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Aims of the thesis

The aim of the presented work was contributing to mking scientific computing more
accessible, reliable, and thus more efficient for researchergrimarily computational
biologists and molecular biologists Many approaches are possible and necessary
towards these goals andmany layers need to be tackledni collaborative community
efforts with well-defined scope. As diverse components are necessary for the
accessible and reliable bioinformatics scenario, our work focussed in particular on the
following:

In the BioXSD project, we aimed at developing an XMichemabased data format
compatible with Web services and programmatic libraries, that is expressive enough to
be usable as a common, canonical data modethat serves tools, libraries, and users
with convenient data interoperability.

The EDAM ontology aimed at enumerating and organising concepts within
bioinformatics, including operations and types of data EDAM can be helpful in

AT AOI AT 6GET ¢ AT A AAOACI OEOCET ¢ AEIT ET AEDIOAAQOER C
enabling users to findrespective resourcesand choose the right tools.

The eSysbio project explored ways of developing a workbench for collaborative data
analysis, accessible in various ways for users with various tasks and expertis&e

aimed atutilising the World-Wide-Web and industrial standards, in order to increase
compatibility and maintainability, and foster shared effort.

In addition to these three main contributions that | have been involved in, | present a
comprehensive but nonexhaustve research into the various previous and
contemporary efforts and approaches to the broad topic dhtegrative bioinformatics,
in particular with respect to bioinformatics software and services| also mention some
closely relatedefforts that | have beeninvolved in.

The thesis is organised as followsln the Backgroundchapter, the field is presented,

with various approaches and existing efforts.Summary of results summarises the

contributions of my enclosedprojects z the BioXSD data format, the EDAM ontology,
and the eSysbio workbench prototypez to the broad topics of the thesis The

Discussionchapter presents further considerations and current work, and concludes
the discussed contributions with alternative and future perspectives.

In the printed version, the three articles that are part of this thesis, are attached after
the Discussionand Referencesin the electronic version (in PDF), the main thesis is
optimised for reading on ascreen, with clickable crossreferences €.g.from citations
in the text to the list of Referencesand hyperlinks (e.g.for URLs andmost Referenceps
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1 Background

The Backgroundchapter of this thesisfirst briefly introduces the field of bioinformatics
to a nonbioinformatician reader, and then outlines the main sources ofaccessibility
and reliability problems with bioinformatics tools and data. Example approaches and
efforts towards more accessible and reliable bioinformatics are presented throughout
the rest of the chapter.For an interested reader, | can recommendttwood et al.(2011)
as one of interesting historical overviews of bioinformatics from the point of view of
bioinformatics databases or Hogeweg (2011) for her story of bioinformatics since the
beginning.

1.1. Bioinformatics is an integral component of life science s

Life sciences is an umbrella term coveringa whole range ofresearch disciplinesabout
living organisms. With biology as the central component, life sciences includalso
fields such asecology, medical research pharmacology, and biotechnology. The
research in life sciences focuses otopics including evolution, health and disease,
life, and their applcations in technology To enable answering questionsbout these
topics, and to organise the lifescientific knowledge, detailed information is being
recorded about species and their relations, anatomyand development of genes,
proteins, other molecules their interactions and functions, of whole genomes of
species, and metagenomes of ecosystems.

Successivannovations in measuring and imaging technologies are enablingmassive
growth in volume, quality, and diversity of produced biological dataon the molecular
level, reaching from fully sequenced genomes of species or individuals, through
structures and movements of proteins and other mokcules, to details about
interactions between various kinds of moleculesand elements in genomeskpigenetic
and pherotypic properties of living organisms are being captured under certain
conditions: for example the expressionlevels of genes, or concentrations of/arious
kinds of moleculesunder a given condition
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Bioinformatics is the discipline dedicated to computational processing,analysis,
storage and representation of biological data mostly on the molecular level
Bioinformatics has over the lastdecades become an integral componemf research in
the fields of molecular biology, medicine, pharmacology, ecology, and biotechnology
particular in cases of research where the amount of analysed data demantih-
throughput computational processing The postparadigmatic, interdisciplinary nature
of O1 A Alite&scentific research demands diverse expertise and methods to be
developed and applied. The involved disciplines include biology, chemistry, and
medicine, but alsophysics,mathematics includingstatistics and dynamic systemsand
informatics including e.g.data management, algorithmicssoftware engineering, high
performance computing, machine learning, or text mining. Occasionally, cross
disciplinary life-scientific research reaches out even to disciplines such as
environmental, social, Earth, or spacesciences law, ethicslinguistics, or philosophy.

Bioinformatics itself focuseson developing and applying algorithms, mathematical
and statistical methodsto processmolecular-biological data obtainedfrom lab, bench,
or field studies, in order to find answers to challenging scientificor technological
questions. Types of databeing processedinclude for example sequences and 3D
structures of macromolecules such as DNA, RNA, protejnheir parts or complexes
microscope images, or measured concentrations ofertain types of molecules or
sequences In addition to analysing laboratoy data, bioinformaticians have a central
role in producing, publishing, and maintainingderived data of scientific interest, such
as annotations ofloci in genomes, genesand gene products with their features and
relations, alignments of related sequencesor structures, evolutionary trees, or
networks of interacting genes and moleculeswith their systemicproperties.

Other inter-disciplinary fields overlap with bioinformatics to a notable extent Without
trying to fully define them, example relations inclde:

1 Computational biology . The trms computational biology and bioinformatics
are often used interchangeably as close synonyms. On the other hand, they are
sometimesdistinguished along the lines ofbioinformatics being the discipline of
developing computational tools for biology and storing biological data, while
computational biology being the discipline of developing analytical methods,
applying tools, and using datafor concrete biological research In practical
terms, however, these directions ae developed together and can hardly be
separated The blurred distinction between bioinformatics and computational
biology can be illustrated with two of the main bioinformatics and
computational biology conferences the Intelligent Systems in MoleculaBiology
and the European Conference on Computational Biologyboth publishing their
proceedings in the journal Bioinformatics (Lengaue 1999, 2002, Devignes and
Moreau 2014, Moreau and Beerenwinkel 2015).
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1 Genomics (or genome biology)is the study of whole genomesncluding the
sequencesyelations between genes, mechanisms of gene regulatigevolution,
and variation. In line with genomics, otheromics disciplines focus on complete
repertoires of different kinds of biological molecules or mechanismsas fields of
study or as measurement and recording methodsFor exampleproteomics
measuresthe repertoire of proteins present in a sampleand metabolomics the
small molecules, metabolitesComplementing genomicsgepigenomics studies
the information not included in the genomic sequencatself, but in histone
modifications and DNAmethylation.

1 Systems biology studies networks ofinteracting molecules or other agentsn a
cell, a cell compartment, tissue, organism, or ecosysterithese networks are
typically modelled as mathematical dynamic systems, and the dynamic
properties of the involved moleawles and other measuresare analysed and
simulated computationally. One mayfor example predict concentration of a
certain chemicalconstituent in a given systenunder given circumstances

9 Biostatistics is the statistical component ofdesigning experiments analysing
and interpreting data, and doing predictions within biological disciplines.

1 Cheminformatics intersects with bioinformatics when it comes to information
about chemical compounds present in living organisms.g.to cataloguing their
properties, or inferring their structure.

1 Immunoinformatics z or computational immunology z applies computational
methods including bioinformatics and genomicsn immunology.

1.2. The community of creative chaos

With exception of a few bigger institutes, the bioinformatics community ispread over
thousands of independent research groups around the world. These are based at
various departments and institutions, most frequently academic, and may be €o
located with diverse related research disciplines typically biology, medicine,
biochemistry, computer science scientific computing or mathematics but possibly
also with other fields such asgeology, marine and water research,or biotechnology.
Having the broad common goal of exploringiological mechanismsresearchers have
recorded numerous petabytes of dataand developedthousands of software tools.

Large amounts of data hae been collated in freely accessible publidatabases,
provided and maintained by different groups and institutes The Nucleic Acids Research
ET OO MdldcabdBiology Database Collectiofists in 2015 more than 1500 diverse
bioinformatics databases that are available to all researchers and to the general public
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(Burks 1999, Baxevans 2000, FernandezSudrezet al.2014, Galperinet al.2015). Moreover, in
addition to the public database, manyresearchgroups and companiesmaintain their
own private databases dedicatedo their research

The researchers and enthusiasts within the bioinformatics community keep
developing software tools which encapsulate diversenovel algorithms for processing
different kinds of biological data.A majority of these tools is either free and open-
source, or at least freely available toacadenic users or in fact to everyone The
SEQanswersweb portal currently includes information about almost 700 software
tools (Li et al.20124). It covers primarily tools for processing sequencing dataand this
list is far from being exhaustive.

The story of bioinformatics, however, does not end at developing and usingdividual
tools and databases, but thatsi rather where it all starts! A bioinformatics (or rather
computational biology) analysis needs tocombine various steps, usingmultiple tools
and databases. The complete or partial work flow of analysingertain data, with a
certain scientific goal in mind,is referred to asan analysis workflow .Some workflows
or their parts can be fully automated inthe form of a computer program or script,
running without user interaction from the initial inputs to the final outputs. Automated
workflows are sometimes called als@ipelines but suchdistinction is not universally
established and switched meanings occur, therefore | will avoid the term in the rest of
the text. Other parts of workflows that are not automated may include interactive use
of software tools or@nanualdprocessing

Analysis of biological data demands both theintegration of different types and
sources of data, and the integration of diverse software tooltn a particular workflow,

the different types of data thatare integrated may originate from variousin vivo and in

vitro sources, measured or imaged by various technologiesand represented in
different formats. In addition, datagenerated within a particular project are usually
compared with data stored in various public or private databases.Diverse
computational tools need to be combined while processing the datapften together
with steps of manualinspection andhandling of the data trials and errorsin designing
the workflows themselves and finding the most appropriate parameters of the
involved tools.

Additional special-purpose scripts often need to bewritten for automating particular
parts of the analysesin contrast to multi-purpose software tools, scripts usually aim at
fitting a very specific situation. Scripts are often usedfor example, in statistical
analyses such as when comparing various data values and finding significant
differences, in graphical plotting of intermediate or final results, in data parsing,
filtering , and editing.

