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networks: networks: functionfunction
}} Metabolic pathwaysMetabolic pathways

 Profiling metabolic mapsProfiling metabolic maps
�� Genome Res Genome Res 10:56810:568, 11:1503, 11:1503

 Conservation of metabolismConservation of metabolism
�� Genome Res 13:422Genome Res 13:422

 Automatic pathway reconstruction, MjCycAutomatic pathway reconstruction, MjCyc
�� Archaea 1:223Archaea 1:223

 Partial-genome reconstructionPartial-genome reconstruction
�� J Bioinfo Comput Biol J Bioinfo Comput Biol 2:5892:589

 Pathways for 160 genomesPathways for 160 genomes
�� Nucl Acids Res 33:6083Nucl Acids Res 33:6083

}} Functional modules, interaction networksFunctional modules, interaction networks
 Detection of functional modules by clusteringDetection of functional modules by clustering

�� Proteins 54:49Proteins 54:49

 Ancestral state reconstruction of interactionsAncestral state reconstruction of interactions
�� Mol Biol Evol 21:1171Mol Biol Evol 21:1171

 Exponential distribution of interactionsExponential distribution of interactions
�� Mol Biol Evol 22:421Mol Biol Evol 22:421

 Functional associations in gene networksFunctional associations in gene networks
�� Alonso Cases & CAO, Alonso Cases & CAO, unpublished:2004unpublished:2004
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genomes: genomes: evolutionevolution
}} Sequence clusteringSequence clustering

 All genomesAll genomes
�� Bioinformatics 19:1451Bioinformatics 19:1451

 All phylogenetic profilesAll phylogenetic profiles
 All protein familiesAll protein families

�� Nucl Acids Res 31:4632Nucl Acids Res 31:4632

 All sequence similarities, ortholog clustersAll sequence similarities, ortholog clusters
 All genome based treesAll genome based trees

�� Nucl Acids Res 33:616Nucl Acids Res 33:616

 All gene fusionsAll gene fusions
�� Genome Biol 2:r0034.1Genome Biol 2:r0034.1

}} Genome evolution patternsGenome evolution patterns
 Comparison of different cellular processesComparison of different cellular processes

�� Trends Microbiol Trends Microbiol 11:24811:248

 Reconstruction of funtional modules from genome constraintsReconstruction of funtional modules from genome constraints
�� Proc Natl Acad Sci USA Proc Natl Acad Sci USA 100:15428100:15428

 Ancestral state reconstructions with loss and HGTAncestral state reconstructions with loss and HGT
�� Genome Res 13:1589Genome Res 13:1589

 Functional content of last universal common ancestorFunctional content of last universal common ancestor
�� Res Microbiol Res Microbiol in press:2005in press:2005
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algorithmsalgorithms
}} CASTCAST for  for low-complexity maskinglow-complexity masking

 Bioinformatics 16:915Bioinformatics 16:915

}} geneRAGEgeneRAGE for  for domain clusteringdomain clustering
 Bioinformatics 16:451Bioinformatics 16:451

}} TRIBE-MCLTRIBE-MCL for  for rapidrapid  clusteringclustering
 Nucl Acids Res 30:1575Nucl Acids Res 30:1575

}} bioLayoutbioLayout for  for similarity visualizationsimilarity visualization
 Bioinformatics 17:853Bioinformatics 17:853

}} geneTRACEgeneTRACE for ancestral  for ancestral reconstructionreconstruction
 Bioinformatics 19:1412Bioinformatics 19:1412

