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Restriction fragment length polymorphism (RFLP) markers (Botstein et al. 1980)
were regarded as the first shot in the genome revolution (Dodgson et al. 1997), mark-
ing the start of an entirely different era in the biological sciences. RFLP was the most
popular approach for analysis of genetic variation during the entire 1980s. As indi-
cated by its name, RFLP is based on deoxyribonucleic acid (DNA) fragment length
differences after digesting genomic DNA with one or more restriction enzymes. Most
typically, genomic DNA is digested by one or more restriction enzymes and separated
on an agarose gel. To adapt to further handling, the DNA in the gel must be trans-
ferred to a solid support such as nitrocellulose or nylon membranes. The specific
DNA locus with a potential fragment length difference is characterized by hybridiza-
tion to a probe, a radioactively labeled DNA or ribonucleic acid (RNA) molecule with
sequence similarities to the locus of interest. After hybridization, the nonspecific
probes must be washed away leaving only hybridized probes to the specific locus. The
membrane is then exposed to a piece of X-ray film for autoradiography to visualize
the DNA bands. In spite of its popularity, RFLP is able to detect only large shifts in
DNA fragment sizes. Therefore, it can detect only insertions and deletions of large
sizes, and the gain or loss of restriction sites. It is unable to detect the vast majority of
point mutations and deletions or insertions involving small-sized segments because of
its low resolution using agarose gel electrophoresis. As a result, polymorphic rates are
low at most loci. The efforts involved in RFLP marker development have been enor-
mous. RFLP attempts to detect genetic variation one locus at a time. The low poly-
morphic rates, when coupled with expensive and laborious processes, have made
application of RFLP limited. It should be particularly noted that RFLP requires pre-
vious genetic information, such as the availability of probes or sequence information;
information often not available for many fish or other aquaculture species.

In this chapter, technology advances leading to the development of RFLP, the prin-
ciples and molecular basis of RFLP, inheritance of RFLP, power of RFLP, strengths
and weaknesses of RFLP, and applications of RFLP for aquaculture genomics
research will be summerized.

Technology Advances Leading to the Development of RFLP

Two specific technological advances—the discovery and application of restriction
enzymes and the development of DNA hybridization—set the foundation for RFLP.
To comprehend and appreciate the principles of RFLP, it is necessary to have a good
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understanding of restriction enzymes and their applications, as well as that of DNA
hybridizations.

Restriction enzymes are also called restriction endonucleases, proteins produced
by bacteria that cleave DNA at specific sites along the molecule. In the bacterial cell,
restriction enzymes cleave foreign DNA, thus eliminating infecting organisms.
Restriction enzymes can be isolated from bacterial cells and used in the laboratory to
manipulate fragments of DNA. They are indispensable tools of recombinant DNA
technology or genetic engineering, as well as genomics.

It is generally believed that the biological function of restriction enzymes is to pro-
tect cells from foreign DNA. A bacterium uses a restriction enzyme to defend against
bacterial viruses called bacteriophages, or phages. When a phage infects a bacterium,
it inserts its DNA into the bacterial cell so that it might be replicated. The restriction
enzyme prevents replication of the phage DNA by cutting it into many pieces. Restric-
tion enzymes were named for their ability to restrict, or limit, the number of strains of
bacteriophage that can infect a bacterium. An obvious question that often arises is
why the restriction enzymes do not digest bacterial DNA. The answer is that the bac-
teria also harbor a set of defense weaponry containing so-called restriction enzyme
modification systems. Usually, organisms that make restriction enzymes also make a
companion modification enzyme (DNA methyltransferase) that protects their own
DNA from cleavage. These enzymes recognize the same DNA sequence as the
restriction enzyme they accompany, but instead of cleaving the sequence, they dis-
guise it by methylating one of the bases in each DNA strand.

To date, more than 10,000 bacteria species have been screened for the existence of
restriction enzymes; more than 2,500 restriction enzymes have been found with more
than 250 distinct specificities. Occasionally enzymes with novel DNA sequence speci-
ficities are still found, but most now prove to be duplicates (isoschizomers) of already
discovered specificities.

There are three classes of restriction enzymes, designated Type I, II, and III
(Table 2.1). Type I and III enzymes are similar in that both restriction and methy-
lase activities are carried out by one large enzyme complex, in contrast to the Type II
system, in which the restriction enzyme is independent of its methylase. Type II
restriction enzymes also differ from the other types in that they cleave DNA at spe-
cific sites within the recognition site; the others cleave DNA randomly, sometimes
hundreds of bases from the recognition sequence. Type II restriction enzymes are
endonucleases that cut DNA at specific sites, and are most useful for molecular biol-
ogy research.
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Table 2.1. Classification of restriction enzymes and their characteristics.

