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Here we describe a practical procedure for sequencing long PCR products. The method relies on ultrasonic shearing of PCR products,

resulting in fragments 700–1,000 nt long. Termini are subsequently repaired to obtain blunt ends and 3¢ A-overhangs are added

before TA cloning. A predetermined number of clones are sequenced using an insert-independent primer to obtain an overlapping

contig covering the full length of the PCR product. This method is cost effective and enables the complete sequencing of any large

PCR product in a high-throughput format. Processing of amplified DNA requires 3 h handling time prior to the ligation step, and the

clone library is available 2 d later. The complete sequence information is obtained approximately 5 d after the PCR step, depending

on the sequencing procedure adopted.

INTRODUCTION
Overview of high-throughput sequencing strategies
The shotgun-based strategy—the technique of preference for
sequencing large DNA genomes—has been used for the complete
genome characterization of a range of eukaryotes and prokaryotes1–6.
Genomic DNA is sheared into 2–50 kbp fragments2, 3¢ and 5¢ ends
are repaired and cloned into a bacterial vector to produce a library.
The 700 bp terminal regions of these clones are sequenced with
insert-independent vector primers7, and the complete sequence is
reconstructed from overlapping fragments. Large-scale sequencing
projects have spurred on recent technical improvements to reduce
the cost and time required to obtain single-sequence resolution.
These advances consist mainly of alternatives to creating bacterial
libraries and to Sanger sequencing biochemistry8. Hence, inte-
grated sequencing procedures that include library production,
DNA amplification, sequencing and contig assembly have recently
been developed9,10. These technologies still rely on random DNA
shearing but enable the separation of individual template molecules
on beads and their independent amplification in a cell-free system
by emulsion PCR11. Sequencing is subsequently performed on each
bead, using pyrosequencing12 or sequencing by ligation10 rather
than the traditional Sanger method.

However, the use of such integrated sequencing pipelines seems
inappropriate when applied to RNA virus genomics. First, viruses
are small, intracellular parasites for which large amounts of the
targeted genetic material must be separated from the host nucleic
acids to construct the library. This requires preliminary steps of
tissue culture and ultracentrifugation before shearing and cloning13.
In addition, the required yields of nucleic acids are difficult to obtain
when working on RNA viruses and/or low-replicating viruses. Such a
strategy is time consuming, difficult in the case of clinical samples
and hazardous with human pathogens. Second, viral RNA genomes
are usually small and/or segmented (1–10 kbp molecules). Third,
RNA virus genomes frequently consist of short conserved motifs
interspersed with long regions displaying high levels of genetic
heterogeneity. Therefore, a common sequencing strategy consists

of amplifying and sequencing long PCR products obtained using
primers targeting the most conserved regions. For these reasons,
standard viral RNA genomics has relied on 1–5 kbp RT-PCR
amplifications followed by primer-walking, which involves de novo
synthesis of specific primers to extend sequencing to undetermined
regions. Characterization of a 4 kbp sequence by this method
requires at least six rounds of sequencing. Design and synthesis of
new primers make this strategy expensive and time consuming.

Alternative procedures can be divided into three groups. The first
consists of replacing Sanger sequencing biochemistry with cheaper
and faster technologies, such as pyrosequencing or sequencing by
ligation-hybridization. However, their short read length, limited to
100 bp, is poorly adapted to high-throughput sequencing of short
genomes. The second alternative avoids de novo primer synthesis by
making use of a premade oligonucleotide library. Primers may be:
(i) 5–10mer oligonucleotides randomly synthesized that are used
either alone14–16 or in a modular combination17–22 or (ii) oligo-
nucleotides resulting from high-throughput synthesis23,24. To date,
the size of the required oligonucleotide libraries limits the use of
these methods. The indexer walking25 method has recently been
proposed: DNA is submitted to cycles of digestions followed by
terminal ligation of oligonucleotide adaptors (‘index’). One end of
the cloned DNA is sequenced with M13 universal primer, and this
first sequence is analyzed to find specific endonuclease restriction
sites close to its 3¢ end. DNA is digested with the selected enzyme
before ligation of a specific double-stranded indexer, amplified by
PCR and submitted to Sanger sequencing primed with the indexer.
These steps are repeated and allow unidirectional progress into the
unknown sequence. As the indexer library is considerably smaller
than those previously proposed, indexer walking might be a cost-
attractive method as it avoids systematic primer synthesis. How-
ever, the procedure remains time consuming for the following
reasons: (i) the choice of the indexer is a function of the nucleotide
sequence determined in the previous cycle and (ii) experimental
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handling for a single cycle of digestion–
ligation involves DNA amplification and
DNA purification by gel purification, etha-
nol precipitation and streptavidin-coated
beads.

