
SequenceJuxtaposer:Fluid NavigationFor Large-Scale
SequenceComparisonIn Context

JamesSlack� KristianHildebrand� y TamaraMunzner� KatherineSt. Johnz

Abstract

SequenceJuxtaposeris a sequencevisualiza-
tion tool for the explorationandcomparisonof
biomolecularsequences.Weuseaninformation
visualizationtechniquecalled“accordiondraw-
ing” that guaranteesthreekey properties:con-
text, visibility, andframerate.We provide con-
text throughthe navigation metaphorof a rub-
bersheetthatcanbesmoothlystretchedto show
more details in the areasof focus, while the
surroundingregionsof context arecorrespond-
ingly shrunk. Landmarks,suchas userspeci-
�ed motifs or differencesbetweenalignedbase
pairsacrossmultiple sequences,areguaranteed
to bevisible even if locatedin theshrunkenar-
easof context. Our graphicsinfrastructurefor
progressive renderingprovides immediatere-
sponsivenessto userinteractionby guaranteeing
thatwe redraw the sceneat a target framerate.
Our preprocessingalgorithmsaresubquadratic:
O(nk) for k sequencesof n basepairs each.
All runtimerenderingalgorithmsaresublinear
in nk: they areO(v) wherev is the numberof
items visible onscreenat once,and v � nk.
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SequenceJuxtaposersupportsinteractionat 20
framesper secondwhen browsing collections
of severalhundredsequencesthatcompriseover
1.7 million total basepairs. We show threeex-
ample applicationswith large, publicly avail-
abledatasets,andweareableto quickly observe
many featuresthathadpreviously requiredsig-
ni�cant analysisto discover.
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1 Intr oduction

Biomolecularsequencecomparisonsareessen-
tial in understandingunderlyinggenomicpat-
terns. Currentsequencebrowsers[14, 17, 34,
37] supportexaminingthedataatany level from
a global overview down to a detailedview of a
small section,wherethe interactionhappensas
a discretejump from onelevel of magni�cation
to thenext. At high levelsof magni�cationonly
averysmallsubsetof thesequenceis visible,so
it is easyto losetrackof thecurrentlocationand
its positionwith respectto otherareasof inter-
est.Thecognitive loadof maintaininga mental
modelof navigationhistoryis veryhigh,andhu-
manshaveavery limited capacityto do so[38].
Explorationoften entailsfrequentbacktracking
wherepeopleremind themselves of what they
havealreadyseenandwherethey arenow in re-
lation to previousviewpoints.
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Figure1: Theentireonionyellowsphytoplasma(OY) genomeof 860Kbp. Theeightsuccessive
screenshotsshow theexplorationof a motif in thegenomeusingtheaccordiondrawer navigation
technique,wherewe interactwith sequencedataasif it weredrawn on a stretchablerubbersheet
with theborderstackeddown. Top: aftersearchingfor themotif ATTAATTTCAT, thefoundbases
aremarkedaslandmarksthatareguaranteedto bevisible,evenif they wouldordinarilybesmaller
thana singlepixel in this overview. Second-Sixth:stepsalongthe animatedtransitionthat au-
tomaticallyexpandstheentirefoundgroup. Seventh-Eighth:expansionby selectinganonscreen
regionanddraggingthemouseto resizeit.

SequenceJuxtaposerallows peopleto interact
with sequencedataasif it weredrawn ona rub-
bersheetwith theborderstackeddown [29], as
shown in Figure1. Stretchingcertainareasso
more detail can be seencausesthe rest of the
sheetto shrink accordingly, but landmarksre-
main visible in the periphery. We call this ap-
proachaccordion drawing becausethe effect
is similar to the stretchingandshrinkingof an
accordionbellows. It is an exampleof a class
of techniquesknown as“Focus+Context” in the
informationvisualizationliterature [5, 11, 15,
19], where overview and detail are integrated
into asinglecombinedview.

