
Chapter 3
Randomly Amplified Polymorphic 
DNA (RAPD)

Zhanjiang Liu

Random amplification of polymorphic DNA (RAPD) is a polymerase chain reaction
(PCR)-based multilocus DNA fingerprinting technique. The RAPD procedure was
first developed in 1990 (Welsh and McClelland 1990, Williams et al. 1990) using PCR
to randomly amplify anonymous segments of nuclear DNA with a single short PCR
primer (8–10 base pairs [bp] in length). Because the primers are short and relatively
low annealing temperatures (often 36–40°C) are used, the likelihood of amplifying
multiple products is pretty good, with each product presumably representing a differ-
ent locus. Once different bands are amplified from related species, population, or
individuals, RAPD markers are produced. RAPD markers thus are differentially
amplified bands using a short PCR primer from random genome sites. Because most
of the nuclear genome in vertebrates is noncoding, it is presumed that most of the
amplified loci will be selectively neutral. Genetic variation and divergence within and
between the taxa of interest are assessed by the presence or absence of each product,
which is dictated by changes in the DNA sequence at each locus. RAPD polymor-
phisms can occur due to base substitutions at the primer binding sites or to indels in
the regions between the sites. The potential power for detection of polymorphism is
relatively high; typically, 5–20 bands can be produced using a given primer, and mul-
tiple sets of random primers can be used to scan the entire genome for differential
RAPD bands. Because each band is considered a bi-allelic locus (presence or absence
of an amplified product), polymorphic information content (PIC) values for RAPDs
fall below those for microsatellites and single nucleotide polymorphisms (SNP), and
RAPDs may not be as informative as amplified fragment length polymorphisms
(AFLP) because fewer loci are generated simultaneously. However, because of its rel-
atively high level of polymorphic rates, its simple procedure, and a minimal require-
ment for both equipment and technical skills, RAPD has been widely used in genetic
analysis, including that of aquaculture species.

In this chapter, technology advances leading to the development of RAPD, the
principles and molecular basis of RAPD, inheritance of RAPD markers, the power of
RAPD analysis, strengths and weakness of RAPD, and applications of RAPD in
aquaculture genomics research will be summerized.

Technology Advances Leading to the Development of RAPD

RAPD is a PCR-based fingerprinting technique. The invention of PCR in the mid-
1980s revolutionized the entire life sciences, earning a Nobel Prize in 1993 for
its inventor, Dr. Kary B. Mullis. Understanding how PCR works is fundamentally
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important for appreciation of the principles of RAPD. Hence, I will briefly review the
principles of PCR technology. PCR reactions start with double-stranded DNA tem-
plates. The first step is the denaturation of template DNA by heating it at 94°C; the
second step is to anneal PCR primers to the templates. This step requires optimized
temperatures according to the primers. Two factors significantly influence the fidelity
of PCR—the length of the PCR primers and the annealing temperature. Generally
speaking, the longer the PCR primer and the higher the annealing temperature, the
higher the fidelity of the PCR reactions. Most often, however, PCR primers longer
than 17 bp, and with an annealing temperature above 55°C, are sufficient to produce
reasonably high fidelity for PCR. The third step of PCR is the extension of the
annealed primers to synthesize new DNA. Once the extension is complete to the end
of the template, PCR finishes its first cycle, and the original single molecule has been
copied into two molecules. Let the process repeat 30 or more times, and one DNA
molecule can be amplified into 230 or more molecules (Figure 3.1).

Principles of RAPD

It is clear that in order to have exponential amplification, PCR requires two primers.
Now we have genomic DNA, for which no sequence information is available. How can
we conduct PCR reactions to produce genomic fingerprints revealing polymorphism?
RAPD procedures are based on a fundamental understanding of the annealing
process. At a given base position, any DNA has four possibilities of bases: A, C, G, or T.
Therefore, if the primers are short enough, there would be numerous binding sites
for them in genomic DNA. The odds for a perfect binding site to exist for a 10-base
primer are once every 410 base pairs (i.e., approximately once every million base pairs).
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Figure 3.1. Principles and procedures of PCR.



In most eukaryotic organisms, such as fish, their genomes are at the billion base pairs
range. There should be 1,000 perfect binding sites on each strand of the genome. How-
ever, the binding sites do not have to be perfect to initiate PCR if the annealing tem-
perature is low enough. For instance, unless the last base at the 3� is mismatched, when
9 out of 10 bases of the PCR primer have perfect matches to the template, PCR is
likely to proceed if the annealing temperature is low. The possibility of subperfect
binding greatly increases the number of binding sites in the genome from which a PCR
reaction may proceed. The only exception is when the mismatches occur at the 3� end
of the primer. Therefore, there should be a large number of binding sites in a large
genome for a short primer. However, PCR reactions are often limited to a certain
length. Therefore, the short primers must bind to both strands of DNA close enough
(within several kilobases [kb]) to produce a RAPD band. Using this principle, Welsh
and McClelland (1990) and Williams and others (1990) used a single short PCR primer
of 10 bases and conducted the special PCR reaction at 36°C, leading to the generation
of PCR products using a single random short primer (Figure 3.2).

