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ABSTRACT

Dozens of PCR-based methods are available for
chromosome walking from a known sequence to an
unknown region. These methods are of three types:
inverse PCR, ligation-mediated PCR and randomly
primed PCR. However, none of them has been gen-
erally applied for this purpose, because they are
either dif®cult or inef®cient. Here we describe a sim-
ple and ef®cient PCR strategyÐT-linker-speci®c
ligation PCR (T-linker PCR) for gene or chromosome
walking. The strategy ampli®es the template mol-
ecules in three steps. First, genomic DNA is
digested with 3¢ overhang enzymes. Secondly,
primed by a speci®c primer, a strand of the target
molecule is replicated by Taq DNA polymerase and
a single A tail is generated on the 3¢ unknown end of
the target molecule, and then a 3¢ overhang-T linker
(named T-linker) is speci®cally ligated onto the tar-
get. Thirdly, the target is ampli®ed by two rounds of
nested PCR with speci®c primers and T-linker pri-
mers. T-linker PCR signi®cantly improves the exist-
ing PCR methods for walking because it uses
speci®c T/A ligation instead of arbitrary ligation or
random annealing. To show the feasibility and ef®-
ciency of T-linker PCR, we have exploited this
method to identify vector DNA or T-DNA insertions
in transgenic plants.

INTRODUCTION

PCR isolation of the DNA fragments adjacent to known
sequences is a favorite strategy for chromosome walking.
Several modi®ed PCR methods are available for this purpose:
(i) inverse PCR (1±7); (ii) ligation-mediated PCR (LM-PCR),
including biotin-capture PCR (8±13) and adaptor/cassette/
linker ligation PCR (11,12,14±20); and (iii) randomly primed
PCR (RP-PCR), including hemispeci®c or one-sided PCR
(21±25) and TAIL-PCR (26±28). Although all the mentioned
PCR methods, including their improved versions such as
vectorette PCR, claim to be ef®cient, their inherent limitations

limit their usefulness to a subset of unknown sequences.
Inverse PCR is primarily limited by uneven restriction site
distribution, and non-speci®c ampli®cation is the main
problem of LM-PCR, predominantly due to ligating an
adaptor or cassette to the genomic DNA fragments. The
non-speci®c annealing of arbitrary primer in RP-PCR often
results in excessive accumulation of non-speci®c molecules.
Up to now, none of the existing methods can perform a
successive chromosome walk. We report a new universal
method, i.e. T-linker-speci®c ligation PCR (T-linker PCR), for
successive chromosome or gene walking.

Principle of T-linker PCR

The basic principle of T-linker PCR is outlined in Figure 1. It
consists of the following six steps: (i) Add poly(dT)n to the 3¢
ends of genomic DNA molecules by terminal deoxynucle-
otidyl transferase (TdT) to prevent the genomic DNA ends
from obtaining a single A in the reaction of step (iii); (ii) digest
the poly(dT)n-tailed DNA with restriction enzymes, which
generate 3¢ overhangs but not a single A; (iii) use the speci®c
S1 primer to replicate a strand of the target molecule and
generate a single A tail on the 3¢ end of the molecule by Taq
DNA polymerase; (iv) ligate a T-linker speci®cally onto the 3¢
end of the target molecule using T4 DNA ligase; (v) perform a
®rst round of nested PCR to amplify the target molecule,
primed by the outer pair of primers (S1 and W1); and (vi)
perform a second round of the nested PCR to amplify the
product of the ®rst round, primed by the second pair of primers
(S2 and W2). Meanwhile, primers S3 and W2 are used to
amplify the product of the ®rst round for identi®cation of the
speci®cally ampli®ed molecules by the length difference
(DS2±S3) of S2±W2 and S3±W2 products.

MATERIALS AND METHODS

Template DNA

Genomic DNA was extracted from rice mutant S8-1, from the
variety `Nante' and from Arabidopsis mutants as PCR
templates for T-linker PCR ampli®cations.

