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Abstract

New bioactive proteins need to be screened from various microorganisms for the increasing need for industrial and
pharmaceutical peptide, proteins, or enzymes. A novel polymerase chain reaction (PCR) method, restriction site-
dependent PCR (RSD-PCR), was designed for rapid new genes cloning from genomic DNA. RSD-PCR strategy is
based on these principles: (i) restriction sites disperse throughout genomes are candidacy for universal pairing; (ii) a
universal primer is a combination of a 30-end of selected restriction sites, and a 50-end of degenerated sequence. A
two-round PCR protocol was designed and optimized for the RSD-PCR: amplify the single strand target template
from genomic DNA by a specific primer and amplify the target gene by using the specific primer and one of the uni-
versal RSD-primers. The optimized RSD-PCR was successfully applied in chromosome walking using specific internal
primers, and cloning of new genes using degenerated primers derived from NH2-terminal amino acid sequence of
protein.
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1. Introduction

Bioactive proteins from various microorganisms have
become attractive alternative to conventional catalysts
for production of fine chemicals and pharmaceutical inter-
mediates. However, the properties of the current available
proteins do not always meet the criteria of the applications
of interest. Directed evolution is a powerful tool for adapt-
ing the characteristics of a bioactive protein, but the selec-
tion of the evolved variants is always a bottle-neck step.
Novel genes and proteins still need to be screened from a
wide variety of microorganisms to meet the increasing
requirements of various industrial and pharmaceutical
peptide, proteins, or enzymes. Thus the current challenge
is focus on the development of efficient rapid screening

methods of related genes. However, classical gene cloning
is a tedious and time-consuming work which usually
requires constructing and screening a library, and delicate
work often does not assure successful cloning. Required
steps often include probe labeling, suitable restriction
digestion, and Southern hybridization followed by con-
struction and screening of a library.

Polymerase chain reaction (PCR) has been employed to
amplify DNA fragments for molecular cloning, and is
especially useful in cDNA cloning using reverse transcrip-
tance PCR (RT–PCR). The core point of PCR technique
is that the sequences for short oligonucleotide primers
annealing must be available for DNA polymerization. In
most cases, a problem arises from the shortage of infor-
mation when using PCR technique to clone a new gene
or desired DNA fragment, because the sequence at the
other end of the target DNA is unknown. The success of
RT–PCR relies on a universal primer complementary to
the polyA tails of mRNA, which is combined with a
specific primer of the known sequence.
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PCR techniques employing various methods to yield
efficient universal primers for chromosome walking on
an unknown DNA segment are classified into three
types: inverse PCR,1–4 ligation-mediate PCR,5–17 and
random primer PCR.18–25 In general, the current PCR
technique for chromosome walking suffers from these
limitations: (i) they either face the high-complexity of
whole genomes and require delicate manipulations, or
(ii) give contaminated products, and (iii) few of them
are actually suitable for new gene cloning using degener-
ated primers based on amino acid sequence or conserved
gene locus. Thus, PCR methods are commonly performed
in combination with the traditional cloning methods, such
as library construction, probe labeling, Southern hybridiz-
ation, and so on.

We report here a simplified and effective PCR method,
restriction site-dependent PCR (RSD-PCR), which used
the natural restriction sites in the genomic DNA to
design universal primers, and was applied with a two-
round PCR protocol without nested process. The RSD-
PCR protocols were optimized, and successfully used for
chromosome walking and new gene cloning via degener-
ated primers.

