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    Dedication

The book is specially dedicated to Professor Hideki Kambara, an unsung hero of the human 
genome project. 
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 The high-throughput DNA sequencing method based on Sanger’s principle provided an 
effi cient tool for the sequencing of the whole human genome. With the help of capillary 
array platform invented by Professor Kambara, the human genome project was fi nished two 
years earlier than expected. In the post-genomic era, many biomarkers related to early dis-
ease diagnosis and personalized medicine have been found by the use of next-generation 
DNA sequencers. Although there are several DNA sequencing tools available for clinical 
detection of these biomarkers, pyrosequencing has an especially important role in identify-
ing microbial genotypes, as well as in sequencing a short fragment containing the biomark-
ers related to personalized medicine. 

 Pyrosequencing is a sequencing-by-synthesis method based on the bioluminometric 
detection of by-products of inorganic pyrophosphates (PPi) during primer extension reac-
tion. Although only several tens of bases can be sequenced during a run, it is enough for 
clinical routine use in detecting known biomarkers. As pyrosequencing is very suitable to 
the sequencing of short DNA sequence, the CFDA approved pyrosequencing technology 
for clinical use. Pyrosequencing is becoming the most popular DNA sequencing tool for 
personalized medicine in hospitals. 

 I have engaged in pyrosequencing research since 1999 when I came to Professor 
Kambara’s research group in Central Research Laboratory of Hitachi. Professor Kambara 
directed me to perform pyrosequencing research in developing new chemistry for increas-
ing the sensitivity, simplifying protocols for SNP typing, and miniaturizing the instrumen-
tation. Professor Kambara, who is honored as an unsung hero of the human genome 
project by Science, is a highly reputed scientist in the DNA sequencing research fi eld. I am 
very fortunate to have had his supervision in the research of DNA detection. Even after 
my return to China from Japan, he supported me in following pyrosequencing research 
for many years. 

 The aim of this book is to improve pyrosequencing protocols as well as instrumenta-
tion for better clinical use. Due to our continuous contributions, pyrosequencing is greatly 
improved in terms of template preparation, sensitivity, instrumentation, and detectable 
target species. We simplifi ed the protocols of pyrosequencing by skipping the ssDNA prep-
aration step. We enabled pyrosequencing to quantify the expression levels of mRNA and 
microRNA by coupling base barcodes into pyrosequencing. We adapted pyrosequencing 
to prenatal diagnosis of trisomy 21 by quantitatively pyrosequencing heterozygotes of fetal 
genomic DNA. We miniaturized the pyrosequencer by using a photodiode array as the 
light sensor. This book describes all of these improvements and novel applications of pyro-
sequencing technology. 

 There are 34 chapters in the book, and they are grouped as fi ve parts: Part I is 
Advances in Pyrosequencing Template Preparation; Part II explores Pyrosequencing 
Technology Innovations; Part III delves into Multiplex Pyrosequencing based on bar-
codes; Part IV looks at Miniaturizing Pyrosequencing Equipment; and Part V examines 
Applications. 

  Pref ace    
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 Now we are progressing toward precision medicine. To allow the right drug with the 
right dose at the right time, genotyping of an individual patient is required before prescrib-
ing a drug. I believe that pyrosequencing would be a useful tool in this progress. This book 
should be useful for people who are engaged in personalized medicine, disease control, and 
DNA diagnosis in other fi elds. 

 Professor Kambara, my teacher, retired from Hitachi in March 2015. I would like to 
dedicate this book to him, a great contributor to DNA sequencing technology.  

  Nanjing, China     Guohua     Zhou     

Preface 
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    Chapter 1   

 Preparation of Single-Stranded DNA for Pyrosequencing 
by LATE-PCR                     

     Huiyong     Yang    ,     Chao     Liang    ,     Zhiyao     Chen    ,     Bingjie     Zou    ,     Qinxin     Song     , 
and     Guohua     Zhou      

  Abstract 

   To establish a simple method for preparing single-stranded DNA templates for pyrosequencing, the Linear-
after-the-exponential (LATE)-PCR technology on the basis of Taq DNA polymerase without hot- start 
capacity was applied to amplify a 78-bp sequence (containing the SNP6 site), and the PCR-enhancing 
reagents (glycerol and BSA) were used to increase the effi ciency and specialization, much more before the 
reagents A and B were designed to eliminate the impurity (limited primers, PPi, dNTPs, and so on), and 1–2 
μL LATE-PCR products with simply treatment can be used in pyrosequencing directly. Then, fi ve SNPs 
related with human breast-cancers in the BRCA1 gene were investigated, and the programs had no nonspe-
cifi c signals that were made of theoretic sequences. Moreover, the genotyping of the SNPs could also be 
distinguished easily. The results indicated that this method can be used to prepare high quality single-stranded 
DNA templates for pyrosequencing and allows pyrosequencing be lower in cost, simpler in operation, and 
easier in automation, and the cross-contamination from sample preparation was also reduced.  

  Key words     Pyrosequencing  ,   Linear-after-the-exponential amplifi cation  ,   Preparation of single- 
stranded DNA template  ,   Single nucleotide polymorphism  

1       Introduction 

 Pyrosequencing is a novel sequencing technology that is based on 
 single-stranded DNA (ssDNA)         templates and different from 
Sanger technology, and this technique uses three  enzymes   (DNA 
polymerase, luciferase and ATP sulfurlyase) to catalyze the reac-
tions from their corresponding substrates, such as adenosine 
5′-phosphosulfate (APS), luciferin, and the added nucleotides, 
which was complementary to the template, to produce a fl ash of 
light signal with an intensity that is proportional to the number of 
incorporated bases. dNTPs that fail to incorporate with the tem-
plate are degraded by apyrase and do not produce light signal. 
Pyrosequencing can provide the information of DNA sequences in 

Guohua Zhou and Qinxin Song (eds.), Advances and Clinical Practice in Pyrosequencing, Springer Protocols Handbooks, 
DOI 10.1007/978-1-4939-3308-2_1, © Springer Science+Business Media New York 2016
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a short time [ 1 ,  2 ], whereas it does not require labeled primers or 
electrophoresis. The pyrosequencing technique has become an 
ideal platform for sequencing short DNA sequences and has a wide 
range of applications in the fi elds of  single-nucleotide polymor-
phism (SNP)         detection [ 3 ], microbial genotyping [ 4 ,  5 ], CpG 
methylation analysis [ 6 ], and so on. The pyrosequencing technique 
has also been used in the large-scale DNA sequencing and brings a 
revolutionary advancement in the fi eld of  DNA sequencing   [ 7 ]. 

 Now, the preparation of single-stranded DNA material gener-
ally is dependent on  solid-phase beads (streptavidin-coated) 
method  , which has characters of multistep process, low effi ciency, 
and high cost for the using biotinylated primers and streptavidin 
beads [ 8 ,  9 ], and moreover, the multistep process of samples prep-
aration also increases the risk of contamination in PCR products, 
so that the application of pyrosequencing in clinical is limited. The 
 asymmetric PCR method   can produce ssDNA [ 10 – 12 ], but the 
method has not been widely used for the low effi ciency in amplify-
ing ssDNA.  Linear-after-the-exponential-polymerase chain reac-
tion (LATE-PCR)         developed asymmetric amplifi cations by 
introducing the concentration to compute primers melting tem-
perature (Tm) [ 13 – 15 ]. Under the condition of the Tm of limited 
primer (PL) being higher than that of excess primers (PX) (Tm 
(PL) − Tm(PX) ≥ 0 °C) and optimizing the concentration, and Tm 
of the primers, LATE-PCR can generate large amount of ssDNA, 
which is suffi cient for reaction of probe hybridization, real-time 
fl uorescence PCR detection, and so on [ 16 – 19 ] .  

 Wangh et al. [ 16 ] used the  LATE-PCR   products to pyrose-
quencing directly with a satisfying result. However, the application 
of the AmpliTaq Gold Taq polymerase and commercial PyroGold 
kit increased the cost as well as ignored the cases of the residual PL, 
and not fully extended dsDNA products that could confuse the 
results of pyrosequencing. In this experiment, a system of LATE- 
PCR that is based on  Taq DNA polymerase  , which was introduced 
without hot-start capacity and one tube method was carried out 
for preparing the single-stranded template for pyrosequencing. 
The two reagents (A and B) were designed to eliminate the inter-
fering components in PCR products. This method was applied to 
pyrosequence the 78-bp sequence (including SNP6 site) LATE- 
PCR product, and the fi ve SNPs site in the brca1 gene (one of 
breast cancer susceptibility gene [ 20 ]) were detected.  

2       Materials   

     1.    PTC-225 PCR engine (MJ Research, Inc., USA).   
   2.    PowerPac 1000 HV power supply (BIO-RAD, Inc, USA).   
   3.    GenGenius gel imaging system (Syngene, Inc, UK).   

Huiyong Yang et al.
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   4.    The apparatus for pyrosequencing were set up according to 
reference [ 21 ]: R6335 photomultiplier (Hamamatsu 
Photonics K.K, Inc., Japan) and BPCL Ultra-Weak 
Chemiluminescence Analyzer System (Institute of Biophysics 
of Chinese Academy of Sciences).   

   5.    Taq DNA polymerase, Deoxynucleotide (dNTPs, 10 mM), 1 
× buffer (Mg 2 + free), and MgCl 2  (25 mM) were purchased 
from TaKaRa BioTech (Dalian, China).   

   6.     AmpliTaq   Gold DNA polymerase was purchased from Applied 
Biosystems (Foster City, USA).   

   7.    Klenow Fragment (Exonuclease Minus), polyvinylpyrrolidone 
(PVP), and QuantiLum recombinant luciferase were pur-
chased from Promega (Madison, WI).   

   8.    Apyrase,  D -luciferin, bovine serum albumin (BSA), and ade-
nosine 5′-phosphosulfate (APS) were obtained from Sigma 
(St. Louis, MO).   

   9.    Sodium 2′-deoxyadenosine-5′- O -(1-triphosphate) (dATPαS), 
2′-deoxyguanosine-5′-triphosphate (dGTP), 
2′-deoxythymidine-5′-triphosphate (dTTP), and 2′-deoxycyt-
idine- 5′- triphosphate (dCTP) were purchased from Amersham 
Pharmacia Biotech.   

   10.    ATP sulfurylase was produced in our lab [ 22 ].   
   11.    The other chemicals were of a commercially extra-pure grade.   
   12.    All solutions were prepared with deionized and sterilized water.   
   13.    The blood  samples   (named g-1, g-2, and g-3) for pyrose-

quencing were obtained from healthy volunteers in our lab, 
and the genomes were extracted according to phenol–chloro-
form method.   

   14.    The sequences containing the fi ve SNPs were obtained from 
the database of NCBI (NT_010755.15), and the primers for 
LATE-PCR and sequencing were designed by primer 5.0, 
whereas the Tm of primers were calculated by OligoAnalyzer 
3.0 (a Web-based program) ( see   Notes 1 – 5 ).      

3     Methods 

       1.    A total of 25 μL of PCR mixture contains 1×PCR buffer (50 
mM KCl, 15 mM Tris–HCl, pH 8.0), 3 mM MgCl 2 , 0.1 mM 
dNTP, 1.5 U of Taq DNA polymerase, 1 μL of DNA template 
(36 μg/l), 0.1 μM limited primer, 13 % glycerol, and 4 % BSA.   

   2.    The reaction procedure consisted of incubation at 95 °C for 5 
min, 60 cycles of denaturation at 87 °C for 10 s, the primer 
annealing at 66 °C for 10 s, extension at 72 °C for 20 s, exten-

3.1  Conditions 
of  Amplifi cation  

Preparation of Single-Stranded DNA for Pyrosequencing by LATE-PCR
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sion at 72 °C for 10 min, and was lastly preserved at 4 °C ( see  
 Notes 6  and  7 ).   

   3.    The  annealing   temperature of SNP2 and 4 were 64 °C.   
   4.    The results were detected by agarose gel electrophoresis (the 

dye was Goldview and Agarose Gel was 2 %).      

       1.    Reagent A contains 0.1 M tris-acetate (pH 7.7), 2 mM EDTA, 
10 mM magnesium acetate, 0.1 % BSA, 1.0 mM dithiothreitol 
(DTT), 2 μM adenosine 5′-phospho sulfate (APS), 0.4 g/L 
PVP, 0.8 mM  D -luciferin, 200 U/L ATP sulfurylase, 6 mg/L 
luciferase, and 18 U/mL Klenow fragment.   

   2.    Reagent B contains reagent A and 1.6 U/mL apyrase.      

        1.    For pyrosequencing, ssDNA templates were prepared as the 
follows: 1–2 μL products of LATE-PCR and 1.2 μL APS (1 
mM) were added in 30 μL reagent A, vortexed, and left for 
10–15 min.   

   2.    40 μL reagent B was added, vortexed, and left for 3–5 min.   
   3.    At last the sequencing primer was added (the fi nal concentra-

tion was 0.3 PM) to anneal for 10–15 min.      

       1.    The pyrosequencing reaction used a 4-enzyme  cascade system   
to produce a visible light that was detected by a photo-sensitive 
device PMT.   

   2.    All the four  dNTPs   were dispensed individually, and the dis-
pensing order of the dNTPs could be designed beforehand. 
The light signal was recorded by data BPCL Ultra-Weak 
Chemiluminescence Analyzer System (Institute of Biophysics 
of Chinese Academy of Sciences) and pyrograms were pro-
duced by Origin 7.5.       

4     Method Validation 

   To investigate the effect of the inexpensive Taq DNA polymerase 
without hot-start capacity for LATE-PCR, the 78-bp sequence 
(containing SNP6 site) with TaKaRa-Taq polymerase (without 
hot-start capacity) and AmpliTaq Gold Taq DNA polymerase were 
amplifi ed. The results were shown in Fig.  1  (lanes 1 and 3), and the 
effect was more excellent than that of TaKaRa-Taq polymerase. To 
improve the amplifi ed effi ciency and specialization of the 
 TaKaRa- Taq polymerase, PCR-enhancing reagents (glycerol and 
BSA) were applied, and the extended time were shortened in the 
thermal cycle (according to the length of Amplicon and the 
extended speed 1000 bp min –1 ), and the denaturalization tempera-
tures were fallen (according to Tm of amplicon by computing 

3.2  Preparation 
of  Reaction Reagents  

3.3  Preparation 
of  Single- Stranded 
DNA Templates  

3.4  Pyrosequencing

4.1  Detection 
of a 78-bp Sequence 
(Including SNP6 Site) 
 LATE-PCR Product     

Huiyong Yang et al.
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based on reference [ 25 ]). The lane 2 in Fig.  1  indicted that the 
amplifi ed effi ciency and specialization of the TaKaRa-Taq poly-
merase were improved obviously. The agarose electropherogram of 
the fi ve SNP sites (brca1 gene, lane 4–8) also indicated that the 
Taq polymerase without hot-start capacity was available to be used 
in LATE-PCR by optimizing reaction condition.

   Raw PCR products contain PPi, and dNTPs will consume the 
APS luciferin metabolized by the pyrosequencing enzymes, result-
ing in indiscriminant light emission, which not only interfered in 
the pyrosequencing reactions but also confused sequence determi-
nation. To obtain the ideal ssDNA templates, the LATE-PCR 
products were cleaned up by the followed steps: the PPi was con-
verted to ATP using ATP sulfurylase and APS, and then the ATP 
and dNTPs were digested by apyrase to AMP and dAMP. However, 
the extended signals were detected from the PCR products with-
out annealing with sequencing primers (after they were annealed 
by the two processes), see Fig.  2a . By analysis, the signals were 
brought on by the residual limited primers or not fully extended 
dsDNA products, and therefore, one process that used the Klenow 
DNA polymerase to extend the interfering matters was designed. 
The results of real-time monitoring the process of removing the 
interfering matters indicated that there were obvious extending 
reactions (as shown in Fig.  2b  (I)). When the background signal 
descended and became stabilizing, the four dNTPs were dispensed 
individually and no obvious extended signals were observed, see 
Fig.  2b  (II). By pyrosequencing the LATE-PCR product after 
annealing with sequencing primers, the  pyrogram      obtained was 

1 2 3 4 5 6 7 8 9 10

  Fig. 1    Agarose electropherogram of amplicons from LATE-PCR at different condi-
tions. Lane 1, the amplicon of the 78 bp sequence from TaKaRa-Taq DNA poly-
merase; lane 2, the amplicon of the 78-bp sequence from TaKaRa-Taq DNA 
polymerase (13 % of glycerol and 4 % of BSA); lane 3, the amplicon of the 78 bp 
sequence from AmpliTaq Gold DNA polymerase; lanes 4–9, the amplicons of 5 
SNPs in BRCA1 gene from TaKaRa-Taq DNA polymerase (13 % of glycerol and 4 
% of BSA); lane 4, SNP1 (64 bp); lane 5, SNP2 (121 bp); lane 6, SNP3 (102 bp); 
lane 7, SNP 4 (123 bp); lane 8, SNP 5 (171 bp); lane 9, blank control; lane 10, the 
DNA Maker (20–200 bp)       
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shown in Fig.  2c . The results were consistent with the theoretical 
sequence, and it also indicated that the results of reference [ 16 ] 
could be obtained by LATE-PCR with TaKaRa Taq DNA 
polymerase (without hot-start capacity).

      Under the optimized conditions, the fi ve SNPs (brca1 gene), 
including base transition, insertion, and deletion, were detected. 
The pyrograms of the sample g-1 obtained were shown in Fig.  3 . 
The heights of the signal peaks were effectively proportional to the 
number of bases in homopolymeric regions of the templates. 
However, no signals were observed after adding the dNTP that 
was not complementary to the template. It is reasonable that to say 
that introducing the methods that are based on the LATE-PCR 
products using into pyrosequencing is feasible.

   The genotyping of SNPs by pyrosequencing were based on the 
signal peaks of the pyrograms. In Fig.  3 , the genotyping carried 
out for SNP1, SNP2, SNP3, and SNP4 were wild-type, and the 
genotypes were AA, CT+/+, C–/–, and CC, respectively. However, 
when the SNPs locate homopolymeric regions, the results will have 
confusion to determine. For example, the genotyping of SNP5 
from Fig.  3e  was the confusion that the TT should be the output 
of the programs; however, the heterozygosis of CT was also logical 
according to the height of the signal peaks, and the sequence 
should be CT(C)1.5(T)0.5GTTTTC in all probability. The result 
of Sanger method also testifi ed the CT genotyping. Because of 
this, we designed a new sequencing primer (Bs5b) that 3′-terminal 
was adjacent to SNP5 site, and the  genotyping   could be deter-
mined easily (Fig.  4 ).

4.2  Detection of Five 
 SNPs      (brca1 Gene)
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  Fig. 2    Pyrograms of  LATE-PCR   products of 78 bp sequence treated by different ways. ( a ) directly pyrose-
quenced without treatment by Klenow; ( b ) real-time background signals of the PCR products with treatment 
by Klenow (I) and the background signals after dispensed the four dNTPs individually (II); ( c ) pyrosequenced 
after treated according to the protocol in Sect.  3 , item  3.3 , the referenced sequence: AGCGGGTGGTAGGAGC; 
the dispensing order of dNTPs: TGCAGCAGTGTAG ATGC. The  capital letters  on the top of each peak indicated 
that the bases completed the extension reaction, the  small letters  indicated the background signals after add-
ing the dNTPs that did not complete the extension reaction       
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5         Technical Notes 

     1.     OligoAnalyzer 3.0   is available at   http://scitools.idtdna.com/
analyzer/.The     Tm of primers was estimated by the nearest 
neighbor formula, and the obtained Tm was closer to the real 
Tm than that obtained by Primer 5.0; and the Tm was different 
in a same primer for PCR amplifi cation and for sequencing 
because the concentration of primers, and the reaction system 
were different [ 26 ].   
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  Fig. 3    Pyrograms of fi ve  SNPs   in BRCA1 gene obtained. ( a ) SNP1: referenced 
sequence AAC[A > G]GAACT, the dispending order of dNTPs was TGGCACAGTAC 
and the measured genotyping was AA; ( b ), SNP2: referenced sequence CT[CT > 
del]AAGATTTTCT, the dispending order of dNTPs was CTCTACGATCT and the 
measured genotyping was CT+/+; ( c ) SNP3: referenced sequence was AA[C 
>ins]TCCCAGGAC, the dispending order of dNTPs was TGCACTCGAGAC and the 
measured genotyping was C–/–; ( d ) SNP4: referenced sequence was TCTATT[C 
> T]AG, the dispending order of dNTPs was GTCTAGTCAG and the measured 
genotyping was CC; ( e ) SNP5: referenced sequence was CTC[C > T]GTT TCAAA, 
the dispending order of dNTPs was GCGTCTCGTCA and the measured genotyp-
ing was CT; and others were the same as in Fig.  2 )       
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   2.    The effi ciency of the  ssDNA   produced by LATE-PCR is related 
to the Tm of the primers, so that the design of the primers is a 
key factor.   

   3.    During the phase of exponential  amplifi cation  , the limited 
primer has to be exhausted for pyrosequencing under the con-
dition of Tm(PL) − Tm(PX) ≥ 5 °C. During the phase of linear 
amplifi cation, the one stranded DNA of PCR products and the 
excess primer will compete for hybridization to the limiting 
primer strand [ 23 ].   

   4.    Sustained production of  single stranded amplifi cation   is 
achieved under the condition of the Tm(Amplicon) − 
Tm(PX) ≤ 13−18 °C [ 13 ,  23 ].   

   5.    When the adequate Tm of primers cannot be designed to the 
actual DNA sequence of the target gene because the nucleo-
tides A and T are abundant, the Tm can be increased by sub-
stituting one or two guanine bases for adenine near the 5′-end 
of the primer or adding of cytosine or guanidine to the 5′-end 
of the primer, irrespective of the target sequence [ 24 ]. 
According to this principle, one or three mismatched bases 
were introduced in the primers.   
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GTTTTC, the dispending order of dNTPs was TCGCTGCTG and the others were the same as in Fig.  2        
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   6.    For  LATE-PCR   reactions, a higher anneal temperature of the 
thermal cycle is used during the phase of exponential amplifi ca-
tion, and then, a lower anneal temperature is used during the 
phase of linear amplifi cation. According to the results of the 
experiment, the ssDNA products will begin to amplify from 30 
thermal cycle when the rate of PL:PX is 0.1:1 (the concentra-
tion of PX is 1 μM [ 16 ]), and the balance for pyrosequencing 
is required between maximizing the proportion of single-
stranded material in the fi nal product and minimizing the 
number of thermal cycles for minimizing the interfering PCR 
components.   

   7.    According to the reference [ 16 ], the  annealing temperatures   
were adjusted to below 1–2 °C to the Tm of the limited Primers 
in all thermal cycles.         
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    Chapter 2   

 A Simplifi ed Protocol for Preparing Pyrosequencing 
Templates Based on LATE-PCR Using Whole Blood 
as Starting Material Directly                     

     Yunlong     Liu    ,     Haiping     Wu    ,     Hui     Ye    ,     Zhiyao     Chen    ,     Qinxin     Song      , 
    Bingjie     Zou    ,     Jianzhong     Rui    , and     Guohua     Zhou       

  Abstract 

   Pyrosequencing has been one of the most commonly used methods for genotyping; however, generally it 
needs single-stranded DNA (ssDNA) preparation from PCR amplicons as well as purifi ed genomic DNA 
extraction from whole blood. To simplify the process of a pyrosequencing protocol, we proposed an 
improved linear-after-the-exponential (LATE)-PCR by employing whole blood as starting material. A suc-
cessful LATE-PCR was achieved by using a common Taq DNA polymerase in high pH buffer (HpH- 
buffer). As amplicons from LATE-PCR contain a large amount of ssDNA, pyrosequencing can be 
performed on the amplicons directly. Since DNA extraction and ssDNA preparation are omitted, the labor, 
cost, and cross-contamination risk is decreased comparing to conventional pyrosequencing-based geno-
typing protocols. The results for typing three polymorphisms related to personalized medicine of fl uoro-
uracil indicate that the proposed whole-blood LATE-PCR can be well coupled with pyrosequencing, thus 
becoming a potential tool in personalized medicine.  

  Key words     Pyrosequencing  ,   Whole-blood PCR  ,   Linear-after-the-exponential (LATE)-PCR  , 
  Genotyping  ,   Fluorouracil  

1      Introduction 

 Pyrosequencing is a sequencing-by-synthesis method which is 
based on the bioluminometric detection of inorganic pyrophos-
phate (PPi) coupled with cascade enzymatic reactions [ 1 ]. In addi-
tion to its good performance in quantifi cation, no electrophoresis 
or fl uorescence is required; thus various applications of pyrose-
quencing have been achieved, such as genotyping [ 2 ,  3 ], methyla-
tion detection [ 4 ], resequencing [ 5 ], gene expression analysis 
[ 6 – 8 ], micro RNA quantifi cation [ 9 ], disease diagnosis [ 10 ], and 
microbial typing [ 11 ,  12 ]. For the moment, pyrosequencing has 
been widely used in clinical detection of genetic biomarkers related 
to personalized medicine. 
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 However,  single-stranded DNA (ssDNA)      preparation is 
needed to separate the immobilized strand before pyrosequencing. 
This step is tedious in operation, costly in the synthesis of biotinyl-
ated primers, and high in the risk of cross-contamination from 
amplicons. To overcome this shortcoming, we have proposed a 
method enabling pyrosequencing directly on  double-stranded 
DNA (dsDNA)      digested by nicking endonuclease [ 13 ], in which 
the recognition sequence of nicking endonuclease was introduced 
by a PCR primer. After a nicking reaction of the amplicons, pyro-
sequencing started at the nicked 3′ end, and extension reaction 
occurred when the added dNTP was complementary to the non- 
nicked strand. However, the strand-displacement activity of 
Klenow Fragment was limited. Although around ten bases can be 
accurately sequenced, the quality of pyrograms was no better than 
that from the template of ssDNA. In addition, nicking endonucle-
ase is expensive. 

 In contrast to conventional asymmetric PCR with regular PCR 
primers at unequal concentrations, linear-after-the-exponential 
(LATE)- PCR      could yield a large amount of ssDNA-amplicons 
directly [ 14 ]. The amount of ssDNA is enough for a successful 
pyrosequencing reaction after a simple pretreatment of amplicons 
from LATE-PCR [ 15 ]. However, a purifi ed genomic DNA is 
needed for LATE-PCR. Although there are many commercial kits 
available for DNA extraction, several hundred microliters of blood 
sample have to be consumed for an extraction conventionally; so it 
is impossible to use a tiny amount of fi nger blood for detection. In 
addition, this labor-intensive step is a possible risk of cross- 
contamination. Consequently, it is preferable to directly employ a 
small amount of blood for PCR. Although our previous study 
showed that the change of PCR buffer could enable a successful 
PCR using fi nger blood or paper-dried blood as starting material 
[ 16 ], it is necessary to investigate whether or not this buffer condi-
tion is suitable to whole-blood LATE-PCR. Hence, three poly-
morphisms related to personalized medicine of fl uorouracil (5-FU) 
were used as an example. The results indicate that our proposed 
whole-blood LATE-PCR signifi cantly simplifi ed the 
pyrosequencing- based genotyping protocol, decreasing the labor, 
cost, and cross-contamination risk.  

2     Materials   

     1.    rTaq DNA Polymerase (TaKaRa, China).   
   2.    AmpliTaq Gold DNA Polymerase (Applied Biosystems, USA).   
   3.    Bovine serum albumin (BSA),  D -luciferin, adenosine 5′-phos-

phosulfate (APS), and apyrase VII (Sigma, USA).   
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   4.    ATP sulfurylase and Klenow fragment (obtained by gene 
engineering in our lab).   

   5.    Polyvinylpyrrolidone (PVP) and QuantiLum Recombinant 
Luciferase (Promega, USA).   

   6.    2′-deoxyadenosine-5′- O -(1-thiotriphosphate) sodium salt 
(dATPαS), dGTP, dTTP, and dCTP (MyChem, USA).   

   7.    Streptavidin Sepharose™  Beads   (GE Healthcare, USA).   
   8.    HpH buffer (1×): 100 mM Tris–HCl, 50 mM KCl, pH 

9.3–9.5.   
   9.    QIAamp DNA Blood Mini Kit (QIAGEN, Germany).   
   10.    One Drop spectrophotometer (Shanghai, China).   
   11.    Mastercycler PCR system (Eppendorf, Germany).   
   12.    A portable  bioluminescence   analyzer (HITACHI, Ltd., Central 

Research Laboratory, Japan).      

3    Methods 

       1.    Extract purifi ed genomic DNA from whole blood samples by 
QIAamp DNA Blood Mini Kit.   

   2.    Determine the DNA concentration by a One Drop spectro-
photometer ( see   Note 1 ).      

       1.    Primer sets were designed to amplify a 201-bp fragment con-
taining the MTHFR C677T site, a 170-bp fragment contain-
ing the MTHFR A1298C site, and a 192-bp fragment 
containing the DPYD*2A site according to the principles of 
LATE-PCR [ 17 ] ( see   Note 2 ).      

       1.    Fifty microliters of PCR contained 1× HpH buffer, 2.0 mM 
MgCl 2 , 100 μM dNTPs, 1 μM excessive  primer  , 0.1 μM lim-
ited primer, 2.5 U of rTaq DNA polymerase, 0.25 μL of Tween 
20, 0.5 μL of whole blood ( see   Notes 3  and  4 ).   

   2.    The PCR program was as follows: 94 °C for 3 min, followed 
by 60 cycles of (90 °C for 10 s; 60 °C for 10 s; 72 °C for 20 s); 
and fi nally 72 °C for 7 min.      

       1.    Add 40 μL of self-prepared pyrosequencing mixture [ 18 ] ( see  
 Note 5 ) as well as 3 μL of APS (3 nmol) ( see   Note 6 ) into the 
tube having 3 μL of whole-blood LATE-PCR products.   

   2.    Incubate the tube at room temperature for 5 min.   
   3.    Add 10 pmol of sequencing primers anneal at room tempera-

ture for 5 min.      

3.1   DNA Samples 
Extraction  

3.2  Primer Design

3.3   Whole-Blood 
LATE-PCR  

3.4  Template 
Preparation 
for  Pyrosequencing  
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       1.    We used a portable bioluminescence analyzer for pyrosequencing 
[ 14 ,  15 ] ( see   Note 7 ).   

   2.    Pyrosequencing was carried out by the reported method [ 18 ]. 
The  reaction   volume was 40 μL, containing 0.1 M tris-acetate 
(pH 7.7), 2 mM EDTA, 10 mM magnesium acetate, 0.1 mg/
mL BSA, 1 mM dithiothreitol, 2 μM APS, 0.4 mg/mL PVP, 
0.4 mM  D -Luciferin, 2 μM ATP sulfurylase, 5.7 × 10 8  RLU 
QuantiLum Recombinant Luciferase, 18 U/mL Klenow 
Fragment, and 1.6 U/mL apyrase.       

4    Method Validation 

   As LATE-PCR needs more cycles than conventional PCR, 
AmpliTaq Gold polymerase, which belongs to a hot-start type with 
a good thermal stability, was routinely used for amplifi cation [ 14 ]. 
To investigate whether or not this polymerase is suitable for PCR 
using blood as the starting material, AmpliTaq Gold polymerase- 
based LATE-PCR using kit-buffer and HpH-buffer (home-made) 
was carried out on purifi ed genomic DNA and whole blood, 
respectively. As a proof-of-concept, three SNPs, C677T and 
A1298C in the MTHFR and DPYD IVS14+1G>A in the DPYD, 
were employed for the evaluation. These SNPs are related to per-
sonalized medicine of 5-FU [ 19 ]. As shown in Fig.  1 , it is no prob-
lem to amplify genomic DNA by LATE-PCR with AmpliTaq Gold 
 polymerase   (Fig.  1a ); however, it is problematic for AmpliTaq 
Gold polymerase-based LATE-PCR to directly amplify blood- 
DNA using either kit-buffer (Fig.  1b ) or high pH bu ffer ( HpH  - 
buffer) (Fig.  1c ). Therefore the AmpliTaq Gold polymerase which 
was used in conventional LATE-PCR is not suitable for LATE- 
PCR directly using blood as the starting material.

   To enable LATE-PCR with blood directly, we tried to employ 
a regular Taq polymerase, named rTaq polymerase, for amplifying 
gDNA at fi rst.    As shown in Fig.  2 , good pyrosequencing signals 
were observed from LATE-PCR using either kit-buffer (Fig.  2a ) or 
HpH-buffer (Fig.  2b ), suggesting that LATE-PCR based on rTaq 
polymerase could yield enough amounts of ssDNA amplicons 
although there are more heating-cooling cycles which may lower 
the activity of polymerase. Then, blood was employed as the start-
ing material directly for LATE-PCR using both buffers. As shown 
in Fig.  2c, d , it is possible to use blood as the starting material for 
LATE-PCR, but ssDNA yield from kit-buffer-based PCR is much 
lower than that from HpH-buffer based PCR [ 20 – 21 ]. Most 
importantly, the intensities of peaks in the pyrogram from LATE- 
PCR using rTaq polymerase (Fig.  2d ) are very close to those from 
LATE-PCR using AmpliTaq polymerase (Fig.  1a ); thus, HpH- 
buffer previously developed for conventional blood-PCR is very 

3.5   Pyrosequencing  

4.1  Genotyping 
of SNPs Related 
to Personalized 
Medicine
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comparable to that used for LATE-PCR. This enables us to avoid 
the step of extracting gDNA from blood, greatly simplifying the 
pyrosequencing-based genotyping.

   To demonstrate the feasibility of the proposed method, the 
three polymorphisms of MTHFR C677T, MTHFR A1298C, and 
DPYD IVS14+1G>A, which relate to the effi cacy and toxicity of 
5-FU, were used as the detection targets for the method evalua-
tion. A total of 24 blood samples were obtained from people who 
voluntarily joined this study with an informed consent form, and 
the typing results are  listed   in Table  1 .  Pyrograms   from typical 
genotypes of the 3 polymorphisms in 24 samples are shown in 
Fig.  3 . As can be seen in the table, the inactive genotype DPYD*2A 
with the phenotype of DPYD enzyme defi ciency was not found 

  Fig. 1    Pyrograms of amplicons from AmpliTaq Gold polymerase-based  PCR   using kit- buffer   ( a  and  b ) and HpH- 
buffer ( c ) for amplifi cation as well as using purifi ed gDNA ( a ) and whole blood ( b  and  c ) as starting materials. 
Three amplifi ed fragments containing three SNPs (MT9HFR C677T, MTHFR A1298C, and DPYD IVS14+1G>A) 
were pyrosequenced       
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  Fig. 2    Pyrograms of amplicons from  rTaq polymerase-based LATE-PCR   for amplifying purifi ed gDNA ( a ,  b ) and 
whole blood ( c ,  d ) using kit-buffer ( a ,  c ) and HpH-buffer ( b ,  d ). Three amplifi ed fragments containing three 
SNPs (MTHFR C677T, MTHFR A1298C, and DPYD*2A) were pyrosequenced       
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among 24 samples, indicating that the frequency of DPYD*2A is 
very low in the Chinese population. However, the frequency of 
MTHFR 677TT with the phenotype of decreased MTHFR activ-
ity is as high as 33.3 % in our study. Although the sample size is 
very small, the preliminary results did imply that it is necessary to 
detect the genotypes of the 3 polymorphisms in the Chinese popu-
lation before the administration of 5-FU. MTHFR C677T in a set 
of 5 typical samples was typed in triplicate, showing a very good 
reproducibility of our proposed method.

   Table 1  
   Genotyping   results of three SNPs in 24 clinical samples by the proposed 
method   

 Genes  Alleles/position  Genotype  Enzyme activity 

 MTHFR  C677T  CC:  n  = 8  Normal 
 CT:  n  = 8  Decreased 
 TT:  n  = 8  Decreased 

 A1298C  AA:  n  = 18  Normal 
 AC:  n  = 6  Decreased 

 DPYD  *2A  GG:  n  = 24  Normal 

  Fig. 3     Pyrograms   from typical genotypes of the three polymorphisms in 24 samples       

 

A Simplifi ed Protocol for Preparing Pyrosequencing Templates Based on LATE-PCR…



20

5         Technical Notes 

     1.    The DNA samples should be stored at −20 °C before use.   
   2.    The Tm difference between the limiting primer and the excess 

primer is greater than 0 °C, the Tm difference between amplicon 
and the excess primer is less than 13 °C based on concentration- 
adjusted values. OligoAnalyzer 3.1 (  http://www.idtdna.com/
analyzer/Applications/OligoAnalyzer/    ) was used to calculate 
the primers’ Tm values [ 22 ].   

   3.    There is no obvious difference in signal intensity among three 
kinds of anticoagulated blood (EDTA, citrate, and heparin). 
Therefore, the protocol of the proposed LATE-PCR using 
HpH buffer is independent of anticoagulant types.   

   4.    Good pyrograms can be obtained when the volume of a blood 
sample for an assay is larger than 0.1 μL.   

   5.    As residue dNTPs, by-product PPi and incompletely-extended 
products in whole-blood LATE-PCR amplicons would affect 
pyrosequencing reactions, it is necessary to perform a 
cleanup step before pyrosequencing [ 23 ]. We can directly 
employ a conventional pyrosequencing mixture to clean up 
the amplicons.   

   6.    To compensate for the consumed APS, further addition of APS 
is necessary. The amount of APS for the compensation is not 
critical, and we found that it is enough to compensate 1 nmol 
of APS for 1 μL of LATE-PCR products.   

   7.    This apparatus has a portable size of 140 mm (W) × 158 mm 
(H) × 250 mm (D), with an array of 8 photodiodes (Hamamatsu 
Photonics K.K, Japan) to detect photo signals, and four sepa-
rate capillaries to dispense small amounts of dNTPs into the 
reaction chamber.         

   References 

    1.    Ronaghi M, Uhlen M, Nyren P (1998) A 
sequencing method based on real-time pyro-
phosphate. Science 281:363–365  

    2.    Chen Z, Fu X, Zhang X, Liu X, Zou B, Wu H, 
Song Q, Li J, Kajiyama T, Kambara H, Zhou G 
(2012) Pyrosequencing-based barcodes for a 
dye-free multiplex bioassay. Chem Commun 
(Camb) 48:2445–2447  

    3.    Huang H, Xiao P, Qi Z, Bu Y, Liu W, Zhou G 
(2009) A gel-based solid-phase amplifi cation 
and its application for SNP typing and sequenc-
ing on-chip. Analyst 134:2434–2440  

    4.    Brakensiek K, Wingen LU, Langer F, Kreipe 
H, Lehmann U (2007) Quantitative high- 
resolution CpG Island Mapping with 
Pyrosequencing™ reveals disease-specifi c meth-

ylation patterns of the CDKN2B gene in 
myelodysplastic syndrome and myeloid leuke-
mia. Clin Chem 53:17–23  

    5.    Schuster SC (2008) Next-generation sequenc-
ing transforms today’s biology. Nat Methods 
5:16–18  

    6.    Song Q, Jing H, Wu H, Zhou G, Kajiyama T, 
Kambara H (2010) Gene expression analysis 
on a photodiode array-based bioluminescence 
analyzer by using sensitivity-improved SRPP. 
Analyst 135:1315–1319  

   7.    Jia H, Chen Z, Wu H, Yan Z, Zhou G (2011) 
Pyrosequencing on templates generated by 
asymmetric nucleic acid sequence-based 
amplifi cation (asymmetric-NASBA). Analyst 
136:5229–5233  

Yunlong Liu et al.

http://www.idtdna.com/analyzer/ Applications/ OligoAnalyzer/
http://www.idtdna.com/analyzer/ Applications/ OligoAnalyzer/


21

    8.    Zhang X, Wu H, Chen Z, Zhou G, Kajiyama T, 
Kambara H (2009) Dye-free gene expression 
detection by sequence-tagged reverse- 
transcription polymerase chain reaction cou-
pled with pyrosequencing. Anal Chem 81:
273–281  

    9.    Jing H, Song Q, Chen Z, Zou B, Chen C, Zhu 
M, Zhou G, Kajiyama T, Kambara H (2011) 
Dye-free microRNA quantifi cation by using 
pyrosequencing with a sequence-tagged stem- 
loop RT primer. ChemBioChem 12:845–849  

    10.    Ye H, Wu H, Huang H, Liu Y, Zou B, Sun L, 
Zhou G (2013) Prenatal diagnosis of trisomy 
21 by quantitatively pyrosequencing heterozy-
gotes using amniotic fl uid as starting material 
of PCR. Analyst 138:2443–2448  

    11.    Yang H, Huang H, Wu H, Zou B, Zhou G, 
Kajiyama T, Kambara H (2011) A 
pyrosequencing- based method for genotyp-
ing pathogenic serotypes of S. suis. Anal 
Methods 3:2517–2523  

    12.    Wang WP, Wu WJ, Zhou GH (2008) Detection 
of avian infl uenza a virus using pyrosequenc-
ing. Chin J Anal Chem 36:775–780  

    13.    Song Q, Wu H, Feng F, Zhou G, Kajiyama T, 
Kambara H (2010) Pyrosequencing on nicked 
dsDNA generated by nicking endonucleases. 
Anal Chem 82:2074–2081  

      14.    Sanchez JA, Pierce KE, Rice JE, Wangh LJ 
(2004) Linear-after-the-exponential (LATE)-
PCR: an advanced method of asymmetric PCR 
and its uses in quantitative real-time analysis. 
Proc Natl Acad Sci U S A 101:1933–1938  

     15.    Salk JJ, Sanchez JA, Pierce KE, Rice JE, Soares 
KC, Wangh LJ (2006) Direct amplifi cation of 
single-stranded DNA for pyrosequencing using 
linear-after-the-exponential (LATE)-PCR. 
Anal Biochem 353:124–132  

    16.    Bu Y, Huang H, Zhou G (2008) Direct poly-
merase chain reaction(PCR) from human 

whole blood and fi lter-paper-dried blood by 
using a PCR buffer with a higher pH. Anal 
Biochem 375:370–372  

    17.    Pierce KE, Sanchez JA, Rice JE, Wangh LJ 
(2005) Linear-After-The-Exponential (LATE)-
PCR: primer design criteria for high yields of 
specifi c single-stranded DNA and improved 
real-time detection. Proc Natl Acad Sci U S A 
102:8609–8614  

     18.    Wu H, Wu W, Chen Z, Wang W, Zhou G, 
Kajiyama T, Kambara H (2011) Highly sensi-
tive pyrosequencing based on the capture of 
free adenosine 5′ phosphosulfate with ade-
nosine triphosphate sulfurylase. Anal Chem 
83:3600–3605  

    19.    Song Q, Yang H, Zou B, Kajiyama T, Kambara 
H, Zhou G (2013) Improvement of LATE- 
PCR to allow single-cell analysis by pyrose-
quencing. Analyst 138:4991–4997  

    20.    Scartozzi M, Maccaroni E, Giampieri R, Pistelli 
M, Bittoni A, Del Prete M, Berardi R, Cascinu S 
(2011) 5-fl uorouracil pharmacogenomics: still 
rocking after all these years? Pharmacogenomics 
12:251–265  

    21.    Jiang W, Lu Z, He Y, Diasio RB (1997) 
Dihydropyrimidine dehydrogenase activity in 
hepatocellular carcinoma: implication in 
5- fl uorouracil-based chemotherapy. Clin 
Cancer Res 3:395–399  

    22.    Diasio RB, Harris BE (1989) Clinical pharma-
cology of 5-fl uorouracil. Clin Pharmacokinet 
16:215–237  

    23.    Van Kuilenburg AB, Haasjes J, Richel DJ, 
Zoetekouw L, Van Lenthe H, De Abreu RA, 
Maring JG, Vreken P, Van Gennip AH (2000) 
Clinical implications of dihydropyrimidine 
dehydrogenase (DPD) defi ciency in patients 
with severe 5-fl uorouracil-associated toxicity: 
identifi cation of new mutations in the DPD 
gene. Clin Cancer Res 6:4705–4712    

A Simplifi ed Protocol for Preparing Pyrosequencing Templates Based on LATE-PCR…



23

    Chapter 3   

 Improvement of LATE-PCR to Prepare Pyrosequencing 
Template                     

     Qinxin     Song     ,     Huiyong     Yang    ,     Bingjie     Zou    ,     Hideki     Kambara    , 
and     Guohua     Zhou       

  Abstract 

   Nucleic acid analysis in a single cell is very important, but the extremely small amount of template in a 
single cell requires a detection method more sensitive than the conventional method. In this chapter, we 
describe a novel assay allowing a single cell genotyping by coupling improved linear-after-the-exponential-
PCR (imLATE-PCR) on a modifi ed glass slide with highly sensitive pyrosequencing. Due to the signifi -
cantly increased yield of ssDNA in imLATE-PCR amplicons, it is possible to employ pyrosequencing to 
sequence the products from 1-μL chip PCR which directly used a single cell as starting material. As a 
proof-of-concept, the 1555A>G mutation (related to inherited deafness) on mitochondrial DNA and the 
SNP 2731 C>T of the BRCA1 gene on genome DNA from a single cell have been successfully detected, 
indicating that our single-cell-pyrosequencing method has high sensitivity, simple operation, and low cost. 
The approach has promise for effi cient use in the fi elds of diagnosis of genetic disease from a single cell, for 
example, preimplantation genetic diagnosis (PGD).  

  Key words     Single cell analysis (SCA)  ,   Pyrosequencing  ,   imLATE (Improved linear-after-the- exponential-
PCR)  ,   Low volume PCR  ,   Nucleic acid analysis  

1       Introduction 

 To achieve a sensitive PCR detection with a small amount of DNA 
template, a low  volume   (around 1 mL) PCR on a chemically struc-
tured chip was developed for the analysis of  mitochondrial DNA   at 
single cell levels. However, it is diffi cult to prepare a  single-stranded 
DNA (ssDNA)   from  this   low volume PCR product for pyrose-
quencing, which is a very suitable tool for genetic analysis. To 
allow pyrosequencing on this small amount of amplicons directly, 
it is necessary to escape the step of ssDNA preparation. If ampli-
cons from PCR contains enough amount of  ssDNA, no ssDNA-
     preparation is needed. Conventionally, ssDNA can be directly 
generated by asymmetric PCR with regular PCR primers at unequal 
concentrations. However, asymmetric PCR is ineffi cient, and it is 
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diffi cult to get an optimized amplifi cation condition for templates 
with different sequences. 

 A newly developed linear-after-the-exponential-PCR (LATE- 
PCR) is more effi cient than asymmetric PCR in the generation of 
ssDNA products [ 1 ]. As the decrease of melting temperature of a 
limiting primer due to low concentration in asymmetric PCR was 
well compensated by the increased length of the primer, LATE- 
PCR could be optimized to give an amplifi cation effi ciency similar 
to that of symmetric PCR; linear amplifi cation in LATE-PCR starts 
after the limiting primer decreased to a concentration which could 
not trigger a primer extension reaction. A high yield of ssDNA was 
generated without extensive PCR optimization, and signal strength 
in  quantitative real-time analysis   was increased by 80–250 % rela-
tive to symmetric PCR. It was proved that the yielded ssDNA 
could be a template of pyrosequencing just after a simple enzy-
matic treatment. However we found that the strict criteria for 
LATE-PCR primer design greatly limits the wide application of the 
method [ 2 ]. Most importantly, the length of  amplicons   should be 
short enough to ensure that Tm difference between the amplicon 
and the excess primer is less than 13 °C. Usually, an SNP loci of 
interest is fi xed, so a diffi culty may occur in designing qualifi ed 
LATE-PCR primers at GC-rich or AT-rich regions. The main 
problem of low amplifi cation effi ciency of LATE-PCR is due to the 
competition of excess primer with the amplicon strand. As ampli-
con strand is increasing in the concentration along with the prog-
ress of PCR, while the excess primer is decreasing in the 
concentration, the yield of ssDNA should not be high if the ampli-
con is longer [ 3 – 6 ]. In this chapter, we describe a novel assay 
allowing a single cell genotyping by coupling improved linear-
after-the-exponential-PCR (imLATE-PCR) (Fig.  1 )    on a modifi ed 
glass slide with highly sensitive pyrosequencing.

2         Materials   

     1.    AmpliTaq Gold DNA Polymerase (Applied Biosystems, CA).   
   2.    TransStart Taq DNA Polymerase (TransGen Biotech, China).   
   3.    Exo-Klenow Fragment, QuantiLum recombinant luciferase 

(Promega, WI).   
   4.    ATP sulfurylase, apyrase, D-luciferin, and adenosine 5′-phos-

phosulfate (APS) (Sigma, MO).   
   5.    2′-Deoxyadenosine-5′- O -(1-thiotriphosphate) sodium salt 

(dATP-a-S) (Amersham Pharmacia Biotech, U.K.).   
   6.    dGTP, dTTP, and dCTP (Amersham Pharmacia Biotech, NJ).   
   7.    All the other reagents were analytical reagents or guaranteed 

reagents. All the solutions were prepared with deionized and 
sterilized H 2 O.   
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   8.    AmpliGrid AG480 (Fa. Advalytix, Brunnthal, Germany).   
   9.    SMZ1000 dissection microscope (Nikon, Japan).   
   10.    ECLIPSE TE2000-S inverted microscope (Nikon, Japan).   
   11.    PTC-225 Peltier Thermal Cycler (MJ Research, Watertown, 

MA, USA).   
   12.    Homemade PD array 8-channel pyrosequencer [ 7 ].      
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  Fig. 1    ( a ) Comparison of principle between LATE-PCR and imLATE- PCR  . ( b ) PAGE electropherogram of ampli-
cons with different lengths from symmetry PCR  (lanes 1 ,  4 ,  7 ,  10 , and  13 ), LATE-PCR ( lanes 2 ,  5 ,  8 ,  11 , and 
 14 ), and imLATE-PCR ( lanes 3 ,  6 ,  9 ,  12 , and  15 ) of the human BRCA1 gene       
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3     Methods 

       1.    Hep G2 Human liver cancer cell line, leucocyte in peripheral 
blood of nonsyndromic hearing impairment (NSHI) patients, 
ICR mice oocytes are used.      

       1.    The sequences near the SNP (2731C>T) of human BRCA1 
(breast cancer susceptibility gene 1)    gene (NT_010755.15) 
are selected as examples to compare imLATE-PCR and LATE- 
PCR. The primers for 1555A>G mutation of inherited deaf-
ness on  mitochondrial DNA   are: excess primer 5′-TCGCCTGA
GTGTAAGTTGGGTGCTTTGTGTT- 3′ and limiting primer 
(anneal primer) 5′-AACCCCTACGCATTTATATAGAGG
AG- 3′, the amplicon length is 117 bp. All of the oligomers are 
synthesized and purifi ed by Invitrogen (Shanghai, China).      

       1.    The sterilized watch glass (or glass slides) is placed on micro-
scope stage, and 30 μL of cell suspension is then added on the 
surface of the watch glass ( see   Note 1 ).   

   2.    Let sit watch glass for 2 min to let cells precipitate completely 
to the surface of the watch glass.   

   3.    With the SMZ1000 microscope under 4×10 magnifi cations 
(Nikon, Japan), the capillary tip is adjusted into the cell sus-
pension and located at the central of the microscopic vision, 
and the pressure button of the manipulator is then manually 
and slightly adjusted to make a well-dispersed, full-membrane, 
and contour-cleared single cell [ 8 ].   

   4.    Then, the capillary is lifted off the surface of cell suspension, 
and the captured single cell is transferred to the reaction locus 
of the AmpliGrid slides (AG480F).    The image is obtained 
using ECLIPSE TE2000-S inverted microscope under 10 × 10 
magnifi cations ( see   Note 2 ).      

       1.    A volume of 0.5 μL of proteinase K (0.4 mg/ml) is pipetted to 
the reaction site of an AmpliGrid slide containing a single cell 
and covered immediately with 5 μL of sealing oil ( see   Note 3 ).   

   2.    After complete loading, the AmpliGrid slide is incubated for 
40 min at 56 °C and 10 min at 99 °C.   

   3.    0.5 μL of PCR master mix is added, piercing through the seal-
ing oil. So a total volume of 1 μL PCR reaction mix, contain-
ing 0.1 μL AmpliTaq Gold (5 U/μL), 0.1 μL GeneAmp 10× 
PCR Gold Buffer (both: Applied Biosystems), 0.04 μL dNTPs 

3.1    Cell Lines  

3.2   Primers

3.3  Collect Single 
Cell by Using  Glass 
Capillaries  

3.4  Single  Cell Lysis 
and On-Chip   
imLATE-PCR
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(2.5 mM each), 0.06 μL MgCl 2  (25 mM), 0.1 μL PX (10 μM), 
0.1 μL PL (1 μM) is obtained.   

   4.    On-chip imLATE-PCR program: initial heating step at 95 °C 
for 10 min, followed by 30 cycles (denaturation at 95 °C for 
10 s, annealing at 54 °C for 10 s, elongation at 72 °C for 40 s), 
then followed by another 30 cycles (denaturation at 95 °C for 
10 s, annealing at 65 °C for 10 s, elongation at 72 °C for 40 s), 
followed by a fi nal 10 min elongation step at 72 °C. Negative 
controls are performed on different positions on the chip using 
the same reagent solutions without cell or DNA.   

   5.    After the amplifi cation, combine 1 μL aqueous phase and 4 μL 
loading dye (1.25×); a total 5 μL of each mixture is transferred 
to a 6 % PAGE gel and separated for 40 min at 100 V.   

   6.    Silver staining is performed with 0.1 % AgNO 3  solution for 30 
min, followed by a 10 s washing step in DI water and develop-
ment in 2 % Na 2 CO 3 /0.1 % formaldehyde for 2 min.      

       1.    The biotinylated PPase is immobilized onto streptavidin-
coated M280 Dynabeads (37 °C, 30 min) and washed with 1× 
annealing buffer (4 mM Tris–HCl, pH 7.5, 2 mM MgCl 2 , 5 
mM NaCl), then dissolved in 1× annealing buffer.   

   2.    10 mmol/L dNTPs (dATPαS, dCTP, dTTP, dGTP) are 
diluted by dNTPs diluent (5 mmol/L Tris-Ac, 25 mmol/L 
Mg(Ac) 2 , pH 7.7) to 200 μmol/L.   

   3.    Then 0.5 μL Beads-PPase is added to each kind of 200 μL 
dNTPs and incubated at room temperature for 5 min.   

   4.    The beads is focused with a magnet, supernatant is aspirated 
carefully and added to the micro-dispenser of pyrosequencer 
separately. Using the pyrosequencer to detect the signal of bioti-
nylated PPase treated dNTPs and the signal of untreated dNTPs.      

       1.    We constructed a prototype of 8-channel pyrosequencer by 
using a PD array sensor [ 7 ]. The reaction volume in every well 
for pyrosequencing is 40 μL, containing 0.1 M tris-acetate 
(pH 7.7), 2 mM EDTA, 10 mM magnesium acetate, 0.1 % 
BSA, 1 mM dithiothreitol (DTT), 2 μM adenosine 50-phos-
phosulfate (APS), 0.4 mg/mL PVP, 0.4 mM  D -luciferin, 200 
mU/mL ATP sulfurylase, 3 μg/mL luciferase, 18 U/mL 
Klenow fragment, and 1.6 U/mL apyrase.   

   2.    Each of biotinylated PPase-treated dNTPs is added in the res-
ervoir of the micro-dispenser, and pyrosequencing reaction 
starts when the dispensed dNTP is complementary to the tem-
plate sequence.       

3.5  Removal of PPi 
in dNTPs by 
 Biotinylated Ppase  

3.6    Pyrosequencing  
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4     Method Validation 

   The difference in principle between LATE-PCR and improved 
LATE-PCR (imLATE-PCR) is displayed in Fig.  1a . In contrast to 
LATE-PCR, the annealing temperature in the phase of exponential 
amplifi cation is lower than that of linear amplifi cation. As the excess 
primer is longer in length, its Tm could be very close to Tm of 
amplicon, resulting in a very higher rate of linear amplifi cation, 
which is a limiting process for yielding ssDNA. Therefore the 
length of amplicon could be longer, and the choice for primer 
sequences could be more. One potential issue of imLATE-PCR is 
the poor specifi city due to a lower annealing temperature in the 
phase of exponential amplifi cation. 

 To check this issue, and to verify whether or not imLATE-PCR 
is effective in the amplifi cation of various lengths of amplicons, dif-
ferent primer sets are used to amplify the BRCA1 gene related to 
human breast cancer by symmetric PCR, LATE-PCR, and 
imLATE-PCR, respectively. The expected sizes of double-strand 
amplicons are 107 bp, 171 bp, 301 bp, 402 bp, and 464 bp. The 
electrophoresis results of amplicons from all PCRs are shown in 
Fig.  1b , indicating that all PCRs generated double-stranded ampli-
cons with expected sizes and the yields of ssDNA from imLATE- 
PCR are much more than that from LATE-PCR in all the tested 
amplicons. In particular, when the size of amplicon is 464 bp, 
almost no ssDNA products are observed from conventional LATE- 
PCR, but ssDNA with a visible band in the fi gure is obtained for 
imLATE-PCR. Most importantly, the issue of poor specifi city due 
to a low annealing temperature in the phase of exponential ampli-
fi cation in imLATE-PCR does not occur.  

   Before starting single cell pyrosequencing, 1 μL imLATE-PCR 
with various amounts of DNA templates (10, 10 3 , 10 5  copies) 
diluted from amplicons is performed on the AmpliGrid chip. The 
amplicon is amplifi ed from human mitochondrial DNA, and con-
tains the mutation point of 1555A>G, which contributes to both 
amino glycoside-induced and non-syndromic hearing loss in fami-
lies worldwide. After PCR, the amplicons are treated with pyrose-
quencing reaction mixture to extend all strands which are not fully 
extended during LATE-PCR, to degrade dNTPs, and to convert 
PPi to ATP [ 9 ,  10 ]. Then sequencing primer is added for hybrid-
ization before starting pyrosequencing reaction. A good quality 
pyrogram is observed even if the DNA template is as low as 10 
copies (Fig.  2 ). This sensitivity is enough to detect the mutation 
point of 1555A>G in a single cell, because a single cell contains 
hundreds of copies of mitochondrial DNA.

4.1   Principle   
of the Improved 
Linear-After-the- 
Exponential 
(imLATE)-PCR

4.2   Evaluation   
of the imLATE- PCR 
Method
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      To check whether oil can closely seal the PCR mixture of each 
position, a series of single-cell PCR for detecting 1555A>G on 
mtDNA is performed at four lanes in a slide (Fig.  3 ). The positioning 
pattern of samples is single cancer cells (Hep G) at lanes A and C 
for positive control, water at lane B for blank control, and single 
mouse oocytes at lane D for negative control. As expected, no 
positive result is observed from all positions at the lanes C and D, 
suggesting that cross talk did not occur between positions in the 
slide. The negative results in the lane D also demonstrate a high 
specifi city of the proposed method.

5         Technical Notes 

     1.    For picking up and transferring individual cells, we usually use 
a mouth tube to control an attached micropipette (glass cap-
illaries) under a dissection microscope, which permits swift 
and effi cient control of individual cell collection and release. 
The glass pipette is connected by a fl exible plastic pipe to the 
mouth of the researcher. If the pipette size is right it is readily 
feasible to control the pressure inside the pipette and collect 
individual cells with minimum volume of extracellular solu-
tion (<< 0.1 μL).   

   2.    As a control for contamination and inhibition of downstream 
reactions, 1 μL of the buffer or medium surrounding the cells 
should be collected and analyzed together with the single-cell 
samples.   

4.3  Evaluation 
of the Success Rate 
of Amplifi cation and the 
Cross- Contamination 
on  Chip  

  Fig. 2    Pyrograms  of   different amounts templates (10 5 , 10 3 , 10 1  copies, and blank) by 1 μL of imLATE-PCR 
products on slide. The expected sequence is indicated above peak       
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    Chapter 4   

 Pyrosequencing Templates Generated by Nicking PCR 
Products with Nicking Endonuclease                     

     Qinxin     Song     ,     Haiping     Wu    ,     Guohua     Zhou     , and     Hideki     Kambara      

  Abstract 

   Although the pyrosequencing method is simple and fast, the step of ssDNA preparation increases the cost, 
labors, and cross-contamination risk. In this chapter, we proposed a method enabling pyrosequencing 
directly on dsDNA digested by nicking endonuclease (NEases). Recognition sequence of NEases was 
introduced by using artifi cially mismatched bases in a PCR primer (in the case of genotyping) or a reverse- 
transcription (RT) primer (in the case of gene expression analysis). PCR products were treated to remove 
excess amounts of primers, nucleotides, and pyrophosphate (PPi) prior to sequencing. After nicking reac-
tion, pyrosequencing starts at the nicked 3′ end, and extension reaction occurs when the added dNTP is 
complementary to the non-nicked strand. Although the activity of strand displacement by Klenow is lim-
ited, ~10 bases are accurately sequenced; this length is long enough for genotyping and SRPP-based dif-
ferential gene expression analysis. As the highly quantitative signals of two allele-specifi c bases in the 
pyrogram, DOWN’S syndrome diagnosis based on quantitative SNP typing and differential gene expres-
sion analysis of a breast cancer-related gene were successfully demonstrated. The results indicate that 
pyrosequencing using nicked dsDNA as templates is a simple, inexpensive, and reliable way in either quan-
titative genotyping or gene expression analysis.  

  Key words     Pyrosequencing  ,   Nicking endonuclease  ,   Genotyping  ,   Gene expression analysis  

1      Introduction 

 Pyrosequencing is a well-developed technology for DNA sequenc-
ing that employs coupled enzymatic reactions to detect the inor-
ganic pyrophosphate (PPi) released during  dNTP incorporation   
[ 1 ]. For the  advantages   of accuracy, fl exibility, and parallel process-
ing [ 2 – 5 ], pyrosequencing has been widely used for DNA rese-
quencing [ 6 – 8 ], genotyping [ 9 ,  10 ], DNA methylation [ 11 ], and 
 gene   expression analysis [ 12 ]. 

 In conventional pyrosequencing protocol, a biotin-modifi ed 
PCR primer and streptavidin-coated beads are required to prepare 
ssDNA template prior to pyrosequencing. Although very-high- 
quality sequence data are obtained with ssDNA, reagents used to 
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prepare  ssDNA   are expensive [ 13 ] and multiple steps that are 
needed to prepare the template increase the risk of DNA contami-
nation in the air. To eliminate the ssDNA preparation step, a 
method that enables pyrosequencing on  double-stranded DNA 
template   has been developed, using a combination of several 
enzymes to degrade PPi (a by-product produced in PCR) and 
residual PCR components, dNTPs, and primers [ 14 ]. This method 
was further simplifi ed by employing blocking oligonucleotides to 
capture the free PCR primers [ 15 ]. A trial for realizing a robust 
 pyrosequencing   method using  dsDNA   templates has been achieved; 
however, the data quality for some templates was poor. The main 
reasons for the poor  data quality   were considered to be due to (a) 
the formation of primer dimers, (b) ineffi cient primer degradation, 
(c) ghost signals originated in undegraded PCR primers, and (d) 
low effi ciency for a sequencing primer to hybridize to dsDNA. 

 An alternative method for simplifying the  protocol   is per-
formed using an asymmetric PCR method, linear-after-the- 
exponential (LATE)-PCR [ 16 ,  17 ], where ssDNA is directly 
produced for  pyrosequencing   and, thus, a tedious ssDNA prepa-
ration step after PCR is avoided. Although it was demonstrated 
that the method could sequence DNA up to 50 bases or longer 
[ 18 ], our experiences using various DNA templates suggested 
that strict criteria for LATE-PCR primer design greatly limits the 
application of this method. In addition, a large number of ther-
mal cycles (∼60 cycles) in LATE-PCR signifi cantly increase the 
risk of producing nonspecifi c amplicons, which cause false signals 
in a pyrogram, and decrease the amplifi cation effi ciency, because 
of the lower activity of DNA polymerase in the later cycles. Most 
importantly, the use of ssDNA as pyrosequencing templates may 
cause the self-priming of a template’s 3′ end, resulting in unde-
sired signals [ 19 ]. This becomes a serious concern when the tem-
plate size is >300 bp as the possibility of self-priming of ssDNA’s 
3′ end increases with the template length. Although the forma-
tion of the secondary structure and self-priming of an  ssDNA   
template were effectively prevented by blocking the template’s 3′ 
end, this protocol is labor intensive and complex. Thus, the use 
of dsDNA instead of ssDNA as the templates for direct pyrose-
quencing is promising. Here, we describe a simple method for 
preparing a template  DNA   for pyrosequencing by nicking 
dsDNA. We used newly developed nicking endonucleases 
(NEases) [ 20 – 24 ], such as Nt.BstNBI and Nt.AlwI, which only 
cleave one specifi c strand of a duplex, instead of cleaving both 
strands. The cleaved DNA is still in a double-stranded state at 
room temperature, while the 3′ end at the nick is extendable, and 
can be extended by a polymerase that has strand displacement 
activity. For the moment, several polymerases with strand dis-
placement activity are available in the market, including Sequence, 
Klenow, Phi-29 polymerase, and Bst DNA polymerases. Because 
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Klenow is the polymerase conventionally used in pyrosequencing, 
we employed nicked dsDNA template for pyrosequencing using 
the strand displacement activity of Klenow. We have successfully 
used this method for quantitative SNP typing and gene expres-
sion analysis. For a schematic overview, see Fig.  1 .

2        Materials   

     1.    HotStarTaq DNA polymerase was purchased from Qiagen 
(Qiagen GmbH, Hilden, Germany).   

   2.    Exo-Klenow Fragment, QuantiLum recombinant luciferase 
was purchased from Promega (Madison, WI).   

  Fig. 1    Schematic overview of the method. Recognition sequence of NEases was introduced using artifi cially 
mismatched bases in a PCR primer (in the case of genotyping) or a reverse-transcription (RT) primer (in the case 
of gene expression analysis). PCR products were treated to remove excess amounts of primers, nucleotides, and 
pyrophosphate (PPi) prior to sequencing. After the nicking reaction, pyrosequencing starts at the nicked 3′ end, 
and extension reaction occurs when the added dNTP is complementary to the non-nicked strand. Inset shows 
the recognition sequences and nicking sites of two typical NEases. (The  superscripted inverted triangle symbol  
in the sequence strands given in the  legend box  denotes the cleavage position of the NEase)       
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   3.    ATP sulfurylase, apyrase,  D -luciferin, and adenosine 5′-phos-
phosulfate (APS) were obtained from Sigma (St. Louis, MO).   

   4.    2′-Deoxyadenosine-5′- O -(1-thiotriphosphate) sodium salt 
(dATP-R-S) was purchased from Amersham Pharmacia Biotech 
(Amersham, UK).   

   5.    dGTP, dTTP, and dCTP were purchased from Amersham 
Pharmacia Biotech (Piscat-away, NJ).   

   6.    Nt.BstNBI and Nt.AlwI were purchased  from   New England 
BioLabs (Beijing, PRC).   

   7.    PTC-225 thermocycler PCR system (MJ research).   
   8.    PCR purifi cation kit (BioSpin PCR Purifi cation Kit, BioFlux, 

PRC).      

3    Methods 

       1.    Each 50 μL of  PCR   mixture contained 1.5 mM MgCl 2 , 0.2 
mM of each dNTP, 0.3 μM of each primer, 1 μL of DNA tem-
plate, and 1.25 unit of Hotstar Taq DNA polymerase.   

   2.    PCR mixture denatured at 94 °C for 15 min and followed by 
35 cycles (94 °C for 40 s; 55 °C for 40 s; 72 °C for 1 min). 
After the cycle reaction, the product was incubated at 72 °C 
for 10 min and held at 4 °C before use.      

       1.    PCR products were purifi ed by the commercially available 
PCR purifi cation kit or enzymatically treated by apyrase cou-
pled with ATP sulfurylase ( see   Note 1 ).   

   2.    Incubate at 37 °C with Nt.AlwI or 55 °C with Nt.BstNBI in a 
1× reaction buffer ( see   Note 2 ). Typically, the incubation was 
performed for 0.5–1 h with 5–10 U of nicking endonuclease 
( see   Note 3 ).   

   3.    The reactions were heat-killed at 80 °C for 20 min  and   stored 
at 4 °C until pyrosequencing.   

   4.    Five microliters (5 μL) of the treated sample ( see   Note 4 ) were 
used for pyrosequencing.      

       1.    The reaction buffer of pyrosequencing was 100 μL, containing 
0.1 M tris-acetate (pH 7.7), 2 mM EDTA, 10 mM magnesium 
acetate, 0.1 % BSA, 1 mM dithiothreitol (DTT), 2 μM adenosine 
5′-phosphosulfate (APS), 0.4 mg/mL PVP, 0.4 mM  D- LUCIFERIN , 
200 mU/mL ATP sulfurylase, 3 μg/mL luciferase, 18 U/mL 
Klenow fragment ( see   Note 5 ), and 1.6 U/mL apyrase.   

   2.    Pyrosequencing was performed at 28 °C on a commercialized 
Pyromark ID/PSQ 96 MA Pyrosequencer system or Prototype 
of Portable Bioluminescence Analyzer.   

3.1   PCR  

3.2   Treatment   
of dsDNA with Nicking 
Endonucleases

3.3   Pyrosequencing  
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   3.    An initial dispensation of enzyme and substrate mixes.   
   4.    Sequencing: A stepwise elongation of the primer strand 

through sequential additions of four types of deoxynucleotide 
triphosphates, degradation of nucleotides by apyrase, and 
simultaneous detection of the resulting light emission.       

4    Method Validation 

   Three individual regions (namely, M1, M2, and M3) from differ-
ent parts of the Avian Infl uenza Virus M gene were investigated. 
The sequences from the pyrograms  in   Fig.  2  are read as 
5′-AGTTAAG -3 ′ (M1), 5′-ATTCACA-3 ′ (M2), and 5′-GAGCAG
GC-3′ (M3), which are the same as those in NCBI.

4.1   Pyrosequencing   
on Nicked dsDNA

  Fig. 2    Pyrograms of nicked dsDNA  templates   amplifi ed from three different regions 
in the Avian Infl uenza Virus M Gene. Amplicons M1, M2, and M3 were amplifi ed by 
the PCR primer having 1, 2, and 0 artifi cially mismatched bases, respectively       
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      Two SNPs (rs1053315 and rs8130833 on chromosome 21) with 
a high heterozygote rate selected from NCBI were analyzed for 
diagnosing Down’s syndrome (trisomy-21)  (25) . In contrast to a 
normal person, a trisomy-21 patient has an additional third chro-
mosome 21, so the allelic ratio of the SNPs in chromosome 21 is 
1:2 or 2:1. As a result, the relative peak intensity of a heterozygote 
in a pyrogram should be 1:2 or 2:1 for the patient. The high accu-
racy of nicked dsDNA-based pyrosequencing gives unambiguous 
discrimination of  trisomy-21   (Fig.  3 ).

      In SRPP, the quantifi cation of the expression levels of a given gene 
differing in two sources (cells or tissues) was achieved by comparing 
signal intensities of two peaks originated in the source-specifi c bases 
artifi cially introduced during reverse transcription. The logic of this 
assay is similar to an allele frequency analysis in genomic DNA 

4.2   Quantitative 
Genotyping  

4.3  Differential  Gene 
Expression Analysis  

Normal person

a

b

c

d

e

f

DOWN’s syndrome patient

SNP-rs1053315 SNP-rs8130833
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Trisomy-21
(T:C = 2:1)
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T
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DOWN’s syndrome patient
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  Fig. 3    Heterozygote pyrograms of SNP-rs1053315 ( left panel ) and SNP-rs8130833 ( right panel ) located in 
chromosome 21 from normal persons (panels  a  and  d ) and Down’s syndrome patients (panels  b ,  c ,  e , and  f ). 
The SNP types were indicated by  arrows        
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pools; therefore, the quantifi cation performance of nicked dsDNA-
based pyrosequencing becomes a key issue of  SRPP   accuracy. 

 We have further applied the proposed SRPP to compare the 
expression levels of the ESM1 gene between breast cancer tissue 
and normal tissue in clinical samples.    Fold changes of the expres-
sion levels of the ESM1 gene in nine cases were successfully 
detected by both SRPP and real-time PCR (see Fig.  4  for details), 
and we did not fi nd any signifi cant difference between the two 
methods, indicating reliable results of differential gene expression 
analysis by SRPP based on nicked dsDNA.

5        Technical Notes 

     1.    The residual primers and nucleotides in PCR products should be 
removed prior to sequencing. It was found that there was no 
obvious sequencing signal for raw PCR products, while unam-
biguous sequencing data were observed when the PCR products 
were purifi ed by a PCR purifi cation kit or treated by enzymes.   

   2.    The qualifi ed NEases currently available are Nt.AlwI and 
Nt.BstNBI, both of which have a four-base distance between 
the recognition site and the nicking site. Nt.AlwI works in a 
buffer containing 50 mM NaCl, 10 mM Tris–HCl, 10 mM 
MgCl 2 , and 1 mM DTT (pH 7.9), while Nt.BstNBI works in 

  Fig. 4     Comparison   between nicked dsDNA-based SRPP ( gray ) and real-time PCR 
( white ) for the quantifi cation of the expression levels of the ESM1 gene in nine 
cases suffering from breast cancer ( n  = 3). Differential expression levels between 
tumor tissue and normal tissue adjacent to tumor tissue were denoted by fold 
changes (tumor tissue/normal tissue)       
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dsDNA. However, this readable length is long enough for 
genotyping, as well as gene expression analysis.         
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    Chapter 5   

 Pyrosequencing Templates Generated by Asymmetric 
Nucleic Acid Sequence-Based Amplifi cation 
(Asymmetric-NASBA)                     

     Huning     Jia    ,     Zhiyao     Chen    ,     Haiping     Wu    ,     Hui     Ye    ,     Bingjie     Zou    , 
    Qinxin     Song     , and     Guohua     Zhou      

  Abstract 

   Pyrosequencing is an ideal tool for verifying the sequence of amplicons. To enable pyrosequencing on 
amplicons from nucleic acid sequence-based amplifi cation (NASBA), asymmetric NASBA with unequal 
concentrations of T7 promoter primer and reverse transcription primer was proposed. By optimizing the 
ratio of two primers and the concentration of dNTPs and NTPs, the amount of single-stranded cDNA in 
the amplicons from asymmetric NASBA was found increased 12 times more than the conventional NASBA 
through the real-time detection of molecular beacon specifi c to cDNA of interest. More than 20 bases have 
been successfully detected by pyrosequencing on amplicons from asymmetric NASBA using human para-
infl uenza virus (HPIV) as amplifi cation template. The primary results indicate that the combination of 
NASBA with pyrosequencing system is practical, and should open a new fi eld in clinical diagnosis.  

  Key words     Pyrosequencing  ,   Asymmetric NASBA  ,   Human parainfl uenza virus  

1      Introduction 

 Nucleic acid sequence-based amplifi cation (NASBA) is a homoge-
neous, isothermal, in vitro amplifi cation process involving three 
enzymes, reverse transcriptase, ribonuclease H (RNase H), and T7 
RNA polymerase, as well as two target sequence-specifi c primers, 
resulting in the amplifi cation of target sequences more than 109- 
fold within 120 min [ 1 ]. The main  advantages   of NASBA include 
the direct amplifi cation of RNA targets, no need of thermal cycling 
equipments, and high sensitivity [ 2 ]; hence various applications 
were reported [ 3 – 5 ]. Currently, the  detection methods   include 
electrochemiluminescence (ECL), enzyme-linked immunosorbent 
assay (ELISA), and molecular beacons [ 6 – 8 ]. Unlike PCR, the 
main amplicons of NASBA are RNAs, so the detection method 
based on base sequencing has not yet been reported because the 
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templates for the sequencing are always DNA. Obviously sequenc-
ing is the “gold standard” of the molecular diagnosis due to high 
accuracy. Therefore, combining NASBA with sequencing-based 
detection will extend the application scope of NASBA in various 
fi elds. 

 There are numerous technologies for  DNA sequencing   [ 9 , 
 10 ]. Pyrosequencing is a well-developed dye-free technology for 
DNA sequencing using cascade enzymatic reactions to monitor 
the inorganic pyrophosphate released from dNTP incorporation 
[ 11 ]. With the good quantitative performance,  pyrosequencing   
has been widely used for genotyping [ 12 ,  13 ], DNA methylation 
[ 14 ], and gene expression analysis [ 15 ]. Here we employed pyro-
sequencing technology to detect NASBA amplicons. 

 To enable pyrosequencing to sequence NASBA products, we 
modifi ed the conventional NASBA protocol to increase the yield of 
single-stranded cDNA. As shown in Fig.  1 ,    the main difference 
between the modifi ed NASBA and the conventional NASBA is the 
cyclic phase in the amplifi cation process. In conventional NASBA 
(Fig.  1a ), primer-RT binds to the RNA fi rst, and the action of 
reverse transcriptase extends it, thus generating RNA:DNA hybrid. 
RNase H now hydrolyzes the RNA stand to yield a single-stranded 
DNA intermediate. After annealing of primer-T7 to this strand and 
extension by  reverse transcriptase  , a transcriptionally active double- 
stranded DNA template is created. The template is then acted on by 
T7 RNA polymerase that results in the synthesis of yet more tran-
scripts (RNA). A primer pair (primer-RT and primer-T7) with an 
equal concentration is employed, yielding the amplicons of single- 
stranded RNA, double-stranded DNA, and single-stranded 
cDNA. The majority of amplicon is ssRNA, which cannot be used 
as the templates for pyrosequencing reaction. While in asymmetric 

  Fig. 1    Schematic illustration of the  principle   of asymmetric NASBA       
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NASBA (Fig.  1b ), primer-RT with a concentration higher than that 
in the conventional NASBA would increase the amount of 
 RNA  :DNA hybrid; a larger amount of cDNA could thus be pro-
duced. On the other hand, a reduced amount of primer-T7 was 
used to decrease the yield of RNA (the main product of conven-
tional NASBA). Due to the increase of primer-RT concentration in 
RT step, the accumulation of the RNA was further reduced. 
Therefore, cDNA from asymmetric NASBA was signifi cantly 
increased, and reached to the amount required in pyrosequencing.

