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Molecularcomputingis a new paradigmto performcalcula-
tions usingnanotechnology. This paperpresentsthe overall
researchdirection from which molecularinferenceand ex-
pert systemsareemerging. It introducesthe subjectmatter
and a generaldescriptionof the problemsinvolved. This
includesselectedmethodsof knowledge representationby
DNA oligonucleotides,strategies of the inferencemecha-
nism,conceptof theinferenceenginebasedoncircularDNA
molecules,particularlyderived from plasmids,practicalex-
periencein DNA inferenceengineimplementation,anddis-
cussionof the experimentalresults. The approachallows
evaluatinglogicalstatementsanddrawing inferencesfor gen-
eratingotherstatementsvia DNA computing. Seriesof ex-
perimentshave beenconductedto confirmpracticalutility of
thisapproach.In theseexperiments,parametersof biochemi-
cal reactionswerevariedto determinetruth/falserecognition
accuracy. In addition,we discussthe fundamentalissuesof
inferenceengineandtry to enhancephysicalinsight into the
dominatingfeaturesof theapproachproposed.
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In recentyears,progressin silicon technologyof integratednetworks hascometo a standstill,as
fundamentallimits arebeingreached.This fact, however, provided opportunityfor alternative de-
vicesandstimulateddevelopmentof new techniquesto performcomputationsin moreeffective way
(Mulawkaet al., 1998b).Seminalwork of Adleman(1994)madeabreakthroughin thisareademon-
stratingthatbiochemicalmolecularexperimentsonDNA maybeusedin solvinganumberof complex
problems(Mulawka,1997). Subsequentproposalshave continuedto usethis paradigmof computa-
tion (Baum,1996;Kolataet al., 1995). Paperson evolutionarycomputation(Goldberg, 1989;Koza,
1992;Wa̧siewicz et al., 1997a;Wa̧siewicz & Mulawka,1997b;Wa̧siewicz & Klebus,1997c)in con-
nectionwith DNA computing(Dassen,1999;Mulawka& Wasiewicz, 1998e;Mulawkaetal., 1999c;
Paunet al., 1998)havebeenwritten (Mulawkaet al., 1999b;Stanczaket al., 1999),alsoaconceptof
molecularcomputer(Biswas,1993;Hill et al., 1994;Pederson,1989)andits new architectureshas
beenenvisioned(Gehani& Reif, 1998;Heathetal.,1999;Lipton, 1995;Malone,1995;McCaskill et
al., 1997b;Montemerloetal., 1996,1997;Murphyet al., 1997;Wa̧siewicz et al., 1999c).

Simultaneouslytheseadvancesheraldedtherapidaccelerationof a new field known asmoletron-
ics,or molecularelectronics.Ionic andcovalentbounded’artificial molecules’have beendiscussed.
Basedon thesefactsa conceptof quantumcomputerhasappeared(Ashoori,1996;Beth,1997).Re-
cently, significantprogresshasbeenachievedin calculationsbasedonrotaxanes(Collier etal.,1999).
Crudemolecularcomputercomponentshave beencreated.Molecularapproach- if implemented-
opensa new opportunityin computingandsignalprocessing(Mulawka & Nowak, 1999d),but its
potentialhasnotbeenfully exploredasyet (Jagielskaet al., 1998).

In DNA computing,informationis storedin moleculesthatarelinearpolymerscomposedof nu-
cleotides.DNA moleculesarecomposedof singleor doubleDNA fragmentsandoftencalledstrings,
primers,oligonucleotidesor oligos,andrarelystrands.A single-strandedprimerhasaphospho-sugar
backboneandfour basesdenotedby the symbolsA, T, C, andG. A double-strandedoligo may be
formedof two singleprimersdueto thehybridizationreaction,becauseA is complementarywith T
andC is complementarywith G (Wȩgleński, 1995). SinceDNA stringsarecomposedof four nu-
cleotides,from informaticpoint of view, they representchainsof symbolsovera four-letteralphabet.
Therefore,DNA computingis adequatefor processingsymbolsandlogical structuresthathasbeen
reportedin a numberof publications(Adlemanet al., 1996;Amos,1997b;Amos& Dunne,1997a;
Guptaet al., 1997;Leeteet al., 1997;Liu et al., 1998;Mulawka et al., 1998c,d,1999a;Ogihara&
Ray,1996,1998;Roweiset al., 1998;Wa̧siewicz et al., 1999a,b;Winfreeet al., 1996).

Identificationof problemsthatcanbesolvedby molecularcomputingmoreefficiently thanonclas-
sicalelectronicmachineswould contributeto theassessmentof theefforts put into thedevelopment
of this approachandobviously needfurtherstudy. Questionarisesof which otherareasof computer
sciencemaybestimulatedby this paradigm.Artificial intelligence(Freundet al., 1997;Mihalache,
1997;Rooßet al., 1996;Sakamotoet al., 1998)andespeciallyexpertsystemsmadeby Mulawka et
al. (1998a)seemto bepromisingfor suchresearch.

It hasbeenobservedthatexpertsystemswouldmimic morepreciselyintellectualability of people
if they werebasedon associative memories.Humanmemoryoperatesin an associative manner;a
portionof recollectioncanproducea larger relatedmemory. Onething remindsusof one,andthat
oneof another. If we allow our thoughtsto wander, they move from topic to topic basedon a chain
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of mentalassociations.Suchchainsof associationsmay be formedin biochemicalDNA reactions
(Ausubel& Struhl,1995;Sambrooket al., 1989)by puttingmoleculestogether.

Pursuing”Adleman-experiment”Baum(1995)envisionedrealizationof associativeDNA memory
of thelargercapacitythanhumanmemory. By contrast,classicalexpertsystemsarebasedonordinary
computermemories,which arelocationaddressable.To retrieve a datuman addressis appliedand
theinformationoccupying thataddressis returned.Thus,to find adequatedata,contentsof particular
memorycells mustbe testedif matchingis achieved. Suchprocessis cumbersomeandtakeslong
time for largesetsof data.

In thispaperit will beshown thataconceptof molecularcomputingbasedonDNA maybeapplied
in theareaof expertsystems,andit will bedemonstratedthatusingDNA reactionsaninferenceengine
maybeimplementedin astraightforwardmanner.

SYM BOL I C DESCRI PTI ON OF THE DNA STRANDS

As hasbeenmentioned,symboliccomputationis well suitedfor implementationby meansof DNA
stringsandgeneticengineeringmethodology(Csuhajet al., 1996;Head,1987;Headet al., 1997;Li,
1998;Pisanti,1997).