2. Materials and methods

2.1. Cell cultivation and genomic DNA isolation
Chromosomal DNA of Thermoanaerobacter ethanolicus

JW200, Thermotoga maritima, and Schizosaccharomyces
pombe YHL6403 was gifts from Dr J. Wiegel and Dr
M. Adams (University of Georgia, USA) and Dr Ying
Huang (Nanjing Normal University, China). Bacillus
pumilus ARA was isolated in the laboratory, and grown
at 508C on liquid medium containing (w/v): 1.5% xylan;
0.3% K2HPO4; 0.2% yeast extract. Escherichia coli
JM109 and their recombinants were routinely grown aero-
bically in Luria-Bertani (LB) medium at 378C. Plasmids or
DNA fragments were isolated from E. coli cells or agarose
gels with QIAGEN Plasmid Mini Kit, or QIAquick Gel
Extraction Kit, respectively.

2.2. Obtaining an amino acid sequence of a novel
arabinosidase

Arabinosidase activity was measured with standard
procedure at 608C.26 Protein concentration was assayed
by Bradford method with bovine serum albumin as a
standard, an arabinosidase was partially purified by
(NH4)2SO4 precipitation, DEAE-Sephacel, Butyl HIC,
and HW-55F-toyopearl chromatography (Sigma). The
protein of main band in native gradient gel exhibiting ara-
binosidase activity was transferred to polyvinylidene
difluoride (PVDF) membrane by electro-blotting for
NH2-terminal amino acid sequencing (GeneCore
Company, Shanghai, China).

2.3. Design of a RSD-PCR protocol and a group of RSD
primers

To reduce non-specific amplifications, the RSD-PCR
protocol was designed in two rounds. In the first round
(1st round), the single strand target gene from genomic
DNA was amplified by single specific primer under strin-
gent conditions. PCR mixture of 1st round in 50 times
dilution was used as the template in the second round
(2nd round). Then, double strand target gene was ampli-
fied by a universal primer and the specific primer in this
round (Fig. 1). The Tm in the experiment was estimated
by using formula Tm ¼ 4 � (G þ C) þ 2 � (A þT).

The universal primers were a group of RSD-primers
designed on the basis of the restriction sites commonly
used at multiple cloning sites in vectors, which contained
a 30-end complementary to six bases of a selected restric-
tion site, and a 50-end of degenerated nucleotide sequences
for pairing with variable bases to support the anneal of
the primer to its template. To lower the melting tempera-
ture of primer-dimers, proper numbers of complementary
bases at the 50-end of RSD-primers were removed from the
highly degenerated bases to make sure that at least three
bases were not complementary at each end of a primer-
dimer (Table 1). Presently, no formula has been found
able to help this kind of primer design because the
sequences for restriction enzymes are different. The

Figure 1. Schematic outline of RSD-PCR protocol for new gene cloning
from chromosome DNA. In the round 1, the target template is
amplified under stringent conditions from genomic DNA by using a
specific primer which can be degenerated. In the round 2, the
double strand target gene is amplified by using the same specific
primer and one of the universal RSD-primers which can anneal
with the corresponding restriction sites (RS) disperse in the target
template.
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primers in Table 1 were designed manually by pairing the
sequence of a primer in antiparallel orientation at all poss-
ible positions from two bases protruding at 50-end to two
bases protruding at 30-end, and removing those base(s)
from the first 3 Ns at 50-end to make three uncomplimen-
tary bases including protrusions at each end. In this way,
the melting temperature of a primer-dimer should be at
least 88C lower than that of a template-primer hybrid
when there is any G or C in the restriction site (G or C
stands for 48C, A or T stands for 28C), so that most of
the primer-dimers will be denatured at the stringent
annealing temperature during PCR.