Overview of the LoPPS technique
The third alternative uses the shotgun strat-
egy to create, from a PCR product, a DNA
library of fragments short enough to allow
one-step complete sequencing. One major
advantage of the shotgun strategy is the
potential for automation of the entire pro-
cess. Automation of bacterial growth, plas-
mid DNA purification and sequencing
enables rapid sequencing of numerous
large DNA genomes to high-quality stan-
dards with attractive cost profiles. We have
developed the long PCR product sequenc-
ing (LoPPS) procedure (see Fig. 1) on the
basis of this shotgun strategy. Three to five
kilobasepair PCR products, generated by
any standard PCR or RT-PCR method, are
randomly sheared by ultrasound into B700
bp DNA fragments. The protruding termini
are repaired to create blunt ends and 3¢
A-overhangs added to allow TA cloning
and to avoid fragment concatenation. The
number of clones required for contig recon-
struction is predicted from the length of
the initial PCR product (see Table 1 and
ref. 36). Clones are randomly selected and
sequenced with the T7 PROM vector primer. Finally, the target
sequence is reconstructed from overlapping fragments.

Applications of the LoPPS technique
Although this strategy was originally developed for application to
RNA virus genomics, it can be applied to any PCR product
regardless of its origin. Long PCR amplification protocols were
first developed by Barnes26 and Cheng27 to study large human and
bacteriophage genes. Long PCR amplifications are now involved in
numerous biological molecular studies: constructions of viral
infectious clones28–30; cloning and expression of large-protein

genes31 for structural or functional studies; replacement of the
standard subcloning strategy32

; and site-directed mutagenesis33,34.
Sequence determination of the cloned DNA is crucial to such
applications for which LoPPS may be a convenient tool.

Advantages of the LoPPS technique
This procedure requires amounts of amplified DNA as low as
100–200 ng, a result that cannot be achieved with the primer-walking
method. Such amounts are also consistent with the yields of long
RT-PCR for which high DNA concentrations may be difficult to
achieve. In addition, the method gives access to an evaluation of the
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5. Addition of 3′ A-overhangs 
50 min

A single nucleotide is added onto 3′
ends to allow TA cloning

3′ A-overhangs 

Blunt ends

15 min
Removes buffer, dNTPs and

enzymes from Step 3

6. Column purification 4. Column purification
15 min

Removes buffer, dATPs and
enzymes from Step 5

3. DNA polishing
70 min

Termini of the fragments
are made blunt

7. Ligation
5 min then overnight

8. TA cloning
120 min then overnight

2. Column purification
15 min

Removes buffer, primers and
enzymes from the PCR and

fragments shorter than 400 bp

Protruding
termini

1. Shearing of DNA
15 min

The initial PCR product is sheared by
sonication in fragments 700 to 1,000 bp long.

9. Pick N clones
and process to

sequencing

Figure 1 | Schematic diagram of the LoPPS procedure.

TABLE 1 | Number of clones to be sequenced.

Clarke-Carbon formula (ref. 36): N ¼ ln (1 – P) / ln (1 – S/L)
N: number of clones to be sequenced to cover the PCR product
P: probability for a position to be sequenced at least once (set at 0.999 for 3 to 5 kb products; value for products 45 kb was not experimentally

assessed)
S: average size in bp of sequences obtained from clones (set at 700)
L: size in bp of the PCR product to be characterized

Simplified formula to determine the number of clones to be processed
N E 9.L

Size of the PCR product (bp) N

3,000 26
3,500 31
4,000 36
4,500 41
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genetic variability as each nucleotide position is read several
times (four times on average following the proposed protocol). A
single operator can process up to six PCR products at the same time
in 3 h30 until the ligation step, and preliminary gel purification is
not necessary unless nonspecific amplifications are observed.
LoPPS does not require sophisticated laboratory equipment and
is based on a combination of simple molecular biology manipu-
lation protocols. Taking advantage of the use of automated

high-throughput sequencing platforms, the current price of LoPPS
is roughly one-third of that of primer-walking per nucleotide
position. We have used the LoPPS technique successfully to
characterize a large number of PCR products ranging from B2.5
to 5 kbp. Although not verified in our laboratory, the protocol
published here should allow the characterization of larger products
simply by determining the number of clones to sequence using the
provided formula.