Genomic DNA of the rice mutant S8-1, the semi-dwar®sm
plant generated by biolistic transformation for resistance to

*To whom correspondence should be addressed. Tel: +86 10 62752405; Fax: +86 10 62751841; Email: chcaian@pku.edu.cn

Nucleic Acids Research, 2003, Vol. 31, No. 12 e68
DOI: 10.1093/nar/gng068

Nucleic Acids Research, Vol. 31 No. 12 ã Oxford University Press 2003; all rights reserved



rice dwarf virus (RDV), was used to identify the insertions of
the integrated S8 genes (29).

The gibberellin 20-oxidase gene (GA5) in genomic DNA of
the rice variety `Nante' was employed to obtain the gene's
promotor sequence.

Genomic DNA of Arabidopsis mutants, with the plants
tagged by dipping-¯ower transformation with activation-
tagging vector pSki015 (30), was used to identify their
T-DNA insertions.

Restriction enzymes and genomic DNA digestion

Restriction enzymes that generate 3¢ overhangs, such as HhaI
(GCG¯C), Hsp92II (CATG¯), BseNI (ACTGGN¯), BseGI
(GGATGNN¯), PvuI (CGAT¯CG), PstI (CTGCA¯G), KpnI
(GGTAC¯C), etc., were chosen to cut genomic DNA. The
DNA was either completely digested with 6 bp cutters to
obtain large fragments ¯anking the known sequence, or
incompletely digested with 4 or 5 bp cutters. Complete
digestion was achieved using 10±20 U of restriction enzymes
to cut 1 mg of genomic DNA in 50 ml for 12±16 h, and
incomplete digestion was done (20±50% restriction sites to be
cleaved) with 1±2 U of 4 or 5 bp cutters for 30±45 min.

Oligonucleotide primers

Three speci®c primers for each walking step were designed
based on the known sequence. The speci®c primers, T-linker
and two T-linker primers sequences are as follows. Primers for
S8-1: dw1 (S1) 5¢-CTATACATTGAACTCGATAACTC-
AGAC-3¢; dw2 (S2) 5¢-CATCGATTGATGATTTCGATGT-
GTCTGA-3¢; dw3 (S3) 5¢-GTGGAGGAAATGCCCGGT-
CCTGA-3¢. Primers for the GA5 gene: UP479 (S1) 5¢-CTA-
CGAGCTTCCGCACCAGGT-3¢; UP415 (S2) 5¢-CACGA-
CAGCGTCTCCTTCCAC-3¢; UP237 (S3) 5¢-GTGTAACC-
ACCAGGAAGAAGCCGT-3¢. Primers for Arabidopsis-inte-
grated T-DNA: DL1 (S1) 5¢-GACAACATGTCGAGGCTC-
AGCAGG-3¢; DL2 (S2) 5¢-TGGACGTGAATGTAGAC-
ACGTCGA-3¢; DL3 (S3) 5¢-GCTTTCGCCTATAAATA-
CGACGG-3¢. T-linker: 5¢-GTAGGTGTGTGGAGGAT-
GCTGAGCGAGGTA-3¢, 3¢-TCATCCACACACCTCCTAC-
GACTCGCTCCA-5¢. T-linker primer (W1): 5¢-ACCTCGC-
TCAGCATCCTCCAC-3¢ and T-linker primer (W2): 5¢-TC-
AGCATCCTCCACACACCTACT-3¢.

PCR procedure

Step A. Add poly(dT)n to template DNA by TdT. (i) The
reaction: 1±5 mg of genomic DNA, 10±50 U of TdT, 5 ml of
103 TdT buffer, 5 ml of 10 mM dTTP, 10 ml of 0.1% bovine
serum albumin. Bring the total volume to 50 ml with deionized
water. Incubate the reaction at 37°C for 30 min. (ii) Add
ethanol mix (100 ml of ethanol + 5 ml of 3 M sodium acetate,
pH 5.2) to precipitate the DNA, then re-dissolve in sterile
water (20 ml/mg DNA).

