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    Chapter 9   

 The LAM-PCR Method to Sequence LV Integration Sites                     

     Wei     Wang    ,     Cynthia     C.     Bartholomae    ,     Richard     Gabriel    ,     Annette     Deichmann    , 
and     Manfred     Schmidt       

  Abstract 

   Integrating viral gene transfer vectors are commonly used gene delivery tools in clinical gene therapy trials 
providing stable integration and continuous gene expression of the transgene in the treated host cell. 
However, integration of the reverse-transcribed vector DNA into the host genome is a potentially muta-
genic event that may directly contribute to unwanted side effects. A comprehensive and accurate analysis 
of the integration site (IS) repertoire is indispensable to study clonality in transduced cells obtained from 
patients undergoing gene therapy and to identify potential in vivo selection of affected cell clones. To date, 
next-generation sequencing (NGS) of vector-genome junctions allows sophisticated studies on the inte-
gration repertoire in vitro and in vivo. We have explored the use of the Illumina MiSeq Personal Sequencer 
platform to sequence vector ISs amplifi ed by non-restrictive linear amplifi cation-mediated PCR (nrLAM- 
PCR) and LAM-PCR. MiSeq-based high-quality IS sequence retrieval is accomplished by the introduction 
of a double-barcode strategy that substantially minimizes the frequency of IS sequence collisions compared 
to the conventionally used single-barcode protocol. Here, we present an updated protocol of (nr)LAM- 
PCR for the analysis of lentiviral IS using a double-barcode system and followed by deep sequencing using 
the MiSeq device.  

  Key words     Gene therapy  ,   Lentiviral vector  ,   (nr)LAM-PCR  ,   Clonality  ,   Integration sites  ,   Safety  ,   Next- 
generation sequencing (NGS)  ,   Double-barcoding strategy  

1      Introduction 

 Gene therapy using  integrating vector systems   has been success-
fully applied for the treatment of monogenetic diseases in several 
clinical trials [ 1 ,  2 ]. The occurrence of severe adverse event in few 
clinical trials using gamma-retroviral vectors due to vector-induced 
overexpression of nearby cellular proto-oncogenes highlighted the 
necessity to comprehensively analyze the integration site (IS) rep-
ertoire of gene therapy-treated patients [ 3 – 6 ]. Concomitantly, 
investigators focused on the development of new vector systems 
supposed to offer advantageous biosafety features. These factors 
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have led to the broad exchange of full  long terminal repeat (LTR)  -
driven gamma-retroviral vectors by self-inactivating LTR lentiviral 
vectors in translational and clinical studies [ 7 – 9 ]. 

 To identify IS in gene therapy-treated patients and/or to study 
integration profi les of different vector systems various PCR-based 
technologies are available. Among these, numerous variants of 
linker-mediated (LM)-PCR [ 10 ] and  linear amplifi cation-mediated 
(LAM)-PCR   [ 11 ] are currently the most widely used methods. 
The resulting PCR amplicons can be sequenced to localize the vec-
tor ISs by aligning the individually trimmed sequence reads to the 
host genome. The development of  next-generation sequencing 
technologies   enabled researchers to sequence numerous thousands 
to millions sequences of individual PCR amplicons. To date, the 
MiSeq sequencing technology provides much higher sequence 
read numbers (up to 15 million) compared to Sanger sequencing 
(shotgun 96 reads) or 454 pyrosequencing technology (up to 1 
million reads) [ 12 ], thus enabling a more profound representation 
of the IS repertoire. However, the huge increase in individual 
sequences bares an increased risk to detect false-positive ISs, i.e., 
contaminating IS which are shared between different samples. 

 Given the large size of the  mammalian genome   it is widely 
accepted that the likelihood to identify identical IS in individually 
transduced samples is close to zero. Thus, the same IS detected in 
multiple samples that are independent from the initially transduced 
target cell population (e.g., samples derived from different patients) 
have to be considered as collisions and to be removed from further 
analysis. To minimize the frequency of IS sequence collisions, the 
use of a double-barcoding strategy is indispensable. For  (nr)LAM- 
PCR  , we added the fi rst barcode during ligation of the linker 
sequence (linker barcode) prior to any exponential amplifi cation. 
The second barcode was introduced during preparation of LAM- 
PCR amplicons for sequencing by the MiSeq system (vector bar-
code). For downstream analyses only sequences that matched the 
unique combination of linker barcode and vector barcode are con-
sidered. Our data revealed that deep sequencing of LAM-PCR 
amplicons by this double-barcoding strategy designed for the 
MiSeq device is feasible and reaches high-quality accurate IS 
sequence retrieval.  

