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Abstract Although researchers can access information on the
entire genomic DNA sequence of typical research organisms,
convenient genomewalking methods in the laboratory are still
needed. For the analysis of microorganisms, these methods
are especially useful because the available genetic information
is often scarce or limited. Many genomic walkingmethods are
based on the polymerase chain reaction (PCR), and useful
methods have been developed. This report reviews the
methodologies of PCR-mediated genomic walking methods
and evaluates their efficiency and usefulness to help micro-
biologists to select the appropriate method for each target
microorganism. The concept and specific features, such as
advantages and disadvantages, of five major PCR-mediated
genomic walking methods (random PCR, inverse PCR,
panhandle PCR, cassette PCR, and rapid amplification of
genomic ends) are briefly described. The improved methods
and their characteristics are listed, and a report of experimental
comparison of such methods is also introduced briefly. Each
of these methods has both advantages and disadvantages, and
there is a trade-off between the specificity of target amplifi-
cation and the ease of the method. The cassette PCR seems to
be a standard method, but suitable method should be selected
in consideration of the characteristics of the material.
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Introduction

Although we are in the age of high-throughput DNA
sequencing (Szybalski 1993) that allows researchers to
access information on the entire genomic DNA sequence
of typical research organisms, convenient methods of
walking the genomic sequence in the laboratory are still
needed. For the analysis of microorganisms, genomic
walking methods are especially useful in situations in
which the available genetic information is relatively scarce
or limited. The genomic walking methods available in the
laboratory are often based on the polymerase chain
reaction (PCR), and since Saiki et al. (1988) reported an
in vitro DNA amplification method using a thermostable
DNA polymerase, many useful genomic walking methods
have been developed.

Recently, the authors reported the “one-base excess
adaptor ligation” method, which is a novel PCR-mediated
method for genomic walking (Tonooka et al. 2008). In that
report, we briefly introduced previous genomic walking
methods and listed their names and inventors. Because
microbiologists would be aided by a critical review and
comparison of the various methods, this report reviews the
methodologies of PCR-mediated genomic walking and
evaluates their efficiency and usefulness. Improved methods
and their characteristics are also introduced briefly.

Methodology

In general, there is a difficulty to apply PCR techniques to
genomic walking because PCR is only applicable to the
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amplification of the genomic region located between at
least two known sequences. Therefore, the aim of PCR-
mediated genomic walking is to “find” a determined
sequence upstream or downstream from a known sequence.
Commonly, nested PCR, using primary PCR products and
degenerate primers, is performed for the selective amplifi-
cation of the target sequence. Also, tagging of the
sequence-specific primer (primer designed from a known
sequence) by biotinylation is sometimes used to purify the
sequence-specific PCR product through streptavidin capture
(Jones et al. 1994; Mishra et al. 2002).

PCR with random primers

Researchers have developed methods for the rapid, semi-
random amplification of a target unknown region in
genomic DNA (Parker et al. 1991). Lin et al. (1995)
described a standard protocol that includes PCR with one
sequence-specific primer plus primers that have random
sequences (Fig. 1). To maximize the efficiency of amplifi-
cation, the annealing temperature is relatively low, and the
random primers are shorter than usual. The advantage of
this method is that it is the simplest procedure for
amplifying a target region because it does not require the
digestion of genomic DNA with restriction enzymes or
ligation. One disadvantage of the method is that the target
region will be successfully amplified only by chance. The
existence of nonspecific PCR products due to the low
annealing temperature and random primer sequence is also
problematic.

Improvements have been made to random primer methods
that allow these drawbacks to be overcome. Liu and Whittier
(1995) described the “thermal asymmetric interlaced PCR”
method using long sequence-specific primers and a short
arbitrary degenerate (AD) primer. The PCR reaction includes
high-stringency, low-stringency, and mixed cycles. The low-
stringency cycle creates an annealing site adapted for the AD
primer. The high-stringency and mixed cycles prevent the
amplification of nontarget sequence. Chen and Wu (1997)
reported the “uneven PCR” method, in which PCR is
performed using a sequence-specific primer and random
(arbitrary) primers under the consecutive cycles of two
different annealing temperatures. Ge and Charon (1997)
developed the “semi-random PCR” method. To select the
target product, the primary PCR products amplified using
sequence-specific primer and random primers are cloned into
plasmid vectors; secondary PCR is performed using
sequence-specific and vector-specific primers. Aquino and
Figueiredo (2004) reported the “linear amplification followed
by single primer PCR” method. In this method, the target
unknown region is amplified linearly in the first-step PCR
using a single sequence-specific primer with a high anneal-
ing temperature, and the second-step PCR is performed