Examplesgiven below show our DNA notationcreatedin order to simplify descriptionsof our
experiments.One letter marksoneoligo as is seenin Figure1A. In our systems,the upperoligo
usuallypresentsdataandlower (underlined)- logic devices,rulesandsoon. Therefore,they should
not be exchanged.Symbols � and � denotepositionof single stringsin space. A cornerof such
symbolrepresents5’ end,while anopenedgerepresents3’ end. An underlinedprimer is alwaysin
thesameposition(3’ on theleft, 5’ on theright) evenin otherdouble-strandedoligos.

CTAGAGAGGATGAGAGGTCATGCATCTCTTCACAC5’ 3’
a

GATCTCTCCTACTCTCCAGTACGTAGAGAAGTGTG3’ 5’

b

a)

=

��� � �
CTAGAGAGGATGAGAGGTCATGCA5’ 3’

a1

GATCTCTCCTACTCTCCAGTACGTAGAGAAGTGTG3’ 5’

b

b)

=

� �	�� 
 ���� �	� 
� � ���� ��� 
� � �
CTAGAGAG5’ 3’

a2

GATCTCTCCTACTCTCCAGTACGTAGAGAAGTGTG3’ 5’

b

c)

=

� �	�� � ����� �	�� � �
CTAGAGAGGATGAGAGGTCAT5’ 3’

a3

GATCTCTCCTACTCTCCAGTA3’ 5’

b1

d)

=

� �	�� � ���� � ��� �� � � � ���� �	���	� �
Figure1: Analytical representationof DNA oligos.
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� � 
 � 
 � 
 � 
 �� � � � � � � � � �

� 5’
5’

� 5’
5’

Figure2: Theexemplarydouble-strandedoligosdescribedin theaboveequation.� � � � � � � � � �� � � � � � � � � 
 �
5’

5’

� � � �

Figure3: Theexemplarydouble-strandedstringswith sticky ends.� � 

 � � � � 
 � 
 �� � � � � �! 
 �� � "
5’

5’

primer#5’

primer$
5’

Figure4: Theexemplarydouble-strandedoligoswith theblunt end.
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� �
 � � � 
 � 
 �� � � � � �  �� "&% � � 
 � 
 �� � � � � �
5’

5’

primer#5’

primer$
5’

Figure5: Anotherrepresentationof thedouble-strandedstringsbeforeamplification.� �
 � � 
 � 
 � 
 � 
� � � � � � � � �(' �� "
5’

5’

primer#5’

primer$
Figure6: Theexemplarydouble-strandedoligosbefore35 cloningcyclesof PCR.

In Figure1B, a sign



at the right sideof

�
describesa sticky endof

�
shorterthanthe nearest

complementaryoligo
�

. In Figure1C, a sign

�
at the right sideof

�
describesa sticky endof

�
longerthanthenearestcomplementarystring

�
. In Figure1D,thesamesigns

�
at thesamesidesof

complementarystrings
�

and

�
meanthatthesestringsform adoublestrandedoligo with blunt ends.

As is seen,signscanbeomittedor exchangeby thepair of



. If complementarystringshavea same

letter, e.g.,
�

, thenin orderto distinguishthem,asigntilde (
�
) is addedto theone.”Halves”of strings

aredenotedby letters ) (a right string part) or * (a left string part) in upper, right indicesof these
strings,e.g.,

� � �,+!�-�	.
.

In Figure2 - 6, examplesof notationin differentcasesareexplained.Notethatthesign



maybe

additionallyappliedto markasymbolicdisjunctionbetweentwo hybridizedprimers,andthesign
�

to
denoteconcatenationof strings(afterhybridizationandligation) andthesign

�
to lengthena string,

e.g.,

�
, of course,only in theequations,not in realexperiments.PolymeraseChainReaction(PCR)

maybeusedto lengthenanoligo by a lengthof asticky endof a primer. A DNA oligo hasits length.
In our experiments,its lengthwill bewritten in anupperright index of anoligo letter, e.g.,

� �0/1'
, and

ligatedDNA stringswith lettersin brackets 2 and 2 , e.g., 2 �3�4� 2 �(�(� , 2 � � 2 5(6 .
In Figure4-6, PCRprocessdescriptionis presented.The5’ endsof bothprimersarelike 7 and 8

bracketsandan unknown (or not so importantto bewritten) numberof PCRcyclesis definedby a
symbol 9 . In Figure5, both 5’ endsof primersterminateexactly above 3’ endsof oligos

�
and

�
.

Thus,brackets 7 and 8 arejust betweenoligo letters. Now thenumberof PCRcyclesis equalto 35.
After PCRreactionin a vessel,therearemillions of amplifiedmoleculesandvery smallamountsof
others.Therefore,a sign

%
is alsoutilized in Figure5. As is seen,oligosareamplifiedfrom 5’ end

of theprimernumber1 to 5’ endof theprimernumber2.
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THE I NFERENCE M ECHANI SM S

Knowledgerepresentationplaysanimportantrole in inferencesystems(Mulawka,1996),wherethe
knowledgeshouldbe formalizedandstructured. Oneof the methodsthat cansupportknowledge
structuringis known asproductionrules. Suchrulesarealsoreferredto asIF-THEN rules. An al-
ternativedesignationfor IF-THEN rulesis thatof condition-actionor premise-conclusionstatements.
Theremaybeseveralpremisestatementswithin a singlerule. Amongruleswecandistinguishthose
oneswhoseconclusionsarenot final for theinferencesystem.Suchrulesarecalledindirectrules.In
our approachtheruleswill berepresentedby DNA molecules,which aredescribedin thenext point.

Anotherpart of the knowledgebaseconstitutesfacts. As a fact, we considera statementto be
valid. Thefactexistsin our inferencesystemif adequateDNA oligo representingit is includedin the
knowledgebase(Baum,1995).If thepremiseof aruleis satisfiedbasedonthefactsandits conclusion
parthasbeenimplemented,therule is saidto fire. In traditionalexpertsystems,theknowledgebase
notonly storesrulesfor processingknowledgeandindividual facts,it alsoincludescomplex objects,
their attributes,relationshipsbetweenobjects,andrulesfor deriving new knowledgefrom existing
knowledge,i.e., heuristics.However, in our approachtheknowledgebaseis simplified to rulesand
factsonly.

The inferencemechanism,in general,is a part of an expert systemthat draws inferencesfrom a
knowledgebaseaccordingto a fixedproblem-solvingmethod.Thefunctionsof theinferencemech-
anismin classicalsystemsincludecontrolling theactionsbetweenthe individual partsof theexpert
system,determiningthe time for andthe type of rule processing,controlling the dialoguewith the
users. In simple case,the rules may be graphicallyrepresentedby so-calledinferencenetworks.
Thesenetworkscompriseassertionsandintermediateconclusionswhichmaybecombinedby logical
connectives,specificallyAND or ORoperators.Theinferencemechanismcanoftenbemadeclearer
by meansof theinferencenetwork.