In many cases, thesoftware tools used in a workflowmay runi T OEA OOA08O b
computer. However, a steadily growing portion of life-scientific research demands high

13



throughput of data analysis In high-throughput analyses, certain steps of the
workflow s require time- and resourceconsuming computation on powerful
supercomputers and with large databases. The highperformance computational
resources, in similar fashion to the databasesre provided by certain institutes as
services that are available to a limited group ofocal usersor publicly, accessiblevia a
local network or the World Wide Web.In summary, bioinformatics workflows require
data integration, integration of software tools, scripts, computational resources,
services, and databases.

The selforganising character of the heterog@eous bioinformatics community, and the
fast responses to emerging technologiediave been resulting in high productivity of
novel data and scientific knowledge, accompanied by massive productivity of tools
which have beenenabling tremendous progress in life sciences Although there are
thousands of bioinformatics tools, databases, and other resources freely availahte
the whole community, they arenot necessaily easy tofind, use, compare, evaluate,
and integrate with each other in order tofind the best and mostappropriate and fit
them into the researchetO 8 x 1 O Reddarcher@aBalysing biological dataspend a
substantial portion of their time navigating through the existing@reative chao® | A O
coined by Stein 2002) and adapting to it. The downside of the creative freedom ha
beenthat the tools from different researcherscome in very different forms, flavours,
and qualities.

Chasmsexist between the quality of documentation, between the ways of distribution,
and between the degres of usability ranging from the few useifriendly tools to ones
no one exceptthe author can uselmportantly, computational tools can be available
with various types of interfaces , for examplegraphical user interface,command-line

interface, web applicdion, plugin to another application, or a programming library.

Different types of tool interfacesare useful in different scenarios andare describedin

the next section 1.3Efforts in mitigating the chags.15). Unfortunately, many tools are
only available with one typeof interface, and in order to use them in aifferent way, an
additional effort must be made of wrgping them with another interface.

In addition, the input data thatare consumed by toolsand the output data that are
produced, or that can be extracted from distinct databasesary hugely in the formatin
which they are represented. Even when common formats are usedhey can be usedn
different ways, due tothe flexibility of the formats. Also,the nomenclatureinside the
data may be useddifferently and thus cause possibly different understandings. dst
but not least, major differencesare usualin the presence and detail of accompanying
metadata, dfecting the practical reliability of the data Efforts in standardising the
representation of information are described in a dedicated sectionl.4 Standardising
information and data representatidp.41).

Together with integration of tools and data, there is mother crucial area of integration
challenges: the integration of peoplewho are the users of bioinformatics tools,
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producers of data or providers of tools. One side is the®uman-tool integrationd
where qualities of the tools z such as accessibilityand usability z turn into either
efficiency or effortfulness of the research This is even more important for those
prospective users of bioinformatics tools who are not computer specialists, such as
biologists or medical doctors. Also nofresearchers, for examplesecondary-school
students, should be able to accesand usethe most basic publity available biological
data and bioinformatics tools. Another side is the Gntegrationé of people with each
other, that is enabling efficient collaboration between scientists,and between
specialists in diverse disciplines Broad mllaborations are exemplified in section1.5
Sharing experience and effopt46.

1.3. Efforts in mitigating the chaos

To enable researchers to tilise the abundance of divere computational tools anddata

resources more efficiently, several tactics and projects havseendevelopedthat focus

on improving the accessibilityand reliability of the involved tools and data resources.
With the umbrella terms of accessibility and reliability, let us encompass broad and
overlapping ranges of quality aspectsof tools and data, outlined in the following

paragraphs. For computational tools, these are also calledon-functional requirements
or quality attributes.

Accessibility can in a broad senseover a set ointerconnected qualities such as:

1 Usability. Tools with good usability are userfriendly, efficient to work with and
ergonomic. They minimise mistakes, andhave low barrier to learn how to use
them. Usability design of a particular tool can focus on a particular type of user
and usage scenario.

1 Auvailability. Means that tools can be downloaded, installed, and usedr
accessed on a server with good response time arslfficient computational
power. The usageshould be affordable, ideally for free, for all scientists and the
general public Freeand opensourcesoftware can by definition be used, studied,
modified, and re-distributed freely ( Stallman 1986, Perers 1997, 1999).

1 Interoperability and compatibility refer to the smoothness of setup and use
together with other tools and systems (integration): software, hardware,
operating systems programming languagesweb browsers, or different types of
interfaces (e.g.interactive graphical, programmatic, or command shell)Worth
emphasising isthe ease of using different tob O O CAOEAO ET A Oi
automatedworkflow , and of replacing a tooin a workflow with another.
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1 Documentationavailable in goodquality, and all necessary information easily
findable (the documertation, binaries, source code, wb locations). A relevant
tool or resource should be findablefor potential users that have notheard about
it before.
1 Flexibility allowing unexpected usage scenarios. This is often referred to as
usability. Flexible tools are efficiently usable by different types of users,
smoothly in different scenarios.Scalability, maintainability (ease of keepingthe
toold O A£O01 AGEI T Al EOUR EOO EupOtd Adatd),AadcET T h Al
possibilities to extendand contribute to further development canbe mentioned
as separate qualitiegelated to flexibility.

Reliability is desired with respect to seentific results, dataand conclusions, andools.
A high level ofreliability can be achieved by satisfying a humber of related qualities
including:

I Transparencyof results, computations, algorithms,efficiency, assumptions of
the development and maintemnce process, and of weak points. Good
transparency can enablereproducibility, and can be facilitated byrecording
provenance(the history of data), by availability and good quality of source code
and by sharinginformation that is not sensitive

1 Confidenceand evidence supported by extensive, wellargetted testing and
statistical evaluation, and comparability with similar tools or results.

1 Reliable bols and resources should be wehaintained, stablebut up to dateand
non-volatile in functionality and availability (durable), with good versioning,
updating, bug-fixing, and user support; free ofunwanted side effects or
unexpected behaviour and well compared with related tools, possibly using
some benchmarks

Reliability and accessibility are naturally closely related Documentation, scalability,
interoperability, flexibility , source code availability and quality, robustness (with
respect to parameter settings, improper use, highload, or failure), or openness for
community participation, can & contribute to both accessibility and reliability of a tool
or data resource For example documentation and evidencesz which may include
example applications or benchmarksz may advertise a resource in a transparent,
reliable way, thus improving its visibility to potential users. Another example,freeand
opensource software is available for use, with a good chance to beflexible, well-
maintained, and reliable thanks to opennessto modification and re-distribut ion and
transparent dueto its available source codeln the best casethe whole development of
a particular software can betransparent and participatory, improving reliability of the
developed software and fulfilling OEA AT 1 1 OT EQUG As atuAdinmeBt@ Al AT O
principle, tactics for making bioinformatics more accessible and reliable do focus on
the user. The rest of this section lists a humber ofnain approachesto targeting these
various quality aspectsof bioinformatics tools, together with examples where thg are
applied. In this way, a norexhaustive overview of existing efforts is presented.
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Approachesrelated to mitigating the chaos within bioinformaticsdata are presentedin
the next section, 1.4 Standardising information and data representatjpd1), while a
short section on collaborations (1.5 Sharing experience and effort46) closes the
Backgroundchapter.

Installable applications

Application software may beavailable for users to download and install onto tkeir
time most popular bioinformatics tools, Clustal and BIAST,thank their enormous
proliferation to being free and open-source, easy to compile and instalin all main
operating systems and hardware, well documented (both algorithms and
implementations), having user support, and being continuously maintained and
improved until today (Higgins and Shap 1988, Higgins et al. 1992, Thompson et al. 1994,
1997, Larkin et al.2007, Sieverset al. 2011 for Clustal; andAltschul et al. 1990, 1997, Camacho
et al.2009 for BLAST).

As an interesting remark rumours say that the MULTAL algorithm and its
implementation (Taylor 1988) was at least comparably fast and accuratas Clustalat

the time, but did not gain users possibly due tothe lack of accessibility and support.
Although MULTAL was free to use andvailable with its source code, it could still be

considered a greatacademic pototype, as opposedto Clustal being anextensively

supported and maintained production software Source code that is available and in

good quality, well-documented, with build scripts, easy to install update, or use in
other applications and onall main operating systems with continuous improvements,

and a well-supported user community naturally increase thetransparency and

reliability of the given software, thus attracting more and moreonfiding users. As

opposed to applications available only remotelylocally-installable software is usable
also within isolated computational resources handlingsensitive data, where all or
most of remote access is blocked.

Toolkits

To make software more visible to the users, and easier tanstall, manage
dependencies and use many tools are provided together as toolkits, called also
software suites Tools within a suite areusually developed together, or following
shared guidelines, have similar interfaces, and are nicely compatible among
themselves covering a certain domain of researchThat means that they are easily
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usable together in analysis workflows. Developing toolstogether as atoolkit, if
designed carefully, may also make it easier to develop them furthewhich is afeature
of good maintainability

The University of Wisconsin Genetics Computer Groupoftware suite, also known as
GCG or the Wisonsin Package(Devereuxet al. 1984, Womble 1999a), was a toolkit that
included implementations of the classi@al optimal sequence alignment algorithms
(Needlemanand Wunsch 1970, Smith and Waterman 1981), together with many other tools

for analysis of nucleotide and amineacid sequencesAlthough initially with public
funding from NIH, GCG was developeat the University of Wisconsinas a commercial
software with 50% discount for non-profit users, and gained broad popularity. Owned

by the Genetic Computer Group Incand later Accelrys, GCG became obsolete and no
longer maintained or supported since 2008As a freg open-source alternative to GCG,
the development of the European Molecular Biology Open Software Suite (EMBOSS,
Rice 1998, Rice et al. 2000) started in 1998 based onthe work on previous GCG
extensions (GCGEMBL and EGCGice et al. 1995, 1996), backed by the EMBnet
community (Doelz 1992, Harper 1996, D'Elia et al. 2009) and initially funded by the
Wellcome Trust. Providing hundreds of toolsmostly for molecular sequence analysis,
EMBOSSwas further developed until recently (http://embosssourceforgenet/developers/
changelodhtml), and is stillwidely usedtoday.

Classical @amples of bioinformatics toolkits include also the Staden Package for
sequenceanalysis and assembly (Staden 1977, 1978, 1979, 1986, 1996, Stadenet al.1999),
PHYLIP for phylogenetics (Felsensten 1981, 1985, 1989), WHAT IF for molecular
structure analysis and modelling (Vriend 1990), the Menna RNA Package for RNA
structure modelling and analysis (Hofacker et al. 1994, Gruber et al. 2008, Lorenz et al.
2011), or Gromacs for molecular dynamicgBerendsenet al. 1995, van der Spoelet al.2005,
Hesset al. 2008, Pronk et al. 2013). More recent examples include the highly popular
SAMtools for handling and analys of aligned sequencing readg(Li et al. 2009), or
GenomeTools developed at the University of Hamburgvhich comprise genome
analysis tools published separately but available as a coherent toolk{iGremmeet al.
2013).