Type I Type II (93%) Type III

Restriction-methylase Homo-dimers, methylase Restriction-methylase 
on the same subunit on a separate subunit on the same subunit

ATP-dependent Mg++ dependent ATP-dependent

Binds to DNA recognition Recognize symmetric DNA Cut the DNA at the 
site and cuts DNA sequences and cleave within recognition site and then 
randomly—any DNA as the sequences dissociate from the DNA
long as it comes in contact



Each restriction enzyme recognizes a short, specific sequence of nucleotide bases.
These regions are called recognition sequences and are randomly distributed
throughout the DNA. Different bacterial species make restriction enzymes that rec-
ognize different nucleotide sequences. Generally speaking, Type II restriction
enzymes recognition sites are palindromes. A palindrome read from both sides yields
the same sequence of characters (e.g., 121, IFFI, ABA). However, for a DNA
sequence, a palindrome refers to reading the sequence from both strands from 5�-3�.
For instance, the EcoR1 site is 5�-GAATTC-3�; and its complementary strand should
also read 5�-GAATTC-3�. Thus, most 4–8 base pair palindromes are likely restriction
sites. There are numerous commercial suppliers of restriction enzymes, such as New
England Biolabs, Amersham Pharmacia Biotech, Qiagen, Promega, Invitrogen, and
Stratagene, to name a few.

Restriction enzymes are named by using the first letter of the genus name and the
first two letters of the species name from which they were isolated. Often, additional
letters are used to designate the strains from which they were derived, or the chrono-
logical order in which the enzyme was isolated from the species. For example, the
enzyme EcoRI is produced by Escherichia coli strain RY13; Pst I was isolated from
Providencia stuartii; Hind III was isolated from Haemophilus influenza, and Not I was
isolated from Norcardia otitidis-caviarum.

The odds or frequency of restriction enzymes digesting DNA depends on their
recognition sequences. The shorter the recognition sequences, the higher the cutting
frequency. Restriction enzymes have recognition sequences of 4, 6, or 8 base pairs.
Examples of 4-base pair (bp) cutters are Taq 1, Hpa II, Msp I; examples of 6-bp cutters
are EcoR1, Hind III, Bam H1, Pst I, Sal I; and examples of 8-bp cutters are Not I and
Sfi I. To date, many 4-bp cutters and 6-bp cutters are available, but the number of 8-bp
cutters is limited. In addition to these 4-, 6-, and 8-bp cutters, some restriction
enzymes have interrupted or ambiguous recognition sequences. For instance, Acc I
has a recognition sequence of GT(at/gc)AC; Bgl I has a recognition sequence of GCC-
NNNNNGGC; and Afl III has a recognition sequence of ACPuPyGT. Restriction
enzymes with 4-bp recognition sequences digest DNA at a frequency of one per 44 =
256 bp; restriction enzymes with 6-bp recognition sequences digest DNA at a fre-
quency of one per 46 = 4,096 bp; restriction enzymes with 8-bp recognition sequences
digest DNA at a frequency of one per 48 = 65,536 bp. When genomic DNA is digested
with 4-, 6-, or 8-bp cutters, a smear should result except that the average size of the
8-bp cutter is the largest centered at approximately 65 kb; the average of the 4-bp
cutter is the smallest centered at approximately 256 bp.

Three types of ends can be produced by Type II restriction enzymes including
3�-overhang (protruding), 5�-overhang, and blunt-ended molecules. These are impor-
tant for the selection of restriction enzymes for cloning, filling-in labeling, or other
operations. Proper planning should be made for the most efficient use of restriction
endonucleases. In addition, some restriction enzymes do not digest DNA efficiently
when the recognition sites are located close to the end of DNA. This is particularly
important when incorporating restriction sites into PCR primers for cloning. For more
information concerning this, readers are referred to an excellent list from New England
Biolabs (http://www.neb.com/nebecomm/default.asp). With more than 250 commer-
cially available and more than 2,000 total, considerations have to be made based on
cutting frequency, what types of end they produce, ease of use, and economic consider-
ations. Sources with patent rights and cloned products can be much cheaper than other
sources.
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In the early 1970s, the discovery of restriction enzymes offered biologists a great
tool to cleave huge DNA into smaller pieces for analysis. At the same time, another
line of technological advances, the establishment of principles of molecular hybridiza-
tion using molecular probes, set the foundation for RFLP. The revolution brought
about by molecular biology depended heavily on nucleic acid hybridization proce-
dures. These techniques are used extensively in the research laboratory for detecting
specific nucleotide sequences in DNA and RNA and are increasingly being applied in
medicine for diagnosing diseases. All of the hybridization techniques started with a
simple hybridization technique called Southern blot (Southern 1975). A Southern blot
is a method in molecular biology of enhancing the result of an agarose gel elec-
trophoresis by marking specific DNA sequences. The method is named after its inven-
tor, the British biologist Edwin Southern. This caused other blot methods to be named
as plays on Southern’s name (for example, western blot, northern blot, southwestern
blot, etc.). All of these blotting techniques require the use of molecular probes.