}} TextQuestTextQuest for document  for document clusteringclustering
 Pac Symp BioComp 6:384Pac Symp BioComp 6:384

mainemaine> cast SRm160.f> cast SRm160.f

>SRm160>SRm160

MDAGFFRGTSAEQDNRFSNKQKKLLKQLKFAECLEKKVDMSKVNLEVIKPWITKRVTEILMDAGFFRGTSAEQDNRFSNKQKKLLKQLKFAECLEKKVDMSKVNLEVIKPWITKRVTEIL

GFEDDVVIEFIFNQLEVKNPDSKMMQINLTGFLNGKNAREFMGELWPLLLSAQENIAGIPGFEDDVVIEFIFNQLEVKNPDSKMMQINLTGFLNGKNAREFMGELWPLLLSAQENIAGIP

SAFLXLXXXXIXQRQIXQXXLASMXXQDXDXDXRDXXXXXXXXXXXXXXXXPXXXXXXXPSAFLXLXXXXIXQRQIXQXXLASMXXQDXDXDXRDXXXXXXXXXXXXXXXXPXXXXXXXP

XPXXXXXPVXXEXXXXHXXXPXHXTXXXXPXPAPEXXEXTPELPEPXVXVXEPXVQEATXXPXXXXXPVXXEXXXXHXXXPXHXTXXXXPXPAPEXXEXTPELPEPXVXVXEPXVQEATX

TXDILXVPXPEPIPEPXEPXPEXNXXXEQEXEXTXPXXXXXXXXXXXTXXXXPXHTXPXXTXDILXVPXPEPIPEPXEPXPEXNXXXEQEXEXTXPXXXXXXXXXXXTXXXXPXHTXPXX

XHXXDXMYXXXXXXXXXXXXXXXXXTXXXXMXXXXXHXXXXXPVXXXXXXXAXLXGXXXXXHXXDXMYXXXXXXXXXXXXXXXXXTXXXXMXXXXXHXXXXXPVXXXXXXXAXLXGXXXX

XXXXXXXXXXXXXXXXTXXXXXXTXXLXXXAXXXXXXHXXXXXATXXXTXDXXTXQQXNXXXXXXXXXXXXXXXXXTXXXXXXTXXLXXXAXXXXXXHXXXXXATXXXTXDXXTXQQXNX

TXXXXVXVXPGXTXGXVTXHXGTEXXEXPXPAPXPXXVELXEXEEDXGGXMAAADXVQQXTXXXXVXVXPGXTXGXVTXHXGTEXXEXPXPAPXPXXVELXEXEEDXGGXMAAADXVQQX

XQYXXQNQQXXXDXGXXXXXEDEXPXXXHVXNGEVGXXXXHXPXXXAXPXPXXXQXETXPXQYXXQNQQXXXDXGXXXXXEDEXPXXXHVXNGEVGXXXXHXPXXXAXPXPXXXQXETXP

......

Enright • Kunin • Kreil • Cases • Darzentas • Iliopoulos • Audit • Goldovsky
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databasesdatabases
}} geneQUIZgeneQUIZ for  for annotationannotation

 Bioinformatics 15:391Bioinformatics 15:391

}} CoGenTCoGenT for tracking  for tracking genomesgenomes
 Bioinformatics 19:1451Bioinformatics 19:1451

}} CoGenT++ CoGenT++ for genome analysisfor genome analysis
 Bioinformatics 21:3806Bioinformatics 21:3806

}} TribesTribes for protein  for protein familiesfamilies
 Nucl Acids Res 31:4632Nucl Acids Res 31:4632

}} AllFuseAllFuse for gene  for gene fusionsfusions
 Genome Biol 2:r0034.1Genome Biol 2:r0034.1

}} BioCycBioCyc for metabolic  for metabolic pathwayspathways
 Nucl Acids Res 33:6083Nucl Acids Res 33:6083

Enright • Kunin • Tsoka • Audit • Janssen • Iliopoulos • Darzentas • Goldovsky
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genome analysis in COGENTgenome analysis in COGENT

}} Closely following timed releasesClosely following timed releases
}} COGENT/++ as resourceCOGENT/++ as resource

