sucrose transporters from Arabidosis thaliana; 
expression and characterization.”  
Figure 20. Article title. 
 
The script will find twelve unique words. To avoid storing non-word characters and 
variations of the same word, characters such as: comma, period, colon, exclamation 
mark etc are removed before counting. All words are changed into lower case to 
avoid counting “Two” and “two” as two different words. All numbers are removed 
except those combined with abbreviations or words; “SUC1”. In order to not store 
unnecessary information such as how many times “it” or “the” exists in the article, 
these words are not counted by the use of a “Stop Word List”. This is a list 
containing the most common English words as well as some numbers and 
abbreviations such as ‘the’, ‘and’, ‘it’, ‘as’, ‘one’, ‘two’, ‘three’, etc. 
 
The database will thereafter contain a registration such as the one shown in table # 
in the “Hit” Table. Hit is used as name of this Term-Article Matching because 
“Match” is a reserved word in Structured Query Language (SQL). 
 
Table 5. Word Index Table 
Match ID Word ID Article ID Match Number 
1 suc1 12 345 1 
2 suc2 12 345 1 
3 sucrose 12 345 1 … 

 
ArticleParser.pl 
 
This is a database loading script. It is used for loading the database with new articles 
to be searched. It takes a text file containing an unspecified amount of articles and 
registers each article including its Meta information such as Id, source, type etc, and 
loads this into the Article table. 
 
A complete article record will include the following:  
publication_id, authors, title, page_start, abstract, year, issue, volume, type, 
pub_source_id, is_peer_reviewed, reference_id, medline_id, biosis_id, 
agricola_id, pubmed_id, pubmed_central_id, is_print_reference, ref_text, 
is_electronic_reference.  
All of the information is stored in the database so that the original article can be 
retrieved easily through the Internet, via The National Library of Medicine, Pub 
Med, etc, or the Carnegie Library. 
 
JournalParser.pl 
 
This is a database loading script. Because the name of each journal, from which the 
scientific articles were retrieved from, was stored in a different database, the journal 
name information has to be loaded separately. This is also good procedure when 
creating databases because the journal names, such as Nature or Science, appear 
frequently and should therefore be stored in a separate table. For instance, for the 
2000 articles from Science, the word “science” will not be stored 2000 times in the 
Article Table. Instead the Publication Source Table (PubSource) will contain 
pub_source_id = 1 and the name “science”, and the article table will contain 2000 
entries of the number 1. Hence, occupying much less space on the hard drive in the 



38 

database server since the character string “science” occupies approximately six 
times the amount of space than the integer  “1”. 
 
Table 6. Article Table 
Article_id Pub_source_id 
12345 1 

 
Table 7.PubSource Table 
Pub_source_id Journal Name 
1 Science 

 
SynonymParser.pl 
 
This is a database loading script. It takes a file containing biological terms from the 
Gene Ontology Controlled Vocabulary and their synonyms and loads them into the 
database. Each synonym is first entered into the term table after checking its 
uniqueness. The resulting TermID(1) and the synonym term TermID(2) are 
thereafter entered into the synonym table. Again, this is good database procedure 
since ID’s occupy much less space on the hard drive.  
 
TermParser.pl 
 
This is a database loading script. It takes a file containing an unspecified amount of 
biological terms and enters them into the Term Table. The term names are stored 
without modification. Gene names are often case sensitive and must be separated 
from other words that may have the same spelling when searched in the Article. 
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4 DISCUSSION 
 

Objective 
 
The main objective of this project was to develop new curation software for TAIR. 
To curate the information stored in the TAIR database a number of different 
applications are needed. Together with the curators, a set of applications was 
identified in order of necessity and complexity. In the first version of the curation 
software these applications are stand alone programs that can be used through the 
Internet. In a later version, these applications may be joined with several other 
programs to form a complete curation tool. Three applications have been developed 
so far. These are pairwise alignment with WU-BLAST, multiple alignment with 
ClustalW, and literature curation with PubSearch.   
 
All three applications provide an integrated database environment where it is 
possible to access further information from several databases at once. This is done 
by hyper links in report pages and thus forming a graphical and interactive set up. It 
is often enough to include one or two links to provide access to several other types 
of information such as the data source, updates and comparisons. This is especially 
true when linking directly to other large databanks such as GenBank or Pub Med. 
 
Adding more data 
 
The programs that enable the user to add new data to the underlying databases 
support the application. They have been designed to run in an automated and regular 
fashion with as little human intervention as possible. This makes it easy to add new 
datasets and update or remove old ones. 
 
Data quality 
 
To ensure qualitative correctness comparisons to other software have been made 
whenever possible. In the case of pairwise alignment the application has been 
compared to the old BLAST tool supplied by TAIR web site, the BLAST tool 
provided by National Center for Biotechnology Information, and the graphics have 
been compared to the BLAST tool provided by the Department of Genetics, 
Stanford University. The multiple alignment application has been compared to the 
ClustalW alignment tool provided by the European Bioinformatics Institute. The 
curators at TAIR have tested the literature curation software for bugs and errors. 
The current versions have all been used and tested by their intended users and there 
are no known errors today. The pairwise alignment application is under 
implementation on TAIR’s main production server. The applications have been 
tested on several different platforms including Unix, Linux, Windows Me/2000/NT, 
Mac and with both Internet Explorer and Netscape. 
 