2        Materials   

     1.    A 131 bp armored RNA fragment of HPIV (GenBank acces-
sion number NC_001796.2) was artifi cially prepared by bio-
technology engineering method and was extracted according 
to the reported method [ 16 ] .    

   2.    The concentration of the extracted RNA was detected by the 
UV-Vis spectrophotometer (Gene SpeIII, Hitachi, Japan).   

   3.    Bovine serum albumin (Sangon Biotech Co., Ltd, Nanjing, 
China).   

   4.    RNase H (TaKaRa Biotechnology Co. Ltd., Dalian, China).   
   5.    T7 RNA polymerase (Fermentas, USA).   
   6.    AMV RT (Promega, USA).   
   7.    RNasin (TaKaRa  Biotechnology   Co., Ltd., Dalian, China).      

3    Methods 

       1.    All the  oligomers   were synthesized and purifi ed by Invitrogen 
Co. (Shanghai, China).   

   2.    The  fl uorescence-labeled probe   (molecular beacon) was syn-
thesized by TaKaRa Biotechnology CO., Ltd. (Dalian, China).   

   3.    Sequences of the oligomers used in this study are listed in 
Table  1 .

              1.    Add 2.5 μL of the extracted RNA (10 4  copies) into 5 μL of 
pre- mixture containing 80 mM Tris–HCl (pH 8.5), 32 mM 
MgCl 2 , 80 mM KCl, 10 mM DTT (dithiothreitol), 2 mM each 
dNTP, 4 mM each NTP, 10 mM sorbitol, 16 % dimethyl sulf-
oxide, and 0.4 μM primer.   

   2.    Reaction mixture was heated to 65 °C for 5 min and then 
cooled to 41 °C for 5 min.   

   3.    After cooling, 2.5 μL enzyme mixture containing 1 μg of 
bovine serum albumin (Sangon Biotech Co., Ltd, Nanjing, 

3.1  Primers 
and Probes

3.2  Conventional 
NASBA  Reaction  

Pyrosequencing Templates Generated by Asymmetric Nucleic Acid Sequence-Based…
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China), 0.1 U of RNase H (TaKaRa Biotechnology Co. Ltd., 
Dalian, China), 20 U of T7 RNA polymerase (Fermentas, 
USA), 4 U of AMV RT (Promega, USA), and 20 U of RNasin 
(TaKaRa  Biotechnology   Co., Ltd., Dalian, China) was added 
to make up a fi nal reaction volume to 10 μL before incubation 
at 41 °C for 120 min.      

       1.    cDNA in the asymmetric NASBA amplicons was detected by 
real-time molecular beacon assay ( see   Note 1 ).   

   2.    The molecular beacon probe (0.4 μM) was added with the 
enzyme mix.   

   3.    Then the reaction mixture was incubated at 41 °C for 120 min 
in a real-time PCR analyzer (MJ RESEARCH, Inc., USA); 
meanwhile fl uorescence signals were measured at 522 nm with 
the excitation at 494 nm. The time interval between two mea-
sures was 120 s.      

       1.    Firstly, 5 μL of beads were washed with water, and then 10 μL 
of binding buffer (10 mM Tris–HCl (pH 7.5), 1 mM EDTA, 
2 M NaCl) and 10 μL of NASBA products were added before 
mixing ( see   Note 2 ).   

   2.    The binding process was performed in a rotation way at 37 °C 
for 15 min. The products immobilized on the beads were 
washed four to fi ve times with water, and then denatured with 
0.1 M NaOH.   

   3.    The supernatant was discarded, and the beads were washed 
with 100 μL of washing buffer (5 mM Tris–HCl (pH 7.5), 0.5 
mM EDTA, 1 M NaCl) twice, and with 100 μL of annealing 

3.3  Asymmetric 
NASBA Coupled 
with  Molecular 
Beacon-Based 
Real-Time Detection  

3.4  Template 
Preparation 
for  Pyrosequencing  

    Table 1  
  Sequences of the oligomers   

 Name  Sequences (5′–3′) 

 Primer P1-1   a  AAT TCT AAT ACG ACTC ACT ATA GGG   AGA GAG AGA G CC TCC ATA 
CCC GAG AAA TA 

 Primer P1-2  ATG GCT CAA TCT CAA CAA CA 

 Primer P2-1  CCT CCA TAC CCG AGA AAT A 

 Primer P2-2   AAT TCT AAT ACG ACT CAC TAT AGG G   AG AGA GAG AG G GCT CAA 
TCT CAA CAA CAA GAT T 

 MB probe b   CCG ATC CCT ATG CTG CAC TAT ACC CAG ATC GG 

   a Bases underlined represent T7 promoter sequence. Bold bases were added for improving amplifi cation effi ciency 
  b To detect both RNA and cDNA by the same molecular beacon probe, two similar pairs of primers (P1 and P2) were 
designed. The molecular beacon probe hybridizes to RNA in the amplicons when using P1-1 and P1-2 as NASBA prim-
ers, while the molecular beacon hybridizes to cDNA in the amplicons when using P2-1 and P2-2 as NASBA primers  

Huning Jia et al.
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buffer (40 mM Tris–HCl (pH 7.5), 20 mM MgCl 2 , 50 mM 
NaCl) once.   

   4.    The  pyrosequencing   primer (10 pmol) was added to the 
beaded strands and annealed at 94 °C for 30 s, and 55 °C for 
3 min.      

       1.    Pyrosequencing was carried out by a portable Bioluminescence 
Analyzer (Hitachi Ltd., Japan).   

   2.    The pyrosequencing reaction mixture contained 0.1 M Tris- 
acetate (pH 7.7), 2.0 mM EDTA, 10 mM Mg(Ac) 2 , 0.1 % 
BSA, 1.0 mM dithiothreitol, 2.0 μM APS, 0.4 g/L PVP (MW 
360,000), 0.4 mM  D -luciferin, 1.6 mU/L ATP sulfurylase, 1.6 
U/mL apyrase, 27 U/mL exonuclease-defi cient Klenow DNA 
polymerase, and appropriate purifi ed luciferase [ 17 ,  18 ].   

   3.    After adding the template to the reaction mixture, the sequenc-
ing procedure was accomplished by a stepwise elongation of 
the primer strand through iteratively dispensing dNTPs.       

4    Method Validation 

   In conventional NASBA, the concentration of each primer is 0.2 
μM [ 19 ,  20 ]. So fi rstly we kept the T7-primer with the same con-
centration of 0.2 μM, but increased the RT-primer concentration 
to 20 μM (100-fold) and 40 μM (200-fold),       respectively 
( see   Note 3 ). The amounts of cDNA and ssRNA were measured by 
real-time monitoring of the fl uorescent signals from target-specifi c 
molecular beacons. The results were shown in Fig.  2 . In compari-
son with conventional NASBA, the amount of cDNA (Fig.  2a ) 
signifi cantly increased with the increasing of RT-primer concentra-
tion, but the cDNA yield with the 40 μM RT-primer is less than 
that with 20 μM increase. On the other hand, the amount of 
ssRNA (Fig.  2b ) relatively reduced with increasing RT-primer con-
centration. Therefore, as expected, a higher concentration of 
RT-primer produced a larger amount of cDNA.

   From the results in Fig.  2 , we also found that the yields of both 
cDNA (Fig.  2a ) and ssRNA (Fig.  2b ) were unexpectedly decreased 
when increasing RT-primer concentration from 20 to 40 μM. This 
indicates that excessively high concentration of RT-primer proba-
bly inhibits the generation of ssRNA. Therefore, we decreased the 
RT-primer concentration from 20 μM to 1.3 μM (around seven-
fold increase) and 0.8 μM (around fourfold increase), respectively. 
To keep the difference in concentration between two primers, the 
concentration of T7-primer was reduced to 0.013 μM (around 
15-fold decrease) and 0.008 μM (around 25-fold decrease), respec-
tively. As shown in Fig.  2 , we found that 1.3 μM of RT-primer and 
0.013 μM of T7-primer yielded the largest amount of cDNA 
(Fig.  2a ) in all the tested NASBA conditions. 

3.5   Pyrosequencing 
Reaction  

4.1  Detecting of 
Human Parainfl uenza 
Virus ( HPIV)      on 
Amplicons from 
Asymmetric NASBA

Pyrosequencing Templates Generated by Asymmetric Nucleic Acid Sequence-Based…
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 Based on the process of NASBA, hence we infer that a lower 
NTP concentration and a higher dNTP concentration would pro-
duce more cDNA. Real-time quantifi cation of cDNA in NASBA at 
the two- and fourfold decrease of NTP concentration as well as the 
two- and threefold increase of dNTP concentration was performed. 
As shown in Fig.  3a  (▼, ■), the cDNA yield increased about 30 % 
when NTP concentration (1 mM) was two times lower than that 
(2 mM) in conventional NASBA; but no more increase of cDNA 
yield was observed at fourfold decrease of NTP concentration (◆, 
▼ in Fig.  3a ). So 1 mM NTPs was employed for the following 
experiments.

   On the other hand, almost no cDNA was obtained from 
NASBA with dNTP concentrations two and three times higher 
than that in conventional NASBA (●, ▲ in Fig.  3a ). The unex-
pected results suggest that NASBA at a lower dNTP concentration 
may be benefi cial to the yield  of      cDNA. Further investigation by 
using two- and fourfold decreases of dNTP concentration for 
NASBA with 1 mM NTPs indicated that cDNA yield increased sig-
nifi cantly; and NASBA at the fourfold decreases of dNTP 
 concentration (0.25 mM) gave a cDNA yield two times higher than 
that at 1 mM (▲, ■ in Fig.  3b ). The reason we believe is that the 
consumption of free Mg 2+  by the increased dNTPs for dNTPs can 
form a complex with Mg 2+ ; thus the reduced concentration of Mg 2+  
slowed down the enzymatic reactions. Usually, an increase of 200 
μM dNTPs needs an additional 1 mM Mg 2 . As shown in Fig.  3c , 
cDNA yields of NASBA at high concentrations of dNTPs (2 mM 
and 3 mM) together with high concentrations of Mg 2+  (21 mM and 
26 mM) are higher than those in Fig.  3a  (●, ▲), but still lower than 
that at the conventional dNTP concentration (1 mM, ■ in Fig.  3c ). 
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 Consequently, the appropriate concentrations of dNTPs and 
NTPs in NASBA were 0.25 mM and 1 mM at the optimal primer 
concentrations, which yielded a 12-fold increase of cDNA amount 
over conventional NASBA. 

 Under the best conditions for yielding cDNA, NASBA was 
performed with RNA of 10 4  copies as the template. After NASBA, 
pyrosequencing on the single-stranded cDNA prepared from 
NASBA products was carried out with the pyrosequencing primer 
of Primer-P (5′-CAA CAG ATG GGT ATA GTG CAG-3′). As 
shown in Fig.  4 , 25 bases can be detected. The results indicated 
that sample was HPIV virus ( see   Note 4 ).

5        Technical Notes 

     1.    The protocol designed for asymmetric NASBA was the same as 
the conventional real-time NASBA [ 8 ,  18 ] except for the 
primer concentration.   
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    Chapter 6   

 Gel Immobilization of Acrylamide-Modifi ed Single- 
Stranded DNA Template for Pyrosequencing                     

     Pengfeng     Xiao    ,     Huan     Huang    ,     Bingjie     Zou    ,     Qinxin     Song     ,     Guohua     Zhou     , 
and     Zuhong     Lu     

  Abstract 

   A novel two-step process was developed to prepare ssDNA templates for pyrosequencing. First, PCR- 
amplifi ed DNA templates modifi ed with an acrylamide group and acrylamide monomers were copolymer-
ized in 0.1 M NaOH solution to form polyacrylamide gel spots. Second, ssDNA templates for pyrosequencing 
were prepared by removing electrophoretically unbound complementary strands, unmodifi ed PCR primers, 
inorganic pyrophosphate (PPi), and excess deoxyribonucleotides under alkali conditions. The results show 
that the 3-D polyacrylamide gel network has a high immobilization capacity and the modifi ed PCR frag-
ments are effi ciently captured. After electrophoresis, gel spots copolymerized from 10 μL of the crude PCR 
products and the acrylamide monomers contain template molecules on the order of pmol, which generate 
enough light to be detected by a regular photomultiplier tube. The porous structure of gel spots facilitated 
the fast transportation of the enzyme, dNTPs, and other reagents, and the solution-mimicking microenvi-
ronment guaranteed polymerase effi ciency for pyrosequencing. Successful genotyping from the crude PCR 
products was demonstrated. This method can be applied in any laboratory; it is cheap, fast, and simple, and 
has the potential to be incorporated into a DNA-chip format for high-throughput pyrosequencing 
analysis.  
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1       Introduction 

 Pyrosequencing is a sequencing-by-synthesis method that employs 
a set of enzymatic reactions to monitor the inorganic pyrophos-
phate (PPi) released during  deoxyribonucleotide triphosphate 
(dNTP)      incorporation [ 1 – 4 ]. The reaction starts when  DNA poly-
merase   incorporates a  dNTP  , releasing an equal molar amount of 
PPi.  ATP sulfurylase   subsequently converts the PPi to ATP, which 
in turn drives luciferase to oxidize luciferin to oxyluciferin, gener-
ating visible light in amounts proportional to the number of 
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incorporated nucleotides. Pyrosequencing has  advantages   of 
accuracy, fl exibility, and simple automation over traditional 
sequencing methods. It has been widely used in  applications   of 
SNP analysis [ 5 ], clone checking [ 6 ], identifi cation of short DNA 
sequences used in bacterial typing [ 7 ], and recently in high-
throughput genome sequencing [ 8 ]. Although the pyrosequenc-
ing chemistry itself is quite simple and straightforward, template 
preparation step involves tedious procedures. There are two widely 
used strategies for preparing ssDNA templates. One is directly pre-
paring the templates from double-stranded PCR products with a 
set of enzymatic reactions that remove excess primers and nucleo-
tides [ 9 ]. However, the  template/primer complexes   formed by the 
fast cooling of the denatured PCR products may be replaced by the 
reassociated complementary strands, further reducing the tem-
plate/primer complex concentration and light generated during 
pyrosequencing. The alternate approach is  solid-phase ssDNA 
preparation  , which uses streptavidin-coated magnetic or Sepharose 
beads [ 2 – 5 ,  10 – 16 ] to capture biotinylated PCR products. 
Although this method is most widely used due to its high collec-
tion effi ciency and capacity, and extensive automation [ 16 ], this 
method is comparatively expensive, although the streptavidin-
coated magnetic beads can be reused [ 17 ,  18 ]. For parallel pyrose-
quencing, Biotage AB (Uppsala, Sweden) developed the PyroMark 
MD that features an integrated vacuum prep workstation for the 
fully automated preparation of ssDNA templates immobilized on 
streptavidin-coated beads. A recently reported third method to 
prepare ssDNA template involves immobilizing DNA targets, 
PCR-amplifi ed by primers modifi ed with different functional 
groups, onto an activated solid surface [ 19 ]. This method is effec-
tive in  fl uorescence assays   as the sensitivity can be increased through 
the use of powerful lasers [ 20 ]. However, it is diffi cult to generate 
high-quality data in  chemiluminescence- based pyrosequencing   
because the template immobilization capacity and effi ciency on a 
planar surface limit signal intensity. 

 Recently, our group and other groups tried different 3-D 
hydrogel fi lms for DNA and protein immobilization.  Agarose and 
polyacrylamide fi lms   showed improved performance over standard 
preparation in protein arrays and molecular beacon arrays [ 21 – 24 ]. 
Rehman et al. [ 25 ] developed a new chemistry for copolymerizing 
acrylamide monomers and acrylamide-modifi ed oligonucleotides 
to form stable DNA-containing polyacrylamide copolymers. We 
have successfully modifi ed this method to fabricate high-quality 
DNA microarrays [ 26 ]. In this report, we tried to investigate the 
possibility of preparing ssDNA templates for pyrosequencing 
directly from the crude PCR products with these  3-D hydrogels 
pots  . The results showed that ssDNA templates prepared by this 
cheap, fast, and simple method give a high-quality pyrosequencing 
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data, indicating that a DNA-chip format for high-throughput 
pyrosequencing is possible by our method. For a schematic illustra-
tion of this technique,   see    Fig.  1 .

2         Materials   

     1.    Polyvinylpyrrolidone (PVP), dNTPs, DNA polymerase I 
Klenow fragment (exo–), and Quanti-LumTM recombinant 
luciferase (95 %) were purchased from Promega (Madison, WI, 
USA).   

   2.    ATP disodium trihydrate salt was from WakoPure Chemical 
Industries (Osaka, Japan).   

   3.    ATP sulfurylase, apyrase (Sigma, type V, VI, and VII), BSA 
(Takara), DTT (Invitrogen),  D -luciferin, inorganic pyrophos-
phatase (PPase), and adenosine 5′-phosphosulfate (APS) were 
purchased from Sigma (St. Louis, MO, USA).   

   4.    Sodium 2′-deoxy-adenosine 5′- O -(1-triphosphate) (dATPαS) 
was from Amersham Pharmacia Biotech (Amersham, UK).      
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  Fig. 1    Schematic illustration of gel immobilization of an  ssDNA template   for pyrosequencing. The immobiliza-
tion step is illustrated in the  left panel : PCR products amplifi ed with a reverse primer, the 5′-end of which had 
been modifi ed with an acrylamide group, and an unmodifi ed forward primer are copolymerized with acryl-
amide monomers to form gel spots. The immobilized PCR products are denatured and interfering components 
are removed by electrophoresis. The pyrosequencing reaction is illustrated in the  right panel : a sequencing 
primer is annealed to the gel-immobilized ssDNA template. When extension occurs, ATP sulfurylase catalyzes 
ATP production with the released PPi and photoemission is detected after luciferase reacts with ATP. The dura-
tion of each step is listed at the  middle panel        
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3     Methods 

       1.    5′-Terminal acrylamide group-modifi ed oligonucleotides were 
synthesized on a Model 391 DNA Synthesizer (Applied 
Biosystems, Foster City, CA, USA), using a commercially 
available acrylamide phosphoramidite (Acrydite™; Matrix 
Technologies, Hudson, NH, USA).   

   2.    Synthesized DNA template, oligonucleotide 50 (50 nt) 
(5′-acrylamide-TTT TTTTTG GGG TTT TCC CCA AAA 
GGG TTT CCC AAA GGTTCC AAG TCA CCC CGC CCG 
C-3′), and sequencing primer (5′-GCG GGC GGG G-3′) 
were used for optimizing the reaction conditions. Biotinylated 
oligonucleotide 50 (50 nt) (5′-biotin-TTT TTT TTG GGG 
TTT TCC CCA AAAGGG TTT CCC AAA GGT TCC AAG 
TCA CCC CGC CCGC-3′) was purchased from Invitrogen 
Biotechnology (Shanghai, China).   

   3.    For sample analysis, DNA135 (135 bp), which includes the 
14417 locus of the oxidized low-density lipoprotein receptor 1 
gene (OLR-1; MIM 602601) polymorphisms, was amplifi ed 
from the forward primer (5′-TAC TAT CCTTCC CAG CTC 
CT), and the acrylamide group-modifi ed reverse prime 
(5′-acrylamide-TTTTCAGCAACTTGGCAT- 3′). The for-
ward primer was also used as the sequencing primer. The geno-
typing primer of the 14417 locus was 5′-TTC ATT TAA CTG 
GGAAAA-3′.      

   Acryl-modifi ed slides were prepared as described in [ 16 ]. The 
microscope slides (Shanghai Jinglun Industrial glass, China) were 
cleaned by soaking in 10 % aqueous nitric acid for 2 h. Slides were 
rinsed with water and acetone, and then dried by air. Cleaned slides 
were then soaked in 10 % 3-methacryloxy- propyltrimethoxysilane 
  (Sigma) in acetone for 1 h, washed with acetone, and dried by air.  

       1.     Acrylamide-modifi ed oligonucleotide   ( see   Note 1 ) solutions 
containing 3 % w/w acrylamide monomer ( see   Note 2 ) (29:1 
w/w acrylamide/bis-acrylamide), 30 % w/w glycerol, and 1 % 
w/v ammonium per-sulfate were prepared at the desired 
concentration.   

   2.    One, two, four, and eight  microliters   of these mixtures were 
spotted on the acryl-modifi ed slides, which were subsequently 
placed into a humid airtight chamber. The airtight chamber 
was vacuumed to about 1000 Pa and kept at this vacuum pres-
sure for 15–20 min at room temperature to vaporize a droplet 
of TEMED preplaced into it.   

   3.    Under this pressure, TEMED was vaporized and diffused onto 
the slide surfaces to induce the copolymerization between 
acrylamide groups and acryl groups, and then oligonucleotides 
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immobilized onto the gel were attached on the slide. Before 
being peeled off the slides for pyrosequencing, the gel spots 
were subjected to electrophoresis in 1× Tris-borate-EDTA 
(TBE) (40 V/cm, 10 min) buffer to remove the nonimmobi-
lized oligonucleotide and other impurities.      

       1.    Three samples with known genotypes were amplifi ed with the 
forward primer and the acrylamide-modifi ed reverse primer. 
After purifi cation of the crude PCR products with a QIAquick 
PCR Purifi cation Kit, the concentrations of the dsDNA were 
determined to be around 11.8 mg/mL (0.133 μM) by detect-
ing OD260 in Gene Spe III (Naka Instruments, Japan).   

   2.    Three different immobilization conditions were investigated: 
(a) Immobilization under neutral condition: Crude PCR prod-
ucts were purifi ed and pre-concentrated four times by ethanol 
precipitation. The immobilization mixtures containing the 
acrylamide-modifi ed PCR products, 1 % w/v ammonium per-
sulfate, 30 % w/w glycerol, and 3 % w/w acrylamide mono-
mers were prepared and immobilized onto the acryl-modifi ed 
slide as described above. (b) Immobilization under alkali con-
dition: Crude PCR products were purifi ed and preconcen-
trated four times by ethanol precipitation process. The 
immobilization mixtures containing 3 % w/w acrylamide 
monomer, 30 % w/w glycerol, and 1 % w/v ammonium per-
sulfate in 0.1 M NaOH were spotted on the acryl-modifi ed 
slide and polymerized immobilized onto the slide as described 
above. (c) Direct immobilization of the crude acrylamide-
modifi ed PCR products: Immobilization mixtures containing 
crude PCR products (1–16 mL), 3 % w/w acrylamide mono-
mer, 30 % w/w glycerol, and 1 % w/v ammonium persulfate in 
0.1 M NaOH were spotted on the acryl- modifi ed   slide and 
polymerized onto the slide as described above.      

   Two methods ( see   Note 3 ) for preparing ssDNA template for 
pyrosequencing were performed: (a) for immobilization under 
neutral condition, the gel spots were put into a 95 °C water bath 
for 5 min to denature the dsDNA. They were then subjected to 
electrophoresis in 1× TBE (40 V/cm) for 10 min at room tem-
perature; (b) for immobilization under alkali condition, the gel 
spots were directly subjected to electrophoresis in 0.1 M NaOH 
solution (100 mA) for 5 min, followed by an electrophoresis in 1× 
TBE (40 V/cm) for another 5 min.  

       1.    Biotinylated oligonucleotide-50 was immobilized on 
streptavidin- coated Sepharose beads (Amersham Biosciences). 
Fifty microliters of binding buffer (Pyrosequencing AB) was 
added to 2 or 0.75 pmol of the oligonucleotides.   

3.4  Immobilization 
of the  Acrylamide-
Modifi ed PCR Products  

3.5   Denaturing 
and Purifying   
the Immobilized PCR 
Products

3.6  Preparation 
of Sepharose Beads 
Immobilized 
with  Biotinylated 
Oligonucleotides  
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   2.    Then 3 μL of streptavidin-coated Sepharose beads were added 
and the mixture was vigorously mixed at room temperature for 
10 min. The beads and oligonucleotide mixture were trans-
ferred to a fi lter column (Amersham Biosciences)    and the 
binding buffer removed by vacuum [ 27 ]. The biotinylated oli-
gonucleotide attached to the beads was denatured in 50 μL 
denaturation buffer (Pyrosequencing AB) for 1 min.   

   3.    The denaturation buffer was removed by vacuum and oligo-
nucleotide immobilized on the beads was washed twice in 150 
μL wash buffer (Pyrosequencing AB). The beads attached oli-
gonucleotides were resuspended in 50 μL of annealing buffer 
(Pyrosequencing AB) for pyrosequencing [ 14 ].      

   Fifty microliters of 10 mM dNTPs containing 25 mM magnesium 
acetate and 5 mM Tris, pH 7.7, was incubated with 0.4 units of 
PPase for 30 min at room temperature to degrade the pyrophos-
phates in monomers [ 28 ].  

       1.    The pyrosequencing apparatus consists of a  reaction module   
with a reaction chamber and four dNTP reservoirs, a side-on 
photomultiplier tube (PMT, R6355, Hamamatsu Photonics 
K. K., Shizuoka, Japan),  a   power supply (Matsusada Precision, 
Japan), and a computer for collecting data [ 28 ].   

   2.    After the  ssDNA template   immobilized on the gel spots 
hybridized with the sequencing primer, those gel spots were 
incubated in 100 μL of pyrosequencing reaction mixture 
( see   Note 4 ) containing 0.1 M Tris-acetate (pH 7.7), 2 mM 
EDTA, 10 mM magnesium acetate, 0.2 % BSA, 10 mM DTT, 
10 μM APS, 0.4 mg/mL PVP, 4 mM  D -luciferin, 2 U/mL 
ATP sulfurylase, luciferase in an amount determined to give 
appropriate sensitivity, 2 U of apyrase VII, and 1–2 U of DNA 
polymerase I Klenow fragment (exo–).   

   3.     Sequencing reactions   were started by sequentially adding 
dATPαS, dCTP, dTTP, and dGTP. Pyrosequencing was per-
formed at room temperature and the pyrosequencing reac-
tion module was vibrated continuously. The same process was 
carried out for pyrosequencing ssDNA attached to Sepharose 
beads .        

4     Method Validation 

   Two key points must be addressed regarding the use of attached 
ssDNA template for pyrosequencing: the immobilization capacity 
and accessibility of the gel-immobilized templates.

    1.    First, we investigated whether the polyacrylamide gel can capture 
enough ssDNA templates to generate detectable pyrosequencing 
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in  dNTPs  

3.8   Pyrosequencing

4.1  Infl uence 
of Polyacrylamide Gel 
on Pyrosequencing
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signals. Figure  2  shows the programs obtained by using the 
nonimmobilized oligonucleotide template with standard liq-
uid  pyrosequencing   (Fig.  2a ), and the acrylamide- modifi ed 
oligonucleotide template immobilized on the polyacrylamide 
gel  system   (Fig.  2b ). The results show that the immobilized 
oligonucleotides (Fig.  2b ) approximate the same signals 
obtained from nonimmobilized  oligonucleotides   (Fig.  2a ). 
The height and shape of the peaks in these two pyrograms are 
nearly identical except that the peak heights from polyacryl-
amide gel-immobilized oligonucleotides are 36 % of those 
from nonimmobilized oligonucleotide (only one-quarter high 
peaks compared to those from nonimmobilized oligonucle-
otides were obtained when the content of oligonucleotides 
used in polymerization is 0.5 mM; fi gures are not shown), 
suggesting that the polyacrylamide gel is suitable for pyrose-
quencing, but the immobilization effi ciency of different acryl-
amide-modifi ed oligonucleotide concentrations used was 
different even when the contents of the gel were same. For 
comparison, Sepharose bead-based pyrosequencing was also 
carried out; 0.75 and 2 pmol of biotin oligonucleotides were 
fi xed on 3 mL of streptavidin- Sepharose beads, respectively. As 
shown in Fig.  2c  and  d , the signal intensities from 0.75 and 2 
pmol  of   immobilized oligonucleotides were 37 and 20 % of the 
corresponding amount of nonimmobilized oligonucleotides. 
   As the immobilization effi ciency depends on the ratio of DNA 
molecules to the surface area of supports used for immobiliz-
ing the DNA, it is diffi cult to make a direct comparison of the 
immobilization effi ciency between the two methods. The 
polymerization method described here costs 0.1 USD  per  puri-
fi cation. In comparison, streptavidin bead-based purifi cation 
costs about 0.3 USD.

   In Fig.  2 , the intensity ratios of the peaks are not always 
proportional to the number of the incorporated nucleotides; 
this may result from decreasing enzyme activity (due to dilu-
tion and reaction duration) and the accumulation of the non-
perfect (<100 %) extension in each step. In our pyrosequencing 
system, more than 20 bases may be accurately called; this is 
suffi cient for most applications, such as SNP genotyping, STR 
marker  analysis, and the identifi cation of short DNA sequences 
for bacterial typing. In addition, the gel-immobilized tem-
plates must be accessible to the primer, enzymes, and dNTPs 
in order to generate correct sequence signals. Therefore, these 
pyrosequencing reagents should diffuse quickly to the reaction 
site through the gel matrix. Otherwise the unextended frag-
ments at each cycle may decrease signal intensities and intro-
duce false extension signal during the next cycle, causing a 
“frame shift” and limiting the read length. Polyacrylamide is a 
 neutral and hydrophilic polymer   that has been widely used by 
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  Fig. 2    Pyrograms obtained from 50 base oligonucleotide templates: ( a )  nonimmobilized acrylamide oligo-
nucleotide   (0.75 pmol) in solution, ( b )  acrylamide oligonucleotide   (2 pmol) immobilized onto 8×1 μL gel 
spots,(c) oligonucleotides (0.75 pmol) immobilized onto 3 μL of streptavidin-Sepharose beads, and ( d ) biotinyl-
ated oligonucleotide (2 pmol) immobilized onto 3 μL of streptavidin-Sepharose beads.  Capital letters  represent 
signals from dNTP extension;  lower case letters  represent background signals       

biologists and chemists. A 7.5 % gel can be used to separate 
protein up to 56,105 Da or nucleic acid fragments up to 
16,105 Da [ 29 ]. Recently, a number of  chemical and enzy-
matic reactions   have been carried out in polyacrylamide gel 
fi lms or gel pads [ 30 – 32 ]. Dubiley et al. [ 33 ] used T4 poly-
nucleotide kinase and T4 DNA ligase to improve sequencing 
by hybridization. Mitra and Dubiley showed that the oligonu-
cleotide-immobilized gel support provided a more homoge-
neous environment for DNA polymerase (90 kDa) in 
minisequencing than solid glass slides [ 34 ,  35 ]. Our previous 
experiments showed [ 26 ] that the porous sizes of the gel 
matrix increased with decrease in the acrylamide monomer 
concentration, allowing unbounded compounds to diffuse in 
and out of the gel matrix. For the experiment addressed in this 
paper, a low concentration of  acrylamide monomer   (3 % w/w) 
was employed as the immobilization matrix.   
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   2.    To investigate the accessibility of the gel-immobilized tem-
plates, four samples containing 4 pmol of oligonucleotides and 
the same volume of gel were divided into different sizes (e.g., 
eight spots each with 1 μL of gel, four spots each with 2 μL of 
gel, two spots each with 4 μL of gel, and one spot with 8 μL of 
gel). These were then used to compare signal intensities and 
reaction rate. All four dNTPs simultaneously added to the 
reaction chamber allow multiple, dNTP incorporations and 
enhance sensitivity. Light intensities versus  time   are shown in 
Fig.  3    . Four samples showed similar light intensities and reac-
tion rates, indicating that the size of the gel spot does not obvi-
ously change the pyrosequencing results. However, the time to 
reach maximum intensity was about 50 s, longer than the 30 s 
[ 11 ] required for templates immobilized on streptavidin-
coated magnetic beads, and 10 s for DNA templates free in 
solution. It is obvious that the gel matrix limited the diffusion 
of the pyrosequencing reagents, but the immobilized ssDNA 
templates were fully accessible in a relatively short diffusion 
time. Moreover, in Fig.  2 , three uncomplementary dNTPs, 
followed by a complementary dNTP, were sequentially added 
to the reaction chamber to identify/quantify any false-positive 
signal. If the gel matrix slows down the diffusion of the pyro-
sequencing reagents, false-positive signals from the incorpora-
tion of added uncomplementary dNTPs would appear. The 
 pyrograms   in Fig.  2  demonstrate that no obvious false-positive 
light signals were detected during the fi rst few cycles. The 
false-positive light signals increased as the sequencing reaction 
progressed. Moreover, this was not caused by the gel matrix as 
the same false-positive signals were also observed in the pyro-
gram from free templates (Fig.  2a ). Though we observed slow 
diffusion for gel- immobilized templates as shown in Fig.  3 , a 
good pyrogram with no false signal could be still obtained by 
employing long incubation of the pyrosequencing reaction 
mixture and an excess amount of the reagents.

          In gel immobilization of PCR products, PCR remnants such as 
PPi, excess primers, and nucleotides enter into the gel during 
polymerization. These impurities should be removed prior to pyro-
sequencing. Two approaches were used to remove these interfer-
ing components. The fi rst was the washing approach, in which the 
gel-attached PCR products were incubated in a 95 °C water bath 
for 10 min. The other was the electrophoresis approach, in which 
the gel was subjected to 1× TBE at room temperature at 40 V/cm 
for 10 min. Figure  4  shows the degree to which interfering com-
ponents in the gels were degraded after treatment with the above 
approaches. Curves were recorded from the fi fth second after the 
gel was added in pyrosequencing reaction mixture. In Fig.  4 , curve 
C was obtained from 95 °C water-treated gels, in which PCR 

4.2   Electrophoresis   
for Removing 
the Interfering 
Components in the Gel 
Spots
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products were purifi ed by ethanol precipitation and concentrated 
four times for polymerization; the highest value of the light inten-
sity is 2.2 × 10 4  AU. It required 400 s for the signals to decrease to 
400 au, indicating that not all the interfering components were 
removed in the 95 °C water process. However, the highest light 
intensity decreased to 3.2 × 10 3  from 2.2 × 10 4 au when electropho-
resis was used to remove the impurities ( see  curve B in Fig.  4 ), sug-
gesting that electrophoresis could effectively eliminate the 
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  Fig. 3     Bioluminescence   profi le upon addition of all the four nucleotides (dTTP, 
dGTP, dCTP, and dATPαS) to the pyrosequencing reaction mixture. ( a ) 
Nonimmobilized oligonucleotide (1 pmol); ( b )–( e ) 4 pmol of oligonucleotide was 
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products) prepared under alkali polymerization conditions and electrophoresis 
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interfering components. An alternative method for preparing 
ssDNA is to denature dsDNA with alkali condition. The gel polym-
erization was directly performed in 0.1 M NaOH solution, and 
then the gel was subjected for electrophoresis treatment. As shown 
in curve A, background signal due to  impurities   was much lower 
than for the other conditions. Therefore electrophoresis is a very 
effi cient method to prepare suffi ciently pure ssDNA template for 
pyrosequencing.

      The DNA templates (2.15 pmol) and polyacrylamide prepolymer 
were copolymerized under different conditions as described. 
Figure  5  shows the pyrograms of gel-immobilized templates pre-
pared under neutral (a) and alkali conditions (b), respectively. The 
peaks were well defi ned and the S/Ns were suffi ciently high for 
correct base calling. The results agreed with those obtained by 
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  Fig. 5    Sequencing pyrograms of PCR products (DNA135) that were gel-immobilized under different conditions. 
( a ) Purifi ed PCR product polymerized under neutral condition; ( b ) purifi ed PCR product polymerized under alkali 
condition; ( c ) crude PCR products polymerized under alkali condition. The  capital letters  in the pyrograms 
represent signals from nucleotide extension;  lower case letters  represent background signals       
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Sanger sequencing. Peak heights from ssDNA templates denatured 
with alkali condition were about twice as high as those prepared by 
the heat denaturing method. Heat denaturation is a simple method 
not requiring reagent addition, but reassociation of the denatured 
DNA reduces ssDNA concentration. Alkali denaturing keeps the 
DNA in a denatured state, but the alkali may interfere in down-
stream processes. Our results showed that heat denaturation in a 
95 °C water bath could not effectively remove the unimmobilized 
complementary strands, which might stay in the gel matrix and 
may reassociate with the immobilized ssDNA templates. An addi-
tional electrophoresis step was ineffective to separate the dsDNA, 
so polymerization in alkali condition was better for preparing 
ssDNA templates, as our experiments indicate that the PCR prod-
ucts can still be effectively immobilized and remain in the  denatured 
state during copolymerization and electrophoresis. Moreover, 
electrophoresis effectively removes OH −  ions, which might inter-
fere with the subsequent pyrosequencing reactions. The processes 
of denaturing, copolymerizing, and electrophoresis in the presence 
of NaOH were simple, fast, and convenient.

   From the pyrograms in Fig.  5a, b , we estimate that the diffu-
sion effect would not infl uence pyrosequencing. Nonimmobilized 
strands of PCR amplicons were removed much more effi ciently 
from the surface of the gel spot than from inside the gel matrix 
during heat denaturation. It is possible that the increased light sig-
nals from the alkali denaturing process result from more ssDNA 
molecules in the internal gel matrix, suggesting that pyrosequenc-
ing reagents such as enzymes and nucleotides could enter the gel 
matrix. The ssDNA templates prepared from ethanol-precipitated 
PCR fragments yielded high-quality pyrosequencing data. 
However, the precipitation step was labor and time intensive espe-
cially for many samples. So we investigated the feasibility of prepar-
ing ssDNA templates directly from crude PCR products. Raw PCR 
products (1.075 pmol) were denatured, copolymerized, and sub-
jected to electrophoresis in alkali condition. The obtained pyro-
gram is shown in Fig.  5c  and the result was confi rmed by ABI 
Prism 377 DNA sequencer. The immobilization percentages of the 
PCR products in Fig.  5b, c  were almost the same, including that 
ssDNA templates could be successfully prepared from the crude 
PCR products. This improvement greatly reduced preparation 
time and reagent costs; most importantly, the  risk   of cross con-
tamination was decreased when many different PCR products were 
processed.  

   In  SNP genotyping  , one of the three possible genotypes (homozy-
gote, heterozygote, and homozygote) needs to be assigned to a spe-
cifi c sample. For homozygous samples, a single peak will be generated 
by pyrosequencing for a bp at a given variant site. For heterozygous 
samples, two peaks with half the intensity of the homozygous single 

4.4  ssDNA Templates 
for SNP Genotyping
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peak will be observed at the SNP position. To evaluate the template 
preparation method developed above, three samples selected from 
volunteers in our laboratory with an OLR-1 gene SNP(C14417G) 
were used for pyrosequencing. The genotypes of these samples were 
determined with an ABI Prism 377 DNA sequencer in advance. In 
this experiment, the sequences of ssDNA templates were known and 
the sequencing primer was specially designed to extend starting at the 
SNP locus. Therefore, a single pyrosequencing analysis was enough 
to determine the genotype of a sample [ 5 ,  36 ]. The correct genotyp-
ing results of the two homozygotes, 14417C/C (Fig.  6a ) and 
14417G/G (Fig.  6b ), and the heterozygote 14417C/G (Fig.  6c ) 
were obtained. As for the heterozygote, C and G both occur at the 
site of a single nucleotide, so the height of each of the two peaks 
(Fig.  6c ) is only the half of that from a homozygous sample. In order 
to evaluate background signals and fi delity of pyrosequencing results, 
uncomplementary dNTPs were  intentionally   added before adding 
complementary dNTPs. Although dATPαS showed slightly higher 
background signals, correct dATPαS extension signals could be 
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  Fig. 6     Pyrograms   obtained from three SNP genotyping samples: ( a ) Homozygous sample 14417G/G; ( b ) homo-
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clearly discriminated. Therefore, ssDNA templates prepared with the 
described method could be successfully used for SNP genotyping by 
pyrosequencing.

5         Technical Notes 

     1.    Polyacrylamide gel is suitable for pyrosequencing, but the 
immobilization effi ciency of different acrylamide-modifi ed 
 oligonucleotide concentrations used were different even when 
the contents of the gel were same.   

   2.    The porous sizes of the gel matrix increased with decrease in 
the acrylamide monomer concentration, allowing unbounded 
compounds to diffuse in and out of the gel matrix.   

   3.    Peak heights from ssDNA templates denatured with alkali con-
dition were about twice as high as those prepared by the heat 
denaturing method.   

   4.    These pyrosequencing reagents should diffuse quickly to the 
reaction site through the gel matrix. Otherwise the unextended 
fragments at each cycle may decrease signal intensities and 
introduce false extension signal during the next cycle, causing 
a “frame shift” and limiting the read length.         
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    Chapter 7   

 Multiplex PCR Based on a Universal Biotinylated 
Primer to Generate Templates for Pyrosequencing                     

     Zhiyao     Chen      ,     Yunlong     Liu    ,     Hui     Ye    ,     Haiping     Wu    ,     Jinheng     Li    , 
    Bingjie     Zou    ,     Qinxin     Song      , and     Guohua     Zhou     

  Abstract 

   Pyrosequencing is a powerful tool widely used in genetic analysis, however template preparation prior to 
pyrosequencing is still costly and time-consuming. To achieve an inexpensive and labor-saving template 
preparation for pyrosequencing, we have successfully developed a single-tube multiplex PCR including a 
pre-amplifi cation and a universal amplifi cation. In the process of pre-amplifi cation, a low concentration of 
target-specifi c primers tagged with universal ends introduced universal priming regions into amplicons. 
In the process of universal amplifi cation, a high concentration of universal primers was used for yielding 
amplicons with various SNPs of interest. As only a universal biotinylated primer and one step of single- 
stranded DNA preparation were required for typing multiple SNPs located on different sequences, 
pyrosequencing- based genotyping became time-saving, labor-saving, sample-saving, and cost-saving. By a 
simple optimization of multiplex PCR condition, only a 4-plex and a 3-plex PCR were required for typing 
7 SNPs related to tamoxifen metabolism. Further study showed that pyrosequencing coupled with an 
improved multiplex PCR protocol allowed around 30 % decrease of either typing cost or typing labor. 
Considering the biotinylated primer and the optimized condition of the multiplex PCR are independent 
of SNP locus, it is easy to use the same condition and the identical biotinylated primer for typing other 
SNPs. The preliminary typing results of the 7 SNPs in 11 samples demonstrated that multiplex PCR-based 
pyrosequencing could be promising in personalized medicine at a low cost.  

  Key words     Pyrosequencing  ,   Multiplex polymerase chain reaction  ,   Universal biotinylated primer  , 
  Single nucleotide polymorphism  

1       Introduction 

 Pyrosequencing is a  gel-free DNA sequencing technique   depending 
on the real-time quantifi cation of pyrophosphates (PPis) released 
during primer extension reactions [ 1 ]. Compared to  gel- based 
Sanger sequencing   and other methods for SNP detection, it is 
much more quantitative, thus peak intensities in a pyrogram can be 
used to quantify the extended templates [ 2 – 16 ]. In addition to 
SNP typing and pathogen identifi cation, pyrosequencing is an 
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accurate tool for analyzing methylated DNA and mutant DNA in 
a clinical sample [ 17 – 20 ]. 

 Although an automatic pyrosequencer has helped to increase 
sequencing throughput, template preparation prior to pyrose-
quencing is still costly and time-consuming. Conventionally, each 
pyrosequencing needs the step of PCR with a biotinylated primer 
and the step of single-stranded DNA (ssDNA) preparation with 
streptavidin-coated beads. As biotinylated primers and beads are 
expensive, it should be much costly if multiple targets are pyrose-
quenced at a time. On the other hand, it is still time-consuming 
and laborious to perform PCR and  ssDNA   preparation for each 
template although an automatic ssDNA preparation device can be 
employed. 

 To avoid  ssDNA   preparation prior to pyrosequencing, Linear- 
After- The-Exponential (LATE)-PCR, an effi cient asymmetric 
amplifi cation method to directly generate ssDNA amplicons, has 
been used to provide templates for pyrosequencing [ 21 ,  22 ]. Due 
to no need for ssDNA preparation, the total process for pyrose-
quencing is simplifi ed; however, the strict conditions for designing 
qualifi ed  LATE-PCR      primers greatly limit the wide application of 
LATE-PCR [ 23 ]. Moreover, as for targets with AT-rich or GC-rich 
sequences, it is diffi cult to yield ssDNA adequate enough for pyro-
sequencing. Most importantly, the ssDNA generated via LATE- 
PCR contains a lot of unwanted components, such as PPi, excess 
primers, dNTPs; hence, an additional template processing step is 
still required to achieve a pyrogram of high quality before 
pyrosequencing. 

 To achieve a method capable of  inexpensive template prepara-
tion  , simple PCR set-up, and more effi cient use of DNA samples, 
multiplex PCR is conventionally used to simultaneously amplify 
multiple targets of interest within a single reaction [ 24 ]. However, 
every target needs a biotinylated primer to allow the following 
ssDNA preparation, in addition to common shortcomings such as 
complex manipulation, low sensitivity, and primer–primer interac-
tions in multiplex PCR. Although multiplex PCR based on the 
ligation of a universal adapter with fragmented targets is effi cient 
for the amplifi cation of multiple targets, specifi c fragmentation of 
targets of interest is diffi cult [ 25 ]. An alternate way is to use a 
primer consisted of a target-specifi c sequence and a tagged sequence 
to introduce a universal priming site. Hence, two steps of  amplifi -
cation   are needed: a target-specifi c PCR to generate a small amount 
of templates with universal ends, and a PCR using a pair of universal 
primers to amplify all templates with the universal ends [ 26 ]. 
As only a pair of universal primers is employed, all targets have 
similar amplifi cation effi ciency even though the target sequences 
are  different   (Fig.  1 ). Most importantly, this protocol is cost-effective 
to supply pyrosequencing templates because only a universal 
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 biotinylated primer is required for amplifying any target of interest. 
Therefore, we used this multiplex PCR approach based on a  univer-
sal biotinylated primer   for typing multiple SNPs in a single PCR. 
As a single PCR and a single step of ssDNA preparation are per-
formed for multiple targets, the whole process for multiplex SNP 
typing becomes time-saving, labor-saving, sample-saving, and 
cost-saving.

   As an example, 6 SNPs in  cytochrome P450 2D6 (CYP2D6) 
gene      and 1 SNP in sulfotransferase 1A1 (SULT1A1) gene were 
employed for investigation. Many studies have shown that these 
SNPs are related to the metabolism of tamoxifen, which is used for 
the treatment of  hormone receptor-positive breast cancer   [ 27 ,  28 ]. 
By a simple optimization of multiplex PCR condition, only a 4-plex 
and a 3-plex PCR are required for typing the 7 SNPs with pyrose-
quencing, indicating that pyrosequencing coupled with an 
improved multiplex PCR protocol allows personalized medicine at 
a low cost [ 29 – 30 ].  
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  Fig. 1    The principle of multiplex PCR coupled with pyrosequencing for  SNP typing         
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2      Materials   

     1.    Genomic DNA was isolated from whole blood samples by 
phenol- chloroform extraction protocol. All of the blood sam-
ples were provided by Jinling Hospital (Nanjing, China) with 
the informed consent form.   

   2.    The DNA concentration was determined by a UV–Vis spectro-
photometer (Naka Instruments, Japan), and stored at −20 °C 
before use.   

   3.    Mastercycler PCR system (Eppendorf, Germany).   
   4.     HotStarTaq  DNA polymerase (Qiagen, Germany).   
   5.    Streptavidin Sepharose™ High Performance Beads (GE 

Healthcare Bio-Sciences AB, Sweden).   
   6.    Portable bioluminescence analyzer (HITACHI, Ltd., Central 

Research  Laboratory  , Japan).      

3     Methods 

       1.    Seven SNPs in  CYP2D6 gene   (GenBank ID: NG_008376.1) 
and SULT1A1  gene   (GenBank ID: NC_000016.9) were 
investigated: CYP2D6*3 (rs35742686), CYP2D6*4 
(rs3892097), CYP2D6*6 (rs5030655), CYP2D6*9 
(rs5030656), CYP2D6*10 (rs1065852), CYP2D6*41 
(rs28371725), and SULT1A1*2 (rs9282861).   

   2.    A pair of primers (each consists of a target-specifi c sequence 
region and a universal sequence  region  ) was designed for ana-
lyzing SNPs of interests.      

       1.    PCR amplifi cations were performed on  Mastercycler PCR sys-
tem  . A 50 μL of PCR contained 5 μL of 10× PCR buffer, 4.0 
mM MgCl 2 , 0.8 mM each dNTP, 0.5 mM betaine, 3 % 
DMSO, 0.08 μM each of target-specifi c primers, 2 μM each of 
universal primers, 150 ng genomic DNA, 2.5 U of HotStarTaq 
DNA polymerase (Qiagen, Germany), and H 2 O was added up 
to 50 μL.   

   2.    The PCR program was as follows: 94 °C for 15 min, followed 
by 10 cycles of 94 °C for 30 s, 55 °C for 90 s, 72 °C for 60 s; 
then 10 cycles of 94 °C for 30 s, 72 °C for 90 s; 35 cycles of 94 
°C for 20 s, 60 °C for 20 s, 72 °C for 20 s, and a fi nal extension 
at 72 °C for 3 min.      

       1.    The biotinylated multiplex PCR products were immobilized 
onto Streptavidin Sepharose TM  High Performance Beads. DNA 
strands were denatured by 0.1 M NaOH, then washed by 1× 

3.1   Primer Design

3.2   Multiplex PCR

3.3  Template 
Preparation 
for  Pyrosequencing  
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annealing buffer (4 mM Tris–HCl [pH 7.5], 2 mM MgCl 2 , 
5 mM NaCl).   

   2.    The immobilized strands were divided into aliquots, then 
annealed to different sequencing primer, respectively, at 94 °C 
for 30 s and 55 °C for 3 min.      

       1.    We used a portable bioluminescence analyzer for pyrosequenc-
ing [ 14 ,  15 ] ( see   Note 1 ).   

   2.    Pyrosequencing was carried out by the reported method. The 
reaction volume was 40 μL, containing 0.1 M Tris–acetate 
(pH 7.7), 2 mM EDTA, 10 mM magnesium acetate, 0.1 % 
BSA, 1 mM dithiothreitol, 2 μM adenosine 5′-   phosphosulfate, 
0.4 mg/mL PVP, 0.4 mM  D -luciferin, 2 μM ATP sulfurylase, 
5.7 × 10 8  RLU QuantiLum recombinant luciferase, 18 U/mL 
Exo −  Klenow Fragment, and 1.6 U/mL apyrase.       

4     Method Validation 

   It is well-known that the effi ciency and specifi city of multiplex PCR 
was affected by various conditions, such as the concentrations of 
dNTPs, Mg 2+ , DNA polymerase, primers TSPs and UPs. After 
pretesting the concentration range of each component, we investi-
gated the interactions among these fi ve factors by L16 (3 5 ) orthog-
onal test designed by SPSS (Statistical Package for the Social 
Science)   . The results showed that the optimized concentration of 
dNTPs, Mg 2+ , DNA polymerase, TSPs, and UPs was 0.8 mM, 4.0 
mM MgCl 2 , 2.5 U/50 μL, 0.08 μM, and 2 μM, respectively. 

 As reported,  betaine and DMSO   could improve the yield of 
PCR amplifi cation [ 16 ,  17 ]; thus, different concentrations of these 
additives were added into our multiplex PCR system to improve 
amplifi cation effi ciency. The results showed that the optimum con-
centration of betaine and DMSO was 0.5 M and 3 %. 

 The  melting temperature   ( T  m ) of a TSP, consisted of target- 
specifi c sequence and a universal priming sequence, was around 
87 °C, while the  T  m  of its target-specifi c sequence was around 57 °C; 
thus, the annealing temperature at a tagging  stage   should be 
around 55 °C. The amount of amplicons from different PCR cycles 
at the tagging stage indicated that the tagging step was necessary 
to the success of multiplex PCR, and ten cycles were suffi cient  for 
  generating enough amplicons (Fig.  2 ).

   Pyrosequencing on  ssDNA amplicons   from PCR with different 
plexing numbers was performed. The results showed that pyro-
grams of good quality were obtained when pyrosequencing tem-
plates were from 1-plex, 2-plex, 3-plex, and 4-plex PCR. However, 
noisy peaks appeared in pyrograms when the plexing number was 
more than 4. Although genotypes can still be unambiguously 

3.4   Pyrosequencing

4.1  Typing 7 SNPs 
Related to  Tamoxifen 
Metabolism     
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identifi ed, the pyrogram quality became poor considering the peak 
intensities were disproportional to the expected base numbers. 
Therefore, the selected 7 SNPs were grouped into a 4-plex and a 
3-plex PCR amplifi cation. After two multiplex PCRs in individual 
tubes, ssDNA was prepared for pyrosequencing. The typical pyro-
grams of a sample were successfully obtained from typing the 7 
SNPs (see Panel B and D in Fig.  3  for details). To verify the accu-
racy of the proposed method, single-plex PCR was performed for 
all 7 SNPs individually. As shown in the Panel A and C  in   Fig.  3 , 
no obvious difference in pyrogram quality was observed between 
multiplex-PCR and single-plex PCR, indicating that a multiplex 
PCR assay using a universal biotinylated primer can be used to 
simultaneously generate multiple templates for pyrosequencing 
effi ciently [ 31 – 33 ].

   To further illustrate the clinical application of our method, 
11 clinical samples (whole blood) were selected. After a 4-plex and 
a 3-plex PCR on the genomic DNA from blood samples, 7 SNPs 
were genotyped by pyrosequencing. Typing results were shown in 
Fig.  4  and Table  1 . After statistical analysis, the inactive  genotype   
CYP2D6 (*3, *4, *5, *6, *9) with the phenotype of poor metabo-
lizers (PM) was not detected among 11 samples, indicating that 
the frequency of PM was quite low in Chinese population. Also, 
the frequency of reduced  active   genotype CYP2D6*41 and 
SULT1A1*2 with the phenotype of intermediate metabolizers 
(IM) was very low in Chinese population. However, the frequency 
of CYP2D6*10 with the phenotype of  intermediate metabolizers 
(IM)   was as high as 63.1 % in Chinese population.

5          Technical Notes 

     1.    This apparatus has a portable size of 140 mm (W) × 158 mm 
(H) × 250 mm (D), which uses an array of eight photodiodes 
(Hamamatsu Photonics K.K., Japan) to detect photo signals, 
and employs four separate capillaries for dispensing small 
amounts of dNTPs into the reaction chamber.         

50   bp
100 bp
200 bp
500 bp

Blank 0 cycle10 155 M

  Fig. 2    Infl uence of different PCR cycles at the tagging stage on the amplicons 
yield of a  3-plex PCR         
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  Fig. 3    Comparison of typing results between pyrosequencing based on multiplex PCR (panels A and C)  and 
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 SULTA1A 
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Chapter 8

A Novel Pyrosequencing Principle Based on AMP–PPDK 
Reaction for Improving the Detection Limit

Guohua Zhou, Tomoharu Kajiyama, Mari Gotou, Akihiko Kishimoto, 
Shigeya Suzuki, and Hideki Kambara

Abstract

Highly sensitive real-time pyrosequencing seems promising for constructing an inexpensive and small 
DNA sequencer with a low running cost. A DNA sample of a picomole level is usually used in the conven-
tional pyrosequencing based on a luciferase assay coupled with an APS–ATP sulfurylase reaction for pro-
ducing ATP from pyrophosphate (PPi). Although the luminescence intensity could be increased by 
increasing the amount of luciferase, it was impossible to reduce the target DNA amount because of a large 
background luminescence due to the luciferase–APS reaction. In this report, a novel approach using a new 
conversion reaction of PPi to ATP is proposed. This method has a very low background and can produce 
high signals in the presence of a large amount of luciferase; thus, the sample amount required for sequenc-
ing is significantly reduced. The ATP production from PPi is catalyzed with pyruvate orthophosphate 
dikinase (PPDK) using AMP and phosphoenolpyruvate as the substrates, which are inactive for the 
luciferase- catalyzed reaction. All of the components in the AMP–PPDK-based pyrosequencing system are 
suitable for highly sensitive DNA sequencing in one tube. Real-time DNA sequencing with a readable 
length up to 70 bases was successfully demonstrated by using this system. By increasing the amount of 
luciferase, as low as 2.5 fmol of DNA templates was accurately sequenced by the proposed method with a 
novel simple and inexpensive DNA sequencer having a photodiode array as a sensor instead of a PMT or 
CCD camera. A sample amount as low as two orders of magnitude smaller than that used in the conven-
tional pyrosequencer can be used.

Key words Pyrosequencing, Pyruvate orthophosphate dikinase (PPDK), DNA sequencing, High 
sensitivity, Luminometric assay, Luciferase, Pyrophosphate (PPi), Photodiode, Sequencer

1 Introduction

The robust and high-throughput DNA-sequencing method based 
on Sanger’s principle hastened the sequencing of the whole human 
genome [1]. As the human genome sequencing has been com-
pleted, the sequencing of short fragments is becoming more 
important for identifying microbial types, SNP typing, and gene 
expression analysis in the post genome era. Various new attempts 
[2, 3] along this line, such as sequencing by hybridization [4, 5], 
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sequencing by synthesis [6–8], and sequencing by exonuclease 
digestion [9–12], have been proposed. Pyrosequencing is a newly 
developed sequencing-by-synthesis method based on the biolumi-
nometric detection of inorganic pyrophosphates (PPi) coupled 
with four enzymatic reactions [13].

In the conventional pyrosequencing method, four enzymes are 
employed. They are DNA polymerase for extending DNA strands, 
ATP sulfurylase for converting PPi to ATP in the presence of ade-
nosine 5′ phosphosulfate (APS), luciferase for producing visible 
light by consuming ATP to convert luciferin to oxyluciferin, and 
apyrase for degrading ATP and unincorporated dNTPs into AMP 
and dNMPs. When the added dNTP is complementary to the base 
in a template strand hybridized with a sequencing primer, a strand 
extension reaction occurs. It is followed by ATP production and 
luciferase reaction. A light signal is detected as a peak in a pyro-
gram. The relative intensity of each peak is proportional to the 
number of incorporated nucleotides. Consequently, the nucleotide 
sequence is determined from the incorporated nucleotide species 
and the peak heights in the pyrogram. Pyrosequencing has several 
advantages over other new sequencing methods in terms of base- 
calling accuracy, system flexibility, and automating the whole 
sequencing process. It is thus becoming popular for SNP typing 
[14], microbial typing [15, 16], and resequencing [17].

Although pyrosequencing is based on a sensitive biolumino-
metric assay, it still requires DNA templates at a picomole level. In 
many cases, the reduction of template DNA amount as well as the 
reagent amount is preferable for reducing the sequencing cost, and 
a highly sensitive ATP detection is therefore required. However, in 
the conventional pyrosequencing method, a large background sig-
nal due to a side reaction of APS with luciferase makes a highly 
sensitive assay impossible as the concentration of luciferase cannot 
be much higher. In this report, we describe a novel method 
enabling pyrosequencing with a very small amount of template 
DNA by reducing the background due to the side reaction. It uses 
pyruvate orthophosphate dikinase (PPDK) [18, 19] instead of 
ATP sulfurylase to convert PPi into ATP in the presence of 
AMP. This system successfully demonstrated the long-read 
sequencing of up to 70 bases. Since the method is sensitive enough 
to sequence several femtomoles of DNA, a novel small and inex-
pensive DNA sequencer with a photodiode array as a sensor instead 
of a PMT or CCD camera can be constructed.

The detection of small amount of PPi produced during 
nucleotide incorporation reactions is very difficult in a luciferase 
assay with APS as a substrate because a large background is pro-
duced. Another way of producing ATP from PPi is to use PPDK 
and AMP. The enzymatic cycle reactions are shown in Eqs. (1) 
and (2), where AMP produced in Eq. (1) is converted to ATP 
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again by PPDK in the presence of PPi and phosphoenolpyruvate 
(PEP). As neither AMP nor PEP is a substrate for the luciferase 
reaction, a highly sensitive ATP detection is possible by increas-
ing the luciferase amount in the reaction mixture. The cycle 
reaction continues for a long time by consuming PEP (Eq. (1)) 
and luciferin (Eq. (1)). A constant signal intensity, which enables 
the use of a large amount of luciferase to realize long-time signal 
integration for highly sensitive detection, is therefore observed. 
By optimizing the conditions of these reactions, ATP as low as 
0.4 amol could be detected [18].

 AMP PPi+ + ¾ ®¾¾¾¾ + +
+

PEP ATP Pyruvate PiPPDK Mg, 2

 (1)

 ATP Luciferin O AMP Oxyluciferase COLuciferase Mg+ + + +¾ ®¾¾¾¾¾
+

2

2,
22 + +PPi Light  (2)

The detection target in pyrosequencing is PPi, and the princi-
ple of the proposed pyrosequencing is shown schematically in 
Fig. 1. All reactions including DNA strand extension, ATP pro-
duction from PPi, luminometric reaction, and degradation of 
dNTP by apyrase are carried out in one tube. The reaction mixture 
contains all of the substrates and enzymes together. After hybrid-
izing a sequencing primer to a single-stranded DNA template, the 
primer extension starts by the addition of dNTP only when the 
added dNTP is complementary to the base of the template. The 
dNTP incorporation reaction produces PPi, which reacts with 
AMP to produce ATP in the presence of PPDK. The ATP is used 
to convert luciferin to oxyluciferin with the release of visible light. 
The luminescence is proportional to the number of nucleotides 
incorporated. The base sequence can then be determined from the 
luminescence intensity and the iterative base addition sequence.

Fig. 1 Principle of pyrosequencing using PPDK for converting PPi to ATP
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2 Materials

 1. Thermostable PPDK (8.6 U/mg of protein, 24 mg of protein/
mL) and thermostable luciferase (1.4 × 1011 RLU/mg of pro-
tein, 18 mg of protein/mL) were supplied by Kikkoman 
(Chiba, Japan).

 2. d-Luciferin, luciferase Photinus pyralis (firefly), phosphoenol-
pyruvate trisodium (PEP), pyrophosphate decahydrate (PPi), 
ATP sulfurylase, apyrase-VI, bovine serum albumin (BSA), 
and APS were purchased from Sigma (St. Louis, MO).

 3. 2′-deoxyadenosine-5′-O-(1-thiotriphosphate), Sp isomer 
(Sp-dATP-α-S) was from Biolog Life Science Institute 
(Bremen, Germany).

 4. Single-stranded DNA binding protein (SSB), deoxynucleotide 
(dNTPs) were purchased from Amersham Biosciences 
(Piscataway, NJ).

 5. Exo-Klenow was purchased from Ambion (Austin, TX).
 6. Inorganic pyrophosphatase (40 U/mL) was obtained from 

USB Corp. (Cleveland, OH).
 7. Platinum Taq DNA polymerase was purchased from Invitrogen 

(Carlsbad, CA).
 8. Poly(vinylpyrrolidone) (PVP), dNTPs, and QuantiLum 

recombinant luciferase were purchased from Promega 
(Madison, WI).

 9. Sodium DynabeadsM-280 streptavidin (2.8-μm i.d.) was pur-
chased from Dynal A. C. (Oslo, Norway).

 10. ATP and AMP were obtained from Oriental Yeast (Osaka, 
Japan).

 11. The oligonucleotides were purchased from Sigma Genosys 
(Hokkaido, Japan). PCR primers were 5′-tgttgaagtaccagcatg-
cac- 3′ (TF) and 5′-biotin-aaaattacttaccatttgcgatca-3′ (TRb) 
for amplifying TPMT gene (NCBI accession no. AB045146), 
and 5′-biotin-cagcagaggggacatgaa-at-3′ (UFb) and 5′-caaaaa-
cattatgcccgagac- 3′ (UR) for amplifying UGT1A1 gene (NCBI 
accession no. NM_000463).

3 Methods

 1. Genomic DNAs were extracted from the blood of volunteers 
in our laboratory with Dnazol reagent (Invitrogen). The tem-
plate DNA was obtained by PCR reactions with primer pairs of 
TF and TRb from human genomic DNA to get 181-bp frag-
ments of TPMT gene, and with primers of UF band UR to get 
151-bp fragments of UGT1A1 gene.

3.1 Template DNA 
Preparation

Guohua Zhou et al.
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 2. Fifty microliters of each PCR reaction mixture contained 1.5 
mM MgCl2, 0.2 mM of each dNTP, 1.25 U of Platinum Taq 
polymerase, 20 pmol of biotinylated primer, and 40 pmol of 
another primer.

 3. Amplification was performed on a PTC-200 thermocycler 
PCR system (MJ Research, Inc.) according to the following 
protocol: denaturing at 94 °C for 2 min, followed by 35 ther-
mal reaction cycling (94 °C for 30 s; 56 °C for 60 s; 72 °C for 
60 s). After the thermal cycle reaction, the product was incu-
bated at 72 °C for 7 min to ensure the complete extension of 
the amplified DNA.

 4. Super-paramagnetic beads were used to immobilize biotinyl-
ated PCR products. The immobilization was performed by 
incubating the mixture of DNA and beads at room tempera-
ture for 40 min. Single-stranded DNAs were obtained by incu-
bating the immobilized double-stranded DNAs in 0.1 M 
NaOH for 5 min. The supernatant fluid was neutralized by 
1 M HCl, and the immobilized DNA strand was washed 
according to the manufacturer’s instructions.

 5. Annealing of a primer with the single-stranded template was 
carried out in the buffer of 50 mM tris–acetate (pH 7.8) and 
20 mM magnesium acetate at 92 °C for 30 s, 65 °C for 3 min, 
and room temperature for 5 min.

One milliliter of the AMP–PPDK-based sequencing mixture (see 
Note 1) contained the following components: 60 mM Tricine 
(pH 7.8), 2 mM EDTA, 20 mM magnesium acetate, 0.2 mM 
dithiothreitol, 0.4 mM d-luciferin, 0.08 mM PEP (see Note 2), 
0.4 mM AMP, 0.1 % BSA, 50 U of Exo-Klenow, 15 U of PPDK, 
2 U of apyrase (see Note 3), and an appropriate amount of lucif-
erase (see Note 4).

For comparison, the buffer condition for the APS–ATP sulfurylase 
system [20, 21] (see Note 5) was the same as that for the AMP–
PPDK system. One milliliter of solution contained the following 
components: 60 mM Tricine (pH 7.8) (see Note 6), 2 mM EDTA, 
20 mM magnesium acetate, 0.2 mM dithiothreitol, 0.4 mM 
d-luciferin, 0.1 % BSA, 5 μM APS, 200 mU of ATP sulfurylase, 50 
U of Exo-Klenow, 2 U of apyrase and an appropriate amount of 
luciferase.

 1. The PCR products obtained with primers of TF and TRb and 
primers of UFb and UR were sequenced by conventional 
Sanger’s method on an ABI Prism 310Genetical Analyzer. The 
purified PCR products were sequenced with a Thermo 
Sequenase sequencing kit (RPN2440, Amersham) using the 
primers described above.

3.2 Preparation 
of AMP–PPDK- Based 
Sequencing Solution

3.3 Preparation 
of the Conventional 
APS–ATP Sulfurylase-
Based Sequencing 
Solution

3.4 Gel-Based DNA 
Sequencing
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 2. The sequencing reaction was carried out on a PTC200 instrument 
at 96 °C for 2 min, followed by 25 thermal reaction cycles (96 
°C for 10 s; 50 °C for 5 s; 60 °C for 4 min). The products were 
recovered by ethanol precipitation.

 1. We used two types of instruments for pyrosequencing. One 
was an in-house pyrosequencer, which employed capillaries for 
dispensing small amounts of dNTPs into the reaction chamber, 
for evaluation as previously reported [21]. A side-on photo-
multiplier tube (PMT, R6355, Hamamatsu Phonics K. K., 
Shizuoka, Japan), an amplifier (AMP, NF Corp., Yokohama, 
Japan), a power supply (C3830, Hamamatsu Phonics K. K.), 
and a computer for collecting data were used. The diameter of 
the capillary used for connecting dNTP reservoirs to the reac-
tion chamber was 50 μm. The whole system was packed into a 
small box and vibrated by a Votex mixer.

 2. The other was a small prototype pyrosequencer developed in 
our laboratory. It used an array of photodiodes (S1133; 
Hamamatsu Photonics K.K.) to detect photo signals instead of 
PMT. The array of photodiodes was placed on a base plate hav-
ing in-house-produced amplifiers [22]. A resistor for convert-
ing a photocurrent to a voltage was 1010 Ω, and the gain of a 
buffer amplifier was 17.85. Transmission efficiency at the 
detector surface is 92 %. To vibrate the reaction chamber, a cell 
phone motor fixed on the base support was employed. A plate 
holding the reaction chambers was vibrated with the motor.

4 Method Validation

The optimum pH values for PPDK, Exo-Klenow, luciferase, and 
apyrase reactions are 7.0, 8.0, 7.8, and 6.0, respectively (accord-
ing to the protocols by the manufacturers). As all of the enzymatic 
reactions are carried out in a single tube, the pH value should be 
optimized. The peak intensities obtained at various pHs of tricine- 
HAc buffer in a range of pH 7.2–8.2 are shown in Fig. 2. They are 
in good proportion to the number of incorporated nucleotides in 
a pH range higher than 7.4, although the signal intensities 
obtained at pH 7.2 are not in good proportion to the number of 
incorporated nucleotides. The pyrograms also indicate that peak 
intensities decrease gradually with the increase of buffer pH while 
the activity of luciferase increases with the increase of the buffer 
pH [23]. On the other hand, the activity of apyrase is reduced at pH 
higher than 6.0; the signal should thus be increased at the high 
pH region. Therefore, the reduction of signal intensities with the 
increase of the pH value in Fig. 2 does not originate in the activ-
ity changes of luciferase or apyrase, but is likely due to the activity 
change of PPDK because PPDK is significantly deactivated at a 
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high pH region [23]. Considering that the optimum pH for 
Klenow or luciferase is about pH 8, we determined the pH value 
of the sequencing reaction buffer to be 7.8.

In pyrosequencing, it is very important to select an appropriate 
concentration of apyrase. This is because insufficient apyrase will 
cause a plus frame shift of a sequencing profile, where some of the 
extended DNA strands are longer than expected as the degradation 
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Concentration 
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Fig. 2 pH dependence of DNA sequencing patterns determined from AMP–PPDK- 
based pyrosequencing reactions. The pH of the buffer is indicated in the right 
side of each sequencing profile. The buffer was 60 mM tricine, and HAc was 
used to adjust the pH. The DNA template was single-stranded PCR products of 
UGT1A gene. The cyclic dNTP dispensing order was A → T → G → C → A. The 
base species on the top of each peak indicated the sequence complementary to 
the template. The detection was carried out by PMT at 800 V
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of dNTP is not completed before dispensing the subsequent 
dNTP. On the other hand, a minus frame shift, where some of the 
extended DNA fragments are shorter than expected, occurs when 
an excess amount of apyrase is present in the sequencing mixture. 
Pyrograms obtained at various concentrations of apyrase are 
shown in Fig. 3. The sequence complementary to the template 
is “AGTTGTCCT,” which is indicated at the top of each peak.  
A plus frame shift is observed in the pyrograms obtained at low 
apyrase concentrations. For example, when dCTP was dispensed 
after the sequence of “AGTTG,” the undesired signals marked 
with the dotted line circles at “c” appeared in Fig. 3e, d. These 
signals are due to the incorporation of two bases “CC” into the 
T-terminated undesired fragments (AGTTGT) produced by small 
amounts of undegraded dTTP at the preceding dGTP dispension. 
Since a part of the fragments were already incorporated with dCTP 
at an early stage, the peak CC marked with a short dash-dotted 
cycle (Fig. 3d, e) is lower than the height of a two-base extension. 
For the same reason, the peaks T marked with dotted rectangles 
are also lower than the expected height, but they have the signal 
intensity close to that of a one-base incorporation. This is because 
the signal decrease is compensated by the undesired extension 
from another T following the CC sequence. The plus frame shift 
disappears by increasing the concentration of apyrase (Fig. 3a–c). 
However, a large amount of apyrase causes a rapid degradation of 
dNTPs, so that a minus frame shift appears in the pyrograms, as 
indicated by a and g marked with arrows in Fig. 3. Peaks G and T 
after peak TT are higher than peaks G and A before peak TT 
because of the extra signals produced by the incomplete nucleotide 
incorporation reactions in the previous steps. No minus frame shift 
was observed for the first three peaks A, G, and TT even though a 
large amount of apyrase was used. This is because the minus frame 
shift only occurs when the same base is present in the upward 
sequence. The minus frame shift can be reduced by decreasing 
the apyrase concentration in the sequencing solution (Fig. 3c). 
Although a low apyrase concentration is effective for removing the 
minus frame shift, it requires a long time to degrade the dispensed 
dNTP; therefore, a long sequencing time is required. We overcame 
this difficulty by using a rather high apyrase concentration (2 U/mL) 
coupled with a double- dispensing method, where the same dNTP 
species was dispensed repeatedly in a short period of time.

The determination of base numbers in homopolymeric stretches is 
very important. It is carried out by the quantitative detection of 
peak heights in pyrosequencing because peak intensities should be 
in proportion to the base numbers incorporated at a time. To 
investigate the relation between peak heights and the number of 
incorporated bases, different template DNAs prepared from TPMT 
and UGT1A1 genes were investigated. The pyrograms are shown 
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in Fig. 4, which clearly shows a linear relationship between the 
peak heights and the number of incorporated bases up to four 
identical nucleotides in a homopolymeric stretch. In Fig. 4c, the 
peak intensity of G (marked by an arrow) was not in proportion 
to five Gs, although it was a little higher than that for four Gs. 
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Fig. 3 Pyrograms obtained with various amounts of apyrase in an AMP–PPDK- 
based system. Programs (a–e) were obtained with the apyrase concentrations of 
6.7 mU/μL, 3.3 mU/μL, 2.2 mU/μL, 1.1 mU/μL, and 0.6 mU/μL, respectively. The 
DNA template was a single-stranded PCR product of UGT1A gene. The dNTP 
dispensing order was A → T → G → C → A. The base species on the top of each 
peak indicated the sequence complementary to the template. The detection was 
carried out by PMT at 800 V
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When the double dispension of the same dGTP was carried out to 
complete the incorporation reaction of base G, a peak after the 
second dispension should appear if the incorporation of base G was 
incomplete. However, no peak was observed. This might be due to 
the formation of secondary structures in the template. We also 
found an unexpected signal increase just behind a homogeneous 
stretch (containing more than four identical bases) such as peak A 
and peak G (marked by dotted arrows in Fig. 4b, c, respectively). 
Further investigation will be necessary to understand this 
phenomenon.

To compare the two systems at the same conditions, all of the com-
ponents including pH and buffer species in the reaction mixtures 
were kept identical except for the use of APS and ATP sulfurylase 
in APS–ATP sulfurylase-based mixture and AMP, PEP, and PPDK 
in the AMP–PPDK-based mixture. The details of each mixture 
were described in the experimental section. Almost the same pho-
toemission profiles were obtained by the addition of ATP and PPi 
or by the nucleotide incorporation reactions in both systems. There 
was no large difference in the photo emission between the two 
systems as far as the same reaction conditions, such as luciferase 
and reaction buffers, were used. Good pyrograms for UGT1A1 
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genes were obtained in both systems. However, a high background 
signal due to APS was observed in the conventional pyrose-
quencing. Although the signal intensities increase with the amount 
of luciferase, a large luciferase amount could not be used in the 
conventional system because of the high background signal. 
Consequently, the detection sensitivity in the conventional system 
is significantly limited. On the contrary, almost no background sig-
nal appeared in a pyrogram obtained with the present system based 
on the AMP–PPDK system. A highly sensitive detection of PPi as 
small as 18 fmol could be realized as shown in Fig. 5. The signal 
intensity increased with the amount of luciferase, as shown in 
Fig. 6b and the line (Sig + BG)n in Fig. 5c, while the background 
stayed constant even at a high concentration of luciferase, as shown 
by line (BG)n in Fig. 5c. While, the background signal increased 
due to the APS reaction with luciferase as well in the conventional 
system as shown in Fig. 5a and line (BG)C in Fig. 5c. The large 
background prevented the highly sensitive detection of PPi by con-
ventional pyrosequencing reactions, as shown in Fig. 5a and lines 
(BG)C and (Sig + BG)C in Fig. 5. Consequently, the present system 
based on the AMP–PPDK reaction allows the detection or sequenc-
ing of trace DNAs by increasing the amount of luciferase.

Long-base reading is of great importance in applying pyrosequenc-
ing to microbial typing as well as mutation screening and rese-
quencing. Base reading up to 100 bases was reported by the 
conventional pyrosequencing system with APS–ATP sulfurylase 
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Fig. 5 Comparison of the present system based on AMP–PPDK reaction with the conventional system based 
on APS–ATP sulfurylase reaction. The signal intensities obtained with 18 fmol of PPi in 40 μL of reaction mix-
ture at various amounts of luciferase (Kikkoman) were obtained. Graph A shows the baselines and the signals 
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and dATPαS [24]. The performance of the present AMP–PPDK 
system for long-base reading was investigated. To improve the 
accuracy of base calling, single-stranded DNA-binding protein 
(SSB) was used [25, 26]. As shown in Fig. 6, DNA sequencing up 
to 70 bases was successfully carried out, although the proportion 
of the peak intensities to the incorporated base number was worse 
in a long-base region. More than 100 bases could be identified; 
while the sequence data of the last 30 bases were not good enough 
for sequencing accurately. The readable base length was limited 
mainly by the undesired peaks due to secondary structures of a 
template, misannealing of a sequencing primer to the target, and 
frame shifts due to incomplete extension reactions. Besides the 
addition of SSB for improving the sequencing quality, the double 
dispension of each dNTP was effective to minimize minus frame 
shifts that accumulate incomplete extension products.