Step B. Incompletely digest the poly(dT)n-tailed DNA with 3¢
overhang restriction enzymes. (i) Digestion reaction: 1 mg of
poly(dT)n DNA, 1.5 U of restriction enzyme, 5 ml of 103
buffer. Bring the total volume to 50 ml with deionized water.
Incubate the reaction at 37°C for 20±30 min. (ii) Precipitate
the digested DNA as described in step A.ii and re-dissolve in
11 ml of sterile water.

Step C. Add a single A to the 3¢ end of the target molecule
speci®cally by LA Taq polymerase. (i) A-tailing reaction: 8 ml
of 2.5 mM dNTPs (the mixture of dATP, dTTP, dGTP, dCTP,
each 2.5 mM), 2 U of LA Taq polymerase, 25 ml of 23 GC
buffer I, 20 pmol of primer S1, 10 ml of digested DNA from
step B.ii. Bring the total volume to 50 ml with deionized water.
Then run single cycle PCR: denaturing at 94°C for 3 min,
annealing at 55±60°C for 2 min with extension at 72°C for
6±8 min. Immediately place on ice. The LA Taq polymerase
and the 23 GC buffer I are parts of a kit from TaKaRa
Biotechnology Co. Ltd. (ii) Precipitate and re-dissolve the
template DNA in 8 ml of sterile water.

Step D. Speci®c ligation between target molecule and
T-linker. Ligation reaction: 7.5 ml of A-tailed DNA, 2 pmol
of T-linker, 3 U of T4 DNA ligase (Weiss), 1 ml of 103
ligation buffer. Bring the total volume to 10 ml with deionized
water. Ligate at 16°C for 12±16 h.

Step E. First round of nested PCR. (i) Reaction I: 4 ml of
2.5 mM dNTPs, 1.25 U of LA Taq, 12.5 ml of 23 GC buffer I,
10 pmol of primer S1, 10 pmol of primer W1, 1.5 ml of

Figure 1. The scheme of T-linker PCR for genome walking. S1, S2 and S3:
the speci®c primers binding to the known sequence (the blue area within the
double line) of the target molecule. W1 and W2: the walking primers bind-
ing to the T-linker sequence (the black area within the double line). A or T:
the A tail of the target molecule or the T nucleotide of the T-linker. D: the
anticipated difference in ampli®ed products with the speci®c primers S2 and
S3 in the separated second round reactions.
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template DNA (from step D). Bring the total volume to 25 ml
with deionized water. (ii) Thermal cycling condition: (a) Pre-
denaturing at 94°C for 3 min; (b) denaturing at 94°C for 1 min;
(c) annealing at 55±60°C for 1 min; (d) extension at 72°C for
3 min; (e) repeat for 34 cycles; (f) ®nal extension at 72°C for
10 min. (iii) Dilute 1 ml of PCR product of the ®rst round in
20±50 ml of sterile water.

Step F. Second round of nested PCR. (i) Reaction II: 4 ml of
2.5 mM dNTPs, 1.25 U of LA Taq, 12.5 ml of 23 GC buffer I,
10 pmol of primer S2, 10 pmol of primer W2, 1 ml of the
diluted PCR product from the ®rst round (step E.iii), sterile

water up to 25 ml. (ii) Reaction III: 4 ml of 2.5 mM dNTPs,
1.25 U of LA Taq, 12.5 ml of 23 GC buffer I, 10 pmol of
primer S3, 10 pmol of primer W2, 1 ml of the diluted PCR
product from the ®rst round (step E.iii), sterile water up to
25 ml. (iii) Thermal cycling condition for reactions II and III:
the same as the ®rst round (step E.ii).

