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Abstract

Ontologieswill play animportantrole in bioinfor-
matics,asthey do in otherdisciplines,wherethey
will provideasourceof preciselyde nedtermsthat
can be communicatedacrosspeopleand applica-
tions.

The Ontology InferenceLayer (OIL), is an ontol-
ogy languagethat hasan easyto useframe feel,
yetatthe sametime allows usersto exploit the full
power of anexpressie descriptioriogic. OilEd, an
editorfor OIL, usesreasoningo supportontology
design,facilitating the developmentof ontologies
thatarebothmoredetailedandmoreaccurate.
This paper presentsa bioinformatics ontology
building casestudy using OilEd to highlight the
featuresof the combinationof a framerepresenta-
tion andanexpressve descriptiorlogic.

1 Intr oduction

Ontologieshave becomean increasinglyimportantresearch
topic. Thisis chiey aresultof their usefulnessn a range
of applicationdomaingvanHeijstetal., 1997;McGuinness,
1998; Uscholdand Griininger 1994 including bioinformat-
ics [Stevensetal., 2001].

Biologistshave long hada cultureof recordingandsharing
information. This information hastraditionally beenstored
in naturallanguageorm andlatterly in naturallanguagean-
notateddatabasesTherehasbeena recognitionthatif these
informationresourcesareto continueto playtheircentralrole
in bioinformatics,they have to becomemachineunderstand-
able.

Theautomatiorof tasksdepend®n elevating the statusof
theinformationin resource$rom machine-readabl® some-
thingwe mightcall machine-understandabl€henaturallan-
guageannotationof a bioinformaticsresourcecan be pro-
cesseccomputationally but using the knowledge contained
in the naturallanguageannotationis dif cult. Thekey idea
is to have datain theseresourcesle ned andlinked in such
away thatits meaningis explicitly interpretableby software
processegatherthanjustbeingimplicitly interpretabléoy hu-
mans.

To realisethis goal, it will be necessaryo annotatebioin-
formaticsresourcesvith metadat&(i.e., datadescribingtheir

content/functionality) Ontologiesarea usefulmechanisnto
provide metadatdor variousresourcesHowever, suchanno-
tationswill beof limited valueto automategrocessesnless
they sharea commonunderstandingsto their meaning.On-
tologies, can help to meetthis requirementby providing a
“representatiorof a sharedconceptualisatiof a particular
domain”thatcanbe communicatedcrosspeopleandappli-
cations[Gruber 1993.

Therehave beenseveralattemptdo developbioinformatics
ontologiesto exploit this biological information. The Gene
Ontology (GO) [The GeneOntology Consortium,2004 is
a controlled vocalulary for annotatinggene productsfor
molecularfunctions, the biological processesn which it is
involved andthe cellularlocationsin which it is found. Eco-
Cyc[Karpetal., 2004 hasusedanontologyto specifyadata-
baseschemdor theE. coli. metabolismsignaltrandsduction
etc. Riboweb[Altman et al., 1999 alsousesanontologyto
describets data,but alsoguideits usersthroughanalysisof
their data.Finally, TAMBIS (Transparenficcessto Multiple
bioinformaticsinformationSources]Bakeretal., 1994 uses
anontologyto allow usergo querybioinformaticsdatabases.
Eachof theseusesa differentknowledgerepresentatiosys-
temfrom phrasesn GO; to framebasedsystemsn EcoCyc
andRiboWebto a descriptionlogic in TAMBIS.

Phrasdased/ocahularieshave theadwantageof beingeas-
ily accessiblebut suffer from dif culties in consisteng and
maintenancelt is commonfor mistalesto bemadein phrase
basedvocahularies, especiallyin the maintenancef multi-
ple hierarchies.Frame-basedystemsave the advantageof
aneasilyaccessiblandintuitive modellingstyle,reminisient
of an objectview of the world (a frameis a classand the
slotsareattributes. The frameencapsulatethe propertiesof
theinstances)Suchsystemslik e phrasebasedvocalularies,
are esentiallyhand-craftedand can suffer from inconsisten-
ciesand logical mistales. The well de ned semanticsand
reasoningsupportof DLs allow logically consistenbntolo-
giesto be maintained. Conceptscanbe de ned in termsof
their propertiesand the reasoningusedto classify the con-
ceptsbaseduponthosedescriptions. When an conceptex-
pressioris unsatisfyablén termsof therestof themodel,the
reasoningsupportcaninform the modellerof his or hermis-
take. Descriptionlogic basedontologiesavoid the problems
of thehand-crafteantologiesput suffer from thecompleity
of themodellingstyle.



These considerationshave led to the development of
OIL [Fenseletal., 2004, anontologylanguagehat extends
aframe-basedik e view with a muchrichersetof modelling
primitives:. OIL hasa frame-like syntax, which facilitates
tool building, yet canbe mappedonto anexpressie descrip-
tion logic (DL), which facilitatesthe provision of reasoning
servicesThusamodelleris offeredthebestof bothworldsin
both developmentand deploymentof an ontology OIlEd is
anontologyeditingtool for OIL (and DAML+OIL) thatex-
ploitsboththesefeaturesn orderto provide afamiliarandin-
tuitive style of userinterfacewith theaddedbene t of reason-
ing support.lts mainnovelty liesin theextensionof theframe
editorparadigmto dealwith a very expressie languageand
theuseof ahighly optimisedDL reasoningngineto provide
soundandcomplete yet still empiricallytractablereasoning
services.