The present sequencing system gave a high detection sensitivity 
because of the low background signal. As a large amount of lucif-
erase could be employed without producing a large background, 
a small amount of DNA could be sequenced by a simple and inex-
pensive DNA sequencing system with an inexpensive photodiode 
(PD) array instead of a PMT or CCD camera. Although the sen-
sitivity of the constructed device was one order of magnitude 
lower than that with a PMT, it was sensitive enough for pyrose-
quencing based on the proposed AMP–PPDK system. To demon-
strate the sequencing capability of the prototype instrument with 
a PD array, a 181-bp single-stranded PCR fragment of TPMT 

4.6 Inexpensive 
Detector 
for Pyrosequencing 
and the Detection 
Limit

Fig. 6 Long-base read pyrogram obtained using single-stranded DNA-binding protein (SSB). The sequencing 
was performed on the liquid phase of the single-stranded 181-bp PCR products of TPMT gene. The dNTP 
dispensing order was A → T → G → C → A. A double dispension of the same dNTP was carried out when a peak 
occurred. The base species on the top of each peak indicated the sequence complementary to the template. 
The detection was carried out by PMT at 800 V
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gene and a 151- bp single-stranded PCR fragment of UGT1A1 
gene were sequenced by AMP–PPDK-based reactions (Fig. 7). 
It showed that the inexpensive sequencer works well.

5 Technical Notes

 1. Pyrograms at various amounts of AMP indicated a suitable 
AMP concentration of 0.1–0.4 mM for sequencing reactions. 
It was found that a high concentration of AMP inhibits the 
luciferase- catalyzed reaction; large amounts of AMP are there-
fore not preferable for pyrosequencing. Consequently, 0.4 
mM AMP was employed for a routine pyrosequencing.

 2. We did not observe any significant change in signal intensities 
in a range from 80 to 320 μM PEP, so 80 μM of PEP was used 
for a routine sequencing.

 3. Considering that the optimum pH for Klenow or luciferase is 
about pH 8, we determined the pH value of the sequencing 
reaction buffer to be 7.8.
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Fig. 7 Pyrograms obtained by using an inexpensive photodiode array as the 
detector. The sequencing detection was performed on 250 fmol of the liquid 
phase of single-stranded PCR products of UGT1A1 gene (a) and TPMT gene (b) 
simultaneously. The dNTP dispensing order was A → T → G → C → b (blank). A 
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between two different dNTP dispensations was 120 s. The base species on the 
top of each peak indicated the sequence complementary to the template. The 
detection was carried out by a PD array
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 4. DNA sequencing at various concentrations of luciferase is 
shown in Fig. 8. A small amount of DNA could be sequenced 
with a large amount of luciferase even if a photodiode detector 
was used. While as small as 2.5 fmol of DNA was successfully 
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Fig. 8 Sensitivities in pyrosequencing with various amounts of luciferase obtained 
by using an inexpensive photodiode array as the detector. The measurements 
were performed with 500 fmol (a), 125 fmol (b), 12.5 fmol (c), and 2.5 fmol (d) of 
the liquid phase of single-stranded PCR products of TPMT gene, respectively. The 
concentration of luciferase was 0.1 GLU/25 μL, 0.4 GLU/25 μL, 4 GLU/25 μL, and 
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apyrase was the half of that described in the experiment section. The concentra-
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dATPαS. The dNTP dispensing order was A → T → G → C → b (blank). The base 
species on the top of each peak indicated the sequence complementary to the 
template. The detection was carried out by a PD array
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sequenced by increasing the luciferase amount to 20 GLU/25 μL 
(Fig. 8d). This amount was at least two orders of magnitude 
lower than that consumed in a conventional pyrosequencing 
system.

 5. All of the enzymatic reactions used in the conventional pyrose-
quencing based on the APS–ATP sulfurylase system were con-
cordant at room temperature. However, the optimum 
temperature for PPDK-catalyzed reaction was rather high, i.e., 
55–60 °C, and the activity went down to 20 % of the maxi-
mum value at room temperature [23]. To compensate the low 
activity of PPDK at room temperature, a large amount of 
PPDK, i.e., 15 U/mL, was used. And it was clarified from the 
experiment that ~83 % of PPi was converted into ATP at room 
temperature.

 6. A large amount of apyrase causes a rapid degradation of dNTPs 
while a low apyrase concentration is effective for removing the 
minus frame shift, it requires a long time to degrade the dis-
pensed dNTP; therefore, a long sequencing time is required. 
We overcame this difficulty by using a rather high apyrase con-
centration (2 U/mL) coupled with a double-dispensing 
method, where the same dNTP species was dispensed repeat-
edly in a short period of time.
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    Chapter 9   

 Pyrosequencing Chemistry Coupled with Modifi ed Primer 
Extension Reactions for Quantitative Detection of Allele 
Frequency in a Pooled Sample                     

     Guohua     Zhou      ,     Masao     Kamahori    ,     Kazunori     Okano    ,     Gao     Chuan    , 
    Kunio     Harada    , and     Hideki     Kambara     

  Abstract 

   A new method for SNP analysis based on the detection of pyrophosphate (PPi) is demonstrated, which is 
capable of detecting small allele frequency differences between two DNA pools for genetic association 
studies other than SNP typing. The method is based on specifi c primer extension reactions coupled with 
PPi detection. As the specifi city of the primer-directed extension is not enough for quantitative SNP analy-
sis, artifi cial mismatched bases are introduced into the 3′-terminal regions of the specifi c primers as a way 
of improving the switching characteristics of the primer extension reactions. The best position in the 
primer for such artifi cial mismatched bases is the third position from the primer 3′-terminus. Contamination 
with endogenous PPi, which produces a large background signal level in SNP analysis, was removed using 
PPase to degrade the PPi during the sample preparation process. It is possible to accurately and quantita-
tively analyze SNPs using a set of primers that correspond to the wild-type and mutant DNA segments. 
The termini of these primers are at the mutation positions. Various types of SNPs were successfully ana-
lyzed. It was possible to very accurately determine SNPs with frequencies as low as 0.02. It is very repro-
ducible and the allele frequency difference can be determined. It is accurate enough to detect meaningful 
genetic differences among pooled DNA samples. The method is sensitive enough to detect 14 amol ssM13 
DNA. The proposed method seems very promising in terms of realizing a cost-effective, large-scale human 
genetic testing system.  

  Key words     SNP  ,   Bioluminometric assay  ,   Specifi c primer extension reactions  

1       Introduction 

 Single nucleotide polymorphisms (SNPs) are the most frequent 
form of sequence variation among individuals and may be respon-
sible for a number of  heritable diseases  . As approximately one 
nucleotide in every 1000 bases is estimated to differ between any 
two copies in the human chromosome, more than 3,000,000 SNPs 
may be present in the whole human genome [ 1 ] .  Some of these 
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may be the causative factors of serious diseases. It is necessary to 
analyze a tremendous number of individual DNA samples at vari-
ous loci to clarify the relationships between SNPs and diseases. 
Consequently, an extremely effi cient technology for screening 
large numbers of SNPs in samples from many patients and with 
high throughput, relative ease, low cost, and high accuracy will be 
required for both basic research and routine diagnostic testing. 
Many methods have been developed as attempts to achieve these 
 goals  , including electrophoresis [ 2 ,  3 ], amplifi cation refractory 
mutation system (ARMS) [ 4 ], Invader [ 5 ,  6 ], 5′-nuclease TaqMan 
[ 7 ,  8 ], dynamic allele-specifi c hybridization (DASH) [ 9 ], molecu-
lar beacon probes [ 10 ], mass spectrometry [ 11 ,  12 ], pyrosequenc-
ing [ 13 – 15 ], DNA chips [ 3 ,  16 ], electric fi eld-controlled nucleic 
acid hybridization [ 17 ,  18 ], electrocatalysis [ 19 ], and bead tech-
nology [ 20 ,  21 ]. Each method has its  advantages and disadvan-
tages  , and these have been covered in several reviews [ 22 – 25 ]. 
Most of these methods are for typing one SNP or multiple SNPs 
for one individual at a time. To associate SNPs with diseases, we 
have to analyze multiple SNPs for large numbers of patient samples 
and control samples. This will be a time-consuming and laborious 
task. An alternative method is to quantitatively investigate pooled 
DNA samples [ 16 ,  26 ]. 

 When the  frequency   of a given allele within the population is 
very low, such as ≤1 %, this will represent a rare case and should be 
considered individually. Here, targets should be those that appear 
more frequently. An allele that appears with a frequency of <5 % is 
likely, in most circumstances, to be of very minor importance in its 
effect on a population. Therefore,  polymorphisms   that occur with 
a frequency of at least 5 % in normal individuals are usually consid-
ered for further analysis when searching for SNPs in genes that 
might have meaningful associations with diseases [ 27 ]. To deter-
mine this small frequency value in DNA pools with a high degree 
of accuracy, an approach with a high specifi city and reproducibility 
is necessary. 

 We propose a method which provides the required accuracy in 
determining allele frequencies. The method  uses   specifi c primer 
extension reactions coupled with detection of inorganic pyrophos-
phate (PPi) by a  bioluminometric method   in which luciferin and 
luciferase are employed. The primer extension produces a long 
strand of complementary DNA as well as a lot of PPi which can be 
easily detected by bioluminometric methods. The key points in the 
technology are how to improve the specifi city of primer extension 
(switching of extension reactions according to allele species) and to 
reduce background signals caused by contaminant PPi in the 
reagents and by thermal decomposition of dNTPs at high exten-
sion  temperatures  . A specifi c primer extension can be controlled by 
a match or mismatch at the 3′-terminus of the primer which is 
hybridized to the target. This technique is frequently used to 
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distinguish a variant from the wild type. Switching of the primer 
extension reaction by nucleotide variations must be accurately 
controlled for SNP typing. The  switching characteristics   are 
improved by repeated extension reactions (ARMS; [ 4 ]) or by mod-
ifying the primer sequences. We have successfully used  DNA prim-
ers   that contain mismatched bases near their 3′-termini to reduce 
false- positive signals in selective primer extension reactions [ 28 ]. 
In the work presented here, we use this technology to increase the 
switching characteristics of primer extension.  Bioluminescence 
assay  , which is based on detecting the PPi released during incorpo-
ration of dNTP into the template, has been used successfully in 
pyrosequencing [ 13 ] as well as in a form of antibody assay in which 
a dendritic DNA is used as the label [ 29 ]. However, endogenous 
contaminant PPi in reagents must be removed to obtain high 
sensitivity. 

 After artifi cially introducing a mismatched base into the 3′-ter-
minal region of the primer and optimizing the conditions of reac-
tion for PPi assay, the method becomes applicable to highly 
accurate determination of  allele frequency  . Here, we report on the 
characteristics of the method and the experimental conditions for 
determination of allele frequency. 

 The principle of allele frequency determination is shown in 
Fig.  1 , where two specifi c primers are used to discriminate wild- 
type and mutant DNA. In the fi rst step, genomic DNA gathered 
from multiple patients (or from control subjects) is equally mixed 
prior to preparation of the DNA samples. The mixed DNA is then 
amplifi ed by PCR (Polymerase Chain Reaction) followed by single- 
strand DNA separation, for which a bead technology is used. 
Finally, the sample is divided into two equal aliquots, and one of 
the two primers is then added. After a  primer-directed polymerase 
extension   with all four deoxynucleotides, PPi is produced if the 
3′-terminus of the specifi c primer is complementary to the base in 
the template. The released PPi can be converted to ATP with ade-
nosine 5′-phosphosulfate (APS) and ATP sulfurylase. A  luciferin 
and luciferase assay   can then be used to detect the ATP. When 
there is a mismatch in the primer–template duplex at the 3′-termi-
nus of the primer, either no PPi or a very small amount of PPi is 
released. The match or mismatch at the 3′-terminus of the primer–
DNA duplex thus acts as a switch in DNA strand extension. The 
signal intensities obtained from the two aliquots can be used to 
determine the frequency of the alleles. However, the switching 
characteristics of the primer for starting the extension reaction are 
not perfect; mismatched primer extension frequently occurs. Such 
reactions make it diffi cult to correctly determine frequencies of 
alleles. To minimize the occurrence of false-positive signals, a mis-
matched nucleotide is artifi cially introduced into the 3′-terminal 
region of each specifi c primer employed in the strand extension, as 
shown in Fig.  2 . In order to prevent mismatch extension, the 

Pyrosequencing Chemistry Coupled with Modifi ed Primer Extension Reactions…



98

artifi cial mismatched nucleotide in the primer is designed so that it 
is the same as the nucleotide at the corresponding position of the 
template. Since a single potential mutation site exists on both 
strands, the accuracy of the allele frequency at a site can be improved 
by analyzing the two complementary strands. As strand extension 
proceeds by several hundred steps at a time, the amount of PPi 
produced is more than two orders of magnitude greater than that 
produced in pyrosequencing. A small amount of DNA can thus be 
used for the analysis of SNPs.

Blood

1 2 n

Get sample from a patient group
or a control group

Mix with equal number of white
cells from each blood

Extract DNA from blood

PCR with one biotin primer

Prepare ssDNA by bead immobilization
and alkali treatment

Extension with artificial mismatch primer
specific to wildtype and mutant
respectively

Conversion of PPi to ATP and light
generation by luciferin and
luciferase

intensity(mut)
intensity(mut)

intensity(mut) + intensity(wt) 

intensity(wt)

frequency of mutant=

Luminescence

PPi

primer−wt primer−mut

ssDNA

PCR product

DNA template

Blood mixture

  Fig. 1    The  principles   of allele frequency assay using PPi detection coupled with strand extension of two prim-
ers specifi c to the allele. Only matched primers can be extended to produce PPi. The PPi is then used to emit 
bioluminescence       
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    This approach is  called   bioluminometric assay using a modifi ed 
primer extension reaction (BAMPER).  

2      Materials   

     1.    Platinum  Taq  DNA polymerase was purchased from Gibco 
BRL Life Technologies (Grand Island, NY).   

   2.    Polyvinylpyrrolidone (PVP), dNTPs, and QuantiLum recom-
binant luciferase (95 %) were purchased from Promega 
(Madison, WI).   

   3.    Sodium pyrophosphate decahydrate (PPi), ATP sulfurylase, 
apyrase VI, bovine serum albumin (BSA),  D -luciferin, inor-
ganic pyrophosphatase (PPase), and APS were purchased from 
Sigma (St. Louis, MO).   

   4.    Dynabeads M-280 Streptavidin (2.8 μm i.d.) was from Dynal 
(Oslo, Norway).   

   5.    Sodium 2′-deoxyadenosine 5′- O -(1-triphosphate) (dATPαS) 
was from Amersham Pharmacia Biotech.   

   6.    The intensity of bioluminescence was measured using a lumi-
nometer made in our laboratory consisting of a side-on 

  Fig. 2    A mismatch base artifi cially introduced into primers at the third position 
from the 3′-terminus improved the switching characteristics of primer extension 
reactions. To detect the mutant or wild-type DNAs, two extension reactions are 
carried out, and the emissions were compared to determine the heterozygosity 
or allele frequency       
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 photomultiplier tube (R6355; Hamamatsu Photonics, Shizuoka-
ken, Japan), an amplifi er (AMP; NF Corp., Yokohama, Japan), 
a power supply (Matsusada Precision, Japan), and a Hitachi 
D-2500 recorder (Hitachi, Tokyo, Japan).   

   7.    The data was acquired with LabVIEW software (National 
Instruments, Austin, TX).   

   8.    All the oligonucleotides were synthesized and purifi ed by 
Amersham Pharmacia Biotech (Hokkaido, Japan).      

3     Methods 

       1.    Reagents such as dNTPs and ATP sulfurylase generally contain 
a lot of endogenous PPi. To obtain high sensitivity, PPase was 
used to degrade endogenous PPi before the nucleotide incor-
poration reaction ( see   Note 1 ).   

   2.    To remove PPi in dNTPs, 50 μL of 10 mM dNTPs containing 
25 mM magnesium acetate tetrahydrate and 5 mM Tris–ace-
tate, pH 7.7, was incubated with 0.4 U PPase for 30 min at 
room temperature.   

   3.    Excess PPase was removed by ultrafi ltration through a centrif-
ugal fi lter tube with a nominal molecular weight cutoff of 
10,000 (Millipore, Japan). To remove PPi in the PPi detection 
mixture, PPase was directly added to the solution before add-
ing APS, and the solution was incubated for 30 min at room 
temperature ( see   Note 2 ).      

       1.    A partial sequence of the P53 gene (exon 8) was synthesized 
and used as a model target, called P53-A. The sequence was 
5′-CTTTCTTGCGGAGATTCTCTTCCTCTGTGCGC
CGGTCTCTCCCAGGACAGGCACAAACACGCAC
CTCAAAGCTGTTCCGTCCCAGTAGATTACCA- 3′.   

   2.    To investigate the primer extension characteristics, we prepared 
four target DNAs which were denoted P53-C, P53-T, P53-G, 
and P53-A. Their sequences were identical except for the base 
species at the polymorphic site position 55 (underlined). As 
P53-T is the mutant of P53-A, they are termed P53Mut and 
P53Wt, respectively, here. The primers specifi c to each template 
described above were 5′-AACAGCTTTGAGGTGCGTGTTN- 3′ 
(N = A, C, T, or G).   

   3.    To optimize the position of the artifi cially mismatched base in 
each primer ( see   Note 3 ), primer extension reactions were car-
ried out with various primers having an artifi cial mismatched 
base in a different position from the 3′-terminus, whose 
sequences were the same as the primers described above except 
for the artifi cial mismatched base.   

3.1  Degradation 
of Endogenous PPi 
Contamination 
in  Reagents  

3.2   Primer 
and Target Sequences  
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   4.    For determining the allele frequency of a site, the complemen-
tary strand of P53Wt was also analyzed; the specifi c primer for 
this strand was 5′-GGTCTCTCCCAGGACAGGCTCN-3′ 
(N = T or A). M13mp18 single-strand DNA (0.2 μg/μL), pur-
chased from Takara (Shiga, Japan), was used as the template 
DNA to evaluate the sensitivity. The  extension   primer for M13 
was 5′-TGTAAAACGACGGCGAG-3′.      

       1.    Genome DNA was extracted from the blood (supplied by vol-
unteers in our laboratory) using DNAzol reagent (Gibco BRL, 
Life Technologies). DNA fragments used for SNP detection 
were amplifi ed from the genomic DNA by PCR with a PTC- 
225 thermocycler system (MJ Research, MA) according to the 
following procedure: denaturation at 94 °C for 2 min, fol-
lowed by 35 cycles of 94 °C for 30 s, 57 °C for 60 s, and 72 °C 
for 1 min, with a fi nal incubation at 72 °C for 5 min.   

   2.    The primers for amplifying the P53 exon 8 fragment were 
5′-biotin-gtcctgcttgcttac-ctcgcttagt-3′ and 5′-acctgatttccttact-
gcctcttgc- 3′. The PCR products were purifi ed using a QIAquick 
PCR purifi cation kit (Qiagen, Hilden, Germany).   

   3.    After purifi cation and quantifi cation, the single-strand DNA 
was trapped on streptavidin-coated magnetic Dynabeads 
M-280 and then recovered using 0.1 M NaOH.      

       1.    A thermostable  DNA polymerase   without exonuclease activity 
was used for the allele-specifi c extension reaction. The reaction 
mixtures contained 50 mM KCl, 20 mM Tris–HCl pH 8.4, 
1.5 mM MgCl 2 , 50 μM dNTPs ( see   Note 4 ), 50 nM SNP 
primers, 0.05 U/μL Platinum  Taq  DNA polymerase, and syn-
thetic oligonucleotides or PCR products.   

   2.    Each reaction mixture of 10 μL was incubated at 95 °C for 30 
s, 57 °C for 30 s, and 72 °C for 1 min in a PTC-225 thermo-
cycler (MJ Research). Finally, the product was kept on ice 
before the PPi assay.      

   The detection of PPi produced in the DNA polymerase reaction 
was carried out by a method similar to that reported by Ronaghi 
et al. except for the use of apyrase [ 13 ]. The reaction v o l u m e 
was 75 μL, containing 0.1 M Tris–acetate pH 7.7, 2 mM EDTA, 
10 mM magnesium acetate, 0.1 % BSA, 1 mM dithiothreitol, 2 μM 
APS ( see   Note 5 ), 0.4 mg/mL PVP, 0.4 mM  D -luciferin, 200 mU/
mL ATP sulfurylase, and 3 μg/mL luciferase. As described above, 
endogenous PPi was removed by incubating the mixture with 
PPase for 30 min before adding APS.   

3.3  Real Sample 
Preparation by  PCR  

3.4   Allele-Specifi c 
Extension Reactions  

3.5   PPi Detection  
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4     Method Validation 

   To improve the switching  characteristics   of specifi c primers, a sin-
gle base of each primer was modifi ed to create an artifi cial mis-
match in the primer–DNA duplex in the 3′-terminal region of the 
primer. This modifi cation of the primers improved the switching 
characteristics of primer extension according to the match or mis-
match at the 3′-terminus. The switching characteristics in terms of 
primer extension reactions were evaluated with a template DNA 
containing a partial sequence of the human P53 gene (exon 8). 
The base type at the polymorphic site is A for wild-type DNA and 
T for mutant DNA. These are referred to as P53Wt and P53Mut, 
respectively. Four groups of primers were prepared. Each group 
contained four primers with the four possible terminal bases. Their 
3′-termini are at the nucleotide position where a mutation can be 
observed. The fi rst group had no modifi cation in the terminal 
region. The other three groups contained a modifi cation to cause 
an artifi cial mismatch in the primer–DNA duplexes at the second, 
third, and fourth nucleotide positions from the 3′-termini of the 
primers, respectively. 

 Whether or not mismatch primer extension occurs depends on 
the DNA polymerase as well as on the annealing temperature used 
in the extension step. In general, higher temperatures are preferred, 
as they prevent mismatch primer extension. However, mismatch 
extension frequently occurs even at a high temperature such as 55 
°C. The artifi cial mismatch which  we   introduced at the third posi-
tion from the 3′-terminus of the primer prevents mismatch primer 
extension. As shown in Fig.  3 , mismatch primer extension, which 
otherwise produced a signal as strong as several tenths of the matched 
signal, was decreased to a few percent of the matched signal by the 
artifi cial introduction of a mismatched base into the third position 
from the 3′-terminus of the primer. Only the matched primers pro-
duced large signals resulting from strand extension. The primer 
extension reactions can thus be controlled by the match or mis-
match, at the 3′-terminus of the primer, with the template DNA. This 
switching characteristic in strand extension reactions is very accurate 
and is reliable enough to distinguish between wild-type and mutant 
DNAs. The ratios of mismatch extension products to match exten-
sion products were 0.66 % for primer A, which matched with 
P53Mut, and 1.4 % for primer T, which matched with P53Wt, as 
shown in Fig.  3c . This technique is thus successful as an accurate way 
of determining the frequencies of alleles.

   To confi rm the switching characteristics of primers in DNA 
strand extension reactions, the results for all four possible bases at 
 the   polymorphic site were investigated using synthesized P53 gene 
fragments. We refer to these as P53-A, P53-C, P53-T, and P53-G, 
respectively, according to the base in the allele. It was possible to 

4.1  Modifi cation 
of Primers and Their 
Switching 
Characteristics
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perfectly control all primer extension reactions by the terminal base 
match or mismatch, as long as specifi c primers with an artifi cial mis-
matched base at the third position from the 3′-terminus were used. 
As a small amount of strand extension from mismatched primers 
occurred, a calibration curve should be used to obtain an exact allele 
frequency. More recently, it has been reported that extension from a 
mismatched primer can be minimized by adding single-stranded 
DNA-binding protein (SSB) to the extension solution [ 30 ].  

   If, in the present experiment, it were possible to use an  ATP- 
degrading enzyme   such as apyrase (as used in pyrosequencing), 
any endogenous PPi would be effectively degraded in the presence 
of APS and ATP sulfurylase, which would make highly sensitive 
detection of newly produced PPi possible. Unfortunately, this 
approach is not applicable to the present system because having the 
degradation of PPi proceeding in competition with the PPi assay 
reaction would affect quantitative SNP determination. However, a 
reduction in the amount of endogenous PPi remains very impor-
tant in the realization of accurate allele frequency measurements. 
There are several possible sources of background signals. The 
reagents include a lot of PPi as a contaminant. Exogenous PPi is 

4.2  Factors 
Determining Levels 
of Background Signals 
and the Sensitivity 
of Detection

  Fig. 3     Comparison   of primer extensions for wild-type and mutant targets. In ( a ) there is no artifi cial mismatch 
base in the primer; while in ( b – d ) an artifi cial mismatch base has been placed at the second, third, and fourth 
positions from the 3′-terminus of the primer, respectively. The sequences of primers A, C, T, and G were the 
same except for the base at the 3′-terminus. The concentrations of template, primers, and each dNTP were 25 
nM, 50 nM, and 50 μM, respectively. The injection volume of the sample was 1 μL, which includes 25 fmol 
template. The intensities shown were normalized so that the maximum value in each fi gure is 100       

 

Pyrosequencing Chemistry Coupled with Modifi ed Primer Extension Reactions…



104

also produced by the thermal decomposition of dNTPs during the 
extension reactions. Furthermore, the APS used to convert PPi to 
ATP, and dATP, is a substrate of the  luciferin–luciferase reaction  . 

 In  pyrosequencing   with a commercial pyrosequencer, ~1 pmol 
of sample is required. The present experiment consumed only 10 
fmol, which is two orders of magnitude smaller than the quantity 
required for the current pyrosequencing method. When 10 fmol of 
template DNA was used to produce 55 base complementary 
strands, a signal intensity of ~100 mV was obtained in the present 
detection system. Background signals could be made very much 
smaller than this value by taking the following steps. 

 To analyze the  components   which affect bioluminometric 
measurement, various reagents were added to the bioluminometric 
detection system in a step-by-step fashion. The base solution con-
tained luciferin, luciferase, template DNAs, and polymerase. Even 
without adding other reagents such as  ATP sulfurylase  , the solu-
tion emitted a photo signal of 1.5 mV, which indicated that the 
reagents contained small amounts of endogenous ATP. By adding 
APS and ATP sulfurylase to the above solution, the background 
signal produced by endogenous PPi was evaluated as 146 mV, 
which included the contribution from the APS. As well as the con-
taminants in these reagents, solutions of dNTPs were found to 
contain a lot of endogenous PPi. As APS is an analog of ATP, it 
also reacts directly with luciferin to emit a photon, as has been 
reported previously [ 31 ]. Although dATP was a strong back-
ground source by reacting directly with luciferin to emit a photon, 
this was overcome by using dATPαS instead of dATP in BAMPER, 
a step that has previously been reported in work on pyrosequenc-
ing [ 13 ,  32 ]. 

 In general, DNAs produced by a PCR process include a lot of 
PPi as well as unreacted dATP. This leads to a large background 
signal in a subsequent luminometric assay. PPi is produced by PCR 
and thermal decomposition of  dNTPs   in the process of producing 
template DNA. This PPi and the dNTPs were removed by taking 
the following steps. The template DNA was initially purifi ed using 
a QIAquick PCR purifi cation kit. Single-stranded DNA was then 
prepared by a bead technology. Both endogenous PPi and residual 
dATP in PCR products were effi ciently removed by the purifi ca-
tion and bead washing procedures. As commercially available 
dNTP solutions contain large amounts of endogenous PPi, this 
PPi should be degraded using PPase, as described in Materials and 
Methods.  Exogenous PPi   is also produced by thermal decomposi-
tion of dNTPs. As such thermal decomposition will occur in the 
BAMPER process, we investigated this problem by heating  a   
dNTP mixture to different temperatures for 2 min as shown  in 
  Fig.  4 . Little decomposition of the dNTPs was seen below 70 °C, 
but this decomposition increased at higher temperatures. The use 
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of a thermostable DNA polymerase requires a hot start where the 
reaction mixture is heated to 95 °C. As decomposition of dNTPs 
is unavoidable in this case, reductions in the reaction time at high 
temperature and in the amounts of dNTPs present were both nec-
essary as ways of reducing the amount of dNTP decomposition 
products and thus the levels of background signals. Therefore, a 
short reaction time of 30 s at 95 °C and a reduced amount of 
dNTPs were used. To optimize this reduced amount of dNTPs, an 
experiment was carried out to determine the relationship between 
the amount of dNTPs and the  bioluminescence signal intensity   
produced by DNA extension reactions with 50 nM P53Wt, as 
shown in Fig.  5 . This indicated that the amount of PPi produced 
with 50 nM template DNA was unchanged with a dNTP concen-
tration >35 μM. So 50 μM of each of the dNTPs was a suitable 
concentration in this case. Since the amount of dNTPs was depen-
dent on the amount of template used and the extension base 
length, we were able to adjust the amount of template on the basis 
of its extension base length. A concentration of 10–50 nM tem-
plate P53Wt with an extension base length of 54 was appropriate 
for routine analysis, so 50 μM each dNTP with 50 nM template, 
P53Wt, was enough in most cases. This was about one-quarter of 
the amount of dNTPs used in the normal PCR protocol. The blank 
signal was decreased from 95 to 10 mV by this optimization. The 
background of the solution for detecting PPi was reduced to 6.5 
mV by using PPase to degrade the PPi. This value was small enough 
to allow the detection of 10 fmol target DNA.

  Fig. 4     Signal intensity   change from decomposition of dNTPs for 2 min at various 
temperatures. The concentration of each dNTP was 20 nM       
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    In  BAMPER  , the addition of PPase to the reaction solution as 
an agent for degrading endogenous PPi is very important for 
reducing the background level. To prevent PPase degrading the 
PPi produced by the extension reaction, only a small amount of 
PPase was added. The amount of PPase was so small that the reac-
tion solution had to be incubated for ∼30 min to remove all of the 
endogenous PPi before adding APS to the solution. In this case, it 
is not necessary to worry about the side effects of PPase on PPi 
detection, because the PPi produced by the polymerase reaction 
was instantly and completely converted into ATP by ATP sulfury-
lase and APS before its degradation by the PPase present in the 
reaction mixture. This addition of PPase had no effect on the sig-
nal intensity produced by ATP but signifi cantly reduced the back-
ground level that arises from contaminant PPi in the reagents. 

 The background level produced by APS was linearly propor-
tional to its concentration. Therefore, a small concentration of 
APS was preferable in terms of decreasing the level of the back-
ground signal. When a suffi cient amount of  luciferin   was present in 
the reaction mixture, the signal intensity stayed constant at APS 
concentrations >1.5 μM. In the present experiment, 2 μM APS was 
used in the SNP assay, and this produced a background signal level 
of 2.5 mV. With a fi xed amount of APS, this background signal was 
stable during detection, and it was thus easy to subtract it from the 
observed signals to obtain a reliable signal from the extension 
reaction. 

  Fig. 5    Signal intensity of 50 nM template at different concentrations of dNTPs. In 
the extension step, the concentrations of template (P53Wt) and of primer were 
50 and 100 nM, respectively. One microliter was injected for the determination. 
The concentration of each dNTP was the same       

 

Guohua Zhou et al.



107

 The reduction in the amount of residual PPi and optimization 
of the reaction conditions allowed us to obtain a high degree of 
sensitivity of detection. For extension of a 54 base strand, the lower 
detection limit was 0.27 ± 0.02 fmol, and the quantitative limit was 
0.83 ± 0.05 fmol. This indicated that 10 fmol of a short strand of 
DNA, such as 200 bases, would be enough for routine SNP analy-
sis. When a long DNA was used as template, the sensitivity of 
detection was improved. For example, for ssM13, with an exten-
sion length of 6289 bp, the lower detection limit was 14 amol. 
This is the most important advantage of BAMPER. It is impossible 
to detect 0.5 fmol ssM13 by pyrosequencing, while the signal pro-
duced with the same amount of ssM13 template in BAMPER was 
very strong. This is shown  in   Fig.  6 , where the same instrument 
was used for both forms of measurement. Although the intensity 
of the signal did not increase in linear proportion to base length, it 
did increase quite a lot. For a long strand of DNA, the extension 
reaction might be incomplete, which is not good for quantitative 
determination. However, applying primer extension to a long 
strand of DNA is still useful in terms of highly sensitive detection 
of SNPs.

  Fig. 6    Comparison of  signal intensities   obtained with the prototype instrument in 
two different modes, pyrosequencing and BAMPER. The experimental conditions 
were the same, except that apyrase was not used in BAMPER. The sample was 
0.5 fmol ssM13. BG indicates the background signal level       
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      The instrument for use in  BAMPER   may be very simple because it 
does not require iterative addition of four different dNTPs. While 
we have made a small device coupled to a photomultiplier for 
BAMPER, a commercially available bioluminometer would also be 
suitable. Precise control of reagent injection is not necessary in 
BAMPER because a one-shot injection is enough to add the detec-
tion solution. The reaction volume was 10–40 μL for SNP typing, 
with both the prototype BAMPER device and a commercial biolu-
minometer. The amount of sample required for SNP typing can be 
decreased by reducing the reaction volume. For example, 10 fmol 
PPi, which corresponds to <100 amol target DNA (when, for 
example, the extension length is 100 bases), was successfully 
detected in a 500 nl solution with a good signal-to-noise ratio by 
BAMPER.  

   SNP typing and  allele frequency analysis   were carried out with 
genomic DNA from our colleagues and with synthesized 
DNA. Typing one SNP for a homozygous or a heterozygous sam-
ple is the simplest case of allele frequency analysis. To start with, 
samples containing P53Wt, P53Mut, and an equimolar mixture of 
P53Wt and P53Mut were analyzed, and the results are shown in 
Fig.  7    . The bioluminescence intensities obtained with the two spe-
cifi c primers were normalized to the total intensity. The results 
were almost as expected, which indicates that the method is appli-
cable to SNP typing of a small amount of sample. In order to 

4.3  A Simple 
Instrument 
for BAMPER

4.4  SNP Typing 
and Allele Frequency 
Analysis

  Fig. 7    A  bioluminescence assay   with modifi ed primer extension reactions for 
genotyping. Targets containing A (P53Wt) and T (P53Mut) at the polymorphic site 
were used. For homo-templates, it was only possible to extend one primer. 
However, both primers extended for a hetero-template       
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  Fig. 8    Results of using BAMPER to type 16 SNPs. The intensity was normalized to the total intensity. The details of 
each SNP, including the corresponding gene name, mutation point, and specifi c primers, are given in Table  1        

confi rm the applicability of BAMPER to various SNPs, 16 poly-
morphic sites in human genomic DNA extracted from the blood 
were investigated. As shown in Fig.  8 , all of the SNPs were accu-
rately typed. The results are listed in Table  1  and coincide with the 
sequencing results obtained by gel-based electrophoresis. Although 
some of the priming regions contained GC-rich sequences, these 
tests showed that BAMPER was effective for typing all the SNPs 
analyzed in this study. In some cases, mismatch extension still 
occurred, but the relative proportion was <10 % of the matched 
extensions, proving the usefulness of  artifi cial   introduction of a 
mismatched base into the primer. For example, the proportion of 
mismatch extensions for SNP16 was ∼40 % when such an artifi cial 
mismatched base was not introduced. The reproducibility of 
BAMPER analysis results was very good. For SNP-13 the whole 
SNP typing process, including PCR, preparation of single-stranded 
DNA, the bead washing process and BAMPER detection, was 
repeated eight times in parallel, and the relative standard deviation 
was 3.8 % ( n  = 8).

     As it would have been diffi cult to obtain real samples for an 
allele frequency study, synthetic wild-type and mutant P53 DNAs 
mixed in various ratios were used. Reactions with the two primers 
were carried out for each sample. The allele frequencies of P53Mut 
(T allele) in the artifi cially prepared samples were 0.02, 0.05, 0.1, 
and 0.7. The wild-type allele was A. The correlation between the 
estimated allele frequencies and those observed for the artifi cially 
prepared DNA was very high, at  r  2  = 0.9999. The measurements 
were repeated four times, and the results were highly reproducible. 
The largest uncertainty in frequency determination was estimated 
to be 0.9 % for a frequency <10 %. This is enough to distinguish 
differences between the allele frequencies of two groups in terms 
of medical characteristics. There may be some diffi culty with accu-
racy in applying the method to determining allele frequencies of <5 %. 
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However, those frequencies that are <5 % are likely to be of very 
minor importance and are usually not considered for further analy-
sis, as has been discussed by Nigel Spurr [ 27 ]. 

 The complementary strand was also analyzed using two other 
specifi c primers to obtain a reliable frequency value. The observed 
allele frequencies in pooled DNA samples for both P53 strands 
were compared with estimated values and are listed in Table  2 . 
The observed allele frequencies were consistent for both strands, 
which indicated that the results obtained were reliable and that 
frequency analysis of one strand would be enough to determine 
the allele frequency in practical applications.

   For allele frequency analysis, the  accuracy   of pipetting opera-
tions as well as the number of samples in a pool must be carefully 
considered. The expected sampling error can be expressed as 
√[ f (1 –  f )/2 n ], where  f  is the allele frequency of one of the two 
alleles and  n  is the sample size [ 33 ]. The calculated errors due to 
sampling (sampling error) at different allele frequencies for  n  = 100 
and  n  = 1000 are shown as the black and purple lines in Fig.  9 , 
respectively. It was found that when the sample size is smaller than 
1000, the sampling error is greater than the standard deviation of 
the measurement (measurement error) at each allele frequency, as 
shown in Fig.  9 . On the other hand, the measurement error, which 
is small and independent of the number of samples, becomes dom-
inant in allele frequency determination for large sample sizes such 
as  n  > 1000. To obtain a reliable allele frequency, a large sample size 
( n ) is necessary.

   Table 2  

  Comparison of calculated and observed allele frequencies for synthesized pooled DNA samples (four 
independent measurements were carried out to estimate the error rates  n  = 4)   

 Known allele frequency a   0.020  0.050  0.100  0.700 

 Allele frequency observed using strand 
one b  

 0.021 ± 0.001  0.045 ± 0.008  0.095 ± 0.009  0.691 + 0.010 

 Allele frequency observed using strand 
two b  

 0.017 ± 0.003  0.057 ± 0.004  0.098 ± 0.006  0.698 ± 0.009 

 Average allele frequency c   0.019 ± 0.003  0.051 ± 0.008  0.096 ± 0.002  0.694 ± 0.005 

  The artifi cial pools were constructed by mixing different ratios of synthesized wild-type and mutant P53 
DNA in one tube directly 
  a Frequency = concentration of P53Mut/(concentration of P53Mut + concentration of P53Wt) 
  b Frequency = intensity produced by primer A complementary to P53Mut/(intensity produced by primer 
A + intensity produced by primer T complementary to P53Wt). Frequency was obtained by calibration 
with samples having known frequencies of 0, 0.30, 0.50, 0.90, and 1.0. Calibration was carried out using 
a regression line, and the allele frequency was obtained by the regression equation. Strands one and two 
are complementary 
  c The average frequencies were obtained from strands one and two  
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5         Technical Notes 

     1.    Before  PPi detection  , a reduction in endogenous PPi in 
reagents was necessary in BAMPER because apyrase, which is 
used to degrade dNTPs and ATP in pyrosequencing, was not 
included in the reaction mixture for BAMPER.   

   2.    To prevent PPase degrading the PPi produced by the exten-
sion reaction, only a small amount of PPase was added. The 
amount of PPase was so small that the reaction solution had to 
be incubated for ~30 min to remove all of the endogenous PPi 
before adding APS to the solution.   

   3.    To prevent mismatch primer extension, an artifi cial mismatched 
base was introduced into the terminal region of each primer.   

   4.    The amount of PPi produced with 50 nM template DNA was 
unchanged with a dNTP concentration >35 μM. So 50 μM of 
each of the  dNTPs   was a suitable concentration in this case. 
Since the amount of dNTPs was dependent on the amount of 
template used and the extension base length, we were able to 
adjust the amount of template on the basis of its extension base 
length. A concentration of 10–50 nM template P53Wt with an 
extension base length of 54 was appropriate for routine analy-

  Fig. 9    Comparison  of   sampling errors ( black  and  purple lines ) and measurement 
errors (error bars) at different allele frequencies. Sample sizes were 100 for the 
black line and 1000 for the  purple line , respectively. The  green line  was drawn by 
the regression equation obtained using the observed allele frequency and the 
known allele frequency. The error bar represents the measurement error (color 
fi gure online)       
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sis, so 50 μM each dNTP with 50 nM template, P53Wt, was 
enough in most cases.   

   5.    The background level produced by APS was linearly propor-
tional to its concentration. Therefore, a small concentration of 
APS was preferable in terms of decreasing the level of the back-
ground signal.         
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    Chapter 10   

 A Gel-Free SNP Genotyping Method Based 
on Pyrosequencing Chemistry Coupled with Modifi ed 
Primer Extension Reactions Directly from Double-Stranded 
PCR Products                     

     Guohua     Zhou     ,     Hiromi     Shirakura    ,     Masao     Kamahori    ,     Kazunori     Okano    , 
    Keiichi     Nagai    , and     Hideki     Kambara     

  Abstract 

   Inexpensive, high-throughput genotyping methods are needed for analyzing human genetic variations. We 
have successfully applied the regular bioluminometric assay coupled with modifi ed primer extension reac-
tions (BAMPER) method to single-nucleotide polymorphism (SNP) typing as well as the allele frequency 
determination for various SNPs. This method includes the production of single-strand target DNA from a 
genome and a primer extension reaction coupled with inorganic pyrophosphate (PPi) detection by a bio-
luminometric assay. It is an effi cient way to get accurate allele frequencies for various SNPs, while single- 
strand DNA preparation is labor-intensive. The procedure can be simplifi ed in the typing of SNPs. We 
demonstrate that a modifi ed BAMPER method in which we need not prepare a single-strand DNA can be 
carried out in one tube. A PCR product is directly used as a template for SNP typing in the new BAMPER 
method. Generally, tremendous amounts of PPi are produced in a PCR process, as well as many residual 
dNTPs, and residual PCR primers remain in the PCR products, which cause a large background signal in 
a bioluminometric assay. Here, shrimp alkaline phosphatase (SAP) and  E. coli  exonuclease I were used to 
degrade these components prior to BAMPER detection. The specifi c primer extension reactions in 
BAMPER were carried out under thermocycle conditions. The primers were extended to produce large 
amounts of PPi only when their bases at 30-termini were complementary to the target. The extension 
products, PPis, were converted to ATP to be analyzed using the luciferin–luciferase detection system. We 
successfully demonstrated that PCR products can be directly genotyped by BAMPER in one tube for SNPs 
with various GC contents. As all reactions can be carried out in a single tube, the method will be useful for 
realizing a fully automated genotyping system.  

  Key words     SNP  ,   Genotyping  ,   BAMPER  ,   Bioluminometric assay  ,   Mutation detection  
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1      Introduction 

 The completion of the human genome sequence [ 1 ,  2 ], as well as 
an initial map of  human genome sequence   variation [ 3 ], will help 
enable the provision, of medical care to patients based on each 
individual’s specifi c genotype. Although the map identifi es and 
localizes 1.42 million single nucleotide polymorphisms (SNPs) in 
the genome, the relationships between diseases and SNPs have 
not being clarifi ed. To associate genetic variations with a variety of 
diseases, a large amount of SNPs need to be analyzed. Consequently, 
an  automated and high-throughput   SNP typing method is 
required. Previously, various SNP genotyping approaches have 
been developed to identify  genetic alterations  , including electro-
phoresis [ 4 ], denaturing liquid chromatography [ 5 ], mass spec-
trometry [ 6 ], fl ow-cytometry with color beads containing DNA 
probes [ 7 ], DNA chips coupled with electric fi eld-controlled 
DNA hybridization [ 8 ], minisequencing [ 9 ,  10 ],  dynamic allele 
specifi c hybridization (DASH)   [ 11 ], enzymatic cleavage methods 
such as Invader [ 12 ] and 50-nuclease TaqMan [ 13 ], pyrosequenc-
ing [ 14 ,  15 ],  amplifi cation refractory mutation system (ARMS)   
[ 16 ],  molecular   beacon probes [ 17 ], METPOC [ 18 ], and other 
high- throughput technologies [ 19 ,  20 ]. From the viewpoint of 
practical testing, however, an easy-to-use genotyping system that 
is also inexpensive with respect to both instruments and reagents 
is still needed.

   We have recently reported a new  gel-free   genotyping  approach   
for allele frequency analysis [ 21 ]. It is based on  bioluminometric 
assay   coupled with modifi ed primer extension reactions 
(BAMPER) ( see   Note 1 ), in which an inexpensive and simple 
luminometer can be used. In BAMPER,  primers with artifi cially 
mismatched bases   near the 30-termini hybridize on the targets to 
extend their strands when the terminal bases match the expected 
alleles in the targets. The artifi cially introduced mismatch bases 
are used to reduce false- positive signals due to the mismatch 
primer extension reactions ( see   Note 2 ). The primer extension 
reactions produce large amounts of inorganic pyrophosphate 
(PPi), which are detected by a luminometric method. Therefore, 
the key point of the assay is how to remove the residual PPi in the 
reagents, as well as to avoid the nonspecifi c primer extension 
reaction. In the reported BAMPER assay, template DNAs were 
prepared as single-strand DNAs through a time-consuming and 
labor-intensive process. 

 Here, we demonstrate a  simplifi ed procedure   for  BAMPER 
detection   in which all the reactions necessary for sample prepara-
tion and genotyping are carried out in one tube. We also demon-
strate that this simplifi ed BAMPER is a reliable method for SNP 
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typing using multiplex PCR products directly ( see  Fig.  1 ). The 
method is shown to be applicable for typing many SNPs with vari-
ous GC contents in different genome samples.

2        Materials   

     1.    Platinum Taq DNA polymerase was purchased from Gibco- 
BRL Life Technologies (Grand Island, NY).   

   2.     Polyvinylpyrrolidone (PVP)  , deoxynucleotide (dNTPs), and 
QuantiLum ™  recombinant luciferase (95 %) were purchased 
from Promega (Madison, WI; www.promega.com).   

   3.     Sodium pyrophosphate decahydrate (PPi)  , ATP sulfurylase, 
apyrase-VI, bovine serum albumin (BSA),  D -luciferin, inorganic 
pyrophosphatase (PPase), and adenosine 5′-phosphosulfate 
(APS) were purchased from Sigma (St. Louis, 30-termini MO).   

   4.    Dynabeads M-280 Streptavidin (2.8 μm inner diameter [ID]) 
was purchased from Dynal A.C. (Oslo, Norway).   

PPi detection by 
bioluminometric assay

Taq polymerase 
PCR primers dNTPs, 
PCR buffer

Taq polymerase 
PCR primers dNTPs, 
PCR buffer

PCR amplification

PPi dNTPsPCR 
primers

PPiPPi dNTPsdNTPsPCR 
primers

SAP, Exo ISAP, Exo I

Genome DNA extraction

Enzymatic degradation of 
PPi, dNTPs and primers

Pi dNs Heat deactivation of SAP and Exo I

dC,dG,dTTP,d
ATPaS

3’
A
T

T
T

PPiPPiPPiPPi

PPiPPi

5’ 3’ 5’

ATP sulfurase, 
APS, Luciferin, 
Luciferase

hv

Primer extension
by  thermal cycling 

80°C heating

Genome 
extraction 
reagent

AM-Primer-TAM-Primer-TAM-Primer-AAM-Primer-A
dC,dG,dTTP,d
ATPaS

3’
A
T

T
T

PPiPPiPPiPPi

PPiPPi

5’ 3’ 5’

ATP sulfurase, 
APS, Luciferin, 
Luciferase

hv

Primer-TPrimer-TPrimer-APrimer-A

Artificial mismatch primers Regular primers

hv

PPiPPi

  Fig. 1    Schematics of BAMPER using double-stranded PCR products for SNP typing.  Pi  phosphate,  dNs  deoxy-
nucleosides,  SAP  shrimp alkaline phosphatase,  Exo I  exonuclease I,  APS  adenosine phosphosulfate. AM-Primer: 
artifi cial mismatch primers       
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   5.    All solutions were prepared in deionized and sterilized water.   
   6.     Sodium 2′-deoxyadenosine 5′-O-(1-triphosphate) (dATPaS)   

was purchased from Amersham Biosciences (Piscataway, NJ).   
   7.    Other chemicals were of a commercially extra-pure grade.   
   8.    The  bioluminescence   was measured with  a   LUMINOUS CT- 

9000D luminometer (DIA-IATRON, Tokyo, Japan).      

3    Methods 

       1.    A total of 50 μL of 10 mM dNTPs containing 25 mM magne-
sium acetate tetrahydrate (Mg(Ac) 2 ) and 5 mM Tris–HAc, pH 
7.7, were incubated with 0.4 U PPase for 30 min at room 
temperature.   

   2.    The residual PPase was removed by ultrafi ltration with a cen-
trifugal fi lter-tube having the nominal molecular weight cut off 
of 10,000 (Millipore, Japan; www.millipore.com).   

   3.    To remove PPi in the PPi detection mixture, 0.1 U PPase was 
directly added to 50 mL PPi detection solution before adding 
APS, and the solution was incubated for 30 min at room 
temperature.      

       1.    Pairs of genotyping probes (primers) were designed so as to 
hybridize in the target-specifi c regions. As there were two 
choices for selecting the target DNA strand, two sets of geno-
typing  primers   could be designed.      

       1.    DNA fragments used for SNP testing were amplifi ed from the 
genome DNA with a PTC-225 thermocycler PCR System 
according to the following protocol: denatured at 94 °C for 2 
min, followed by 35 thermal reaction cycles (94 °C for 30 s; 57 
°C for 60 s; 72 °C for 1 min) ( see   Note 1 ).   

   2.    After the cycle reaction, the product was incubated at 72 °C 
for 5 min and held at 4 °C.   

   3.    In the case of multiplex PCR, 10 mL of the amplifi cation was 
carried out in a 384-well plate. The concentration of each 
primer used in single-PCR or multiplex-PCR was identical, 0.2 
pmol/mL ( see   Note 2 ).   

   4.    Residual components, such as PCR primers, dNTPs, and PPis 
produced in the PCR step, produce a large background signal. 
These components were degraded by adding 1 U of shrimp 
alkaline phosphatase (SAP) and 2 U of exonuclease I to 5 μL 
of the PCR product.   

   5.    The mixture was  thoroughly   mixed and incubated at 37 °C for 
40 min, and then heated at 80 °C for 10 min to inactivate the 
enzymes ( see   Note 3 ).      

3.1  Degradation 
of Endogenous PPi 
 Contaminated   
in Reagents

3.2   Primer 
and Target Sequences  

3.3   PCR 
Amplifi cation 
and Enzymatic 
Cleanup  

A Gel-Free SNP Genotyping Method Based on Pyrosequencing Chemistry Coupled…
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       1.    Thermostable DNA polymerase without exonuclease activity 
was used for allele-specifi c primer extension reactions. A pair of 
extension reactions for one template species with two typing 
primers, corresponding to wild-type and mutant, respectively, 
was carried out under the same conditions.   

   2.    The reaction mixtures contained 50 mM KCl, 20 mM Tris–
HCl (pH 8.4), 1.5 mM magnesium chloride, 125 mM of 
 deoxy-CTP (dCTP)  , 125 mM of deoxy-TTP (dTTP), 125 
mM of  deoxy-GTP (dGTP),   125 mM of deoxyadenosine 
triphosphate-αS (dATPαS), 1.25 mM of genotyping primers, 
0.05 U/mL of Platinum Taq DNA polymerase, and 1 μL of 
PCR products.   

   3.    Each 4 μL reaction mixture was incubated at 94 °C for 30 s. 
This was followed by fi ve thermal cycles (94 °C for 10 s; 55 °C 
for 10 s; 72 °C for 20 s) in a PTC-225 thermocycler.   

   4.    Finally, the product  was   kept on ice before the PPi assay ( see  
 Note 4 ).      

       1.    The detection of PPi produced in the genotyping primer 
extension reactions was performed by a method similar to one 
previously reported [ 21 ]. The PPi detection solution con-
tained the following components: 0.1 M Tris–acetate (pH 
7.7), 2 mM EDTA, 10 mM magnesium acetate, 0.1 % BSA, 1 
mM dithiothreitol, 2 mM APS, 0.4 mg/mL PVP, 0.4 mM 
 D -luciferin, 200 mU/mL ATP sulfurylase, and 3 mg/mL 
luciferase.   

   2.    We also added 40 mL of PPi detection solution to each well 
containing extension solution.       

4    Method Validation 

   To evaluate the primer extension characteristics, we used an SNP, 
I823M in the ABCA1 gene, as a test target. Three samples includ-
ing two homo-samples (AA or GG) and a hetero-sample (A/G) 
were analyzed. A pair of primers containing the artifi cial mismatch 
bases in the third positions from the 3′ ends was designed to dis-
tinguish the wild and mutant types. Also, a pair of genotyping 
primers without an artifi cial mismatch base at the 3′ terminus 
region was used for the control experiment. The results (Fig.  2 ) 
indicate that the introduction of the artifi cial mismatch base was an 
effective way to decrease the false-positive signals. For example, the 
false-positive signal for the homo-G case was decreased to several 
percents from 36 %.

   We used thermosensitive enzymes for the degradation at fi rst 
and followed this with heating-inactivation of the enzymes. Here, 
Exonuclease I was used for degrading PCR primers  and Shrimp 

3.4   Allele-Specifi c 
Extension Reactions  

3.5   PPi Detection     

4.1  Typing Many 
SNPs with Various  GC 
Contents   in Different 
Genome Samples
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Alkaline Phosphatase (SAP)   was used for degrading dATP and PPi. 
Both of these were inactivated by high-temperature incubation. 
This treatment had no observed effect on the subsequent SNP 
detection. As a result, one-tube cleanup of the PCR products was 
realized by simply adding a small amount of SAP and Exonuclease 
I. The optimum concentrations of SAP and Exonuclease I were 
0.5–2 U and 1–4 U, respectively, for 10 μl of PCR products. If a 
large background signal is still observed after the enzyme treat-
ment, a  single-strand DNA binding protein (SSB)   can be added to 
prevent primer dimer production. 

 The background signal due to the dATP used for the extension 
reactions was very strong. We reduced this signal to a level corre-
sponding to about one-fi ftieth of the normal positive signal 
observed in BAMPER by using the analog, dATPαS. The thermal 
decomposition of dNTPs was the main background source in 
BAMPER using the  thermal-cycling procedure  , and this was mini-
mized by decreasing the dNTP concentration and shortening the 
high- temperature   incubation time. However, the signal intensity 
from the cycle extension reaction is affected by the amount of 
dNTPs. Therefore, a balance must be struck between the back-
ground and the positive signal. 

 As shown in Fig.  3a , the positive signal intensities became 
stronger with an increasing dNTP concentration as well as with an 
increased cycling number applied for the extension reaction. 
However, the background mainly produced by the decomposition 
of dNTPs also increased in proportion to the cycles, as shown in 
Fig.  3b . The  optimum dNTP concentration   for genotyping was 
obtained from Fig.  3c . When dNTP concentration was more than 
0.1 mM, one cycle was enough to get a good signal-to-background 
ratio. The plural of cycle reactions were needed when the dNTP 
concentration was less than 0.01 mM. From the viewpoint of rapid 
analysis with adequate sensitivity, we selected a concentration of 
0.125 mM for each dNTP and fi ve cycles for the extension reaction 
in the  simplifi ed   BAMPER experiment.
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  Fig. 2    SNP typing of I823M in the ABCA1 gene using artifi cial mismatch primers ( a ) and regular primers ( b ) in 
cycle extension reactions for BAMPER. Three samples with different SNP types were analyzed: homo-AA, 
hetero-AG, and homo-GG. Primer-A and primer-B represent the specifi c primer for typing homo-A and homo-G, 
respectively       
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       Genotyping   of 27 individual SNPs in different heart-related genes 
was carried out with the modified BAMPER. The result was good 
enough for genotyping of the 27 different SNPs (Fig.  4a ). The 
BAMPER genotyping results coincided with results obtained 
through DNA sequencing, indicating that BAMPER worked well 
for genotyping primers containing GC-rich sequences, such as 
eNOS-786T/C.

   To investigate the  sample-to-sample instability   of typing results 
in BAMPER, we analyzed ten different SNPs for various genomic 
samples. All the results coincided with those obtained by DNA 
sequencing. Part of the genotyping results for 23 genomic samples 
are shown in Fig.  4b . These results show that the simplifi ed 
BAMPER method is applicable to different kinds of genome sam-
ples, and is accurate enough to type either allele of an SNP. 

 We attempted 2-plex, 3-plex, 4-plex, and 5-plex PCR for  SNP 
typing   by BAMPER. For comparison, we also carried out regular 
PCRs for all fi ve SNPs. As shown in Fig.  5 , BAMPER could be 

4.2  Genotyping 
of Various  SNP  s 
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applied with multiplex PCR products. Although a large back-
ground appeared frequently in the multiplex mode, we overcame 
this problem by adding a single-strand binding protein.

5        Technical Notes 

     1.    Genome DNA for method development was extracted from 
the blood of volunteers in our laboratory with  DNAZOL™ 
Reagent   (Gibco BRL, Life Technologies). Various genome 
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  Fig. 5    BAMPER coupled with multiplex PCR. SNP-1, SNP-2, SNP-3, SNP-4, and 
SNP-6. ( a ) Detection of genotype using regular PC R products. ( b ) SNP-3 and 
SNP-4 typing by BAMPER using 2-plex PCR products. ( c ) SNP-1, SNP-2, and 
SNP-3 typing by BAMPER using 3-plex PCR products. ( d ) SNP-1, SNP-2, SNP-3, 
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bars  and  black bars  represent the signals from two specifi c extension primers       
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samples for method validation were obtained from the 
Department of Cardiovascular Medicine, Graduate School of 
Medicine, University of Tokyo [ 22 – 24 ].   

   2.    The  cycling condition   was the same as that described above 
except for the annealing temperature, which was the average of 
each primer’s  T  m .   

   3.    Generally, 3 mL of PCR products were used for each  SNP typ-
ing  : three  BAMPER reactions   (for wild-type, mutant, and con-
trol) were carried out, and each reaction used only 1 μL of 
PCR products.   

   4.    Because of the small volume of extension solution, mineral oil 
was added to prevent the evaporation of water.         
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    Chapter 11   

 Improvement of Pyrosequencing to Allow Multiplex SNP 
Typing in a Pyrogram                     

     Guohua     Zhou     ,     Mari     Gotou    ,     Tomoharu     Kajiyama    , and     Hideki     Kambara     

  Abstract 

   A multiplex single-nucleotide polymorphism (SNP) typing platform using “bioluminometric assay 
coupled with terminator (2′,3′-dideoxynucleoside triphosphates [ddNTPs]) incorporation” (named 
“BATI” for short) was developed. All of the reactions are carried out in a single reaction chamber contain-
ing target DNAs, DNA polymerase, reagents necessary for converting PPi into ATP, and reagents for 
luciferase reaction. Each of the four ddNTPs is dispensed into the reaction chamber in turn. PPi is released 
by a nucleotide incorporation reaction and is used to produce ATP when the ddNTP dispensed is comple-
mentary to the base in a template. The ATP is used in a luciferase reaction to release visible light. Only 1 
nt is incorporated into a template at a time because ddNTPs do not have a 3′ hydroxyl group. This feature 
greatly simplifi es a sequencing spectrum. The luminescence is proportional to the amount of template 
incorporated. Only one peak appears in the spectrum of a homozygote sample, and two peaks at the same 
intensity appear for a heterozygote sample. In comparison with pyrosequencing using dNTP, the spectrum 
obtained by BATI is very simple, and it is very easy to determine SNPs accurately from it. As only one base 
is extended at a time and the extension signals are quantitative, the observed spectrum pattern is uniquely 
determined even for a sample containing multiplex SNPs. We have successfully used BATI to type various 
samples containing plural target sequence areas. The measurements can be carried out with an inexpensive 
and small luminometer using a photodiode array as the detector. It takes only a few minutes to determine 
multiplex SNPs. These results indicate that this novel multiplexed approach can signifi cantly decrease the 
cost of SNP typing and increase the typing throughput with an inexpensive and small luminometer.  

  Key words     Multiplex single-nucleotide polymorphism typing  ,   Bioluminometric assay  ,   2′,3′-dideoxy-
nucleoside triphosphates  ,   Terminator incorporation  

1      Introduction 

 Although extensively characterized set of single-nucleotide poly-
morphisms (SNPs) covering the  human genome   are available 
[ 1 ], the role of hereditary traits on clinical consequences has 
still not been clarifi ed. As there are a huge number of polymor-
phisms in the human genome, an accurate, high-throughput, and 
low-cost genotyping method is required [ 2 ]. At the moment, 
many SNP typing methods based on various  principles   [ 3 ], e.g., 
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 sequencing-by- synthesis [ 4 ,  5 ], allele-specifi c hybridization [ 6 – 8 ], 
allele-specifi c extension [ 9 ,  10 ], allele-specifi c ligation [ 11 ,  12 ], 
and structure- specifi c cleavage [ 13 ] have been developed. In the 
meantime, many detection platforms have been  constructed   with 
various readouts [ 14 ], such as fl uorescence [ 15 – 18 ], mass spec-
trometry [ 19 ,  20 ], luminescence [ 21 – 23 ], and electrochemical 
detection [ 24 ]. Minisequencing is a 2′,3′-dideoxynucleoside tri-
phosphates (ddNTP)-based sequencing-by-synthesis method, and 
it is widely used for SNP typing detected by fl uorescence and mass 
spectrometry. When using fl uorescence for the detection,  ddNTPs   
are labeled with different dyes, and the SNP types are based on 
the signal intensity at each dye-specifi c emission wavelength. When 
mass spectrometry is used for  SNP detection  , modifi ed ddNTPs 
or a mixture of dNTPs and ddNTP are required in order to 
enlarge the mass differences between the extension products from 
each allele [ 20 ]. It is expensive to employ dyes, a laser, a modi-
fi ed ddNTP, and a mass spectrometer for a routine SNP typing at 
a small scale. We have developed a METPOC method that uses 
chip electrophoresis with a single colored ddNTP for SNP typing 
as well as allele frequency analysis [ 25 ]. However, it still requires 
two types of primers for each SNP typing and, therefore, is not so 
convenient.  Pyrosequencing   is a promising sequence-by-synthesis 
technology employing bioluminescence detection, which does not 
need dye labeling, laser excitation, and electrophoresis [ 26 ]. And it 
has been proven to be an effi cient method for SNP typing. 

 Pyrosequencing uses four enzymatic reactions carried out in a 
single tube [ 27 ,  28 ]. They include a DNA polymerase reaction for 
extending DNA strands, PPi conversion for producing ATP by the 
catalysis of  ATP sulfurylase   in the presence of  adenosine 5′-phos-
phosulfate (APS)  , light production by a luciferase–luciferin reac-
tion, and a dNTP degradation reaction by apyrase. A peak in a 
sequencing spectrum is observed when the added dNTP is comple-
mentary to the base in a template strand and incorporated into the 
hybridized sequencing primer. The  DNA sequence   is determined 
from the incorporated nucleotide species and the peak intensities in 
the spectrum. Because of the advantages of pyrosequencing in 
terms of the base-calling accuracy, the system fl exibility and the 
high quantitative performance, it is widely used for SNP typing. 
However, it is not necessary to sequence a long DNA for SNP 
detections. In most cases, two-base sequencing is enough for bial-
lelic genotyping. On the other hand, it is time-consuming to 
sequence a long DNA for typing a known SNP by pyrosequencing, 
which in turn limits the sample processing speed and throughput. 
Moreover, the use of expensive dATPαS instead of dATP for 
sequencing increases the cost. Multiplex pyrosequencing for SNP 
typing is one way to reduce the cost [ 29 ]; however, if a pyrogram 
contains peaks disproportional to the incorporated base number or 
contains a frame shift caused by incomplete extension, reaction or 
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undegraded dNTPs, the accuracy of pyrosequencing for multiplex 
genotyping would be reduced. To simplify the sequencing spec-
trum in multiplex SNP typing, we demonstrated a novel SNP- 
typing platform based on a “ bioluminometric assay   coupled with 
terminator ( ddNTPs  ) incorporation” (or “BATI” for short). This 
platform does not require the use of dATPαS. There are two pos-
sible ways to increase the effi ciency of SNP detection. One way is to 
use multiple primers to hybridize a template simultaneously and 
then detect the sequencing spectrum for the multiplexed SNP typ-
ing by adding  ddNTPs   in turn ( see   Note 3 ). The other way is to 
successively add a SNP-specifi c primer to a reaction mixture con-
taining multiple templates at every cycle of four ddNTPs injection. 

 As ddNTPs are used instead of  dNTPs      for nucleotide incorpo-
ration, only one base is extended at a time. The signal intensity is 
proportional to the amount of DNA template in the mixture. In 
the case of a single SNP typing, only one peak appears in a spec-
trum for a homozygote and two peaks with equal height for a 
heterozygote. A schematic illustration for multiplex SNP typing is 
shown in Fig.  1 . There are two possible ways of multiplex typing. 
The fi rst way can be applied to two-plex or three-plex SNP typing, 
where SNPs are determined by comparing the obtained results 
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with the estimated patterns. The second way can be applied to 
SNP typing with a multiplex level of more than three by adding 
different primers in turn. The fi rst case is illustrated in Fig.  1a  for 
typing three SNPs with the alleles A/C, T/G, and A/T on a DNA 
target. Firstly, a target DNA template is amplifi ed by using a pair of 
primers with one biotin-primer. After preparing a single-stranded 
DNA, three sequencing primers with the 3′ ends located just 
before the SNP points are hybridized with the template simultane-
ously. A typing spectrum is obtained by carrying out one-base 
extension reactions by adding ddNTP in turn, and a peak appears 
in a spectrum if the added ddNTP is complementary to the target 
at any SNP point. As signal intensities are dependent on the tem-
plate amounts, the spectral patterns obtained are uniquely deter-
mined when the molar concentrations of multiple templates are 
equal. The result in the case that all three SNPs are on one tem-
plate is shown in Fig.  1a . It is easy to determine the genotypes of 
three SNPs by comparing the observed spectral pattern with those 
estimated from possible combinations of known genotypes. There 
are 27 different spectral patterns corresponding to  three-plex SNP 
typing  . The observed spectrum in Fig.  1a  matches the standard 
pattern for the genotypes AC, GG, and AT.

   As shown in Fig.  1b , multiplex SNP typing can also be per-
formed by successive addition of sequencing primers. As the 
 sequencing primers   incorporated with ddNTPs cannot extend 
their strands further and the added ddNTPs are degraded gradu-
ally by apyrase in the detection solution, the previously added 
primers and ddNTPs do not affect the next strand extension reac-
tion with new sequencing primers added in the same tube. The 
detection procedure is very simple, just like a  single-plex SNP typ-
ing  . At fi rst, multiple target templates containing polymorphisms 
are generated by multiplex PCR. Next, single-stranded DNA is 
prepared. A sequencing primer P1 that is specifi c to the allele A/C 
is then added into the reaction solution containing the above tem-
plate mixtures. The mixture is incubated for 3–5 min at 32 °C for 
the  primer hybridization  . The one-base extension reaction is per-
formed by adding ddNTPs in turn, and a typing spectrum is 
obtained as “s1” in Fig.  1b . Following a  cyclic addition   of ddNTPs, 
the next sequencing primer, P2, specifi c to allele T/G is added 
again. After hybridization for 3 min, the extension reaction is car-
ried out once more, and the spectrum is obtained as “s1” in Fig. 
 1b . In the same way, a spectrum by adding the sequencing primer 
P3 is obtained as “s3.” The genotypes at all three polymorphisms 
are therefore determined as A:C, G:G, and A:T from the spectral 
patterns of “s1”, “s2,” and “s3”, respectively. Because of the sim-
plicity of the spectral patterns (one peak or two equal peaks), the 
typing is carried out very accurately and rapidly. Compared with 
the principle described in Fig.  1a , this scheme is not limited to a 
multiplex level or to the type of alleles at each polymorphism.  
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2       Materials   

     1.     Thermostable pyruvate orthophosphate dikinase (PPDK)   and 
 thermostable luciferase   were supplied by Kikkoman (Chiba, 
Japan).   

   2.     Phosphoenolpyruvate trisodium (PEP)  ,  pyrophosphate deca-
hydrate (PPi)  , apyrase-VI,  bovine serum albumin (BSA)  , and 
 D -luciferin were purchased from Sigma (St Louis, MO).   

   3.     2′-deoxyadenosine-5′-O-(1-thiotriphosphate), Sp-isomer 
(Sp-dATP-α-S)  , and  2′,3′-dideoxyadenosine-5′-O-(1- 
thiotriphosphate) (ddATP-α-S)   were purchased from Biolog 
LifeScience Institute (Bremen, Germany).   

   4.    ddNTPs were purchased from Amersham Biosciences 
(Piscataway, NJ).   

   5.    Exo −  Klenow was purchased from Ambion (Austin, TX).   
   6.    Inorganic pyrophosphatase (40 U/mL) and Sequenase version 

2.0T7 DNA polymerase (13 U/μL) were obtained from USB 
Corporation (Cleveland, Ohio).   

   7.     Platinum Taq DNA polymerase   was purchased from Invitrogen 
(Carlsbad, CA).   

   8.     Sodium Dynabeads M-280 Streptavidin   (2.8 μm ID) was pur-
chased from Dynal AC (Oslo, Norway).   

   9.    ATP and AMP were obtained from Oriental Yeast (Osaka, 
Japan).   

   10.    All solutions were prepared in deionized and sterilized water. 
Other chemicals were of a commercially extra-pure grade.         

3      Methods 

       1.    All of the oligonucleotides were purchased from Sigma Genosys 
(Hokkaido, Japan). The sequences of the PCR primers and 
SNP-typing primers are listed in Table  1 . DNA fragments from 
TPMT and UGT1A1 genes, respectively, were amplifi ed using 
the PCR primers listed in Table  1  and employed as templates 
for SNP typing.

       2.    SNP-1, SNP-2, SNP-3, and SNP-4 are on the same DNA frag-
ment amplifi ed by the primer pair TF and TR. SNP-5 and 
SNP-6 are on the same DNA fragment amplifi ed by the primer 
pair GF and GR.   

   3.    To capture a single-strand DNA with Streptavidin beads, the 
5′ ends of primers TR, GR, and PR were modifi ed by biotin. 
All the oligonucleotides were high-performance liquid chro-
matography purifi ed.      

3.1   Primers 
and Target Sequences  
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       1.    Genome DNAs were extracted from the blood of volunteers 
(staff from our laboratory) by using DNAZOL Reagent 
(Invitrogen) ( see   Note 1 ).   

   2.    Each PCR mixture (50 μL) contained 1.5 mM of MgCl 2 , 0.2 
mM each of dNTPs, 1.25 U of Platinum Taq polymerase, 20 
pmol of biotinylated primer, and 40 pmol of another primer.   

   3.    Amplifi cation was performed on a  PTC-200 thermocycler 
PCR system   according to the following protocol: denatured at 
94 °C for 2 min and followed by 35 thermal reaction cycles 
(94 °C for 30 s; 56 °C for 1 min; and 72 °C for 1–3 min).   

   4.    After the cycle reaction, the product was incubated at 72 °C for 
7 min to ensure the complete extension of the amplifi ed DNA.   

   5.    Super-paramagnetic beads were used to immobilize biotinyl-
ated PCR products. The immobilization was performed by 
incubating the mixture of DNA and beads at room tempera-
ture for 15–40 min.   

3.2   Template DNA 
Preparation  

    Table 1  

  SNPs used for the evaluation and typing analysis   

 Gene 
symbol  PCR primer sequences 

 SNP 
code 

 SNP typing primer 
sequences  SNP identifi er 

 TPMT  SNP- 1  5′-ttttctctttctggtaggac  NM_000367:c423A>C 

 TF:5′-tgttgaagtaccagcatgcac  SNP- 2  5′-tttctggtaggacaaatatt  NM_000367:c.430G>C 

 TR:5′-aaaattacttaccatttg
cgatca 

 SNP- 3  5′-catgatttgggatagagga  NM_000367:c.460G>A 

 SNP- 4  5′-agaggagcattagttgccat  NM_000367:c.474C>T 

 UGTIAI  GF:5′-cagcagaggggacatgaaat  SNP- 5  5′-cctcgttgtacatcagagac  NM_000463:c.211G>A 

 GR:5′-caaaaacattatgcccgagac  SNP- 6  5′-aagacgtaccctgtgcca  NM_000463:c.247T>C 

 TP53  PFI:5′-
gttgaaagtcagggcacaagt 

 SNP- 7  5′-aacagataaagcaactggaa  dbSNPrs2856920:gG>C 

 PRI:5′-agcctgggtaacatgat
gaaa- biotin 

 SNP- 8  5′-gcagcaaagaaacaaacatg  dbSNPrs2909430:gC>T 

 SNP- 6  5′-tcttcccacctcagcctcct  dbSNPrs1794287:gA>G 

 TP53  PF2:5′-
agagatcacacattaagtggg 

 SNP- 10  5′-aaaacactgacaggaagcc  dbSNPrs1794286:gA>T 

 SNP- 11  5′-cagaatgcaagaagcccaga  dbSNPrs11540656:gC>A 

 PR2:5′-ctgctcttttcacccat
ctac- biotin 

 SNP- 12  5′-tgctggtgcaggggccacg  dbSNPrs1042522:gC>G 

 SNP- 13  5′-tccattgcttgggacggcaa  dbSNPrs11575998:gG>T 
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   6.    Single-stranded DNAs were obtained by incubating the beaded 
DNAs in 0.1 M NaOH for 5–10 min.   

   7.    The supernatant fl uid was neutralized by 1 M HCl, and the 
immobilized strand was washed by the buffer described in the 
instructions for the beads ( see   Note 2 ).   

   8.    Annealing of the single-stranded template with sequencing 
primer was carried out in a buffer of 50 mM Tris–acetate (pH 
7.8) and 20 mM  magnesium   acetate at 92 °C for 30 s, at 65 °C 
for 3 min, and at room temperature for 5 min.      

       1.    One milliliter of the AM-PPDK-based reaction mixture con-
tained the following components: 60 mM of Tricine (pH 7.8), 2 
mM of EDTA, 20 mM of magnesium acetate, 0.2 mM of DTT, 
0.4 mM of  D -luciferin, 0.04 mM of PEP, 0.4 mM of AMP, 0.1 % 
BSA, 65 U of Sequenase 2.0, 10 U of PPDK, 1 U of apyrase, and 
an appropriate amount of luciferase ( see   Notes 3  and  4 ).      

       1.    One milliliter of 500 mM ddNTPs containing 60 mM of 
Tricine (pH 7.8), 2 mM of EDTA, and 20 mM of magnesium 
acetate was incubated with 20 mU of PPase for 10 min at room 
temperature.   

   2.    The desired concentration of ddNTP solution was diluted 
directly before the incorporation reaction.   

   3.    For a routine detection, the concentration is 50 μM for ddATP, 
100 μM for ddTTP, 100 μM for ddGTP, and 300 μM for 
ddCTP.   

   4.    The treated AMP is added just before the detection. Usually 
40 mU of PPase is enough for degrading the background in 1 
mL of detection mixture  to   a baseline ( see   Note 5 ).      

       1.    We used a house-made dispenser for adding a small amount of 
ddNTP solution to the reaction chamber. Only 250 nl of 
PPase- treated ddNTP was dispensed at a time ( see   Note 6 ).       

4    Method Validation 

    Pyrosequencing technology   is based on step-by-step dNTP addi-
tion [ 33 ], and the signal intensity is proportional to the number of 
bases incorporated by DNA polymerase at a time. Genotype is 
determined from a pyrogram. However, a pyrogram becomes 
complex when the polymorphism is located in a homogeneous 
region. In contrast, as for the BATI method, the spectrum is sim-
ple because ddNTPs do not have a 3′ hydroxyl group for further 

3.3   PPi Conversion 
Reaction  

3.4  Degradation 
of  Endogeneous PPi 
Contained   in Reagents

3.5  Detection of 
Bioluminescence Signal 
Produced by  ddNTP-
Incorporation Reaction  

4.1  Detecting DNA 
Fragments from  TPMT 
and UGT1A1 Genes  
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extension. The differences in spectra are demonstrated in Fig.  2  for 
a sample having a sequence of -A/GAATC- (bold indicates the 
SNP type). As shown in Fig.  2a , the typed nucleotide pattern is 
1C:1T:0A:0G, and the pattern of dNTP incorporation in Fig.  2b  
is 1C:5T:2A:2G. As the signal intensities obtained by the incorpo-
ration of >5 nt are probably not in linear proportion to the number 
of incorporated nucleotides in pyrosequencing, it is difficult to 
determine the base sequence from the observed pyrogram, even 
though the expected peak ratio is 1C:5T: 2A:2G. On the contrary, 
the difficulty will not occur with the BATI method based on 
ddNTP incorporation because SNPs are determined by a spectral 
pattern: a homozygote gives a single peak and a heterozygote gives 
two peaks in the spectrum. This means that a typing spectrum 
obtained by BATI gives straightforward information on SNPs.

   Usually, the detection limit in the BATI method is determined 
by the signals from a luciferase reaction with substrates like dNTPs, 
ddNTPs, APS, or AMP. The amounts of these substrates are very 
large compared with the target DNA amount. The other compo-
nent affecting the detection limit of ATP with a bioluminescent 
assay is the reaction of luciferase with the substrates such as APS 
and AMP. There are two possible ATP production reactions: APS–
ATP sulfurylase reaction and AMP–PPDK reaction. Although the 
reaction activities of these substrates are small, a  large   background 
signal will appear if a large amount of such substances are added to 
the reaction mixture. A detection system using the AMP–PPDK 

  Fig. 2    Comparison of ddNTP-based BATI ( a ) with dNTP-based pyrosequencing ( b )       
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reaction gives a smaller background; therefore, we used such a sys-
tem instead of an APS–ATP sulfurylase system commonly used in 
pyrosequencing. 

 For stable and reliable SNP typing, the minimum amount of 
template DNA was 10 fmol (i.e., ten times higher than the detec-
tion limit). Usually the amount of ddNTPs or dNTPs required for 
completing extension reactions is 30 times larger than that of tem-
plate DNA, so 300 fmol of ddNTPs or dNTPs is dispensed. This 
amount of ddATP gives a small background signal, which is negli-
gible; however, the signal produced by the same amount of dATP 
is three times larger than that produced by nucleotide incorpora-
tion reactions of 10 fmol of DNA templates and is not negligible. 
It is therefore impossible to use dATP for pyrosequencing, but it is 
possible to use dATPαS. 

