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Abstract

DNA sequenceandtheir annotationdorm ever expandingdatasets.Properexplorationsof sud datasetsrequire
new toolsfor visualizationandanalysisIn this casestudy wehavede nedtherequirementgor a visualizatiortool

for annotatedDNA sequenced\e haveimplementetheserequirementsn a new and e xibletool for browsingand
comparingannotatedDNA sequencemteractivelyandin real-time Theuseof standad informationvisualization
techniques,sud as linked windows,perspectivewalls, and smoothinteraction, enablesgenomereseachers to

obtainbetterinsightin large DNA datasetsin an effective efcient, andattractiveway.

CategyoriesandSubjectDescriptorgaccordingo ACM CCS) J.3[ComputerApplications]:Biology andgenetics

1. Intr oduction

OngoingDNA researchresultsin massive amountsof DNA

sequenceand additional knowledge on these sequences.

Such knowledge is stored as annotationson a DNA se-
guence.An example of an annotationis: the sequence
formedby the nucleotidesat the positions2000up to 7000
establishesa gene.DNA sequencesind their annotations
can form very large data sets. The Arabidopsisthaliana
(thale cress,a weedand model plant species)genome for
example,consistsof an estimatedl25,000,00thucleotides
of sequenceand the public set of annotations[SZG 02
usedin this article containsover 400,000annotationsSe-
guencesand their annotationshave to be explored for re-
searchpurposesComparisonetweersubsequencesithin
and betweendifferent datasetsmay infer biological rele-
vanceand/orimportancefrom DNA sequencesThe mere
size of the datasetsrequirespropertools for this analysis,
which arenotreadilyavailable.

This casestudy hasbeena close collaborationbetween
plantbioinformaticiansandcomputerscientistsThe former
supplied domain knowledge and data from own research
aswell as public database$SZG 02]. The latter supplied
knowledge on the conceptsand applicationof information
visualization.Thejoint efforts have resultedin a new, inter-
active, andreal-timevisualizationtool for explorationand
comparisorof annotatedDNA sequencedt facilitatesthe
analysisof annotatedyenomeandis calledDNAvis.
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2. Data sets

A DNA datasetD = (S;A) consistof aDNA sequenc&
andacollectionA of annotation®n S. Thesequencs& is a
string of lettersfrom the alphabef A; T;C; G; Ng. The sym-
bolsA, T, C, andG representhebuilding blocksof the DNA
molecule,the nucleotidesadenine thymine, cytosine, and
guaninerespectrely. The symbolN indicatesa positionin
the DNA sequenceavherethe actualnucleotideis unknowvn.
DNA is doublestrandedA givenDNA sequenceepresents
the forward strandand de nes the other so-calledreverse
strand,with the nucleotidegeplacedby their complements
asfollows:A! T, T! AC! G,G! C,andN! N.An
interval [i:: j] of positionsin S is calledaregionon S. The
DNA sequencearereadfrom les in FASTA format[FAS].

An annotatiora 2 A canberepresentedy thetuple
a = (type source strand; regions propetties)
wheretheattributesarespeci ed asfollows:

type: gring identi es thetype,for example“Gene”.

source: sring identi es the source,for example,a public
databaser the programusedto predictthis annotation.

grand?2 f'+';°-';".'g indicateswhetherthe annotationis
locatedon the forward strand ("+'), the reverse strand
("=, or bothstrandgor is unknavn) (*.).

regions de nes a non-emptysetof regionson S. Although
mary annotationshave only one region, multiple and
overlappingregionsperannotatiorareallowed.Theanno-
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Figure 1: A screenshotof DNAVis with notesaddedto identify userinterfaceelementsDNAVis hasa con gurable number
of views. Here four views are shown.Eacd bar view showsinformationon a region of DNA sequenc@nd matrix views on a

combinationof two regions.

tationtype may dictatethe numberof regions.The extent
of anannotationa is the region [min::maX whereminis
theminimumof all startpositionsandmaxthe maximum
of all endpositionsof theregionsof a.

propetties is asetof name-aluepairsrepresentingroper
tiesthatarenot containedn the standardttributes.