�� Bioinformatics 21:3806Bioinformatics 21:3806

 COGENTCOGENT: complete genomes: complete genomes
 ProXSimProXSim: similarity information: similarity information
 AllFuseAllFuse: interactions by fusion: interactions by fusion
 OfamOfam: putative orthologs: putative orthologs
 TRIBESTRIBES: putative homologs: putative homologs
 ProfUseProfUse: phylogenetic profiles: phylogenetic profiles
 GPSGPS: genome phylogenetic trees: genome phylogenetic trees
 MeRSyMeRSy: predictions from : predictions from BioCycBioCyc
 GeneQuizGeneQuiz: automatic annotation: automatic annotation

}} Queriable byQueriable by::
 sequence, via sequence, via BLASTBLAST
 identifier, via identifier, via MagicMatchMagicMatch

}} MagicMatchMagicMatch
 >5 million links to major databases>5 million links to major databases

�� Bioinformatics 21:3429Bioinformatics 21:3429

}} 12X UniProt in public-access data12X UniProt in public-access data

Goldovsky • Janssen • Ahrén • Audit • Cases • Darzentas • Enright • Kunin • Lopez-Bigas • Peregrin • Smith • Tsoka
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      >      > 25, 25,000000PathwaysPathways

2,192,0192,192,019InteractionsInteractions

                  82,82,692692FamiliesFamilies

              181,181,986986PhylogeneticPhylogenetic
profilesprofiles

384,579,384,579,409409SimilaritiesSimilarities

              359,359,482482AnnotationsAnnotations

              751,751,742 (915,554)742 (915,554)GenesGenes

200 (243)200 (243)GenomesGenomes

a sense of scalea sense of scale
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genome analysis with biocycgenome analysis with biocyc

}} Examples of studies using the BioCyc environmentExamples of studies using the BioCyc environment
 Brief descriptions of what has been doneBrief descriptions of what has been done
 Discussion of what else can be doneDiscussion of what else can be done……

}} Three cases of single-species analysisThree cases of single-species analysis 

}} Three cases of multiple-species analysisThree cases of multiple-species analysis 

}} All these computations external to COGENTAll these computations external to COGENT
 …… except last (most complex) case, where the power of except last (most complex) case, where the power of

combining both systems is showcasedcombining both systems is showcased
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1 | functional profiling 1 | functional profiling 
}} Analysis of known metabolic complement of Analysis of known metabolic complement of E. coliE. coli

 correlations between compounds, reactions, enzymes,correlations between compounds, reactions, enzymes,
pathwayspathways

�� Genome Res 10:568Genome Res 10:568

}} Identified promiscuous reactions in terms of enzymesIdentified promiscuous reactions in terms of enzymes
and pathways (and pathways (exampleexample in figure below) in figure below)

}} Model Model case studycase study for comparative genomics, still for comparative genomics, still
unexplored territoryunexplored territory

}} Today possible, for curated or automatically generatedToday possible, for curated or automatically generated
mapsmaps

 Ouzounis • Karp
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2 | partial reconstruction 2 | partial reconstruction 

}} Benchmark on Benchmark on partial genomespartial genomes
 Simulated data from the Simulated data from the S.S.

pombepombe project project

}} Robustness and Robustness and predictivepredictive
powerpower of reconstruction of reconstruction

�� J Bioinfo Comput Biol 2:589J Bioinfo Comput Biol 2:589

 Build total map from completeBuild total map from complete
genome as referencegenome as reference

 Take datasets from time pointsTake datasets from time points
during genome projectduring genome project

 Count unique reactions,Count unique reactions,
enzymes and pathways andenzymes and pathways and
compare with referencecompare with reference

}} Detection with partial genomesDetection with partial genomes
 Phase transition at Phase transition at 50% ?50% ?
 Pathways detected at variousPathways detected at various

degrees, without closuredegrees, without closure
 Alternatively, build all mapsAlternatively, build all maps
 Initial idea, requires Initial idea, requires moremore

comparative comparative workwork

  Ahrén

0

20

40

60

80

100

0 20 40 60 80 100
% gene coverage

%
 c

o
v
e
ra

g
e
 o

f 
to

ta
l 
re

co
n

st
ru

ct
io

n

% of total pathways (at least 1 reaction)
% of total Unique EC numbers
% of total reactions
% majority of reactions present (at least 50% of the reactions)



Dec 2005 SIB 11/25

©©
 o

u
zo

u
n

is
 2

0
0

5
 o

u
zo

u
n

is
 2

0
0

5

3 | functional associations3 | functional associations  

}} What are the functional relationshipsWhat are the functional relationships
in in realreal gene networks? gene networks?