Software selections  
 
The option of using Linux, MySQL, Java and Perl was chosen for several reasons. 
First of all they are all freely available. MySQL is a very fast relational database that 
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has been proven to work well with Linux. It is much smaller software than Oracle, 
DB2 or Sybase. MySQL does not support triggers or stored procedures, which does 
limit its capabilities in a large database. Perl is a practical language for writing 
database loading scripts and programs that need to search and modify text files. Perl 
stands for “Practical Extraction and Report Language”. Perl scripts do not need to 
be compiled such as C language or variant thereof. This makes the script very 
portable. It is not an object oriented language but it does allow the programmer to 
code object and reuse them when wanted. Java was chosen partly for its platform 
independence. A three tier client-server architecture option with a web interface, 
Java Servlets and a relational database was chosen over a client run application. 
This enables all the applications to be run from a browser over the Internet.   
 
Further development 
 
As mentioned earlier, several resources are needed when curating the information at 
TAIR. The other resources include phylogenic analysis programs such as PHYLIP, 
dendrogram display programs such as TreeView or JalView. These programs are to 
be implemented at TAIR and incorporated into the software at a later stage. Several 
improvements have also been suggested for the current applications. These are 
explained in further detail below. 
 
WU-BLAST  
 
The option to email the results from the alignment to the user either as HTML or 
text documents is requested. This will be accommodated when the application is in 
production at the TAIR web site. To implement this for the local application at 
TAIR has not been necessary. Several security measures have to be considered. 
Additional software has to be used to perform email checking and avoid email 
spammingiii. This will be developed in coordination with server load checking 
programs that are in use on the production server. 
 
ClustalW 
 
Color-coding matching residues in the alignment report is of great help when 
analyzing a result. This can be implemented to work with the current version. In the 
future this application will also be developed to run on the production site. It will 
then be available to the whole research community. Email return options and server 
loading checks can also be added. 
 
PubSearch 
 
The automation of PubSearch has already been tested. The application was designed 
to update itself without human interaction. This is done by allowing a “cron job” 
(scheduled task) to run the different loading and searching scripts in order on the 
server. It is also possible to add programs that download articles and terms 
automatically from other web sites such as The National Library of Medicine and 
Gene Ontology Organization.  
 

                                                 
iii Spamming: Email attacks designed to overload and disrupt a server. 
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The idea of relevant articles can be expanded from just being the number of times 
the word or term existed in the abstract to using a ranking scale to organize the 
abstracts. 
Verification of the articles is a time consuming process and must be an ongoing 
process. Over time the collective knowledge of which articles are relevant to each 
data object will become more sophisticated and valuable. An expansion to search 
the complete article, not only the abstract and title, can easily be done. A desire to 
have all the complete articles online as PDF documents has been expressed by the 
researchers. Work is in progress to scan old articles and collect those articles that 
are available online in a giant electronic library. These files can be converted from 
PDF to text and submitted in full length to the database. This will eventually create 
a enormous index of everything written on Arabidopsis research. The PubSearch 
tool will in the mean time link from the Article Detail Page to the full length PDF 
file in the article database if it is not available on line. 
 
Joining of all the applications 
 
In a final version the aim is to have all the applications work together in a seamless 
fashion. This will create a interoperable functional analysis suite for curating large 
sets of information. The software can be made to accommodate project work. This 
would mean that starting from a gene of interest other homologous genes could be 
identified with pairwise alignment. A more detailed selection can be made with 
multiple alignment of the identified sequences by directly submitting them to 
ClustalW from the BLAST result page. The set can be saved for further analysis at a 
later time or submitted directly to a phylogenetic analysis program. A tree-drawing 
program may add a dendrogram to the set. PubSearch can here be asked for all the 
relevant articles to the genes selected. At this point the information will be saved as 
a project and stored separately.  
A joint project aiming to add text-clustering analysis to the article database has 
begun with a research group at the Department of Computer Science at Stanford 
University. 
An interesting aspect of this is that it will provide the possibility to find scientific 
novel information about relationships between different entities, i.e. some genes 
could be related and the only way of finding this information might be from 
analyzing the occurrence of similar words in articles not apparently related. The 
idea of using BLAST for identifying gene and protein names in articles has also 
been discussed.42 
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5 CONCLUSIONS 
 

Although improvements can be made, the programs are already of much use for the 
researchers at TAIR. Testing of PubSearch in analysis of background information 
on genes that are stored in the TAIR database, shows that the tool is indeed useful 
and easy to use. With the help of PubSearch, the curation process can be accelerated 
and performed by several researchers at once. The knowledge can also be saved for 
later use and new curators in the future. The immediate access to relevant and 
curated data from TAIR db will be of great use. Some of the data generated by 
PubSearch Word Index has been loaded as keyword Meta data in the production 
database. PubSearch has proven to be useful in finding articles on genes that were 
not known to TAIR before. Further development of the software has already begun 
at TAIR, and a request about the software has come from the Lincoln Stein Group at 
Cold Spring Harbor Laboratory, NY. The new WU-BLAST 2.0 alignment 
application is under development for the production server. Access to new sequence 
alignment programs and applied on new genome datasets for the Arabidopsis 
community has been welcomed. The PubSearch tool has proved to give a better 
graphical view of the article and term data stored at TAIR.  
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