A methodusedby theinferencemechanismin problemsolvingis calledinferencestrategy. Three
mainstrategiesmaybedistinguished:forwardchaining,backwardchaining,andmixedchaining.For
example,in backwardchainingall rulesin theknowledgebaseleadingto thehypothesisareselected,
followed by a checkto determinewhetherapplicablerulesexist that canbe usedfor satisfyingthe
conclusions.Thesameprocedureis usedfor theconditionsof theserules.Onthecontrary, in forward
chainingtheknowledgebaseis searchedfor therulesassociatedwith known factsandtheactionpart
of theserulesis executeduntil thesolutionis reachedor no morerulescanbeapplied.

The ordinarypremisemay be denotedby the symbol :<; for =?>?@<ACBEDGF ( D - a numberof such
premises),andtheir setby H . Theordinaryconclusion(alwaysasthefirst premiseof thenext rule)
is depictedby thesymbol I + for *J>K@<ACBMLNF ( L - a numberof all suchconclusions),andtheir setbyO

. Thesymbol P signifieshybridization,and Q - concatenationfor :R;S>KH and I + > O . Therule: �;UT : �;UT�VWVWVXT :	Y;[Z I + is representedby connectedoligonucleotidescreatinglinearform:\ �^]`_�a Yb_�a � : _; I + 2 �^] : �;-VWVWV : Y; I + 2 .
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PremisesandconclusionsarejustDNA stringswith orientationced3f ged andareconnectedin com-
plementarymannerwith their ”halves” to DNA fragmentsh3i for jk>�l :m\ ��� 
 h3i 
 h3ion � VWVMV h3iop � n Y 
 h3ion Y 
: �; 
 : �; 
 VWVMV 
 : Y; 
 I + �
The premise: �; is the first in the rule number = . The next premisesarewith indices q up to the
conclusionI + at the endof the rule string. Indicesof strings h arenot connectedwith indicesof
premisesandconclusions.Hybridizedwith thehelpof thesestringspremisesandconclusionscanbe
concatenated.

Thegivenin thework of Mulawkaetal. (1998a)methodcalled”modusponens”hasbeenapplied.
Moleculesrepresentingrules createinferencepathsduring the inferenceprocessconsistingof the
following operations:hybridization,concatenation,andresultingstring detection. Thesepathsare
truth pathsfor hypotheses(last conclusionsin thepaths).ConclusionsI + of first rulesbecomefirst
premises: �; of secondrulescreatingthe completereasoningpath,which canbe representedby the
sequenceof DNA strings:\ �sr \ut �wvxa tbvxa � \ v � \ � 
 \ � 
 VWVWV 
 \ut �y] : �; vza tbvxa �|{ _�a Y	}b_�a � : _;�~ v 
 I + ~ v�� 2�Z ] : �; vxa t�vxa � { _�a Y,}�_�a � : _;�~ v � I + ~ v � 2 �wvza t�vxa � \ v � \ ��� \ ��� VMVWV � \ut
where � is a numberof rules in the path,and � v - a numberof premisesin the rule number� .
Theorientationced�f ged is denotedby signs:

]
and 2 . Thesign

�Z meansexecutionof concatenation
process.Next, premises:<; (from thesecondoneto thelastonenumber� v ) arebasicfactsknown at
thebeginningof inferenceprocess.If thefacthasavalueequalto TRUTH, thanits representingstring
ispresentin thereactionvessel.Todistinguishbetweenpremisesof differentrules,theordinalnumber
of rule

\ v is writtenafteracommain thelower, right index of thepremise:: _;�~ v , theconclusion:I + ~ v ,
andthecomplementarystring: h3i�~ v .

Thetruthpathin theinferenceprocessfrom thefirst premise:R;�~ � of thefirst rule to theconclusionI + ~ t of the last rule number � is describedby the expression

] :<;�~ ��r I + ~ t 2 . Suchpathshastheir
own orientation,becausethey consistof premisesandconclusionsor complementaryto premises
andconclusionsstrings h3i . In the last casethis complementarypathis describedby an expression2 �:R;�~ ��r �I + ~ t��

. This is a needto detectthe whole path

] :<;�~ ��r I + ~ t 2 or her complementarystring2 �:R;�~ �Rr �I + ~ tK� in orderto provethefinal hypothesisI + ~ t . Pathsbuilt in theprocessof hybridizationand
concatenationfrom DNA moleculesaredetectedby their lengthin theprocessof electrophoresis.If

theDNA fragmentscalledDBFs: 2 �Is�+ ~ v �: +;�~ � � areaddedto thereactionvessel,thencircularmolecules
arecreatedfrom thewholepaths.DNA basicfragments(DBFs)connectstartingpremiseswith final
hypotheses.

Thedecisiontree,alsocalledthetreeof intermediaterules,hasonenodecalledtheroot : �;�~ � andthe
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restof its nodesI + ~ v � : �;�~�� for � � � hasexactly onenode-predecessor: �;�~ v andmayhave several
node-successors.Nodeswithout successorsarefinal nodescalledleaves.Thepathfrom theroot (the
startingfact)to theleaf (final fact- hypothesis)is just namedtheinferencepath.

It is the first stepto synthesizeDNA stringsrepresentingpremises,conclusions,andDNA frag-
mentscalledDBFs.Thealgorithmof theinferenceprocesslookslike this:

1. Initiation. Firstall synthesizedDNA stringsareaddedto thereactionvessel;

2. � � ����� ; - mixing

3. � � ����� ; - hybridization

4. Concatenationof hybridizedDNA strings;

5. Detectionof completeinferencepathsandcheckingtruthof endingconlusions- hypotheses.

Premise

Conclusion

5’
5’

IF PremiseTHEN Conclusion

Figure7: Theindirectrule.

�J� �J���	� ���1�R�
Figure8: Theindirectrulesconcatenation.

I M PL EM ENTATI ON OF EXEM PL ARY I NFERENCE SYSTEM BASED ON CI RCU-
L AR DNA M OL ECUL ES

In our approach,the idea of molecularinferencesystemhasbeendeveloped. Considerrule base
comprisingasetof indirectrules.All theserules,with onepremiseandoneconclusion,areconverted
to double-strandedoligoswith sticky ends.Oneof themis depictedin Figure7. Sucha moleculeis
madeof threesectors.Thefirst single-strandedoneencodesagivenpremise,thethird single-stranded
- a givenconclusionandthe seconddouble-strandedsectorconnectsboth previous. Two rulescan
hybridizeon that conditionthat the conclusionsectorof onerule is complementaryto the premise
sectorof thesecondrule. Sticky endsof DNA fragmentsannealto eachotherin theway depictedin
Figure8.
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A

B

C D

E F G

H
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Figure9: Thecompleterule tree.

