E3E FE12H
2008 4F 12 A

CHINESE JOURNAL OF COMPUTERS Dec.

4

B aEE&E DNA B R MIEIT R EEYSSI

% % Hazr” TxkAET Kongsuwan Kritaya”
DRI RER B SRR L 201620)
D R KRBT I SRR S8 W TP G L 201620
O CRARITE B HR T 40808 40 A MR 25 R R B0 A5 R BE 1072)

iz

A OB OAXE /M DNA 8RR A5 2 AL SO S H T SR L R I AT AR Y S e S e Y
D7 RS TR B T R B 4 Al e B R T T ) S AL A DNA R Bestit . THE G R O I DNA R 800 e SR S
S5 R 53 5 1 AE B (PCRO FIE T G 7 i 5 2 A . SC vl i) O 12 365 T 22 3 A A% R 1 A0 A Tl AL

REER IR DNA T3R5I BT s im0 e 5 va Bl 1
HhEESES TP384

DNA Ligation Design and Biological Realization of Knapsack Problem

ZHU Ying” REN Li-Hong” DING Yong-Sheng"*

D (College of Information Sciences and Technology . Donghua University . Shanghai 201620)

Kongsuwan Kritaya®

» (Engineering Research Centre of Digitized Textile and Fashion Technology of Ministry of Education ,
Donghua University , Shanghai 201620)
3 (CSIRO Livestock Industries s Queensland Bioscience Precinct s St Lucia QLD 4072, Australia)

Abstract

authors realized the biological experiment of parallel searching to solve KP, and used the most

More attention has been paid to DNA computing for Knapsack Problem (KP). The

optimized method to select items within a limited knapsack. The DNA fragments designing is
based on reactions and the computational procedure is high-efficiency DNA ligation. Two meth-

ods were used to detect the results. They are PCR (quantitative analysis) and sequencing (quali-

it A HL =5 Eire Vol. 31 No. 12

tative analysis). It is suitable to the optimization of multiple restriction conditions.

Keywords

sequencing

1 Introduction

DNA fragments have the large storage capa-
bilities and amazing efficiency of molecular self-or-
ganization. These two characteristics inspire re-

searchers with designing of DNA computers' ™. 1

n
previous work, more attention has been put in the

sigma completeness of mathematical theories.

knapsack problem; DNA computing; primers design; high-efficiency ligation; clone

Thus, DNA computers are focused on paradigm or
theoretical model. Therefore, DNA computing is
limited to the design of “cut-ligase” theoretical sys-
tem, without full consideration of the DNA molec-
ular liagtion efficiency. Sometimes, there is possi-
bility to design the ligation reactions up to decades
of fragments to meet the criteria of the problem,
regardless of the reaction efficiency or full usage of
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DNA parallel computing energy which is brought
by replicates and separates of DNA molecules. In
order to illustrate the features of DNA ligation, we
designed the DNA computing reaction steps and
solutions of Knapsack Problem (KP).

KP is one of the classical optimization prob-
lems in operational research™*'. It has important
applications in budget control, project selection,
material cutting and cargo loading, etc. In solving
large problem of multiple operational research al-
gorithms, KP is also regarded as a sub-problem to
deal with. For example, satellite communications,
designing of shared computer system, in which
each progress will lead to additional expenditure of
CPU. and layout of shopping centre, in which the
type of vendor should be balanced with its scalet™.
With the continuous development of network tech-
nology, Knapsack public key plays an important
role in the e-commerce public key designing. It is
beneficial to complicated algorithm of multiple op-
erational research if we make development of KP.

KP is a NP difficult problem, which is studied
by current researchers in conventional comput-
erst®®, DNA computing which has direct coding
and algorithm is the most suitable algorithm to
solve this kind of problem. The size and weight of
each item are directly mapped into physical charac-
teristics of DNA fragments. Furthermore, these
problems are multiple conditions optimization. The
length and mass of DNA fragments can be regarded
as computing and detecting methods. Currently, a
DNA algorithm was designed to solve a standard
KP“). In this paper, we will attempt different

DNA fragments to solve all kinds of KPs.
2 Reaction Design and DNA Coding

2.1 Mathematical Mode of Knapsack Problem
The mathematical mode of a KP is:

max f(a‘l,1‘2,"',1,,):20]xj, j=1,2,,n (1)

j=1
St Daga; by i=1.2.0m; 2, € (0,1} (2)
j=1

In the equation, n is the number of each item. m
is the number of resource. ¢; is the profit of item
j. b; is the budget of resource i. a;; is the quantity
of resource i occupied by item j. z; is the 0-1 deci-
sion-making parameter (when item j is selected,
x;=1; else, x;=0).