Notably, there is no clear distinction between single software tools and software
toolkits. On one hand, each software toolkit cabe considered a coherent toolOn the
other hand, a particular tool often provides different algorithms fa alternative options
and for different kinds of input data or usage scenariossuch as in BLASTespecially
since the introduction of there-implemented BLAST+ suitg Camachoet al.2009).
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Interactive graphical user interfaces

Application software can be available as executables that reaghrameters andinput
data, run the computation, write the output, and close the execution Also called
commandline toolsor programs, these can be executed in a command shell or within a
script.

Some applications areon the other hand z or in addition z equipped with an
interactive graphical user interface(GU), enabling interactive graphical visualisation
Once the graphical user interface is executed, it awaits a succession of user
interactions, based most typically on usinga pointing device instead of typing
commands. Interactive graphical user interfacesthus increase usability and
transparency in scenarios where interactive visualisation is beneficial, and
accessibility for users that prefernot to type commands or write scripts.

As graphic displays were becoming affordableduring the 1980s, interactive graphical
visualisation tools started proliferating into bioinformatics, such as withinthe Staden
(Staden 1982, 1984, 1990, Gleesonand Staden 1991) and WHAT IF(Vriend 1990) toolkits.
While at the time of the first publication GCG offered graphicenly as output printed
by plotters (Devereuxet al.1984), graphical output on displays became available soon
after. The interactive GUI was however, introduced into the GCGoolkit only in the
1990s in form of the Wisconsin Package InterfaceWPI) for the X Window System
followed by SeqlLabh(Womble 1999a).

Despite of the algorithms for automated alignment of multiple sequences, it turned out
early-on that they need to be complemented with visualisation an@nanualé editing.
Editing of multiple-sequence alignmentsand their textual visualisation using ASCII
characters became available withHOMED(Stockwell and Petersen 1987, Stockwel 1988)
and ESEHCabotand Beckenbad 1989) editors. Graphical visualisation and editing were
enabled soon afterwards, for example in théuistorical MACAW/((Schuleret al. 1991), a
comprehensive application for constructing alignments which integrated manual
editing with automated methods Clustal z the all-time favourite multiple -sequence
aligner z has since the 1990s been equipped with a GUI named CLUSTAL X
programmed in C and available for all mar operating systems(Thompsonet al. 1997,
Larkin et al.2007). Qurrently perhaps the most popular graphical editor and analysis
tool for multiple -sequence alignments especially for proteins and RNAsis Jalview
(Clampet al.1998, 2004, Waterhouseet al. 2009, Fig. }. It is programmed in Java ancan
thus run on all commonoperating sygems.
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Fig. 1. A historical version of Jalview from Clampet al. 1998.

Various GUI applications were developed in Java at the time of its increasing
popularity, for example the genome browserArtemis for displaying and annotating
whole-genome sequencegRutherford et al. 2000), and JExpress for analysing data
obtained from gene-expression microarrays and other high-throughput technologies
(Dysvik and Jonasse 2001, Stavrumet al.2008). At the time, JExpress enablé complete
geneexpression analysis using statistical algorithms and data visualisations integrated
in arelatively accessible, transparent , and comprehensivegraphical application, as
opposed to otherwise using a set ofpartially unpublished scripts such as in the
foundational work of Eisenet al.(1998).

Interactive graphics are necessary for analysis of3D structure of biomolecules
provided by multiple applications such asRasMol (Sayleand Milner-White 1995, Bernstein
2000), the popular VMD (Humphrey et al. 1996) and PyMOL (http://www.pymol.org, or the
ambitious YASARA (http:/lyasara.org. A few other interesting examples of
comprehensive interactive visual tools are @toscape (Shannonet al. 2003, Yeunget al.
2008) and ONDEX (Kohler et al. 2006) for exploring networks of interactions and
relations such asbetween various molecules and genesCOPASfor analysing systems
biology models (Hoopset al.2006); the Integrative GenomicsViewer (IGV, Robinsonet al.
2011, Thorvaldsdottir et al. 2013), a genome browser with rich functionality; Utopia
Documents (Attwood et al.2010), a PDF eader for scientific articles, that interactively
visualises mentioned moleculesand active links to other data; and @ontemporary tool
Caleydofor exploring large heterogeneous datavisually (Streit et al.2009, Lexet al.2012).
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Web applications

In the previous subsection, | mentioned examples of interactive graphical user
interfaces that are either developed asnative applicationscompiled specifically for

given combinations of operating system and hardware, or are developed for a
particular software framework Software frameworks z such as the X Window System

Java .NET and Monoor Qt z run on multiple operating systems and hardware
architectures. Worth noting is that all these applications are sometimesdisputably

AAT T AR OAAOCEGS DVGOEAEEH I ABFEAQE 1 A£G | Oiftdkacti@ehA A OE O
GUIs, butindicating also specificity to desktop computers as opposed to mobile
computers and devices or computers in racks such a term is a confusing
misconception.

In addition to native applications and applications for multiplatform software
frameworks, interactive graphical user interfacescan also be provided as web
applications. Web applications are developed using a set abmplementary languages
defined for the World Wide Web(WWW, the inter-linked documents on the Internet
Berners-Lee et al. 1992). The standard languages, governecby the World Wide Web
Consortium (W3G http://www.w3.0rg, http://mww.w3.org/standard$, are primarily HTML,
CSS, JavaScript, and moithanks o usingweb standards, a web application canun in
any web browser historically e.g.the break-through graphical Mosaic(Andreessen 1993,
Vetter et al. 1994), Netscape, orthe textual Lynx; nowadays e.g. Firefox, Konqueror,
Opera Safari, IE, or ChromeNaturally, the web browser must comply with the latest
versions of theweb standards. In addition to accessibility and transparency fostered
by interactive graphics, compatibility with standards ensures interoperability — of
web applications, enabling them not only to run on all applicable operating systems
and hardware architectures, but alsao work together one with another, viae.g.links
or embedding

Traditional web applications follow a client-serverarchitecture. A rather simple client

part (frontend) of the web appOO1 O ET A O OA 6éhitd the Adenegiti@i x OA O

client communicatesz using HTTR the communicationprotocol of the Webz with a

server(backend) deployed onthe side of theprovider of the web application.The client

pageitself is located at a given URL of the web app, and automatically downloaded

AOT i OEA OAOOGAO O1 OEA OOGAOGS O aededsibillyOO OEA

freeing the user from any installdion, dependency managementjpdating, and usually

also paying The servermost often gives accessto some centralised computational or

data resource employing highb AO &Ll OI AT AA OB AsOdnil icdpuder AT | B

clusters, and making accessible the tools and data that would hardly be usable on local

personal computers A reliable server should bescalable for high demands and have

ideally 100% online uptime (availability ) with load balancing, a failover system, and

enduring maintenance While some clientOAOOA O xAA ADPDPI EAAQOEI T O j

only provided as a piece oboftwvarex EEAE EAO OiF AA ET OOAI 1 AA
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institution, more commonly they are provided as aservice a deployed server instance
with access toD OT OEAA OGO AT | BDOOA OE{ dithkd excladivlly oA OA OA
addition to providing the server software.

The databases of biopolymer sequences were long aglistributed on paper (Fg. 2
p.23), followed by magnetic tapes and CD-ROMs. Due to massivegrowth in volume and
increasingly frequentupdates, the static mediabecameinsufficient. The databases had
to start being accessible remotely on a public servewhich was more practical due to
being always up to date, andt the same timefaster than navigating through the locally
accessed mediaSuch servers wereaccessible consecutively viavarious network
protocols, such ase-mail (Henikoff 1993), Telnet connections FTPdownloads, WAIS text
searchingand Gopher browsing (Parker 1993, Riceet al. 1993). However, © unleashthe
full power of links between data within and between the diverse bioinformatics
databases, integratve portals were soon developed using the new technology of the
World Wide Web. Just a couple of years after the Web was invented at CERN ine@an
ExPASy wadaunched asthe first web serverwithin the life sciencesin 1993, as wellin
Geneva (Appel et al. 1994). ExXPASyhas provided protein sequence data their 3D
structures and features, with mutation and disease information, and annotated images
of proteomics gelsin an integrated user-friendly way that is still up-to-date today: via
the standard web links More examples of integrative, multi-databasedata-accessweb
applications appeared s$ortly after: Entrez provided by atthe National Center for
Biotechnology Information in Bethesda(NCBI, Bensonet al. 1990) was after CBROMs
and a nonweb client-server application launched together with the NCBI website in
1994A0 A OAUT AT EAd xAA welDBrinEahddET ET ADET OO @D
web pages, hamed WWW Entrez or WebEntrg&chuleret al. 1996). In the same year,
the SequenceRetrieval System (SRSEtzold and Argos 1993) had its local command-line
and its network interface amended with aO A U1 A éli¢hAsérver web application
SRswwwi AOAEITI AAT A £ O EIT OQ@Ailifdr pudidacdsd Atdiied ET C
European Molecular Biology Laboratory (EMBL) in HeidelbergEtzold 1994). The
European Bioinformatics Institute (EBI) in Hinxton was established duringthe
transition period of 1992-95, as an outstation of EMBL responsible for maintenance
and distribution of bioinformatics databases(summarised in Lopezet al. 2003). Among
other media and protocols, thesalata were early-on provided via the Web (Emmert et
al. 1994). Using WWW for cliet-server communication improved accessibility
compared to other clientserver protocols whichcould be disabled in certain networks
for security reasons Furthermore, web servers have typically not required users to
register and log in.