Accordion drawing is a powerful new in-
formation visualization techniquethat we re-
cently introducedwith the TreeJuxtaposersys-
tem for visually comparinglarge phylogenetic
trees[23]. In thiswork, we introduceaccordion
drawing for biomolecularsequences. Accor-
diondrawing provides�uid explorationof large
datasetsthroughguaranteesof threekey prop-
erties: context, visibility and frame rate. We
always provide visible context aroundthe ex-
pandedareasof interest. Ensuringthat marked
areasstayvisible, so that even in the shrunken
regions of the rubber sheetthey act as land-
marks,requiressigni�cant graphicsinfrastruc-
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ture. We accomplishthis in O(v) rather than
O(t) time, wherev is thenumberof visible nu-
cleotides,t is the total numberof nucleotides,
and v � t. Without that guarantee,marks
would simply disappearif the group of nu-
cleotideswasshrunkto an areasmallerthana
single pixel, which would lead to userdisori-
entation. Maintaining a requestedframe rate
for real-time drawing, for example20 frames
per second,providessmoothtransitionsduring
stretchingor shrinking. Transitionsallow peo-
ple to easily track visual landmarks,which is
faster than reacquiringvisual targets after an
abruptjumpcut from oneview to thenext [27].

2 Prior Work

Comparingandanalyzingsequencesis a funda-
mentalpartof bioinformatics.Many text-based
alignmenttools weredevelopedto addressthis
problem,including[10, 12,20]. Thetext-based
alignmenttools work well for aligning andan-
alyzing only a few small sequences.However,
viewing theoverall sequencestructurebecomes
dif�cult whenthe lengthof a sequenceexceeds
thewindow size(often80-100nucleotides).

Alternative approachesto sequenceview-
ing include embeddingsequencesor proper-
ties of the sequencesin three dimensional
space[1, 6, 8, 35], using fractals [2], using
“dekapentagonal”summary�gures [39], repre-
sentingalignmentsby proportionalsizedletters
at eachposition[30] andformattingsequences
for publication[3]. Furtheradvancesin visu-
alizationof pairwisealignedsequencesinclude
Artemis[28], PipMaker [31], andBARD [33].

SequenceJuxtaposercomplements recent
web-based viewers that allow the search
and display of genomic sequencesintegrated
with annotation databases[14, 17, 34, 37].
Other viewers, suchas VISTA [21] or phylo-
VISTA [32], areintendedto runonalocalclient.

Although theseapproacheshave strengths,and
many of themallow navigation of a greatdeal
of informationat differentmagni�cation levels,
noneof them allow usersto comparemultiple
sequenceswith context preserved and �uid
navigation between different magni�cation
scales.

3 Applications

SequenceJuxtaposerallows �uid navigation of
wholegenomes,wheretheoverallcontext of the
genomeis visible evenwhenregionsof interest
are being examinedin-depth. Our application
currentlyhandlesDNA andRNA sequencedata
(or stringsover thealphabetthatincludethenu-
cleotidebasesf A ,C,G,T,Ug, a symbolN for un-
determinedbases,andasymbol' -' for gaps).

Onion Yellows Genome: As a casein point,
we look at the genomefor Onion yellows phy-
toplasma(OY), a recently completed whole
genome(December2003)[25] pathogentrans-
mitted by insects. The dif�culty in culturing
it in vitro hashamperedthe study of its biol-
ogy. With thesequencingof thewholegenome,
bioinformaticstechniquescan be usedto shed
light onboththisandotherimportantphytoplas-
mas. Finding new ways to target its spreadis
of economicimportancedue to the damageit
causesto commercialplants,becausethe only
known effective treatmentis by the antibiotic
tetracycline [9].

TheOY genomehasa relatively smallsizeof
860,631bp which meansit canbe loadedinto
SequenceJuxtaposerin its entirety, as seenin
Figure 1. Using the searchfeature,we focus
in on thymidylatekinase(TMK), an anti-viral
target for phytoplasmosis.Severalbacterialho-
mologueswith catalytic activity were recently
foundby Miyata et al. [22], andwe examineon
oneof them,tmk-a(GenBankaccessionnumber
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Figure 2: Searchingfor motifs found in TMK genesin the onion yellowsphytoplasma(OY)
genome. The �rst and secondviews show the locationsof P-loopmotifs in the context of the
genomethat were found with searchstring GGNNNNGGNAANACNTCNNNNNNN in unstretched
andmagni�ed views, respectively. Thethird andfourth views show thelocationsof TMP binding
motifs foundwith searchstringGANNNNTNNNNNNNNNNNNNNNNNGCNTANCAN, againwith an
unstretchedview followedby a magni�ed one.