2    Materials 

       1.    DNA Isolation Kit for Cells and Tissues/Mammalian Blood 
(Roche Diagnostics, Germany).   

   2.    PCR grade water.   
   3.    Qubit 2.0 Fluorometer and Qubit dsDNA Assay Kit (Life 

Technologies, USA).      

2.1   DNA Extraction 
and Quantifi cation  

Wei Wang et al.
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        1.    Taq DNA Polymerase (Genaxxon Bioscience, Germany).   
   2.    10× PCR buffer (Qiagen, Germany).   
   3.    dNTPs (Genaxxon Bioscience, Germany).   
   4.    PCR grade water.   
   5.    Human Genomic DNA (Negative Control, Roche Diagnostics, 

Germany).   
   6.    Linear PCR Primers (Eurofi ns MWG Biotech, Germany). 

 LV3LTR1bio: (B) 5′-AGCTTGCCTTGAGTGCTTCA-3′. 
 (B): This primer is biotinylated at the 5′-end.      

       1.    Dynabeads M-280 Streptavidin (Life Technologies, USA).   
   2.    Magnetic separation units for 1.5 ml tubes and 96-well plate 

(Life Technologies, USA).   
   3.    Phosphate-buffered saline (PBS, pH 7.4).   
   4.    Bovine serum albumin.   
   5.    Lithium chloride.   
   6.    3 M/6 M  Lithium chloride (LiCl)   solution: Dissolve 6.36 g 

(3 M) or 12.72 g (6 M) of LiCl in 0.5 ml 1 M Tris–HCl 
(pH 7.5) and 0.1 ml 0.5 M EDTA (pH 8.0) and adjust the 
volume with PCR grade water to 50 ml. Filtrate the solution 
using a 0.45 μm fi lter. Solutions can be stored at room tem-
perature for several months.   

   7.    PBS/0.1 % BSA: Dissolve 1 g of BSA in 1 L  PBS  , and aliquot 
into 1 ml sterile microfuge tube. Solution can be stored at 
−20 °C for up to 3 months.      

        1.    250 mM Tris–HCl, pH 7.5.   
   2.    100 μM MaCl 2 .   
   3.    Barcoded oligonucleotides (Eurofi ns MWG Biotech, 

Germany). 
 Oligo1: 5′-GACCCGGGAGATCTGAATTC AGTGGCACA

GCAGTTAGG(N) 12bp CTA-3′. 
 Oligo2: 5′-TATAG(N) 12bp CCTAACTG CTGTGC CACTGA

ATTCAGATC- 3′. 
 (N) 12bp : Barcode composed by 12 random nucleotides.   

   4.    Microcon- 30   (Millipore, USA).      

       1.    Klenow Polymerase (Roche Diagnostics, Germany).   
   2.    Hexanucleotide mixture (Roche Diagnostics, Germany).      

2.2   Linear PCR  

2.3   Magnetic 
Capture  

2.4   Linker Cassette 
Construction  

2.5   DNA Double- 
Strand Synthesis   
(Hexanucleotide 
Priming)

Lentiviral Integration Sites, Linear Amplifi cation-Mediated PCR 
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       1.    Enzyme MluCI and MseI. (NEB, Germany).      

       1.    Fast-link DNA ligation Kit (Epicentre Biotechnologies, USA).      

       1.    1 N NaOH.      

        1.    10× Ligation buffer (Biozym, Germany).   
   2.    Single-stranded oligonucleotide (Eurofi ns MWG Biotech, 

Germany). 
 OligonrLAM: 5′-TAG(N) 12bp CCTAACTGC TGTGCCACT

GAATTCAGATCTC CCGGGT- 3′. 
 (N) 12bp : Barcode composed by 12 random nucleotides. 
 Modifi cations: Phosphate  modifi cation   at the 5′-end and dide-

oxynucleotide modifi cation at the 3′-end.   
   3.    Mangan chloride MnCl 2 .   
   4.    CircLigase ssDNA Ligase (Biozym, Germany).      