Annotationsare suppliedas les in GFF format [GFH.
There are mary types of annotations.Three annotation
typesthat shav the large variationin annotationtypesare
genemiRNA_candidateandsimilarity. Annotationof type
“Gene” indicatethe involvementof this region of DNA in
transcriptionand translation(genes).Genesmay have in-
trons and exons. Exons are de ned by the regions of the
annotation.Sequenceénside the extent of the annotation
that are not exons, areintrons. The nameof the gene,e.g.
“At1g01330",is providedasa property Theannotatiortype
“miRNA_candidate’indicatesa sequencé¢hatcouldbelong
to a novel classof non-codingregulatory elementsin the
cell that are associatedvith the regulation systemknown
asRNA interferencd BBO3]. The miRNA_candidateanno-
tation identi es two regionsthat representhe armsof the
supposegrecursomiRNA molecule. An annotatiorof se-
guenceS; with type“Similarity”, andregionsattributefrig
speci esthattheregionr; of Sy is similarto aregionr, of
asequencé,. Similarity is a precomputednd e xible cri-
terion, it caninvolve similarity on nucleotidelevel, but also

be basedon expressioninformation. The region r, andan
identi er for S, arestoredin the propertiesattribute.

3. Requirements

Onthebasisof ongoingdiscussiondetweerthe partnersn
this casestudy we have de ned twelve requirementgor the
functionality of a visualizationtool for annotatedgenome
sequenced.herequirementsanbedividedin four different
categoriesthatconcernthetype of datasetsincluded(l-111),
thedesiredevel of detail (IV-VII), thedegreeof interaction
(VII+IX), andthepossibilityfor detailedandmulti dataset
comparisongX-XIl).

Data setrequirements First of all we requirethetool to
beableto handlethefollowing:

I sequencesf arbitrarylength,
Il setswith anarbitrarynumberof annotationsand
Il userde ned datasets.

Level of detail requirements In addition,the (relative)
locationsand detailsof annotationshouldbe shavn; both
are de ned by the annotatiors regions The absolutestart
andend positionsof the regions shouldbe shavn, but also
their positionsrelative to regionsin the sameor differentan-
notations .t shouldalsobe possibleto view the nucleotides
of theDNA sequencdéself. For detailedvisualizationspnly
a small part of a large sequencean be shavn. Therefore,
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Figure 2: A bar view showinga region of Arabidopsishaliana chromosoméd.,, with two annotations:At1g6082Qrepresenting
a tRNA' annotationand At1g6083Qrepresentinga “Gene'annotationwith multiple exonsandintrons.Seecolor section.

it is importantto provide contect by shaving the positionof
thispartrelative to thewholesequencddence thefollowing
featuresshouldbeincludedin thevisualization:

IV DNA nucleotides,

V (attributesof) annotations,

VI relative positionsof annotationsand
VIl anoverview.

Interaction requirements Navigation througha DNA
datasetby zoomingandpanningshouldbereal-time,inter-
active,andcontinuougLH02, WHO(Q]. Furthermoreit must
be possibleto interactirely specify which (typesof) anno-
tationsare shavn in which way andto re-oiganizethe vi-
sualizationsuchthatit is the mosteffective for the desired
analysisThis de nesanothetwo requirements:

VIIl real-timezooming& panningand
IX e xible andresponsie visualizationcon guration.

Comparison requirements To see recurrentfeatures
in DNA sequences,t must be possible to compare
(sub)sequenceat differentlevels (nucleotidesannotations
or larger) and from different datasets.Comparisonof the
following featureshetweerary subsequencef oneor more
datasetsis thereforerequired:

X DNA nucleotides,
XI annotationsand
XIl globalstructuresn datasets.

4. DNAVis

Having de ned our requirementsor a visualizationtool for
annotatedDNA sequencesye have evaluatedvarious ex-
isting tools and methods.Without shaving all details,we
concludethatnoneof the currentlyavailabletools or meth-
ods,eitherweb-basear locally installed,complieswith all
requirementge ned [Pee03 Remarkablas that most of
thesetoolsmissthereal-timezooming& panning(VIIl) and
the responsie usercontrolledvisualization(IX) . They are
mostlyweakin thecomparisomequirement$X - XII), espe-
cially if it concerngherelationshipbetweerdifferentlevels
of detail of a singledataset. For example,the popularand
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very usefulGenericGenomeBrowser[SMS 02] doesoffer
semantizoomingandannotationrcomparisonput zooming
andpanningis notreal-time(VIIl) andthebrowserdoesnot
supportDNA sequenceomparisongX).