Reasoningwith termsfrom deplo/ed ontologieswill be
valuablein mary bioinformaticsapplications Themostobvi-
ousis in formulating,processingandansweringjueriesover
bioinformaticsdatabasesThereis alsoa greatpotentialin
usingreasoningluringanalysisof novel biologicalentities.

The reasoningsupportoffered by OIL is also extremely
valuableattheontologydesignphasewhereit canbeusedto
detectlogically inconsistentlassesandto discoser implicit
subclasgelations. This encourages more descriptve ap-
proachto ontology design,with the reasonetbeingusedto
infer part of the subsumptiorattice (seethe casestudypre-
sentedin Section4); the resultingontologiescontainfewer
errorsof consisteny, yet provide moredetaileddescriptions
thatcanbeexploited by automategrocesse thedeplo/ed
ontologies. Finally, reasonings of particularbene t when
ontologiesarelarge and/ormultiply authoredandalsofacili-
tatesontologysharingmeiging andintegration[McGuinness
etal., 200d; considerationghatwill be particularlyimpor-
tantin thedistributedbioinformaticservironment.

Themodeller however, is notforcedto usereasoningup-
port OilEd canbe usedto constructhierarchief termsun-
adornedby descriptionsof properties.In fact, the ontology
developmentdescribedn Section4, usesa cyclic, two stage
approachio ontologydevelopment.For agivenportionof the
ontology a simplehierarcly of termsis hand-craftedIn the
next stage propertiesaredescribedor thenecessarandsuf-

cient conditionso beamembeirof thatclassor concept.The
reasonecanthenbeusedto checkthedescriptiongor logical
consisteng andoffer ary inferredknowledge(unknowvn sub-
sumptions}hathave beenfound. The cycle is thenrepeated
for this andotherportionsof theontology

This paperconcentrateson this ontology designuse of
OIL, ratherthanthe useof reasoningn the deployed ontolo-
gies. A casestudytaken from the domainof bioinformatics
will be usedto highlight the developmentand management
facilities

afforded by the combinationof the frame-like syntax of
OIL with the expressie power of descriptionlogics. First,

A similar ontologylanguagecalledDAML hasbeendeveloped
as part of the DARPA DAML project[Hendlerand McGuinness,
2001. Thesetwo languagesiresoonto be megedunderthe name
DAML+OIL.

the

principalfeaturesof thelanguaggSection2) andits asso-
ciatededitor

(Section3) will be described.Section4 describeghe de-
velopmenif anontologyof molecularbiology andbioinfor-
maticsusingOIilEd.

2 Oil and DAML+OIL

Thedevelopmenbf OIL resultedrom effortsto combinethe
bestfeaturesof frameand DL basedknowledgerepresenta-
tion systemswhile atthe sametime maximisingcompatibil-
ity with emeging web standards.Thesestandardssuchas
RDFS|[Brickley andGuha,200d, make it easierto useon-
tologies consistentlyacrossthe weh The intention was to
designa languagehat wasintuitive to humanusers,andyet
providedadequatexpressve power for realisticapplications
(mary earlyDLs failedonthis seconccount—sedDoyle and
Patil, 1991)).

The resulting languagecombinesa familiar frame like
syntax (derived in part from the OKBC-lite knowledge
model[Chaudhrietal., 1999), with the power and e xibility
of aDL (i.e.,booleanconnectves,unlimited nestingof class
elementstransitive and inverseslots, generalaxioms,etc.).
The languageis de ned as an extensionof RDFS, thereby
makingOIL ontologies(partially) accessibléo ary “RDFS-
aware” application.

The frame syntaxis lessdauntingto ontologists/domain
expertsthan a DL style syntax, and it facilitatesa mod-
elling style in which ontologiescan start out simple (in
terms of their descriptve content) and are gradually ex-
tended,both asthe designitself is re ned and as usersbe-
come more familiar with the languages advancedfeatures
(see Section4). The frame paradigmalso facilitates the
constructionand adaptatiorof tools, e.g., the OntoEditand
Progge editorsandthe Chimaerantegrationtool areall being
adaptedo useOIL/DAML+OIL [StaabandMaedche2000;
Grosscetal., 1999;McGuinnesstal., 200d.

On the otherhand, basingthe languageon an underlying
mappingo averyexpressie DL (SHI1 Q) providesawell de-

ned semanticanda clearunderstandingf its formal prop-
erties, in particularthat the classsubsumption/satis ability
problemis decidableand hasworst caseExpTime comple-
ity [Horrockset al., 1999. The mappingalso provides a
mechanisnfor the provision of practicalreasoningservices
by exploiting implementedDL systemsge.g.,the FaCT sys-
tem[Horrocks,200d.

