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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

Molecularbaseddifferentiationof bacterialspeciesis important in phylogeneticstudies,
diagnosticsandepidemiologicalsurveillance,particularlywhereunusualphenotype
makestheclassicalphenotypicidentificationof bacteriadifficult. Typicalbacterial
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differentiationmethodsareoftenchallengedbyahighgeneticsimilarity amongstrains.
Fordecades,thetechniqueof choiceto classifyandidentify bacteriawasDNA-DNA
hybridization(DDH). Theboostingof whole-genomesequencingtechnologyfacilitated
thedevelopmentof bioinformaticsalternativesthatcouldassistamuchwidernumberof
laboratoriesandarelessbiasedto experimentalerrors.Currently,theGenome-to-
GenomeDistanceCalculatorwebservice,implementingtheGenome-BLASTDistance
Phylogeny(GBDP)method,providesthehighestcorrelationto conventionalDDH. Our
methodologyshowsthatwholepeptidefingerprinting maycomplementtheoutputsof
GBDP,i.e.experimentalmassspectramaybeusedto clusterthebacteria,andmorespecif-
icallyit hasbeenfoundusefulfor bacterialclassificationat thespeciesandsubspecies
level.In addition,wepresentherehowpeptidomesubsetsobtainedfrom in silicodiges-
tion of thepeptidomes,isanefficientwayto maintainthephylogeneticsignalwhilst
reducingthetotalamountof data,makingthismethodologysuitablefor handlinglarge
datasetsasin thecaseof epidemiologicstudies.

This isa���� ����	
�
���� ������� Methodspaper.

Introduction
Themostcommontechniquesfor bacterialclassificationandidentificationareconventional
DNA:DNA hybridization(DDH) [1], comparisonof 16Sor 23SrRNA genesequencesor 16S±
23SrRNA spacerregions[2], multi-locussequencetyping(MLST)[3] andrep-PCRfingerprint-
ing [4], amongothers[5]. Fordecades,thetechniqueof choiceto identify andclassifyspecies
hasbeenDDH with asimilarity valueof 70%DDH asthespeciesdelimitationthreshold[6]. In
microbialtaxonomy,DDH ismandatorywheneverthe16SrRNA genesequencesimilarity
betweentwo strainsisabove97%for confirming that thesedo not belongto thesamespecies.
Thisthresholdhasrecentlybeenincreasedbyproposingvaluesof between98.2and99.0%,
dependingon thephylum[7]. ConventionalDDH haslimitations,for instance,that it isonly
availablein afewspecializedmolecularlaboratoriesworld-wideandit isparticularlybiasedto
experimentalerrors[8]. Dueto thisandbecauseof theavailabilityof whole-genomesequenc-
ing, this facilitatedthedevelopmentof bioinformaticsalternativesto conventionalDDH [9].

Here,theGenome-to-GenomeDistanceCalculatorwebservice(GGDC;freelyavailableat
http://ggdc.dsmz.de/)currentlyprovidesthehighestin silicocorrelationto conventional
DDH±without sharingtheaforementioneddrawbacks±whichisacrucialrequirementfor any
suchin silicomethodto maintainconsistencyin prokaryoticspeciesdelineation[10]. The
GGDCserverincorporatesthelatestversion[[10] of theGenome-BLASTDistancePhylogeny
method(GBDP)Ðahighlyoptimizedtool for thecalculationof intergenomicdistancesÐand
estimatesdigitalDNA-DNA hybridizationvalues(dDDH values)from thesedistancesunder
recommendedsettings[10]. Amongotherusefuldata,thedDDH valuesarereportedalong
with confidenceintervals,whichareimportant for assessingthestatisticaluncertaintyinherent
to all model-basedapproaches[10]. In thisway,GGDCcanbereliablyusedfor bothspecies
andsubspeciesdelimitation[11].

TheGBDPmethodincorporatesseveraloptimizationsto avoidpotentiallybiasedresults
causedbyelementssuchasparalogousgenesor low-complexityregions.It isalsorobust
againsttheuseof incompletegenomesequences[10] andcanbeappliedto bothnucleotide
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andaminoaciddata.Finally,it includesapseudo-bootstrappingprocedure[10] for thecalcu-
lation of replicateintergenomicdistances,whichcanbefurther usedin phylogeneticapplica-
tionsto assessbranchsupportvaluesasshownearlier[11±13].