KP can be described as the following: Now we
have j(j=1,2,+-,n) items, each item will con-
sume m kind of resources a;; (i=1,2,--,m). We

will get profit ¢; by putting item j into the knap-
sack. Meanwhile, the total consumed resources I
of all the put-in items should not exceed ;. That is
to say, we shall find the best way to put items
with different sized and weights into a limited vol-
ume knapsack to meet the maximum total value.
2.2 DNA Ligation Fragments Design

According to the mathematical model of KP in
the previous section, we provide a DNA computing
algorithm and detecting method in solution to solve
this Binary KP (BKP). The following is an exam-
ple of BKP to illustrate it.

Given a set of items S, there are n=5 items,
among which item i weights w; and values v;. We
take some items from S to put in the knapsack,
maximizing the total value, but within the limita-
tion of total weight, 80kg. The item features is
shown in Table 1.

Table 1 Weight and Price of Each Item in Knapsack
i w; (kg) v; (dollar)
1 15 33
2 20 24
3 17 36
4 8 37
5 31 12

We design an oligonucleotide fragment D; to
represent item i. The fragment’s length is in ac-
cording with item i’s weight w;. In order to make
high-efficiency of DNA fragments ligation in solu-
tion, we set the DNA code for each item as shown
in Fig. 1. w;, is twice the item’s weight minus 10.
It is a double stranded DNA fragment which has
5bp sticky end at both sides. The sticky ends are
to make difference among each items. Theoretical-
ly, 5bp can represent 4° items. If there are lots of
items, we can make more longer sticky ends.

Fig. 1 One DNA strand for item 7

The linker is the complementary oligonucleotide
DNA strand, partly from D, and partly from D;.
Thus we give the linker a name as D,.;. With the
ligation enzymes in the solutions, item D, and linker
D; ., will combine each other randomly. To make
sure that each item can be put in the knapsack
only once, D,.; should meet the criteria {i,j €
[1,2,3,4,5]}, whereas i<(j. More specifically,
we design D,, D,, D;, D,, D;
which is shown in Fig. 2.

as the followings
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D 5"l GCCTA TCAAAAGTAAGTCTTCGAGC ACCGG |3’
‘ 37| AGTTTTCATTCAGAAGCTCG |57

5| TCCGC  AGTCGGTTAAGTGAGTCCGTCCGCGTTTGG  TCAGA |3’
D,
i TCAGCCAATTCACTCAGGCAGGCGCAAACC |57
D 5" |ATGGA TCGTGGTGGCCGCACTTCGAACATG ACCTG |3’
; 3’ AGCACCACCGGCGTGAAGCTTGTAC |5’
D 5"|AACAG TTACGT CGCAC |3’

3" AATGCA |57

5"|GATTG GTTAGCGGATCGTGCAGATTCACCCCTTAGTCGTGTTCGACGAAGGTGTAAT TATGA |3’
D 31| CAATCGCCTAGCACGTCTAAGTGGGGAATCAGCACAAGCTGCTTCCACATTA | 5/

Fig. 2 DNA strands of each item

Meanwhile, we order 10 linker fragments.
They are Dy.,» Di.ys Dinys Divss Dyvys Dyvys
D,.:sD;s.,s D;.ss D,.;. Note that i<(j, and the
linkers are the exact complementary strands of the
5bp sticky ends, which are combined together.

5

D,., [TGGCCAGGCG

3

_ 53 5'
D, [TGGCCITACCT| D, [AGTCTITACCT]

These oligonucleotide fragments are put into one
tube for ligation. The result DNA strands repre-
sent a solution set of random item combination.
The 10 linkers of single strand DNA fragments are
shown in Fig. 3.

3

11

D

[TGGeC TTGTC |5'5H3,’| AGTCT TTGTC |5,15 ,

3’ 5'
TGGACTTGTC]

_ 3 : 53 gy
D... [TGGCCICTAAC| D, [AGTCTICTAAC

Y 503 5'
D..{[TGGACICTAAC| D, [GCGTGICTAAC]

Fig. 3

2.3 Computing and Detecting

(1) Computation

Consider that the ligation between the hydro-
gen bond of double-stranded items and linkers are
not firm. It is better to add a phosphate group at
the sticky ends so that the DNA strands can be
bonded firmly.

