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Scale-invariantspatialpatternsin genomeorganization
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Eukaryoticgenomesarecharacterizedby codingregionsinterspersedwithin non-codingsequences,creatingirregulardispersal
patterns.Fractalanalysiswas appliedto the studyof thisdispersedorganizationof eukaryoticgenomes.Theresultsshowthat
eukaryoticgenomespossesstwo lengthregimes— ashortorderedlengthscale,andafractalregimewith fractaldimensionsranging
from 0.21±0.02 to 0.84±0.02. Fractalscalingprovidescluesto theorigin andevolutionof sequencepatternswithin genomes,
andprovidesuswith toolsnecessarytocharacterizesuchpatternsin detail.

1. Introduction bulk of the genome,leading someworkersto char-
acterizegenomesas consistingof “islands of tran-

Spatialpower-law correlation (fractal) analyses scribedsequencesin a seaof silentDNA” [12].
haveprovenusefulin investigationson thenatureof The majority of non-codingDNA within eukar-
the processesthat shapeirregularstructures.In bi- yotic genomesare found as intronswhich separate
ological systems,the organizationof ramifiedphys- exons (codingsequences),or intergenicspacersbe-
iological structures[1], protein backbonesandsur- tweengenesor geneclusters.Althoughnon-coding
faces [2,3] and RNA secondary structure [4] sequencesmay containregulatorysignals,mostare
appearstobegovernedby powerlaws.Recently,there believedto beessentiallynon-functional[9]. Selec-
has beeninterestin the study of long-rangecorre- live associationof coding sequencesare evident in
lations in DNA nucleotidessequencedata [5—7]. many geneclusters,a result of functional or devel-
Thesestudieshavedemonstratedthe existenceof

opmentalconstraintsongeneexpression.Thespatialcompositionalcorrelationsin DNA sequencesap-
proximityof metabolicallyrelatedgenesin smalleu-proximatedby the powerlaw karyotic genomes[13,14] andthe ~-globin cluster

F( 1) x (1) [15] arejust a few examples.Most genes,however,
arerandomlydispersedwithin the genome.Thereis

Interestingly,theselong-rangesequencecorrelations
appearprominently in the non-coding intron Se- growing evidencefrom bothexperimental[16] and

theoreticalwork [12,17,18] thatstochasticsequence
quencesof genes.

Compositionalcorrelationsareonlyoneof several rearrangementsmayberesponsiblefor the dispersal
possiblesequencecorrelationsin organismalDNA; patternsof codingsequences.Scale-invariantprop-
of interest,particularlyto biologists,arespatialcor- ertiesof genomeorganizationshouldexist if non-
relations of functionalcoding regionswithin gen- equilibrium dynamicprocessesare responsiblefor
omes.Only asmallportionoftheeukaryoticgenome coding sequencedispersal.
encodesfunctional coding sequences[8,91. Several The underlying distribution of coding sequence
studiesestimatethat only one-tenthto one-thirdof information within eukaryoticgenomesmaybe de-
genomesare necessaryfor organismalviability [9— rived using eithercorrelation [7] or box-counting
11]. Coding sequencesare interspersedwith chro- methods[191. In the former,a functiong(x) is de-
mosomalnon-codingsequencesthat comprisethat fined, which equalsp~if thebasepairat positionx is
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within a codingsequenceandP2 otherwise.Thecor- 106 I

relationfunction is

D is theHau frfldmwnsio~ Thevalueof ~•

D canalsobe determinedusingbox-countingmeth- 102
ods. A genon~icsequenceis divided into sequence
blocksof1engt~hlandcountingthenumberofblocks, 10~

n(1), which contain coding sequences.By this 100 -

method,n(l)cc&. i~o ~i 1~2 iø~ ~

L, Basepairs

2 Methods Fig. 1.Representativelogarithmicplotsofn(1) versus!for sev-
eralgenes.Curve(•) is for theE. co/i trp operon,(A) for the
humanapoAlgenecluster,and(U) for thehumanestrogenre-

A spatialaiialysisof genes,geneclustersandgen- ceptorgene.Curves (A) and(U) areverticallydisplacedone
omeswasund~rtakentoinvestigatethepropertiesof andtwoordersof magnitude,respectively.
eukaryoticgenomeorganization.Severaleukaryotic
genesor geneclusterswereanalysed,althoughpro- vexity. A transitionregionseparatestwo length re-
karyotic, viral andorganellarsystemswere included gimes— a highlyordereddomainat shortlengthscales
for comparisOn.The sequenceswerecollectedfrom andafractalregimeatlargerlengthscales.Theshort
the literatureOrGenbank;theextentandposition of lengthscales,from 1 to around19—74basepairs,show
coding sequencesin thesegeneswere alreadypre- D valuesof between0.93±0.01 to 0.99±0.01, cor-
viously deteri~iined.A box-countingalgorithmwas respondingto the constructionof exons from nu-
utilized in thd analysis,andthe logarithmic plot of cleotides.Beyondthis is a fractalregimewherecod-
n(1) versusI generatedfor eachsequence. ing sequenceorganizationdisplaysstructureovera

wide rangeof length scales.Calculateddimensions
within the fractal regime,which spanstwo decades,

