


�0�H�Q�H�F�Ris a versatile tool to complete draft genome-scale metabolic networks produced

from heterogeneous data, and to suggest relevant reactions that explain the metabolic

capacity of a biological system.

Author Summary

In theeraof fastandmassivegenomesequencing,onechallengeis to transformsequence
information into biologicalknowledge.Reconstructingmetabolicnetworksthat include
all biochemicalreactionsof acellisawayto infer reactionsfrom genomicdata.Unfortu-
nately,thosedataareusuallyincomplete,poorlyannotated,andmissingreactionscreate
gapsin themetabolicnetworks.Hereweintroduce�0�H�Q�H�F�R,atool dedicatedto theparsi-
moniousgap-fillingof metabolicnetworks.Unlike othertools,�0�H�Q�H�F�Rallowsusing
sparsedata(missingstoichiometries)anddraft metabolicnetworksto suggestreactionsto
fill gapsin thenetworks.Subsequently,weapplyit to two biologicalcasestudiesandshow
that theflexibility of �0�H�Q�H�F�Renablesit to beadaptedto avarietyof researchquestions
andtypesof availabledata.Weshowthat �0�H�Q�H�F�Rperformsbetterthanreferencetools
with respectto large-scaleheterogeneousreferencedatabaseandwith respectto therecov-
eryof important reactionsin highlydegradednetworks.Specifically,it allowedtheanaly-
sisof two interactingmetabolicnetworksandthereconstructionof thefirst metabolic
networkof Euglena mutabilis.

Introduction

Gap-filling a metabolic network: A very sensitive approach

Metabolicknowledgeiscrucialto understandphysiologyandbiotic interactions.Supported
byanunprecedentedriseof sequencingtechnologies,thelastdecadesawtheincreasingunder-
standingof metaboliccapacitiesusinggenomicknowledge.In particular,in 2010,Thieleand
Palsson[1] describedageneralprotocolenablingthereconstructionof high-qualitymetabolic
networks,andseveralapproacheshavesincebeenproposedto automatethisprocess[2±4].
Thesemethodsrelyprimarily on two distinctsteps.First,theyprovideautomaticreconstruc-
tionsof networks,calleddraft metabolicnetworks[5, 6], andin asecondstepfill thegapsof
thedraft networks.To thisend,referencedatabasesof metabolicreactionsareusedto check
whetheraddingreactionsto networksallowscompoundsof interestto beproducedfrom
givengrowthmedia.Identifying thesemissingreactionsconstitutestheso-calledgap-filling
problem(n.b. consideringthediversityof compoundproducibility andnetworkconsistency
definitions,weherereferto afamilyof gap-fillingproblemsratherthanasingleone)[2].

Severalapproachesexistto solvegap-fillingproblemsandto select,within databases,those
reactionsthatmustbeaddedto thedraft networkto restoreits consistencyandametabolic
behavior.Reactionsmaybechosento optimizeagraph-basedcriterion [7], or to optimizea
linearscoremodellingthequantitativemetabolicproductionof thesystem,asin the�*�D�S�)�L�O�O
tool [8], andits derivative�I�D�V�W�*�D�S�)�L�O�O[9]. Someapproachesalsointegratecomplementary
knowledgesuchastaxonomicinformation [10] or compartmentmodularity[11]. More gener-
ally,theselectionof reactionsmaybeperformedbyoptimizingalinearscoremodellingthe
consistencyof anetworkwith phenotypicknowledge,i.e. experimentalflux data[12] or
growth/nogrowthresults[13]. Lastly,sometoolscombineseveralof thepreviouslymentioned
approaches.An exampleof theseis �0�,�5�$�*�(,whichselectsreactionsin adatabasein orderto
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maintainbiomassproducibility with respectto ascorebasedon co-expressionandtaxonomic
distancebetweenthetargetspeciesandthespeciesfor whichenzymeswereevidenced[14].
Theapproachpresentedin [15] issimilaralthoughbasedon adifferentdefinition of produci-
bility. In Tablein S1Table,wereport themaincharacteristicsof suchmethodsin termsof
requiredinput data,thetechnologicalplatformto berun, andexamplesof applications.
Togethertheseexamplesillustratethatmethodsto reconstructmetabolicnetworkshavebeen
veryfruitful. However,asnotedin [16], mostpublishedgenome-scalemetabolicnetworks
(GEMs)concerneitherprokaryoticor eukaryoticorganismsfor whichgenomicandphysio-
logicalknowledgeresultsfrom yearsof intensivestudies.Indeed,GEMreconstructionisvery
sensitiveto bothgenomeannotationandtheavailabilityof complementaryknowledge.It can-
not, for instance,takeinto accountgenesof unknownfunction,whicharecommonin incom-
pleteor roughlyannotatedgenomes.

Issues raised by the application of gap-filling methods to degraded

metabolic networks

Nowadays,nextgenerationsequencing(NGS)technologiesarecommonlyemployedto study
strainsandspeciesdistantlyrelatedto commonmodelorganisms.Draft metabolicnetworks
basedon thesetechnologiesarefrequentlyquitedegradedcomparedto thosefor standard
modelorganisms.For instance,whencomparingthenumberof reactionsin theBioCycrepos-
itory [17] version19.5,wenoticedthat the7,296automaticallyreconstructedbacterialnet-
works(Tier 3) containedon average8%fewerreactionsthanthe27curatedbacterial
metabolicnetworkscontainedin themanuallycuratedrepositories(Tier 1 & Tier 2).For the
sakeof illustration,let usintroducetwo examplesof organismswith acomplexevolutionary
historyandrecentlystudiedusingNGStechnologies.

Euglena mutabilis isaphotosyntheticprotist andimportant primary producerin acidic
aquaticenvironments.Despitethecrucialroleof E. mutabilis in theseecosystemsandthefact
that it hasoftenbeenconsideredasanindicatorspeciesfor acidminedrainages(AMDs), this
organismhasonly beenpoorlydescribedsofar, in contrastto anotherspeciesof thesame
genus,Euglena gracilis. Theavailabledatafor E. mutabilis consistsin assembledtranscript
sequencesobtainedfrom de novo transcriptomicsandmetabolomicsexperimentspreviously
publishedin [18] andin [19], respectively.Thissparsedatasetpreventedusfrom usingmostof
thetoolsdescribedaboveto constructametabolicnetwork:theabsenceof asequenced
genomefor theEuglena genusandthefactthat thisgenusisnot closelyrelatedto anycommon
modelorganismrenderedtaxonomy-basedmethodsof networkreconstructionunusable[10,
11].E. mutabilis isdifficult to cultivatein controlledconditionsandto obtainasclonalcul-
tures,preventingtheuseof phenotype-basedtools[12,13].Thefamily of tools[8, 9,14] that
couldbeusedhereareof functionalnature.

Anotherapplicationfor gap-fillingmethodshasemergedasatool for studyingthecoexis-
tenceof organismsliving in communities.Asanexample,Candidatus Phaeomarinobacter
ectocarpiisasymbioticbacteriumassociatedwith Ectocarpus siliculosus. Its genomeanda
draft of its metabolismcouldbeproduced[20]. Its hostE. siliculosus hasbeenstudiedfor alon-
gertime,andafunctionalmetabolicnetworkwasreconstructedto explaintheproductionof
characteristiccompoundsof its metabolicprofile [21]. Additional transcriptomicdatasets
wereusedin thisstudyto identify 1,125internalor externalcompoundsproducedbyat least
onereactionof E. siliculosus for whichthecorrespondingenzymewastranscribed.Only 317
compoundscouldbeproducedaccordingto theE. siliculosus draft network.In theframework
of systemsecology[22], anaturalquestioniswhetherthesymbioticbacterialnetworkcan
resolvesomeof thisnon-producibility.This issuecanberephrasedasfollows:howcanthe
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Candidatus Phaeomarinobacterectocarpimetabolicnetworkbeusedto fill gapsin theE. sili-
culosus draft GEM?Asabove,this issueisof functionalnature,andcanbeaddressedonly with
functionalgap-fillingmethods.

Letuspoint out,however,thatapplyingfunctionalGEMgap-fillingtechniques[8, 9,14] to
organismsdistantlyrelatedto commonmodelorganismsraisesseveralproblems.A first prob-
lemis relatedto thedeterminationof thebiomassreactionof thesystem.Thisreactionisoften
copiedfrom well-establishedmodelorganismsandthereforecannotcaptureall of thecharac-
teristicsof thestudiedorganism,especiallywhendealingwith extremophiles.Shortcomingsin
thedeterminationof anadequatebiomassreactionleadto asecondproblem,that is,thedeter-
mination of theboundarycompounds,dead-endmetabolites,andcofactorsin thesystem.
Thesemaybehardto characterizefrom experimentsor literature,despitetheir strongpoten-
tial impacton thecapacityof thesystemto producebiomassaccordingto stoichiometry-based
formalisms[8]. In particular,thescore-basedmethodsmentionedabovedependon thestoi-
chiometricbalanceof metabolicreactions,acriterion whichmaybeproneto errors,especially
with respectto cofactorsandwhenusinglarge-scaledatabasesof metabolicreactions[2].

Meneco: A gap-filling method based on topological criteria enabling the

identification of essential reactions

Asanaturalconsequence,weadvocatetheneedof GEMgap-fillingtechniquessuitablefor
newlydevelopedmodelorganisms,in particularthosewith acomplexevolutionaryhistory
and/or living in extremeenvironmentsfor whichphenotypicdataarelacking.Thisstudy
reformulatesthegap-fillingproblemasaqualitativecombinatorial(optimization)one.We
introducethetool �0�H�Q�H�F�R(MetabolicNetwork Completion) thatsolvesthisproblem,using
AnswerSetProgramming(ASP),adeclarativeprogrammingparadigmincludingSAT-based
solvingtechnologies.�0�H�Q�H�F�Rconsidersreactionsasachievableonly if all their reactantsare
available,eitherasnutrientsor providedbyothermetabolicreactions.Startingfrom given
nutrients(e.g. growthmedium),referredto asseeds,this tool computestheir scopedefinedas
all themetabolitesthatcanbesynthesizedfrom themusingagraph-basedapproach.Formeta-
bolicnetworkgap-filling,adatabaseof metabolicreactionsisqueriedto look for minimal sets
of reactionsthatcanrestoretheobservedbio-syntheticbehaviour(i.e producibility of target
metabolites).

The�0�H�Q�H�F�Rtool wasincludedin apipelineimplementedto constructEctoGEM,ameta-
bolicnetworkfor thebrownalgalmodelE. siliculosus. Theanalysisof EctoGEMhighlighted
severalinterestingbiochemicalreactions,sheddinglight on theorganizationandevolutionof
someprimary metabolicpathwaysof photosyntheticorganisms[21]. In thepresentwork, the
casefor �0�H�Q�H�F�Rasanimportant tool for hypothesisgenerationis further supportedbynew
observationsrelatedto abenchmarkof networkson amodelorganismandtwo casestudies.
First,thisstudysimulatesdifferentdegreesof manualcurationusingthemodelEscherichia coli
[1]. For thispurpose,3,600metabolicnetworksweregeneratedfrom randomlydegradedE.
coli metabolicnetworks.In thisbenchmark,whenthereferencedatabaseusedfor completion
wasthereal-casestudyMetacyc,�0�H�Q�H�F�Routperformedthe�*�D�S�)�L�O�O,the�I�D�V�W�*�D�S�)�L�O�O
andthe�0�,�5�$�*�(algorithmsin termsof performanceor accuracy.On alargerbenchmarkof
10,800metabolicnetworks,our analysissuggeststhat �0�H�Q�H�F�Ris functionallyrelevantby iden-
tifying all essentialreactionsfor morethan95%of thedegradednetworks.Weadvocatethat
theidentificationof suchessentialreactionsisakeysteptowardstheunderstandingof the
metaboliccapabilitiesof thespeciesof interest,becausetheyarerelatedto keyenzymeswhich,
whenremoved,mostlikely preventtheviability of thespecies.Our resultsshowthat,when
focusingon networkswith a10%degradationrate,the�0�H�Q�H�F�Rtool isableto restorethe
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functionalityof thenetworkin 82%of cases.Thissuggeststhat �0�H�Q�H�F�Risanimportant tool
to studymetabolicnetworksproducedfor organismsdistantlyrelatedto commonmodel
organisms.