�� unpublished:2004unpublished:2004

}} Analysis of Analysis of E. coliE. coli networks using networks using
OperonDB and BioCycOperonDB and BioCyc
 detected all networks and overlayeddetected all networks and overlayed

functional informationfunctional information

}} ExampleExample: what is the relationship: what is the relationship
between pathways and transcriptionbetween pathways and transcription
units in gene network?units in gene network?


 red: same pathwayred: same pathway
 blue: sameblue: same transcription unit transcription unit
 green: both same pathway andgreen: both same pathway and

transcription unittranscription unit
 if same TU, then 95% in same pathwayif same TU, then 95% in same pathway

}} Applications in Applications in functional genomicsfunctional genomics,,
e.g. microarray-based networkse.g. microarray-based networks

 Cases
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4 | evolutionary profiling 4 | evolutionary profiling 

}} Correlate Correlate genome sizegenome size and and
environmental nicheenvironmental niche with with
enzymes and transcription-enzymes and transcription-
associated proteins (4D)associated proteins (4D)

        

 Larger genomes have moreLarger genomes have more
TAPsTAPs

 Free-living organisms haveFree-living organisms have
more TAPs, intracellularmore TAPs, intracellular
organisms have lessorganisms have less

 No clear patterns for enzymesNo clear patterns for enzymes
 Small genomes somewhatSmall genomes somewhat

richer in enzymesricher in enzymes

 Indirect evidence thatIndirect evidence that
metabolism is more conservedmetabolism is more conserved

�� Trends Microbiol 11:248Trends Microbiol 11:248

 Cases
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5 | network inference 5 | network inference 

Tsoka •  Pereira-Leal

}} Integrate all  context-basedIntegrate all  context-based
predicted protein interactionspredicted protein interactions

}} Cluster protein networkCluster protein network
(various methods)(various methods)

}} Compare Compare predicted predicted cluster cluster vs.vs.
knownknown pathway assignments pathway assignments

        
}} 74% of 583 metabolic enzymes74% of 583 metabolic enzymes

cluster in 119 modules withcluster in 119 modules with
84% average pathway84% average pathway
specificity and 49% averagespecificity and 49% average
sensitivitysensitivity

�� Proc Natl Acad Sci USAProc Natl Acad Sci USA
100:15428100:15428

}} Much of bacterial Much of bacterial metabolism ismetabolism is
encoded in genome structure!encoded in genome structure!

}} Novel functions predictedNovel functions predicted
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more complicated stuffmore complicated stuff……
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genomegenome
similaritysimilarity

mapsmaps

• ∑ (A,B) ≠ ∑(B,A)
• S(A,B) = min(∑(A,B),∑(B,A))
• D=D1 or D2
• D1=1-S/min((∑(A,A), ∑(B,B))
• D2=-ln(S/(√2 * ∑(A,A) * ∑(B,B) /
√(∑(A,A)2 + ∑ (B,B)2)

}} Genome trees fromGenome trees from
bothboth gene content gene content
and averageand average
sequence similaritysequence similarity
 153 genomes (in153 genomes (in

publication), >200publication), >200
nownow

 >25 M pairs>25 M pairs
��   Nucl Acids ResNucl Acids Res

33:61633:616

 Kunin • Ahrén • Goldovsky • Janssen

}} GENOCONSGENOCONS

}} GENECONT AVESEQGENECONT AVESEQ
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genome conservation treesgenome conservation trees
 Kunin • Ahrén • Goldovsky • Janssen
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ancestral gene contentancestral gene content
 Kunin