OIL extendsstandardramelanguagesn a numberof di-
rections. One of the key ideasis that an anorymousclass
description,or even booleancombinationsof classdescrip-
tions, canoccurarywherethat a classnamewould ordinar
ily beused,e.qg.,in slot constraintsandin thelist of super
classesFor example,in Figurel (which usesOIL's “human
readable’presentatiorsyntax, ratherthanthe more verbose
RDFS serialisation) a herbivore is describedasan animal
that eats only plants or part-of plants. Pointsto note
arethat universally quanti ed (value-type)and existentially
quanti ed (has-alue) slot constraintsare clearly differenti-
ated,andthatthe constrainton the eats slotis a disjunction,



oneof whosecomponentss ananorymousclassdescription
(in this case just a single slot constraint). In addition, it is
assertedhatthe part-of slotis transitive, andthatits inverse
is the slot has-part. Furtherdetailsof the languagewill be
givenin Section3, anda completespeci cationcanbefound
in [Fensektal., 2004.

slot-defpart-of
subslot-ofstructural-relation
inversehas-part
propertiestransitive

class-defde ned herbivore
subclass-oanimal
slot-constraineats
value-typeplant or
slot-constrainpart-of has-walueplant

Figurel: OIL languagesxample

3 OilEd

OilEd is a simpleontologyeditor that supportshe construc-
tion of OlL-basedontologies. The basic designhasbeen
heavily in uencedby similartoolssuchasPro&ge [Grosscet
al., 1999 and OntoEdit [Staaband Maedche,200d, but
OIlEd extendstheseapproaches anumberof ways,notably
throughan extensionof expressie powver andthe useof a
reasoner

3.1 OilEd Functionality

Basic functionality allows the de nition and descriptionof
classesslots,individualsandaxiomswithin anontology

In general,editing functionsare provided throughgraph-
ical means—mouseriven drop dovn menus,toolbarsand
buttons. We will not provide a detaileddescriptionof the
graphicaluserinterfacehere,asit is relatively standardsee
Figure2, which providesascreershotof theeditorsclassdef-
inition panel).Insteadwe will discusghenovel functionality
offeredby thetool.

Frame DescriptionsThecentralcomponentisedthroughout
OIlEd is the notion of a framedescription This consistof a
collectionof superclassealongwith alist of slotconstraints.
For example,a classcalledhydrolase hasconstraintsnclud-
ing catalyses hydrolysis, describingoneof the propertieof
ahydrolaseto bethe promotionof thereactioncalledhydrol-
ysis. Thisis similarto otherframesystemsWhereOilEd dif-
fers,however, is thatwherever a classnamecanappeayrare-
cursively de ned, anorymousframedescriptioncanbe used.
For example,a gene is has-name gene-name or part-of
gene-name — indicatingthata genemay be found usingits
nameor partof its name.In addition,arbitrarybooleancom-
binationsof framesor classequsing and, or and not) can
alsoappear This is in contrastto corventionalframe sys-
tems,wherein generalslotconstraint@andsuperclassesust
beclassnames.

As well asbeingableto assertindividualsasslot llers,
several types of constraintson slot llers can be asserted

Figure2: OilEd ClassPanel

(these kinds of constraint are sometimescalled facets.

Theseinclude value-typerestrictions (all llers must be
of a particularclass), has-valuerestrictions(there must be
at leastone ller of a particular class), and explicit car-

dinality restrictions(e.g., at most three llers of a given
class). For instance,it is possibleto exactly describe
that a G-protein coupled receptor hasto have seven and
only seventransmembrane regions — otherwiseit is not a
G-protein coupled receptor. Eachconstrainthasa clearly
de ned meaning,removing the confusionpresentin some
frame systems,where, for example, it is not always clear
whetherthe semanticsof a slot-constraintshould be inter-

pretedasa universalor existentialquanti cation.

ClassDe nitions A classde nition speci estheclassname,
along with an optional frame description(see abore) and
a speci cation of whetherthe classis de ned or primitive.

If de ned, the classis taken to be equivalentto the given
description(necessanand sufcient conditions). If prim-
itive, the classis taken to be an explicit subclassof the
given description(necessaryconditions). In the speci ca-
tion of the OIL languageclassesan have multiple de ni-

tions. In OIlEd, thisis not allowed—classemusthave a sin-
gle de nition—but the sameeffect canbe achiezed through
theuseof equivalencexxiomsasdiscussedbelow.

Slot De nitions A slot de nition givesthe nameof the slot
andallows additionalpropertieof theslotto beassertece.g.,
the namesof ary supeslotsor inverses If r is a superslobf
s, thenary two objectsrelatedvia s mustalsobe relatedvia
r(i.e,s(a;b) ! r(a;b)); if ris aninverseof s, thena is re-
latedto bvias iff bisrelatedto a viar (i.e.,s(a;b) $ r(b;a)).
Domainandrangerestrictionson a slot canalsobespeci ed.
For example we canconstrairtherelationshigparent to have
both domainandrangeperson, assertinghatonly persons
canhave, andbe, parents. As with classdescriptionsthe
domainandrangerestrictionscanbe arbitrary classexpres-
sionssuchasanorymousframesor booleancombinationof
classesr frames,agnin extendingthe expressvity of tradi-
tional frameeditors.Notethatin this contet, thedomainand
rangerestrictionsare global, andapply to every occurrence
of the slot, whetherexplicit or implicit.

A slotr canalsobeassertedo betransitive (i.e.,r(a; b) and



r(b;c) ! r(a;c)), functional(i.e.,r(a;b) andr(a;c) ! b=
¢) or symmetric(i.e.,r(a;b) ! r(b;a)).

All assertiongnadeaboutslots are usedby the reasoner
and may induce hierarchicalrelationshipsbetweenclasses,
e.g., as a resultof domainand rangerestrictions(seeSec-
tion 4).