Besides databases;lient-server applications also gave access t@womputational tools
running on shared computational resources first via email (Henikoff 1993) and later
via web apps. WWW2GCG(Colet and Herzog 1996) was the first web GUI to the
commercial GCG toolkit, followed by SeqWelin 1997 x EOE OAUT Al EA6 x A
implemented using JavaScript (Womble 1999b). These were clientserver web
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applications running on local networks at
research institutes, providing access to
local GCG serverdn contrast, the WHAT
IF toolkit has been provided as a publicly
accessible web appRodriguezet al. 1998).
Similarly, PredictProtein has for more
than two decades been a user-friendly
public server for integrative inference of
a growing multitude of protein features:
since 1992 as an @mail server and later
on the Web (Rost et al. 2004). Further
examples of public websites giving access
to integrated kits of tools are the Vienna
RNA Websuite for the Vienna RNA
Package(Hofacker 2003, Gruber et al.2008);
BiBiServ, the Bielefeld University
Bioinformatics Server hosting tools

Fig. 2. GenBank and EMBL databases before the developed in Bielefeld and elsewhere

Web. Nucleotide sequences 1986/1987, volumes htto://bibi ; .
ttp://bibiserv.techfak.unbielefeld.de http://
to VII (David Landsman, Bethesd). Various ( _p . L . ¢ P
network access methods were provided afterwards Pibiserv2cebitecuni-bielefeldde); and the
until settling down with the World Wide Web in  Center for Biological Sequence analysis

mid 1990s. (CBS) at the Technical University of

Denmark with a broad portfolio of their
tools (http://cbs.dtu.dk/biotools http://cbs.dtu.dk/services Meanwhile z in the course of the
last two decadesz the websites of the majorproviders of bioinformatics databases
grew into integrated portals that complement the access to data with numerous web
accessible tools enabling advanced searching and computations with tlreluminous
public data: e.g. NCBI (McGinnis and Madden 2004, Johnsonet al. 2008, NCBI Resource
Coordinators 2015), EBI(Lopezet al.2003, Brooksbank et al.2014, Li et al. 2015, Squizzatoet
al.2015), the National Institute of Genetics iMishima with the DNA Data Bank of Japan
(NIG, DBJ Kodamaetal. 2015), and ExXPASynow maintained within the Swiss Institute
of Bioinformatics (Gasteigr et al.2003, Artimo et al.2012). To conclude this paragraph, let
me emphasise again that the sers of computational tools available as public web
applications benefit from the accessto high-performance computing facilities and the
good accessibility without the need to indall and administer necessary softwareor
type commands The efficiencyis maximised when the computational tools are co
located with data resources both with respect to computation anddata transfer, and
convenience for users thanks to integrated access
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After the dramatic triumph of open scienceand opensource bioinformatics when
assembling the first draft of the human genomeat UCSOn 2000 as a free public
resource (Kent and Haussle 2001), the need arose to mak the genome dataaccessible
and efficiently usable for all researchers. TheUCSC Genome Browservas developed
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soon after (Kent et al. 2002) as a user-friendly web application giving access to
numerous annotated genomesand in addition enabling researchersto upload their
own annotations for browsing them visually on a genome together withdiverse public
annotations. Ensembl the infrastructure for automated genome annotation provides
another web-based genome browser for a multitude of speciegHubbard et al. 2002,
Cunninghamet al. 2015). On the othe hand, Gbrowseis a popular welbbased genome
browser for relatively easy installations on servers dedicated to genomes of a
particular species or group of specieqSteinet al.2002, Donlin 2007).

Web applications do not necessarily ausist of a server and aclient. Departure from

the traditional client-server architecture is increasingly common among modern web
applications that perform more computations themselves 7 within OEA OOA 06 O «x
browser running on the increasingly more powerful personal computer or devicez

with less or no help from aremote server. Some web apps areeven supposed to be

installed and administered locally onA OOA O8O0 Al [ i®D&WeArowsehi®O 0OT
order to achieve independencerom hardware platforms and operating systems. Other

appsare automatically downloaded from a web servewhen a user starts them, but do

not communicate with the server while running. They can beupdated automatically

from the server when needed thus freeing the user from installation and its
maintenance Other web applications are (3erver-agnosticj, i.e. able to connect to

i 601 OEPI A OAi 1T OA OAOOAOO AADPAT AET ¢ 11 ,AT1 EE
offering great flexibility —and scalability via good interoperability among the

available servers and clients Such applicationsoften connect to secalled Web services

which | will describe a couple of pages latefp.29). Going n an orthogonal direction,

there are possibilities emerging of server-lessweb apps communicating directly with

each other,in a peerto-peerfashion (http://iwww.w3.org/TR/webrtg.

Some graphical bioinformatics tools are available as Javapplets which are usually
server-less andcan be included émbeddedl inside web applications: for example
JalviewLite, a strippeddown version of Jalview(Clampet al.2004, Waterhouseet al.2009);

Jmol for viewing molecular structure (Herrdez 2006); or Cytoscape Weband Ondex

Web, the applet versions of respectively Cytoscape and ONDEX (Lopes et al. 2010,

Taubert et al. 2013). To avoid the often troublesome needfor additional, non-
transparent plugins for web browsers, such as Java or Flash, rich embeddable web
applications can navadays be developed using pure web standards HTML5
(http:/mww.w3.org/standards/webdesign http://www.w3.org/TR/html§ supplemented with

related web standards such a€SS an®&VG, andvith JavaScript (not related to Javay

the programming language that can be run inside HTML pages withmOOA 08 O x AA
browser. Recentexampes ofinteractive web apps for bioinformatics use JavaScrigh

way OEAO EAOAT U OAOAI Al AsCseqVEbAfrom1890.ASmblGsad O 1 A&
HTML5/JavaScript version of Jmol (http://jsmol.sourceforge.negthttp:// chemappsstolafedu/
jmol/jsmoljsmol.htm), while Jolecule is another HTML5 viewer of molecular structure
(http://jolecule.appspot.com reviewed in Porebski et al. 2013). From the abundance of
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embeddable JavaScript genome browsers that have been developéghno-J (used in
Lister et al. 2008) is p Tt Tt bservér-agnosticdd connecting to custom Web services
Browse is a JavaScript alternative to GBrowséSkinneret al.2009). It is aclient-server
genome browserwith rich functionality , and can additionally be supplemented with a
sequenceannotation editor Apollo (Leeet al.2013). On the other hand,Dalliance is a
lightweight genome browser(Down et al.2011), andGenome Mapsmay in complexity fit
somewhere between the two(Medinaet al.2013) All these appscan be embedded in
other web applicationsz including OO A 08 O T x 1 z andirin inRAIRMEAE web
browsers on all applicable platformsthanks to the interoperability —achieved by
compatibility with w eb standards. A special attention needs to be given to
bioinformatics-specific JavaScriptibraries of building blocks for develogng custom
web applications for visualising biological data These includeamong others JBio, an
early comprehensive attempt by Aszlé Kajan (http://jbio.sourceforge.neX; Scribl, a
JavaScriptlibrary for drawing sequence featuregMiller etal. 2013); and Cytoscape.js, a
JavaScriptbased successor of Cytoscape Wdttp://js.cytoscape.ory Standing out is
BioJS, an initiativeand a growing collection ofconcise JavaScript building blocks for
bioinformatics web applications, covering diverse types of bioinformatics data. BioJS
componentsare easy to find, use, develgmontribute, and combine, due to following a
set of common well-designedguidelines, especially since version 2.0Gémezet al.2013,
Corpas et al. 2014, http://biojs.net). Various BioJS components areised together for
example in PredictProtein (Yachdav et al. 2014). Standardsbased components are
inherently transparent with open source, and ought to beflexible , reusable in
various applications, andinteroperable with each other.

In this subsectionwe gavea deservedtribute to the World Wide Webz the Glagshipd
infrastructure for accessiblereliable information and computation. For bioinformatics,
WWW has been among the most crucial technologieson afterit was invented In
addition to web applications,Web servicefave been ubiquitous in bioinformatics, and
are introduced a couple of pages further. In the end, | mentioned JavaScript libraries
for bioinformatics web applications. Although using them for devi®ping custom web
apps may often require only minimum programming, they still belong in addition to
interactive visualisation z among programming libraries, which are the topic of the
following subsection.
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Programm ing libraries

In the previous two subsections, | wrote about interactive graphical user interfaces
that foster accessibility and usability to users whado not feel mnfident with typing
commands and are usable in scenarios requiring visualisation. Data analysis
workflows often require automation of some portions which need to be performed
repeatedly, with different input data or parameters. Such portios of a workflow need
to be implemented as some sort of a scripthat can be rerun many times, possibly
even in a high-throughput fashion with large amounts of input data As opposed to
GUIsAT A  Oi AT OAI1 pit isxds<eritiEfoll usébility as a highthroughput
workflow to run without user interaction . An automated workflow, however, in most
cases needs to use one or one existing tools for analysing the data. The same is true
for many tools themselves, that inside them use other underlying tooldror such
purposes, the underlying tools have to beccessible and usable from within other
tools and workflows. Tools with a commandline interface can be used insidebatch
scripts, and AOA AAAAOOEAT A AO A@OAOl Al O1 AOGEOAS
languages, yet with possible limitations to efficiency, interoperability, and
maintainability . For example, inputand output data has to betypically sent and
received via the file system, with may or may not be desired in a particular workflow
while portability to another system and management of dependencies andtheir
versions canturn close to impossible

An Application Programming Interface(AP)) is an interface to a certain tool, system, or
other resource, that providesprogrammatic acces§rom one or more programming
languages(for example Python, R,Java,JavaScript,C, C++Perl, Haskell, or Rby to
name a fav). An API is often implemented as dibrary, a collection of operations,
functions, data structures, and other objects in a particular programming languagé
library can be available with or without its source code, and its interface can be used
directty ET OOAO0OO6 b Ol igtdAgiveh progtamiAgdeadudyas opposed
to calling external commandsProgramming libraries z as APIs to computationaltools
or other resourcesz can either be provided separately from thetool or resource; or
OEAU AAT AA PDPAOO 1T &£ OEA OiT1 EOOCAT &£h 1 E
implementation, that other interfaces are built upon A language bindingfor a library is

some sortof A Ox OAPDPAO 1 EAOAOUS EI A AEEEAOAT O bC
ET o6 1 AT GCOACA 1T &£ OEA 1T OECET Al 1 EAOAOUR AT AA
other programming language.

