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Abstract

The applicationof Fourier analysisto a genomecan be
usedas an indicator of genecoding regions. We have
developeda visualisationof the Fourier spectrathat al-
lows convenientwhole chromosomescanningfor genes
andotherfeatures.Themethod's rapidoperationsuitsits
applicationasa �rst passanalysis.Fourier analysisindi-
catesa strongperiodicity of 3 in coding regionsof sev-
eraldifferentorganismsandis independentof theorienta-
tion of the gene. A bitmapdisplayof the Fourier spec-
tra over a sliding window gives rapid visualisationand
localisationof coding regions in the chromosomesof a
numberof differentorganisms.Non-codingfeaturessuch
as regionsof repetitive DNA, arevisualisedat the same
time. The methodworks particularlywell on organisms
with a skewedbasecompositionsuchasthemalariapar-
asitePlasmodiumfalciparumandtheprotozoanLeishma-
nia major.

Keywords: Fourieranalysis;Plasmodiumfalciparum; Re-
peats;genomevisualisation.

1 Intr oduction

The frequency contentof a signalcanbe determinedby
theanalysisof its Fouriertransform(O'Neil 1991).When
DNA is viewed asa signal,a discreteFourier transform
providesa methodsuitedto the detectionof periodicar-
rangementsof basesin a genome.Beforea spectralanal-
ysis of a genomicsequencecan be performed,it must
be convertedfrom a string of four componentbasesto
a numericalarray. The numericalrepresentationdeter-
mineswhich featuresof the genomeare highlightedby
theanalysis.This translationcanbeperformedin a num-
berof ways.SilvermanandLinsker(1986)representeach
baseas the vertex of a tetrahedronin threedimensional
spaceand the genomesequenceis transformedinto an
arraycomposedof threedimensionalvectors. A Fourier
transformis performedon eachof the three sequences
madeup of a directionalcomponentfrom the sequence
vectors. The resultingspectrumis the sum of the three
Fourier transforms.Tiwari et al. (1997)usefour binary
stringsto representtheoccurrenceof eachbasein thenu-
cleotidesequence,summingtheindividualspectrato give
an overall samplespectrumfor the genome. Using this
method,a repeatingperiod of 3 hasbeenfound in cod-
ing regions (Fickett & Tung 1992, Tiwari et al. 1997).
Fourieranalysishasalsobeenemployedasoneof a num-
ber of weighting factorsin the determinationof intron
splicesites(Huestis& Saul2001).
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For aclearFourierspectrumto begenerated,a reason-
able sizedsampleis required. Larger samplesgive rel-
atively poor resolution,making it dif�cult to locatefea-
turesexactly usingonly the Fourier transform. This pa-
pershows thatanappropriatevisual representationof the
Fourieranalysiscanprovide a guideto genelocationand
otherperiodicfeaturesin thegenome.

2 Algorithm

A numericalrepresentationof a sampleof DNA is con-
structedfor eachof the four nucleotides. The four ar-
raysareimplementedusingbinarystringsasdescribedby
Tiwari et al. (1997),whereeachoccurrenceof the rele-
vantbaseis indicatedby a 1 andany otherbase,by a 0.
For example,a shortsequencesuchasACTGAGCTA is
transformedinto thefour strings:100010001referringto
theA nucleotide,010000100for C, 000101000for G and
001000010for T. A Fourier transformwasperformedon
eacharray, giving a spectrumwhich indicatesif thatpar-
ticular baseis appearingperiodicallyin theDNA sample.
The sumof the squaresof the individual spectrumcom-
ponentsis takento produceanoverallFourieranalysisfor
the particularsampleof the genome.The algorithmwas
implementedin C.

An overall view of a genomicsequenceis constructed
by taking sequential,overlappingsamplesand perform-
ing a combinedFourier analysison each. The samples
areoverlappedto detectperiodiciesspanningtwo adjacent
samples.Thespectrumfrom eachanalysisis scaledby a
constantfactor andconvertedto a column of grey-scale
pixels. The resultingbitmaphasa width of the genome
lengthdividedby half thesamplesizeanda depthof half
thesamplesize(only the�rst half of theFouriertransform
beingsigni�cant).