Axioms Another area where the expressie power
of OIL/OiIlEd exceeds that of traditional frame lan-
guages/editorss in the kinds of axiomthat canbe usedto
asserfactsaboutclassesandtheir relationships.As well as
standardclassde nitions (which arereally a restrictedform
of subsumption/equalenceaxiom), OilEd axiomscanalso
be usedto assertthe disjointnessor equivalenceof classes
(with the expected semantics)along with coverings A
coveringassertshatevery instanceof the coveredclassmust
alsobe aninstanceof atleastoneof the covering classesin
addition, coveringscanbe saidto be disjoint, in which case
every instanceof the covered classmust be an instanceof
exactly oneof the coveringclasses.

Again, theseaxiomsare not restrictedto classnames put
can involve arbitrary classexpressionganorymousframes
or booleancombinations). This is a very powerful feature,
andis oneof the mainreasongor the high compleity of the
underlyingdecisionproblem. Theseaxioms,especiallythe
disjointnessaxiom, are quite heavily usedin the casestudy
ontology It is usefulto stateexplicitly that, for instance,
somethingcannotbe bothanelement anda compound.

Individuals Limited functionality is provided to supportthe
introduction and description of individuals—the intention
within OilEd is thatsuchindividualsarefor usewithin class
descriptions ratherthan supportingthe productionof large
existentialknowledgebaseqit is supposedhat RDF/RDFS
will be useddirectly for this purpose).As a (non-biological)
example,we maywishto de ne theclassof Italians asbeing
all thosePersons whowereborn in Italy, whereltaly is not
aclassbut anindividual. The exampleontologyin Section4
doesnot useary individuals. It might, however, be possi-
ble to usethemto describeindividual chemicalswithin the
ontology

Concrete Datatypes Concretedatatypes(string and inte-
gers),alongwith expressiongoncerningconcretedatatypes
(suchasmin, max or ranges)can also be usedwithin class
descriptions. However, the FaCT reasonerdoesnot sup-
portreasoningpver concretedatatypesandat presentOilEd
simply ignoresconcretedatatypeestrictionsvhenreasoning
aboutontologies. The theoryunderlyingconcretedatatypes
is, however, well understood Baaderand Hanschle, 1991,
andwork is in progressto extend the FaCT reasonemwith
supportfor concretedatatypes.Thesedatatypesareusedin
thedescriptionof atom in the exampleontology(Sectiord).

3.2 Reasoning

The editor canbe requestedo verify an ontologyusingthe
FaCT reasoner When veri cation is requestedthe ontol-
ogyis translatednto anequivalentSHI Q (or SHF ) knowl-
edgebaseandsentto thereasonefor classi cation[Decler et
al., 200d. OilEd thenqueriesthe classi ed knowledgebase,
checkingfor inconsistentclassesand implicit subsumption

Figure3: Hierarcly pre-classi cation

Figure4: Hierarcly post-classi cation

relationships. The resultsare reportedto the userby high-
lighting inconsistentlassesandrearranginghe classhierar
chy displayto re ect ary changediscovered. FaCT/OilEd
doesnot provide ary explanationof its inferencesalthough
this would clearly be usefulin ontologydesign[McGuinness
andBorgida,1995.

Figures3 and4 shawv the effectsof classi cationon (part
of) the hierarcly derived from the TAMBIS ontology (see
Section4). Whenverifying the ontology a numberof new
subsumptiorrelationshipsare discorered (due to the class
de nitions in themodel).

In particular we can see that, after verication,
holoenzyme is notonly anenzyme, but alsoa holoprotein,
andthatmetal-ion andsmall-molecule areboth subclasses
of cofactor. Notethatif thereasonings notemployed,and
if the extendedexpressienessandadwancedfeaturesarenot
used,OilEd will still functionasasimpleframeeditor.

4 CaseStudy: the TAMBIS Ontology

Therole of ontologiesin bioinformaticshasbecomepromi-
nentin thelastfew years.Much of biology worksby applying
prior knowledgeto anunknavn entity. The comple biolog-



Figure5: De nitions pre-classi cation

ical datastoredin bioinformaticsdatabasesequiresknowl-

edgeto specify and constrainvaluesheld in that database.

Ontologiesarealsousedasa mechanisnfor expressingand
sharingcommunity knowledge, to de ne commonvocalu-
laries (e.g., for databaseannotations)andto supportintel-
ligent queryingover multiple database§Baker et al., 1999;
Stevensetal., 2001].

TAMBIS (TransparenfAccessto Multiple Bioinformatics
InformationSources)s a mediationsystemthat usesan on-
tology to enablebiologiststo askquestionsover multiple ex-
ternaldatabaseasinga commonqueryinterface. The ontol-
ogy is centralto the TAMBIS system: it providesa model
over which queriescan be formed, it drives the query for-
mulationinterface, it indexesthe middlevarewrappersof the
componensourcesandit supportsthe queryrewriting pro-
cesgGobleetal., 2001. The TAMBIS ontology(TaO) cov-
erstheprincipal conceptsf molecularbiology andbioinfor-
matics: macromoleculestheir motifs, their structure,func-
tion, cellular location and the processesn which they act.
It is an ontologyintendedfor retrieval purposesatherthan
hypothesisgenerationsoit is broadandshallov ratherthan
deepandnarrav [Baker etal., 1999.