MATERIALS
REAGENTS
.Nanosep 100K columns purification (VWR, cat. no. 516-8520) m CRITICAL

Columns commonly used for standard PCR products purification did not
enable a satisfactory removal of small fragments resulting from DNA
shearing by sonication

.DNA Terminator End Repair Kit (Lucigen, cat. no. 40035-2)

.Taq DNA polymerase, 10� PCR buffer, 50 mM MgCl2 (Invitrogen, cat.
no.10342-053)

.dATP 10 mM (Invitrogen, cat. no. 10297-018)

.TA cloning kit pGEM-T Vector system I (Promega, cat. no. A3600)

.Bacteria: JM 109 (heat-shock, Promega cat. no. L2001) or electroMAX
DH10B-T1R (electroporation, Invitrogen, cat. no. 12033-015)

.Electroporation cuvette 2 mm (Eurogentec, cat. no. CE-0002 50)

.IPTG (Invitrogen, cat. no. 15529-019)

.X-Gal (Q biogen, cat. no., 4063-102)

.N,N-dimethylformamide (Merck, cat. no. 1.03034.1000)

.Trypcase Soja Agar plates (BioMérieux, cat. no. 43019)

.Trypto-Casein-Soy (TCS) broth (Bio-Rad, cat. no. 53454)

.Ampicillin (Roche, cat. no. 835 242)

.HCl, 5 M (Merck, cat. no.1.09911.0001)

.T7 PROM primer: 5¢-TAATACGACTCACTATAGGG-3¢
EQUIPMENT
.Ultrasound sonicator (Vibra Cell 75041, Bioblock) and ultrahigh-intensity

3 mm tapered microtip
.Sequencher software program (Gene Codes Corporation)
.Electroporation device (Gene Pulser II, Bio-Rad)
REAGENT SETUP
IPTG 20 mg ml–1 stock solution Dissolve 200 mg powder in 10 ml distilled
water. Filter on 0.2 mm filters, aliquot and store at –20 1C.

X-Gal 40 mg ml–1 stock solution Dissolve 1 g powder (i.e., the content of one
flask) in 25 ml N, N-dimethylformamide. Aliquot and store at –20 1C.
! CAUTION N, N-dimethylformamide is toxic (see Material Safety Data Sheet at
http://uk.chemdat.info/mda/uk). Handle the solution under a chemical fume
hood, and do not use polystyrene tips or vials because they will be dissolved.
Ampicillin 100 mg ml–1 stock solution Dissolve the powder in water, aliquot
and store at –20 1C.
Agar plate preparation The blue/white screening is used to select colonies
that contain an insert. IPTG induces the b-galactosidase reporter gene (lacZ)
that hydrolyzes the X-Gal substrate, resulting in a blue coloration. Insertional
inactivation of the reporter gene allows recombinant clones to be directly
identified by color screening, as those colonies remain white. For one plate,
spread 40 ml IPTG stock solution, 40 ml X-Gal stock solution and 20 ml ampicillin
stock solution. Incubate upside down for 1 h at room temperature (20–25 1C)
before use to allow the reagents to diffuse into the agar prior to bacterial
spreading. m CRITICAL Prepare the plates at least 1 h before spreading the
bacteria. Alternatively, they can be prepared a few days before, stored at 4 1C and
kept at room temperature (20–25 1C) 1 h before use.
HCl, 0.1 M Dilute 5 M HCl 1/50 in distilled water. ! CAUTION 5 M HCl is an
irritant (see Material Safety Data Sheet at http://uk.chemdat.info/mda/uk).
Experimental design for PCR amplification PCR or RT-PCR can be per-
formed using either specific or degenerate primers. Amplified DNA should be
checked by gel electrophoresis before starting the LoPPS procedure. It is not
necessary to purify the DNA unless nonspecific amplicons 4 400 bp are observed.
In the latter case, the target product should be gel purified prior to LoPPS.
EQUIPMENT SETUP
Sonicator Place the 3 mm tapered microtip on the sonicator and set the
amplitude control to 20%.
Electroporation device Set the resistance to 200 ohms, voltage to 2,000 V and
capacitance to 25 mF.

PROCEDURE
Shearing of DNA by sonication � TIMING 5 min
1| Transfer the DNA sample (from 0.2 to 20 mg of PCR reaction) to a 1.5 ml microfuge tube and make up to 250 ml final
volume with distilled water.

2| Place the 3 mm microtip of the sonicator in the sample.
m CRITICAL STEP Avoid contact between the microtip and the tube, as the tube could burst.

3| Perform three 5 s pulses, each separated by 5 s.
! CAUTION Use ear protection against ultrasound.
m CRITICAL STEP The target size of sheared products is B700 bp. More pulses or longer pulses will produce shorter sheared
fragments. The progress of shearing may be checked by agarose gel electrophoresis after Step 6 (concentration of DNA may be
required for visualization): a smear centered around 700–1,000 bp should be observed. Reassessment of shearing conditions may be
required to process products significantly higher than 5 kb.

