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Author Summary

In the eraof fastand massivegenomesequencingonechallengas to transformsequence
information into biologicalknowledgeReconstructingnetabolicnetworksthatinclude
all biochemicafeactionsof acellis awayto infer reactiondrom genomicdata.Unfortu-
nately thosedataareusuallyincomplete poorly annotatedand missingreactionscreate
gapsn themetabolicnetworks.Hereweintroduce 0 H Q H &tBol dedicatedo the parsi-
moniousgap-filling of metabolicnetworks.Unlike othertools, 0 H Q Hall&vsusing
sparsalata(missingstoichiometriespnd draft metabolicnetworksto suggesteactionso
fill gapsn the networks.Subsequentlywe applyit to two biologicalcasestudiesand show
thattheflexibility of 0 H Q HénRblest to beadaptedo avarietyof researchyuestions
andtypesof availabledata.We showthat 0 H Q HgeRormsbetterthanreferenceools
with respecto large-scalbeterogeneouseferencalatabasandwith respecto therecov-
eryof important reactionsn highly degradedhetworks.Specificallyit allowedthe analy-
sisof two interactingmetabolicnetworksandthe reconstructionof the first metabolic
networkof Euglena mutabilis.

Introduction
Gap-filling a metabolic network: A very sensitive approach

Metabolicknowledgss crucialto understandphysiologyandbiotic interactions. Supported
by anunprecedentediseof sequencingechnologiesthe lastdecadesawtheincreasingunder-
standingof metaboliccapacitiesisinggenomicknowledgeln particular,in 2010,Thieleand
Palssorj1] describedhgeneraprotocolenablingthe reconstructionof high-qualitymetabolic
networks.andseverabpproachebavesincebeenproposedo automatethis procesg2+4].
Thesemethodsrely primarily on two distinct stepsFirst, theyprovideautomaticreconstruc-
tions of networks,calleddraft metabolicnetworks[5, 6], andin asecondstepfill the gapsof
thedraft networks.To this end,referencalatabasesf metabolicreactionsareusedto check
whetheraddingreactiongo networksallowscompoundsof interestto beproducedfrom
givengrowth media.ldentifying thesemissingreactionsconstituteshe so-calledzap-filling
problem(n.b. consideringthe diversityof compoundproducibility and network consistency
definitions,weherereferto afamily of gap-filling problemsratherthanasingleone)[2].
Severahpproachegxistto solvegap-filling problemsandto selectwithin databaseshose
reactionghat mustbeaddedto the draft networkto restoreits consistencyandametabolic
behavior Reactiongnaybechoserto optimizeagraph-basedriterion [7], or to optimizea
linearscoremodellingthe quantitativemetabolicproduction of thesystemasinthe *D S)L O O
tool [8], andits derivative | D V W * D S )[R]JOSomeapproachesalsointegratecomplementary
knowledgesuchastaxonomicinformation [10] or compartmentmodularity[11]. More gener-
ally,the selectiorof reactionsmaybeperformedby optimizing alinear scoremodellingthe
consistencyf anetworkwith phenotypicknowledgej.e. experimentaflux data[12] or
growth/nogrowthresults[13]. Lastly, sometoolscombineseverabf the previouslymentioned
approachesAn exampleof theses 0, 5 $ * (which selectseactionsn adatabasé orderto
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maintain biomasgroducibility with respecto ascorebasedn co-expressiomndtaxonomic
distancebetweerthe targetspeciesandthe speciegor which enzymesvereevidenced14].
Theapproachpresentedn [15] is similar althoughbasedn adifferentdefinition of produci-
bility. In Tablein S1Table wereportthe main characteristicef suchmethodsin termsof
requiredinput data,thetechnologicaplatformto berun, andexample®f applications.
Togethertheseexampledllustratethat methodsto reconstructmetabolicnetworkshavebeen
veryfruitful. Howeverasnotedin [16], mostpublishedgenome-scalmetabolicnetworks
(GEMs)concerneitherprokaryoticor eukaryoticorganismsor which genomicand physio-
logicalknowledgeresultsfrom yearsof intensivestudiesindeed, GEM reconstructionis very
sensitiveo both genomeannotationandthe availabilityof complementarnknowledgelt can-
not, for instancetakeinto accountgenesf unknown function, whicharecommonin incom-
pleteor roughlyannotatedgenomes.

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

NowadaysnextgeneratiorsequencingNGS)technologiesrecommonlyemployedo study
strainsandspecieslistantlyrelatedto commonmodelorganismsDraft metabolicnetworks
basedn thesetechnologiegrefrequentlyquite degradeccomparedo thosefor standard
modelorganismsForinstancewhencomparingthe numberof reactionsn the BioCycrepos-
itory [17] version19.5wenoticedthatthe 7,296automaticallyreconstructedacterialnet-
works(Tier 3) containedon averag&%fewerreactionghanthe 27 curatedbacterial
metabolicnetworkscontainedin the manuallycuratedrepositorieqTier 1 & Tier 2). Forthe
sakeof illustration, let usintroducetwo example®f organismswith acomplexevolutionary
historyandrecentlystudiedusingNGStechnologies.

Euglena mutabilis is aphotosynthetigrotistandimportant primary producerin acidic
aquaticenvironmentsDespitethe crucialrole of E. mutabilis in theseecosystemandthe fact
thatit hasoftenbeenconsideredasanindicator specie$or acidmine drainagegAMDS), this
organismhasonly beenpoorly describedsofar, in contrastto anotherspecie®f the same
genus Euglena gracilis. Theavailabledatafor E. mutabilis consistsn assembletranscript
sequencesbtainedfrom de novo transcriptomicsand metabolomicexperimentgpreviously
publishedin [18] andin [19], respectivelyThis sparsalatasepreventedisfrom usingmostof
thetoolsdescribedaboveto constructa metabolicnetwork:the absencef asequenced
genomefor the Euglena genusandthefactthatthis genuss not closelyrelatedto anycommon
modelorganismrenderedtaxonomy-basedhethodsof networkreconstructionunusablg10,
11]. E. mutabilis is difficult to cultivatein controlledconditionsandto obtainasclonalcul-
tures,preventingthe useof phenotype-basetbols[12, 13]. Thefamily of tools[8, 9, 14] that
couldbeusedhereareof functionalnature.

Anotherapplicationfor gap-fillingmethodshasemergedasatool for studyingthe coexis-
tenceof organismdiving in communities As anexample Candidatus Phaeomarinobacter
ectocarpis asymbioticbacteriumassociatewith Ectocarpus siliculosus. Its genomeanda
draft of its metabolismcould be produced[20]. Its hostE. siliculosus hasbeenstudiedfor alon-
gertime, andafunctionalmetabolicnetworkwasreconstructedo explainthe production of
characteristicompoundsof its metabolicprofile [21]. Additional transcriptomicdatasets
wereusedin this studyto identify 1,125nternal or externalcompoundsproducedby atleast
onereactionof E. siliculosus for whichthe correspondingenzymewastranscribedOnly 317
compoundscouldbeproducedaccordingto the E. siliculosus draft network.In theframework
of system®cology[22], anaturalquestionis whetherthe symbioticbacteriainetwork can
resolvesomeof this non-producibility. Thisissuecanberephrasedisfollows:how canthe
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Candidatus Phaeomarinobacterctocarpimetabolicnetworkbeusedto fill gapsn theE. sili-
culosus draft GEM?As abovethis issueis of functionalnature,and canbeaddressednly with
functionalgap-fillingmethods.

Letuspoint out, howeverthat applyingfunctional GEM gap-fillingtechniqueg8, 9, 14]to
organismdistantlyrelatedto commonmodelorganismgaisesseveraproblems A first prob-
lemis relatedto the determinationof the biomasgeactionof the systemThis reactionis often
copiedfrom well-establishedhodelorganismsandthereforecannotcaptureall of the charac-
teristicsof the studiedorganism especiallyvhendealingwith extremophilesShortcomingsn
thedeterminationof an adequatdiomasgeactionleadto asecondoroblem,thatis, thedeter-
mination of the boundarycompoundsdead-endnetabolitesand cofactordn the system.
Thesemaybehardto characterizédrom experimentr literature,despitetheir strongpoten-
tial impacton the capacityof the systento producebiomassaccordingto stoichiometry-based
formalismg[8]. In particular,the score-basethethodsmentionedabovedependon the stoi-
chiometricbalanceof metabolicreactionsacriterion whichmaybeproneto errors,especially
with respecto cofactorsandwhenusinglarge-scaléatabasesf metabolicreactiong2].

Meneco: A gap-filling method based on topological criteria enabling the
identification of essential reactions

Asanaturalconsequenceayeadvocateéhe needof GEM gap-fillingtechniquesuitablefor
newlydevelopednodelorganismsin particularthosewith acomplexevolutionaryhistory
and/orliving in extremeenvironmentsfor which phenotypicdataarelacking.This study
reformulateghe gap-filling problemasa qualitativecombinatorial(optimization) one.We
introducethetool 0 H Q H(MetabolicNetwork Completion) that solveghis problem,using
AnswerSetProgramming(ASP),adeclarativgorogrammingparadigmincluding SAT-based
solvingtechnologiesO H Q HdoRsidergeactionsasachievabl@nly if all their reactantsare
availableeitherasnutrientsor providedby othermetabolicreactions Startingfrom given
nutrients(e.g. growth medium),referredto asseedsthis tool computegheir scopedefinedas
allthemetaboliteghat canbesynthesizedrom themusingagraph-base@pproachFor meta-
bolic networkgap-filling,adatabasef metabolicreactionds queriedto look for minimal sets
of reactionghat canrestorethe observedio-synthetichehaviour(i.e producibility of target
metabolites).

The 0 H Q HtBdRwasincludedin apipelineimplementedo constructEctoGEM,ameta-
bolic networkfor the brown algalmodelE. siliculosus. Theanalysiof EctoGEMhighlighted
severainterestingbiochemicakeactionssheddindight on the organizationandevolutionof
someprimary metabolicpathwayf photosynthetiorganismg21]. In the presentwork, the
casdor 0 H Q Has&importanttool for hypothesigeneratioris further supportedby new
observationselatedto a benchmarkof networkson amodelorganismandtwo casestudies.
First, this studysimulatedifferentdegree®f manualcurationusingthe modelEscherichia coli
[1]. Forthis purpose 3,600metabolicnetworksweregeneratedrom randomlydegradedE.
coli metabolicnetworks.In this benchmarkwhenthe referencedatabasesedfor completion
wasthereal-casstudyMetacyc,0 H Q Hduerformedthe *D S) L QH@,IDVW*DS)LOO
andthe 0, 5 $ * élgorithmsin termsof performanceor accuracyOn alargerbenchmarkof
10,800metabolicnetworks,our analysisuggestthat 0 H Q HigfBnctionallyrelevanty iden-
tifying all essentiateactionsfor morethan 95%of the degradehetworks We advocateahat
theidentification of suchessentiateactionds akeysteptowardsthe understandingpf the
metaboliccapabilitieof the speciesf interest,becaus¢heyarerelatedto keyenzymesvhich,
whenremovedmostlikely preventthe viability of the speciesOur resultsshowthat, when
focusingon networkswith a10%degradatiorrate,the 0 H Q HtBdRis ableto restorethe
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functionality of the networkin 82%of casesThis suggestthat 0 H Q Hisahimportant tool
to studymetabolicnetworksproducedfor organismdistantlyrelatedto commonmodel
organisms.

