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Abstract
DNA sequencesandtheir annotationsformeverexpandingdatasets.Properexplorationsof such datasetsrequire
new toolsfor visualizationandanalysis.In thiscasestudy, wehavede�nedtherequirementsfor avisualizationtool
for annotatedDNAsequences.Wehaveimplementedtheserequirementsin anew and�exibletool for browsingand
comparingannotatedDNA sequencesinteractivelyandin real-time. Theuseof standard informationvisualization
techniques,such as linked windows,perspectivewalls, and smoothinteraction, enablesgenomeresearchers to
obtainbetterinsightin largeDNA datasetsin aneffective, ef�cient, andattractiveway.

CategoriesandSubjectDescriptors(accordingto ACM CCS): J.3[ComputerApplications]:Biology andgenetics

1. Intr oduction

OngoingDNA researchresultsin massive amountsof DNA
sequenceand additional knowledge on thesesequences.
Such knowledge is storedas annotationson a DNA se-
quence.An example of an annotationis: the sequence
formedby thenucleotidesat thepositions2000up to 7000
establishesa gene.DNA sequencesand their annotations
can form very large data sets.The Arabidopsisthaliana
(thalecress,a weedandmodelplant species)genome,for
example,consistsof an estimated125,000,000nucleotides
of sequenceand the public set of annotations[SZG� 02]
usedin this article containsover 400,000annotations.Se-
quencesand their annotationshave to be explored for re-
searchpurposes.Comparisonsbetweensubsequenceswithin
and betweendifferent datasetsmay infer biological rele-
vanceand/or importancefrom DNA sequences.The mere
sizeof the datasetsrequirespropertools for this analysis,
whicharenot readilyavailable.

This casestudy hasbeena closecollaborationbetween
plantbioinformaticiansandcomputerscientists.Theformer
supplieddomain knowledge and data from own research
as well as public databases[SZG� 02]. The latter supplied
knowledgeon the conceptsandapplicationof information
visualization.Thejoint efforts have resultedin a new, inter-
active, and real-timevisualizationtool for explorationand
comparisonof annotatedDNA sequences.It facilitatesthe
analysisof annotatedgenomeandis calledDNAvis.

2. Data sets

A DNA datasetD = (S;A ) consistsof a DNA sequenceS
andacollectionA of annotationsonS. ThesequenceS is a
stringof lettersfrom thealphabetf A;T;C;G;Ng. Thesym-
bolsA, T,C, andG representthebuilding blocksof theDNA
molecule,the nucleotidesadenine,thymine, cytosine,and
guanine,respectively. ThesymbolN indicatesa positionin
theDNA sequencewheretheactualnucleotideis unknown.
DNA is doublestranded.A givenDNA sequencerepresents
the forward strandand de�nes the other, so-calledreverse
strand,with the nucleotidesreplacedby their complements
asfollows:A ! T, T ! A, C ! G, G ! C, andN ! N. An
interval [i:: j ] of positionsin S is calleda region on S. The
DNA sequencesarereadfrom �les in FASTA format[FAS].

An annotationa 2 A canberepresentedby thetuple

a = (type;source;strand; regions; properties)

wheretheattributesarespeci�edasfollows:

type: string identi�es thetype,for example“Gene”.
source: string identi�es the source,for example,a public

databaseor theprogramusedto predictthisannotation.
strand2 f `+' ; `–'; `.' g indicateswhetherthe annotationis

locatedon the forward strand(`+'), the reversestrand
(`–'), or bothstrands(or is unknown) (`.').

regions de�nes a non-emptysetof regionson S. Although
many annotationshave only one region, multiple and
overlappingregionsperannotationareallowed.Theanno-
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Figure 1: A screenshotof DNAVis with notesaddedto identify user interfaceelements.DNAVis hasa con�gurable number
of views.Here four views are shown.Each bar view showsinformationon a region of DNA sequenceand matrix views on a
combinationof two regions.

tationtypemaydictatethenumberof regions.Theextent
of anannotationa is the region [min::max] wheremin is
theminimumof all startpositionsandmaxthemaximum
of all endpositionsof theregionsof a.

properties is asetof name-valuepairsrepresentingproper-
tiesthatarenotcontainedin thestandardattributes.