The TaO wasoriginally modelledin the GRAIL DL [Rec-
toretal., 1997. It wassubsequentlynigratedto OIL in order
to (a) exploit OIL's high expressvity, maintaininga better -
delity with biologicalknowledgeasit is currentlyperceved,;
(b) usereasoningsupportwhen building and evolving com-
plex ontologiesvheretheknowledgeis dynamicandshifting;
and(c) beableto deliverthe TaO asa corventionalframeon-
tology (with all subsumptionsnadeexplicit), thusmakingit
accessibleo a wider rangeof (legagy) applicationsandcol-
laborators.

The approacho developingthe ontologywasdirectly in-
uenced by the rangeof expressiity that OIL affords, and
the capabilitiesof OilEd itself, particularlyits reasoninga-
cilities. Themodellingphilosoply wasto bedescriptve,i.e.,
to modelpropertiesandallow asmuchaspossibleof the sub-
sumptionlatticeto beinferredby thereasoner

The design methodologywas to rst constructa basic
framework of primitive foundationclassesndslots,working
bothtop down andbottomup, mainly usingexplicitly stated
superclassesThis wasa cyclic activity, with portionsof the
TaObeingdescribedgrimitively, thenin themoredescriptie
fashion.

In eachcycle, the reasoneiis usedto classify the ontol-
ogy. The classi cation canthenbe viewed (with and with-
outinferredsubsumptionsfo checktheclassi cationagainst
the ontologists knowledge. The editor allows conceptsto
be found by name,so recentlyconstructecconceptscan be

viewed in their context. Logically inconsisteniconceptex-
pressiongthoseequivalentto bottom) arehiglightedfor easy
identi cation of badlyformedexpressions.

Theinitial modelwasvery “tree-like”, i.e.,therewerevery
few classeswith multiple superclassesThe primitive por
tions of the ontologywerethenincrementallyextendedand
re ned by addingnew classeselaboratingslot llers andcon-
straints,and “upgrading” to de ned classeswvhererer pos-
sible, so that classspeci cationsbecamesteadilymore de-
tailedandfaithful to theapplication.This processvasguided
by subsumptionreasoning—wherelaboratingor changing
classesthereasonerould be usedto checkconsisteng and
to shav theimpacton the classhierarcly.

As eachcycle of extensionof conceptde nitions endsthe
modelleris ableto view theuseof primitive andde ned con-
ceptsacrosgheontology Thisview “zooms'outfromtheon-
tology, shaving thelattice asdotsandarcs,with the dotsdif-
ferentiatedaccordingo theirbeingde ned or primitive. This
enableshemodellerto seeareaf de nition andwheredef-
inition is lacking. Building-block conceptsthatarenot cen-
tral to the useof the ontology will in all likelyhoodremain
primitive, but it is usefulto spotwherede nition is lacking;
asde nition increaseshe delity andjusti cation for theon-
tology. For instancethe macromoleculewithin the TaOare
highly de ned, but the properties,usedin the de nition of
morecentralconceptsemainprimitive.

Figure6: De nitions post-classi cation

Figures5 and6 illustratethis (usinga subsetf the com-
plete ontology). Figure5 shaws the distrutution of de ned
conceptghroughouthe hierarcly beforeclassi catior?. De-

ned conceptsaresigni ed usingadarker colour, andwe can
seethatthe hierarcly hasavery at structure.In Figure6,

2The hierarchiesaregeneratedising OilEd's export functional-
ity, which producegyraphsfor renderingoy AT&T' s Graphvizsoft-
ware



we seethesituationafterclassi cation. Thede ned concepts
have now beenorganisednto a subsumptiornierarcly based
ontheirde nitions.

Figure7 shaws a (greatlysimpli ed) fragmentof the TaO
(usingOIL's presentatiosyntax)thatwe will usetoillustrate
this methodology’

class-defprotein

class-defde ned holoprotein
subclass-oprotein
slot-constrainbinds
has-walueprosthetic-group

class-defde ned enzyme
subclass-oprotein
slot-constraintatalyses
has-waluereaction

class-defde ned holoenzyme
subclass-oenzyme
slot-constrainbinds has-walueprosthetic-group

class-defde ned cofactor
subclass-ofmetal-ion or small-molecule)

disjoint metal-ion small-molecule

Figure7: Simpli ed fragmentof TAMBIS ontology

Bioinformaticsis the study and analysisof molecularbi-
ology — the functions and processe®f the productsof an
organisms genes. The knowledgeaboutmolecularbiology
is containedwithin numerousdatabanksandanalysistools.
An ontologyof bioinformaticsthereforeneedgo supportwo
domains:First, the domainof molecularbiology — thechem-
icals and higherorder chemicalstructureswithin a cell and
secondto re ect the natureandcontentof bioinformaticsre-
sources.

The TaO was huilt with both a top-dawvn and bottom-up
stratgy. A generaldomainframework was provided into
whichmoredetailedmolecularbiologicalandbioinformatics
conceptzouldbe tted. Aswell asthisapproachasolidcon-
ceptualfoundationaboutchemicalsand their structureand
behaiour washbuilt. Basicchemicalsaandtheir propertiesare
usedto describethe more complex biological moleculesof
interestto bioinformatics,so this is an appropriateapproach
both from a straightforvard content,aswell asa modelling,
point of view. This involved the descriptionof the differ-
entkindsof chemicalgions,atomsandmoleculestc.);their
structurereactionsfunctionandprocesses whichthey act.
This generafoundationwasthenusedto give the subsequent
detaileddescriptionof the salientmolecularbiological con-
ceptsthatform thebottom-upplacemenbf de ned concepts.