In our first casestudyweuse 0 H Q HtB &sesthe capabilityof the EctoGEMmetabolic
networkto exchangenetabolitesvith Candidatus Phaeomarinobactezctocarpithe afore-
mentionedsymbioticbacteriumassociatewith E. siliculosus. Combiningthe metaboliccapac-
itiesof thedraft GEM of E. siliculosus with thoseof the bacteriahetworkenabledhe in-silico
productionof 83 previouslynon produciblealgaltargets All of themwerestudiedin detail
allowingusto put forward hypothesesn possibleexchangebetweerboth organisms.

Our secondcasestudypresentshefirst metabolicnetworkfor E. mutabilis, basedn tran-
scriptsequenceassembleffom previouslypublishedtranscriptomicand metabolomicdata
[18][19]. In orderto completethisdraftwith 0 H Q H wéselectedisetof targetsfrom thelist
of metaboliteghat E. mutabilis canaccumulater secretén minimum mineralmedium[19].
Excepftfor cobalaminea cofactorthatis not producedby this organismbut is requiredfor
methioninesynthesisE. mutabilis cangrowon astrictly mineralmediumandis ableto syn-
thesizeall the basiccomponentsf its biomassrom mineralcompoundsonly. Gapsin the
draft networkwerefilled iterativelywith 0 H Q H E&ditygfor eachiteration adifferentsubsebf
the 72targetdo solvethe problemof cyclesandcirculardependenciedVe thusobtaineda
networkwhichwasfunctionalin Flux BalanceanalysigFBA)for the photosynthetigroduc-
tion of biomassandexcretednetabolites.

Results

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

The gap-filling problem. Startingpoint for anymetabolicgap-fillingproblem[23] isa
draft GEM consistingof reactionsand metabolitesA setof targetmetabolitegtargetskhat
wereexperimentallyshownto be producedby the organismof interest,possiblydescribecasa
linearcombinationof fluxes(e.g.,abiomasdgunction), is used A setof nutrients(seeds)
describeshe growth medium.Finally,a pool of metabolicreactiongreferencelatabaseis
assumedo beavailabldo fill the network.We assumehat the draft GEM containsatleast
oneblockedreactionwith respecto the production of thetargeteccompoundsfrom the
seedsln otherword, thereexistsat leastonetargeteccompoundwhich doesnot admitanon-
zerosteadystateflux. A gap-fillingmethodreportsatleastonereactionfrom thereference
databas¢hatneeddo beaddedsuchthat atleastoneformerly blockedreactioncancarryflux.

Obviously the solutionto agap-filling problemmaynot beunique.The sizef both of the
searctspaceandthe solutionspacedor the gap-filling problemgrow exponentiallywith the
sizeof thereferencalatabasérom which thereactionsaretaken.Any gap-fillingmethodthus
needdo find asuitabletrade-offbetweerthe numberof solutionsreportedby the method,
thatshouldnot betoo largeto enableamanualcuration,andtheir biologicalsignificancein
orderto capturethe main propertiesof the GEM beingreconstructedGap-filling methods
mayreportone,afew,or manysetsof reactiongo completethe draft GEM. When several
solutionsareproducedby agap-fillingalgorithm,thereareno a priori criteriato selecbne
ratherthanthe other. Then,acautiousstrategyis to computethe setof all reactionscontained
in atleastonesolutionreportedby the algorithmandto manuallycuratethem.

Stoichiometry-based heuristics to approximate gap-filling solutions. Threemain
approachesanbedistinguishedaccordingto the numberof solutionstheyreportandthe
characteristicsf thesesolutions(seetheir main featuresn S1Appendix). Theassociatetbols
wererun on atoy exampledepictedin Fig 1,to producethe biomassconstituentsry, Ts, Tx.
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R2

—> Draft network R —> Draft network
Reference Reference
»> database > database
Reactions added Reactions added
> by GapFill > by fastGapFill
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> by MIRAGE > by Meneco
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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 QXD
reported two reactions as a minimal completion and two different combinations to produce biomass from T4, To and T3, {R3, R7}and {R,, Rg}. IDV W *D ®)Q
(B) reports one unique set of seven reactions to unblock all reactions of the example: {R1, Rs, R3, R4, Re, R7, Rg}. 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, Ry, Re,
Rz, Ro}. Finally, 0 H Q H(BReported 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 Hi&tRe set of six reactions {Rs, R4, Rs, Re, R7, Rg}.

doi:10.137/journal.pchi005276.9g001

*D S) L @gesaparsimonioushottom-upstrategie$s, 10], which enricheghedraft meta-
bolic networkuntil thetargetedoropertiesaresatisfiedMore precisely,* D S ) L ddbectsa
minimal numberof reactionsfrom the referencalatabas#o enablethe synthesiof the tar-
getedcompoundsaccordingto stoichiometry-basegroducibility constraintsimportantly,

* D S) L @ldwsthe accumulationof internal compoundsn the model.Appliedto our toy
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example,* D S) L O Orepansnimum of two reactiongto enablehe biomasssynthesis.
Thereexisttwo alternativesetsof two reactionghat do so:{Rs, R7} and{R~, Rg}. Theunion of
reactiongdoesnot containthereactionsR; and R, sincethe parsimoniousassumptioromits
alternativelong pathwaysThereactionR; isusedby * D S) L @Il the cycleit is partof and
to produceT,. Then * D S) L @QL@<itherthereactionRg or thereactionRs to produceT,
sinceit considersT; asalreadyproducibledespitea possibleaccumulationof the reactantof
Rs. Onelimitation of this approachis thatit reportsabounded(parameterizedhumberof
solutionsto the problem,althoughthereis no apriori estimationof the numberof iterations
neededo solvetheproblem.

I DV W *D S)[Rlds@nextensiorofthe * D S) L @gproachcombinedwith the Fastcore
algorithm,which eliminateghe focuson the biomasgroductionby identifying asinglesetof
reactionswvhichunblocksall reactionswithin the draft metabolicnetwork. The priceto payis
to allowimport andexportfluxes especiallyo resolvassueselatedto the activationof iso-
latedreactionsn the GEM.Whenappliedto our toy example,| D VW * D S )rie@edseven
reactionsrom thereferencalatabasandoneimport/exportreactionof the reactaniof the
reactionproducing T3 thatwasnot presenin the databaséo beaddedto themodel. Thereac-
tions R, and R, areintroducedto produceT, in theabsencef R;. Sinceno accumulationof
thereactaniof Rzis possible,l D V W * D S )ad@sanimport/exportreactionto enablethe
productionof T; without usingthe previousreactionsof this pathway ThereactionsR,, Re,
andRg areequivalento produceT; andwereall chosenn orderto unblockall fluxesgoing
threwall reactiongpresentin the draft model(including the verticalreactiongoingfrom the
productof R4 to thereactantof R;). Finally, R, is addedto enablethe production of T;.

In contrastto parsimoniousapproachedpp-downapproachestartfrom all availablénfor-
mation andremovereactionswithout added-valu¢o the solutionof the problem[15,23,24].
Amongthem, 0, 5 $ * [14] aimsatrelaxingthe minimality condition overthe numberof
addedreactionsby identifying all subseminimal setsof reactionswhich enablethe functional-
ity of thebiomasgeaction.A subset-minimateactionsetmight include of ahighernumberof
reactiongbut it isminimal in the sensehatit losests capabilityto restorebiomasgunctionality
assoonasanyonereactionis removedfrom the set. Asthe numberof suchsetsof reactions
increaseslramaticallywith the sizeof thereferencedatabase( , 5 $ * §ampleshe spaceof
solutionsby randomlyiteratingthe searchalgorithm.In our toy examplethe algorithmwas
iterated100timeswithout applyinga priori scoredo reactionsof the databaser-our different
setof reactionawvereobtained{R3, R7}, {Rs, Rg, R7}, {R3, Rs, R7} @nd{R3, R7, Rg}. Thereaction
Rsismandatoryto produceTs andit alsoproducesr,. Thereforeno otherreactionproducing
T»isnecessangothat Ry, Ry, Rs and Rg wereneverused Giventhe cycle thereactionR; would
bethe minimal completionto produceT; from astoichiometricpoint of view,but the subset-
minimality criterion alsoenableshe 0, 5 $ * &lgorithmto find thereactionsR,, Rs andRy.

Togetherwenoticedthatthe criteriausedio completethe network highlyimpacton the
reconstructionproceduresvhich all report differentsolutions.In particular,thereactionRs is
identified by noneof the stoichiometry-basedethods.

Meneco: Using a topological over-approximation to enable an exhaustive enumeration
of parsimonious solutions. Stoichiometry-basetbolsfail to addresshefactthatspecies-
specificityof cofactorsn thereactionds oftennot preciselydescribedn databaseseitheris
stoichiometryof reactionsThis mayleadto predictionserrorsfor degradednetabolicnet-
workswhile producingbiomassTopology-basetbolson the otherhanddo not takeinto
accountconstraintsyieldedby the stoichiometrythat mayleadto non-producibility of bio-
massn somecases.

Wedesignedhe 0 H Q HtBd® which usegjualitativeconstraintsto expresshe producibil-
ity of metabolitepurelybasedn the topologyof the metabolicnetwork.Followinga
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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 {T4}, {T»} and {T3, T4}. Arrows represent reactions. The labels of the reactions S — na
+ b and J — 2k depict their stoichiometry. Crosses indicate that metabolites cannot be produced. Check marks indicate that metabolites can be produced. The
compound T4 can always be produced according to graph-based criteria whereas the variation of the stoichiometric coefficient n can block the production of
T4 according to a balanced-mass stoichiometric framework: Flux Balance Analysis (FBA). By blocking the production of T4, a variation of n can also block the
production of all metabolites downstream. The compound T, can be produced according to graph-based criteria whereas the fact that f cannot be
accumulated blocks the production of T, according to a balanced-mass stoichiometric framework. On the other hand, k remains FBA-producible through the
cycle involving j, k and | whereas it is not producible according to our graph-based criteria. T3 and T, are producible by both criteria.

doi:10.13Z/journal.pchi05276.9002

qualitativeapproacho elaboratehe bio-syntheticcapacitie®f metabolicnetworksaccording
to [25£27], 0 H Q Hdefneghe syntheticcapabilityof the systemyith respecto asetof input
compoundsasthe setof metaboliteghat canbeproducedfollowing aroutein the network.
Asdescribedn thethird partof Fig 2, this definition excludeshe self-productionof acom-
poundviacyclesasit is allowedin mass-balancestoichiometricframeworks:0 HQ H F R
requirestheindependentproductionof all inputsin the cycleto 2initiate® the reactiong28].

