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Abstract

Typical bacterial strain differentiation methods are often challenged by high genetic similar-
ity between strains. To address this problem, we introduce a novel in silico peptide finger-
printing method based on conventional wet-lab protocols that enables the identification

of potential strain-specific peptides. These can be further investigated using in vitro ap-
proaches, laying a foundation for the development of biomarker detection and application-
specific methods. This novel method aims at reducing large amounts of comparative peptide
data to binary matrices while maintaining a high phylogenetic resolution. The underlying
case study concerns the Bacillus cereus group, namely the differentiation of Bacillus thurin-
giensis, Bacillus anthracis and Bacillus cereus strains. Results show that trees based on
cytoplasmic and extracellular peptidomes are only marginally in conflict with those based on
whole proteomes, as inferred by the established Genome-BLAST Distance Phylogeny
(GBDP) method. Hence, these results indicate that the two approaches can most likely be
used complementarily even in other organismal groups. The obtained results confirm previ-
ous reports about the misclassification of many strains within the B. cereus group. More-
over, our method was able to separate the B. anthracis strains with high resolution, similarly
to the GBDP results as benchmarked via Bayesian inference and both Maximum Likelihood
and Maximum Parsimony. In addition to the presented phylogenomic applications, whole-
peptide fingerprinting might also become a valuable complementary technique to digital
DNA-DNA hybridization, notably for bacterial classification at the species and subspecies
level in the future.

Author Summary

Molecularbasedlifferentiationof bacterialspeciessimportant in phylogeneticstudies,
diagnosticsandepidemiologicasurveillanceparticularlywhereunusualphenotype
makeshe classicaphenotypicidentification of bacteriadifficult. Typicalbacterial
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differentiationmethodsareoftenchallengedy a high geneticsimilarity amongstrains.
For decadeghetechniqueof choiceto classifyandidentify bacteriavasDNA-DNA
hybridization(DDH). Theboostingof whole-genomaequencingechnologyfacilitated
the developmenbf bioinformaticsalternativeghat could assisa muchwider numberof
laboratoriesandarelesshiasedo experimentakrrors.Currently, the Genome-to-
GenomeDistanceCalculatorwebservicejmplementingthe Genome-BLAS Distance
PhylogenyGBDP)method,providesthe highestcorrelationto conventionaDDH. Our
methodologyshowsghat wholepeptidefingerprinting may complementhe outputsof
GBDP,i.e.experimentamassspectranaybeusedto clusterthe bacteriaand more specif-
icallyit hasbeenfound usefulfor bacteriaklassificatiorat the speciesindsubspecies
level.In addition, we presentherehow peptidomesubset®btainedfrom in silicodiges-
tion of the peptidomesis an efficientwayto maintainthe phylogenetisignalwhilst
reducingthe totalamountof data,makingthis methodologysuitablefor handlinglarge
datasetsasin the caseof epidemiologicstudies.

Thisisa Methodspaper.

Introduction

Themostcommontechniquedor bacteriaklassificatiorandidentificationareconventional
DNA:DNA hybridization(DDH) [1], comparisonof 16Sor 23SrRNA genesequencesr 16S+
23SrRNA spaceregiong[2], multi-locussequencéyping (MLST)[3] andrep-PCRfingerprint-
ing [4], amongothers[5]. For decadeghetechniqueof choiceto identify and classifyspecies
hasbeenDDH with asimilarity valueof 70%DDH asthe specieslelimitationthreshold[6]. In
microbialtaxonomy,DDH is mandatorywhenevethe 16 STRNA genesequencsimilarity
betweenrtwo strainsis aboved7%for confirming thatthesedo not belongto the samespecies.
Thisthresholdhasrecentlybeenincreasedy proposingvalueof betweerf8.2and 99.0%,
dependingon the phylum[7]. ConventionaDDH haslimitations, for instancethatit is only
availablen afewspecializeanoleculadaboratoriesvorld-wideandit is particularlybiasedo
experimentakrrors[8]. Dueto this andbecausef the availabilityof whole-genomeequenc-
ing, this facilitatedthe developmenbf bioinformaticsalternativego conventionaDDH [9].

Here,the Genome-to-Genom®istanceCalculatorwebservic GGDC;freelyavailableat
http://ggdc.dsmz.defurrently providesthe highestin silicocorrelationto conventional
DDH=+without sharingthe aforementionedirawbackstwhicks a crucialrequirementfor any
suchin silicomethodto maintainconsistencyn prokaryoticspecieslelineation[10]. The
GGDCserveiincorporateghelatestversion[[10] of the Genome-BLAS DistancePhylogeny
method(GBDP)bahighly optimizedtool for the calculationof intergenomicdistancesband
estimatesligital DNA-DNA hybridizationvaluedDDH valuesfrom thesedistancesinder
recommendedettingg10]. Amongotherusefuldata,the dDDH valuesarereportedalong
with confidencentervalswhichareimportant for assessinthe statisticauncertaintyinherent
to all model-base@dpproachegl0]. In thisway,GGDC canbereliablyusedfor both species
andsubspeciedelimitation[11].