}} Family distributions on a Family distributions on a guide treeguide tree
 Can be rRNA tree, gene content, genome conservationCan be rRNA tree, gene content, genome conservation
 Original implementation on rRNA treesOriginal implementation on rRNA trees
 Terminal nodes (extant genomes) contain gene/protein familiesTerminal nodes (extant genomes) contain gene/protein families

}} AssumptionsAssumptions
 When most clade members contain representative, indication of vertical descentWhen most clade members contain representative, indication of vertical descent
 When few clade members do not contain representative, widely distributed inWhen few clade members do not contain representative, widely distributed in

neighborhood, indication of gene lossneighborhood, indication of gene loss
 Interspersed family distribution across remote clades indicative of horizontal geneInterspersed family distribution across remote clades indicative of horizontal gene

transfertransfer

}} The The GeneTraceGeneTrace algorithm algorithm
�� Bioinformatics 19:1412Bioinformatics 19:1412

 Input: Phylogenetic profiles of families and guide treeInput: Phylogenetic profiles of families and guide tree
 Inner nodes represent ancestral organisms (states)Inner nodes represent ancestral organisms (states)
 Start at terminal nodes towards the rootStart at terminal nodes towards the root
 Scoring of gain/loss of parental nodes equal to sum of daughter nodesScoring of gain/loss of parental nodes equal to sum of daughter nodes
 Scores transformed to assignments of presence/absence of EACH familyScores transformed to assignments of presence/absence of EACH family
 Tags certain families as candidates for horizontal gene transferTags certain families as candidates for horizontal gene transfer
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ancestral gene contentancestral gene content
 Kunin
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evolutionaryevolutionary scenarios scenarios

}} Overlay family profiles on treesOverlay family profiles on trees
 Play parsimonious guessworkPlay parsimonious guesswork

game of gain (genesis + HGT) andgame of gain (genesis + HGT) and
lossloss

}} Parameter calibrationParameter calibration
 HGTHGT’’s s ‘‘expected relativeexpected relative

frequencyfrequency’’  ≈≈ loss/HGT loss/HGT
 On average: gain On average: gain ≈≈  lossloss

�� Genome Res 13:1589Genome Res 13:1589

}} Relative contributionsRelative contributions
   lossloss:genesis:HGT = :genesis:HGT = 33:2:1:2:1

}} Reconstruct ancestral statesReconstruct ancestral states
 FamiliesFamilies
 InteractionsInteractions

�� Mol Biol Evol 21:1171Mol Biol Evol 21:1171

 Kunin
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 Kunin
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tree or network?tree or network?
 Kunin • Ahrén • Goldovsky • Janssen

}} Tree representations of species relationshipsTree representations of species relationships
 Drawback: dealing only with vertical inheritanceDrawback: dealing only with vertical inheritance
 Data:Data:

�� 184 genomes184 genomes
�� Bidirectional best hits (putative orthologsBidirectional best hits (putative orthologs……))
�� 3 different guide trees: gene content, average similarity, genome conservation3 different guide trees: gene content, average similarity, genome conservation

 HGT championsHGT champions

Absent9106Chromobacterium violaceum

51044Clostridium acetobutylicum

Absent425Erwinia carotovora

4233Bradyrhizobium japonicum

Absent112Pirellula sp.

STRINGGenome
conservation

Gene
content

Average
ortholog
similarity

Organism
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network of lifenetwork of life

}} Gene contentGene content
reconstruction:reconstruction:
ancestral statesancestral states

}} Both Both currentcurrent and and
ancientancient genomes genomes
 HGT events onHGT events on

treetree
 Not directional!??Not directional!??

