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ABSTRACT. The random amplified polymorphic DNA (RAPD) 
technique is often criticized because it usually shows low levels of 
repeatability; thus it can generate spurious bands. These problems 
can be partially overcome by rigid laboratory protocols and by per-
forming repeatability tests. However, because it is expensive and 
time-consuming to obtain genetic data twice for all individuals, a 
few randomly chosen individuals are usually selected for a priori 
repeatability analysis, introducing a potential bias in genetic param-
eter estimates. We developed a procedure to optimize repeatability 
analysis based on RAPD data, which was applied to evaluate ge-
netic variability in three local populations of Tibochina papyrus, an 
endemic Cerrado plant found in elevated rocky fields in Brazil. We 
used a simulated annealing procedure to select the smallest number 
of individuals that contain all bands and repeated the analyses only 
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for those bands that were reproduced in these individuals. We com-
pared genetic parameter estimates using HICKORY and POPGENE 
softwares on an unreduced data set and on data sets in which we 
eliminated bands based on repeatability of individuals selected by 
simulated annealing and based on three randomly selected individu-
als. Genetic parameter estimates were very similar when we used 
the optimization procedure to reduce the number of bands analyzed, 
but as expected, selecting only three individuals to evaluate the re-
peatability of bands produced very different estimates. We conclude 
that the problems of repeatability attributed to RAPD markers could 
be due to bias in the selection of loci and primers and not necessarily 
to the RAPD technique per se.

Key words: Random amplified polymorphic DNA; Repeatability;
Optimization; Simulated annealing; Band selection; Primer selection

INTRODUCTION

Despite enormous advances in molecular techniques that have been used to obtain 
genetic data, random amplified polymorphic DNA (RAPD) remains a useful approach 
(Williams et al., 1990) for several reasons (Lacerda et al., 2002; Magalhães et al., 2007; 
Brahmane et al., 2008; Dutra et al., 2008; Soares et al., 2008). First, it can be used to 
evaluate populations for which no specific marker has been developed, allowing then 
a quick screening of genetic variability. Second, it is a less expensive technique, does 
not involve complex procedures of DNA sequencing, requires only a simple laboratory 
with minimum equipment able to perform polymerase chain reaction (PCR); in addition, 
despite the impossibility to distinguish heterozygotes, several approaches can be used to 
estimate genetic parameters from dominant data (Meunier and Grimont, 1993; Holsinger 
et al., 2002; Holsinger and Wallace, 2004; Rjiput et al., 2006). 

RAPD, however, has been criticized because it usually shows low levels of repeat-
ability, and because of the basic design of the technique it can potentially generate spuri-
ous bands (Pérez et al., 1998; Rabouam et al., 1999). These problems can be overcome, 
in principle, by using rigid laboratory protocols and doing repeatability tests. The purpose 
of such tests is to repeat the analyses and retain for further analyses only the bands that 
appear in both initial and later screenings (Telles and Soares, 2007; Santos et al., 2007).

Repeatability has been usually performed with a small number of individuals and 
as an a priori procedure, as part of a preliminary or pilot study to select the primers 
and the bands that will be used for further analyses of larger samples (MacPherson et 
al., 1993; Jones et al., 1997). However, this is not always a good solution because it is 
unlikely that these very few individuals will possess all possible bands to be found and, 
consequently, the genetic parameters to be estimated may be biased by the loci that are 
present in these individuals (although bias can be less if these individuals come from dif-
ferent populations, this is not always the case and will depend on the relative amount of 
interpopulational variation). On the other hand, it is expensive and time-consuming to 
obtain genetic data twice for all individuals. Selecting bands with strong staining only 
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is also difficult, because the same band can appear with different intensities in different 
individuals (Holsinger et al., 2002; Hardy, 2003; Hill and Weir, 2004).

Here, we present a new procedure to optimize repeatability and avoid bias in sam-
pling loci for genetic analyses based on RAPD data, and demonstrate its application in the 
evaluation of genetic variability in Tibouchina papyrus, an endemic Cerrado plant with a 
very restricted geographic distribution in elevated rocky fields. Our aim was to propose 
a new protocol to perform a posteriori reproducibility evaluation and to compare genetic 
parameter estimates using a different approach to select bands.

MATERIAL AND METHODS 

A total of 207 individuals were collected from three local samples in Goiás State 
(Brazil), one situated in Serra dos Pirineus, municipality of Pirenópolis, and two in Serra 
Dourada, in municipality of Goiás. DNA was extracted from young leaves, using the 
CTAB (cetyltrimethylammonium bromide) method described by Hillis et al. (1996). The 
quality of the extracted DNA was evaluated on 1% agarose gels stained with ethidium 
bromide and quantified by comparison with a DNA ladder (low molecular weight DNA, 
Invitrogen). DNA was diluted to a working concentration of approximately 5 ng/µL.