2.4. Performance and optimization of RSD-PCR
The acetate kinase gene ak of T. maritima was

employed as a sample gene to optimize the RSD-PCR
protocol. A gene-specific primer AK complementary to a
region near the stop codon of acetate kinase gene (ak)
was designed based on the NCBI online sequence (acces-
sion no. NC_000853) (Table 1). In the 1st round PCR
of 40 cycles, the 50 mL ex Taq-DNA polymerase buffer
contained 1.25 U ex Taq-DNA polymerase (TaKaRa),
and 2.5 mM each of dATP, dTTP, dCTP, and dGTP.
Different amount of genomic DNA templates were
tested, and optimal annealing temperature in the first
round (Ta

1st) was also determined for the best resolution.
In the 2nd round, PCR conditions were optimized over
the concentration of RSD-primer, the annealing tempera-
ture in the second round (Ta

2nd), and the amount of the
single strand template amplified in the 1st round PCR.
The optimized RSD-PCR cycling conditions on PTC-
200 Peltier Thermal Cycler (MJ Research) was performed
as follows: 40 cycles (948C, 30 s; 548C, 30 s; 728C, 2 min)
for the first round of PCR, and 35 cycles (948C, 30 s;
488C, 30 s; 728C, 2 min) for the second round of PCR.

The PCR products were partitioned by electrophoresis
on agrose gel with DNA markers (TaKaRa). DNA frag-
ments in single bands were isolated from agrose gel,
ligated into pMD19T (TaKaRa), and transformed into
E. coli JM109 competent cells by electroporation using
GenePulser Xcell (Bio-Rad). Positive clones were selected
on LB-ampicillin (100 mg mL21) plates, and confirmed by
colony PCR employing M13 forward and reverse primers
(Table 1). To determine the sequences of inserted DNA,
the recombinant plasmids were isolated from the clones,
and sequenced by dideoxy-chain termination method at
Invitrogen Ltd. (Shanghai, China).

2.5. Selective amplification from degenerated specific
primers

To clone the new arabinosidase gene from B. pumilus
ARA, degenerated primers were synthesized based on
the NH2-terminal amino acid sequence. In order to
compare the specificity of amplification caused by the
degeneration at the 3rd base from 30-end, three oligonu-
cleotides were synthesized as primers annealing to the
complementary sequence of the gene deduced from
amino acid sequence NGTVKV, which were designated
as araN1, araN2, and araN3 (Table 1). In the 1st round
PCR (50 mL), 0.2 mM degenerated araN1, araN2, or
0.4 mM araN3 was used in the corresponding reaction;
and in the 2nd round PCR, 4 mM araN1, araN2, or
8 mM araN3 was used. The other parameters were the
same as the optimized RSD-PCR protocol (Fig. 2A).

2.6. Chromosome walking by RSD-PCR
To find the promoter for the newly cloned arabinosi-

dase gene, abfB of B. pumilus ARA, the specific upstream
walking primer ara-up located �108 bp downstream the
start codon was designed (Table 1) based on partial

Table 1. Primer sequences in gene cloning

Primers Designation Oligonucleotide primer Basic sequence or reference

Universal primers Hind-dep 50-(t/c) (t/c) (t/c)(a/t/g)(a/c/g)(a/c/g)n5AAGCTT-30 Corresponding restriction sequence
EcoR-dep 50-(t/c)(t/c/g)(t/c)(a/c/g)(a/c/g)(a/t/g)n5GAATTC-30

Kpn-dep 50-(a/c)(a/c)(a/c)(g/t/c)(g/a/t)(g/a/t)n5GGTACC-30

Nco-dep 50-(t/g)(t/g)(t/g)(a/g/c)(a/t/c)(a/t/c)n5CCATGG-30

Pst-dep 50-(a/g)(t/g)(a/c)(a/g)(t/c)(a/t/c)n5CTGCAG-30

Degenerated specific primers araN1 50-AA(t/c)GGnACnGTnAAAGT-30 Amino acid sequence NGTVKV
araN2 50-AA(t/c)GGnACnGTnAAGGT-30

