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AbstractAbstract  
EvenEven acrossacross genomesgenomes ofof thethe samesame species,species, prokaryotesprokaryotes exhibitexhibit remarkableremarkable flexibilityflexibility inin genegene content.content.                                         
WeWe dodo notnot knowknow whetherwhether thisthis flexibleflexible oror “accessory”“accessory” contentcontent isis mostlymostly neutralneutral oror adaptive,adaptive, largelylargely                                               
duedue toto thethe lacklack ofof explicitexplicit analysesanalyses ofof accessoryaccessory genegene function.function. Here,Here, acrossacross 9696 diversediverse prokaryoticprokaryotic                                               
species,species, II showshow thatthat aa considerableconsiderable fractionfraction (~40%)(~40%) ofof accessoryaccessory genomesgenomes harboursharbours beneficialbeneficial                                      
metabolicmetabolic functions.functions. TheseThese functionsfunctions taketake twotwo forms:forms: (1)(1) theythey significantlysignificantly expandexpand thethe biosyntheticbiosynthetic                                      
potentialpotential ofof individualindividual strains,strains, andand (2)(2) theythey helphelp reducereduce strain-specificstrain-specific metabolicmetabolic auxotrophiesauxotrophies viavia                                      
intra-speciesintra-species metabolicmetabolic exchanges.exchanges. II findfind thatthat thethe potentialpotential ofof bothboth thesethese functionsfunctions increasesincreases withwith                                         
increasingincreasing genomegenome flexibility.flexibility. Together,Together, thesethese resultsresults areare consistentconsistent withwith aa significantsignificant adaptiveadaptive rolerole forfor                                         
prokaryotic pangenomes.prokaryotic pangenomes.  

Author SummaryAuthor Summary  
RecentRecent andand rapidrapid advancementsadvancements inin genomegenome sequencingsequencing technologiestechnologies havehave revealedrevealed keykey insightsinsights intointo                                      
thethe worldworld ofof bacteriabacteria andand archaea.archaea. OneOne puzzlingpuzzling aspectaspect uncovereduncovered byby thesethese studiesstudies isis thethe following:following:                                               
genomesgenomes ofof thethe samesame speciesspecies cancan oftenoften looklook veryvery different.different. Specifically,Specifically, somesome “core”“core” genesgenes areare                                            
maintainedmaintained acrossacross allall intraspeciesintraspecies genomes,genomes, butbut manymany “accessory”“accessory” genesgenes differdiffer betweenbetween strains.strains. AA                                      
majormajor ongoingongoing debatedebate thusthus asks:asks: dodo mostmost ofof thesethese accessoryaccessory genesgenes provideprovide aa benefitbenefit toto differentdifferent                                               
strains,strains, andand ifif so,so, inin whatwhat form?form? InIn thisthis study,study, II suggestsuggest thatthat thethe answeranswer isis “yes,“yes, throughthrough metabolicmetabolic                                                        
interactions”.interactions”. II showshow thatthat manymany accessoryaccessory genesgenes provideprovide significantsignificant metabolicmetabolic advantagesadvantages toto differentdifferent                                      
strainsstrains inin differentdifferent conditions.conditions. II achieveachieve thisthis byby explicitlyexplicitly conductingconducting aa large-scalelarge-scale systematicsystematic analysisanalysis                                         
ofof 1,3391,339 genomesgenomes acrossacross 9696 diversediverse speciesspecies ofof bacteriabacteria andand archaea.archaea. AA surprisingsurprising predictionprediction ofof thisthis                                               
studystudy thatthat inin manymany ecologicalecological niches,niches, co-occurringco-occurring strainsstrains ofof thethe samesame speciesspecies maymay helphelp eacheach otherother                                               
survivesurvive byby exchangingexchanging metabolitesmetabolites exclusivelyexclusively producedproduced byby thesethese differentdifferent accessoryaccessory genes.genes. MoreMore                                   
pronounced gene differences lead to more underlying metabolic advantages.pronounced gene differences lead to more underlying metabolic advantages.  
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IntroductionIntroduction  
ProkaryotesProkaryotes exhibitexhibit remarkableremarkable genomegenome flexibility,flexibility, withwith strainsstrains fromfrom thethe samesame speciesspecies oftenoften                                   
containingcontaining dramaticallydramatically differentdifferent genegene content content 1-4 1-4 .. IntraspecificIntraspecific differencesdifferences inin genegene contentcontent areare oftenoften                                   
characterizedcharacterized byby aa “core”“core” genomegenome (genes(genes commoncommon toto allall strains)strains) andand “accessory”“accessory” genomegenome (genes(genes                                         
foundfound inin aa fractionfraction ofof strains) strains) 5 5 .. WhileWhile thethe corecore genomegenome mightmight representrepresent aa setset ofof species-specificspecies-specific                                               
indispensableindispensable genes,genes, wewe dodo notnot yetyet understandunderstand whetherwhether thethe accessoryaccessory genomegenome ofof aa speciesspecies isis thethe                                               
resultresult ofof neutralneutral oror adaptiveadaptive evolution.evolution. Indeed,Indeed, thisthis isis thethe subjectsubject ofof anan ongoingongoing debate:debate: dodo thethe                                                  
majoritymajority ofof prokaryoticprokaryotic accessoryaccessory genesgenes havehave negligiblenegligible oror positivepositive fitnessfitness effects,effects, i.e.i.e. areare theythey                                         
neutral or adaptive?neutral or adaptive?  
  
RecentRecent populationpopulation geneticsgenetics argumentsarguments supportsupport rolesroles forfor bothboth neutralneutral andand adaptiveadaptive evolutionevolution asas                                      
possiblepossible factorsfactors drivingdriving accessoryaccessory genomegenome evolution evolution 6-9 6-9 .. ForFor example,example, microbialmicrobial speciesspecies withwith moremore                                   
accessoryaccessory genesgenes alsoalso tendtend toto havehave largerlarger effectiveeffective populationpopulation sizes,sizes, asas expectedexpected ofof geneticgenetic variationvariation                                            
inin aa populationpopulation underunder neutralneutral evolution evolution 9 9 .. OnOn thethe otherother hand,hand, modelsmodels inin whichwhich microbialmicrobial genomesgenomes                                            
evolveevolve inin large,large, migratingmigrating populations,populations, suggestsuggest thatthat acquiredacquired genesgenes cancan oftenoften bebe beneficial,beneficial, asas                                         
expectedexpected underunder adaptiveadaptive evolution evolution 7 7 .. However,However, thesethese studiesstudies havehave onlyonly addressedaddressed broadbroad aspectsaspects ofof                                      
microbialmicrobial populationspopulations suchsuch asas effectiveeffective populationpopulation size,size, migration,migration, andand thethe fitnessfitness effectseffects ofof genegene                                         
lossloss andand gain.gain. InIn response,response, subsequentsubsequent criticismscriticisms ofof thesethese studiesstudies havehave stronglystrongly expressedexpressed thethe needneed                                            
forfor moremore functional,functional, gene-explicitgene-explicit andand ecologicalecological analyses analyses 10-11 10-11 .. HereHere II presentpresent thethe firstfirst suchsuch                                      
systematicsystematic analysisanalysis ofof 9696 phylogeneticallyphylogenetically diversediverse prokaryoticprokaryotic species,species, whichwhich suggestssuggests thatthat                                
prokaryotic accessory genomes often provide significant metabolic benefits.prokaryotic accessory genomes often provide significant metabolic benefits.  
  
II chosechose toto studystudy metabolismmetabolism asas aa possiblepossible explanatoryexplanatory factorfactor forfor threethree reasons.reasons. (1)(1) MetabolicMetabolic genesgenes                                               
dominatedominate thethe functionalfunctional contentcontent ofof accessoryaccessory genomes genomes 1212 (supplementary(supplementary figurefigure 8a).8a). (2)(2) MetabolicMetabolic                                   
interactionsinteractions betweenbetween microbes—especiallymicrobes—especially interdependencies—caninterdependencies—can oftenoften bebe adaptive adaptive 13-14 13-14 .. ForFor                       
instance,instance, microbesmicrobes thatthat obligatelyobligately cross-feed,cross-feed, i.e.i.e. thatthat criticallycritically dependdepend onon exchangingexchanging metabolitesmetabolites                                   
withwith eacheach other,other, cancan growgrow fasterfaster thanthan theirtheir wild-typewild-type counterparts counterparts 13 13 .. SuchSuch aa fitnessfitness benefitbenefit cancan alsoalso                                               
drivedrive genomes,genomes, inin manymany cases,cases, toto loselose genesgenes andand becomebecome metabolicallymetabolically dependent dependent 14,39 14,39 .. IfIf differentdifferent                                         
genesgenes areare lostlost betweenbetween differentdifferent conspecificconspecific strains,strains, thisthis cancan leadlead toto bothboth metabolicmetabolic                                      
interdependence,interdependence, asas wellwell asas accessoryaccessory genomesgenomes (since(since differentdifferent strainsstrains willwill havehave differentdifferent metabolicmetabolic                                      
repertoires) repertoires) 15 15 .. (3)(3) DatabasesDatabases suchsuch asas KEGGKEGG containcontain already-curatedalready-curated genomesgenomes forfor severalseveral                                
fully-sequencedfully-sequenced strains.strains. KEGGKEGG containscontains high-qualityhigh-quality genegene andand reactionreaction annotations,annotations, allowingallowing usus toto                                   
accurately predict the biosynthetic capabilities of each strain under different conditions accurately predict the biosynthetic capabilities of each strain under different conditions 16 16 ..  
  
InIn thisthis study,study, II askask toto whatwhat degreedegree accessoryaccessory genesgenes cancan metabolicallymetabolically benefitbenefit conspecificconspecific strains.strains. ForFor                                               
this,this, II havehave usedused genome-scalegenome-scale metabolicmetabolic networknetwork reconstructionsreconstructions ofof 1,3391,339 prokaryoticprokaryotic strainsstrains                                   
(corresponding(corresponding toto 9292 bacterialbacterial andand 44 archaealarchaeal species)species) fromfrom thethe KEGGKEGG databasedatabase overover 5959 distinctdistinct                                            
nutrientnutrient environments.environments. InIn general,general, mymy analysesanalyses revealreveal twotwo beneficialbeneficial rolesroles forfor thethe accessoryaccessory metabolicmetabolic                                         
contentcontent ofof prokaryotes.prokaryotes. First,First, II findfind thatthat thethe accessoryaccessory genomegenome ofof mostmost speciesspecies harboursharbours extensiveextensive                                            
biosyntheticbiosynthetic potential,potential, withwith severalseveral accessoryaccessory genesgenes providingproviding strainsstrains withwith additionaladditional nutrientnutrient                                
utilizationutilization abilities.abilities. Second,Second, II findfind thatthat pairspairs ofof strainsstrains fromfrom thethe samesame speciesspecies oftenoften displaydisplay aa                                               
remarkableremarkable potentialpotential forfor metabolicmetabolic interdependence,interdependence, whichwhich scalesscales withwith thethe amountamount ofof accessoryaccessory                                   
genomegenome content.content. TheseThese interdependenciesinterdependencies havehave thethe abilityability toto alleviatealleviate strain-specificstrain-specific auxotrophiesauxotrophies inin                                   
aa particularparticular nicheniche throughthrough thethe exchangeexchange ofof secretedsecreted metabolites.metabolites. MyMy resultsresults are,are, fromfrom aa metabolicmetabolic                                            
standpoint, consistent with a possible adaptive evolution of accessory genomes.standpoint, consistent with a possible adaptive evolution of accessory genomes.  

