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Abstract. In PNA-mediated Whiplash PCR (PWPCR), autonomous molecular computation is im-
plemented by the recursive polymerase extension of a mixture of DNA hairpins. Like other methods
based on exhaustive search, however, application to problem instances of realistic size is prevented
by the exponential scaling of the solution space. The tendency of evolving populations to minimize
the sampling of large, low fitness basins suggests that a DNA-based evolutionary approach might
be an effective alternative to exhaustive search. In this work, PWPCR is modified to support the
evolution of a population of finite state machines. A practical, in vitro algorithm for applying this
architecture to evolve approximate solutions to instances of the NP-complete problem, Hamiltonian
Path is described in detail.
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1. Introduction

In PNA-mediated Whiplash PCR (PWPCR) [1], a variation of the Whiplash PCR
method of DNA computing [2], the autonomous, parallel execution of a set of
finite state machines is implemented in vitro by the recursive polymerase extension
of a mixture of single-stranded (ss) DNAs. Combined with the ability to generate
an arbitrary pool of initially encoded ssDNAs (e.g., by the annealing biostep of
Adleman’s algorithm [3]), this process is capable of solving instances of a variety
of problems in NP-complete [2]. Like other DNA computing methods which rely
on a generate and search strategy, however the practical application of PWPCR to
problem instances of realistic size is prevented by the exponential scaling of the
size of the solution space [4, 5].

The combination of the massive parallelism inherent in DNA computing with
the directed search capability of evolutionary computing [6] has been suggested
by a number of researchers as an alternative to current, generate and search based
methodologies [4, 5, 7, 8]. Conceptually, this approach is motivated by the tend-
ency for evolving populations to minimize the sampling of large, low fitness basins,
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Figure 1. The PWPCR Architecture. (a) ssDNA encoding for computing the path
x1 → x2 → x3. Darkened oval denotes 5′ biotinylation. (b) Computation by recursive
extension. Vertical dashes denote hydrogen bonding prior to polymerase extension (horizontal
arrows) or PNA2/DNA triplex formation (light ovals). Each extension halted by stop sequence
(black squares). (c) PNA2/DNA triplex structure.

effectively reducing the size of the search space. Recently, a brief sketch for a
DNA-based evolutionary algorithm, which uses a hypothetical mutation operator
to generate population diversity (i.e., no genetic recombination is implemented)
was proposed as a means of evolving approximate solutions to instances of the NP-
complete problem, Maximum Clique [4]. In this work, PWPCR is combined with
standard protocols from biotechnology to facilitate the realistic, recombination-
based in vitro evolution of a population of simple programs, each of which im-
plements a deterministic finite state machine (FSM). Because recombination is
between the ssDNA FSM representations, rather than between computation results
themselves, this implementation constitutes a Genetic Program [6], combining a
limited form of programmability with the directed search capability of a standard
genetic algorithm. The focus application, which is described in detail, is a realistic
algorithm for applying this architecture, Evolutionary PWPCR (EWPCR) to evolve
approximate solutions to instances of the NP-complete problem, Hamiltonian Path
(HPP).

2. PNA-Mediated Whiplash PCR

The PWPCR protocol, shown in Figure 1 for the 2-step path, x1 → x2 → x3,
begins with the encoding of a ssDNA for each path in an instance graph of interest.
Each strand contains a transition rule region, which encodes a rule block of the
form, 5′x̄t ax̄s3′ for each transition xs → xt in the path (overscore denotes Watson-
Crick reverse complementation), a 3′ word which encodes the initial state, and a
DNA spacer sequence. State transitions then proceed by hybridization of the 3′
codeword with a complementary sequence in the transition rule region, followed
by polymerase extension. Termination of polymerization at the block’s 5′ terminus
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Figure 2. EWPCR. (a) Initial ssDNA structure. (b) Example state transition.

is implemented by a short poly-Adenine stop sequence combined with the absence
of free dTTP in the buffer. In Figure 1, transitions x1 → x2 and x2 → x3 are
shown in panels (b1) and (b3), respectively. The advance made by PWPCR is
the addition of a protocol for reducing the occupancy of ssDNAs in the set of
previously extended hairpin structures (i.e., backhybridization), an effect which
is believed to hobble the efficiency of WPCR [1]. This protocol consists of the
generation of codeword ā during each extension, combined with the formation of
a PNA2/DNA triplex (Figure 1, panel (c)) at ā by a subsequent bisPNA treatment
(panel (b2)). Triplex formation is predicted to increase the efficiency of the next
extension process by roughly three orders of magnitude, an effect which increases
overall efficiency sufficiently for the practical implementation of massively parallel
computation [1].

