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strands of the PCR product (Figure 1A) to
act as a pair of oversized primers on the vector
fragment (Figure 1B). After denaturation
and annealing, the insert strands hybridize
to the vector and extend to form new doublestranded plasmid. Phusion DNA polymerase
(Cat. no. F-530; New England BioLabs,
Ipswich, MA, USA), crucial for performance of the technique, does not possess
strand displacement activity. Therefore, the
final product of the reaction is a doublestranded fusion plasmid with two nicks
(one on each strand). This relaxed doublestranded plasmid is then transformed into
competent Escherichia coli cells, which seal
the nicks with DNA repair enzymes (Figure
1C). We employ the same thermostable
polymerase for both PCRs, so inexperienced
users can clone efficiently without mastering
the idiosyncrasies of multiple restriction
enzymes, polymerases, glycosylases, recombinases, and ligases.
We first used gfp for proof-of-principle
experiments. The gfp gene was PCR-amplified
(Figure 1A) with the chimeric primers (5′
ends complementary to the pQE30 plasmid;
3′-end complementary to gfp). Overlap
extension PCR (Figure 1B) was performed
with five different DNA polymerases
(Supplementary Table S1). High concentrations of the insert and relatively low annealing
temperatures in the reaction (5–10°C below
the calculated melting temperature of the
primer/plasmid complex) are important for
efficient overlap extension. Some of the PCR
products correspond to the relaxed form of
the desirable vector, as revealed by agarose
gel analysis (Figure 2A). The original pQE30
vector was destroyed in reactions with DpnI
restriction endonuclease (Figure 1C). A
small aliquot from each reaction was used to
transform E. coli cells.
Phusion DNA polymerase was better
suited for overlap extension PCR cloning
than the competitors we tested (Supplementary Table S1), perhaps due to its superior
processivity and fidelity (11–12). Phusion
DNA polymerase is 10× more processive than
the native Pfu polymerase (Cat. no. 600135;
Stratagene, La Jolla, CA, USA), and produced
46× more colonies (Supplementary Table
S1). It also produced 35× more colonies than
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Here we describe a straightforward, efficient, and reliable way to clone an
insert of choice into a plasmid of choice without restriction endonucleases
or T4 DNA ligase. Chimeric primers containing plasmid sequence at the 5′
ends and insert sequence at the 3′ ends were used to PCR-amplify insertion
sequences of various sizes, namely the genes for GFP (gfp), β-d-glucuronidase
(gusA), and β-galactosidase (lacZ), as well as the entire luxABCDE operon.
These inserts were employed as mega-primers in a second PCR with a circular plasmid template. The original plasmid templates were then destroyed
in restriction digests with DpnI, and the overlap extension PCR products
were used to transform competent Escherichia coli cells. Phusion DNA polymerase was used for the amplification and fusion reactions, so both reactions
were easy to monitor and optimize.
Numerous alternative approaches to PCR
cloning (1) have been developed, including
TA cloning (2), ligation independent cloning
(LIC) (3–4), recombinase-dependent cloning
(5–7), and PCR-mediated cloning (8–10).
The practical utility of any cloning method
is predicated upon its reliability, rather
than its convenience, price, or efficiency
under optimum conditions. The methods
that are easiest to monitor and optimize
ultimately prove the most reliable. TA
cloning and LIC require end modifications
that cannot be monitored by gel electro-
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phoresis. Recombinases are generally sold
as proprietary components of cloning kits,
so few consumers optimize the in vitro
recombination reactions. Overlap extension
PCR cloning, described here, is not the first
form of PCR-mediated cloning (8–10). It is,
however, relatively straightforward, efficient,
and reliable.
The first of two PCRs (Figure 1A) creates
a linear insert with plasmid sequences at
both ends (see Supplementary Materials for
methods and instructions for primer design).
These extensions subsequently allow the
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Figure 1. An outline of the overlap extension PCR cloning. (A) First, the insert is PCR-amplified with the chimeric primers so that the final PCR product has
overlapping regions with the vector. (B) Then, vector and insert are mixed, denatured and annealed; the hybridized insert then is extended by Phusion DNA
polymerase using vector as a template until polymerase reaches 5′ end of the insert. After several PCR cycles, the new plasmid with two nicks (one on each
strand) gets accumulated as a product. (C) The new plasmid can be transformed into E. coli after the parental plasmid is destroyed by DpnI digest.
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Figure 2. Analysis of the overlap extension PCR cloning reaction. (A) Products of the overlap extension
PCR cloning reaction after 0, 5, 10, 15, 20, 25, and 30 cycles by agarose gel electrophoresis.