The line of pixels representingeachFourier sum is
scaledandtransformedsuchthatahighpowerin thespec-
trum is representedby a darkpixel, while low power val-
uesareassignedlight pixels. Thescalingfactorprovides
ameansof enhancinglowerpeaksasall peaksoveranar-
bitrary valuecanbemarkedblack. This allows spectrum
powerswhich areonly marginally above thebackground
noiseto beassignedthesamevisualsigni�canceasmajor
peaks.Due to the sequentialsampling,small peaksover
anumberof contiguoussamplesproducea distinctline in
the bitmap. For exampleusinga sampleof 256 bases,a
continuoushorizontalline at a pixel columnheightof 85
indicatesastrongperiod3 in thesesamples(256=85= 3).

Using a samplesizeof 512 bases,a onemillion base
genomeproducesa grey-scalebitmapin the PGM format
256 pixels x 3900 pixels in about20 secondson a 333
MHz Sun Ultra Sparc. The convenientsize meansthat
multiplebitmapscanbeviewedandcomparedusingstan-
dardgraphicssoftware. An X Window programis in de-
velopmentwhich will allow convenientscrolling of the
bitmap imagealong with scalesgiving sequenceoffsets
andperiodicityvalues.



3 Experimental

TheFourieranalysisandvisualisationwasusedto exam-
ine DNA sequencesfrom anumberof organisms.

3.1 Structur e in Non-CodingRegions

3.1.1 Plasmodiumfalciparum

The genomeof the malaria parasitePlasmodiumfalci-
parumis about30 million basepairsin sizeandis made
upof 14chromosomes.Thechromosomesrangefrom 650
kb to 3400kb in length.Thegenomehasahighproportion
of the adenine/thyminebases(82% in chromosome2).
An annotationof chromosome2 waspublishedin 1998
(Gardneretal. 1998).andis still is in theprocessof being
con�rmed (Gardner1998,Gardneret al. 1999,Huestis&
Fischer2001,Huestis& Saul2001).

Figure1 shows theFourieranalysesof the�rst 100kb
of P. falciparumchromosome2 representedasa bitmap,
usingasamplesizeof 512bases.Thissamplesizeproved
to be the best compromisebetweenresolvingshort se-
quenceswith periodic featuresand providing a strong
spectrum. Annotatedexons (Gardneret al. 1998) are
shown at thetopof the�gure for comparison.

Numerousareaswith strong periodic propertiesare
visible ashorizontallines. Referringto theannotatedex-
ons,periodicityis apparentin bothcodingandnon-coding
regions. In chromosome2, a sectionwith a periodof 7 is
visible in the 800 basesat the end of the chromosome.
Also seenin �gure 1 is a region from 1 kb to 2 kb with
a periodof 14. A strongperiod12 featureis visible from
offset10.2kb to 12kb, followedby a10kb sectionwith a
prominentperiod21 repeat.Thesefeaturesin the �rst 20
kb of chromosome2 correspondto known repeatingre-
gionsin non-codingDNA. For example,the10kb section
from 12 kb to 22 kb correspondsto the known 21 base
pair repeatregion rep20(Gardneret al. 1998) . A less
pronouncedrepeatwith aperiodof 128at2.8kb to 4.6kb
is visible at thehigherresolutionavailableon thescreen.
All the repeatregionsobservedcorrelatewith previously
describedareasof high compressibility(low complexity)
(Sternet al. 2001). Repeatingregionshave a character-
istic “laddered”appearancedue to the harmonicsof the
Fouriertransform(O'Neil 1991).

3.2 Structur e in Coding Regions

3.2.1 Plasmodiumfalciparum

Looking againat Plasmodiumfalciparumchromosome2
(Figure1), a well de�ned brokenline is seenat pixel col-
umn height 171. This denotesa strongrepeatingsignal
with a periodof 3 (512/171= 3). Theperiod3 linescor-
relatewell with exon locationsasdescribedin Gardneret
al. (1998)shown abovethebitmap,althoughthelocations
of thebeginningsandtheendsarenotalwaysexact.