Therefore we have developeda DNA visualizationtool
thatful lls all de ned requirementsDNAVis is written in
C++ andrunson both Windows andLinux platforms.Fig-
ure 1 shavs a screenshot of DNAVis. The largestpart of
the screenis taken by a carvas. The carvascontainsoneor
more views. In eachview one or more datasetsare visu-
alized.Figure 1 shaws four views: threebar views andone
matrix view. The nucleotideandannotatiorvisualizationis
describedn sectiord.1 Thebarview is describedn section
4.2 Section4.3 outlinesthe bene ts of multiple bar views.
Thematrix view is describedn section4.4.

4.1. Nucleotidesand annotation visualization

Nucleotidesandannotation®f a DNA sequencareshavn
by both icons and text. Theseelementsare orderedalong
a horizontalaxis, the so-calledsequenceaxis This allows
stackingof multiple axes,economicaluseof screenspace,
andrenderingof text in naturalreadorder The useof se-
manticzooming[BH94] accomplisheshat someattributes
areonly renderedf spacepermits.This improvesboththe
renderingspeedandthe clarity of theimage.

Representationsf thenucleotidesredravn alongthese-
guenceaxis. Eachnucleotideis renderedasa coloredrect-
anglewith the correspondingdetter, A, C, T, or G, inside.
Figure 2 shawvs both a DNA sequenceandits complement.
If spacebecomedimited, rst the lettersand uponfurther
limitation the coloredrectangleslisappear

Annotationsare alsodisplayedalonga sequencexis by
visualizingseveral of their attributes(see gure 2):

Thetypeis visually representetdy a con gurablecolor.
Theregionsof anannotation(e.g.theexonsof geneshpre
representewvith thick rectangles.

The extent of an annotation spanningall its regions, is
shawvn asathin rectangleconnectingall thick rectangles.
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Figure 3: Threeviewsthat showthe samelocation (aroundthe 10 millionth nucleotide)on chromosomet! of Arabidopsisbut
ead on a differentlevel of detail. All views havemultiple bars with differentlayoutsfor the annotationsThetop view shows
approximatelyl million nucleotideof the dataset. Thecenterview showsa region of 17659nucleotidesandthe bottomview
showstheactualnucleotidesandtheir complementsn a sequenceegion of 52 nucleotides.

Thenameof theannotatioris shovn insideits extent.
The forward andreversestrand are drawvn astransparent
graytrianglespointingto theright or theleft, respectiely.

Usingsemantizooming,if anannotatioris reducedo only
a few pixels its strandand subdvision in regions are not
drawn. If the userclicks on anannotationall textual infor-
mationfor thatannotatioris shavn in thetext area(seefFig-
ure 1). This allows analysisof exact regions or additional
propertieshatarenotvisualized.

4.2. Bar view

A barview shavs informationof a singledataseton a hori-
zontalsequencexis;theverticalaxisis usedfor stackingin-
formation.To do this, eachbarview is partitionedinto bars,
eachof whichis ahorizontalstrip thatcoverstheview's full

width (seeFigure2). A barview andeachof its barsvisu-
alizethesameregionr of the samedataset.Informationon
thisregion anddatasetareshavn in threeseparatdars:

1. Theovervieav bar representshe whole datasetby a his-
togramshawing the densityof the annotationsn the data
set.It highlightsthecurrentlocationandregionwith ared
line andatransparentedrectangle.

2. The location bar displaysthe nameof the datasetand
givesthe exactpositionandsizeof theregion.

3. Theruler bar shavsrulerlike verticallinesat thebottom
of the view indicatingthe scaleof the visualization.This
scaleindicationautomaticallyadaptgo therangeused.

Annotationsaredisplayedon annotationbars. Theusercan
con gure therenderingof thesebarsperbarview by setting
the numberof annotationbarsand assigningary rangeof

annotatiorbarsto eachof theannotatiortypes.Hence mul-

tiple typesof annotationsan be shavn on one annotation
bar and annotation®f onetype can be spreadover multi-

ple annotatiorbars.The formercanbe usefulto save space,
especiallyif the concernedannotationgdo not overlap,the
latteris usefulif annotation®f onetype do overlap.In Fig-

ure 3 an exampleis shavn wheregenesand miRNAs each
have a singlebarin the top view andare eachspreadover
two barsin themiddleview.