araN3 50-AA(t/c)GGnACnGTnAA(a/g)GT-30

Specific primers AK 50-GCGTTGAATCTTTCC-30

CUT 50-TGTAGCAAGCTCTAC-30

adh-N 50-GGGGAATTCATGAAAGGTTTTGCAATG-30

adh-C 50-TTTCTCGAGTATTACAACAGGTTTGATTA -30

ara-up 50-CTCTGAATCTTTCCC-30

adh-up 50-GCTAGAGGTCTTACG-30

adh-down 50-CGGTTTATGCCCTG-30

M13-forward 50-CCAGTCACGACGTTGT-30

M13-reverse 50-CAGGAAACAGCTATGAC-30
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sequence. To locate the alcohol dehydrogenase (ADH)
gene (adhB) in T. ethanolicus JW200, specific primers
adh-N and adh-C (Table 1) were designed based on the
sequence adhB of T. psedoethanolicus 39E (accession no.
U49975). EcoRI and XhoI restriction sites were intro-
duced in each primer, respectively, for convenient
cloning into expression vector pET20b for sequencing.
According to the internal sequence obtained from
cloned gene fragment, the walking primers adh-up and

adh-down were designed (Table 1). To test the RSD-
PCR protocol over the eukaryotes, a gene-specific primer
CUT (Table 1) near the start codon of acetyl-CoA
carboxylase gene (cut6) in S. pombe was designed based
on the NCBI online sequence (accession no. Z99261).

3. Results and discussion

3.1. Designing and optimizing the RSD-PCR protocol
The RSD-PCR protocol included the following steps:

(i) design and synthesize a specific primer and a set of uni-
versal RSD-primers; (ii) amplify the target template from
genomic DNA by using a specific primer which can be
degenerated; and (iii) amplify the target gene from the
diluted template by the specific primer and one of the uni-
versal primers (Fig. 1).

Before the RSD-primers in Table 1 were designed,
another universal inosine-primer was tested, and the
results indicated that 11 pares between inosine bases
and nucleotide bases were not sufficient to support the
annealing of the primer for amplification. Amplification
occurred between the same specific primers when using
the inosine-primer to clone a gene encoding the most
abundant excellular protein from straw mushroom. This
may because that the Tm value of the inosine-primer
was too low for annealing at the anneal temperature, or
polymerizing at the elongation temperature. The same
fragments were amplified even after the annealing and
the elongation temperatures were lowed down to 388C
and 608C using Z Taq-DNA polymerase (Takara) (data
not shown). The RSD-primers were thus designed and
proved useful in RSD-PCR when combined with a specific
primer to amplify new DNA fragments. The parameters
were further optimized with cloning of the published ak
from T. maritima as an example. Fragments of �1.7
and 2.7 kb were amplified by AK and the RSD-primers:
Nco-dep and EcoR-dep (Fig. 2A-a and b), respectively,
whereas �0.3 and 1 kb were yielded from Hind-dep
(Fig. 2A-c). Five PCR parameters were tested for RSD-
PCR protocol, and the best results were archived from:
(i) 500 ng per 50 mL reaction mixture of T. maritima
genomic DNA in the 1st round PCR for target template
amplification (Fig. 2A, lane 1–3); (ii) 108C above Tm

for Ta
1st (Fig. 2A, lane 4–7); (iii) 20 to 50 dilution times

of target template (data not shown); (iv) 408C to 488C
of Ta

2nd (Fig. 2A, lane 8–10); and (v) 4 mM or higher
RSD-primer concentration was required in the 2nd
round PCR (Fig. 2A, lane 11–14).

The designated fragments in Fig. 2A were cloned and
sequenced, proving the same sequence as the target
genes published online (accession no. NC_000853).
However, EcoR-dep primer annealed to the EcoRI
(GAATTC) similar site GAACTC in the target gene,
whereas the other RSD-primers annealed to the corre-
sponding restriction sites (Fig. 3). By using RSD-PCR