We mix the DNA fragments which represent
items and linkers in the knapsack. The reaction re-
sults will be DNA strands, whose mobility ratio is
in reverse logarithm relationship with its quantities
of base pairs in the gel substance. Therefore, we
only reclaim all the DNA fragments whose length
is no more than 160 bp.

(2) Detection
The feasible solution is from biological detec-
Beside taking the double-stranded DNA

items and linkers as the reaction materials, which

tion.

is mentioned in the previous section, it is necessary
to put in high-efficient enzymes and corresponding
detection methods in order to use DNA solution
ligation reaction to realize the algorithm of KP. In
this section, we explain the two detection meth-

Linkers between every other items

ods, i. e. PCR for quantitative analysis and sequen-
cing for qualitative analysis.

Cut the gel, which contains a cluster of DNA
molecules (near the band of 160bp or so) from the
previous step. Put the gel into PCR procedure, if
there exists a clear band, it means there is a set of
feasible solutions. In according to oligonucleotide
fragment D;, the number i component in the solu-
tion set is x; =1, else x; =0. As far as all the
DNA molecules can be detected in parallel, the
computation procedure happened simultaneously.

As soon as the feasible solution set S is get,
we select those bacteria that contains the right so-
lution by blue-white screening for sequencing.
Read each feasible solution in set S, and compare
its value of target function. In this example, the
optimized solution is (1,1,1,1,0), and the corre-
sponding target function value is 111bp. In refer-
ence with the previous designed DNA fragments
for each items, the result is that we should select
item 1, item 2, item 3, item 4 into the knapsack,
and the total weight is 60kg. The result DNA
strand is drawn in Fig. 4.
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GCCTA TCAAAAGTAAGTCTTCGAGC ACCGGTCC
3 AGTTTTCATTCAGAAGCTCG

G ACTTCGAACATG A(“fT‘}[AACAG TTACGT CGCAC| 3"
ACCT| AGCACCACCC C(}T(}/\/\GCTTGT/\C[TGGACTTGT(*‘AA'I‘(}CA

50

D,

111bp

Fig. 4 DNA strand of the optimized solution

3 Materials and Methods

3.1 Preparation of Materials

(1) Markers (ladders) details

The ladders we used in experiment were Fer-
mentas GeneRuler DNA ladder!'®. Ultra Low
Range. See Fig. 7 below for details of ladder.

(2) All primers details, including dsDNAs,
linkers and PCR primers

Lists of the oligonucleotides that we ordered

5'l TCAAAAGTAAGTCTTCGAGCAC | 3"

for the experiment are shown in Fig. 2 and Fig. 3.

In this example, we should pay attention to
the primers, which are need to span both item
strands and linkers, therefore, to avoid PCR am-
plification of those DNA fragments with same ends
but different length. This will bring about false
For the two DNA

strands drawn in Fig. 5 have the same ends but dif-

self-development. instance,

ferent lengths.

5'[GCCTA TCAAAAGTAAGTCTTCGAGC ACCGG TCCGC
3TAGTTTTCATTCAGAAGCTCG [TGGCCAGGCG

AGTCGGTTAAGTGAGTCCGTCCGCGTTTGG TCAGAJATGGA  TCGTGGTGGCCGCACTTCGAACATG AL‘L‘TGlAACAG TTACGT L?GL‘AL‘lﬁ'
TCAGCCAATTCACTCAGGCAGGCGCAAACC |[AGTCTTACCT| AGCACCACCGGCGTGAAGCTTGTAC |']‘(;(;,\(’1"[‘(;'11".\.\'I'(;(‘r\l5'

5 [TCAAAAGTAAG] ac] s

3" | GTACTGGACTTGTCAATGCA | 5’

S'|GECTA TCAAAAGTAAGTCTTCGAGC ACCGGIATGGA  TCGTGGTGGCCGCACTTCGAACATG  ACCTG]
3| AGTTTTCATTCAGAAGCTCG [TGGCCTACCT] AGCACCACCGGCGTGAAGCTTGTAC [TGGAC

SAG TTACGT CGCAC]3!

1~(-|‘\A\Tr;(‘.\|s'

3 'l CTTGTACTGGACTTGTCAATGCA | 5!