A setof indirectrulesmaybeinterpretedasa rule tree.Indirectrulescreateedgesof therule tree.
In our approachthis tree is implementedwith the set of representingindirect rulesmolecules. In
nodesof thetree,aprocessof indirectrulesself-hybridizationis performed.In Figure9, for example,
sevenrulesasedgesof agraphhavecreatedthecompleterule treewith a rootat thetopandleavesat
thebottom.

In our method,theknowledgebaseis representedby a watersolutionof DNA moleculesfor par-
ticular indirectrules.Therecanbedifferentsetsof DNA fragmentsin a vessel.If oneor morerules
areabsent,thena treeis incompleteasdepictedin Figure10, whereit is without edges:

\ �
and

\ 5
betweenadequatenodesrepresentingpremises.Thus,moleculesdescribingtheseedgesareabsentin
watersolutionduringbiochemicaloperations.

In orderto retrieve informationaboutfired rules,we proceedasfollows. We addDBFsto our test
tube. The structureof DBF is similar to the rule structurewith this exceptionthat the first single-
strandedpart is complementaryto theendingconclusionrepresentedby a givenleaf of thedecision
treeand the secondsingle-strandedpart to the first rule - the tree root. So eachof the DBFs can
hybridizelikeany rule,but only with theroot andtheleaves.In sucha way aftertheir hybridization,
theDBFschangea completeinferencepathsinto circularDNA stringsasshown in Figure11. There
is alsoapossibledetectionof endingconclusionswith DNA chips.
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A

B

C D

E F G

H

ª�«¬«®

¯M°�±�²´³ ¯M°�±�²wµ
¯E°¶±·²w¸

Figure10: Theincompleterule tree.

In our caseas initial facts,we preparewater solution with a completeset of the DBFs, which
annealto particular leaves. The inferencemechanismdependson thesefragments. Representing
rules,moleculesareaddedto our test tubesolution. As a resultcircular moleculescanbe formed.
Thus,for M leavesM circularmoleculesmaybecreated.If they aredetectedwith useof PCRand
primers,someinferenceis acknowledged. As explainedin Figure11, the primer number3 canbe
usedto detectanadequateleaf conclusion.

To getmorefamiliar with our approachthesimplified inferencesystemhasbeenconstructedand
tested. As an example,considera small inferencesystemcomposedof threerules,which canbe
writtenasfollows: \ �

: A =¿B\ �
: B =¿C\ �
: B =¿D

Next, the setof propermoleculeswaspreparedasdepictedin Figure12. This setmay be rep-
resentedby thegraphasis provided in Figure13, whererespective links betweennodesareimple-
mentedwith DNA molecules.Completesequencesof the DBFs andtheir primerswith placesfor
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leaf

root

rulesfrom root to leaf

5’

5’

Primer¹
PrimerºPrimer»

Figure11: Thecircularmoleculecreatedfrom rulesandoneDBF.

A
B

5’
5’

TGGCGAATGGCTAGGTACGCCC5’ 3’
ATTACCGCTTACCGATCCATGC3’ 5’

B
C

5’
5’

AGTCCTGGTATGCGTCAACTTC5’ 3’
GGGTCAGGACCATACGCAGTTG3’ 5’

B
D

5’
5’

AGTCCTGGTATGCGTCAACTGC5’ 3’
GGGTCAGGACCATACGCAGTTG3’ 5’

C
A

5’
5’

CGGCTGG~~~~AAATGCCTTAA5’ 3’
AAGGCCGACC~~~~TTTACGGA3’ 5’

D
A

5’
5’

CGGCTGG~~~~AAATGCCTTAA5’ 3’
ACGGCCGACC~~~~TTTACGGA3’ 5’

Figure12: Molecularrules:
\ � B \ � B \ � B Molecularbases:¼ � B½¼ � (from top to bottom)andtheir se-

quences(aside).
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A
¾

B

CD

A
B

5’
5’

B¿
C

5’

À
5’

À
D

B

5’

5’

D

A

5’

5’

A

C

5’

Á
5’

Á

Figure13: Thegraphof DNA inferencesystem.

GTCAGACCAAGTTTACTCATA5’ 3’

CTCCAGATTTATCAGCAATA5’ 3’

DBFs: B2 or B1

Primer2

Primer1

CGGCTGGCTGGTTTATTGCTGATAAATCTG5’ 3’
ACG or AAGGCCGACCGACCAAataacgactatttagac3’ 5’

GAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACT5’ 3’
ctcGGCCACTCGCACCCAGAGCGCCATAGTAACGTCGTGA3’ 5’

GGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTAC5’ 3’
CCCCGGTCTACCATTCGGGAGGGCATAGCATCAATAGATG3’ 5’

ACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGAC5’ 3’
TGCTGCCCCTCAGTCCGTTGATACCTACTTGCTTTATCTG3’ 5’

AGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTA5’ 3’
TCTAGCGACTCTATCCACGGAGTGACTAATTCGTAACCAT3’ 5’

ACTgtcagaccaagtttactcataTATACTTTAGATTGAT5’ 3’
TGACAGTCTGGTTCAAATGAGTATATATGAAATCTAACTA3’ 5’

TTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGA5’ 3’
AATTTTGAAGTAAAAATTAAATTTTCCTAGATCCACTTCT3’ 5’

TCCTTTTTGATAATCTCATGACCAAAATGCCTTAA5’ 3’
AGGAAAAACTATTAGAGTACTGGTTTTACGGA3’ 5’

Figure14: Primersfor DBFs: Âs)�ÃÄq � ) � , Âs)�ÃÄq � ) � , DBFs: ¼ � , ¼ � (from top to bottom).

12



GAAAACTGCCGTTAAGGCATTTTGGTCATG5’ 3’

CTCGGCCCTTCCGGCTGGC5’ 3’

CTCGGCCCTGCCGGCTGGCTGGTT5’ 3’

Primpbr1

Primpbr2

Primpbr3

Figure15: Primersfor pBR322:Â-)�Ã�qJÂ � ) � , Â-)�ÃÄqJÂ � ) � , Âs)�ÃÄqJÂ � ) � .
theseprimers,markedwith small lettersin theDBF code,aredepictedin Figure14. Thesequences
of our DBFs in Figure12 arenot complete.Their two variantswereobtainedby PCRamplification
of pBR322plasmidusingprimers,whichsequencesareshown in Figure15. Sticky endsof theDBFs
wereobtainedafterdigestionwith theenzymeBglI.