Figure 2. Amplification of a yeast gene and some bacterial genes by
using the RSD-PCR protocol (5 mL loading of the 2nd round
products). (A) Following conditions were routinely used except
otherwise indicated: for the 1st round PCR, 50 mL reaction
mixture contained 500 ng genomic DNA (Thermotoga maritima)
and 0.02 mM specific primer AK; for the 2nd round PCR, 50 mL
reaction mixture contained 1 mL PCR products amplified in the 1st
round, 0.2 mM specific primer AK and 8 mM RSD-primer which
was (a) Nco-dep, (b) EcoR-dep, or (c) Hind-dep. The
corresponding specific PCR products were designated as (a) TMN,
(b) TME, or (c) TMH1 and TMH2 as arrow indicated. Lanes 1–3:
50, 100, and 500 ng of genomic DNA per 50 mL reaction mixture;
lanes 4–7: the annealing temperature of the 1st round PCR was
448C, 478C, 518C, and 548C; lanes 8–10: the annealing
temperature of the 2nd round PCR was 488C, 448C, and 408C; and
lanes 11–14: the RSD-primer in the 2nd round PCR was 16, 8, 4,
and 2 mM. (B) The RSD-PCR conditions were the same as basic
procedures described in (i) except otherwise indicated. The DNA
and primer amount: in the 1st round PCR (50 mL), 3 mg genomic
DNA for S. pombe, 0.2 mM degenerated araN1, araN2, or 0.4 mM
araN3 was used in the corresponding reaction; and in the 2nd
round PCR, 4 mM araN1, araN2, or 8 mM araN3 was used. (a)
cut6 from S. pombe by (lane 0) CUT, and CUT and (lane 1–3)
Kpn-dep, Hind-dep, or EcoR-dep. The corresponding specific bands
were designated as (lane 1) SPK, (lane 2) SPH, or (lane 3) SPE as
arrow indicated. The linearized stem-loop bands were indicated by
the circle; (b) abfB and the upstream sequence from B. pumilus
ARA by araN1 and Pst-dep (lane 4), araN2 (lane 5) and Pst-dep,
araN3 and Pst-dep (lane 6), and ara-up and Hind-dep (lane 7);
and (c) genes flanking adhB from T. ethanolicus JW200 by adh-up
and EcoR-dep (lane 8), and adh-down and Nco-dep (lane 9). DNA
markers: M, l-EcoT14 digest (19329, 7743, 6223, 4254, 3472, 2690,
1882, 1489, 925, 421, 74 bp); M-, the 3472 bp fragment missing of
M; m, DNA marker of D2000 (2000, 1000, 750, 500, 250, 100 bp).
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protocol, cut6 was amplified from a eukaryote genome of
S. pombe by the specific primer CUT6 and a universal
primer Hind-dep, EcoR-dep, or Kpn-dep (Fig. 2B-a).
The sequencing results of the three bands showed that
every PCR fragment sequence was consistent with
online published sequence (accession no. Z99261), and
RSD-primers annealed to the corresponding restriction
sites (Fig. 3).

3.2. Cloning a new gene using degenerated primers
The 15 NH2-terminal amino acids sequence was

MNGTVKVNENIGRIS- for the purified arabinosidase
of B. pumilus ARA. The degenerated primers were
designed based on NGTVKV (Table 1, araN1, araN2,
and araN3), and the occurrence of degeneration at 3rd
base from 30 terminus was a key point for obtaining
specific amplifications (Fig. 2B-b). When this position
was not degenerated, the primer with a matched 3rd
base (araN1) yielded the fragment of only one size
(Fig. 2B-b, lane 4), and the primer with a mismatched
3rd base (araN2) yielded kinds of non-target fragments
(Fig. 2B-b, lane 5); and when the primer containing
both matched and mismatched 3rd bases (araN3), the
PCR products showed all the contaminants (Fig. 2B-b,
lane 6). The same phenomenon was observed when we
clone a new gene from straw mushroom (data not
shown). The fragments amplified by araN1 and Pst-dep
in a single band (Fig. 2B-b, lane 4) was then sequenced,
which approved to be a potential arabinosidase gene
best homologous to the abfB from B. substilus 168 of
67% identity by NCBI Blast analysis. The specific
upwalking primer ara-up was then designed based on
the sequence of cloned similar abfB above. The main frag-
ment of 0.5 kb amplified by ara-up and Hind-dep
(Fig. 2B-b, lane 7) from B. pumilus ARA was cloned for
sequencing, and thus the complete similar abfB and the
regutory nucleotide sequence of 2.2 kb fragment was
obtained (accession no. DQ324528).