Fig. 5 These primers cannot tell the difference of the two similar potential results

F1: 5" TCA AAA AGT AAG TCT TCG AGC AC 3’
MW: 7040.521 Tm: 61.30532 GC:39.13044 | Secondary Structure: None | Primer Dimer: No
R1:5"ACG TAACTG TTC AGG TCA TGT TC 3"
MW: 7029.421 Tm: 61.78611 GC:43.47826 | Secondary Structure: None | Primer Dimer: No
TCAAAAAGTARAGTICITTCGAGCHAC G/C|A[C|C|G|G|T|C/IC|G|C|A G GA|G|IC/A/CICG|G|T|ICIC/G|IC|A|GTIC
[ X X EAIES Clx %% ES X [C[X] |X X% X X
T KKK [X[X XX X x T ¥ E T |2 X X
KKK [X[X PAES X x % F T |2 X X
G| X X X X[ X G| [®] [X[X XX X G EAEAES EAFAIES X
T KKK [X[X X|X X X T x X T | ® X
Alx X x| XX A X A X X
[ X X X X Clx %% ES X [C[x] X E4ES X x
T EAEIEIE3ES XX X X T X ES T X x X
G| ¥ X X LA G| [X] [X[X X[x®| X G x| X[ X|X| [ X
G| ¥ X X LA G| |[X] [X[X X[®| X G x| (XX X|X| [ X
Alx X X (XX A X A X X
[o X X X X [WES FEAES X x| [C[X] [X FAES E X
T XXX X[ XX X X T X X T [® X X
T XXX X[ XX X X X X T [® X X
G| |* X X X[ X G| (& |X[X XXX G A ESES XX (X X
T KKK [X[X XX X X T X X T |% X x
C X X X[ X C|x XX X X ClX| [X XX X X
Alx X FAESES A X A X X
Alx X FAIESES A X A X Ed
T KKK [X[X E4ES ES ES T X X T % x ®
G| |x ES FS x| X G| [®] [®[X FAEIES G EAIEAES FAEAES ES
[ X X X X Clx FAFS X X [Clx] [X X% X X
Al X FAESES A X A X X
Longest priner—diner complenent: Longest primer-diner complement: Longest priner-dimer conplenent: 4
Fland R1 F2 F3
F2:5" GCA CCG GTC CGC AG 3’
MW: 4858.07 Tm: 64.27715 GC: 78.57143 Secondary Structure: None Primer Dimer: No
F3:5'GAG CAC CGG TCC GCA GTC 3’
MW: 6093.84 Tm: 69.71862 GC: 72.22222 Secondary Structure: None Primer Dimer: No

Fig. 6 Primers designing performances
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5'[ TCAAAAGTAAGTCTTCGAGCAC] 37
MUIA]«\\\\( "AAGTCTTCG CGOJTCCGE AGTCGGTTAAGTGAGTCCGTCCGCGTTTG 5/ '1‘((1((1((“((\&11((1\1\(\1( \(lltl\\(\(ll\ttlt<(\(|
AGTTTTCATTCAGAAGCTCG | TGGCCAGGCG [TCAGCCAATTCACTCAGGCAGGCGCAAACC|IAGTCTTACCT| AGCACCACCGGCGTGAAGCTTGTAC | "GGACTTG &l\\I(\ \|

5 |T(:\AAAL S TAAGTCTTCGAGCAC

3’ |(}’I‘.\(‘ ITGGACTTGTCA r\’l‘(}(‘.\l 5

5" |GCCTA TCAAAAGTAAGTCTTCGAGC ACCGGIATGGA TCGTGGTGGCCGCACTTCGAACATG A\\‘(‘TA;L\J\(‘J\(;'r’m(‘( 5T (‘(2L‘A\<‘|3'
3/ AGTTTTCATTCAGAAGCTCGTGGCCTACCT] AGCACCACCGGCGTGAAG CTTGTAC[IGGACTTGTCAATGCA 5/

3" | CTTGTACTGGACTTGTCAATGCA | 5’

Fig. 7 The primers that can tell the difference of the two similar potential results

From Fig. 5, we can see that if we follow the
rule of primer designing, which tells us that all
primers need to be 20bp in length. Therefore, in
this example, the primers could not span the link-
ers. Meanwhile, the second solution strand will be
amplified by PCR inadvertently. Furthermore, we
design multiple primers to span the linkers, after
PCR, only the first DNA strand is amplified.
Fig. 6 shows the primers parameters we used.