In thefirst partof Fig 2, wespecificallyllustratethe impactof stoichiometriccoefficients
on differentdefinitionsof producibility. In this exampleall the metabolitesvould be produc-
ible from the seedS usingatopologicalapproachin contrastusinga FBA-base@pproach,
the stoichiometriccoefficientn will haveagreatinfluenceon the producibility. Thefirst crite-
rion to produceT; is to havean equalquantity of d and ¢ availableOnea will beusedto pro-
duceoned andasecond is necessarto produceonec. Consequentlythe only wayto
produceT; usingthe stoichiometricapproachs to havethe coefficient: equalto twicethe
valueof the stoichiometriccoefficientof b, here2. It is alsointerestingto notethat, if the
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objectivefunction wasonly formedby the reactionproducingmetabolited, the only wayto
enabldt from astoichiometricpoint of viewwould beto haven = 1. Usingatopologicbased
approachd would bealwaysproduciblefrom S.

Basedn this topologicalproducibility criterion, 0 H Q Hls&the ASPparadigm[29] to
efficientlymodelthelogic of bio-syntheticproducibility andto solvethe gap-filling problemas
acombinatorialoptimizationproblem.For eachnetworkthat doesnot satisfythis criterion,

0 H Q H&tBmptsto completethe networkby importing minimal setsof reactionsfrom amet-
abolicreferencadatabassuchthat the resultingnetwork providesthe requiredfunctionality
with respecto topologicaimetaboliteproducibility. The ASPtechnologyis not only ableto
enumerateall minimal networkcompletionsput alsoto computethe union andintersection
of all minimal network completionswithout enumeratinghem,leadingto stronggainsin effi-
ciencywhile still beingexhaustiveAppliedto the exampledepictedin Fig 1, thefive different
setf reactiongestoringthe topology-basegroducibility of Ty, T, and Tz are:{Rs, R4, R7},
{R3, Rg, R}, {R4, Rs, R7}, {Re, R7, Rg}, {R4, R7, Rg}. O H Q HrRifsedthereactionsk, andR,, SO
did *D S) L hezausefthe parsimoniousriteriatheyused On thecontrary, OHQHF R
reportedthereactionsRs and Rg becausé checkedhat T, could be simply producedby add-
ing Rg assoonasT; wasproduced Finallydueto the cycle, 0 H Q HiRifsedhereactionR,,.
This could havebeencircumventedby addingoneof the metabolitef this cycleto the seeds,
like explainedn thesectiondedicatedo theapplicationof 0 H Q HtB R mutabilis. In particu-
lar,as 0 H Q His&yraph-basea@pproachijt mayfail to capturethe intrinsic non-linearity of
metabolicbhehaviourg30] aswell asflux imbalance$31]. Theothertools,astheyrely onthe
stoichiometryof metabolicreactionsaremorerelevantfor the studyof metabolicnetworks
regardingsuchproperties.

Benchmarking gap-filling methods. Asdescribedn theintroduction, the main applica-
tion areaof 0 H Q HistRereconstructionof GEMsfor non-classicabrganismsTheautomat-
icallyreconstructedacterialGEMsin the BioCycrepository[17] contained8%fewer
reactionghanthe curatedbacterialGEMs.Basen this observationywegenerated large-
scalebenchmarkof 3,600degradedsEMsasfollows.Ninety biomasdunctionsfor the iJR904
E. coli GEM [32] wererandomlygeneratedThen,forty GEMswereobtainedby removing
10%,20%,30%,0r 40%0f the sameJRIOAE. coli GEM. Degradatioroccurredthroughall
typesof pathwaysincluding the centralones suchasthe Tri-CarboxylicAcid cycle(TCA)
(Seesectior2 in S1Appendix).Reactionsemovedrom E. coli networkiJR904wereclassified
accordingto their functionality with respecto biomasroduction.A reactionr wasdefined
asessentialvhenanon-zerobiomasgproductionimplied anon-zeroflux throughthis reac-
tion. ForinstancethereactionR; is essentialor the productionof T, in the networkdepicted
in Fig 1. Otherwisejf apathwaycanproducethe biomasswithout involving reactionr, then
thelatteris consideredhlternative Thisis the caseor reactionskz and Rs with respecto the
productionof T, in Fig 1. Finally,if theflux throughreactionr is alwaysero,this reactionwas
classifiedasblocked Pleasaotethat the classificatiorof reactionganto essentialalternative
andblockedin this articleis relatedto and highly dependenbn the correspondingliomass
reaction.Importantly, the degradatiorof E. coli networkscarriedout in our benchmarkswas
suchthat essentialalternative andblockedreactionswith respecto eachof the 90different
biomasdunctions,wereuniformly removedfrom theinitial network. Togetherwe obtaineda
benchmarkof 3,600(40*90) GEMs.Nonewascapablef producingthe corresponding
biomass.

In orderto completethesedegradednetabolicnetworks we selectedhe MetaCycrefer-
encedatabaséversion18.5)[17], motivatedby both its wide content(eukaryoticand prokary-
otic reactions)andits accessibilitffreelydownloadable)This benchmarkrepresentshe use-
casevherethe networksthat mustbe gap-filleddepictorganismghat cannotbe naturally
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associatetb aprecisegphylogenetidaxa(seefor examplehe caseof E. siliculosus), requiring
to exploreall possiblenetabolicreactiongo fill the network. Theidentifiersof i/R904were
manuallymappedto identifiersof the MetaCycdatabasandboth filesweremergedto create
acompletereferencalatabasevhich containsall the reactiongemovedfrom the original
GEM.

Meneco and fastGapFill efficiently complete GEMs using reference database of
realistic size. Theeffectof the parsimoniouscriterion of 0 H Q H Edrpledwith thefactthat
stoichoimetryinformation is not takeninto accountcanbeseenn thebenchmarkin S1
Appendix.In this benchmarkwecompletedl0,800egradedE. coli networkswith the Meta-
CycdatabaseThe completionwasperformedusingeitherthe ID VW *D S) LOQ%% * 6r

0 H Q HtbBadks.Evenif this comparisonis not entirelyrepresentativelueto the differentback-
groundsandaimsof themethodsijt is worth noting that 0 H Q HiR enerakelectegsmaller
setsf reactionsto completethe networkscomparedo the othermethodsIndeed,on average,
0 H Q HretRrnedanswers8timessmallerthan | D VW * D S) ard @5timessmallerthan
0, 5 $ * (Thiscouldenablean easiemndfastermanualcuration of the results Nevertheless
this greatlyreducednumberof reactiongproposedcomeswith acost: 0 H Q HredRoredess
functionality,especiallyvhenit comeso highly degradedetworks.Theresultsof this bench-
mark aresummarizedn Tablel. Thelargenumberof enumeratedolutionsto thetopological
parsimoniousproblemconfirmedthat * D S) L @dbld not beusedto performanexhaustive
gap-fillingof the GEMsin practice Moreoverthe analysisuggestthat 0, 5 $ * {snot suited
to beusedwith minimal data(draft network,seedstargetsandno 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 Hdn& | D V W * D SQtoGls 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 $ * {ool was also

tested.

Degradation rate of GEMs in the tested benchmark

Removed reactions
min
max
mean
Reactions added by Meneco
min
max
mean
Reactions added by fastGapFill
min
max
mean
Reactions added by MIRAGE
min
max
mean

Percentage of filled GEMs able to synthesize biomass

OHQHFR
IDVW*OL)O0
0,5%*(
doi:10.137/journal.pcbi@05276.t001

All 10% 20% 30% 40%
101 101 203 307 414
446 117 226 343 446
270 109 216 325 430
0 0 4 6 13
110 23 36 62 110
32 10 22 38 59
150 150 213 284 339
388 209 256 350 388
273 180 237 311 366
3481 3517 3678 3687 3481
4228 3951 4048 4145 4228
4029 3916 4005 4094 4131
40.83% 73% 36% 35% 19%
72.88% 92% 92% 50% 58%
100% 100% 100% 100% 100%
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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&n& | D V W * D S ) av@rGhe complete benchmark in terms of biomass production
restoration. (B). Classification of reactions added in functional GEMs filled by 0 H Q H FOR.Classification of reactions added in functional GEMs filled by
IDVW*D ®)Q

doi:10.137fournal.pchi.105276.9003

databasefor gap-fillingandthatthe algorithm needsall the recommendediata(phylogenetic
and/or transcriptomicscores}o performcorrectlyandgainrobustness.

Meneco improves the accuracy of the reactions added to filled GEMs compared to
fastGapFill. In orderto estimateheaccuracyof OH Q H&EWRIDV W *D S) withO
regardto the propositionof reactiongo producetargetsall reactionsaddedto afunctional
GEM for gap-fillingwereclassifiednto essentiablockedandalternativereactionswith respect
to the productionof biomassTheanalysearedepictedin Fig 3. On average§3%of thereac-
tionsaddedby 1DV W *D S) Wwéyéblockedin the completedGEM towardsthe production
of thebiomassi.e. the production of thetargetcompoundsThis high rate of blockedreactions
wasindependenbf theinitial rateof degradatiorof the consideredSEM. Thisis consistent
with themain purposeof 1 DV W * D S) widdBaimsatunblockingall reactionsn the GEM
coresetwithout anyfocuson asetof targetedeactionsConverselyonly 12%of reactions
addedby 0 H Q Hwreblockedwith respecto the biomasgeactionin the completedGEMSs,
andevenlessfor 10%and20%degradedsEMs.Thisconfirmsthat ID VW * D S) H&@®ot
solvethe exactsameproblemas 0 H Q HdoBsthatis proposingsetsof reactiongto produce
unproduciblecompoundsSincethe problem | D VW * D S ) kdlv€ls alargerone,it ismore
difficult to filter and manuallycuratethe proposedsolutionasit is oftenrequiredaftergap-fill-
ing. 0 H Q Hisdtelevantool for the preliminary completionof anewdraft metabolicnetwork
whenlimited phenotypicinformation areavailablelts parsimoniousfeatureallowssuggesting
reactiongdirectly relatedto the production of the targetsand manualcurationis facilitated
throughastudyof the wholespaceof solutions.