Results and DiscussionResults and Discussion  
ToTo obtainobtain aa largelarge setset ofof speciesspecies pangenomes,pangenomes, II firstfirst collectedcollected aa listlist ofof allall prokaryoticprokaryotic speciesspecies inin thethe                                                        
KEGGKEGG GENOMEGENOME database,database, andand filteredfiltered thosethose thatthat hadhad completecomplete genomesgenomes forfor 55 oror moremore conspecificconspecific                                            
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strains.strains. ThisThis gavegave meme 1,3391,339 genomesgenomes (96(96 species),species), whichwhich II usedused inin allall mymy subsequentsubsequent analysesanalyses                                               
(supplementary(supplementary tabletable 1).1). ToTo accountaccount forfor potentialpotential biasesbiases duedue toto unevenuneven phylogeneticphylogenetic sampling,sampling, II                                         
verifiedverified thatthat aa moremore restrictiverestrictive choicechoice ofof oneone speciesspecies perper genusgenus diddid notnot significantlysignificantly impactimpact mymy resultsresults                                                  
(55(55 species;species; supplementarysupplementary figurefigure 1).1). ForFor eacheach strain,strain, II thenthen extractedextracted allall annotatedannotated genesgenes andand                                            
metabolicmetabolic reactionsreactions fromfrom thethe KEGGKEGG GENESGENES andand REACTIONREACTION databases,databases, respectively.respectively. ToTo quantifyquantify                                   
accessoryaccessory genomegenome contentcontent forfor everyevery species,species, II usedused thethe well-studiedwell-studied genomegenome fluidityfluidity measure,measure, 𝜑 𝜑 17 17 ..                                         
ForFor this,this, II calculated,calculated, acrossacross eacheach pairpair ofof conspecificconspecific strains,strains, thethe fractionfraction ofof allall genesgenes inin thethe pairpair thatthat                                                        
werewere uniqueunique toto eacheach strain.strain. TheThe averageaverage ofof thisthis fractionfraction overover eacheach speciesspecies gavegave meme itsits genomegenome                                                  
fluidity 𝜑 (see Methods).fluidity 𝜑 (see Methods).  
  
II constructedconstructed metabolicmetabolic networksnetworks forfor everyevery individualindividual strain,strain, wherewhere eacheach networknetwork containedcontained thethe setset ofof                                            
reactionsreactions correspondingcorresponding toto thethe strain’sstrain’s genomegenome inin KEGG.KEGG. II includedincluded gap-filledgap-filled reactionsreactions whenwhen                                      
curatedcurated modelsmodels werewere available available 18 18 ,, thoughthough II verifiedverified thatthat theirtheir additionaddition diddid notnot impactimpact mymy resultsresults                                            
(supplementary(supplementary figurefigure 2).2). II usedused thesethese reactionreaction networksnetworks toto inferinfer thethe biosyntheticbiosynthetic capabilitiescapabilities ofof eacheach                                            
strainstrain underunder severalseveral differentdifferent conditions.conditions. ToTo definedefine thesethese conditions,conditions, II selectedselected 5959 differentdifferent carboncarbon                                         
sources,sources, previouslypreviously shownshown andand commonlycommonly usedused toto sustainsustain thethe growthgrowth ofof diversediverse microbialmicrobial                                      
metabolismsmetabolisms inin laboratorylaboratory experiments experiments 19-2119-21 (supplementary(supplementary tabletable 2).2). II associatedassociated withwith eacheach carboncarbon                                   
sourcesource aa differentdifferent nutrientnutrient environmentenvironment oror condition.condition. InIn eacheach condition,condition, II includedincluded exactlyexactly oneone ofof thethe                                               
5959 carboncarbon sources,sources, saysay glucose,glucose, alongalong withwith aa setset ofof 3030 commonlycommonly availableavailable metabolites,metabolites, whichwhich II                                               
assumed were always available (for example, water and ATP; supplementary table 3).assumed were always available (for example, water and ATP; supplementary table 3).  
  
ToTo assessassess biosyntheticbiosynthetic capability,capability, II curatedcurated aa listlist ofof 137137 crucialcrucial biomassbiomass precursorprecursor molecules,molecules, oftenoften                                            
essentialessential forfor growthgrowth (hereafter,(hereafter, “precursors”)“precursors”) fromfrom 7070 experimentallyexperimentally verifiedverified high-qualityhigh-quality metabolicmetabolic                                
models models 2222 (supplementary(supplementary tabletable 4).4). Finally,Finally, toto calculatecalculate whatwhat eacheach strainstrain couldcould synthesizesynthesize inin aa                                         
particularparticular environment,environment, II usedused aa popularpopular networknetwork expansionexpansion algorithm:algorithm: calledcalled scopescope expansion expansion 23-24 23-24 ..                                   
ThisThis algorithmalgorithm determinesdetermines whichwhich metabolitesmetabolites eacheach strainstrain cancan produceproduce —— itsits “scope”“scope” —— givengiven anan                                            
initialinitial seedseed setset ofof alreadyalready availableavailable metabolites.metabolites. ToTo startstart with,with, onlyonly thosethose reactionsreactions whosewhose substratessubstrates                                            
areare availableavailable inin thethe environmentenvironment cancan bebe performed,performed, andand theirtheir productsproducts constituteconstitute thethe initialinitial setset ofof                                               
metabolitesmetabolites thatthat cancan bebe produced.produced. TheseThese metabolitesmetabolites cancan thenthen bebe usedused asas substratessubstrates forfor newnew                                            
reactionsreactions thatthat cancan thenthen bebe performed,performed, andand stepstep byby step,step, moremore metabolitesmetabolites cancan bebe produced.produced. WhenWhen                                               
nono newnew reactionsreactions cancan bebe performed,performed, thethe algorithmalgorithm stops,stops, givinggiving thethe fullfull setset ofof metabolitesmetabolites thatthat couldcould                                                  
bebe synthesizedsynthesized inin thethe givengiven environment.environment. SuchSuch aa calculationcalculation sidestepssidesteps thethe needneed forfor arbitraryarbitrary                                         
assumptionsassumptions ofof binarybinary (yes/no)(yes/no) growthgrowth andand optimalityoptimality typicallytypically usedused inin moremore complexcomplex metabolicmetabolic                                      
modelingmodeling approachesapproaches suchsuch asas fluxflux balancebalance analysis analysis 2525 andand isis well-knownwell-known forfor itsits abilityability toto inferinfer whatwhat                                               
metabolic networks can synthesize in diverse conditions metabolic networks can synthesize in diverse conditions 26-27 26-27 ..  
  

II firstfirst investigatedinvestigated thethe capabilitiescapabilities ofof individualindividual strains.strains. Specifically,Specifically, II waswas interestedinterested inin thethe extentextent toto                                               
whichwhich thethe accessoryaccessory genesgenes inin eacheach strainstrain expandedexpanded thethe setset ofof precursorsprecursors thatthat couldcould bebe synthesized.synthesized.                                               
ForFor eacheach species,species, II calculated,calculated, viavia networknetwork expansion,expansion, thethe listlist ofof precursorsprecursors thatthat couldcould bebe producedproduced                                               
perper strainstrain perper condition.condition. II thenthen countedcounted howhow manymany uniqueunique precursorsprecursors eacheach strainstrain couldcould synthesizesynthesize                                            
acrossacross allall conditions,conditions, i.e.i.e. byby thethe accessoryaccessory genesgenes alone.alone. FromFrom this,this, II computed,computed, forfor everyevery species,species, itsits                                                  
accessoryaccessory metabolicmetabolic capacitycapacity 𝛼,𝛼, defineddefined asas thethe averageaverage numbernumber ofof precursorsprecursors (per(per strainstrain perper                                         
condition) produced exclusively due to the accessory genome.condition) produced exclusively due to the accessory genome.  
  
II foundfound thatthat whilewhile forfor 1818 speciesspecies thisthis quantityquantity waswas zero,zero, forfor thethe majoritymajority ofof prokaryoticprokaryotic speciesspecies (81%),(81%),                                                     
thisthis numbernumber laylay betweenbetween 0.10.1 andand 15.015.0 (mean(mean 3.1;3.1; medianmedian 2.0).2.0). Further,Further, 𝛼𝛼 scaledscaled positivelypositively withwith                                               
genome fluidity 𝜑 (Spearman's rho = 0.44;  genome fluidity 𝜑 (Spearman's rho = 0.44;  P P  value = 7 x 10  value = 7 x 10 -6 -6 ; figure 1).; figure 1).    
  

SinceSince II observedobserved thatthat thethe accessoryaccessory genomegenome ofof differentdifferent strainsstrains typicallytypically impartedimparted differentdifferent                                      
biosyntheticbiosynthetic capabilitiescapabilities toto differentdifferent strains,strains, II wonderedwondered if,if, inin thethe samesame conditions,conditions, metabolicmetabolic                                      
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interactionsinteractions betweenbetween conspecificconspecific strainsstrains couldcould furtherfurther expandexpand thesethese capabilities.capabilities. ThisThis could,could, forfor                                   
instance,instance, indicateindicate aa potentialpotential dependencedependence ofof anan auxotrophicauxotrophic strainstrain onon anotheranother strain,strain, i.e.i.e. aa strainstrain thatthat                                               
cannotcannot produceproduce aa crucialcrucial precursorprecursor inin anan environment.environment. SuchSuch auxotrophiesauxotrophies havehave beenbeen previouslypreviously                                      
shown for example, in different strains of  shown for example, in different strains of  Escherichia coli  Escherichia coli  co-inhabiting the human gut co-inhabiting the human gut 28 28 ..  
  
ForFor eacheach pairpair ofof conspecificconspecific strainsstrains inin eacheach condition,condition, II calculatedcalculated aa metabolicmetabolic dependencydependency potentialpotential                                            
(MDP),(MDP), defineddefined asas thethe averageaverage numbernumber ofof newnew precursorsprecursors eacheach strainstrain hashas thethe potentialpotential toto synthesizesynthesize                                               
whenwhen growngrown asas aa pairpair versusversus alone.alone. HereHere II assessed,assessed, inin everyevery pair,pair, whichwhich metabolitesmetabolites thatthat couldcould bebe                                                     
producedproduced andand secretedsecreted byby oneone strainstrain couldcould subsequentlysubsequently allowallow thethe productionproduction ofof aa newnew precursorprecursor inin                                               
thethe otherother strainstrain thatthat itit wouldwould notnot otherwiseotherwise bebe ableable toto makemake (i.e.(i.e. waswas auxotrophicauxotrophic for).for). NoteNote thatthat thisthis                                                        
methodmethod doesdoes notnot countcount thosethose metabolicmetabolic interactionsinteractions thatthat cancan provideprovide extraextra (functionally(functionally redundant)redundant)                                      
pathwayspathways toto produceproduce aa precursorprecursor andand supplementsupplement growth,growth, andand isis thusthus moremore likelylikely toto representrepresent actualactual                                               
oror obligateobligate dependencies.dependencies. II verifiedverified thatthat mymy approachapproach cancan successfullysuccessfully predictpredict suchsuch obligateobligate                                      
dependenciesdependencies byby comparingcomparing withwith somesome well-documentedwell-documented intra-intra- andand inter-speciesinter-species pairs pairs 13-14,29-3113-14,29-31 (see(see                                
Methods) (supplementary figure 3).Methods) (supplementary figure 3).  
  
II foundfound thatthat whilewhile II couldcould notnot detectdetect anyany dependencydependency potentialpotential forfor 1717 species,species, surprisingly,surprisingly, thethe                                               
majoritymajority ofof speciesspecies (82%)(82%) showedshowed anan MDPMDP perper strainstrain perper conditioncondition betweenbetween 0.10.1 (for(for   BacillusBacillus                                            
thuringiensis thuringiensis )) andand 3.33.3 (for(for   RalstoniaRalstonia solanacearum solanacearum ),), withwith aa meanmean 1.71.7 andand medianmedian 1.4.1.4. Interestingly,Interestingly, thethe                                            
1717 speciesspecies forfor whichwhich II couldcould notnot detectdetect anyany MDPMDP matchedmatched thosethose withwith zerozero 𝛼𝛼 (the(the leftoverleftover   LegionellaLegionella                                                     
pneumophilapneumophila showedshowed lowlow MDPMDP == 0.5).0.5). OverOver allall testedtested pairspairs withwith detecteddetected dependencydependency potentialpotential                                         
(48%),(48%), commensalcommensal interactionsinteractions werewere moremore commoncommon thanthan mutualismsmutualisms (29%(29% versusversus 19%;19%; figurefigure 2b).2b).                                      
ThisThis isis because,because, inin speciesspecies withwith detecteddetected dependencies,dependencies, notnot allall pairspairs showshow dependencydependency potentialpotential (on(on                                            
averageaverage 46%46% conspecificconspecific pairspairs do).do). TheThe auxotrophiesauxotrophies relievedrelieved byby thesethese dependenciesdependencies variedvaried fromfrom                                      
those for amino acids, vitamins, carbohydrates, and organic acids, among others (figure 2c).those for amino acids, vitamins, carbohydrates, and organic acids, among others (figure 2c).    
  