3.3. Studying the gene structure around adhB in
T. ethanolicus JW200

A 1.2 kb adhB gene was amplified from genomic DNA
of T. ethanolicus JW200 by using primer adh-N and

adh-C. On the basis of this sequence, the walking
primers adh-up and adh-down were designed for cloning
the flanking genes by RDS-PCR. The upstream walking
product of 0.5 kb amplified by adh-up and EcoR-dep
(Fig. 2B-c, lane 8) and downstream walking product of
0.9 kb amplified by adh-down and Nco-dep (Fig. 2B-c,
lane 9) were cloned for sequencing, respectively. The
potential promoter of adhB was identified 70–100 bp
upstream the RBS. A truncated ORF upstream of but
in the opposite orientation relative to adhB was translated
into a polypeptide with amino acid sequence of 93% and
76% of identity with the N-acetylglutamate-gamma-
semialdehyde dehydrogenase (argC) of T. psedoethanoli-
cus 39E and T. tengcongensis MB4. Further upstream
walking was done by the RSD-PCR to obtain the complete
ORF of argC. From downstream sequence, a truncated
ORF identical to a similar polypeptide 2-polyprenylphenol
hydroxylase and related flavodoxin oxidoreductases
located downstream of T. psedoethanolicus 39E and
T. tengcongensis MB4 adhB gene was found. Thus, the
complete ORF of adhB and upstream argC, and a trun-
cated downstream gene sequence of 3 kb from T. ethanoli-
cus JW200 chromosomal DNA was obtained (accession
no. DQ323135), and the gene structures were compared
among these species in genus Thermoanaerobacter (Fig. 4).

3.4. Universal primers emerged from degenerated
primers

Other than trying to reduce the degeneration according
to the statistical reports about the codon usage in certain
species, there is no direct evidence to indicate how to
design a degenerated primer based on a few amino acid
residues. The difference in the specificity of PCR amplifi-
cations by the generated primers for the arabinosidase
gene showed that araN3, a mixture of complementary
and non-complementary 3rd base from the 30-end,
would change PCR format rather than produce the
mixed fragments from araN1 and araN2 (Fig. 2B-b,
lanes 4–6). This result not only indicated the necessity
to avoid degeneration in the last five bases at 30-end of a
specific primer, but also suggests that five or more comp-
lementary bases at 30-end followed by a degenerated
sequence facilitated selection for relatively specific

Figure 3. The sequenced fragments amplified by RSD-primers and the genomic templates. One clone from each primer set was picked out for
sequencing.
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amplifications. Accordingly, the universal primers were
designed as RSD-primers using six nucleotides (nt) recog-
nized by a restriction enzyme and 11 degenerated bases, in
which we thought that the addition of more degenerated
bases could reduce the specificity. Theoretically, the G/C
rich restriction sites are better choices for this purpose,
although HindIII and EcoRI sites worked well in this
work. The 30-end can be any 5–8 bases without degener-
ation, but 6 nt restriction sites are easily recognized,
whereas 4 nt restriction sites may occur too frequently
in genomes to limit walking length. Thus, the specific
primers were designed of the Tm ranged from 428C to
488C to pair with universal primers. Primers of higher
Tm yielded contaminated PCR products when performed
in the ideal annealing temperature based on universal
primers which was 40 � 488C as Fig. 2A, lane 8–10 indi-
cated (data not shown). The uncertainness in the amplifi-
cations by using RSD-PCR protocol was mainly caused
by the removal of some purine and pyrimidine bases
from the degenerated 50-end of RSD-primers because
these removed bases might be complementary to the
unknown end. It was necessary to lower the melting temp-
erature of primer-dimers in this way because the binding
of inosine to the regular bases gave insufficient strength
to support annealing.