        1.    Taq DNA polymerase.   
   2.    dNTPs.   
   3.    Primers (Eurofi ns MWG Biotech, Germany). 

 First exponential PCR: 
 LV3LTR2bio: (B) 5′-AGTAGTGTGTGCCCGTCTGT-3′. 
 LCI: 5′-GACCCGGGAGATCTGAATTC-3′. 
 (B): This primer is biotinylated at the 5′-end. 
 Second exponential  PCR  : 
 LV3LTR3: 5′-GTGTGACTCTGGTAACTAGAG-3′. 
 LCII: 5′-GATCTGAATTCAGTGGCACAG-3′.      

       1.    Spreadex high-resolution agarose gel. Serva, Germany   
   2.    Gel electrophoresis apparatus.   
   3.    40× TAE buffer.   
   4.    5× Blue run loading buffer.   
   5.    Ethidium bromide.   
   6.    100 bp DNA ladder.      

        1.    Agencout AMPure XP Beads (Beckman Coulter, USA).   
   2.    Absolute ethanol.   
   3.    Taq DNA polymerase.   
   4.    dNTPs.   

2.6   Restriction 
Digest  

2.7  Ligation 
of Linker Cassette

2.8   Denaturation  

2.9  Ligation 
of  Single- Stranded 
Oligonucleotide  

2.10   Exponential 
PCRs  

2.11  Visualization 
of the  (nr)LAM-PCR   
Product with Spreadex 
High-Resolution 
Gel- Electrophoresis

2.12  Sample 
Preparation for  Miseq 
Platform  

Wei Wang et al.
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   5.    Primers (Eurofi ns MWG  Biotech  , Germany). 
 MegaLinker:  5′-GCCTTGCCAG CCCG CTCAGA GTGGCACA

GCAGTTAGG- 3′. 
 BarcodedMega: 5′-GCCTCCCTCGC GCCATC AG(N) 10bp ACG A

GTTTTAA TGACTCCAAC- 3′. 
 (N) 10bp : Barcode composed by ten random nucleotides.   

   6.    Agilent Tapstation/Bioanalyzer 2100.   
   7.    Agilent High Sensitivity DNA kit.       

3    Methods 

   The procedure described here starts with the analysis of extracted 
DNA. A comparison of common DNA extraction procedures 
(organic, anion-exchange, or silica-based methods) did not reveal 
any differences on the qualitative outcome of the LAM-PCR 
technique. DNA samples extracted using commercial kits have 
consistently provided high-quality results, because the associated 
reagents have been subjected to quality control before use and are 
not likely to introduce problems. High-quality analytes ensure the 
best and most robust performance of following procedures and can 
provide reliable results. Perform DNA extraction and any following 
step of sample processing, e.g., dilution and quantifi cation, in a 
dedicated hood for molecular biology in order to avoid any 
contamination.  

   The fi rst step of LAM-PCR is a linear amplifi cation of the vector- 
genome junctions, accomplished with a 5′-biotinylated vector- 
specifi c primer(s) hybridizing to the U3- and/or U5 region of the 
vector  long terminal repeat (LTR)  . The primer sequences are given 
in Subheading  2.2 .

    1.    Mix the following components in a sterile nuclease-free PCR 
tube: 
 Input 100–500 ng genomic DNA. 
 1.67 nM 5′ Biotinylated primer. 
 10× PCR buffer. 
 200 μM dNTPs each. 
 0.5 μl (2.5 U) Taq polymerase. 
 Fill the reaction up with PCR grade water to a fi nal volume of 

50 μl.   
   2.    Mix by pipetting followed by a quick spin to collect all liquid 

from the sides of the tube.   

3.1   DNA Extraction 
and Quantifi cation  

3.2   Linear PCR  

Lentiviral Integration Sites, Linear Amplifi cation-Mediated PCR 
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   3.    Place the PCR tube in a  thermocycler     , with the heated lid set to 
105 °C, and run the following program: 

  

2 95

45 95
45 60

min @

@
@

°

°
°

C Initial denaturation

s C Denaturation
s C Annnealing
s C Extension

cycles

C Final extens

60 72
50

5 72

@

min @

°

ü

ý
ï

þ
ï

° iion
Hold C@ 4°   

      4.    After completion of the PCR add another 0.5 μl (2.5 U) Taq 
polymerase to each PCR reaction and repeat the 50-cycle PCR.    