Strikingly,Strikingly, likelike 𝛼,𝛼, MDPMDP alsoalso scaledscaled positivelypositively withwith genomegenome fluidityfluidity 𝜑,𝜑, suggestingsuggesting thatthat greatergreater amountsamounts                                            
ofof accessoryaccessory contentcontent cancan potentiallypotentially sustainsustain moremore conspecificconspecific metabolicmetabolic dependenciesdependencies (Spearman's(Spearman's                                
rhorho == 0.56,0.56,   PP valuevalue == 44 xx 10 10 -9 -9 ;; figurefigure 2a).2a). ForFor bothboth 𝛼𝛼 andand MDP,MDP, consideringconsidering mediansmedians insteadinstead ofof meansmeans                                                              
diddid notnot impactimpact mymy resultsresults (for(for 𝛼:𝛼: Spearman'sSpearman's rhorho == 0.38,0.38,   PP valuevalue == 10 10 -4 -4 ;; forfor MDP:MDP: Spearman'sSpearman's rhorho ==                                                           
0.51,0.51,   PP valuevalue == 10 10 -7 -7 ;; supplementarysupplementary figuresfigures 44 andand 5).5). ToTo verifyverify thatthat suchsuch potentialpotential conspecificconspecific                                               
dependenciesdependencies areare indeedindeed ecologicallyecologically realizable,realizable, II repeatedrepeated mymy analysis,analysis, thisthis timetime restrictingrestricting itit toto                                         
thosethose genomes,genomes, whichwhich werewere knownknown toto co-occurco-occur inin microbialmicrobial communitiescommunities (29(29 strainsstrains acrossacross 1414                                         
species;species; seesee Methods).Methods). II foundfound thatthat mymy observedobserved trendtrend waswas stillstill valid,valid, namelynamely MDPMDP stillstill scaledscaled withwith 𝜑,𝜑,                                                     
suggestingsuggesting thatthat severalseveral auxotrophiesauxotrophies maymay indeedindeed bebe reducedreduced throughthrough within-specieswithin-species metabolicmetabolic                                
exchanges in nature (Spearman’s rho = 0.56,  exchanges in nature (Spearman’s rho = 0.56,  P  P  value = 0.03; supplementary figure 6).value = 0.03; supplementary figure 6).  
  
GivenGiven thethe extentextent toto whichwhich II detecteddetected thethe potentialpotential forfor obligateobligate metabolicmetabolic interactionsinteractions betweenbetween                                         
conspecificconspecific strains,strains, II wonderedwondered whetherwhether suchsuch interactionsinteractions areare possiblypossibly commoncommon amongamong prokaryotes.prokaryotes.                                   
ForFor this,this, II extendedextended mymy studystudy toto analyzeanalyze metabolicmetabolic dependencydependency potentialpotential betweenbetween inter-specificinter-specific                                      
strainsstrains (see(see Methods).Methods). II foundfound that,that, indeed,indeed, strainsstrains fromfrom allall speciesspecies cancan metabolicallymetabolically dependdepend onon                                            
strainsstrains fromfrom atat leastleast oneone otherother speciesspecies toto alleviatealleviate potentialpotential auxotrophiesauxotrophies acrossacross manymany differentdifferent                                         
environmentsenvironments (with(with MDPMDP rangingranging fromfrom 1.61.6 toto 3.2,3.2, withwith meanmean 2.2;2.2; supplementarysupplementary figurefigure 7).7).                                         
Interestingly,Interestingly, II foundfound thatthat thesethese interspecificinterspecific metabolicmetabolic interactionsinteractions oftenoften involveinvolve accessoryaccessory metabolicmetabolic                                   
genes as well.genes as well.  
  
TakenTaken together,together, mymy resultsresults suggestsuggest thatthat aa considerableconsiderable fractionfraction ofof prokaryoticprokaryotic accessoryaccessory genomesgenomes                                      
containscontains potentiallypotentially beneficialbeneficial metabolicmetabolic functionsfunctions (upto(upto 70%70% ofof accessoryaccessory genesgenes perper strainstrain acrossacross                                      
mymy study,study, withwith medianmedian 40%;40%; seesee supplementarysupplementary figurefigure 8d).8d). Specifically,Specifically, II foundfound thatthat thethe accessoryaccessory                                            
“metabolome”:“metabolome”: (1)(1) expandsexpands aa genome’sgenome’s biosyntheticbiosynthetic potential,potential, possiblypossibly allowingallowing forfor niche-specificniche-specific                                
adaptations adaptations 28,32-33 28,32-33 ;; andand (2)(2) reducesreduces potentialpotential auxotrophiesauxotrophies viavia obligateobligate metabolicmetabolic interactions,interactions, alsoalso                                
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explainingexplaining howhow conspecificconspecific strainsstrains cancan coexistcoexist despitedespite highhigh competitivecompetitive potential potential 34-37 34-37 .. TheThe accessoryaccessory                                   
genesgenes thatthat impartimpart thesethese functionsfunctions areare oftenoften differentdifferent (median(median overlapoverlap 10%),10%), suggestingsuggesting thatthat thesethese areare                                            
indeedindeed distinct,distinct, non-redundantnon-redundant benefits.benefits. Moreover,Moreover, apartapart fromfrom thesethese additionaladditional biosyntheticbiosynthetic abilities,abilities,                                
thethe y-intercepty-intercept forfor genomegenome fluidityfluidity (at(at 𝜑𝜑 == 0.030.03 forfor bothboth 𝛼𝛼 andand MDP)MDP) providesprovides anan estimateestimate ofof                                                     
metabolic redundancies (such as extra pathways).metabolic redundancies (such as extra pathways).  
  
MyMy findingsfindings maymay additionallyadditionally helphelp explainexplain thethe followingfollowing observations:observations: (1)(1) metabolicmetabolic functionsfunctions areare                                      
enrichedenriched inin accessoryaccessory genomesgenomes (median(median 50%50% inin accessoryaccessory versusversus 38%38% inin core;core; supplementarysupplementary figurefigure                                         
8c);8c); andand (2)(2) thethe variationvariation inin accessoryaccessory metabolicmetabolic genesgenes exceedsexceeds thethe variationvariation inin genesgenes ofof manymany otherother                                                  
functions (metabolic variation being dominant in 81% of examined cases; supplementary figure 8b).functions (metabolic variation being dominant in 81% of examined cases; supplementary figure 8b).  
  
PreviousPrevious studiesstudies havehave suggestedsuggested thatthat thethe evolutionevolution ofof metabolicmetabolic dependenciesdependencies likelylikely occursoccurs viavia                                      
adaptiveadaptive genegene loss loss 39-4039-40 (e.g.(e.g. thethe BlackBlack QueenQueen hypothesis).hypothesis). SuchSuch aa mechanismmechanism suggestssuggests thatthat                                      
metabolicmetabolic dependencydependency evolutionevolution cancan oftenoften leadlead toto reducedreduced genomegenome sizes,sizes, butbut makesmakes nono commentcomment                                         
onon genomegenome flexibilityflexibility (i.e.(i.e. genegene contentcontent variability).variability). MyMy resultsresults alsoalso indicateindicate thatthat metabolicmetabolic                                      
dependencydependency evolutionevolution cancan impactimpact genomegenome flexibilityflexibility asas well.well. Specifically,Specifically, moremore flexibleflexible genomesgenomes (with(with                                      
more variable gene content) are more likely to display a potential for metabolic interactions.more variable gene content) are more likely to display a potential for metabolic interactions.  
  
CanCan stochasticstochastic accessoryaccessory genegene turnoverturnover explainexplain thesethese results?results? ToTo testtest this,this, II repeatedrepeated mymy studystudy withwith                                               
randomlyrandomly assembledassembled pangenomes.pangenomes. WithinWithin eacheach species,species, II retainedretained thethe corecore genesgenes inin everyevery strainstrain andand                                            
shuffledshuffled thethe accessoryaccessory genesgenes betweenbetween strainsstrains (see(see Methods).Methods). DuringDuring thisthis randomization,randomization, II preservedpreserved                                      
thethe observedobserved within-specieswithin-species genomegenome sizesize distribution,distribution, strainstrain numbernumber distribution,distribution, andand ensuredensured thatthat                                   
anyany changechange inin species’species’ genomegenome fluidityfluidity waswas insignificant.insignificant. II foundfound thatthat notnot onlyonly diddid thisthis significantlysignificantly                                               
diminishdiminish thethe metabolicmetabolic benefitsbenefits observedobserved inin eacheach species,species, bothboth measurementsmeasurements ofof 𝛼𝛼 andand MDPMDP yieldedyielded                                            
non-significantnon-significant correlations,correlations, suggestingsuggesting thatthat thethe meremere presencepresence ofof additionaladditional accessoryaccessory genesgenes isis                                   
unlikelyunlikely toto explainexplain mymy observedobserved trendstrends (for(for 𝛼:𝛼: Spearman'sSpearman's rhorho == 0.01,0.01,   PP valuevalue == 0.9;0.9; forfor MDP:MDP:                                                     
Spearman'sSpearman's rhorho == 0.17,0.17,   PP   valuevalue == 0.1;0.1; supplementarysupplementary figuresfigures 9a9a andand 10a).10a). TheThe measuredmeasured benefitsbenefits                                               
remainedremained lowerlower thanthan observed,observed, eveneven whenwhen II shuffledshuffled knownknown operonsoperons ofof genesgenes togethertogether insteadinstead ofof                                            
shufflingshuffling genesgenes oneone byby oneone (supplementary(supplementary figuresfigures 9b9b andand 10b;10b; seesee Methods).Methods). II believebelieve thisthis isis                                               
becausebecause often,often, prokaryoticprokaryotic operonsoperons dodo notnot containcontain completecomplete metabolicmetabolic pathways,pathways, butbut insteadinstead partsparts                                      
ofof themthem   (in(in mymy datadata set,set, eacheach metabolicmetabolic operonoperon encodedencoded 1.51.5 reactionsreactions onon average,average, whilewhile pathwayspathways                                               
typicallytypically hadhad 44 toto 55 steps) steps) .. Collectively,Collectively, thisthis suggestssuggests thatthat accessoryaccessory genegene acquisitionacquisition isis consistentconsistent                                            
withwith thethe coordinatedcoordinated gaingain ofof functionalfunctional andand beneficialbeneficial pathways,pathways, whichwhich II believebelieve providesprovides furtherfurther                                         
support for the accessory genes being maintained for adaptive reasons.support for the accessory genes being maintained for adaptive reasons.  
  
ToTo summarize,summarize, herehere II addressedaddressed thethe debatedebate onon whetherwhether thethe accessoryaccessory genomesgenomes ofof prokaryotesprokaryotes areare                                            
beneficial.beneficial. II foundfound that,that, indeed,indeed, largelarge fractionsfractions (about(about 40%)40%) ofof thethe prokaryoticprokaryotic accessoryaccessory genegene poolpool                                            
cancan contributecontribute toto metabolicmetabolic benefits.benefits. Specifically,Specifically, suchsuch genesgenes cancan allowallow microbesmicrobes toto produceproduce aa largerlarger                                            
repertoirerepertoire ofof crucialcrucial molecules,molecules, andand facilitatefacilitate thethe exchangeexchange ofof importantimportant metabolites.metabolites. SinceSince thesethese                                      
functionsfunctions cancan improveimprove growthgrowth inin manymany habitats,habitats, mymy resultsresults suggestsuggest thatthat maintainingmaintaining accessoryaccessory                                      
genesgenes cancan bebe adaptive.adaptive. Note,Note, howeverhowever thatthat mymy analysesanalyses areare onlyonly capablecapable ofof detectingdetecting obligateobligate                                            
metabolicmetabolic dependenciesdependencies andand biosyntheticbiosynthetic potential,potential, andand dodo notnot considerconsider signaling,signaling, regulation,regulation,                                
metabolicmetabolic redundancy,redundancy, etc.etc. thatthat couldcould alsoalso playplay importantimportant functionalfunctional rolesroles andand mightmight indicateindicate                                      
potentialpotential benefitsbenefits duedue toto additionaladditional accessoryaccessory genes.genes. FurtherFurther workwork mightmight alsoalso explainexplain accessoryaccessory                                      
genomesgenomes inin thosethose species,species, wherewhere II couldcould notnot detectdetect additionaladditional metabolicmetabolic functions,functions, ifif suchsuch rolesroles areare                                               
indeedindeed there.there. Moreover,Moreover, eveneven inin thethe contextcontext ofof metabolism,metabolism, moremore detaileddetailed metabolicmetabolic models,models, whenwhen                                         
available,available, maymay bebe usedused toto probeprobe eveneven moremore preciseprecise fitnessfitness effectseffects ofof intraspeciesintraspecies metabolicmetabolic                                         
variability,variability, includingincluding thethe effecteffect ofof higher-orderhigher-order interactions.interactions. However,However, thesethese studiesstudies wouldwould requirerequire                                   
knowledgeknowledge ofof aa largelarge numbernumber ofof parametersparameters suchsuch asas reactionreaction kinetics,kinetics, thermodynamics,thermodynamics, andand exactexact                                         
strainstrain biomassbiomass compositionscompositions beforebefore theythey areare feasible.feasible. Finally,Finally, systematicsystematic measurementsmeasurements ofof thethe fitnessfitness                                      
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effectseffects ofof allall accessoryaccessory genes,genes, metabolicmetabolic andand otherwise,otherwise, areare neededneeded forfor moremore completecomplete estimatesestimates ofof                                            
the fraction of accessory genomes consistent with adaptive versus neutral evolution.the fraction of accessory genomes consistent with adaptive versus neutral evolution.  