Annotationsare supplied as �les in GFF format [GFF].
There are many types of annotations.Three annotation
typesthat show the large variation in annotationtypesare
gene,miRNA_candidate,andsimilarity. Annotationsof type
“Gene” indicatethe involvementof this region of DNA in
transcriptionand translation(genes).Genesmay have in-
trons and exons. Exonsare de�ned by the regions of the
annotation.Sequencesinside the extent of the annotation
that arenot exons,are introns.The nameof the gene,e.g.
“At1g01330”,is providedasaproperty. Theannotationtype
“miRNA_candidate”indicatesa sequencethatcouldbelong
to a novel classof non-codingregulatory elementsin the
cell that are associatedwith the regulation systemknown
asRNA interference[BB03]. ThemiRNA_candidateanno-
tation identi�es two regions that representthe armsof the
supposedprecursormiRNA molecule.An annotationof se-
quenceS1 with type“Similarity”, andregionsattributef r1g
speci�esthat theregion r1 of S1 is similar to a region r2 of
a sequenceS2. Similarity is a precomputedand�e xible cri-
terion,it caninvolve similarity on nucleotidelevel, but also

be basedon expressioninformation.The region r2 andan
identi�er for S2 arestoredin thepropertiesattribute.

3. Requirements

On thebasisof ongoingdiscussionsbetweenthepartnersin
this casestudy, wehave de�ned twelve requirementsfor the
functionality of a visualizationtool for annotatedgenome
sequences.Therequirementscanbedividedin four different
categoriesthatconcernthetypeof datasetsincluded(I-III),
thedesiredlevel of detail(IV-VII), thedegreeof interaction
(VIII+IX), andthepossibilityfor detailedandmulti dataset
comparisons(X-XII).

Data setrequirements. First of all we requirethetool to
beableto handlethefollowing:

I sequencesof arbitrarylength,
II setswith anarbitrarynumberof annotations,and

III user-de�ned datasets.

Level of detail requirements. In addition,the (relative)
locationsanddetailsof annotationsshouldbe shown; both
are de�ned by the annotation's regions. The absolutestart
andendpositionsof the regionsshouldbe shown, but also
theirpositionsrelative to regionsin thesameor differentan-
notations.It shouldalsobepossibleto view thenucleotides
of theDNA sequenceitself. For detailedvisualizations,only
a small part of a large sequencecanbe shown. Therefore,
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Figure2: A bar view showinga regionof Arabidopsisthaliana, chromosome1, with twoannotations:At1g60820representing
a `tRNA' annotationandAt1g60830representinga `Gene'annotationwith multipleexonsandintrons.Seecolor section.

it is importantto providecontext by showing thepositionof
thispartrelativeto thewholesequence.Hence,thefollowing
featuresshouldbeincludedin thevisualization:

IV DNA nucleotides,
V (attributesof) annotations,

VI relativepositionsof annotations,and
VII anoverview.

Interaction requirements. Navigation through a DNA
datasetby zoomingandpanningshouldbereal-time,inter-
active,andcontinuous[LH02, WH00]. Furthermore,it must
be possibleto interactively specifywhich (typesof) anno-
tationsareshown in which way and to re-organizethe vi-
sualizationsuchthat it is the mosteffective for the desired
analysis.Thisde�nesanothertwo requirements:

VIII real-timezooming& panningand
IX �e xible andresponsivevisualizationcon�guration.

Comparison requirements. To see recurrent features
in DNA sequences,it must be possible to compare
(sub)sequencesat differentlevels (nucleotides,annotations,
or larger) and from different datasets.Comparisonof the
following featuresbetweenany subsequenceof oneor more
datasetsis thereforerequired:

X DNA nucleotides,
XI annotations,and

XII globalstructuresin datasets.

4. DNAVis

Having de�ned our requirementsfor a visualizationtool for
annotatedDNA sequences,we have evaluatedvariousex-
isting tools and methods.Without showing all details,we
concludethatnoneof thecurrentlyavailabletoolsor meth-
ods,eitherweb-basedor locally installed,complieswith all
requirementsde�ned [Pee03]. Remarkableis that most of
thesetoolsmissthereal-timezooming& panning(VIII) and
the responsive usercontrolledvisualization(IX) . They are
mostlyweakin thecomparisonrequirements(X - XII), espe-
cially if it concernstherelationshipbetweendifferentlevels
of detail of a singledataset.For example,the popularand

very usefulGenericGenomeBrowser[SMS� 02] doesoffer
semanticzoomingandannotationcomparison,but zooming
andpanningis not real-time(VIII) andthebrowserdoesnot
supportDNA sequencecomparisons(X).

Therefore,we have developeda DNA visualizationtool
that ful�lls all de�ned requirements.DNAVis is written in
C++ andrunson both Windows andLinux platforms.Fig-
ure 1 shows a screenshot of DNAVis. The largestpart of
thescreenis takenby a canvas.Thecanvascontainsoneor
more views. In eachview one or more datasetsare visu-
alized.Figure1 shows four views: threebarviews andone
matrix view. Thenucleotideandannotationvisualizationis
describedin section4.1. Thebarview is describedin section
4.2. Section4.3 outlinesthebene�ts of multiple barviews.
Thematrix view is describedin section4.4.