In our first casestudyweuse�0�H�Q�H�F�Rto assessthecapabilityof theEctoGEMmetabolic
networkto exchangemetaboliteswith Candidatus Phaeomarinobacterectocarpi,theafore-
mentionedsymbioticbacteriumassociatedwith E. siliculosus. Combiningthemetaboliccapac-
itiesof thedraft GEMof E. siliculosus with thoseof thebacterialnetworkenabledthe in-silico
productionof 83previouslynon produciblealgaltargets.All of themwerestudiedin detail
allowingusto put forwardhypotheseson possibleexchangesbetweenbothorganisms.

Our secondcasestudypresentsthefirst metabolicnetworkfor E. mutabilis, basedon tran-
scriptsequencesassembledfrom previouslypublishedtranscriptomicandmetabolomicdata
[18] [19]. In orderto completethisdraft with �0�H�Q�H�F�R,weselectedasetof targetsfrom thelist
of metabolitesthatE. mutabilis canaccumulateor secretein minimum mineralmedium[19].
Exceptfor cobalamine,acofactorthat isnot producedby thisorganismbut is requiredfor
methioninesynthesis,E. mutabilis cangrowon astrictlymineralmediumandisableto syn-
thesizeall thebasiccomponentsof its biomassfrom mineralcompoundsonly.Gapsin the
draft networkwerefilled iterativelywith �0�H�Q�H�F�R,usingfor eachiterationadifferentsubsetof
the72targetsto solvetheproblemof cyclesandcirculardependencies.Wethusobtaineda
networkwhichwasfunctionalin FluxBalanceanalysis(FBA)for thephotosyntheticproduc-
tion of biomassandexcretedmetabolites.

Results

Handling a real-scale reference completion database with gap-filling

algorithms

The gap-filling problem. Startingpoint for anymetabolicgap-fillingproblem[23] isa
draft GEMconsistingof reactionsandmetabolites.A setof targetmetabolites(targets)that
wereexperimentallyshownto beproducedby theorganismof interest,possiblydescribedasa
linearcombinationof fluxes(e.g.,abiomassfunction), isused.A setof nutrients(seeds)
describesthegrowthmedium.Finally,apoolof metabolicreactions(referencedatabase)is
assumedto beavailableto fill thenetwork.Weassumethat thedraft GEMcontainsat least
oneblockedreactionwith respectto theproductionof thetargetedcompoundsfrom the
seeds.In otherword, thereexistsat leastonetargetedcompoundwhichdoesnot admit anon-
zerosteadystateflux. A gap-fillingmethodreportsat leastonereactionfrom thereference
databasethatneedsto beaddedsuchthatat leastoneformerlyblockedreactioncancarryflux.

Obviously,thesolutionto agap-fillingproblemmaynot beunique.Thesizesof bothof the
searchspaceandthesolutionspacefor thegap-fillingproblemgrowexponentiallywith the
sizeof thereferencedatabasefrom whichthereactionsaretaken.Any gap-fillingmethodthus
needsto find asuitabletrade-offbetweenthenumberof solutionsreportedby themethod,
thatshouldnot betoo largeto enableamanualcuration,andtheir biologicalsignificance,in
orderto capturethemainpropertiesof theGEMbeingreconstructed.Gap-fillingmethods
mayreportone,afew,or manysetsof reactionsto completethedraft GEM.Whenseveral
solutionsareproducedbyagap-fillingalgorithm,thereareno a priori criteriato selectone
ratherthantheother.Then,acautiousstrategyis to computethesetof all reactionscontained
in at leastonesolutionreportedby thealgorithmandto manuallycuratethem.

Stoichiometry-based heuristics to approximate gap-filling solutions. Threemain
approachescanbedistinguishedaccordingto thenumberof solutionstheyreportandthe
characteristicsof thesesolutions(seetheir main featuresin S1Appendix).Theassociatedtools
wererun on atoy exampledepictedin Fig1,to producethebiomassconstituentsT1, T2,T3.
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�*�D�S�)�L�O�Ousesaparsimoniousbottom-upstrategies[8, 10],whichenrichesthedraft meta-
bolicnetworkuntil thetargetedpropertiesaresatisfied.More precisely,�*�D�S�)�L�O�Odetectsa
minimal numberof reactionsfrom thereferencedatabaseto enablethesynthesisof thetar-
getedcompoundsaccordingto stoichiometry-basedproducibility constraints.Importantly,
�*�D�S�)�L�O�Oallowstheaccumulationof internalcompoundsin themodel.Appliedto our toy

Fig 1. Gap-filling of metabolic networks with different heuristics. The reactions of the initial network are depicted as black arrows. Seeds (e.g. growth

medium) and targets are S and T circles, respectively. The labels on the arrows depict the stoichiometry of the reactions. Green dotted arrows represent

reactions that can be added to the network (reference database). The purple arrows represent reactions proposed by different gap-filling tools. �*�D�S�)�L�O�O(A)

reported two reactions as a minimal completion and two different combinations to produce biomass from T1, T2 and T3, {R3, R7} and {R7, R8}. �I�D�V�W�*�D�S�)�L�O�O
(B) reports one unique set of seven reactions to unblock all reactions of the example: {R1, R2, R3, R4, R6, R7, R9}. It also add an import/export reaction for the

reactant of the reaction producing T3. In additions, 100 runs of �0�,�5�$�*�((C) without scoring of reactions reported the following set of five reactions: {R3, R4, R6,

R7, R9}. Finally, �0�H�Q�H�F�R(D) reported that three reactions are needed to restore the topological producibility of the three targets, with five different

combinations. Therefore, the output of �0�H�Q�H�F�Ris the set of six reactions {R3, R4, R5, R6, R7, R8}.

doi:10.1371/journal.pcbi.1005276.g001
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example,�*�D�S�)�L�O�Oreportsaminimum of two reactionsto enablethebiomasssynthesis.
Thereexisttwo alternativesetsof two reactionsthatdo so:{R3,R7} and{R7, R8}. Theunion of
reactionsdoesnot containthereactionsR1 andR2 sincetheparsimoniousassumptionomits
alternativelongpathways.ThereactionR7 isusedby �*�D�S�)�L�O�Oto fill thecycleit ispartof and
to produceT1. Then�*�D�S�)�L�O�OuseseitherthereactionR8 or thereactionR3 to produceT2

sinceit considersT3 asalreadyproducibledespiteapossibleaccumulationof thereactantof
R3. Onelimitation of thisapproachis that it reportsabounded(parameterized)numberof
solutionsto theproblem,althoughthereisno apriori estimationof thenumberof iterations
neededto solvetheproblem.

�I�D�V�W�*�D�S�)�L�O�O[9] isanextensionof the�*�D�S�)�L�O�Oapproachcombinedwith theFastcore
algorithm,whicheliminatesthefocuson thebiomassproductionby identifyingasinglesetof
reactionswhichunblocksall reactionswithin thedraft metabolicnetwork.Thepriceto payis
to allowimport andexportfluxes,especiallyto resolveissuesrelatedto theactivationof iso-
latedreactionsin theGEM.Whenappliedto our toy example,�I�D�V�W�*�D�S�)�L�O�Oreportedseven
reactionsfrom thereferencedatabaseandoneimport/export reactionof thereactantof the
reactionproducingT3 thatwasnot presentin thedatabaseto beaddedto themodel.Thereac-
tionsR1 andR2 areintroducedto produceT2 in theabsenceof R3. Sinceno accumulationof
thereactantof R3 ispossible,�I�D�V�W�*�D�S�)�L�O�Oaddsanimport/export reactionto enablethe
productionof T3 without usingthepreviousreactionsof thispathway.ThereactionsR4,R6,
andR9 areequivalentto produceT1 andwereall chosenin orderto unblockall fluxesgoing
threwall reactionspresentin thedraft model(including theverticalreactiongoingfrom the
productof R4 to thereactantof R7). Finally,R7 isaddedto enabletheproductionof T1.

In contrastto parsimoniousapproaches,top-downapproachesstartfrom all availableinfor-
mationandremovereactionswithout added-valueto thesolutionof theproblem[15,23,24].
Amongthem,�0�,�5�$�*�([14] aimsat relaxingtheminimality condition overthenumberof
addedreactionsby identifyingall subsetminimal setsof reactionswhichenablethefunctional-
ity of thebiomassreaction.A subset-minimalreactionsetmight includeof ahighernumberof
reactionsbut it isminimal in thesensethat it losesits capabilityto restorebiomassfunctionality
assoonasanyonereactionis removedfrom theset.Asthenumberof suchsetsof reactions
increasesdramaticallywith thesizeof thereferencedatabase,�0�,�5�$�*�(samplesthespaceof
solutionsbyrandomlyiteratingthesearchalgorithm.In our toy example,thealgorithmwas
iterated100timeswithout applyinga priori scoresto reactionsof thedatabase.Fourdifferent
setsof reactionswereobtained{R3,R7}, {R3,R6,R7}, {R3,R4,R7} and{R3,R7,R9}. Thereaction
R3 ismandatoryto produceT3 andit alsoproducesT2. Therefore,no otherreactionproducing
T2 isnecessary,sothatR1,R2,R5 andR8 wereneverused.Giventhecycle,thereactionR7 would
betheminimal completionto produceT1 from astoichiometricpoint of view,but thesubset-
minimality criterion alsoenablesthe�0�,�5�$�*�(algorithmto find thereactionsR4,R6 andR7.

Together,wenoticedthat thecriteriausedto completethenetworkhighly impacton the
reconstructionprocedureswhichall reportdifferentsolutions.In particular,thereactionR5 is
identifiedbynoneof thestoichiometry-basedmethods.
Meneco: Using a topological over-approximation to enable an exhaustive enumeration

of parsimonious solutions. Stoichiometry-basedtoolsfail to addressthefactthatspecies-
specificityof cofactorsin thereactionsisoftennot preciselydescribedin databasesneitheris
stoichiometryof reactions.Thismayleadto predictionserrorsfor degradedmetabolicnet-
workswhileproducingbiomass.Topology-basedtoolson theotherhanddo not takeinto
accountconstraintsyieldedby thestoichiometrythatmayleadto non-producibility of bio-
massin somecases.

Wedesignedthe�0�H�Q�H�F�Rtool,whichusesqualitativeconstraintsto expresstheproducibil-
ity of metabolitespurelybasedon thetopologyof themetabolicnetwork.Followinga
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qualitativeapproachto elaboratethebio-syntheticcapacitiesof metabolicnetworksaccording
to [25±27],�0�H�Q�H�F�Rdefinesthesyntheticcapabilityof thesystem,with respectto asetof input
compounds,asthesetof metabolitesthatcanbeproducedfollowingaroutein thenetwork.
Asdescribedin thethird partof Fig2,thisdefinition excludestheself-productionof acom-
poundviacyclesasit isallowedin mass-balancedstoichiometricframeworks:�0�H�Q�H�F�R
requirestheindependentproductionof all inputsin thecycleto ªinitiateº thereactions[28].