Cloning and sequencing of PCR products

The PCR products of reactions II and III were separated by
electrophoresis (5 V/cm) on an agarose gel to discern the
speci®c bands. These bands, which show an anticipated
difference between II and III, are supposed to be the speci®c

Figure 2. Chromosome walking downs the RDV S8 gene from rice mutant S8-1 by T-linker PCR. (A) Four fragments (F1, F2, F3 and F4) are obtained from
the rice mutant S8-1 by T-linker PCR with the restriction enzyme HhaI (GCG¯C) and two speci®c primers [dw2 (for reaction II) and dw3 (for reaction III)].
Ddw2±dw3 is 136 bp. M: l DNA EcoRI±HindIII markers. (B) Sequencing of the fragments F1, F2, F3 and F4, and alignments with vector pE3S8. F1, F2 and
F3 were obtained from the S8 copies S8a, S8b and S8c, respectively, whereas F4 was from any of them (S8x). (C) At the end of the F2 fragment, we obtained
a further three fragments (F5, F6 and F7) in the second walking step by T-linker PCR with the enzymes SphI (GCAT¯GC) and BseNI (ACTGGN¯), and spe-
ci®c primers dw9 (for reaction II, 5¢-TACCTTTCCAGAGTCCTTGTCAGATTC-3¢) and dw10 (for reaction III, 5¢-GGCTGCCATTTTTGGGGTGAGG-3¢),
with Ddw9±dw10 of 154 bp. M: l DNA EcoRI±HindIII markers. (D) Sequencing of the fragments F5, F6 and F7, and alignments with vector pE3S8. We
deduced that F5, F6 and F7 were obtained from the S8 copies S8b, S8b-2 and S8b-3, respectively.
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molecules. The molecules were then cloned and sequenced
with an ABI PRISMÔ 377XL DNA Sequencer from TaKaRa
Biotechnology (Dalian) Co. Ltd.

RESULTS

Amplifying genomic sequences ¯anking multi S8 genes
in the S8-1 rice mutant by T-linker PCR

The RDV S8 genes were transformed into rice by biolistic
bombardment. Biolistic transformation will usually allow
several S8 gene copies to integrate into different genomic
sites with different vector borders. We ampli®ed sequences
¯anking the S8 transgenes by T-linker PCR and obtained
four speci®c fragments (Fig. 2A). Sequencing showed that
the 3¢ ends of fragments F1 and F3 are inserted sequences
of pE3S8 in the rice genome (Fig. 2B), and fragments F2 and
F4 are parts of pE3S8. Based on the 3¢ ends of F2, we
conducted a further walking step and obtained three speci®c
fragments (Fig. 2C). Sequencing results showed that F5
belongs to pE3S8, whereas the 3¢ ends of F6 and F7 are
beyond pE3S8 (Fig. 2D). In conclusion, the 3¢ ends of
fragments F1, F3, F6 and F7 are inserted sequences of the
RDV S8 transgene in the mutant S8-1, The 3¢ end of F6
encodes putative ATPase of rice (3709.t00007|OJ1118_G04)
while the end of F7 encodes a hypothetical protein of rice
(3293.t00016|OSJNBa0061G20).

Walking single copy sequence by T-linker PCR

The GA5 gene, a single copy sequence of the rice genome, was
used as T-linker PCR template to obtain the gene's promotor
sequence by successive walking. In the ®rst step, we acquired
a 1.1 kb DNA fragment with the speci®c primer UP237 (III),
and a larger one was obtained with the primer UP415
(Fig. 3A). Sequencing con®rmed that the fragment contained
a GA5 944 bp promotor region (Fig. 3C). In the next round of
T-linker PCR walking, we obtained a 0.5 kb fragment with
primer UP129 and a smaller one with primer UP25 (Fig. 3B),

Figure 3. Chromosome walking by T-linker PCR for the GA5 gene promoter. (A) T-linker PCR ampli®cation produced a speci®c band of 1.1 kb with primer
UP237 (for reaction III) and of 1.3 kb with primer UP415 (for reaction II) in the ®rst walking step. DUP415±UP237 is 178 bp. M: l DNA EcoRI±HindIII
markers. (B) The second step produced a band of ~0.5 kb with primer UP25 (for reaction III, 5¢-CTGTGCCACCACCAGATTGATGAC-3¢) and a band of
~0.56 kb with primer UP129 (for reaction II, 5¢-GACGCTATGACGAGATTTAGACAACCA-3¢). DUP129±UP25 is 104 bp. M: l DNA EcoRI±HindIII markers.
(C) Cloning and sequencing results of the fragments obtained in the ®rst and second walking steps. ATG: the translation start code of the GA5 gene.