 The background signals were manufacturer-specifi c (as shown 
in Fig.  3 ). It was found that the signal produced with ddCTP from 
Toyobo was very large. However, ddCTP from Amersham 
Bioscience did not give a large signal. According to the manufac-
turer’s instructions, the purities of ddTTP, ddGTP, and ddCTP 
were 98 %, 98 %, and 94 % from Toyobo and 99.7 %, 99.9 %, and 
99.5 % from Amersham Bioscience, respectively. It is thought that 
the high background produced with ddCTP from Toyobo was 
originated in the impurities in the reagent. It is required to use 
highly purifi ed ddNTPs for the present assay.

  Fig. 3    Reaction profi les of ddTTP, ddGTP, and ddCTP from different manufacturers, ( a ) Amersham Bioscience 
and ( b ) Toyobo. ddATP was used as a reference and is from TaKaRa. The concentrations of all of four ddNTPs 
are 200 mM. The dispensing volume is 0.25 mL at a time, and the minisequencing mixture is 25 mL. The 
detection sensor is a photodiode array. The assignment of each ddNTP is marked at the  top of the peak        
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   As  exonuclease-free DNA polymerase   is required for the reac-
tion, only two kinds of DNA polymerases are available, Exo −  
Klenow (a fragment of  Escherichia coli  DNA polymerase I) and T7 
DNA polymerase (Sequenase version 2.0). Exo −  Klenow is fre-
quently used in DNA sequencing using chain terminators 
(ddNTPs), and it incorporates a ddNTP  at   a rate of 1000 times 
slower than that for dNTP. On the contrary, the ddNTP incorpo-
ration rate by T7 DNA polymerase is only a few times lower than 
that for dNTP. 

 As shown in Fig.  4a , the rate of ddATP incorporation by 
Klenow is very low. To confi rm the completion of incorporation 
reactions, each ddNTP was dispensed twice. The peaks marked by 
arrows in Fig. 4a  indicated that the ddATP or ddGTP incorpora-
tion reaction with Klenow was not completed before the degrada-
tion. On the contrary, the incorporation reaction of ddATP or 
ddGTP by Sequenase was completed, and two equal sharp peaks 
with the same intensity were observed (as shown in Fig.  4b ). We 
therefore used T7 DNA polymerase with Mg 2+ .

      The  BATI method      can be applied for typing multiplexed SNPs on 
a template. We have successfully analyzed various two-plex and 
three-plex SNPs. First, a total of six SNPs on two templates (T-2 
and G-2) were determined by uni-plex typing, and then a combi-
nation of different SNPs for two-plex and three-plex typing were 
carried out. In the two-plex typing, the simultaneous addition of 
two primers followed by incorporation reactions with four ddNTPs 
was carried out for three different SNP combinations: SNP-1 + SNP- 
4, SNP-2 + SNP-3, and SNP-5 + SNP-6. The observed spectra are 

4.2  Multiplex 
SNP Typing

  Fig. 4    Incorporation effi ciency of ddNTPs by Klenow ( a ) and Sequenase ( b ) with Mg 2+ . The concentration was 
25 μM for ddATP, 50 mM for other three ddNTPs. The template was G-2 (a heterozygote of single-stranded PCR 
products of gene UGT1A1). The dispensing volume is 0.25 μL at a time, and the minisequencing mixture is 25 
μL. The  left arrow  and the  right arrow  in ( a ) indicate the signals produced by the second addition of ddATP and 
ddGTP, respectively       
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shown in Fig.  5a, b, and c , respectively. To decode the allele for 
each SNP in the spectrum, the observed spectrum was compared 
with standard patterns.

   The typing results of SNP-1 + SNP-4 in T-2 are indicated in 
Fig.  5a . By comparison, the genotypes of  SNP-1 and SNP-4 on 
T-2   were determined to be AA and TC, respectively. Similarly, the 
genotypes at SNP-2 and SNP-3 on T-2 (Fig.  5b ) were determined 
to be GG and GG, and those at SNP-5 and SNP-6 on G-2 (Fig. 
 5c ) were determined to be AG and TT, respectively. 

 Figure  6  shows the three-plex typing profi le for equal molar 
concentrations of template T-2 and G-2. By comparing the 
observed result with a set of 27 standard patterns (data not shown), 
the alleles of SNP-1, SNP-4, and SNP-5 in Fig.  6a  were deter-
mined to be AA, TC, and AG, respectively, which coincided with 
the result by uni-plex typing. Similarly, the genotypes of SNP-2, 
SNP-4, and SNP-5 in Fig.  6b  were accurately determined to be 
GG, TC, and AG, respectively.

   Although multiplex typing is very effi cient, the number of 
SNPs investigated simultaneously is limited to three. A combina-
tion of multiplex typing and successive typing by a step-by-step 
addition of sequencing primers improves the typing throughput 
and reduces the cost of SNP typing. Multiplex PCR products can 
be used as templates. The detection procedure is the same as that 
for uni-plex typing. The results of successive multiplex typing of 

  Fig. 5    SNP typing spectra for different combinations of SNPs by two-plex typing ( a – c ) and a set of possible  patterns 
for two-plex typing by taking the SNPs from ( a ) as an example ( d ). The combination of each allele is indicated at 
the  top  of each pattern in ( d ). DNA template T-2 contains SNP-1, SNP-2, SNP-3, and SNP-4, and template G-2 
contains SNP-5 and SNP-6. The marked code of SNP in each spectrum is explained in Sects.  2  and  3        
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  Fig. 6    SNP typing spectra for different combinations of SNPs by three-plex typing. The marked code of SNP in 
each spectrum is explained in Sects.  2  and  3        

  Fig. 7    Successive multiplex SNP typing by step-by-step addition of sequencing primers. ( a ) ddNTP addition by 
turns without primer addition; ( b ) adding a primer mixture for SNP-7, SNP-8 and SNP-9, followed by terminator 
incorporation reactions; ( c ) adding a primer mixture for SNP-10, SNP-11 and SNP-12, followed  by   terminator 
incorporation reactions; ( d ) adding a primer specifi c to SNP-13. The order of sequencing-primer addition is 
indicated by the  open arrows . The standard patterns corresponding to the observed spectra were determined 
as those on the  right side of the solid arrows        
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template mixtures,  T-349 and T-454  , are shown in Fig.  7 . By com-
paring the observed spectra with the standard patterns for three- 
plex typing, SNP-7, SNP-8, and SNP-9 were determined as GG, 
TT, and GG, respectively, and SNP-10, SNP-11, and SNP-12 were 
determined as AA, CC, and GC, respectively. All of them were 
coincident with the results from uni-plex typing. SNP-13 was eas-
ily identifi ed to be TT from the spectrum directly (Fig.  7d ). Seven 
SNPs in a sample were typed easily by BATI.

5        Technical Notes 

     1.    The  template DNA   was obtained by means of PCRs with 
primer pairs of TF and TR from human genome DNA to get 
181 bp fragments of TPMT gene, with primers of GF and GR 
to get 151 bp fragments of UGT1A1 gene, with primers of 
PF1 and PR1 to get 349 bp fragments of TP53 gene (defi ned 
as T-349 fragment), and with primers of PF2 and PR2 to get 
454 bp fragments of TP53 gene (defi ned as T-454 fragment).   

   2.    Eight kinds of  single-stranded DNA templates  , named T-1,T-2, 
T-3, T-4, G-1, G-2, G-3, and G-4, were prepared from the PCR 
products of the TPMT gene and the UGT1A1 gene amplifi ed by 
the combination of an unmodifi ed primer and a biotin-primer. 
T-1 and G-1 are the liquid phase of sense strands of the TPMT 
gene and the UGT1A1 gene, respectively. T-2 and G-2 are the 
liquid phase of anti-sense strands of the TPMT gene and the 
UGT1A1 gene, respectively. T-3and G-3 are the beaded phase of 
sense strands of the TPMT gene and the UGT1A1 gene, respec-
tively. T-4 and G-4 are the beaded phase of anti-sense strands of 
the TPMT gene and the UGT1A1 gene, respectively.   

   3.    In conventional  pyrosequencing  , PPi released by the nucleo-
tide incorporation reaction is converted into ATP by APS–ATP 
sulfurylase system, and luminescence is produced by ATP 
through a luciferase-catalyzed reaction with luciferin [ 30 ]. An 
alternative way for converting PPi into ATP is to use PPDK-
catalyzed reaction, which was used for determining AMP by 
adding PPi and PEP [ 31 ]. Here, we added AMP to convert 
PPi into ATP in the presence of PPDK.   

   4.    As APS is a substrate of a  luciferin–luciferase reaction  , a large 
background signal appears when a large amount of luciferase is 
added to increase the detection sensitivity. Unlike APS, AMP 
does not give any luminescence in the luciferin–luciferase reac-
tion [ 32 ], therefore, a highly sensitive DNA detection can be 
carried out by adding a large amount of luciferase.   

   5.    If  PPase   is used to remove the background from the detection 
solution instead of apyrase, PPase is added to the reaction mix-
ture before the addition of AMP, and the solution of AMP is 
treated by PPase separately [ 34 – 36 ].         
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    Chapter 12   

 Improvement of Pyrosequencing Sensitivity by Capturing 
Free Adenosine 5′-Phosphosulfate with Adenosine 
Triphosphate Sulfurylase                     

     Haiping     Wu    ,     Wenjuan     Wu    ,     Zhiyao     Chen    ,     Weipeng     Wang    ,     Bingjie     Zou    , 
    Qinxin     Song     ,     Guohua     Zhou     , and     Hideki     Kambara     

  Abstract 

   In pyrosequencing chemistry, four cascade enzymatic reactions with the catalysis of polymerase, ATP sul-
furylase, luciferase, and apyrase are employed. The sensitivity of pyrosequencing mainly depends on the 
concentration of luciferase which catalyzes photoemission reaction. However, the side reaction of adenos-
ine 5′-phosphosulfate (APS, an analogue of ATP) with luciferase resulted in an unavoidable background 
signal; hence, the sensitivity cannot be much higher due to the simultaneous increase of the background 
signal when using a larger amount of luciferase. In this, study, we demonstrated a sensitive pyrosequencing 
by using a large amount of ATP sulfurylase to lower the concentration of free APS in the pyrosequencing 
mixture. As the complex of ATP sulfurylase and APS does not react with luciferase, a large amount of 
luciferase can be used to achieve a sensitive pyrosequencing reaction. This sensitivity-improving pyrose-
quencing chemistry allows the use of an inexpensive light sensor photodiode array for constructing a 
portable pyrosequencer, a potential tool in point-of-care test (POCT).  

  Key words     Highly sensitive pyrosequencing  ,   ATP sulfurylase  ,   Photodiode array  ,   Portable 
pyrosequencer  

1       Introduction 

 Pyrosequencing, which is based on the  real-time bioluminomet-
ric quantifi cation   of pyrophosphate (PPi) released from dNTP 
incorporation [ 1 ], has been widely applied to SNP typing [ 2 ], 
microbe genotyping [ 3 ], gene expression analysis [ 4 ], and gene 
methylation analysis [ 5 ]. The next-generation sequencing plat-
form was fi rstly constructed using pyrosequencing chemistry as 
454 GS FLX [ 6 ]. So pyrosequencing technology has offered us a 
powerful tool in the fi eld of post-genomic research. In the con-
ventional pyrosequencing chemistry, four enzymatic reactions 
are employed,  polymerization with Klenow  , conversion of  PPi 
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to ATP   with ATP sulfurylase in the presence of adenosine 5′-phos-
phosulfate (APS), photoemission through luciferase reaction, and 
degradation of ATP and excess dNTPs with apyrase. This chem-
istry arises from the enzymatic luminometric PPi detection assay 
( ELIDA     ) [ 7 – 9 ] but has a lower background than ELIDA because 
ATP generated from PPi contamination in the reagents is 
degraded by the coexisting apyrase. So the background signal of 
pyrosequencing is only from the side reaction of APS (an ana-
logue of ATP) with luciferase [ 10 ]. The  sensitivity of   pyrose-
quencing mainly depends on the background level and the 
luciferase concentration. Although the signal intensity in pyrose-
quencing increases in proportion to luciferase concentration, the 
background due to free APS in the sequencing mixture increases 
with luciferase as well [ 10 ]. Therefore, the sensitivity of conven-
tional pyrosequencing chemistry is greatly limited. To use an 
inexpensive and  compact   photodiode (PD) array-based instru-
ment for pyrosequencing [ 11 ], the sensitivity of pyrosequencing 
chemistry should be improved to compensate the sensitivity 
insuffi ciency of PD sensor. We have previously reported a method 
enabling pyrosequencing with a high sensitivity by using pyruvate 
orthophosphate dikinase ( PPDK     ) instead of ATP sulfurylase to 
convert PPi into ATP in the presence of AMP which does not 
react with luciferase [ 12 ]. Although several fmols of DNA tem-
plate have been successfully sequenced in the PD- sensor   pyrose-
quencer, it is diffi cult to obtain the commercialized PPDK on 
market for the moment. In addition, the optimum temperature 
for PPDK-catalyzed reaction is 55–60 °C, and the activity of 
PPDK drops to 25 % of the maximum value at room temperature 
[ 13 ]; so  PPDK-AMP-based chemistry   is not in good accordance 
with the other three enzymatic reactions in pyrosequencing. 
Furthermore, we found that the yield of PPDK expressed from 
 Microbispora rosea  subsp.  aerata  in  E. coli    is much lower than that 
of ATP sulfurylase [ 14 ], suggesting that PPDK-AMP-based pyro-
sequencing may require expensive reagents. Accordingly, the 
widespread application of  the   PD array pyrosequencer in molecu-
lar diagnosis is greatly limited by the reagents. It is preferable to 
take the  advantage   of the low cost of conventional pyrosequenc-
ing chemistry while keeping a higher sensitivity. Because the sen-
sitive pyrosequencing using ATP sulfurylase and APS needs a low 
background, a straightforward way is to use a small amount of 
APS; however, this is not practical due to the decrease in the rate 
of PPi conversion reaction. Here, we improved the conventional 
pyrosequencing chemistry by using a large amount of ATP sulfu-
rylase to capture the  free APS  , allowing the use of a high concen-
tration of luciferase in the sequencing mixture for increasing 
pyrosequencing sensitivity (Fig.  1 ).

Haiping Wu et al.
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2         Materials   

     1.    ATP sulfurylase and Klenow fragment were obtained by gene 
engineering in our lab.   

   2.    DNA polymerase was purchased from Takara (Dalian, China).   
   3.    Polyvinylpyrrolidone (PVP) and QuantiLum recombinant 

luciferase were purchased from Promega (Madison, WI).   
   4.     Bovine serum albumin (BSA)  , APS, and apyrase VII were 

obtained from Sigma (St. Louis, MO).   
   5.    Dynabeads M-280 streptavidin was from Dynal Biotech ASA 

(Oslo, Norway).   
   6.     Sodium 2′-deoxyadenosine-5′-O-(1-triphosphate) (dATPαS)  , 

 2′-deoxyguanosine-5′-triphosphate (dGTP)  ,  2′-deoxythymidine-
5′-triphosphate (dTTP)  , and  2′-deoxycytidine-5′-triphosphate 
(dCTP)   were purchased from MyChem (San Diego, CA).   

   7.    Other chemicals were of a commercially extra-pure grade. All 
solutions were prepared with deionized and sterilized water.      

3     Methods 

       1.    Three pairs of gene-specifi c primers were designed for the 
amplifi cation of a 106-bp DNA fragment in the membrane 
protein gene (the M gene), a 195-bp DNA fragment in the 
nucleocapsid protein gene (the NP gene)   , and a 116-bp DNA 
 fragment   in the hemagglutinin gene (the HA gene), respectively. 
The primer sequences are listed in Table  1 .

3.1   Primers 
and Target Sequences  

  Fig. 1    Use a large amount of ATP sulfurylase to capture the free APS, allowing the use of a high concentration 
of luciferase in the sequencing mixture for increasing pyrosequencing sensitivity       
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              1.    Total RNA in  RNase-free water   was heated to 65 °C for 5 min 
and snap chilled on ice for at least 1 min.   

   2.    A reaction mixture containing 0.5 mM of each dNTP, 1× RT 
buffer, 1 μM random primer, 0.5 U/μL RNase inhibitor, and 
0.2 U/μL Omniscript reverse transcriptase was added to each 
tube containing RNA and mixed gently.   

   3.    Collected by a brief centrifugation and incubated at 37 °C for 
60 min, followed by 93 °C for 5 min to terminate the reaction.      

       1.    Fifty microliters of each PCR reaction mixture contained 1.5 
mM MgCl 2 , 0.2 mM of each dNTP, 1.25 U of Taq polymerase, 
20 pmol of the biotinylated PCR primer, and 20 pmol of the 
other PCR primer.   

   2.    Amplifi cation was performed on an  EDC-810 thermocycler 
PCR system   according to the following protocol: denaturing 
at 94 °C for 2 min, followed by 35 thermal reaction cycling 
(94 °C for 30 s, 56 °C for 60 s, 72 °C for 60 s). After the ther-
mal cycle reaction, the product was incubated at 72 °C for 
7 min to ensure the complete extension of the amplifi ed DNA.      

       1.     Streptavidin-coated magnetic Dynabeads M-280   were used to 
prepare ssDNA template for pyrosequencing ( see   Note 1 ).   

   2.     Biotinylated PCR products   were captured onto the magnetic 
beads ( see   Note 2 ).      

       1.    Pyrosequencing was performed in 100 μL of pyrosequencing 
mixture containing 0.1 M Tris–acetate (pH 7.7), 2 mM EDTA, 
10 mM magnesium acetate, 0.1 % BSA, 1 mM dithiothreitol, 
2 μM APS, 0.4 mg/mL PVP, 0.4 mM  D -luciferin, 0.1–5 μM 
ATP sulfurylase, 5.7 × 10 8  RLU QuantiLum™ recombinant 

3.2   RNA Reverse 
Transcription     

3.3    PCR  

3.4   ssDNA 
Preparation     

3.5   Pyrosequencing

   Table 1  

  Sequences of primers used for gene-specifi c PCR   

 Gene  Primer  Sequence (5′ to 3′) 

 M  InfA forward  gaccratcctgtcacctctgac 
 InfA reverse  biotin-agggcattytggacaaakcgtcta 

 NP  SW InfA forward  gcacggtcagcacttatyctrag 
 SW InfA reverse  biotin-gtgrgctgggttttcatttggtc 

 HA  SW H1 forward  gtgctataaacaccagcctycca 
 SW H1 reverse  biotin-cgggatattccttaatcctgtrgc 
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 luciferase, 18 U/mL  Exo   −   Klenow fragment, and 1.6 U/mL 
apyrase ( see   Note 3 ).   

   2.    Sequencing reaction starts by a stepwise elongation of  primer 
strands   through sequential additions of four kinds of deoxy-
nucleotide triphosphates ( see   Note 4 ).       

4     Method Validation 

   The effect of ATP-sulfurylase concentration on the background 
due to APS and the signals from DNA extension reaction was 
investigated. As shown in Fig.  2a , the background signal intensities 
due to APS decreased dramatically when the concentration of ATP 
sulfurylase increased from 0.1 μM to 2 μM, and no obvious 
decrease of the background is observed when the  concentration of   
ATP sulfurylase is more than 2 μM, which is equal to that of the 
added APS. On the other hand, the signal intensity due to dNTP 
incorporation also increased a little with the concentration of ATP 
sulfurylase (around 80 % from 0.1 μM to 1 μM) and stayed con-
stant after 1 μM (see Fig.  2a  for details). These results indicate that 
a highly sensitive pyrosequencing is possible by optimizing the 
ATP-sulfurylase concentration to allow a low background and the 
largest signal; therefore, the best concentration of ATP sulfurylase 
was selected as 2 μM in the case of 2 μM APS.

   To further investigate the optimum ratio in concentration 
between APS and ATP sulfurylase, pyrosequencing with different 
amounts of ATP sulfurylase was individually performed at the 
APS concentration of 0.5 μM, 1 μM, 2 μM, 5 μM, and 7.5 μM, 

4.1   Genotyping   the 
2009 Infl uenza A Virus 
(2009 H1N1)   

  Fig. 2    Effect of the concentration of ATP sulfurylase on both signals and background of pyrosequencing at 2 
μM APS ( a ) and on background of pyrosequencing at various concentrations of APS (0.5, 1, 2, 5, 7.5 μM), 
respectively ( b ). The sequences of the template (50 fmol) and the sequencing primer are 5′-CAG ATG AGA GAA 
CAA GAA GTG GGG-3′ and 5′-CCC CAC TTC TTG TTC TCT CAT-3′, respectively       
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respectively. As shown in Fig.  2b , the background signals at each 
APS concentration decreased with the increase of ATP-sulfurylase 
concentration. By using the background signal of 300 as a criteria, 
the optimum  concentrations of   ATP sulfurylase are around 0.5 
μM, 1 μM, 2 μM, 5 μM, and 7.5 μM at 0.5 μM, 1 μM, 2 μM, 5 
μM, and 7.5 μM APS, respectively; we thus concluded that a sensi-
tive pyrosequencing reaction could be achieved by keeping ATP-
sulfurylase concentration as high as that of APS in a sequencing 
mixture. From the viewpoint of reagent cost, a small amount of 
ATP sulfurylase is preferable; hence, APS concentration in pyrose-
quencing should be optimized. Pyrosequencing on various 
amounts of APS showed that sequencing signals become constant 
when more than 1 μM APS was employed (data not showed), indi-
cating that 2 μM  APS   is enough for a pyrosequencing reaction. 

 As the concentration of free APS was signifi cantly reduced by 
adding a large amount of ATP sulfurylase, the sensitivity of con-
ventional pyrosequencing can be increased by using a high concen-
tration of luciferase. For comparison, pyrosequencing on 50 fmol 
of synthesized ssDNA at various amounts of luciferase (0.57 × 10 8  
RLU, 1.1 × 10 8  RLU, 2.8 × 10 8  RLU, 5.7 × 10 8  RLU, and 11.3 × 10 8  
RLU) was carried out at 0.1 μM and 5.3 μM ATP sulfurylase, 
respectively. The results in Fig.  3a  showed that the backgrounds 
increased signifi cantly with the increase of luciferase concentration 
when 0.1 μM ATP sulfurylase was employed, resulting in a low 
signal-to- noise   ratio and a low detection sensitivity. On the other 
hand, pyrosequencing with 5.3 μM ATP sulfurylase (Fig.  3b ) gave 
a very low background and a higher signal-to-noise ratio, while 
the signal increased in proportion to the luciferase concentra-
tion. Therefore, it is feasible to employ a higher ATP-sulfurylase 
concentration to achieve a sensitive pyrosequencing.

  Fig. 3    Pyrosequencing sensitivity at various amounts of luciferase with the ATP-sulfurylase concentration of 
0.1 μM ( a ) and 5.3 μM ( b ), respectively. GLU means 10 8  relative light units       
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   We have constructed a prototype of 8-channel  pyrosequencer   by 
using a PD array sensor with the dimension of 140W × 158H × 250D 
(mm) [ 11 ,  15 ]. Different amounts of ssDNA template were detected 
by conventional and improved pyrosequencing system, respectively. 
As shown in Fig.  4 , about 250 fmol of DNA template were required 
for an accurate sequencing with conventional pyrosequencing chem-
istry, while 25 fmol of DNA template gave the similar sequencing 
intensity with the improved pyrosequencing chemistry. Therefore, 
the pyrosequencing sensitivity increased ten times in the improved 
pyrosequencing chemistry, resulting in a tenfold reduction in the 
amount of DNA template for pyrosequencing.

   We have applied this chemistry in the 8-channel  pyrosequencer 
  for genotyping the 2009 infl uenza A virus (2009 H1N1) by 
sequencing the segments of the M gene, the NP gene, and the HA 
gene which are species specifi c. The results were showed in Fig.  5 , 
and it is observed that the pyrograms contain some unexpected 
signals (short peaks). The pyrogram of a negative control (data not 
showed) suggests that these short peaks are from the contributions 
of both dNTP’s impurities and the background due to incom-
pletely extended templates. Comparison between the theoretical 
histograms and the obtained  pyrograms   indicates that these short 
peaks have less impact on the base-calling accuracy. Therefore, 
the sensitive pyrosequencing system coupled with PD array- based 
  portable DNA analyzer is feasible.

  Fig. 4    Pyrograms of different amounts of synthesized ssDNA with conventional 
pyrosequencing system ( a ) and improved pyrosequencing system ( b ). The amount 
of template was indicated in each pyrogram. Pyrosequencing was performed in 
100 μL of mixture by using a PD array-based portable bioluminescence analyzer       
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5         Technical Notes 

     1.     After sedimentation  , the remaining components of the PCR 
reaction can be removed by washing to obtain pure 
 double- stranded DNA followed by alkali denaturation to yield 
ssDNA [ 16 – 18 ].   

   2.    The immobilized biotinylated strand was used as the sequencing 
template.   

  Fig. 5    Typical pyrograms and the corresponding theoretical sequence histograms of the M gene, the NP gene, 
and the HA gene of infl uenza A 2009 virus (H1N1). The detected sequence is on the  top  of each peak. Each 
dNTP was dispensed with the order of A-T-C-G       
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   3.    At the condition of 2 μM APS and 2 μM ATP sulfurylase, the 
concentration of free APS in the pyrosequencing mixture was 
theoretically calculated to be 0.38 μM by taking the Kd of 0.09 
μM into consideration. The background signal from this 
amount of APS corresponds to the signal from 0.09 nM ATP, 
much lower than the template amount (2 nM) used in conven-
tional pyrosequencing.   

   4.    We used  portable bioluminescence analyzer   (HITACHI, Ltd., 
Central Research Laboratory, Japan) for pyrosequencing [ 15 ]. 
This apparatus has a portable size of 140 mm (W) × 158 mm 
(H) × 250 mm (D), which used an array of  eight   photodiodes 
(S1133; Hamamatsu Photonics K.K) to detect photo signals, 
and employed four separate capillaries for dispensing small 
amounts of dNTPs into the reaction chamber [ 19 – 21 ]. To 
vibrate the reaction chamber, a cell phone motor fi xed on the 
base support was employed, and a plate holding the reaction 
chambers was vibrated with the motor. In addition, a commer-
cialized pyrosequencing platform of PyroMark ID System 
(Biotage Co., Sweden) together with the pyrosequencing kit 
(Qiagen, Germany) was used for the method evaluation.         
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    Chapter 13   

 Using Polymerase Preference Index to Design imLATE-PCR 
Primers for an Effi cient Pyrosequencing                     

     Qinxin     Song     ,     Xiemin     Qi    ,     Yiyun     Shen    ,     Yiru     Jin    ,     Bingjie     Zou    , 
and     Guohua     Zhou      

  Abstract 

   To simplify pyrosequencing protocol, we improved linear-after-the-exponential-PCR (imLATE-PCR) for 
yielding single-stranded DNA templates directly for pyrosequencing reaction. However, it is very critical 
for designing qualifi ed primers for imLATE-PCR. To achieve a high amplifi cation effi ciency in imLATE- 
PCR, the polymerase preference index (PPI) value together with conventional melting temperature- 
dependent method were employed to design the primers. Issues frequently occurring in pyrosequencing 
based on conventional LATE-PCR, such as a low signal intensity or a high non-specifi c peak, were well 
solved by the PPI technology. The new strategy is validated by using pyrosequencing for various applica-
tion, including resequencing, quantitative SNP genotyping, and relative gene expression analysis. Successful 
detection of gene sequence of genetically modifi ed organisms, copy number variations of samples from 
Down’s syndrome (trisomy-21) patients, and gene expression levels in tissues from patients of breast can-
cer demonstrates the feasibility of this method for real application. Compared with pyrosequencing based 
on conventional LATE-PCR, the merits lie on a fl exible primer design, increased yield of ssDNA, and good 
quality of pyrograms.  

  Key words     Pyrosequencing  ,   imLATE-PCR (Improved linear-after-the-exponential-PCR)  ,   Polymerase 
preference index (PPI)  ,   Quantitative genotyping  ,   Gene expression analysis  

1      Introduction 

  Pyrosequencing   is widely used in clinical DNA sequencing as the 
gold standard for molecular diagnosis [ 1 ], however it requires the 
preparation of single-stranded DNA ( ssDNA  ) as sequencing tem-
plates. In conventional pyrosequencing protocols, a biotin-modi-
fi ed PCR primer and streptavidin-coated beads are needed to 
prepare ssDNA. Potential issues caused from ssDNA preparation 
include high cost, tedious process, and a high risk of DNA cross- 
contamination due to aerosol. To overcome this issue, we pro-
posed a new method based on nicking endonuclease ( NEases  ) 
which nicks a specifi c strand of PCR products and pyrosequencing 



156

could therefore directly start along with the nick position by 
strand- displacement reaction [ 2 ]. Although this method was suc-
cessfully used for  quantitative genotyping    and differential gene 
expression analysis  , there are following restrictions: a very limited 
set of NEases commercially available now, about an extra hour for 
nicking reaction, a very limited readable length (around 10 bp) 
due to the ineffi cient activity of strand displacement by polymerase 
Klenow used in pyrosequencing. 

 Recently,  linear-after-the-exponential-PCR  , a modifi ed type of 
asymmetric PCR, has been developed to generate ssDNA directly by 
PCR [ 3 ,  4 ], but there is a very strict criteria for primer design, and 
length of amplicons is short. To improve this method, we proposed 
imLATE-PCR (improved linear-after-the-exponential-PCR) to 
optimize primer design for general use (Fig.  1 ) [ 5 ]. However, the 

  Fig. 1    Schematic overview of the method of pyrosequencing on ssDNA generated by improved linear-after-
the- exponential-PCR (imLATE-PCR). Pyrosequencing directly on ssDNA products produced by imLATE-PCR on 
genomic DNA (gDNA) or mitochondrial DNA (mtDNA) in case of sequencing or quantitative genotyping, and 
pyrosequencing on ssDNA products produced by sequence-tagged reverse-transcription polymerase chain 
reaction coupled with imLATE-PCR in case of relative gene expression levels analysis on messenger RNA 
(mRNA)       
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effi ciency of imLATE-PCR still depends on the  melting temperature 
( T  m ) values   of asymmetric PCR primers. In some cases, although  T  m  
of the primer well fi ts the requirement of amplifi cation and GC con-
tent is not so high, we cannot obtain ssDNA products from PCR 
with a desirable yield. To improve amplifi cation effi ciency and signal 
intensity, here the polymerase preference index (PPI) value was 
introduced into the design of PCR primers for pyrosequencing in 
addition to  T  m  and GC measurements.

2        Materials   

     1.    GMO Materials:  Certifi ed Reference Materials (CRMs)   pro-
duced by the European Union (EU) Joint Research Center, 
Institute for Reference Materials and Measurements (IRMM), 
were purchased from Fluka, Buchs, Switzerland. 1 % geneti-
cally modifi ed Bt11 maize, 2 % genetically modifi ed Bt176 
maize, and 2 % genetically modifi ed Roundup ready soya were 
used.   

   2.     Biospin Plant Genomic DNA Extraction Kit   (Bioer Technology 
Co., Ltd., Hangzhou, China) ( see   Note 1 ).   

   3.     TransStart Taq DNA Polymerase   was purchased from TransGen 
Biotech (Beijing, China).   

   4.    Exo −  Klenow Fragment,  polyvinylpyrrolidone (PPV)  , and 
 QuantiLum recombinant luciferase   were purchased from 
Promega (Madison, WI).   

   5.    ATP sulfurylase, apyrase,  D -luciferin, bovine serum albumin 
(BSA), and adenosine 5′-phosphosulfate (APS) were obtained 
from Sigma (St. Louis, MO).   

   6.     2′-Deoxyadenosine-5′-O-(1-thiotriphosphate) sodium salt 
(dATP-α-S)   was purchased from Amersham Pharmacia Biotech 
(Amersham, UK).   

   7.    dGTP, dTTP, and dCTP were purchased from Amersham 
Pharmacia Biotech (Piscataway, NJ).   

   8.     Homemade PD array   eight-channel pyrosequencer.   
   9.    All of the oligomers were synthesized and purifi ed  by   Invitrogen 

(Shanghai, China) ( see   Note 2 ).      

3    Methods 

       1.    Each 25 μL of  PCR mixture   contained 3.0 mM MgCl 2 , 
0.1 mM of each dNTP, 1.0 μM of the excess primer, 0.1 μM of 
the limiting primer, 1 μL of DNA template, and 0.1 U of 
Hotstar Taq  DNA polymerase (Qiagen). Sometimes 0.5 % BSA 
(w/v) and 12.5 % glycerol (v/v) were added as PCR Enhancer.   

3.1  imLATE-PCR
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   2.     Amplifi cation   was performed on a PTC-225 thermocycler 
PCR system (MJ research) according to the following imLATE-
PCR program: initial heating step at 95 °C for 15 min, fol-
lowed by 30 cycles (denaturation at 90 °C for 10 s, annealing 
at 55 °C for 10 s, elongation at 72 °C for 40 s), then followed 
by another 30 cycles (denaturation at 90 °C for 10 s, annealing 
at 65 °C for 10 s, elongation at 72 °C for 40 s), followed by a 
fi nal 10 min elongation step at 72 °C.   

   3.    imLATE-PCR: 95 °C, 15 min; followed by 30 cycles (94 °C 
for 10 s; 60 °C for 10 s; 72 °C for 20 s); followed by 30 cycles 
(94 °C for 10 s; 66 °C for 10 s; 72 °C for 20 s), 72 °C for 
10 min; 16 °C hold.   

   4.     Breast cancer   imLATE-PCR: 95 °C, 5 min, 25 cycles (87 °C, 
15 s; 52 °C, 10 s; 72 °C, 20 s), 35 cycles (87 °C, 15 s; 63 °C, 
10 s; 72 °C, 20 s) 72 °C, 10 min.      

       1.    The reaction volume of pyrosequencing was 40 μL, containing 
0.1 M Tris–acetate (pH 7.7), 2 mM EDTA, 10 mM magne-
sium acetate, 0.1 % BSA, 1 mM dithiothreitol (DTT), 2 μM 
adenosine 5′-phosphosulfate (APS), 0.4 mg/mL PVP, 0.4 mM 
 D  - luciferin, 200 mU/mL ATP sulfurylase, 3 μg/mL luciferase, 
18 U/mL Klenow fragment, and 1.6 U/mL apyrase.   

   2.    Five microliters of imLATE-PCR products were added into 
40 μL pyrosequencing buffer fi rst to remove the residual SNPs 
in a imLATE-PCR mixture by apyrase coupled with ATP sul-
furylase for 5 min before pyrosequencing. And then 10 pmol 
sequencing primer was added into the buffer anneal to the 
ssDNA template for 5 min at room temperature.   

   3.    Pyrosequencing was carried out on an eight-channel Prototype 
of Portable Bioluminescence Analyzer (Hitachi, Japan) accord-
ing to the manufacturer’s protocols. The sequencing proce-
dure was carried out by a stepwise elongation of the primer 
strand through sequential additions of four kinds of dNTPs, 
degradation of nucleotides by  apyrase  , and simultaneous detec-
tion of resulting light emission by using a PD array sensor.       

4    Method Validation 

   Recent studies have shown that DNA polymerase priming bias has 
an effect on priming effi ciencies in addition to  T  m  and GC content, 
which is evaluated by an index value termed polymerase preference 
index or ,PPI for a sliding eight base pair window [ 6 ]. By the 
example of 1555A>G mutation of inherited deafness on mitochon-
drial DNA (400 bp), the PPI value was calculated with the aid of 
the online iC-Architect software (http://icubate.com/index.
php/2011/03/ppi-helps-you-design-better-pcr-primers/). 

3.2   Pyrosequencing  

4.1  Primer Design 
Based on PPI  and  T  m      
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Figure  2a  presents sense and anti-sense strand PPI profi les  displayed 
from 5′ to 3′ and 3′ to 5′, respectively, in which maximum posi-
tions are the optimal placement for the 3′ end of the primer while 
minimum positions should be avoided. These results together with 
 T  m  were utilized to design two sets of imLATE-PCR primer. 
Higher PPI values of the good primer pair results in the remark-
able difference between two PAGE electropherograms that the 
obtained ssDNA with the good primer pair is more prominent 
than that with the poor one (Fig.  2b ). Therefore, a PCR primer 
with higher PPI value can provide better amplifi cation effi ciency. 
Furthermore, the signal intensity of the pyrogram obtained by 
good primer pair (Fig.  2d ) is signifi cantly stronger in comparison 
with the one obtained by poor primer pair (Fig.  2c ), thus increas-
ing the quantifi cation accuracy of pyrosequencing. As a result, we 
can employ this software to guide primer design by positioning the 
3′ end of the primer in places where the PPI value of the  template 
  is high and avoiding secondary structural elements like hairpins so 
as to generate suffi cient ssDNA products  with   high amplifi cation 
effi ciency for pyrosequencing.

      With the development of  GMOs technology  , many methods have 
been established for DNA sequencing analysis [ 7 ]. In order to 
evaluate the performance of our method in this fi eld, fi ve genes 
(zSSIIb, Bt11, and Bt176 gene of the genetically modifi ed maize; 
 Lectin and 35S-CTP4 gene   of the genetically modifi ed roundup 
ready soya) extracted from plant tissue were used. We designed the 
primers of fi ve different genes and then carried out imLATE-PCR 
amplifi cation. Pyrosequencing was directly executed on the target 
sequence of ssDNA products generated by imLATE-PCR. Figure  3  
shows typical programs for zSSIIb, Bt11, Bt176, Lectin, and 35S- 
CTP4 gene where the detected sequence is on the top of each 
peak. Since the GM sequences were successfully detected, the 
method is feasible for DNA sequencing.

      Conventional SNP typing can qualitatively identify homotype and 
heterotype. However, for the diagnosis of aneuploidy diseases, the 
allele-specifi c peak intensity is required to be accurately propor-
tional to the amount of allele-specifi c template. To demonstrate 
the capability of this method for quantitative genotyping on the 
genome DNA, we selected two SNPs (rs2839110 and rs1042917 
located in chromosome 21) with a high heterozygote rate from 
NCBI and analyzed them for the diagnosis of Down’s syndrome 
(trisomy-21). A series of single cells from normal persons and 
Down’s syndrome patients was used for detection. As a result, we 
obtained representative programs of SNP-rs2839110 and 
SNP-rs1042917 from normal persons and patients. 

 In theory, the allelic ratio of the SNP in chromosome 21 is 2:1 
or 1:2 because a trisomy-21 patient has an additional third 

4.2  Sequencing 
Analysis of GMO

4.3  Quantitative 
Genotyping of  Down’s 
Syndrome     
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  Fig. 2    Primer design based on polymerase preference index (PPI) and  T  m . ( a ) A graphical display of the output of the ic-
Architect online software for mitochondrial DNA template (400 bp) with assigned PPI. Maximum positions indicate the 
optimal placement for the 3′ end of the primer, while minimum positions should be avoided. ( b ) Two imLATE-PCR primer 
pairs with different PPI values. PAGE electropherograms show that the ssDNA obtained from imLATE-PCR using the good 
primer pair with higher PPI value is more prominent than that using the poor one. The signal intensity of the pyrogram 
obtained by good primer pair ( d ) is signifi cantly stronger in comparison with the one obtained by poor primer pair ( c )       
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  Fig. 3    Typical pyrograms of pyrosequencing on ssDNA directly generated by imLATE-PCR. zSSIIb ( a ), Bt-11 ( b ), 
and Bt-176 gene ( c ) of the genetically modifi ed maize; Lectin ( d ) and 35S-CTP4 gene ( e ) of the genetically 
modifi ed roundup ready soya. The detected sequence is on the  top  of each peak. Each dNTP was dispensed 
with the order of A-C-G-T       
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chromosome 21 compared with a normal people. As shown in 
Figs.  4  and  5 , the genotypes are GG, AA, GA for normal homozy-
gous and heterozygotes (Figs.  4a–c  and  5a–c ), but GGA or GAA 
for Down’s syndrome patients (Figs.  4d, e  and  5d, e ). In addition, 
Fig.  6  indicates the allelic ratio of SNP can be quantitatively mea-
sured through this method. The allelic ratios are 1:0, 0:1 and 1:1 
for normal homozygous and heterozygotes (Fig.  6a–c ), but 2:1 or 
1:2 for Down’s syndrome patients (Fig.  6d, e ). More importantly, 
it was successfully demonstrated that sequencing a homopolymet-
ric stretch or a single cell containing an extremely small amount of 
DNA templates  worked   well  while   maintaining good accuracy. 
Thus it promises to be a practical and effi cient tool for the diagno-
sis of aneuploid diseases.

        Gene expression levels prove to be relevant to carcinogenesis, 
progress and prognosis of various cancers [ 8 ]. Recently we have 
developed a sensitive and inexpensive method, SRPP (Sequence- 
tagged Reverse-transcription PCR coupled with Pyrosequencing) 

4.4   Differential   Gene 
Expression  Analysis  

  Fig. 4    Homozygous and heterozygote pyrograms of SNP-rs2839110 located in chromosome 21 from normal 
persons ( a ,  b ,  c ) and Down’s syndrome patients ( d ,  e ). The SNP types were indicated by  arrows        
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to quantitatively detect gene expression levels [ 9 ,  10 ]. In this study, 
we verifi ed that a suffi cient amount of ssDNA generated by 
imLATE-PCR coupled with pyrosequencing could be applied in 
SRPP. 

 First, two kinds of reverse-transcription (RT) primers (RT-G 
and RT-C) were designed to prepare cDNAs of normal and tumor 
breast tissues. The sequences are 5′-CCA TCT GTT GG GGATC 
TGTC  g atc ttt ttt ttt ttt ttt VN-3′ for RT-G, and 5′-CCA TCT 
GTT GG GGATC TGTC  c atg ttt ttt ttt ttt ttt VN-3′ for RT-C 
(underlined italics: gene source-specifi c bases). After reverse tran-
scription from different amount of total RNA with RT primers, 
imLATE-PCR was carried out followed by quantitative decoding 
of the source-specifi c sequence tags in amplicons by pyrosequenc-
ing. The ratios of two source-specifi c cDNAs in the artifi cial 
 templates were 1:1, 1:2, 1:5, and 1:10 (G:C), respectively (Fig.  7a ). 
Based on the comparison of the peak intensities in the pyrograms, 
the correlation between the theoretical ratios of the two sources 
and the observed ratios by the imLATE-PCR method is satisfying 
( r  2  = 0.9923) (Fig.  7b ). Moreover, Fig.  7c  presents the comparison 

  Fig. 5    Homozygous and heterozygote pyrograms of SNP-rs1042917 located in chromosome 21 from normal 
persons ( a ,  b ,  c ) and Down’s syndrome patients ( d ,  e ). The SNP types were indicated by  arrow        
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between real-time PCR, the gold standard for quantitative gene 
expression analysis, and the imLATE-PCR for quantifi cation of the 
expression levels of three prognostic marker genes (MMP9, 
AF052162, and ESM1) in a patient suffering from breast cancer 
( n  = 3).  Differential   expression levels between tumor tissue and 
normal tissue adjacent to tumor tissue indicates a relatively high 
risk of metastasis for this patient. Since no signifi cance difference 
between two  methods   was observed, the results indicate our 
method is reliable for gene expression analysis by SRPP.

5        Technical Notes 

     1.    1–30 μg genomic DNA can be acquired from up to 100 mg 
plant tissue by using this Kit. The  quantity and quality of DNA   
in the samples were measured and evaluated according to the 
absorbance measurements at 260 nm wavelength and 1 % aga-
rose gel electrophoresis.   

   2.    For the evaluation, fi ve  genes of GMO   (zSSIIb, Bt11, and 
Bt176 gene of the genetically modifi ed maize; Lectin and 35S- 
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  Fig. 6    Homozygous and heterozygote pyrograms of SNP-rs1042917 located in chromosome 21 from single cell 
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CTP4 gene of the genetically modifi ed Roundup ready soya), 
three SNPs (rs1053315, rs2839110, and rs1042917) in chro-
mosome 21 and three genes of breast cancer (MMP9, 
AF052162, and ESM1 gene) were selected as examples for the 
method. Two kinds of reverse-transcription primers (RT-G and 
RT-C) were designed to individually reverse-transcribe normal 
 and   tumor breast tissues. The sequences are 5′-CCA TCT GTT 
GG GGATC TGTC  g atc ttt ttt ttt ttt ttt VN-3′ for RT-G, and 
5′-CCA TCT GTT GG GGATC TGTC  c atg ttt ttt ttt ttt ttt 
VN-3′ for RT-C (underlined italics: gene source-specifi c bases).         
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    Chapter 14   

 Preparation of Thermal-Stable Biotinylated Firefl y 
Luciferase and Its Application in Pyrosequencing                     

     Shuhui     Zhu    ,     Bingjie     Zou    ,     Haiping     Wu    ,     Yinjiao     Ma    ,     Ying     Chen    , 
    Qinxin     Song     , and     Guohua     Zhou      

  Abstract 

   The next-generation pyrosequencing system requires stable and immobilized luciferase. In order to get 
stable and immobilized luciferase for the large-scale pyrosequencing platform, the genes coding the 
 Photinus pyralis  fi refl y luciferase and 87 C-terminal residues of biotin carboxyl carrier protein (BCCP87) 
were inserted into plasmid to express biotinylated fusion protein in  E. coli  BL21 (DE3), and the gene of 
luciferase was mutated to get thermo-stable biotinylated luciferase. The fusion protein was immobilized on 
streptavidin-coated beads and applied to pyrosequencing. The results of activity detection showed that 
mutant luciferase had a good tolerance to heat, and still showed activities at 50 °C. The activities of mutant 
LUC remains 80 % at 43 °C for 10 min. Western blot analysis indicated that the fusion protein was suc-
cessfully biotinylated in  E. coli . The biotinylated luciferase immobilized by magnetic beads coated with 
streptavidin showed catalytic activity of 2.1 × 10 5  RLU/μL beads and the activity was nearly constant even 
if bead-LUC suffered from multiple washing processes. The DNA was accurately and quantitatively 
sequenced by using luciferase and ATP sulfurylase co-immobilized on magnetic beads. This study provides 
an effi cient and thermal-stable enzyme for the large-scale chip-based pyrosequencing system.  

  Key words     Biotinylated luciferase  ,   Large-scale pyrosequencing  ,   Biotin carboxyl carrier protein  

1      Introduction 

 Firefl y luciferase (EC 1.13.12.7) catalyzes the  bioluminescence 
reaction   in the presence of luciferin, ATP, O 2 , and magnesium ions 
[ 1 ]. Many kinds of biological assays, such as pyrosequencing [ 2 ], 
have been established based on the bioluminescence reaction. 

  Pyrosequencing   is a real-time sequencing method that 
employed four enzymes, DNA polymerase, ATP sulfurylase, lucif-
erase, and apyrase, to detect PPi from DNA extension for the anal-
ysis of template DNA [ 3 ]. At present, pyrosequencing has been 
applied to discrimination of single-nucleotide polymorphism 
(SNP) [ 4 ], detection of virus and microorganism [ 5 ,  6 ], and 
 measurement of differential gene expression [ 7 ]. Currently, the 
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development of high-throughput picoliter-upgrade pyrosequenc-
ing technology with the capability of good sensitivity, short time- 
consuming, and analysis of one billion base pairs simultaneously is 
a new revolution in the history of sequencing technology. The 
whole human genome sequences can be sequenced in couple of 
months using this technology. This will greatly facilitate the pro-
cess of post-genome studies [ 8 ]. One of the key points of this tech-
nology is to gain immobilized luciferase with good thermal 
stability. 

 Traditionally,  chemical method   is used to get biotin-modifi ed 
enzyme to make enzyme immobilize on the streptavidin-coated 
beads surface with the specifi c binding characteristics between bio-
tin and streptavidin. However, the method of chemical modifi ca-
tion has shortcomings, such as no specifi cation, affection of the 
active site of enzyme, tedious operations, and uneven products. 
 Biotin ligase   can catalyze biotin to attach covalently to the ε-NH 2  
of the Lys122 of biotin carboxyl carrier  protein   (BCCP), which is 
the unique receptor of biotin in  E. coli  [ 9 ,  10 ]. Exogenous protein 
fused with the C-terminal 87 amino acids of BCCP (BCCP87) will 
be biotinylated in  E. coli  [ 11 ,  12 ] with high activity due to the 
BCCP87 as a linker to make the unique biotinylated site far away 
from active site. Biotinylated fi refl y luciferase had been expressed 
in  E. coli  through the fusion with BCCP [ 13 ]. However, this bio-
tinylated luciferase similar to  wild-type luciferase   has a poor ther-
mal stability especially when the external environment temperature 
exceeds 40 °C [ 14 ]. The thermal stability of North American fi re-
fl y luciferase ( Photinus pyralis ) can be enhanced by site-directed 
mutagenesis [ 15 ]. However, to the best of our knowledge, the 
expression of thermal-stable biotinylated North American fi refl y 
luciferase has not been reported. 

 In order to prepare  immobilized   luciferase with high stability 
and good reusability for application to solid-phase or  large-scale 
pyrosequencing,   the fusion protein consisted of BCCP87  and 
thermal-stable mutant North American fi refl y luciferase   was bioti-
nylated and expressed in  E. coli . The biotinylated thermal-stable 
luciferase had properties of good stability, easily immobilized, and 
successfully applied to solid-phase pyrosequencing.  

2     Materials   

     1.    Ultra-Weak Chemiluminescence Analyzer System (Institute of 
Biophysics Chinese Academy of Science).   

   2.     EDC-810-type gene amplifi cation instrument   (Dongsheng 
Innovation Biotech Co., Ltd., China).   

   3.    PowerPac 1000 high-voltage power supply (BIO-RAD com-
pany, USA).   
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   4.     GenGenius gel imager   (Syngene Corporation, USA).   
   5.    Gene Spe III 7A0-0038 UV–visible spectrophotometer (NaKa 

Instruments Corporation, Japan).   
   6.     Beckman 21R-type refrigerated centrifuge   (Beckman Coulter 

Co., Ltd., USA).   
   7.    Restriction endonucleases of  Bam H I,  Hind  III, and  Nde  I 

were purchased from Dalian TakaRa Company.   
   8.    APS (adenosyl sulfuric acid), Apyrase, Luciferin, and luciferase 

were purchased from Sigma (St. Louis, MO) Company.   
   9.     Dynabeads TM-280 Streptavidin   (streptavidin–biotin-coated 

magnetic beads) were purchased from Shanghai Invitrogen 
Corporation.   

   10.     Plasmid pGEM-Luc   was purchased from Promega (Madison, 
WI) Company.   

   11.     Deoxy-α-sulfi de adenosine triphosphate (dATPαS)  , dGTP, 
dTTP, and dCTP were purchased from Amersham Pharmacia, 
Biotech Company.   

   12.    Klenow DNA polymerase (ex-) and ATP sulfurylase were pre-
pared in laboratory.   

   13.     E. coli  BL21 (DE3) was conserved in  our   laboratory.   
   14.    Primers were synthesized by Shanghai Invitrogen Corporation; 

other chemical reagents were of analytical pure grade, all 
reagents were confi gured to use sterile deionized water.      

3    Methods 

       1.    The  luciferase gene ( luc )   was amplifi ed using primers, 
5′-GTGCGGATCCATGGAAGACG- CCAAA-3′ ( Bam H I) 
and 5′-GCGTGC AAGCTT TT ACAATTTGGACTTTCC
GCCCT- 3′ ( Hind  III), with pGEM-LUC plasmid as a 
template.   

   2.    The BCCP87 gene from  E. coli  was amplifi ed using primers, 
5′-CA- TCATATG GAAGCGCCAGCAGC-3′ ( Nde  I), and 
5′-GTGTGT GGATCC CTCGATGAC-GACCAG-3′ ( Bam H I).   

   3.    The BCCP87 gene was inserted into the plasmid pET28a (+), 
and then  luc  gene was inserted into the downstream of 
BCCP87 gene.   

   4.    Site-directed mutagenesis was performed by the method of 
Overlap Extension PCR (OE-PCR) [ 16 ]. The primers, 5′-biotin-
CCTTCCGCATAGAACTCTCTGCGTCAGATTCTCG- 3′ 
and 5′-biotin-CGAGAATCTGACGCAGAGAGTTCTATG
CGGAAGG- 3′, were used to introduce the mutation at 215 
site (A215L) of luciferase.   

3.1  Construction 
of  pET28a- BCCP87- 
LUC Plasmid         and Site- 
Directed Mutagenesis 
of Luciferase Gene
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   5.    The primers, 5′-biotin- CTATTCTGATTACACCCAAGGGG
GATGATAAACC- 3′ and 5′-biotin- CGGTTTATCATCCCCC
TTGGGTGTAATCAGAATAG- 3′, were used to introduce the 
mutation at 354 site (E354K) of luciferase ( see   Note 1 ).   

   6.    The recombinant plasmid was transformed into  E. coli  BL21 
(DE3). The positive clones were screened by PCR and 
sequenced by Shanghai  Invitrogen   Corporation.            

       1.    The positive clone was inoculated into LB medium (kan + , 
30 mg/L) and induced overnight (16 °C, 200 r/min) with IPTG.   

   2.    The bacteria were harvested and broken by ultrasonic, and 
then centrifuged for 30 min at 12,000 ×  g  to get supernatant 
for SDS-PAGE (12 %) analysis.   

   3.    Western blot was performed using horseradish peroxidase- 
labeled avidin to analyze whether the fusion protein was bioti-
nylated in vivo.   

   4.    The fusion protein was purifi ed by nickel ion affi nity 
chromatography.   

   5.    1 μL of different concentrations of commercial luciferase was 
added to 10 μL of reaction buffer (0.1 mol/L Tris-Ac pH 7.9, 
0.5 mmol/L EDTA, 5 mmol/L Mg(Ac) 2 , 0.4 mg/mL PVP, 
0.02 % BSA, 1 mmol/L DTT, 0.4 mmol/L  D -luciferin, 5 
μmol/L ATP) to measure signal intensity, respectively, to get 
the standard curve of “signal intensity-activity units.”   

   6.    The signal of fusion protein with an optimal concentration was 
detected under the same conditions to calculate the specifi c 
activity. The  concentration   of the fusion protein was measured 
by ultraviolet spectrophotometry.      

       1.    Thermal stability of mutant luciferase (BCCP-LUC) was 
detected by placing the enzyme at 40 °C, 42 °C, 45 °C, 47 °C, 
49 °C, and 50 °C for 10 min, respectively, and at 43 °C for 10 
min, 15 min, 20 min, 25 min, 30 min, 35 min and 40 min, 
respectively, to detect remaining,    activity ( see   Notes 2 – 3 ).      

       1.    10 μL of streptavidin-coated magnetic beads were washed with 
50 μL of washing buffer (0.1 mol/L Tris-Ac pH 7.9, 0.5 
mmol/L EDTA, 5 mmol/L Mg(Ac) 2 , 0.4 mg/mL PVP, 0.02 % 
BSA, 1 mmol/L DTT) twice.   

   2.    Resuspended in 40 μL of washing buffer, and then 10 μL of 
BCCP-LUC were added.   

   3.    After incubation at 4 °C for 1 h, the mixture was placed on the 
magnet for 1 min to discard the supernatant, and the beads 
were washed twice.   

   4.    Resuspended in 10 μL of washing buffer to get bead- 
immobilized luciferase (bead-LUC).   

3.2  Western Blot 
Analysis and Activity 
Assay of  Fusion 
Protein (BCCP87-LUC)     

3.3  The  Thermal 
Stability 
of BCCP87-LUC  

3.4  Activity Assay 
and Washing 
Tolerance of  the 
   BCCP-LUC  
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   5.    Detected the activity of bead-LUC.   
   6.    To examine the  washing tolerance   of the bead-LUC, the bead- 

LUC was washed nine times, and the remaining activity was 
detected after  every   three times of washing ( see   Note 5 ).   

   7.    The relative activity of  washed   bead-LUC was calculated with 
the initial activity of bead-LUC as 100 %.      

       1.    A synthesized DNA template ( see   Note 5 ) was sequenced 
using sequencing mixture containing 2 μL of bead-LUC, 1 μL 
of solid-phase single-strand DNA template, and 10 μL of 
sequencing buffer (0.1 mol/L Tris-Ac pH 7.9, 0.5 mmol/L 
EDTA, 5 mmol/L Mg(Ac) 2 , 0.4 mg/mL PVP, 0.02 % BSA, 1 
mmol/L DTT, 4 μmol/L APS, 0.4 mmol/L  D -luciferin, 90 
U/mL Klenow (exo − ) DNA polymerase, 0.2 U/mL ATP 
sulfurylase).   

   2.    Signal was detected by BPLC when the corresponding dNTP 
was added one by one ( see   Notes 6 – 7 ).      

       1.    The biotinylated ATPS prepared by our laboratory [ 17 ] (ATP 
sulfurylase, ATPS, EC 2.7.7.4) and biotinylated luciferase were 
co-immobilized on beads to get the bead-ATPS-LUC. The 
bead-ATPS-LUC was also applied to pyrosequencing, and the 
protocol was as proposed in Sect. 2.2.5. The only difference 
was that ATP sulfurylase was absent in sequencing buffer.       

4     Method   Validation 

 The sequencing result of positive recombinant plasmid demon-
strated that the BCCP87-LUC was successfully mutated at the site 
of 215 (A215L) and 354 (E354K). The result of SDS-PAGE analy-
sis showed that the soluble fusion protein with the molecular weight 
of 77 kDa could be obtained in the supernatant. Western blot analy-
sis (Fig.  1 , lane 2) indicated that a specifi c reaction was occurred 
between the fusion protein and the horseradish peroxidase (HRP)-
conjugated streptavidin, which indicated that the fusion protein was 
biotinylated in  E. coli . The specifi c activity of the purifi ed BCCP87-
LUC was detected and calculated as 2.03 × 10 9  RLU/mg.

   In order to verify whether the thermal stability of the mutant 
luciferase (BCCP87-LUC) was enhanced, the activities of the 
luciferase placed in various temperatures for 10 min were mea-
sured. The results (Fig.  2a ) showed that the activity of wild-type 
luciferase decreased rapidly while the temperature was higher than 
38 °C and no activity was detected when the temperature was at 45 
°C. However, the activity of mutant luciferase was decreased slowly 
from 37 °C to 46 °C, and the remaining activity was more than 
50 % while the temperature was at 45 °C. In addition, the activity 
of luciferase at 43 °C for different time period was measured. 

3.5   Application   
of  Bead-LUC   
to Pyrosequencing

3.6  Application 
of Biotinylated ATP 
Sulfurylase Combined 
with Bead-LUC 
to Pyrosequencing
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The results (Fig.  2b ) showed that the activity of the wild-type lucif-
erase was only retained 10 % after placing in 43 °C for 10 min, and 
was inactivated after 20 min. But the activity of mutant-type lucif-
erase was retained 80 % after placed at 43 °C for 10 min and more 
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  Fig. 1    SDS-PAGE and Western blot analysis of the fusion protein expressed in  E. coli  BL21 (DE3) M: protein 
marker;  Lane 1 : Supernatant of the lysate of clones after being induced with IPTG for 12 h;  Lane 2 : Western 
blot analysis of biotinylated fusion protein with horseradish peroxidase-conjugated streptavidin (HRP)       
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  Fig. 2    Comparison of thermostability of mutant luciferase (BCCP87-LUC) and wild-type luciferase. ( a ) Remaining 
activities of mutant luciferase and wild-type luciferase were detected after being incubated at various tem-
peratures for 10 min. ( b ) Remaining activities of mutant luciferase and wild-type luciferase were detected after 
being incubated at 43 °C for different time periods. Every experiment was carried out three times       
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than 50 % after 20 min. These results suggested that the thermal 
stability of the mutant-type luciferase was improved signifi cantly.

   The fusion protein (BCCP87-LUC) was immobilized on the 
streptavidin-coated magnetic beads through the affi nity between 
streptavidin and biotin. The  immobilized   BCCP87-LUC 
 (bead- LUC) could be separated from the solution by magnets. 
The  activity of   bead-LUC detected by the method proposed in 
Sect. 2.2.3 was 2.1 × 10 5  RLU/μL beads. 

 The beads in chip-based pyrosequencing would be washed many 
times to remove the infl uence of prior dNTPs. Therefore, washing 
tolerance is acquired for the bead-LUC. In this experiment, the bead-
LUC was washed for nine times, and the remaining activity was 
detected after every three times of washing. The remaining activity of 
bead-LUC after washed three times, six times, and nine times was 
95.2 %, 90.1 %, and 83.4 %, respectively. The loss activity of every 
three times of washing was from 5 % to 7 %. The loss of beads during 
manual washing process was considered as the main course of activity 
decreasing, therefore, mild operation was needed in washing steps to 
reduce the loss of beads during pyrosequencing. 

 Large-scale chip-based pyrosequencing requires not only 
immobilized luciferase but also immobilized ATP sulfurylase. We 
had successfully expressed biotinylated ATP sulfurylase (BCCP- 
ATPS) previously, which could also be immobilized on streptavidin- 
coated magnetic beads [ 17 ]. The BCCP-ATPS and BCCP87-LUC 
were co-immobilized on streptavidin-coated magnetic beads to 
carry out pyrosequencing with the same protocol as that of pyro-
sequencing using bead-LUC. The results of pyrosequencing were 
shown in Fig.  3 . Another experiment showed that the signal 
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  Fig. 3    The results of pyrosequencing with LUC and ATPS co-immobilized on 
beads       
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intensity was increased by using more bead-ATPS-LUC. The cor-
rect  sequencing   results indicated that BCCP-ATPS and BCCP87-
LUC were able to be co-immobilized on beads and applied to 
 pyrosequencing with a good quantitative capacity. These charac-
ters met the needs of large-scale chip-based pyrosequencing.

5       Technical Notes 

     1.    The bold represented the mutant bases.   
   2.    The wild-type luciferase served as a control. Each experiment 

was carried out three times in parallel.   
   3.    The activity of bead-LUC was detected as described in Sect. 

2.2.2.   
   4.    The loss of beads during manual washing process was consid-

ered as the main course of activity decreasing, therefore, mild 
operation was needed in washing steps to reduce the loss of 
beads during pyrosequencing.   

   5.    The sequence of the DNA template was A-T-T-C-T.   
   6.    Before each addition of the dNTP, the beads were washed 

three times with sequencing buffer to eliminate the effect of 
prior dNTPs. Parallel experiment was carried out three times.   

   7.    The result of sequencing was consistent with the sequence of 
template and showed a good quantitative capacity. Multiple 
washing of bead-LUC has no infl uence on the operations of 
pyrosequencing.         
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    Chapter 15   

 Expression of Thermostable Recombinant  Luciola lateralis  
Luciferase and Its Function on Setting Up of Heat-Stable 
Pyrosequencing System                     

     Shu     Xu    ,     Bingjie     Zou    ,     Qinxin     Song     , and     Guohua     Zhou    

    Abstract  

  Pyrosequencing is a technology to determine DNA sequence based on extending. The poor stability of 
luciferase in pyrosequencing reaction mixture leads to disappointed results, which limits the application 
and promotion of pyrosequencing. In order to set up a heat-stable pyrosequencing system, we used genetic 
engineering technology to express recombinant thermostable  Luciola lateralis  luciferase (rt- LlL) with His-
tag on N-end. The crude protein was purifi ed with Ni-affi nity chromatography. The rt-LlL was obtained, 
whose molecular mass was about 60 kDa. With commercial  Photinus pyralis  luciferase (PpL) to be stan-
dard, the activity detection demonstrated that the specifi c activity of rt-LlL was 4.29 × 10 10  RLU/mg, 
which was higher than that of PpL. Another result indicated that rt-LlL kept high activity at 50 °C and 
more than 90 % of original activity at 40 °C for 25 min. We got correct results and better signals when 
substituting the commercial PpL with rt-LlL in pyrosequencing system, which laid the foundation of 
building stable and reliable pyrosequencing system.  

  Key words      Luciola lateralis  luciferase  ,   Mutation  ,   Good thermostability  ,   High specifi c activity  ,  
  Pyrosequencing  

1      Introduction 

 Pyrosequencing is a technology to determine  DNA sequence   based 
on extending [ 1 ,  2 ], which is under the action of DNA polymerase, 
ATP sulfurylase [ 3 ,  4 ] or pyruvate phosphate dikinase (PPDK) [ 5 ], 
luciferase [ 6 ,  7 ], and apyrase. Due to its convenience, high through-
put, and automation, pyrosequencing is largely applied on analysis 
of single nucleotide polymorphism (SNP) [ 8 ,  9 ], rapid detection of 
viruses and bacteria [ 10 ,  11 ], and analysis of difference on gene 
expression [ 12 – 14 ]. However, commercial   Photinus pyralis  lucifer-
ase (PpL)      is used in conventional pyrosequencing reagent, whose 
poor heat stability makes the reaction mixture lose its activity in 
room temperature so that the signal of pyrosequencing result is 
undermined seriously. What’s more, the measures taken to keep the 



180

activity of reagent greatly increase the diffi culty and cost of 
 transportation and operation. Therefore, replacing the commercial 
 PpL   in traditional reagent with kinds of thermostable luciferase will 
make great contribution to the establishment of a stable and reliable 
pyrosequencing system. This system will be extremely benefi cial to 
the promotion of pyrosequencing technology. 

 Actually, site  mutations   on commercial PpL have been done in 
order to improve its heat stability [ 6 ,  7 ]. However, the poor special 
activity and low soluble expression amount of mutant PpL limit 
the application in large quantity. According to literatures,  Luciola 
lateralis  luciferase (LlL) has greater special activity than PpL. The 
thermostability of LlL is greatly increased when 217 Ala was 
mutated into Leu [ 15 ]. However, the mutant LlL can only be pur-
chased in Japan, so we can only express it by ourselves. 

 On the basis of code preference [ 16 ], the gene of recombinant 
thermostable  Luciola lateralis  luciferase (rt-LlL) was synthesized 
and inserted into expression vector. The rt-LlL was expressed and 
purifi ed. Special activity and heat stability was also determined. 
The results of pyrosequencing with rt-LlL demonstrated better 
stability than conventional ones.  

2     Materials   

     1.    ArcticExpress strain was used for the expression luciferase.   
   2.    pET28a(+) plasmid was restored in our lab.   
   3.     Hin dIII and  Nde I restriction endonucleases were purchased 

from Takara.   
   4.    ATP sulfurylase, apyrase, and  D -luciferin were obtained from 

Sigma.   
   5.    Commercial  Photinus pyralis  luciferase was obtained  from 

  Promega.   
   6.    dATPαS, dGTP, dTTP, and dCTP were obtained from 

Amersham Pharmacia Biotech.      

3    Methods 

      1.    The whole gene of rt-LlL was synthesized  with   mutation of 
Ala217Leu, which was then inserted into pET28a (+) plasmid 
after digested by  Hin dIII and  Nde I.   

   2.    The recombinant plasmid was transformed into ArcticExpress.   
   3.    The nucleotide sequence of transformants was determined. 

Transformants were cultured in the presence of 0.1 mM IPTG 
( see   Note 1 ).      

3.1   Construction   
of Recombinant 
Bacteria 
and Expression 
of rt-LlL
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      1.    ArcticExpress cells expressing the rt-LlL were grown and har-
vested by centrifugation.   

   2.    The supernatant of the crude extract was loaded onto a col-
umn of Ni-NTA. The column was eluted with buffer contain-
ing 30 mM and 50 mM imidazole, respectively.   

   3.    Fractions with rt-LlL were obtained by buffer containing 
300 mM imidazole and were ultrafi ltrated.   

   4.    The commercial PpL was diluted into different concentrations. 
One microliter of the diluted commercial luciferase was added 
to 10 μL assay-measured solution (Tris-EDTA, Mg(Ac) 2 , PVP, 
DTT, BSA, APS,  D -luciferin, ATP, respectively).   

   5.    The mixed solution was tested in BPCL to  test   counts and 
make counts-units standard chart. The rt-LlL was tested in the 
same activity and condition.      

      1.    The rt-LlL was incubated at 25, 30, 35, 40, 45, and 50 °C for 
10 min, respectively. The residual luciferase activity was mea-
sured at various times.   

   2.    On the other way, the rt-LlL was incubated at 40 °C for 0, 5, 
10, 15, 20, and 25 min, respectively. The residual luciferase 
activity was measured at various times.      

      1.    In order to verify the thermostability of pyrosequencing with 
rt-LlL, rt-LlL was added into reaction mixture (Tris-EDTA, 
Mg(Ac) 2 , PVP, DTT, BSA, APS,  D -luciferin, ATP sulfurase, 
Klenow (exo − ), luciferase, apyrase) and incubated at 37 °C for 
0, 30, and 60 min, respectively.   

   2.    After that, the artifi cial single-strand DNA template ( AGTTAA
GCT ATATAAGAAGCTGAAAAGAGAA) was sequenced with 
traditional  pyrosequencing   reaction mixture as comparison.       

4    Method Validation 

  The recombinant bacteria were cultured and expressed. The pro-
tein of ArcticExpress transformed with recombinant plasmid was 
analyzed by SDS-PAGE with the protein of ArcticExpress trans-
formed with pET28a(+) as comparison (Fig.  1 ). The protein with 
mass of 60 kDa can be observed in lanes 1 and 2. This protein had 
same mass as rt-LlL and could be treated as rt-LlL.

     After purifi cation, fractions containing high rt-LlL activity were 
obtained by buffer containing 300 mM imidazole. The protein was 
ultrafi ltrated to concentrate. The SDS-PAGE result showed the 
product is the rt-LlL (Fig.  2 ). With standard commercial PpL, the 
activity test demonstrated the specifi c activity of the rt-LlL was 

3.2   Purifi cation   
of rt-LlL and Activity 
Assay

3.3  Comparison 
of the  Thermostability   
of the rt-LlL and Wild 
Commercial  Photinus 
pyralis  Luciferase

3.4   Thermostability   
of Pyrosequencing 
with rt-LlL

4.1   Expression   
of rt-LlL

4.2   Purifi cation   
of rt-LlL and Assay 
of Activity
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4.29 × 10 10  RLU/mg (Fig.  3 ), which was higher than that of com-
mercial PpL (3.9 × 10 10  RLU/mg). The rt-LlL guaranteed the 
quantity of signal of pyrosequencing.

      In order to compare the thermostability of rt-LlL and commer-
cial PpL, we incubated them at different temperature for 10 min 
and assayed the activity, respectively. On the other way, we incu-
bated them at 40 °C for different time and assayed the activity, 
respectively (Fig.  4 ). The activity of commercial PpL decreased 

4.3   Thermostability   
of rt-LlL

  Fig. 1    SDS- PAGE   analysis of rt-LlL.  Lane 1 , supernatant of the lysate of 
ArcticExpress transformed with pET28a(+)-LlL after induced;  Lane 2 , total pro-
tein of the ArcticExpress transformed with pET28a(+)-LlL after induced;  Lane 3 , 
supernatant of the lysate of ArcticExpress transformed with pET28a(+) after 
induced;  Lane 4 , total protein of the ArcticExpress transformed with pET28a(+) 
after induced;  M , protein marker       

  Fig. 2    SDS- PAGE   analysis of purifi ed rt-LlL.  M , protein marker;  Lane 1 , purifi ed rt-LlL       
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  Fig. 3    The relationship between light counts and the units of luciferase       

  Fig. 4     Thermostability   of rt-LlL and commercial  Photinus pyralis  luciferase. ( a ) 
Remaining activity of rt-LlL and commercial  Photinus pyralis  luciferase after 
incubated at various temperatures for 10 min, respectively. ( b ) Remaining activ-
ity of rt- LlL   and commercial  Photinus pyralis  luciferase after incubated at 40 °C 
for different time, respectively       
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  Fig. 5     Pyrograms   of artifi cial single-strand DNA template by using conventional pyrosequencing reagent and 
the rt-LlL contained pyrosequencing reagent incubating at 37 °C for different time. The order of dNTP dispens-
ing is C-A-G-T       

when incubated at temperature more than 37 °C. When incu-
bated at 40 °C for 5 min, the commercial PpL remained 30 % of 
the original activity. For more than 5 min, only 10 % of the origi-
nal activity can be measured. When incubated  for   20 min, no 
more activity can be observed. However, the activity of rt-LlL 
kept more than 90 %.

     In order to verify the  thermostability   of pyrosequencing with 
 rt- LlL, rt-LlL and commercial PpL were added into reaction mix-
ture (Tris-EDTA, Mg(Ac) 2 , PVP, DTT, BSA, APS,  D -luciferin, 
ATP  sulfurase, Klenow (exo − ), luciferase, apyrase) and incubated at 
37 °C for 0, 30, and 60 min, respectively. After that, the artifi cial 
single- strand DNA template ( AGTTAAGCT ATATAAGAAGCTG
AAAAGAGAA) was sequenced (Fig.  5 ). The signal of traditional 
pyrosequencing decreased more than 80 % after incubated at 37 °C 
for 30 min and cannot be observed after incubated for 60 min. 
However, the signal of pyrosequencing with rt-LlL was still reliable 
and clear when incubated at 37 °C for 60 min.

4.4  Thermostability 
of Pyrosequencing 
with rt-LlL
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5        Technical Notes 

     1.    To obtain more products, the temperature was 25 °C when 
cultured in the presence of 0.1 mM IPTG. The expression 
level was too low when cultured in 37 °C.         
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Chapter 16

Expression and Purification of ATP Sulfurylase 
from Saccharomyces cerevisias in Escherichia coli  
and Its Application in Pyrosequencing

Juan Luo, Wenjuan Wu, Bingjie Zou, Qinxin Song, and Guohua Zhou

Abstract

ATP sulfurylase (ATPS, C 2.7.7.4) reversibly catalyzes the reaction between ATP and sulfate to produce 
APS and pyrophosphate (PPi), and has been used in pyrosequencing. The gene coding ATP sulfurylase was 
amplified from the genomic DNA of Saccharomyces cerevisias (CICC 1202), and cloned into prokaryotic 
expression plasmid pET28a(+) to provide a recombinant expression plasmid pET28a(+)-ATPS. Upon 
IPTG induction, ATP sulfurylase was produced by E. coli BL21(DE3) harboring the recombinant expres-
sion plasmid pET28a(+)-ATPS. The relative molecular weight of recombinant ATP sulfurylase with His 
tag was about 60 kD. Including the extra desalting step, only two purification steps are required to obtain 
the recombinant ATPS with electrophoretic pure grade. The specific activity of the purified recombinant 
ATP sulfurylase was as high as 5.1 × 104 U/mg. The successful application of the enzyme in pyrosequencing 
was also demonstrated.

Key words ATP sulfurylase, Saccharomyces cerevisias, Expression, Purification, Pyrosequencing

1 Introduction

ATP sulfurylase (ATPS, EC 2.7.7.4) is a ubiquitous enzyme found 
in plants, animals, and microorganisms, and plays different roles in 
different organisms. In plants and some microorganisms, ATPS 
catalyzes the reaction between ATP and sulfate to produce adenos-
ine phosphosulfate (APS) and pyrophosphate (PPi). This is the first 
step in the biological assimilation of inorganic sulfate. In some 
 chemoautotrophic bacteria [1] and chemolithotroph bacteria [2], 
ATPS catalyzes the final step in the overall oxidation of sulfide to 
sulfate (the backward direction of the following reaction).

ATP + SO4
2−↔APS + PPi

ATPS has been extracted and purified from Penicillium chrys-
ogenum [3], rat liver [4], and cabbage [5]. ATPS genes have been 
cloned from prokaryotes [6], lower eukaryotes [7], animals [8], as 
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well as plants [9], and expressed in different hosts. The E. coli 
ATPS is a heterodimer that is activated by GTP [6], whereas ATPS 
from yeast, fungi, and plant are monomers or homooligomers [5, 7]. 
Moreover, the structure–function studies, using amino acid 
 modification, provide us more information about its function at 
molecular level [7].

ATPS coupled with luciferase has various applications, e.g., 
quantitative analysis of PPi [10], real-time studies of RNA synthesis 
[11], DNA sequencing [12], and the activity detection of DNA 
polymerase [13]. In the previous studies, pCR II [7] and pSVL [8] 
were used as expression vectors, but it is very difficult to purify the 
expressed protein. In our studies, pET28a(+) (Novagen Corporation) 
was used as an expression vector, which can express the recombinant 
protein with a His-Tag. Including the extra desalting step, only two 
purification steps are required to obtain the recombinant ATPS with 
electrophoretic pure grade. The successful application of the enzyme 
in pyrosequencing was also demonstrated.

2 Materials

 1. Saccharomyces cerevisias (CICC 1202) was purchased from 
CICC in China. E. coli BL2(DE3) and plasmid pET28a(+) were 
gifts from Dr. Diao Zheng-Yu (Huadong Research Institute for 
Medicine and Biotechnics, Nanjing 210002, China).

 2. Restriction enzyme, Taq DNA polymerase, T4DNA ligase, 
λ-Eco T14 I digest DNA Marker, Protein Marker, and DNA 
Fragment Purification Kit Ver.2.0 were purchased from 
TaKaRa Corporation.

 3. Klenow (exo-) DNA polymerase, d-luciferin, and luciferase 
were purchased from Promega Corporation.

 4. Apyrase was purchased from Sigma Corporation.
 5. Yeast Extract and Tryptone were purchased from Oxoid 

Corporation.
 6. IPTG and Lysozyme were purchased from Amresco Corporation.
 7. His·Bind Resin and His·Bind Columns were purchased from 

Novagen Corporation.
 8. The 10 kD ultrafiltration tube was purchased from Millipore.