A probe refers to the agent that is used to detect the presence of a molecule in the
sample. For Southern blot, the probe is a DNA sequence that is used to detect the
presence of a complementary sequence by hybridization with a DNA sample. Probes
are needed to screen for a gene of interest, to determine genomic structure and gene
copy numbers, to analyze gene expression, or to validate allelic amplification in PCR.

Probes can consist of DNA, RNA, or antibodies. For DNA, the probes can be
double-stranded or single-stranded. The probes can be continuously labeled to make
very hot probes or can be end-labeled to trace the segments. Two methods are most
frequently used to make continuously labeled probes: (1) Nick translation and (2)
Random primer labeling (Sambrook et al. 1989). In the nick translation procedure,
double-stranded DNA is nicked with a limited concentration of DNase I. The nicked
ds-DNA is a perfect substrate for DNA polymerase I. DNA polymerase I has two
major activities: 5� to 3� exonuclease activity and 5� to 3� polymerase activity. DNA
polymerase I makes the new strand DNA with labeled dNTP while degrading the old
strand of the DNA. In the random primer labeling procedure, DNA templates are
heat-denatured and annealed to short random primers (hexomers), creating a perfect
template for Klenow polymerase that makes the new strand with labeled dNTP. DNA
synthesis continues until it reaches the next primer.

End-labeled probes can be made by labeling at the 3� by filling-in reactions using a
polymerase or by labeling at the 5� by using polynucleotide kinase (Sambrook et al.
1989). Probes can be labeled in various other ways. For additional reading, readers
are referred to Sambrook and others (1989), or Current Protocols in Molecular Biology
edited by Fred M. Ausubel, Roger Brent, Robert E. Kingston, David D. Moore, J.G.
Seidman, John A. Smith, and Kevin Struhl (2003).

Principles and Molecular Basis of RFLP

The molecular basis of RFLP is summarized in Figure 2.1.
Restriction endonucleases cut DNA wherever their recognition sequences are

encountered so that changes in the DNA sequence due to indels, base substitutions,
or rearrangements involving the restriction sites can result in the gain, loss, or reloca-
tion of a restriction site (Figure 2.1). Digestion of DNA with restriction enzymes
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results in fragments whose number and size can vary among individuals, populations,
and species. As RFLP analysis usually uses agarose gels, only large-size variations can
be resolved. In terms of molecular basis, deletion and insertion between restriction
sites within the locus of interest generates RFLP; base substitutions at restriction sites
within the locus of interest leads to the loss of restriction sites and thus generating
larger restriction fragments. Alternatively, base substitutions may lead to the genera-
tion of new restriction sites. For instance, the first base of AAATTC (not a restriction
site) can mutate to G leading to GAATTC (now a site for EcoR1). In cases of
rearrangements, the rearranged segments must involve the restriction enzyme sites
under consideration to generate RFLP (Figure 2.1).

Two approaches are widely used for RFLP analysis. The first involves the use of
hybridization, and the second involves the use of PCR. Traditionally, fragments were
separated using Southern blot analysis (Southern 1975), in which genomic DNA is
digested, subjected to electrophoresis through an agarose gel, transferred to a mem-
brane, and visualized by hybridization to specific probes. Most recent analysis replaces
the tedious Southern blot analysis with techniques based on the polymerase chain
reaction (PCR). If flanking sequences are known for a locus, the segment containing
the RFLP region is amplified via PCR. If the length polymorphism is caused by a rela-
tively large (�approximately 100 bps depending on the size of the undigested PCR
product) deletion or insertion, gel electrophoresis of the PCR products should reveal
the size difference. However, if the length polymorphism is caused by base substitution
at a restriction site, PCR products must be digested with a restriction enzyme to reveal
the RFLP. With the increasing number of ‘universal’ primers available in the literature,
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Figure 2.1. Molecular basis of RFLP polymorphism.



a researcher can target DNA regions that are either relatively conserved or rapidly
evolving, depending on the amount of variation observed and the taxonomic level
under examination. Also, PCR products can be digested with restriction enzymes and
visualized by simple staining with ethidium bromide due to the increased amount of
DNA produced by the PCR method. If the size shift is small, polyacrylamide gels or
sequencing gels should be considered rather than agarose gels.