Based on the fundamental principles of RAPD, the technique can be regarded as a
method of creating genomic fingerprints from species for which little is known about
the target sequence to be amplified using arbitrarily primed PCR (AP-PCR). The cre-
ators of RAPD solved the dilemma of how to create a PCR primer without sequence
information by using arbitrary short primers that increase the odds of finding suitable
binding sites. The short primers require low temperatures for annealing.

Molecular Basis of RAPD Polymorphism

All mechanisms that led to the differential amplification of RAPD bands account for
the molecular basis of RAPD polymorphism. First, RAPD depends on primer binding
at adjacent sites on opposite strands of DNA. Any base substitutions at the primer
binding sites may knock out primer binding and PCR amplification, thus leading to
the loss of a RAPD band. Inversely, any base substitutions at a site originally with a
sequence similar to the primer binding sites can lead to the generation of new primer
binding sites. Once newly generated primer binding sites are close enough to another
primer binding site on opposite strands of DNA, a RAPD band can be generated,
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Figure 3.2. Schematic presentation of RAPD primer binding to genomic DNA. Short RAPD
primers find their perfect and/or subperfect sites, anneal to genomic DNA, and amplify
segments of genomic DNA when they are annealed close enough (generally �2,000 bp) on
opposite strands of DNA.

When the short primer anneals to perfect and/or subperfect sites that are
close enough (generally <2,000 bp) on opposite strands of DNA, PCR is

possible using a low annealing temperature.



leading to polymorphism. Obviously, deletions and insertions within the RAPD bands
would lead to either shorter or longer RAPD bands, producing polymorphism.

Inheritance of RAPD Markers

RAPD markers are inherited as Mendelian markers in a dominant fashion. As domi-
nant markers, RAPD are scored as present/absent. Dominance means that one dose
is enough, and therefore, a RAPD band is produced by dominant homozygotes as well
as heterozygotes, though band intensity may differ. In spite of the theoretical validity
of differentiating the dominant homozygotes from heterozygotes, variations in PCR
efficiency make scoring of band intensities difficult. As a result, attempting to distin-
guish homozygous dominant from heterozygous individuals is not generally recom-
mended. Also, it is difficult to determine whether bands represent different loci or
alternative alleles of a single locus so that the number of loci under study can be erro-
neously assessed. This is especially true if the RAPD is caused by deletion or insertion
within the locus rather than at the primer binding sites. As a result, the number of loci
of RAPD markers can be inflated up to twofold.

As dominant markers, the alternative allele of a RAPD band is the absence of the
band. Even though sometimes it is possible to determine alternative alleles by exami-
nation of the presence of alternative phases of RAPD bands, the exact nature of alter-
native RAPD bands must be verified by hybridization or by sequencing before calling
them alternative alleles. As dominant markers, the number of RAPD bands seen in
the F1 generation should equal the sum of the bands seen in the parents, assuming
parental homozygosity at each locus; polymorphic RAPD then segregate in a 3:1 ratio
in F2 populations, as shown in Figure 3.3 (Liu et al. 1998, 1999). If the RAPD bands
are heterozygous in the parents, they segregate in a 1:1 fashion in F1 populations.

The Differentiating Power of RAPD

The RAPD approach is based on the fact that short oligonucleotide primers can bind
to DNA with predicted odds. For instance, every 1 million (410) bp should contain one
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Figure 3.3. Inheritance of dominant markers. Here RAPD band A is inherited from parent 2
and band C is inherited from parent 1; both band A and C are heterozygous in F1. RAPD band B
is inherited from both parents and thus are homozygous in F1. Heterozygous bands of F1
segregate in a 3:1 ratio among F2 individuals. Figure was modified from Liu and Cordes (2004).



sequence that matches with a primer of 10 nucleotides long. Therefore, a genome of
1 billion base pairs should contain 1,000 perfect binding sites for the 10-bp primer on
each of its two strands of DNA. The 2,000 perfect binding sites plus many more
subperfect binding sites (with 8–9 out of 10 nucleotides) would make it possible to
amplify DNA using a single arbitrary short primer. The conditions for this special
PCR reaction follow:

• The annealing temperature must be low because of the short primer.
• The short primer must bind to the opposite strands of DNA with its 3� ends facing

each other.
• The two binding sites must be close enough to allow a successful PCR reaction

using Taq DNA polymerase, which often travels only several kilobases.