}} Power-law patterns:Power-law patterns:
 Number of HGTNumber of HGT’’ss

between anybetween any
nodesnodes

 HGT networkHGT network
connectivityconnectivity

�� Genome ResGenome Res
15:95415:954

 Kunin • Goldovsky • Darzentas
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}} The gene content of the The gene content of the LastLast
Universal Common AncestorUniversal Common Ancestor
 Reconstruction of ancestralReconstruction of ancestral

states for 37,402 familiesstates for 37,402 families
from 184 genomesfrom 184 genomes

}} Depending on method: 1,006Depending on method: 1,006
to 1,189 protein familiesto 1,189 protein families
 Extremely Extremely robust estimatesrobust estimates,,

based on ancestral statebased on ancestral state
reconstruction, parsimonyreconstruction, parsimony

}} Notion of similarity to extantNotion of similarity to extant
genomes of obligategenomes of obligate
parasites not supported (alsoparasites not supported (also
known as the known as the ‘‘minimalminimal
genome hypothesisgenome hypothesis’’))

�� Res Microbiol in press:2005Res Microbiol in press:2005
((special issue onspecial issue on
ExobiologyExobiology))

 Kunin • Goldovsky • Darzentas

6 | ancestral reconstruction 6 | ancestral reconstruction 
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Computational Genomics GroupComputational Genomics Group
}} CORE MEMBERSCORE MEMBERS

 Nikos Nikos DarzentasDarzentas bioinformaticsbioinformatics pattern discoverypattern discovery
 LeonLeon  GoldovskyGoldovsky computer sciencecomputer science database designdatabase design
 Pierre MaziPierre Maziéérere biochemistrybiochemistry protein interactionsprotein interactions
 Sophia Sophia TsokaTsoka chemistrychemistry metabolic pathwaysmetabolic pathways

}} VISITING MEMBERSVISITING MEMBERS
 Emilie BeyeEmilie Beye statisticsstatistics database miningdatabase mining
 Despoina ChristopoulouDespoina Christopoulou molecular biologymolecular biology genome databasesgenome databases
 Alistair DroopAlistair Droop bioinformaticsbioinformatics environmental genomicsenvironmental genomics
 Cinzia PizziCinzia Pizzi computer sciencecomputer science biological networksbiological networks

}} CGG ALUMNICGG ALUMNI
 Dag Dag AhrAhréénn fungal genomicsfungal genomics metabolic profilingmetabolic profiling
 Benjamin Benjamin AuditAudit theoretical physicstheoretical physics genome structuregenome structure
 Alonso Alonso CasesCases microbiologymicrobiology gene networksgene networks
 RichardRichard Coulson Coulson parasitologyparasitology transcription factorstranscription factors
 AntonAnton Enright Enright bioinformaticsbioinformatics sequence clusteringsequence clustering
 IoannisIoannis Iliopoulos Iliopoulos fly geneticsfly genetics text miningtext mining
 Paul JanssenPaul Janssen microbiologymicrobiology genome annotationgenome annotation
 David KreilDavid Kreil bioinformaticsbioinformatics compositional biascompositional bias
 Victor Victor KuninKunin bioinformaticsbioinformatics genome evolutiongenome evolution
 Emmanuel LevyEmmanuel Levy bioinformaticsbioinformatics error propagationerror propagation
 NNúúria Lria Lóópezpez medical geneticsmedical genetics human diseasehuman disease
 JosJoséé ( (ZZéé) Pereira) Pereira cell biologycell biology protein interactionsprotein interactions
 JosJoséé Peregrin Peregrin biochemistrybiochemistry phylogenetic profilingphylogenetic profiling
 Mike SmithMike Smith applied physicsapplied physics sequence identifierssequence identifiers
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Q&A timeQ&A time……

}} Profile entire species with complete genomes, perform comparative analysis?Profile entire species with complete genomes, perform comparative analysis?

}} Infer metabolic complement for species with incomplete genome informationInfer metabolic complement for species with incomplete genome information

}} Overlay functional information with transcription profiles or inferred networksOverlay functional information with transcription profiles or inferred networks

}} Compare the enzyme complement against entire functional categoriesCompare the enzyme complement against entire functional categories

}} Use the metabolic complement as a reference for functional module detectionUse the metabolic complement as a reference for functional module detection

}} Reconstruct ancestral states of metabolism via enzymes, or even pathways?Reconstruct ancestral states of metabolism via enzymes, or even pathways?