4| Remove the tube and rinse the microtip with 0.1 M HCl followed by distilled water.
’ PAUSE POINT Sample can be stored at 4 1C up to 1 week.

Column purification � TIMING 15 min
5| Transfer 250 ml sheared DNA onto the Nanosep 100K column.
m CRITICAL STEP If other columns are used, check by agarose gel electrophoresis that they efficiently remove fragments o400 bp
(this is critical to ensure efficient ligation).
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6| Centrifuge at 3,000 r.p.m. to reach a volume of B15 ml, i.e., 5–15 min depending on the DNA concentration.
m CRITICAL STEP If the entire sample has gone through the membrane, recover the DNA by adding distilled water (15 ml) onto the
column and incubating at room temperature (20–25 1C) for 5 min.
’ PAUSE POINT Sample can be stored at 4 1C up to 1 week.

DNA polishing with DNA Terminator End Repair Kit � TIMING 70 min
7| Transfer the entire sample of purified sheared DNA from Step 6 into a 0.5 ml microfuge tube.

8| Set up a 50 ml polishing reaction as described in the table below.

9| Incubate at room temperature (20–25 1C) for 30 min.
m CRITICAL STEP Incubation for longer than 30 min at room temperature may damage DNA.

10| Stop the reaction by heating the tube at 70 1C for 15 min.

11| Add 200 ml distilled water, and apply the mixture onto the Nanosep 100K column.

12| Column purify as described in Step 6.
’ PAUSE POINT Sample can be stored at 4 1C up to 1 week.

Addition of 3¢ A-overhangs � TIMING 50 min
13| Transfer all of the purified sample from Step 12 to a 0.5 ml microfuge tube.

14| Set up a 50 ml reaction as detailed in the table below.

15| Incubate at 72 1C for 30 min.

16| Make the volume up to 250 ml with distilled water and purify on Nanosep 100K column as described in Step 6.
’ PAUSE POINT Sample can be stored at 4 1C up to 1 week.

Ligation with pGEM-T Vector System I kit � TIMING 5 min handling, incubation overnight
17| Transfer 3 ml DNA from Step 16 to a 0.5 ml microfuge tube.

18| Set up a 10 ml reaction as detailed in the table below. Include a positive control, as indicated.

19| Incubate overnight at 10 1C.
m CRITICAL STEP The manufacturer’s manual states that incubation maybe performed for 1 h at room temperature. However,
overnight incubation will produce the maximum number of transformants for fragments around 700 bp.
’ PAUSE POINT Sample can be stored at 4 1C up to 1 week.
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Stock component Standard reaction

Polished DNA 15 ml
10� PCR buffer 5 ml
50 mM MgCl2 1.5 ml
10 mM dATP 2 ml
Taq DNA polymerase 2 ml (10 U)
H20 up to 50 ml 1.5 ml

Stock component Standard reaction Positive control

DNA from Step 16 3 ml —
Control insert DNA — 2 ml
2� T4 DNA ligase buffer (kit) 5 ml 5 ml
PGEM-T vector (kit) 1 ml 1 ml
T4 DNA ligase (kit) 1 ml 1 ml
H20 — 1 ml

Stock component Volume

Purified sheared DNA 15 ml
5� buffer (kit) 10 ml
Enzyme (kit) 2 ml
H20 up to 50 ml 23 ml
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Transformation � TIMING 120 min, incubation overnight
20| This step can be performed either by heat-shock (A) or by electroporation (B). Include the positive control
from Step 19.
m CRITICAL STEP Agar plates must be prepared 60 min before spreading bacterial suspension (see REAGENT SETUP section).
(A) Heat shock

(i) Thaw a 40 ml aliquot of JM109 bacteria on ice.
(ii) Add 2.5 ml ligated product, and mix gently by stirring with pipette tip.
(iii) Incubate on ice for 30 min.
(iv) Heat shock for exactly 45 s in a 42 1C water bath.
(v) Place the tube on ice immediately and incubate for 2 min.
(vi) Gently add 450 ml warm TCS broth (42 1C).
(vii) Shake the tube at 250 cycles per minute for 90 min at 37 1C.
(viii) Spread 80 and 160 ml of bacterial suspension onto agar plates containing ampicillin, X-gal and IPTG.
(ix) Incubate the plates overnight at 37 1C.