Generally, all these conditions can be met and often multiple bands can be amplified.
Any deletion/insertion existing between the two successful primers would produce a
polymorphic band. Additionally, base substitutions at primer binding sites can also
cause gain or loss of amplified bands. Because about a dozen bands can be analyzed
simultaneously and genome sequence information is not required, RAPD rapidly
gained popularity for analysis of genetic variation in the 1990s. 

Most often 5–20 bands can be amplified by using a single RAPD primer. Theoreti-
cally, primers with equal length should be equally efficient for generating RAPD
bands, but G/C-rich RAPD primers were reported to produce more bands than A/T-
rich primers, presumably due to stronger annealing of G/C-rich primers (Kubelik and
Szabo 1995). Closely related species from which hybrids can be made often exhibit
high levels of RAPD polymorphism; reproductively isolated populations often exhibit
a reasonable level of RAPD polymorphism so that RAPD can be used to differentiate
various strains, lines, and populations. RAPD tends to exhibit low levels of polymor-
phism among individuals of the same population, and thus are not ideal markers for
parentage analysis, for which microsatellite markers are optimal. 

Strengths and Weaknesses of RAPD 

RAPDs have all of the advantages of a PCR-based marker, with the added benefit that
primers are commercially available and do not require prior knowledge of the target
DNA sequence or gene organization. Multilocus amplifications can be separated elec-
trophoretically on agarose gels and stained with ethidium bromide, although higher
resolution of bands has been achieved with discontinuous polyacrylamide gel elec-
trophoresis (dPAGE) and silver staining (Dinesh et al. 1995), a somewhat costlier and
more labor-intensive method. Other advantages of RAPDs are the ease with which a
large number of loci and individuals can be screened.

The major weakness of RAPD is its low reproducibility due to the use of low
annealing temperatures. However, if one stays conservative and scores only highly
reproducible strong bands, this problem can be minimized. In our own experience, we
have not encountered too much trouble with reproducibility. However, if one pushes
to maximize the number of RAPD bands, then many very weak bands may not be
reproduced, leading to a lack of reliability. Because of this reproducibility problem,
there are reports that many RAPD bands do not follow Mendelian inheritance,
though homozygous status was incorrectly assumed in cases. The second major
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weakness of RAPD is its dominant mode of inheritance. Because of the dominant
nature of inheritance, RAPD lack the ability to distinguish between dominant
homozygotes and heterozygotes. In addition, the presence of paralogous PCR prod-
ucts (amplified from different DNA regions that have the same lengths and thus
appear to be a single locus), limit the use of this marker system. These difficulties
have limited the application of this marker in fisheries and aquaculture sciences
(Wirgin and Waldman 1994).

Applications of RAPD Markers in Aquaculture Genome Research

RAPD markers have been widely used for species and strain identification in
fish (Partis and Wells 1996, Liu et al. 1998, 1999) and mollusks (Klinbunga et al. 2000,
Crossland et al. 1993), analysis of population structure in black tiger shrimp
(Tassanakajon et al. 1998) and marine algae (van Oppen et al. 1996), analysis of
genetic impact of environmental stressors (Bagley et al. 2001), and analysis of genetic
diversity (Wolfus et al. 1997, Hirschfeld et al. 1999, Yue et al. 2002).

In addition to identification of species, strains, lines, and populations, RAPD mark-
ers have been extensively used in the model fish species such as zebrafish (Johnson et al.
1994). RAPD markers have also been used in many linkage-mapping studies in fish
species (Table 3.1). However, as more efficient and reliable marker systems such as
AFLP emerged, the use of RAPD markers in genome research declined rapidly. Due to
the intrinsic problems as discussed under its weaknesses, the use of RAPD for future
genome characterization of aquaculture species should be limited. Its coupled usage
with codominant markers, such as microsatellites, may provide more reliable informa-
tion. In closed aquaculture systems where the number of founders of the broodstock
population is limited, RAPD may provide some rapid ways for association analysis of
traits with markers. After the initial identification of the RAPD markers, it is highly rec-
ommended that the marker be converted into SCAR markers (sequence characterized
amplified region) for further analysis. In spite of very limited uses of RAPD for long-
term genome research, it is a useful marker system for rapid hybrid identification and
strain identification commonly encountered in aquaculture breeding operations.

26 Marking Genomes

Table 3.1. Some examples of the use of RAPD markers for the construction of linkage maps
in aquaculture or fish species. Note that most of these efforts were made earlier, and linkage
mapping using RAPD markers is not highly recommended.

Species Common name References

Cyprinus carpio Common carp Sun and Liang 2004 
Danio rerio Zebrafish Postlethwait et al. 1994,

Mohideen et al. 2000 
Oryzias latipes Medaka Ohtsuka et al. 1999
Oncorhynchus mykiss Rainbow trout Sakamoto et al. 2000
Astyanax mexicanus Cave fish Borowsky and Wilkens

2002
Xiphophorus sp. Kazianis et al. 1996
Poecilia reticulata Guppy Khoo et al. 2003
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