The GBDPmethodincorporatesseverabptimizationsto avoid potentiallybiasedesults
causedy elementsuchasparalogougeneor low-complexityregions It is alsorobust
againsthe useof incompletegenomesequencef.0] andcanbeappliedto both nucleotide
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andaminoaciddata.Finally,it includesapseudo-bootstrappingrocedure 10] for the calcu-
lation of replicateintergenomicdistancesywhich canbefurther usedin phylogeneti@applica-
tionsto assesBranchsupportvaluesasshownearlier[11+13].

Matrix Assisted_aserDesorption/lonizaion Time Of Flight MassSpectrometrf{MALDI--
TOF MS) hasbeenappliedasanalternativeapproachto identify anddiscriminatebetweerspe-
ciesandstrains[14+16].This alternativeis typicallyadoptedwhenthereis limited genetic
variabilitywithin or acrosghe speciesinderstudy,andassumethe presencanddetectionof
species/straigpecificpeptideshrough comparisorof their mass-to-chargeatio. In thisway
this methodsupportsspecies/straidifferentiation.However manyof thesedifferentialpeptides
maynot bedetectediueto their low abundancer other physicochemicgbropertiesj.e.,those
methodsarelimited in suchawaythatit only exploresasubsebf the total peptidicvariability.

To overcomehis limitation, wehavedesignedanovel peptidefingerprinting meth-
odologysuitablefor phylogenyinferenceThis methodologyfollowsthe samegeneraprinciple
of existingmassspectrometryapproachebut it usesvholegenomedataand protein
digestionj.e.,it doesnot involveanyconventionakexperimentationFurthermore the analysis
standson the shouldersof well-establishedoftwaretools,namelyPSortB[17], mzJav418],
SPECLUST19] andMrBayed20]. Theaimisto beableto generatavalidandmanageable
list of peptideghatarepotentiallyspecificto eachstrain. Thislist couldthenbefurther investi-
gatedusing approachessuchasL.C-MS/MS towardstheidentification of biomarkers,
strainspecificpeptidesandthe developmentf application-specifidetectionmethods.

Our casestudycoversasubsebdf strainsbelongingto the group[21]. More
preciselythe casestudycovers. , and . ( ) strains,
whichareknown to sharehigh genet|c5|mllar|ty [22]. Suchstrainsareconventionallyclassi-
fied accordingto otherfeaturessuchastheir pathogenigotentialor the presencef plasmids
[23]. From ataxonomicpoint of view,separatiorof thethree speciess still asubject
of controversyamongscientistsHowever arecentlarge-scal&hole-genomeequence-based
studyusingGBDPelucidatedhe taxonomywithin the . groupandshowedhat .

, and . ( ) speciesreindeedbelongingto individ-
ual phylogenetlcgroups[lz] Other strainsoriginally attributedto oneof thesethreespecies,
wereeithermisclassifiear belongto othernovelspeciesvithin the cluster. Theresultsof the
GBDPphylogenomianalysiserveasagoodbaselinerepresentativef whatcancurrently be
achievedvith astate-of-the-arphylogenomicnalysisasexemplifiedfor the . group.

Currently,amethodto infer bacteriataxonomy throughthe useof peptidomess
missing.The developmenbf suchamethodis appealingasit would complementGBDPanal-
ysis.Additionally, establishinghe comparisorandidentification of uniquepeptideson an
exemplarymicrobialdatasetwould aid in the separatiorof closelyrelatedstrains.Moreover,

peptidomefingerprinting is ableto reducewholeproteomedatainto smallerbinary
matriceswhichis of advantagevhenhandlinglargerbacterialdatasetsThe amountof data
maybedecreasedsingdifferentpeptidomesubsetsvithout losingphylogenetisignal Main
resultsarediscussedh this manuscript.

Materials and Methods

Thefollowing sectionglescribehe methodsandtoolsusedin our peptidome-basedtrain-
levelgenomecomparisorpipeline. Thesestepsncludetheretrievalof proteinsencodedn the
comparisongenomesthe predictionof the subcellulatocalizationof the proteins,the diges-
tion of proteinsfrom differentlocations the comparisonof the peptidesaccordingto their
massandthe subsequentomputationof consensupeaksetsThe softwareconsistedf pub-
lic, well-knowntoolsandin-housecustomizedscripts.Pipelineis depictedin Fig 1.
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