(B) Electroporation
(i) Place the electroporation cuvette on ice for 5 min.
(ii) Transfer 20 ml DH10B-T1R bacteria to each cuvette.
(iii) Add 2.5 ml ligation mixture, and mix gently with the pipette tip.
(iv) Dry the bottom of the tank before electroporation.
(v) Perform the electric shock (see EQUIPMENT SETUP).
(vi) Immediately place the cuvette on ice for 2 min.
(vii) Add 450 ml warm TCS broth (42 1C).
(viii) Transfer the bacteria to a 15 ml tube.
(ix) Shake the tube at 250 cycles per minute for 90 min at 37 1C.
(x) Spread 80 and 160 ml of bacterial suspension onto agar plates containing ampicillin, X-gal and IPTG.
(xi) Incubate the plates overnight at 37 1C.

? TROUBLESHOOTING

Clone selection
21| Determine the number of clones to be processed (N) according to the length of the PCR product using one of the formulae
presented in Table 1. This number takes into account the setback percentage resulting from: (i) false-positive colonies,
(ii) clones with shorter inserts than expected and (iii) failure of the sequencing reaction. It is not necessary to overestimate
N for a target up to 5 kb. Processing larger products may require reassessment of N.

22| Select white colonies and process them for sequencing with T7 PROM primer according to the high-throughput platform
recommendations or a standard laboratory procedure. Colonies may be (i) grown in standard media containing ampicillin before
plasmid extraction; (ii) selected and transferred to another agar plate; or (iii) inserts may be amplified with M13 primers to
sequence PCR products.
m CRITICAL STEP Do not prime the sequencing reaction with M13 primers, as they are more distant from the insert than T7 PROM
primer and would reduce the length of the informative sequence read.

Analysis of sequence data
23| Import the chromatograms into the Sequencher software program.
m CRITICAL STEP Any software that enables sequence assembly may be used.

24| Use the ‘trim vector’ and ‘trim ends’ functions with default parameters to remove plasmid sequences and ambiguous termini
(bases are trimmed until the first 25 nt contain less than three ambiguities).

25| Assemble the contig automatically by using the ‘dirty data’ algorithm and starting with a minimum match percentage of
90% and a minimum overlap of 20 bases. These values may
be lowered to add the remaining sequences whose chromato-
grams may display more ambiguities.
? TROUBLESHOOTING

26| Correct the resulting contig manually for ambiguous bases
and overlapping regions. The time required to construct the
final sequence depends on its size and on the quality of chro-
matograms (in our experience, it takes about 1 h to construct
and correct a 4,000 bp contig).
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3′5′
3358 bp product

Figure 2 | Screenshot of a typical contig assembly for a 3375 bp PCR product.

Red arrows are forward sequences and green arrows are reverse sequences.
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� TIMING
Steps 1–4, sonication: 5 min
Steps 5 and 6, column purification: 15 min
Steps 7–12, DNA polishing: 70 min
Steps 13–16, addition of A-overhangs: 50 min
Steps 17–19, ligation: 5 min and overnight step
Step 20, transformation: 120 min and overnight step

? TROUBLESHOOTING
Troubleshooting advice can be found in Table 2.

ANTICIPATED RESULTS
We have used the LoPPS procedure to characterize 24 different PCR products whose size ranged from 2,579 to 4,766 nt35.
All products were fully sequenced, and each nucleotide was read 4.4 times by mean. For example, we sequenced a 3,358 bp PCR
product by processing 30 clones. The final contig was obtained from 26 sequences ranging from 233 to 984 nt long with an
average on 732 nt. All positions were read two to nine times, and inserts were homogeneously distributed along the products as
shown in Figure 2.

ACKNOWLEDGMENTS S. Emonet’s salary was supported by the Délégation Générale
pour l’Armement. This work was partly funded by the European Commission through
the VIZIER Integrated Project (LSHG-CT-2004-511966) in the sixth Framework
Programme for Research and Technological Development.

AUTHOR CONTRIBUTIONS Drs. Emonet and Grard contributed equally to this work.

COMPETING INTERESTS STATEMENT The authors declare that they have no
competing financial interests.

Published online at http://www.natureprotocols.com
Reprints and permissions information is available online at http://npg.nature.com/
reprintsandpermissions

1. Fleischmann, R.D. et al. Whole-genome random sequencing and assembly of
Haemophilus influenzae Rd. Science 269, 496–512 (1995).

2. Venter, J.C. et al. The sequence of the human genome. Science 291, 1304–1351
(2001).

3. Venter, J.C. et al. Environmental genome shotgun sequencing of the Sargasso Sea.
Science 304, 66–74 (2004).

  
p

u
or

G  
g

n i
h si l

b
u

P er
u ta

N 700 2
©

n
at

u
re

p
ro

to
co

ls
/

m
oc.er

ut a
n.

w
w

w//:
ptt

h
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