MethodsMethods  
Acquiring pangenomes and metabolic networks from KEGGAcquiring pangenomes and metabolic networks from KEGG  

II usedused thethe KEGGKEGG GENOMESGENOMES database database 1616 toto extractextract aa listlist ofof allall prokaryoticprokaryotic speciesspecies withwith completecomplete                                               
genomesgenomes forfor 55 oror moremore strains.strains. ThisThis yieldedyielded aa listlist ofof 1,3391,339 strainsstrains oror genomesgenomes correspondingcorresponding toto 9696                                                     
speciesspecies (92(92 bacteria,bacteria, 44 archaea),archaea), whichwhich II usedused forfor allall subsequentsubsequent analysesanalyses (see(see supplementarysupplementary tabletable 11                                               
forfor thethe fullfull listlist ofof speciesspecies andand strains,strains, alongalong withwith theirtheir taxonomictaxonomic classification).classification). ForFor eacheach strainstrain withwith aa                                                     
uniqueunique genomegenome abbreviation,abbreviation, II extractedextracted thethe fullfull setset ofof annotatedannotated genesgenes underunder thethe KEGGKEGG GENESGENES                                            
databasedatabase andand reactionsreactions underunder thethe KEGGKEGG REACTIONREACTION databasedatabase usingusing anan in-housein-house PythonPython script.script. II alsoalso                                            
extractedextracted thethe fullfull listlist ofof reactionsreactions withwith theirtheir stoichiometriesstoichiometries andand participatingparticipating metabolitesmetabolites inin thethe                                         
database.database. TheThe metabolicmetabolic reactionreaction networknetwork forfor eacheach strainstrain waswas consideredconsidered toto bebe thethe completecomplete setset ofof                                               
annotatedannotated reactionsreactions detecteddetected inin thatthat strain’sstrain’s genomegenome inin KEGG.KEGG. NoteNote thatthat mymy analysesanalyses systematicallysystematically                                         
ignore genes without known functions.ignore genes without known functions.  
  
Adding gap-filled reactions from Model SEEDAdding gap-filled reactions from Model SEED  

ForFor strainsstrains forfor whichwhich genome-scalegenome-scale metabolicmetabolic reconstructionsreconstructions werewere availableavailable inin thethe ModelModel SEEDSEED                                      
database database 18 18 ,, II alsoalso includedincluded gap-filledgap-filled reactions.reactions. Specifically,Specifically, II extractedextracted thethe listlist ofof allall gap-filledgap-filled                                         
reactionsreactions forfor 130130 genomesgenomes fromfrom tabletable S3S3 inin ref.ref. 18.18. II mappedmapped allall genomesgenomes fromfrom thisthis tabletable toto KEGGKEGG                                                        
genomesgenomes byby matchingmatching strainstrain names,names, andand allall reactionreaction IDsIDs toto KEGGKEGG reactionsreactions byby searchingsearching thethe ModelModel                                               
SEEDSEED databasedatabase onlineonline (https://modelseed.org/biochem/reactions)(https://modelseed.org/biochem/reactions) usingusing aa customcustom PythonPython script.script. ThisThis                             
resultedresulted inin aa totaltotal ofof 562562 gap-filledgap-filled reactions,reactions, spreadspread acrossacross 2222 genomesgenomes (20(20 outout ofof 9696 species;species;                                                  
supplementarysupplementary tabletable 6).6). II thenthen addedadded thesethese reactionsreactions toto thethe metabolicmetabolic networksnetworks alreadyalready constructedconstructed                                         
viavia KEGG.KEGG. Separately,Separately, II verifiedverified thatthat addingadding thesethese gap-filledgap-filled reactionsreactions diddid notnot impactimpact mymy resultsresults                                            
(supplementary figure 2).(supplementary figure 2).  
  
Defining nutrient environments or conditionsDefining nutrient environments or conditions  

ForFor nutrientnutrient environmentsenvironments oror conditions,conditions, II selectedselected aa setset ofof 5959 diversediverse carboncarbon sourcessources knownknown toto                                               
sustainsustain microbialmicrobial biomassbiomass andand energyenergy synthesissynthesis fromfrom previousprevious genome-scalegenome-scale metabolicmetabolic studiesstudies ofof                                   
phylogeneticallyphylogenetically broadbroad species species 19-2119-21 (supplementary(supplementary tabletable 2).2). EveryEvery conditioncondition waswas assumedassumed toto containcontain                                   
oneone ofof thesethese carboncarbon sourcessources (such(such asas glucoseglucose andand maltose),maltose), alongalong withwith aa setset ofof 3030 commonlycommonly                                                  
availableavailable metabolitesmetabolites (assumed(assumed toto bebe presentpresent inin allall conditions,conditions, suchsuch asas water,water, oxygenoxygen andand ATP),ATP),                                            
similarsimilar toto thethe aforementionedaforementioned studiesstudies (supplementary(supplementary tabletable 3).3). ToTo inferinfer biosyntheticbiosynthetic potential,potential, II                                      
separatelyseparately collectedcollected aa setset ofof allall prokaryoticprokaryotic speciesspecies biomassbiomass compositionscompositions andand theirtheir constituentconstituent                                      
metabolitesmetabolites fromfrom high-qualityhigh-quality experimentallyexperimentally verifiedverified metabolicmetabolic modelsmodels inin thethe BiGGBiGG database database 22 22 .. II                                   
curatedcurated fromfrom thisthis aa listlist aa unionunion ofof 137137 biomassbiomass precursorsprecursors acrossacross diversediverse microbialmicrobial metabolismsmetabolisms                                            
(supplementary table 4).(supplementary table 4).  
  
Network expansion algorithmNetwork expansion algorithm  

ToTo inferinfer whatwhat eacheach strainstrain couldcould synthesizesynthesize inin eacheach nutrientnutrient environmentenvironment oror condition,condition, II usedused aa                                               
well-documentedwell-documented networknetwork expansionexpansion algorithmalgorithm —— scopescope expansion expansion 23-24 23-24 .. Briefly,Briefly, thisthis algorithmalgorithm isis                                
givengiven aa reactionreaction networknetwork (one(one fromfrom eacheach genome)genome) andand anan initialinitial “seed”“seed” setset ofof availableavailable metabolitesmetabolites                                               
(each(each nutrientnutrient environment).environment). ItIt firstfirst determinesdetermines whichwhich reactionsreactions cancan bebe performedperformed byby thethe networknetwork                                         
usingusing onlyonly thethe nutrientsnutrients inin thethe environment.environment. II assumeassume thatthat metabolitesmetabolites thatthat areare productsproducts inin thisthis initialinitial                                                  
setset ofof reactionsreactions cancan bebe synthesizedsynthesized byby thethe network,network, andand cancan bebe subsequentlysubsequently usedused asas reactantsreactants inin                                                  
newnew reactions.reactions. Again,Again, II considerconsider thatthat thethe productsproducts ofof suchsuch newnew reactionsreactions cancan bebe synthesizedsynthesized byby thethe                                                  
network,network, andand maymay allowallow additionaladditional newnew reactionsreactions toto bebe performed.performed. ThisThis continuescontinues stepstep byby step,step, tilltill nono                                                  
nono newnew reactionsreactions cancan bebe performed.performed. AllAll metabolitesmetabolites thatthat cancan bebe producedproduced overover allall suchsuch stepssteps areare                                                  
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defineddefined asas thethe “scope”“scope” ofof thethe metabolicmetabolic network,network, i.e.i.e. II assumeassume thatthat thesethese metabolitesmetabolites cancan bebe                                               
synthesized by the reaction network from the initial nutrients in the environment.synthesized by the reaction network from the initial nutrients in the environment.  
  
Calculating genome fluidityCalculating genome fluidity  

II calculatedcalculated genomegenome fluidityfluidity 𝜑𝜑 asas prescribedprescribed inin aa previousprevious study study 17 17 ,, usingusing aa customcustom PythonPython script.script. ForFor                                                  
everyevery genome,genome, II consideredconsidered eacheach constituentconstituent gene’sgene’s KOKO numbernumber asas itsits uniqueunique identifier.identifier. Then,Then, toto                                            
estimateestimate 𝜑𝜑 forfor everyevery species,species, II calculated,calculated, forfor allall conspecificconspecific pairs,pairs, thethe ratioratio ofof thethe numbernumber ofof genesgenes                                                     
uniqueunique toto aa strainstrain inin thethe pairpair toto thethe totaltotal numbernumber ofof genesgenes inin theirtheir sum.sum. TheThe averageaverage overover allall pairspairs forfor aa                                                                    
speciesspecies waswas consideredconsidered itsits genomegenome fluidityfluidity 𝜑.𝜑. NoteNote thatthat thoughthough usingusing KEGGKEGG orthologousorthologous groupsgroups                                         
underestimatesunderestimates thethe exactexact valuesvalues ofof 𝜑,𝜑, mymy estimatesestimates stillstill scalescale wellwell withwith previouslypreviously reportedreported values values 99                                            
(Spearman's rho = 0.60,  (Spearman's rho = 0.60,  P  P  value = 7 x 10 value = 7 x 10 -5 -5 ; supplementary figure 11).; supplementary figure 11).  
  
Calculating accessory metabolic capacityCalculating accessory metabolic capacity  

II calculatedcalculated anan accessoryaccessory metabolicmetabolic capacitycapacity 𝛼𝛼 forfor everyevery species.species. ForFor eacheach conspecificconspecific strain,strain, II firstfirst                                               
calculated,calculated, usingusing thethe networknetwork expansionexpansion algorithmalgorithm described,described, thethe scopescope ofof eacheach ofof thethe 1,3391,339                                         
reactionreaction networksnetworks acrossacross allall 5959 conditions.conditions. Then,Then, speciesspecies byby species,species, forfor everyevery condition,condition, II calculatedcalculated                                            
aa “core”“core” metabolome,metabolome, i.e.i.e. metabolitesmetabolites thatthat werewere presentpresent inin thethe scopescope ofof everyevery conspecificconspecific strain.strain. II                                               
thenthen explicitlyexplicitly removedremoved thesethese metabolitesmetabolites withinwithin everyevery speciesspecies fromfrom thethe scopescope ofof eacheach strainstrain andand                                            
countedcounted howhow manymany precursorsprecursors remainedremained inin thethe correspondingcorresponding “accessory”“accessory” metabolomemetabolome ofof everyevery                                   
strainstrain acrossacross allall conditions.conditions. ThisThis gavegave meme aa numbernumber ofof additionaladditional precursorsprecursors thatthat couldcould bebe                                            
synthesizedsynthesized perper strainstrain perper conditioncondition forfor eacheach species,species, andand waswas defineddefined asas thethe species’species’ accessoryaccessory                                            
metabolic capacity 𝛼 (supplementary table 5).metabolic capacity 𝛼 (supplementary table 5).  
  