Plasmidsusually transportgenesinto a host cell, but this ability will be usedin the future ex-
periments.Circular moleculesweremultiplied with PCRandadequateprimersasdepictedin Fig-
ure16 and17. Two completecircularinferencepathsareshown there.

EXPERI M ENTAL VERI FI CATI ON

To verify the conceptof simplified universalmolecularreasoningenginesomeexperimentswere
performed(Ausubel& Struhl, 1995;Sambrooket al., 1989). We constructedtwo double-stranded
DNA fragmentsrepresentingthe DBFs ¼ � and ¼ � . They are305 basepairs long and they have 3
nucleotidesticky ends.Oneof thesticky endsis thesamefor ¼ � and ¼ � : TAA. Thesecondsticky end
for ¼ � is GAA andfor ¼ � is GCA. In fact,this is theonly differencebetweenfragmentsrepresenting
the DBFs. In addition primers Å·)�Ã�q � ) � and Å·)�ÃÄq � ) � are complementaryto somepartsof these
fragments.Theseprimersareusedin thePCRreactionthatis usedto amplify theamountof correctly
formedcircularoligosrepresentingcompletepaths.

The interpretationof our computationis asfollows: givenfactA (representedby theTAA sticky
endof ¼ � or ¼ � ) anda setof rulesR (representedby shortdouble-strandedDNA fragmentswith
threenucleotidesticky endsat both sides)we can derive conclusionC or D (representedby the
secondsticky endof ¼ � or ¼ � ). In our small knowledgebasethereareonly threerulesdescribedin
Figure12-13.

Thecomputationconsistsof severalsteps:Æ Preparationof fragmentsrepresentingrules.Fragmentsrepresentingruleswereannealed( c�Ç�È C
for 5 minutes)andphosphorylatedby T4 polinucleotidekinase. Reactionswere performed
accordingto manufacturerrecommendationwritten by Sambrooketal. (1989).Æ Annealing.Correctcirclesareformedwhen ¼ � , \ � , \ � or ¼ � , \ � , \ � arepresentduringanneal-
ing step.Wecall thesetesttubes¼ � 
 and ¼ � 
 , respectively. To checkthatour implementation
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Figure16: ThecircularDNA inferencepath Ì Z ¼ Z Í§Z Ì .
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Figure17: ThecircularDNA inferencepath Ì Z ¼ Z�ÎÏZ Ì .
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Y ÐÒÑ Ð½Ó Y ÐÒÑ n Ð½Ó nÔ20bp

ÔÔ189bp

Figure18: DNA electrophoretogramof thefirst experiment: � - marker lane, ¼ - experimentlane,
ligation24hin roomtemperature,PCR- 25cycles.

of reasoningengineworksfine, we make 4 testtubesthatshouldnot form correctcircles. We
call them: ¼ � ( ¼ � only), ¼ � ( ¼ � only), ¼ � � ( ¼ � , \ � , and

\ �
) and ¼ � � ( ¼ � , \ � , and

\ �
). In the

annealingstep,we mix fragmentsthat representappropriaterulesandthe DBFs in testtubes
andlet theannealingreactionoccurfor 5 minutesin c�Ç È C.Æ Ligation. Processof ligationwasperformedin differentconditionsandfor severaltimeperiods.
Our goalwasto determineperfectligation conditionsin which circleswould be createdonly
for testtubes¼ � + and ¼ � +. Resultsof someexperimentsareshown in Figure18, 19, and20.
In all experiments,1 Weissunit of T4 DNA ligasewasaddedto the testtubes.Ligation time
variedfrom 1h to 24h.Ligation temperaturewas c�Ç È C or just roomtemperature.Æ PCR.After renaturation(2 minutesin Õ�g È C), 2 unitsTaqDNA polymerasewereaddedto each
testtube. After thatPCRwasperformed.Numberof cycleswasdifferentin eachexperiment.
After 18,21,24,or 25 cyclesthetesttubeswerekeptfor 30 secondsin Ö�g È C.Æ Electrophoresisandidentificationof thesolution.PCRproductswereresolvedin 6%acrylamid
gel. Correctstringsare189basepair long. Theidentificationof suchafragmentin properlanes
waspossiblebecausestandardmarkerwasalsoadded.In mostof theexperimentscorrectcircles
wereobservedin tubes¼ � + and ¼ � +. Thenumberof correctcirclesobservedin othertesttubes
wasmuchsmaller(or therewerenone)(seeFigures18,19,and20).

In Figure18, 19, and20, the correctstring size is equalto 189bp. It is seenin Figure18 that
after24hligation and25 cyclesof PCRin thelanes,¼ � + and ¼ � + arestrong189bpbands,but DBFs
sometimesannealwith themselvescreatingbandsbelow thosecorrectones. In addition,20bpand
21bpoligos weredetected.They representprimersnot usedduring PCRreaction. In the lanes ¼ �
and ¼ � oligos correspondingto the correctproductwere not detected. This fact agreeswith our
expectations.In the laterexperiments,shown in Figure19 after1h ligation, 21 cyclesworsecorrect
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Y ÐÒÑ n ÐÒÑ p Ð4Ó n Ð4Ó p Y ÐÒÑ n ÐÒÑ p Ð½Ó n Ð½Ó pÔ20bp

ÔÔ189bp

Figure19: DNA electrophoretogramof thesecondexperiment:� - markerlane,¼ - experimentlane,
ligation1h in roomtemperature,21cyclesof PCRin four first exper. lanes,24cyclesof PCRin four
lastexper. lanes.

bandswereobtained(with strongerwrongones).In the lanes¼ � � and ¼ � � otherrulesareinserted
in the placeof the correctones,e.g.,in the ¼ � � lane-

\ �
,
\ �

, ¼ � DNA fragmentsareusedandin
the ¼ � � lane-

\ �
,
\ �

, ¼ � DNA fragmentsareused.In Figure20, after1h ligation and24 cyclesof
PCRtherewasno improvement,but after 24 cyclestherewasa slight improvementin comparison
with previousexperiment.In general,¼ � lanesarebetterandthis is causedby differentsticky endsof
DBFs.

Thus,it is quitesurethatin spiteof shortligation,goodcorrectbandscanbeobtained.Mismatches
in hybridizationcanbeavoidedby betterdesignof oligossequencesandby carefullychosen,more
expensive,betterquality products.Analysisof theresultsof experimentsleadsto conclusionthatthe
bestligationconditionsare:1h in roomtemperature.Thenumberof cyclesshouldbebetween19and
21(however, moretestsareneededto determinebetterconditions).