In thefirst partof Fig2,wespecificallyillustratetheimpactof stoichiometriccoefficients
on differentdefinitionsof producibility. In thisexample,all themetaboliteswouldbeproduc-
ible from theseedS usingatopologicalapproach.In contrast,usingaFBA-basedapproach,
thestoichiometriccoefficientn will haveagreatinfluenceon theproducibility.Thefirst crite-
rion to produceT1 is to haveanequalquantityof d andc available.Onea will beusedto pro-
duceoned andaseconda isnecessaryto produceonec. Consequently,theonly wayto
produceT1 usingthestoichiometricapproachis to havethecoefficientn equalto twicethe
valueof thestoichiometriccoefficientof b, here2.It isalsointerestingto notethat,if the

Fig 2. Topology and stoichiometry-based producibility of compounds in a metabolic network. Seeds and targets are S and T circles, respectively. The

objective functions are formed by a reactions consuming the ensembles {T1}, {T2} and {T3, T4}. Arrows represent reactions. The labels of the reactions S 7! na
+ b and J 7! 2k depict their stoichiometry. Crosses indicate that metabolites cannot be produced. Check marks indicate that metabolites can be produced. The

compound T1 can always be produced according to graph-based criteria whereas the variation of the stoichiometric coefficient n can block the production of

T1 according to a balanced-mass stoichiometric framework: Flux Balance Analysis (FBA). By blocking the production of T1, a variation of n can also block the

production of all metabolites downstream. The compound T2 can be produced according to graph-based criteria whereas the fact that f cannot be

accumulated blocks the production of T2 according to a balanced-mass stoichiometric framework. On the other hand, k remains FBA-producible through the

cycle involving j, k and l whereas it is not producible according to our graph-based criteria. T3 and T4 are producible by both criteria.

doi:10.1371/journal.pcbi.1005276.g002
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objectivefunction wasonly formedby thereactionproducingmetabolited, theonly wayto
enableit from astoichiometricpoint of viewwouldbeto haven = 1.Usingatopologicbased
approach,d wouldbealwaysproduciblefrom S.

Basedon this topologicalproducibility criterion, �0�H�Q�H�F�RusestheASPparadigm[29] to
efficientlymodelthelogicof bio-syntheticproducibility andto solvethegap-fillingproblemas
acombinatorialoptimizationproblem.Foreachnetworkthatdoesnot satisfythiscriterion,
�0�H�Q�H�F�Rattemptsto completethenetworkby importing minimal setsof reactionsfrom amet-
abolicreferencedatabasesuchthat theresultingnetworkprovidestherequiredfunctionality
with respectto topologicalmetaboliteproducibility.TheASPtechnologyisnot only ableto
enumerateall minimal networkcompletions,but alsoto computetheunion andintersection
of all minimal networkcompletionswithout enumeratingthem,leadingto stronggainsin effi-
ciencywhilestill beingexhaustive.Appliedto theexampledepictedin Fig1,thefivedifferent
setsof reactionsrestoringthetopology-basedproducibility of T1, T2 andT3 are:{R3, R4,R7},
{R3,R6, R7}, {R4,R5, R7}, {R6, R7,R8}, {R4, R7,R8}. �0�H�Q�H�F�RmissedthereactionsR1 andR2, so
did �*�D�S�)�L�O�O,becauseof theparsimoniouscriteria theyused.On thecontrary,�0�H�Q�H�F�R
reportedthereactionsR5 andR8 becauseit checkedthatT2 couldbesimplyproducedbyadd-
ing R8 assoonasT1 wasproduced.Finallydueto thecycle,�0�H�Q�H�F�RmissedthereactionR9.
Thiscouldhavebeencircumventedbyaddingoneof themetabolitesof thiscycleto theseeds,
like explainedin thesectiondedicatedto theapplicationof �0�H�Q�H�F�Rto E. mutabilis. In particu-
lar,as�0�H�Q�H�F�Risagraph-basedapproach,it mayfail to capturetheintrinsic non-linearityof
metabolicbehaviours[30] aswellasflux imbalances[31]. Theothertools,astheyrelyon the
stoichiometryof metabolicreactions,aremorerelevantfor thestudyof metabolicnetworks
regardingsuchproperties.

Benchmarking gap-filling methods. Asdescribedin theintroduction, themainapplica-
tion areaof �0�H�Q�H�F�Ris thereconstructionof GEMsfor non-classicalorganisms.Theautomat-
icallyreconstructedbacterialGEMsin theBioCycrepository[17] contained8%fewer
reactionsthanthecuratedbacterialGEMs.Basedon thisobservation,wegeneratedalarge-
scalebenchmarkof 3,600degradedGEMsasfollows.Ninetybiomassfunctionsfor the iJR904
E. coli GEM[32] wererandomlygenerated.Then,forty GEMswereobtainedby removing
10%,20%,30%,or 40%of thesameiJR904E. coli GEM.Degradationoccurredthroughall
typesof pathways,including thecentralones,suchastheTri-CarboxylicAcid cycle(TCA)
(SeeSection2 in S1Appendix).Reactionsremovedfrom E. coli networkiJR904wereclassified
accordingto their functionalitywith respectto biomassproduction.A reactionr wasdefined
asessentialwhenanon-zerobiomassproductionimplied anon-zeroflux throughthis reac-
tion. For instance,thereactionR7 isessentialfor theproductionof T1 in thenetworkdepicted
in Fig1.Otherwise,if apathwaycanproducethebiomasswithout involvingreactionr, then
thelatterisconsideredalternative.This is thecasefor reactionsR3 andR5 with respectto the
productionof T2 in Fig1.Finally,if theflux throughreactionr isalwayszero,this reactionwas
classifiedasblocked.Pleasenotethat theclassificationof reactionsinto essential,alternative
andblockedin thisarticleis relatedto andhighlydependenton thecorrespondingbiomass
reaction.Importantly, thedegradationof E. coli networkscarriedout in our benchmarkswas
suchthatessential,alternative,andblockedreactions,with respectto eachof the90different
biomassfunctions,wereuniformly removedfrom theinitial network.Together,weobtaineda
benchmarkof 3,600(40�90)GEMs.Nonewascapableof producingthecorresponding
biomass.

In orderto completethesedegradedmetabolicnetworks,weselectedtheMetaCycrefer-
encedatabase(version18.5)[17], motivatedbyboth its widecontent(eukaryoticandprokary-
otic reactions)andits accessibility(freelydownloadable).Thisbenchmarkrepresentstheuse-
casewherethenetworksthatmustbegap-filleddepictorganismsthatcannotbenaturally
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associatedto aprecisephylogenetictaxa(seefor examplethecaseof E. siliculosus), requiring
to exploreall possiblemetabolicreactionsto fill thenetwork.Theidentifiersof iJR904were
manuallymappedto identifiersof theMetaCycdatabaseandboth filesweremergedto create
acompletereferencedatabasewhichcontainsall thereactionsremovedfrom theoriginal
GEM.
Meneco and fastGapFill efficiently complete GEMs using reference database of

realistic size. Theeffectof theparsimoniouscriterion of �0�H�Q�H�F�R,coupledwith thefactthat
stoichoimetryinformation isnot takeninto account,canbeseenin thebenchmarkin S1
Appendix.In thisbenchmarkwecompleted10,800degradedE. coli networkswith theMeta-
Cycdatabase.Thecompletionwasperformedusingeitherthe�I�D�V�W�*�D�S�)�L�O�O,�0�,�5�$�*�(or
�0�H�Q�H�F�Rtools.Evenif thiscomparisonisnot entirelyrepresentativedueto thedifferentback-
groundsandaimsof themethods,it isworth noting that �0�H�Q�H�F�Rin generalselectedsmaller
setsof reactionsto completethenetworkscomparedto theothermethods.Indeed,on average,
�0�H�Q�H�F�Rreturnedanswers8 timessmallerthan�I�D�V�W�*�D�S�)�L�O�Oand125timessmallerthan
�0�,�5�$�*�(.Thiscouldenableaneasierandfastermanualcurationof theresults.Nevertheless
thisgreatlyreducednumberof reactionsproposedcomeswith acost:�0�H�Q�H�F�Rrestoresless
functionality,especiallywhenit comesto highlydegradednetworks.Theresultsof thisbench-
markaresummarizedin Table1.Thelargenumberof enumeratedsolutionsto thetopological
parsimoniousproblemconfirmedthat �*�D�S�)�L�O�Ocouldnot beusedto performanexhaustive
gap-fillingof theGEMsin practice.Moreovertheanalysissuggeststhat �0�,�5�$�*�(isnot suited
to beusedwith minimal data(draft network,seeds,targetsandno a priori scoringon the

Table 1. Size of the completions and capability to produce biomass of GEMs in the benchmark of 3,600 degraded E. coli GEMs after their comple-

tion with Meneco, fastGapFill and MIRAGE. Between 10% and 40% of reactions were removed from E. coli iJR904 reference network in order to block

the FBA-based production of 40 different biomass functions. For each degraded GEM, both the �0�H�Q�H�F�Rand �I�D�V�W�*�D�S�)�L�O�Otools were used to restore the

producibility of the biomass by picking reactions from the MetaCyc database. For 10% of the degraded GEMs in the benchmark, the �0�,�5�$�*�(tool was also

tested.

Degradation rate of GEMs in the tested benchmark

All 10% 20% 30% 40%

Removed reactions

min 101 101 203 307 414

max 446 117 226 343 446

mean 270 109 216 325 430

Reactions added by Meneco

min 0 0 4 6 13

max 110 23 36 62 110

mean 32 10 22 38 59

Reactions added by fastGapFill

min 150 150 213 284 339

max 388 209 256 350 388

mean 273 180 237 311 366

Reactions added by MIRAGE

min 3481 3517 3678 3687 3481

max 4228 3951 4048 4145 4228

mean 4029 3916 4005 4094 4131

Percentage of filled GEMs able to synthesize biomass

�0�H�Q�H�F�R 40.83% 73% 36% 35% 19%

�I�D�V�W�*�D�S�)�L�O�O 72.88% 92% 92% 50% 58%

�0�,�5�$�*�( 100% 100% 100% 100% 100%

doi:10.1371/journal.pcbi.1005276.t001
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database)for gap-fillingandthat thealgorithmneedsall therecommendeddata(phylogenetic
and/or transcriptomicscores)to performcorrectlyandgainrobustness.
Meneco improves the accuracy of the reactions added to filled GEMs compared to

fastGapFill. In orderto estimatetheaccuracyof �0�H�Q�H�F�Rand�I�D�V�W�*�D�S�)�L�O�Owith
regardto thepropositionof reactionsto producetargets,all reactionsaddedto afunctional
GEMfor gap-fillingwereclassifiedinto essential,blockedandalternativereactionswith respect
to theproductionof biomass.Theanalysesaredepictedin Fig3.On average,63%of thereac-
tionsaddedby �I�D�V�W�*�D�S�)�L�O�Owereblockedin thecompletedGEMtowardstheproduction
of thebiomass,i.e. theproductionof thetargetcompounds.Thishigh rateof blockedreactions
wasindependentof theinitial rateof degradationof theconsideredGEM.This isconsistent
with themainpurposeof �I�D�V�W�*�D�S�)�L�O�Owhichaimsatunblockingall reactionsin theGEM
coresetwithout anyfocuson asetof targetedreactions.Conversely,only 12%of reactions
addedby �0�H�Q�H�F�Rwereblockedwith respectto thebiomassreactionin thecompletedGEMs,
andevenlessfor 10%and20%degradedGEMs.Thisconfirmsthat �I�D�V�W�*�D�S�)�L�O�Odoesnot
solvetheexactsameproblemas�0�H�Q�H�F�Rdoes,that isproposingsetsof reactionsto produce
unproduciblecompounds.Sincetheproblem�I�D�V�W�*�D�S�)�L�O�Osolvesisalargerone,it ismore
difficult to filter andmanuallycuratetheproposedsolutionasit isoftenrequiredaftergap-fill-
ing. �0�H�Q�H�F�Risarelevanttool for thepreliminarycompletionof anewdraft metabolicnetwork
whenlimited phenotypicinformation areavailable.Its parsimoniousfeatureallowssuggesting
reactionsdirectlyrelatedto theproductionof thetargetsandmanualcurationis facilitated
throughastudyof thewholespaceof solutions.

Functionality analysis: �0�H�Q�H�F�Rrecovers essential reactions of a

metabolic network

Our resultssuggestthat thetopologicalparsimonycriterion usedin �0�H�Q�H�F�Rprovidesagood
trade-offin termsof scalabilitywith respectto thesizeof thereferencedatabaseusedfor com-
pletion:theoutputof �0�H�Q�H�F�Rremainsreasonablein termsof size(for ana posteriori manual
curation),with areasonablelossof impacton therestorationof biomassproductioncompared
to parsimoniousapproaches.