Thecoreof theTaOis adescriptionof basicchemicalcon-
cepts. Thevariouskinds of chemicalarede ned aschildren
of theconceptthemical. Thesenclude:

atom Thebuilding block of all chemicals A chemicals be-
haviour is de ned by the numberof protonsit contains,
i.e.,its atomicnumber Therefore atom is de ned as:

3The completeontology can be found at http://img.cs.
man.ac.uk/stevens/tambis- oil.html

class-defde ned atom
subclass-othemical
slot-constrainatomic-number
cardinality 1
value-typeinteger
has-walue(min 1)

So, atoms may only have one atomic number
which must be an integer greaterthan or equal to
1. The conceptsmetal-atom, nonmetal-atom and
metalloid-atom are de ned to be atoms with the
physicochemicalproperty of either metal nonmetal
or metalloid respectiely.

The conceptof carbon hasbeende ned asa kind of
atom with atomicnumbersix andthe physicochemical
propertyof non-metal. This descriptionof the concept
carbon enablest to be automaticallyplacedasa kind
of nonmetal-atom. Severalother, biologically relevant,
atomtypeshave beenincludedin the TaO.

ion An ionis simply achemicalwith anelectricalchage. It

isde nedas:

class-detle ned ion
subclass-othemical
slot-constrainhas-charge
has-alue(not 0)

The slot constraintdescribeghat an ion musthave an
electricalchage andit canonly be anelectricalchage.
It alsodescribeghatthe valuefor this chage canbe a
positive or negative numbery but not zero. it would be
possibleto capturechemicakeality furtherby specifying
aminimumcardinalityof one— thatis, a chemicalmust
have atleastonechageto beanion, but mayhave more
thanonechage (amoleculecould,for instancecontain
botha positive andnegative chage).

the chemicalion hastwo assertecthildren: cation and
anion. De ning cation as a chemical with chage
greater-than 0 enablesheclassi erto placeit correctly
asakind of ion. An equialenceaxiom canbe usedto
statethatcation is a synorym of positive-ion.

Now,divalent-cation (a chemical with two positive
chages)canbe de ned by addingfurther propertiesto
this slot constraint:That

the ller for has-charge is equal 2, thatis, haspositive
two chageson the chemical.

element An elementis a kind of chemicalcontainingonly
one kind of atom. OIL hasthe expressie power to
constrainthe slot atom-type to be equalto only one.
Addingtheslotconstrainatom-type with thevalueone
to atom would alsoclassifyatom asanelement.

compound A compoundis a chemical containingmore
than one kind of atom. The slot constraintusedfor
element (above) is alteredso that the constraintindi-
catesthat at leasttwo kinds of atommustbe presentn
thiskind of chemical.



molecule A molecule is a kind of chemical con-
taining atoms linked by covalent bonds. The
concept covalent-bond was described as a kind
of chemical-structure and used to Il the slot
contains-bond, with the has-waluerestriction.So,there
mustbe a covalentbondpresenfor it to beclassedasa
molecule,but otherkinds of bondmay be present- ex-
actly capturingwhatwe understanaf basicchemicals.

Two principal featuresof the ontology developmentarise
from this chemicalcore:

1. The needfor a framework of primitive conceptssuch
as metal and propertiessuchas has-charge. These
canbe usedto develop the core of de ned conceptsat
the centreof the TaO. Primitive concepts,as well as
thosesuchaschemical itself, are placedwithin a sim-
ple upperlevel ontology containingphysical, mental,
substance, structure, function and process. These
are extendedby their obvious conjunctve forms, e.g.,
physical-structure.

2. Theability to rapidly extendthis chemicalscoreto an-
otherlayer of de ned chemicalconceptsall of which
usedthe previously de ned concepts.

Thenext “layer” of chemicaldescriptionsncluded:

molecular -compound A chemical containing covalent
bondsandmorethanonetype of atom.

elemental-molecule A chemical, such as oxygen (O,),
thatcontainscovalentbondsandonly onekind of atom.

metal-ion A kind of atomwith anelectricalchage.

ionic-compound A kind of chemicakontainingmorethan
onekind of atomandhasanelectricalchage.

All theseandmoreweresimply de ned to bethe conjunc-
tion of two conceptsFor example:

class-defde ned metal-ion
subclass-ofmetal, ion

class-defde ned divalent-cation
subclass-othemical
slot-constrainhas-charge
has-walue(equal?2)

A conceptdivalent-zinc-cation can then simply be de-
ned as:

class-defde ned divalent-zinc-cation
subclass-otinc
slot-constrainhas-charge
has-walue(equal?2)

Thesedescription®f chemicalsanbereinforcedwith the
useof axioms. It is not possibleto be both an elementand
acompoundsothesetwo conceptaredescribedasdisjoint.
This meanghatif a conceptwereto be de ned with proper
ties of both an elementanda compound,t would be found
to beinconsistenby thereasonerSuchstrictde nitions help

maintainthe consisteng andbiological thoroughnessf the
ontology

An organic-molecular-compound is a molecularcom-
poundthatcontainsatleastonecarbonatom. This, however,
is not sufcient to de ne an organic molecularcompound.
Carbondioxide (CO,) is a molecularcompoundcontaining
carbon,but is not organic. Thusthe propertyof containing
carbonis only a necessarycondition for being an organic
molecularcompound Again, theability to beexactwith con-
ceptdescriptionsallows the ontologyto matchchemicaland
biologicalknowvledgecloselyandpreventconceptualisations
beingmadethatcontradictdomainknowledge.