3. A PWPCR-based in vitro Genetic Program for HPP

3.1. REPRESENTATION

HPP asks the question, ‘given a directed graph I, with distinguished vertices Vin

and Vout , is there a path in I which begins at Vin, ends at Vout , and visits each
vertex exactly once?’. The ssDNA representation of an EWPCR-based program
for computing a candidate Hamiltonian path from a q-vertex HPP instance of in-
terest, I is shown in Figure 2(a). Each vertex, Vi ∈ I is represented by a unique
computational state, xi, i ∈ {1, . . . , q} where x1 and xq represent vertices Vin and
Vout , respectively. Each of the strand’s q − 1 encoded transition rules, xi → x?,
implements a randomly selected edge from I , subject to the constraint that the
ith block (from the 5′ end of the strand) encode a transition from state xi . Here,
the state symbol, x? is used to indicate strand-by-strand variation of the target state
encoded by each rule block, i. This encoding guarantees deterministic computation
(i.e., no forked paths), and ensures that any encoded path which visits all vertices is
also Hamiltonian. State transitions proceed as in PWPCR, as shown in Figure 2(b)
for the transition, x1 → x2. Each rule block, i also contains codewords, r and
Gi , which enable targeted restriction site formation within the block. r encodes a
restriction site for BseDI (C↓CTTGG) [9], while Gi encodes both the block’s initial
state and relative order from the 5′ end of the strand. The transition rule region is
flanked by words P1 and P2, which facilitate PCR, and words rr and R, which
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Figure 3. Protocol for the parallel evaluation of strand fitness.

encode restriction sites for SnaBI (TAC↓GTA) and EcoRV (GAT↓ATC) [10], re-
spectively, to facilitate 5′ de-biotinylation and 3′ tail detachment. Each strand is 3′
terminated by initial codeword, x1.

3.2. INITIALIZATION, FITNESS EVALUATION AND SELECTION

Initialization for HPP instance I consists of the preparation of a combinatorial, in-
complete mixture of biotinylated, streptavidin-conjugated ssDNAs, each of which
encodes a PWPCR program for the production of a 3′ ssDNA tail, which en-
codes a path in I . Parallel strand assembly may be accomplished using the an-
nealing biostep of Adleman’s algorithm [3]. The EWPCR protocol consists of
gmax iterations of (1) fitness evaluation, (2) selection, (3) recombination, and (4)
re-initialization.

Fitness evaluation begins with the production of a 3′ tail for each ssDNA, by
q − 1 rounds of recursive extension, after which strands have the form shown in
Figure 3(a). Here, x? denotes state codewords which vary strand-by-strand. Rule
regions are then converted to dsDNA by polymerase extension of the primer RP̄2,
in a buffer containing all 4 dNTPs (Figure 3(b)). This eliminates hairpin structure,
prevents unwanted annealing, and generates a restriction site at rr. After strand
release by restriction at rr, fitness evaluation, shown in Figure 3(c) for a 4-vertex
HPP instance, is accomplished by a cascaded set of q − 1 affinity separations [3],
{Si; i = 2, . . . , q}, where Si parses an input strand set into two groups, based
on affinity for x̄i , the reverse complement of the DNA word for state i. A mi-
croflow architecture for performing a cascade of affinity separations has recently
been reported [11]. The net result is the sorting of strands by fitness into q tubes,
{Tf ;f = 1, . . . , q} where strand fitness, f is defined as the number of distinct
codewords in the 3′ tail, as determined by the number of successful separations.
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Figure 4. Protocol for strand recombination, based on the coordinated formation of a
restriction site at rule block i. Implementation shown targets block i = 1.

The strand concentration, Cf of each tube Tf is then assessed. If Tq is nonempty,
or if Tq is empty and gmax has been reached, computation halts, and I is assigned
an answer of yes or no, respectively.

The fitness-squared-proportional selection process begins with restriction of all
strands at R, followed by repeated affinity separation of each tube on word, x1 to
remove the 3′ tails. Each tube Tf is then PCR amplified, using primers •-rrP1 and
RP̄2 (• denotes biotinylation), to ensure that the strand number in Tf satisfies the
condition, nf ≥ nof

2b, where no is the total population size, and b ≡ �f f 2.
Concentrations are then measured, and an extract of volume Vf = nof

2/Cf b is
removed from each tube Tf , and merged to form new tube Ts . Strands are then
reanchored, denatured, and washed.

3.3. GENETIC RECOMBINATION AND REINITIATION

Recombination begins by parsing Ts into tubes, Tc and Tc′ , with volumes Vc = pcVs

and Vc′ = Vs −Vc, respectively, where pc denotes the crossover probability and Vs

is the volume of Ts . Strands in Tc′ bypass recombination. Tc is parsed into q − 1
tubes of equal volume, {Tj ; j = 1, . . . , q−1}. Each tube, Tj is then subjected to an
in vitro recombination procedure, which implements a uniform-length, singlepoint,
two-parent crossover operation at rule block i = j (shown in Figure 4 for tube T1).
First, the targeted formation of a crossover point in rule block i = j (Panel (a)) is
implemented by the addition of excess primer Ḡj , followed by primer extension
(horizontal arrows) with polymerization stop, and restriction at r (vertical arrow).
Restricted fragments (Panel (b)) are then mixed, allowed to re-anneal, and ligated
[10]. Strands are then denatured, washed, and merged with tube Tc′ . Following
recombination, each strand is prepared for the next round of EWPCR by appending
initial state codeword, x1 to the 3′ terminus, by the annealing of primer X̄, RP̄2,
followed by extension with polymerization stop.
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3.4. GENERALIZATION

Although the goal of this work is the development of a DNA-based algorithm for
evolving approximate solutions to instances of HPP, EWPCR is clearly generaliz-
able, particularly to other problems in NP-complete.
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