
 
 

 

  
Abstract—Polymerase chain reaction-restriction fragment 

length polymorphism (PCR-RFLP) is a commonly used 
laboratory technique and useful in small-scale basic research 
studies of complex genetic diseases that are associated with 
single nucleotide polymorphism (SNP). Before performing 
PCR-RFLP for SNP genotyping, a feasible primer pair, which 
must observe numerous constraints, and an available 
restriction enzyme for discriminating a target SNP, are 
required. Here, we propose a method which uses a genetic 
algorithm (GA) to search for optimal natural PCR-RFLP 
primers and employs the core of SNP-RFLPing to reliably mine 
available restriction enzymes. The in silico simulation of the 
proposed method in the SNPs of the SLC6A4 gene showed that 
it is able to stably to design natural PCR-RFLP primers which 
most fit the common primer constraints and provide available 
restriction enzymes. 
 

Index Terms — PCR-RFLP, SNP genotyping, primer, 
restriction enzyme, GA.  
 

I. INTRODUCTION 
  Single nucleotide polymorphism (SNP) genotyping plays an 
important role in population genetics and evolutionary 
studies [1], pharmacogenetic analysis [2], malignancy studies 
[3, 4], preventive medicine [5, 6], personalized medicine [7] 
and forensics [8]. Polymerase chain reaction-restriction 
fragment length polymorphism (PCR-RFLP) is a simple 
laboratory technique implemented to investigate the causes 
of genetic variations and mutations; it is especially useful in 
small-scale research studies of complex genetic diseases [9]. 
And it is a relatively simple, inexpensive and accurate 
method for SNP genotyping [9, 10]. When genotyping a SNP 
uses PCR, the target SNP must be discriminated by digestion 
with specific restriction enzymes in a process called “Natural 
PCR-RFLP”. Before performing natural PCR-RFLP for SNP 
genotyping, a feasible primer pair, which must observe 
several constraints, and an available restriction enzyme for 
discriminating a target SNP, are required. 
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There were a few systems developed that provide natural 

PCR-RFLP primer design. For example, V-MitoSNP 
identifies the available restriction enzymes from REBASE 
[11] and designs a PCR-RFLP primer set for RFLPs in all 
mtSNPs [12]. However, this system uses very simple 
constraints and generally identifies primers lacking in 
stringent quality; it can only design primers for mitochondrial 
SNPs. SNP Cutter uses a pre-selected or customizable list of 
restriction enzymes and uses Primer3, the most popular 
non-commercial primer design software [13-15], to look for 
PCR-RFLP primer sets. Even though it is a helpful tool for 
PCR-RFLP, it is inconvenient for input which needs a 
specified format and does not provide optimal PCR-RFLP 
primers. Prim-SNPing is an improved software tool with a 
natural PCR-RFLP primer design function for cost-effective 
SNP genotyping [16]. However, the incorporated 
window-sliding strategy limits its search efficiency and the 
quality. Therefore, the development of an improved method 
for natural PCR-RFLP primer design is still mandated. 
 

Natural PCR-RFLP primer design is a challenging task 
since numerous primer constraints must be conformed [13, 
17-19]. These include the primer length, length difference of 
primer pair, PCR product length, GC proportion, melting 
temperature (Tm), GC clamp, dimer (including cross-dimers 
and self-dimers), hairpin structure, and specificity. 
Furthermore, it is pivotal that a target SNP must be 
discriminated by digestion with available restriction enzymes 
at the same time. Hence, a genetic algorithm (GA) [20, 21] is 
introduced by us to facilitate the search for natural 
PCR-RFLP primer sets with available restriction enzymes 
which provided by the updated core of SNP-RFLPing [22, 
23]. GA is a stochastic search algorithm modeled on the 
process of natural selection underlying biological evolution 
[24]. It constitutes a randomized search and optimization 
technique that derives its working principle from natural 
genetics. In a GA, the evolutionary computations involved – 
selection, crossover, mutation and replacement – are 
effective in determining optimal solutions for many natural 
primer sets. After each run, individuals in a GA share 
information with each other and superior solutions based on a 
fitness rule are refined from generation to generation. 
SNP-RFLPing [22, 23] is a time-saving application for 
mining the restriction enzymes for RFLP assays. 
Consequently, an optimal natural primer pair with available 
restriction enzymes can be found. 
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II. MATERIALS AND METHODS 