(3) Preparation of PCR Materials

For the PCR we used Invitrogen Taq DNA
Polymerase. Taq polymerase is a thermostable
DNA polymerase named after the thermophilic bac-
terium Thermus aquaticus from which it was origi-
nally isolated™®!. Taq polymerase was identified"*!
as an enzyme to be able to withstand the protein-
denaturing conditions Chigh temperature) required
during PCRM,  Therefore it replaced the DNA
polymerase from E.coli originally used in PCRM,
Taq’s temperature optimum for activity is 75°C ~
80°C , with a halflife of 9 minutes at 97.5C, and
can replicate a 1000 base pair strand of DNA in less
than 10 seconds at 72°CH,

3.2 Experiment Procedures

(1) Put D1 to D5 and all the linkers in tubes
and concentration.

(2) Dilute oligonucleotides, linkers and prim-
ers. The lypholised oligonucleotides, linkers and
primers were made up to 1mM concentration with
10mMTrisEDTA buffer.

Double Stranded DNA was generated by mix-
ing 10ul each of the ImM stock solution short and
long fragments. The mixture was heated to 90°C
and allowed to cool to room temperature over 30
minutes during which time the long and short frag-
ments annealed. From the 1mM stock solution
linkers were diluted to 5uM working solutions.
For dsDNA the mixture was diluted to a 1uM
working solution. These working solutions were
made up using 10mMTrisEDTA buffer as well.

Prior to beginning the experiment, the work-
ing solutions of the linkers and dsDNA (see point 2
below) were treated with T, Polynucleotide Kinase
to add a Phosphate group to the 5" end of each oli-
gonucleotide (as we discussed). This step is essen-
tial for the successful ligation of synthesised oligo-
nucleotides.

(3) Ligation mixture,

It is shown in Table 2.

Table 2 Ligation Mixture Proportion

Solution Name Solution Concentration Solution Dose

Linkers 5microMol/L 0. 5microl. each
dsDNA ImicroM/L 2. 5microl. each
T4 DNA Ligase 10units/microl. Imicrol
Buffer 5x ImicrolL
Total 20microl.

Incubate the ligation reaction at 4°C for 16hrs.
We did not add 4ul of 5x buffer, because in the T,
Polynucleotide Kinase reaction the buffer for this
reaction was T, DNA ligase buffer, so the linkers,
and dsDNA were already buffered with the T,
DNA ligase buffer. The 1ul of 5x buffer was added
to the ligation reaction to top up the amount of
ATP in the ligation reaction.

3.3 Cloning and Sequencing

(1) Gel Extraction.

(2) Cloning.

The process of cloning is divided into several
steps, and takes numerous days to complete. The
procedure is illustrated in Fig. 8.

(3) Analyzing Positive Clones.

At this step we did a PCR screen of the colo-
nies to check for the presence of an insert of the
approximate size we are after. We do not have an
electronic copy of this result. Those colonies that
show an insert of the correct size we went ahead
with, are as shown in Fig. 9.
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1ul salt solution

1ul TOPO vector

1) Cloning reaction set-up:
4.5ul gel excised clean up (there will be 5 of these)

Transformation | 2) Mix gently. Incubate at room temperature for 30 min
3) Add 2ul to 50ul of DH5alpha E. coli cells and mix gently
4) Incubate on ice for 30 minutes

5) ‘Heat-shock’~incubate at 42°C for 30 secs.

Place immediately back on ice

6) Add 250ul room temperature S.0.C. medium

Recovery
7) Cap the tubes and shake at 37°C for 1hr
8) Spread on pre-warmed LB plates already containing 50mg/L
Ampicillin, as well as 40ul of 40mg/ml X-gal and 40ul of 100mM
. IPTG. The ampicillin-an antibiotic-allows only those bacteria
Plating

containing the vector you want to grow.
The x-gal allows for what is referred to as blue/white screening ).
9) Incubate at 37°C for 14hrs

Fig. 8 Preparation of cloning

Is there any extra

DNA inserted into

multi-cloning site?

\J

’ No a-complementary ‘

’ a-complementary ‘

Y

White bacteria

Y

Blue bacteria

Fig. 9 Flowchart and picture of blue-white screen

Pick five white colonies from the plates. Place
these pickings into 10ml LB containing 50mg/L
Ampicillin. Incubate for at 37°C shaking for 14hrs.
White colonies indicate that an insertion has oc-
curred in the vector — possibly the DNA fragment
we want. Blue colonies indicate no insertion in the
vector.

