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ABSTRACT

Fluorescensignalintensitiesrom confocallaserscanningnicroscope$CLSM) suffer from several
distortionsinherentto the method. Namely theseare the decayof intensitieswith increasing
depthby finite transpareng of the mediaused,the effects of extinction of the examinedobjects,
the bleachingof the fluorochromeand stray light at surfaceswithin the volume underresearch.
Under certainassumptionshe decayof intensitiescan be estimatedand usedfor a partial depth
intensitycorrection. This estimationof the approximatedntensitydecayfunctionis describedand
its correctioneffectis outlined.

Volume and local distribution parametersof bacterial cultures marked by fluorescentin situ
hybridization (FISH) are measured.Measurementsvith different correctionsare comparedwith
measurementsf original data.
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INTRODUCTION

Population®f bacterian biofilmslabelledby fluorescenbligonucleotidgrobesaredigitizedwith aconfocal
laserscanningmicroscopdCLSM). Thesedataareusedto analyzethe microbialcommunitystructure o obtain
information on the legalizationof specific bacterialgroupsandto examine geneexpression.ln this study a
plasmidencodinga genefor the expressionof the enhancedyellow fluorescentprotein (EYFP) and FISH in
combinationwith CLSM wereusedto determingn situgenetransferfrequenciesn modelbacteriabiofilms. This
informationis urgentlyrequiredfor anin-depthunderstandingf the functionand,moregenerally the microbial
ecologyof biofilms (Hausnerand Wuertz,1999; Geisenbeger et al., 1999). Biofilms attachedo a substratum
in anexperimentakervironmentareanalyzedoy relatingthe differentmarked regionsunderconsideratiorof the
local bacterialdensity

To obtainareliabledistinctionbetweerbackgroundandobjectsof interestthe segmentatiorof fluorescently-
labelledbacteria the original dataobtainedfrom CLSM have to be corrected Accordingto Ploemand Tanke
(1987)andanearlywork of RigautandVassy(1991)dataandmodel-basedorrectionimprove the potentialof
3-D measurementsonsiderablyAn correctionschemédbasen anapproximatednversionof the CLSM transfer
functionwasshown in Visseret al. (1991) by aniteratve methodand laterimproved by Roerdinkand Bakker
(1993) using the Fourier transform.In contrastto the relative large expenseof computingtime (Visseret al.,
1991; Roerdinkand Bakker, 1993)we presenta methodto estimateapproximatelythe intensity decayanduse
this functionto correcteitherthe measuredluorescentntensitiesor the segmentatiorthreshold.

Segymentedesultsareevaluatedo obtainquantitatve description®f volumetric,topological(andtopographi-
cal) properties.Measurementsre performedon different compartmentof the componentaunder research.
Growth form aswell asinteractionof component<anbe quantitatvely described Classicalmeasurementsf
volumeandintensity(shapedistribution) anddistance-dependeiriteractionmeasuremenissingmethodsrom
mathematicaimorphologyareperformed.
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MATERIAL

Thehybridizedbiofilm wasautomaticallyscannedvith aZeissLSM410CLSM (Kuihnetal., 1998).In eachcase,
9 vertical stacksof images(xy-sections 512 pixels) were collectedwith 60 images(slices)per stackfor the a
biofilm usinga 40x 1.3 NA oil immersionobjective. The voxel sizeis 0.25 x 0.25 x 1.0(um)3, henceonestack
or volumeblock coversaboutl million (um)3,

Labelledcellsweredetectedasfollows: Recipients633nm (excitation),665nm (emission);Y FP-expressing
cells:488nm (excitation),525-540nm (emission)fransconjugantgrobe-positie EY FP-epressingellswhich
weredetectedoy co-localization(emissionin both the 525-540nm and >665 nm ranges).The relatively weak
intensity signhalshave to be detected displayed(Rodenackr et al., 1997) and measuredRodenackr et al.,
2000).Thedecayof intensitiesn depthis amajorartifactfor erroneousegmentatiorby intensitythresholdsand
succeedingneasurements.

METHODS

ASSUMPTIONS

To estimatehe intensitydecayfunction (IDF) severalmodelassumptionfiave to be consideredThefollowing
list is normallynotfulfilled but helpful for the evaluationandmodeldesign:(i) homogeneityf mediumin depth,
(i) independencef emissionon depth, (iii) transpareng of stainedobjectsin depth,(iv) truncatedemission
valuesduringdigitization,(v) constanbackgrounaoiseintensityin depthand(vi) sufiiciently distributedemitting
materialin depth.

