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a b s t r a c t
Occurrence of chimeric sequences and related artifacts in PCR cloning procedures gives us risks of overestimation of haplotypes or alleles. Recombination among haplotypes occurs through template switching
during PCR cycles or through random repair of mismatch sites on heteroduplex DNA by the host cell. To
eliminate the chimeric cloning artifacts, we tested two alternative protocols using T7 endonuclease I cleavage
of mismatch sites and re-extension of nascent strands. Though T7 endonuclease I effectively eliminated
chimeric clones in some cases, it produced many short fragments. Protocol with single re-extension of PCR
products successfully recovered non-recombinant clones with fewer short fragments. In spite of the
improvement of allelic recovery through these two protocols, there were still a few recombinants that
remained in both reaction mixtures, and thus interpretation of the results for haplotype diversity in a PCRampliﬁed DNA population should be cautionary. Because re-extension in a diluted reaction mixture is quick,
inexpensive and effective, it is advisable to use this procedure for recovery of chromosomal alleles with PCR
cloning.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
With advances in molecular techniques, DNA sequences from
nuclear or cytoplasmic gene loci have been the tools of choice for
various studies in evolutionary biology and ecology. For such
studies, cloning PCR products is an efﬁcient method to search for
alleles, paralogous loci, sequence heterogeneity in DNA populations,
or hidden organismal communities (Pendleton et al., 1993; Morrel
et al., 2003; Acinas et al., 2004; Shigenobu et al., 2005). A number
of clones are sequenced to sort out individual allelic sequences in a
PCR-ampliﬁed DNA population. In addition to the real template
multiplicity, variants can be produced through nucleotide misincorporation and template switching during PCR cycles (Odelberg
et al., 1995; Kanagawa, 2003). Host cell DNA repair system can also
produce variants. When the host cell assimilates a plasmid
containing heteroduplexes, a mismatch repair system works
randomly utilizing either strand as template and thus makes
chimeric sequences (Speksnijder et al., 2001; Longeri et al., 2002;
Kanagawa, 2003; Beser et al., 2007). These PCR or cloning errors
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give rise to risks on over-estimation of number of haplotypes or
alleles. To eliminate such PCR and cloning artifacts some authors
have proposed a number of protocols (Smith and Modrich, 1997;
Lowell and Klein, 2000; Thompson et al., 2002; Kanagawa, 2003).
We present here a benchmark test in order to assess the efﬁciency
for eliminating the sequence artifacts produced during PCR or
cloning from two alternative methods: T7 endonuclease I cleavage
(T7 cleavage) and re-extension of nascent strands (re-extension).
We also compared the results from two different PCR conditions
(stringent and relaxed conditions) which differ in their number of
thermocycles and the annealing temperatures.
2. Materials and methods
2.1. Specimens
We used two tetraploid loaches of the genus Cobitis (Cobitis striata
large race [specimen #1] and an unnamed form of the ‘yamato’
complex [#2]) (Saitoh et al., 2000; Saitoh, 2003). About 1500 bp region
of exon-3 of the recombination activating gene 1 (RAG1) was the
target of this study. Specimen #1 has four alleles including relatively
divergent (3.8% p-distance) ones, while #2 has two close alleles (0.9%
p-distance). Tetraploids offer a good model system of template
multiplicity and complexity of natural occurrence with at most four
alleles showing various extent of divergence.
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2.2. PCR, enzyme treatments and cloning
PCR primers (R1_2533F; CTGAGCTGCAGTCAGTACCATAAGATGT
and R1_4078R; TGAGCCTCCATGAACTTCTGAAGRTAYTT) worked for
a wide spectrum of teleostean species (López et al., 2004; Chen et
al., in press), and we expect all the alleles could be ampliﬁed. PCR
reaction mixtures of 15 μl in total volume contained about 5–50 ng
of genomic DNAs, 5 pmol each of primers, 0.2 mM each of dNTPs,
0.375 U of ExTaq DNA polymerase (Takara, Shiga, Japan) in the 1×
ExTaq reaction buffer. PCR reaction started with an initial denaturation step at 95°C for 3 min, followed by 30 cycles (a stringent
condition) or 35 cycles (a relaxed condition to maximize yields) of
denaturation at 94°C for 30 s, annealing at 55°C (the stringent
condition) or 52°C (the relaxed condition) for 30 s, and 72°C for
2 min. The reaction stopped after a ﬁnal extension step at 72°C
for 30 min. The yields of the PCR reaction were approximately
determined on an agarose gel comparing ﬂuorescent intensities. We
ﬁrst sequenced the PCR products directly to assess heterogametic
nucleotide sites, and then cloned them into Escherichia coli DH5α
prepared according to Inoue et al. (1990).