A. Problem definition 
Let TD be a template DNA sequence that is made up of 

base-nucleic acid codes of the DNA with an identified SNP. 
TD is defined as follows: 
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where Bi is a base-nucleic acid that can be the regular 
nucleotide codes (A, T, C, or G) mixed with a SNP 
represented by IUPAC code (M, R, W, S, Y, K, V, H, D, B or 
N) or dNTPs format ([dNTP1/dNTP2]). The ! ∃  symbol 
represents the existence and uniqueness. For the target SNP, 
we focused only on true SNPs as described in dbSNP [25] of 
NCBI, i.e., deletion/insertion polymorphisms (DIPs or Indel) 
and multi-nucleotide polymorphisms (MNP) are not 
included. 

The natural PCR-RFLP primer design problem consists of 
finding a pair of sub-sequences of corresponding constraints 
from TD that contains at least one restriction enzyme to 
distinguish the target SNP. One sub-sequence is called the 
forward primer (Pf) and the other is called the reverse primer 
(Pr). The forward primer and the reverse primer are defined 
as follows: 
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where Fs and Fe denote the start index and the end index, 
respectively, of Pf in TD. Rs and Re denote the start index and 
the end index, respectively, of Pr in TD. Pf and Pr are called a 
primer pair. { iB } is the anti-sense sequence opposite to the 
sense sequence {B}. For a sense sequence {B} = 
“GTCTACGTCGAAC”, for example, the complement 
sequence of {B} is “CAGATGCAGCTTG”, since the 
complement base of ‘A’ is ‘T’ and the complement base of 
‘C’ is ‘G’. The anti-sense sequence { iB } is the reverse 

sequence of the complement sequence of {B}, i.e., { iB } = 
“GTTCGACGTAGAC”. 
 

In Fig. 1, the length of the template DNA is 
DTL , the 

minimum PCR product length is Pmin, the maximum PCR 
product length is Pmax, the start position of the forward primer 
is Fs, the length of the forward primer is Fl, the PCR product 
length between the start position of the forward primer and 
the end position of reverse primer is Pl, the PCR product 
length between the start position of the forward primer and 
SNP site is Pl1, the PCR product length between the SNP site 
and the end position of the reverse primer is Pl2, the length of 
the reverse primer is Rl, the random range of Fs is Fs_range, and 
the length from Fs to the template DNA end is Prange. Now, a 
simple vector (called “individual” in a GA) consisting of Fs, 
Fl, Pl and Rl can determine a primer pair. We define this 

vector as: 
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With Pv, we can calculate the start position of the reverse 
primer as: 
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Consequently, the forward primer and the reverse primer 
can be obtained from Pv. Pv is the individual encoding 
prototype of GA in the natural PCR-RFLP primer design 
problem, and later sections will use Pv to perform 
evolutionary computations with the GA. 
 

 
Fig. 1. Parameters for the natural PCR-RFLP primer design 
problem. 

B. Functions for primer constraints 
Primer constraints are important for performing a 

meaningful PCR experiment. The following eight functions 
were used to account for all possible primers: Lendiff(Pv), 
Tm(Pv), Tmdiff(Pv), GCproportion(Pv), GCclamp(Pv), dimer(Pv), 
hairpin(Pv), specificity(Pv) and product(Pv). These functions 
are described below. 
 
(1) Lendiff(Pv) 

In the PCR experiment, a length difference of no more than 
3 bps between the forward primer and the reverse primer is 
considered optimal. Lendiff(Pv) is used to check whether the 
length difference of a primer pair exceeds 3 bps. 
 
(2) Tm(Pv) and Tmdiff(Pv) 

The melting temperature Tm(P) used here is calculated by 
the Wallace formula [26] (Eq. 6). The Tm(Pv) function is 
used to check whether the melting temperature Tm of a primer 
pair lies between 50oC and 62oC, and Tmdiff(Pv) checks 
whether the difference of the melting temperature exceeds 
5oC. 
 