using the same primer with a low annealing temperature,
such that the primer anneals randomly to the first PCR
product. Based on the same concept, Pilhofer et al.
(2007) developed the “two-step gene walking” method. In
the first step, single-stranded walking PCR products are
amplified linearly by a sequence-specific primer followed
by complementary double-strand formation by random
primers. The second step involves direct sequencing using
a sequence-specific nested primer. For high-throughput
genome walking, Reddy et al. (2008) reported the hyper-
branching of strand-displacement DNA synthesis using a
walker adaptor primer and Phi 29 DNA polymerase to
create overlapping fragments covering the entire genome;
the target region is then amplified using sequence-specific
primer.

The products amplified using random PCR can be up to
4-kbp long (Aquino and Figueiredo 2004; Pilhofer et al.
2007); this method also has been applied to gene isolation
from polyploid wheat using pairs of random primers
(Huang and Cloutier 2007).

Inverse PCR

Ochman et al. (1988) reported the “inverse PCR” method,
which uses three steps to amplify the upstream and
downstream regions of a known sequence (Fig. 2). This
method consists of (a) DNA digestion with a restriction
enzyme that generates sticky ends, (b) self-ligation between
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Fig. 1 Scheme of the random PCR method. Sequence-specific
primers (gray boxes) are designed from known sequence (black
box), and random primers (white boxes) anneal to genomic DNA
(lines) randomly under the relatively low annealing temperature.
Target products are amplified successfully when random primers
anneal an appropriate location in the genomic DNA. The 5′ shows the
5′-end of DNA chain (modified from Lin et al. 1995)
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two ends of the digested DNA fragment (circularization)
using DNA ligase, and (c) PCR amplification of target
regions using a pair of primers that are directed to a region
outside of the known region (inverse primer). The benefit
of this method is that both the upstream and downstream
regions of the known sequence will be amplified by one
PCR reaction if the restriction site is in an appropriate
location within the genomic DNA. However, the circular-
ization of target DNA fragment is sometimes unreliable,
and this circularization needs to take precedence over
ligation between the target DNA fragment and other
fragments. In addition, the success of PCR amplification
depends on the distance between the restriction enzyme
sites and the known region, and so the digested DNA
fragments are sometimes too large for standard PCR
amplification.

Benkel and Fong (1996) developed an improved inverse
PCR method combining inverse PCR and long-range PCR,
which utilizes six-cutter restriction fragments (which, as
described above, are sometimes too large for standard PCR
amplification). This method is suitable for long-range
walking in the upstream and downstream regions and
produces an approximately 6 kbp. Kohda and Taira

(2000) reported the “bridged inverse PCR” method, in
which the digested genomic DNA fragment is circularized
with a short artificial DNA fragment, or bridge. The first-
step PCR is the same as in standard inverse PCR using the
inverse primer, and the second-step PCR uses one inverse
primer and one bridge-specific primer. This second-step
PCR enables selective, effective amplification of the target
sequence from a complex mixture.

Panhandle PCR

Jones and Winistorfer (1992, 1993) reported the “panhandle
PCR” method, which is named for the shape of the template
single-stranded DNA (ssDNA) in the protocol (Fig. 3).
Panhandle PCR involves (a) DNA digestion with a
restriction enzyme that generates 5′-sticky ends; (b) ligation
of the 3′-end of the digested DNA with a single-strand,
5′-phosphorylated oligonucleotide (oligo) that is designed
to be reverse complementary to the known sequence
adjacent to the target region; (c) panhandle formation
(intrastrand annealing) of the denatured ssDNA and
polymerase extension of the recessed 3′-region, which
generates an annealing site for a sequence specific-primer
at the unknown end; and (d) PCR amplification with
sequence-specific primers (the 3′-end of the target region
now has the reverse complementary sequence of the
5′-region). This method is suitable for both short- and
long-range genomic walking up the length of the denatured
target DNA fragments forming the panhandle structure.
Ironically, the panhandle formation step itself is the weak
point of this method; it is complex and rather unreliable.