        The magnetic capture allows enriching the amplifi ed linear products 
through biotin-streptavidin binding.

    1.    Expose 20 μl magnetic beads to a  magnetic separation unit 
(MSU)  . Incubate for 5 min at room temperature until the 
solution becomes clear.   

   2.    Carefully remove and discard the supernatant, remove the tube 
from the MSU, and resuspend the magnetic beads with 40 μl 
PBS/0.1 % BSA.   

   3.    Wash the magnetic beads again with 40 μl PBS/0.1 % BSA and 
carefully remove and discard the supernatant while the tube is 
on the MSU.   

   4.    Remove the tube from the MSU, resuspend the magnetic 
beads with 20 μl 3 M lithium chloride solution ( see   Note    2  ), 
and carefully remove and discard the supernatant while the 
tube is on the MSU.   

   5.    Remove the tube from the MSU, and resuspend the magnetic 
beads with 50 μl 6 M lithium chloride solution.   

   6.    Add 50 μl of prepared magnetic beads to the linear PCR prod-
uct (1:1 ratio,  see   Note    3  ).   

   7.    Incubate the DNA/bead complexes on a horizontal shaker at 
300 rpm overnight at room temperature ( see   Note    4  ).      

   The oligonucleotide sequences are given in Subheading  2.4 .

    1.    Mix the following components in a sterile microfuge tube: 
 40 μl 100 pmol/μl Oligonucleotide oligo1. 
 40 μl 100 pmol/μl Oligonucleotide oligo2. 
 110 μl 250 mM Tris–HCl (pH 7.5). 
 10 μl 100 mM MgCl 2 .   

   2.    Mix by pipetting followed by a quick spin to collect all liquid 
from the sides of the tube.   

   3.    Incubate in a thermal heat block for 5 min at 95 °C.   

3.3   Magnetic 
Capture   ( See   Note    1  )

3.4  Generation 
of a  Linker Cassette  

Wei Wang et al.
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   4.    Switch the heat block off and let the sample cool down slowly 
overnight within the heat block.   

   5.    Add 300 μl of PCR grade water into the tube and transfer the 
sample on a Microcon-30 column.   

   6.    Centrifuge the sample for 10 min at room temperature and 
14,000 ×  g .   

   7.    Place the  column   reversed onto a fresh tube and centrifuge the 
sample for 2 min at room temperature and 1000 ×  g .   

   8.    Fill the concentrated sample up with distilled water to a fi nal 
volume of 80 μl.   

   9.    Aliquot the linker cassette and store it at −20 °C ( see   Note    5  ).    

         1.    Prepare hexanucleotide priming mixture in a sterile microfuge tube: 
 1× Concentrated hexanucleotide mixture. 
 200 μM dNTPs each. 
 1 U Klenow polymerase. 
 Fill the mixture up with PCR grade water to a fi nal volume of 

10 μl.   
   2.    Mix by pipetting followed by a quick spin to collect all liquid 

from the sides of the tube.   
   3.    Expose the DNA/bead complexes on the MSU for 60 s after 

overnight incubation.   
   4.    Remove and discard the supernatant while the tube is on the 

MSU. Be careful not to disturb the beads that contain the 
DNA targets.   

   5.    Wash the magnetic beads with 100 μl PCR grade water, and 
carefully remove and discard the supernatant while the tube is 
on the MSU.   

   6.    Remove the tube from the MSU, and resuspend the magnetic 
beads with 10 μl premade hexanucleotide mixture.   

   7.    Incubate in a thermal cycler for exactly 1 h at 37 °C.   
   8.    Add 90 μl of PCR grade water into the reaction, and expose 

the mixture on the MSU for 60 s.   
   9.    Remove and discard the  supernatant   while the tube is on the 

MSU, and wash the magnetic beads with 100 μl PCR grade 
water.      