Functionality analysis: 0 H Q Hred®vers essential reactions of a
metabolic network

Our resultssuggesthat the topologicalparsimonycriterion usedin 0 H Q Hpgfd¥idesagood
trade-offin termsof scalabilitywith respecto the sizeof the referencedatabasesedfor com-
pletion:theoutputof 0 H Q HERainsreasonablén termsof size(for ana posteriori manual
curation),with areasonabléossof impacton therestorationof biomasgproductioncompared
to parsimoniousapproaches.

To further evaluatehe quality of the output of 0 H Q H wé&;ompletedhe 3,600degraded
GEMsof our benchmarkderivedfrom the ifJ904E. coli metabolicnetworkby 7,200(2*3,600)
additionaldegradedsEMsof theiAF1260[32] andiJO1366[33] E. coli networksThe OHQHFR
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tool wasappliedto completeeachof the 10,800degradedsEMsby usingthe networksprior to
degradatiorasareferencalatabasel he main motivationfor changingthe referencedatabase
wasto beableto analyzehowthe classificatiorof reactionsnto essentialalternativeand
blockedwith respecto biomasgroductionevolvedwith the completionprocess.

Impact of the gap-filled network and the reference database. Theresultsof thecomple-
tion proceduredetailedin Section® and5in S1Appendixshowthatthe quality of the net-
work usedto generateéhe benchmarkhasalow impacton the sizeof the 0 H Q HduBut,
evenif the sizeof the solutionsetincreasedinearlywith the degradatiorrate of the network.
Neverthelesghe quality of thereferencet. coli network hasastrongimpacton the quality of
theresultsasshownin Fig4. Similarly,wenoticedthatthe referencalatabasesedfor gap-fill-
ing hasastrongimpactof theresultsaddingthe MetaCycdatabas#o the original E. Coli net-
work multiplied by 6 the percentagef functionalnetworksaftercompletion(seeSection2
and5in S1Appendix).

Identification of essential and alternative reactions with Meneco. Thereactionsofthe
40degraded/R904wereclassifiecaccordingto their functionality with respecto the produc-
tion of their associate@0randombiomasgunctions.Accordingto this classificationye
testechow manyessentialblockedandalternativereactiongwith respecto the biomassro-
duction) wererecoveredn the networksfilled by the 0 H Q Hgfdtedure Our analysishows
that 0 H Q HwaRableto recover9d7.5%of the essentiateactionson averageamongthe 10,800
experimentsandfewblockedreactionswereincludedin the networksfilled by thistool.

To gainbetterinsightsinto theimportanceof essentiahndalternativereactionsin the gap-
filling procedurewe classifiedeachgap-fillingexperimentaccordingto four categories(i) the
networkis functionalaftergap-filling (i) the networkhasrecoveredll essentiateactions
aftergap-fillingbut it is not functional(iii) the gap-fillingproceduremissedoneessentiateac-
tion and(iv) the gap-filling proceduremissedmore than oneessentiateaction.Resultsare
depictedin Fig5. Theyconfirm thatin 9,529completiong88.2%),0 H Q Hred®dveredll
essentiateactionsof the referencenetwork. Whenfailing to restorenetwork functionality, it
still recoveredill essentiateactionsn 6,041/7,312ompletiong82.3%)In the casesvhen
0 H Q Hdidot recoverall essentiateaction,it generallymissedasingleessentiateaction,
andatmost3 (in only 90/10,80@asesb0.8%).

Failureto restorebiomasgroductionin FBAis mainly explainedby missingalternative
pathwaysvhichwerenot restoredby the gap-filling procedure This wasconfirmedby analyz-
ing the statusof reactiondn the 3,488networksreconstructedvith 0 H Q HanBcapableof
producingbiomassamongthe reactionghatwereessentiain the reconstructedetwork,on
average0%uwereclassifiecasalternativein thereferencenetwork (seeS1Files).Similarly,
47%of the blockedreactionsgn gap-fillednetworkswereclassifiedasalternativein theinitial
one.

Parsimonious topological gap-filling conserves the role of reactions. We furtherinves-
tigatedthe networksaftertheir gap-fillingby 0 H Q HdnBcomparedhemto their reference
network,to checkwhetherthe gap-filling proceshangedhe classificatiorof reactions As
Flux Variability Analysis(FVA) canonly beappliedif biomassanbequantitativelyproduced,
westudiedthe 3,488networks(amongthe 10,800capableof biomasgproductionaftertheir
gap-filling. To do so,wecomparedhe classificatiorof reactionsbeforedegradatiorto the
classificatiorobtainedafterdegradatiorandgap-filling.In all casesieactionghatwereini-
tially blockedwith respecto biomasgroductionremainedblockedafterthe completion.In
the sameway,98.6%of thereactiondnitially essentiatemainedessentiahfterthe completion,
the othersbecomingalternative(seeS1Appendix). This slightdifferencecould beexplained
by rounding errorsmadeby the solverwhencomputingFVA. The studyof reactionghat were
initially alternativels mostinteresting.Sincethe completionby 0 H Q Hifpgarsimoniouspne
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Fig 4. Applying the gap-filling procedure Meneco on three benchmarks built from E. colinetworks of different quality. For three different
reference networks (iJR904, iAF1260 and iJO1366), the 0 H Q HtBdRwas 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:10.1374ournal.pchi.105276.g004

canexpectomeof theinitially alternativereactionsto becomeeitherblockedor essentialby
blockingsomelong production pathwaysand makingthe shortesioneessentialor biomass
production.Example®f suchsituationsaredepictedin Section3in S1Appendix.63.3%of
thereactiongemainedalternativewhile 34.7%becameélockedand 2%essentialOn average,
for eachreconstructedhetwork,30initially alternativereactiondbecameassentialFrom our
point of view,this numberis low enoughto enablea manualcuration of the completion
resultsoncemoredemonstratinghat 0 H Q Hisdyooddecisionsupporttool. It is alsointer-
estingto notethatthe quantity of reactionshat changeclassifications similar for eachof the
threetestednetworks.

0 H Q Hredtoredhe essentiaind blockedfeaturesof thereactionsaccordingto the avail-
ableinformation. Dueto the minimality criterion, it prefersshorterpathwaysthusturning
somealternativereactiondnto eitherblockedor essentiateactionsA changgrom essential
to blockedfor areactionwould indicateafailurein the gap-filling processSincean essential
reactionis mandatoryto restorebiomasgroductionin FBA,gap-fillingmethodsalways
retrievefunctional pathwaysetainingreactionghat wereinitially essentiaMhile keepingthe
essentiatharacteristiof the reactionssimportant, the factthat blockedreactiongemain
blockedis asignthat performingthe gap-fillingdid not createnewfunctional pathways.
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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/jounal.pchi.106276.9005

Topological parsimonious gap-filling outperforms stoichiometric-based gap-filling on
degraded GEMs. Previousexperimentshowthe added-valuef parsimonytowardsthe
selectiorof adequatgap-filling solutions As afinal study,all the analysesvererun with the

* D S) L @éthodto estimatetheimpactof the choiceof the producibility criterion (topologi-
calvsstoichiometric)overthe parsimoniousgap-fillingprocedureThe * D S ) L ®édchmark
wasrun assingletargetcompletionsinceit wasimpossibleto berun on aglobalbiomasgunc-
tion while beingexhaustiveThisis dueto the combinatorialcharacteristicef the problem:
thenumberof solutionswhenfilling the networksbasedn acompletebiomassvastoo high
(mandatoryboundingof the numberof solutionswith * D S') L Ca@) sowasthe computation
time.Hence weusedasoutputfor * D S) L @h@union of the completionsetymaximal30)
for eachindividual target.We noticedthat only 68 networksreachedhelimit of 30comple-
tion setdfor individual targetsamongthe 10,800degradedetworks.

Interestingly although O H Q H&n& * D S ) L Gdlutionsarecomparablén sizestheyonly
share45.3%of the reactiongseeSectiond in S1Appendix).On average* D S) L @@irned
1.6%morereactiongi.e. 4)than 0 H Q H BHlity to restorebiomassroduction (FBA)was
lowerfor *D S) L @hénfor 0 H Q H EIRE%and 32.3%respectivelypn 10,80etworks,and
particularlyfor 10%degradecetworks:49.4%and81.9%respectivelyRecoverof essential
reactionswaslessefficientfor * D S) L Qt@issednorethanone(andup to 21)essential
reactionsn 13.9%of the casesamajor contrastwith 0 H Q H(B.B%andno morethan3
missedreactions) Analysesandresultsareavailablén Section6in S1Appendix.
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Altogetherthesefeaturesonfirm thatthe topologicalover-approximationwhencompared
to stoichiometriccriteria, is relevantfor the parsimoniousyap-filling of anewdraft metabolic
networknot only in termsof performance$ut alsoin termsof functionalaccuracy.

First application: The 0 H Q HtBdRmay 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 HtBdR
wasappliedto the analysiof candidatealgal-bacteriaihteractionsin the brown algalmodelE.
siliculosus. Interactionsbetweeralgaeandtheir associatetiacteriaareof increasingnterest
becausef the potentialkeyrolesbacteriamayhaveon the biologyof thealgaejn particular
throughmetabolicconnectiondetweerboth typesof organismg22]. For this purposewe
consideredasafixed setof seedsmoleculesoundin the seawatemediumandcommonly
usedto growtheseorganismg21]. In parallelwedesignedlargesetof targetsy identifying
allreactionan MetaCycl19.0for which atleastoneof the associatedenesvassupportedoy
the presencef oneor moreexpressedequencéag(EST)within the datasetf 90,637ESTs
publishedin the original Ectocarpus genomepaper[34]. For eachof theseexpressedeactions,
weconsideredhat both reactantsand productsshouldbeavailablén the networkanddefined
themastargetsUsing 0 H Q Hwehenidentified which of thesetargetsvereproduciblein
two situations Firstly, weusedasa draft networkthe algalnetworkitself,more preciselyaver-
sionof EctoGEM1.0[21] for which no functionalgap-fillinghadbeencarriedout. Secondly,
weusedasadraft networkthe union of the aforementionedilgalnetwork and of the metabolic
networkof Candidatus Phaeomarinobactexctocarpiabacteriumsuggestetb live in associa-
tion with E. siliculosus [20].