Many bioinformatics tools and toolkits are implemeried as an opensource core

library , with other interfaces z suchas commandline, GUI, or web apz built on top of

it. While using such a straightforward architecture, these tools are inherently

accessible via multiple types of interfacesusable in various scenarios,transparent

with their open source code,and more interfaces can be developed by anybody who

wants to implement them, thanks to thepublic API of the core library.In addition, such
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libraries are often proven reliable by usage in numerous toolsThe core libraries are
in many casesimplemented in C or C++ foruntime speed, while language bindings
may be provided for various other programming languagesThis is the case in @reat
number of examples To list some:the Vienna RNAPackage ha been built upon its
core C library RNAlib (Hofackeret al. 1994), and later complemented with a Perl binding
(Lorenzet al.2011); SRS was implemented with a cerC library suitable for APIs also for
Perl, Tcl, and Python(Etzold et al. 1996); EMBOSS includes a layer of a C library called
AJAX Rice 1998; not the later G\synchronous JavaScript XML6 Ajax) which has been
used by numerous types of interfacesSAMtools are constituted as a C librarfLi et al.
2009), amended with commandline interface and numerous language bindingsand
GenomeToolsconsist of multiple tools implemented around the libgenometools C
library, distributed altogether as a package with an additional API for scripting
languagelLua (Gremmeet al.2013).

In addition to such toolspecific libraries serving as APIs to given tools, various
programming libraries aim to cover the broad field of bioinformatics or its parts, from
a perspective of a software developer who implements new bioinformatics tools, or a
computational biologist who writes scripts for their analyses.Numerous C++ libraries
have been developed, thatprovide substantial portions of typical bioinformatics
operations in a programmatic way: for example an early PDBIlib for structural
bioinformatics (Changet al. 1994), and more sequenc@riented or generic ones such as
BTL (Pitt et al.2001), LibsequencgThornton 2003), libcov (Butt et al.2005), Bio++(Dutheil
et al.2006), or the modern SeqgAroptimised for speed (Déring et al.2008). An extensive
NCBI C++ Toolkit (http:// www.ncbi.nim.nih.gov/IEB/ToolBox/CPP_pOCcomprises
programmatic tools for sequence analysis and data retrieval, together with numerous
data-handling and server utilities not specific to bioinformatics.

To avoid the need of always programming T Addv® new scripts from scratch for
particular analysisworkflows , and instead provide commonly sharedreusable building
blocks for both workflows and application development,BioPerl was initiated as a
community effort in 1995, when Perl was the most popular language for scripting in
bioinformatics (Chervitz et al. 1998, Stajich et al. 2002). Within the shared effort with a
substantial level of selforganisation, BioPerl quickly evolved into a comprehensive
toolkit library of well-integrated, reusable Perl modules for bioinformatics, that are
smoothly interoperable with each other, easy to understand,developed in a similar
style, and share common data representatiors. It offers functionality such as handling,
parsing, transforming, and integrating data, or programmatic access to popular ta
resources and analysis toolg serving the typicalneedsi £ OCI1 OA AT AA6 EI
biology workflows, whether Gnanuald or high-throughput, and in bioinformatics
applications. In the same spirit as BioPerl, communityefforts followed soon with other
popular programming languages, conceiving BioJaviPococket al. 2000, Holland et al.
2008, 0 OletEat 2012) and Biopython (Chapmanand Charg 2000, Cocket al. 2009), later
joined by BioRuby (Gotoet al. 2010). These initiatives z together nicknamed Bio* or
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OpenBio z united under a commonumbrella of the Open Bioinformatics Foundation

(OIB|F or OBE http://open-bio.org reviewed in Mangalan 2002), together with other

projects including EMBOSS, and attempts enabling certain scenarios of interoperability

between the Bio* libraries, e.g. BlIoOCORBA (http://www.bioperl.org/wiki/BioCORBAand
BioSQL(http://www.biosgl.org. O|B|F supports and promotes fretopen-source software

within  bioinformatics, and organises an annual Bioinformatics Open Source
Conference (BOSGarrisetal.2015q AT A OAOET 60 OEAAEAOEI T 06 (
of collaborating software developers(e.g.Moller et al. 2013, 2014). Complementing the

popular programming languages, enthusiasts develop integrated library toolkits for

AET ET £ O ACEAO Al 01 ET OAOET OO C(CHoEaBkEIRSG 1 A
(http://biohaskell.org, BioClojure (Plieskatt et al. 2014), BioSmalltalk (Morales and
Giovambattista 2013), or Biocaml (http://biocaml.org. The former Microsoft Biology
Foundation (MBF) library for the NET platform transformed into afree and open
community effort .NET Bio(http://bio.codeplex.comhttp://github.com/dotnetbio/big).

Numerous biologyrelated libraries have been developed for R, the programming
language that is particularly convenient for statistical analyses.One example is the
comprehensiveAPE (Analysis of Phylogeneticand Evolution, Paradiset al. 2004). Using

a slightly different approach than the integrated toolkit libraries of Bio*, Bioconductor

was conceived as aeven more opercollection of R libraries for computational biology
(Gentlemanetal.2004)." ET AT 1 AOAOI O 1 EAOAOEAO j OPAAEACAO
each other, while still following common guidelines and reusing common utilities in

order to maintain a certain degree of interopeability and other qualities. With the

richness oflibraries available either on CRAN http://cran.r-project.org or Bioconductor,

R grew into perhaps theO | A Andgd @dpular scripting language for data analysisra

plotting in computational biology. Bioconductor-inspired Biogem and its dedicated

repository (http://biogems.infq Bonnalet al.2012) enable modular extensions to BioRuby,

that are less tightly integrated and thus easier to developn comparison to the

integrated core of BioRuby Accessibility for novice contributors is fostered by the
automation provided by Biogem While scripting and niche languages may be slower at

runtime thAT O1 AGEOAS # AT A -kwelCcondrGels, aful genérie AEO E
PpOODPI OA 1 EAOAOEAO 1 AU AA 1 AO0O0 AmmEIAKAT BOA OC
their complexity compared to narrowly specialised ones, they enable easy and quick
development of uUA O8O xT OEAI 1T xO AT A ADPPI EAAOEI T Oh
priorities than runtime efficiency or maintainability.

Let us now shortly get back to interactive graphical user intdaces. Towards the end of

the previous subsection, | mentioned JavaScript libraries for programming web
applications. BioJSz again especially since its version 2.0Gémezet al.2013, Capaset al.

2014, http://biojs.net) z is another example of an open collection of community
developed libraries, sharing the right minimal set of common guidelines for ensuring
interoperability, so that the BioJS componentxan easily be combined together in
OOAOOE AODOOODI For phagranntatic Ant@drdtion @/aScript APIs can also be
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provided with Java appletsfor example with JalviewLite (Clampet al.2004, Waterhouse

et al. 2009) or Cytoscape Web(Lopes et al. 2010). Libraries for other programming
languages also provide functionality for both static and interactive visualisations,
including e.g.the Bio* and the NCBI C++ toolkits. These can as well be used for
developing interactive GUIs or client-server web apps with graphics generated on the
server. A couple of example graphics libraries for drawing genomic data are
GenomeDiagram integated in Biopython (Pritchard et al. 2006); AnnotationSketch a C
library within GenomeTools, with Lua, Python, and Ruby binding&Steinbisset al.2009);
and Circleator using BioPerl, SVG, and C&Sabtreeet al.2014).

Web services

First to make the terminology clear: Any computational @ol or data resource thatis

not provided in form of software that users would have to install ontheir side, butis

instead deployedand running on a server ofits provider, is a computational or data

service And if the access to theerver is via the Webjt could in fact be broadly calleda

OxAA OAOOEA A osrven ke @pplidatioAd EARITIOET ¢ AO A DOl OF
server and accesible for users through web browsers z is after all in rather general

OAOI ETT 11T CU Aln ComtrAsh a \Oeb GdivicdoReh 8pelled with a capital,

what we will follow) provides programmatic access i.e.a programmatic APIz to a
computational or data server, over the Web. AAAOET T Al 1 Uh OEMWNasOAOI
used to designateonly Web servicesthat used SOAP protocol (SOAP services), while

the Web serviceausing pure HTTP protocol wouldthen be called web APISHTTP APIs,

HTTP servicesGRESD APIs, RESD services or GRESDresources We will not follow

such a confusing, unpractical distinction. Instead in line with the more common
terminology, let us call all programmatic APIs over the Web synonymouslyWeb

servicex EOE A AoAvieEAPsI O7 6

Notably, interactive graphicalweb applicationsz serving humarncomputer interaction

Z are as a type of interfacedisjoint with Web servicesvhich serve interfaces for other
applications and scripts(Table 1p.30). For maximum simplicity, we can say that if a web

server provides us(via HTTP because it is aveb server) with something formatted in

HTML, then it is aweb page (static) or a web application(dynamic); and if it provides

us with something in another format onethat is suitable for ®nachined consumption,

then it is a Web service Naturally, one web server can serve both web application(s)

and Web service(s)However, in case a web resource provideonly HTML format, i.e.

A O OEOI AT & Al 1 O00i b O Eeiridvd soMedflis datdautbniatedlyiin 1 A A A
our script or application, we need topainfully OAE CO E CoftefEhhaniging énig A
unsuitable HTML page in an unmaintainable D OT AAAOOA AA1I DABDABEDCH (
AT A Al ETaAAADI ARG EDASG AU
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user interface API

types of tool interfaces | (human -computer (programmatic
interaction) access)
running locally interactive application P—
. programming library
(or on a local server) installed locally
accessed remotely client-server .
h o Web service
via the Web web application

Table 1. A simplified distinction of Web services and their relations to other types of tool interfaces.

Note, however,that there are no precise borders (symbolised by the dotted lines) between local and
remote applications, becauseremote access involves something running locally, and local app may
communicate with remote resources or be deployed from a remote resourcelybrid apps with extensive
local and remote portions have been increasingly popular, including servexgnostic apps, peeto-peer

T AOxT OEOh OZAO6 Al EAT OOh AT A OAENOEOI OO0 OEEAAAT
the Web and HTP also locallydeployed web applications and Web services, which can be useful not onl
for testing but also for interoperability in certain scenarios.

As opposed to web applicationsWeb services provide programmatic APIsccessible

from a user® high-throughput workflow in any of the common programming or
scripting languages and from other applications, facilitating flexibility . For better

accessibility compared to other remote APIsthe mmmunication with Web servicesis

over the Web (i.e. HTTP) instead of other protocols which may be blocked, and
typically does not require user accountsinteroperability with most of the applicable
programming languagesand command shells is enabled bypvailable utility software

and libraries compliant with the Web-service standardgoverned by the World Wide
Web Consortium (http://www.w3.org/standards/webofservicgs Web servicesdeployed on

an appropriate server provide interoperable access to high-availability high-

performance scalable computing resourcesand big databaseswithout cumbering the

users with need to obtainand administer such resources or installand maintain the

tools. However, to allow maintainability of tools that use the Web services,
reproducibility of workflows, and to AAOA OO A collideAcd @dviders must

support their users and carefully maintain their services up-to-date but stable and
non-volatile z with strict versioning of the interface, preferably even keeping
deprecatedversions alive.