3 Methods

 1. Genomic DNA of Saccharomyces cerevisias was prepared using 
the method of Phenol-Chloroform. The forward oligonucle-
otide primer ATPS-P1 (5′-GTGTGT GGATCC ATGCC 
TGCTCCTCACGGTGGTA- 3′) and the bold letters under-
lined represent the Bam H I site, and the reverse primer 

3.1 Plasmid 
Construction

Juan Luo et al.
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ATPS-P2 (5′-GTGTGT AAGCTTCTACTTTTGAGATGGGA 
GCATT- 3′) and the bold letters underlined represent the Hind 
III site; these were designed according to the MET3 gene [14] 
and were synthesized by Invitrogen Co.

 2. Using these primers and the Genomic DNA of Saccharomyces 
cerevisias, a 1597 bp DNA fragment was amplified by the 
polymerase chain reaction (PCR). The reaction volumes were 
25 μL, and contained 1× Taq PCR reaction buffer, 
1.5 mmol/L MgCl2, 0.2 mmol/L each dNTP, 0.4 μmol/L 
each primer, 0.5 U of Taq polymerase (TaKaRa), and 
10–20 ng of genomic DNA.

 3. Thermal cycling was carried out at an initial denaturation of 
3 min at 94 °C, followed by 30 cycles of 10 s at 94 °C, 20 s 
at 58 °C, 90 s at 72 °C, and a terminal extension of 7 min 
at 72 °C.

 4. The fragment was purified using the DNA Fragment 
Purification Kit and digested with Bam H I and Hind III, and 
then inserted into the Bam H I site and the Hind III site of the 
pET28a(+), yielding the recombinant plasmid pET28a(+)-
ATPS. The E. coli BL21(DE3) was transformed with 
pET28a(+)-ATPS. The clone was screened by digesting plas-
mids extracted from the clones with Bam H I and Hind III, 
and then the positive clone was sequenced by Invitrogen Co.

 1. The E. coli BL21 (DE3) [pET28a(+)-ATPS] was spread and 
grown on an LB plate (containing 30 μg/mL Kan) at 37 °C 
overnight. Single colony was inoculated in 5 mL of LB 
( containing 30 μg/mL Kan) and incubated at 37 °C with  
200 rpm/min  (2233 × g) shaking overnight, and then 0.5 mL 
of the overnight cultures was inoculated in 50 mL of LB 
 (containing 30 μg/mL Kan) and incubated at 37 °C with 200 
rpm/min  (2233 × g) shaking, until the cultures reached an 
OD600 of 0.6–0.7.

 2. At this time, 1 mL of the cultures was collected for SDS-PAGE 
analysis, and then 0.1 mmol/L IPTG was added and incu-
bated at 30 °C with 200 rpm/min  (2233 × g) shaking for 5 h. 
During this period, 1 mL of the cultures was collected for 
SDS-PAGE analysis at the incubation time of 1, 3, and 5 h, 
respectively.

 1. One hundred milliliters of the cultures incubated for 5 h with 
the induction of IPTG were centrifuged for 1 min at 12,000 
rpm/min (13,400 × g) and washed with PBS, and then resus-
pended in 10 mL of 1× Binding Buffer containing 100 μg/mL 
lysozyme and 0.1 % Triton X-100.

 2. Cells were broken by freezing and thawing the cells for three 
times, and were then sonicated in an ice bath. The broken 

3.2 Expression 
of ATPS

3.3 Expression Form 
and Purification 
of ATPS
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crude was 4 °C-centrifuged at 12,000 rpm/min (13,400 × g) 
for 20 min, and then the supernatant (see Note 1) and pre-
cipitate were collected, respectively, for SDS-PAGE analysis. 
The crude ATPS was purified by His·Bind Resin affinity 
chromatography. The detailed protocol can be found in 
Novegen His·Bind Resin Manual.

The protein concentration was determined by ultraviolet spectro-
photometry at OD280. The standard curve was drawn with BSA.

The activity was detected by coupling ATPS with luciferase [15]. 
The activity assay mixture contained 0.1 mol/L Tris-Ac (pH 7.75), 
0.5 mmol/L EDTA, 5 mmol/L Mg (Ac)2, 0.4 mg/mL PVP, 
0.02 % BSA, 1 mmol/L DTT, 4 μmol/L APS, 4 μmol/L PPi, 
0.4 mmol/L d-luciferin, and 1.46 μg/mL luciferase. The ATPS 
from Sigma was used as a positive control (see Note 2).

Pyrosequencing [12] is a DNA sequencing method that employs 
multiple enzymatic reactions to monitor DNA synthesis. The stan-
dard pyrosequencing solution contains 90 U/mL Klenow (exo-) 
DNA polymerase, 2 U/mL Apyrase, 0.1 mol/L Tris-Ac (pH 7.75), 
0.5 mmol/L EDTA, 5 mmol/L Mg(Ac)2, 0.4 mg/mL PVP, 
0.02 % BSA, 1 mmol/L DTT, 4 μmol/L APS, 0.4 mmol/L 
d-luciferin, 1.46 μg/mL luciferase, and 0.2 U/mL ATPS. The 
 target sequence of the single-strand DNA template is 
5′-GGTTCCAAGTCA CCCCGCCCGC-3′, and the bold letters 
underlined represent the sequence to be determined.

4 Method Validation

Using these primers and genomic DNA of Saccharomyces cerevisias, 
a DNA fragment of 1597 bp was amplified by PCR (Fig. 1). The 
positive clone was screened by extracted plasmid and then digested 
it with BamH I and Hind III, and both the 1597-bp fragment 
and the 5300-bp fragment representing the vector were obtained 
(Fig. 2). The sequencing results indicated that the fragment 
inserted in pET28a(+)-ATPS was MET3 gene [14] which encodes 
ATPS enzyme.

The E. coli BL21(DE3) was transformed with pET28a(+)-
ATPS. After IPTG induction, SDS-PAGE analysis was performed 
on the expressed products at different incubation times. As seen in 
Fig. 3, a recombinant protein band with 60 kD was successfully 
expressed after IPTG induction.

3.4 The 
Determination 
of the Protein 
Concentration

3.5 Activity 
Detection

3.6 The Application 
of the Recombinant 
ATPS in 
Pyrosequencing

4.1 Plasmid 
Construction

4.2 Expression 
of ATPS
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Fig. 1 The result of PCR amplification of ATPS gene M: λ-Eco T14 digest DNA 
marker; lane 1: PCR products of ATPS gene

Fig. 2 Electrophogram for identifying pET28a(+)-ATPS by enzymatic digestion M: 
λ-Eco T14 digest DNA Marker; lane 1: PCR products of ATPS gene; lane 2: 
pET28a(+)-ATPS digested with Bam H I and Hind III; lane 3: pET28a(+) digested 
with Bam H I and Hind III
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Cells were broken by freeze–thaw for three times and sonication 
in an ice bath. This was centrifuged at 4 °C, 12,000 rpm/min 
(13,400 × g) for 20 min and collected cellular and supernatant, 
respectively, for SDS-PAGE analysis. The result of SDS-PAGE 
analysis indicated that most of the recombinant ATPS was expressed 

4.3 Expression Form 
and Purification 
of ATPS

M       1         2       3        4

97.2 KDa

66.4 KDa

44.3 KDa

29 KD

20 KD

ATPS

Fig. 3 SDS-PAGE analysis of recombinant ATPS expressed in E. coli BL (DE3) M: 
Protein Marker; Lane 1: Total protein of E. coli BL (DE3) transformed with 
pET28a(+)-ATPS without IPTG induction; Lane 2–4: Total protein of E. coli BL 
(DE3) transformed with pET28a(+)-ATPS after being induced with IPTG of 1 h, 
3 h, and 5 h; respectively

97.2kD
66.4kD

44.3kD

29kD

20kD

14.4kD

M 1 2 3 4 5 6 

Fig. 4 SDS-PAGE analysis of expression pattern and purification of recombinant 
ATPS M: Protein Marker; Lane 1: Total protein of E. coli BL (DE3) transformed with 
pET28a(+)-ATPS without IPTG induction; Lane 2: Total protein of E. coli BL (DE3) 
transformed with pET28a(+)-ATPS after being induced with IPTG for 5 h; Lane 3: 
Supernatant of the lysate of E. coli BL21 (DE3) transformed with pET28a(+)-
ATPS; Lane 4: Precipitate of the lysate of E. coli BL21 (DE3) transformed with 
pET28a(+)-ATPS; Lane 5: Purified recombinant ATPS; Lane 6: Commercial ATP 
sulfurylase

Juan Luo et al.
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as a soluble form (Fig. 4). The ATPS was purified by His·Bind 
Resin affinity chromatography. The supernatant was applied to the 
His·Bind column and washed with a buffer containing 60 mmol/L 
imidazole to remove hybrid protein, and then eluted with a buffer 
containing 200 mmol/L imidazole. The recombinant ATP sulfu-
rylase with electrophoretic pure grade was obtained after ultrafil-
tration with the 10-kDa molecular weight cut-off membrane 
(Fig. 4). The recombinant ATPS had the same molecular weight, 
but is purer than the commercial one (see lane 6 in Fig. 4).

The successful application of the enzyme in pyrosequencing was 
demonstrated. Pyrosequencing is actually based on the detection 
of the PPi from a DNA strand extension reaction. Four kinds of 
dNTPs are added into the reaction solution one by one. When 
the added dNTP is complementary to the base in a template 
strand hybridized with a sequencing primer, a strand extension 
reaction occurs. It is followed by ATP production and luciferase 
reaction. A light signal is detected as a peak in a pyrogram. The 
relative intensity of each peak is proportional to the number of 
incorporated nucleotides. The principle of pyrosequencing can 
be described as follows:

 
DNA dNTP PPi DNAPolymerase( ) + + ( )¾ ®¾¾¾

+n n 1  (1)

 PPi APS ATP SOSulfurylase+ +¾ ®¾¾¾ -
4
2

 (2)

 ATP Luciferin O AMP CO Oxyluciferin PPiLuciferase+ + + + + +¾ ®¾¾¾2 2 hn  (3)

 ATP dNTP ADP dNDP PiApyrase+ ¾ ®¾¾ + + 2  (4)

 ADP dNDP AMP dNMP PiApyrase+ ¾ ®¾¾ + + 2  (5)

The DNA template is an artificial single-strand oligonucle-
otide. The sequence of the template is ACTGAACCTTGG 
(the complementary sequence was TGACTTGGAACC). The 
dNTP dispensing order is G-A-C-T-G. The result can be seen 
in Fig. 5. Because the first base of the template is A, no exten-
sion signal but background signal was detected when the other 
three nucleotides were added. The first extension signal was 
obtained when dTTP was added, and the other signals can be 
obtained in a same way. Twelve extension peaks were obtained 
using the recombinant ATPS, and DNA sequence was deter-
mined as “ACTGAACCTTGG.”

4.4 The Application 
of the Enzyme 
in Pyrosequencing

Expression and Purification of ATP Sulfurylase from Saccharomyces cerevisias…
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5 Technical Notes

 1. Most of the recombinant ATPS was expressed as a soluble 
form.

 2. ATPS from Sigma Chemical Co. was used as a standard for the 
detection, and the specific activity of ATPS was measured as 
5.1 × 104 U/mg (Fig. 6).

0 200 400 600 800 1000
0

3000

6000

9000

12000

15000

in
te
ns

ity
,m

v

time,s

G A C

T

AA CCTT
GG

G A
C

Fig. 5 Pyrogram of DNA sequencing with homemade ATPS Template: artificially synthesized oligonucleotide; 
order of dNTP dispensing: G-A-C-T-G with the double dispensing of each dNTP species
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Fig. 6 Real-time bioluminescent traces for determining the activity of homemade recombinant ATPS
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    Chapter 17   

 Characterization of Recombinant  Escherichia coli  
Single- Strand Binding Protein and Its Application 
in Pyrosequencing                     

     Jianping     Wang    ,     Bingjie     Zou    ,     Qinxin     Song     , and     Guohua     Zhou      

  Abstract 

   We expressed recombinant single-strand binding protein (r-SSBP) from  Escherichia coli  with the molecular 
weight of 24-kDa by using genetic engineering strategy and demonstrated the single-stranded DNA 
(ssDNA)-binding activity of the r-SSBP by electrophoretic mobility shift assay (EMSA). To further char-
acterize the r-SSBP, we studied the effects of the r-SSBP on melting temperature ( T  m ) of DNA. The results 
showed that the r-SSBP can bind to ssDNA and can lower the  T  m  of DNA, especially for single-base mis-
matched DNA. Therefore, the r-SSBP can signifi cantly increase the  T  m  difference between single-base 
mismatched DNA and perfect matched DNA. These results are very benefi cial for single-nucleotide poly-
morphism detection. Moreover, we applied the r-SSBP in high sensitive pyrosequencing system developed 
by our group. The results suggested that the r-SSBP can decrease unspecifi c signals, correct the proportion 
of signal peak height, and improve the performance of pyrosequencing. This research laid the foundation 
for the development of high sensitive pyrosequencing regents.  

  Key words      Escherichia coli   ,   Single-strand binding protein  ,   Electrophoretic mobility shift assay  , 
  Pyrosequencing  

1      Introduction 

 The single-strand binding protein (SSBP) of  Escherichia    coli    plays 
a central  role   by participating in replication, repair, and recombina-
tion by stabilizing single-stranded DNA intermediates that are 
generated during DNA processing and are essential for the survival 
of the cell [ 1 ]. 

 Since  SSBP   can prevent the formation of secondary structures 
and degradation by nuclease after interacting with ssDNA [ 2 ], the 
SSBP can be exploited in many  biotechnical applications  , such as 
capillary electrophoresis [ 3 ], Polymerase Chain Reaction [ 4 ], and 
Pyrosequencing [ 5 ]. Pyrosequencing is a new DNA sequencing 
method [ 6 – 8 ] that employs  enzymatic reactions   to detect inorganic 



198

pyrophosphate (PPi) released to ATP in the presence of  adenosine 
5′ phosphosulfate (APS) by ATP sulfurylase and subsequently visible 
light is generated in a luciferase reaction during which luciferin is 
oxidized by consuming ATP. In the previous study we have suc-
cessfully expressed ATP sulfurylase [ 9 ,  10 ], luciferase [ 11 ], 
Pyruvate phosphate dikinase [ 12 ], and initially established the high 
sensitive pyrosequencing system, which has been applied in  SNP 
analysis   [ 13 ], gene expression analysis [ 14 ], etc. But for some 
ssDNA template having complex structure, we can’t get accurate 
results, since SSBP can stabilize formation of ssDNA secondary 
structures, the SSBP can decrease unspecifi c signals, correct the 
proportion of signal peak height, and improve the   performance   of 
pyrosequencing [ 5 ,  6 ]. 

 In this chapter, we have expressed recombinant  SSBP   (r-SSBP) 
from  E. coli  by using genetic engineering strategy and demon-
strated ssDNA-binding  activity   of the r-SSBP by electrophoretic 
mobility shift assay (EMSA). To further characterize the r-SSBP, 
we studied the effects of the r-SSBP on melting temperature ( T  m ) 
of DNA. Moreover, we applied the r-SSBP in high sensitive pyro-
sequencing system developed by our group for improving the 
 performance of pyrosequencing.  

2     Materials   

     1.    Expression vector pET28a (+), host cell ArcticExpress (DE3) 
were from our laboratory.   

   2.    All of oligonucleotides and primer sequences were synthesized 
by Invitrogen (Shanghai).   

   3.    Taq DNA polymerase,  Hin d III and  Bam H I restriction 
enzymes, T4 DNA ligase, and PCR product purifi cation kits 
were purchased from TaKaRa Company (Dalian).   

   4.    Peptone purchased from Oxoid.   
   5.    Isopropyl-β- D -thiogalactoside (IPTG) was purchased from 

Amresco Inc.   
   6.    Beads (Dynabeads M-280 streptavidin) were purchased from 

Invitrogen.   
   7.    α-sulfi de deoxy adenosine triphosphate (dATPαS), dGTP, 

dTTP, and dCTP were purchased from Amersham Pharmacia, 
Biotech.      

Jianping Wang et al.
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3    Methods 

       1.    According to the SSBP coding sequence from GeneBank, the 
primers were designed with incorporation of the restriction 
sites for cloning ssb-1 and ssb-2 (Table  1 ) and were synthe-
sized to amplify ssb gene with  E. coli  BL21 (DE3) genomic 
DNA as a template ( see   Note 1 ).

       2.    The PCR  product   was purifi ed by PCR product purifi cation kit 
and then cloned into pET28a (+) vector. The recombinant plas-
mid was sequenced by the Beijing Genomics Institute (shang-
hai) for screening the positive expressed cell ArcticExpress™.

    3.    Overnight cultures were transferred into the fresh LB medium 
(kan + , 30 mg/L) at the ratio 1:100, and then were allowed to 
grow at 37 °C for 3 h with rotary shaking (160 r/min) before 
0.01 mmol/L IPTG; cultures were further grown at 30 °C 
for 4.5 h.   

   4.    The cells were harvested by centrifugation (8000 ×  g  for 3 min 
at 4 °C), then were resuspended in 40 mL 1× Binding buffer 
(0.5 mol/L NaCl, 20 mmol/L Tris–HCl, 5 mmol/L 
Imidazole, pH 7.9), added 1 μL lysozyme (100 g/L) into the 
buffer for 0.5 h at room temperature.   

   5.    The cells were disrupted by gentle sonication on ice and cen-
trifuged (10,000 ×  g  for 30 min at 4 °C); the supernatants 
were purifi ed by His•Bind Resin affi nity chromatography. 
The purity of the protein preparations was assessed by 
SDS-PAGE.    

         The  different   concentrations of r-SSBP (0, 2.5, 7.5, 12.5, 
25 μmol/L) were respectively added into the 10 μL of r-SSBP buf-
fer (6 mmol/L Tris–HCl, 150 mmol/L NaCl, 0.3 mmol/L 
EDTA, 0.3 mmol/L DTT, 1 μmol/L ssDNA S-1 [Table  1 ]), incu-
bated for 10 min at room temperature, added an equal volume of 
2× loading buffer (0.08 % bromophenol blue, 13 % sucrose), the 
product was analyzed by 10 % of polyacrylamide gel electrophore-
sis (110 V, 40 min), silver staining [ 15 ], compared with the inter-
action product without ssDNA S-1 (Table  1    ).  

       1.    1.2 μmol/L of T-2, T-3, T-4, T-5 (Table  1 ) was added into the 
10 μL of r-SSBP buffer (6 mmol/L Tris–HCl, 150 mmol/L 
NaCl, 0.3 mmol/L EDTA, 0.3 mmol/L DTT, 1 μmol/L T-1 
(Table  1 ), 1× SYBR Green I 2 μL), respectively.   

   2.    The different concentrations of r-SSBP (0, 7.5, 22.5, 30, 
37.5 μmol/L) were added to the buffer, incubated for 10 min 
at room temperature.  T  m  was measured by real-time PCR 
instrument.      

3.1  Construction 
of Recombinant Vector 
pET28a (+)- ssb   
and Expression 
of r-SSBP

3.2  Electrophoretic 
Mobility Shift  Assay  

3.3   Melting 
Temperature Analysis  
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       1.     35s  gene and the fragment of   HA  gene   were amplifi ed as the 
primers with genomic DNA from transgenic soybean and the 
synthetic fragment of HA gene of the H5N1 bird fl u virus as 
the template.   

   2.    Thermal cycling for the PCR primer pairs  35s -1/ 35s- 2 
(Table  1 ) and H-1/H-2 (Table  1 ) was performed with an ini-
tial activation for 5 min at 94 °C, succeeded by 35 cycles of 
denaturation for 30 s at 94 °C, primer annealing for 30 s at 
55 °C, and synthesis for 45 s at 72 °C. A fi nal primer extension 
was conducted for 5 min at 72 °C.   

   3.    The products were purifi ed by  PCR product purifi cation kit  .   
   4.    The ssDNA was prepared with Streptavidin-coated superpara-

magnetic beads, added 2 μL sequencing primer ( 35s -3 and 
H-3, Table  1 ), denaturation for 30 s at 95 °C, primer annealing 
for 3 min at 55 °C.   

   5.    1 μL of sample was added into pyrosequencing reaction buffer 
(0.7 mol/L Tris-HAc, 0.35 mmol/L EDTA, 0.35 mmol/L 
Mg(Ac) 2 , 0.28 mg/mL PVP, 1 mmol/L DTT, 0.02 % BSA, 
0.4 mmol/L Luciferin, 0.16 U/mL Apyrase, 0.1 μL Klenow 
DNA polymerase (exo − ), 2 μmol/L APS, 22.4 μg/mL 
Luciferase, 1.5 μL ATP Sulfurylase). 6 μmol/L r-SSBP 
( see   Note 2 ) was added into the reaction buffer, compared 
with the reaction results without r-SSBP.       

4    Method Validation 

   Recombinant expressed cell ArcticExpress™ containing pET28a (+)-
 ssb  was built with genetic engineering, then was cultured and induced 
with IPTG. The cells were collected by centrifugation and disrupted 
by gentle sonication. The supernatant was purifi ed with His-Bind 
Resin affi nity chromatography. The supernatant of the lysate and 
purifi ed recombinant r-SSBP were assessed by SDS- PAGE, compared 
with the lysate of ArcticExpress™ and ArcticExpress™ transformed 
with pET28a(+)- ssb  without IPTG induction (Fig.  1 ). The r-SSBP 
with the molecular weight of about 24 kDa was found near the 
25 kDa of protein marker (Fig.  1 , lane 3–5), and the r-SSBP was 
mostly expressed in soluble form (Fig.  1 , lane 2–3); after purifi cation 
with Ni +  affi nity chromatography column, the r-SSBP with electro-
phoretic pure grade was obtained (Fig.  1 , lane 1).

      The  ssDNA-binding activity   of r-SSBP was demonstrated by 
analyzing the changes of electrophoretic bands after the various 
of concentration of r-SSBP binding to ssDNA; the results were 
shown in Fig.  2 . With increasing r-SSBP concentration, the bands 
of the r-SSBP-ssDNA complex gradually deepened, and the bands 
of ssDNA became weaker. The results indicated r-SSBP has the 
activity binding to ssDNA.

3.4   Pyrosequencing  

4.1   Expression 
and Purifi cation   
of r-SSBP

4.2  Characterization 
of ssDNA- Binding 
Activity of r-SSBP

Characterization of Recombinant Escherichia coli Single-Strand Binding Protein…
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      The different single-base  mismatched   and the perfect matched 
DNA probes (T-2, T-3, T-4, T-5, Table  1 ) with ssDNA (T-1, 
Table  1 ) and the different concentration of r-SSBP were added 
into the buffer containing T-1, the  T  m  of DNA was measured by 
real-time PCR instrument, and the results were shown in Fig.  3 . 
With r-SSBP,  T  m  of DNA decreased, and the difference of  T  m  was 
increasing between perfect matched DNA (C/G) and single-base 
mismatched DNA (G/G, T/G, A/G) with increasing r-SSBP con-
centration; this is related to the activity of r-SSBP binding to 
ssDNA.  E. coli  SSBP can bind to the ssDNA, and then decrease the 
nonspecifi c DNA hybridization and can stabilize formation of 
ssDNA secondary structures. It has cooperative effect promoting 
other SSBP molecules binding to ssDNA, so can reduce the  T  m  of 
DNA [ 16 ,  17 ]. Since the mismatched DNA can melt at low tem-
perature, SSBP can be easier to bind to DNA, and has more effect 
on  T  m . The effect of SSBP was the same for the different mis-

4.3  Effect of r-SSBP 
on the Melting 
Temperature DNA

M 1 2 3

r-SSBP

kDa

45.0

35.0

25.0

66.2

116.0

4 5

  Fig. 1     SDS-PAGE electrophoretograms   of r-SSBP expressed in recombinant 
ArcticExpress™.  M : protein marker;  1 : purifi ed recombinant SSBP;  2 : superna-
tant of the lysate of ArcticExpress™ transformed with pET28a(+)- ssb ;  3 : total 
protein of the lysate of ArcticExpress™ transformed with pET28a(+)- ssb ;  4 : 
total protein of the lysate of ArcticExpress™ transformed with pET28a(+)- ssb  
without IPTG induction;  5 : total protein of the lysate of ArcticExpress™       

r-SSBP (µmol/L)
ssDNA

0 2.5 12.57.5 25
+ —

2.5 12.57.5 25

r-SSBP-
ssDNA

ssDNA

r-SSBP

++++

1 2 3 4 5 6 7 8 9

— — —

  Fig. 2     Native gel electrophoretograms   of the reaction mixtures of r-SSBP and 
ssDNA.  1 : ssDNA for reference;  2 – 5 : ssDNA with different concentrations of 
r-SSBP;  6 – 9 : different concentrations of r-SSBP       
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matched DNA, and this is related to the nonspecifi c activity of 
r-SSBP binding to ssDNA. The r-SSBP can increase the  T  m  
 difference between perfect matched DNA and single-base mis-
matched DNA [ 18 – 21 ]. The results are very benefi cial for single-
nucleotide polymorphism detection.

      To investigate the  effect   of r-SSBP in pyrosequencing, we sequenced 
the single-stranded PCR product of the fragments of  35s  gene 
from transgenic plant and  HA  gene from the H5N1 bird fl u virus. 
The r-SSBP was used for improving the performances of pyrose-
quencing, and the results were shown in Figs.  4  and  5 . According 
to Fig.  4 , the nonspecifi c signals were decreased, and the propor-
tion of signal peak height was corrected. This is due to the unspe-
cifi c 3′-end hybridization of the fragments of  35s  gene; the r-SSBP 
can prevent the 3′-end loops from forming and reduce the unspe-
cifi c hybridization when the r-SSBP binds to the template, and 
then allow a more effective annealing of sequencing primer to the 
template. So r-SSBP can decrease the unspecifi c signals [ 6 ,  7 ].

    The pyrograms of the fragment of  HA  gene from the H5N1 
bird fl u virus show (in Fig.  5 ) that the proportion of signal peak 
height of T: T: 5T: 2T is 0.49: 0.75: 2.76: 2.00, and 2C: C: C: C 
is 1.37: 1.25: 1.13: 1.00 without r-SSBP, that of the signal peak is 
1.09: 1.32: 4.74: 2.00 and 2.32: 1.38: 1.21: 1.00 with 
r-SSBP. Apparently, in the presence of r-SSBP, the proportion of 
signal peak height is closer to the theoretical value, the homogene-
ity region extends more fully, and the sequencing results are more 
accurate. According to the analysis of secondary structure, we 
found 3′-end and 5′-end of the fragment of the HA gene can form 
the complex stem loop, which hind klenow (exo − ) polymerase with 
binding to template. In the absence of r-SSBP, the template can 
form the secondary structure, the fi rst T cannot be extended fully, 
the signal peak height is lower than the theoretical value, and when 

4.4  The Application 
of r-SSBP 
for Improving 
the  Performance  s 
of Pyrosequencing

  Fig. 3    The  effects   of r-SSBP with different concentrations on  T  m  of DNA.      (A): 
perfect matched DNA (C/G); (B)     , (C)     , (D)     : single-base mismatched 
DNA (G/G, T/G, A/G)       
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the next T was extended, the extended signal was accumulated and 
was higher than the theoretical value. But in the presence of r-SSBP, 
r-SSBP can bind to the template, prevent the template from forming 
the unspecifi c hybridization, stabilize the single-stranded template, 
and every base can be fully extended, so r-SSBP can correct the 
proportion of signal peak height and improve  the   performance of 
 pyrosequencing  .   

5    Technical Notes 

     1.     Restriction sites    Bam H I and  Hin d II were introduced to the 
5′- and 3′-terminal primer, respectively.   

   2.    The r-SSBP can increase the  T  m  difference between perfect 
matched DNA and single-base mismatched DNA.         

0.0
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  Fig. 4    Pyrograms of the fragment of  35s   gene   from transgenic plant using high sensitive pyrosequencing 
system with and without r-SSBP. The order of dNTP dispensing was GCATG; the sequence of the template was 
5′-TAAGGGATGACGCACAATCCCACT-3′. The  arrows  indicate the nonspecifi c signals       
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system with r-SSBP and without r-SSBP. The dNTP dispending order was GTACG; the sequence of the template 
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    Chapter 18   

 Expression of PPDK from  Microbispora rosea  subsp. 
 aerata  in  E. coli  and Its Application in Pyrosequencing                     

     Bingjie     Zou    ,     Qinxin     Song      , and     Guohua     Zhou       

  Abstract 

   Using the genomic DNA of  Microbispora rosea  subsp.  aerata  as the template, a DNA fragment encoding 
the gene of PPDK was amplifi ed by PCR and inserted into the expression vector pET28a(+), yielding 
pET28a(+)-PPDK. The  E. coli  BL21 (DE3) was transformed with the pET28a(+)-PPDK. After inducing 
with IPTG, the  E. coli  BL21 (DE3) [pET28a(+)-PPDK]-expressed recombinant PPDK fused to an 
N-terminal sequence of 6-His tag. The molecular weight of PPDK was estimated to be 101 kDa by SDS- 
PAGE. The electrophoretic grade PPDK was obtained by His•Bind resin affi nity chromatography and 
ultrafi ltration using 10-kDa molecular weight cutoff membrane. The successful application of PPDK in 
pyrosequencing was also demonstrated.  

  Key words     PPDK  ,    Microbispora rosea  subsp.  aerata   ,    E. coli   ,   Pyrosequencing  

1       Introduction 

 Pyruvate phosphate dikinase (PPDK, EC 2.7.9.1) is found in 
certain microorganisms and plants and catalyzes the conversion of 
AMP, PPi, and phosphoenolpyruvate (PEP) to ATP, Pi, and pyru-
vate. In C4 plants, PPDK is responsible for PEP production [ 1 ]. 
On the other hand, in  Giardia  [ 2 ],  Trypanosoma cruzi  [ 3 ], and 
 Entamoeba histolytica  [ 4 ], PPDK functions in the process of 
ATP synthesis. PPDK is also found in some bacteria such as 
  Clostridium symbiosum       [ 5 ]. 

 PPDKs from various species are generally labile, but the PPDK 
from   Microbispora rosea  subsp.  aerata       strain NBRC 14047 is stable 
and has been applied in many fi elds, e.g., determination of ATP, 
ADP, and AMP [ 6 ], enumeration of bacterial cell numbers [ 7 ], bio-
luminescent enzyme immunoassay [ 8 ], and pyrosequencing [ 9 ]. 

 In our studies, we expressed the PPDK from  Microbispora 
rosea  subsp.  aerata  using pET28a(+) (Novagen Corporation) as an 
expression vector, which can express the recombinant protein with 
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a His tag. Including the extra-desalting step, only two purifi cation 
steps are needed to get the recombinant PPDK with electropho-
retic pure grade. The successful application of the enzyme in 
pyrosequencing was also demonstrated.  

2      Materials   

     1.        Microbispora rosea  subsp.  aerata , NBRC 14047 (Japan’s 
Technical Evaluation Research Institute of Biological Resource 
Center, NBRC).   

   2.     E. coli  strain BL21 (DE3), pET28a(+) (Novagen).   
   3.    Restriction endonuclease, LA Taq DNA polymerase, 2 × LA 

GC buffer, T4 DNA ligase, λ-EcoT14 I digest DNA 
marker, protein marker, and PCR products purification kit 
(Takara, China).   

   4.     D -luciferin, luciferase, and Klenow(exo − ) DNA polymerase 
(Promega, USA).   

   5.    Apyrase (Sigma, USA).   
   6.    Yeast extract and tryptone (Oxoid).   
   7.    IPTG and lysozyme (Amresco).   
   8.    His-bind resin and His-bind columns (Novagen).   
   9.    The other chemicals were of a commercially extra-pure grade.      

3     Methods 

       1.    Using the genomic DNA  of    Microbispora rosea  subsp.  aerata  
as the template, a DNA fragment encoding the gene of PPDK 
was amplifi ed by PCR ( see   Note 1 ).   

   2.    The amplifi ed fragment was inserted into the  Eco RI site and the 
 Hin dIII site of the pET28a(+), yielding pET28a(+)-PPDK.   

   3.    Cells from the  E. coli  strain BL21 (DE3) made competent with 
CaCl 2  were transformed with the pET28a(+)-PPDK, and 
transformants were selected by digesting plasmids extracted 
from the clones with  Eco RI and  Hin dIII.  For   the expression 
assay, a bacterial colony was inoculated in LB medium contain-
ing 30 μg/mL Kan and incubated at 37 °C with shaking.   

   4.    The culture was grown until it had an o.d. 600 nm  of 0.6; at this 
time, 0.1 mmol/L IPTG was added and the incubation con-
tinued for 5 h ( see   Note 2 ).      

       1.    One hundred milliliters of the cultures incubated for 5 h with 
the induction of IPTG were centrifuged for 3 min at 8000 ×  g  
and washed with PBS and then resuspended in 10 mL of 1× 
binding buffer containing 100 μg/mL lysozyme and 0.1 % 
 Triton  X-100.   

3.1   Plasmid 
Construction 
and Expression   
of PPDK

3.2   Purifi cation   
of PPDK

Bingjie Zou et al.



209

   2.    Cells were broken by freezing and thawing the cells three times 
and then sonicated in an ice bath.   

   3.    The broken crude was 4 °C centrifuged at 12,000 r/min (13225 
g) for 20 min, and then supernatant was collected for SDS-
PAGE analysis. The supernatant was applied to the His•Bind 
column and washed with 10 column volumes of 1× binding 
 buffer and followed by a wash with fi ve column volumes of 1× 
binding buffer containing 60 mmol/L imidazole.   

   4.    The protein was eluted with two column volumes of 1× bind-
ing buffer containing 300 mmol/L  imidazole   ( see   Note 3 ).      

       1.    The activity was determined in the direction of ATP and _
pyruvate synthesis and was measured as the quantity of ATP 
formed in the reaction mixture using bioluminescent assay. 
The assay mixture (pH 6.8) contained 20 mmol/L HEPES, 
25 mmol/L (NH4) 2 SO 4 , 3 mmol/L MgSO 4 , 2 mmol/L 
DTT, 2 mmol/L PPi, 2 mmol/L PEP, and 0.1 mmol/L AMP.   

   2.    Firstly, the standard curve of ATP signal was drawn by adding 
different concentrations of ATP into a determine buffer 
(pH 7.75) containing 0.1 mol/L Tris-Ac, 0.5 mmol/L EDTA, 
5 mmol/L Mg(Ac) 2 , 0.4 mg/mL PVP, 0.02 % BSA, 1 mmol/L 
DTT, 0.4 mmol/L  D -luciferin, and 1.46 μg/mL luciferase and 
measuring signal using BPCL luminometer.   

   3.    Then, the assay was started by the addition of 1 μL of enzyme 
to the assay mixture at 37 °C.   

   4.    After appropriate incubation periods, the reaction mixture was 
boiled for 3 min and immediately cooled on ice ( see   Note 4 ).      

       1.    Pyrosequencing is a DNA-sequencing method that employs 
multiple enzymatic reactions to monitor DNA synthesis. The 
standard-pyrosequencing solution contains 90 U/mL 
Klenow (exo − ) DNA polymerase, 2 U/mL apyrase, 0.1 
mol/L Tris-Ac (pH 7.75), 0.5 mmol/L EDTA, 5 mmol/L 
Mg(Ac) 2 , 0.4 mg/mL PVP, 0.02 % BSA, 1 mmol/L DTT, 0.4 
mmol/L AMP, 0.08 mmol/L PEP, 0.4  mmo     l/L  D -luciferin, 
1.46 μg/mL luciferase, and 0.22 U/mL PPDK ( see   Note 5 ).       

4     Method Validation 

   Using the genomic DNA  of    Microbispora rosea  subsp.  aerata  as the 
template, a DNA fragment of 2.6 kb was amplifi ed by PCR (Fig.  1 , 
lane 1). The transformants were selected by digesting plasmids 
extracted from the clones with  Eco RI and  Hin dIII, and both the 
2.6-kb fragment and the 5.3-kb fragment representing the vector 
were obtained (Fig.  1 , lane 2). The positive colony was inoculated 
in LB medium containing 30 μg/mL Kan. After IPTG induction, 
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SDS-PAGE analysis was performed on the expressed products at 
different incubation time. As shown in Fig.  2 , a recombinant pro-
tein band with 101 kDa was successfully expressed after IPTG 
induction, and most of the recombinant ATPS was expressed as a 
soluble form (Fig.  2 , lane 5).

       The recombinant PPDK with electrophoretic pure grade was 
obtained by His•Bind resin affi nity chromatography and ultrafi l-
tration using 10-kDa molecular weight cutoff membrane (Fig.  3 ).

      One unit of the enzyme is defi ned as the amount of enzyme, which 
produces 1 μmol of ATP per min at 37 °C and pH 6.8. The activity 
was determined in the direction of ATP and pyruvate synthesis and 
was measured as the quantity of ATP formed in the reaction mix-
ture using bioluminescent assay. The specifi c activity of PPDK was 
measured as 0.1 U/mg.  

   The successful application of the  enzyme   in pyrosequencing was 
demonstrated. Pyrosequencing is actually based on the detection 
of the PPi from a DNA strand extension reaction. Four kinds of 
dNTPs are added into the reaction solution one by one. When the 
added dNTP is complementary to the base in a template strand 
hybridized with a sequencing primer, a strand extension reaction 
occurs. It is followed by ATP production and luciferase reaction. A 
light signal is detected as a peak in a pyrogram. The relative inten-
sity of each peak is proportional to the number of incorporated 
nucleotides. 

4.2   Purifi cation   
of PPDK

4.3    Enzyme Assay  

4.4  The Application 
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  Fig. 1    Restriction enzyme digestion analysis of recombinant plasmid pET28a(+)-
PPDK.  M , λ-EcoT14 I digest DNA marker  1 —PCR products of PPDK gene;  2 —
pET28a(+)-PPDK digested with  Eco R I and  Hind  III;  3 —pET28a(+) digested with 
 Eco RI and  Hin dIII       
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 The DNA template is an artifi cial single-strand oligonucleotide. 
The sequence of the template is 5′-TCAGACTTTGACCGTA-3′, 
and the bold letters underlined represent the sequence to be 
determined. The dNTP dispensing order is A-T-G-C-T-G. 
The result can be seen in Fig.  4 . Because the fi rst base of the tem-
plate is G, there was no extension signal but the background 
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  Fig. 2    SDS-PAGE analysis of recombinant PPDK expressed in  E. coli. M , protein 
marker;  Lane 1 , total protein of  E. coli  BL21 (DE3) transformed with pET28a(+)-
PPDK without IPTG induction;  Lane 2–4 , Total protein of  E. coli  BL21 (DE3) trans-
formed with pET28a(+)-ATPS after being induced with IPTG for 1 h, 3 h, and 5 h, 
respectively;  Lane 5 , supernatant of the lysate of  E. coli  BL21(DE3) transformed 
with pET28a(+)-PPDK       
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  Fig. 3    SDS- PAGE   analysis of purifi ed recombinant PPDK.  M , protein marker;  Lane 
1 , purifi ed recombinant PPDK       
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signal was detected when the other three nucleotides were added. 
The fi rst extension signal was obtained when dCTP was added, 
and the other signals can be gotten in the same way.

5         Technical Notes 

     1.    Expression was performed in the bacterial system pET 
(Novagen).   

   2.    Expression of the protein was monitored by SDS-PAGE using 
bacterial lysates taken at different time intervals after 
induction.   

   3.    A 10-kDa molecular weight cutoff membrane was used for 
desalting.   

   4.    One microliter of reaction mixture was added into the deter-
mine buffer to measure the signal and calculated the concen-
tration of ATP according to the standard curve of ATP signal.   

   5.    The target sequence of single-strand DNA template is 
5′-TCAGACTTTGACCGTA-3′.         
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  Fig. 4    Pyrosequencing on an artifi cial DNA template with recombinant PPDK. 
Template, artifi cially synthesized oligonucleotide (5′-TCAGACTTTGACCGTA-3′); 
order of dNTP dispensing, A-T-G-C-T-G with the double dispensing of each dNTP 
species       
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    Chapter 19   

 Construction of 3-Plex Barcodes for Differential Gene 
Expression Analysis with Pyrosequencing                     

     Xiaodan     Zhang    ,     Haiping     Wu    ,     Zhiyao     Chen    ,     Guohua     Zhou      , 
and     Hideki     Kambara     

  Abstract 

   Presently most techniques for gene expression analysis are based on a dye label. Here, we describe a novel 
method for comparing gene expression levels among various tissues or cells by sequence-tagged reverse- 
transcription PCR coupled with pyrosequencing (termed “SRPP”). This method includes three steps: (1) 
reverse transcription of mRNA with source-specifi c RT primers consisting of a tail at the 5′-end for supply-
ing a common PCR priming site, a source-specifi c sequence in the middle, and a poly-T stretch plus several 
degenerate bases at the 3′-end for annealing the mRNA strand, (2) PCR amplifi cation of the templates 
produced by pooling sequence-labeled cDNAs equally from different sources, and (3) decoding and quan-
tifi cation of the source-specifi c sequences tagged in the amplicons by pyrosequencing. The signal ratio in 
the pyrogram is proportional to the amounts of mRNAs among different sources. As the signal is detected 
by observing bioluminescence, neither dye nor electrophoresis or laser source was used. The expression 
levels of six kinds of genes (Cdk2ap2, Vps4b, Fas, Fos, Cdk4, and Actb) among the kidney, the brain, and 
the heart tissues of a mouse were accurately detected, suggesting that the new method is promising in 
quantitatively comparing gene expression levels among different sources at a low cost.  

  Key words     Gene expression analysis  ,   DNA sequencing  ,   Sequence-tagged PCR  ,   Pyrosequencing  , 
  Dye-free labeling  

1       Introduction 

 As the human genome sequencing has been completed, it is impor-
tant to clarify gene functions and to utilize them for biomedical 
applications [ 1 ]. It is necessary to systematically understand the dis-
tribution and the amount of mRNA not only in a healthy tissue but 
also in a diseased tissue systematically. Changes in expression of 
target genes can be the markers of specifi c physiologic stages [ 2 ,  3 ]. 
A rapid and accurate comparison of gene expression levels in various 
tissues or cells is thus needed. For the moment, there are many 
methods based on various principles that have been developed for 
gene expression profi ling; methods for global picturing include 
serial analysis of gene expression (SAGE) [ 4 ], cDNA microarray 
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[ 5 ], sequencing of cDNA libraries [ 6 ], oligonucleotide microarray 
[ 7 ], and differential display polymerase chain reaction (PCR) 
(DD-PCR) [ 8 ]; methods for fi ne expression profi ling of a select set 
of target genes include Northern blotting [ 9 ], real-time PCR [ 10 , 
 11 ], matrix-assisted laser desorption/ionization time-of- fl ight 
( MALDI-TOF)   mass spectrometry [ 12 ], and electronic microarray 
[ 13 ]. Each method has its  advantages   and disadvantages in terms of 
labor intensity, running cost, accuracy, sensitivity, and throughput. 
Almost all of the approaches for gene expression analysis are based 
on a dye-label method coupled with fl uorescence detection except 
for mass spectrometry which needs an expensive mass spectrometer 
for the discrimination of molecular weights. As conventional dye-
labeling techniques can be costly in reagents and instrumentation 
and are limited to the comparative analysis of two sample sources, 
typically one control and one sample, a dye- free   method with an 
inexpensive readout is desirable for the comparative expression 
analysis of a few specifi c genes among more than two sources. Here, 
we propose a novel sequence-labeling method for quantitatively 
comparing gene expression levels from different sources by the use 
of sequence- tagge  d primers for reverse transcription (RT) prior to 
PCR. Each RT primer discriminates a gene source by a different 
tagged sequence, thus avoiding the use of a dye for the labeling. To 
decode and quantify the amplicons containing source-specifi c 
sequences labeled by the RT primers, a well- developed real-time 
sequencing technology, pyrosequencing [ 14 ,  15 ], is adapted. The 
signal intensities and the base order in a pyrogram correspond to 
the gene expression levels and the gene sources, respectively. 
Quantitative analysis of the relative expression levels of a target gene 
among three different sources was successfully achieved. The results 
demonstrate that gene expression analysis by sequence-tagged 
reverse-transcription PCR coupled with pyrosequencing (named 
“SRPP” for short) is well suited to the comparative expression anal-
ysis of selected target genes from multiple sample sources [ 16 – 18 ]. 
The major advantages of SRPP over existing dye-labeling methods 
include the low cost of instrumentation, the comparative gene 
expression analysis of multiple sample sources in a single assay [ 19 – 22 ], 
and a simple system setup without the use of a standard curve. The 
principle of SRPP is shown in Fig.  1 . The key points of SRPP are 
how to label the gene source and how to decode the source-specifi c 
labels. Here we used a short source-specifi c sequence labeled in an 
RT primer for discriminating the gene sequence and pyrosequenc-
ing for quantitatively decoding the labeled sequences. The process 
consists of three steps: (1) reverse transcription of mRNA extracted 
from different sources by the source-specifi c RT primers. There are 
three parts in the source-specifi c RT primers: a common tail in the 
5′-end for supplying a common priming site for the following PCR 
 amplifi cation, a source-specifi c sequence in the middle, and poly-T 
[ 15 ] plus several degenerate bases in the 3′-end for annealing the 
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mRNA strand. To fi x the start position of the reverse transcription, 
two degenerate bases were added in the 3′-end of the RT primer. 
Each source-specifi c sequence has the same base content but a dif-
ferent base order; thus, Tm of cDNAs from different sources is 
completely identical. (2) PCR amplifi cation of the templates and a 
pool of sequence-labeled cDNAs from different sources with a 
gene- specifi c primer and a common primer having the sequence 
identical to the common tail in the 5′-end of RT primers. Because 
of the specially designed RT primers, each source-specifi c amplicon 
has an identical Tm; unbiased PCR amplifi cation on cDNA tem-
plates from different sources is thus achieved. Consequently the 
concentration ratio of amplicons from different sources can 
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  Fig. 1    A schematic of sequence-tagged reverse-transcription PCR coupled with pyrosequencing       

 

Construction of 3-Plex Barcodes for Differential Gene Expression Analysis…



220

accurately refl ect the expression level of a given gene among differ-
ent sources. The cDNA produced by the labeled RT primers is a 
cDNA library which can be used for detecting any gene of interest. 
We can compare the abundance of any transcript among different 
mRNA sources only by changing a gene-specifi c primer. (3) 
Decoding and quantifying the source-specifi c amplicons by pyrose-
quencing. The base order in the pyrogram represents the gene 
source, and the peak intensity refl ects the gene expression level in 
the corresponding gene source. The ratio of peak intensities is pro-
portional to the relative abundance of the transcripts from different 
sources.

2         Materials   

     1.    HotStarTaq DNA polymerase and Omniscript RT Kit were 
purchased from Qiagen (Qiagen GmbH, Hilden, Germany).      

   2.    Exo-Klenow Fragment, polyvinylpyrrolidone (PVP), and 
QuantiLum Recombinant Luciferase were purchased from 
Promega (Madison, WI).   

   3.    TRIzol reagent was from Invitrogen Inc. (Faraday Avenue, 
Carlsbad, CA), and Dynabeads M-280 Streptavidin (2.8 μm) 
was from Dynal Biotech ASA (Oslo, Norway).   

   4.    ATP sulfurylase, apyrase,  D -luciferin, bovine serum albumin 
(BSA), and adenosine 5′-phosphosulfate (APS) were obtained 
from Sigma (St. Louis, MO).   

   5.    2′-Deoxyguanosine-5′-triphosphate (dGTP), 2′-deoxythymidine-
5′-triphosphate (dTTP), and 2′-deoxycytidine-5′-triphosphate 
(dCTP) were purchased from Amersham Pharmacia Biotech 
(Piscataway, NJ).      

3     Methods 

       1.    The source-specifi c RT primers are used for initiating  cDNA 
synthesis  , offering a common priming site for the following 
PCR, and discriminating the gene sources. The source-specifi c 
sequence is the key part in the RT primer. We used one base 
species to label one gene source. Since four kinds of dNTP are 
available, the expression level of a given gene among four dif-
ferent sources can be compared theoretically. Because of the 
high background signal from dATP in pyrosequencing, we 
employed bases T, G, and C for labeling the gene sources and 
put base A, which will not be dispensed in pyrosequencing, in 
a position next to these bases for blocking the extension. 
Unlike conventional pyrosequencing, the expensive reagent 
dATPαS was not used in SRPP [ 23 – 25 ]. To get an identical 

3.1  Design 
of  Source- Specifi c RT 
Primers  
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melting temperature for every source-specifi c amplicon, it is 
preferable to balance the sequence composition in sequences 
of “gatc,” “catg,” and “tacg,” respectively, but only dGTP, 
dCTP, and dTTP are dispensed. In the pyrogram, peaks “G,” 
“C,” and “T” represent the relative expression level of the tar-
get gene in each source.   

   2.    Because  mRNA   has a long poly-A stretch, an RT primer with 
only a poly-T sequence will initiate the synthesis of cDNA at any 
site in the poly-A stretch of mRNA. To fi x the start position of 
the reverse transcription, we have designed several RT primers 
with a different number of degenerate bases in the 3′-end. It was 
found that two  degenerate   bases in the 3′-end of the RT primer 
were enough to fi x the start position of reverse transcription.   

   3.    To facilitate the unbiased  PCR amplifi cation  , a priming 
sequence for PCR amplifi cation is tagged in the 5′-end of the 
RT primer. As the PCR-primer sequence may affect the ampli-
fi cation effi ciency [ 26 – 27 ], several kinds of candidate sequences 
were evaluated. The result indicates that a high GC content in 
3′ termini of the common PCR primers is required. In the 
present research, P-2 with the GC content of 70 % is used.      

       1.    Total RNA from  Mus musculus  tissues was extracted by using a 
 TRIzol reagent  . The purity and concentration of the extracted 
RNA were determined by a UV–Vis spectrophotometer (Naka 
Instruments, Japan), and the concentration of these RNAs was 
adjusted to 1 μg/μL by RNase-free water.   

   2.    An equal amount of the RNA ( see   Note 1 ) was used for the 
one-strand  cDNA synthesis   with different RT primers tagged 
with source-specifi c sequences ( see   Note 2 ).   

   3.    First, total RNA in RNase-free water was heated to 65 °C for 
5 min and snap chilled on ice for at least 1 min.   

   4.    A reaction mixture containing 0.5 mM of each dNTP, 1× RT 
buffer, 1 μM RT primer, 0.5 U/μL RNase inhibitor, and 0.2 
U/ μL   Omniscript reverse transcriptase ( see   Note 3 ) was added 
 to   each tube containing RNA, mixed gently, collected by brief 
centrifugation, and incubated at 37 °C for 60 min followed by 
93 °C for 5 min to terminate the reaction.      

   One-strand cDNAs from different sources which had been labeled 
by the sequences tagged in RT primers were diluted to 50 times. 
Aliquot of each source-specifi c cDNA was pooled and used as the 
template for PCR.  

       1.    Each 50 μL PCR mixture contained 1.5 mM MgCl 2 , 0.2 mM 
of each dNTP, 0.3 μM of each gene-specifi c primer, and the 
common primer MP, 1 μL of template pool, and 1.25 unit of 
HotStarTaq DNA polymerase (Qiagen) ( see   Note 4 ).   

3.2   RNA Extraction   
and  Reverse 
Transcription  

3.3  Preparation 
of Template  Pools  

3.4    PCR  
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   2.    Amplifi cation was performed on a  PTC-225 thermocycler 
PCR system   (MJ Research, Inc., MA) according to the follow-
ing protocol: denatured at 94 °C for 15 min and followed by 
35 thermal reaction cycles ( see   Note 5 ) (94 °C for 40 s; 60 °C 
for 40 s; 72 °C for 1 min). After the cycle, the product was 
incubated at 72 °C for 10 min and held at 4 °C before use.      

       1.     Streptavidin-coated magnetic beads   were used to prepare 
ssDNA template for pyrosequencing [ 14 – 17 ]. This technol-
ogy enables biotinylated PCR products to be captured onto 
the magnetic beads. After sedimentation, the remaining com-
ponents of the PCR reaction can be removed by washing to 
obtain a pure double-stranded DNA followed by alkali dena-
turation to yield ssDNA. Both the immobilized biotinylated 
strands and nonbiotinylated strands can be used as sequencing 
templates.   

   2.    Then  sequencing primers    were   added to hybridize the 
ssDNA. Here immobilized biotinylated strands were used as 
the sequencing templates.      

   The reaction volume was 100 μL, containing 0.1 M tris-acetate 
(pH 7.7), 2 mM EDTA, 10 mM magnesium acetate, 0.1 % BSA, 1 
mM dithiothreitol (DTT), 2 μM adenosine 5′-phosphosulfate 
(APS), 0.4 mg/mL PVP, 0.4 mM  D -luciferin, 200 mU/mL ATP 
sulfurylase, 3 μg/mL luciferase, 18 U/mL Klenow fragment, and 
1.6 U/mL apyrase. Pyrosequencing was carried out by the method 
reported by Ronaghi et al. [ 17 ] ( see   Note 6 ).   

4     Method Validation 

   As a method for quantitative analysis, accuracy should be the most 
important factor to be considered. To investigate the accuracy of 
SRPP, a series of templates pooled from two artifi cial sources were 
employed. The process was as follows: the total RNA from the   Mus 
musculus  liver   was divided into two aliquots, and each aliquot was 
used as one source of the  Gapdh  gene. Two aliquots were 
 transcribed with two source-specifi c primers, RT-G and RT-C, 
respectively, and then PCR-template pools were prepared by mix-
ing two source-specifi c transcripts at the ratios of 10:0, 9:1, 8:2, 
7:3, 6:4, 5:5, 4:6, 3:7, 2:8, 1:9, and 0:10, respectively. After PCR 
amplifi cation using the common primer and the   Gapdh  gene-spe-
cifi c primer  , pyrosequencing was performed. Usually, there is no 
peak appearing in a pyrogram when the added dNTP is not com-
plementary to the template. However, dNTP is not so stable that a 
small amount of PPi due to  dNTP   degradation is produced. The 
noises by the unexpected PPi may interfere with the accuracy of 
SRPP even if the endogenous PPi in the original dNTP solution 
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was degraded in advance with a small amount of beaded PPase. To 
eliminate the ambiguity due to the noises, each dNTP was dis-
pensed twice to get two peaks corresponding to the strand exten-
sion and background signals, respectively. The typical pyrograms 
for the ratios of 10:0, 5:5, and 0:10 were seen in Fig.  2a , showing 
that almost no amplicon was yielded for RT-G (Fig.  2A -1) or for 
RT-C (Fig.  2A -3) when the template was only from one source, 
and nearly equal amounts of amplicons were observed when equally 
pooling two source-specifi c transcripts (Fig.  2A -2). Within the 
mixing range, the correlation between the measured and theoreti-
cal signal intensity ratios was as good as 0.9989 ( R  2 ,  n  = 3; see Fig. 
 2b ). Since the RT primers could be labeled with three kinds of 
sequences (“gatc,” “catg,” and “tacg”), the ability of SRPP for 
quantifying the expression levels of the  Cdk4 gene   among three 
different sources was further investigated. The detection proce-
dure was similar to that mentioned above, except for keeping two 
of the source-specifi c templates with a constant ratio while changing 
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the relative content of the third one. Three aliquots were fi rst 
transcribed with three source-specifi c primers, RT-G, RT-T, and 
RT-C, respectively, and then the template pools were prepared by 
mixing the three source- specifi c transcripts at the ratios of 1:1:1, 
1:2:1, 1:4:1, 1:6:1, 1:8:1, and 1:10:1. The typical pyrograms for 
the ratios of 1:2:1, 1:4:1, and 1:8:1 were shown in Fig.  3 , and the 
statistical analysis for all the observed data was listed in Table  1 , 
indicating that the ratio measured by comparing peak intensities in 
the pyrogram could accurately refl ect the ratio between source-
specifi c transcripts. Consequently, the source-specifi c sequence in 
the template did not cause a bias  PCR amplifi cation   in  SRPP  , and 
the peaks decoded by pyrosequencing can quantitatively discrimi-
nate the source of a target gene. The dynamic range of SRPP is 
mainly dependent on that of pyrosequencing technology. By care-
fully reducing the noise due to dNTP, the transcripts as small as 5 
% of the abundant transcripts can be accurately detected by mea-
suring peak heights. SRPP is not competitive with the dye-based 
real-time PCR in a standpoint of dynamic range; however, the 
dynamic range can be readily extended by diluting the overex-
pressed transcripts with a high dilution ratio before the pooling 
process. We have successfully extended the dynamic range to three 
orders of magnitude by this strategy. Since differential gene expres-
sion analysis aims to compare the expression levels of the same 
target genes among different tissues but not different genes in a 
tissue, a dynamic range with one order of magnitude is enough to 
supply the data for explaining the biologic implication.

        Although reverse-transcription process removes most DNAs, 
templates for PCR usually contain coexisting DNAs, which may 
result in a bias  PCR amplifi cation  . To investigate the effect of coex-
isting DNA in the transcripts on PCR, two aliquots, each with 1 μg 
of a total RNA, were mixed with 0, 1, 2, and 3 μg of   Mus musculus  
genomic   DNA, respectively, and then transcribed by the RT prim-
ers, RT-G and RT-C, respectively. The amount of coexisting DNA 
is 0, 1, 2, and 3 times of that of the RNA sample, respectively. The 
expression level of the Cdk4 gene between the two artifi cial sources 
was detected for the investigation. If PCR was not biased by the 
coexisting DNA, the ratio measured by comparing peak intensities 
in a pyrogram should be close to 1:1. As shown in Fig.  4 , the 
observed ratios are 1.1:1, 0.95:1, 0.92:1, and 1.1:1 for 0, 1, 2, and 
3 μg of the spiked DNA, respectively, suggesting that the coexist-
ing DNA did not result in a bias PCR in SRPP. This is because the 
coexisting DNA has no sequence complementary to the common 
PCR primer, and the exponential amplifi cation should not occur 
even if the coexisting DNA  c  ontained the sequences complemen-
tary to the gene-specifi c primer. Most importantly, the undesired 
extension products due to the genomic DNA do not contain the 
source-specifi c sequences, so the source-specifi c amplifi cation is 
not biased.

4.2  Effect of  DNA      
Coexisting 
in the Transcripts 
on PCR

Xiaodan Zhang et al.
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  Fig. 3    Pyrograms of templates pooled with three source-specifi c cDNAs, each 
containing an equal amount of Cdk4 transcripts at the ratios (G:T:C) of 1:2:1 (A), 
1:4:1 (B), and 1:8:1 (C), respectively. PCR was performed by using the common 
primer and the Cdk4 gene-specifi c primer. Each dNTP was dispensed twice for 
detecting the background due to PPi impurity in dNTP solution. The observed 
ratio of peak intensities was marked in each pyrogram as “G:T:C=”       

    Table 1  

  Results  for   detecting the expression levels of the Cdk4 gene among the three sources, each 
containing different amount of Cdk4 transcripts   

 Template no.  Theoretic ratio (%) (G/T/C) a   Measured ratio (%) (G/T/C) b   RSD (%) (G/T/C) 

 1  25/50/25 (1:2:1)  25.2/49.6/25.2  0.6/0.6/0.6 

 2  16.7/66.7/16.7 (1:4:1)  17.6/65.2/17.1  3.7/1.6/1.7 

 3  12.5/75/12.5 (1:6:1)     13.3/73.6/13.1  4.4/1.3/3.3 

 4  10/80/10 (1:8:1)  10.3/78.5/11.3  2.1/1.3/8.6 

 5  8.3/83.3/8.3 (1:10:1)  8.2/82.0/9.8  0.9/1.1/11.7 
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      The SRPP method described here can compare the  gene expres-
sion levels   of two or three sources. To demonstrate the applicabil-
ity of the established method, the relative expression levels of six 
kinds of genes (Cdk2ap2, Vps4b, Fas, Fos, Cdk4, and Actb) among 
the kidney, the brain, and the heart tissues of a mouse were 
detected. At fi rst, equal amounts of total RNA from different 
 tissues were transcribed with primers RT-G, RT-C, and RT-T, 
respectively. After PCR amplifi cation on the pool of cDNAs, 
decoding and quantifi cation of the source-specifi c sequence were 
carried out by pyrosequencing, and the pyrograms were shown in 
Fig.  5 , indicating that all the six genes were expressed in the three 
organs of the mouse but with different expression levels. To con-
fi rm the accuracy of the SRPP in differential gene expression analy-
sis, real- time PCR, which is a golden method for quantifying the 
gene expression levels, was used to detect the copy number of the 
six genes in each kind of the tissues. As shown in Table  1 , the 
results from the two methods are quite similar. For example, the 
ratio of the expressed amounts of the Vps4b gene between the 
kidney, the brain, and the heart tissues of the mouse is 48.7:26.9:24.5 

4.3  Determination 
of Gene 
Expression Levels
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  Fig. 4    Pyrograms for investigating the effect of coexisting DNA on PCR. The experiment was carried out by 
detecting the expression level of the Cdk4 gene between two identical sources which was prepared by spiking 
0 (A), 1 (B), 2 (C), and 3 μg (D) of the  Mus musculus  genomic DNA into 1 μg of total RNA sample, respectively. 
The observed ratio of peak intensities was marked in each pyrogram as “G:C=”       

 

Xiaodan Zhang et al.



227

by SRPP and 49.3:26:24.7 by real-time PCR, suggesting that our 
new method is accurate enough for quantitatively comparing gene 
expression levels among different sources.

      For a quantitative analysis, a high reproducibility is necessary. The 
reproducibility of SRPP is evaluated by detecting the relative expres-
sion levels of three genes (Vps4b, Cdk4, and Actb) among the kid-
ney, heart, and brain of a mouse independently at different days 
( n  = 3), showing RSD values ranging from 0.01 to 0.18 with the 
average of 0.06. Therefore, SRPP offers a superior reproducibility 
to conventional multiplex PCR. This is because SRPP is indepen-
dent of a fl uctuation of measuring conditions, such as PCR cycle 
numbers, PCR primer sequences, and PCR reaction conditions. 

 The main error in SRPP is believed from the step of quantifi ca-
tion of RNA concentration by  UV spectrophotometry   because 
pyrosequencing is highly quantitative. This step could however be 
skipped if we employ housekeeping genes as the internal concen-
tration control because the expression level of a housekeeping gene 
is almost constant among different tissues. The measured data for 
the target genes could be calibrated by several housekeeping genes, 
which is regularly used in the microarray-based method. 

 To evaluate the amount of total RNA samples required for an 
SRPP assay, the relative expression levels of two genes (Actb and 
Cdk4) between two identical sources artifi cially prepared with vari-
ous amounts of total RNA (0.05, 0.2, and 1 μg, respectively) were 
analyzed. As indicated in Fig.  6 , the measured ratios of the 
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  Fig. 5    Pyrograms for detecting the expression levels of the  Cdk2ap2 ,  Vps4b ,  Fas ,  Fos ,  Cdk4 , and  Actb  genes 
among the kidney, the brain, and the heart tissues of a mouse. “G,” “T,” and “C” under the pyrogram mean the 
type of the dispensed dNTP and represent the tissue sources of kidney, heart, and brain, respectively. Each 
dNTP was dispensed twice for detecting the background due to PPi impurity in dNTP solution       
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expression amounts of both genes between the two identical 
sources are close to 1:1 for all tested samples. Therefore, SRPP is 
highly sensitive, and 50 ng of total RNA is enough for an accurate 
SRPP assay.

   As SRPP  is  dependent on PCR amplifi cation, more PCR cycles are 
benefi cial to the sensitivity. To demonstrate the effect of PCR cycles 
on the accuracy of SRPP, PCR of the  Gapdh  gene with various cycles 
was carried out on a template mix which was artifi cially prepared by 
pooling two source-specifi c transcripts at the ratio of 1:2. The detected 
ratios of the expression levels between two  artifi cial sources are 1:1.8, 
1:2.1, 1:2.1, 1:1.9, and 1:1.9 for PCR with the cycles of 20, 25, 30, 
35, and 40, respectively. Therefore, the accuracy of SRPP is indepen-
dent of PCR cycles, and more PCR cycles can be used for increasing 
the sensitivity. As more PCR cycles may cause nonspecifi c amplicons, 
35 PCR cycles are recommended for a routine assay.   

5     Technical Notes 

     1.    SRPP is highly sensitive, and 50 ng of total RNA is enough for 
an accurate SRPP assay.   

   2.    Because of the high background signal from  dATP   in pyrose-
quencing, we employed bases T, G, and C for labeling the 
gene sources and put base A, which will not be dispensed in 
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  Fig. 6    Pyrograms for detecting the expression levels of the Cdk4 ( a – c ) and Actb ( d – f ) genes between two 
identical sources with 0.05 ( a ,  d ), 0.2 ( b ,  e ), and 1 μg ( c ,  f ) of total RNA, respectively. Each RNA sample was 
individually transcribed by RT primers RT-G and RT-C. The ten-times dilution of each cDNA sample was pooled 
as the  PCR template  . The ratios by measuring the peak intensities are marked in each pyrogram. The observed 
ratio of peak intensities was marked in each pyrogram as “G:C=”       
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pyrosequencing, in a position next to these bases for blocking 
the extension.   

   3.    A reverse transcriptase with a good quality should give a high 
effi ciency of reverse transcription. We have tried AMV Reverse 
Transcriptase (TaKaRa), SuperScript III RNase H-Reverse 
Transcriptase (Invitrogen), and Omniscript RT Kit (Qiagen) 
for reverse transcription, respectively. The results indicated 
that AMV Reverse Transcriptase was not suitable for our 
method, and there was insignifi cant difference in RT effi ciency 
between the other two kits.   

   4.    It is diffi cult to escape the poly-T stretch in the target sequence 
used in SRPP as the RT primer having poly-T 15  for reverse 
transcription. To enable effi cient PCR for diffi cult templates, 
we tried several  Taq  polymerases, including TaKaRa  rTaq  poly-
merase, Promega  Taq  polymerase, and Qiagen HotStarTaq 
DNA polymerase. The results indicated that Qiagen 
HotStarTaq DNA polymerase is suitable for amplifying the 
template containing a poly-T tract in SRPP.   

   5.    The accuracy of SRPP is independent of PCR cycles, and more 
PCR cycles can be used for increasing the sensitivity. As more 
PCR cycles may cause nonspecifi c amplicons, 35 PCR cycles 
are recommended for a routine assay.   

   6.    To eliminate the ambiguity due to the noises, each dNTP was 
dispensed twice to get two peaks corresponding to the strand 
extension and background signals, respectively.   

   7.    The ratio measured by comparing peak intensities in the pyro-
gram could accurately refl ect the ratio between source-specifi c 
transcripts. Consequently, the source-specifi c sequence in the 
template did not cause a bias PCR amplifi cation in SRPP, and 
the peaks decoded by pyrosequencing can quantitatively dis-
criminate the source of a target gene.   

   8.    The main error in SRPP is believed from the step of quantifi ca-
tion of RNA concentration by UV spectrophotometry because 
pyrosequencing is highly quantitative. This step could however 
be skipped if we employ housekeeping genes as the internal 
concentration control, because the expression level of a house-
keeping gene is almost constant among different tissues.         
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    Chapter 20   

 Development of Pyrosequencing-Based Multiplex Bioassay 
by Designing Barcodes Encoded with Artifi cially Designed 
Sequences                     

     Zhiyao     Chen    ,     Xiaodan     Zhang    ,     Xiqun     Liu    ,     Bingjie     Zou    ,     Haiping     Wu    , 
    Qinxin     Song     ,     Hideki     Kambara    , and     Guohua     Zhou      

  Abstract 

   Multiplex analysis in a single tube is always preferable for genetic analysis. Here we propose a novel dye- free 
labeling method for multiplex bioassay. First, each of the targets was encoded by a short sequence- based 
barcode consisting of a report base and repeats of two stuffer bases; then, the barcodes were quantitatively 
decoded by a single pyrosequencing assay without any pre-separation. A barcode set is designed by sequen-
tially inserting a reporter base into different locations of the repeats. Because the location of the reporter 
base is unique at a given barcode, each addition of dNTP complementary to the stuffer base results in the 
release of the reporter base corresponding to a unique barcoded target. The multiplex level based on the 
present barcoding method can be unlimitedly increased if long-read pyrosequencing is accurate enough. 
Using these barcodes, we have developed a barcoded adapter-based method for multiplex gene expression 
analysis; as a proof of concept, the 12-plex gene expression analysis of four different genes among 12 kinds 
of tissues of a mouse was successfully demonstrated. In comparison to conventional barcodes based on dyes 
or nanocrystals, our sequence-based barcodes do not need laser, gel, and electrophoresis. Most importantly, 
this barcode strategy signifi cantly extends the scope of pyrosequencing capability.  

  Key words     Sequence-based barcodes  ,   Pyrosequencing  ,   Gene expression analysis  

1      Introduction 

 Multiplex detection allowing multiple discrete assays in a single 
tube at the same time is always preferable for genetic analysis. An 
effi cient technique for achieving multiplex analysis is barcoding 
[ 1 ,  2 ]. Dyes with different emission profi les are conventionally 
used as barcodes to label multiple targets; however, the number of 
dye- based barcodes is greatly limited by the overlap of dye’s broad 
emission spectra. DNA fragments with various base sequences 
can be informative barcodes if the encoded sequences could be 
uniquely decoded [ 3 ].  Pyrosequencing  is based on the real-time 
monitoring of bioluminescence emitted from the primer extension 
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reaction [ 4 ,  5 ], and is very suitable for sequencing several tens 
of bases; thus it could be used to decode the target-specifi c tags 
encoded in the PCR primers before amplifi cation. However, it 
is diffi cult to pick up multiple barcodes by pyrosequencing the 
mixed amplicons in a single tube because all the extendable ends 
of barcodes contribute to the peaks in a pyrogram [ 6 ]. Here we 
have proposed a novel barcoding approach based on conventional 
 pyrosequencing   to decode barcodes only by peaks in a  pyrogram     . 
The logic for designing the barcodes is that there is no extension 
reaction occurring at all other barcodes when extending a target-
specifi c reporter base, causing a unique target-specifi c peak in a 
pyrogram. For the illustration of the principle, assign “Y” and “Z” 
the stuffer bases, and “X” the reporter base. At fi rst, design a 6-nt 
stuffer base sequence as “YZYZYZ,” and then insert the reporter 
base “X” at each possible place of “YZYZYZ,” resulting in the 
following six unique barcodes: “X 1 YZYZYZ,” “YX 2 ZYZYZ,” 
“YZX 3 YZYZ,” “YZYX 4 ZYZ,” “YZYZX 5 YZ,” and“YZYZYX 6 Z.” 
The bases “Y” and “Z” should be arranged by turns in the bar-
codes, so that the extension of a stuffer base (“Y” or “Z”) only 
releases the end for extending a specifi c reporter base “X” in a 
unique barcode. To uniquely decode these barcodes, the dispens-
ing order of dNTPs during pyrosequencing should be designed 
in the light of the encoding rule. For example (see Fig.  1a ), only 
the barcode “X 1 YZYZYZ” contributes the extension signal when 
dispensing a dNTP complementary to the base X 1 ; and the dis-
pensing of a dNTP complementary to the base Y causes the exten-
sion of one base in all barcodes; only the barcode “YX2ZYZYZ” 
gives a peak when dispensing a dNTP complementary to the base 
X 2 ; again, all barcodes extend one base when dispensing a dNTP 
complementary to the base Z, giving an extendable end to the 
next base X 3  in the barcode “YZX 3 YZYZ.” By repeatedly dispens-
ing  dNTPs   in the above order, a 6-plex detection is achieved only 
by a single  pyrosequencing   assay. However this labeling effi ciency 
is not so high because the decoding of six barcodes needs 11 times 
dNTP dispensing. Since two bases are available for reporters, the 
same 6-nt length of the sequence can yield 12 unique barcodes if 
two different reporter bases are used; thus 17 dNTP dispension 
could result in the decoding of 12 barcodes. A typical example 
of 12 barcodes using two different reporter bases in a  6-nt DNA 
fragment   is illustrated in Fig.  1b . The multiplex level based on 
the present  barcoding method   can be unlimitedly increased if a 
long-read pyrosequencing is accurate enough; theoretically  n -base 
length of the barcoded DNA fragments is able to produce 2 n  
sample identifi ers, and the minimum number of dNTP dispens-
ing is  3n − 1 . Usually, a conventional pyrosequencing can give an 
accurate  reading length of at least 20 bases; hence, the optimal 
value of  n  should be 7, which could yield 14 barcodes in a single 
pyrosequencing assay.
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   To use these  barcodes   for multiplex bioassays, we developed a 
method, termed barcoded adapter-based multiplex gene expres-
sion analysis (“ BAMGA  ” for short). Barcodes specifi c to each dif-
ferent gene source were encoded in source-specifi c adapters. As 
seen in Fig.  2a , the assay consists of the following steps: (1) extract-
ing total RNA from different tissues and followed by a reverse tran-
scription into ds-cDNA; (2) digesting the ds-cDNA with restriction 
endonuclease  Mbo  I, which specifi cally cuts DNA strands to form a 
“GATC” cohesive end; (3) labeling the digested ds-cDNA frag-
ments with adapters encoded with source-specifi c barcodes by liga-
tion reaction; (4) amplifying the barcode-ligated fragments with a 
universal primer and a biotinylated gene-specifi c primer; and (5) 
quantitatively decoding the barcodes in amplicon mixtures by 
pyrosequencing. The sequence in the resulting pyrogram repre-
sents the source of the gene, and the intensity of the peak repre-
sents the relative expression levels of the gene; the signal ratio 
refl ects the proportion of the amount of mRNAs among different 
sources. The key to the success of the method is the structure of 
source-selective adapters. We designed the adapter with a “GATC” 
3′ -overhang in one end for capturing the digested ds-cDNA, while 
the other end is “Y” shaped with one strand having a barcode 
together with an around 20-nt 5′-overhang for supplying a 
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  Fig. 1    Principle of barcode design ( a ) and a typical example of 12 barcodes constructing with 6-nt DNA frag-
ments using base “g” and “C” as reporter bases. ( b ) Left side is the structure of barcodes, and right side is the 
corresponding pyrogram for decoding the barcodes. Base “X” represents a reporter base; and bases “Y” and 
“Z” represent stuffer bases       
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universal PCR-priming site, and the opposite strand having several 
non- complementary bases in the 3′-terminal to block nonspecifi c 
extension reaction. Each barcode sequence has the same base con-
tent but a different base order; thus the Tm values of  barcode- 
ligated fragments   are completely identical. By this design, unbiased 
amplifi cation of all barcoded templates is achieved (Fig.  2b ). The 
BAMGA assay of a different gene can be easily achieved only by 
changing a gene-specifi c primer.

Source 1

a

b
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mRNA extraction, reverse-transcription, and

ds-cDNA synthesis

Digestion with Mbo I endonuclease
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specific-barcode adapters
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PCR using a single primer pair
Universal primer

Sequencing primer
Barcode-1 Barcode-2

Barcode-2

Barcoded
fragments

Digested
fragments

ds-cDNA

Adapter

Barcode
Cohesive end

Non-complementary bases

3’-
GAAT

GCGCATCAC TCG-3’
CGCGTAGTGAGCCTAG-5’

CATATAT GATATAT

Pyrosequencing

ssDNA preparation

+

Magnetic bead

ssDNA

dGTP dCTP

Source 2Source 1

C
A
T
G

C5’-CGAATAGGAACGTTGAGCCGT gatatatc

Universal priming site

G

In
te

ns
ity

Biotinylated gene-specific primer

Barcode-1

  Fig. 2    Flowchart used to analyze relative expression levels of a given gene between two different sources ( a ) 
and the typical structure of “Y”-shaped source-specifi c barcode adapter ( b ). This fi gure illustrates the principle 
of BAMGA and the structure of “Y”-shaped source-specifi c barcode adapter       
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2       Materials 

     1.    TaKaRa M-MLV RTase cDNA synthesis kit, Mbo I  endonu-
  clease, T4 DNA ligase, SYBR Premix Ex TaqTM, TaKaRa 
M-MLV RTase cDNA Synthesis Kit, and rTaq DNA poly-
merase were purchased from TaKaRa (Dalian, China).   

   2.    Exo-Klenow Fragment and QuantiLum recombinant lucifer-
ase were purchased from Promega (Madison, WI).   

   3.    TRIzol reagent and Superscript II RNase H-Reverse 
Transcriptase were from Invitrogen Inc. (Faraday Avenue, 
Carlsbad, CA).   

   4.    Dynabeads M-280 Streptavidin (2.8 μm) was from Dynal 
Biotech ASA (Oslo, Norway).   

   5.    ATP sulfurylase,  D -luciferin, bovine serum albumin (BSA), 
polyvinylpyrrolidone (PVP), adenosine 5′-phosphosulfate 
(APS), and apyrase were obtained from Sigma (St. Louis, MO).   

   6.    2′-Deoxyguanosine-5′-triphosphate (dGTP), 2′-deoxythymidine-
5′-triphosphate (dTTP), 2′-deoxycytidine- 5′-triphosphate 
(dCTP), 2′, 3′-dideoxycytidine-5′-triphosphate (ddCTP), 
2′, 3′-dideoxyguanosin e-5′-triphosphate (ddGTP), sodium 
2′-deoxyadenosine-5′-O-(1-triphosphate) (dATPαS), and 
Sequenase 2.0  w  ere purchased from Amersham Pharmacia 
Biotech (Amersham, UK).   

   7.    BioSpin PCR purifi cation kit was purchased from Bio Flux 
Corporation (Hangzhou, China).      

3    Methods 

       1.    Total RNAs ( see   Note 1 ) from small intestines, right  b  rain, 
large intestine, cerebellum, spleen, lung, left brain, bladder, 
heart, stomach, ear, and kidney tissues of a mouse were 
extracted using TRIzol reagent according to the manufactur-
er’s instructions.   

   2.    The purity and concentration of the extracted RNA were 
determined by a UV-Vis spectrophotometer (NaKa Instrument 
Co., ltd, Japan).   