A comparisonof both casesllowedthe identification of targetshat becameproducible
whenaddingthe metaboliccapacitie®f the Ca. P.ectocarpnetworkto thealgalnetwork.
Theseargetsandthe metabolicpathwaysnablingtheir productionwerethen manually
examinedIn total 83 previouslynon-produciblealgaltargetsoecameproducibleaccordingto
the 0 H Q HgeRanticsvhencombiningthe metaboliccapacitie®f the bacteriumwith those
of the alga.For eachof theseB3targetsthe essentiateactionsallowingits producibility by Ca.
P.ectocarpwerestudied,aswell asthe targetandits relatedESTin E. siliculosus. The purpose
wasto determinewhetherthe production of the targetby the algacould dependon aninterac-
tion with the bacterium.Thesandividual examinationgevealedomeerrorsor missinganno-
tationsin E. siliculosus aswellassomecase®f weaksequencéomologyleadingusto no
longerconsider21(25%)of the 83compoundsastargetsimprovementsn genomeannota-
tionsalsoallowedrecoveringalternativereactionsor pathwaysn E. siliculosus relatedto the
production of 37 (45%)of the compoundsNineteencompounds23%)howeverarelikely to
bepart of an exchangdetweerthe algaandthe bacterium(Fig 6). Theproductionof atarget
wasconsideredheresultof apossiblanteractionbetweerthetwo specie# i) thealgalEST
relatedto thetargetdefinition wascorrectlyannotated(i.e. confirmation of thetarget),ii) the
targetwasnot producibleby the algalitselfthroughthe presencef other EST<r genesand
i) thebacteriakeaction(s)hecessarfor thetargetproductionwas(were)correctlyannotated.
Detailsareavailablén S2Files.

Identifying candidate pathways for algal-bacterial interactions. Severabfthereactions
identifiedby 0 H Q HwédRretheresultof potentiallyinterestinginteractions.

ForexamplekE. siliculosus on its own is probablyincapableof producinghistidine or histi-
dinol because histidinol-phosphaaisg(EC 3.1.3.15)s missingfrom its genome.0 H Q Hi&aR
previouslyidentified this mandatoryreactionto completethe histidine biosyntheticpathway
[21]. Recengenomicdatafrom other strainsof E. siliculosus (Dittami, Tonon, personabata),
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23%
O Target possibly produced by algal-bacterial crossfeeding

45% O Insufficient information

O Incorrect target, consequence of wrong annotation or
weak homology score

O Target production could be explained by missing
25% alternative reactions/pathways in E. siliculosus

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:10.131/journal.pchl005276.9006

aswell astherecentlypublishedgenomeof Saccharina japonica [35], confirm theabsencef a
histidinol-phosphatasi otherbrown algaewhile acorrespondingenzymeis presentn dia-
toms.Asaproteinogenicaminoacid,histidineis essentialor all living organismsBrown
algaehavethereforeeitherevolvedan alternativewayof producinghistidinol or histidine,or
theyacquireatleastoneof thesesubstancefom their environment.Our analyseidicate
thathistidinol or histidine maybe providedby symbioticbacteriasuchasCa. P.ectocarpi,
whichencodeall enzyme®f the histidine biosynthetigpathway.

A seconcexamplés vitamin B5(pantothenicacid),whichis animportant vitamin for the
formation of coenzyme-AE. siliculosus is capableof producingvitamin B5from g-alaninevia
the activity of apantoate-g-alanindigasg(Esi0O070_0043put it lacksabiosyntheticpathway
to produceg-alanine(Fig 7). Our analysisuggestthat E. siliculosus mayrely on external
source®f eitherg-alanineor vitamin B5.ThebacteriumCa. P.ectocarpis ableto provide
both of thesecompoundsvia the phosphopantothenathiosynthesipathway.

A third examplas agmatineanaminoguanidinewhichis well-studiedn humanwhereit
modulatedor instancereceptorsof neurotransmittersor ion channelsWhile therole of agma-
tinein Ectocarpus still remainsunknown, the E. siliculosus metabolicnetwork possessewo
metabolicreactiongdMetaCyclD: AGMATINE-DEIMINA SE-RXNE.C.3.5.3.1andMeta-
CyclID: AGMATIN-RXN, E.C.3.5.3.11jor the degradatiorof agmatineand polyaminesyn-
thesisThesereactionsn Ectocarpus arewell-supporteddespitethe factthatit lacksthe
metaboliccapacityto produceagmatineasno argininedecarboxylasée.C.4.1.1.19)s present
in its genomeAsin the caseof histidine synthesiglescribedabovethis latter observatioralso
holdstrue for othersequencedctocarpus strainsandthe . japonica genomeA plausible
explanationisthatE. siliculosus (and otherbrown algae)mayuseexternalsourceof agmatine
to producepolyaminesCa. P.ectocarpis capableof producingagmatinewhich constitutesa
potentialinteractionpoint betweerboth organismsOur currentworking hypothesiss that
whenexternalor bacterialagmatinds availableagmatine-derivegholyaminesanaycomple-
mentor replaceornithine-basegolyaminesynthesisn E. siliculosus.

Thesehreeexamplegrovidedinterestingworking hypotheseshatwill now needto be
testedexperimentallyCorrespondingexperimentsareongoingbut time-consumingasthey
first requireseparateultivation of algaeandbacteria.
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False positive interactions. Theaforementionedhreeexamplesighlight promisingcan-
didatepathwaydor algal-bacteriaihteractionsFor otheridentified metabolitesandreactions,
howeversequenc@nformation wasinsufficientto determinethe exactspecificityof the
enzymesandreactionsandthusto draw conclusionsvithout additionalexperimentation.
Furthermore,in S2FilesandFig 6, weanalyzedhe 58targetdeadingto falsepositiveresults
(70%),L H candidatealgal-bacteriainteractionseitherdueto missinggeneannotationsor
false/overlypreciseannotations Oneexamplefor eachof thesecasess detailedin S2Files:one
missingannotationin the algalgenomealselyleadingthe assumptiorthatthe bacteriumwas
neededo provideriboflavin,andonewrongassignmenbdf EChumbersto analgalgenelead-
ing to predictareactioninvolvedin peptidoglycarsynthesis.

Second application: The 0 H Q HtBdRenabled a functional metabolic
network for E. mutabilis to be built based on metabolomic and de novo
transcriptomic data

Asasecondcassstudy,wefocusedon the reconstructionof ametabolicnetworkfor E. mut-
abilis, aphotosynthetigrotist and primary producerin acidicaquaticenvironmentsDespite
importantrolesof E. mutabilis in thoseecosystemanddespitethe factthatit hasoftenbeen
consideredasanindicator specie$or acidmine drainagesthis organismhasbeenpoorly
describedsofar.
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Dueto their complexityandsize ho genomesequenceareavailablesofar within the genus
Euglena. Thereforeweusedassembletranscriptsequenceasdescribedn [18] andannotated
themby similarity searchagainsenzymereferencesequenceom MetaCycWe usedastrin-
gentsimilarity thresholdfor function assignatiorto reduceasmuch aspossiblgherateof false
positivereactiongncludedin theinitial networkthatwassubsequentlgompletecdby

0 H Q H Fhs ensuredhatthereconstructionof the E. mutabilis metabolicnetworkwould be
highly conservativeavoidingthe inclusionof reactionsbasecdn falseannotationsThe major
drawbackof this approachwasthe resultinghigh rateof missingreactionsin theinitial draft
network,whichdid not allow 0 H Q Htb Rstorethe productionof all targetsatonce.The 72
targetsarelistedin Supplementaryiles S6.0f thosetargets54weredefinedaccordingto [19]
who showedhattheyweresecretedr accumulatedn E. mutabilis culturedin aminimal min-
eralmedium.The 17 othertargetsveremyristic acid,shownto bepresentn the E. mutabilis
membrand36], andthe remainingproteinogenicaminoacidsnucleotidesandchlorophyll A
andB.

Running 0 H Q HWAtR the 8 mineralseedsand|Light| (Supplementaryiles S6)could pro-
poseacompletionsolutiononly for UREAand OXYGEN-MOLECULEamongthe 72targets.
Thesetwo metabolitesouldbe producedonly becaus¢heywerethe productsof asinglereac-
tion involving only mineralreactantsa situationwhichwasnot biologicallysatisfying.

Adding the appropriate seeds to unblock the draft network. Theprincipal reasorfor
thenearimpossibilityto producethetargetdiesin the factthat all targetsandinternal metabo-
litesof the E. mutabilis metabolicnetworkmustbe producedfrom the mineralseedsnly,
including cofactorghat areessentialo the vastmajority of reactionsThesecofactorghem-
selveslependfor their biosynthesi®n metaboliteghattheycontributeto produce For
instanceNAD is biosynthesizeffom asparticacidor tryptophan,two amino-acidsvhose
productionrequiresNAD. In otherwords,mostof the E. mutabilis initial draft networkcon-
sistedof acomplexcyclewith long rangecircular dependenciethat no externalmineral nutri-
entcouldinitiate. Thus,this networkcould not producethetargetswith 0 H Q HwitRout
addingthe appropriateextraseedso solvethe circulardependencieS-headdition of NAD to
theseedpermittedto initiate the draft network,enabling 0 H Q HtB Rstorethe production
of 69targetsout of 72. Theaddition of |JACP|to the seedsvasrequiredto restorethe produc-
tion of two remainingtargetsbPALMITATE,CPD-783myristate)+, andadding|Red-
Thioredoxin|to the seedsvasnecessarto restorethe productionof DCTP (deoxycytidine-
triphosphate).

Solving local cycles and circular dependencies. Althoughthe productionof all thetargets
wasenabledoy the addition of the 3 seedmetabolitedNAD, |ACP|and |Red-Thioredoxin|,
somepathwaysouldstill benon-functionalwith 0 H Q HiseBausef localcyclesandcircular
dependencieg:orinstancejn oxygenighotosynthesisgxygenis producedby photosystem
II: light providesthe energyfor transferring4 electrongo 2 moleculef plastoquinondgrom 2
moleculeof waterwhicharesplitinto 4 protonsand onemoleculeof oxygen Sincethe |PLAS-
TOQUINONE| compoundwasnot availablen the network, 0 H Q Hde&dnot return the
correctreactionPSlI-RXNasasolutionfor the production of OXYGEN-MOLECULE put
proposednsteadto reversehereactionof water-formingNAD oxidationRXN-14692.

SinceE. mutabilis is a primary producer the photosynthesiseactionsareat the origin of
biomasgproduction. The photosynthesipathwaycanbedividedinto two subpathwayghe
light reactionscollectingthe energyfrom light andthe Calvin-Benson-Basshaaycle also
known asthe dark reactionspuilding the precursorcomponentf biomasgrom carbon
dioxide.

Beforeaddressinghe capacityof the Calvincycleto producebiomasgrecursorsye manu-
ally completedhe light pathwayby addingthe missingreactiong PSII-RXN,
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PLASTOQUINOL+PLASTOCANIN-REDUCTASE-RXNRXN490-3650andchecked
whethertheycould provideaviableroutein the draft network (Fig 8). This pathwayis actually
achainof electrontransferanvolving a serief donorsandacceptorsecycledat eachstep,
endingwith the production of the NADPH which entersthe Calvin-Benson-Basshaaycle.
Eachpair of successiveeactionghus constitutesa smallcyclewhich needgo besolvedn
orderto makethewholechainfunctionalandto enablethe productionof NADPH. Exceptfor
NADPH/NADP, noneof the concerneddonor/acceptoicoupleshaveanyde novo biosynthesis
pathwaydescribedn MetaCycandtherefore the productionof the correspondingdonor and
acceptoaremutuallydependentin orderto unblockthewholechain,weaddedthe electron
acceptorg|PLASTOQUINONE]||Oxidized-Plastocyaning|nd |Oxidized-ferredoxins|jo the
seedswith the exceptionof NADP which could beproducedfrom NAD asshownin Fig 8.