2*T)#A(#4*C)#G(#  )( +++=PTm  (6)
 
(3) GCproportion(Pv) 

The GC proportion in a primer is denoted the ratio of the 
nucleotides ‘G’ and ‘C’ that appear in a primer. An 
appropriate GC ratio in a primer lies in the range of 40-60%. 
The GCproportion(Pv) function is used to check whether the 
GC%(P) of the forward and reverse primer is between 40% 
and 60% or not. 
 
(4) GCclamp(Pv) 
 The function GCclamp(Pv) is used to check whether the 3’ 
terminal end of a primer is base-nucleic acid ‘G’ or ‘C’ or 
not. 



 
 

 

(5) dimer(Pv) 
If annealing between two primers takes place, a dimer is 

formed. The occurrence of dimers during a PCR experiment 
is problematic. Possible dimers include cross-dimers and 
self-dimers. A cross-dimer is formed when Pf and Pr anneal 
to each other, and a self-dimer is formed when Pf and Pf, or Pr 
and Pr anneal to each other. The function dimer(Pv) is used to 
check whether the forward primer and the reverse primer 
anneal to each other or themselves. 
 
(6) hairpin(Pv) 
 A primer may anneal to itself to form a hairpin. The 
occurrence of this condition influences the results of a PCR 
experiment. The function hairpin(Pv) is used to check for this 
condition in a primer pair. 
 
(7) specificity(Pv) 

The PCR experiment might fail if the primer is not 
site-specific and appears more than once in the DNA 
sequence. The specificity(Pv) function is defined as the 
number of recurring instances of Pf and Pr in TD, and thus 
determines whether the primer pair is repeated in the template 
DNA sequence or not. 
 
(8) product(Pv) 
 In order to ensure that the digested allelic fragments can be 
easily distinguished by gel electrophoresis, we uses 1:2:3 
ratios as a standard to estimate the PCR-RFLP product sizes 
with a tolerance range of 25 bps and a minimum product size 
of more than 100 bps. 
 

C. The proposed method 
The proposed method contains six separated processes 

which are (1) SNP-RFLP restriction enzymes mining, (2) 
judgment on availability of restriction enzymes, (3) creation 
of a random initial population, (4) fitness evaluation, (5) 
termination criteria judgment, and (6) selection, crossover, 
mutation and replacement operations, respectively, are 
described below. A flowchart of the proposed method is 
shown in Fig. 2. At first, the restriction enzymes for the target 
SNP are mined. Then a judgment for whether the restriction 
enzymes distinguish target SNP is done. If no restriction 
enzymes are available, the algorithm stops; else the algorithm 
proceeds with the following processes. A random initial 
population is generated and then the fitness values of all 
individuals in the population are calculated by a fitness 
function (described below). And then, selection, crossover 
and mutation operations are performed, and the worst 
individuals are replaced by the better individuals based on 
evolutionary computation. The procedure is repeated in the 
next iteration until the termination conditions are reached. 
 
(1) SNP-RFLP restriction enzymes mining 

The proposed method uses the updated core of 
SNP-RFLPing [22, 23] which we developed to obtain 
available restriction enzymes from REBASE [11]. 

 
Fig. 2. Flowchart of the GA-based natural PCR-RFLP primer 
design. 
 
(2) Judgment on availability of restriction enzymes 

If no restriction enzyme is available to distinguish the 
alleles of the target SNP, the natural PCR-RFLP primer 
design will be insignificant for SNP genotyping. Therefore, 
the algorithm will be finished when this circumstance 
occurring. Otherwise, the algorithm keeps on running. 
 
(3) Creation of a random initial population 

Individuals ),,,(v llls RPFFP =  are randomly generated 
as an initial population without duplicates. Fs is randomly 
generated between 1 and (

DTL – Pmin + 1). Fl is randomly 

generated between the minimum and the maximum length of 
a primer. In the present method, the minimum length of a 
primer was set to 16 bps and the maximum length of a primer 
was set to 28 bps. In order to limit the PCR product length, 
the proposed method randomly generates Pl between Pmin and 
Pmax. Rl is randomly generated in the same way as Fl. 
 