3.5. Overall strategy of RSD-PCR
RSD-PCR strategy is based on these principles: (i)

restriction sites disperse throughout the genomes of
double strand DNA either in prokaryotic or eukaryotic
organisms are natural candidacy for universal pairing;
(ii) a universal primer can be a combination of a 30-end
pairing with the bases of selected restriction sites in
genomic DNA, and a 50-end of degenerated sequence to
support annealing; and (iii) to limit non-specific amplifi-
cations, genomic DNA can be greatly diluted after the
target template is amplified by a specific primer. Thus,

two-round PCR amplifications were employed in the
RSD-PCR protocol: amplify the target template from
genomic DNA in the 1st round PCR by using a specific
primer to accumulate the specific single strand template;
and amplify the target gene in the 2nd round by using
the specific primer and one of the universal primers.
The protocol is especially useful in new gene cloning
using a degenerate primer based on the amino acids
sequence or conserved region without nested PCR, tra-
ditional library construction and screening process.
Except for the genes listed in the article, RSD-PCR has
been successfully applied in chromosome walking in
Candida sp., Bacillus sp., and Alcaligenes sp. However,
difficulties were found in cloning the new genes from the
chromosome DNA of straw mushroom by RSD-PCR as
well as cloning cDNA by RT–PCR, which might be
caused by the complexity of the organism. Two-round
PCR was previously reported, which enriched single-
stranded DNA sequences either upstream or downstream
from the known sequences before second round ampli-
fication.20 This method increased final specificity, but
the following random primer amplification still created
non-target molecules. Thus, more PCR methods for
gene walking were later reported using nested amplifica-
tion to increase specificity.19,21,25

3.6. The practical performance of the RSD-PCR
protocol

The specificity of the final products was strongly con-
trolled by the first single strand amplification. Although
a standard PCR can yield specific products with a Ta
range of 10 � 158C,27 the Ta1st in RSD-PCR was rec-
ommended for �108C above Tm. The amount of chromo-
some DNA depended on the genome size of the organism,
and �0.5 and 3 mg was recommended for bacteria and
yeasts. Meanwhile, the specific primer without degener-
ation should be reduced to one-tenth of the normal

Figure 4. Comparison of the gene structures of adhB in Thermoanaerobactor spp. T. eth JW200, T. ethanolicus JW200; T. eth X514, T. ethanolicus
X514; T. psedoeth 39E, T. psedoethanolicus 39E; T. ten MB4, T. tengcongensis MB4; ArgC, N-acetyl-gamma-glutamyl-phosphate reductase
(argC); S-ADH, secondary-alcohol dehydrogenase (adhB); P-ADH, primary-alcohol dehydrogenase (adhA). The numbers in the blankets
indicate the corresponding GenBank accession numbers of the sequence. Arrows indicate the position and direction of the specific and
universal primers used in the chromosome walking of T. ethanolicus JW200.
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concentration (0.02 mM) because it was a non-exponential
amplification, but the concentration of degenerated
specific primer should be varied with the degeneracy,
e.g. 0.2 mM of degenerated specific primer yielded positive
results in the cloning of abfB from B. pumilus ARA
(Fig. 2B-b).