To further evaluatethequalityof theoutputof �0�H�Q�H�F�R,wecompletedthe3,600degraded
GEMsof our benchmarkderivedfrom theiJ904E. coli metabolicnetworkby7,200(2�3,600)
additionaldegradedGEMsof theiAF1260[32] andiJO1366[33] E. coli networks.The�0�H�Q�H�F�R

Fig 3. Classification of reactions added by Meneco and fastGapFill in functional completed GEMs. For each degraded GEM which recovered

its ability to synthesize biomass after gap-filling, the functional classification (essential, alternative, blocked with respect to to biomass production) of

reactions added to the GEM was calculated. (A) Comparison of �0�H�Q�H�F�Rand �I�D�V�W�*�D�S�)�L�O�Oover the complete benchmark in terms of biomass production

restoration. (B). Classification of reactions added in functional GEMs filled by �0�H�Q�H�F�R.(C). Classification of reactions added in functional GEMs filled by

�I�D�V�W�*�D�S�)�L�O�O.

doi:10.1371/journal.pcbi.1005276.g003
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tool wasappliedto completeeachof the10,800degradedGEMsbyusingthenetworksprior to
degradationasareferencedatabase.Themainmotivationfor changingthereferencedatabase
wasto beableto analyzehowtheclassificationof reactionsinto essential,alternativeand
blockedwith respectto biomassproductionevolvedwith thecompletionprocess.

Impact of the gap-filled network and the reference database. Theresultsof thecomple-
tion proceduredetailedin Sections2and5 in S1Appendixshowthat thequalityof thenet-
work usedto generatethebenchmarkhasalow impacton thesizeof the�0�H�Q�H�F�Routput,
evenif thesizeof thesolutionsetincreasedlinearlywith thedegradationrateof thenetwork.
Nevertheless,thequalityof thereferenceE. coli networkhasastrongimpacton thequalityof
theresultsasshownin Fig4.Similarly,wenoticedthat thereferencedatabaseusedfor gap-fill-
ing hasastrongimpactof theresults:addingtheMetaCycdatabaseto theoriginalE. Coli net-
work multiplied by6 thepercentageof functionalnetworksaftercompletion(seeSections2
and5 in S1Appendix).

Identification of essential and alternative reactions with Meneco. Thereactionsof the
40degradediJR904wereclassifiedaccordingto their functionalitywith respectto theproduc-
tion of their associated90randombiomassfunctions.Accordingto thisclassification,we
testedhowmanyessential,blockedandalternativereactions(with respectto thebiomasspro-
duction)wererecoveredin thenetworksfilled by the�0�H�Q�H�F�Rprocedure.Our analysisshows
that �0�H�Q�H�F�Rwasableto recover97.5%of theessentialreactionson averageamongthe10,800
experiments,andfewblockedreactionswereincludedin thenetworksfilled by this tool.

To gainbetterinsightsinto theimportanceof essentialandalternativereactionsin thegap-
filling procedure,weclassifiedeachgap-fillingexperimentaccordingto four categories:(i) the
networkis functionalaftergap-filling(ii) thenetworkhasrecoveredall essentialreactions
aftergap-fillingbut it isnot functional(iii) thegap-fillingproceduremissedoneessentialreac-
tion and(iv) thegap-fillingproceduremissedmorethanoneessentialreaction.Resultsare
depictedin Fig5.Theyconfirm that in 9,529completions(88.2%),�0�H�Q�H�F�Rrecoveredall
essentialreactionsof thereferencenetwork.Whenfailing to restorenetworkfunctionality,it
still recoveredall essentialreactionsin 6,041/7,312completions(82.3%).In thecaseswhen
�0�H�Q�H�F�Rdid not recoverall essentialreaction,it generallymissedasingleessentialreaction,
andatmost3 (in only 90/10,800casesÐ0.8%).

Failureto restorebiomassproductionin FBAismainlyexplainedbymissingalternative
pathwayswhichwerenot restoredby thegap-fillingprocedure.Thiswasconfirmedbyanalyz-
ing thestatusof reactionsin the3,488networksreconstructedwith �0�H�Q�H�F�Randcapableof
producingbiomass:amongthereactionsthatwereessentialin thereconstructednetwork,on
average40%wereclassifiedasalternativein thereferencenetwork(seeS1Files).Similarly,
47%of theblockedreactionsin gap-fillednetworkswereclassifiedasalternativein theinitial
one.

Parsimonious topological gap-filling conserves the role of reactions. Wefurther inves-
tigatedthenetworksaftertheir gap-fillingby �0�H�Q�H�F�Randcomparedthemto their reference
network,to checkwhetherthegap-fillingprocesschangedtheclassificationof reactions.As
FluxVariability Analysis(FVA) canonly beappliedif biomasscanbequantitativelyproduced,
westudiedthe3,488networks(amongthe10,800)capableof biomassproductionaftertheir
gap-filling.To do so,wecomparedtheclassificationof reactionsbeforedegradationto the
classificationobtainedafterdegradationandgap-filling.In all cases,reactionsthatwereini-
tially blockedwith respectto biomassproductionremainedblockedafterthecompletion.In
thesameway,98.6%of thereactionsinitially essentialremainedessentialafterthecompletion,
theothersbecomingalternative(seeS1Appendix).Thisslightdifferencecouldbeexplained
byroundingerrorsmadeby thesolverwhencomputingFVA. Thestudyof reactionsthatwere
initially alternativeismostinteresting.Sincethecompletionby �0�H�Q�H�F�Risparsimonious,one
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canexpectsomeof theinitially alternativereactionsto becomeeitherblockedor essential,by
blockingsomelongproductionpathwaysandmakingtheshortestoneessentialfor biomass
production.Examplesof suchsituationsaredepictedin Section3 in S1Appendix.63.3%of
thereactionsremainedalternative,while34.7%becameblockedand2%essential.On average,
for eachreconstructednetwork,30initially alternativereactionsbecameessential.Fromour
point of view,thisnumberis low enoughto enableamanualcurationof thecompletion
results,oncemoredemonstratingthat �0�H�Q�H�F�Risagooddecisionsupporttool. It isalsointer-
estingto notethat thequantityof reactionsthatchangeclassificationissimilar for eachof the
threetestednetworks.

�0�H�Q�H�F�Rrestorestheessentialandblockedfeaturesof thereactionsaccordingto theavail-
ableinformation.Dueto theminimality criterion, it prefersshorterpathways,thusturning
somealternativereactionsinto eitherblockedor essentialreactions.A changefrom essential
to blockedfor areactionwould indicateafailurein thegap-fillingprocess.Sinceanessential
reactionismandatoryto restorebiomassproductionin FBA,gap-fillingmethodsalways
retrievefunctionalpathwaysretainingreactionsthatwereinitially essential.While keepingthe
essentialcharacteristicof thereactionsis important, thefactthatblockedreactionsremain
blockedisasignthatperformingthegap-fillingdid not createnewfunctionalpathways.

Fig 4. Applying the gap-filling procedure Menecoon three benchmarks built from E. coli networks of different quality. For three different

reference networks (iJR904, iAF1260 and iJO1366), the �0�H�Q�H�F�Rtool was applied to 3,600 pairs consisting of a degraded E. coli metabolic

networks (40 different networks with levels of degradation indicated by the abscissa) and a random biomass reaction (90 different targets sets).

The initial E. coli network was used as a reference database to perform the completion. The percentage of functional networks after completion is

indicated on the ordinate axis.

doi:10.1371/journal.pcbi.1005276.g004
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Topological parsimonious gap-filling outperforms stoichiometric-based gap-filling on

degraded GEMs. Previousexperimentsshowtheadded-valueof parsimonytowardsthe
selectionof adequategap-fillingsolutions.Asafinal study,all theanalyseswererun with the
�*�D�S�)�L�O�Omethodto estimatetheimpactof thechoiceof theproducibility criterion (topologi-
calvsstoichiometric)overtheparsimoniousgap-fillingprocedure.The�*�D�S�)�L�O�Obenchmark
wasrun assingletargetcompletionsinceit wasimpossibleto berun on aglobalbiomassfunc-
tion whilebeingexhaustive.This isdueto thecombinatorialcharacteristicsof theproblem:
thenumberof solutionswhenfilling thenetworksbasedon acompletebiomasswastoo high
(mandatoryboundingof thenumberof solutionswith �*�D�S�)�L�O�O)andsowasthecomputation
time.Hence,weusedasoutput for �*�D�S�)�L�O�Otheunion of thecompletionsets(maximal30)
for eachindividual target.Wenoticedthatonly 68networksreachedthelimit of 30comple-
tion setsfor individual targetsamongthe10,800degradednetworks.

Interestingly,although�0�H�Q�H�F�Rand�*�D�S�)�L�O�Osolutionsarecomparablein sizes,theyonly
share45.3%of thereactions(seeSection4 in S1Appendix).On average,�*�D�S�)�L�O�Oreturned
1.6%morereactions(i.e. 4) than�0�H�Q�H�F�R.Ability to restorebiomassproduction(FBA)was
lowerfor �*�D�S�)�L�O�Othanfor �0�H�Q�H�F�R:21.6%and32.3%respectivelyon 10,800networks,and
particularlyfor 10%degradednetworks:49.4%and81.9%respectively.Recoveryof essential
reactionswaslessefficientfor �*�D�S�)�L�O�O:it missedmorethanone(andup to 21)essential
reactionsin 13.9%of thecases,amajorcontrastwith �0�H�Q�H�F�R(0.8%andno morethan3
missedreactions).Analysesandresultsareavailablein Section6 in S1Appendix.

Fig 5. Biomass restoration and recovery of essential reactions due to completion of 10,800 degraded networks by Meneco. For the 10,800

degraded iJR904, iAF1260 and iJO1366 networks, the gap-filling results were classified according to their status: (i) restored biomass production (green

and white stripes), (ii) recovery of all essential reactions (green), (iii) exactly one missed essential reaction (orange) and (iv) more than one missed

essential reaction (red).

doi:10.1371/journal.pcbi.1005276.g005
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Altogetherthesefeaturesconfirm that thetopologicalover-approximation,whencompared
to stoichiometriccriteria,is relevantfor theparsimoniousgap-fillingof anewdraft metabolic
networknot only in termsof performancesbut alsoin termsof functionalaccuracy.

First application: The �0�H�Q�H�F�Rtool may help to elucidate the respective

roles of species in a symbiotic community

Comparing the production of targets when merging two networks. The�0�H�Q�H�F�Rtool
wasappliedto theanalysisof candidatealgal-bacterialinteractionsin thebrownalgalmodelE.
siliculosus. Interactionsbetweenalgaeandtheir associatedbacteriaareof increasinginterest
becauseof thepotentialkeyrolesbacteriamayhaveon thebiologyof thealgae,in particular
throughmetabolicconnectionsbetweenboth typesof organisms[22]. For thispurpose,we
considered,asafixedsetof seeds,moleculesfound in theseawatermediumandcommonly
usedto growtheseorganisms[21]. In parallel,wedesignedalargesetof targetsby identifying
all reactionsin MetaCyc19.0for whichat leastoneof theassociatedgeneswassupportedby
thepresenceof oneor moreexpressedsequencetag(EST)within thedatasetof 90,637ESTs
publishedin theoriginalEctocarpus genomepaper[34]. Foreachof theseexpressedreactions,
weconsideredthatboth reactantsandproductsshouldbeavailablein thenetworkanddefined
themastargets.Using�0�H�Q�H�F�Rwethenidentifiedwhichof thesetargetswereproduciblein
two situations.Firstly,weusedasadraft networkthealgalnetworkitself,morepreciselyaver-
sionof EctoGEM1.0[21] for whichno functionalgap-fillinghadbeencarriedout.Secondly,
weusedasadraft networktheunion of theaforementionedalgalnetworkandof themetabolic
networkof Candidatus Phaeomarinobacterectocarpi,abacteriumsuggestedto live in associa-
tion with E. siliculosus [20].