Matrix AssistedLaserDesorption/Ionization TimeOf FlightMassSpectrometry(MALDI--
TOFMS)hasbeenappliedasanalternativeapproachto identify anddiscriminatebetweenspe-
ciesandstrains[14±16].Thisalternativeis typicallyadoptedwhenthereis limited genetic
variabilitywithin or acrossthespeciesunderstudy,andassumesthepresenceanddetectionof
species/strainspecificpeptidesthroughcomparisonof their mass-to-chargeratio. In thisway
thismethodsupportsspecies/straindifferentiation.However,manyof thesedifferentialpeptides
maynot bedetecteddueto their low abundanceor otherphysicochemicalproperties,i.e.,those
methodsarelimited in suchawaythat it only exploresasubsetof thetotalpeptidicvariability.

To overcomethis limitation, wehavedesignedanovel� ������ peptidefingerprinting meth-
odologysuitablefor phylogenyinference.Thismethodologyfollowsthesamegeneralprinciple
of existingmassspectrometryapproachesbut it useswholegenomedataand� ������ protein
digestion,i.e.,it doesnot involveanyconventionalexperimentation.Furthermore,theanalysis
standson theshouldersof well-establishedsoftwaretools,namelyPSortB[17], mzJava[18],
SPECLUST[19] andMrBayes[20]. Theaim is to beableto generateavalidandmanageable
list of peptidesthatarepotentiallyspecificto eachstrain.This list couldthenbefurther investi-
gatedusing� ��
�� approaches,suchasLC-MS/MS,towardstheidentificationof biomarkers,
strainspecificpeptidesandthedevelopmentof application-specificdetectionmethods.

Our casestudycoversasubsetof strainsbelongingto the������	� ����	� group[21]. More
precisely,thecasestudycovers�. 
�	��������, �. �
������ and�. ����	� (���� �
���
�) strains,
whichareknownto sharehighgeneticsimilarity [22]. Suchstrainsareconventionallyclassi-
fiedaccordingto otherfeatures,suchastheir pathogenicpotentialor thepresenceof plasmids
[23]. Fromataxonomicpoint of view,separationof thethree������	� speciesisstill asubject
of controversyamongscientists.However,arecentlarge-scalewhole-genomesequence-based
studyusingGBDPelucidatedthetaxonomywithin the�. ����	� groupandshowedthat �.

�	��������, �. �
������ and�. ����	� (���� �
���
�) speciesareindeedbelongingto individ-
ualphylogeneticgroups[12]. Otherstrainsoriginallyattributedto oneof thesethreespecies,
wereeithermisclassifiedor belongto othernovelspecieswithin thecluster.Theresultsof the
GBDPphylogenomicanalysisserveasagoodbaseline,representativeof whatcancurrentlybe
achievedwith astate-of-the-artphylogenomicanalysisasexemplifiedfor the�. ����	� group.

Currently,amethodto infer bacterialtaxonomy� ������ throughtheuseof peptidomesis
missing.Thedevelopmentof suchamethodisappealingasit wouldcomplementGBDPanal-
ysis.Additionally,establishingthecomparisonandidentificationof uniquepeptideson an
exemplarymicrobialdatasetwouldaid in theseparationof closelyrelatedstrains.Moreover,
� ������ peptidomefingerprinting isableto reducewholeproteomedatainto smallerbinary
matrices,whichisof advantagewhenhandlinglargerbacterialdatasets.Theamountof data
maybedecreasedusingdifferentpeptidomesubsetswithout losingphylogeneticsignal.Main
resultsarediscussedin thismanuscript.

Materials and Methods
Thefollowingsectionsdescribethemethodsandtoolsusedin our peptidome-basedstrain-
levelgenomecomparisonpipeline.Thesestepsincludetheretrievalof proteinsencodedin the
comparisongenomes,thepredictionof thesubcellularlocalizationof theproteins,thediges-
tion of proteinsfrom differentlocations,thecomparisonof thepeptidesaccordingto their
massandthesubsequentcomputationof consensuspeaksets.Thesoftwareconsistedof pub-
lic, well-knowntoolsandin-housecustomizedscripts.Pipelineisdepictedin Fig1.
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