Figure 4. Identi®cation of T-DNA-inserted sequences of Arabidopsis
mutants 1±21 by T-linker PCR with the restriction enzyme HhaI (GCG¯C)
and two speci®c primers: DL2 (for reaction II) and DL3 (for reaction III)].
DII±III is 56 bp (Fig. 1).
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and sequencing showed that the promotor region had been
extended by 442 bp (Fig. 3C). The walking results prove the
feasibility of T-linker PCR walking for single copy sequence
of the genome.

Identi®cation of T-DNA insertions in Arabidopsis

Genomic DNA of Arabidopsis mutant 1±mutant 21 was used
as template to identify the T-DNA left borders inserted
into Arabidopsis plants. We identi®ed speci®c bands from
all mutants except numbers 2 and 6 (Fig. 4). Subsequent
sequencing of the speci®c bands showed that the inserted
T-DNA left ends in 13 mutants (mutants 1, 4, 5, 7, 8, 10, 11,
13, 14, 15, 18, 19 and 20) that are adjacent to Arabidopsis
genomic DNA (Fig. 5), whereas sequences of other mutants
(mutants 3, 12, 16, 17 and 21) remain intact near their left
border. These results showed the complexity of T-DNA
insertions in plants and supported De Buck's hypothetic mode
of T-DNA insertion: in most cases (>60%), the T-DNA
integrations are guided by the vector borders, but in some
cases (~30%), called read-through (31), they did not obey the
borders' guide.

Statistics of the 3¢ overhang restriction sites in rice and
Arabidopsis genomes

Employing rice and Arabidopsis genomic sequences (>3 Mb),
we counted the distribution of restriction sites of six
3¢ overhang-generating restriction enzymes (Table 1). The
percentages of fragments shorter than 1.5 and 3 kb represent
the probabilities of obtaining the speci®c fragments of <1.5
and 3.0 kb, respectively, by the PCR method. In the complete
digestion conditions, the T-linker PCR could amplify the
fragment between the speci®c primer site and the nearest
restriction site, with the mean size of `the mean length' in
Table 1. In the incomplete digestion conditions (20±50% of
restriction sites were cleaved), the T-linker PCR could
produce several fragments between the speci®c primer site
and the nearest ®rst, second, third, etc., restriction sites.

DISCUSSION

PCR strategies for chromosome walking: the technical
development from inverse PCR to T-linker PCR

Scientists have tried three kinds of PCR strategies for
chromosome walking: inverse PCR (1±7), LM-PCR
(8,10,12,14,16±20) and RP-PCR (22±24,26±28). Inverse
PCR was the ®rst generation PCR method for chromosome
walking. Now it is used less for chromosome walking because
of no available restriction sites in the unknown/known region
or poor circularization of the template molecule. LM-PCR and
RP-PCR are more popular for chromosome walking. The latter
is the simplest and most popular method for identi®cation of
T-DNA or transposon insertions (26±28), but its ampli®ed
products are generally small (<1 kb). To obtain larger
fragments (>1 kb) or to walk step by step, we usually resort
to LM-PCR. However, LM-PCR is an inef®cient strategy
because in most cases non-speci®c ampli®cation accounts for
the major proportion of the ®nal PCR products. To resolve this
problem, scientists improved the method time after time with
different adoptors/casssettes, and several improved LM-PCRs
have been reported (13,18,32). However, none of the
improved methods could eliminate this drawback completely.
T-linker PCR resolves the problem thoroughly by `speci®c
ligation' between the speci®c target molecule and the T-linker

Figure 5. Sequence comparison between T-DNA of vector pSki015 and the inserted T-DNA in the Arabidopsis mutants.