Any bar view canusea perspectie wall [MRC9]]. By
allowing partsof a barview to have lessdetail perspectie
walls canshov moreof a datasetat onceandconsequently
improve context avarenesskiguresl and3 show barviews
with perspectie walls. The interactionand navigation im-
plementedn a barview with respecto panningandzoom-
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Figure4: A matrixview comparingtwo differentregionsof the ArabidopsisgenomeThelarge dark rectanglesn thecompari-
sonmatrixindicatea precalculatedarge scalesimilarity betweerthetwo regions.Ona smallerscaletheresultsof a nucleotide

comparisonwhich 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 carvas can contain multiple views (seeFig-
ure 1) which the usercanadd andremove. Eachview has
independensettingsfor the dataset(s)it displays,the cur-

rentregion(s)it shaws, the numberof annotationbars,the
distribution of annotationsswell astheDNA sequencever
theannotatiorbars.Moreover, views canbelinked[JBO94.

When panningn nucleotidesto the left or right in the se-
lectedview, all linked views follow independenof 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 and comparingmultiple datasets
atthesamedevel of detailaswell asbrowvsingthe samedata
setat multiple levels of detail (SeeFigure3).

4.4, Matrix view

For comparingdatasetsDNAVis alsohasa matrix view (see
Figure 4). This view is usedfor visualizing precalculated
similarity annotationgndallows on the highestlevel of de-
tail direct comparisonof sequencalata. The matrix view
consistsof a comparisormatrix, a horizontalbar view, and
a vertical bar view. Thesebar views indicatethe compared
regionsof thedatasets.Insidethe comparisormatrix, simi-
laritiesbetweertheseregionsareshavn ascolor-codedrect-
anglesReggionswith a similarity annotatiorarecoloredred.
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If the level of detail is high enough,identical nucleotides
in the comparedegionsareshavn asorangerectangleste-
sultingin adot plot [CH93. Complementaryucleotidesn
theseregionsaregreen.

Becauseucleotidecomparisonslo not overlapandthey
aredrawn slightly transparentver higherlevel similarities,
all threetypesof similarities can be shavn in oneimage.
Figure4 shavs a matrix view comparingtwo partsof Ara-
bidopsisthaliana chromosome2. Navigating the two data
setsandtheir comparisorcanbedonein two ways:by drag-
gingandzoomingof thecomparisommatrix or by manipulat-
ing thebarviews. The usercaninteractizely browsethrough
thecomparisorandchangehelevel of detailin acontinuous
way. Finally, the matrix view canbe combinedand linked
with otherviews.

5. Results

The DNAVis tool offersafastandhighly e xible methodto

visualizelarge genomesand their annotationsThe visual-
izationfeaturesaccomplisheaontritute to a betteranalysis
andinterpretatiorof biologicalrelevance Differenttypesof

annotationganbegeneratedipr examplefor miRNA candi-
dates possiblechromatinboundariesand/orexisting splice
variants.Visual inspectionwith DNAVis makesit easierto

relatetheseannotationgo positionandunderlyingDNA se-
guenceThis allows investigating commonbiological ques-
tionsaboutchromosomatlistribution aswell astherelation-
shipbetweerannotations.

For example, the miRNA candidate Mirl0733 (un-
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Figure 5: A miRNA candidateshownto bedirectlydownsteamof a gene

published data) is located directly downstreamof gene
Atlg41860(Figure 5). This may indicate that the expres-
sion of Atlg41860affectsexpressionof the tamget genesof
Mir10733. In this way, the visualizationaccomplishecby
DNAVis helpsto generatenew hypotheseselatingposition
to functionthatcanbeinvestigated.Notably simultaneously
viewing multiple areasof differentgenomessupportscom-
paratve studieson genomeorganizationand actwity. For
example,incompletelysequencedenome®f bacteriamay
be comparedo fully sequencedgenomeso identify poten-
tial regionsor genesof interest.A currentdisadwantageof
DNAVis is thatall annotationsnustbe suppliedin advance
in GFFformat.Whencoupledto a databasefutureversions
of DNAVis maydealin amorefriendly and e xible waywith
annotationsThis allows direct error correctionin genome
annotationswithout compromisingperformanceThe ease
of visualizationis thenhelpful in improving annotationof
genomedata.Particularly exciting is the future inclusionof
geneexpressiordataasannotationThis posegheadditional
challengeof visualizingtissueand/ororgan speci ¢ expres-
sion, or expressiorthatis developmentallycontrolled.Easy
browsingagenomefor genesxpresseanly in root, or only
during leaf developmenthelpsbiologistseven moreto ex-
plorestructureandfunctionof agenome.

Finally, DNAVis meetstherequirementspeci edin 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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