Calculating metabolic dependency potential between conspecific pairsCalculating metabolic dependency potential between conspecific pairs  

II calculatedcalculated aa metabolicmetabolic dependencydependency potentialpotential (MDP)(MDP) forfor everyevery species.species. ForFor this,this, II consideredconsidered withinwithin                                            
eacheach species,species, allall conspecificconspecific pairspairs acrossacross allall 5959 conditions.conditions. ForFor eacheach pair,pair, II calculatedcalculated thethe scopescope forfor                                                  
bothboth strainsstrains firstfirst inin “monoculture”,“monoculture”, i.e.i.e. whenwhen growngrown alone.alone. II thenthen calculated,calculated, forfor everyevery metabolitemetabolite thatthat                                               
couldcould bebe producedproduced byby oneone strainstrain butbut notnot thethe partnerpartner strain,strain, whetherwhether oror notnot itsits secretionsecretion couldcould                                                  
alleviatealleviate anan auxotrophyauxotrophy inin thethe partner.partner. II specificallyspecifically consideredconsidered auxotrophiesauxotrophies onlyonly forfor thethe 137137 keykey                                            
precursorsprecursors II hadhad selected.selected. II thenthen countedcounted eacheach alleviatedalleviated auxotrophyauxotrophy asas aa potentialpotential metabolicmetabolic                                         
dependency,dependency, andand thethe averageaverage numbernumber ofof dependenciesdependencies (per(per strainstrain perper pairpair perper condition)condition) forfor eacheach                                            
species was defined as its metabolic dependency potential, or MDP (supplementary table 5).species was defined as its metabolic dependency potential, or MDP (supplementary table 5).  
  
Calculating metabolic dependency potential between inter-specific pairsCalculating metabolic dependency potential between inter-specific pairs  

ToTo quantifyquantify thethe extentextent ofof metabolicmetabolic interactionsinteractions betweenbetween inter-specificinter-specific strains,strains, II calculatedcalculated aa separateseparate                                         
metabolicmetabolic dependencydependency potentialpotential forfor everyevery species.species. ForFor eacheach species,species, II pairedpaired eacheach conspecificconspecific strainstrain                                         
withwith 2525 randomlyrandomly chosenchosen strainsstrains fromfrom otherother species,species, alsoalso pickedpicked atat random.random. ForFor allall inter-specificinter-specific                                            
pairspairs generatedgenerated thisthis way,way, II calculatedcalculated metabolicmetabolic dependencydependency potentialpotential usingusing thethe samesame methodmethod asas                                         
describeddescribed above,above, forfor conspecificconspecific pairs.pairs. InIn thisthis way,way, thethe averageaverage numbernumber ofof dependenciesdependencies identifiedidentified                                         
perper strainstrain perper conditioncondition waswas defineddefined asas thethe inter-specificinter-specific metabolicmetabolic dependencydependency potential,potential, oror MDPMDP                                         
(supplementary table 5).(supplementary table 5).  
  
Determining strain co-occurrence from microbial community dataDetermining strain co-occurrence from microbial community data  

ToTo testtest whetherwhether thethe conspecificconspecific metabolicmetabolic interactionsinteractions detecteddetected inin mymy MDPMDP analysisanalysis couldcould bebe realizedrealized                                            
inin naturalnatural microbialmicrobial communities,communities, II analyzedanalyzed genomegenome co-occurrenceco-occurrence datadata fromfrom ChaffronChaffron etet al al 38 38 .. TheseThese                                         
datadata listlist allall 16S16S rRNArRNA sequencessequences co-detectedco-detected acrossacross severalseveral microbialmicrobial communitycommunity samples.samples. Here,Here,                                      
setssets ofof sequencessequences areare clusteredclustered intointo operationaloperational taxonomictaxonomic unitsunits (OTUs)(OTUs) correspondingcorresponding toto differentdifferent                                      
sequencesequence similaritysimilarity thresholds.thresholds. ToTo mapmap thesethese OTUsOTUs toto thethe genomesgenomes inin mymy study,study, II firstfirst obtainedobtained 16S16S                                                  
rRNArRNA sequencessequences forfor allall thethe 1,3391,339 genomesgenomes II analyzedanalyzed fromfrom KEGG.KEGG. WhenWhen multiplemultiple sequencessequences werewere                                            
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availableavailable forfor aa givengiven genome,genome, II usedused thethe longestlongest sequencesequence andand mapedmaped thatthat asas thethe uniqueunique 16S16S                                                  
identifieridentifier forfor thatthat strain.strain. Then,Then, usingusing BLAST,BLAST, II mappedmapped OTUsOTUs inin thethe co-occurrenceco-occurrence datadata toto thethe                                               
genomesgenomes inin mymy studystudy (where(where OTUsOTUs werewere binnedbinned withwith aa sequencesequence similaritysimilarity thresholdthreshold ofof 99%).99%). Here,Here, II                                                  
usedused thethe BLASTBLAST bitbit scorescore asas mymy assignmentassignment criterion.criterion. II usedused thethe 689689 genomesgenomes thatthat couldcould bebe mappedmapped                                                     
thisthis wayway forfor furtherfurther analysis.analysis. Here,Here, acrossacross allall microbialmicrobial communitycommunity samples,samples, II askedasked whichwhich                                         
conspecificconspecific genomesgenomes co-occurredco-occurred inin atat leastleast oneone samplesample —— fromfrom whichwhich II foundfound 2929 genomesgenomes                                            
correspondingcorresponding toto 1414 speciesspecies (supplementary(supplementary tabletable 7).7). II thenthen repeatedrepeated mymy metabolicmetabolic dependencydependency                                      
potential analysis for these conspecific strains, as described above.potential analysis for these conspecific strains, as described above.  
  
Testing for the role of stochastic accessory gene turnoverTesting for the role of stochastic accessory gene turnover  

ToTo testtest ifif mymy observedobserved correlationscorrelations betweenbetween 𝜑𝜑 andand 𝛼𝛼 asas wellwell asas 𝜑𝜑 andand MDPMDP couldcould bebe explainedexplained byby                                                           
randomrandom accessoryaccessory genegene turnover,turnover, II repeatedrepeated mymy studystudy withwith aa “randomly“randomly assembled”assembled” pangenomepangenome                                      
dataset.dataset. II randomizedrandomized genomesgenomes speciesspecies byby species.species. II firstfirst collectedcollected allall availableavailable genomesgenomes forfor aa                                            
species,species, andand pickedpicked aa randomrandom pairpair ofof these.these. II thenthen shuffledshuffled thethe accessoryaccessory genesgenes inin thisthis pairpair inin twotwo                                                        
ways: (1) gene by gene, and (2) operon by operon.ways: (1) gene by gene, and (2) operon by operon.    
  
WhenWhen shufflingshuffling genegene byby gene,gene, forfor eacheach strainstrain pair,pair, II randomlyrandomly pickedpicked twotwo genes,genes, oneone fromfrom eacheach strainstrain                                                     
inin thethe pair,pair, andand swappedswapped them.them. II repeatedrepeated thisthis severalseveral timestimes beforebefore pickingpicking anotheranother conspecificconspecific pairpair                                               
fromfrom thethe samesame species.species. TheThe numbernumber ofof swapsswaps perper pairpair waswas chosenchosen suchsuch thatthat eacheach accessoryaccessory genegene                                                  
waswas swappedswapped onceonce onon average.average. II verifiedverified thatthat thethe exactexact numbernumber ofof swapsswaps doesdoes notnot affectaffect mymy results.results.                                                     
ByBy thethe endend ofof thisthis process,process, II hadhad aa newnew setset ofof genomesgenomes whichwhich hadhad undergoneundergone “stochastic“stochastic accessoryaccessory                                                     
genegene turnover”.turnover”. NoteNote thatthat inin orderorder toto avoidavoid anyany potentialpotential biases,biases, thisthis processprocess preservespreserves thethe observedobserved                                               
genomegenome sizessizes andand strainstrain numbersnumbers whilewhile onlyonly slightlyslightly affectingaffecting genomegenome fluidity.fluidity. II thenthen repeatedrepeated mymy 𝛼𝛼                                               
andand MDPMDP calculationscalculations forfor thesethese “shuffled”“shuffled” genomes.genomes. ThisThis wouldwould testtest ifif thethe meremere acquisitionacquisition ofof extraextra                                               
genesgenes fromfrom aa species’species’ accessoryaccessory genomegenome couldcould allowallow thethe expandedexpanded biosyntheticbiosynthetic potentialpotential andand                                      
metabolic dependencies observed in the data.metabolic dependencies observed in the data.  
  
ToTo identifyidentify operons,operons, II usedused thethe ProOpDBProOpDB database,database, whichwhich listslists operonoperon compositionscompositions forfor moremore thanthan                                            
12001200 prokaryoticprokaryotic genomes genomes 41 41 .. II foundfound thatthat thisthis databasedatabase hadhad operonoperon compositionscompositions availableavailable forfor 795795                                         
strainsstrains acrossacross 6464 ofof thethe speciesspecies inin mymy study,study, whichwhich II usedused forfor thethe operonoperon shufflingshuffling analysisanalysis                                                  
(supplementary(supplementary tabletable 8).8). Here,Here, whenwhen shufflingshuffling operons,operons, II usedused aa similarsimilar methodmethod asas whenwhen shufflingshuffling                                            
genes,genes, butbut insteadinstead ofof swappingswapping merelymerely randomlyrandomly chosenchosen genesgenes fromfrom aa pairpair ofof strains,strains, II identifiedidentified                                               
whichwhich operonoperon theythey belongedbelonged toto inin theirtheir respectiverespective strain’sstrain’s genome,genome, andand swappedswapped allall genesgenes inin thosethose                                               
operonsoperons acrossacross thethe pair.pair. II repeatedrepeated thesethese operonoperon swapsswaps severalseveral timestimes forfor eacheach strainstrain pair,pair, andand forfor                                                  
several pairs, at the end of which, I had another new set of randomly shuffled genomes.several pairs, at the end of which, I had another new set of randomly shuffled genomes.  
  
Comparing predicted dependencies with experimentally verified pairsComparing predicted dependencies with experimentally verified pairs  

ToTo testtest ifif mymy metabolicmetabolic dependencydependency potentialpotential (MDP)(MDP) measuremeasure couldcould accuratelyaccurately predictpredict metabolicmetabolic                                      
dependenciesdependencies betweenbetween differentdifferent pairs,pairs, II comparedcompared itsits performanceperformance onon genome-scalegenome-scale metabolicmetabolic                                
networksnetworks correspondingcorresponding toto somesome well-studiedwell-studied experimentallyexperimentally verifiedverified metabolicallymetabolically dependentdependent pairs.pairs.                             
Specifically,Specifically, II consideredconsidered 22 conspecificconspecific andand 44 inter-specificinter-specific pairs.pairs. ForFor conspecificconspecific dependencies,dependencies, II                                      
usedused 22   EscherichiaEscherichia colicoli   cross-feedingcross-feeding pairs pairs 1313 andand forfor inter-species,inter-species, II usedused (1)(1) aa   DesulfovibrioDesulfovibrio vulgarisvulgaris                                            
andand   MethanococcusMethanococcus maripaludismaripaludis pair pair 29 29 ;; (2)(2) anan   E.E. colicoli   andand   AcinetobacterAcinetobacter baylyibaylyi   pair pair 14 14 ;; (3)(3) anan                                         
LactobacillusLactobacillus bulgarisbulgaris   andand   StreptococcusStreptococcus thermophilusthermophilus   pair pair 30 30 ;; andand (4)(4) aa   BifidobacteriumBifidobacterium longumlongum   andand                                   
EubacteriumEubacterium rectalerectale   pair pair 31 31 .. InIn allall cases,cases, II obtainedobtained thethe metabolicmetabolic modelsmodels forfor thethe closestclosest availableavailable                                            
strainsstrains fromfrom KEGGKEGG and,and, whenwhen needed,needed, modifiedmodified thethe genesgenes presentpresent toto bestbest matchmatch thosethose describeddescribed inin                                               
thethe respectiverespective studies.studies. II thenthen usedused mymy MDPMDP approachapproach asas describeddescribed toto inferinfer whichwhich potentialpotential                                            
dependenciesdependencies werewere detecteddetected inin eacheach pairpair forfor thethe specificspecific conditionsconditions mentionedmentioned inin eacheach study.study. II foundfound                                               
thatthat mymy methodmethod couldcould accuratelyaccurately identifyidentify thethe extentextent ofof dependenciesdependencies (number(number ofof auxotrophies)auxotrophies) andand                                         
interaction directionality (commensal or mutualistic interactions; supplementary figure 3).interaction directionality (commensal or mutualistic interactions; supplementary figure 3).  
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StatisticsStatistics  

ToTo calculatecalculate correlationcorrelation coefficientscoefficients throughoutthroughout thethe study,study, II usedused Spearman’sSpearman’s nonparametricnonparametric rho,rho, andand                                      
forfor   PP values,values, II usedused aa one-wayone-way asymptoticasymptotic permutationpermutation testtest forfor positivepositive correlation.correlation. AllAll statisticalstatistical teststests                                               
werewere performedperformed usingusing standardstandard implementationsimplementations inin thethe SciPySciPy (version(version 0.18.1)0.18.1) andand NumPyNumPy (version(version                                      
1.13.1)1.13.1) librarieslibraries inin thethe PythonPython programmingprogramming languagelanguage (version(version 3.5.2).3.5.2). LinearLinear regressionregression andand predictionprediction                                      
interval calculations were performed using the Seaborn library function regplot (version 0.7.1).interval calculations were performed using the Seaborn library function regplot (version 0.7.1).  