Theseassumptionsene for simplification of the estimationof the correctionfunction aswell asfor the
correctionitself. Critical aretheassumptionsi), (i) andnaturally(vi). They arecrucialfor the estimationof the
decayfunction.Usingdifferentdatafrom FISH-labelledporostateumorsthe decaycould be nicely demonstrated
by Purkayasth#&2000).An exponentiaimodelof decayalloweda satisfyingpartialcorrectionof depthinfluences.
This methodis extendedand usedto calculatethe decayfunction by log-linear fitting. Main problemis the
estimationof initial decayor lossbasednthe measure@missionintensities.

OBSERVATIONS AND PHYSICAL PROPERTIES

Extinction of light caused by the surrounding medium - Thedecaycausedy themediumhasto beexponential.
Let & be the optical densityof the mediumper slice, Q the quantumefficiency of the fluorochromesT, the
excitation light at depthO (surface), T, (t) the excitation light at objectlocationof deptht (seeFig. 1a), T{ the
emittedlight at objectlocation causedby excitation light T, and T, the measuredemittedlight at the surface
(t=0):

T, (t T!
_Iog# =~ Ot; _IOQT/(Z»[) =~ Ot; Tl’ =QT, = -|-2/ ~ QTOe—zest ) (1)
0 1

Extinction of light by occlusion (shadowing) - The extinction by shadeving (seeFig. 1a) cannotbe modelled
theoretically Themeasuref influencess stronglyrelatedto theamountof distributedmaterialits opticaldensity
or absorptiorrespectrely. We have exampleswith a 100%lossbelow (behind)certainobjects.Of coursein this
caseevery correctionapproactwill fail.

Intensity loss by bleaching - Assumingan imagecollectionprocessstartingat depthO andgoing down one
(optical) sectionby one,the deepessectionsare exposedto the excitation light for the longestperiod of time
before their emissionis measuredDependingon the sensitvity of the fluorochromesa certain amountof
bleachingandhencereductionof the quantumefficiency will occut

Detector noise - Whenobservingthe distribution of the intensitiesof the interactively selectedbackgroundf
thedatait canbededucedhatbackgroundhoiseis independenbn depth(Purkayastha2000).
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CALCULATIONS

The depth histogram - We call the setof frequeng distributions per depththe depthhistagram, represented
by a[depthx intensityclasse§ array For visualizationand possibleinsightthis arraycanbe displayedlike an
imagewherethe x-coordinataepresentthedepth(slice#, e.g.0- - - 59), they-coordinateheintensityclass(e.g.
0---255,bin size 1) andthe brightnesqggrey value)the frequeny (white, e.g.~ 2000)(seeFig. 1b). Typically,
thedepthhistogramis generate@sanaccumulatedhistogramfrom all volumestackgo obtaina betterstatistical
representation.
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Fig. 1. (a) lllustration of depthinfluenceto excitation and emissionlight; TO excitationlight at the surface T1
excitation light at objectdepth, T2 emissionlight at surface b) Image representatiorof depthhistogram from
recipientswith frequeng thresholddessthan (20, 200, 400, 800) marked by contous (left, seetext) and the
99.9%percentileasfirst estimateof the IDF (right).

The intensity decay function IDF - The IDF shouldmonotonouslydecreasainderthe assumptionstated
above. A first approacho find somepossiblepoints of the functionis the usageof very small quantilesof the
depthhistogram A first estimatefor the IDF is the 99.9%percentileper depth,showvn in Fig. 1b. Of coursethis
canonly bealowerlimit of thetrue IDF.

The 99.9% percentilefor the two fluorochromeds shavn in Fig. 2a. Sinceary intensity decayhasto be
monotonetheincreasingntensityin thefirst slicesis causedy thelack of adequatenaterial.This s illustrated
in Fig. 2b by a vertical sectionthrougha block. This region is representedby a constantfunction from depth
0 up to thelocationof the maximum(in Fig. 2a at section# 20). The restis logarithmicallytransformedfitted
by thel adf i t procedurefrom IDL. This is a linear fit usinga "robust” leastabsolutedeviation methodand
transformedack.This correspondso the theoreticaldecayof intensitiesby depth(seeSec.3.2), thefindingsin
RigautandVassy(1991)andPurkayasth2000).
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Fig. 2. (a) Decayof intensityin depth,estimatedrom nine volumeblocks for two different fluorochromes,(b)
Vertical volumesection(summedipfromseveral sectiondo showa morerepresentativehoweverblurredprofile).
Thedepthis vertically stronglyenlamed.
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A secondmethodof estimationof the IDF is alsousedby applyinga setof quantilevalues,calculatinga set
of functionsanddefiningthefinal IDF by the meanof the exponentialfactorof thefits of this setof functions.
This methodallows afiner tuning of theinfluencesof materialdistributionin depth.