   3.    Then 1.5 μg of each total RNA from different tissues was used 
for fi rst-strand cDNA synthesis by Superscript II RNase 
H-Reverse Transcriptase, respectively. First, total RNA in 
RNase-free water was heated to 65 °C for 5 min and cooled on 
ice for at least 1 min. Then a 10 μl of reaction mixture contain-
ing 0.5 mM of each dNTP, 1× RT buffer, 1 μM oligo (dT) 15  
primer, 0.5 U/μl RNase inhibitor, and 0.2 U/μl Superscript II 

3.1  RNA Extraction 
and ds-cDNA 
Synthesis
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RNase H-Reverse Transcriptase was added to each tube con-
taining extracted RNA, and incubated at 42 °C for 60 min, 
followed by 93 °C for 5 min to terminate the reaction.   

   4.    All of the fi rst-strand cDNA was used to synthesize double- 
stranded cDNA (ds-cDNA) by TaKaRa M-MLV RTase cDNA 
Synthesis Kit according to the manufacturer’s instructions. 
The 50 μl of ds-cDNA synthesis reactions containing 10 μl of 
fi rst- strand cDNA solution, 10 μl of 5× ds-cDNA synthesis 
buffer (18.8 mM Tris–HCl, 90.6 mM KCl, 4.6 mM MgCl 2 , 
10 mM (NH4) 2 SO4, pH 8.3), 0.15 mM NAD, 0.002 % BSA, 
3.8 mM DTT, 0.1 mM dNTPs, 6 U of  E. coli  DNA ligase, 6 U 
of DNA polymerase I, 1 U of  E. coli  RNase H, and RNase-free 
 w  ater up to 50 μl was incubated at 16 °C for 1.5 h followed by 
70 °C for 10 min to terminate the reaction.      

       1.     Digestion and ligation reaction   were performed on an 
O.T.P. Safety thermostat (PolyScience, USA). The 5 μl of 
digest ion mixture containing 2.5 μl of ds-cDNA solution, 0.5 
μl of 10× K Buffer, 5 U of  Mbo  I endonuclease, and 1.5 μl of 
sterilized water was mixed gently and incubated at 37 °C for 2 
h followed by 75 °C for 15 min to terminate the reaction. 
Then digested ds-cDNA was ligated to source-specifi c adapt-
ers, respectively.   

   2.    The 20 μl of ligation reaction mixture containing 4 μl of the 
 di  gested mixture, 2 μl of sterilized water, and 20 pmol of a 
source-specifi c adapter was incubated at 70 °C for 10 min, and 
then 2 μl of 10 U/μl T4 DNA ligase and 2 μl of 10 × T4 DNA 
ligase buffer were added before the incubation at 16 °C for 2 
h. The ligase was inactivated at 75 °C for 15 min. Finally, equal 
volume of the barcode-ligated fragments from different sources 
was pooled for PCR amplifi cation.      

       1.    PCR amplifi cation was  perform  ed on the PTC-225 Thermal 
Cycler PCR system (MJ Research, Inc., USA). Fifty microliters 
of PCR reaction contains 1.5 mM MgCl 2 , 0.2 mM of each 
dNTP, 1.2 μM of each gene-specifi c primer and the universal 
primer, 1 μl of equally mixed ligation products as templates, 
and 1.25 U of rTaq DNA polymerase. The PCR program is as 
follows: denatured at 94 °C for 3 min, followed by 35 thermal 
cycles (94 °C for 30 s; 55 °C for 30 s; 72 °C for 45 s). After the 
cycle reaction, the product was incubated at 72 °C for 10 min 
and held at 16 °C.   

   2.    Then the PCR products were purifi ed by BioSpin PCR purifi -
cation kit to remove surplus biotinylated primers ( see   Note 2 ). 
Agarose gel electrophoresis can be used to verify the negative 
control. If a clear pattern is obtained,  pyrosequencing   is then 
performed on samples.      

3.2  Digestion 
and Ligation 
of ds-cDNA

3.3  PCR 
and Purifi cation 
of PCR Product
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   The biotinylated PCR products were  immobilize  d onto 
streptavidin- coated Dynabeads, and DNA strands were separated 
by melting with 0.1 M NaOH. After washing with 1× annealing 
buffer (4 mM Tris–HCl, pH 7.5, 2 mM MgCl 2 , 5 mM NaCl), the 
sequencing primer was added to the single-stranded DNA for 
annealing at 80 °C for 2 min.  

    Pyrosequencing   was carried out by the reported method [ 1 – 7 ]. 
The reaction volume was 100 μl, containing 0.1 M Tris–acetate 
(pH 7.7), 2 mM EDTA, 10 mM magnesium acetate, 0.1 % BSA, 1 
mM dithiothreitol, 2 μM adenosine 5′-phosphosulfate 0.4 mg/ml 
PVP, 0.4 mM  D -luciferin, 200 mU/ml ATP sulfurylase, 3 μg/ml 
luciferase, 18 U/ml Sequenase 2.0 or  18   U/ml Exo- Klenow 
Fragment, and 1.6 U/ml apyrase. Pyrosequencing can also be per-
formed by using commercialized PyroMark GOLD reagent kit 
(Qiagen, Germany) at PyroMark ID instrument (Qiagen, Germany).  

   Real-time PCR amplifi cation was carried out  wit  h a DNA Engine 
Opticon 2 Thermal Cycler system (MJ Research, Inc., USA). 
Twenty-fi ve microliters of reaction mixture contains 12.5 μl of 
SYBR Premix Ex Taq™ (2×), 0.4 μM each primer, 1 μl of diluted 
(1/30) ss-cDNA (synthesized from 1.5 μg of total RNA), and 9.5 
μl of sterilized water. The program used was initial denaturation at 
94 °C for 5 min followed by 40 cycles of 94 °C for 30 s, 55 °C for 
30 s, 72 °C for 40 s, plate read at 81 °C for 0.01 s, followed by a 
fi nal  exte  nsion of 7 min at 72 °C.   

4    Method Validation 

   It is necessary to investigate the effect of coexisting nontarget  RNA   
on the accuracy of target RNA detection by BAMGA. Mouse- 
source double-stranded nontarget cDNA of 0.42 μg was, individu-
ally, spiked into 6.8, 27.2, 40.8, 54.4, and 68 ng of human-source 
target DNA which was artifi cially prepared by PCR, resulting in 
the samples −1, −2, −3, −4, and −5, respectively. After the diges-
tion of each sample, sample −1 was ligated with the adaptor 
encoded with the barcode-2, and each of the other four samples 
was ligated with the adaptor encoded with the barcode-1. The 
ligated product of sample −1 was equally pooled with that of 
 samples −2, −3, −4, and −5, respectively, yielding pools −1*2, 
−1*3, −1*4, and −1*5. After PCR on each pool,  pyrosequencing   
was carried out for quantitatively decoding the barcodes. As seen 
in Fig.  3 , the ratios of signal intensities between two barcode-spe-
cifi c peaks were measured as 4.1:1, 5.7:1, 7.9:1, 10.8:1, respec-
tively, which are well consistent with the expected ratios of 4:1, 
6:1, 8:1, and 10:1 (barcode-1:barcode-2). Therefore, nontarget 
RNA coexisting with target RNA less affects the accuracy of 

3.4  Template 
Preparation 
for  Pyrosequencing  

3.5   Pyrosequencing 
Reaction  

3.6  Real-Time PCR

4.1  The Effect 
of Coexisting 
Nontarget RNA 
on the Accuracy

Development of Pyrosequencing-Based Multiplex Bioassay by Designing Barcodes…



238

BAMGA. The results also proved that barcodes encoded in each 
source-specifi c template did not cause any amplifi cation bias in a 
single PCR tube.

      To investigate the accuracy of  BAMGA  , a series of pooled samples 
were artifi cially prepared. For the illustration, the  GAPDH  gene 
expressed in mouse kidneys was used as an example. At fi rst, the 
 Mbo  I-digested ds-cDNA reverse transcribed from the mouse kid-
ney was divided into two aliquots, and each aliquot was used as a 
source of the  GAPDH  gene. The two aliquots were ligated with 
two source-specifi c adapters encoded with different barcodes, 
respectively, and then the two source-specifi c ds-cDNAs labeled 
with barcodes were mixed in the ratios of 10:0, 9:1, 8:2, 7:3, 6:4, 
5:5, 4:6, 3:7, 2:8, 1:9, and 0:10, respectively. After PCR, 
 pyrosequencing was performed on each pool. Ratios measured 
from signal intensities of peaks corresponding to two source-spe-
cifi c barcodes are 10:0.18, 8.1:1, 8.6:2, 6.4:3, 5.9:4, 4.9:5, 4:6.5, 
3:7.3, 1:8.2, and 0.16:10, respectively, very close to the expected 
ratios. The correlation between the measured ratios and theoretical 
ratios was as high as 0.996 ( n  = 3), indicating that the ratio among 
barcode-specifi c peaks can accurately refl ect the  relati  ve gene 
expression levels among different sources. The typical  pyrograms   
are shown in Fig.  4 .

4.2  Accuracy 
of BAMGA

  Fig. 3    Effect of coexisting DNA fragments on the accuracy of BAMGA. The theo-
retical ratios of the β-ACTIN gene between two artifi cially prepared sources, 
which contains extra 0.42 μg of mouse-source double-stranded nontarget cDNA, 
are 4:1 ( a ), 6:1 ( b ), 8:1 ( c ), and 10:1 ( d ), respectively. The expected ratios were 
directly marked in the pyrograms. The ratios were calculated with the peak 
intensities specifi c to barcodes encoded by adapter ligation reaction       
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      After detection by BAMGA, we found that the signal intensities of 
barcode-specifi c peaks from the sample at the ratio of 
1:1:1:1:1:1:1:1:1:1:1:1 are unexpectedly  inc  reased in the later 
dNTP cycles (see arrows in Fig.  5 ). As each source-specifi c bar-
coded template was equal in concentration, nearly equal peak 
intensities should be expected in the pyrogram of this sample. To 
achieve a quantitative analysis, it is better to eliminate these unex-
pected signals. The best way to suppress these signals is to block 
the extended ends of barcodes. As it is unnecessary to extend the 
barcoded fragment if the reporter base is extended, we tried to 
employ ddNTPs instead of dNTPs to extend the reporter base. 
The false-positive signals in later dNTP cycles were thus effectively 
suppressed (Fig.  5b ) by using ddNTPs. The problem of slow incor-
poration of ddNTPs by Klenow polymerase was successfully over-
come by the use of Sequenase 2.0.

   After the use of ddNTP for pyrosequencing, the  relativ  e 
expression levels of the given gene in 12 different sources were 
accurately quantifi ed (Fig.  6a, b ). To simply evaluate the accuracy 
of BAMGA, an intensity ratio of the two reporter peaks between 
two stuffer bases, i.e., peaks “C” and “G” in the pyrogram, was 
employed. Because the theoretical ratios between these two peaks 
are designed to be the same, each pooled sample should have six 

4.3  Quantitaive 
Analysis

  Fig. 4    Quantitative evaluation of the multiplex bioassay based on BAMGA. ( a ) Typical pyrograms of artifi cially 
prepared sources by mixing ds-cDNAs ligated with barcode-1 and barcode-2 at various ratios (0:10, 5:5, and 
10:0). Each dNTP was dispensed twice for monitoring the background due to PPi impurity in dNTP solution. ( b ) 
Correlation between the expected ratios of the amounts of the GAPDH transcripts in two sources and the 
measured ratios by BAMGA. The ratios were calculated with the formula of “G/(G + C) × 100” where G and C 
mean the peak intensity       
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different ratios of peaks “C” to “G”; thus, the average and RSD of 
these six ratios can be measured for each sample. The relationship 
between the expected ratios and measured ratios of pooled samples 
at various ratios (except for the ratio of 1:0:1:0:1:0:1:0:1:0:1:0) is 
shown in Fig.  6c , indicating that BAMGA is accurate enough in 
the comparative detection of a gene expressed among 12 sources.

      The utility of BAMGA was further investigated by using real biologi-
cal samples. The relative expression levels of four genes (b-ACTIN, 
FAS, JUN, and RPL19) among the small intestine, right brain, large 
intestine, cerebellum, spleen, lung, left brain, bladder, heart, stom-
ach, ear, and kidney tissues of a mouse were detected. The results 
(Figs.  7a  and  8 ) indicate that all the four genes were expressed in the 
12 organs of the mouse but with different expression levels. The 
accuracy of the results was confi rmed by real-time qPCR (Fig.  7b ). 
The comparison of the results between qPCR and BAMGA showed 
that BAMGA is accurate enough for gene expression analysis, sug-
gesting that barcodes can well be used as source identifi ers.

5         Technical Notes 

     1.    To prevent the interference of the coexisting DNA in BAMGA, 
we have successfully employed DNase I for treating the RNA 
sample.   

   2.    As pyrosequencing was used for decoding the barcodes in PCR 
products, cross-contamination from PCR products may occur. 
To prevent any possible false-positive results, it is necessary to 
perform PCR using fi lter tips at a qualifi ed PCR lab. In addi-
tion, a negative control should be carried out in parallel from 
the beginning of the assay (enzyme digestion step).         

4.4  Determination 
of Expression Levels 
of Four Genes

  Fig. 5    Pyrograms for  decoding barcodes   by using dNTPs ( a ) and ddNTPs ( b ) in 
pyrosequencing reaction. The transcript concentration of the target gene (the CDK4 
gene) in each of the 12 artifi cially prepared sources (from S1 to S12) is equal       
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  Fig. 6    Typical pyrograms for detecting the relative expression levels of the CDK4 
gene among 12 artifi cially prepared sources ( a ,  b ). The ratio of the CDK4 gene 
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  Fig. 8    Results of relative gene expression levels of the   JUN  gene   ( a ), the  RPL19  gene ( b ), and the  FAS  gene ( c ) 
among 12 different organs (small intestines, right brain, large intestine, cerebellum, spleen, lung, left brain, 
bladder, heart, stomach, ear, and kidney) of a mouse by multiplex bioassay based on BAMGA. “T” means the 
tissue in which a gene of interest exists. ( d ) Histograms of relative gene expression levels of the three genes 
among 12 different organs of a mouse by pyrosequencing       
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    Chapter 21   

 Quantitatively Discriminating Multiplexed LAMP Products 
with Pyrosequencing-Based Bio-Barcodes                     

     Chao     Liang    ,     Yanan     Chu    ,     Sijia     Cheng    ,     Haiping     Wu    ,     Bingjie     Zou    , 
    Qinxin     Song     , and     Guohua     Zhou      

  Abstract 

   The loop-mediated isothermal amplifi cation (LAMP) is a well-developed method for replicating a targeted 
DNA sequence with a high specifi city, but multiplex LAMP detection is diffi cult because LAMP amplicons 
are very complicated in structure. To allow simultaneous detection of multiple LAMP products, a series of 
target-specifi c barcodes were designed and tagged in LAMP amplicons by FIP primers. The targeted bar-
codes were decoded by pyrosequencing on nicked LAMP amplicons. To enable the nicking reaction to 
occur just near the barcode regions, the recognition sequence of the nicking endonuclease (NEase) was 
also introduced into the FIP primer. After the nicking reaction, pyrosequencing started at the nicked 3′ 
end when the added deoxyribonucleoside triphosphate (dNTP) was complementary to the non-nicked 
strand. To effi ciently encode multiple targets, the barcodes were designed with a reporter base and two 
stuffer bases, so that the decoding of a target-specifi c barcode only required a single peak in a pyrogram. 
We have successfully detected the four kinds of pathogens including hepatitis B virus (HBV), hepatitis C 
virus (HCV), human immunodefi ciency virus (HIV), and  Treponema pallidum  (TP), which are easily 
infected in blood, by a 4-plex LAMP in a single tube, indicating that barcoded LAMP coupled with 
NEase-mediated pyrosequencing is a simple, rapid, and reliable way in multiple target identifi cation.  

  Key words     Pyrosequencing  ,   Multiplex loop-mediated isothermal amplifi cation  ,   Nicking endonucle-
ase  ,   Barcode  ,   Pathogen detection  

1      Introduction 

 Loop-mediated isothermal amplifi cation (LAMP) is a well- 
developed method for rapidly detecting  DNA and RNA   [ 1 ]. Due 
to the high sensitivity, high specifi city, and no need of thermocy-
cler, LAMP has been widely used for analyzing various  pathogens   
such as virus, bacteria, fungi, and parasite [ 2 – 7 ]. The identifi cation 
of LAMP products is mainly based on a dsDNA-specifi c fl uores-
cent dye, electrophoresis of amplicons, turbidity due to magne-
sium pyrophosphate, and the metal ion indicator [ 8 ]. However, all 
of these detection methods are not specifi c to template sequences; 
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so the readout is identical for the amplicon of any sequence [ 4 ]. To 
achieve multiplex LAMP (“mLAMP” for short), it is necessary to 
develop a method which can discriminate target-specifi c amplicons 
from the mixture of LAMP products. 

 Unlike PCR, LAMP generates  amplicons   with various lengths, 
making the detection much complicated. To enable mLAMP, a 
conventional way is to introduce an endonuclease recognition site 
into the LAMP primers, and to make the length of endonuclease- 
digested amplicons specifi c to the target specie s  [ 9 ,  10 ]. Usually, the 
enzymatic digestion of LAMP amplicons is incomplete due to the 
multiple types of structures of LAMP products. Thus, the  electro-
phoresis pattern   of digested products usually contains more than 
one band for each target, which makes the multiplex detection dif-
fi cult [ 9 ]. An alternative way for mLAMP is the use of a fl uoro-
phore-labeled primer combined with an intercalator dye. As 
 fl uorescence resonance energy transfer (FRET)         between the fl uoro-
phore (donor) and the intercalator dye (acceptor) occurs, a target- 
specifi c change in fl uorescence appears in LAMP reaction [ 11 ,  12 ]. 
Although two different genes were simultaneously detected, the 
method cannot be used for discriminating the low copies of genes. 

 We have previously developed a  dye-free method   for multiplex 
gene expression analysis by sequence-tagged reverse-transcription 
PCR coupled with pyrosequencing [ 13 ,  14 ].    In this method, a 
short sequence was used as a target-specifi c barcode. After PCR, 
each barcode was decoded by pyrosequencing, which is a sequence-
by- synthesis method for quantitatively sequencing a short target. 
The peak and its intensity in a pyrogram represent the target species 
and the relative abundance in the mixture, respectively. To apply the 
similar method for detecting dye-free mLAMP, a short sequence in 
the middle of an FIP primer for LAMP is used as a barcode to label 
each target. After LAMP, pyrosequencing is used to decode the 
barcodes. However, unlike PCR amplicons, LAMP amplicons are a 
mixture of multiple structures, so it is diffi cult to make single-
stranded DNA for pyrosequencing. To enable pyrosequencing on 
LAMP products, we introduced a recognition site of nicking endo-
nuclease (NEase) into the FIP primer. As  NEases   only cleave one 
specifi c strand of a duplex DNA, the 3′ end at the nick is extendable 
and can be extended by a polymerase with  strand- displacement 
activity   [ 15 ], such as Sequenase 2.0, Klenow exo − , phi-29, and Bst 
polymerases. Consequently, NEase-digested LAMP products can 
be directly pyrosequenced without the use of any primer annealing 
process. We have successfully used this method for  4-plex LAMP 
detection            of hepatitis B virus (HBV), hepatitis C virus (HCV), 
human immunodefi ciency virus (HIV), and  Treponema pallidum  
(TP) in blood. The principle is shown in Fig.  1  for detail. In con-
ventional LAMP, there is a poly (T) region in the FIP primer. For 
mLAMP detection, we replaced this region with a target-specifi c 
barcode as well as a NEase recognition sequence. As a proof of 
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  Fig. 1    Schematic of barcoded LAMP coupled with NEase-mediated pyrosequenc-
ing. ( a ) The structure of FIP primer which contains the NEase recognition site and 
target-specifi c barcodes. ( b ) Introduction of target-specifi c barcodes into LAMP 
amplicons by the FIP primer. ( c ) Nicking reaction of mLAMP amplicons by NEase. 
( d ) Decoding of the barcodes by pyrosequencing the nicked LAMP amplicons       
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concept, four pathogens of HIV,    HBV, HCV, and TP, which should 
be detected before blood transfusion [ 16 ], were employed as an 
example for illustrating the methodology.

   The key point of the method is how to design the  barcodes   
enabling each pathogen corresponding to a unique peak in a decoded 
pyrogram. Because only four kinds of bases (A, T, G, and C) are 
available for designing the barcodes, the maximum number of mul-
tiplex level is three if one base is used for labeling one target. This is 
because we should use one base as a stuffer to prevent the further 
extension from the extended end in the next dNTP addition. For 
example, the above three barcodes can be designed as “CA,” “TA,” 
and “GA,” respectively; here base “A” is the stuffer. The  peaks   “C, 
T, and G” should hence appear in the pyrogram when dispensing 
dCTP, dTTP, and dGTP for pyrosequencing. As no dispensation of 
dATP, each barcode only has one-base extension, and can thus be 
the reporter of a target. We have successfully demonstrated the 
application of this simple  dye-free labeling method   in comparative 
analysis of gene expression profi ling, but the number of barcodes is 
limited to three [ 13 ]. To overcome this limitation, a new  barcode   
constructed by a report base and repeats of two stuffer bases was 
proposed to encode multiple targets. For example, we can design 
the barcodes of “GA,” “CA,” “TC,” and “TG” to  label   HBV, HCV, 
HIV, and TP, respectively. Similarly, “GAT,” “CAT,” “TGT,” 
“TCT,” “TAG,” and “TAC” can label six different targets. By con-
structing barcodes with a report base and repeats of two stuffer 
bases, a sequence of  n  bases can encode  2n  different targets. 

 Instead of one type of  FIP primer   in conventional LAMP, four 
types of FIP primers specifi c to four different targets were added 
into LAMP reaction mixture for amplifying all the possible targets. 
After LAMP, the purifi ed amplicons were nicked by the NEase (Nt.
BstNBI). Although  LAMP amplicon   strands are complicated in 
structure, the NEase will recognize all of the specifi c sequences in 
each strand. The 3′-end of all the nicks will extend in pyrosequenc-
ing reaction when the dispensed dNTP is complementary to the 
non-nicked template sequence. To effi ciently decode each target, 
the dNTP dispensing order should be designed in the light of bar-
code sequence; for example, the order of “G → C → T → C → G” 
should be dispensed for the barcodes of “GAT,” “CAT,” “TCA,” 
and “TGA,” which are used to label HBV, HCV, HIV, and TP, 
respectively. When dGTP is dispensed, only the  HBV-specifi c 
amplicon   gives a peak in the resulting  pyrogram  ; likewise, peak “C” 
corresponds to HCV. Then, the dispensing of  dTTP   (a stuffer base) 
releases the reporter bases in the other two  barcodes   (“TC” and 
“TG”); and the sequential dispensing of dGTP and dCTP yields the 
peaks corresponding to HIV and TP, respectively. Therefore, the 
peaks in a pyrogram can be the reporter of targeted pathogens. The 
type of the possible pathogen existing in a sample is readily identi-
fi ed by the target-specifi c peak. If  the   sample contains more than 
one pathogen, multiple peaks should appear in the pyrogram.  

Chao Liang et al.
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2     Materials   

     1.    Bst DNA polymerase and Nt.BstNBI were purchased from 
New England BioLabs (Beijing, China).   

   2.    AMV reverse transcriptase was purchased from Promega 
(Madison, WI).   

   3.    ATP sulfurylase and Klenow fragment were obtained by gene 
engineering in our lab.   

   4.    DNA polymerase was purchased from TaKaRa (Dalian, China).   
   5.    Polyvinylpyrrolidone (PVP) and QuantiLum recombinant 

luciferase were purchased from Promega (Madison, WI).   
   6.    Bovine serum albumin (BSA), APS, and apyrase-VII were 

obtained from Sigma (St. Louis, MO).   
   7.    Sodium 2′-deoxyadenosine-5′-O-(1-triphosphate)(dATPαS), 

2′-deoxyguanosine-5′-triphosphate (dGTP), 2′-deoxy-
thymidine-5′-triphosphate (dTTP), and 2′-deoxycytidine-
5′-triphosphate (dCTP) were purchased from MyChem 
(San Diego, CA).   

   8.    BioSpin PCR purifi cation kit was purchased from TransGene 
(Beijing, China). QIAamp MinElute Virus Spin Kit was pur-
chased from Qiagen (Hilden, Germany).   

   9.    Four conservative segments in the HBV, HCV, HIV, and TP 
were selected as the target sequences for the method. All of the 
oligomers were synthesized and purifi ed by Invitrogen 
(Shanghai, China).   

   10.    The blood samples were provided by Jingling Hospital 
(Nanjing, China) and Jiangsu Provincial Center for Disease 
Prevention and Control (Nanjing, China). The  nucleic acids   of 
HBV, HCV, HIV, and TP were extracted by QIAamp  MinElute   
Virus Spin Kit.      

3    Methods 

       1.    Each 25 μL of mLAMP mixture contained 8 U of Bst DNA 
polymerase, 16 U of AMV reverse transcriptase, 1.2 mM 
dNTPs, 20 mM Tris–HCl (pH 8.8), 10 mM KCl, 8.0 mM 
MgCl 2 , 10 mM (NH 4 ) 2 SO 4 , 0.1 % (V/V) Tween-20, 0.01 % 
BSA, 0.8 mM betaine, 0.4 μM each F3 and B3 primer, 3.2 μM 
each FIP and BIP primer, 0.1 μM each LF and LB primer, and 
2 μL of DNA or  RNA   template.   

   2.     Amplifi cation   was performed on a water bath at 65 °C for an 
hour ( see   Note 1 ).      

3.1  Multiplex LAMP 
Reaction
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       1.    After the purifi cation ( see   Note 2 ), mLAMP products ( see  
 Note 3 ) were incubated at 55 °C with Nt.BstNBI in a 1× reac-
tion buffer recommended by the supplier. Typically, the incu-
bation was performed for 1 h with 5 U of nicking endonuclease 
( see   Note 4 ).   

   2.    After incubation, the reaction was heat-terminated at 80 °C for 
20 min and stored at 4 °C until pyrosequencing. One microli-
ter (1 μL) of the treated products was used for 
pyrosequencing.      

       1.    The reaction volume of pyrosequencing was 40 μL, containing 
0.1 M Tris–acetate (pH 7.7), 2 mM EDTA, 10 mM magne-
sium acetate, 0.1 % BSA, 1 mM dithiothreitol (DTT), 2 μM 
adenosine 5′-phosphosulfate (APS), 0.4 mg/mL PVP, 0.4 mM 
 D  - luciferin, 200 mU/mL ATP sulfurylase, 3 μg/mL luciferase, 
18 U/mL Klenow polymerase, and 1.6 U/mL apyrase. One 
microliter of purifi ed mLAMP product was used for an assay.   

   2.    Pyrosequencing was performed at 28 °C on a portable pyrose-
quencer (Hitachi, Ltd., Central Research Laboratory, Japan) 
according to the manufacturer’s protocols. The sequencing 
signal (peak) was recorded via a  stepwise   elongation of the 
primer strand through sequentially dispensing deoxynucleo-
tide triphosphates.       

4    Method Validation 

   In  n -plex LAMP reaction, the number of primers is  6n , so there are 
24 types of primers in one tube when  4-plex LAMP   is performed 
for identifying four different pathogens (HBV, HCV, HIV, and 
TP). The main issue of the  n -plex LAMP is the interaction among 
these primers. To evaluate the interaction, four different pathogens 
(HBV, HCV, HIV, and TP) were individually analyzed by 4-plex 
LAMP with four sets of primers for identifying all the four targets, 
and by 3-plex LAMP without the target-specifi c primers but with 
all other primers, respectively. Theoretically, no amplicon should 
be observed in any 3-plex LAMP as no target-specifi c primers exist 
in the LAMP reaction. As expected, all 4-plex LAMP gave positive 
results, but no positive result was observed in all 3-plex LAMPs 
(Fig.  2 ). Thus, the coexisting primers would not cause any false- 
positive result in mLAMP detection, indicating that it is possible to 
use LAMP for identifying multiple targets simultaneously.

      The other issue we should address is whether or not multiple prim-
ers in mLAMP interfere with the sensitivity of regular LAMP. 
A sample with ten copies of HBV templates was used as an example 
for the investigation. At fi rst, we performed a conventional single- 
plex LAMP with only the HBV primers on the HBV-positive 

3.2  Nicking  Reaction  

3.3   Pyrosequencing  

4.1   Specifi city  

4.2   Sensitivity  
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sample, and then we performed three sets of 2-plex LAMP with 
primers specifi c to HBV and one of the other three pathogens (HIV, 
HBV, and TP), three sets of 3-plex LAMP with primers specifi c to 
HBV and two of the other three pathogens (HIV, HBV, and TP), 
and one set of 4-plex LAMP with primers specifi c to all four patho-
gens (HIV, HBV, and TP), respectively. As shown in Fig.  3 , all the 
2-plex LAMPs, all the 3-plex LAMPs, and the 4-plex LAMP gave 
the same positive amplicons as the single-plex LAMP which is only 
specifi c to HBV. The detection limit of the regular LAMP was 
detected as ten copies of templates per reaction; thus, the sensitivity 
of mLAMP was not reduced by the presence of multiple primers 
coexisted.

      According to the protocol of Nt.BstNBI, the effi ciency of a nicking 
reaction depends on the buffer used. The recommended buffer for 
Nt.BstNBI is 100 mM NaCl, 50 mM Tris–HCl, 10 mM MgCl 2 , 
and 1 mM DTT (pH 7.9), so it is quite different from LAMP buf-
fer, which is 20 mM Tris–HCl (pH 8.8), 10 mM KCl, 8.0 mM 
MgCl 2 , 10 mM (NH 4 ) 2 SO 4 , 0.1 % (V/V) Tween-20, 0.01 % BSA, 
and 0.8 mM betaine. To achieve a high nicking effi ciency, it is 

4.3  Optimization 
of Nicking  Reaction  

  Fig. 2    The electropherograms for investigating the specifi city in multiplex-LAMP reaction. The template type 
and primers used for LAMP reaction are listed in the top of the electropherogram. No positive result is found 
when no target-specifi c primers exist in the LAMP reaction       
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necessary to purify LAMP products before adding the buffer 
required by Nt.BstNBI. 

 In addition, the amount of substrates (LAMP products) and the 
NEase as well as the nicking time should be optimized. Pyrograms 
(Fig.  4 ) with nicked LAMP amplicons ranging from 200 to 1000 ng 
show that the signal intensity of each peak increases lineally with the 
amplicon amount when less than 600 ng of amplicon was used for 
the nicking reaction, while  no   obvious increase of signal intensity was 
observed when more than 600 ng of amplicon was used. Furthermore, 
the unexpected peaks (noise) in the pyrograms become high when a 
large amount of nicked LAMP  products were used. It indicates that 
the optimum amount of nicking substrate is not more than 600 ng of 
LAMP amplicons, equivalent to 2.5 μL of LAMP raw products.

   According to the protocol of Nt.BstNBI, the time for nicking 
reaction should be 1 h. To look for the optimum time for nicking 
LAMP products, various incubation times, ranging from 0.25 to 
2 h, were investigated in the case of a fi xed amount of 5 U of 
Nt.BstNBI. After incubation, the nicking endonuclease was deac-
tivated at 80 °C for 20 min before pyrosequencing. 0.25 h is 
enough for completing nicking reaction, and it is not necessary to 
use a longer incubation time in the nicking step. In the similar way, 
the concentration of the NEase used for nicking reaction was opti-
mized by using Nt.BstNBI with the amount from 5 to 10 U in 
20 μL to nick about 600 ng of purifi ed LAMP products. The 
results (signal intensity of the fi rst peak in each pyrogram) in Fig.  5  
indicate that 10 U of Nt.BstNBI is suffi cient for nicking 600 ng of 
LAMP products within 0.25 h.

  Fig. 3     The   electropherograms for investigating the interference of multiple primers on the sensitivity of LAMP 
reaction of ten copies of HBV templates. The template type and primers used for LAMP reaction are listed in 
the top of the electropherogram. All multiplex LAMP reactions gave the same results as the single-plex LAMP       
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  Fig. 4    Relationship between the amount  o  f LAMP amplicons and the signal inten-
sity of the fi rst peak in a pyrogram       

  Fig. 5    Relationship between the amount of NEase used for nicking reaction and 
the signal intensity of the fi rst peak in a pyrogram       

      To evaluate whether or not the nicked LAMP products can be the 
template of  pyrosequencing  , individual LAMP was performed on 
HBV, HCV, HIV, and TP, respectively. After nicking reaction of 
each LAMP product, pyrosequencing was carried out. As shown in 
Fig.  6 , about ten bases can be accurately sequenced for all the four 
pathogens. The observed sequences and the expected sequences 
are indicated in each pyrogram, suggesting that pyrosequencing 
on nicked LAMP products is possible. Although there are some 
unexpected small peaks in the  pyrograms  , unequivocal sequences 
of 13, 13, 11, and 10 bp were obtained for HBV, HCV, HIV, and 
TP, respectively. This  readable   length is enough for decoding the 
10-bp barcodes which can be used to label 20 different targets.

   As nicking endonuclease Nt.BstNBI recognizes 5′-GAGTC- 3′, 
a problem may occur if the sequence 5′-GAGTC-3′ is a part of the 

4.4  Pyrosequencing 
on Nicked  Single-Plex 
LAMP Products  
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amplifi ed sequence. However, the problem can be easily solved by 
changing another type of nicking endonuclease with a different 
recognition sequence. An alternative way to avoid the problem is 
to skip the amplifi cation of the recognition sequence in the target 
if it is possible to reselect a targeted sequence.  

   The possible pathogens infecting a blood sample are HBV, HCV, 
HIV, and TP. If a blood sample is positive to one of the pathogens, 
the pathogen carrier cannot be used as a blood donor. So it is pref-
erable to use a 4-plex LAMP for screening the four pathogens in a 
blood sample. As a proof of concept, we used barcodes of “GAT,” 
“CAT,” “TCA,” and “TGA” for labeling HBV, HCV, HIV, and 
TP, respectively. There are 15 possibilities for a pathogen-infected 
blood sample, including four types of a single-pathogen infection 
cases (Fig.  7a ), six types of duplex-pathogen infection cases 
(Fig.  7b ), four types of triplex-pathogen infection cases (Fig.  7c ), 
and one type of quadruplex-pathogen infection cases (Fig.  7d ). The 
peak “T” in each pyrogram is from a stuffer base. From the results 
in Fig.  7 , it is readily to get accurate pathogen identifi cation in a 
sample by the pathogen-specifi c peaks in a decoded pyrogram even 
if all of four pathogens coexist in one blood sample. Therefore, it is 
feasible to employ pyrosequencing to decode the barcodes encoded 
in mLAMP products by using a NEase to generate a nick in ampli-
cons for polymerase extension reaction. Although each barcode 
consists of several bases, only one peak in a pyrogram is required to 
decode the barcode; thus, the barcoding effi ciency is much higher. 
In the case of the identifi cation of four pathogens in blood, pyrose-
quencing of fi ve bases (plus a stuffer base)    is suffi cient.

4.5  Pyrosequencing 
on Nicked  Multiplex 
LAMP Products  

  Fig. 6    The  pyrograms   of nicked single-plex LAMP amplicons of HBV, HCV, HIV, and TP, respectively. The detected 
sequences are directly marked above each peak       
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      To further evaluate the feasibility of the barcoded LAMP coupled 
with NEase-mediated pyrosequencing, 60 blood samples which 
were detected to be pathogen positive by real-time PCR were 
 measured by the method using a commercialized pyrosequencer 
for decoding the pathogen-specifi c barcodes uniquely tagged in 
LAMP products. After detection ( see  Fig.  8  for typical pyrograms) 
using a commercialized pyrosequencer (PyroMark ID System, 
Qiagen), we found that there are 20 HBV-infected, 20 HCV-
infected, 10 HIV-infected, and 10 TP-infected blood samples in 
the samples. These results are fully consistent with that of real-time 
PCR, indicating that our method is very accurate, and can be used 
as a screening tool for blood safety.

5        Technical Notes 

     1.    Coexisting targets with different concentrations can be indi-
vidually amplifi ed by mLAMP to reach a similar plateau con-
centration. Usually, 1 h is enough for LAMP to achieve a 
plateau, so we used 1 h for mLAMP amplifi cation (Fig.  9 ).

       2.    To achieve a high nicking effi ciency, it is necessary to purify 
LAMP products before adding the buffer required by  Nt.
BstNBI.   

   3.    No obvious increase of signal intensity was observed when 
more than 600 ng of amplicon was used. Furthermore, the 

4.6  Determination 
of    HBV,    HCV, HIV, 
and  TP        

  Fig. 7    The  pyrograms   of nicked amplicons from single-plex LAMP ( a ), 2-plex LAMP ( b ), 3-plex LAMP (C), and 
4-plex LAMP ( d ). The pathogens in the sample for LAMP reactions are directly marked in each pyrogram. The 
 fi rst peak  “G” corresponds to HBV; the  second peak  “C” corresponds to HCV. After the stuffer base “T” ( red 
peaks ), the peaks “C” and “G” correspond to HIV and TP, respectively       
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  Fig. 8    The typical pyrograms of clinical blood samples detected by a commercialized pyrosequencer (PyroMark 
ID System, Qiagen, Germany)       

  Fig. 9    The real-time LAMP results with different starting template amounts using SYBR Green I as indicator. 
This fi gure indicates that the amount of fi nal amplicons of LAMP of a given target with 10, 100, 1000, and 
10,000 copies is nearly equal       
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unexpected peaks (noise) in the pyrograms become high when 
a large amount of nicked LAMP products were used. It indi-
cates that the optimum amount of nicking substrate is not 
more than 600 ng of LAMP amplicons, equivalent to 2.5 μL 
of LAMP raw products.   

   4.    0.25 h is enough for completing nicking reaction, and it is not 
necessary to use a longer incubation time in the nicking step.         

   References 

    1.    Notomi T, Okayama H, Masubuchi H, 
Yonekawa T, Watanabe K, Amino N, Hase T 
(2000) Loop-mediated isothermal amplifi ca-
tion of DNA. Nucleic Acids Res 28:E63  

    2.    Dawood FS, Jain S, Finelli L, Shaw MW, 
Lindstrom S, Garten RJ, Gubareva LV, Xu X, 
Bridges CB, Uyeki TM (2009) Emergence of 
a novel swine-origin infl uenza A (H1N1) virus 
in humans. N Engl J Med 360:2605–2615  

   3.    Jayawardena S, Cheung CY, Barr I, Chan KH, 
Chen H, Guan Y, Peiris JS, Poon LL (2007) 
Loop-mediated isothermal amplifi cation for 
infl uenza A (H5N1) virus. Emerg Infect Dis 
13:899–901  

    4.    Mori Y, Notomi T (2009) Loop-mediated iso-
thermal amplifi cation (LAMP): a rapid, accurate, 
and cost-effective diagnostic method for infec-
tious diseases. J Infect Chemother 15:62–69  

   5.    Poon LL, Leung CS, Chan KH, Lee JH, Yuen 
KY, Guan Y, Peiris JS (2005) Detection of 
human infl uenza A viruses by loop-mediated 
isothermal amplifi cation. J Clin Microbiol 
43:427–430  

   6.    Poon LL, Wong BW, Ma EH, Chan KH, 
Chow LM, Abeyewickreme W, Tangpukdee 
N, Yuen KY, Guan Y, Looareesuwan S, Peiris 
JS (2006) Sensitive and inexpensive molecular 
test for falciparum malaria: detecting 
Plasmodium falciparum DNA directly from 
heat-treated blood by loop-mediated isother-
mal amplifi cation. Clin Chem 52:303–306  

    7.    Yoshikawa T, Ihira M, Akimoto S, Usui C, 
Miyake F, Suga S, Enomoto Y, Suzuki R, 
Nishiyama Y, Asano Y (2004) Detection of 
human herpesvirus 7 DNA by loop-mediated 
isothermal amplifi cation. J Clin Microbiol 
42:1348–1352  

    8.    Tomita N, Mori Y, Kanda H, Notomi T 
(2008) Loop-mediated isothermal amplifi ca-
tion (LAMP) of gene sequences and simple 
visual detection of products. Nat Protoc 
3:877–882  

     9.    Iseki H, Alhassan A, Ohta N, Thekisoe OM, 
Yokoyama N, Inoue N, Nambota A, Yasuda J, 

Igarashi I (2007) Development of a multiplex 
loop-mediated isothermal amplifi cation 
(mLAMP) method for the simultaneous detec-
tion of bovine Babesia parasites. J Microbiol 
Methods 71:281–287  

    10.    Shao Y, Zhu S, Jin C, Chen F (2011) 
Development of multiplex loop-mediated iso-
thermal amplifi cation-RFLP (mLAMP-RFLP) 
to detect Salmonella spp. and Shigella spp. in 
milk. Int J Food Microbiol 148:75–79  

    11.    Aonuma H, Yoshimura A, Kobayashi T, Okado 
K, Badolo A, Nelson B, Kanuka H, Fukumoto 
S (2010) A single fl uorescence-based LAMP 
reaction for identifying multiple parasites in 
mosquitoes. Exp Parasitol 125:179–183  

    12.    Kouguchi Y, Fujiwara T, Teramoto M, 
Kuramoto M (2010) Homogenous, real-time 
duplex loop-mediated isothermal amplifi cation 
using a single fl uorophore-labeled primer and 
an intercalator dye: Its application to the 
simultaneous detection of Shiga toxin genes 1 
and 2 in Shiga toxigenic Escherichia coli iso-
lates. Mol Cell Probes 24:190–195  

     13.    Zhang X, Wu H, Chen Z, Zhou G, Kajiyama 
T, Kambara H (2009) Dye-free gene expres-
sion detection by sequence-tagged reverse- 
transcription polymerase chain reaction 
coupled with pyrosequencing. Anal Chem 
81:273–281  

    14.    Song Q, Jing H, Wu H, Zhou G, Kajiyama T, 
Kambara H (2010) Gene expression analysis 
on a photodiode array-based bioluminescence 
analyzer by using sensitivity-improved 
SRPP. Analyst 135:1315–1319  

    15.    Song Q, Wu H, Feng F, Zhou G, Kajiyama T, 
Kambara H (2010) Pyrosequencing on nicked 
dsDNA generated by nicking endonucleases. 
Anal Chem 82:2074–2081  

    16.    Stramer SL, Wend U, Candotti D, Foster GA, 
Hollinger FB, Dodd RY, Allain JP, Gerlich W 
(2011) Nucleic acid testing to detect HBV 
infection in blood donors. N Engl J Med 
364:236–247    

Quantitatively Discriminating Multiplexed LAMP Products with Pyrosequencing-Based…



257

Guohua Zhou and Qinxin Song (eds.), Advances and Clinical Practice in Pyrosequencing, Springer Protocols Handbooks, 
DOI 10.1007/978-1-4939-3308-2_22, © Springer Science+Business Media New York 2016

    Chapter 22   

 Multiplex Ligation-Dependent Sequence-Tag Amplifi cation 
Coupled with Pyrosequencing for Copy Number Variation 
(CNV) Analysis                     

     Haiping     Wu    ,     Bingjie     Zou    ,     Qinxin     Song     , and     Guohua     Zhou      

  Abstract 

   We describe a novel dye-free labeling method for multiplex copy number variation analysis, called multiplex 
ligation-dependent sequence-tag amplifi cation (MLSA). In MLSA, not target DNA but probes added to 
the samples are amplifi ed and quantifi ed. Amplifi cation of probes by PCR depends on the presence of 
target sequence in the sample. Each probe consists of two oligonucleotides that hybridize to the target 
sequence. Such hybridized oligonucleotides are ligated and will be used as a template for subsequent 
amplifi cation. Each probe has two tag sequences, one for coding the sample sources, and another for the 
targets. Using pyrosequencing to analyze the probe amplicons, the detection and quantitative analysis of 
the copy number variations can be achieved by decoding the tag sequences. Relative quantifi cation of copy 
number variations in chromosome X or Y is described in the applications. Results show that MLSA is accu-
rate enough for the quantitative analysis of copy number variations in sex chromosomal sequences in both 
male and female samples.  

  Key words     Multiplex ligation-dependent amplifi cation  ,   Sequence-tag  ,   Pyrosequencing  ,   Copy num-
ber variation  

1      Introduction 

 Copy number variations (CNVs) are widely distributed in  human 
genome   [ 1 ,  2 ]. They have greatly enriched the diversity of genetic 
variation with the much higher frequency than the chromosome 
structural variations as well as the higher coverage of nucleotides 
than the  single-nucleotide polymorphisms (SNPs)   [ 3 ]. More and 
more evidence shows that CNVs are closely related to human dis-
eases.  Down’s syndrome   is caused by an extra copy of complete 
chromosome 21 [ 4 ], and  sex chromosome abnormalities   are also 
owing to the changes in copy number of complete chromosome X 
or Y [ 5 – 7 ]. 

 Different from the SNP typing, only several techniques are 
available for quantitative analysis of CNVs, including fl uorescence 
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in situ hybridization (FISH) [ 8 ], array-based comparative genomic 
hybridization (array-CGH) [ 9 ], loss of heterozygosity (LOH) 
[ 10 ], bacterial artifi cial chromosomes array (BAC array) [ 11 ], and 
Southern blots. These techniques are time consuming (FISH, 
LOH) or require large amounts of sample DNA (Southern blots). 
Above all, most of these techniques are diffi cult to perform as mul-
tiplex assays. 

 Recently, there are two relative  quantitative techniques   
reported to be sensitive, reproducible, and sequence specifi c for 
multiplex analysis of CNVs, called multiplex ligation-dependent 
probe amplifi cation (MLPA) and multiplex ligation-dependent 
genome amplifi cation (MLGA) [ 12 – 14 ]. In MLPA, each probe 
consists one short synthetic oligonucleotide and one, phage M13- 
derived, long-probe oligonucleotide; the two oligonucleotides can 
be ligated to each other when hybridized to a target sequence. All 
the probes are amplifi ed with a pair of universal primers, and the 
products of different sizes are then detected by capillary electro-
phoresis. Contrast with MLPA, MLGA uses only the single short 
synthetic probe for each target, and the genomic DNA is amplifi ed 
rather than the probe molecules. Although MLGA avoids a tedious 
biosynthesis of the long-probe oligonucleotide, a restriction diges-
tion of genomic DNA is needed. For both MLPA and MLGA, a 
complicated and costly laser-induced fl uorescence capillary electro-
phoresis is needed to analyze the amplifi cation products. 

 Here, we introduce an accurate and sensitive approach based 
on the sequence barcode with no need of fl uorescence labeling, 
called  multiplex ligation-dependent sequence-tag amplifi cation 
(MLSA).   MLSA is based on the ligation of target-specifi c probes 
with different sequence tags of same length, while MLPA  disti  n-
guishes targets by probes with different lengths. We use the pyro-
sequencing to decode the sequence tags instead of the laser-induced 
fl uorescence capillary electrophoresis [ 15 – 18 ]. 

 The principle of MLSA is shown in Fig.  1 ; each probe includes 
two oligonucleotides (P1 and P2). The P1 contains a universal 
primer sequence for PCR amplifi cation and a target-specifi c 
sequence for hybridization. The P2 contains two more sequence 
tags than P1, tag X for coding sample sources and tag Y for differ-
ent targets. The MLSA probes can be ligated to each other when 
hybridized to a target sequence. All ligated probes are simultane-
ously amplifi ed using a pair of universal primers and then the tag 
sequences will be decoded by pyrosequencing. In Fig.  1 , we focus 
on two targets in each of the two samples. There are four different 
amplicons resulted from the four groups of probes. When detect-
ing the targets in sample 1, we use the sequencing primer 1 which 
is complementary to the tag X for sample 1, and then the target is 
quantitatively analyzed according to the signal intensity of tag Y 
(“ATC” for target A, “CTG” for target B). Sample 2 can be 
detected in the same way by using the sequencing primer 2.

Haiping Wu et al.



259

2       Materials 

     1.    Ligase-65 and SALSA MLPA reagents were  purchas  ed from 
MRC-Holland (Amsterdam, The Netherlands).   

   2.    T4 polynucleotide kinase and  Taq  DNA polymerase were pur-
chased from TaKaRa (Dalian, China).   

   3.    Bovine serum albumin (BSA),  D -luciferin, adenosine 5′-phos-
phosulfate (APS) and apyrase VII were purchased from Sigma 
(St. Louis, USA).   

   4.    ATP sulfurylase and the Klenow fragment were obtained by 
gene engineering in our lab.   

   5.    Polyvinylpyrrolidone (PVP) and QuantiLum Recombinant 
luciferase were purchased from Promega (Madison, USA).   

   6.    2′-Deoxyadenosine-5′-O-(1-thiotriphosphate) sodium salt 
(dATPαS), dGTP, dTTP, and dCTP were purchased from 
MyChem (San Diego, USA).   

  Fig. 1    Schematic of multiplex ligation-dependent sequence-tag amplifi cation for detecting two targets in each 
of the two samples       
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   7.     Streptavidin Sepharose™   beads were purchased from GE 
Healthcare (New Jersey, USA).   

   8.    The blood samples were provided by Jingling Hospital 
(Nanjing, China). Purifi ed genomic DNA was extracted by 
phenol- chloroform extraction protocol.   

   9.    All oligonucleotides were synthesized by Invitrogen Inc. 
(Shanghai, China).      

3    Methods 

       1.    Genomic DNA (50–100 ng) samples were diluted  wi  th TE to 
5 μL, heated at 98 °C for 5 min, and then placed on ice 
immediately.   

   2.    After addition of 5 fmol of each probe, 1.5 μL MLPA buffer, 
and 8 μL 1 × TE, samples were heated at 95 °C for 1 min and 
then incubated at 60 °C for 12–16 h.   

   3.    Ligation of annealed oligonucleotides was performed by add-
ing 3 μL buffer A, 3 μL buffer B, 1 U Ligase-65, and H 2 O up 
to 25 μL, and then incubating at 54 °C for 15 min.      

       1.    A 50 μL reaction contained 1 ×  Taq  buffer, 200 mmol/L for 
each of dATP, dCTP, dGTP, and dTTP, 1.5 mmol/L MgCl 2 , 
1.5 U  Taq  DNA polymerase, 0.4 mmol/L of  ea  ch universal 
primer, 10 μL Ligase-65 ligation products, and H 2 O added up 
to 50 μL.   

   2.    The reaction was initiated at 94 °C for 5 min, followed by 35 
cycles of 94 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s, and a 
 fi nal   extension at 72 °C for 7 min.      

       1.    Streptavidin-coated sepharose beads were used to capture bio-
tinylated PCR products.   

   2.    The preparation of  single-stranded DNA (ssDNA)   was per-
formed in our in- h  ouse-designed instrument. After sedimenta-
tion and washing steps, purifi ed double-stranded DNA were 
denatured by alkali to yield ssDNA.   

   3.    The immobilized biotinylated strand was then annealed with a 
sequencing primer under the condition of 85 °C for 2 min and 
25 °C for 10 min before being used as a sequencing template.      

       1.    The reaction volume of pyrosequencing was 40 μL,  contai  ning 
0.1 mol/L Tris–acetate (pH 7.7), 2 mmol/L EDTA, 10 
mmol/L magnesium acetate, 0.1 % BSA, 1 mmol/L dithioth-
reitol (DTT), 2 μmol/L adenosine 5′-phosphosulfate (APS), 
0.4 mg/mL PVP, 0.4 mmol/L  D -luciferin, 200 mU/mL ATP 
sulfurylase, 3 μg/mL luciferase, 18 U/mL Klenow polymerase, 
and 1.6 U/mL apyrase.   

3.1  Ligation 
Reaction

3.2  PCR 
Amplifi cation

3.3  Single-Stranded 
DNA Preparation

3.4  Pyrosequencing 
Reaction
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   2.    Pyrosequencing was performed at 28 °C on a portable pyrose-
quencer (Hitachi, Ltd., Central Research Laboratory, Japan) 
according to the manufacturer’s protocols.   

   3.    Each of the dNTPs was added according to the barcode 
sequence, and the peak value was calculated as signal 
intensity.       

4    Typical Examples 

   Changes in copy number of sex chromosomal sequences are  fre-
  quently implicated in the cause of human diseases and syndromes. 
Such changes include the presence of an extra copy of a complete 
chromosome X as in Klinefelter syndrome, the defi ciency of a com-
plete chromosome X as in Turner syndrome, and other trisomic 
sex chromosome. 

 For the analysis of copy number variation in chromosome X or 
Y in male or female, we prepared a pair of MLSA probe for  SRY  
gene in chromosome Y, three pairs of probes for  FMR2  gene, 
 PQBP1  gene, and  GDI1  gene in chromosome X, respectively. For 
relative quantifi cation, we chose the  GAPDH  gene in chromosome 
12 and the  ACTB  gene in chromosome 7 as reference gene. We 
used the 3-base sequence tags for coding the six targets, “CAT” for 
 GAPDH  gene, “GAT” for  ACTB  gene, “TCT” for  SRY  gene, 
“TGT” for  FMR2  gene, “TAC” for  PQBP1  gene, and “TAG” for 
 GDI1  gene. The pyrosequencing was chosen to carry out the 
decoding of the six targets, and the dNTP adding order is recom-
mended to be “CGTCGACG,” according to the tag sequence. 
The pyrograms of MLSA products for female and male are shown 
in Fig.  2 ; the three “C” signal peaks represent the  GAPDH  gene, 
 SRY  gene, and  PQBP1  gene, respectively; the three “G” signal 

4.1  Analysis of Copy 
Number Variation 
in Chromosome X or Y
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  Fig. 2    Pyrograms of  MLSA products   for male and female samples       
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peaks represent the  ACTB  gene,  FMR2  gene, and  GDI1  gene, 
respectively. Based on the mechanism of pyrosequencing, the 
intensity of the signal peak corresponds to the quantity of targets.

   For relative quantifi cation, we divided each signal intensity of 
the target gene by the mean intensity of the two reference genes, 
 GAPDH  and  ACTB  gene. The relative signal intensity of the tar-
gets is shown in Fig.  3 . The relative signal intensity of  SRY  gene is 
very close to the expected values which are 0.5 in male samples and 
0 in female samples. In some target genes, there are deviations 
between the observed results and the expected values, slightly 
lower relative signal intensity in  FMR2  gene, and slightly higher 
relative signal intensity in  PQBP1  and  GDI1  genes. We believe that 
the bias was caused by discriminative effi ciency in the ligation reac-
tion. To eliminate the bias among the targets, we calculate the 
ratios of each relative signal intensity between female and male 
samples. The relative ratios measured from the samples are shown 
in Fig.  3  and are very close to the expected values, indicating that 
the ratios can accurately refl ect the relative gene copy numbers 
among different sources.

   To validate the accuracy of MLSA method, we analyzed ten 
samples, fi ve male and fi ve female, and failed to obtain sex 
 chromosome abnormality samples. As mentioned above, the rela-
tive signal intensity of each target is normalized to that obtained 
from a male control sample (Fig.  4 ). Results show that MLSA is 
accurate enough for quantitative analysis of the gene copy number 
variations in chromosomes X and Y in male or female samples. The 
relative ratio of the   GAPDH  gene   and the   ACTB  gene   in auto-
somes is approximately equal to 1 in all ten samples. In female 
samples, lacking SRY gene, the relative ratio of the  FMR2  gene, 
 PQBP1  gene, and  GDI1  gene in chromosome X is approximately 
equal to 2. In male samples, all the normalized relative ratios are 
approximately equal to 1.
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  Fig. 3    Relative signal intensity of the six targets in female and male samples       
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5        Technical Notes 

     1.    The 5′ end of the oligonucleotide P2, which is complementary 
to the target gene in 5′ end, should be phosphorylated for the 
ligation reaction.   

   2.    The sequence in target gene which is complementary to the 
hybridization sequence in probe must be continuous sequence 
without gap. The sequence is suggested to be 20–30 nt at 
length, with Tm value higher than 70 °C and GC bases within 
45–60 %.   

   3.    A thermostable ligase should be avoided in MLSA, or the 
residual ligase activity in PCR reaction would affect the quan-
titative analysis, resulting in approximately equal ligation 
products.         
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    Chapter 23   

 Pyrosequencer Miniaturized with Capillaries 
to Deliver Deoxynucleotides                     

     Guohua     Zhou     ,     Masao     Kamahori    ,     Kazunori     Okano    ,     Kunio     Harada    , 
and     Hideki     Kambara     

  Abstract 

   As the human genome project proceeds, various types of DNA analysis tools are required for life sciences 
and medical sciences including DNA diagnostics. For example, a small DNA sequencer for sequencing a 
short DNA is required for bedside DNA testing as well as DNA analysis in a small laboratory. Here, a new 
handy DNA sequencing system (pyrosequencer) based on the detection of inorganic pyrophosphate (PPi) 
released by polymerase incorporation is demonstrated. The system uses the bioluminescence detection 
system. The key point for the miniaturized DNA sequencer is to make a deoxynucleotide triphosphate 
(dNTP) delivery system small and inexpensive. It has been realized by using narrow capillaries to connect 
a reaction chamber and four dNTP reservoirs. Each dNTP is introduced into the reaction chamber by 
applying a pressure to the reservoir. Compared with other microdispensers, it is much cheaper and easier. 
By optimizing the conditions, an excellent sequencing ability is achieved while it is a simple and inexpen-
sive system. In most cases, more than 40 bases can be successfully sequenced. A homopolymeric region, 
which cannot be easily sequenced by a conventional gel-based DNA sequencer, is readily sequenced with 
this system. The new system is successfully applied to sequence a GC-rich region or a region close to a 
priming region where misreading frequently occurs. A rapid analysis for a short DNA was easily achieved 
with this small instrument.  

  Key words     Pyrosequencing  ,   DNA analysis  ,   DNA sequencing  ,   Microdispenser  

1      Introduction 

 The human genome  project   has been accelerated by the develop-
ment of high-throughput sequencing instruments such as  gel- 
based capillary-array   DNA sequencers [ 1 ]. The draft sequence of 
human genome has been reported [ 2 ]. The next subjects are to 
clarify the functions of genes and to apply the genome  sequence   as 
well as genome function information to various fi elds. In the post-
genome era, new analytical tools are required for gene expression 
profi ling, DNA diagnostics, and genome comparative analysis 
including single-nucleotide polymorphism (SNP)  analysis  . It is not 
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necessary to sequence long DNAs for those. Although an auto-
mated DNA sequencer, which uses gel  electrophoresis   coupled 
with a  laser-induced fl uorescence detector  , is powerful and popular 
nowadays, it still has several drawbacks. Misreading of the base 
sequence or a gap occurs frequently for DNAs having GC-rich 
regions due to self-hybridization. Base sequences in a region close 
to a primer are not easily sequenced because of big mobility differ-
ences among the fragments due to labeled dyes. There are many 
DNA samples for diagnostic applications that do not require long 
base reading. It is desirable to develop a simple and inexpensive 
instrument for sequencing short DNAs, which is complementary 
to the  conventional   gel-based DNA sequencer. Besides, the new 
instrument should also be applied for a massive parallel analysis of 
DNAs because a comparative DNA sequencing analysis for a large 
number of short DNAs is becoming important. Various new tech-
nologies have been reported in this direction, including a DNA 
probe array on a chip [ 3 ,  4 ], a time-of-fl ight mass spectrometer 
coupled with laser desorption [ 5 ], bead technologies [ 6 ], and 
other PCR-related approaches [ 7 ,  8 ]. However, any good method 
to accurately sequence several tens of bases for identifying the 
DNA fragments has not yet been developed. Recently Nyren’s 
group [ 9 ] reported a new technology called  pyrosequencing   that 
used the detection of DNA polymerase reaction by biolumines-
cence. DNA sequencing based on pyrophosphate detection was 
fi rst developed by Hyman [ 10 ] in 1988 and then greatly improved 
by Nyren’s group [ 9 ,  11 ] through the use of an enzyme-degrading 
dNTP and ATP as well as the use of 2′-deoxyadenosine 5′-O-(1- 
triphosphate) (dATPαS) instead of dATP which is a weak substrate 
of luciferase. It seems promising as a massive parallel method to 
sequence short DNA fragments, which can overcome the draw-
backs in conventional gel-based electrophoresis. The purpose of 
present research is to develop a handy and inexpensive DNA 
minisequencer employing the pyrosequencing technology. The 
optimization of various conditions necessary for realizing and 
designing the system was carried out. It was successfully applied to 
sequence DNAs that were diffi cult to be sequenced by a conven-
tional gel-based DNA sequencer. 

 In  pyrosequencing  , four enzymes are used. These are DNA 
polymerase for incorporating nucleotides, ATP sulfurylase for cata-
lyzing inorganic pyrophosphate (PPi) to energy source ATP, lucif-
erase for generating light (signals) from ATP, and apyrase for 
degrading ATP and extra nucleotides. When adding a dNTP spe-
cies complementary to the template, the above cascade reactions 
occur in a short time. All the reagents are put in the chamber 
except for dNTPs. In each reaction step, only one of the four 
dNTPs is added to extend the complementary DNA strand. When 
dNTP is incorporated into the extended DNA strand, pyrophos-
phate is produced and therefore light emission is observed. Four 
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dNTPs are added to the reaction mixture in turn (for example: 
dATPαS → dCTP → dTTP → dGTP). By detecting luminescence, 
the base species and its order in the template can be readily deter-
mined from the incorporated base species and the signal intensity. 
The excess dNTP and accumulated ATP in the reaction mixture 
are degraded by apyrase soon after the polymerization and before 
the addition of the next dNTP. The instrument based on this prin-
ciple was commercialized recently [ 12 ]. As it uses a piezo dispenser 
to deliver dNTPs for the reaction, it is expensive and the size of the 
whole instrument is rather  big  .  

2     Materials   

     1.    Polyvinylpyrrolidone (PVP), deoxynucleotides (dNTPs), DNA 
polymerase I Klenow fragment (exo − ), and QuantiLum™ 
recombinant luciferase (95 %) were purchased from Promega 
(Madison, WI, USA).   

   2.    ATP disodium trihydrate salt was from Wako Pure Chemical 
Industries (Osaka, Japan), ATP sulfurylase, apyrase (type V, VI 
and VII), bovine serum albumin (BSA),  D -luciferin, inorganic 
pyrophosphatase (PPase), and adenosine 5′-phosphosulfate 
(APS) from Sigma (St. Louis, MO, USA).   

   3.    Dynabeads M-280 streptavidin (2.8 μm ID) was from Dynal 
A.C. (Oslo, Norway).   

   4.    Sodium 2′-deoxyadenosine 5′-O-(1-triphosphate) (dATPαS) 
from Amersham Pharmacia Biotech (Amersham, UK).   

   5.    Other chemicals were commercially extra pure. All solutions 
were prepared in deionized and sterilized water.      

3    Methods 

       1.    Fifty microliters of 10 mM dNTPs containing 25 mM magne-
sium acetate and 5 mM Tris, pH 7.7, was incubated with 0.4 
U of PPase for 60 min at room temperature.   

   2.    The extra enzyme PPase was removed by ultrafi ltration through 
a centrifugal fi lter tube with the nominal molecular weight cut-
off of 10,000 (Millipore, Japan).      

       1.    The  oligonucleotides   (5′-biotin- TGTAAAACGACGGCC
AGT- 3′ and  5′-ACAGGAAACAGCTAT- 3′) were used as for-
ward and reverse primers, respectively, which were synthesized 
by Amersham Pharmacia Biotech (Hokkaido, Japan).   

   2.    The DNA224 (224 bp) was used as a template in the condition 
optimization study, which was a gift from Professor Sakaki 
(Tokyo University).   

3.1  Degradation 
of Endogenous 
 Pyrophosphate   
in dNTPs

3.2  Oligonucleotides 
and DNA Template
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   3.    Target DNA 278 was made by cloning a human cDNA frag-
ment with 2260 bp into vector plasmids pUC19FL3 in our 
laboratory.   

   4.    A 146 bp fragment was prepared by PCR using 5′-biotin- 
TAGTTTTAAGAGGGTTGTTGT- 3′ and 
5′-AAACACCCTTCACATACCCT- 3′ as forward and reverse 
primers, respectively. For both templates, the forward primers 
were used for pyrosequencing.      

       1.    DNA224 fragment was amplifi ed by PCR with a PTC-225 
thermocycler PCR System (MJ Research, Watertown, MA, 
USA) according to the following procedure: denatured at 94 
°C for 2 min, followed by 35 thermal reaction cycles (94 °C for 
30 s; 57 °C for 60 s; 72 °C for 1 min), and a fi nal incubation 
at 72 °C for another 3 min.   

   2.    The PCR products were purifi ed by a QIAquick PCR purifi ca-
tion kit (Qiagen, Hilden, Germany).   

   3.    After purifi cation and quantifi cation, the PCR product was 
immobilized on streptavidin-coated magnetic Dynabeads M280 
which can bind biotinylated DNA fragments ( see   Note 1 ).   

   4.    After the beads with double-stranded template were washed 
completely, 0.1 M freshly diluted NaOH was added to resus-
pend the beads to denature the double-stranded template.   

   5.    The mixture was then incubated at room temperature for 5 
min, and the supernatant was collected.   

   6.    The beads were washed again with a little amount of 0.1 M 
NaOH, and the supernatant was combined with that from the 
fi rst wash.   

   7.    Finally the solution was neutralized by adding 0.1 M HCl.   
   8.    Both the immobilized (biotinylated) and nonimmobilized 

(nonbiotinylated) single-stranded DNA fragments were 
obtained and then hybridized with the primers described above 
at 65 °C for 5 min in 40 mM Tris–HCl (pH 7.5), 20 mM 
MgCl 2 , and 50 mM NaCl, and then cooled to room tempera-
ture ( see   Note 2 ).      

       1.    The thermal cycling reaction was performed on a PTC225 
instrument ( see   Note 3 ).   

   2.    The product was recovered by ethanol precipitation, and then 
analyzed by an ABI373 DNA sequencer (Perkin-Elmer Palo 
Alto, CA, USA).      

       1.    The extra dNTPs were degraded by apyrase containing ATPase 
and ADPase ( see   Note 4 ).   

3.3  Preparation 
of PCR-Amplifi ed 
 Template  

3.4   Gel-Based   DNA 
Sequencing

3.5   Pyrosequencing  
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   2.    The volume of standard assay mixture was 100 μL which 
 contains the following components: 0.1 M Tris–acetate 
(pH 7.7), 2 mM EDTA, 10 m M magnesium acetate, 0.1 % 
BSA, 1 mM dithiothreitol (DTT), 3 μM APS, 0.4 mg/mL 
PVP, 0.4 mM  D -luciferin, 200 mU/mL ATP sulfurylase, 
 luciferase in an amount giving an appropriate sensitivity, 2 U 
apyrase VII, 150 fmol template, and 1–2 U DNA polymerase I 
Klenow fragment (exo − ).   

   3.    The sequencing reactions started by adding complementary 
dNTP, one of dATPαS, dCTP, dTTP, and dGTP.       

4    Method Validation 

 DNA polymerase reactions consist of two steps. The fi rst step is the 
formation of an enzyme- DNA   complex. The second step is the 
 strand extension reaction  . Assuming that the targets are the conju-
gate of DNA and enzyme, we just consider the second step a 
nucleotide incorporation reaction. The enzymatic reaction consists 
of an equilibrium reaction to produce the target-dNTP complex 
and a nucleotide incorporation reaction. Assuming that the con-
centration of the enzyme-target complex is constant, the overall 
reaction is characterized by the Michaelis-Menten constant Km. It 
is 0.18 μM for dTTP incorporation by Klenow polymerase. The 
concentration of  dNTP   should be higher than Km for a rapid poly-
merase reaction. As the amount of template DNA in 100 μL of 
reaction mixture was 0.15 pmol, 0.15 μM of each dNTP for one 
reaction step, which was two orders of magnitude larger than the 
amount consumed in the polymerase reaction, seemed enough. 
However, it was smaller than Km (0.18 μM), and a several times 
higher concentration of dNTP than the Km (for example 1 μM) 
should be used. For determining the optimum amount of dNTP, 
the dNTP degradation by apyrase should also be considered. As 
one unit apyrase can liberate 1.0 μmol of inorganic phosphate per 
minute at pH 6.5 at 30 °C, the amount of apyrase required for 
degrading 100 pmol dNTP (1 μM) in 1 s was about 10 mU at the 
same condition. In pyrosequencing, the condition was not ideal for 
apyrase activity and it was thought that a slightly bit larger amount 
of apyrase than 10 mU would be required. After several trials, 200 
mU of apyrase VII was used for degrading dNTPs. With the fi xed 
amount of apyrase, the pyrosequencing spectra at various dNTP 
concentrations are shown in Fig.  1 . It suggests that 0.3 μM of 
dNTP was not suffi cient because the signal intensity was small and 
not proportional to the identical base number in the homopoly-
meric region. On the other hand, the background signals caused 
by unincorporated dNTP became large with the increase of the 
dNTP concentration as shown in Fig.  1d . The results in Fig.  1c  
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indicated that the best dNTP concentration was 1 μM in the pres-
ent condition, which gave a good relationship between signal 
intensity and identical base number in one peak.

   Unlike  gel-based electrophoresis  , the pyrosequencing is based 
on the step-by-step polymerase reactions and the bioluminomet-
ric detection. The number of bases in a homopolymeric region is 
determined by comparing the signal intensities of adjacent peaks in 
a pyrosequencing spectrum. Therefore, a quantitative relationship 
between signal intensities and the corresponding base numbers in a 
homopolymeric region should be clarifi ed. The linear relationship 
between the signal intensity and the number of PPi in the pres-
ence of apyrase was observed in a concentration range from 0.833 
to 167 nM (R 2  = 0.9992). Actually the linearity was confi rmed 
(R 2  = 0.9988) between the light response and the number of nucle-
otides at a region of 1–3 identical nucleotides in DNA224. To 
investigate the  linear relationship   between the signal intensity and 
the number of homopolymeric nucleotides in a wide range, plu-
ral of nucleotide species are added simultaneously to make a large 
pseudo-homopolymeric region in a spectrum. For example, when 
dGTP, dATPαS + dTTP, dGTP + dCTP + dTTP, dATPαS + dTTP, 
dGTP + dCTP + dTTP, or dATPαS + dTTP were successively added 
to the reaction chamber containing the DNA224 template, the 
peaks obtained by the corresponding dNTP addition were associ-
ated with the base number of 1, 4, 7, 2, 5, and 4, respectively. The 
results are illustrated in Fig.  2 , indicating that it was possible to 
determine the identical base number in one peak up to nine from 
the observed signal intensity.
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  Fig. 1     Pyrosequencing   at various dNTP concentrations: ( a ) 0.3; ( b ) 0.7; ( c ) 1.0; ( d ) 
1.5 µM. The reaction volume and sample amount were 100 µL and 150 fmol, 
respectively       
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   The detecting  sensitivity   was determined by the background 
signal intensity due to impurities in the reaction mixture. It was 0.5 
mV for 100 μL ATP detecting solution containing luciferin, lucif-
erase, and apyrase, while it increased to 8.5 mV for 100 μL of PPi 
detecting solution containing luciferin, luciferase, ATP sulfurylase, 
APS, and apyrase. This is because APS is a substrate for the biolu-
minescence reaction with luciferin and luciferase. In addition to 
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  Fig. 2    Relationship between signal  intensity   and the corresponding incorporated 
base numbers in one peak. Pseudo-homopolymeric peaks in DNA224 were cre-
ated by using the specifi c dNTP mixture instead of one dNTP. They produced big 
signals due to multiple dNTP incorporation. The dNTP mixture and its addition 
order were ( a ) dGTP, dATPαS + dTTP, dGTP + dCTP + dTTP, dATPαS + dTTP, 
dGTP + dCTP + dTTP, and dATPαS + dTTP; ( b ) dGTP, dATPαS, dGTP + dCTP + dTTP, 
dATPαS + dTTP, dGTP + dCTP + dTTP, and dATPαS + dTTP       
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the signal produced by APS, the PPi contamination in dNTP pro-
duced a big background signal that could be reduced to 0.1–0.5 
mV by adding small amounts of Ppase to each dNTP reservoir 
before sequencing. As the signal intensities for one base extension 
were about 0.7, 1.3, 2.1, and 4.1 mV for 50, 75, 150, and 300 
fmol of DNA224 samples, respectively, the detection limit was esti-
mated to be about 23 fmol. The pyrosequencing results of differ-
ent amounts of templates are shown in Fig.  3  that shows that 150 
fmol of sample was enough for a routine analysis.

   It is frequently diffi cult to determine a base order of GC-rich 
DNAs from an electropherogram, because the fragments make 
secondary structures in both gel electrophoresis and polymerase 
reactions [ 14 ,  15 ]. Therefore, it is very diffi cult and time consum-
ing to sequence  GC-rich DNAs   by the gel-based electrophoresis 
method. However, it is possible for the pyrosequencing method to 
sequence GC-rich DNAs or DNAs having stable secondary struc-
tures, as it uses nonthermal polymerase, Klenow that has stronger 
strand displacement activity than that of Tag DNA polymerase 
[ 16 ]. For example, the sequencing process was stopped when 
Thermo Sequenase was used to sequence a GC-rich (64.5 %) DNA 
fragment, which is presented in Fig.  4a . With this electrophero-
gram, it is diffi cult to read the base order in the region. However, 
its sequence could be read by the pyrosequencing with a primer 
hybridized to the portion just before the terminated region. The 
sequencing reaction was successfully carried out with exo −  Klenow 
as shown in Fig.  4b . It was found that this short template 
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  Fig. 3     Pyrosequencing   spectra at different amounts of template DNA224. ( a ) 50 
fmol, ( b ) 75 fmol, ( c ) 150 fmol, ( d ) 300 fmol in 100 µL reaction mixture. The injec-
tion volume and time were 0.2 µ L and 3 s, respectively, by syringe. Adding 
sequence of dNTP is dATPαS, dCTP, dTTP, and dGTP       
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contained 13 identical Gs in homopolymeric region, and the total 
number of base G in the fi rst 20 bases is 18. A good correlation 
between the signal intensity and the base number in homopoly-
meric regions in Fig.  4b  is obtained for the fi rst 31 bases 
(R 2  = 0.9997). The successful base order determination including 
13 identical bases in a homopolymeric region further proved the 
usefulness of pyrosequencing. The result indicates that the pyrose-
quencing is a good tool to sequence DNA gaps including GC-rich 
fragments even if containing a homopolymeric region with many 
identical Gs or Cs.

5       Technical Notes 

     1.    The  immobilization   was carried out according to the Dynabeads 
protocol.   

   2.    In this presentation, we only show the results obtained with 
the single-stranded DNAs in the liquid phase.   

  Fig. 4    Comparison of DNA sequencing  spectra   for a fragment 278 of genome DNA obtained with ( a ) gel-based 
electrophoresis using Thermo Sequenase; and ( b ) with pyrosequencing using exo −  Klenow       
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    Chapter 24   

 Pyrosequencing on Acryl-Modifi ed Glass Chip                     

     Huan     Huang    ,     Haiping     Wu    ,     Pengfeng     Xiao    ,     Bingjie     Zou    , 
    Qinxin     Song    , and     Guohua     Zhou      

  Abstract 

   A new method (termed as “chip-BAMPER” (bioluminometric assay coupled with modifi ed primer extension 
reactions)) for single-nucleotide polymorphism (SNP) genotyping was developed by pyrosequencing 
chemistry coupled with hydrogel chip immobilized with single-stranded target DNAs. The method is 
based on allele-specifi c extension reaction, which is switched by the base type in the 3′ end of allele-specifi c 
primers. A genotype is determined by comparing the light intensity from a pair of gel pads, and the speci-
fi city is improved by introducing an artifi cially mismatched base at the third position upstream from the 3′ 
end of the allele-specifi c primer. The big problem of chip-BAMPER is the ultrahigh background of the 
detection mixture because apyrase could not be used. Here, we successfully prepared and used beaded 
apyrase, which can be removed from the detection mixture before sample typing, to decrease the high 
background due to adenosine 5′-triphosphate and inorganic pyrophosphate or sodium pyrophosphate 
decahydrate contamination. Unlike gel-based pyrosequencing, chip-BAMPER is highly sensitive because 
many bases are extended at a time in one extension reaction. Usually, less than 0.25 mL of PCR products 
can give a successful genotyping. To evaluate the method, four SNPs, OLR1-C15577T, OLR1-C14417G, 
PPARG-Pro12Ala, and PPARG-C2821T, were detected. To avoid the cross talk between two adjacent 
spots in a gel-chip, mineral oil was dispensed to coat the gel-chip for physically separating two spots. It is 
shown that this new strategy of SNP typing based on the acryl-modifi ed glass chip is highly sensitive, 
simple, inexpensive, and easy to be automated. It can be used for various applications of DNA analysis at 
a relatively high throughput.  

  Key words     Acryl-modifi ed glass chip  ,   Allele-specifi c extension reaction  ,   Genotyping  ,   Pyrosequencing 
chemistry  

1      Introduction 

  Single-nucleotide polymorphisms (SNPs)   are DNA sequence vari-
ations that occur when a single nucleotide in the genome sequence is 
altered. Although more than 99 % of human DNA sequences are 
the same across the population, variations in DNA sequence can pre-
dispose people to disease or infl uence their responses to a drug [ 1 ]. 
It is important to develop a simple, inexpensive, and especially 
high-throughput method allowing an effi cient, sensitive, and 
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reproducible genotyping of SNPs. Up to now, there are many 
methods developed for this purpose, such as oligonucleotide 
microarray [ 2 ], bead-based “liquid microarray”[ 3 ], and optical 
fi ber array [ 4 ]. Pyrosequencing [ 5 – 8 ] is a newly developed tech-
nology, and SNP typing is carried out by pyrosequencing a short 
amplicon containing an SNP with an interest. To perform pyrose-
quencing on a glass slide, we have developed a hydrogel-based chip 
platform to immobilize ssDNA for pyrosequencing [ 9 ]. However, 
we found that it is diffi cult to use this gel-based pyrosequencing for 
an accurate genotyping because the linear relationship between 
signal intensities of peaks and the number of incorporated  deoxy-
nucleoside triphosphates (dNTPs)   is not always satisfi ed. This 
problem especially occurs when the polymorphism is located in a 
homogeneous region of the target sequence. Moreover, we found 
that the sensitivity of pyrosequencing on gel-immobilized slide is 
much low although a polyacrylamide gel with three-dimensional 
structure has a high binding capacity of template DNAs, and thus 
a large amount of PCR products (410 mL) is required. 