4.1. Nucleotidesand annotation visualization

Nucleotidesandannotationsof a DNA sequenceareshown
by both icons and text. Theseelementsare orderedalong
a horizontalaxis, the so-calledsequenceaxis. This allows
stackingof multiple axes,economicaluseof screenspace,
and renderingof text in naturalreadorder. The useof se-
manticzooming[BH94] accomplishesthat someattributes
areonly renderedif spacepermits.This improvesboth the
renderingspeedandtheclarity of theimage.

Representationsof thenucleotidesaredrawn alongthese-
quenceaxis.Eachnucleotideis renderedasa coloredrect-
anglewith the correspondingletter, A, C, T, or G, inside.
Figure2 shows both a DNA sequenceandits complement.
If spacebecomeslimited, �rst the lettersanduponfurther
limitation thecoloredrectanglesdisappear.

Annotationsarealsodisplayedalonga sequenceaxis by
visualizingseveralof their attributes(see�gure 2):

� Thetypeis visually representedby acon�gurablecolor.
� Theregionsof anannotation(e.g.theexonsof genes)are

representedwith thick rectangles.
� The extent of an annotation,spanningall its regions, is

shown asa thin rectangleconnectingall thick rectangles.
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Figure 3: Threeviewsthat showthesamelocation(aroundthe10 millionth nucleotide)on chromosome4 of Arabidopsisbut
each on a different level of detail. All viewshavemultiplebars with different layoutsfor theannotations.Thetop view shows
approximately1 million nucleotidesof thedataset.Thecenterview showsa region of 17659nucleotidesandthebottomview
showstheactualnucleotidesandtheir complementsona sequenceregionof 52nucleotides.

� Thenameof theannotationis shown insideits extent.
� The forwardandreversestrand aredrawn astransparent

graytrianglespointingto theright or theleft, respectively.

Usingsemanticzooming,if anannotationis reducedto only
a few pixels its strandand subdivision in regions are not
drawn. If theuserclicks on anannotation,all textual infor-
mationfor thatannotationis shown in thetext area(seeFig-
ure 1). This allows analysisof exact regions or additional
propertiesthatarenotvisualized.

4.2. Bar view

A barview shows informationof a singledataseton a hori-
zontalsequenceaxis;theverticalaxisis usedfor stackingin-
formation.To do this,eachbarview is partitionedinto bars,
eachof which is ahorizontalstrip thatcoverstheview's full
width (seeFigure2). A bar view andeachof its barsvisu-
alizethesameregion r of thesamedataset.Informationon
this regionanddatasetareshown in threeseparatebars:

1. Theoverview bar representsthewholedatasetby a his-
togramshowing thedensityof theannotationsin thedata
set.It highlightsthecurrentlocationandregionwith ared
line anda transparentredrectangle.

2. The location bar displaysthe nameof the dataset and
givestheexactpositionandsizeof theregion.

3. Theruler bar showsruler-likeverticallinesat thebottom
of theview indicatingthescaleof thevisualization.This
scaleindicationautomaticallyadaptsto therangeused.

Annotationsaredisplayedon annotationbars. Theusercan
con�gure therenderingof thesebarsperbarview by setting
the numberof annotationbarsand assigningany rangeof
annotationbarsto eachof theannotationtypes.Hence,mul-
tiple typesof annotationscanbe shown on oneannotation
bar andannotationsof one type canbe spreadover multi-
ple annotationbars.Theformercanbeusefulto save space,
especiallyif the concernedannotationsdo not overlap,the
latter is usefulif annotationsof onetypedo overlap.In Fig-
ure 3 an exampleis shown wheregenesandmiRNAs each
have a singlebar in the top view andareeachspreadover
two barsin themiddleview.

Any bar view can usea perspective wall [MRC91]. By
allowing partsof a bar view to have lessdetail perspective
walls canshow moreof a datasetat onceandconsequently
improve context awareness.Figures1 and3 show barviews
with perspective walls. The interactionandnavigation im-
plementedin a barview with respectto panningandzoom-
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Figure4: A matrixview comparingtwodifferentregionsof theArabidopsisgenome. Thelargedarkrectanglesin thecompari-
sonmatrix indicatea precalculatedlargescalesimilarity betweenthetworegions.Ona smallerscaletheresultsof a nucleotide
comparison,which is calculatedon-the-�y, is shown.

ing is continuous.Horizontal draggingof the bar leadsto
panningleft or right, verticaldraggingto zoomingin or out.