For direct cloning of the PCR products without enzyme treatment,
0.2–0.3 μl (diluted with milli-Q water) of the PCR products received
ligation reaction with 12.5–25 ng of pGEM-t vector (Promega, WI,
USA) in a 5 μl volume for overnight at 15°C.
For the T7 cleavage, ca. 10 ng of the PCR products (0.025–0.1 μl
depending on yields) received digestion by 5 U of the enzyme (New
England Biolabs, MA, USA) in 10 μl reaction mixtures at 55°C for 1 h. The
reaction stopped with addition of 1 μl of 2 mg/ml proteinase-K (Nacalai,
Kyoto, Japan) at 37°C for 30 min and subsequently at 80°C for 15 min.
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For the re-extension, we set up 10 μl of new PCR reaction mixtures
containing about 10 ng of the PCR products (0.025–0.1 μl), the primer
set, dNTPs, buffer and the DNA polymerase as described above. The
new reaction mixtures underwent the following thermo-steps: a
denaturation at 95°C for 5 min, annealing at 55°C for 30 s and an
extension at 72°C for 30 min.
We added 1 μl of these enzyme-treated DNA solutions to ligation
reaction mixture of 4 μl containing 5 ng of pGEM-t (5 μl in total) and
incubated for 6 h or overnight at 15°C. Ligation mixtures accepted
equal volume of TE buffer (10 mM tris, 1 mM EDTA, pH8) to stop
reaction, and 4 μl of the solution was transformed to 50 μl of
competent DH5α as usual (Inoue et al., 1990).
2.3. Sequencing and assembling
We picked 16 to 32 white colonies up from each transformant to PCRamplify inserts for sequencing. The same PCR primers, M13 primers and two
internal primers (R1_3236F; GAAGATGGTACGTGAAATGGA and R1_3427R;
CTCCATGAAAGGCTTGGCAGA) worked for sequencing with BigDye v.3.1
(Applied Biosystems, CA, USA) or ET (GE Healthcare, Buckinghamshire,
England) terminator sequencing kits on an ABI 3100 sequencer.
We ignored nt sites where variant nt appeared in a single clone
(private sites) to sort out consensus sequences in assemblies. We also
excluded private clones with unique nt combinations of variable sites
from assemblies. Errors such as mutations or recombinations during PCR
and cloning procedures might occur randomly, and this randomness
makes error sites or nt combinations singletons that we excluded. When
two or more clones showed an identical nt combinations of variable sites
except for the private sites, we recognized them as a putative allele.

Fig. 1. Clones and alleles recognized among colonies with various methods of cloning of the specimen #1 (C. striata large race). Hyphens show gap sites from 400–409. Wobbled
sequence pattern appeared in the PCR-direct sequencing charts. There was one mismatch between putative alleles (E and F) recognized in the products of direct cloning and enzymetreated cloning (asterisk). Private sites are omitted.
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3. Results and discussion
3.1. Direct cloning
Among 32 white colonies picked up under the relaxed PCR
condition, 25 and 28 colonies contained PCR insert for the specimen
#1 and #2 respectively. The sequencing charts of 25 clones (Fig. 1a) as
well as of PCR-direct sequencing from the specimen #1 showed
existence of two allele groups distant from each other. In this case,
however, we were able to recognize only two putative alleles (D and
E) close to each other (0.3% p-distance). No distant allele was
recognizable. There were many (19 out of 25 clones) private clones.
For the case with specimen #2, we were able to recognize four
putative alleles (Fig. 2a) from 28 clones. A few (4 out of 28 clones)
private clones were still recovered.