OPPORTUNI TI ES OF FURTHER I NFERENCE SYSTEM DEVEL OPM ENT

In this point theideafirst mentionedin work of Mulawkaetal. (1998a),andmodifiedin theprevious
points,is developedandextended.Ourobjectiveis to constructaspecialDNA moleculerepresenting
therulewith severalpremises,whichmaybeconclusionsof otherrules.Sofar, everyruleis permitted
to have only onepremise,which might alsobe the anotherrule conclusion.This hasbeenthe first
premisein eachrule. In theproposedbelow molecule,it is possiblefor therule to have severalsuch
premises.

Theordinarypremiseis denotedby thesymbol:R; for =×>Ø@<ACB½DÙF ( D - anumberof suchpremises),
andtheirsetby H . Theordinaryconclusion(alwaysasthefirst premiseof thenext rule) is depictedby
thesymbol I + for *u>Ú@<ACBMLUF ( L - anumberof all suchconclusions),andtheir setby

O
. Thenew type

conclusion(andalsothepremise)is describedby Û3Ü for Ý§>Þ@<ACBàßáF ( ß - a numberof all modified
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Y ÐÒÑ n ÐÒÑ p Ð½Ó n Ð4Ó p Y ÐÒÑ n ÐÒÑ p Ð½Ó n Ð½Ó pÔ20bp

ÔÔ189bp

Figure20: DNA electrophoretogramof thethird experiment: � - marker lane, ¼ - experimentlane,
ligation2h in roomtemperature,21cyclesof PCRin four first exper. lanes,24cyclesof PCRin four
lastexper. lanes.

conclusions),andtheir setby â . Therule is representedby connectedoligonucleotides,which may
bewritten: \ �^]`_�a Yb_�a � Å _ãåäNæ 2 �y] Å �ã VMVWV Å Yã�äNæ 2
whereÅ �ã T Å �ã T�VWVWVeT ÅuYã Z äNæ ; thesymbol P depictshybridization,andafterit concatenationforqç>Ú@<ACBW�§F , where� is anumberof rulepremises,and Ã->Ø@<ACBEL 
 ßáF , èS>Ú@<ACBED 
 ßáF ; éê>ÚH�ë®â
is asetof all possiblepremises,and ì�> O ëáâ is asetof all possibleconclusions.

As is seen,premisesandconclusionsareDNA stringswith orientationced¶f ged andareconnected
by complementaryto their ”halves”DNA fragmentsdenotedby h3i for jk>kl :m\ � � 
 h3i 
 h3iín � VWVWV h3i£p � n Y 
 h3ion Y 
Å �ã 
 Å �ã 
 VWVWV 
 Å¬Yã 
 äîæ �
Thefirst premiseÅ �ã , andfurtherpremiseswith indicesq , canbedistinguishedupto thefinal hypoth-
esisat theend äîæ . Indicesof h stringsarenot connectedwith indicesof premisesandconclusions.
Hybridizedby them,premisesandconclusionsmaybeconcatenated.

Theaddedpremise,Û�Ü � Û¶ï Ü4ð , andtherule
\¬ñ

changesthestructureof inferencepath:\ �-r \ut � � 
 hàò�ó Ñ VWVWV 
 hCôÄó õ 
 hCô÷ö Ñ ó õ VWVWV 
 hCòÄöùø4ú�ó ú 

: Ñû ó Ñ 
 VWVWV : ôû ó õ 
 Û .ü ýÿþ 
 VWVWV : ø½úû ó ú 
 I�� ó ú �\îñ � � 
 hCò�ó � 
 VWVMV 
 hàòÄöùø � ó � ü ýÿþ�: Ñû ó � 
 : Óû ó � VWVMV : ø �û ó � 
 
 "
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wherefor j�B � >Úl , j ] � ] j 
 � t , � >w@<ACBE�wF , beforeinserting Û ï Ü ð in theplaceof thepremise:�� n �;�~�� theinferencepathcouldbedenotedby:\ �-r \¬t � vxa tbvza � \ v �^] : �; vxa tbvxa � { _�a Y	}b_¶a � : _;�~ v 
 I + ~ v � 2 .
Thesequenceof symbols

] 
 �Ú� 	 Ý�
12 representstheleft partof theDNA string Û¶ï Ü4ð � Û +ï Ü ð � Û .ï Ü ð �^]
 �&�
	 Ý�
42 � ] Û .ï Ü ð 2 , whichastheconclusionconnectsits left partwith therule

\¬ñ
, andasthepremise

- its right part with the rule
\ � . Its left part is turn up with


|

, andis finishedby an index

	 Ý�
 of
thepremiseÛ ï Ü ð in thefollowing way:

ü Ü4ð� showing thefirm connectionbetweenthem.Thus,afterhy-
bridizationtwo rules

\¬ñ
and

\ � areconnectedby onepremiseÛ ï Ü ð . Theconcatenationprocessreveals
noconnectionbetweenthepremisestrings:��;�~�� and Û ï Ü ð :\ �-r \ut � � 
 hàò�ó Ñ VWVWV � hCôÄó õ � hCô÷ö Ñ ó õ VWVWV � hCòÄöùø4ú�ó ú 


: Ñû ó Ñ � VWVWV : ôû ó õ 
 Û .ü ý þ � VWVWV : ø½úû ó ú � I�� ó ú �\îñ � � 
 hCò�ó � � VWVMV � hàòÄöùø � ó � ü ý þ�: Ñû ó � � : �û ó � VWVMV : ø �û ó � � 
 "
Notethatin thesystemof � 
 A rules,two inferencepaths 2 �: �;�~ � r �I + ~ tK� and

] : �;�~ ñ r I + ~ t 2 arecreated

andtwo other

] : �;�~ � r I + ~ t 2 and 2 : �;�~ ñ r �I + ~ tK� arenotcreatedonthewhole.Thetruthof theconclusionI + ~ t from therule
\¬t

dependson theintegrity of theinferencepath 2 �: �;�~ � r �I + ~ t§� andon thetruthof
thepremiseÛ¶ï Ü4ð from therule

\ � . This premiseis alsoa conclusionof the rule
\¬ñ

. The truth of the
conclusionÛ¶ï Ü4ð dependsontheintegrity of theinferencepath

] : �;�~ ñ r Û¶ï Ü1ð 2 , which is theleft partof the
path

] : �;�~ ñ r I + ~ t 2 . Thus,thetruthof thefinal conclusion(hypothesis)I + ~ t afterinsertingÛ ï Ü ð depends

ontheintegrity of theinferencepath 2 �: �;�~ � r �I + ~ t§� andontheintegrity of thepath