Bioinformatics is mainly concerned with organic
macromoleculacompounds. Thus, organic molec-
ular compound was split into the biologically use-
ful distinctions of macromolecular-compound and
small-molecular-compound. the distinction is one of
size and a protein, for example, of over 100 Daltons is
usually said to be a macromolecule. Unfortunately the
boundaryis more comple, a smaller molecule can still
be “macro”, dependingon its context. For this reason,
sufciency conditionswerenot usedin thede nition. Useful
small organic moleculeswere simply assertedas primitive
conceptaunderneatismall-organic-molecular-compound.
Theseinclude nucleotide, amino-acid andothersusefulin
describingthe propertiesof biologicalconcepts.

For the purposes of the TaO,
macromolecular-compounds are polymers  of
small-organic-molecular-compounds and are de ned as
such. Thus,protein is de ned asa polymerof amino-acid,;
nucleic-acid asa polymerof nucleotide andpolysaccaride
asa polymerof saccaride. A macromoleculeeanonly be
a polymerof onekind of small molecule,so the value-type
restrictionis usedin the slot constraint.It is only possibleto
be one of thesemolecules so the disjoint axiomis usedon
thesemacromolecules.

As mostof bioinformaticsconcentratesntheanalysisand
descriptionof nucleicacidsandproteins,muchof the TaO's
descriptionconcentrates thisarea.DNA andRNA areboth
nucleicacidsformedfrom differentkinds of nucleotide.

Describing DNA slot-constraint value-type has-alue
deoxy-nucleotide, allows the classi er to correctly placeit
asakind of nucleic-acid andcapturethat DNA canonly be
a polymer of the deoxy-form of a nucleotideand someof
thenucleotidehave to be present.Thevariousdifferentkinds
of DNA andRNA aredistinguisheddy their function and/or
cellular location. Again, as before, other partsof the TaO
areusedto describethesepropertiesof biological concepts.
For example,genomic-dna is dnathatis foundon anuclear
chromosome, chloroplast chromosome,or mitochondrial
chromosome.The slot constraintusesor in the ller class
expressiorto describethis:

slot-constrainpart-of
cardinality 1
value-type
(nuclear-chromosome or
mitochondrial-chromosome or
chloroplast-chromosome)).



The TaO containsa rich partonomy The cellular struc-
tures, in particular use the part-of slot and its transi-
tive property to build up this partonomy For instance,
nuclear-chromosome is part-of the nucleus, which itself
is part-of thecell. Thus,anuclear-chromosome is part-of
thecell.

Thesebiological-structuresnd associateghartonomyare
partof the TaO. Not only arethey usedin building someof
the descriptionsof bio-conceptshut arealsopart of the de-
scriptionof the contentof bioinformaticsresources.

In theinitial descriptionof kinds of protein, holoprotein,
enzyme andholoenzyme wereoriginally primitive classes,
with no slot constraintsandan explicitly assertealasshier
archy: holoprotein andenzyme weresubclassesf protein,
andholoenzyme wasa subclas®f enzyme.

During the extensionandre nementphasethe properties
of the variousclassesveredescribedn moredetail: it was
assertedhat a holoprotein binds a prosthetic-group, that
an enzyme catalyses a reaction, andthata holoenzyme
binds a prosthetic-group. Several of the classesverealso
upgradedo beingde ned whentheir descriptionconstituted
both necessaryand sufcient conditionsfor classmember
ship,e.g.,aprotein is aholoprotein if andonly if it binds a
prosthetic-group.

Enzyme was removed from the superclasdist and re-
placedwith protein; thenholoenzyme's propertiesverede-
scribedin moredetailusingslot constraints—irparticular it
was assertedhat a holoenzyme catalyses a reaction and
binds a prosthetic-group. This allows the reasoneto infer
notonly thesubclasselationshipw.r.t. enzyme, but alsoad-
ditional subclasselationshipaw.r.t. holoprotein, andin par
ticular thatholoenzyme is a subclasf holoprotein. This
latterrelationshipcouldhave beenmissedf theontologyhad
beenhandcrafted.

Theextensionandre nementphasealsoincludedtheaddi-
tion of axiomsassertingdisjointnessgequalityand covering,
furtherenhancingheaccurayg of themodel.Referringagain
to Figure7, ourbiologistinitially assertedhatcofactor wasa
subclas®f bothmetal-ion andsmall-molecule (acommon
confusionover the semanticsof "and' and “or') ratherthan
beingeitherametal-ion or asmall-molecule. Subsequently
whenit wasassertedhatmetal-ion andsmall-molecule are
disjoint, thereasoneinferredthat cofactor waslogically in-
consistentandthe mistale wasrecti ed. Modelling mistales
suchasthesditter bioontologiescraftedby hand.