In the 2nd round PCR, there are three factors that need
to be dealt with: (i) the existence of restriction sites in the
single strand templates, (ii) the unknown sequence
around the restriction sites, and (iii) the property of the
specific primer. Because the target template from the
1st round is a new sequence, we do not know which
restriction sites are at a suitable distance for second
round amplification, a set of RSD-primers were syn-
thesized, and each was performed with the specific
primer for locating the target gene. Meanwhile, the
number of matched bases in the region paired by the
degenerated part of an RSD-primer is not predictable,
and the binding between RSD-primer and chromosome
DNA varies from time to time. This can explain why
the effects of the primer concentration and annealing
temperature varied with the type of RSD-primer used in
amplification of ak from T. maritima (Fig. 2A). From
the sequences of the cloned fragments, we can see that
mismatches frequently occur in the 50-end, and occasion-
ally occur in the restriction site at 30-end of RSD-primer
(Fig. 3, TME). However, these mismatches did not
affect amplification efficiency, indicating the importance
of the specific primer in the selectivity of the amplifica-
tion. The strength and specificity of the amplifications
depend on the property of the specific primer. When the
specific primer is not sufficiently unique, it can anneal
to undesired site(s), and give several possibilities, among
which the acceptable result is the single primer amplifica-
tion as previously reported,28 and a clear mixture of single
and double primer amplifications as shown in Fig. 2B-a
(S. pombe). In a few cases, a specific primer annealed to
wrong site(s) instead of the target DNA resulting in
non-target products (data not shown), and a new
primer should be synthesized in the case.

3.7. Identification of the target gene from the PCR
products

A stem-loop structure is occasionally formed following
every cycle by single primer amplification products,
because of the inverted terminal repeats (Fig. 1). Stem-
loop structures are more stable than the primer-template
hybrid, and therefore suppress exponential amplifica-
tion.16,17 However, single primer amplification product
still occurred in cut6 amplification from S. pombe as
shown in Fig. 2B-a, the largest fragments of the same
length in lanes 1–3 as PCR products amplified by single
primer CUT (lane 0). This non-target molecule amplifica-
tion was greatly inhibited by decrease of annealing tempera-
ture to 428C (data not shown). The reason for this is the

equilibrium between productive PCR primer annealing
and non-productive self-annealing of the fragment’s
complementary ends, which arises within each PCR
cycle at the primer annealing stage.29 This critical temp-
erature differs from the templates and specific primers.
However, in most cases, the same size fragments appeared
in different RSD-primer amplifications are treated as
PCR backgrounds of non-target molecules. They can be
easily distinguished from target fragments which usually
present different sizes of different RSD-primer amplifica-
tion (Fig. 2B-a). The main RSD-PCR product amplified
by AK and Nco-dep only yielded one of the two calculated
fragments of 1.6 kb (Figs 2A-a and 3), and a putative
0.6 kb fragment was missing, which may be because of
ex Taq DNA polymerase amplification preference of
length (Takara Bio Catalog) and RSD-primer anneal pre-
ference at the annealing temperature based on the tem-
plate and primer sequences.

3.8. Advantages and applications of RSD-PCR
RSD-PCR has the advantages as follows: (i) chromoso-

mal DNA is directly used as template in the 1st round
PCR, and thus some inefficient steps such as digestion,
and ligation are avoided; (ii) the amplification and the
dilution of the single strand target template in the 1st
round reduce the disturbance of non-target DNA, and
makes it possible to employ a universal primer to the
unknown end; (iii) the stringent conditions for both the
1st and the 2nd round PCR reduces the non-specific
annealing of the primers to chromosomal DNA, and
thus strongly controls the specificity of the amplifications;
(vi) the RSD-PCR protocol does not need nested PCR
selection, and becomes a useful technique for gene
walking using degenerated primers based on NH2-terminal
or conserved amino acids sequences. RSD-PCR can be
applied in the molecular cloning of (i) new genes from
degenerated primers derived from NH2-terminal amino
acids sequences of proteins, or from conserved amino
acids sequences in various enzymes; (ii) signal peptide
or propeptide genes for secretory proteins or mature pro-
teins; (iii) regulatory sequence of a gene or gene cluster;
(iv) the full sequences of operons or their neighboring
genes.
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