] : �;�~ ñ r Û ï Ü ð 2 , andin
theconsequenceon theintegrity of theinferencepath

] : �;�~ ñ r I + ~ t 2 .
In orderto inserta next premiseÛ ï Ü½n � ð , for example,in theplaceof thepremise: �;�~ � , the integrity

of the inferencepath

] : �;�~ � r I + ~ t 2 shouldbe assured(of course,the path 2 �: �;�~ � r �I + ~ t �
hasto be

concatenated,too),whatis describedin thefollowing expression:\ �-r \ut � � 
 hCò�ó Ñ VMVWV 
 hCôÿó õ 
 hCôÿö Ñ ó õ VWVWV 
 hàòÄöùø4ú¶ó ú 

: Ñû ó Ñ 
 VMVWV : ôû ó õ 


� ü ýÿþ 
 VWVWV : ø4úû ó ú 
 I�� ó ú �
andconcatenationis denotedby:\ �-r \ut � � 
 hCò�ó Ñ VMVWV � hCôÿó õ � hCôÿö Ñ ó õ VWVWV � hàòÄöùø4ú¶ó ú 


: Ñû ó Ñ � VMVWV : ôû ó õ � � ü ýÿþ � VWVWV : ø4úû ó ú � I�� ó ú �
As is seenin orderto obtainthe mentionedintegrity, the DNA string

� ï Ü ð �y] Û .ï Ü ð 2 with the length
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of the ordinaryfact :R; togetherwith the premiseÛ ï Ü ð is addedto the reactionvessel.This enables
concatenationof thementionedpathandafter it insertionof thenew typepremiseÛ ï Ü½n � ð beforethe
DNA string

� ï Ü ð , which hasbeenput in theplaceof theDNA fragmentÛ ï Ü ð . Now in theplaceof the
premise: �;�~ � thepremiseÛ ï Ü½n � ð canbeinsertedanddetectedasin thecaseof thepremiseÛ ï Ü ð .

Next, in orderto insertthenew typepremiseÛ¶ï Ü½n � ð , for example,in theplaceof thepremise: Y ú;�~ t ,

the integrity of the inferencepath 2 : �;�~ ñ r �I + ~ t?�
shouldbeassured(of course,thepath

] : �;�~ ñ r I + ~ t 2
hasto beconcatenated,too). Thus,togetherwith thepremiseÛ¶ï Ü4ð , thestring

�� ï Ü4ð is added.Thelatter
oligonucleotidelengthenablesconcatenationof the mentionedpathand insertingof the new type
premiseÛ¶ï Ü½n � ð afterthepremiseÛ¶ï Ü1ð . Hybridizationof premiseswith thestring

�� ï Ü1ð lookslike this:

��������� � � � 
 hCò�ó � VMVWV 
 hCòÄöùø � ó � �� ü Ü ð hCôÿö Ñ ó õ VMVWV 
 hCòÄö ø4ú	ó ú 

: Ñû ó � 
 VMVWV : ø �û ó � 
 Û ü ý þ 
 VMVWV : ø4úû ó ú 
 I�� ó ú �

andconcatenationis denotedby:

� ��� ��� � ��� 
 hCò�ó � VWVWV � hCòÄö ø � ó � �� ü Ü4ðhCôÿö Ñ ó õ VWVWV � hàòÄöùø4ú¶ó ú 

: Ñû ó � � VWVWV : ø �û ó � � Û ü ýÿþ � VWVWV : ø4úû ó ú � I�� ó ú �

Now in theplaceof thepremise: Y ú;�~ t , thepremiseÛ ï Ü½n � ð canbeinsertedanddetectedasin thecaseof
thepremiseÛ¶ï Ü4ð .

Thus,with every premiseÛ¶ï Ü4ð , strings
� ï Ü1ð and

�� ï Ü1ð areaddedto the reactionvesselandthey may
createthefollowing, double-strandedDNA molecule:� �� ï Ü ð 
�

� ï Ü ð ����� �� ï Ü ð� ï Ü ð 
 �
.

Thesestringsenableself-assemblingof inferencepaths(from any startingpremiseto conclusions)to
assuretheir integrity. Thedetectionof thetruthof thehypothesescanbedonenow.

Thedecisiontreechangesnow to thedecisiongraph,becauseit hasseveralstartingpremisescalled
roots D æ � : �;�~ � andeachits nodeI + ~ v � : �;�~�� for ���� � canhaveseveralpredecessors: �;�~ v B1: �;�~ v p � B VMVWV
andcanhaveseveralsuccessors.Nodeswithoutsuccessorsarefinal nodescalledleavesandrepresent
hypotheses.

In orderto explain our new method,we presentexemplaryinferencesystemsconsistedof DNA
moleculesgiven in Figure21-24. It is very importantto rememberthat the upperoligos ged·f ced
representhybridizedor concatenated,complementaryto premisesandconclusionsstrings h andthe
lower oligos ced-f ged - thesepremisesandconclusions.In Figure21, the representedrule consists
from the premisesÌ , Í and the conclusion Î . The premise Í is the conclusionof anotherrule¼ Z Í . DNA fragmentsh hybridizingto premisesandconclusionscreateadequatestructures.

It is obviousthatoneinferencesystemimplementationmayhaveseverallogicaldescriptions.Each
of themis with differentsetof rules.Thesystemin Figure22canbedescribedin severalways:
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 h �Ì 
 Í .ü Ñ þ 
 � B � h .� 
 � � �å�Î �� 
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Figure21: Therule representationwith two premisesÌ , Í ( ¼ Z Í ) andoneconclusionÎ .Ì TSÍ TáÎ Z�� BE¼ Z�ÍÌ TSÍKZ Î B Î Z�� B½¼ Z Í
In orderto assurethecorrectinferenceprocess,theconclusionÍ hasto be true(it is thepremiseof
anotherrule,socheckingthetruthof its premisesis verynecessary).