Historically, various predecessors of Web services were providing programmatic
access to remotebioinformatics resources using various communication protocols.
Perhaps the most widely used and most accessible at the time weeemail servers,
POi OEAET ¢ Al OE OEOI AT 6 OOAOO AT A O1 £OxAOA
and computational tools (Henikoff 1993). Ahead of its time was the sophisticated
HASSLE protocol (Hierarchical Access System for Sequendéradries in Europe),
developed specifically for bioinformatics needs by Reinhard Doelz at Biozentrum,
University of Basel (Doelz 1994, Doelz et al. 1994). It included automated search for
available services within the network of sequencedata servers around Europe batch
remote execution with automatic failover, and a clientuser interface hiding all the
sophisticated technicalities CORBA was developed aan industrial technology for
distributed object-oriented software systems. In bioinformatics, CORBA was used for
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access to databases with genome maygblu et al. 1998, Jungferand RodriguezTomé 1998,
Barillot et al. 1998, 1999); and a system for wrapping bioinformatics tools as CORBA APIs
was developed byMartin Senger(1999) at EBI, named AppLaland used inside the later
Soaplah until Soaplab2 in2007 (Sengeret al.2003,2008). The Bio* initiatives developed
BioCORBA for compatible distributed capabilities among BioPerl, BioJava, and
Biopython (http://www.bioperl.org/wiki/BioCORBAJava RME a lighter-weight remote API
framework for Java only z has dso been tried for distributed bioinformatics
applications (Mdller et al. 1999, Sagiet al. 1999). All these technologies requiredspecial
network protocols other than the HTTP of WWW, causing difficulties to software
administration and usage, such as being blocked in certain networks.

Proper Web servicesover HTTP began to flourish soon after being introduced in
bioinformatics in the beginning of this millennium. DAS, the Distributed Annotation
System, is a system for accessing sequence annotations from a large number of online
resources, via HTTP Web services providing data in a dedicated XML fornjabwell et
al.2001,0 O let&Ic2007, Jenkinsonet al.2008). BioMoby was developed as special protocol
on top of SOAP, HTTP, and XML for any kind of bioinformatics Web services and types
of data(Wilkinson and Links 2002).

Numerous SOAP serviceaere soonlaunched at various institutions(e.g.Kawashimaet
al. 2003, Krishnamurthy et al. 2003, Wang and Mu 2003, Crasset al. 2004), including the
major providers of bioinformatics databases and tools, wher&SOAPhas usually later
beencomplemented or sometimes replaced by pure HTP servicesEarly examples are
NIG in Mishima providing access toDDBJ other databasesand computational tools
(Sugawara and Miyazaki 2003, Kwon et al. 2009); and EBI, including the Soaplab
framework (Sengeret al.2003, 2008) which provided Web-service accesdo the EMBOSS
toolkit (Riceetal.2000)0h | OEAO 7AA OAOOGEAAO A O AAAAOGO
tools (Harte et al. 2004, Pillai et al.2005, Labargaet al. 2007, McWilliam et al.2009, Squizzatoet
al. 2015), and later the JDispatcher framework forcomputational and datasearching
Web services(Goujonet al.2010, McWilliam et al.2013, Li et al.2015). Entrez Programming
Utilities include Web services for accessing datat NCBI(NCBIResourceCoordinators
2014, NCBI Resource Coordinators 2015). Integrative, easyto-use TogoWS servicegor
retrieving and converting data are provided by the Datatase Center for Life Science
(DBCLS)at the University of Tokyo and NIG(Katayamaet al.2010a), while the EXPASy
portal of SIB includesamong other Web-service-accessibleresources z and EMBOSS
via Soaplal2 z also an HTTP Web service for integrative querying over a big portion of
the provided databases(Artimo et al.2012). Examples of providers of webaccessible
bioinformatics tools, offering programmatic accesd¢o numerous Web servicesare: the
WHAT IF toolkit at the Radboud University Nijmegen (Hekkelmanet al. 2010); the G
language Genome Analysis Envisnment (GAE) framework at Keio University with
Web-service APIs(Arakawa et al. 2010); CBSat the Technical Uniwersity of Denmark
(http://cbs.dtu.dk/services/ws.phphttp://cbs.dtu.dk/ws/dog; and BiBiServ of the Bielefeld
University (http://bibiserv.techfak.unbielefeld.dehttp://bibiserv2.cebitec.unbielefeld.dg.
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Web services are convenient for remote access to distribed resources especially if
they have similar interfacesz with the same operations and formats of input and
output data z thus beinginteroperable with each other. Interoperable Web services
are conveniently usable together in automated workflows, comparale, and
replaceable with each other(although that is of course not limited to Web services but
holds for all kinds of programmatically usable tools). Web services usually share
interfaces within an institution providing them, but it is seldom the case beveen
different institutions . Exceptions exist, such athe DASresources PSICQUICArandaet
al.2011, del Toro et al.2013), the common Webservice interface to numerous databases
of molecular interactions, standardised by the( &1 AT 00T QAT 1T A 1 OCAI
Proteomics Standard Initiative (HUPO-PS| Martensetal. 2007); or the Web services &
BioMart, a framework for uniform access to distributed bioinformatics databases
(Kasprzyk 2011, Smedleyet al.2015).

Other than being usefulwithin analysis workflows encoded inaOAOAAOAEAO0B8 O O
Web services are ubiquitously used behindhe-scenes inside bioinformatics software.
Remote access from within one application to other tools and data resources was
common already in theold-days email servers (Henikoff 1993); and is enduringly
popular with DAS accessed among others frorBalliance,IGV,UCSGsenome Browsey
Ensembl, Gbrowse, or Jalview. Interestingly IGV, together with many other genome
browsers, can access data from custom HTTP or FEErvices in addition to DASThe
interactive reader Utopia Documentsretrieves information and data underlying a
scientific publication naturally via Web services(Attwood et al. 2010). Jalview could
access remote computational tools at EBI and data via SRS already since its early
versions (Clampet al. 1998), and nowadays is complemented with dedicatedABAWS
framework (Java Bioinformatics Analysis Web ServicesTroshin et al. 2011), enabling
deployment of new JABAWSompatible Web servicesA O O O A Gafiother &xaripfe O
of smooth interoperability .

Catalogues, registries, and repositorie s

One of reasons for the creativehaos in bioinformatics is that it may oftenfeel more
straightforward 0T AAOAT T B T1TA80 1T x1 TAx OI1O00EITT £
to looking for what is available what it does, and how it does iz what may often be

onerous. And what is onerousdr a group of researchers carrying out a project, can

well be even more onerous for the ones reviewing their publicatiorEven worse t can

get in situations when a researcher hasno clue whether thereis anything at all

available and helpful for the given task. Despite (or maybe due to) the lterature

tsunami in life sciences, such scenario camappen easilyz irrespective of whether it is

a junior researcher not yet up-to-date, a senior researcher not up-to-date anymore

with the new creations, or an expet in other subdomains of the field While developing
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I T Addvl® do-it-yourself single-purpose solutions may have obvious benefits in the
degree of controland in fitting the purpose exactly, these contribute to the abundance
of developments that are not well reusable, not well documented, transparent, reliable,
or reproducible, and hardly accessiblginteroperable, or maintainable Decreasing the
substantia burden of finding relevant tools is one of the purposes of catalogues,
registries, and repositories. Another purpose of such collections is listing and
advertising achievements ofa certain project or institution .

Although the terms are often used arbitrarily or interchangeably (together with e.g.
list, directory, or archive), it may be usefulf we distinguish for clearer understanding

i Cataloguescreated by a group of authors who provide the published content
using some sourcesand who mayor may notcontinue updatingz curating Z the
content

1 Registries where users contribute the content over time z for example
registering information about a tool they developedz and curate parts of the
content

1 Repositories where software or other resources are deposited and can be
obtained from. Repositories can of course als@gister or catalogueinformation,
and softwarecanbe deposited as source code or binaries.

7EEIT A O Adtalddues Ooften li8t commercial products, public registries and
repositories are wual for free open software Some of them do among other
application domains contain also bioinformatics toolsThis is the case of Sourceffge
and now growingly GitHub repositories that hostbig portions of opensource projects
in bioinformatics, while Dawvnload.com and Softpedia list only few downloadable
bioinformatics tools but include some commercial onesThe bioinformatics section of
the non-commercial DMOZ registry (http://www.dmoz.org/Science/Biology/Bioinformatics
lists a considerable number of bioinformatics resources of various kinds, including
both free and commercial toos. The Free Software Directory(http://directory.fsf.org of
the Free Software Foundation ESH is a substantial registry with rich semantic
annotation, but contains little bioinformatics. Some programming languages have the
available libraries organised in convenient centralised repositories grchiveg, which
include substantial amounts of bioinformatics libraries for the given language: CPAN
for Perl (http:/imww.cpan.org, CRAN for Rhttp://cran.r-project.org, RubyGems for Rby
(http://rubygems.org, and Hackage for Haskell (http://hackage.haskell.ojg Multiple
application-domain-agnostic public registries were developed for Welservicesduring
OEA Onmshd 01 £ OEA b OA OEdmbitus fedtkes felJhOEABOOET A
registry from Seekda orhttp://www.membranesoa.org/soaegistry), butto my knowledge
none withstood the couse of timewithout deterioration .

Within the domain of bioinformatics, bigger institutes usually pblish catalogues
advertising the tools and databasesthe institute provides (e.g.NCBI athttp:// nchinlm.
nih.goviguide/all, EBI athttp://www.ebi.ac.uk/servicesSIB via EXPASYy altttp://expasy.org or
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the Weizmann Institute of Science in Rehovoat http://miw.weizmann.ac.). Similardy,
distributed infrastructures such as DAS maintain registries of compatible Web
services (http://dasregistry.ory; shared library efforts that follow common guidelines
register the compliant libraries (e.g. Bioconductor at http:// masterbioconductororg/
packageskleaseand BioJS abttp:// biojsio); and initiatives such as O|B|Flocumert their
achievements and affiliated projectghttp:// www.open-bio.org/wiki/Projects.