4.3. Multiple bar views

The DNAVis canvas can containmultiple views (seeFig-
ure 1) which the usercanaddandremove. Eachview has
independentsettingsfor the dataset(s)it displays,the cur-
rent region(s) it shows, the numberof annotationbars,the
distributionof annotationsaswell astheDNA sequenceover
theannotationbars.Moreover, viewscanbelinked[JBO94].
When panningn nucleotidesto the left or right in the se-
lectedview, all linkedviews follow independentof their lo-
cationandlevel of detail.Also whenzoomingin or out the
linked views zoomwith the samefactor. The rangeand/or
thelocationof aview canbecopiedto theviews linkedto it.
This facilitatesbrowsing andcomparingmultiple datasets
at thesamelevel of detailaswell asbrowsingthesamedata
setatmultiple levelsof detail(SeeFigure3).

4.4. Matrix view

For comparingdatasetsDNAVis alsohasamatrixview (see
Figure 4). This view is usedfor visualizing precalculated
similarity annotationsandallows on thehighestlevel of de-
tail direct comparisonof sequencedata.The matrix view
consistsof a comparisonmatrix, a horizontalbarview, and
a vertical bar view. Thesebar views indicatethe compared
regionsof thedatasets.Insidethecomparisonmatrix,simi-
laritiesbetweentheseregionsareshown ascolor-codedrect-
angles.Regionswith asimilarity annotationarecoloredred.

If the level of detail is high enough,identical nucleotides
in thecomparedregionsareshown asorangerectangles,re-
sultingin a dot plot [CH93]. Complementarynucleotidesin
theseregionsaregreen.

Becausenucleotidecomparisonsdo not overlapandthey
aredrawn slightly transparentover higher-level similarities,
all threetypesof similarities can be shown in one image.
Figure4 shows a matrix view comparingtwo partsof Ara-
bidopsisthaliana chromosome2. Navigating the two data
setsandtheircomparisoncanbedonein two ways:by drag-
gingandzoomingof thecomparisonmatrixor by manipulat-
ing thebarviews.Theusercaninteractively browsethrough
thecomparisonandchangethelevel of detailin acontinuous
way. Finally, the matrix view canbe combinedand linked
with otherviews.

5. Results

TheDNAVis tool offersa fastandhighly �e xible methodto
visualizelarge genomesand their annotations.The visual-
izationfeaturesaccomplishedcontributeto a betteranalysis
andinterpretationof biologicalrelevance.Differenttypesof
annotationscanbegenerated,for examplefor miRNA candi-
dates,possiblechromatinboundariesand/orexisting splice
variants.Visual inspectionwith DNAVis makesit easierto
relatetheseannotationsto positionandunderlyingDNA se-
quence.This allows investigatingcommonbiologicalques-
tionsaboutchromosomaldistributionaswell astherelation-
shipbetweenannotations.

For example, the miRNA candidate Mir10733 (un-
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Figure5: A miRNA candidateshownto bedirectlydownstreamof a gene.

published data) is located directly downstreamof gene
At1g41860(Figure 5). This may indicatethat the expres-
sionof At1g41860affectsexpressionof the targetgenesof
Mir10733. In this way, the visualizationaccomplishedby
DNAVis helpsto generatenew hypothesesrelatingposition
to functionthatcanbeinvestigated.Notablysimultaneously
viewing multiple areasof differentgenomessupportscom-
parative studieson genomeorganizationand activity. For
example,incompletelysequencedgenomesof bacteriamay
becomparedto fully sequencedgenomesto identify poten-
tial regionsor genesof interest.A currentdisadvantageof
DNAVis is thatall annotationsmustbesuppliedin advance
in GFFformat.Whencoupledto a database,futureversions
of DNAVis maydealin amorefriendlyand�e xiblewaywith
annotations.This allows direct error correctionin genome
annotations,without compromisingperformance.The ease
of visualizationis thenhelpful in improving annotationsof
genomedata.Particularlyexciting is thefuture inclusionof
geneexpressiondataasannotation.Thisposestheadditional
challengeof visualizingtissueand/ororganspeci�c expres-
sion,or expressionthat is developmentallycontrolled.Easy
browsingagenomefor genesexpressedonly in root,or only
during leaf developmenthelpsbiologistseven more to ex-
plorestructureandfunctionof agenome.

Finally, DNAVis meetstherequirementsspeci�ed in sec-
tion 3 but it is to be expectedthat further usageof the
tool will generateadditional requirements,triggered by
additional annotationtypes or new biological insight in
DNA.
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