Data and code availabilityData and code availability  
AllAll computercomputer codecode andand extractedextracted datadata filesfiles usedused inin thisthis studystudy areare availableavailable atat thethe followingfollowing URL:URL:                                                  
https://github.com/eltanin4/pangenome_dep https://github.com/eltanin4/pangenome_dep ..  
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Figure 1 | The accessory genomes of prokaryotes harbour extensive biosynthetic potentialFigure 1 | The accessory genomes of prokaryotes harbour extensive biosynthetic potential  
ScatterScatter plotplot ofof genomegenome fluidityfluidity 𝜑𝜑 versusversus accessoryaccessory metabolicmetabolic capacitycapacity 𝛼𝛼 forfor thethe 9696 prokaryoticprokaryotic speciesspecies inin thisthis                                                     
study.study. EachEach pointpoint representsrepresents thethe averageaverage numbernumber ofof precursorsprecursors thatthat couldcould bebe synthesizedsynthesized byby thethe accessoryaccessory                                               
genomegenome contentcontent alonealone inin eacheach strainstrain ofof aa species.species. TheThe VennVenn diagramsdiagrams onon thethe rightright provideprovide aa schematicschematic                                                     
representationrepresentation ofof openopen pangenomespangenomes (high(high 𝜑,𝜑, smallsmall core)core) versusversus closedclosed pangenomespangenomes (low(low 𝜑,𝜑, largelarge core).core). TheThe                                               
solidsolid blackblack lineline representsrepresents aa linearlinear regressionregression andand thethe graygray envelopeenvelope aroundaround it,it, thethe 95%95% predictionprediction interval.interval.                                                  
rhorho correspondscorresponds toto Spearman’sSpearman’s nonparametricnonparametric correlationcorrelation coefficientcoefficient andand thethe   PP valuevalue toto aa one-wayone-way                                         
asymptotic permutation test for positive correlation.asymptotic permutation test for positive correlation.  
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Figure 2 | Conspecific metabolic dependencies scale with accessory genome contentFigure 2 | Conspecific metabolic dependencies scale with accessory genome content  
a,a,   ScatterScatter plotplot ofof genomegenome fluidityfluidity 𝜑𝜑 versusversus conspecificconspecific metabolicmetabolic dependencydependency potentialpotential (MDP)(MDP) forfor thethe 9696                                               
prokaryoticprokaryotic speciesspecies inin thisthis study.study. EachEach pointpoint representsrepresents thethe averageaverage numbernumber ofof dependenciesdependencies detecteddetected perper                                            
strainstrain perper conditioncondition acrossacross allall conspecificconspecific pairspairs forfor oneone species.species. ColoursColours representrepresent eacheach species’species’                                         
phylum-levelphylum-level taxonomictaxonomic identity.identity. TheThe solidsolid blackblack lineline representsrepresents aa linearlinear regressionregression andand thethe graygray envelopeenvelope                                            
aroundaround it,it, thethe 95%95% predictionprediction interval.interval. rhorho correspondscorresponds toto Spearman’sSpearman’s nonparametricnonparametric correlationcorrelation coefficientcoefficient                                      
andand thethe   PP valuevalue toto aa one-wayone-way asymptoticasymptotic permutationpermutation testtest forfor positivepositive correlation.correlation.   b,b,   PiePie chartchart ofof thethe typestypes ofof                                                           
interactionsinteractions detecteddetected inin eacheach conspecificconspecific pair.pair.   c,c,   PiePie chartchart ofof thethe typestypes ofof auxotrophiesauxotrophies thatthat thethe detecteddetected                                                  
dependenciesdependencies relieverelieve duedue toto pairwisepairwise growth.growth. EachEach ofof thethe 137137 precursorsprecursors belongsbelongs toto aa uniqueunique chosenchosen                                               
category (supplementary table 4).category (supplementary table 4).  
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Supporting Information LegendsSupporting Information Legends  
Supplementary FiguresSupplementary Figures  

Supplementary Figure 1 | Phylogenetic bias in species set does not impact my key resultSupplementary Figure 1 | Phylogenetic bias in species set does not impact my key result  
ScatterScatter plotplot ofof genomegenome fluidityfluidity 𝜑𝜑 versusversus conspecificconspecific metabolicmetabolic dependencydependency potentialpotential (MDP),(MDP), similarsimilar toto                                         
figurefigure 2,2, butbut toto minimizeminimize phylogeneticphylogenetic bias,bias, herehere II onlyonly includedincluded oneone speciesspecies perper genus.genus. ThisThis resultedresulted                                                  
inin 5555 speciesspecies (51(51 bacteria,bacteria, 44 archaea).archaea). EachEach pointpoint representsrepresents thethe averageaverage numbernumber ofof dependenciesdependencies                                            
detecteddetected perper strainstrain perper conditioncondition acrossacross allall conspecificconspecific pairspairs forfor oneone species.species. TheThe solidsolid blackblack lineline                                               
representsrepresents aa linearlinear regressionregression andand thethe graygray envelopeenvelope aroundaround it,it, thethe 95%95% predictionprediction interval.interval. MDPMDP stillstill                                               
increases significantly with increasing genome fluidity.increases significantly with increasing genome fluidity.  
  
Supplementary Figure 2 | Using gap-filled metabolic models does not impact my resultsSupplementary Figure 2 | Using gap-filled metabolic models does not impact my results  
a,a, ScatterScatter plotplot ofof genomegenome fluidityfluidity 𝜑𝜑 versusversus accessoryaccessory metabolicmetabolic capacitycapacity 𝛼𝛼 forfor thethe 9696 prokaryoticprokaryotic                                               
speciesspecies inin thisthis study,study, similarsimilar toto figurefigure 1;1; andand   b,b, scatterscatter plotplot ofof genomegenome fluidityfluidity 𝜑𝜑 versusversus conspecificconspecific                                                     
metabolicmetabolic dependencydependency potentialpotential (MDP),(MDP), similarsimilar toto figurefigure 2;2; exceptexcept withoutwithout thethe additionaddition ofof anyany                                         
gap-filledgap-filled reactionsreactions (see(see Methods).Methods). ThisThis eliminateseliminates anyany potentialpotential biasbias thatthat maymay arisearise fromfrom addingadding                                         
gap-filledgap-filled reactions.reactions. EachEach pointpoint representsrepresents oneone species,species, bothboth solidsolid blackblack lineslines representrepresent linearlinear                                      
regression,regression, andand thethe graygray envelopesenvelopes aroundaround them,them, 95%95% predictionprediction intervals.intervals. BothBoth observedobserved trendstrends areare                                         
qualitatively unaffected.qualitatively unaffected.  
  
Supplementary Figure 3 | Metabolic dependency potential (MDP) accurately capturesSupplementary Figure 3 | Metabolic dependency potential (MDP) accurately captures  
experimentally verified dependenciesexperimentally verified dependencies  
ForFor   a,a,   22 conspecificconspecific andand   b,b,   44 interspecificinterspecific pairspairs ofof prokaryotes,prokaryotes, II verifiedverified thatthat mymy approachapproach toto inferinfer                                                     
andand measuremeasure metabolicmetabolic dependenciesdependencies usingusing KEGG-annotatedKEGG-annotated metabolicmetabolic reactionreaction networksnetworks (see(see                             
Methods)Methods) cancan predictpredict bothboth thethe numbernumber ofof dependenciesdependencies betweenbetween eacheach microbe,microbe, asas wellwell asas thethe                                            
correctcorrect interactioninteraction typetype (commensalism,(commensalism, asas inin thethe top-lefttop-left pairpair inin b;b; andand mutualism,mutualism, asas inin thethe top-righttop-right                                                  
pair).pair).  
  
Supplementary Figure 4 | The impact of considering medians instead of means for 𝛼Supplementary Figure 4 | The impact of considering medians instead of means for 𝛼  
SameSame asas figurefigure 1,1, exceptexcept herehere toto calculatecalculate 𝛼,𝛼, insteadinstead ofof usingusing thethe meanmean numbernumber ofof precursorsprecursors                                                  
producedproduced byby eacheach individualindividual strain’sstrain’s accessoryaccessory genome,genome, II consideredconsidered medians.medians. TheThe solidsolid blackblack lineline                                         
representsrepresents aa linearlinear regressionregression andand thethe graygray envelopeenvelope aroundaround it,it, thethe 95%95% predictionprediction interval.interval. rhorho                                            
correspondscorresponds toto Spearman’sSpearman’s nonparametricnonparametric correlationcorrelation coefficientcoefficient andand thethe   PP valuevalue toto aa one-wayone-way                                      
asymptoticasymptotic permutationpermutation testtest forfor positivepositive correlation.correlation. ThisThis choicechoice doesdoes notnot significantlysignificantly impactimpact mymy                                      
results for 𝛼.results for 𝛼.  
  
Supplementary Figure 5 | The impact of considering medians instead of means for MDPSupplementary Figure 5 | The impact of considering medians instead of means for MDP  
SameSame asas figurefigure 2a,2a, exceptexcept herehere toto calculatecalculate 𝛼,𝛼, insteadinstead ofof usingusing thethe meanmean numbernumber ofof dependenciesdependencies                                                  
perper strainstrain acrossacross conspecificconspecific pairs,pairs, II consideredconsidered medians.medians. TheThe solidsolid blackblack lineline representsrepresents aa linearlinear                                            
regressionregression andand thethe graygray envelopeenvelope aroundaround it,it, thethe 95%95% predictionprediction interval.interval. rhorho correspondscorresponds toto                                         
Spearman’sSpearman’s nonparametricnonparametric correlationcorrelation coefficientcoefficient andand thethe   PP valuevalue toto aa one-wayone-way asymptoticasymptotic                                   
permutationpermutation testtest forfor positivepositive correlation.correlation. ThisThis choicechoice doesdoes notnot significantlysignificantly impactimpact mymy resultsresults forfor                                         
MDP.MDP.  
  
Supplementary Figure 6 | Co-occurring genomes from microbial community data capture mySupplementary Figure 6 | Co-occurring genomes from microbial community data capture my  
key observed trendkey observed trend  
ScatterScatter plotplot ofof genomegenome fluidityfluidity 𝜑𝜑 versusversus conspecificconspecific metabolicmetabolic dependencydependency potentialpotential (MDP),(MDP), similarsimilar toto                                         
figurefigure 2,2, butbut toto testtest ifif thethe detecteddetected dependenciesdependencies areare realizablerealizable inin nature,nature, herehere II onlyonly includedincluded knownknown                                                     
co-occurringco-occurring strainsstrains (see(see Methods).Methods). ThisThis resultedresulted inin 2929 strainsstrains acrossacross 1414 speciesspecies (supplementary(supplementary                                      
tabletable 7).7). EachEach pointpoint representsrepresents thethe averageaverage numbernumber ofof dependenciesdependencies detecteddetected perper strainstrain perper                                         
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conditioncondition acrossacross allall co-occurringco-occurring conspecificconspecific pairspairs forfor oneone species.species. TheThe solidsolid blackblack lineline representsrepresents aa                                            
linearlinear regressionregression andand thethe graygray envelopeenvelope aroundaround it,it, thethe 95%95% predictionprediction interval.interval. MDPMDP stillstill increasesincreases                                            
significantly with increasing genome fluidity.significantly with increasing genome fluidity.  
  