To address the shortcomings of the panhandle PCR
method, Myrick and Gelbart (2002) developed the “universal
fast walking (UFW)” method. This method requires neither
restriction enzymes nor DNA ligase, and all of the processes
can be performed in one tube: (a′) amplification by a
sequence-specific primer followed by the destruction of
unused primers by exonuclease I (ExoI); (b′) random but
stringent annealing of the first amplified chain to a
conversion primer that has a random 10-mer sequence at
its 3′-end and a known sequence at the 5′-end; (c′) digestion
of the 3′-branching of the primer-bound first chain using
ExoI; and (d′) sequence conversion of the 3′-end of the first
chain using polymerase fill-in, which creates the reverse
complementary sequence to the known region for panhandle
formation. Combining this UFW method with touchdown
PCR (or step down PCR, see below), Walser et al.
(2006) reported an improved method for a reliable high-
throughput assay to screen length polymorphism. Park
(2005) reported the “lariat-dependent nested PCR for rapid
amplification of genomic DNA ends” method. In this
method, the initial DNA synthesis is primed with a special
hybrid primer consisting of a gene-specific 5′-sequence
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Fig. 2 Scheme of the inverse PCR method. Genomic DNA is
digested with a restriction enzyme (a triangle with right-angled lines),
and the two ends of the digested DNA fragment are ligated with DNA
ligase (circularization). PCR is performed using a pair of sequence-
specific primers (inverse primer) directed to a region outside of the
known region. Successful PCR product includes both the upstream
and downstream region of known sequence with a restriction site
(modified from Ochman et al. 1988)
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adjacent to the 3′-terminal degenerate, partially defined
sequence. The second strand synthesis fills the 3′-end
recession of the first strand to form the reverse
complementary sequence for panhandle formation. Wang
et al. (2007) reported the “self-formed adaptor PCR”
method, which includes one cycle of DNA synthesis at a
low annealing temperature (35 °C) with a sequence
partially complementary to a known sequence, followed
by linear amplification at high temperature with a
sequence-specific primer to pool and select the target
product for the next panhandle formation.

Cassette PCR

This method involves attaching artificial deoxynucleotides
(a cassette or adaptor) to the end of an unknown region, to
allow later PCR amplification of the target sequence
between the known region and adaptor. This method
requires restriction enzyme(s) to digest genomic DNA and
DNA ligase to ligate the adaptor and digested DNA
fragment. The typical steps involved in this method are:
(a) digestion of genomic DNA with restriction enzyme(s);
(b) ligation of the digested DNA with the adaptor using
DNA ligase; and (c) PCR amplification using a sequence-
specific primer and an adaptor primer (a primer designed
using the adaptor sequence). Shyamala and Ames (1989)
called the principle behind this method “single-specific
primer PCR”, in which digested genomic DNA fragments
are ligated to a plasmid vector; Mueller and Wold (1989)
described it as “ligation-mediated PCR”, in which chemi-
cally cleaved genomic DNA fragments are ligated to a
double-stranded oligo linker. Rosenthal and Jones (1990)

established the standard procedure: a scheme of the method
is shown in Fig. 4. In cassette PCR, the adaptors can be
designed specifically, and samples are easy to prepare.
However, this method is hampered by the low specificity of
PCR amplification caused by short DNA fragments that
have adaptor sequences at both ends or by the self-ligation
product of the adaptors. More complicated procedures have
been designed to increase the efficiency of the method; for
example, PCR amplification with a biotin-labeled primer
followed by purification of the products using streptavidin,
or nested PCR with many steps using different degenerate
primers.