Two repeatstructureswith a ladderedappearanceap-
pearin a coding region of chromosome2, at 92–98kb.
They lie within the annotatedgenePFB0095cwhich en-
codestheerythrocyte membraneproteinPfEMP3(Gard-
ner et al. 1998). PfEMP3is known to have a sectionof
repeatingaminoacids(Pasloskeetal. 1993).

3.2.2 Other Organisms

Leishmania are protozoanswith 36 chromosomes,a
genomesize of about34 million basepairs and a base
compositionof 62%GC.A Fourierbitmapwasgenerated
from Leishmaniamajor chromosome1 andthe period3
line correlatedwith theannotationof Myler et al. (1999)
(datanot shown). Becauseof L. major's higher coding
density, the codingregion endswerelessclearly de�ned
thanwith P. falciparum.

Streptomycescoelicoloris asoil-dwelling,�lamentous
bacterium.Thegenomeis in theorderof 8.6million base
pairsin lengthandhasa GC biasof 72.12%(Bentley et
al. 2002). Escherichia coli is a well known laboratory
organismwith a GC contentof 50.4%. Both thesebacte-
ria showedanalmostcontinuousperiod3 line, consistent
with theirhighcodingdensity. For E. coli theline wasnot
overly strong.In bothcasesthebreaksin theperiod3 line
werepoorlyde�ned,becauseof thehighcodingdensity.

Looking at higherorganisms,Fourierbitmappingwas
alsoappliedto the setof sequencesALLSEQ, compiled
by BursetandGuigo(1996)for thebenchmarkingof gene
�nders. Thesetof 500genes(overallGC49%)werecon-
catenatedandthenanalysedto form asinglebitmapusing
a samplesize of 256 bases. Using the Fourier bitmap,
linesindicatingstrongperiod3 evidencewerefar lessnu-
merousthan the numberof known coding regions,with
approximately30clearlyde�ned areasof strongperiodic-
ity. Figure3 shows threegeneswith a distinctiveperiod3
for theentirelengthof theannotatedexon. In additionto
thestrongperiod3 line, thesethreegenesshow multiple
ladderedstructurestypicalof repetitiveregions.

Sourcesof structur e in coding regions

It wasof interestto investigatethe basedistributionsre-
sponsiblefor the observed periodicity. Analysis of the
vectorsfor individual basesin the �rst 100 kb of P. fal-
ciparum(�gure 4) shows that the C andG analysespro-
ducethedominantperiodicityof three,with minorcontri-
butionsfrom A andT.

Two genesin theregionwereselectedfor furtherstudy,
PFB0010w(25.232 kb to 31.168 kb) and PFB0065w
(66.529kb to 67.545kb). Detailedanalysisshowed that
the period3 signalwasnot constantalongthe lengthof
thesegenes.Looking at individual baseswithin a region
of high signalstrength,thedistribution of eachbaseover
thethreecodonpositionswasdetermined(Table1).

For eachof thesetwo genesthe period3 line on the
combinedspectrumappearsto originatefrom a different
kind of periodicity within the gene. PFB0010wgivesa
strongindication on the G and T bitmaps. Samplinga
region of high periodicity 3 shows codonposition three
hasahighproportionof T. Theconcentrationof G is only
moderatelydominantatcodonpositionone,but is enough
to registeron the bitmap. Although the percentagesfor
C arealmostthe sameasG, the C bitmapshows no pe-
riod 3 signal. A possibleexplanationis that the codon
positiontwo C basesareevenlydistributedthroughoutthe
samplewhile thecodonpositiononeG basesaregrouped
together. PFB0065wis evidenton theG Fourier bitmap.
Samplingshows a high G in codonpositionone. The C
spectrumis alsoreasonablystrong.

In order to investigatethe role of codonbias in peri-
odicities,a sectionof a P. falciparumgene's aminoacid
sequencewasusedin oneexperimentto generatecodons
with a high GC bias and in anotherto generaterandom
codons.Theperiod3 line wasstill evidentin bothcases.