(4) Fitness evaluation 
 The fitness value of every individual is evaluated in turn 
by a fitness function. In order to let a primer pair satisfies the 
design constraints, the aforementioned primers constraints 
are used to evaluate the fitness value and the fitness value is 
minimized (i.e., a fitness value equal to 0 indicates the best 
natural primer pair). The fitness function: 
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In the fitness function, weights are used to discriminate the 

significance of each primer constraint function. We use four 
different weight values to represent different degrees of 
importance for these functions, namely 3, 10, 50 and 60. 
These weight values were chosen based on the requirements 
of the PCR experiment and can be adjusted by biologists and 
researchers based on their own experimental requirements. 
Larger weight values represent a higher importance of a 
function. 
 
(5) Termination criteria judgment 

Two termination criteria are used in the proposed method: 
an individual fitness value of 0, and reaching a preset number 
of iterations (generations). The number of iterations set in our 
experiments is discussed in the following “Parameter 
settings” section. 
 
(6) Selection, crossover, mutation and replacement 
operations 

The GA process for evolutionary computation includes 
selection, crossover, mutation and replacement operations. 
The selection operation here uses tournament selection to 
select the two best individuals from a population. When the 
probability of crossover is sufficiently high, the selected two 
individuals are processed by the uniform crossover operation 
and two new offsprings are generated. Following the 
selection operation, one-point mutation is applied to the 
proposed GA. If the probability of mutation is sufficiently 
high, one offspring after crossover is randomly selected for 
mutation. Finally, the worst two individuals are replaced by 
the new individuals through the replacement operation. 

III. RESULTS 

A. The environment 
The proposed method was run using an Intel(R) Core(TM) 

2 CPU of 1.86 GHz and 1GB RAM under the Microsoft 
Windows XP SP3 and JAVA 5.0 platforms. 

B. Parameter settings 
Four main parameters are set for the proposed method, i.e., 

the number of iterations (generations), the population size, 
the crossover rate and the mutation rate. The parameter 
settings are based on the DeJong and Spears’ parameter 
settings [27]; the respective values are 1000, 50, 0.6 and 

0.001. Furthermore, the PCR product lengths were set to 
1:2:3 ratios and the minimum one more than 100 bps to 
ensure that the digested allelic fragments can be separated by 
gel electrophoresis. These ratios were chosen based on 
previous studies conducted by us. Different population sizes 
were used to simulate the design of natural PCR-RFLP 
primers. 

C. SNP data set 
Recently, a point mutation in the SLC6A4 gene was 

identified and shown to be associated with psychosis [28], 
bipolarity [29], and autism spectrum disorders [30]. The 
SLC6A4 gene is the member 4 for solute carrier family 6 
(neurotransmitter transporter, serotonin). The 288 SNPs for 
the SLC6A4 gene in NCBI dbSNP Build 130 was used in this 
study, excluding the deletion/insertion polymorphisms (DIP) 
and multi-nucleotide polymorphisms (MNP). The 
PCR-RFLP SNPs were retrieved with a 500 bps flanking 
length (at both sides of the SNP) from SNP-Flankplus 
(http://bio.kuas.edu.tw/snp-flankplus/) [31]. 

D. In silico simulation of the proposed method 
When we designed natural PCR-RFLP primer using the 

proposed method for 288 SNPs of the SLC6A4 gene, there 
were 251 SNPs which had an available restriction enzyme at 
least designed successfully. The 251 SNPs of the SLC6A4 
gene were continued to perform natural PCR-RFLP primer 
design below. 
(1) Based on DeJong and Spears’ parameter settings 

Dejong and Spears’ parameter settings are the standard 
used for most GAs, and for this reason we used these 
parameter settings in the present study. Typically, crossover 
is applied at more than or equal to a rate of 0.6, and the 
mutation rate is equal to 0.001 [27]. Table 1 shows the results 
of the proposed method based on DeJong and Spears’ 
parameter settings. Six designed primers violated the primer 
length difference criterion. Most of the primer length 
differences were between 0 and 4 bp (data not shown). 
Eighty-six primers had a GC% of less than 40%, and 73 
primers had a ratio higher than 60%; all others were between 
40% and 60% (data not shown). Approximately 65.9% of the 
primers (331/502) satisfied the GC clamp restriction. 
Ninety-seven percent of the designed primers (490/502) 
satisfied the Tm criterion, and 94.8% of the primer pairs 
(238/251) satisfied the Tm difference criterion. The PCR 
product length and the hairpin criterion were only violated by 
one primer, respectively. All designed primers were 
dimer-free and satisfied the specificity criterion. 