AB010446).We canquickly �nd severalpoten-
tial copiesof thegeneby typingasegmentof it,
ATTAATTTCAT, into the search�eld to �nd the
beginning of the coding region. The �rst line
of Figure1 shows their relative position in the
wholegenome.Thefollowing � ve lines in Fig-
ure 1 show the animatedtransitionof growing
the searchresultsasa group. The bottomtwo
lines of Figure1 show two framesduring a �-
nal zoomon theleft side,wherethemousewas
usedto selectasinglecopy of thegenein anon-
screenrectanglethat was interactively resized.
Theability to focusin onduplicategenes,in the
context of the whole genome,allows the quick
visualizationof relatedareassuchasregulatory
andfunctionalregionsupstreamof genesthem-
selves.

SequenceJuxtaposeralsoallows searchesby
regular expressionsto �nd more sophisticated
motifs. For example,we can locateimportant
regions on the TMK genesuchas the P-loop
and TMP binding site identi�ed by Miyata et
al. [22]. Figure 2 shows both a P-loop motif
searchstring which has 6 matchesacrossthe
whole genome,and a TMP-binding site mo-

tif searchwith 9 matches. The simple search
strings we usedalso match a few false posi-
tives,andafterdistinguishingthepossibleTMK
matchesthroughmanualexploration we show
those regions in expandedform. The regu-
lar expressionsearchessupportedby Sequence-
Juxtaposerallow easyexplorationfor duplicate
genes,interestingstructures,andregulatoryele-
ments.

Mammalian Mitochondrial Dataset: The
Murphy et al. [24] dataset consistsof molec-
ular datafor 22 genesand 44 mammals. The
sequencesareof length16,397bp andinclude
19 nuclearand3 mitochondrialgenesequences
for 42placentaland2 marsupialoutgroups.The
placentalmammalsfall into four superordinal
groupsandthe analysisof this datasetfocused
on resolvingthe interrelationshipsamongthese
groups.Figure3 top showsall 44 sequencesfor
the single geneCNR1, and when we �nd the
appropriatedifferencethresholdwith the slider
we can immediatelyseethat whales,dolphins,
andhipposaredistinctfromtheothersequences.
Thesethreemammalsform a clade,andfurther
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adjustingof theslidershowsothercladesin Fig-
ure 3 secondthroughfourth. The ability to see
thephylogeneticsignalof clademembershipby
simplymanipulatingthedifferenceslidershows
SequenceJuxtaposer'spower.

RbcL Gene fr om Seed-Plants: The rbcL
genefound in plantsencodesthe large subunit
of ribulosebisphosphatecarboxylase,a crucial
enzymein photosynthesis[7]. Given its im-
portantfunctional role, the proteinsequenceis
highly conserved acrossspecies.The 714 Kbp
Chaseet al. treezilla datasetcontains500
seed-plantrbcL sequencesof 1428 basepairs
each[7, 26]. KelloggandJulianofound that in
this dataset105sequences(22%)areabsolutely
conservedacrossall, while another110hadonly
onechange[16]. While thefunction(andamino
acidscodedfor) arehighly conserved,theactual
codonsvary from sequenceto sequence.

Wall and Herbeckdid a sophisticatedprob-
abilistic analysis, using maximum likelihood
techniquesand factoring in the G+C content
of each species[36]. A goal was to deter-
minewhethercodonbiaschangesover timeand
if evolutionary trendscan be found to explain
codon choice and differing amountsof bias.
They found that certain residueswere signi�-
cantly correlatedwith codonbias. Thesewere
the twofold aminoacids(with exactly two pos-
sible codons): glutamic acid, lysine, cystine,
phenylalanine, glutamine, and tyrosine, plus
leucineastheonly sixfold one. Proline,a four-
fold aminoacid, wasthe only exceptionto the
easilycharacterizedbehavior of the otherfour-
fold aminoacids,becauseits codonbiaswasun-
usuallydivergentacrossclades.

Figure 4 shows that we can quickly ob-
servethisphenomenonin thetreezilla rbcL
datasetusingthevisualizationcapabilitiesbuilt
into SequenceJuxtaposer. A few minutesof in-
teractive explorationwith the slider locatesthe

interestingdifferencethresholdof 62%, where
we just begin to seered marks in the image.
Figure4 top shows the areasaroundthesedif-
ferencesafter expansion,where the red mark
falls at the end of the codon triplet. For ex-
ample, we see that in the secondcolumn of
highlighteddifferences,the codonsare mostly
CTN (whereN matchesany character),because
the vertical strip correspondingto the �rst nu-
cleotidesite is mostly blue. A few pink areas
show thatTTN alsooccurs.Six codonpossibili-
tiescodefor leucineandtheothertwo codefor
phenylalanine. Both of thoseresiduesarecor-
relatedstronglywith codonbias. Similarly, we
can inspectthe third areaof differencesto see
that the dominantcodonis the yellow-greenof
GAN. In thiscase,theidentityof thethird sitein
the codonaffectswhich residueit encodes,but
theredmarkingshidethis information.Figure4
bottomshowsthesameview with thereddiffer-
encemarkingturnedoff, sothatwecantheneas-
ily seethecolorsthat representnucleotidetype
in thosevertical strips. Glutamic acid codons
endwith A (green)or G (yellow), which occura
signi�cant fractionof the time. The fourth dif-
ferencecolumnof CCN encodesproline.