For Leishmaniamajor the strongestandmostconsis-
tent period 3 signal was generatedby A, which is ex-
tremely sparsein the third codon position. The genes
shown from theALLSEQ datasetall hada reducedpro-
portionof T, especiallyin codonpositionsoneandthree,
anda high proportionof A in codonposition two. The
two trichohyalingenesboth have a high proportionof C
in positiononeandG in positionthree.

4 Discussion

Fourieranalysishasbeenusedpreviouslyfor gene�nding
by Tiwari et al. (1997). We have foundthatalthoughthe
Fouriermethodgivesagoodindicationof codingregions,
especiallywith someorganisms,its resolutionis not �ne
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Figure1: P. falciparumchromosome2: Fourier analysisbitmapof the �rst 100 kb. The heavy dottedline above the
bitmapindicatesthelocationof exonsasannotatedin Gardneret al. (1998). Periodis givenasthesamplesizedivided
by thefrequency of a repeatingpattern.

PFB0010w PFB0065w

CodonPosition %A %C %G %T %A %C %G %T

1 39 32 57 18 39 19 64 24

2 41 55 31 22 18 63 25 29

3 20 13 12 60 43 18 11 47

Table1: Percentagedistributionof eachbaseover thethreecodonpositionsin asampleof 255bases.Samplesaretaken
from high period3 regionsof P. falciparumchromosome2, positions30.3kb (PFB0010w)and67.2kb (PFB0065w).

enoughto show exonboundariesclearlyevenwhenanin-
crementalsliding window is used.SinceFourieranalysis
is limited by theamountof periodicdatawhichcanbeex-
tractedfrom a genome,we have chosento usea limited
slidingwindow. This resultsin a bitmapof largegenomic
regions that is small enoughto provide an overall view,
with no furtherlossof resolution.

Thestrengthof theperiodicity3 signalvariesovercod-
ing regions.For visualeasewe adjustedthethresholdas-
signmentof pixel values,so thata consistentline is seen
overthelengthof thecodingregion. Becauseof thevisual
natureof the bitmap,a seriesof low Fourier signalsjust
above thebackgroundnoiseis discernibleasa line to the
observerwhenthresholdingis used.

Anastassiou(2000) hasuseda color bitmaprepresen-
tationof aFourieranalysisonshortsectionsof theS.cere-
visiaegenome,employing color to show phaseinforma-
tion indicatingreadingframes.In ourexperimentswith P.
falciparumthephaseanglewasnot consistentenoughto
giveanindicationof thereadingframe.

Our analysisof a numberof P. falciparumcodingre-
gionsshoweda high G prevalencein codonpositionone
andthis concurswith thecodingdistributiondescribedby
SaulandBattistutta(1988).Theconcentrationof G andC
in thecodingregionsandthetendency for theirproportion
to peakat a singlecodonpositionenhancesthe period3
signal.Highly structuredareasin noncodingregionswere
alsoobservedin P. falciparum, characterisedbyaladdered
appearance.

Our experimentswith codonsubstitutionsuggestthat
the period 3 signal is a function of the amino acid se-

quence,ratherthanof thecodonbases.This is consistent
with the �ndings of Tiwari et al. (1997). We have found
that althougha biasedbasecompositionis not a neces-
saryconditionfor detectingperiodicity3, it enhancesthe
signalandallows a clearerdelineationof the codingand
non-codingregions.

5 Conclusion

Fourier bitmapping provides a convenient and rapid
overview of agenome.Within a few seconds,thegenome
of anorganismcanbeassessedfor codingdensity, approx-
imategenelocationsand repeatregions. In mostof the
organismsstudied,Fourierbitmappingproducesa period
3 line whichcorrelateswith annotatedcodingregionsand
is particularlyprominentin genomeswith a biasedbase
composition.
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Figure2: P. falciparum: First andlast250kb of chromosomes1,2and3. Black dottedline abovechromosomes2 and3
indicateannotatedexons(Gardneret al. 1998,Bowmanet al. 1999).
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Figure3: Genesfrom theALLSEQ dataset.Dark linesabovebitmapsindicateannotatedexons(Burset& Guigo1996).
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Figure4: Bitmaprepresentationof theFourieranalysisfor eachbase.The�rst 100kb of P. falciparumshown.