 
Table 1. The statistical number of designed natural PCR-RFLP primers for satisfying the common constraints in 251 SNPs of 
the SLC6A4 gene based on DeJong and Spears’ parameter settings using the proposed method. The numerator represents the 
number of designed natural PCR-RFLP primers that satisfy the common constraints and the denominator is the number of all 
designed natural PCR-RFLP primers, respectively. The average fitness value represents the estimation criterion for designing 
natural PCR-RFLP primers. A lower average fitness value is more ideal for designing natural PCR-RFLP primers. 

 Constraints 
population 

size 
primer length 

difference GC% GC 
clamp Tm Tm 

difference
product 
length dimer hairpin specificity average 

fitness
50 245/251 395/502 331/502 490/502 238/251 752/753 753/753 501/502 502/502 4.74 



 
 

 

Table 2. The number of the designed natural PCR-RFLP primers that satisfy the common constraints in 251 SNPs of the 
SLC6A4 gene based on DeJong and Spears’ parameter settings with a different population sizes scaled from 100-1000 bps. 
The highlighted row contains the best values for designing natural PCR-RFLP primers. It has the lowest average fitness value. 
The last row gives the mean and standard deviation. 

 Constraints 
population 

size 
primer length 

difference GC% GC 
clamp Tm Tm 

difference
product 
length dimer hairpin specificity average 

fitness
100 248/251 404/502 384/502 496/502 245/251 752/753 753/753 502/502 502/502 3.24 
200 248/251 427/502 431/502 497/502 248/251 752/753 753/753 502/502 502/502 2.05 
300 247/251 439/502 463/502 496/502 248/251 752/753 753/753 502/502 502/502 1.69 
400 248/251 455/502 458/502 498/502 248/251 752/753 753/753 502/502 502/502 1.46 
500 248/251 446/502 469/502 498/502 249/251 752/753 753/753 502/502 502/502 1.28 
600 249/251 451/502 476/502 498/502 248/251 752/753 753/753 502/502 502/502 1.18 
700 249/251 456/502 481/502 497/502 250/251 752/753 753/753 502/502 502/502 1.03 
800 249/251 464/502 484/502 498/502 249/251 752/753 753/753 502/502 502/502 0.96 
900 249/251 465/502 484/502 498/502 249/251 752/753 753/753 502/502 502/502 0.92 

1000 249/251 463/502 490/502 498/502 249/251 752/753 753/753 502/502 502/502 0.82 
mean±SD 248±0.70 447±20.44 462±32.35 497±0.84 248±1.34 752±0 753±0 502±0 502±0 1.76±0.73

 
(2) Based on different population sizes 

This paragraph describes the increased population sizes 
based on the DeJong and Spears’ parameter settings to 
design natural PCR-RFLP primers by the proposed method. 
The respective population sizes were 100, 200, 300, 400, 
500, 600, 700, 800, 900 and 1000 (Table 2). In Table 2, the 
mean and standard deviations are provided for estimating 
the difference in different population sizes. An average 
fitness value of 0.82 was achieved for a population size of 
1000; this was is the best value for the population sizes used. 
For a population size of 1000, only 2 designed primers 
violated the primer length difference. Most of the primer 
length differences were between 0 and 3 bps (data not 
shown). Twenty-one primers had a GC% of less than 40%, 
and 23 primers had a GC% of more than 60%. For GC clamp, 
97.6% of the primers (490/502) satisfied the restriction. 
Ninety-nine point two percent of the designed primers and 
primer pairs satisfied the Tm and the Tm difference (498/502 
and 249/251). For the PCR product length, only one primer 
was problematic. Dimers and hairpins were not presented in 
any primers; the specificity criterion was satisfied by all 
primers. 