To verify thatthe chainof photosynthetidight reactionswvasfunctional,weisolatedthe
individual reactiong PSII-RXN,PLASTOQUINOL+PIASTOCYANIN-REDUO ASE-RXN,
RXN490-36501.18.1.2-RXNin asubnetworkand checkedor the productionof NADPH
with 0 H Q HU#sRgthe sameseedmetabolitesaasfor thewholenetwork.A singlesolutionwas
returnedwith threereactionsNADPYROPHOSPHAT-RXNAPYRASE-RXNNAD-
KIN-RXN, producingrespective AMP from NAD, ATP from AMP, andeventuallyNADP
from NAD and ATP. This confirmedthatthe four reactionsof the photosynthesisight path-
waywereableto produceNADPH providedthat NADP wasavailable.

Thesamedependencen ATP wasobservedvith the wholedraft networkwhich could
alreadyproduceAMP but not NADP althoughthe reactionNAD-KIN-RXN of NAD phos-
phorylationinto NADP waspresentRunning 0 H Q Hdénfhe wholedraft networkto check
its capacityto produceNADPH returnedtwo solutionsof onereactioneach RXN-10862and
APYRASE-RXNboth allowingthe production of ATP from AMP andunblockingthereac-
tion NAD-KIN-RXN. At this stageATP wasprovisionallyaddedto the seedsintil moreinfor-
mation couldbegatheredaboutwhich reactionsshouldbeincludedin the networkfor its
production,andto enablethe photosynthesipathwayto providethe Calvin-Benson-Bassham
cyclewith thenecessariNADPH.

The Calvin-Benson-Basshagycleis the pathwayof the photosynthesiprocesghat
reducesarbondioxideto produceglucidesThe netequationof this cyclecanbewritten as:

3CO, + 9ATP + 6 NADPH + 6 H* — C,H,0.P + 9ADP + 8P, + 6 NAD"

Thenetproduction of 3-phospho-glyceriacid (G3P)is the main sourceof organiccarbons
for further biosyntheticprocessedqut other metabolitesnayexit the cycletowardsglycogene-
sis,amino-acid-,nucleotide-or lipid biosynthesisin orderto asseswhetherthe Calvin-Ben-
son-Bassharoyclewasfunctionalwethereforetestedthe draft networkfor the production of
G3P,FRUCTOSE-6RRIBULOSE-5PGAPandDIHYDROXY-ACETONE-PHOSPHAE.
Threesolutionswereproposedby 0 H Q HWAtR onereactioneachAMP-DEAMINASE-RXN,
AMP-NUCLEOSID-RXNandNMNNUCLEOSID-RXN. Thelattertwo reactiondirectly pro-
duce|RIBOSE-5Phereaghefirst oneyieldsIMP which canbeusedto produce|RIBOSE-
5P]aswell,suggestinghat the Calvin-Benson-Basshaayclerequiresthis metaboliteto be
functional. We thusaddedRIBOSE-5P{o the seedsndall 5 targetgpreviouslytestedwith
thewholenetworkwerenow producibleby a subnetworkcomposedf only the 13reactions
of the Calvincycle confirming that this pathwaywasnow functional.

It isworth noting that, at this stagethe metaboliteseed RIBOSE-5P¢ould bereplacedoy
D-RIBULOSE-15-PZThis solutionwasprovisionallypreferredasthis compoundis areactant
of the carbonfixation reactionin photosynthesisThus,addingit to the seedsalongwith 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 HunRess 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 HdaRhot 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:10.137/journal.pcbi@05276.9g008
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maysimulatetheinitial batchof metaboliteghat allowsE. mutabilis to initiate the Calvin-Ben-
son-Bassharoycle.

The photosynthesipathwaybeingfunctional,afirst route wasnow openbetweerthe min-
eralnutrients (seedmetabolitespndtheinternal and excretednetabolitesCarbon-basedbio-
massrecursorsuchasG3Por FRUCTOSE-6Rvereproducibleandcouldenterthe central
metabolismThenextstepwasthereforeto addresgheincorporationof nitrogen,in theform
of ammonium(NH ), in orderto triggerthe metabolisnof amino-acidsandnucleotides.
Sincethe Tri-CarboxylicAcid cycle(TCA) is attheintersectionbetweerthe metabolismsf
glucideslipids andamino-acidsthis pathwaywascompletednanuallyto ensurethatit could
usethe G3Pcomingfrom photosynthesisThefollowing 5 reactionswverethusaddedto the
draft network: MALATE-DEHYDROGENASE-ACCEPTOR-RXNACONITATEDE-
HYDR-RXN,20XOGLUTARATEDEH-RXN,ISOCIT-CLEAV-RXN, PYRUVDEH-RXN.
Furthermore CO-A wasprovisionallyaddedto the seedsisthe TCA dependson ACETYL-
COA. Assessingvith 0 H Q Hwtietherthe TCA wasableto produceMAL (malate) CIT (cit-
rate)or 2-KETOGLUTARATEsuggestethateitherGLY OX (glyoxylate)or OXALACETI-
C_ACID shouldbeaddedto the seedsn orderto unblockthe TCA cycle Bothcompounds
areinvolvedin manyreactionsn MetaCychoweverastheaddition of OXALACETIC_ACID
to the seedsvould haveartificially enabledhe productionof ATP, GLYOXwasusedasaseed
instead.

Checkingthe currentdraft with 0 H Q HfBrRhe productionof amino-acidsb werealready
producible(GLT,L-ASPARTATEGLN, L-ALPHA-ALANINE andGLY). Sinceglutamicacid
(GLT) istheprincipal componentresultingfrom theincorporationof ammoniumandakey
metabolitein nitrogenmetabolismwe hadthusachievedhe completionof the metabolic
backbondeadingfrom mineralnutrientsthrough photosynthesiso carbonand nitrogen
metabolism.

Thesameprocessvasrepeateduccessivelipr thetargetdistedin SupplementaryilesS6
until allwereproducible.After the addition of newreactionsthe provisionalseedsvere
removedto testif theywerestill neededor if abiologicallysatisfyingcompletioncouldreplace
them.

Test of the completed draft network with FBA. Onceall the targetscould be produced
bythenetworkusingthe 0 H Q Hd¥iferia, we proceededo verify whetherit wasfunctionalin
FBA.We createdlOimport reactionq8 for mineralnutrients,onefor light, andonefor oxy-
gento enablerespiration),abiomasgeaction,and 54 output reactiondor the 54metabolites
thatwereexperimentallyshownto besecretedy E. mutabilis. Forty dead-endnetabolitesi.e.
non-consumedroductsthat maypreventthe networkfrom satisfyingthe stoichiometriccon-
straintsfor the production of targetmetabolitegsecreteanetabolitesandbiomass)vereiden-
tified manuallyand definedasboundariegboundaryCondition=2truey. Additionally, three
reactiondFLAVONADPREDUCT-RXNRXNO-882RXN-9944)wereaddedto the network
in orderto regenerateeducedlavodoxins pxidizedferredoxinsandthioredoxin sincethe
correspondingranscriptscould beidentifiedin the transcriptomeWe thencheckedvhich
output reactiongbiomassandsecretiorreactionshadazeroflux anddeterminedthe corre-
spondingdead-endnmetabolitesusingFVA. Only the secretiorof SPERMIDINEwasthus
blockedfor stoichiometricreasonsWe thereforeaddeda dummy reactionof
5-METHYLTHIOADENOSINEdegradatiorto satisfythe stoichiometricconstraintson this
metabolitefor SPERMIDINEbiosynthesisThefinal draft thuscontainedatotal of 1,068reac-
tions,including 10entries 54 secretiorreactions,1 biomasgeactionand 1 additionaldegra-
dationreaction.FBAshowedhat a positiveoptimum could beattainedwhendefiningthe
biomasgeactionasanobjective andallowingonly mineralnutrientsandlight (seeS3Files).
On thecontrary,no flux could beachievedn the biomasgeactionif therewasno entry flux
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for light or carbondioxide,demonstratinghatin this networkthe production of biomassvas
dependentndeedon photosynthesiddence althoughthe draft networkhadbeencompleted
usingalmostexclusivelyopologicalcriteria supportedby biologicalknowledgetheresulting
networkwasnonethelesfunctionalin FBA.

This modelcouldthusprovideguidelinesor further explorationof E. mutabilis metabolism
andphysiologyHowever the capacityof this poorly characterizeduglena specieso feedon
organicsubstratesassuggestetly the model,could not bedemonstratedit is not clearindeed
whetherit canactuallygrowin the darklike E. gracilis can,or whetherit becomeslormant
whenphotosynthesis not possibleLaboratoryexperimentgo determinethe potentialnutri-
entuptakeof E. mutabilis, including C**fluxomic to follow the fateof thesenutrients,will be
requiredto both experimentallyalidateandrefinethis model.

Discussion

The 0 H Q HtbdRefficiently identifies essential reactions to produce large
sets of targets

Themain characteristiof 0 H Q HiEtRatit relieson atopologicaldescriptionof the notion of
producibility. The qualitativeapproximationof the topologicalnotion of producibility is more
robustthan stoichiometry-basedotions,which areoftenforcedto find more completesolu-
tionsthatadditionallyfulfill the stoichiometricconstraintsThelogicalformalizationof the
topologicalproducibility allowsusersof 0 H Q Htb Benefitfrom the performanceof recent
solverdor combinatorialproblemsbasedn ASPtechnologies0 H Q HrElRson theseeffi-
cientsolverdor the completionof degradediraft metabolicnetworksbuilt, for instancefrom
NGSdata.Theothercharacteristiof the 0 H Q HtBdRis thatit is veryflexiblewith respecto
thedefinition of seedgcompositionof the mediumand potentiallysomecofactorsandtargets
(compoundsw~hoseproducibility hasto berestored).This flexibility appeardo becrucialto
investigatadraft GEMsproducedfrom NGStechnologiesasillustratedin two applications.