       1.    Prepare  restriction digest mixture   in a sterile microfuge tube: 
 1 μl 10× Restriction buffer. 
 2 U MseI. 
 Fill the reaction mixture up with PCR grade water to a fi nal 

volume of 10 μl.   
   2.    Mix by pipetting followed by a quick spin to collect all liquid 

from the sides of the tube.   

3.5   Hexanucleotide 
Priming  

3.6  Restriction 
Digest ( See   Note    6  )

Lentiviral Integration Sites, Linear Amplifi cation-Mediated PCR 
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   3.    Carefully remove and discard the supernatant while the tube is 
on the MSU, remove the tube from the MSU, and resuspend 
the magnetic beads with 10 μl premade restriction digest 
mixture.   

   4.    Incubate in a  thermal cycler   for exactly 1 h at temperature rec-
ommended by the  manufacturer   ( see   Note    7  ).   

   5.    Add 90 μl of PCR grade water into the reaction, and expose 
the mixture on the MSU for 60 s.   

   6.    Remove and discard the supernatant while the tube is on the 
MSU, and wash the magnetic beads with 100 μl PCR grade 
water.      

       1.    Prepare ligation mixture in a sterile microfuge tube: 
 2 μl of restriction enzyme linker cassette. 
 1× Concentrated fast-link ligation buffer. 
 10 mM ATP. 
 2 U Fast-link ligase. 
 Fill the reaction mixture up with PCR grade water to a fi nal 

volume of 10 μl.   
   2.    Mix by pipetting followed by a quick spin to collect all liquid 

from the sides of the tube.   
   3.    Carefully remove and discard the supernatant while the tube is 

on the MSU, remove the tube from the MSU, and resuspend 
the magnetic beads with 10 μl premade ligation mixture.   

   4.    Incubate for 5 min at room temperature.   
   5.    Add 90 μl of PCR grade water into the reaction, and expose 

the mixture on the MSU for 60 s.   
   6.    Remove and discard the supernatant while the tube is on the 

MSU, and wash the magnetic beads with 100 μl PCR grade 
water.      

       1.    Prepare 1 ml of 0.1 N NaOH in a sterile microfuge tube: 
 PCR grade water (900 μl). 
 Stock 1.0 N NaOH (100 μl). 
 Invert the tube several times to mix.    

    2.    Carefully remove and discard the supernatant while the tube is 
on the MSU, remove the tube from the MSU, and resuspend 
the magnetic beads with 5 μl freshly prepared 0.1 N NaOH 
solution.   

   3.    Incubate the magnetic beads at room temperature on a shaker 
(300 rpm) for 10 min.   

   4.    Expose the denatured sample on the MSU for 60 s, and collect 
the supernatant into a fresh microfuge tube ( see   Note    8  ).    

3.7   Linker Cassette 
Ligation  

3.8   Alkaline 
Denaturation  

Wei Wang et al.
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      This step leads to the ligation of a single-stranded oligonucleotide 
to the unknown part of the DNA amplicons. As both ends after the 
ligation consist of known sequences, a subsequent exponential 
amplifi cation of the PCR products is then possible. The sequence 
of the oligonucleotide and the modifi cations are shown in 
Subheading  2.9 .

    1.    Prepare ligation mixture in a sterile microfuge tube: 
 1 μl 10× Ligation buffer. 
 1 μl OligonrLAM (10 pmol/μl). 
 0.5 μl MnCl 2  (10 mM). 
 0.5 μl ATP (10 mM). 
 0.5 μl Circligase ssDNA ligase. 
 Fill the reaction mixture up with PCR grade water to a fi nal 

volume of 10 μl.    
    2.    Mix by pipetting followed by a quick spin to collect all liquid 

from the sides of the tube.   
   3.    Expose the DNA/bead complex (Subheading  3.3 ,  step 7 ) to 

the MSU, and incubate for 5 min at room temperature until 
the solution becomes clear.   

   4.    Carefully remove and discard the  supernatant  , remove the tube 
from the MSU, and resuspend the magnetic beads with 10 μl 
of prepared ligation reaction.   

   5.    Incubate the reaction for at least 16 h and not longer than 24 h 
at 300 rpm on a horizontal shaker, at room temperature.   

   6.    Add 90 μl of PCR grade water into the reaction, and expose 
the mixture on the MSU for 60 s.   

   7.    Remove and discard the supernatant while the tube is on the 
MSU, and wash the magnetic beads with 100 μl PCR grade 
water.   