 In order to use our well-developed hydrogel-chip platform for 
sensitive SNP typing,  bioluminometric assay coupled with modi-
fi ed primer extension reactions (BAMPER)   method [ 10 ], which is 
highly sensitive due to many bases extended at a time in one allele- 
specifi c extension reaction, was applied instead of pyrosequencing. 
The specifi city of BAMPER is high enough for an accurate SNP 
typing due to the artifi cial introduction of mismatched base in the 
3′ end of allele-specifi c primer. Since apyrase was not allowed in 
BAMPER detection mixture, the big problem of BAMPER is the 
ultrahigh background signal caused by  adenosine 5′-triphosphate 
(ATP)   and PPi contaminated in the detection mixture. This back-
ground is the key to the assay sensitivity. To overcome this prob-
lem, beaded apyrase, having been used to improve detection limits 
in bioluminometric ATP monitoring [ 11 ] and to remove adenos-
ine dephosphate from the rigor muscle solutions [ 12 ], was pre-
pared by our new method and employed to decrease the high 
background. Successful genotyping of four SNPs (PPARG- 
Pro12Ala [ 13 ], OLR1-C15577T [ 14 ], OLR1-C14417G [ 15 ], 
and PPARG-C2821T [ 16 ]) demonstrated that the gel-based 
BAMPER (termed as chip-BAMPER) is sensitive, accurate, simple, 
and straightforward. 

 Schematic illustration of chip-BAMPER for SNP typing is 
shown in Fig.  1 . At fi rst, PCR is performed using a primer with an 
acrylamide group at the 5′ end; then the raw amplicons are immo-
bilized with polyacrylamide gel on an acryl-modifi ed glass chip by 
copolymerization. The  ssD  NA is prepared by electrophoresing the 
chip at an alkali condition [ 17 ]. After allele-specifi c primers anneal 
to the ssDNAs immobilized on the gel, a detection mixture 
containing four dNTPs and reagents for extension reaction, PPi 
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conversion, and light production is dispensed onto the chip sur-
face. If the 3′ end of a primer is complementary to the template, 
extension reaction occurs and a large amount of by-product PPi is 
released. On the other hand, if the 3′ end of the primer does not 
perfectly match the template, almost no extension reaction occurs. 
To improve the specifi city of allele-specifi c extension, an artifi cially 
mismatched base is introduced into the third position upstream 
from the 3′ end of  the   allele-specifi c primer [ 10 ]. The allele type is 
identifi ed by comparing the signal intensities from two gel pads 
corresponding to a pair of allele-specifi c primers on the chip. As 
the signal intensity is proportional to the number of bases incorpo-
rated by DNA polymerase at a time, the extension of many bases in 
the BAMPER gives a very high sensitivity [ 18 – 20 ].

2       Materials 

     1.    Luciferase and Exo -  Klenow were purchased  fro  m Promega 
(Madison, USA).   

   2.    ATP sulfurylase, adenosine 5′-phospho-sulfate, inorganic 
pyrophosphate or sodium pyrophosphate decahydrate (PPi), 
apyrase, inorganic pyrophosphatase, BSA, and  D -luciferin were 
purchased from Sigma (St Louis, MO).   

  Fig. 1    Schematic illustration of chip-BAMPER for SNP typing       
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   3.    2′-Deoxyadenosine-5′-O-(1-thiotriphosphate) was purchased 
from Biolog Life Science Institute (Bremen, Germany).   

   4.    dNTPs were purchased from Amersham Biosciences 
(Piscataway, NJ).   

   5.    Taq DNA polymerase was purchased from TaKaRa 
Biotechnology (Dalian, P. R. China).   

   6.    Dynabeads M-280 Tosylactivated (2.8 mm id) was purchased 
from Dynal AC (Oslo, Norway).   

   7.    ATP was obtained from Oriental Yeast (Osaka, Japan).   
   8.    All solutions were prepared in deionized and sterilized water. 

Other chemicals were analytical pure grade or molecule biol-
ogy grade.      

3    Methods 

       1.    The oligonucleotides  m  odifi ed with acrylamide group at the 5′ 
end were purchased from TaKaRa Biotechnology and were 
purifi ed by HPLC.   

   2.    Other oligonucleotides were purchased from Invitrogen 
Biotechnology (Shanghai, P. R. China) and were PAGE purifi ed.      

       1.    The samples were amplifi ed with an unmodifi ed primer and an 
acrylamide-modifi ed primer.   

   2.    PCR was carried out in a fi nal volume of 50 mL containing 0.2 
mM dNTP, 200 nM of each primer, 2 U of Taq DNA poly-
merase, 10× buffer, 1.5 mM MgCl 2 , and DNA template.   

   3.    The thermocycling conditions were at an initial denaturation 
at 95 °C for 3 min, then 35 cycles of 94 °C, 50 s, and 72 °C 
for 30 s, 45 °C for 45 s each, followed by 72 °C for 7 min.   

   4.    The resulting DNA fragments were resolved by electrophoresis 
in a 2 % agarose gel and stained with ethidium bromide.   

   5.    Gel images were captured on a Bio Imaging System (Syngene, 
UK).   

   6.    The raw PCR products combined with acrylamide monomers 
were co-polymerized on the glass chip [ 9 ]. After polymeriza-
tions, glass chips were subjected to an electrophoresis in 0.1 M 
NaOH solutions (100 mA, 5 min), followed by an electropho-
resis in 1× TBE (40 V/cm, 5 min). The gel-immobilized ssD-
NAs on the slide were prepared for BAMPER analysis.      

       1.    Dynabeads M-280 Tosylactivated was  resuspen  ded well by 
pipetting or vortexing for approximately 1 min and then the 
volume of beads to be used were pipetted into a test tube.   

3.1  Primers 
and Template DNA

3.2  Immobilization 
of the  Acrylamide  -
Modifi ed PCR Products 
and ssDNA 
Preparation

3.3  The Preparation 
of Beaded Apyrase 
and Beaded Ppase
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   2.    After the tube was placed on a magnet until the beads have 
migrated to the side of the tube, the supernatant was pipetted 
off carefully.   

   3.    The tube was then removed from the magnet and the beads 
were resuspended carefully in an ample volume of buffer A 
(0.1 M Na-phosphate buffer, pH 7.4).   

   4.    After applying the magnet and pipetting off the supernatant, 
the washed beads were resuspended in the same volume of 
buffer A.   

   5.    The washing step was repeated again.   
   6.    Then the protein (apyrase or inorganic pyrophosphatase 

(PPase)) dissolved in buffer A was added into the Dynabeads 
and the mixture was incubated for 4 h at 37 °C with slow tilt 
rotation.   

   7.    After incubation, the tube was placed on the magnet for 2 min, 
and then the supernatant was removed.   

   8.    Finally the coated beads were washed with buffer C (phosphate- 
buffered saline, pH 7.4) for 5 min at 41 °C twice, treated with 
buffer D (0.2 M Tris, 0.1 % BSA, pH 8.5) (37 °C, 1 h), and 
stored in buffer C at 41 °C for use.      

       1.    As the proposed method is based on the detection of PPi 
released  fro  m primer extension, any contaminated PPi existing 
in the dNTPs will give a spurious signal.   

   2.    An aliquot of 1 mM dNTPs containing 5 mM Tris (pH 7.5) and 
25 mM of magnesium acetate was incubated with beaded PPase 
(about 10 mU) for 10 min at room temperature ( see   Note 1 ).   

   3.    Then beaded PPase was removed from the dNTP solution. 
The desired concentration of dNTP solution was diluted 
directly before the incorporation reaction.      

       1.    As the  BAMPER detection mixture   contaminates PPi and 
ATP, beaded apyrase was prepared and added into the reaction 
buffer instead of free apyrase.   

   2.    The prepared buffer was incubated with beaded apyrase for less 
than 5 min, which is enough for degrading contamination pro-
ducing high spurious signal in the detection mixture.   

   3.    After applying the magnet and pipetting off the supernatant of 
the treated detection mixture, the treated detection mixture 
was gathered for genotyping.   

   4.    Finally, the beaded apyrase was washed with buffer C and 
stored in buffer C for the repeated use.      

3.4  Degradation 
of Endogenous 
Pyrophosphate 
in dNTPs

3.5  Degradation 
of Contaminated PPi 
and ATP in BAMPER 
Detection Mixture
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       1.    Allele-specifi c extension and PPi detection were performed in 
a mixture similar to pyrosequencing at room temperature 
( see   Note 2 ).   

   2.    The detection mixture (5 mL for each sample) containing 
0.1 M Tris–acetate (pH 7.7), 2 mM EDTA, 10 mM  magnesium 
acetate, 0.02 % BSA, 1 mM DTT, 1 mM adenosine 5′-phos-
phosulfate, 0.4 M PVP, 0.4 mM luciferin, 0.2 U/mL ATP sul-
furylase, 14.6 mM luciferase, and 18 U/mL DNA polymerase 
I Klenow fragment (exo − ) was added on the surface of the glass 
slides ( see   Note 3 ).   

   3.    The detection started just after adding dNTPs (200 mM).       

4    Method Validation 

 To degrade the ATP, there are two ways: one is to add apyrase 
directly into the mixture and the other is to add PPase for degrad-
ing the PPi in the light production step [ 21 ]. As shown in curve 
2 in Fig.  2 , the background signal decreased by the addition of 
PPase, but is still very high, suggesting that PPase is not effective 
to reduce the background. Therefore, we have to use apyrase for 
lowering the background signal. As shown in curve 3 in Fig.  2 , the 
background signifi cantly decreased when a small amount of apy-
rase (0.032 U) was added for 5-min incubation. Since apyrase 
degrades dNTPs, a method that does not allow the residual apy-
rase existing in the solution is recommended. As apyrase fi xed on 

3.6  SNP Typing 
by Pyrosequencing 
Chemistry

  Fig. 2    Time courses of background signals from the detection mixture without 
any treatment ( 1 ) and with the treatment by PPase ( 2  ), by a small amount of free 
apyrase ( 3 ), and by beaded apyrase ( 4  )       
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magnetic beads can be easily removed by a magnet, beaded apy-
rase was prepared for reducing the background [ 22 ,  23 ]. As shown 
in curve 4, the background signal was greatly reduced by the 
beaded apyrase (6 mL).

   To increase the throughput of BAMPER, amplicons modifi ed 
with an acrylamide group at the 5′ end of one strand were immo-
bilized with polyacrylamide gel on a glass chip by copolymeriza-
tion initiated by the evaporation of TEMED [ 24 ]. In order to 
prepare ssDNAs for allele-specifi c reaction, electrophoresis was 
performed on the gel-chip immobilized with dsDNAs under 0.1 M 
NaOH, which can dissociate the dsDNAs. Any non-acrylamidated 
oligos or PCR components that may cause the spurious signal fl ow 
out of the gel, leaving only the ssDNA template in the gel spot. We 
found that electrophoresis is very effective to remove the free DNA 
strand and impurities in the gel [ 9 ]. A raw PCR product could thus 
be directly immobilized on the gel without any prior purifi cation. 
The electrophoresis-treated chip is much clear, and gives a very low 
background signal. 

 To demonstrate the specifi city of chip-BAMPER, four SNPs 
(PPARG-Pro12Ala, OLR1-C15577T, OLR1-C14417G, and 
PPARG-C2821T) were analyzed. As shown in Fig.  3a , allele-C of 
OLR1-C14417G gave a very high false-positive signal when 
detecting “GG” genotype, indicating that one mismatched base in 
the 3′ end cannot effectively block the extension reaction. To 
decrease the probability of spurious extension reaction, an artifi -
cially mismatched base at the third position upstream from the 3′ 
end of the  allele-specifi c primer   was thus introduced. As shown in 
Fig.  3b , the spurious extension signals decreased signifi cantly, so 
that accurate genotypes of OLR1-C14417G were obtained. By 
this modifi ed allele-specifi c extension reaction on polyacrylamide- 
gel chip, three SNPs (OLR1-C15577T, OLR1-C14417G, and 
PPARG-C2821T) were successfully typed, but the specifi city for 
typing PPARG-Pro12Ala is still not perfect although the modifi ed 
strategy was used. It was observed that the extension signal of 
allele-C was much stronger than that of allele-G in Fig.  3c , so that 
a high spurious signal from allele-C-specifi c extension reaction 
occurred when typing GG genotype. To decrease the high spuri-
ous signal, we tried to change the type of the artifi cially mismatched 
base in the allele-C-specifi c primer from A to G, and the spurious 
signal disappeared ( see  Fig.  3d ). This example indicates that we can 
try another type of the artifi cially mismatched base in case the spec-
ifi city is not satisfi ed ( see   Note 4 ).

   In order to type SNPs in a way of a high throughput, the CCD 
camera (Cascade 1 K, Photometrics, USA) is a preferable detector 
for getting a total image of a chip in a short time. One SNP 
(PPARG-C2821T) was selected as an example for the investiga-
tion, and three different samples with known genotypes were ana-
lyzed. As shown in Fig.  4 , the signal intensities from the extension 
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5000
a

b

c

d

4000

3000

2000

1000Li
gh

t i
nt

en
si

ty
Li

gh
t i

nt
en

si
ty

Li
gh

t i
nt

en
si

ty
Li

gh
t i

nt
en

si
ty

0

6000 4800

3600

2400

1200

4500

3000

1500

0
0 20 40

homozygote CC

homozygote CC

homozygote CC

homozygote GG

homozygote GG

homozygote CC homozygote GG

homozygote GGheterozygote CG

heterozygote CG

heterozygote CG

C

G

C

G

C

G

Time (s)
60 80 100 0 20 40

Time (s)
60 80 100 0

0
20 40

Time (s)
60 80 120100

0 50 100
Time (s)

150 200 250

0

7500

6000

4500

3000

1500

0
60 120

Time (s)
180 240 300 0 60 120

Time (s)
180 240 300

0 60 120
Time (s)

180 240 300

0 70 140
Time (s)

210 280 350

1600

1200

800

400

0

1600 1400 1200

900

600

300

0

1050

700

350

0

1200

800

400

0

0 70 140
Time (s)

2000
4000

3200

2400

1600

800

0

3200

2400

1600

800

0

heterozygote CG

1500

1000

500

0

2000

1500

1000

500

0
210 280 3500 70 140

Time (s)
210 280 350

0 50 100
Time (s)

150 200 250 0 50 100
Time (s)

150 200 250

C

G

C

G

C

C

G

G
C

G

C

G

C

G

C

G

C

G

  Fig. 3    Time courses of extension signals for typing OLR1-C14417G ( a ,  b ) and PPARG-Pro12Ala ( c ,  d ) by using 
a pair of allele-specifi c primers without any artifi cially mismatched base ( a ), each with an artifi cially mis-
matched base ( b ,  c ), and one with an artifi cially mismatched base ( d ). The type of the artifi cially mismatched 
base in the allele-C-specifi c primer was changed from A ( c ) to G ( d ), while the artifi cially mismatched base in 
the allele-G- specifi c primer ( c ) was changed back to the matched one ( d ). The paired allele-specifi c primers 
used in panels ( a )–( d ) are 14417-C and 14417-G, 14417-C-3 and 14417-G-3, Pro12Ala-G-3 and Pro12Ala-C-3, 
and Pro12Ala-G and Pro12Ala-C-3-2       
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reactions by two allele-specifi c primers hybridized on gel- 
immobilized ssDNA are quite different for three typical genotypes; 
thus the genotype of a given sample was easily discriminated. For 
example, homozygotes AA and GG yielded strong signals at the 
allele-A specifi c-spots (column 1 in Fig.  4a ) and at allele-G-specifi c 
spots (column 6 in Fig.  4a ), respectively. On the other hand, the 
heterozygote AG gave strong signals at both allele-specifi c spots 
(columns 3 and 4 in Fig.  4a ). To make the typing results more 
straightforward, a column graph was made based on the signal 
intensities, which was read by the software of QCapture-Pro5.1. 
As shown in Fig.  4b , the specifi city of genotype discrimination is 
quite good.

5       Technical Notes 

     1.    It is necessary to degrade the endogenous PPi in dNTPs before 
the dNTP incorporation reaction.   

   2.    The ssDNA templates attached on gel pads were annealed with 
an allele-specifi c primer.   

   3.    BAMPER-based genotyping system does not use any apyrase; 
so the background signal in the BAMPER detection mixture is 
very high because both PPi and ATP are contaminated in the 
mixture. In the BAMPER detection mixture, the contami-
nated PPi is converted into ATP; so the fi nal contribution of 
the background signal is due to ATP [ 25 ].   

   4.    It was found that the artifi cially mismatched base in allele-G- 
specifi c primer greatly slowed down the rate of extension 
 reaction, and this affects the accurate discrimination of a 
heterozygote.         

  Fig. 4    Readout of gel-chip-based genotyping system by CCD ( a ) and a column graph of the signal intensities 
( b ) for typing Promoter-C2821T. Three typical samples, homozygote AA ( columns  1 and 2), heterozygote AG 
( columns  3 and 4), and homozygote GG ( columns  5 and 6), were detected by allele-specifi c primers C2821T-A-3 
( columns  1, 3, and 5) and C2821T-G-3 ( columns  2, 4, and 6)       
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    Chapter 25   

 Pyrosequencing On-Chip Based on a Gel-Based 
Solid- Phase Amplifi cation                     

     Huan     Huang    ,     Pengfeng     Xiao    ,     Zongtai     Qi    ,     Bingjie     Zou    ,     Qinxin     Song      , 
and     Guohua     Zhou       

  Abstract 

   As conventional solid-phase amplifi cation (SPA) on a two-dimensional slide has a low amplifi cation capacity 
due to a limited amount of immobilized primers, we propose a three-dimensional SPA by immobilizing 
primers in hydrogel attached to a slide. One of the PCR primers, modifi ed with an acrylamide group at the 
5′-terminal, was copolymerized with both polyacrylamide gel and an acryl-modifi ed glass slide, resulting in 
a high amplifi cation capacity. The immobilization process was carried out by adding the catalysis reagent 
 N,N,N′,N′ -tetramethylethylenediamine (TEMED) volatilized in vacuum, with uniform sample concentra-
tion and gel viscosity in the course of one-step nucleic acid immobilization. The porous structure of poly-
acrylamide gel, which allows PCR reagents such as Taq DNA polymerase, primers, dNTPs, and DNA 
templates to freely enter the gel matrix, provides a homogeneous solution-mimicking environment for SPA 
on the interface or the inside of gel pads. Based on gel-based SPA, genotypes of different samples were 
accurately discriminated by either dual-color fl uorescence hybridization or BAMPER (Bioluminometric 
Assay coupled with Modifi ed Primer Extension Reactions). Pyrosequencing was also successfully carried out 
on SPA products. As the linkage between DNA molecules and gel is very strong, SPA products immobilized 
on gel pads could be reused several times if extended strands were removed by electrophoresis. Thus, the 
gel-based SPA provides a powerful tool for directly using on-chip amplicons for parallel detection.  

  Key words     Gel-based solid-phase amplifi cation  ,   SNP typing  ,   On-chip amplicons  

1       Introduction 

 SNP typing and sequencing are widely used in molecular diagnosis 
and large-scale genetic association studies. If there is a limited 
amount of target, most approaches for SNP typing and DNA 
sequencing need polymerase chain reaction (PCR), which can gen-
erate millions of DNA copies from the amplifi cation of a single or 
several copies of DNA [ 1 – 4 ]. For a high-throughput detection for-
mat such as a DNA chip, PCR in parallel is required. Solid-phase 
amplifi cation (SPA), which is an improved PCR technique for an 
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effi cient high-throughput assay on a chip, has been proposed for 
molecular diagnosis [ 5 ,  6 ]. As SPA has the advantage of easy puri-
fi cation of amplicons on slides, it has been widely used for various 
applications [ 7 – 9 ].  Immobilize  d primers in SPA should meet the 
requirements of a high surface density and a strong linkage between 
primers and substrates [ 5 ]; thus the selection of supporting matrix 
and an immobilization method is very important for SPA on a 
chip. In the case of rigid supports on a fl at surface, such as glass 
and microwell used in conventional SPA [ 5 ,  7 ,  9 ,  10 ], the binding 
capacity is very limited due to a small surface area. Therefore three- 
dimensional (3-D) hydrophilic gel (e.g., polyacrylamide) has been 
employed as a substrate to improve the surface area in SPA [ 11 ], 
but DNA attachment still requires the following steps: preparation 
of polyacrylamide gel pads, activation of the gel to produce alde-
hyde groups, and immobilization of 5′-terminal amino-modifi ed 
primers. These steps are  tedious and labile  . Although the copoly-
merization step and the polymerization-mediated immobilization 
step were further improved [ 12 ], the whole process is still complex 
and time consuming. Thus, a simple (ideally one-step) and rapid 
method for immobilization is preferable for controlling the quality 
of immobilization. 

 A simple process was developed for immobilizing  oligonucle-
otides   bearing an acrylamide group at the 5′-terminal onto a solid 
support by using acrylamide monomers for copolymerization, and 
the gel activation step was skipped [ 13 ]. However, the direct 
addition of the ammonium persulfate and  N,N,N′,N′ -
tetramethylethylenediamine (TEMED) into prepolymers would 
cause the polymerization to be uncontrollable, so that it becomes 
very diffi cult to spot the mixed prepolymers homogeneously onto 
a large-scale microarray. To get a uniform sample concentration 
and gel viscosity in the course of nucleic acid immobilization, we 
proposed a novel method to control the polymerization process by 
adding the catalysis reagent TEMED separately, and the copoly-
merization was catalyzed after volatilized TEMED molecules in 
vacuum reached onto the spotted prepolymers [ 14 ]. This method 
enables the spotting time to be controlled, and the attachment of 
gel to slides is extremely stable. In contrast to fl at surfaces, poly-
acrylamide gel can provide a 3-D surface with a very high probe 
density (200 fmol/mm 2 ) [ 14 ]. We have successfully used this 
method to bind PCR products for SNP typing and DNA sequenc-
ing [ 15 ]. However the whole process is tedious as a regular ampli-
fi cation reaction is still needed to supply amplicons for gel 
immobilization. To simplify the process, we tried to perform PCR 
amplifi cation directly on a previously well-developed 3-D gel-chip 
to produce gel-immobilized amplicons for downstream genotyp-
ing and pyrosequencing.  
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2     Materials 

     1.    Model 391 DNA  Synthesize  r (Applied Biosystems).   
   2.    Microarray (Capital Biochip Corporation, China).   
   3.    Frame seal chamber (ABgene, Surrey, UK).   
   4.    16 × 16 twin tower block thermocycler (PTC 200, MJ 

Research).   
   5.    Scanner (ScanArray Lite, Packard BioScience Company, USA).      

3     Methods 

       1.    Primers modifi ed with acrylamide groups at the 5′-terminal 
were  synthesize  d on Model 391 DNA Synthesizer using a 
commercially available acrylamide phosphoramidite (Acrydite 
™; Matrix Technologies).   

   2.    A 135 bp fragment including the 14417 SNP locus of Ox-LDL 
receptor 1 (OLR-1) gene was selected for SPA. The forward 
primer was 5′-TACTATCCTTCCCAGCTCCT-3′, and the 
acrylamide group-modifi ed reverse primer was 5′-acrylamide- 
TTTTCAGCAACTTGG CAT-3′. 14417C (5′-Cy3- 
GGAAAACAGCCAA- 3′) and 14417G (5′-Cy5-GGAAAAGAG 
CCAA-3′) were labeled with Cy3 and Cy5 fl uorescent dyes, 
respectively, as hybridization reporters.   

   3.    14417C-2(5′-GGCTACTTTAACTGGGAAcAC-3′) and 
14417G-2 (5′-GGCTACTTTAAC TGGGAAcAG-3′) were 
used for bioluminometric assays coupled with modifi ed primer 
extension reactions (BAMPER) [ 16 ]. The small characters 
represent the artifi cially mismatched bases.   

   4.    14417C (or 14417C-2) and 14417G (or 14417G-2) were 
matched with homozygote 14417C/C and homozygote 
14417G/G of 14417 locus, respectively. The forward primer 
of SPA was also used as a sequencing primer for 
pyrosequencing.      

       1.    The spotting solution, acrylamide-modifi ed  oligo  nucleotide 
mixture containing 3 % w/w acrylamide monomer (29:1 w/w 
acrylamide:bis-acrylamide), 30 % w/w glycerol, and 1 % w/v 
ammonium persulfate, was prepared at the desired concentra-
tion of 2 mM.   

   2.    The solution was spotted on the acryl-modifi ed slide by an ink- 
jet using a microarray or by manual operation.   

   3.    After spotting, the slide was placed into a humid airtight cham-
ber which was vacuumed to about 1000 Pascal (Pa), and the 

3.1  Oligonucleotides 
and DNA Templates

3.2  Attachment 
of Modifi ed 
Oligonucleotides 
to Acryl-Modifi ed 
Slide Surface
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chamber was kept at room temperature for about 20 min to 
vaporize TEMED in a water glass pre-placed in the chamber.   

   4.    Copolymerization started when the vaporized TEMED mole-
cules reached onto the slide surface.      

       1.    The glass slide on which oligonucleotides were covalently 
 b  onded to the gel was subjected to electrophoresis at 10 V/cm 
for 5 min in 1 × TBE to remove the non-immobilized oligo-
nucleotides and other impurities.   

   2.    Then PCR mix was added into a frame seal chamber on the 
slide, and then the glass slide was put into a 16 × 16 twin tower 
block thermocycler.   

   3.    Amplifi cation was carried out in a volume of 25 mL containing 
0.2 mM dNTPs, 16 nM reverse primers, 400 nM forward 
primers, 1.8 U of promega Taq DNA polymerase, 1.5 mM 
MgCl 2 , and genomic DNA.   

   4.    Thermocycling condition was as follows: 94 °C for 5 min, then 
40 cycles of 94 °C for 45 s, 58 °C for 60 s, and 72 °C for 90 s, 
followed by 72 °C for 7 min ( see   Notes 1  and  2 ).      

       1.    After SPA, glass slides attached with amplicons were subjected 
to  elect  rophoresis in 0.1 M NaOH (100 mA) for 5 min, fol-
lowed by electrophoresis at 40 V/cm for 5 min in 1 × TBE to 
remove free single-stranded DNA (ssDNA) and impurities.   

   2.    Three methods were adapted for detection: Dual-color fl uo-
rescence hybridization. The labeled-reporters solution was 
applied to the chip and the hybridization was performed in a 
humid glass chamber at 40 °C for 2 h. After hybridization, the 
slide was subjected to electrophoresis under 10 V/cm for 
8 min in 1 × TBE at room temperature to remove the free 
reporters and the mismatched reporters. After the electropho-
resis was completed, the slide was rinsed with water and dried 
under a stream of nitrogen. Finally images of the slides were 
captured by a scanner;   

   3.    BAMPER: Pyrosequencing mixture containing 0.1 M Tris–ace-
tate (pH 7.7), 2 mM ethylenediaminetetraacetic acid (EDTA), 
10 mM magnesium acetate, 0.2 % bovine serum albumin 
(BSA), 1 mM dithiothreitol (DTT), 2.5 mM adenosine 
5′-phospho- sulfate, 0.4 mg/mL polyvinylpyrrolidone (PVP), 
0.4 mM  D -luciferin, 200 mU/mL ATP sulfurylase, luciferase in 
an amount determined to give appropriate sensitivity, and 18 
U/mL DNA polymerase I Klenow fragment (exo − ) was added 
on the chip, where ssDNA templates immobilized in the gel 
were annealed with the primers of 14417C-2 and 14417G-2, 
 respectively. The extension reaction started with the addition of 
the mixture of all four dNTPs ( see   Note 3 ).   

3.3   Gel-Based SPA

3.4  Detection 
of the Gel-Based SPA 
Products

Huan Huang et al.
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   4.    Pyrosequencing: Apyrase VII (1.6 U/mL) was added into the 
above pyrosequencing mixture. The prepared reaction solution 
was used to detect the sequence of ssDNA templates which 
were immobilized in the gel and annealed with the sequencing 
primer. Sequencing reactions were initiated by individually dis-
pensing dATP αS, dCTP, dTTP, and dGTP.       

4     Method Validation 

   The process of gel-based SPA was illustrated  brie  fl y in Fig.  1a . At 
fi rst, reverse primers modifi ed with a 5′-terminal acrylamide group 
and acrylamide monomers were copolymerized to form polyacryl-
amide gel pads attached to the acryl-modifi ed slides. During the 
copolymerization, ammonium persulfate was used to catalyze the 
polymerization reaction; we didn’t fi nd any obvious effect of 
ammonium persulfate on the oligonucleotides although ammo-
nium persulfate is a strong oxidant. After removing the non- 
immobilized primers by electrophoresis [ 15 ], a mixture required 
for SPA was added into a reaction chamber containing a gel pad. 
Finally SPA was performed in an airproof environment. During the 
early cycles, solution-phase exponential amplifi cation was predomi-
nant; with the consumption of reverse primers, linear amplifi cation 
became dominant in the later cycles (several tens), generating large 
amounts of ssDNA from the extension of forward primes. Reverse 
primers immobilized on gel captured the free ssDNA, and then 
extended. The linkage between the acrylamide-modifi ed primers 
and the gel was strong enough to tolerate the stringent tempera-
ture variation in SPA. The amplicons immobilized on gel can be 
directly used for downstream detection.

   To achieve a highly effi cient SPA, the selection of a thermal- 
stable linkage type is considered as the most important factor. We 
tried to use oligonucleotides modifi ed with four different chemi-
cal groups (amino, phosphate, biotin, and acrylamide) as immobi-
lized primers for SPA. The thermal stability and the binding 
capacity of the four oligonucleotides were  evaluat  ed by subjecting 
each kind of immobilized oligonucleotide to an identical PCR 
cycling condition (94 °C for 5 min; then 35 cycles of 94 °C for 30 
s, 48 °C for 40 s, and 72 °C for 40 s, followed by 72 °C for 7 
min). As can be seen in Fig.  2 , the total amount of the immobi-
lized oligonucleotides modifi ed with an amino group, phosphate 
group, and biotin group greatly decreased after PCR thermal 
cycling, and only 37 % (Fig.  2a ), 58 % (Fig.  2b ), and 63 % (Fig. 
 2c ) of the immobilized oligonucleotides remain on the support. 
Therefore, the primers modifi ed with these three groups are not 
good enough for SPA. In the case of acrylamide-modifi ed 

4.1  Development 
of Gel-Based SPA 
Approach
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oligonucleotides, 75 % ( see  Fig.  2d ) of the immobilized oligonu-
cleotides remain on the support after PCR. These results indicate 
that the thermal stability of acrylamide- modifi ed oligonucleotides 
is the most suitable for SPA.

      To evaluate whether gel-immobilized primers and other  PCR 
reagents   can effectively perform SPA in gel pads, Cy3-modifi ed 
dUTP, which should be incorporated into amplicons during SPA, 
was employed as a reporter. After gel-based SPA, electrophoresis 
(20 V/cm, 10 min) was used to remove excess Cy3-modifi ed 
dUTP. As the amplicons were fi xed on gel support, a signal should 
not be observed if SPA does not occur. The SPA results from 
the polyacrylamide gel copolymerized with or without 
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acrylamide- modifi ed primers showed that acrylamide-modifi ed 
primers attached to gel could successfully extend in SPA ( see  Fig. 
 3a ), and that electrophoresis is effective for removing excess Cy3-
modifi ed dUTP. Therefore, the SPA can be performed on the sub-
strate of polyacrylamide gel.

      In SPA, forward primers were free in solution, but  rever  se primers 
were in two forms: one was immobilized to gel for generating SPA 
products, and the other was free in solution for producing free 
amplicons to activate the extension reaction of the immobilized 
primers. However, too many free reverse primers would compete 
with the immobilized primers, causing a lower SPA effi ciency; thus 
the amount of the free reverse primers should be optimized. The 
results of SPA with various concentration ratios of the free reverse 
primers to the forward primers indicated an optimal ratio of 1/25 
( see  Fig.  3b–d ).  

4.3  Optimization 
of Gel-Based SPA 
Conditions

  Fig. 2    Hybridization results of four kinds of immobilized oligonucleotides with the chemical modifi cations of 
amino ( a ), phosphate ( b ), biotin ( c ), and acrylamide ( d ) at different concentrations. After immobilization, the 
modifi ed oligonucleotides were hybridized with fl uorescence probes directly ( a ) or after PCR thermal cycling ( b )       
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   After the gel-based SPA, electrophoresis under alkali conditions was 
applied to repress DNA templates for probe hybridization. As illus-
trated in Fig.  1 , a pair of dual-color allele-specifi c fl uorescence robes 
differing by one base in the middle of the sequence was used as the 
hybridization  rep  orters for genotyping. Genotypes can be deter-
mined by observing fl uorescent signals from probe hybridization. 
The genotyping results of three typical samples are shown in Fig.  4 . 
For the 14417C/C homozygote, only the Cy3 fl uorescent signal 
(green fl uorescence) from the 14417C reporter was obtained, 
because the Cy5-labeled 14417G reporter, having one mismatched 
base in the middle, was removed by electrophoresis ( see  Fig.  4a ). In 
the same way, only the Cy5 fl uorescence signal (red fl uorescence) 
appeared for the 14417G/G homozygote ( see  Fig.  4b ); both Cy3 
and Cy5 fl uorescent signals (green and red  fl uorescence) were 
detected for the 14417C/G heterozygote, causing a “yellow” sig-
nal in Fig.  4c . The results completely coincided with those obtained 
by Sanger’s sequencing method ( see  Fig.  4e ), demonstrating that 
genotyping using gel-based SPA amplicons is possible.

      The genotypes were identifi ed by comparing signal  intensit  ies from 
the extension of two allele-specifi c primers hybridized on the 
ssDNA templates. Further study showed that the products of SPA 
on gel pads can be reused after removing the extended strands by 

4.4  SNP Typing 
of Gel-Based SPA 
Products by Dual-
Color Fluorescence 
Hybridization

4.5  SNP Typing 
of Gel-Based SPA 
Products by BAMPER

  Fig. 3    ( a ) The fl uorescence scan image of SPA products with the incorporation of 
Cy3-modifi ed dUTP.  Row 1 : controls (gel without immobilized primers) and  row 
2 : gel-immobilized primers. ( b – d ) Hybridization results of SPA products amplifi ed 
by different amounts of free reverse primers. The concentration ratios of the free 
reverse primers to the forward primers are 1/10 ( b ), 1/25 ( c ), and 1/50 ( d ). The 
slides were scanned at 75 % laser power and 75 % PMT gain       
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electrophoresis. As shown in Fig.  5 , the same gel pad was detected 
three times, and we did not fi nd an obvious decrease of signal 
intensities from the used pads; therefore, the same SPA products 
immobilized on a gel pad can be used for multiple purposes, such 
as the typing of other SNPs, or pyrosequencing. Figure  6a–c  shows 
the SNP typing results of gel-based SPA products by BAMPER. For 
the homozygotes 14417C/C and 14417G/G, photoemission 
profi les from matched primers were at least ten times higher than 
those from mismatched primers (Fig.  6a, b ); for the heterozygote 
14417C/G, two approximate photoemission profi les were 
obtained from both the primers (Fig.  6c ). Therefore genotypes can 
be accurately detected only by comparing the pair of real-time 
photoemission profi les.

       Pyrosequencing is a sequence-by-synthesis technology,  an  d needs 
ssDNA as a template for the extension reaction. As it is easy to 
prepare ssDNA from SPA products, we tried to adapt pyrosequenc-
ing to gel-based SPA. After the annealing of a pyrosequencing 

4.6  Sequencing 
of SPA Products 
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  Fig. 4    Hybridization results of samples with three genotypes at 14417 locus in the OLR-1 gene. ( a ) Homozygote 
14417 C/C.  Rows 2  and  3 : acrylamide-modifi ed primers, and  rows 1  and  4 : controls (gel without immobilized 
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of the relative fl uorescence intensities of three typical samples; ( e ) sequencing results of the samples with 
Sanger’s method. The  arrows  indicate the tested SNP locus       
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  Fig. 5    The light emission profi les of BAMPER for typing the 14417C/C homozy-
gote by reusing the same gel-chip at different times. Before reusing the chip for 
BAMPER detection, electrophoresis was used to remove the extended ssDNA and 
the annealed primers       

  Fig. 6    Application of gel-based SPA products for BAMPER ( a – c ) and pyrosequencing ( d ). Light emission profi les 
of BAMPER for genotyping homozygote 14417C/C ( a ), homozygote 14417G/G ( b ), and heterozygote 14417C/G 
(C). ( d ) Pyrogram of the gel-based SPA products by pyrosequencing. Each dNTP was dispensed twice for 
detecting the background due to PPi impurity in the dNTP solution       
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primer to ssDNA immobilized on the gel, the sequence of the 
sample can be obtained by the individual addition of dATPαS, 
dCTP, dTTP, and dGTP into the gel pads where components 
required for the pyrosequencing reaction are added in advance. As 
 s  hown in Fig.  6d , we have successfully detected the sequence of 
SPA products by pyrosequencing, demonstrating that gel-based 
SPA products are a suitable template for pyrosequencing.   

5     Technical Notes 

     1.    As SPA needs a stringent temperature variation for denaturing, 
annealing, and extension steps, the linkage between the 5′-ter-
minal of a primer and a solid-phase support should be strong.   

   2.    The thermal stability of acrylamide-modifi ed oligonucleotides 
is the most suitable for SPA.   

   3.    In BAMPER, the 3′-terminals of two allele-specifi c primers are 
at the SNP locus for controlling the extension reaction. 
Detection sensitivity of BAMPER is much higher due to the 
extension of many bases at a time, and specifi city is greatly 
improved by introducing an artifi cially mismatched base into 
the third position upstream from the 3′-terminal of allele-spe-
cifi c primers [ 17 – 18 ].         
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    Chapter 26   

 Prenatal Diagnosis of Trisomy 21 by Quantitatively 
Pyrosequencing Heterozygotes Using Amniotic Fluid 
as Starting Material of PCR                     

     Hui     Ye    ,     Haiping     Wu    ,     Huan     Huang    ,     Yunlong     Liu    ,     Bingjie     Zou    , 
    Qinxin     Song     , and     Guohua     Zhou      

  Abstract 

   Allelic ratio of an SNP has been used for prenatal diagnosis of fetal trisomy 21 by MALDI-TOF mass 
spectrometry (MS). Because MALDI-TOF MS is challenging in quantifi cation performance, pyrosequenc-
ing was proposed to replace MS for better quantifi cation of allelic ratios. To achieve a simple and a rapid 
clinical diagnosis, PCR with a high-pH buffer (HpH buffer) was developed to directly amplify amniotic 
fl uid without any step of genomic DNA extraction. By the established assay, 114 samples of amniotic fl uid 
were directly amplifi ed and individually analyzed by the pyrosequencing of fi ve SNPs of each sample; the 
allelic ratios of euploid heterozygotes were thus calculated to determine the cutoff values of prenatal diag-
nosis of trisomy 21. The panel of fi ve SNPs is much high in heterozygosity, and at least one heterozygote 
was found in each of the 114 samples, and 86 % of the samples have at least two heterozygotes in the panel, 
giving a nearly 100 % sensitivity of the assay. By using the cutoff values of each SNP, 20 pre-diagnosed 
clinical samples were detected as trisomy 21 carriers with the confi dence level over 99 %, indicating that 
our method and karyotyping analysis are consistent in results. In conclusion, this pyrosequencing-based 
approach, coupled with the direct amplifi cation of amniotic fl uid, is accurate in quantitative genotyping 
and is simple in operation. We believe that the approach could be a promising alternative to karyotyping 
analysis in prenatal diagnosis.  

  Key words     Pyrosequencing  ,   Amniotic fl uid  ,   Heterozygote  ,   Trisomy 21  ,   SNP  

1       Introduction 

 One of the major contents of prenatal diagnosis is to detect fetal 
chromosomal aneuploidies. Currently,  karyotyping   is the preferred 
test method for fetal trisomy; however, it involves lengthy proce-
dures for culturing amniotic  fl uid   and chorionic villus cells before 
analysis, increasing parental stress during the wait for a culture 
result. With a PCR-based method, a rapid prenatal diagnosis can 
be achieved by using a small amount of specimens as a detection 
target [ 1 – 3 ]. 
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 As a normal fetus is different from a trisomy 21 fetus in 
genomic copy number of chromosome 21, a method enabling the 
prenatal diagnosis should be able to quantify the copy number of 
chromosomes. Since each chromosome is from a parent, paired 
chromosomes should have many  polymorphisms  ; thus, the allelic 
ratio of a euploid  heterozygote   should be 1:1, while the allelic ratio 
will be 2:1 or 1:2 for a trisomy 21 fetus. Consequently, a  heterozy-
gous SNP   on chromosome 21 can be a diagnostic biomarker of a 
trisomy 21 patient. Quantitative detection of allelic ratios was thus 
proposed by Lo’s research group [ 4 ,  5 ]. The detection was based 
on a single base-extension assay coupled with MALDI-TOF mass 
spectrometry (MS), and the quantifi cation was achieved by calcu-
lating the relative yield of each allele peak in an MS tracing of an 
SNP [ 6 – 8 ]. However, it was found that the data from  MALDI- 
TOF MS   was not so quantitative [ 7 ]. Although the quantitative 
performance of MALDI-TOF MS was improved by using the peak 
height ratio in MS tracings [ 9 ], unlike ESI-MS, MALDI-TOF MS 
is still challenging in quantifi cation. In addition, a mass spectrom-
eter used for the assay should be specifi c to the determination of 
DNA molecules; for the moment, only iPLEX Gold MALDI-TOF 
MS system is available in the market, limiting the wide application 
of this strategy to the clinical screening of Down’s syndrome. 

  Pyrosequencing   is a sequencing-by-synthesis method which is 
based on the bioluminometric detection of inorganic pyrophos-
phate (PPi) coupled with multiple enzymatic reactions. In a pyro-
gram, the relative intensity of each peak is proportional to the 
number of incorporated nucleotides. As only one base species is 
extended at a time, the intensity of each peak is proportional to the 
template amounts incorporated with the dispensed dNTP; hence, 
two peaks with the equal height should appear in a pyrogram for 
an  SNP   if no homogenous region is adjacent to the 
SNP. Consequently, two peaks with the ratio of 1:2 or 2:1 would 
be observed for a trisomy 21 fetus when the SNP of interest is 
located on chromosome 21. 

 Like most molecule diagnostic methods, pyrosequencing still 
requires a  PCR   step to supply enough templates for sequencing 
[ 10 – 12 ]. Conventionally, a  purifi cation process   is necessary to 
extract target DNAs from biological samples before amplifi cation. 
However, DNA extraction is costly and laborious and most impor-
tantly increases the risk of cross-contamination; hence, it is pre-
ferred to develop an amplifi cation method directly using raw 
samples (e.g., blood or amniotic fl uid). Although  amnio-PCR   has 
been successfully developed for amplifying small tandem repeat 
markers on chromosome 21 from uncultured amniotic fl uid, 
pretreatment steps involving cell lysis and pH adjustment are 
still required before amplifi cation [ 13 ,  14 ] .  To avoid complex 
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pretreatment, a novel “HpH buffer”-based  PCR  , which was 
previously developed to directly amplify target DNA from whole 
blood, was proposed for replacing amnio-PCR. It was found that 
amniotic fl uid could be used as starting material of “HpH buffer”-
based PCR. Based on the simplifi ed amplifi cation, prenatal diagno-
sis of trisomy 21 was successfully achieved by calculating the peak 
height ratio of two alleles.  

2      Materials   

     1.     Taq  polymerase was purchased from TaKaRa (Dalian, China).   
   2.    Bovine serum albumin (BSA),  D -luciferin and adenosine 

5′-phosphosulfate (APS), and apyrase VII were obtained from 
Sigma (St. Louis, MO).   

   3.    ATP sulfurylase and  exo   −   Klenow fragment were obtained by 
gene engineering in our lab.   

   4.    Polyvinylpyrrolidone (PVP) and QuantiLum recombinant 
luciferase were purchased from Promega (Madison, WI).   

   5.    2′-Deoxyadenosine-5′-O-(1-thiotriphosphate) sodium salt 
(dATPαS), dGTP, dTTP, and dCTP were purchased from 
Mychem (San Diego, CA).   

   6.    Streptavidin sepharose beads was from GE Healthcare 
(Piscataway, NJ).   

   7.    PCR primers were designed by PyroMark Assay 2.0 and syn-
thesized by Invitrogen Inc., Shanghai, China.      

3     Methods 

       1.    A set of 114 samples was collected from patients who came for 
an amniocentesis after the combination test indicated high risk 
for Down’s syndrome. Samples were obtained with informed 
consent and approval of the Ethics Committee.   

   2.    One milliliter of amniotic fl uid was centrifuged at 10,000 ×  g  
for 10 min ( see   Note 1 ). Remove the supernatant and mix the 
remainder evenly. The concentrated amniotic fl uid was moved 
to a 200-μL tube and heated at 94 °C for 15 min. Three micro-
liter of the treated amniotic fl uid ( see   Note 2 ) was used in a 
50-μL reaction.      

   The SNP information of chromosome 21 was obtained from NCBI 
database. In this study, we selected six SNP loci with a reported 
high heterozygosity in Chinese population: rs464783, rs767055, 
rs914195, rs914232, rs2254522, and rs243609. We also used 

3.1   Sample 
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and Genotyping  
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another panel of six SNPs previously reported by our group: 
rs1053315, rs818219, rs2839110, rs1042917, rs35548026, and 
rs8130833 [ 15 ]( see   Note 3 ).  

       1.    A 50-μL reaction contained 5.35 μL of “HpH buffer” ( see  
 Note 4 ); 200 μmol/L each of dATP, dCTP, dGTP, and dTTP; 
0.4 μmol/L of each primer; and 2.5 U of  Taq  polymerase.   

   2.    We initiated the reaction at 94 °C for 5 min, followed by 35 
cycles of 94 °C for 30 s, 72 °C for 30 s, 55–60 °C for 30 s, and 
a fi nal extension at 72 °C for 7 min.      

       1.    Streptavidin-coated sepharose beads were used to capture bio-
tinylated PCR products. After sedimentation and washing 
steps, purifi ed double-stranded DNA was denatured by alkali 
to yield  ssDNA  .   

   2.    The immobilized biotinylated strand was then annealed with a 
sequencing primer under the condition of 80 °C for 5 min and 
25 °C for 10 min before used as a sequencing template.      

       1.    A 100 μL of  pyrosequencing   mixture contained 0.1 M Tris–HAc 
(pH 7.7), 2 mM EDTA, 10 mM Mg(Ac) 2 , 0.1 % BSA, 1 mM 
DTT, 2 μmol/L APS, 0.4 g/L PVP, 0.4 mM  D -luciferin, 2 
μmol/L ATP sulfurylase, 1.6 U/mL apyrase VII, 18 U/mL  exo   −   
Klenow fragment, and an appropriate amount of luciferase.   

   2.     Pyrosequencing   was performed in a portable bioluminescence 
analyzer (Hitachi, Ltd., Japan) as we previously described 
[ 16 ,  17 ].       

4     Method Validation 

   An approach that amplifi ed DNA directly from whole blood was 
developed by using “HpH buffer” [ 18 ]. To investigate whether or 
not this buffer could be used to amplify DNA from amniotic fl uid 
directly, PCR with conventional PCR buffer (Fig.  1 , lane 1) and 
HpH  buffer   (Fig.  1 , lane 2) were individually performed using 
amniotic fl uid as starting material. As shown in Fig.  1 , the amount 
of amplicons from “HpH buffer” (lane 2) is much larger than that 
from conventional PCR buffer (lane 1), indicating that the PCR 
suppression from components in amniotic fl uid was greatly blocked 
by “HpH buffer.” Although the amount of amplicons in lane 1 
could be used for pyrosequencing, the intensity of peaks in a 
 pyrogram was low. A higher peak intensity is preferred for better 
quantifi cation performance; hence, it is better to concentrate amni-
otic fl uid by centrifugation so as to improve PCR yield by increas-
ing the initial template amount. After centrifugation at 10,000 ×  g  
for 10 min, 90 % of supernatant was removed, and the remaining 
was used for PCR. As shown in Fig.  1  (lane 3), the amount of 
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amplicons was signifi cantly increased, indicating that centrifuga-
tion could effi ciently increase the amount of initial genomic DNA 
for PCR. Conventionally a process that lyses cells at a higher tem-
perature could increase the amount of PCR templates. Lane 4 in 
Fig.  1  further indicated that the PCR yield was remarkably increased 
after a preheating step in addition to the centrifugation of amniotic 
fl uid. Therefore, “HpH buffer” could be used for effi ciently ampli-
fying target DNA sequence from amniotic fl uid directly.

      As the concentration of fetus cells varies greatly among different 
amniotic fl uid samples, it is necessary to investigate the effect of 
 template amounts   on PCR yields. As shown in Fig.  2 , the amount 
of amplicons that was suffi cient for pyrosequencing could be 
obtained from the amplifi cation of different volumes (ranging 
from 0.5 to 5 μL) of tenfold concentrated amniotic fl uid. To get a 
reproducible result, a higher volume is preferred; thus, 3 μL of 
concentrated amniotic fl uid in a 50-μL PCR reaction was used rou-
tinely. This means that a PCR assay needs 30 μL of raw amniotic 
fl uid. If a triple detection is performed, around 0.1 mL of raw 
amniotic fl uid will be required for an SNP assay; hence, 1 mL of 
raw amniotic fl uid is enough for an assay with a panel of ten SNPs. 
Usually, 10 mL of raw amniotic fl uid is needed for karyotyping. 
Therefore, our method requires only one-tenth of the amount of 
raw amniotic fl uid in a karyotyping assay.

4.2  Investigation 
of the Effect 
of Template Amounts 
on PCR Yield

500 bp
400 bp
300 bp
200 bp
150 bp
100 bp
50 bp

N 1 2 3 4 M

  Fig. 1    Gel  electropherograms   of amplicons using conventional PCR buffer ( lane 1 ) 
and “HpH buffer” ( lanes 2–4 )  lane N : Blank control;  lane 1 : PCR with conventional 
PCR buffer by using raw amniotic fl uid;  lane 2 : PCR with “HpH buffer” by using 
raw amniotic fl uid;  lane 3 : PCR with “HpH buffer” by using concentrated amniotic 
fl uid;  lane 4 : PCR with “HpH buffer” by using concentrated and preheated amni-
otic fl uid;  lane M : DNA markers       
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      As the proposed method is based on the allelic ratio of an  SNP   in a 
pyrogram, the heterozygosity of an SNP should be high in the pop-
ulation. At fi rst, we selected six SNPs from the NCBI database with 
a heterozygosity over 40 % in the Chinese population and a panel of 
six SNPs from reported information with a population coverage of 
92.9 % in Chinese. After 20 individual blood samples were geno-
typed by pyrosequencing, fi ve SNPs with the highest heterozygos-
ity were selected out of 12 SNPs for further study. Before being 
used as markers for prenatal diagnosis of trisomy 21, this panel of 
fi ve SNPs was typed for 114 samples of amniotic fl uid by using 
“HpH buffer”-based PCR and pyrosequencing. As shown in Table 
 1 , the heterozygosities were between 0.421 and 0.589. In these 
114 samples, it was found that at least one heterozygote appeared 
in each sample, and 86 % of samples had at least two heterozygotes, 
giving a 100 % heterozygote coverage; thus, the selected panel of 
SNPs can be a marker for prenatal diagnosis of trisomy 21. Although 
the allele frequency of SNP 4 is the lowest one in the fi ve according 
to Table  2 , the sensitivity (population coverage) will be decreased 
without SNP 4. For example, 99.1 % (113/114) of samples were 
covered by at least one heterozygote without SNP 4 in the panel. 
In addition, the number of samples with at least two heterozygotes 
decreased from 98 to 83 without the use of SNP 4. Therefore, SNP 
4 should be included in the panel.

       In a pyrogram, the  allelic ratio   of an SNP should be close to 1 if no 
homogenous sequence exists around the SNP locus. However, this 
ratio may fl uctuate with a target sequence; it is not a problem for 
SNP typing, but it may be problematic for the accurate 

4.3  Selection of  SNP 
Markers   for Prenatal 
Diagnosis of Trisomy 21

4.4  Cutoff Values 
of Allelic Ratios 
for Prenatal Diagnosis 
of Trisomy 21

500 bp
400 bp
300 bp
200 bp
150 bp
100 bp
50 bp

0.5 μL 1 μL 3 μL 5 μL MN

  Fig. 2    Gel electropherograms of amplicons using different  template amounts  . 
 Lane N : Blank control;  lane M : DNA markers       
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determination of an allelic ratio, particularly for an SNP close to a 
homogenous region. In the selected fi ve SNPs, the expected allelic 
ratios are 1, 3, 3, 1, and 1 for SNP 1, SNP 2, SNP 3, SNP 4, and 
SNP 5, respectively. To investigate whether the observed values of 
each allelic ratio were close to the expected values, the fi ve SNPs in 
94 euploid samples were detected by pyrosequencing, and the cor-
responding allelic ratio of every heterozygote was calculated for 
each SNP. As a small amount of PPi (due to the decomposition of 
dNTPs) may exist in dNTPs, each dNTP was dispensed twice, and 
a peak height was then calculated by subtracting the noise at the 
second dNTP dispensation from the signal at the fi rst dNTP 

   Table 1  

   Allele frequency   of the fi ve SNPs from 114 samples   

 SNP  Allele  Genotype frequency  Allele frequency  Heterozygosity 

  SNP 1   T/C  TT: 0.351 
 C/T: 0.526 
 CC: 0.123 

 T: 0.614 
 C: 0.386 

 0.526 

  SNP 2   T/C  TT: 0.333 
 C/T: 0.518 
 CC: 0.149 

 T: 0.592 
 C: 0.408 

 0.518 

  SNP 3   T/C  TT: 0.219 
 C/T: 0.588 
 CC: 0.193 

 T: 0.513 
 C: 0.487 

 0.589 

  SNP 4   G/A  GG: 0.421 
 G/A: 0.421 
 AA: 0.158 

 G: 0.632 
 A: 0.368 

 0.421 

  SNP 5   A/G  AA: 0.377 
 G/A: 0.448 
 GG: 0.175 

 A: 0.601 
 G: 0.399 

 0.447 

    Table 2  

  Cutoff values of each SNP assay in euploid  heterozygous   samples   

 SNP 
 Expected allelic 
ratio 

 Observed allelic ratio (mean 
value ± SD,  n  a ) 

 Cutoff values (mean 
value ± 1.96 SD) 

 SNP 1  1 (T:C)  1.06 ± 0.09, 50  0.88 ≤ cutoff value ≤ 1.23 

 SNP 2  3 (C:T)  2.91 ± 0.19, 43  2.54 ≤ cutoff value ≤ 3.28 

 SNP 3  3 (T:C)  2.98 ± 0.18, 53  2.63 ≤ cutoff value ≤ 3.33 

 SNP 4  1 (G:A)  0.86 ± 0.11, 42  0.64 ≤ cutoff value ≤ 1.08 

 SNP 5  1 (G:A)  0.82 ± 0.06, 36  0.70 ≤ cutoff value ≤ 0.94 

   a n is the number of heterozygotes in 94 samples  
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dispensation. The allelic ratio was the height ratio of two allele- 
specifi c peaks in a pyrogram. As shown in Table  2 , the average 
observed allelic ratios of each SNP were 1.06, 2.91, 2.98, 0.86, 
and 0.82 for SNP 1, SNP 2, SNP 3, SNP 4, and SNP 5, respec-
tively. As described in Ref. [ 7 ], the cutoff value of each SNP was 
calculated as the mean heterozygote allelic ratio ± [1.96 × SD]. The 
intervals of cutoff value were [0.88, 1.23], [2.54, 3.28], [2.63, 
3.33], [0.64, 1.08], and [0.70, 0.94], respectively, and it was 
found that 95.5 % of detected allelic ratios fell within these inter-
vals. Therefore, it is possible to employ these cutoff values for the 
discrimination of trisomy 21 fetus.  

   With the cutoff values of each SNP, 20 samples, which were 
diagnosed as trisomy 21 carriers, were detected by pyrosequenc-
ing. The typical pyrograms of the fi ve SNP loci for a euploid het-
erozygote and two types of trisomic heterozygotes are shown in 
Fig.  3 . It was found that at least two heterozygotes were detected 
for each trisomic sample. The detected allelic ratios of all hetero-
zygotes for 20 samples were out of the cutoff value intervals in 
Fig.  4 , indicating that these samples were signifi cantly different 
from euploidies. To further investigate the confi dence level of 
detected results,  Z- scores were employed and calculated by the 
formula of “ Z- score = (the detected allelic ratio of a sample − the 
mean allelic ratio of euploid heterozygotes)/SD of the mean 
allelic ratio of heterozygotes.” The larger the  Z- score is, the higher 
the degree of confi dence level is. Further study showed that the 
low  Z- score of sample no. 20 was due to its low signal intensity in 
the pyrogram, and this was overcome by increasing the template 
amount of pyrosequencing. Conventionally, there was more than 
one heterozygote in a sample; therefore, the accuracy of trisomy 
21 discrimination would not be affected if the  Z- score of only one 
heterozygote was not desirably high. The coherence between 
karyotyping analysis and our proposed method indicated that our 
method could be a promising alternative to karyotyping analysis 
in prenatal diagnosis.

5          Technical Notes 

     1.    Conventionally, a process that lyses cells at a higher tempera-
ture could increase the amount of PCR templates [ 19 ,  20 ]. 
Our result obtained from real-time PCR showed that preheat-
ing at 94 °C for 15 min gave a 100-fold increase of starting 
template amount.   

   2.    To get a reproducible result, a higher volume is preferred; 
thus, 3 μL of concentrated amniotic fl uid in a 50 μL PCR reac-
tion was used routinely. This means that a PCR assay needs 30 
μL of raw amniotic fl uid. If a triple detection is performed, 

4.5  Genotyping 
Trisomy 21  Samples  
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around 0.1 mL of raw amniotic fl uid will be required for an 
SNP assay.   

   3.    PCR primers were designed by PyroMark Assay 2.0 and syn-
thesized by Invitrogen Inc., Shanghai. To simplify the name of 
each selected SNP, rs767055, rs914195, rs914232, rs2254522, 
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    Chapter 27   

 Comparative Gene Expression Analysis of Breast Cancer- 
Related Genes by Multiplex Pyrosequencing Coupled 
with Sequence Barcodes                     

     Qinxin     Song     ,     Hua     Jing    ,     Haiping     Wu    ,     Bingjie     Zou    ,     Guohua     Zhou     , 
and     Hideki     Kambara     

  Abstract 

   Most methods used for gene expression analysis are based on dye labeling, which requires costly instru-
ments. Recently, a dye-free gene expression analysis method-SRPP (sequence-tagged reverse-transcription 
polymerase chain reaction coupled with pyrosequencing) was developed to compare relative gene expres-
sion levels in different tissues, but the throughput of the SRPP assay is very limited due to the use of a 
photomultiplier tube (PMT)-based pyrosequencer for the detection. To increase the throughput of the 
SRPP assay, an inexpensive photodiode (PD) array-based bioluminescence analyzer (termed as “PD-based 
pyrosequencer”) was coupled to SRPP; however, the low sensitivity of PD limited the wide application of 
SRPP. To enable SRPP analyzing low abundance genes in clinical samples, sequence-tagged gene-specifi c 
primers instead of sequence-tagged poly (T) n  primers were used for reverse transcription, and the SRPP 
sensitivity was thus improved more than ten times. This improvement compensates the sensitivity loss due 
to the use of PD in a pyrosequencer. The accurate determination of the expression levels of ten prognostic 
marker genes (AL080059, MMP9, EXT1, ORC6L, AF052162, C9orf30, FBXO31, IGFBP5, ESM1, and 
RUNDC1) differing between normal tissues and tumor tissues of breast cancer patients demonstrated that 
SRPP using gene-specifi c RT primers coupled with the PD array-based bioluminescence analyzer is reli-
able, inexpensive, and sensitive in gene expression analysis.  

  Key words     Gene expression profi ling  ,   Breast cancer  ,   Prognostic diagnosis  ,   SRPP  ,   Pyrosequencing  , 
  Portable bioluminescence analyzer  

1      Introduction 

  Clinical studies   have shown that the expression levels of some 
genes are closely related to the carcinogenesis, progress, and prog-
nosis of various cancers [ 1 ]; thus, the comparative detection of 
these genes in normal tissue and tumor tissue can help doctors to 
make clinical decisions. Up to now, various techniques were devel-
oped for quantifying gene expression levels [ 2 ]. The most popular 
methods used now are  DNA microarrays and real-time PCR  . 
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Although microarrays are regularly used for gene expression profi l-
ing on a large scale, problems appear when the detected genes are 
expressed at low levels [ 3 ]. 

  Real-time PCR   is highly sensitive and quantitative, but TaqMan 
probes are expensive, and standard curve construction is labor 
intensive [ 4 ]. Recently, we have developed a sensitive and inexpen-
sive method, SRPP (sequence-tagged reverse-transcription PCR 
coupled with pyrosequencing) [ 5 ], to quantitatively detect gene 
expression levels. In comparison to real-time PCR, this assay does 
not require any dye labeling and standard curve preparation [ 5 ]. 
There are three main steps in SRPP: reverse transcription of mRNA 
with RT primers that contain a source-specifi c sequence in the 
middle, PCR of the templates produced by pooling equal amounts 
of sequence-labeled cDNAs from different sources, and quantita-
tive decoding of the source-specifi c sequence tags in the amplicons 
by  pyrosequencing  . The signal is obtained by observing biolumi-
nescence, and differential gene expression detection is achieved by 
the comparison of the signal intensities between peaks in a pyro-
gram. The pyrogram’s sequence represents the gene source, and 
peak intensities represent the relative expression levels in corre-
sponding sources. The gene expression analysis has been realized 
on a homemade pyrosequencer based on  photomultiplier tube 
(PMT).      However, it is diffi cult to scale up the sensor number due 
to the size of  PMT  . Recently, we developed an inexpensive biolu-
minescence analyzer by using a photodiode (PD) array; pyrose-
quencing with this instrument was successfully performed [ 6 ]. 
However, the PD-based pyrosequencer is less sensitive than PMT, 
and this causes a diffi culty of SRPP in analyzing low abundance 
genes. To increase SRPP sensitivity, we employed a sequence- 
tagged gene-specifi c primer for reverse transcription [ 7 ,  8 ], and the 
fl owchart of the improved SRPP is showed in Fig.  1 . This improve-
ment compensates the sensitivity loss due to the use of PD in a 
pyrosequencer. The accurate determination of the expression levels 
of ten breast cancer-related genes by the improved SRPP was suc-
cessfully demonstrated.

2        Materials   

     1.    HotStarTaq DNA polymerase (Qiagen GmbH, Hilden, 
Germany).   

   2.    SuperScript II Reverse Transcriptase and TRIzol reagent 
(Invitrogen Inc., Faraday Avenue, Carlsbad, CA).   

   3.    Exo −  Klenow fragment, polyvinylpyrrolidone (PPV), and 
QuantiLum recombinant luciferase (Promega, Madison, WI).   

   4.    Dynabeads M-280 Streptavidin (2.8 μm) (Dynal Biotech ASA, 
Oslo, Norway).   
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   5.    ATP sulfurylase, apyrase,  D -luciferin, bovine serum albumin 
(BSA), and adenosine 5′-phosphosulfate (APS) were obtained 
from Sigma (St. Louis, MO).   

   6.    2′-Deoxyadenosine-5′–O–(1-thiotriphosphate) sodium salt 
(dATP-α-S) was purchased from Amersham Pharmacia Biotech 
(Amersham, UK).   

   7.    dGTP, dTTP, and dCTP were purchased from Amersham 
Pharmacia Biotech (Piscataway, NJ).   

   8.    For the evaluation, ten genes (AL080059, MMP9, EXT1, 
ORC6L, AF052162, C9orf30, FBXO31, IGFBP5, ESM1, 
and RUNDC1) selected from the prognostic markers of breast 
cancer used in MammaPrint™ kit were used as examples [ 1 ].   

   9.    The sequences of reverse-transcription (RT) primers, gene- 
specifi c primers, and a biotinylated common primer (bio-MP) 
   used in SRPP, as well as real-time PCR primers used to evalu-
ate accuracy, are listed in Table  1 . All of the oligomers were 
synthesized and purifi ed by Invitrogen (Shanghai, China).
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  Fig. 1    Flowchart of sensitivity-improved SRPP in gene expression analysis       
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   Table 1  

  Primers for reverse transcription,    SRPP, and real-time PCR   

 Symbol  Sequence (5′-3′) 
 Amplicon 
size (bp) 

 Universal primers for reverse transcription 

  RT-G   CCATCTGTTCCCTCCCTGTC  g   atc  ttttttttttttttt VN 

  RT-C   CCATCTGTTCCCTCCCTGTC  c   atg  ttttttttttttttt VN 

 Gene-specifi c primers for reverse transcription 

  MMP9-G   CCATCTGTTCCCTCCCTGTC  g   atc  
GCAAGTCTTCCGAGTAGTTT 

 328 

  AF052162-G   CCATCTGTTCCCTCCCTGTC  g   atc  ACATCCTCATCACCCTCC  306 

  ESM1-G   CCATCTGTTCCCTCCCTGTC  g   atc  CCTGAGACTGTGCGGTAG  244 

  MMP9-C   CCATCTGTTCCCTCCCTGTC  c   atg  
GCAAGTCTTCCGAGTAGTTT 

 328 

  AF052162-C   CCATCTGTTCCCTCCCTGTC  c   atg  ACATCCTCATCACCCTCC  306 

  ESM1-C   CCATCTGTTCCCTCCCTGTC  c   atg  CCTGAGACTGTGCGGTAG  244 

 Common primer and sequencing primer 

  bio-MP   bio- CCATCT  GTTCCCTCCCTGTC 

 Gene-specifi c primers for PCR 

  AL080059   GTTCTGTGAAAATAACCTCCCC  194 

  MMP9   GGGCTCCCGTCCTGCTTT  228 

  EXT1   GCTCCAAACTCACCTCACT  191 

  ORC6L   AATGGCAGTCCCTTGTCT  183 

  AF052162   GCCTGCAAATGGCCAATG  197 

  C9orf30   CTGCACCCTCTGTACCCC  148 

  FBXO31   CCCGAGCCTCGCTCTAAG  140 

  IGFBP5   GGCTCCCGTTTAGCATTTTG  211 

  ESM1   AGTCATCTTCCCTACCCA  235 

  RUNDC1    TTCATGTCT  TAAAATTGCCACC  345 

 Primers for real-time PCR 

  AL080059   Fw:CTGTTCTTCCCTACCTTC Rv:CCTCCCATACTCTATCACT  224 

  MMP9   Fw:CCTGGAGACCTGAGAACC 
Rv:GCAAGTCTTCCGAGTAGTTT 

 304 

  EXT1   Fw:AGGAAGAAATACCGAGACAT 
Rv:GGAGCCAGGAGTTGAGTT 

 205 

  ORC6L   Fw:CCCCAGCAAAGGAAAT Rv:CCAAAGCCGTCAAGTC  214 

(continued)
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3           Methods 

   For the evaluation, ten genes (AL080059, MMP9, EXT1, ORC6L, 
AF052162, C9orf30, FBXO31, IGFBP5, ESM1, and RUNDC1) 
selected from the prognostic markers of breast cancer used in 
 MammaPrint™   kit were used as examples [ 1 ].  

       1.    Tumor tissues and normal tissues were snap frozen in liquid 
nitrogen within 1 h after surgery, and total RNA was isolated 
from the tissues with TRIzol reagent.   

   2.    The purity and concentration of extracted RNA were determined 
by UV–Vis spectrophotometer (Naka Instruments, Japan).   

   3.    Total RNA was dissolved in RNase-free water to a fi nal con-
centration of 1 μg μL −1 .   

   4.    Total RNA in RNase-free water was heated to 65 °C for 5 min 
and snap chilled on ice for at least 1 min.   

   5.    A reaction mixture containing 0.5 mM of each dNTP, 1× RT 
buffer, 1 μM RT primer ( see   Note 1 ), 0.5 U/μL RNase inhibi-
tor, and 10 U/μL SuperScript II Reverse Transcriptase was 
added to each tube containing RNA, mixed gently, collected by 
brief centrifugation, and incubated at 42 °C for 50 min,  followed 
by incubation at 70 °C for 15 min to terminate the reaction.   

   6.    Single-stranded cDNAs from different sources that had been 
labeled by the sequences tagged in RT primers were diluted 
1:10.       Aliquots of each source-specifi c cDNA were pooled and 
used as PCR templates.      

       1.    Each 50 μL PCR mixture contained 1.5 mM MgCl 2 , 0.2 mM 
of each dNTP, 0.3 μM of each gene-specifi c primer (GSP) and 
the common primer (bio-MP), 1 μL of template pool, and 
1.25 units of DNA polymerase ( see   Note 3 ).   

3.1  Targets 
and Primers

3.2   Reverse 
Transcription     

3.3   PCR  

Table 1
(continued)

 Symbol  Sequence (5′-3′) 
 Amplicon 
size (bp) 

  AF052162   Fw:TTTCACTGTAGCCTAAACTCC 
Rv:ACATCCTCATCACCCTCC 

 282 

  C9orf30   Fw:GCCCACGAATACAACTC Rv:TTCTCATCATCGCACAG  305 

  FBXO31   Fw:GCCGTGAGGAGTATGGT Rv:TGGTCCGTCTGGTTGC  373 

  IGFBP5   Fw:AGGGATGCTGTCACTCG Rv:TTCGCTATTCCTCTTCGT  241 

  ESM1   Fw:TGGGAAACATGAAGAGCG Rv:CCTGAGACTGTGCGGTAG  220 

  RUNDC1   Fw:CACAGACAATGGGCTTTC Rv:TGCTGTAGTTCCTATCCTCC  315 
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   2.    Amplifi cation was performed on a PTC-225 thermocycler 
PCR system (MJ research) according to the following proto-
col: denatured at 94 °C for 15 min and followed by 35 cycles 
(94 °C for 40 s; 55 °C for 40 s; 72 °C for 1 min). After the 
reaction cycle, the product ( see   Note 2 ) was incubated at 72 
°C for 10 min and held at 4 °C before us.      

       1.    Streptavidin-coated Dynabeads were used to prepare ssDNA tem-
plate for pyrosequencing. Both immobilized biotinylated strands 
and nonbiotinylated strands were used as sequencing templates.   

   2.    The reaction volume for pyrosequencing was 50 μL, contain-
ing 0.1 M Tris–acetate (pH 7.7), 2 mM EDTA, 10 mM mag-
nesium acetate, 0.1 % BSA, 1 mM  dithiothreitol (DTT)     , 2 μM 
adenosine 5′-phosphosulfate (APS), 0.4 mg mL −1  PVP, 0.4 
mM  D -luciferin, 200 mU/mL ATP sulfurylase, 3 μg mL −1  
luciferase, 18 U/mL Klenow fragment, and 1.6 U/mL apy-
rase. Each of dNTPs was added in the reservoir of the micro-
dispenser, and pyrosequencing reaction starts when the 
dispensed dNTP is complementary to the  template      sequence.       

4    Method Validation 

   The key instrument for SRPP is the pyrosequencer, which is used to 
quantitatively decode the tag sequences in amplicons. As pyrose-
quencing is based on the real-time monitoring of bioluminescence 
during a step-by-step primer extension reaction, a sensitive light 
sensor is necessary to the instrumentation. The possible light sen-
sors which can be employed for sensitive detection are PMT, CCD, 
and PD for the moment. Unlike PMT, PD sensor is very small (6 
W × 2 H × 8 D mm) and can be readily compacted and arrayed. We 
constructed a prototype of 8-channel pyrosequencer by using a PD 
array sensor. Figure  2a  shows the schematic of the PD array-based 
pyrosequencer, which includes capillary-based micro-dispensers 
driven by air pressure, eight reaction chambers, and eight PD spe-
cies specifi c to each chamber. To vibrate the chambers after the 
dispensing of dNTP into the pyrosequencing reaction, a motor 
used in a mobile phone was employed. As PD is very sensitive to 
noise (e.g., vibration), an electric shield fi lm that could transmit vis-
ible light was used to coat the PD surface for suppressing the noise 
[ 6 ]. By carefully designing PD amplifi cation circuit, the new pyro-
sequencer is as sensitive as 50 fmol of ssDNA template in a 50-μL 
pyrosequencing reaction. For an accurate DNA sequencing by the 
PD-based pyrosequencer, 5 μL of PCR products, which contains 
0.1–1 pmol of target DNA, is routinely used in SRPP. Due to the 
small size of PD as well as the compacted capillary-based dNTP 
dispenser,  the   dimension of the pyrosequencer is as small as 140 
W × 158 H × 250 D (mm), which is ideal for a portable usage.

3.4   Pyrosequencing     

4.1  Construction 
of  PD Array- Based 
Pyrosequencer   
for SRPP
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      Comparison of pyrograms from an artifi cial pooling sample 
(G:C = 1:2) by SRPP on a PD (S1133, Hamamatsu, Japan)-based 
pyrosequencer, a commercialized CCD (equipped in Biotage pyro-
sequencer, Sweden)-based pyrosequencer, and a PMT (R928, 
Hamamatsu, Japan)-based homemade pyrosequencer, shown in 
Fig.  3 , indicates that all three pyrosequencers can give quantitative 
signals. The signal-to-noise ratios (S/N, S = signal intensity; N = SD 
of baseline fl uctuation) calculated from the peak “G” in the pyro-
grams are about 20, 7, and 420 ( n  = 3) for PD-, CCD-, and PMT- 
based pyrosequencers, respectively; thus, the PD pyrosequencer is 
about 20 times less sensitive than the PMT pyrosequencer but 
more sensitive than the CCD-based pyrosequencer.

      Since PCR is used to amplify the sequence-labeled cDNAs, the 
sensitivity of SRPP should be very high even if the target genes are 
expressed at low levels. However, we found that some genes (such 
as MMP9, AF052162, and ESM1) cannot be detected with sensi-
tivity in clinical samples when using the PD-based pyrosequencer. 
By trying several  Taq  DNA polymerases, including TaKaRa rTaq, 
Promega Taq, and Qiagen HotStarTaq, pyrosequencing results for 
clinical samples of the three genes, shown in Fig.  4 , indicate that 
the HotStarTaq DNA polymerase (green curve) provides a three- 
to fi vefold higher sensitivity than two other  Taq  polymerases (black 
and red curves). However, HotStarTaq DNA polymerase is very 
expensive; to obtain higher sensitivity with a less costly Taq poly-
merase, we have tried to use gene-specifi c RT primers instead of 
poly-T structured RT primers for reverse transcription (Fig.  1 ). 
Interestingly, this strategy signifi cantly improved SRPP sensitivity. 
As shown in Fig.  4  (blue curve), the use of gene-specifi c RT  primers 
increased the intensities of G-signals in the pyrograms by factors of 
12.2, 24.2,    and 11.6 for the respective MMP9, AF052162, and 

4.2  Comparison 
of SRPP Sensitivity 
among Various  Light 
Sensors  

4.3   Sensitivity 
Improvement   of SRPP

  Fig. 2    Schematic of a photodiode array-based  bioluminescence   analyzer (8-channel) ( a ) and typical pyrograms 
from eight channels ( b )       
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ESM1 genes, almost compensating the sensitivity loss of an SRPP 
assay using the PD-based pyrosequencer.

      Based on the previously reported SRPP, poly-T structured RT 
primers did not yield any amplifi cation bias on cDNA templates 
having different source-specifi c sequence tags. To investigate 
whether or not base labels in the proposed gene-specifi c RT prim-
ers cause an amplifi cation bias on source-specifi c templates, the 
MMP9 gene from two aliquots of total RNA extracted from human 
mammary tissue was transcribed with two source-specifi c primers: 
RT-G and RT-C, respectively. Source sequence-tagged cDNAs 
were pooled individually at G:C ratios of 0:10, 1:9, 2:8, 3:7, 4:6, 
5:5, 6:4, 7:3, 8:2, 9:1, and 10:0. After PCR on each pooled tem-
plate, the amplicons were subjected to pyrosequencing. The rela-
tionship ( r  = 0.9990,  n  = 3) between the fold numbers indicated by 

4.4  Accuracy 
 Evaluation  

  Fig. 3    SRPP results (G:C = 1:2) from pyrosequencers based on sensors of PD 
(S1133, Hamamatsu, Japan), CCD (equipped in Biotage pyrosequencer, Sweden), 
and PMT (R928, Hamamatsu, Japan), respectively       
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pyrograms’ signal intensities and the theoretical artifi cially pre-
mixed fold number suggests that there is no signifi cant bias of PCR 
on source-specifi c templates during amplifi cation. Consequently, 
SRPP with gene-specifi c RT primers is very accurate in quantita-
tively detecting gene expression changes between samples by using 
PD-based pyrosequencer [ 10 ].  

   The expression levels of ten  prognostic marker genes   (AL080059, 
MMP9, EXT1, ORC6L, AF052162, C9orf30, FBXO31, IGFBP5, 
ESM1, and RUNDC1) in the breast tumor tissues and normal tis-
sues of ten patients were detected by the  gene-specifi c RT primer- 
based SRPP method  . At fi rst, two kinds of RT primers (RT-G and 
RT-C) with source-specifi c tags in the middle were designed to 
individually reverse-transcribe normal tissue and breast cancer tis-
sue, and the bases G and C, tagged in the cDNAs, were assigned 
to represent the normal tissue source and the tumor tissue source, 
respectively. Then SRPP on  PD array-based pyrosequencer   was 
carried out to quantify the relative levels of the ten genes expressed 
in two sources. The results clearly showed that the expression pro-
fi les of the ten markers differ among patients (Fig.  5 ). For instance, 
most of the ten prognostic genes were overexpressed (>threefold) 
in tumor tissues for patients 1–3, and expression of these genes was 
reduced inpatients 4–10, indicating a higher relative risk of metas-
tasis for patients 1–3 [ 4 ,  9 ].  The   accuracy of the proposed method 
was further confi rmed by real-time PCR, the gold standard for 
quantitative gene expression analysis (Fig.  6 ).