A comparisonof bothcasesallowedtheidentificationof targetsthatbecameproducible
whenaddingthemetaboliccapacitiesof theCa. P.ectocarpinetworkto thealgalnetwork.
Thesetargetsandthemetabolicpathwaysenablingtheir productionwerethenmanually
examined.In total83previouslynon-produciblealgaltargetsbecameproducibleaccordingto
the�0�H�Q�H�F�Rsemanticswhencombiningthemetaboliccapacitiesof thebacteriumwith those
of thealga.Foreachof these83targets,theessentialreactionsallowingits producibility byCa.
P.ectocarpiwerestudied,aswellasthetargetandits relatedESTin E. siliculosus. Thepurpose
wasto determinewhethertheproductionof thetargetby thealgacoulddependon aninterac-
tion with thebacterium.Theseindividual examinationsrevealedsomeerrorsor missinganno-
tationsin E. siliculosus aswellassomecasesof weaksequencehomologyleadingusto no
longerconsider21(25%)of the83compoundsastargets.Improvementsin genomeannota-
tionsalsoallowedrecoveringalternativereactionsor pathwaysin E. siliculosus relatedto the
productionof 37(45%)of thecompounds.Nineteencompounds(23%)howeverarelikely to
bepartof anexchangebetweenthealgaandthebacterium(Fig6).Theproductionof atarget
wasconsideredtheresultof apossibleinteractionbetweenthetwo speciesif i) thealgalEST
relatedto thetargetdefinition wascorrectlyannotated(i.e. confirmationof thetarget),ii) the
targetwasnot producibleby thealgalitselfthroughthepresenceof otherESTsor genesand
iii) thebacterialreaction(s)necessaryfor thetargetproductionwas(were)correctlyannotated.
Detailsareavailablein S2Files.

Identifying candidate pathways for algal-bacterial interactions. Severalof thereactions
identifiedby �0�H�Q�H�F�Rweretheresultof potentiallyinterestinginteractions.

Forexample,E. siliculosus on its own isprobablyincapableof producinghistidineor histi-
dinol becauseahistidinol-phosphatase(EC3.1.3.15)ismissingfrom its genome.�0�H�Q�H�F�Rhas
previouslyidentifiedthismandatoryreactionto completethehistidinebiosyntheticpathway
[21]. Recentgenomicdatafrom otherstrainsof E. siliculosus (Dittami, Tonon,personaldata),
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aswellastherecentlypublishedgenomeof Saccharina japonica [35], confirm theabsenceof a
histidinol-phosphatasein otherbrownalgae,whileacorrespondingenzymeispresentin dia-
toms.Asaproteinogenicaminoacid,histidineisessentialfor all living organisms.Brown
algaehavethereforeeitherevolvedanalternativewayof producinghistidinol or histidine,or
theyacquireat leastoneof thesesubstancesfrom their environment.Our analysesindicate
thathistidinol or histidinemaybeprovidedbysymbioticbacteriasuchasCa. P.ectocarpi,
whichencodesall enzymesof thehistidinebiosyntheticpathway.

A secondexampleisvitamin B5(pantothenicacid),whichisanimportant vitamin for the
formationof coenzyme-A.E. siliculosus is capableof producingvitamin B5from β-alaninevia
theactivityof apantoate-β-alanineligase(Esi0070_0043),but it lacksabiosyntheticpathway
to produceβ-alanine(Fig7).Our analysissuggeststhatE. siliculosus mayrelyon external
sourcesof eitherβ-alanineor vitamin B5.ThebacteriumCa. P.ectocarpiisableto provide
bothof thesecompoundsviathephosphopantothenatebiosynthesispathway.

A third exampleisagmatine,anaminoguanidine,whichiswell-studiedin humanwhereit
modulatesfor instancereceptorsof neurotransmittersor ion channels.While theroleof agma-
tine in Ectocarpus still remainsunknown,theE. siliculosus metabolicnetworkpossessestwo
metabolicreactions(MetaCycID: AGMATINE-DEIMINA SE-RXN,E.C.3.5.3.12andMeta-
CycID: AGMATIN-RXN, E.C.3.5.3.11)for thedegradationof agmatineandpolyaminesyn-
thesis.Thesereactionsin Ectocarpus arewell-supported,despitethefactthat it lacksthe
metaboliccapacityto produceagmatine,asno argininedecarboxylase(E.C.4.1.1.19)ispresent
in its genome.Asin thecaseof histidinesynthesisdescribedabove,this latterobservationalso
holdstrue for othersequencedEctocarpus strainsandtheS. japonica genome.A plausible
explanationis thatE. siliculosus (andotherbrownalgae)mayuseexternalsourcesof agmatine
to producepolyamines.Ca. P.ectocarpiiscapableof producingagmatine,whichconstitutesa
potentialinteractionpoint betweenbothorganisms.Our currentworking hypothesisis that
whenexternalor bacterialagmatineisavailable,agmatine-derivedpolyaminesmaycomple-
mentor replaceornithine-basedpolyaminesynthesisin E. siliculosus.

Thesethreeexamplesprovidedinterestingworking hypothesesthatwill nowneedto be
testedexperimentally.Correspondingexperimentsareongoingbut time-consumingasthey
first requireseparatecultivationof algaeandbacteria.

Fig 6. Study of the 83 newly producible targets when combining E. siliculosus and Ca. P. ectocarpi

metabolic networks. When merging E. siliculosus and Ca. P. ectocarpi metabolic networks, 83 targets

previously non-producible by E. siliculosus became producible. The 93 essential reactions related to their

production by the Ca. P. ectocarpi network as well as the E. siliculosus ESTs were studied to assess whether

the new producibility may be the result of a real interaction between the two organisms.

doi:10.1371/journal.pcbi.1005276.g006
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False positive interactions. Theaforementionedthreeexampleshighlightpromisingcan-
didatepathwaysfor algal-bacterialinteractions.Forotheridentifiedmetabolitesandreactions,
however,sequenceinformation wasinsufficientto determinetheexactspecificityof the
enzymesandreactions,andthusto drawconclusionswithout additionalexperimentation.
Furthermore,in S2FilesandFig6,weanalyzedthe58targetsleadingto falsepositiveresults
(70%),�L���H��candidatealgal-bacterialinteractionseitherdueto missinggeneannotationsor
false/overlypreciseannotations.Oneexamplefor eachof thesecasesisdetailedin S2Files:one
missingannotationin thealgalgenomefalselyleadingtheassumptionthat thebacteriumwas
neededto provideriboflavin,andonewrongassignmentof ECnumbersto analgalgenelead-
ing to predictareactioninvolvedin peptidoglycansynthesis.

Second application: The �0�H�Q�H�F�Rtool enabled a functional metabolic

network for E. mutabilis to be built based on metabolomic and de novo
transcriptomic data

Asasecondcasestudy,wefocusedon thereconstructionof ametabolicnetworkfor E. mut-
abilis, aphotosyntheticprotist andprimary producerin acidicaquaticenvironments.Despite
important rolesof E. mutabilis in thoseecosystemsanddespitethefactthat it hasoftenbeen
consideredasanindicatorspeciesfor acidminedrainages,thisorganismhasbeenpoorly
describedsofar.

Fig 7. Vitamin B5 biosynthesis in E. siliculosus and Ca. P. ectocarpi. Orange labels designate enzymes

from the alga, blue labels correspond to enzymes from the bacterium.

doi:10.1371/journal.pcbi.1005276.g007
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Dueto their complexityandsize,no genomesequencesareavailablesofar within thegenus
Euglena. Therefore,weusedassembledtranscriptsequencesasdescribedin [18] andannotated
thembysimilarity searchagainstenzymereferencesequencesfrom MetaCyc.Weusedastrin-
gentsimilarity thresholdfor function assignationto reduceasmuchaspossibletherateof false
positivereactionsincludedin theinitial networkthatwassubsequentlycompletedby
�0�H�Q�H�F�R.Thisensuredthat thereconstructionof theE. mutabilis metabolicnetworkwouldbe
highlyconservative,avoidingtheinclusionof reactionsbasedon falseannotations.Themajor
drawbackof thisapproachwastheresultinghigh rateof missingreactionsin theinitial draft
network,whichdid not allow�0�H�Q�H�F�Rto restoretheproductionof all targetsatonce.The72
targetsarelistedin SupplementaryfilesS6.Of thosetargets,54weredefinedaccordingto [19]
whoshowedthat theyweresecretedor accumulatedin E. mutabilis culturedin aminimal min-
eralmedium.The17othertargetsweremyristicacid,shownto bepresentin theE. mutabilis
membrane[36], andtheremainingproteinogenicaminoacids,nucleotides,andchlorophyllA
andB.

Running�0�H�Q�H�F�Rwith the8mineralseedsand|Light| (SupplementaryfilesS6)couldpro-
poseacompletionsolutiononly for UREAandOXYGEN-MOLECULEamongthe72targets.
Thesetwo metabolitescouldbeproducedonly becausetheyweretheproductsof asinglereac-
tion involvingonly mineralreactants,asituationwhichwasnot biologicallysatisfying.

Adding the appropriate seeds to unblock the draft network. Theprincipal reasonfor
thenearimpossibilityto producethetargetsliesin thefactthatall targetsandinternalmetabo-
litesof theE. mutabilis metabolicnetworkmustbeproducedfrom themineralseedsonly,
includingcofactorsthatareessentialto thevastmajority of reactions.Thesecofactorsthem-
selvesdependfor their biosynthesison metabolitesthat theycontributeto produce.For
instance,NAD isbiosynthesizedfrom asparticacidor tryptophan,two amino-acidswhose
productionrequiresNAD. In otherwords,mostof theE. mutabilis initial draft networkcon-
sistedof acomplexcyclewith longrangecirculardependenciesthatno externalmineralnutri-
entcouldinitiate.Thus,thisnetworkcouldnot producethetargetswith �0�H�Q�H�F�Rwithout
addingtheappropriateextraseedsto solvethecirculardependencies.Theadditionof NAD to
theseedspermittedto initiate thedraft network,enabling�0�H�Q�H�F�Rto restoretheproduction
of 69targetsout of 72.Theadditionof |ACP|to theseedswasrequiredto restoretheproduc-
tion of two remainingtargetsÐPALMITATE,CPD-7836(myristate)±,andadding|Red-
Thioredoxin|to theseedswasnecessaryto restoretheproductionof DCTP(deoxycytidine-
triphosphate).

Solving local cycles and circular dependencies. Althoughtheproductionof all thetargets
wasenabledby theadditionof the3 seedmetabolitesNAD, |ACP|and|Red-Thioredoxin|,
somepathwayscouldstill benon-functionalwith �0�H�Q�H�F�Rbecauseof localcyclesandcircular
dependencies.For instance,in oxygenicphotosynthesis,oxygenisproducedbyphotosystem
II: light providestheenergyfor transferring4 electronsto 2moleculesof plastoquinonefrom 2
moleculesof waterwhicharesplit into 4protonsandonemoleculeof oxygen.Sincethe|PLAS-
TOQUINONE| compoundwasnot availablein thenetwork,�0�H�Q�H�F�Rcouldnot return the
correctreactionPSII-RXNasasolutionfor theproductionof OXYGEN-MOLECULE,but
proposedinsteadto reversethereactionof water-formingNAD oxidationRXN-14692.

SinceE. mutabilis isaprimary producer,thephotosynthesisreactionsareat theorigin of
biomassproduction.Thephotosynthesispathwaycanbedividedinto two subpathways:the
light reactionscollectingtheenergyfrom light andtheCalvin-Benson-Basshamcycle,also
knownasthedarkreactions,building theprecursorcomponentsof biomassfrom carbon
dioxide.