There are two kinds of cofactor — coenzyme and
prosthetic-group. A coenzymecan be either a small
moleculeor metalion andbindslooselyto a protein. A pros-
theticgroup,ontheotherhand,is akind of cofactorthatbinds
tightly to a protein,but canonly bea smallmolecule.Again,
OIL is expressie enoughto capturethesedistinctionsaccu-
rately

class-detle ned prosthetic-group
subclass-otofactor and (not metal-ion)
slot-constrainbinds-tightly
has-alueprotein

The slot hierarcly wasalsousedto inducethe classi ca-
tion of typesof enzyme.For example,reaction (usedin the
de nition of enzyme) hasa child lysis. Lysisis thebreaking
of a covalentbondandhydrolysisis breakingof a covalent
bondwith watet Thesetwo reactionsare de ned usingthe
following slotde nitions:

slot-deflysis-of
domainreaction
rangecovalent-bond

slot-defhydrolysis-of
subslot-oflysis-of

class-detle ned lysis
Subclass-ofeaction
slot-constraintysis-of
has-aluecovalent-bond
value-typecovalent-bond

class-defle ned hydrolysis
subclass-ofeaction
slot-constrainhydrolysis-of
has-waluecovalent-bond
value-typecovalent-bond

class-defle ned lyase
subclass-oprotein
slot-constraintatalyses
has-aluelysis
value-typélysis
class-detle ned hydrolase
subclass-oprotein
slot-constraintatalyses
has-aluehydrolysis
value-typehydrolysis

A lyase is a proteinthat catalysedysis. A hydrolase is
a proteinthat catalyseswydrolysis. As theslot hierarcly de-
scribeshydrolysis-of beinga subslotof lysis-of, hydrolysis
is a child of lysis andconsequentlyhydrolase is a child of
lyase.

Otheradwantageslerived from the useof OIlEd included:

The frame-like look andfeel of OilEd, andthe frame
approacthof the OIL languagemadeontologydevelop-
mentmuch lessdauntingto our biologist than writing
SHI Q logic expressionsvould have been.

Clipboard facilities provided by OIilEd allowed
(parts of) frames to be copied and pasted, mak-
ing it easyto experimentwith newv de nitions and
to maintain a consistent modelling style. E.g.,
coenzymeA-requiring-oxidoreductase was built by
copying nad-requiring-oxidoreductase and chang-
ing the constrainton the binds slot from nad to
coenzymeA. Thereasonethenautomaticallymigrated
theclassfrom beinga subclas®f holoenzyme to being
asubclas®f coenzyme-requiring-enzyme.

Clasgde nitions canbeassimpleaspossibleyetascom-
plex asnecessaryPartsof the TaO aresimply primitive
framesandslots; otherpartsare very elaborateand ex-
ploit thefull expressie power of the OIL language.



In TAMBIS, the ontology is managedby an ontology
sener that malkesfull useof the classde nitions, e.g.,
to classifyusergeneratedjueryclassesHowever, being
ableto deliver a static“snapshot’of the ontologyin the
form of an RDFStaxonomyhasproved extremelycon-
venientwhenworking with collaboratoravho arebuild-
ing ontologiesthatarein fact simpletaxonomiessuch
asthe GeneOntolagy [Ashhkurneretal., 2004.

5 Conclusion

Ontologiesare usefulin a rangeof applicationswherethey
provide a sourceof preciselyde ned termsthatcanbe com-
municatedacrosspeopleandapplications.We have usedas
an example,the initial developmentof a molecularbiology
andbioinformaticsontology Examplesrom this casestudy
have beenusedto demonstratéhe utility of OIL'sintegration
of featuredrom frameandDL languageslt canbeseerfrom
thecasestudythatOIL cansupportacyclical ontologydevel-
opmentwhereincrementamovesaremadefrom a primitive,
assertedaxonomyto onewhereconceptsarerich with prop-
erties. Thesepropertiescan be usedto add richnessto the
ontology (from inferredknowledge),aswell asensuringthe
logical consisteng and satis ability of the ontology Thus,
theuseof reasoninganbeseerto beimportantfor thedesign
andmanagemerf ontologiesduringtheir development.

OilEdis aprototypedevelopmenervironmentfor OIL, de-
signedto testand demonstrataovel ideas,andit still lacks
mary featuresthatwould be requiredof a fully- edged on-
tology developmentervironment,e.g.,it providesno support
for versioning,or for working with multiple ontologies.lIt is
likely that during the developmentof the TaO that other or
fragmentsof other ontologieswill beimportedinto the TaO.
Moreover, the reasoningsupportprovided by the FaCT sys-
temis incompletefor OIL extendedwith concretedatatypes
andindividuals,anddoesnotincludeadditionalservicesuch
asexplanation. Thus, the de nitions usedfor atom andthe
chage onions is not usedin constructingthe classi cation.
Explanationhas potentialusein both the developmentand
useof a bio-ontology During developmentjt will obviously
be usefulto have explanationsof why a conceptwasunsatis-

able accordingto the currentmodel. It is a goalfor a bio-
ontology suchas TaO, to be usedin the analysisof novel
biological macromoleculesCertainbioinformaticsanalyses
candescribethe propertiesof suchmolecules.If thesecould
becastin termsof the TaO, novel conceptgeneratedby such
analysegouldbeclassi edin theTaO.theuseof explanation
couldsigni cantly guidetheuseof suchanalyses.

During this casestudy we have presente®IL andOilEd,
anontologyeditorthathasaneasyto useframeinterface,yet
at the sametime allows usersto exploit the full power of an
expressie ontology language(OIL/DAML+OIL). We have
alsoshavn how OilEd usegeasonindo supportontologyde-
signandmaintenanceandpresente casestudyillustrating
how this facility canbe usedto develop ontologiesthat de-
scribetheir domainsn moredetailandwith greaterdelity .
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