Supplementary Figure 7 | Complementary metabolic interactions are also likely to be commonSupplementary Figure 7 | Complementary metabolic interactions are also likely to be common  
between prokaryotic speciesbetween prokaryotic species  
ScatterScatter plotplot ofof genomegenome fluidityfluidity 𝜑𝜑 versusversus conspecificconspecific metabolicmetabolic dependencydependency potentialpotential (MDP),(MDP), similarsimilar toto                                         
figurefigure 2,2, butbut herehere MDPMDP waswas measuredmeasured betweenbetween inter-specificinter-specific strainsstrains (see(see Methods).Methods). ForFor eacheach strainstrain                                            
withinwithin aa species,species, II measuredmeasured itsits dependencydependency potentialpotential withwith 2525 randomlyrandomly chosenchosen strainsstrains fromfrom otherother                                            
species.species. EachEach pointpoint representsrepresents thethe averageaverage numbernumber ofof dependenciesdependencies detecteddetected perper strainstrain perper                                      
conditioncondition acrossacross severalseveral inter-specificinter-specific pairspairs forfor oneone species.species. TheThe solidsolid blackblack lineline representsrepresents aa linearlinear                                            
regressionregression andand thethe graygray envelopeenvelope aroundaround it,it, thethe 95%95% predictionprediction interval.interval. MDPMDP isis nonzerononzero forfor allall                                               
species in the study, though it does not increase significantly with increasing genome fluidity.species in the study, though it does not increase significantly with increasing genome fluidity.  
  
Supplementary Figure 8 | Quantitative aspects of prokaryotic core and accessory genomesSupplementary Figure 8 | Quantitative aspects of prokaryotic core and accessory genomes  
a,a, PiePie chartchart ofof thethe averageaverage fractionfraction ofof genesgenes belongingbelonging toto differentdifferent functionsfunctions typicaltypical toto prokaryoticprokaryotic                                               
accessoryaccessory genomesgenomes (for(for thethe 1,3391,339 genomesgenomes inin thisthis study).study). b,b,   PiePie chartchart ofof thethe fractionfraction ofof 9696 speciesspecies inin                                                        
thethe studystudy wherewhere metabolicmetabolic functionsfunctions showedshowed moremore genegene contentcontent variationvariation thanthan otherother functionsfunctions inin                                         
accessoryaccessory genomesgenomes (namely,(namely, geneticgenetic informationinformation processing,processing, environmentalenvironmental informationinformation processing,processing,                          
andand others).others).   c,c,   BarBar chartchart ofof thethe typicaltypical functionalfunctional compositioncomposition ofof bothboth corecore andand accessoryaccessory genomes,genomes,                                               
forfor thethe 9696 speciesspecies inin thethe study.study. ValuesValues indicateindicate medianmedian fraction,fraction, andand errorerror barsbars indicateindicate thethe extentextent ofof                                                     
variationvariation observedobserved acrossacross thethe genomesgenomes studied.studied. MetabolicMetabolic functionsfunctions areare enrichedenriched inin accessoryaccessory                                   
genomesgenomes whenwhen comparedcompared withwith corecore genomes.genomes.   d,d,   HistogramHistogram ofof thethe fractionfraction ofof accessoryaccessory genesgenes inin                                            
eacheach strain,strain, whichwhich II identifiedidentified asas potentialpotential contributorscontributors toto metabolicallymetabolically beneficialbeneficial functionsfunctions inin thethe                                         
study.study.  
  
Supplementary Figure 9 | Randomly shuffling species pangenomes significantly diminishes 𝛼Supplementary Figure 9 | Randomly shuffling species pangenomes significantly diminishes 𝛼  
ScatterScatter plotplot ofof genomegenome fluidityfluidity 𝜑𝜑 versusversus accessoryaccessory metabolicmetabolic capacitycapacity 𝛼𝛼 forfor thethe prokaryoticprokaryotic speciesspecies inin                                               
thisthis study,study, withwith eacheach species’species’ accessoryaccessory contentcontent randomlyrandomly shuffledshuffled betweenbetween strains,strains, eithereither   a,a, genegene                                         
byby genegene (for(for 9696 species),species), oror   b,b, operonoperon byby operonoperon (for(for 6464 species,species, seesee Methods).Methods). TheThe solidsolid blackblack lineslines                                                        
representrepresent linearlinear regression.regression. InIn bothboth cases,cases, notnot onlyonly doesdoes randomlyrandomly shufflingshuffling accessoryaccessory genesgenes                                      
significantlysignificantly reducereduce thethe additionaladditional biosyntheticbiosynthetic potentialpotential ofof eacheach strain’sstrain’s accessoryaccessory genome,genome, therethere isis                                      
no significant correlation with increasing accessory content (compared with figure 1).no significant correlation with increasing accessory content (compared with figure 1).  
  
Supplementary Figure 10 | Randomly shuffling species pangenomes significantly diminishesSupplementary Figure 10 | Randomly shuffling species pangenomes significantly diminishes  
MDPMDP  
ScatterScatter plotplot ofof genomegenome fluidityfluidity 𝜑𝜑 versusversus metabolicmetabolic dependencydependency potentialpotential MDPMDP forfor thethe prokaryoticprokaryotic                                         
speciesspecies inin thisthis study,study, withwith eacheach species’species’ accessoryaccessory contentcontent randomlyrandomly shuffledshuffled betweenbetween strains,strains, eithereither                                         
a,a, genegene byby genegene (for(for 9696 species),species), oror   b,b, operonoperon byby operonoperon (for(for 6464 species,species, seesee Methods).Methods). TheThe solidsolid                                                        
blackblack lineslines representrepresent linearlinear regression.regression. InIn bothboth cases,cases, notnot onlyonly doesdoes randomlyrandomly shufflingshuffling accessoryaccessory                                         
genesgenes significantlysignificantly reducereduce thethe numbernumber ofof metabolicmetabolic dependenciesdependencies betweenbetween conspecificconspecific pairs,pairs, therethere isis                                      
no significant correlation with increasing accessory content (compared with figure 2a).no significant correlation with increasing accessory content (compared with figure 2a).  
  
Supplementary Figure 11 | Comparing KEGG ortholog-based genome fluidity estimates withSupplementary Figure 11 | Comparing KEGG ortholog-based genome fluidity estimates with  
alignment-based estimatesalignment-based estimates  
ScatterScatter plotplot ofof genomegenome fluidityfluidity 𝜑𝜑 usingusing KEGGKEGG (this(this study;study; y-axis)y-axis) versusversus estimatesestimates ofof 𝜑𝜑 reportedreported inin                                                  
AndreaniAndreani et.et. al.,al.,   TheThe ISMEISME JournalJournal   (2017)(2017) (x-axis)(x-axis) forfor thethe 3838 speciesspecies commoncommon toto bothboth analyses.analyses. EachEach                                                  
pointpoint representsrepresents oneone species.species. MyMy measuremeasure usesuses KEGG’sKEGG’s orthologousorthologous genegene categoriescategories forfor scoringscoring                                      
genegene presence-absence,presence-absence, whereaswhereas AndreaniAndreani et.et. al.al. useuse thresholdedthresholded sequencesequence alignmentalignment toto classifyclassify                                   
genesgenes intointo “families”.“families”. TheThe solidsolid blackblack lineline representsrepresents aa linearlinear regression.regression. rhorho correspondscorresponds toto                                         
Spearman’sSpearman’s nonparametricnonparametric correlationcorrelation coefficientcoefficient andand   PP toto aa one-wayone-way asymptoticasymptotic permutationpermutation testtest                                   
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forfor positivepositive correlation.correlation. WhileWhile mymy estimatesestimates areare lowerlower thanthan thosethose ofof AndreaniAndreani et.et. al.,al., theythey showshow                                               
consistent linear scaling and can thus still be used to infer trends.consistent linear scaling and can thus still be used to infer trends.  
  
Supplementary TablesSupplementary Tables  

Supplementary Table 1: Supplementary Table 1:  List of all 96 species and 1,339 strains used in the study List of all 96 species and 1,339 strains used in the study  
Supplementary Table 2: Supplementary Table 2:  List of all 59 carbon sources used as nutrients List of all 59 carbon sources used as nutrients  
Supplementary Table 3: Supplementary Table 3:  List of all 30 compounds assumed to present in all conditions List of all 30 compounds assumed to present in all conditions  
Supplementary Table 4: Supplementary Table 4:  List of all 137 key biomass precursors used to define biosynthetic potential List of all 137 key biomass precursors used to define biosynthetic potential  
Supplementary Table 5: Supplementary Table 5:  Summary table with all measurements made during the analyses Summary table with all measurements made during the analyses  
SupplementarySupplementary TableTable 6:6: ListList ofof allall 562562 ModelModel SEED-derivedSEED-derived gap-filledgap-filled reactionsreactions addedadded toto thethe KEGGKEGG                                            
metabolic modelsmetabolic models  
SupplementarySupplementary TableTable 7:7: ListList ofof allall 2929 conspecificconspecific strainsstrains foundfound toto co-occurco-occur inin microbialmicrobial communitycommunity                                            
datadata  
Supplementary Table 8:  Supplementary Table 8:  List of all 795 strains used for operon shufflingList of all 795 strains used for operon shuffling  
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Metabolic adaptations underlying genome flexibility in prokaryotesMetabolic adaptations underlying genome flexibility in prokaryotes  
  
  
  
  
  
  
  