Beforeaddressingthecapacityof theCalvincycleto producebiomassprecursors,wemanu-
allycompletedthelight pathwaybyaddingthemissingreactions(PSII-RXN,
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PLASTOQUINOL±PLASTOCYANIN-REDUCTASE-RXN,RXN490-3650)andchecked
whethertheycouldprovideaviableroutein thedraft network(Fig8).Thispathwayisactually
achainof electrontransfersinvolvingaseriesof donorsandacceptorsrecycledateachstep,
endingwith theproductionof theNADPH whichenterstheCalvin-Benson-Basshamcycle.
Eachpair of successivereactionsthusconstitutesasmallcyclewhichneedsto besolvedin
orderto makethewholechainfunctionalandto enabletheproductionof NADPH. Exceptfor
NADPH/NADP, noneof theconcerneddonor/acceptorcoupleshaveanyde novo biosynthesis
pathwaydescribedin MetaCyc,andtherefore,theproductionof thecorrespondingdonor and
acceptoraremutuallydependent.In orderto unblockthewholechain,weaddedtheelectron
acceptors(|PLASTOQUINONE|,|Oxidized-Plastocyanins|and|Oxidized-ferredoxins|)to the
seeds,with theexceptionof NADP whichcouldbeproducedfrom NAD asshownin Fig8.

To verify that thechainof photosyntheticlight reactionswasfunctional,weisolatedthe
individual reactions(PSII-RXN,PLASTOQUINOL±PLASTOCYANIN-REDUCTASE-RXN,
RXN490-3650,1.18.1.2-RXN)in asubnetworkandcheckedfor theproductionof NADPH
with �0�H�Q�H�F�Rusingthesameseedmetabolitesasfor thewholenetwork.A singlesolutionwas
returnedwith threereactions,NADPYROPHOSPHAT-RXN,APYRASE-RXN,NAD-
KIN-RXN, producingrespectivelyAMP from NAD, ATPfrom AMP, andeventuallyNADP
from NAD andATP.Thisconfirmedthat thefour reactionsof thephotosynthesislight path-
waywereableto produceNADPH providedthatNADP wasavailable.

Thesamedependenceon ATPwasobservedwith thewholedraft networkwhichcould
alreadyproduceAMP but not NADP althoughthereactionNAD-KIN-RXN of NAD phos-
phorylationinto NADP waspresent.Running�0�H�Q�H�F�Ron thewholedraft networkto check
its capacityto produceNADPH returnedtwo solutionsof onereactioneach,RXN-10862and
APYRASE-RXN,bothallowingtheproductionof ATP from AMP andunblockingthereac-
tion NAD-KIN-RXN. At thisstage,ATPwasprovisionallyaddedto theseedsuntil moreinfor-
mationcouldbegatheredaboutwhichreactionsshouldbeincludedin thenetworkfor its
production,andto enablethephotosynthesispathwayto providetheCalvin-Benson-Bassham
cyclewith thenecessaryNADPH.

TheCalvin-Benson-Basshamcycleis thepathwayof thephotosynthesisprocessthat
reducescarbondioxideto produceglucides.Thenetequationof thiscyclecanbewritten as:

3 CO2 þ 9 ATP þ 6 NADPHþ 6 Hþ ! C3H4O7Pþ 9 ADPþ 8 Pi þ 6 NADþ

Thenetproductionof 3-phospho-glycericacid(G3P)is themainsourceof organiccarbons
for further biosyntheticprocesses,but othermetabolitesmayexit thecycletowardsglycogene-
sis,amino-acid-,nucleotide-,or lipid biosynthesis.In orderto assesswhethertheCalvin-Ben-
son-Basshamcyclewasfunctionalwethereforetestedthedraft networkfor theproductionof
G3P,FRUCTOSE-6P,RIBULOSE-5P,GAPandDIHYDROXY-ACETONE-PHOSPHATE.
Threesolutionswereproposedby �0�H�Q�H�F�Rwith onereactioneach:AMP-DEAMINASE-RXN,
AMP-NUCLEOSID-RXNandNMNNUCLEOSID-RXN. Thelattertwo reactionsdirectlypro-
duce|RIBOSE-5P|whereasthefirst oneyieldsIMP whichcanbeusedto produce|RIBOSE-
5P|aswell,suggestingthat theCalvin-Benson-Basshamcyclerequiresthismetaboliteto be
functional.Wethusadded|RIBOSE-5P|to theseedsandall 5 targetspreviouslytestedwith
thewholenetworkwerenowproduciblebyasubnetworkcomposedof only the13reactions
of theCalvincycle,confirming that thispathwaywasnowfunctional.

It isworth noting that,at thisstage,themetaboliteseed|RIBOSE-5P|couldbereplacedby
D-RIBULOSE-15-P2.Thissolutionwasprovisionallypreferredasthiscompoundisareactant
of thecarbonfixation reactionin photosynthesis.Thus,addingit to theseeds,alongwith ATP,
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Fig 8. Photosynthesis light reactions. This pathway is a chain of oxidoreduction reactions transferring electrons from water to NADPH which will be used

as a reductor in the Calvin-Benson-Bassham cycle. It is equivalent to a succession of three cycles of two reactions each and as such is not functional for

�0�H�Q�H�F�Runless the appropriate seed metabolites are added. The metabolites in light blue are those corresponding to the actual nutrients in the original set of

seeds. The three metabolites that had to be included in the seeds to unblock each of the successive cycles are marked with a blue circle. If these metabolites

are absent from the seeds, �0�H�Q�H�F�Rcannot propose a solution including the first three reactions, in light green, that were missing in the initial draft. Since

NADP can be synthesized from NAD, there can be a functional path leading from WATER to NADPH.

doi:10.1371/journal.pcbi.1005276.g008
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maysimulatetheinitial batchof metabolitesthatallowsE. mutabilis to initiate theCalvin-Ben-
son-Basshamcycle.

Thephotosynthesispathwaybeingfunctional,afirst routewasnowopenbetweenthemin-
eralnutrients(seedmetabolites)andtheinternalandexcretedmetabolites.Carbon-basedbio-
massprecursorssuchasG3Por FRUCTOSE-6Pwereproducibleandcouldenterthecentral
metabolism.Thenextstepwasthereforeto addresstheincorporationof nitrogen,in theform
of ammonium(NH3), in orderto triggerthemetabolismof amino-acidsandnucleotides.
SincetheTri-CarboxylicAcid cycle(TCA) isat theintersectionbetweenthemetabolismsof
glucides,lipids andamino-acids,thispathwaywascompletedmanuallyto ensurethat it could
usetheG3Pcomingfrom photosynthesis.Thefollowing5 reactionswerethusaddedto the
draft network:MALATE-DEHYDROGENASE-ACCEPTOR-RXN,ACONITATEDE-
HYDR-RXN,2OXOGLUTARATEDEH-RXN,ISOCIT-CLEAV-RXN, PYRUVDEH-RXN.
Furthermore,CO-A wasprovisionallyaddedto theseedsastheTCA dependson ACETYL-
COA.Assessingwith �0�H�Q�H�F�RwhethertheTCA wasableto produceMAL (malate),CIT (cit-
rate)or 2-KETOGLUTARATEsuggestedthateitherGLYOX(glyoxylate)or OXALACETI-
C_ACID shouldbeaddedto theseedsin orderto unblocktheTCA cycle.Bothcompounds
areinvolvedin manyreactionsin MetaCyc,however,astheadditionof OXALACETIC_ACID
to theseedswouldhaveartificially enabledtheproductionof ATP,GLYOXwasusedasaseed
instead.

Checkingthecurrentdraft with �0�H�Q�H�F�Rfor theproductionof amino-acids,5 werealready
producible(GLT,L-ASPARTATE,GLN,L-ALPHA-ALANINE andGLY).Sinceglutamicacid
(GLT) is theprincipalcomponentresultingfrom theincorporationof ammoniumandakey
metabolitein nitrogenmetabolism,wehadthusachievedthecompletionof themetabolic
backboneleadingfrom mineralnutrientsthroughphotosynthesisto carbonandnitrogen
metabolism.

Thesameprocesswasrepeatedsuccessivelyfor thetargetslistedin SupplementaryfilesS6
until all wereproducible.After theadditionof newreactions,theprovisionalseedswere
removedto testif theywerestill neededor if abiologicallysatisfyingcompletioncouldreplace
them.

Test of the completed draft network with FBA. Onceall thetargetscouldbeproduced
by thenetworkusingthe�0�H�Q�H�F�Rcriteria,weproceededto verifywhetherit wasfunctionalin
FBA.Wecreated10import reactions(8 for mineralnutrients,onefor light, andonefor oxy-
gento enablerespiration),abiomassreaction,and54output reactionsfor the54metabolites
thatwereexperimentallyshownto besecretedbyE. mutabilis. Fortydead-endmetabolites,i.e.
non-consumedproductsthatmaypreventthenetworkfrom satisfyingthestoichiometriccon-
straintsfor theproductionof targetmetabolites(secretedmetabolitesandbiomass)wereiden-
tified manuallyanddefinedasboundaries(boundaryCondition=ªtrueº). Additionally, three
reactions(FLAVONADPREDUCT-RXN, RXN0-882,RXN-9944)wereaddedto thenetwork
in orderto regeneratereducedflavodoxins,oxidizedferredoxins,andthioredoxinsincethe
correspondingtranscriptscouldbeidentifiedin thetranscriptome.Wethencheckedwhich
output reactions(biomassandsecretionreactions)hadazeroflux anddeterminedthecorre-
spondingdead-endmetabolitesusingFVA. Only thesecretionof SPERMIDINEwasthus
blockedfor stoichiometricreasons.Wethereforeaddedadummyreactionof
5-METHYLTHIOADENOSINEdegradationto satisfythestoichiometricconstraintson this
metabolitefor SPERMIDINEbiosynthesis.Thefinal draft thuscontainedatotalof 1,068reac-
tions,including10entries,54secretionreactions,1 biomassreactionand1additionaldegra-
dationreaction.FBAshowedthatapositiveoptimum couldbeattainedwhendefiningthe
biomassreactionasanobjective,andallowingonly mineralnutrientsandlight (seeS3Files).
On thecontrary,no flux couldbeachievedin thebiomassreactionif therewasno entryflux
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for light or carbondioxide,demonstratingthat in thisnetworktheproductionof biomasswas
dependentindeedon photosynthesis.Hence,althoughthedraft networkhadbeencompleted
usingalmostexclusivelytopologicalcriteriasupportedbybiologicalknowledge,theresulting
networkwasnonethelessfunctionalin FBA.

Thismodelcouldthusprovideguidelinesfor further explorationof E. mutabilis metabolism
andphysiology.However,thecapacityof thispoorlycharacterizedEuglena speciesto feedon
organicsubstrates,assuggestedby themodel,couldnot bedemonstrated.It isnot clearindeed
whetherit canactuallygrowin thedark likeE. gracilis can,or whetherit becomesdormant
whenphotosynthesisisnot possible.Laboratoryexperimentsto determinethepotentialnutri-
entuptakeof E. mutabilis, includingC13 fluxomic to follow thefateof thesenutrients,will be
requiredto bothexperimentallyvalidateandrefinethismodel.

Discussion

The �0�H�Q�H�F�Rtool efficiently identifies essential reactions to produce large

sets of targets

Themaincharacteristicof �0�H�Q�H�F�Ris that it relieson atopologicaldescriptionof thenotion of
producibility.Thequalitativeapproximationof thetopologicalnotion of producibility ismore
robustthanstoichiometry-basednotions,whichareoftenforcedto find morecompletesolu-
tionsthatadditionallyfulfill thestoichiometricconstraints.Thelogicalformalizationof the
topologicalproducibility allowsusersof �0�H�Q�H�F�Rto benefitfrom theperformanceof recent
solversfor combinatorialproblemsbasedon ASPtechnologies.�0�H�Q�H�F�Rrelieson theseeffi-
cientsolversfor thecompletionof degradeddraft metabolicnetworksbuilt, for instance,from
NGSdata.Theothercharacteristicof the�0�H�Q�H�F�Rtool is that it isveryflexiblewith respectto
thedefinition of seeds(compositionof themediumandpotentiallysomecofactors)andtargets
(compoundswhoseproducibility hasto berestored).This flexibility appearsto becrucialto
investigatedraft GEMsproducedfrom NGStechnologies,asillustratedin two applications.