Six RAPD primers (Operon Technologies, Inc.; Alameda, USA) (Table 1) were 
used for the analysis. PCR was performed in a PCT-100, MJ Research PCR system, with 
a total volume of 20 µL containing 9.34 µL water, 3 µL genomic DNA (5.0 ng/µL), 2.60 
µL 10X PCR Buffer (Invitrogen), 2.08 µL dNTPs (2.5 mM), 0.78 µL MgCl2 (2.5 mM), 
2 µL primer, and 0.2 µL Taq Polymerase (5 U-Invitrogen). PCR profiles consisting of 
an initial denaturation of DNA for 3 min at 96°C, 40 cycles of 1 min denaturation at 92°C, 
1 min annealing at 37°C and 1 min extension at 72°C, followed by 3 min at 72°C for a 
final extension.

The amplification products were separated on 1.5% agarose gels stained with 
ethidium bromide, run in 1X TBE buffer at 120 V for 4 h, in groups with 23 samples 
(individuals) separated by 100-bp DNA ladder (Amersham Pharmacia Biotech). Digital 
images of gels were captured using EDAS120-KODAK, and individual profiles for all 
gels were scored for the presence (1) or absence (0) of bands (loci), using the 100-bp DNA 
ladder as a reference for aligning bands of different gels to different loci and to minimize 
ambiguity in the coding procedure. 

Since it is expensive and time-consuming to repeat the analyses for all individuals 
and check the reproducibility of each band, the problem is how to determine the bands 
that are “real” markers and that can then be safely used for further statistical analyses. If 
reproducibility tests were performed a priori, the question is irrelevant of course, but our 
aim here was to check the consequences of a priori and a posteriori band selection. In the 
latter case, the question becomes how can the selection of individuals for reproducibility 
tests be better performed knowing all possible bands? The answer is to select the mini-
mum number of individuals that contain, in combination, all bands that were found and 
for which it is necessary to check the reproducibility. Obviously, if one individual con-
tains all bands, the solution is trivial and it alone will provide a solution for the problem, 
whereas if there is a band that appears in a single individual, this individual will thereby 
be part of the solution. This kind of approach is the same that has been widely used in 
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conservation biology to find the smallest number of areas to conserve all species of inter-
est, forming an optimum reserve network (see Margules and Pressey, 2000; Diniz-Filho 
and Telles, 2006).

This problem can be solved using methods of Operation Research (see Possingham 
et al., 2000; Russel and Norving, 2004), and there are currently several approaches to find the 
minimum solution. The simplest algorithm is to perform a sequential search, starting with the 
individual that possesses the most bands and selecting it. The bands that this initial individual 
contains can be considered as already selected, and then the next individual to be selected must 
contain the largest number of bands that are not found in the first individual, maximizing the 
complementarity between them. The procedure continues until all individuals are selected, 
forming a solution of length k (number of individuals). This simple method, although easy to 
implement, does not provide necessarily the optimum solution (i.e., finding the smallest pos-
sible number of individuals), and more sophisticated methods, using exact mathematical solu-
tions or intense computational procedures based on artificial intelligence, can be used. One of 
them is “Simulated Annealing”, which is a global optimization meta-heuristic method that, 
starting with a random configuration of objects (i.e., individuals), probabilistically decides to 
add or delete individuals from this configuration and iterates the procedure minimizing a given 
quantity (in this case, the loss in number of bands) (Russel and Norving, 2004). 

We applied the Simulated Annealing procedure as implemented in SITES, a software 
used in reserve design procedure (see Possingham et al., 2000) to find the smallest number 
of individuals that (when combined) contain all bands. Since PCR will have to be done inde-
pendently for each primer for reproducibility tests, the analyses were performed by primer. 
Most importantly, in large matrices and with relatively simple representation problems, there 
is usually no unique solution to the problem, i.e., there may be more than one combination of 
k individuals that contain all bands. Although all solutions are mathematically equivalent (i.e., 
will allow achieving the goal of representing all bands with smallest possible number of indi-
viduals), it is also possible to calculate the frequency of each individual in the p minimum so-
lutions, a quantity usually called irreplaceability. As previously pointed out, if a band appears 
in a single individual, it will appear necessarily in all p minimum solutions if the optimum 
length k is to be achieved, so that irreplaceability of the individual is equal to 1 (or 100%). 

We applied the simulated annealing to presence-absence of bands for the six prim-
ers, and analyzed the data before and after removing such bands (unreduced and reduced 
data sets). For comparison, we also “simulated” the standard approach for band selection by 
analyzing only those bands that show reproducibility for 3 individuals, one randomly chosen 
in each population. 