Regarding to the experiment under the stringent PCR condition for
the specimen #1, all of 16 white colonies picked contained insert. It
also gave a better result with smaller number of private clones (4 out
of 16 clones) (Fig. 1a). Three more putative alleles can henceforth be
assigned (A, B and C). However, ﬁve alleles totally recognized from a
tetraploid animal, which must has a maximum of four alleles at a
locus, was unrealistic.
3.2. Enzyme treatments after PCR
Enzyme treatment in two ways yielded better results than the direct
cloning in many cases (Figs. 1e, 2b–e). More than 100 (up to about 1000)
white colonies appeared from the small amount of ligated DNAs. For
specimen #1, clones from the product of stringent PCR condition with
re-extension determined unambiguously four alleles with fewer private
clones (Fig. 1e). An extra putative allele (F) was found. The sequence of
allele-F had one nt mismatch (C to A) with allele-E that was obtained
from the direct cloning (Fig. 1a). The allele-F sequence repeatedly

appeared in other rounds of cloning from independent PCR tubes as
private clones (in direct cloning of the stringent PCR condition and
relaxed PCR + T7 cleavage) giving 10 clones in total among 115 clones
throughout for the specimen #1, while allele-E appeared only twice
(Fig. 1a). Therefore, the allele-E is most likely an artifactual variant of
allele-F for the specimen #1. Also, allele-C from the specimen #1 is most
likely of artifact, because it was absent from all the 74 clones of enzymetreated products. Similarly, the allele-C and D for the specimen #2 are
most likely of artifact (Fig. 2a) since both of them were absent from all of
75 clones from the enzyme-treated products (Fig. 2b–e). From these
results, we can identify four alleles (A, B, D, and F) including relatively
divergent (3.8% p-distance) ones from the specimen #1 and two close
alleles (0.9% p-distance) (A and B) from #2.
Enzyme treatments, however, did not always give good resolution.
PCR products with the relaxed condition brought about many private
clones even after the enzyme treatments (Figs. 1b,d, 2b). This
tendency is noticeable in the specimen #1 in which the genetic
distances between alleles are large. Template switching in the later
PCR cycles (Odelberg et al., 1995; Kanagawa, 2003) might be
responsible for this tendency rather than heteroduplex formation.
T7 cleavage was prone to produce shorter inserts or clones without
detectable insert. In an extreme case, there were only two clones with
insert among 32 white colonies from product of stringent PCR with T7
cleavage (Fig. 1c). Gel slice to size-fractionate inserts before ligation
might be helpful in this case, but it is time consuming.
3.3. Concluding remarks
In our benchmark test, re-extension of PCR products with a higher
annealing temperature and fewer PCR cycles yielded the best results
for both specimens. The annealing temperature and number of
thermocycles tested here are routinely applied in many laboratories.
Further optimization to reduce thermocycles with quantitative PCR to
avoid heteroduplex formation (Kanagawa, 2003) is unnecessary. Reextension procedure need neither gel slice nor buffer exchange
between experimental steps, and it is less time consuming. It does not
need any additional enzymes (e.g. T7 endonuclease I) and special
equipments. It also turned out that only one re-extension is enough to
obtain colonies necessary for determining alleles. Single re-extension
is better than a few cycles of extensions (Thompson et al., 2002) which
may introduce a chance of heteroduplex formation again.
Both re-extension and T7 cleavage, however, did not completely
eliminate private clones or possible recombinants, and thus interpretation of the results for haplotype diversity in a PCR-ampliﬁed DNA
population should be still cautionary. It is especially the case in search
for organismal community from environmental samples or for
paralogous loci of gene families, because the maximum number of
haplotypes is unknown.
We detected two and four alleles for RAG1 from allotetraploid ﬁsh
derived from hybridization between distantly related species (Saitoh
et al., 2000; Saitoh, 2003). A gap in a coding region from specimen #1
(allele-A) and absence of distant allele from specimen #2 indicate
genome re-shaping such as gene silencing after polyploidization. PCR
cloning turned out to be an efﬁcient method to detect such modes of
diploidization in tetraploid animals. Because of quickness, economy
and efﬁciency, it is advisable to use the re-extension procedure for
recovery of chromosomal alleles with PCR cloning.
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