Three nanograms of pQE30 vector were mixed with 175 ng insert (250 molar excess) in 10 μL
total volume; a 4-μL aliquot of reaction was separated on a 0.8% agarose gel. M2, 1 kb DNA ladder; M1, assembled plasmid in closed circular and relaxed circular forms. (B) Overlap extension
PCR cloning efficiency of a gfp gene as a function of the number of PCR cycles. Twenty microliters
of competent E. coli cells were transformed with 1 μL pQE30/insert overlap extension PCR. The
number of green colonies was plotted against the number of PCR cycles for each plate. (C) Overlap
extension PCR cloning efficiency as a function of the insert length. Phusion DNA polymerase was
used to PCR-amplify products of various sizes: GFP (gfp) gene, β-d-glucuronidase (gusA) gene,
β-galactosidase (lacZ) gene, and the luxABCDE operon from the carrying pIMBB plasmid. These
products were gel-purified and used in the overlap extension PCR reaction with pQE30 vector.
Three nanograms of pQE30 vector were mixed with 175–500 ng insert in a total reaction volume
of 10 μL and subjected to 18 cycles of PCR. After DpnI treatment, the overlap extension PCR
products were used to transform competent E. coli cells. The number of colonies per plate was
plotted against the size of the insert.

Expand Long Template DNA polymerase
mix (Cat. No. 11681834001; Roche, Basel,
Switzerland), which is mostly Taq DNA
polymerase. Zuo and Rabie developed a
similar method with Taq DNA polymerase
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alone, and reported similarly modest cloning
efficiencies (8). Taq DNA polymerase is
relatively processive (60% that of Phusion),
but the overall fidelity of the mixture is only
3.8% that of Phusion. More than 98% of the
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colonies transformed with DNA produced
by Phusion DNA polymerase were visibly
green, indicating minimal cloning error or
carryover of the original vector.
We measured the efficiency of the
overlap extension PCR cloning as a function
of temperature cycles; the number of
recombinant clones increased geometrically during the first 15 cycles and peaked
at 17–18 cycles (Figure 2B). Further cycles
resulted in a slight (~30%) decrease in the
quantity of clones produced, associated with
the accumulation of the high–molecular
weight DNA products observed in agarose
gels (Figure 2A). The insert/plasmid ratio
can also have a pronounced effect on the
outcome of the reaction. We compared three
different vector:insert ratios (1:5; 1:50 and
1:250) in overlap extension PCR cloning
reaction with Phusion DNA polymerase.
All three ratios resulted in the appearance of
the nicked form of the plasmid (as judged by
agarose gel electrophoresis, not shown) and
recombinant clones (as judged by transformation and growth of green colonies). The
1:250 ratio produced the most recombinant
clones.
We then applied overlap extension PCR
cloning to clone the genes for GFP (gfp, 1
kb), β-d-glucuronidase (gusA, 1.9 kb), and
β-galactosidase (lacZ, 3.2 kb), as well as
the entire luxABCDE operon (6 kb). The
correct structure of all the recombinant
vectors was confirmed by restriction analysis
and reporter protein function. The apparent
error rate associated with our method, as
judged by the fraction of colonies that did
not exhibit full reporter activity, was <3%
regardless of the size of the insert (data not
shown). At the same time, the number of
colonies that we observed on plates after
transformation decreased considerably with
the increase in insert length (Figure 2C).
The graph is almost linear, which suggests
that 6.7 kb is the upper limit for inserts with
this technique.
The outcome of any cloning project is
largely dependent upon the worker’s effort
and attention to detail. The overlap extension
PCR cloning reaction described here is as
easy to monitor and optimize as any other
long PCR protocol (13). In general, PCR
yields are poor when the reaction conditions
are too stringent (primers fail to anneal) or
too relaxed (non-specific priming). Both are
manifested by empty lanes in agarose gels,
although the latter can also result in smears
or undesired bands (See Supplementary
Materials for details on primer design and
PCR reaction optimization). The stringency of PCR can be controlled by altering
reactant concentrations (primers, template),
annealing temperature, buffer ingredients
(magnesium, pH, DMSO) or the number
www.BioTechniques.com
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of temperature cycles. Overall, this cloning
approach proved to be insensitive to the
presence of the internal repeated elements
(see Supplementary Materials for details).
Phusion DNA polymerase can be used to
catalyze both the PCR amplification of
the insert and overlap extension reactions,
so practitioners will only need to familiarize themselves with the idiosyncrasies
of a single enzyme.
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