Many improvements have been made to the cassette
PCR method to increase its efficacy. With respect to the
design of the adaptor, Arnold and Hodgson (1991) reported
the “vectorette PCR” method, which is the application of
the linker-specific amplifying technique for the yeast
artificial chromosome (Riley et al. 1990). The vectorette
is a double-stranded oligo adaptor that is partially comple-
mentary and contains a central mismatch region. This
mismatch only allows amplification by a sequence-specific
primer at the first PCR. The newly synthesized chain
becomes the template for the adaptor-specific primer after
the second PCR, and this amplifies the target region near
the known sequence specifically. Vectorette PCR is appli-
cable to genomic walking when information on only one
conserved amino acid sequence is available (Laging et al.
2001). Siebert et al. (1995) reported the “suppression PCR”
method, in which the nonspecific PCR product containing
adaptor sequences at both ends forms a panhandle structure
when denatured, due to the presence of an inverted terminal
repeat in the adaptor, and panhandle formation suppresses
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Fig. 3 Schematic description of
the panhandle PCR method.
Genomic DNA is digested with
a restriction enzyme (a gray
triangle and right-angled lines),
and the 3′-end of unknown
region is ligated to an oligo
DNA (gray box with a bold
line), which has a reverse
complementary sequence to
known region. Ligated DNA is
denatured and then forms
panhandle structure between
known sequence and oligo DNA
sequence. DNA polymerase
extends the recessed 3′-region,
creating an annealing site for a
sequence-specific primer (small
white box). PCR amplification is
performed using sequence-
specific primers. Known
sequence is shown by a black
box (modified from Jones and
Winistorfer 1992)
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the exponential amplification of nonspecific PCR product.
This led to the development of “SiteFinding PCR” by Tan
et al. (2005), in which the adaptor-specific primer itself
contains excess 5′-bases to make nonspecific PCR products
that form the panhandle structure. Combining vectorette
and suppression PCR, Cottage et al. (2001) reported a
modified method using a “vectorette” without an adaptor
primer binding site. The primer binding site is created in the
first PCR extension by a sequence-specific primer, and
the amplification of a sequence with a full-length adaptor at
both ends is suppressed by panhandle formation between the
terminal repeats in the adaptors. Padegimas and Reichert
(1998) achieved efficient-specific PCR amplification using
adaptors that have parts forming a hairpin structure, while
removing unligated genomic DNA via exonuclease III
digestion. The method reported by Tonooka et al. (2008),
the “one-base excess adaptor ligation” method, also uses
adaptor modification. In this method, the genomic DNA is
digested by a restriction enzyme that produces a 5′-sticky
end and is ligated to an adaptor with the same restriction site
but with one excess base on the 5′-protruding end. This
excess base prevents adaptor self-ligation, and the relatively
low amounts of ligation products due to the requirement of

sequence-specific exonuclease activity by DNA ligase enable
specific amplification of the target region. PCR procedures
can also be improved. For instance, Zhang and Gurr (2000)
developed the “step down PCR” in which the annealing
temperature is decreased gradually from 72 to 68 °C in
succeeding cycles. This “step down” helps the amplification
by favoring gene-specific primer annealing over nonspecific
annealing in the earlier cycles. Regarding the utility of the
adaptor, Morris et al. (1995) developed a double-stranded
oligo adaptor consisting of a universal lower strand and a
restriction site-specific upper strand. Each contains a
common central core, and the end bases of the core are
designed to prevent regeneration of the restriction site once it
is ligated to the genomic DNA. Nthangeni et al. (2005)
developed a “versatile cassette” that is available in unlimited
quantities with variable sticky- and blunt-end restriction
enzyme recognition sites. It has a 200-bp sequence using a
variety of cassette-specific universal primers. Yuanxin et al.
(2003) reported “T-linker PCR”, in which a single adenine
tail is added by Taq polymerase before the adaptor with a
single 5′-protruding thymine is ligated, as in the T–A
cloning.

To acquire long PCR products, Rishi et al. (2004)
developed a method that involves partial (incomplete)
genomic DNA digestion with a restriction enzyme before
the ligation of the adaptor. They succeeded in amplifying
4–5 kbp products with this method; in comparison, 0.5–
1 kbp products are produced by the complete digestion of
genomic DNA using the same restriction enzyme. The
cassette PCR method is also useful for the microsatellite
marker identification (Korpelainen et al. 2007).