Inheritance of RFLP Markers

RFLP markers are inherited in a Mendelian fashion as codominant markers (Figure
2.2). Both alleles are expressed in molecular phenotypes (here, bands on gels). In the
case of an individual heterozygous for two allelic RFLP patterns on alternative chro-
mosomes, the phenotype includes both of the patterns (Figure 2.2). The codominance
mode of inheritance is a strength of RFLP markers. In the mapping population, poly-
morphic RFLP bands segregate in a Mendelian fashion (Figure 2.3).

Differentiating Power of RFLP and Its Strengths and Weaknesses

The potential power of RFLP markers in revealing genetic variation is relatively low
compared to more recently developed markers and techniques such as amplified frag-
ment length polymorphism (AFLP) or microsatellites. Indels and rearrangements of
regions containing restriction sites are perhaps widespread in the genomes of most
species, but the chances of such an event happening within any given locus under
study should be rare. Similarly, in a given genome of 109 base pairs, approximately
250,000 restriction sites should exist for any restriction enzyme with a 6-bp recogni-
tion sequence (that accounts for 1.5 � 106 bp or 0.15% of the entire genome). Base
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Figure 2.2. Codominant mode of inheritance of RFLP markers. In the example, a base substi-
tution within the 8 kb fragment leads to the gaining of a new restriction site. For homozygous
AA, one band of 8 kb should be generated; for homozygous BB, two bands of 3 kb and 5 kb
should be generated; for heterozygous AB, three bands of 8 kb (from allele A), 3 kb and 5 kb
(both from allele B) should be generated.



substitutions within these restriction sites must be widespread as well, but again, the
chances that such base substitutions occur within the locus under study would be rela-
tively small.

The major strength of RFLP markers is that they are codominant markers (i.e.,
both alleles in an individual are observed in the analysis). Because the size difference
is often large, scoring is relatively easy. The major disadvantage of RFLP is the rela-
tively low level of polymorphism. In addition, either sequence information (for PCR
analysis) or probes (for Southern blot analysis) are required, making it difficult and
time-consuming to develop markers in species lacking known molecular information.

Applications of RFLP in Aquaculture Genomics

RFLP markers are one of the most popular markers used in genetic studies. A search of
the PUBMED database using RFLP as a key word led to the generation of 30,000 cita-
tions in early 2006. However, much of the popularity of RFLP markers was during earlier
decades. Its popularity is reduced now due to availability of other more efficient marker
systems. In spite of the popularity of RFLP markers, even in the earlier decades, its appli-
cation in aquaculture genetics research was limited. (For a recent review, see Liu and
Cordes 2004.) In most cases, RFLP markers have been used to differentiate species
(Chow et al. 2006, Klinbunga et al. 2005), strains, or populations (Docker et al. 2003,
Ohara et al. 2003, Zhang et al. 2005, Aranishi 2005, Sellos et al. 2003, Papakostas et al.
2006, Lehoczky et al. 2005, Apte et al. 2003). Of these studies using RFLP markers, many
of them involved the use of mitochondrial DNA or the 16S rDNA (see Chapter 7 as well
as Mamuris et al. 2001, Klinbunga et al. 2001, Lopez-Pinon et al. 2002, de los Angeles
et al. 2005), which are not highly useful for genomic studies. In consideration of the
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Figure 2.3. Segregation of RFLP markers highlighting codominant mode of inheritance. The
first pair of grandparents is both heterozygous (AB and CD) and the second pair of grandpar-
ents is homozygous (BB and CC). When the daughter of the first grandparents (AD) mates the
son from the second grandparents (BC), four types of segregation are possible: AB, AC, BD,
and CD.



availability of several other more efficient marker systems and the relative difficulties
involved in the development of RFLP from nuclear genes, the anticipated use of RFLP
markers and their significance for aquaculture genome research is limited.
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