The correction function - Thefinal IDF(Fig. 2a)is usedto calculatethe correctionfunction (Fig. 3a)
max(I DF (t))

vt
IDF(t) ’ @

corr(t) =
whichis appliedby multiplicationto the measuredhntensities.

IMPLEMENTATION

Theprogramsarewrittenin IDL (Interactve DataLanguageResearctsystemnc., Boulder USA). Calculations
wereperformedondifferentplatforms mostlyPC'sandUnix workstationsA wholepackagef routines(dept h_

. .. ) coveringmary aspect®f depthhistogrammanipulationfrom generatiorthroughtransformatiorto display
andinteractive accesss implementedThe packagés notlimited to the reportedapproachandis usedfor mary

otherapplicationswith 3- andhigherdimensionatlatawith similar problemdik e magneticesonancénagedata
(MRI) aswell asfunctionalMRI (fMRI).

RESULTS

With onefixedthresholdall measurementsn the original andthe correcteddatawereperformed.Thethreshold
wasin this caseinteractvely selectedy thebiologistaccordingo thebiochemicalandmorphologicaproperties
of the probesused For ninevolumeblocks(stacksthe measuredolumesof recipientsanddonorsaredisplayed
per depth(Fig. 3b). The dashedines showv the volumesof the original dataandthe solid lines the volumesof
thecorrecteddata.The correspondingorrectionfunctionsareshovn in Fig. 3a. Theamountof labelledbiomass
reachesa maximumat about10um (10 slicesby 1um) distancefrom the substrateat depthO and decreases
thanto abouthalf of the maximumfor recipientsandto a quarterof the maximumfor donors.For recipientsthe
measurementsom correcteddatacorrespondvith visual obsenation. For donorsthe slight increaseof volume
atthe endof the measuremerndepthfeedssuspicionfor over-correction.However the donorvolumeis to small
for visualinspectiorandcomparison.
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Fig. 3. (a) Multiplicative correctionfunctionfor two differentfluorochromes(b) Meanvolumeser depthfrom9
stadksfor two differentfluorochromes;solid line correcteddata,dashedine original data.

For controlandcomparisorof the methodsappliedthe correctionschemeby Visseretal. (1991);Roerdink
andBakker (1993)was applied.Although therewas no hint given for adjustmenbf the necessaryparameters,
the correctionperformeddeliveredfor our materialsimilar characteristicsThe magnitudeof this Roerdinkand
Bakker (1993)correctionwashighly dependenbn the choserparameters.
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DISCUSSION

The proposedcorrectionfunction canonly correctpartial influencesof depth.Several assumptionsened for
the designof this functionsare only partly fulfilled. Critical assumptionsrethe homogeneityof medium,the
assumedufiicient distribution of labelledmaterialandthe constang of emissionin depth.Thefirst assumption
canbecomequestionabléf EPSis presentThe seconds possiblynot fulfilled for the very sparselydistributed
donorsandthe third assumptiorconsidersbacteriaasindependenbn depthwhich is true for certaintypesof
biofilms but probablynot for all. At leastthe correctionby Visseret al. (1991); Roerdinkand Bakker (1993)
showed that for the datausedour in termsof computingtime very cheapcorrectionmethodis acceptableand
comprehensible.

In thecaseof donorsdatacorrectionthefoundfunctionis similarto theonefoundfor recipientsHoweverthe
fluorochromeEYFP s a very stableonewith very little amountof bleaching.Combinedwith the very sparsely
distributedbacteriathe assumptionsnight not be fulfilled. For verificationof the correctionfurther experiments
with varyingamountsof grown materialhave to be performed.

The datausedarebiofilms grown in a flow channelwhich canbe mountedon the CLSM. The volumedata
weregatheredvithoutary fixation.Up to now thereis for thistypeof experimentsio proceduré&nown to validate
the measurementsn correcteddatabesidemereplausibility. Besidethe necessargnlagementof the database
additionalwork hasto bedirectedto theidentificationandreductionof the noiseby (non-)linearsmoothing.
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