3. Codingsequencedistribution in genomesshow vary widely from systemto system.It is 0.21±0.2
fractalproperties for the highly dispersedhuman5S rRNA tandem

geneclusterand0.84±0.02 for the highly compact
Representativelogarithmic plotsof n (I) versus1 N. crassa qa genecluster. This rangeof valuesre-

for severalgenomicsystemsanalysedare shownin flects the diverseorganizationalpatternsof various
fig. 1,andtheresultsaresummarizedin table 1. Pro- genesystemsandgenomes.
karyoticsystemsshowa linearplot withonevalueof The cross-overregionbetweenthe two lengthre-
D characterizingthe organizationalpatternfor the gimesin eukaryoticsystemsis a useful indicatorof
entirelength Scale studied.The fractal dimensions systemproperties[21]. In severalcases,transitions
forprokaryotiègenesandviral genomesareverynear in scalingbehaviourreflectfundamentaldifferences
unity — the lo~westvalueobtainedis 0.97±0.01for in the underlyinggrowth patternsthat give rise to
theE. coil lac~operon.Thisreflectsthe compactna- irregularstructures.Thepresenceof suchtransitions
tureof theseg~nomes,with little excessDNA to sep- in eukaryotic genomesis vividly illustrated if one
aratecoding Sequences.Evolutionary streamlining plots the fractal dimensionagainstthe length scale,
of thesegenoi~iesto minimizethe energeticburden 1, asshownin fig. 2. The cross-overregionfor our
or, for viral genomes,to allow for efficient viral systemsranges from 19 to 296 bps, which corre-
packagingaccountsfor the paucityof non-codingSe- spondsto the characteristiclength scalefor exons
quenceDNA in thesesystems. [22,23].

The fractal plots for eukaryoticgenomes,unlike
theprokaryoticsystems,displaya pronouncedcon-
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Table 1
Summaryof results(n.a.:notapplicable).

Gene/genecluster/genome Size Total coding D
1 ~ D2b)

(bp) sequencesize (bp)

viral genomes lambdaphagec> 48502 40263 0.98 n.a.
Ti phageC) 39936 36751 0.99 n.a.

E.co/igenes ma/boperon ~> 6545 5599 0.98 n.a.
zrpoperonc) 7335 6562 0.98 n.a.

!acoperonC) 7477 6024 0.97 n.a.

organellegenomeshumanmitochondria~ 16569 15361 0.99 n.a.
mousemitochondria~ 16265 15352 0.99 n.a.
tobaccochloroplast[27] 155844 95248 0.99 0.86

eukaryoticgenes N. crassaqacluster [14] 17260 10420 0.99 0.84
X.!aevisglobincluster[l5] 56615 2831 0.97 0.49
mouse hprt gene [281 33770 1318 0.97 0.31
humanhprtgene[28] 40477 1385 0.95 0.41
human5S rRNA cluster [29] 30608 1770 0.94 0.21
humanapoAcluster[30] 15709 2870 0.97 0.68
humanapoBcluster[30] 43108 14149 0.98 0.70
humanapoClcluster [30] 26932 1495 0.95 0.42
humanFactorVII gene [31] 186128 9563 0.98 0.46
humanestrogenreceptorgene[32] 144822 6269 0.98 0.29
chickenprogesteronereceptorgene[33] 37964 4671 0.98 0.51
chickenovalbumingene[34] 33933 6372 0.98 0.73
chickencrystallingene[35] 20120 3669 0.93 0.63
artificial genome[12] d) 63560 5040 0.92 0.58

~>Dimensionfor orderedregime(shortlength scalesfor two-regimesystems),with maximumerrorof±0.01. Errorestimationindicates
theleast-squaresanalysisof bestfit to a straightline for log n (1) versuslog!.

b) Dimensionforfractal regime,with maximumerrorof±0.03.
C) SequencefromGenbank. d> Eachunit takenastenbasepairs.

4. Evolutionarycomparisonsof genomeorganization while chloroplastgenomemorecloselyresembleeu-
karyotic systems.

The fractal dimension is high (>0.8) for gene One shouldnote two other interestingresults of
clustersor genomeswhosecoding sequencescom- theseanalyses.First, homologousgenesin different
prisegreaterthan 60% of the total sequence.Wide specieshavedissimilar organizationalpatternsas a
variationin fractaldimensionsfor thosesystemswith resultof their divergentevolutionaryhistories.This
less than60% coding sequenceinformation reflects is reflectedin their fractal dimensions,which may
the topological propertiesof their organizational assumevaluescharacteristicof the species— exam-
patterns,which is dependenton the evolutionary plesarethe humanandmousehprt gene,which re-
forcesthat createandmaintainthem.Thedegreeof spectively have D values of 0.41±0.02 and
clusteringisonefactorthat is reflectedin thefractal 0.31±0.02. Furthermore,various regionsof a spe-
dimension— higherdimensionsare associatedwith cies’genomehavedifferentfractal properties,point-
pronouncedclusteringof structuralelements.Inter- ing to theorganizationallyheterogenousnatureof a
estingly, the fractalpropertiesof animalmitochon- genome.Thisimpliesthat theextentof localizedev-
drial DNA are reminiscentof prokaryotic systems, olutionary structuringwithin genomesmay differ,
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genes [12,17,18]. In one simulation study [12],
randomduplicationsanddeletionsweresufficientto
generatevestigial sequences,andthe resultingarti-

0] ~ ficial genomehasfractalpropertiessimilarto thatof

1 realeukaryoticgenomes(seetable 1). The relative
importanceof variousmolecularevolutionarymech-

anismsin generatingdispersalpatternsrequiresfur-2 ] ~ therexploration,andfractal analysismayallow in-

vestigatorsto addressthis issue more closely by
providingmathematicaltoolsthatwill allow detailed
dissectionof simulationresults.

10° 101 102 ~ i0
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