IV. DISCUSSION 
To date, a few systems, such as V-MitoSNP, SNP Cutter 

and Prim-SNPing, provide a function for natural PCR-RFLP 
primer design to genotype SNPs. However, these systems 
lack of an appropriate algorithm to design optimal natural 
PCR-RFLP primers. Many primer design approaches have 
been proposed so far, e.g., dynamic programming [32], 
genetic algorithm [19, 33], parthenogenetic algorithm 
MG-PGA [34], greedy algorithm [35], heuristic algorithm 
[36], and others. Nevertheless, most of these methods do not 
focus on the design of optimal natural PCR-RFLP primers 
and the availability of restriction enzymes for SNP 
genotyping. In this paper, a natural PCR-RFLP primer 
design method is proposed to facilitate PCR-RFLP. In order 
to assess the proposed method, we used 251 SNPs of the 
SLC6A4 gene to in silicon simulate the results for designing 
natural PCR-RFLP primers. The requirement and the 
influence of the population size in the proposed method for 
PCR-RFLP primer design are discussed below. 

A. The requirement for the PCR-RFLP primer design 
In PCR-RFLP for SNP genotyping, the restriction 

enzymes are the most important information. If restriction 
enzymes are not available, the PCR-RFLP experiment is 
meaningless. In our method, the updated core of the 
SNP-RFLPing program is used to mine for available 
restriction enzymes to ensure that natural PCR-RFLP 
primers are meaningful. Before designing PCR-RFLP 
primers, a feasible template sequence is required. Hence, the 
SNP-Flankplus program is introduced to obtain a 500 bps 
flanking sequence for a target SNP. In this study, the typical 
primer design constraints for primer length, length 
difference of a primer pair, Tm of a primer, Tm difference of a 
primer pair, GC proportion of a primer, GC clamp of a 
primer, PCR product length are used. Secondary structures, 
such as dimer formation of a primer pair (including 
cross-dimer and self-dimer), hairpin formation of a primer, 
and the specificity of a primer pair in a template sequence 
are also applied to the natural PCR-RFLP primer design. 

B. The influence of the population size 
The GA is a useful tool to find PCR-RFLP primers which 

correspond to the primer constraints. The in silico 
simulation of the proposed method showed that it reliably 
fits the constraints to the primers (Table 1 and Table 2). 
Dejong and Spears’ parameter settings are the standard used 
for most GAs, and for this reason were used the same 
parameter settings in the present study. Typically, crossover 
is applied at more than or equal to the rate of 0.6, and the 
mutation rate is equal to 0.001 [27]. However, the 
population size 50 used in Dejong and Spears’ parameter 
settings is too small to provide the necessary sampling 
accuracy for the design of natural PCR-RFLP primer sets. 
Consequently, we increased the population size from 50 to 
100, 200, 300, 400, 500, 600, 700, 800, 900, and 1000 to 
ensure accurate sampling. Along with an increased 
population size, the average fitness value was decreased. In 
other words, a larger population size is better suited for 
natural PCR-RFLP primer design (Table 2). The standard 
deviation shows that the population size greatly influences 
the GC% (SD=20.44) and the GC clamp (SD=32.35). The 
population size only slightly influences the primer length 



 
 

 

difference (SD=0.70), the Tm (SD=0.84), the Tm difference 
(SD=1.34) and the average fitness value (SD=0.73); it has 
no influence on the product length, the dimer, the hairpin 
and the specificity. 

V. CONCLUSION 
PCR-RFLP which is a simple, inexpensive, and accurate 

laboratory technique had been applied to many SNP 
genotyping experiments. However, the natural PCR-RFLP 
primer design still is a challenging. In this paper, we propose 
a method which uses a GA to search for optimal natural 
PCR-RFLP primers and employs the core of SNP-RFLPing 
to reliably mine available restriction enzymes to solve the 
problem. The in silico simulation of the proposed method 
had showed the reliability for certain polymorphisms (251 
SNPs in SLC6A4 gene). In conclusion, the proposed method 
is a reliable method for designing feasible natural 
PCR-RFLP primers which conform to most of the primer 
constraints and provides the available restriction enzymes 
from REBASE. 
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