  
Supplementary Figure 1 | Phylogenetic bias in species set does not impact my key resultSupplementary Figure 1 | Phylogenetic bias in species set does not impact my key result  
ScatterScatter plotplot ofof genomegenome fluidityfluidity 𝜑𝜑 versusversus conspecificconspecific metabolicmetabolic dependencydependency potentialpotential (MDP),(MDP), similarsimilar                                      
toto figurefigure 2,2, butbut toto minimizeminimize phylogeneticphylogenetic bias,bias, herehere II onlyonly includedincluded oneone speciesspecies perper genus.genus. ThisThis                                                  
resultedresulted inin 5555 speciesspecies (51(51 bacteria,bacteria, 44 archaea).archaea). EachEach pointpoint representsrepresents thethe averageaverage numbernumber ofof                                            
dependenciesdependencies detecteddetected perper strainstrain perper conditioncondition acrossacross allall conspecificconspecific pairspairs forfor oneone species.species. TheThe                                         
solidsolid blackblack lineline representsrepresents aa linearlinear regressionregression andand thethe graygray envelopeenvelope aroundaround it,it, thethe 95%95% predictionprediction                                               
interval. MDP still increases significantly with increasing genome fluidity.interval. MDP still increases significantly with increasing genome fluidity.  
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Supplementary Figure 2 | Using gap-filled metabolic models does not impact my resultsSupplementary Figure 2 | Using gap-filled metabolic models does not impact my results  
a,a, ScatterScatter plotplot ofof genomegenome fluidityfluidity 𝜑𝜑 versusversus accessoryaccessory metabolicmetabolic capacitycapacity 𝛼𝛼 forfor thethe 9696 prokaryoticprokaryotic                                               
speciesspecies inin thisthis study,study, similarsimilar toto figurefigure 1;1; andand   b,b, scatterscatter plotplot ofof genomegenome fluidityfluidity 𝜑𝜑 versusversus conspecificconspecific                                                     
metabolicmetabolic dependencydependency potentialpotential (MDP),(MDP), similarsimilar toto figurefigure 2;2; exceptexcept withoutwithout thethe additionaddition ofof anyany                                         
gap-filledgap-filled reactionsreactions (see(see Methods).Methods). ThisThis eliminateseliminates anyany potentialpotential biasbias thatthat maymay arisearise fromfrom addingadding                                         
gap-filledgap-filled reactions.reactions. EachEach pointpoint representsrepresents oneone species,species, bothboth solidsolid blackblack lineslines representrepresent linearlinear                                      
regression,regression, andand thethe graygray envelopesenvelopes aroundaround them,them, 95%95% predictionprediction intervals.intervals. BothBoth observedobserved trendstrends                                      
are qualitatively unaffected.are qualitatively unaffected.  
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Supplementary Figure 3 | Metabolic dependency potential (MDP) accurately capturesSupplementary Figure 3 | Metabolic dependency potential (MDP) accurately captures  
experimentally verified dependenciesexperimentally verified dependencies  
ForFor   a,a,   22 conspecificconspecific andand   b,b,   44 interspecificinterspecific pairspairs ofof prokaryotes,prokaryotes, II verifiedverified thatthat mymy approachapproach toto inferinfer                                                     
andand measuremeasure metabolicmetabolic dependenciesdependencies usingusing KEGG-annotatedKEGG-annotated metabolicmetabolic reactionreaction networksnetworks (see(see                             
Methods)Methods) cancan predictpredict bothboth thethe numbernumber ofof dependenciesdependencies betweenbetween eacheach microbe,microbe, asas wellwell asas thethe                                            
correctcorrect interactioninteraction typetype (commensalism,(commensalism, asas inin thethe top-lefttop-left pairpair inin b;b; andand mutualism,mutualism, asas inin thethe                                               
top-right pair).top-right pair).  
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Supplementary Figure 4 | The impact of considering medians instead of means for 𝛼Supplementary Figure 4 | The impact of considering medians instead of means for 𝛼  
SameSame asas figurefigure 1,1, exceptexcept herehere toto calculatecalculate 𝛼,𝛼, insteadinstead ofof usingusing thethe meanmean numbernumber ofof precursorsprecursors                                                  
producedproduced byby eacheach individualindividual strain’sstrain’s accessoryaccessory genome,genome, II consideredconsidered medians.medians. TheThe solidsolid blackblack lineline                                         
representsrepresents aa linearlinear regressionregression andand thethe graygray envelopeenvelope aroundaround it,it, thethe 95%95% predictionprediction interval.interval. rhorho                                            
correspondscorresponds toto Spearman’sSpearman’s nonparametricnonparametric correlationcorrelation coefficientcoefficient andand thethe   PP valuevalue toto aa one-wayone-way                                      
asymptoticasymptotic permutationpermutation testtest forfor positivepositive correlation.correlation. ThisThis choicechoice doesdoes notnot significantlysignificantly impactimpact mymy                                      
results for 𝛼.results for 𝛼.  
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Supplementary Figure 5 | The impact of considering medians instead of means for MDPSupplementary Figure 5 | The impact of considering medians instead of means for MDP  
SameSame asas figurefigure 2a,2a, exceptexcept herehere toto calculatecalculate 𝛼,𝛼, insteadinstead ofof usingusing thethe meanmean numbernumber ofof dependenciesdependencies                                                  
perper strainstrain acrossacross conspecificconspecific pairs,pairs, II consideredconsidered medians.medians. TheThe solidsolid blackblack lineline representsrepresents aa linearlinear                                            
regressionregression andand thethe graygray envelopeenvelope aroundaround it,it, thethe 95%95% predictionprediction interval.interval. rhorho correspondscorresponds toto                                         
Spearman’sSpearman’s nonparametricnonparametric correlationcorrelation coefficientcoefficient andand thethe   PP valuevalue toto aa one-wayone-way asymptoticasymptotic                                   
permutationpermutation testtest forfor positivepositive correlation.correlation. ThisThis choicechoice doesdoes notnot significantlysignificantly impactimpact mymy resultsresults forfor                                         
MDP.MDP.  
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Supplementary Figure 6 | Co-occurring genomes from microbial community data capture mySupplementary Figure 6 | Co-occurring genomes from microbial community data capture my  
key observed trendkey observed trend  
ScatterScatter plotplot ofof genomegenome fluidityfluidity 𝜑𝜑 versusversus conspecificconspecific metabolicmetabolic dependencydependency potentialpotential (MDP),(MDP), similarsimilar                                      
toto figurefigure 2,2, butbut toto testtest ifif thethe detecteddetected dependenciesdependencies areare realizablerealizable inin nature,nature, herehere II onlyonly includedincluded                                                     
knownknown co-occurringco-occurring strainsstrains (see(see Methods).Methods). ThisThis resultedresulted inin 2929 strainsstrains acrossacross 1414 speciesspecies                                      
(supplementary(supplementary tabletable 7).7). EachEach pointpoint representsrepresents thethe averageaverage numbernumber ofof dependenciesdependencies detecteddetected perper                                      
strainstrain perper conditioncondition acrossacross allall co-occurringco-occurring conspecificconspecific pairspairs forfor oneone species.species. TheThe solidsolid blackblack lineline                                            
representsrepresents aa linearlinear regressionregression andand thethe graygray envelopeenvelope aroundaround it,it, thethe 95%95% predictionprediction interval.interval. MDPMDP                                            
still increases significantly with increasing genome fluidity.still increases significantly with increasing genome fluidity.  

     

2222  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted October 16, 2018. ; https://doi.org/10.1101/415182doi: bioRxiv preprint 

https://doi.org/10.1101/415182
http://creativecommons.org/licenses/by-nc-nd/4.0/


  
  
  
  
  
  
  
  
  

  
Supplementary Figure 7 | Complementary metabolic interactions are also likely to beSupplementary Figure 7 | Complementary metabolic interactions are also likely to be  
common between prokaryotic speciescommon between prokaryotic species  
ScatterScatter plotplot ofof genomegenome fluidityfluidity 𝜑𝜑 versusversus conspecificconspecific metabolicmetabolic dependencydependency potentialpotential (MDP),(MDP), similarsimilar                                      
toto figurefigure 2,2, butbut herehere MDPMDP waswas measuredmeasured betweenbetween inter-specificinter-specific strainsstrains (see(see Methods).Methods). ForFor eacheach                                            
strainstrain withinwithin aa species,species, II measuredmeasured itsits dependencydependency potentialpotential withwith 2525 randomlyrandomly chosenchosen strainsstrains fromfrom                                            
otherother species.species. EachEach pointpoint representsrepresents thethe averageaverage numbernumber ofof dependenciesdependencies detecteddetected perper strainstrain perper                                         
conditioncondition acrossacross severalseveral inter-specificinter-specific pairspairs forfor oneone species.species. TheThe solidsolid blackblack lineline representsrepresents aa linearlinear                                            
regressionregression andand thethe graygray envelopeenvelope aroundaround it,it, thethe 95%95% predictionprediction interval.interval. MDPMDP isis nonzerononzero forfor allall                                               
species in the study, though it does not increase significantly with increasing genome fluidity.species in the study, though it does not increase significantly with increasing genome fluidity.  
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Supplementary Figure 8 | Quantitative aspects of prokaryotic core and accessory genomesSupplementary Figure 8 | Quantitative aspects of prokaryotic core and accessory genomes  
a,a, PiePie chartchart ofof thethe averageaverage fractionfraction ofof genesgenes belongingbelonging toto differentdifferent functionsfunctions typicaltypical toto prokaryoticprokaryotic                                               
accessoryaccessory genomesgenomes (for(for thethe 1,3391,339 genomesgenomes inin thisthis study).study). b,b,   PiePie chartchart ofof thethe fractionfraction ofof 9696 speciesspecies                                                     
inin thethe studystudy wherewhere metabolicmetabolic functionsfunctions showedshowed moremore genegene contentcontent variationvariation thanthan otherother functionsfunctions                                         
inin accessoryaccessory genomesgenomes (namely,(namely, geneticgenetic informationinformation processing,processing, environmentalenvironmental informationinformation                          
processing,processing, andand others).others).   c,c,   BarBar chartchart ofof thethe typicaltypical functionalfunctional compositioncomposition ofof bothboth corecore andand                                            
accessoryaccessory genomes,genomes, forfor thethe 9696 speciesspecies inin thethe study.study. ValuesValues indicateindicate medianmedian fraction,fraction, andand errorerror                                            
barsbars indicateindicate thethe extentextent ofof variationvariation observedobserved acrossacross thethe genomesgenomes studied.studied. MetabolicMetabolic functionsfunctions                                      
areare enrichedenriched inin accessoryaccessory genomesgenomes whenwhen comparedcompared withwith corecore genomes.genomes.   d,d,   HistogramHistogram ofof thethe                                         
fractionfraction ofof accessoryaccessory genesgenes inin eacheach strain,strain, whichwhich II identifiedidentified asas potentialpotential contributorscontributors toto                                         
metabolically beneficial functions in the study.metabolically beneficial functions in the study.  
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Supplementary Figure 9 | Randomly shuffling species pangenomes significantly diminishes 𝛼Supplementary Figure 9 | Randomly shuffling species pangenomes significantly diminishes 𝛼  
ScatterScatter plotplot ofof genomegenome fluidityfluidity 𝜑𝜑 versusversus accessoryaccessory metabolicmetabolic capacitycapacity 𝛼𝛼 forfor thethe prokaryoticprokaryotic                                         
speciesspecies inin thisthis study,study, withwith eacheach species’species’ accessoryaccessory contentcontent randomlyrandomly shuffledshuffled betweenbetween strains,strains,                                      
eithereither   a,a, genegene byby genegene (for(for 9696 species),species), oror   b,b, operonoperon byby operonoperon (for(for 6464 species,species, seesee Methods).Methods). TheThe                                                        
solidsolid blackblack lineslines representrepresent linearlinear regression.regression. InIn bothboth cases,cases, notnot onlyonly doesdoes randomlyrandomly shufflingshuffling                                         
accessoryaccessory genesgenes significantlysignificantly reducereduce thethe additionaladditional biosyntheticbiosynthetic potentialpotential ofof eacheach strain’sstrain’s                                
accessoryaccessory genome,genome, therethere isis nono significantsignificant correlationcorrelation withwith increasingincreasing accessoryaccessory contentcontent (compared(compared                                   
with figure 1).with figure 1).  
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Supplementary Figure 10 | Randomly shuffling species pangenomes significantly diminishesSupplementary Figure 10 | Randomly shuffling species pangenomes significantly diminishes  
MDPMDP  
ScatterScatter plotplot ofof genomegenome fluidityfluidity 𝜑𝜑 versusversus metabolicmetabolic dependencydependency potentialpotential MDPMDP forfor thethe prokaryoticprokaryotic                                         
speciesspecies inin thisthis study,study, withwith eacheach species’species’ accessoryaccessory contentcontent randomlyrandomly shuffledshuffled betweenbetween strains,strains,                                      
eithereither   a,a, genegene byby genegene (for(for 9696 species),species), oror   b,b, operonoperon byby operonoperon (for(for 6464 species,species, seesee Methods).Methods). TheThe                                                        
solidsolid blackblack lineslines representrepresent linearlinear regression.regression. InIn bothboth cases,cases, notnot onlyonly doesdoes randomlyrandomly shufflingshuffling                                         
accessoryaccessory genesgenes significantlysignificantly reducereduce thethe numbernumber ofof metabolicmetabolic dependenciesdependencies betweenbetween conspecificconspecific                                
pairs,pairs, therethere isis nono significantsignificant correlationcorrelation withwith increasingincreasing accessoryaccessory contentcontent (compared(compared withwith figurefigure                                      
2a).2a).  
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Supplementary Figure 11 | Comparing KEGG ortholog-based genome fluidity estimates withSupplementary Figure 11 | Comparing KEGG ortholog-based genome fluidity estimates with  
alignment-based estimatesalignment-based estimates  
ScatterScatter plotplot ofof genomegenome fluidityfluidity 𝜑𝜑 usingusing KEGGKEGG (this(this study;study; y-axis)y-axis) versusversus estimatesestimates ofof 𝜑𝜑 reportedreported inin                                                  
AndreaniAndreani et.et. al.,al.,   TheThe ISMEISME JournalJournal   (2017)(2017) (x-axis)(x-axis) forfor thethe 3838 speciesspecies commoncommon toto bothboth analyses.analyses.                                               
EachEach pointpoint representsrepresents oneone species.species. MyMy measuremeasure usesuses KEGG’sKEGG’s orthologousorthologous genegene categoriescategories forfor                                      
scoringscoring genegene presence-absence,presence-absence, whereaswhereas AndreaniAndreani et.et. al.al. useuse thresholdedthresholded sequencesequence alignmentalignment toto                                   
classifyclassify genesgenes intointo “families”.“families”. TheThe solidsolid blackblack lineline representsrepresents aa linearlinear regression.regression. rhorho correspondscorresponds                                         
toto Spearman’sSpearman’s nonparametricnonparametric correlationcorrelation coefficientcoefficient andand   PP toto aa one-wayone-way asymptoticasymptotic permutationpermutation                                   
testtest forfor positivepositive correlation.correlation. WhileWhile mymy estimatesestimates areare lowerlower thanthan thosethose ofof AndreaniAndreani et.et. al.,al., theythey showshow                                                  
consistent linear scaling and can thus still be used to infer trends.consistent linear scaling and can thus still be used to infer trends.  
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