Positioning of �0�H�Q�H�F�Rin the landscape of gap-filling methods

Mostgap-fillingmethodssolveoptimizationproblemsoverasearchspacewhosesizegrows
exponentiallywith thesizeof thereferencedatabasefrom whichthereactionsaretaken.Two
differentstrategiescanthenbeusedto explorethesearchspaceandcomputesolutionsetsto a
gap-fillingproblem:eitheraparsimoniousbottom-upstrategywhichenrichesthedraft meta-
bolicnetworkuntil thetargetedpropertiesaresatisfied[8, 10,27],or atop-downapproach
startingfrom all availableinformation andremovingreactionswithout added-valueto the
solutionof theproblem[15,23,24].Bottom-upmethodsoftenreport fewsolutionsandmay
missalternativeoneswhiletop-downapproachescapturemoresolutionsbut arecomputation-
allydemanding,andsometimesrequiresamplingof thesolutionspace.Therefore,familiesof
gap-fillingmethodscanbeclassifiedwith respectto four characteristics:(i) thesetof com-
poundswhoseproducibility shouldberestored;(ii) thedefinition of producibility theyrelyon;
(iii) thecriteria theyoptimize;(iv) thenumberof solutionsetstheyreturn. �0�H�Q�H�F�Rchecks
thesametopologicalcriteria for producibility asthesubset-minimalitytop-downmethod[15],
but it isableto enumerateall solutionsetsbyusingtheparsimonycriterion of the�*�D�S�)�L�O�O
family.Thisallowsanexhaustivecomputationof thefamily of solutions.

Fromabiologicalpoint of view,havingamethodthatenablesthecompletionof ametabolic
networkwithout theneedto know therealconcentrationof metabolitesisarealadvantage.It
enablesacompletionof themetabolicgraphnot only for quantifiedor estimatedcompounds,
but alsofor thoseidentifiedbyqualitativemeasurements.Moreover,havingaccessto an
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exhaustiveenumerationof thepossiblesolutionsallowsresearchersto choosethebestone
amongthem,insteadof havingonly asubsetof solutionswithout knowingif thissubsetis rep-
resentativeof theentiresolutionspaceor not.

Alternative models for topological producibility

Alternativequalitativesemanticscouldhavebeenusedto assesstheproducibility of ameta-
boliccompound.In [26,37],Cottretet al. introducedrefinedsemanticsfor producibility tak-
ing into accounttheimpactof cycleson theproductionof metabolites.Thisalternative
definition canbeviewedasanover-approximationof FBA-consistentnetworks,andappears
to beveryusefulfor theefficientcomputationof precursorsetsfor metabolictargets.However,
experimentsconsistingin encodingthisalternativedefinition in the�0�H�Q�H�F�Rframeworkand
performinggap-fillingof thesame10,800degradednetworksevidencedthat thisalternative
definition of producibility isnot constrainedenoughto captureessentialreactions.Indeed,
running our benchmarkon the iJR904networkwith thatdefinition of producibility returnsa
setof solutionscontainingon averageonly 59.5%of theessentialreactions(S1Files).Thiscan
beexplainedbyselfproducingcycleswhichcanoccurwith thatdefinition.

Future improvements

Our experimentsusingtheE. coli benchmarkevidencethat,in halfof thecases,�0�H�Q�H�F�R(and
�*�D�S�)�L�O�O)fail to recoverenoughalternativereactionsto restorethebiomassproducibility of
thenetwork.Thisbottleneckcanbeexplainedby theparsimonycriterion usedbyboth tools
sincetheyidentify setswith aminimal numberof reactionsallowingeitherto simultaneously
restorethetopologicalproducibility of all targets(�0�H�Q�H�F�R)or to enabletheproductionof
individual targets(�*�D�S�)�L�O�O).However,theidentificationof alternativeroutesto producea
targetedsetof compoundsiscrucialto haveaglobalunderstandingof speciesmetaboliccapa-
bility, assoonasessentialreactionshavebeenproperlyidentifiedandvalidated.In orderto
improvethe�0�H�Q�H�F�Rtool,weplanto studytheimpactof additionaltopologicalcriteria that
maytakeinto accountlargerpathways.Thedifficulty will beto selectrelevantmetricsin order
to extendthesearchspacewhilesufficientlyconstrainingthesearchto beableto trackthe
completesolutionspace.Indeed,with mostof themethodsbasedon extendedscoresandcrite-
ria for stoichiometry-basedformalisms[10,15],thespaceor compatiblesetsof reactionsmay
becomeintractable,especiallywhenmanytargetsareconsideredtogether.In thiscase,most
methodsrelyon asamplingof thesolutionspace,whichmayintroducebiasesanderrors.

Alternatively,othermetricscanbedevelopedto improvethechoiceof reactionsby thegap-
filling methods.Scoresbasedon likelihoodvaluecomputationshavebeenintroducedin [10]
to improve�*�D�S�)�L�O�Oapproacheswith genomicinformation aboutalternativefunctionsfor
genes.In thefuture,it will beinterestingto adaptsuchscoresto the�0�H�Q�H�F�Rtool andmeasure
their impacton thefunctionalclassificationof reactionsin thereconstructednetwork.

Conclusion

AsstatedbySatishKumar et al. in [8], “clearly, the role of a gap-filling method is to simply pin-
point a number of hypotheses which need to subsequently be tested”. In this line of research,the
�0�H�Q�H�F�Rtool constitutesaflexibleframeworkto pinpoint hypothesesin thecontextof large-
scaledatasetsappliedto newlyinvestigatedorganisms.

�0�H�Q�H�F�Risaversatiletool to completedraft GEMsandto suggestrelevantreactionswith
respectto theresponseof thesystemto environmentalperturbations.Importantly, it doesnot
aimatprovidingacompletefunctionalnetwork,but ratheratpointing out essentialreactions
andsomeof thealternativeones,whicharecrucialto explainthesystemresponse.It canbe
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thencombinedwith refinedstoichiometry-basedanalysesandgap-fillingmethodsto produce
functionalnetworks.In thissense,wepromote�0�H�Q�H�F�Rasatool to beusedasanintermediary
stepwithin aworkflow consistingof (i) producingadraft GEM[5, 38],(ii) parsimoniousgap-
filling basedon metaboliteprofilesor RNA-seqdatasetswith �0�H�Q�H�F�R,(iii) refinementof the
modelwith stoichiometric-basedapproachesrelyingon additionaldata([14] [13]), and(iv)
manualcurationprocessof metabolicnetworksdescribedin [1].

Fromabiologicalpoint of view,theexamplesshowthat �0�H�Q�H�F�Rcannotreplacemanual
curationandnetworkanalysis,but it mayprovideaflexibletool to aid thisprocess.Analyses
arefast,easyto implement,andinvaluablebecausetheyenablebiologiststo focustheir atten-
tion on afewhighly interestingcompoundsandreactionswithout makinga priori
assumptions.

Materials and Methods

Topological and stoichiometric parsimonious gap-filling problems

Topological gap-filling problem. A topologicalmetabolicnetworkcomprisedof R meta-
bolic reactionsandM metabolitesis representedbyabipartitedirectedgraphG = (R [M,E)
whereedgesin E connecteitherametabolicreactionin R to metabolitesin M or ametabolite
in M to ametabolicreactionin R. Predecessorsof areactionnoder arereactants:reac(r) = {m
2M|(m, r) 2 E}. Successorsof areactionnodeareproducts:prod(r) = {m 2M|(r, m) 2 E}. The
biologicalconceptof theproducibility of metabolitescanbeformalizedin termsof reachabil-
ity. Givenametabolicnetwork(R [M, E) andasetS�M of seedmetabolites,areactionr 2 R
is reachablefrom theseedsS if all reactantsin reac(r) arereachablefrom S. Pushingforward
thisdefinition, ametabolitem 2M is reachablefrom thesetof seedsS if m 2 S or if m 2 prod
(r) is theproductof areactionr 2 R that is itselfreachablefrom S. Following[25±27],the(for-
ward)scopeof asetof metabolitesS accordingto areactionsetR containsall metabolites
whichcanbeiterativelyproducedfrom theseedmetabolites.It is thesetof metabolitesreach-
ablefrom S throughthereactionsin R andcanbedefinedby iteratingthesetrelationMi+1 =
Mi [ prod({r 2 R|m 2 reac(Mi), 8m, (r, m) 2 E}), with MO = S until it reachesafixedpoint.
Thescopecanbecomputedin polynomialtime.

Weassumethatwearegiven(i) adraft networkRdraft; (ii) asetMtarget �M of targetmetab-
olitesthatareproducedby theorganismof interest;(iii) asetMseed�M of seednutrients
found in thegrowthmedium;and(iv) adatabaseof metabolicreactionsavailableto fill thenet-
work Rdatabase. Thetopologicalgap-fillingproblemisstatedasfollows.

Minimize SizeðRfill Þ s:t
Rfill � Rdatabase

Mtarget \ scopeRfill[Rdraft
ðMseedÞ is maximal

(

Thiscombinatorialproblem,expressedasalogicencoding,issolvedby theASPsolver
clasp3.0.5[39] with domainspecificheuristicsi.e. searchspaceexplorationstrategies,preserv-
ing correctnessandcompletenessof thesearchprocedure.Claspallowsthecomputationof the
braveandcautiousconsequences(union andintersectionof all solutions)bymeansof alinear
numberof callsto asolver(internallycomputingonesolution)ratherthanenumeratingthe
entiretyof all solutions.This isaccomplishedbyconsecutiverefinementsof aninternalcon-
straintby relyingon theincrementalsolvingtechniquesintroducedin [40]. Ratherthancom-
putinga(possibly)exponentiallyincreasingnumberof solutions,theideais to computeafirst
solution,to recordaconstraint,eliminateit from further solutions,thento computeasecond
solutionto strengthentheconstraintin orderto representtheintersection(or union) of the
first two solutions,andto continueuntil no moresolutionsareobtained.Thisprocessinvolves
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computingatmostasmanysolutionsastherearelogicvariablesin theinput program.
Dependingon thechosenreasoningmode,eitherthecautious(propertiessharedbyall solu-
tions)or thebrave(propertiessatisfiedbyat leastasolution)consequencesarethengivenby
thevariableassignmentcapturedby thefinal constraint.Thisprocessenableall cardinalmini-
malsolutionsto befoundbut doesnot allowfinding suboptimalsolutions.

TheASPencoding,andthesolverareencapsulatedin apythonpackagenamedMeneco
[27,41]whichis freelyavailableathttp://bioasp.github.io/meneco.Experimentsrelatedto the
E. coli benchmarkwererun on anodeof 24corespartof acomputationalcluster.Casestudies
wererun on personallaptops:thecomputationtime requiredto gettheunion of solutionswas
lessthan30seconds.

Stoichiometric gap-filling problem. A stoichiometricmetabolicnetworkcanbeviewed
asanenrichmentof atopologicalmetabolicnetworkwith astoichiometricmatrix S. Under
steadystateconditions,metabolitebalancesyield∑j2R Sijvj = bj for all i 2M wherebi isa
parameterstandingfor uptakeor secretion.In thissetting,thestoichiometricgap-fillingprob-
lemconsistsin minimizing thenumberof addedreactionsfrom thedatabaseto restorefluxes
throughametabolitei� which isnot produciblefrom thedraft metabolicnetwork.

MinimizeSizeðRfillÞ s:t :

X

j2Rfill[Rdraft
Sijvj � 08 i 2 Mseed

X

j2Rfill[Rdraft
Sijvj ¼ 08 i 6¼ i�

X

j2Rfill[Rdraft
Si�jvj > 0

8
>>>><

>>>>:

Thisproblemissolvedby theso-called�*�D�S�)�L�O�Otool,encodedin aGAMS(GeneralAlge-
braicModelingSystem)program[8].