Positioning of 0 H Q HiR fRe landscape of gap-filling methods

Most gap-fillingmethodssolveoptimization problemsoverasearchspacavhosesizegrows
exponentiallywith the sizeof the referencedatabasérom which thereactionsaretaken.Two
differentstrategiesanthenbeusedto explorethe searchspaceand computesolutionsetsto a
gap-filling problem:eitheraparsimoniousbottom-up strategywhich enricheghe draft meta-
bolic networkuntil thetargetedoropertiesaresatisfied8, 10,27],or atop-downapproach
startingfrom all availableénformation andremovingreactionswithout added-valugo the
solutionof the problem[15, 23,24]. Bottom-upmethodsoftenreport fewsolutionsand may
missalternativeoneswhile top-downapproachesapturemore solutionsbut arecomputation-
ally demandingand sometimesequiresamplingof the solutionspaceTherefore familiesof
gap-fillingmethodscanbeclassifiedvith respecto four characteristicgi) the setof com-
poundswhoseproducibility shouldberestoredy{ii) the definition of producibility theyrely on;
(iii) the criteriatheyoptimize;(iv) the numberof solutionsetgheyreturn. 0 H Q Hdh&cks
the sametopologicalcriteriafor producibility asthe subset-minimalitytop-downmethod[15],
but it isableto enumerateall solutionsetsby usingthe parsimonycriterion ofthe *DS) L O O
family. This allowsan exhaustive&eomputationof the family of solutions.

From abiologicalpoint of view,havingamethodthat enableshe completionof ametabolic
networkwithout the needto know the realconcentrationof metabolitess arealadvantageit
enables completionof the metabolicgraphnot only for quantifiedor estimateccompounds,
but alsofor thoseidentified by qualitativemeasurementdvioreover,havingacceso an
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exhaustiveenumerationof the possiblesolutionsallowsresearcherto choosehe bestone
amongthem,insteadof havingonly asubsebdf solutionswithout knowingif this subseis rep-
resentativef the entire solutionspaceor not.

Alternative models for topological producibility

Alternativequalitativesemanticgould havebeenusedto assesthe producibility of ameta-
boliccompound.In [26,37], Cottretet al. introducedrefinedsemanticgor producibility tak-
ing into accounttheimpactof cycleson the production of metabolitesThis alternative
definition canbeviewedasan over-approximatiorof FBA-consistenhetworks,andappears
to beveryusefulfor the efficientcomputationof precursorsetsfor metabolictargetsHowever,
experimentgonsistingn encodingthis alternativedefinition in the 0 H Q HfFaRieworkand
performinggap-filling of the samel0,800egradedetworksevidencedhatthis alternative
definition of producibility is not constrainedenoughto captureessentiateactionsindeed,
running our benchmarkon the i/R904networkwith that definition of producibility returnsa
setof solutionscontainingon averag®nly 59.5%of the essentiateactiong S 1Files).Thiscan
beexplainedvy selfproducingcyclesvhich canoccurwith thatdefinition.

Future improvements

Our experimentsisingthe E. coli benchmarkevidencehat,in half of thecases0 H Q H(&rRI
*D S) L (dl)to recoverenoughalternativereactiongo restorethe biomasgroducibility of
the network. This bottleneckcanbeexplainedoy the parsimonycriterion usedby both tools
sincetheyidentify setswith aminimal numberof reactionsallowingeitherto simultaneously
restorethetopologicalproducibility of all targets 0 H Q H BIR) enablethe production of
individual targetq * D S) L Old)wever theidentification of alternativeroutesto producea
targetedsetof compoundss crucialto haveaglobalunderstandingf speciesnetaboliccapa-
bility, assoonasessentiateactionshavebeenproperlyidentifiedandvalidatedIn orderto
improvethe 0 H Q HtBdk weplanto studytheimpactof additionaltopologicalcriteriathat
maytakeinto accountargerpathwaysThedifficulty will beto selectrelevantmetricsin order
to extendthe searchspacewhile sufficientlyconstrainingthe searchto beableto track the
completesolutionspacelndeed,with mostof the methodsbhasedn extendedscoresandcrite-
ria for stoichiometry-basetbrmalismg[10, 15], the spaceor compatiblesetsof reactionsmay
becomantractable especiallyvhenmanytargetsareconsideredogetherin this casemost
methodsrely on asamplingof the solutionspacewhich mayintroducebiasesanderrors.

Alternatively othermetricscanbedevelopedo improvethe choiceof reactionsby the gap-
filling methods Scoredbasedn likelihood valuecomputationshavebeenintroducedin [10]
toimprove * D S) L @@proachewith genomicinformation aboutalternativefunctionsfor
genesln thefuture, it will beinterestingto adaptsuchscorego the 0 H Q HtBdRandmeasure
their impacton the functional classificatiorof reactionsn thereconstructedetwork.

Conclusion

As statedoy SatistKumar 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 thisline of researchthe
0 H Q HtBdkconstitutesa flexibleframeworkto pinpoint hypothese# the contextof large-
scaledatasetappliedto newlyinvestigatearganisms.

0 H Q His&versatileool to completedraft GEMsandto suggestelevantreactionswith
respecto theresponsef the systento environmentalperturbationsimportantly, it doesnot
aim at providing acompletefunctionalnetwork, but ratherat pointing out essentiateactions
andsomeof the alternativeoneswhich arecrucialto explainthe systenresponselt canbe
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thencombinedwith refinedstoichiometry-basednalyseandgap-filling methodsto produce
functionalnetworks.In this senseywepromote 0 H Q Hds&tool to beusedasanintermediary
stepwithin aworkflow consistingof (i) producingadraft GEM[5, 38],(ii) parsimoniousyap-
filling basedn metaboliteprofilesor RNA-seqdatasetsvith 0 H Q H HiilR refinementof the
modelwith stoichiometric-basedpproacheselyingon additionaldata([14] [13]), and (iv)
manualcuration proces®f metabolicnetworksdescribedn [1].

From abiologicalpoint of view,the exampleshowthat 0 H Q HdaRhotreplacemanual
curationandnetworkanalysisbut it mayprovideaflexibletool to aid this processAnalyses
arefast,easyto implement,andinvaluablebecaus¢heyenablebiologiststo 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-
bolicreactionsand M metabolitess representedby a bipartite directedgraphG = (R U M, E)
whereedgesn E connecteitherametabolicreactionin R to metabolitesn M or ametabolite
in M to ametabolicreactionin R. Predecessois areactionnoder arereactantsreac(r) = {m
€ M|(m, r) € E}. Successorsf areactionnodeareproducts;prod(r) = {m € M|(r, m) € E}. The
biologicalconceptof the producibility of metabolitesanbeformalizedin termsof reachabil-
ity. Givenametabolicnetwork (R U M, E) andasetS C M of seedmetabolitesareactionr € R
isreachabldrom theseeds if all reactantsn reac(r) arereachablérom S. Pushingforward
this definition, ametabolitern € M isreachablérom the setof seeds if m € S or if m € prod
(r) isthe productof areactionr € R thatisitselfreachablérom S. Following[25+27],the (for-
ward) scopeof asetof metabolitess accordingto areactionsetR containsall metabolites
which canbeiterativelyproducedfrom the seednetaboliteslt is the setof metabolitegeach-
ablefrom S throughthereactionsn R andcanbedefinedby iteratingthe setrelation M;.; =
M; U prod({r € R|m € reac(M,), Vm, (r, m) € E}), with M, = S until it reachesifixedpoint.
Thescopecanbecomputedin polynomialtime.

We assumehatwearegiven(i) adraft network R s, (i) asetM,,,,., C M of targetmetab-
olitesthatareproducedby the organismof interest;(iii) asetM,..; C M of seechutrients
foundin the growthmedium;and(iv) adatabasef metabolicreactionsavailableo fill the net-
WoOrk R .:avase- Thetopologicalgap-filling problemis statedasfollows.

database

Ry C R

Mg N Scope i, (M,,,,) is maximal

seed

Minimize Size(Rg; ) s.t {

This combinatorialproblem,expressedsalogicencoding,s solvedby the ASPsolver
clasp3.0.5[39] with domainspecificheuristicsi.e. searctspaceexplorationstrategiegpreserv-
ing correctnessind completenessf the searctprocedure Claspallowsthe computationof the
braveand cautiousconsequencgsinion andintersectionof all solutions)by meansof alinear
numberof callsto asolver(internally computingonesolution) ratherthanenumeratinghe
entiretyof all solutions.Thisis accomplishedby consecutiveefinementsof aninternal con-
straintby relyingon theincrementalsolvingtechniquesntroducedin [40]. Ratherthancom-
puting a (possibly)exponentiallyincreasingiumberof solutions the ideais to computeafirst
solution,to recordaconstraint,eliminateit from further solutions thento computeasecond
solutionto strengtherthe constraintin orderto representheintersection(or union) of the
first two solutions,andto continueuntil no more solutionsareobtained.This processnvolves
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computingat mostasmanysolutionsastherearelogic variablesn theinput program.
Dependingon the choserreasoningmode,eitherthe cautious(propertiessharedby all solu-
tions) or the brave(propertiessatisfiedby atleasta solution) consequencesrethengivenby
thevariableassignmentapturedby thefinal constraint.This proces®nableall cardinalmini-
mal solutionsto befound but doesnot allowfinding suboptimalsolutions.

The ASPencodingandthe solverareencapsulateth apython packageamedMeneco
[27,41]whichis freelyavailablet http://bioasp.github.io/menecdxperimentgelatedto the
E. coli benchmarkwererun on anodeof 24 corespart of acomputationakluster.Casestudies
wererun on personalaptopsthe computationtime requiredto getthe union of solutionswas
lesghan30seconds.

Stoichiometric gap-filling problem. A stoichiometricmetabolicnetworkcanbeviewed
asanenrichmentof atopologicalmetabolicnetworkwith astoichiometricmatrix S. Under
steadystateconditions,metabolitebalanceyield ¥, S;jv; = b; for alli € M whereb; is a
parameteistandingfor uptakeor secretionln this setting,the stoichiometricgap-filling prob-
lemconsistsn minimizing the numberof addedreactionsrom the databaséo restorefluxes
throughametabolitei* whichis not produciblefrom the draft metabolicnetwork.

v, < iEM
ZjeRﬁ”URdmﬁSUVJ <0VieM,,

Minimize Size(R;) .t . E jeRﬁuuRdmﬂS’J ,=0Vi#
E , S..v.>0
jERUR sy

This problemis solvedby the so-called* D S ) L @@, encodedn aGAMS (GeneralAlge-
braicModeling Systemprogram[8].

To solvethis optimization problem,solutionsto the stoichiometricgap-filling problemsfor
eachindividual targetwerecomputedby running the GAMS encodingfrom [8] onthe NEOS
server[42]. For eachexecutionof the GAMSencoding the programcomputedat most30sets
of solutionsto the gapfillingproblem.Thesolutionto the gap-filling problemwasdefinedas
theunion of all reactionsets.