Application of rapid amplification of complementary DNA
ends

The method used to determine the flanking region of
transcripts is also applicable to genomic walking. Based on
the rapid amplification of complementary DNA ends
(RACE) method (Loh et al. 1989; Ohara et al. 1989),
Cormack and Somssich (1997) reported the “rapid ampli-
fication of genomic ends (RAGE)” method, in which the
restriction enzyme-digested genomic DNA fragments are
denatured and polyadenylated using terminal transferase
(poly-A tail). PCR is performed with a sequence-specific
primer and a special primer including a polythymine (poly-
T) sequence at 3′-end. Leoni et al. (2008) reported a similar
method that adds a polycytosine (poly-C) 3′-tail to the
single-stranded, primarily amplified product using terminal
deoxynucleotidyl transferase after the synthesis of the first
strand with a sequence-specific primer. PCR amplification
uses a sequence-specific primer and an anchor primer
including polyguanine (poly-G) sequence. The merits of
these “tailing” methods are their rapid amplification of the
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Fig. 4 The basic procedures of the cassette PCR method. Genomic
DNA is digested with a restriction enzyme (a gray triangle with right-
angled lines), and the double-stranded oligo adaptor (gray box with
short lines) is ligated to the digested genomic end. PCR is performed
using a sequence-specific primer (small gray box) and an adaptor-
specific primer (small white box). Known sequence is shown by a
black box (modified from Rosenthal and Jones 1990)
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target sequence and their simple protocols. However, as in
the RACE method, these methods produce nonspecific
products because of annealing between the poly-A and
poly-T (or poly-C and poly-G) sequences. Nested PCR,
therefore, may be indispensable.

Experimental evaluation of the PCR-mediated methods

In a comparative evaluation of various PCR-mediated
genomic walking methods, Satyanarayana et al. (2006)
isolated the 5′-promoter fragment of the N-methyltransferase
gene in the coffee plant, Coffea canephora, using cassette
PCR, RAGE, and uneven PCR using a gene-specific primer
and random 10-mer primers. They found that cassette PCR
successfully amplified specific products of 800 (EcoRV
digestion) or 1.5 kbp (digestion by DraI or SspI).
Nevertheless, even after nested PCR, nonspecific products
with an adaptor sequence at both ends were observed
frequently, despite the specialized adaptor structure that
was used for suppression PCR. The RAGE method could
not amplify the target sequence; a variety of nonspecific
products were amplified; and smears were observed on gel
electrophoresis. Uneven PCR generated specific products
of about 600 and 400 bp, but also generated a nonspecific
800-bp product.

A brief guide for the genomic walking

Considering the advantages and disadvantages of each
genomic walking method described above, a brief index for
each method is shown below. Nested PCR and/or use of
biotinylated sequence-specific primer are the common
options for all methods.

Random PCR This method is suitable for the exploratory
research because the total cost (time and material) for the
walking PCR seems to be lowest of all five methods.
However, if the single PCR product is not acquired, the
other methods should be considered. The problem of
nonspecific PCR products cannot be bypassed.

Inverse PCR This method is appropriate for the case that
both the upstream and the downstream region of the known
sequence are to be discovered. DNA polymerase available
for the long-range PCR is needed. If not, the bridged
inverse PCR method is recommended even if the PCR
reaction itself becomes twice.

Panhandle PCR Concerning the practicality, it is difficult to
cite the superiority of this method over the cassette PCR
method. Both twomethods contain the step of oligo ligation to

the digested genomic DNA, but the panhandle PCR method
has more two steps (panhandle formation and extension)
before the walking PCR. The advantage of this method may
be limited for the long-range genomic walking.

Cassette PCR This method seems to be most convenient
and appropriate method because of its easiness and design
ability. The specificity of the walking PCR balances with its
cost, and many improvements are available. From these
features, this method would be a standard method in many
cases. As the adaptor-specific primer, a universal primer is
endorsed to avoid the nonspecific amplification.

RAGE This method is convenient if there are the materials for
RACE method already. The protocol itself is very simple.
However, it should be noted that the specificity of primary
walking PCR is inferior to the cassette PCR or panhandle PCR
method, because the stringency of the poly-T (or poly-G)
primer is lower than that of the adaptor-specific primers
designed appropriately.

Conclusion

As described above, each of the PCR-mediated genomic
walking methods has both advantages and disadvantages. In
these methods, we concluded that the cassette PCR method is
a standard method applicable to various situations. However,
the indication by Satyanarayana et al. (2006), based on a
previous comparison of these methods, should be noticed
that a single method cannot be employed universally, and the
adoption of different methods is advisable. There is often a
trade-off between the specificity and the ease of a method:
efforts to increase the efficiency of the amplification of the
target tend to increase the complexity of the procedures used.
In addition, the length and efficiency of walking to an
unknown region depend on the materials and methods, such
as the target organism, enzymes, oligos, experimental
conditions, PCR procedures, and the structure of the
genomic DNA that is involved. Authors hope that this
minireview becomes an index for microbiologists to use to
select an appropriate method for genomic walking in target
microorganisms and that it provides clues for the future
improvement of these methods.
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