To solvethisoptimizationproblem,solutionsto thestoichiometricgap-fillingproblemsfor
eachindividual targetwerecomputedby running theGAMSencodingfrom [8] on theNEOS
server[42]. Foreachexecutionof theGAMSencoding,theprogramcomputedatmost30sets
of solutionsto thegapfillingproblem.Thesolutionto thegap-fillingproblemwasdefinedas
theunion of all reactionsets.

Subset-minimal gap-filling. The�0�,�5�$�*�(algorithmwasrun to performasubset-mini-
malgap-fillingusingtheimplementationprovidedin [14]. Without anya priori information
on theimportanceof thereactionsin thedraft networks,thebiomassreactionwastheonly one
addedin thecorereactions.Theweightsfor all reactionsof thedatabaseswereassignedto 1.

To beableto run thesoftwareon acomputercluster,thecodewascompiledwith themcc
function of MATLAB (R2014a).TheMATLAB runtime software(version8.3)wasusedto run
thecompiledcodeon acomputationalclusterconsistedof 138computingnodes(1,700cores).

Gap-filling and unblocking the entire models. ThePortableSystemfor theAnalysisof
MetabolicModels(PSAMM)[43] wasusedto run the�I�D�V�W�*�D�S�)�L�O�Oalgorithm.Cplex(ver-
sion12.6.2)wasusedasMILP solverto solvetheoptimisationproblem.A weightof 100was
setfor theadditionof transportandimport/export reactionsto penalizeanymodificationsof
themodels.Thedraft modelswereusedascoresets.

Networks and datasets

E. coli degraded metabolic networks. WeanalyzedthefollowingGEMsof E. coli: iJR904
[44], iAF1260[32] andiJO1366[33]. Thecorrespondingsbmlfilesweredownloadedfrom the
associatedpublicationsor from theUSCDrepositoryUSCDrepository.To testtheimpactof
theMetaCycdatabaseon thegapfillingproblem,cross-referencesbetweentheSBMLidentifi-
ersof metabolites(SBMLspecies)in thenetworksandMetaCycidentifierswerecreated.To
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thatend,wefollowedaniterativestrategybasedfirst on metabolitenamesandformulas,then
on similar reactions.

For thethreeE. coli modelsiJR904,iAF1260andiJO1366,wegenerated90randombiomass
functionsobtainedbysettingadefinedpercentageof non-zerocoefficientsof thetruebiomass
to zero.Thechoiceof replacednon-zerocoefficientsreliedon Bernoulli-distributedrandom
binarynumbers.Foreachmodelconsistingof anE. coli metabolicnetworkandarandombio-
mass,weclassifiedthemetabolicreactionsaccordingto their functionality:blocked(flux val-
uesarealwaysequalto 0 throughthereaction),alternative(flux valuesarepositiveor equalto
0 throughthereaction)andessential(flux valuesarealwayspositivethroughthereaction).We
implementedtheclassificationof metabolicreactionswithin TOMLAB environment[45],
usingGurobiastheunderlyinglinearprogrammingsolver.

Then,for thethreeE. coli modelsiJR904,iAF1260andiJO1366,werandomlyremoved
10%,20%,30%or 40%of metabolicreactions,with 10differentreplicatesbypercentage.The
samepercentageof thethreetypesof reactionswasremovedin eachdegradationprocess.The
degradednetworkswerechosensuchthatnoneof the90randombiomassfunctionscouldbe
producedbyanyof the40degradednetworks.

All together,weobtainedasetof 10,800metabolicnetworkswhichwerenot functional
with respectto theproductionof their associatedbiomass.

E. siliculosusdraft metabolic network. EctoGEM1.0isbasedon genomedatadown-
loadedfrom theORCAEwebsite(http://bioinformatics.psb.ugent.be/orcae/overview/Ectsi)
[46] on June21,2013;theCa. P.ectocarpigenomeusedfor networkreconstructionisavailable
from theEuropeanNucleotideArchive(accessionHG966617).Bothnetworksweremapped
againstMetaCyc19.0asareferencedatabase.Theconstructionof thesetof targetsfor
�0�H�Q�H�F�Rreliedon thedatasetof 90,637ESTspublishedin theEctocarpus genomepaper([34],
EMBLaccessions:FP245546-FP312611).

E. mutabilis draft metabolic network. Sequencesof E. mutabilis transcriptswere
obtainedfrom de novo transcriptomicexperimentspublishedin [18]. Thesequencedataare
publiclyavailablein theSequenceReadArchivewith theSRAaccessionnumbersERS358279
andERS358280.Thetranscriptsassembledwith newblerwereannotatedby tblastnsearches
usingreferenceenzymesequencesin MetaCyc17.5asqueries.A reactionwasincludedin the
networkif at leastoneof thecorrespondingreferenceenzymesequenceshadablasthit in the
transcriptsetwith anexpectvaluelowerthan10−10andat least25%identity over80%of the
lengthof thereferencesequence.

Genericreactionsin MetaCyc17.5involvinggenericcarbohydrates,amino-acids,nucleo-
tidesor NAD-P-OR-NOP(standingfor NAD or NADP) werereplacedwith theappropriately
balancedinstancesinvolving thecorrespondingmetabolitespresentin theE. mutabilis draft
network.Transportandambiguousnon-informativereactionssuchas3.4.14.10-RXN(POLY-
PEPTIDE+ WATER! Peptides+ TRIPEPTIDE)werediscarded.The�0�H�Q�H�F�Rcompletion
of theresultingdraft metabolicnetworkwasperformedwith themodifiedversionof MetaCyc
17.5astherepairdatabaseandthe71targetmetaboliteslistedin S3Files.Theversion17.5of
MetaCycwasusedsinceit wastheversionavailableat thetime thiswork wasdone,including
manualadditionof instancesof genericreactions.Eventhoughnewversionsof MetaCychad
beenreleasedduring networkreconstruction,weproceededwith version17.5for thesakeof
consistency.

E. mutabilis completion workflow. In orderto avoidmutualdependenciesandto solve
cycles,the72targetswerefinally arrangedinto subsetscorrespondingto subnetworks(path-
waysandsuper-pathways)of thewholedraft network.Completionwasthenperformedwith
eachsubsetasthelist of targetsfor �0�H�Q�H�F�R.At eachstep,seedmetabolitesincludedthebasic
mineralcompoundsandthemetabolitesrequiredto unblockthecycles.Somemetabolites
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suchasATPwereaddedprovisionallyin orderto solvelongrangedependenciesuntil more
information couldbegatheredaboutwhichreactionsshouldbeaddedto thenetworkto
enabletheir production.Theproductionof thetargetsubsetswasaddressedin thefollowing
order:photosynthesis,TCA cycleandamino-acids,glycolysisandglycogenesis,polyamines,
nucleotides,andthenall theremainingtargets.Respirationwasaddedasasinglereaction.

Whenareferenceenzymesequencecorrespondingto anaddedreactionwasavailablein
theMetaCycdatabase,thissequencewasusedasaqueryto identify potentialhomologsin the
E. mutabilis transcriptomeby tblastn.Transcriptswith anexpectvaluelowerthan10−3 were
extractedandusedto searchtheproteinnr databasewith blastxon theNCBI webserver.The
presenceof thereactionwasvalidatedif thesearchyieldedsignificanthits (e-value< 10−3) in
theConservedDomainDatabase(CDD) andwith sequencesof enzymesthatwereconsistent
with thetestedreaction.

After eachstep,if theaddedreactionsproducednewmetabolitespreviouslyabsentfrom
thenetwork,thespontaneousreactionsdescribedin MetaCycconsumingthosemetabolites
werealsoaddedto thenetwork.Theappropriateinstancesweremanuallyaddedfor the
genericreactionscorrespondingclassesof thenewlyaddedmetabolites.

Functional studies

E. coli degraded networks after their completion. TheFluxBalanceAnalysesstudies
wereperformedusingthepython-basedtoolboxCOBRApy(version0.3.2)[47] andtheGLPK
solver.

FluxVariability AnalysiswasperformedusingbothCOBRApyin associationwith GLPK,
andhomemadescriptswithin theTOMLAB environmentusingtheGurobisolver.

E. mutabilis metabolic network. Thebiomassreactionwasdefinedaccordingto [48] and
basedon thecompositionof E. gracilis asdeterminedby [49±55].Thefattyacidcomposition
of theE. mutabilis membraneadaptedto arseniccontaminationwasobtainedfrom [36]. The
proportionsof amino-acidsandnucleotidesin proteinsandnucleicacidswasestimatedfrom
thecompositionof transcriptsandtheir translation.

After completionwith �0�H�Q�H�F�R,thenetworkwastestedwith COBRAfindBlockedReac-
tions()commandin MatlabR2015b.Thedead-endmetabolitesblockingtheproductionof
biomassor of theexperimentallydeterminedtargets[19] weremanuallyidentifiedandtheir
boundaryConditionpropertywassetto true.Astranscriptscorrespondingto reactionsthat
couldregeneratereducedflavodoxins,oxidizedferredoxins,andthioredoxin,couldbeidenti-
fied,thecorrespondingreactions(FLAVONADPREDUCT-RXN, RXN0-882,RXN-9944)
wereaddedto thenetwork.

Theresultingnetworkwaseventuallytestedin FluxBalanceAnalysiswith COBRAin
MatlabR2015b,usingtheBIOMASS-RXNreactionastheobjectivefunction,andthemineral
seedmetaboliteslistedin S3Filesasentries.Culturein thedarkwassimulatedbysettingthe
boundariesof the|Light| entryreaction(RXN_in_Light)to 0.

Supporting Information

S1 Table. Main characteristics of a panel of gap-filling methods.

(PDF)

S1 Appendix. Description of the different methods used in the benchmark and a more pre-

cised description of the obtained results.

(PDF)

Meneco, a Topology-Based Gap-Filling Tool for Metabolic Networks

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1005276 January 27, 2017 27 / 32

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005276.s001
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005276.s002


S1 Files. E. coli benchmark of 10,800 non-functional degraded networks and FVA results.

All filesneededto run gap-fillingexperimentson thebenchmarkareprovidedin anarchiveas
wellasaReadme.txtfile detailingthecommandsusedto producetheresultsshownin this
study.Thisarchivealsocontainstheglobalresultsfor FVA andadetailedanalysisof thenet-
work 256andthebiomass89asanexample.
(ZIP)

S2 Files. E. siliculosusnetworks and essential reactions. Thetwo draft networksusedto
studypotentialcross-feedingrelationsbetweenE. siliculosus andCa. P.ectocarpiareprovided
togetherwith thelist of seedsandtargetsusedto run the�0�H�Q�H�F�Rtool.Theexhaustiveanalysis
of essentialreactionswhichallowtheproductionof 83targetmetabolitesthanksto thecombi-
nationof E. siliculosus andCa. P.ectocarpinetworksisprovidedin aseparatefile.Finally,
detailledexamplesof falsepositivepredictedinteractionsandtheir explanationareprovided
in aseparatepdf file.
(ZIP)

S3 Files. E. mutabilis networks. Bothdraft andfunctionalreconstructedmetabolicnetworks
for E. mutabilis areprovidedhere.ThefolderalsoprovidestheSBMLfile describingtherepair
database(MetaCyc17.5modifiedasdescribedin theMaterialandMethods)requiredto run
the�0�H�Q�H�F�Rtool.Filescorrespondingto targetsandseedsarealsoprovided.Thefile seed_mi-
nimum_medium_Emutabilis.sbmldescribeslight andthe8 mineralnutrientsof theminimal
growthmediumfor E. mutabilis. Asdescribedin themain text,thenetworkisnot functional
with only theseseedsasreactionsin cyclesareblocked.Thefile ªseeds_min_Emutabilis_final.
sbmlºprovidestheminimal setof seedsnecessaryto unblockthecyclesandproduceall the
targetsin ªtargets_Emutabilis_72.sbmlº while thelist of seedsandtargetsisalsoprovidedas
tablesin thefile ªseedsAndTargets_euglena.pdfº.
(ZIP)
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