Table 1. The mean size and size distribution of genomic DNA fragments
digested by 3¢ overhang-generating restriction enzymes

Restriction enzymes
and recognition sites

Genome Mean
length
(kb)

Percentage of
fragments
<1.5 kb

Percentage
of fragments
<3 kb

Hsp92II CATG¯ Rice 0.1889 99.77 99.99
Arabidopsis 0.2370 99.59 99.99

HhaI GCG¯C Rice 0.3362 88.46 93.57
Arabidopsis 1.4236 70.39 84.45

BseNI ACTGGN¯ Rice 1.4709 63.92 85.11
Arabidopsis 1.8629 56.00 79.66

BsGI GGATGN¯ Rice 0.9046 79.42 94.58
Arabidopsis 1.2885 66.80 88.54

NsiI ATGCA¯T Rice 1.7320 58.58 79.40
Arabidopsis 2.4772 50.46 71.28

PstI CTGCA¯G Rice 3.2440 41.37 60.42
Arabidopsis 4.7246 36.52 50.15
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(Fig. 1). Therefore, T-linker PCR gives higher ampli®cation
ef®ciency for chromosome walking than the other existing
methods.

The results reported here have experimentally illustrated the
high ef®ciency and feasibility of T-linker PCR.

The restriction enzymes employed by T-linker PCR

As T-linker PCR is based upon LM-PCR, the restriction
enzyme site is an important factor to consider. To cut genomic
DNA, we can employ 6, 5 and 4 bp cutters which generate 3¢
overhangs. When the 4 bp cutters are used, we digest the
genomic DNA partially (20±50% restriction sites to be
cleaved) to obtain fragments larger than `the mean length' in
Table 1. The incomplete digestion worked very well in our
experiments (see Results). For example, we ampli®ed speci®c
bands from 90% of the total transgenic Arabidopsis plants and
at least 50% of them have two bands. The statistics of the
restriction sites in rice and Arabidopsis also showed a high
probability to amplify fragments (<1.5 kb or <3.0 kb) with the
4 and 5 bp cutters (Table 1). For example, employing Hsp92II
(CATG¯), T-linker PCR could produce speci®c bands
(<3.0 kb) with a probability of 99.9% in rice and
Arabidopsis. These results illustrated that T-linker PCR
should not be signi®cantly limited by restriction site avail-
ability. Therefore, it is a reliable and sensitive PCR strategy
for chromosome walking, whereas there is no report of
incomplete digestion in the existing LM-PCR thus far.

T-linker PCR advantages in comparison with existing
PCRs

Compared with the other existing PCR methods for walking,
T-linker PCR has many advantages: (i) high speci®city; (ii) a
high positive rate of a `speci®c band'; (iii) long length of a
walking step; and (iv) a high success rate to walk down in one
direction. The comparison of T-linker PCR and other PCRs is
outlined in Table 2.

The potential applications of T-linker PCR in genome-
related research

The T-linker PCR strategy is an optimal method for ampli-
®cation of DNA segments adjacent to known sequences. We
believe that it is promising in genome-related research for the
following experiments: (i) consecutively walking along
chromosome to identify important genes that control the traits

of human, animals and plants using a molecular marker or
known gene (sequence) as a starting pad; (ii) to identify
T-DNA or transposon insertion sites in known or unknown
genomes for genome or gene function assay. T-linker-PCR is
especially effective in identifying multi-copy insertions; (iii)
to obtain non-conservative parts of genes in new species
according to the conservative sequence of reported genes; (iv)
to ®ll in gaps or unknown chromosome regions in genome
sequencing; and (v) to isolate the ends of phage P1, yeast and
bacterial arti®cial chromosomes for construction of the
physical map of the genome.
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