AlthoughSequenceJuxtaposerdoesnot visu-
ally communicateall of the �ne-graineddetails
of the codon bias capturedin Wall and Her-
beck's maximumlikelihoodanalysistechnique,
our tool doesrendermany of their resultsvi-
sually apparentafter a minimal amountof vi-
sualexploration. The setof techniqueswe de-
scribeabove are: focusingon regionsof differ-
ence,zoomingin on neighboringcodons,tog-
gling differencehiglighting, andviewing other
specieswith similar patterns. Examining the
regions of differencesprovides intuition about
which aminoacidsarecodedby several differ-
ent codonsandshows their relative position in
the sequence.The new visualizationcapabili-
ties of accordiondrawing will provide similar
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biological insight to guide future experimental
andcomputeranalysisof sequences.

4 Algorithms

SequenceJuxtaposerusesadvancedalgorithms
for drawing, searchingand interaction. Our
datasetcontainsa total numbert = nk of nu-
cleotides,wheren is thenumberof nucleotides
persequenceandk is thenumberof sequences.
In thecommoncaseof redrawing frames,which
happensmany times per second,our runtime
algorithms are all sublinear in t. The user-
initiated actionsof changingdifferencethresh-
oldsor searchingfor motifs arelinear in t. Our
preprocessingalgorithmsareall subquadraticin
t. Gapsthat occur in all loadedsequencesare
automaticallyelidedduringpreprocessing.

Differences: Computing the differencesbe-
tween aligned nucleotidesin sequenceshas a
processingcostof O(nk), wheren is thenumber
of nucleotidepositionsandk is the numberof
sequences.We make a �rst passthroughthese-
quencesatanucleotidepositionto �nd the“ma-
jority” nucleotide,that occursmost often, and
what percentageof nucleotidesin that column
differ. If thepercentageis beyondthethreshold,
which is interactively controllableby the user
througha slider, then we make a secondpass
throughthatcolumntomarkthenucleotidesthat
do not matchthe majority. Gapsand undeter-
mined basepairs are ignored. This O(t) pro-
cessinghappensat startuptime and whenever
theusermovestheslider.

Searching: Users initiate a searcheither by
entering charactersin a text box or by sim-
ply draggingthe mousein the window across
an expanseof nucleotideswhile the shift key
is held down. Our algorithm is basedon the

linear-time Knuth-Morris-Prattstring-matching
algorithm[18]. Our variantsupportsgap-aware
search,skipping gapswhen checkingif a se-
quencematchesasearchstring.Wealsosupport
a limited form of regularexpressionsby option-
ally allowing searchstringsto containthe un-
determinedbasecharacterN that matchesany
nucleotide.Thesearchcostis alsoO(t).

Interaction: The look and feel of the �uid
interactionis dif�cult to communicatethrough
words and still images,so we also provide an
accompanying videoshowing thesystemin ac-
tion� .

Rectangularareascan be expandedor con-
tractedby selectingeitheranareaof thewindow
to freely resizewith the mouse,or by picking
a group of nucleotidesto grow or shrink. Al-
thoughtheabsolutepositionof anitem changes
when we resizeregions, the relative ordering
betweenitemsstaysconstantin both the hori-
zontalandvertical directions. With interactive
resizing,the userdragsthe mousein the win-
dow to de�ne the active areaand then resizes
thatareaby moving thevisiblerubberbandfrom
one of its corners. Userscan also trigger an
animatedtransition to grow or shrink all nu-
cleotidesbelongingto a particulargroup with
a button press. The threemain groupsare the
nucleotidesmarkedascurrentsearchresults,as
alignmentgaps,andasdifferentaccordingto the
currentthresholdvalue.