We analyzed the three RAPD datasets using the HICKORY v. 1.0 program (Holsing-
er and Lewis, 2003), which estimates the genetic parameters from dominant markers using 
the Bayesian approach proposed by Holsinger et al. (2002), avoiding explicit assumptions 
about Hardy-Weinberg equilibrium in the local populations. Parameters were approximated 
numerically through a Markov Chain Monte Carlo simulation, which tends to converge to a 
β distribution of estimators. We estimated in HICKORY v. 1.0 (Holsinger and Lewis, 2003) 
the divergence among local populations using θB (the estimate of FST), the inbreeding coef-
ficient f (the FIS) and the genetic diversity Hs for each local population. All these quantities 
were estimated by the HICKORY full model, whose performance was checked by devi-
ance information criterion. We also analyzed the same data sets using the POPGENE 1.32 
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program (population genetic analysis) (Yeh and Boyle, 1997) and estimated the proportion 
of polymorphic loci (P%), Nei’s genetic diversity (He) and Shannon genetic diversity (S), 
assuming Hardy-Weinberg equilibrium. Although these estimates are not entirely adequate 
for dominant markers, they are still widely used (e.g., Artiukova et al., 2004; Ferreyra et al., 
2004; Basavaraju et al., 2007)

RESULTS AND DISCUSSION

The six RAPD primers selected (OPB-04, OPB-05, OPB-10, OPM-03, OPM-05, and 
OPM-13) provided initially a total of 176 bands (loci), ranging from 29 to 32 per primer. The 
simulated annealing found that the minimum number of individuals to represent all loci varied 
between 3 and 5 (Table 1), and the number of solutions found for each one ranged from 11 to 
146. As expected, most individuals had low irreplaceabilities and only 27% of the irreplace-
abilities were different from zero (and only three individuals had irreplaceability equal to 1.0), 
and thus, a strongly right-skewed distribution of these values appeared. One of the solutions 
(i.e., the one with the most irreplaceable individuals) was then chosen and PCR and RAPD 
analyses were repeated only for these few individuals that contained all bands for the primer, 
and by comparing the bands in the two RAPD solutions, the original matrix was reduced from 
176 to 147 bands (84% reproducibility), with variable band reduction for primer (Table 1). 
When randomly selecting three individuals for a priori reproducibility analysis, 120 bands 
remained in the data set (68% reproducibility).

Primer Sequence 5’→ 3’        TNB k p NBSA NBR

OPM-03 G G G G G A T G A G   29 4   55   25   23
OPM-05 G G G A A C G T G T   30 5   11   23   18
OPM-13 G G T G G T C A A G   27 3 146   23   18
OPB-04 G G A C T G G A G T   29 4 145   26   19
OPB-05 T G C G C C C T T C   32 4   45   24   20
OPB-10 C T G C T G G G A C   29 4   79   26   22
Total                     176 -   - 147 120

Table 1. Total number of bands (TNB) originally found for each primer, smallest number of individuals necessary 
to test all bands (k) and number of minimum solutions found by simulated annealing (p) and number of bands 
retained for analyses after repeatability using individuals selected based on simulated annealing (NBSA) and 
based on three randomly selected from each population (NBR).

The genetic parameters estimated for the three different data sets are very similar, 
mainly because they actually originated from the same full-data set (Table 2). Anyway, param-
eters estimated for the reduced data set based on simulated annealing are much more similar to 
the full-data set than those estimated based on the three individuals only, and the percentage of 
change when using selection by simulated annealing is half the one using the three individu-
als for θB and f, and much higher for within-population metrics for genetic diversity. In the 
Shannon estimate, for example, the average change when reducing to 147 bands (based on 
simulated annealing) was equal to 1.7% versus a change of 11.2% when selection was based 
on three individuals. Another interesting point is that estimates from HICKORY seem to be 
less affected than those from POPGENE.
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Because of the large number of loci retained after repeatability analyses, the genet-
ic parameter estimates are very similar when using the optimization procedure reducing the 
number of bands analyzed. Even when using a priori reduction based on 3 individuals, a total 
of 120 bands are still retained for analysis. Even so, as expected, selecting only three randomly 
chosen individuals to evaluate the repeatability of bands generates more underestimated ge-
netic parameters because not all possible bands are considered. These results show that, at 
least in part, the problems of repeatability attributed to RAPD markers, in terms of variation in 
estimates of genetic parameters when using all loci and only those with high repeatability, can 
be due to bias in the selection of loci and primers and not necessarily to RAPD per se. More 
importantly, when methods especially designed to deal with dominant markers are used, bias is 
less and thus this reinforces that, although more sophisticated molecular markers are available, 
RAPD data are still a viable solution to genetic analysis if data are carefully obtained, checked 
and adequately analyzed. Thus, our procedure provides an unbiased way to select primers and 
improve the quality of RAPD analyses, which can still be safely used until more sophisticated 
markers are available for more species and can be produced at much lower costs. 
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