   8.    Carefully remove and discard the supernatant, remove the tube 
from the MSU, resuspend the magnetic beads with 10 μl PCR 
grade water, and transfer it to a fresh 0.5 ml microfuge tube.    

     Primer sequences for the fi rst and second exponential PCR are 
listed in Subheading  2.10 .

    1.    Mix the following components in a sterile nuclease-free PCR 
tube: 
 1 μl of the denaturation product/2 μl ligation product of 

nrLAM-PCR as template. 
 8.3 μM of each primer. 
 10× PCR buffer. 
 200 μM dNTPs each. 
 0.25 μl (1.25 U) Taq polymerase. 

3.9  Ligation 
of a  Single- Stranded 
Oligonucleotide   ( See  
 Note    9  )

3.10  Exponential 
PCRs and Magnetic 
Capture

Lentiviral Integration Sites, Linear Amplifi cation-Mediated PCR 



116

 Fill the reaction up with PCR grade water to a fi nal volume of 
25 μl.   

   2.    Place the PCR tube in a  thermocycler  , with the heated lid set 
to 105 °C, and run the following program: 
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      3.    An additional magnetic capture step after the fi rst exponential 
PCR is optional. For the detailed protocol please see 
Subheading  3.3  ( see   Note    10  ).   

   4.    Mix the following components for second exponential PCR in 
a sterile microfuge tube: 
 1 μl of the denaturation product of fi rst exponential PCR as 

template. 
 8.3 μM of each primer. 
 10× PCR buffer. 
 200 μM dNTPs each. 
 0.5 μl (2.5 U) Taq polymerase. 
 Fill the reaction up with PCR grade water to a fi nal volume of 

50 μl.   
   5.    Carry out the PCR  reaction   using the same condition as the 

fi rst exponential PCR.    

         1.    Fill the electrophoresis tank with 1.9 L of 1 × concentrated 
TAE buffer, fi x a Spreadex gel within the electrophoresis tank 
using an appropriate catamaran.   

   2.    Load 10 μl of each (nr)LAM-PCR product with 2 μl of 5× con-
centrated blue run loading buffer.   

   3.    Add 1 kb plus DNA ladder for molecular weight reference.   
   4.    Let the gel run at 10 V/cm electrode gap.   
   5.    Switch the buffer pump 5 min later after the electrophoresis 

starts.   
   6.    After the electrophoresis, stain the gel for 20 min in ethidium 

bromide solution (~0.5 µg ethidium bromide/ml PCR grade 
water) on a shaker at 50 rpm and room temperature.   

   7.    Visualize the DNA on a gel documentation system.      

3.11  Visualization 
of the  (nr)LAM-PCR   
Product with Spreadex 
High-Resolution Gel 
Electrophoresis

Wei Wang et al.
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   The (nr)LAM-PCR samples are further prepared for high 
-throughput sequencing to identify the precise localization of the 
ISs in the host genome. In the following, we will give a guideline 
for how to proceed optimally with the (nr)LAM-PCR samples to 
allow subsequent high-throughput sequencing. In brief, 40 ng of 
purifi ed (nr)LAM-PCR products are used to perform a third 
exponential PCR. This PCR step allows adding the Illumina-
specifi c amplifi cation and sequencing adaptors on both sides of the 
(nr)LAM-PCR amplicons. By incorporating a 10–12 bp barcode 
into customized sequencing adaptors and linker cassette, different 
samples can be fi nally pooled for multiplexing sequencing on 
MiSeq platform.

    1.    Vortex AMPure XP beads to resuspend.   
   2.    Add 44 μl (1.1×) of resuspended AMPure XP Beads to the 

second exponential PCR product (~40 μl), mix well, and incu-
bate for 5 min at room temperature.   

   3.    Place the tube on an appropriate MSU to separate beads from 
supernatant. After the solution is clear (about 5 min), carefully 
remove and discard the supernatant. Be careful not to disturb 
the beads that contain the DNA targets.   

   4.    Add 200 μl of 80 % freshly prepared ethanol to the sample 
while in the MSU. Incubate at room temperature for 30 s, and 
then  carefully   remove and discard the supernatant.   