More representative selections of bioinformatics toolsz not specific to a project,
network, or institution z have beencreated in various forms ranging from journal
articles (e.g.Gilbert 1998, 1999, online athttp://iubio.bio.indiana.edu/soft/molbio/Listings.htinl
to websites, from personal listinggsuch as the spreadsheets | made for myself in order
to write this chapter) to global projects. A great number of catalogues, registries, and
repositories is availablewithin the field, with substantial differences in types of tools
or other resources they colect, in the amount and type ofinformation they provide
about the listed items, and in functionality theyenable ways of searching, accessing,
exporting, or other.

The IUBio Archive for Biology z conceived in 1989 and maintained by Don Gilbert
(http://iubio.bio.indiana.ed 7 is a historically valuable archive of downloadable software
and other resourcesBio Catalog (also BiegCatalog or BioCatalogRodriguezTomé 1998,
archived at http://iubio.bio.indiana.edu/soft/biosoftatalog was a catalogue of software for
molecular biology and genetics, developedince 1992within Généthon co-founded by
CEPH(http:/iwww.cephb.fr/er), and later maintained at the EBL.In a similar style, DBcat
was constructed at Infobiogen with contribution from Centre National de Séquencage
and Généthon(Discalaet al. 1999, 2000). Around the sametime, Christian Burks created
the Molecular Biology Database Lis{Burks 1999) of databases published irthe Nucleic
Acids Research . ! 2 q E hnduall spetid Bsuededicated to databasegBateman
2005, Galperin et al. 2015). This list hassince been updated annually with the NAR
Database Issueunder changing names and by cheging maintainers (e.g. Baxevans
2000). Several database catalogues were developed until today, storinoth
overlapping and distinct types of information about the databases, for example:
BioRegistry with annotation generated from other resources including rich
attribution data and terms from the MeSHvocabulary (http://bioregistry.loria.f Devignes
et al. 2010); MIRIAM Registry with monitoring of online availability (Jutyet al.2012);
BioDBCorecatalogueat the BioSharing portal (Galperin and FernandezSuarez 2012); or
the Integbio Database Catalognerging information from other Japanese database
catalogues(http://integbio.jp/dbcatalog/e.

In the last paragraph,let me mention a few influential collections of different types of
tools or information. Bioinformatics Links Directory is a catalogue of web links to
bioinformatics tools and databases(Fox et al. 2005, Brazaset al. 2012), including ones
DOAT EOEAA ET AT TsfeEid Bsue, the\§eb Sehvedsu@ Bensm 2007,
2015). The Bioinformatics Links Directory has only limited information and navigation
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functionality, but catalogues links to thousands of toolsmyExperiment (Gobleet al.

2010) is a repository of automated workflows defined in specfic workflow languages
(mostly graphical) executable in particular workbenches. BioCatalogue (not the
previously mentioned Bio Catalog)s a registry for bioinformatics Web servicegBhagat

et al.2010) with community annotation inspired by socialwebsites. In some cases an
internally -maintained catalogue of tools for computational biologists at a sizeable
research institute mayz in addition to its main purpose of ®rving the internal usersz
present a useful representative list with rich institute -unspecific information about
numerous bioinformatics tools: for exampe the WAEUI ATT )1 OOEOOOAG ¢
(http://bioportal.weizmann.ac.il/toolbox/overview.htinl Special cases are registries that are
maintained openly by their users in form ofwikis, with a combination of structured
information and free text with further documentation and comments such aD OA 008
experiences Within bioinformatics , the main such example ighe Software Hub of the
SEGnswers wiki (SEQwiki, http://seqanswers.comiiki/Software Li et al. 2012a) dedicated

to software for analysing sequencing dataThe last example cataloguds OMICtools
(Henry et al.2014), a publicly accessibleportal with contents ownedby a small company
STATSARRAY LL@ provides information about thousands of bioinformatics tools,
categorised and searchableas steps intypical computational biology workflows for
analysing several types | £ OI | EAd  A.EAltholgh HirAitdd to & fed Af
stereotypical workflows, it offers this way avisual aidfor more accessible navigation.

Workbenches

The term workbench originates from an
analogy with actual workbenches for
manual work. A workbench provides a
stable, heavyduty platform on top of which
the work can be done conveniently. Various
tools such as hammers, wrenches, or vices
can be used on a workbench, attachei it,
or possibly stored in some integrated
toolboxes (Fig.3.) O EO A OOAO80O AEIT EAA
tools they use on a workbench, as long as
the tools fit. Fig.3. Aworkbench. WE OE OET O
toolsAT A Ox1 OEAEI | x OA
© Northern Tool + Equipment Fair use. 35
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Workbenchedor bioinformatics and computational biology follow the sameprinciples

as workbenches for manual work A bioinformatics workbench provides an integrated

analysis platformwhich aims at enablingconvenient data analysis minimising usA 08 O
effort. Various computational tools and data resources can be used in a workbend

the best case, a user can add the tools they need, as long as they are someho
compatible with the workbench. However, adding custom tools requires effort with

most workbenches. In workbenches that are publicly accessible over the Web,
selections of tools are provided, covering the domainf researcha workbench targets
(e.g.sequence analysis and evolution, structure bioinformatics, or genomicspn the

other hand, the workbd AEAO OEAO AOA E localGshkiiity cArdeiofien AO A
AOT A1 AA xEOE A OOOAOO EEOS 1T &£ I AET O111 0 A
To enable a convenient data analysis, workbenches integrate other essential
functionality , in addition to computational tools and data services They may include

data management, visualisation, storage, or occasionally editing; management and
execution of automatedworkflows , workflow design, or scripting; and access tohigh -
performance computing facilities.

Workbenches usually provide an accessible interactive graphical user interface z
typically in form of a web applicationz providing the integrated tools and analysis
functionality with a unified look-and-feel, mutual interoperability , and usability
without typing commands or scripting (Fig. 4p.37, Fig. 5p.39). Other forms of accessing
the integrated functionality of a workbench may, however, be included in addition to
GUIs, allowing flexibility and accessibility fa various groups of users and usage
scenarios.

Workbenches often include functionality that aims at enabling transparency and
reproducibility of the performed analyses: for example recording analysis steffghe
workflow) , details ofthe particular steps, provenance metadata; or enabling users to
add humanwritten documentation. Such documentation, together with the performed
workflow and used and obtained data, can often be shared publicly, enabling
convenient publishing of transparent and reproducible results.In addition, various
resources such as datand workflows can be shared between individual users or user
groups, a useful functionality for collaborative work. Tools compatible with a
particular workbench can usually be published in dedicated repositories, enabling
sharing of effort of making the tools compatible {.e.typically wrapping them with a
given kind of interface).

From historical examplesother than the various toolkits popular through the history
of bioinformatics (p.17), HASSLEDoel 1994, Doelzet al.1994) was a highly sophisticated
system integrating distributed resources around Europe, far ahead of its timé&DE
(Genetic Data Environmen, Fig. 4 was an interactive graphical workberch for multiple
sequence alignment(Smith et al. 1994, Eisen 1997), while SeqPup was an interactive
graphical sequence editor(Gilbert 1999), both with access to custom computational
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tools. HUSAR(Heidelberg Unix Sequence Analysis ResourceSengeret al. 1995) is an
institution -specific systemat the German Cancer ReseardBenter in Heidelberg, based
on GC(EDevereuxet al. 1984) and with restricted access still functional today. Vector
NTI was a complex and extendable commercial workbench covering a broad spectrum
of bioinformatics (reviewed in Lu and Moriyama 2004).

Since the beginning of the 2% century, the development of integrated analysis systems
thrived in bioinformatics, resulting in a plethora of workbenches with diverse
specialisations and designsThese include expandable, mulifunctional interactive
GUIs(more on p.19) that are rather narrowly specialised for a certain type of data:e.g.
ones for molecular structure analysis, JalviewClampet al. 1998, 2004, Waterhouseet al.
2009, Troshin et al. 2011) with functionality comparable to GDE but state-of-art,
Norwegian JExpress for gene expression and similar analysegDysvik and Jonasse
2001, Stavrum et al.2008) and MotifLab for analysis of regulatory regions in genomes
(Klepper and Drablgs 2013), or the popular Cytoscapefor analysis and visualisation of
networks (Shannonet al.2003, Yeunget al.2008, Lopeset al.2010).

Workflow systemsfocus on functionality including the design of automatedavorkflow s,
their administration and execution These arefor example the well-known Taverna
(Oinn et al.2004, Hull et al.2006, Wolstencroft et al.2013), or from the newer ones e.g.the
easyto-use Armadillo (Lord et al.2012) with data managementand visualisation, anda
pretty graphical workflow editor.

Workbenches available for use on publicly accessible web servers reached a
considerable level of popularity, especiallythe comprehensiveGenePattern(Reichet al.
2006) and Galaxy(Giardine et al.2005, Goeckset al.2010), both with active communities of
users and contributors In addition to access at the public web servers, these
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Fig. 4. Screenshot of the GDE workbench from Eisen 1997
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Thanks to a well-targetted community building and promotion, instances of Galaxy
were deployed at various sites, with various sets of tools available. Such instances are
often locally customised versions e.g.the publicly accessibleGenomic HyperBrovser
(Sandve et al. 2010, 2013). Some nstitution -specific systems for access to local high
performance computingresourcesuse tweaked versions of Galay, for example atthe
Institut Pasteur (slides http:// wikisb-roscofffr/ifb/imageséc/cd GalaxyDay Institut_ Pasteurpdf),
occasionally replacing single-sice OET i AAA6 O] such ésat ithe Oniversity of
Oslo where the new Galaxypased LifePortal (http:/lifeportal.uio.no, Kumar et al. 2015)
replaced the previous, easyto-use BioPortal (Kumar et al.2009) with a simple web user
interface.

Institut Pasteur and other sites provide also Mobyle, a popular workbench for
sequence and structure analysis with convenience features such automatic data
retrieval and re-formatting, or suggestingtools and operationsfor the next stepwithin

a workflow (Néron et al. 2009). Chipster is a powerful workbench provided by the
Finnish CSG IT Center for Sciencewith extensive support for scripting and graphics
(Kallio et al.2011). Likewise the previous ones, Chipster ispen-source andinstallable
for free, with a restricted-accessanstance at CSQhttp:// chipstercscfi/access.shtil UGENE
(Okonechnikovet al.2012) is another free and opensource,locally installable workbench
that gained certain popukbrity, with optional commercial support. An interesting

system isGenomeSpacegdng one levelup and integrating various workbenches and
other tools, with convenient data management and sharing (http://genomespace.org
postersReichet al.2013, Garamszeget al.2015).