Subset-minimal gap-filling. The 0, 5 $ * &lgorithmwasrun to performasubset-mini-
mal gap-fillingusingthe implementationprovidedin [14]. Without anya priori information
on theimportanceof thereactionsn the draft networks the biomasgseactionwasthe only one
addedin the corereactionsTheweightsfor all reactionsof the databasewereassignedo 1.

To beableto run the softwareon acomputercluster the codewascompiledwith themcc
function of MATLAB (R2014a)The MATLAB runtime software(version8.3)wasusedto run
the compiledcodeon acomputationalclusterconsistecbf 138computingnodes(1,700cores).

Gap-filling and unblocking the entire models. ThePortableSystenfor the Analysisof
MetabolicModels(PSAMM)[43] wasusedto runthe I D VW * D S ) al@b€xthm.Cplex(ver-
sion12.6.2)wasusedasMILP solverto solvethe optimisationproblem.A weightof 100was
setfor the addition of transportandimport/export reactiongo penalizeany modificationsof
themodels.Thedraft modelswereusedascoresets.

Networks and datasets

E. coli degraded metabolic networks. \We analyzedhe following GEMsof E. coli: ifR904
[44],iAF1260[32] andiJ01366[33]. Thecorrespondingsbmlfilesweredownloadedrom the
associategublicationsor from the USCDrepositoryUSCDrepository.To testtheimpactof
the MetaCycdatabasen the gapfillingproblem,cross-referenceésetweerthe SBMLidentifi-
ersof metabolite{SBMLspeciesjn the networksand MetaCycidentifierswerecreatedTo
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thatend,wefollowedaniterativestrategybasedirst on metabolitenamesandformulas,then
on similarreactions.

ForthethreeE. coli modelsiJR904,iAF1260andijO1366 wegenerated®d0randombiomass
functionsobtainedby settinga definedpercentag®f non-zerocoefficientof the true biomass
to zero.Thechoiceof replacechon-zerocoefficientgeliedon Bernoulli-distributedrandom
binary numbers For eachmodelconsistingof an E. coli metabolicnetworkandarandombio-
massweclassifiedhe metabolicreactionsaccordingto their functionality: blocked(flux val-
uesarealwaysqualto 0 throughthereaction),alternative(flux valuesarepositiveor equalto
Othroughthereaction)andessentiafflux valuesarealwayspositivethroughthereaction).We
implementedhe classificatiorof metabolicreactionswithin TOMLAB environment[45],
usingGurobi asthe underlyinglinear programmingsolver.

Then,for thethreeE. coli modelsiJR904,iAF1260andiJj01366 werandomlyremoved
10%,20%,30%o0r 40%o0f metabolicreactionswith 10differentreplicatesy percentageThe
samepercentag®f thethreetypesof reactionsvasremovedin eachdegradatiorprocessThe
degradedetworkswerechosersuchthat noneof the 90randombiomasdunctionscouldbe
producedby anyof the 40degradechetworks.

All togetherweobtainedasetof 10,800metabolicnetworkswhichwerenot functional
with respecto the production of their associateliomass.

E. siliculosus draft metabolic network. EctoGEM1.0is basedn genomedatadown-
loadedfrom the ORCAEwebsitg(http://bioinformatics psh.ugent.be/orcae/overview/Eyts
[46] on June21,2013the Ca. P.ectocarpgenomeusedfor networkreconstructionis available
from the EuropearNucleotideArchive (accessiotlG966617)Both networksweremapped
againstMetaCycl9.0asareferencalatabaser he constructionof the setof targetsfor

0 H Q Hrelrdon the datasebf 90,637ESTpublishedin the Ectocarpus genomepaper([34],
EMBLaccession$:P245546-FP312611).

E. mutabilis draft metabolic network. Sequencesf E. mutabilis transcriptswere
obtainedfrom de novo transcriptomicexperimentgpublishedin [18]. Thesequenceéataare
publicly availablén the Sequenc&eadArchivewith the SRAaccessiomumbersERS358279
andERS358280 hetranscriptsassemblevith newblerwereannotatedoy tblastnsearches
usingreferenceenzymesequenceis MetaCycl7.5asqueriesA reactionwasincludedin the
networkif atleastoneof the correspondingeferenceenzymesequenceladablasthit in the
transcriptsetwith anexpectvaluelowerthan 10'°and at least25%identity over80%of the
lengthof thereferencesequence.

Genericreactiongn MetaCycl7.5involving genericcarbohydratesamino-acidsnucleo-
tidesor NAD-P-OR-NOP(standingfor NAD or NADP) werereplacedwith the appropriately
balancednstancesnvolving the correspondingnetabolitepresentn the E. mutabilis draft
network. Transportand ambiguoushon-informativereactionssuchas3.4.14.10-RXNPOLY-
PEPTIDE+ WATER — Peptidest TRIPEPTIDE)werediscardedThe 0 H Q HdoRpletion
of theresultingdraft metabolicnetworkwasperformedwith the modified versionof MetaCyc
17.5astherepairdatabasandthe 71targetmetabolitedistedin S3Files.Theversion17.50f
MetaCycwasusedsinceit wasthe versionavailableat the time this work wasdone,including
manualaddition of instance®f genericreactionsEventhoughnewversionsof MetaCychad
beenreleasedluring networkreconstructionwe proceededvith versionl7.5for the sakeof
consistency.

E. mutabilis completion workflow. In orderto avoidmutualdependencieandto solve
cyclesthe 72targetswerefinally arrangednto subsetgorrespondingo subnetworkgpath-
waysandsuper-pathways)f the wholedraft network. Completionwasthen performedwith
eachsubsetisthelist of targetsfor 0 H Q H AtReachstep seedmnetabolitesncludedthe basic
mineralcompoundsandthe metabolitegequiredto unblockthe cyclesSomemetabolites
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suchasATP wereaddedprovisionallyin orderto solvelongrangedependenciesntil more
information could be gatheredaboutwhich reactionsshouldbeaddedto the networkto
enabletheir production. The production of the targetsubsetsvasaddresseth the following
order:photosynthesisT CA cycleandamino-acidsglycolysiandglycogenesiqolyamines,
nucleotidesandthenall theremainingtargetsRespirationvasaddedasa singlereaction.

Whenareferenceenzymesequenceorrespondingo anaddedreactionwasavailablén
the MetaCycdatabasethis sequenc&vasusedasaqueryto identify potentialhomologsin the
E. mutabilis transcriptomeby tblastn. Transcriptswith anexpectvaluelowerthan 103 were
extractedandusedto searchthe protein nr databasevith blastxon the NCBI webserverThe
presencef thereactionwasvalidatedf the searctyieldedsignificanthits (e-value< 1073 in
the Conservedomain Databas¢CDD) andwith sequencesf enzymeshatwereconsistent
with the testedreaction.

After eachstep,if theaddedreactiongproducednewmetabolitegreviouslyabsenfrom
the network,the spontaneouseactionsdescribedn MetaCycconsumingthosemetabolites
werealsoaddedto the network. The appropriateinstancesveremanuallyaddedfor the
generiaeactionscorrespondingslassesf the newlyaddedmetabolites.

Functional studies

E. coli degraded networks after their completion. TheFlux BalanceAnalysestudies
wereperformedusingthe python-basedoolbox COBRApy(version0.3.2)[47] andthe GLPK
solver.

Flux Variability Analysiswasperformedusingboth COBRApyin associationvith GLPK,
andhomemadescriptswithin the TOMLAB environmentusingthe Gurobi solver.

E. mutabilis metabolic network. Thebiomasgeactionwasdefinedaccordingto [48] and
basedn the compositionof E. gracilis asdeterminedby [49+55].Thefatty acidcomposition
of the E. mutabilis membraneadaptedo arseniaccontaminationwasobtainedfrom [36]. The
proportionsof amino-acidsand nucleotidesn proteinsand nucleicacidswasestimatedrom
the compositionof transcriptsandtheir translation.

After completionwith 0 H Q H th&networkwastestedwith COBRAfindBlockedReac-
tions() commandin MatlabR2015bThedead-endnetabolitedlockingthe production of
biomassor of the experimentallydeterminedtargetq19] weremanuallyidentified andtheir
boundaryConditionpropertywassetto true. Astranscriptscorrespondingo reactionghat
couldregenerateeducediavodoxins pxidizedferredoxinsandthioredoxin,could beidenti-
fied, the correspondingeaction FLAVONADPREDUCT-RXNRXNO-882RXN-9944)
wereaddedto the network.

Theresultingnetworkwaseventuallytestedn Flux BalanceAnalysiswith COBRAIN
MatlabR2015busingthe BIOMASS-RXNreactionasthe objectivefunction, andthe mineral
seednetabolitedistedin S3Filesasentries.Culturein the darkwassimulatedby settingthe
boundariesf the |Light| entry reaction(RXN_in_Light)to O.

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)
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S1 Files. E. coli benchmark of 10,800 non-functional degraded networks and FVA results.
All filesneededo run gap-fillingexperimentson the benchmarkareprovidedin anarchiveas
wellasaReadme.txfile detailingthe commandsausedto producethe resultsshownin this
study.This archivealsocontainsthe globalresultsfor FVA andadetailedanalysi®f the net-
work 256andthe biomass39asanexample.

(ZIP)

S2 Files. E. siliculosus networks and essential reactions. Thetwo draft networksusedto
studypotentialcross-feedingelationsbetweerk. siliculosus and Ca. P.ectocarpiareprovided
togetherwith thelist of seedsaindtargetsusedto run the 0 H Q HtBdR The exhaustivanalysis
of essentiateactionswhich allowthe production of 83targetmetaboliteghanksto the combi-
nation of E. siliculosus and Ca. P.ectocarpnetworksis providedin aseparatdile. Finally,
detailledexample®f falsepositivepredictedinteractionsandtheir explanatiorareprovided

in aseparatg@dffile.

(ZIP)

S3 Files. E. mutabilis networks. Bothdraft andfunctionalreconstructednetabolicnetworks
for E. mutabilis areprovidedhere.Thefolderalsoprovidesthe SBMLfile describingthe repair
databaséMetaCycl7.5modified asdescribedn the Materialand Methods)requiredto run
the 0 H Q HtBdR Filescorrespondingo targetsandseedsrealsoprovided.Thefile seed_mi-
nimum_medium_Emutabik.sbmidescribedight andthe 8 mineralnutrients of the minimal
growthmediumfor E. mutabilis. As describedn the main text, the networkis not functional
with only theseseedsisreactionsn cyclesareblocked.Thefile 8seeds_min_Emutals_final.
sbml®providesthe minimal setof seedsiecessarto unblockthe cyclesand produceall the
targetdn 2targetsEmutabilis_72.88° while thelist of seed@ndtargetds alsoprovidedas
tablesn thefile 2seedsAndTargets_euglena.pdfe.

(ZIP)
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