To demonstratetheinferenceprocess,considerthefollowing example.Let theproposedinference
systemconsistof four rulesandtwo DNA fragmentsDBFswrittenbelow:\ �! Ì TáÍ`TáÎÏZ��\ �" ¼ Z Í\ �! D � Z Ì\ /# D � Z ¼¼ �$ � . � D +�¼ �" � . � D +�

Therule
\ �

representedin Figure22 hasthreepremisesÌ , Í , and Î , andthesecondpremiseis
theconclusionof secondrule

\ �
. After hybridizingof thesetwo rulesandligation theupperoligosg d f c d of thefirst rule andthelower oligos c d f g d of thesecondrule areconcatenated.Detection

of thesetwo oligo pathsprovesthe truth of the first rule conclusion. In the decisiongraphduring
detectiononly onenew type conclusioncanexist (in orderto insertanothernew typeconclusionit
is necessaryto insertin theplaceof thepreviousnew typeconclusionspecialfragments

� ï � ð or
�� ï � ð ,

which assureintegrity of the truth paths),as is depictedin Figure23. In the caseof the root D �
detectionwith the help of the DNA string ¼ � andcreationof the circular, inferencemolecule,the
upperoligos ged�f ced arecompletelyconcatenated.Their pathcanbeamplifiedanddetected.Alik e
in thecaseof the root D � detectionwith thehelpof theDNA string ¼ � andcreationof thecircular,
inferencemoleculetheloweroligos c d f�g d arecompletelyconcatenated.Theirpathcanbeamplified
anddetected.Of course,in orderto checkthetruth of theconclusionÍ , thedetectionof theroot D �
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Figure22: Hybridizedtwo rules Ì TSÍ`TSÎêZ�� and ¼ Z Í .

� 
 h ' 
 h � 
 h � 
 h / 
 ¼ �'& �D � 
 Ì 
 Í .ü Ñ þ 
 Î 

�


 � B � ¼ .�(& � ���� �D +�(& � �� 
 h 5 
 h � ü Ñ þ�D � 
 ¼ 
 
 �
5’

3’ )

*

3’

+ ,-/.0(1 25’

3’
5’

Figure23: The decisiongraphwith the joint in theplaceof thepremiseÍ from Figure22 creating
two roots D � i D � .
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Figure24: Thedecisiongraphwith the joint in theplaceof thepremiseÎ from Figure23 creating
two roots D � i D � .
hasto beproceededafter thedetectionof the root D � , becausethe truth pathfrom D � to � depends
on theintegrity of thetruthpathfrom D � to Í .

If thenext new typeconclusionis inserted(togetherwith thewholetruthpathfrom theroot D � with
rules D � Z 5

and
5 Z Î ) in theplaceof theordinarypremiseÎ , thebranchwith theroot D � should

beremovedandreplacedby DNA string
�� �

, asis depictedin Figure24. Changesaredenotedby the
following actions:in thesymbolof thepremiseÍ theexpression

	 AN
 is movedfrom the lower index
to theupperindex; thento thenew typeconclusionÎ lowerindex theexpression

	 Ö 
 is added.During
detectionit is easyto distinguishthecomplete,circularinferencepathsfrom roots D æ to DNA strings
DBF denotedby thesymbol ¼�Ü , which right ”halves”arecomplementaryto someroots D andwhich
left ”halves”arecomplementaryto someleaves L . Of course,like in thepreviouscasethetruthof the
conclusionÍ , now thetruth of theconclusionÎ dependson theintegrity of theinferencepathfromD � to L , andthe truth of the inferencepathfrom D � to L dependson the truth of theconclusionÎ .
Thus,theintegrity of themaininferencepathfrom D � to L dependson theintegrity of theinference
pathfrom D � to L andin theconsequence,on theintegrity of theinferencepathfrom D � to L . In this
way, next new typepremise-conclusionscanbeaddedto theinferencesystem.

Completeinferencepathscanbecreatedafteraddingto thereactionvesselall necessarypremises,
conclusions,andcomplementaryto themDNA stringsh æ , andDNA stringsÛ ï Ü ð togetherwith adequate
DNA strings

�� Ü , � Ü assuringintegrity of thetruthpaths.Duringchemicalreactions,correctconclusion
premisejoints areformed. After involving of Ý new typeconclusionsin thereaction,Ý 
 A circular
truthpathsshouldbecreated.

Thementionedinferencesystemwith threeroots D æ for Ã·> ACBEÖ<BEc would consistof six rulesand
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threeDBF strings. \ �! Ì TáÍ`TáÎÏZ��\ �" ¼ Z Í\ �! 5 Z�Î\ /# D � Z Ì\ '! D � Z ¼\ 5  D � Z 5¼ �$ � . � D +�¼ �" � . � D +�¼ �$ � . � D +�
It shouldbenotedthatin thesystemprovidedtheremaybemoreleaves(finalconclusions-hypotheses),

becausefrom onepremisewe canhave severalconclusions.In this casedependencieswould bede-
notedby several additionalDNA stringsrepresentingrules,DBF fragmentsfor eachpair root-leafD æ � L ã , andprimersfor amplification.

CONCL USI ONS

In this paper, novel approachto implementationof inferenceenginebasedon molecularcomput-
ing paradigmhasbeendiscussed.It hasbeenshown how knowledgecanbe structured,andstored
by meansof DNA circular moleculesto implementan inferenceengine. Sucha systemcanstore
knowledgefor anarrowly definedsubjectareaandsolveproblemsby makinglogicaldeductions.The
inferencemechanismperformsthesetasksby manipulatingon DNA circularmolecules.It provides
the problem-solvingmethodsby which the rulesareprocessed.The inferencealgorithmis simple.
StandardgeneticengineeringDNA techniquessuchasannealing,ligation, andelectrophoresisare
required. Several experimentshave beenconductedto assessthe performanceof inferenceengine
realizedby biochemicalreactions.Theresultsof theseexperimentsindicateinterestingfeatureof the
method.By usingcircularfragmentsderivedfrom plasmids,thedrawn inferencescanbe”read” after
theexperimentswith higherprecisionandefficiency. To achieve reliableperformance,someparam-
etersof reactions- temperatures,concentrationsof oligos, timesof reactions,etc. (Langohr, 1997;
Lipton et al., 1996;Roweis& Winfree,1999)havebeenexperimentallytested.Our resultsshow that
molecularapproachhasapotentialvaluefor building theinferenceengine.

Thisapproachrevealsanumberof advantagesovertraditionalelectronicmachine.Self-assembling
of moleculesmimicsthepropertiesof associativememory(Jonoskaetal.,1998;Winfree,1998).This
techniquehasthepotentialvalueto analyselargeknowledgebases,therebyin principle,pavestheway
to new methodsof programmingin logic (Mihalache,1997).Thus,molecularinferenceengineseems
to beagoodchoicefor implementationof anexpertsystemwith ahugeknowledgebasein theparallel
hardwarewherebothdataretrieval andinferenceprocesswouldberelatively fast.

In futureexperiments,plasmidswith inferencepathscanbemultiplied in bacteriacellsaftertrans-
formationinto thesecells. More sophisticatedinferencesystemswith ruleshaving severalpremises
andconclusionsshouldbedevelopedandimproved.
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