Drawing: Our drawing algorithms are de-
signedfor scalableperformanceevenwhenthe
total numberof nucleotidest in the datasetis
much larger than the number of visible nu-
cleotides v that can be seen in any single
view. UsingalgorithmsthatareO(t) would lead
to unacceptablyslow interactive performance,

� http://www.cs.ubc.ca/˜tmm/papers/sj
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whereasO(v) or O(log t) yieldsacceptablerun-
time results.Thenumberof visible nucleotides
dependson thenumberof pixelsp availablefor
display. We mustalwayskeeptheentiredataset
in memory, becausewith rubbersheetnaviga-
tion thesetof visible itemscouldchangedrasti-
cally in justa few frames.

Oneobviousway to ensureO(v) renderingis
to cull the geometricelementsin highly com-
pressedareas,wherethey wouldbeinvisiblebe-
causethey are smaller than a single onscreen
pixel. However, our guaranteeof landmark
visibility requireschecking if any of the nu-
cleotidescorrespondingto a highly compressed
onscreenareashouldbemarked. Thenaive ap-
proachto this would be linear in t, the total
numberof nucleotides.Instead,at preprocess-
ing time we build a quadtreein O(t logt) time
that mapsthe coloredboxes that are the geo-
metric representationof a nucleotideinto a hi-
erarchicaldecompositionof spaceinto quadtree
cells. In our previous descriptionof accor-
dion drawing for trees,we describea variant
of quadtreesthatef�ciently supportsnavigation
throughgrowing andshrinkingareas[23]. Be-
fore culling, we checka quadtreecell against
eachof the two marked groups(differencesor
searchresults). The groupsarekept as r con-
tiguous ranges,where r can be at most t=2,
sinceadjacentrangesaremergedwhenitemsare
addedor removedfrom groups.We storethe r
rangesin asortedtreefor anO(log r ) lookup,so
the total costof the guaranteedvisibility check
O(v logr ), which is indeedsublinearin thetotal
nodecountt.

We want immediaterealtimeresponsewhen
resizing regions, even if the datasetis very
large. If we simply sendevery geometricitem
in the scenethrough the conventional render-
ing pipelinesupportedin graphicshardware,we
havenosuchguarantee:thetime it takesto ren-
der dependson the sizeof the dataset.We in-

steadwant to draw for a �x ed amountof time
andthencheckbackfor userinteractionbefore
continuing. This approachis called progres-
sive rendering[4], and althoughpopularwith
high-endgraphicsapplications[13] it is unfor-
tunatelyuncommonin informationvisualization
systems.We usea priority queueto draw items
in orderof currentonscreensizesothatany par-
tial frame along the way hasthe bestpossible
picture,wherethemagni�edareasaredrawn be-
forecompressedones.

Theguaranteesonframerateandvisibility in-
curoverheadcomparedto simplyusingthestan-
dardrenderingpipeline.However, wearguethat
the cost is outweighedby the bene�ts of im-
mediateinteractiveresponseandpersistentland-
marks. Our approachprovidesvery high infor-
mationdensityaswell asextremelylightweight
and�uid navigation.

Performance: Web-basedsequencebrowsers
imposeminimalrequirementsonthelocalclient
machine,becauseall of the major computation
is done with a large remoteserver farm [14,
17, 34, 37]. In contrast,SequenceJuxtaposer
requiressigni�cant memory resourcesto load
very largedatasetsin orderto support�uid nav-
igation. We requireimmediateaccessin local
memorynot only to the entire raw dataset,but
alsoto oursupportingdatastructuressuchasthe
quadtree-basedaccordiondrawers.

Our prototype is written in Java using the
GL4Java bindingsto the OpenGLgraphicsli-
brary. The benchmarksbelow were run on a
3.0GHzPentium4 with 2GB of main memory
runningthe Linux 2.4.20-24.9smpkernel,Java
1.4.102-b06(HotSpot)with a 1.5GBheap,and
annVidia GeForceFX5900Ultra graphicscard.

Figure5 shows that we have achieved linear
memoryuse,andcansupportexplorationfor a
maximumof 1.7 million basepairs. Our sys-
tem's linear memory footprint allows it to be
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Figure 5: Our memory footprint is linear in the
numberof basepairs,andour systemhandlesreal-
time explorationin context for datasetsof up to 1.7
million basepairs.

used for interactive exploration of both huge
datasetson high-end desktop machines,and
medium-sizeddatasetson low-endlaptopssuch
asiBooks.