(4) Miniprep which is a method of extracting
the plasmid (vector) so that you can use this plas-
mid for further work (eg. verifying clone by se-
quencing).

(5) Clean up the sequencing sample.

(6) Use the Applied Biosystems Genetic Ana-
lyser to sequence.

4 [Experiment Results

4.1 PCR Result of Reaction Product
PCR Cycling conditions are set to 94°C X

2 %minutes, 94°C X 15 seconds, Various annealing

(57°C ~63°C) X 15 seconds, 72°C X 60 seconds
(35 cycles), 72°C X 7minutes. We used a Biorad
icycler thermal cycler. The PCR gel products are
shown in Fig. 10.

Lane 1 —FermentasGeneRulerDNA ladder. Ultra Low Range
0.5ug/ul, 2ul loaded

Lane 2 —Ligation mixture (see ligation reaction above) 5ul loaded
Lane 3 —Ligation mixture (see ligation reaction above) 5ul loaded
Lane 4 —Ligation mixture (see ligation reaction above) 5ul loaded
Lane 5 —nothing

Lane 6 —PCR mixture (see PCR reaction above) 59 'C annealing
temperature, 10ul loaded

Lane 6 —PCR mixture (see PCR reaction above) 59 C annealing
temperature, 10ul loaded

Lane 7 —veControl, (see PCR reaction above —but NOligation
mixture added ) 59 C annealing temperature, 10ul loaded

Fig. 10  Gel Picture after PCR and descriptions of each lane
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We can see from Fig. 10 that in Lane 2, Lane
3 and Lane 4, the product centralized in 60bp
band, which means there are 2 to 3 items with
linkers. Otherwise what we want is the smear
around 110bp. This illuminates that it is not easy
for linkers to ultimately combine as many items as
possible. Therefore, we add a phosephate group in
the double-stranded DNA (dsDNA) for each item.
Thus, the linkers will play a full-fill role in liga-
tion of those dsDNA. High-lightened product in
Lane 6 is the exact ligation result after PCR. We
can see there are feasible solutions in around 100bp

band, which is what we want.
4.2 Results of Cloning Sequencing

From the photo in Fig. 10, we cut 5 bands out
(see Section 3. 3 Gel Extraction) from the gel that
were running between 90 and 150bp to clone and
sequence. After blue-white screen, resuspend
dried sequencing samples in 15ul of water. Place
resuspended samples in the Genetic Analyser. An-
alyze data using programs that allow you to visual-
ise and interrogate the chromatogram and the data

(eg chromas, clustal etc), as shown in Fig. 11.

Fig. 11 Sequencing analysis of the extracted plasmid

5 Conclusion

In this paper, we presented a DNA computing
experiment of solving KP. We designed two sets of
DNA fragments. One is double-stranded DNA
(dsDNA) fragments that represent each item’s
weight. The other is the linkers to combine the
items randomly. With the effect of enzymes, they
form DNA strands that represent sets of feasible
solutions. After electro-phoresis in the gel, we
picked out the feasible results. Compare the value
of target function with each feasible solution.
Thus, we get the most optimized result.

We use 5 items in this small-scale example. It
is the same procedure to solve large-scale Binary
Knapsack Problem. Nevertheless, if the items ex-
pand, there exist problems. Our contribution in
this paper is to give answers to the following ques-
tions.

(1) Generally speaking, in conventional bio-
logical operations, DNA ligation could only com-
bine up to 3 fragments. Therefore, in KP, it is
necessary to re-design a high-efficient ligation
method when there are large number of items in
the knapsack. We proposed a new coding algo-
rithm, which put the items and linkers into two
different sets. Furthermore, we add phosphate
group to both ends of DNA strands to enhance the
hydrogen force between base pairs.

(2) The design of primers is one of the diffi-
culties in genetic operations. In DNA computing,
we should consider those long strands that have
the same ends but different lengths. In this situa-

tion, single forward and reverse primers will am-
plify all of the similar strands, thus make mistakes
of selecting the right solution. Therefore, we use
multiple primers hand by hand to span the linkers.
After amplification, the PCR product will near the
most optimized solution.

(3) DNA computation in solution may cause
faults and spread the mistakes, which leads to
some expanded fake solutions. Therefore, we
present two methods of detection: PCR for quanti-
tative analysis and sequencing for qualitative analy-
sis. The former can focus on the feasible solutions
by the length of DNA strands; while the latter can
read out the cut gel get the optimized solution se-
quence after PCR.
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