   5.    Repeat  step 4  once.   
   6.    Air-dry beads for 5 min while the tube is on the MSU with the 

lid open ( see   Note    11  ).   
   7.    Remove the tube from the MSU. Elute the DNA target by 

adding 24 μl of PCR grade water to the beads.   
   8.    Mix well on a vortex mixer or by pipetting up and down and 

incubate for 2 min at room temperature.   
   9.    Put the tube in the MSU until the solution is clear. Transfer 

22 μl of supernatant (or desired volume) to a new tube, and 
proceed to third exponential PCR.   

   10.    Mix the following components for third exponential PCR in a 
sterile microfuge tube (for primer sequences for the third 
exponential PCR please see Subheading  2.12 ). 
 40 ng of the Ampure bead-purifi ed second exponential PCR 

product. 
 0.5 μl of each primer (10 pmol/μl). 
 5 μl 10× PCR buffer. 
 1 μl dNTPs each (10 mM). 
 0.5 μl (2.5 U) Taq polymerase. 
 Fill the reaction up with PCR grade water to a fi nal volume of 

50 μl.   

3.12  Library 
Preparation of (nr)
LAM-PCR Samples 
for High- Throughput 
Sequencing Using 
MiSeq Platform
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   11.    Place the PCR tube in a  thermocycler  , with the heated lid set 
to 105 °C, and run the following program: 
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      12.    Purify the third exponential PCR products with Ampure XP 
beads as  steps 1 – 9 .   

   13.    Measure the purifi ed DNA concentration by using a Qubit 
fl uorometer.   

   14.    Pool the desired DNA samples according to their multiplexes, 
and analyze the peak distribution using 1 μl pooled library by 
Agilent Bioanalyzer 2100/Tap station using DNA High 
Sensitivity Kit ( see   Note    12  ). The amount of DNA of each 
sample within the pool is proportional to the number of 
retrieved  sequencing   reads.   

   15.    Store the pooled library at −20 °C, or directly continue for 
MiSeq sequencing.      

   Public available bioinformatics tools like Seqmap 2.0 [ 13 ], 
QuickMap [ 14 ], or our own developed HISAP pipelines, such as 
noted in Ref.  15 , can process the retrieved sequences.   

4                Notes 

     1.    If non-restrictive LAM-PCR is being performed, please go 
directly to Subheading  3.9  after this step.   

   2.    Alternatively binding solution provided by the manufacturer of 
the magnetic beads can also be used. LiCl solution in our hand 
performs in a comparable way and is cost effective.   

   3.    The ratio of PCR product and LiCl solution must always be 
1:1.   

   4.    This capturing step needs to be carried out at least for 8 h.   
   5.    After thawing the aliquot of linker cassette, do not refreeze it.   
   6.    This protocol provides the detail procedure for restriction 

enzyme MseI; please adjust the components for this step if 
other restriction enzyme is used.   

   7.    Choose the restriction enzyme in a way that no restriction site 
is located within the known sequence of interest and the ampli-

3.13   Bioinformatics/
Sequence Analyses  

Wei Wang et al.
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fi ed part of the vector. Incubate the restriction digest mixture 
at the temperature recommended by the manufacturer to 
achieve maximum enzyme activity for 1 h in a thermocycler.   

   8.    Store the denatured LAM product at −20 °C.   
   9.    This step should be followed after  subheading 3.3  if nrLAM-

PCR is performed.   
   10.    This magnetic capture step should be performed to increase 

the sensitivity and specifi city. 
 Minor changes to the magnetic capture protocol are 

described in Subheading  3.3 .
 –    Resuspend the magnetic beads in 25 μl 6 M LiCl instead 

of 50 μl.  
 –   After adding the magnetic beads to each fi rst exponential 

PCR product (1:1 ratio), incubate the DNA/bead com-
plexes for at least 1 h on a shaker at 300 rpm and room 
temperature.  

 –   Denature the DNA from DNA/bead complexes with 
20 μl of freshly prepared 0.1 N NaOH solution.      

   11.    Do not overdry the beads. This may result in lower recovery of 
DNA target.   

   12.    To obtain the precise and reproducible results of NGS, high- 
quality analytes with Poisson distribution and precisely esti-
mated DNA concentration are crucial.         
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