Oursecondbenchmarkteststhetimerequired
to preprocessand draw frames for the entire
Murphy et al. [24] datasetof 44 sequencesof
16397bp each,721 Kbp total. Preprocessing
to computedifferencesandbuild our accordion
drawer datastructurestook 25 secondsof wall
clock time. The time to draw the entirescene
in full detail rangedfrom 5 secondsfor the
bestcasewith no marked regions to checkfor
guaranteedvisibility, to 7 secondsfor theworst
casewhereevery columnthathasdifferencesis
marked. Recallthatwe alwaysprovide interac-
tive responsein 100 milliseconds,so userscan
interactwithout waiting for the systemto pro-
gressively �nish �lling in thefull scene.

Finally, ourapproachadaptswell to veryhigh
resolutiondisplayssuch as the 9Mpixel IBM
T221 �atpanel display. In our accompanying
video, we show that our progressive rendering
approachprovidesrealtimeresponsiveness.

5 Futur eWork

SequenceJuxtaposeris open source, and
a beta version is currently available at
http://www.cs.ubc.ca/˜tmm/project s/

SequenceJuxtaposer/ .
We envision a wide rangeof possiblefuture

work for SequenceJuxtaposer. We would like
to addsupportfor proteins,andallow selection
of aminoacid coloring basedon standardclas-
si�cations of proteinssuch as polarity or hy-
drophylic vs. hydrophobicstatus. Displaying
geneannotationsin SequenceJuxtaposerwould
enableto navigation through a rich and user-
controllablesetof landmarks.Currentgenome
browsers display such information, and our
challengewould be to do so ef�ciently enough
to maintainour real-time�uid navigationcapa-
bilities. Ultimately, we could useannotations
to createa hierarchicalseriesof landmarksthat
provide layersof abstraction,allowing naviga-
tion at multiple levels of detail, ranging from
basepairs to genesto chromosomesto entire
genomes.

In the short term, we plan to join TreeJux-
taposerwith SequenceJuxtaposerfor automatic
linked navigation betweenphylogenetictrees
andmultiple sequences.We would like to use
phylogenetictreesdirectly as the sourceof hi-
erarchicalguidesto allow the viewing of thou-
sandsof sequencesin a meaningfulway. We
proposeusing treesnot only as a navigational
tool, but alsoasa way to locatepossibleregu-
latory elementsin alignedwholegenomes,and
to classifyhigherlevel differencesbetweenvery
largedatasets.

6 Conclusion

SequenceJuxtaposerincorporatesthe powerful
information visualization techniqueof accor-
dion drawing wheredetailsare always shown
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within their globalcontext, landmarksareguar-
anteedto be visible, and the frameratefor re-
drawing the sceneis guaranteedto provide re-
altime response. We achieve a runtime com-
plexity of O(v), wherev is the visible number
of nucleotidesboundedby the numberof pix-
els p in the display, rather than the O(t) cost
of the total numberof basepairs. Our start-up
andpreprocessingtimeis boundedby O(t logt)
time, and our overall memoryfootprint is lin-
ear in the numberof aligned sequences.We
canload hundredsof sequenceswith a total of
over1.7million basepairs,maintainingtheabil-
ity to �uidly resizeareasof interest. We al-
low explorationof differencesbetweenthe se-
quencesby interactively changingthethreshold
for markingdifferencesat eachnucleotidesite.
We alsosupportsearchingfor motifs with im-
mediatevisual feedback.SequenceJuxtaposer's
innovativeandpowerful new capabilitiesfor vi-
sualizingandexploring biomolecularsequence
datacanquickly leadusersto the kindsof bio-
logical insightsthat previously requiredexten-
siveanalysis.
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Figure3: We show the1001bp CNR1gene,a subsetof theMurphy et al. 44-sequencedataset[24], after
exploration revealedfour meaningfulthresholdsof differencesin nucleotidesite variability: 67%, 60%,
50%,and25%from top to bottom. Thecolumnsmarked at the60%level wereexpanded,with a middle
region betweentwo of themstretchedout. 11



Figure4: Thecomplete714Kbp treezilla dataset[7, 26] contains500seed-plantrbcL sequencesof
1428bp each. The highlightedmarksin the top view areat the differencethresholdof 62%, which we
foundafterbrief interactive exploration.Theregionsaroundhighlightedareasareexpanded,andthebottom
view shows thesamescenewithout theredhighlight markssothat thedistribution of colorsthat represent
nucleotidetype canbe alsoseenin thosevertical strips. The visible patternsof color show many of the
codonbiasresultsdescribedby Wall andHerbeck[36], aswedescribein themaintext.
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