Non-free commercial systems are for example the CLC Bio workbenches
(http://clcbio.com, or the user-friendly Geneious(http://geneious.con), with an old, slightly
limited version available for free asGeneiousBasic (Kearseetal. 2012, Fig. 5. BaseSpace
is a comprehensive, accessible, and eaty-use environment for computational biology
(http:// basespacdluminacom). BaseSpace is free for use, with charging announced for
data above 1TB, providing access to numerous free and ndémee tools, mostly non
transparent.

Notable among recent developments for convenient deployment and execution of
automated workflows z with Linux command-line tools z in high-performance
computing facilities are e.g.Arvadosand Nextflow. Arvados is afreely installable open
source system with functionality including data versioning and parallelisation
additionally provided as a commercial sevice (http:// arvadosorg). Nextflow is a free and
accessible tooling for deploying and executing automated workflows on a growing
number of supported cluster systems, with support for various eripting languages
(poster Di Tommasoet al. 2014, update on slideshttp://speakerdeckomn/ pditommasdnextflow-a-
tool-for-deployingreproduciblecomputationalpipelines.
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Fig. 5. A screenshot of the graphical user interface of the Ge neious Basic workbench. Geneious Bas
(Kearseet al.2012) offered a good selection of dataetrieval, computational, and visualisation tools, with :
playful user interface. Newer versions of Geneious are not availabfer free anymore, but this olde
Geneious Basic is still available in Bitiinux, leading us to the next section.

System distributions

Operating systemsz on personal computers nowadays mostommonly Windows, Mac

OS X, or some kind of Linux (properly GNU/hux) z are normally distributed and
installed together with a set oftools for basic tasks: GUIs, editord\PIs,a web browser,

etc. These system distributions(not OAEOOOEAOOAA OUOOAI 66 EI
centralised, but of being distributed as gooddor the users) can be installable as a
whole from e.g.DVDs or downloadable files. Some Linux distributions come already
pre-equipped with a selection ofwell-tested AET ET £ Of AOEAO OI 11 08
make bioinformatics toolsaccessible and available £ O OOA 006 DHAOOI T Al
OEAEO ET OOE Oithoktl Having to Gdaohdeha@dEefand install the tools,
manage their dependencies, or sometimesompile them. They arewith few exceptions

free and open-source. In addition, 0" E1 , &ah @sBafly®é booted up from a so
calledlive CD, DVD, or USB stick, so that useto not have to install them at all if hey

only needthem temporarily, for example within atraining workshop or an occasional

AT A1 UOEOs8 O, EOA6 Bidk@dppixd I(nbtO maiktdindd CaAykore,
http://bioknoppix.hpcf.upr.edy,  bioSLAX (http:/bioslax.com), and especially the
comprehensiveand well-supported Bio-Linux (http://environmentalomics.org/bidinux Field

etal. 2006) which is based on theusability -oriented Ubuntu distribution. A specialised
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Linux distribution that partially overlaps with bioinformatics is e.g. OSDDlinux for
chemao-informatics and drug discovery(http://www.osdd.net/newsupdates/osddlinux

Main Linux distributions are equipped with package managemensoftware which
enables users to add new applications or librarieffom dedicated repositories without
complications with installation, versions, compilation, and especially dependency
management making the system installions maintainable without complex
administration. A couple of Linx distributions contain large numbers of
bioinformatics tools available in their package repositories: Gentoo Linux
(http://packages.gentoo.org/category/daiology?full_cgt and especially the foundational
Debian which many Linux distributions are based on, including Ubuntu. Debian is the
well-tested, reliable , well-supported, strictly free and transparent operating system
maintained by an organisation of volunteergMurdock 1994, Perers 1997). Debian wsers
can, however,install non-free packagesadditionally . Debiancontains a broad selection
of free bioinformatics and life-scientific tools that are integrated into Debian by the
Debian Med initiative (Mdller et al. 2010, http://www.debian.org/devel/debianmed). Debian
Med is, using the Debian terminologyA Débian Pure Bl A 1: d\subset of Debian fom
particular target-group of users, with an associatedommunity that develops it and
provides user support. Debian Med and BieLinux, the two main Linux initiatives for
computational biology, evolved into a singlentegrated community, where the majority
of Bio, ET 0280 OAET 6 DAAEACAO EQ wihAelmladdificedl AA O1
ones that so far are Bio-Linux-only. It may be interesting to mention also Qlusr
(http://glustar.com), an example of a commercial distribution for highperformance
AT 1 POOET ¢ ET OOCOPAOATI i DOOAOS AAT GnOrdudsd 11 OO0
Debian Med and BieLinux can smoothly be used inside it, and ihas an edition with
somewhat limited functionality available forfree to non-commercial use.

Virtual machinescan be usedo run one system installation inside another, for example
Bio-Linux inside Mac OS X. Virtual machines can also be moved between different
DPEUOEAAI AT i1 DOOAOOh AT A AAT ifAders @e@lor inET AT |
specialised supercomputing centresf users have access to them, paid or freg.g.
http://research.csc.fi/computingnfrastructurey. Using virtual machines running on remote
computational services one of the phenomena hidden bend the marketing buzzword

i £ OAI T OA Al i bOgeHEdm@acé comphtitibridusablé @rifl accessible

to researchersflexibly , without the need for purchasing, installing, and maintaining

the necessary hardware.ncreasing number of bioinformatics tools are available as
fully-installed virtual machines, that users can immediately deploy and start using
locally, on a virtualisationrAT AAT AA  OA OO A cdvicel Bxamples itciudel O A 6
PredictProtein (Kajan et al. 2013, http://rostlab.org/services/ppmi JBrowse (Skinner et al.

2009), and Galaxy (Afgan et al. 2010). Examples of virtual machines equipped with
comprehensive sets of bioinformatics tools areDNALinux (http:/dnalinux.con) and
CloudBioLinux (http://cloudbiolinux.org Afgan et al. 2012), the latter containing a
substantial portion of contemporary bioinformatics tools via integration from various
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repositories including Bio-Linux, Bio*, and Bioconductor.With CloudBioLinux, the
xEI T A AEI EAKI OAd@AIALE EAD OA Al OPI A Dakédd 6AEO
computer or in an eventual supercomputing facility. A light-weight alternative to

virtual machines are software containerslimited to one family of operating systems,

such as the popular Docker for Linux systemghttp://docker.con). In addition to

installable tools and system distributions, virtual machines and software containers

are the only other option for analysing sensitive data z provided that the virtual

machine is verified safez inside isolated computing environmens (such as TSD at the
University of Oslo http://www.uio.no/tienester/it/forskning/sensitiv/hjelp/brukermanujal

1.4. Standardising information and data representation

Bioinformatics and computational biologyhave data in the centre of gravity: analysing
biological data, comparing data, interpreting data, producing data that suggest new
relations in nature. When researchers succeed in finding new insights, the excitement

is naturally about the content of the data and some oe plots to present the results.

LAOGO AZ£EZEI 00 1 AU -AAA OBDO6 ENOAT BOEAO 1T £ OEA
readability, terminology, consistency, reproducibility, or compatibility and
comparability (interoperability) with other data. Similar holds when developing new
computational tools or databases: the functionality and the content of the output or

001 OAA AAOA AOA 1T AOOOAIT U OEA 1T AET & AOOh
AT 1 OAT 66 NOAI EOEAOC T £ OEA 1 O00OD0OO AOA OAAITTA
later used by oter researchers in their analysis workflows, the accessibility ,

usability and reusability , interoperability  with other data, and of course
provenance and reliability of the data become of great importance. In order to
mitigate the vast creative chaos in boinformatics data, various types of effortshave

been initiated and implemented.

Data formats

We can broadly say that alata format is a particular way of structuring information so
OEAO Ai i bOOAO DPOI COAI O AAT OAAA Arhafion 801 AA O«
data items; andof encoding the data in computer memory or on a data mediunA
particular type of dataz for example a sequence of nucleotides of a gene with basic
information about the genez can be represented in many ways, in various formatsn
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Fig. 6. Examples of sequence records in FASTA format. 4 different records of the same sequence in th
same format (FASTA)but with differently formatted accompanying information. Highlighted inblue is
database; identifier, taxon, and version.

order to have a set of tools smoothlynteroperable with each other, minimising the

needs for converting formats when they are used together in a workflowthe tools

should accept and output a particular type of data ina common format. There are

numerous defacto standard formats which are usable with broad spectra of
bioinformatics tools, e.g.the tab-separated textual GFF (http://gmod.org/wiki/GFFB and

BED (Kent et al.2002) for information about genomes, genes, biopolymergheir parts,

and related measured or inferred valuesThese formatsare to some extentreadable

also to humans, while similarly structured bigBed (Kent et al.2010) and BAM (Li et al.

2009) are, in contrast, compressed into binary files or blobsin order to save data
volume for transfer and storage

Specifications of data formats often allow certain freedonof representing some parts
of the recordedinformation. An obvious example among bioinformatics data formats is
the FASTA format (http://www.nchi.nlm.nih.gov/BLAST/blastcgihelp.shtral a widely used
textual format for genetic and biopolymer sequenceg which leavesthe structuring of
accompanying information open(Fig. §. Using the same format in different ways among
various tools may hamper the interoperability,too.

In order to achieve better interoperability with tools, and in some way easier
implementation or integration with other data, a machineunderstandable
specification of a data format can be provided in a schema language. A data schema can
also be callel a data mode| and allows a degree ofutomation in processing data
instances, such asn parsing, validating, printing, or compressing by using available
programmatic libraries that are not specific to a particular data format XML formats
are usually cefined in a dedicated XML Schema (XSBrtp://www.w3.0org/XML/Schema
http://imwww.w3.0rg/2001/XMLSchema XML formats n bioinformatics are for example
MAGEML for microarray data (Spellmanet al. 2002), SBML for models in systems
biology (Huckaet al.2003, 2004), CML and PDBML for molecular structuréMurray-Rust
et al. 2001, Westbrook et al.2005), phyloXML and NeXML for phylogenetic datéHan and
Zmasek 2009, Voset al. 2011, 2012), or recently BDML for spatiotemporal dynamics of
biological objects(Kyodaet al.2015). In addition to formats specialised on a particular
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