4.5  Gene Expression 
Analysis of Ten Breast 
Cancer Related Genes
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  Fig. 5    Gene expression profi ling of  ten   prognostic genes in ten breast cancer 
patients by SRPP ( n  = 3)       
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5         Technical Notes 

     1.    The use of gene-specifi c RT primers increased the intensities 
of G-signals in the pyrograms by factors of 12.2, 24.2, and 
11.6 for the respective MMP9, AF052162, and ESM1 genes, 
almost compensating the sensitivity loss of an SRPP assay 
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using the PD-based pyrosequencer. SRPP with gene-specifi c 
RT primers is very accurate is quantitatively detecting gene 
expression changes between samples by using PD-based pyro-
sequencer [10].   

   2.    HotStarTaq DNA polymerase provides a three- to fi vefold 
higher sensitivity than two other Taq polymerases (TaKaRa 
rTaq, Promega Taq).   

   3.    For an accurate DNA sequencing by the PD-based pyrose-
quencer, 5 μL of PCR products, which contains 0.1–1 pmol of 
target DNA, is routinely used in SRPP.         
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    Chapter 28   

 MicroRNA Quantifi cation by Pyrosequencing 
with a Sequence-Tagged Stem-Loop RT Primer                     

     Hua     Jing    ,     Qinxin     Song     ,     Zhiyao     Chen    ,     Bingjie     Zou    ,     Guohua     Zhou     , 
and     Hideki     Kambara     

  Abstract 

   A novel dye-free method to quantify miRNA expression levels as low as fM is by using sequence-encoded 
miRNA-specifi c stem-loop RT primers coupled with pyrosequencing. We employed pyrosequencing 
technology to quantitate microRNAs by quantitatively decoding the sequence labels artifi cially tagged in 
RT products of miRNA. The miRNA was encoded by reverse transcription using sequence-tagged stem-
loop RT primers. Pyrosequencing technology was employed to quantitate microRNAs by quantitatively 
decoding the sequence labels artifi cially tagged in RT products of miRNA. As no dye is used, the main merit 
of our method superior to the existing methods for miRNA quantifi cation is the low cost of reagents and 
instrumentation. By using the sensitive pyrosequencer we developed by employing a cheap and compact 
photodiode array, a portable and inexpensive miRNA detector as a tool of point-of-care test (POCT) could 
be possible. Along with the discoveries of more disease-specifi c miRNA biomarkers, the detection of very 
limited number of miRNAs (<10) is enough for clinical diagnosis.  

  Key words     miRNA  ,   Pyrosequencing  ,   Dye-free  ,   Gene expression analysis  ,   Sequence labels  

1       Introduction 

 MicroRNAs (miRNAs) are a class of endogenous, ~ 22-nucleotide 
(nt) noncoding RNAs that play an important role in the control of 
the developmental processes of cells by negative  regulation   of 
protein- coding gene expression [ 1 ,  2 ]. To date, there are 17341 
mature miRNAs, including 1048 human miRNAs, in the University 
of Manchester miRNA database (  http://www.mirbase.org/    ) [ 3 ]. 
Although miRNAs represent a relatively abundant class of 
transcripts, their expression levels vary greatly in different tissue 
types and species [ 4 ].  Analyzing   miRNA expression levels in tis-
sues or cells can supply valuable information for investigating the 
 biological functions   of miRNAs; however conventional techniques 
to amplify miRNAs for detection and quantifi cation present a 

http://www.mirbase.org/)


328

 signifi cant challenge because of the short length of these molecules; 
thus, a number of straightforward methods without the use of 
amplifi cation have been developed for miRNA detection [ 5 – 9 ]. 
Northern blotting [ 5 ,  10 ] is the widely used standard method for 
analyzing miRNAs; however, relatively large amounts of starting 
material (RNA) are required for an assay. To improve the sensitivi-
tyof miRNA quantifi cation, a method based on splinted ligation 
was developed [ 11 ,  12 ]. This exhibits approximately 50 times 
greater sensitivity than Northern blotting, but radioactive 32P 
labels are needed. A single-molecule method, based on the hybrid-
ization of two spectrally distinguishable LNA–DNA oligonucle-
otide probes (for the miRNA of interest), offers a direct miRNA 
assay as sensitive as 500 fm, but an expensive single-molecule 
detection instrument is required [ 7 ]. For sensitive miRNA  detection, 
amplifi cation techniques   are thus necessary. By skillfully designing 
detection probes, a modifi ed “Invader” assay was developed for 
the quantifi cation of miRNAs [ 13 ]. Although 20,000 miRNAs 
were detected, accurate quantifi cation of miRNAs among samples 
is diffi cult because the initial target concentration is proportional 
to the steady-state reaction rate of “invasive” amplifi cation. 

 In contrast, an miRNA assay based on real-time quantitative 
PCR with a stem–loop reverse transcription (RT) primer was much 
more quantitative, as the Ct (cycle threshold) value is inversely 
proportional to the amount of initial target [ 14 – 17 ]. However, 
 PCRs   of the sample and reference targets are performed separately, 
and a small difference in amplifi cation effi ciency between the sam-
ple and the reference yields a large difference in the amount of fi nal 
product; this results in large inter-PCR variations [ 18 ]. Recently, a 
simple and sensitive miRNA quantifi cation method that used 
branched rolling-circle  amplifi cation   ( BRCA  ) was reported [ 19 ], 
but quantifi cation based on endpoint readout seems challengeable 
because of the time-dependent amplifi cation effi ciency of 
BRCA. To achieve accurate quantifi cation of a target miRNA in a 
sample, real-time  monitoring   of signal intensities from both a 
sample and a reference (quantifi cation standard) is necessary, 
because the reaction rate slows down as the reaction proceeds. 
As the real- time detection requires a sophisticated instrument, 
quantifi cation using endpoint data is preferable. In this study, we 
have developed a pyrosequencing-based method for absolute 
quantifi cation, and for comparing the relative miRNA expression 
levels in biological samples. 

  Pyrosequencing   is a well-developed technology for DNA 
sequencing. It uses cascade enzymatic reactions to monitor the 
release of inorganic pyrophosphate that results from dNTP incor-
poration [ 20 ]. Because of its highly quantitative performance, 
pyrosequencing has been widely used for genotyping [ 21 ,  22 ], 
and the analysis of DNA methylation [ 23 ] and gene expression 
[ 24 ]. Here we employed pyrosequencing technology to quantify 
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microRNAs by quantitatively detecting sequence labels that were 
artifi cially tagged into the RT products of miRNA. Unlike mRNA, 
miRNA is very short and can be easily synthesized; synthesized 
molecules with known concentration could thus be used as a refer-
ence for quantifying miRNA in a sample. As shown in Fig.  1 , 
 sequence labels   for discriminating the sources of miRNA (sample 
or reference) are designed into the loop near to the 3′-end of the 
miRNA-specifi c RT primer, so that the 5′-end of the primer can 
offer a universal priming site for the following PCR. The structure 
of the miRNA-specifi c stem–loop RT primer is the same as that 
used by Chen’s group [ 14 ]. After reverse transcription with the 
sequence-tagged RT primers, cDNA from the different sources 
(sample and reference) were similarly labeled with different sequences 
(thus, different colors in a fl uorescence-based assay) ( see   Note 
1 ). We labeled the sample-miRNA and the reference-miRNA with 
the sequences “ catg ” and “ gatc ,” respectively; hence, in a 

  Fig. 1    miRNA quantifi cation by pyrosequencing with  sequence  -tagged stem–loop RT primers. Three steps are 
involved: reverse transcription of target miRNA with sequence-tagged miRNA-specifi c stem–loop RT primer; 
amplifi cation of the pooled sequence-labeled cDNA (1:1; sample, and synthesized miRNA reference); and 
decoding by pyrosequencing of the source-specifi c sequences tagged in the amplicons. The base order in the 
pyrogram represents the miRNA source, and the peak intensity refl ects the relative miRNA expression level in 
the corresponding miRNA source. The abundance of the target miRNA can be deduced from the intensities of 
the “G” and “C” peaks       
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pyrogram (Fig.  1 ), signal intensities from the “C” and “G” peaks 
can exactly refl ect the relative concentrations of a given miRNA 
between sample and  reference   ( see   Note 2 ).

2        Materials 

     1.    An MMLV  reverse  -transcription kit was purchased from 
TransGen Biotech Co., Ltd. (Beijing, China).   

   2.    DNA polymerase, SYBR Premix ExTaq Kit, and ribonuclease 
inhibitor were obtained from TaKaRa (Dalian, China).   

   3.    Diethylpyrocarbonate (DEPC) was purchased from Shengxing 
Biotechnology Co. Ltd. (Nanjing, China).   

   4.    Streptavidin-Sepharose HP Beads (about 34 mm) were pur-
chased from GE Health-care Bio Sciences.   

   5.    dGTP and dCTP were purchased from Amersham Pharmacia 
Biotech.   

   6.    TRIzol and HPLC-purifi ed oligonucleotides were obtained 
from Invitrogen.   

   7.    miRNAs were synthesized by Gene-Pharma (Shanghai, China).   
   8.    Other chemicals were of extra-pure commercial grade. All 

solutions were prepared in DEPC-treated deionized  water  .      

3     Methods 

       1.    The  reverse transcription reaction   mixture consisted of 5× RT 
buffer (4 μL), TransScript reverse transcriptase (200 U), 
ribonuclease inhibitor (20 U μL −1 ), stem–loop RT primer (1 μm), 
dNTPs (500 μM), and an appropriate amount of miRNA 
reference or RNA samples (reaction volume 20 μL).   

   2.    The reaction mixture was incubated (16 °C, 30 min; 42 °C, 30 
min; 85 °C, 5 min) and stored at 4 °C.      

       1.    Equal amounts of reference-cDNA and sample-cDNA were 
pooled and used as templates for PCR. The reaction mixture 
(50 mL) contained 10× PCR buffer (5 μL), MgCl 2  (2 mM), 
dNTPs (600 μm), miRNA-specifi c primer (0.3 μm), biotinyl-
ated primer (0.3 μM), pooled templates (3 μL), and Taq DNA 
polymerase (1.25 U).   

   2.    PCR (94 °C, 5 min; 35× (94 °C, 15 s; 55 °C, 15 s; 72 °C, 15 
s); 72 °C, 10 min) was performed in an EDC-810 Thermal 
Cycler (Eastwin, China). The PCR tube was stored at 4 °C 
before use.      

3.1  Reverse 
Transcription Reaction

3.2    PCR  
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   After the preparation of ssDNA [ 14 ],  pyrosequencing   primer (1 μL, 
10 μm) was added for the annealing reaction (95 °C, 30 s; 55 °C, 
3 min). The pyrosequencing reaction mixture consisted of Tris–acetate 
(0.1 M, pH 7.7), EDTA (2 mM), magnesium acetate (10 mM), 
polyvinylpyrrolidone (PVP; 0.4 mg mL −1 ), BSA (0.1 %), dithioth-
reitol (DTT, 1 mM), adenosine 5′-phosphosulfate (APS; 3 μM), 
 D -luciferin (0.4 mM), ATP sulfurylase (0.3 % (v/v)), apyrase (1.6 
U mL −1 ), Klenow fragment (18 U mL −1 ), and appropriate amount 
of luciferase. Real-time pyrosequencing was achieved on our 
homemade  prototype   pyrosequencer [ 26 ,  30 ].   

4     Method Validation 

   To investigate the  accuracy   of the miRNA assay, a series of 
artifi cial pools with known concentrations of the target miRNA 
were employed. The mir-16 miRNA was used as a target for the 
investigation. The synthesized mir-16 miRNA oligonucleotides 
were reverse-transcribed with two source-specifi c RT primers, 
mir- 16- RT-G and mir-16-RT-C (Fig.  2a ). After the RT reac-
tions, pools were prepared by mixing the two RT products in 
different ratios. Within the mixing range, the ratios calculated 
from the signal intensities of peaks “G” and “C” were very close 
to the ratios of the theoretical concentrations of mir-16 miRNA 
in the artifi cial pools, with a correlation coeffi cient of 0.9984 
( n  = 3, Fig.  2b ). In addition, no PCR bias due to different cycles was 
observed; this indicated that RT products tagged with different 
source-specifi c sequences exhibited identical PCR  behavior  —
just like a single template.

      There are some miRNA families whose members differ by only one 
or two nucleotide bases; it was necessary to determine the specifi city 
of the proposed assay in discrimination among such family 
members. Three members of the let-7miRNA family (let-7a, 
let- 7b, and let-7c) were artifi cially synthesized and used for the 
evaluation. As shown in Fig.  3a , the sequences of each member 
differ by only one or two bases (shown in bold). The RT-primer 
specifi c for let-7a miRNA was used to reverse-transcribe the three 
targets, let- 7a, let-7b, and let-7c. Specifi city was evaluated by 
comparing the RT products from let-7b and let-7c with that from 
let-7a. To simplify the detection, let-7a was assigned as the refer-
ence, and  reverse- transcribed with the sequence-tagged RT primer, 
let-7a-RT-C; let-7b and let-7c were assigned as two different sam-
ples, and separately reverse-transcribed with let-7a-RT-G. After the 
RT reactions, RT products from the samples were separately pooled 
with the reference, and then PCR was performed on each of the 
two pools. Pyrograms of the single-stranded PCR products are 

3.3    Pyrosequencing  

4.1  Accuracy 
Evaluation

4.2   Specifi city   
Evaluation
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shown in Fig.  3b : the signal intensities from let-7a are 17-fold and 
7-fold higher than that of let-7b and let-7c, respectively (Fig.  3c ). 
The lower intensity from let-7b (compared to let-7c) is because 
let-7b has two bases that are noncomplementary to the let-7a-RT 
primer. These results suggest that the specifi cities of the RT primer 
and the miRNA-specifi c PCR primer are high enough to discrimi-
nate between the three let-7 family members. Because the discrimi-
nation power of the proposed assay mainly depends on the RT 
step, the contribution to the high specifi city of the assay is believed 
to result from the  structure   of the stem–loop RT primers [ 8 ].

      As PCR is used to amplify the sequence-tagged RT products, the 
sensitivity of the present miRNA quantifi cation assay should be 
very high. To estimate the sensitivity, a series of mir-16 miRNA 
sample–reference pairs were synthesized, at concentration from 
400 nm to 40 fm. To simplify the calculation, the ratio of the 
 mir- 16 miRNA concentration in each pair was fi xed at 1:3. Each 
sample and the reference was reverse-transcribed with the sequence-
tagged RT primers mir-16-RT-G and mir-16-RT-C, respectively. 
As showed in Fig.  4 , the ratios of signal intensity (between peaks 
“G” and “C”) are very close to 1:3 (average 1:2.9) for all tested 
pairs; this indicates that the present assay can detect miRNAs at 
sub-femtomolar concentrations—suffi cient for the quantifi cation 
of most miRNAs [ 27 – 29 ]. At the plateau of the amplifi cation 

4.3   Sensitivity   
Evaluation

  Fig. 2     Accuracy   evaluation of the miRNA assay. ( a ) The typical pyrograms of artifi cial templates pooled with 
various amounts of source-specifi c RT products. The ratios (G:C) of source-specifi c RT products in the pools 
were 0:10 ( a-1 ), 5:5 ( a-2 ), and 10:0 ( a-3 ), respectively. ( b ) Correlation between the expected ratios of the 
amounts of mir-16 in two sources and the observed ratios by the mir-16 assay ( n  = 3)       
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reaction, the signal intensities of amplicons are not in proportion 
to the starting template concentrations, but the ratio of “G” to 
“C” peaks from each pair remained at 1:3. This proves the unbi-
ased feature of PCR on different sequence-tagged templates, even 
when the template concentration varies over a  range   of seven 
orders of magnitude.     

 For absolute quantifi cation of an  miRNA   of interest in a sample, it 
is necessary to prepare a reference of synthesized miRNA at a given 
concentration. We employed the proposed assay to detect the 
expression level of mir-16 in breast cancer cells. First, total RNA 
was extracted from breast cancer cells, and 2 μg total RNA was 
used for reverse transcription with the RT primer (mir-16-RT-C). 
The reference was prepared by performing reverse transcription on 

4.4  Determination 
of the Expression 
Level of mir-16 
in Breast Cancer Cells
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  Fig. 3     Specifi city   of the proposed assay in discrimination between let-7 family 
members (let-7a, let-7b, and let-7c). ( a ) The sequences of three closely related 
let-7 family members. ( b ) Pyrograms comparing the signals from RT products 
between let-7a and let-7b ( left ) or let-7c ( right ) when using the let-7a-specifi c 
RT primer. ( c ) Discrimination capability of the let-7a miRNA assay ( n  = 3)       
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a series of concentration of synthesized  mir-16   with mir-16-RT- G. 
Typical pyrograms for the quantifi cation (Fig.  5a ) indicate that 
the expression level of this miRNA was 8.3 pmol in 2 μg total RNA 
(the RT products of the samples were diluted 100-fold before 
mixing).

      This method was also used to detect the expression level of gga- mir- 206 
and gga-mir- 1b   within chicken embryos at different development 
stages. These two miRNAs are expressed in skeletal muscles and 
have been shown to contribute to muscle  development [ 25 ]. First, 
total RNA was extracted from 13 chicken embryos at different 
stages of development, and 50 ng total RNAs of each was used for 
reverse transcription with mir-206-RT-C or mir- 1b- RT-C. Graphs 
of the results from different developmental stages (from days 8 to 
20;  n  = 3,  see  Fig.  5b ) clearly demonstrate the concentration varia-
tion of the two miRNAs during the development of chicken 
embryo. The accuracy of these results was confi rmed by real-time 
quantitative PCR.  

4.5  Determination 
of Expression Level 
of gga- mir- 206 
and gga-mir-1b 
within Chicken 
Embryos at Different 
Development Stages

  Fig. 4     Sensitivity   evaluation of the miRNA assay. ( a ) Electropherogram of PCR 
products using pools with various concentrations (from 400 nM to 40 fm) 
of C-source mir-16 transcripts as staring targets. ( b ) Pyrograms of the PCR prod-
ucts. For the convenience, two sources were termed as source-G and source-C, 
respectively, and the ratio of the amount of mir-16 between two sources was 
simply expressed as G:C       
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 To demonstrate the applicability of the established method, 
relative expression levels of mir-16 miRNA—between right brain 
and left brain, cerebellum and spleen, heart and lungs, small 
intestine and stomach, and bladder and large intestine tissues of a 
mouse—were detected. Typical pyrograms for quantitatively 

4.6  Relative 
Quantifi cation 
of  mir-16   
among Different 
Tissues of a Mouse

  Fig. 5    Quantifi cation of target miRNAs in total RNA sample by the proposed assay. ( a ) Pyrograms for absolute 
quantifi cation of  mir-16   in breast cancer cells with different concentrations of synthesized mir-16 (0, 0.04, 0.4, 
4, 40, and 400 nM). The reference of the synthesized mir-16 and the sample of breast cancer cells were 
labeled “G” and “C,” respectively. ( b ) Expression levels of gga-mir-206 and gga-mir- 1b   at different develop-
ment stages in chicken embryo (day 8–20;  n  = 3)       
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decoding the sequence tags in RT products (Fig.  6 ) indicate that 
mir-16 is expressed in all ten organs of the mouse, but at different 
expression levels. The detected ratios of the expression levels 
were 1.03 (right brain:left brain), 0.23 (cerebellum:spleen), 0.29 
(heart:lungs), 3.36 (small intestine:stomach), and 0.99 
(bladder:large intestine). To confi rm the accuracy of these 
results, we also analyzed the absolute expression levels of mir-
16 in tissue from the ten organs. A comparison of the ratios 
obtained from the two detection methods indicates that they 
gave quite similar results. For example, the absolute concentra-
tions of mir-16 are 0.7 and 2.8 fmol of total RNA in the tissue 
of stomach and small intestine, respectively: a ratio of 3:8 for 
small intestine to stomach—very close to the ratio of 3:4 for the 
relative quantifi cation  method  .

5         Technical Notes 

     1.    To avoid PCR bias resulting from Tm differences, the  labels   
were designed from the same base species but with different 
base order.   

   2.    As the concentration of the miRNA in a reference is known, 
the miRNA in a sample can be accurately quantifi ed by using a 

  Fig. 6    The typical pyrograms for detecting the relative mir-16 expression levels between right brain and left 
brain ( a ), cerebellum and spleen ( b ), heart and lungs ( c ), small intestine and stomach ( d ), as well as large 
intestine and bladder ( e ) tissues of a  mouse  . “G” and “C” under the pyrogram mean the type of the dispensed 
dNTP and represent the tissue sources indicated in the top of each peak       
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series of references. Usually three references are enough for a 
routine assay. If the aim is to compare the concentrations of 
a given miRNA in two different  sources   (e.g., in two tissues or 
cells) the assay can be simply performed by 1:1 pooling of the 
source-specifi c RT products; the relative expression levels of 
the given miRNA between the sources can be readily obtained 
by comparing the peak intensities of the source-specifi c bases 
“G” and “C” in a pyrogram.         
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    Chapter 29   

 Analysis of Genetically Modifi ed Organisms 
by Pyrosequencing on a Portable Photodiode-Based 
Bioluminescence Sequencer                     

     Qinxin     Song     ,     Guijiang     Wei    ,     Bingjie     Zou    , and     Guohua     Zhou      

  Abstract 

   A portable bioluminescence analyzer for detecting the DNA sequence of genetically modifi ed organisms 
(GMO) was developed by using a photodiode (PD) array. Pyrosequencing on eight genes (zSSIIb, Bt11, 
and Bt176 gene of genetically modifi ed maize; Lectin, 35S-CTP4, CP4EPSPS, CaMV35S promoter, and 
NOS terminator of the genetically modifi ed roundup ready soya) was successfully detected with this instru-
ment. The corresponding limit of detection (LOD) was 0.01 % with 35 PCR cycles. The maize and soya 
available from three different provenances in China were detected. The results indicate that pyrosequenc-
ing using the small size of the detector is a simple, inexpensive, and reliable way in a farm/fi eld test of 
GMO analysis.  

  Key words     Genetically modifi ed organisms (GMO)  ,   Bt-11 and Bt-176 maize  ,   Roundup ready soya  , 
  Pyrosequencing  ,   Portable bioluminescence analyzer  

1      Introduction 

 With the development of genetically modifi ed organisms (GMO) 
technology, many qualitative and quantitative detection methods 
have been established for  safety assessment and risk management  . 
Many countries have established their own thresholds for the con-
tent of genetically modifi ed crops, such as 0.9 % in the EU; 3 % in 
Korea; 5 % in Taiwan; 1 % in Australia, New Zealand, and Brazil; 
and 5 % in Japan [ 1 ]. 

 Many methods have also been developed for detecting GMO 
DNA using mainly PCR, which requires an instrument to heat 
and cool a reaction tube, and loop-mediated isothermal ampli-
fi cation (LAMP), which requires only a water bath to keep the 
reaction tube at a constant  temperature   [ 2 ]. Although LAMP is 
sensitive and easy to operate in the fi eld, the detection of  ampli-
cons   is nonspecifi c because the turbidity- (relying on sedimen-
tation of  magnesium with by-products of pyrophosphate) and 
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fl orescence-based (relying on intercalating of SYBR Green I with 
dsDNA) detection methods are also nonspecifi c. The most widely 
used method is PCR [ 3 – 7 ], which amplifi es GMO components 
using a pair of GMO-specifi c primers, but the specifi city of GMO 
detection is not satisfactory because the amplifi cation products of 
GMO are usually identifi ed by  slab gel electrophoresis and ethid-
ium bromide staining  . These methods lack precision because they 
are based on the size of the amplicons for judgment rather than 
the real DNA sequence information [ 8 – 10 ]. As a result, nonspe-
cifi c amplifi cation of products of similar size may lead to errone-
ous interpretation. The replacement of gel electrophoresis with 
gold nanoparticle lateral- fl ow strips or DNA hybridization greatly 
facilitates the detection of PCR products, but the specifi city of the 
detection is still low because sequencing information from ampli-
cons is not provided. Although RFLP-PCR greatly improves the 
accuracy of qualitative detection, it is diffi cult to fi nd a suitable 
endonuclease for all GMOs. 

 A straightforward way to achieve a highly specifi c detection of 
GMO is to sequence the GMO amplicons after PCR. Although 
 DNA sequencing   based on the Sanger principle and capillary elec-
trophoresis is a state-of-the-art method for DNA sequencing, the 
size of the instrumentation limits its application for GMO detec-
tion in the fi eld. 

 Pyrosequencing is a well-developed technology for DNA 
sequencing that employs coupled enzymatic reactions to detect the 
inorganic pyrophosphate (PPi) released during  dNTP incorpora-
tion  . This technology has the  advantages   of accuracy, fl exibility, 
and parallel processing, and therefore has been widely used for 
DNA resequencing, genotyping, DNA methylation, and gene 
expression analysis. However, the optics subsystem usually consists 
of a CCD camera and a camera controller, which again are bulky. 
Recently, we developed an inexpensive bioluminescence analyzer 
using a  photodiode (PD) array   ( see   Note 1 ); pyrosequencing with 
this instrument was successful [ 11 – 13 ]. The corresponding  limit 
of detection (LOD)      was 0.01 % with 35 PCR cycles. The GMO 
test result and the small size of the detector have immense poten-
tial for use in farm/fi eld testing.  

2    Materials 

    Certified Reference Materials (CRMs)      produced by the European 
Union (EU) Joint Research Center, Institute for Reference 
Materials and Measurements (IRMM), were purchased from Fluka, 
Buchs, Switzerland. 1 % genetically modified Bt11 maize, 2 % 
genetically modified Bt176 maize, and 2 % genetically modified 
 roundup ready soya   were used. Non-transgenic maize was pur-
chased from the local market in Nanjing, China.  

2.1  GMO  Materials  
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       1.    HotStarTaq DNA polymerase was purchased from Qiagen 
(Qiagen GmbH, Hilden, Germany).   

   2.    TransStart Taq DNA Polymerase was purchased from TransGen 
Biotech (Beijing, China).   

   3.    Exo −  Klenow Fragment, polyvinylpyrrolidone (PPV), and 
QuantiLum recombinant luciferase were purchased from 
Promega (Madison, WI).   

   4.    Dynabeads M-280 Streptavidin (2.8 μm) was purchased from 
Dynal Biotech ASA (Oslo, Norway).   

   5.    ATP sulfurylase, apyrase,  D -luciferin, bovine serum albumin 
(BSA), and adenosine 5′-phosphosulfate (APS) were obtained 
from Sigma (St. Louis, MO).   

   6.    2′-Deoxyadenosine-5′-O-(1-thiotriphosphate) sodium salt 
(dATP-α-S) was purchased from Amersham Pharmacia Biotech 
(Amersham, UK).   

   7.    dGTP, dTTP, and dCTP were purchased from Amersham 
Pharmacia Biotech (Piscataway, NJ).   

   8.    Other solutions were prepared  with   deionized and sterilized 
H 2 O.       

3    Methods 

       1.    Plant genomic DNA was extracted using a Biospin Plant 
Genomic DNA Extraction Kit according to the manufacturer’s 
manual. 1–30 μg genomic DNA can be acquired from up to 
100 mg plant tissue by using this Kit ( see   Note 2 ).      

       1.    For the evaluation, eight genes (zSSIIb, Bt11, and Bt176 gene 
of the genetically modifi ed maize; Lectin, 35S-CTP4, 
CP4EPSPS, CaMV35S promoter, and NOS terminator of the 
genetically  modifi ed   roundup ready soya) were selected as 
“proof-of-concept” examples.      

       1.    Each 50 μL PCR mixture contained 1.5 mmol/L MgCl 2 , 0.2 
mmol/L of each dNTP, 0.3 μmol/L of each primer, 1 μL of 
genome DNA template, and 1.25 U of DNA polymerase.   

   2.    Amplifi cation was performed on a PTC-225 thermocycler 
PCR system (MJ research) according to the following proto-
col: denatured at 94 °C for 15 min and followed by 35 cycles 
(94 °C for 40 s; 55 °C for 40 s; 72 °C for 1 min). After the 
cycle reaction,    the product was incubated at 72 °C for 10 min 
( see   Note 3 ).      

2.2   Reagents  

3.1   DNA Extraction  

3.2   Targets 
and Primers  

3.3   PCR  
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       1.    The reaction volume for pyrosequencing was 40 μL, contain-
ing 0.1 mol/L Tris–acetate (pH 7.7), 2 mmol/L EDTA, 10 
mmol/L magnesium acetate, 0.1 % BSA, 1 mmol/L dithioth-
reitol (DTT), 2 μmol/L adenosine 5′-phosphosulfate (APS), 
0.4 mg/mL PVP, 0.4 mmol/L  D -luciferin, 200 mU/mL ATP 
sulfurylase, 3 μg/mL luciferase, 18 U/mL Klenow fragment, 
and 1.5 U/mL apyrase ( see   Note 4 ).   

   2.    Each of the dNTPs was added in the reservoir of the micro- 
dispenser, and pyrosequencing reaction starts when the dis-
pensed dNTP is complementary to the template sequence.   

   3.    Ten microliters of PCR product was used for an assay ( see   Note 5 ).       

4    Method Validation 

   The concentration of  apyrase      is critical in the reaction system espe-
cially when the concentration of polymerase, luciferase, and ATP 
sulfurylase are tailored to ensure high sensitivity and low back-
ground signal. 

 When the amount of apyrase is very low, insuffi cient dNTP 
degradation occurs where dNTPs stay in the reaction chamber 
for a long period. False signals and peak broadening are produced 
(as shown in Fig.  1a, b ) when these dNTPs are incorporated with 
newly injected dNTP species. When the apyrase amount is high, 
dNTPs are degraded before extension of the DNA strand is com-
plete. Correctly extended DNA strands, together with foreshort-
ened DNA strands, are produced simultaneously in the reaction 
chamber. This heterogeneous reaction decreases peak intensity as 
shown in Figs.  1d, e . When the amount of apyrase and injected 
dNTP is correct, nucleotide incorporation is suffi cient and resid-
ual dNTPs degraded by apyrase before further dNTPs are added 
to the reaction  chamber      producing a proper pyrogram as shown 
in Fig.  1c .

      Typical pyrograms for the zSSIIb,  Bt-11, and Bt-176 genes   from 
genetically modifi ed maize are presented in Fig.  2a . Typical pyro-
grams for the lectin, 35S-CTP4, CP4EPSPS, CaMV35S promoter, 
and NOS terminator genes from genetically  modifi ed   roundup 
ready soya are presented in Fig.  2b . Sequence lengths were between 
25 and 40 bp and our results indicate that the different genes were 
accurately detected.

      Three GM mixes were tested containing 1, 0.1, and 0.01 % 
roundup ready soya, respectively. 35S-CTP4 was amplifi ed and 
sequenced successfully in all cases. The pyrograms for the different 
GMO contents are shown in Fig.  3 . The proposed method meets 
the 0.01 % sensitivity criterion for pooled samples.

3.4   Pyrosequencing  

4.1  Effect 
of Concentration 
of Apyrase 
on Pyrosequencing

4.2  Pyrosequencing 
of  Certifi ed Reference 
Materials     

4.3  Pyrosequencing 
on Various Amounts 
of GMO in  Non-GMO 
Products  
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      We have applied the proposed method using samples purchased on 
the market. GMO DNA sequences were detected in three batches 
of corn and soybean from Hebei, Shandong, and Heilongjiang 
Provinces of China. CRMs containing 1 % genetically modifi ed 
Bt11 maize, 2 % genetically modifi ed Bt176 maize, and 2 % geneti-
cally  modifi ed   roundup ready soya were used as positive controls. 
The results showed that zSSIIb (Zea maize starch synthase iso-
form) and lectin (lectin is a major protein in soybean) genes were 
detected in all samples and CRMs.  While   Bt-11, Bt-176, 35S- 
CTP4, CP4EPSPS, CaMV35S, and NOS genes (transgenes) were 
only detected in the GMO CRMs by using portable pyrosequencer, 
the corresponding DNA fragment does not exist in the samples 
from market.   

4.4  Analysis of GMO 
Contents in Grains 
Available from  Market  
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  Fig. 1     Pyrograms   of the 35S-CTP4 gene obtained with different apyrase concen-
tration. Apyrase: ( a ) 0.5 U/mL, ( b ) 1.0 U/mL; ( c ) 1.5 U/mL; ( d ) 2.5 U/mL; ( e ) 3.0 U/
mL. The detected sequence is on the top of each peak on ( c ). Each dNTP was 
dispensed with the order of A–C–G–T       
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  Fig. 2    ( a )  Typical   pyrograms of the zSSIIb gene,    Bt-11 gene, and Bt-176 gene of the genetically modifi ed maize. 
( b ) Typical pyrograms of the lectin gene, 35S-CTP4 gene, CP4EPSPS gene, CaMV35S promoter, and NOS ter-
minator of the genetically  modifi ed   roundup ready soya. The detected sequence is on the  top  of each peak. 
Each dNTP was dispensed with the order of A–C–G–T         
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5    Technical Notes 

     1.    A custom-built  portable bioluminescence analyzer   was con-
structed using a PD array sensor. Unlike PMT, the PD sen-
sor is very small (6 W × 2H × 8D mm) and can be readily 
made smaller in an array format. Figure  4  shows the sche-
matic of a single channel of the PD array-based pyrose-
quencer, which included capillary-based micro-dispensers 
driven by air pressure. A motor from a mobile phone was 
used to vibrate the chambers after the dispensing dNTPs 
into the reaction mixture. The working temperature was 
controlled at 28–30 °C, which is the most suitable tempera-
ture for the enzyme reaction. By carefully designing the PD 
amplifi cation circuit, the new pyrosequencer is sensitive to 
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50 fmol of ssDNA template in a 50 μL pyrosequencing reac-
tion. Due to the small size of PD as well as the compact 
capillary- based dNTP dispenser, the dimensions of a proto-
type of 8-channel pyrosequencer were 140 W × 158H × 250D 
(mm), which is ideal for portable device.

       2.    The quantity and quality of DNA in the samples should be mea-
sured and evaluated according to the absorbance measurements 
at 260 nm wavelength and 1 % agarose gel electrophoresis.   
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  Fig. 4    Schematic of the portable photodiode-based bioluminescence analyzer       
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   3.    The product should be held at 4 °C before use.   
   4.    The concentration of apyrase is critical in the reaction system 

especially when the concentration of polymerase, luciferase, 
and ATP sulfurylase are tailored to ensure high sensitivity and 
low background signal.   

   5.    Streptavidin-coated Dynal beads were used to prepare ssDNA 
template for pyrosequencing. Both immobilized biotinylated 
strands and nonbiotinylated strands were used as sequencing 
templates.         
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    Chapter 30   

 Genotyping of Pathogenic Serotypes 
of  S. suis  with Pyrosequencing                     

     Huiyong     Yang    ,     Huan     Huang    ,     Haiping     Wu    ,     Bingjie     Zou    , 
    Qinxin     Song     ,     Guohua     Zhou     , and     Hideki     Kambara     

  Abstract 

    Streptococcus suis  ( S. suis  for short) can cause a variety of infections in pigs, and the infections have brought 
about great losses in the swine industry and some cases of deaths in human beings. In order to rapidly 
diagnose and control the infections of  S. suis , we designed a pyrosequencing-based assay to identify the 
serotypes of  S. suis . In the assay, pyrosequencing is used to genotype most of the pathogenic serotypes of 
 S. suis  by detecting fi ve informative regions on the  Chaperonin 60  ( cpn60 ) gene and one species-specifi c 
region on the 16S rRNA gene, and further a few undistinguished serotypes by pyrosequencing were fi nely 
discriminated by multiplex PCR of serotype-specifi c fragments on the  cps  gene as well as species-specifi c 
fragments on the 16S rRNA gene. Through carefully designing the dispensing order of dNTP for each 
pyrosequencing reaction, the serotypes of  S. suis  could be discriminated by four pyrosequencing reactions 
within 3 h. Five reference serotypes and three clinical strains were successfully detected and genotyped by 
our assay. The results indicated that our assay is a reliable, information-rich diagnostic method for the 
accurate detection of  S. suis  serotypes.  

  Key words      Streptococcus suis   ,   Pyrosequencing  ,   Genotyping  ,   Pathogenic serotypes  

1      Introduction 

  S. suis , recognized as an important  swine pathogen worldwide  , can 
cause various diseases such as meningitis, pneumonia, arthritis, sep-
ticemia with sudden death, and so on. According to the standard 
capsular reaction test,  S. suis  has been classifi ed into  35  serotypes 
which are named as 1 to 34 and  1 / 2  [ 1 – 4 ], and the serotype  2  is 
considered to be the most virulent serotype [ 5 ,  6 ], while some 
strains of the serotypes  1 /  2 ,  9 ,  7 ,  1,  and  14  have been isolated 
from diseased and dead animals in different areas [ 7 ,  8 ]. Recently, 
infections caused by  S. suis  have brought about a few cases of death 
in human beings, although no evidence shows that the infection 
transmits directly among human beings [ 9 ,  10 ]. For example, in the 
summer of 2005, a severe epidemic caused by  S. suis  serotype  2  
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broke out in Sichuan province of China. The epidemic killed 38 
persons and more than 600 pigs within 2 months, and then the epi-
demic spread rapidly in four additional provinces of China [ 10 ,  11 ]. 

 In order to prevent and control the epidemic of  S. suis , bacte-
riological and immunology diagnostic techniques are routinely 
used, but some of the techniques are time-consuming and require 
labs with a high level of  biosafety   [ 12 ]. Now, various molecular 
diagnostic methods have been developed for detecting the  S. suis  
pathogen, such as real-time PCR, DNA hybridization, and electro-
phoresis of amplifi ed targets [ 13 ,  14 ]. Although  gel electrophoresis   
of PCR amplicons is the most convenient and simple method, some 
important serotypes may be diffi cult to identify correctly or clearly 
due to the similar size of the amplicons, for example, serotype  1  
from serotype  14  and serotype  1 / 2  from serotype  2  [ 14 ,  15 ]. 

  DNA sequencing   is regarded as a straightforward way for 
pathogen diagnosis, and the Sanger method is routinely applied to 
DNA sequencing for its low cost and high accuracy. However, it is 
not necessary to sequence a long segment for genotyping a known 
pathogen. Pyrosequencing is a newly developed sequencing-by- 
synthesis technology, which can accurately and reproducibly read 
20 bases from the 3′ end of the sequencing primer [ 16 ]. Although 
the sequencing length is very short, pyrosequencing has been 
widely used to detect pathogens, sequence variations, DNA meth-
ylations, and so on [ 12 ,  17 – 20 ]. With a new inexpensive instru-
mentation of pyrosequencing developed by our group [ 21 ,  22 ], a 
straightforward and simple pyrosequencing-based approach for 
identifying microbial pathogens is proposed here. Based on the 
method, we have successfully identifi ed the serotypes of fi ve refer-
ence strains and three clinical strains isolated from swine of Jiangsu 
province of China;    the results indicated that pyrosequencing-based 
diagnosis is a potential method for the detection of  pathogenic 
serotypes   of  S. suis .  

2     Materials   

     1.    Deoxynucleotides (dNTPs, 10 mM), 10× buffer (Mg 2+  free), 
Taq DNA polymerase, and MgCl 2  were purchased from 
TaKaRa Biotech (Dalian, China).   

   2.    Klenow fragment (Exonuclease Minus), polyvinylpyrrolidone 
(PVP), and QuantiLum recombinant luciferase were purchased 
from Promega (Madison, WI).   

   3.    Dynabeads M-280 Streptavidin was from Dynal Biotech ASA 
(Oslo, Norway).   

   4.    Apyrase VI, ATP sulfurylase,  D -luciferin, bovine serum albu-
min (BSA), and adenosine 5′-phosphosulfate (APS) were 
obtained from Sigma (St. Louis, MO).   
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   5.    Sodium 2′-deoxyadenosine-5′-O-(1-triphosphate) (dATP-α-S), 
2′-deoxy-guanosine-5′-triphosphate (dGTP), 2′-deoxythymidine-
5′-triphosphate (dTTP), and 2′-deoxycytidine-5′-triphosphate 
(dCTP) were purchased from Amersham Pharmacia Biotech.   

   6.    All genomic samples of  S. suis  were obtained from Dr Feng 
Zheng (Nanjing CDC).   

   7.    Genomic DNAs of fi ve  S. suis  serotypes were isolated from ref-
erence strains: strain 2651 (serotype  1 / 2 , reference  a ), strain 
5428 (serotype  1 , reference  b ), strain 735 (serotype  2 , refer-
ence  c ), strain 22083 (serotype  9 , reference  d ), and strain 
13730 (serotype  14 , reference  e ).   

   8.    The three clinical strains were isolated from pigs: one (named 
05H33, sample  a ) from diseased pigs and others (named 05S68 
and  0682   for samples  b  and  c , respectively) from healthy pigs.      

3    Methods 

       1.    50 μL of PCR mixture contains 5 μL of 10× PCR buffer, 1.2 
mM MgCl 2  (pH 8.8), 0.24 mM of each dNTP, 2.0 U of Taq 
DNA polymerase, 50 ng of DNA template, 0.2 μM forward 
primer, and 0.4 μM reverse primer.   

   2.    In the case of multiplex PCR, 0.4 μM of two forward primers 
(16S–172F and cps2J-s) and two reverse primers (16S–469R 
and cps2J-as) were added, and 0.8 μM forward primers (cps2E-
 s) and reverse primers (cps2E-as) were also added.   

   3.    The reaction procedure consisted of incubation at 94 °C for 5 
min, 35cycles of denaturation at 94 °C for 30 s, primer anneal-
ing at 52 °C for 30 s, and extension at 72 °C for 40 s, and lastly 
extension at 72 °C for 10 min.   

   4.    For the PCR products, the detection was performed by elec-
trophoresis in a 2 % agarose gel consisting of 0.5 mg L −1  ethid-
ium bromide with 1× TAE buffer for 10 min at a constant 
voltage of 100 V.      

       1.    ssDNA was prepared from 50 μL of biotinylated PCR products 
by using the standard protocol of magnetic beads. Then 1 μL 
of 10 μM sequencing primer was added into the beaded ssDNA 
for the annealing (95 °C for 30 s and 55 °C for 3 min) [ 18 ].   

   2.    100 μL of the reaction mixture containing 0.1 M tris–acetate 
(pH 7.7), 2 mM EDTA, 10 mM magnesium acetate, 0.1 % 
BSA, 1 mM dithiothreitol (DTT), 2 μM adenosine 5′-phos-
phosulfate (APS), 0.4 g L −1  PVP, 0.4 mM  D -luciferin, 0.2 mU 
L −1  ATP sulfurylase, 3 mg L −1  luciferase, 18 U mL −1  Klenow 
fragment, and 1.6 U mL −1  apyrase, 65 μL of reaction mixture, 
and 3 μL of beaded ssDNA template were added for one pyro-
sequencing reaction.   

3.1   PCR     

3.2   Pyrosequencing  

Genotyping of Pathogenic Serotypes of S. suis with Pyrosequencing
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   3.    The pyrosequencing reaction uses a four-enzyme cascade sys-
tem to produce a visible light that was detected by a photosen-
sitive  device   photomultiplier tube (PMT) and the prototype of 
a small pyrosequencer made by Hitachi Ltd., Japan.       

4    Typical Examples 

   The 16S rRNA gene was used for the identifi cation of  S. Suis  spe-
cies. To select the suitable sequence part for the identifi cation, a 
comparison of the sequences of the 16S rRNA gene between 35  S. 
suis  serotypes and other 16 common species of  Streptococcus  was 
carried out [ 23 ]. The segment 172–183 bp (bold capitals) is a 
species-dependent region in the 16S rRNA gene, and most of the 
35  S. suis  serotypes have similar sequences in the region. So we 
used this segment as a pyrosequencing target region. If the 
sequence of segment 172–183 bp in the amplicon corresponds to 
the expected sequence of the 16S rRNA gene fragment, the 
detected sample can be identifi ed as  S. suis  species. 

 After PCR, the forward primer (16S–151F) was also used as 
the pyrosequencing primer for sequencing the target segment 
172–183 bp, which is enough for species identifi cation. According 
to the sequences on the NCBI, the theoretical pattern of the pyro-
gram of this 12-bp segment was simulated in Fig.  1a . Five refer-
ence strains (references a, b, c, d, and e) and three clinical isolates 
(samples a, b, and c) from swine of Jiangsu province of China were 
detected ( see  Fig.  1b  for the typical pyrograms of reference c and 
three clinical strains). This indicates that the tested strains have the 
 S. Suis  species-specifi c sequence of “CAGTATTTACCG” illus-
trated in Fig.  1a .

4.1   S. suis   Species 
Identifi cation  
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  Fig. 1     Theoretical   pattern ( a ) and pyrograms ( b ) obtained from pyrosequencing the 16S rRNA gene. The pyro-
gram of the samples showed that the samples all have the identical sequence “CAGTATTTACCG”       
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   In comparison with  the   conventional PCR-based method, 
which directly used segments 172–193 bp and 469–490 bp as the 
target regions to design a pair of PCR primers for species identifi -
cation, our sequencing-based assay is sensitive to all  S. suis  sero-
types. This is because the segments 151–171 bp and 401–422 bp 
are highly conserved in  S. suis , and all serotypes can be amplifi ed by 
the primers. However, when using the conventional PCR for 
 diagnosis, additional PCR primers are required for identifying 
serotypes 32, 33, and 34 as they have mutation sequences in the 
segment of 469–490 bp; in addition, it is very diffi cult to get posi-
tive results for serotypes 7 and 9 due to the mutated sequence in 
the segment of 469–490 bp.  

   It was reported that  S. suis  can be classifi ed into 35 serotypes (types 
1/2 and 1 through 34) according to  capsular polysaccharide anti-
gens   [ 14 ]. The available sequence size of  cps  gene in GenBank with 
the accession numbers of AF237423 (serotype1) to AF237457 
(serotype 34) is only 552 bp. In order to discriminate the serotypes 
by pyrosequencing, a 390-bp segment in this gene was selected as 
the target for serotype identifi cation. After  PCR amplifi cation   by 
the primer pair of cF-106 and cR-478, fi ve regions (named CR177, 
CR248, CR418, CR443, and CR462) were sequenced by one 
multiplex pyrosequencing and two simplex pyrosequencing. 
Multiplex pyrosequencing was used to detect complementary 
sequences of CR462 and CR418 by annealing two sequencing 
primers simultaneously. The complexity of a  pyrogram pattern   in 
multiplex pyrosequencing is dependent on the dNTP dispensing 
order and the target sequences. As the reference sequences of 
CR462 and CR418 of all serotypes can be found from  GenBank   in 
advance, it is easy to design an optimal dNTP dispensing order for 
getting a simple pattern. By analyzing the GenBank sequences of 
all serotypes carefully, the optimum dispensing order of dNTP was 
designed as “A → G → C → A → T → A → T → C,” and the dispens-
ing order of the fi rst four dNTPs (“A → G → C → A”) is for pyrose-
quencing CR462, and the last four dNTPs (“T → A → T → C”) is 
for pyrosequencing CR418. The possible serotype can be readily 
obtained by comparing the detected pyrograms with the sequenc-
ing patterns based on GenBank sequences. There are 13 different 
pyrogram patterns for all 35 serotypes. Serotypes 1, 7, 9, 16, 30, 
32, 33, and 34 have unique patterns; thus, these serotypes can be 
specifi cally discriminated only by a multiplex pyrosequencing. 

 The  protocol   to detect the fi ve reference strains and three clini-
cal isolates by multiplex pyrosequencing was carried out. The com-
parison between the expected sequencing patterns (Fig.  2a ) and 
the observed pyrograms (Fig.  2b ) indicates that the reference 
strains b and d are serotypes 1 and 9, respectively, but no unique 
serotype can be identifi ed for the other tested samples. In Fig.  2b , 
we found that not all peaks are proportional to the base numbers 

4.2   S. suis  Serotype 
Identifi cation
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in the homogeneous region; for example, in the pyrogram of sam-
ple b, the fi rst three peaks give the sequence of “AAGC,” while all 
the rest of the peaks are explained as the sequence of “TTAATTCC” 
based on the initial peak height (“AA”). This sequence is incorrect 
in comparison with the expected sequence of CR418. However, it 
is not a problem for getting a correct serotype if we read the pyro-
gram regions corresponding to two pyrosequencing primers indi-
vidually. Although the fi nal TATC peaks are actually higher than 
the initial one-base peaks, there is no diffi culty to read a correct 
sequence of “TATC” only from TATC peak intensities. We believe 
that this issue is caused by the multiplexed pyrosequencing because 
an expected sequence was obtained when two simplex pyrose-
quencing was used [ 28 – 41 ].
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   For typing the reference stains that were not specifi cally identi-
fi ed in Fig.  2b , three simplex pyrosequencing was performed on 
the regions CR177, CR248, and CR443 of the  cpn60 gene  . By 
comparing the observed pyrograms of the three reference strains 
shown in Fig.  3b  with the patterns from GenBank sequences 
(Fig.  3a ), one of the reference strains (strain a) was concluded to 
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be the serotype 1/2, while the two reference strains (strains c and 
e) could not be identifi ed. They were only classifi ed into a serotype 
group including serotypes 2, 14, and 15. Consequently, we need 
additional information for identifying the serotypes of the refer-
ence strains c and e. Based on the sequence data from GenBank, 
some serotypes have sequence deletions in serotype-specifi c ORFs 
of the cps gene. For example, serotype 14 has the sequence dele-
tion of cps2J (ORF); serotype 15 has the sequence deletion of 
both cps2J (ORF) and cps2E (ORF); serotype 2 has no sequence 
deletion for cps2J (ORF) and cps2E (ORF). Therefore, a simple 
multiplex PCR on these two ORFs (cps2J and cps2E) can give an 
accurate discrimination for serotypes 2, 14, and 15. A 16S rRNA 
gene fragment was also amplifi ed simultaneously as a control. 
Three amplicons with the sizes of 294 bp for 16S rRNA, 401 bp 
for cps2E (ORF), and 459 bp for cps2J (ORF) should be observed 
when the tested strain has no deletion of the above two ORFs. As 
shown  in   Fig.  4 , the number of bands in the electrophoretogram 
of 3-plex PCR products was three for strains c (lane 1) and two for 
strains e (lane 2), suggesting that the reference strains c and e are 
of serotypes 2 and 14, respectively.

    As the three clinical isolates were not classifi ed into a unique 
serotype from the experiments shown in Fig.  2 ,  simplex pyrose-
quencing   was further performed on the regions of CR177 and 
CR248 in the cpn60 gene. As shown in Fig.  5 , the three clinical 
isolates had the identical pyrogram patterns for both regions and 
were identifi ed as one of the serotypes 2, 14, and 15 by GenBank 
sequences (Fig.  3a ). For determining the serotypes of these three 
isolates precisely, the same 3-plex PCR as that used for fi nely geno-
typing reference strains c and e was carried out. As shown  in   Fig.  4  
(lanes 3, 4, and 5), three bands were observed and indicated that 
all the three clinical isolates were of serotype 2. Consequently, the 
 S. suis  serotypes of fi ve reference strains and three clinical isolates 

459 bp (cps2J ORF )

401 bp (cps2E ORF )

294 bp (16S rRNA)

M B 1 2 3 4 5

  Fig. 4     Agarose gel electrophoretogram   of the multiplex PCR products obtained 
from 16S rDNA, cps2E (ORF), and cps2J (ORF).  Lanes 1  and  2  were from the 
reference strains c and e, respectively;  lanes 3, 4 , and  5  were from three clinical 
isolates a, b, and c, respectively;  lane M  is a 100–1500-bp DNA ladder;  lane B  is 
blank control       
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were successfully identifi ed by four pyrosequencing reactions cou-
pled with a multiplex PCR assay.  

 As only 5 out of 35 serotypes of  S. suis  were detected by the 
proposed method, the work is preliminary, and more serotypes need 
to be tested in the future. Nevertheless, we believe that it is possible 
to identify most serotypes of  S. suis  with pyrosequencing according 
to the published sequences of all  S. suis  serotypes. Many serotypes 
have unique patterns according to the sequences of the target seg-
ments of 16SrRNA, CR177, CR248, CR418, CR443, and CR462. 
Although we do not think all bases of isolated strains meet the pat-
terns from  GenBank sequences  , the results of the four pyrosequenc-
ing reactions can supply information on sequence variation in the 
samples and thus are very helpful for serotype identifi cation.   

5    Technical Notes 

     1.    In order to design an effi cient assay that can specifi cally dis-
criminate the serotype of  S. suis , the target regions selected for 
serotype detection should have serotype-specifi c sequences. 

  Fig. 5    The  simplex   pyrosequencing results in CR117 and CR248 of the cpn60 gene obtained from the clinical 
isolates a, b, and c. The dNTP dispensing order on individual pyrosequencing is “G → A → C → G → C → T → G 
→ A → G → A → C → T” for CR 177 and “A → T → A → G → T → G → A” for CR24       
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 The  16SrRNA   [ 24 ,  26 ] gene is considered as a gold standard 
for the broad identifi cation of bacteria species; the Cpn60 gene 
[ 26 ,  27 ], which is found universally in bacteria and eukary-
otes, has a characteristic that enables some regions to vary 
greatly between species; so this gene is suitable for serotype 
discrimination.   

   2.    However, the  Cpn60 gene   is still not so sensitive to identifi ca-
tion of all serotypes. We tried to use the  cps  gene for the fi ne 
discrimination of serotypes as the classifi cation of  S. suis  sero-
types is based on cps antigen reactions [ 25 ].         
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    Chapter 31   

 Differential Gene Expression Analysis of Breast Cancer 
by Combining Sequence-Tagged Reverse-Transcription 
PCR with Pyrosequencing                     

     Xiaodan     Zhang    ,     Haiping     Wu    ,     Zhiyao     Chen    ,     Bingjie     Zou    , 
    Qinxin     Song     , and     Guohua     Zhou      

  Abstract 

   It is an important way to understand the gene function by relatively comparing gene expression levels 
among different tissues or cells. For the moment, most of the methods for gene expression detection are 
based on dye labels. To establish a novel approach without using a dye label, a sequence-tagged reverse- 
transcription PCR coupled with pyrosequencing (SRPP) was proposed. In this technique, the gene from a 
source is labeled with a source-specifi c sequence by sequence-tagged reverse transcription (RT). Then 
PCR on the pools of each source-specifi c RT product was performed, and the source-specifi c amplicons 
were decoded by pyrosequencing. In the pyrogram, the sequence represents the gene source, and the peak 
intensity represents the relative expression level of the gene in the corresponding source. The accuracy of 
SRPP was confi rmed by real-time quantitative PCR. Finally, the relative expression levels of the Egr1 gene 
among the diabetes model mice, obesity model mice, and normal mice were successfully detected. In com-
parison with real-time quantitative PCR, the advantages of SRPP include dye-free detection, inexpensive 
instruments, and simultaneous comparison of a given gene expressed in multiple sources.  

  Key words     Sequence-tagged reverse transcription  ,   Polymerase chain reaction  ,   Pyrosequencing  ,   Gene 
expression  

1      Introduction 

 Differentially expressed genes are closely related to disease, and 
further study of gene expression levels among different tissues can 
reveal the pathogenesis of a disease. Up to now, main techniques 
developed for detecting gene expression levels include SAGE [ 1 ], 
real-time PCR [ 2 ,  3 ], microarray [ 4 ], and so on. However, these 
methods still have some  drawbacks  , such as the requirement of 
expensive equipments, the weak quantitative performance, and the 
limited number of sources which can be analyzed simultaneously. 
Pyrosequencing is a newly developed method for DNA  sequencing, 
and it is based on a cascade of  enzymatic reactions   [ 5 – 8 ]. This 
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method does not require any fl uorescent labels and has a good 
performance on quantifi cation. For the moment,  pyrosequencing   
has been used for  single-nucleotide polymorphism (SNP)      analysis, 
microbic genotyping, gene methylation analysis, and so on. Here, 
on the basis of pyrosequencing, a novel method,  sequence-tagged 
reverse-transcription   PCR coupled with pyrosequencing (SRPP), 
was developed to analyze the gene expression level. SRPP did not 
require the expensive equipments and could simultaneously detect 
the expression levels of a provided gene in multiple sources. 

 To quantitatively detect the gene expression level,  sequence- 
tag labels   were combined with pyrosequencing. There are two key 
points for the method: (1) to label and to distinguish the same 
gene from different sources with source-specifi c tags and (2) to 
quantitatively decode the sequence tags. In this study, a source- 
specifi c sequence labeled in an RT primer was used for discriminat-
ing a gene source and used pyrosequencing for quantitatively 
decoding the labeled sequences. 

 As shown in Fig.  1    ,    the process includes the following steps: 
(1) Reverse transcription of mRNA extracted from different 
sources was carried out by the source-specifi c RT primers. There 
were four parts in the source-specifi c RT primers: a common tail in 
the 5′-end, a source-specifi c sequence with four bases (represented 
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  Fig. 1    Principle of comparative gene expression analysis by coupling  sequence-tagged reverse-transcription 
PCR with pyrosequencing (SRPP)            
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by four circles with different colors in Fig.  1 ) in the middle, poly(T)
n, plus two degenerate bases in the 3′-end. The function of these 
two degenerate bases is to fi x the RT primer. Each source-specifi c 
sequence has the same base content but a different base order. (2) 
The sequence-labeled cDNAs from different sources were pooled 
in equal amount. (3) PCR amplifi cation of the templates with a 
biotin gene-specifi c primer and a common primer was carried out. 
The other genes could be analyzed by simply changing the gene- 
specifi c primers. (4) The ssDNA templates were prepared by 
streptavidin- coated magnetic beads and by the pyrosequencing of 
labeled sequences. The base order in the pyrogram represents the 
gene source, and the peak intensity indicates the gene expression 
level in the corresponding gene source. The ratio of peak intensi-
ties is proportional to the relative abundance of the transcripts 
from different sources.

   Because a same pair of primers was used to amplify the tem-
plates and the amplicons had the same base content except four 
bases with a different order, thus the TMs of cDNAs from different 
sources were completely identical. Unbiased  PCR amplifi cation   on 
cDNA templates from different sources was achieved. Consequently, 
the relative ratios of SRPP peak intensities can accurately refl ect the 
original expression levels of a given gene. In this study, the feasibil-
ity and accuracy of SRPP were investigated, and SRPP was applied 
to detect the differential expression level of the Egr1 gene in dia-
betes, obesity, and normal mouse.  

2     Materials   

     1.    Allegra 21R refrigerated centrifuge (Beckman Coulter, USA).   
   2.    Gene Spec III spectrometer (Naka Instruments, Japan).   
   3.    PTC-225 thermocycler PCR system (MJ Research, Inc., 

USA).   
   4.    Opticon 2 System (MJ Research, Inc., USA)   
   5.    A pyrosequencing device was developed in our laboratory 

[ 9 ,  10 ] ( see   Note 1 ).   
   6.    Bioluminescence was detected by R6335 photomultiplier tube 

(Hamamatsu Photonics KK, Japan) and recorded by BPCL 
luminescence meter.   

   7.    HotStarTaq  DNA   polymerase and Omniscript RT kit were 
purchased from Qiagen (Qiagen GmbH, Hilden, Germany).   

   8.    TRIzol was purchased from Invitrogen (Shanghai, China).   
   9.     D -luciferin, luciferase, ATP sulfurylase, apyrase, and adenosine 

5′-phosphosulfate (APS) were purchased from Sigma (St. 
Louis, MO).   
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   10.    Dynabeads M-280 streptavidin (2.8 μm) was purchased from 
Dynal Biotech ASA (Oslo, Norway).   

   11.    Exo −  Klenow fragment was purchased from Promega 
(Madison, WI).   

   12.    All of the oligomers were synthesized and purifi ed by 
Invitrogen (Shanghai, China).   

   13.    The liver tissues of diabetes, obesity, and normal  Mus musculus  
were provided by the College of Life Science, Nanjing Normal 
University.      

3    Methods 

       1.    Total RNA was extracted according to the standard procedures 
using TRIzol reagent. The purity and concentration of the 
extracted RNA were determined by a UV–vis 
spectrophotometer.      

       1.    0.05–2.0 μg of total RNA was put into a nuclease-free tube, 
and DEPC–H 2 O was added to the total volume of 12 μL ( see  
 Note 2 ).   

   2.    The tube was incubated at 65 °C for 5 min and chilled on ice 
for 1 min.   

   3.    Then a reaction mixture containing 0.5 mM of each dNTP, 1× 
RT buffer, 1 μM reverse- transcription primer, 0.5 U/μL 
RNase inhibitor, 10 U/μL omniscript reverse transcriptase, 
and DEPC–H 2 O was added to the tube up to the total volume 
of 20 μL as mentioned earlier.   

   4.    The reverse-transcription (RT)  condition   was at 37 °C for 
60 min followed by 93 °C for 5 min to terminate the 
reaction.      

       1.    First-strand cDNAs from different sources were mixed at equal 
proportion and used as templates of PCR. The common primer 
(CP, 5′-CCA TCT GTT CCC TCC CTG TC-3′) and a biotin- 
labeled gene-specifi c primer (GSP) were used for PCR.   

   2.    Each 50 μL of PCR mixture contained 1 μL of template pool, 
0.3 μM of each CP and GSP, 1.5 mM MgCl 2 , 0.2 mM of each 
dNTP, 5 μL of 10×  PCR   buffer, 10 μL of 5 × Q solution, and 
1.25 U of HotStarTaq DNA polymerase.   

   3.    Amplifi cation was performed according to the following pro-
tocol: denatured at 94 °C for 15 min, followed by 35 thermal 
reaction cycles (94 °C for 40 s; 60 °C for 40 s; 72 °C for 1 
min). After the cycle reaction, the product was incubated at 72 
°C for 10 min and held at 4 °C.      

3.1   RNA Extraction  

3.2  First-Strand 
 cDNA Synthesis  

3.3  Polymerase 
Chain  Reaction   
for Specifi c Gene
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       1.    The immobilized ssDNA templates were prepared as follows: 
fi rst, 5 μL of Dynabeads were washed by 100 μL of B&W 
buffer (10 mM tris–HCl, pH 7.5, 1 mM EDTA, 2.0 M NaCl) 
for twice and resuspended in 50 μL of B&W buffer, in which 
50 μL of PCR products were added to a total volume of 
100 μL.   

   2.    Then the mixture was incubated at 37 °C for 30 min.   
   3.    The Dynabeads immobilized with the PCR products were 

washed with 180 μL of H 2 O for twice.   
   4.    20 μL of 0.1 M sodium hydroxide was added and left for 5 

min, and ssDNA was obtained after denaturation.   
   5.    The immobilized ssDNA templates were washed with 100 μL 

of B&W buffer and 100 μL of 1× annealing buffer, respec-
tively, and resuspended in 8 μL of 1× annealing buffer.   

   6.    Finally, 1 μM of sequencing primer was added into the afore-
mentioned mixture and annealed at the following  conditions  : 
denatured at 94 °C for 30 s, followed by 55 °C for 3 min, and 
held at 4 °C for pyrosequencing.      

       1.    The pyrosequencing mixture contains 0.1 M tris–acetate (pH 
7.7), 2 mM EDTA, 10 mM magnesium acetate, 0.1 % BSA, 
1 mM dithiothreitol (DTT), 3 μM APS, 0.4 μg l −1  PVP, 0.4 
mM  D -luciferin, 0.2 μU/L ATP sulfurylase, 2 × 10 −3  U/L 
apyrase, 18 μU/L Klenow fragment, and 14.6 mg/L 
luciferase.       

4    Method Validation 

   To evaluate the quantitative characteristics of pyrosequencing, an 
artifi cial single-strand template (5′-GGT TCC AAG TCA CCC 
CGC CCG C-3′) and a sequencing primer (5′-GCG GGC GGG 
G-3′) were designed. The 5′-end of the sequencing primer was 
completely complementary to the 3′-end of the single-strand tem-
plate. After annealing, dNTPs were circularly added in an order of 
dTTP → dGTP → dATPα S → dCTP. The results indicated that the 
detected template sequence was “TGA CTT GGA ACC,” and the 
signal intensity was proportional to the number of base pairs in the 
homogeneous area. It suggests that peak intensity is proportional 
to the amount of template. Therefore, the ratio of the peak heights 
can refl ect the relative amount of templates. In this method, the 
relative gene expression was analyzed by measuring the ratios of 
the peak heights in the pyrograms based on the quantitative char-
acteristics of pyrosequencing ( see   Note 3 ). 

 The key of SRPP assay in quantitative analysis is whether the 
PCR amplifi cation of the templates produced by pooling 

3.4  Preparation 
of  Immobilized ssDNA 
Templates   
for Pyrosequencing

3.5   Pyrosequencing  

4.1  Detection 
of the Levels of Egr1 
 Gene   Expressed 
in the Livers 
of Diabetes Mice, 
Obese Mice, 
and Normal Mice
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sequence- labeled gene from different sources is unbiased. To 
investigate the quantitative characteristic of SRPP, we detected a 
series of three artifi cial sources from Actb gene, which was named 
as source-G, source-T, and source-C.    The process was as follows: 
the total RNA was divided into three aliquots, which were tran-
scribed with three source-specifi c primers RT-G (5′-CCG TCT 
GTT CCC TCC CTG TC gatc ttt ttt ttt ttt ttt VN-3′), RT-T (5′-
CCA TCT GTT CCC TCC CTG TC tacg ttt ttt ttt ttt ttt VN-3′), 
and RT-C (5′-CCA TCT GTT CCC TCC CTG TC catg ttt ttt ttt 
ttt ttt VN-3′), respectively. As a result, the products were separately 
labeled with the source-specifi c sequence tags (the underlined ital-
ics) as source- G, source-T, and source-C. The PCR-template pools 
were prepared by mixing the three source-specifi c transcripts at the 
volume ratios of 1:1:1, 5:1:1, 1:5:1, and 1:1:5 (source-G/source-
T/source-C). The pyrosequencing results are shown in Fig.  2 ; the 
bases “G,” “T,” and “C” represent source-G, source-T, and the 
source-C, respectively. The relative intensities of the three base 
 signal peaks represent the relative expression of the Actb gene in 
three different sources. The difference in expression levels of the 
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  Fig. 2    Pyrograms of templates prepared by pooling three source-specifi c cDNAs 
at the ratios of 1:1:1 ( a ), 5:1:1 ( b ), 1:5:1 ( c ), and 1:1:5 ( d ), respectively. PCR was 
performed by using the common primer and the Actb gene-specifi c primer. Each 
dNTP was dispensed twice for detecting the background due to PPi impurity in 
dNTP solution       
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target gene in different sources could be obtained by calculating 
the ratio of the signal intensities ( see   Note 4 ).

   The results of combination of the three source templates are 
shown in Fig.  2a ; the signal peak intensity ratio is 1.1:1.0:1.0 
(source-G/source-T/source-C), which is very close to the theo-
retical ratio of 1:1:1. As shown in Fig.  2b–d , the templates with the 
ratios of 5:1:1, 1:5:1, and 1:1:5 were determined as 5.1:1:10:1, 
0.97:4.8:1, and 0.2:0.2:1, respectively. These results showed that 
the labeled templates mixed in different ratios were amplifi ed 
equally, without any sequence bias. Therefore, the expression lev-
els of the same gene from different sources can be detected by 
analyzing the ratio of amplifi ed products. 

 To further evaluate the accuracy of the method, the results of 
SRPP were compared with those from real-time quantitative 
PCR. To evaluate the accuracy of the results, real-time quantitative 
PCR was used to detect the copies of the Actb gene in the kidney, 
the brain, and the heart tissues. The detected ratio was 
37.8:22.0:40.2, which was very close  to   the results from SRPP, 
suggesting that SRPP is accurate enough for quantitatively com-
paring gene expression levels among different sources. 

 The SRPP was applied for investigating the Egr1 gene expres-
sion in model mice. The mice were divided into three groups as 
a, b, and c; each group has a diabetes mouse, an obese mouse, 
and a normal mouse. The RNA in the mouse liver was extracted 
and used as the RT template. By using the RT primers of RT-G, 
RT-C, and RT-T for the RT of each group, cDNAs from each 
group were labeled with the source-specifi c sequences, namely, 
diabetes-G, obese-T, and normal-C. After amplifi cation with 
common primer CP and gene-specifi c primer bio-Egr1-GSP, 
pyrosequencing was performed for quantitative analysis. To elim-
inate difference in RNA yield, the quality and RT effi ciency 
resulted from different sources, and the housekeeping gene Actb 
was used as an internal control gene to calibrate the difference. 
The three groups of mice were detected as mentioned earlier, and 
the results were showed in Fig.  3 . The expression levels of the 
Egr1 gene and the Actb gene in the liver of diabetes mouse, obese 
mouse, and normal mouse were calculated by the content nor-
malization. The relative expression ratios of the Egr1 gene among 
the three mice are 2.41:0.34:1.22 for group a, 0.78:0.49:2.18 for 
group b, and 0.54:0.90:1.56 for group c after the calibration of 
the Actb gene. The copy numbers of the Egr1 gene and the Actb 
gene in mice liver were detected by real-time PCR simultane-
ously, and the data were calibrated by the same way. The relative 
expression ratios were 2.50:0.39:1.08, 0.81:0.47:2.46, and 
0.56:0.87:1.69 for the three groups,  respectively. This experi-
ment indicates that the SRPP can be effectively applied to differ-
ential gene expression profi ling.
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368

5        Technical Notes 

     1.    The  instrument   consisted of a reaction module, a photomul-
tiplier tube (R6335, Hamamatsu Photonics KK, Japan), and a 
recorder (BPCL, the Institute of Biophysics, Chinese Academy 
of Sciences, China). The reaction chamber was located in the 
middle of the reaction module, which connected with four 
deoxynucleotide triphosphate (dNTP) reservoirs by capil-
lary. A fl ow of dNTP was injected into the reaction chamber 
when adding a pressure through the syringe onto the dNTP 
reservoir.   

   2.    The same amount of total RNA from different sources was 
used for  cDNA synthesis   by SuperScript II RNase H reverse 
transcriptase.   

   3.    In the same pyrosequencing reaction system, the signal inten-
sity is proportional to the amount of ATP, which is propor-
tional to the number of incorporated dNTPs [ 11 ]; thus, the 
sequence of the DNA template can be determined from the 
signal intensity in the pyrograms.   

   4.    dNTP is not so stable that a small amount of PPi due to  dNTP 
degradation   is produced. The noises by the unexpected PPi 
might interfere to the accuracy of SRPP. Accordingly, each 
dNTP was dispensed twice to obtain two peaks corresponding 
to the strand extension and background signals, respectively. 
The background should be deducted from the strand exten-
sion signals [ 12 ].         

  Fig. 3    Pyrograms for detecting the relative expression levels of the Egr1 gene ( a ) and the Actb gene ( b ) among 
the mouse livers of three different groups, a, b, and c. Bases G, T, and C represent sources from diabetic 
mouse, obese mouse, and normal mouse, respectively       
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    Chapter 32   

 Detection of Avian Infl uenza A Virus by Pyrosequencing                     

     Weipeng     Wang    ,     Haiping     Wu    ,     Bingjie     Zou    , 
    Qinxin     Song     , and     Guohua     Zhou      

  Abstract 

   A pyrosequencing method was developed for rapidly detecting avian infl uenza A virus and predicting the 
pathogenicity. The avian infl uenza A virus and its subtype were preliminarily determined by PCR on a 
species-specifi c sequence of the  M  gene and a subtype-specifi c sequence of the  HA  gene containing a cleav-
ing site, respectively. The results obtained by PCR were further validated via the pyrosequencing method. 
As apyrase and Klenow play an important role in pyrosequencing, their concentrations were optimized. 
The results indicate that the nonspecifi c signals were effectively suppressed using 1.6 U mL –1  apyrase and 
a readable sequence length of 33 bases was obtained with 90 U mL –1  Klenow. On the basis of the optimum 
pyrosequencing system, four specimens including an H5N1 subtype with high pathogenicity and three 
specimens of avian infl uenza A H9N2 subtype with low pathogenicity were confi rmed. This method is 
accurate, fast, and can be used effi ciently for identifying the pathogenicity of the avian infl uenza A virus.  

  Key words     Avian infl uenza A virus  ,   Subtype  ,   Pathogenicity  ,   Pyrosequencing  

1      Introduction 

 Avian infl uenza is an avian acute infectious disease caused by 
  Orthomyxoviridae    infl uenza A virus and is ranked as class A potent 
infectious disease by the Offi ce International Des Epizooties (OIE) 
and the Livestock and Poultry Epidemic Prevention of China. 
Tremendous economic losses in the poultry industry and serious 
threat to human health have been caused by the outbreak and spread 
of the highly pathogenic avian infl uenza A virus of subtypes H5 and 
H9 in China and many other countries. Thus, it is imperative to 
develop a fast and accurate method for detecting avian infl uenza 
A virus, which has become a much sought after research. At pres-
ent,  laboratory diagnosis   of avian infl uenza virus is confi rmed to be 
the only effective way, including the traditional detection methods 
and the molecular biologic detection method.  Traditional detection 
methods   mainly involve the isolation and culture of the virus [ 1 ], 
with serological diagnosis, such as  enzyme-linked immunosorbent 
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assay (ELISA     ) [ 2 ], indirect hemagglutination inhibition test [ 3 ], 
and so on. However, these methods are tedious, time- consuming, 
and have poor reproducibility. In recent years, the methods based on 
molecular biology have been developed rapidly, including the PCR 
technique [ 4 ], real-time PCR [ 5 ], nucleic acid sequence-based ampli-
fi cation/electrochemiluminescent detection method (NASBA/
ECL) [ 6 ], and DNA sequencing. By using the conventional PCR 
or real-time PCR technique, the golden standard of molecular diag-
nostics, the gene sequence information, cannot be obtained;  DNA 
sequencing   is not suitable to detect large-scale samples because of a 
long detection time and high cost. Pyrosequencing [ 7 ,  8 ] is a tech-
nique for DNA sequencing based on the bioluminescence analysis of 
pyrophosphate (PPi), that is, after each of the four different  deoxy-
ribonucleotide triphosphates (dNTP)      is added in turn, extension 
occurs and equal molar PPi is released by the catalysis of DNA poly-
merase, if the dNTP is complementary to the base of the template. 
The released PPi can react with  adenosine-5′-phosphosulfate (APS)      
to convert to  adenosine triphosphate (ATP)      under the enzyme 
catalysis of ATP sulfurylase. Then fl uorescence is produced by lucif-
erin and luciferase activated by ATP, and the fl uorescence intensity 
is proportional to the number of combined dNTPs. If no dNTP is 
complementary to the template, no fl uorescence will be produced. 
According to these procedures, the sequence of the target follow-
ing the sequencing primer is determined. Apyrase is used in pyro-
sequencing for degradation of both the uncombined dNTPs and 
the produced ATP before the next extension. The pyrosequencing 
technique is very useful for real-time detection of a short sequence 
with advantages of quantitative accuracy and easy automation and 
to completely achieve high-throughput and rapid detection of large-
scale samples. Here, pyrosequencing has been taken as a detecting 
platform to develop sequencing-based method for detecting avian 
infl uenza A virus and for discriminating the  pathogenicity   of the 
avian infl uenza A virus.  

2     Materials   

     1.    A cDNA sample of avian infl uenza A virus subtype H5N1 was 
provided by Yangzhou University, Yangzhou, China; three 
cDNA specimens of avian infl uenza A virus subtype H9N2 
(A/HeNan/2/04, A/HeNan/3/04, and A/HeNan/5/04) 
were provided by the College of Veterinary Medicine, China 
Agricultural University, Beijing, China.   

   2.    PTC-225 Thermal Cycler (MJ Research, Inc., Massachusetts, 
USA); POWER PAC1000 Electrophoresis System (Bio-
Rad Laboratories, Inc., CA, USA); GeneGenius BioImaging 
 Systems (Syngene, Co., Ltd., Cambridge, UK); Beads 
Combiner and Pyrosequencer (Homemade).   
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   3.    Taq DNA polymerase (TaKaRa Biotechnology (Dalian) Co. Ltd.).   
   4.    Agarose (LP0028A, Oxoid Ltd., Hampshire, England).   
   5.    Tris base and ethidium bromide (EtBr) (Sangon Biotech Co. 

Shanghai, China).   
   6.    Washing buffer: 10 mM Tris–HCl, 1.0 mM EDTA, 1.0 M 

NaCl, pH 7.5.   
   7.    Annealing buffer (1×): 10 mM Tris–HCl, 1.0 mM EDTA, pH 8.0.   
   8.    Super paramagnetic beads (Dynabeads M-280 Streptavidin, 

Dynal AS, Oslo, Norway).   
   9.    Polyvinylpyrrolidone (PVP), exonuclease-defi cient (exo − ) 

Klenow DNA polymerase, and deoxyribonucleotide triphos-
phate mixes (dNTPs) Promega (WI, USA).   

   10.     D -luciferin, luciferase, ATP sulfurylase, apyrase, adenosine-5′-
phosphosulfate (APS), and bovine serum albumin (BSA), 
Sigma (St. Louis, MO, USA).   

   11.    2′- Deo  xyadenosine-5′-O-(1-thiotriphosphate) sodium salt 
(dATP-α-S) was purchased from Amersham Pharmacia Biotech 
(Amersham, UK).      

3    Methods 

       1.    Avian infl uenza A virus is classifi ed as an  Orthomyxoviridae  
infl uenza A virus, composed of an eight-segmented genome of 
single-stranded negative-sense RNA sequences, which are 
named PB2, PB1, PA, HA, NP, M, and NS according to the 
fragment sizes. As the  M  gene is a highly conserved sequence, 
a pair of primers specifi c to the  M  gene was designed for the 
preliminary determination of avian infl uenza A virus.   

   2.    As there are many variations on the HA and NA genes, the 
avian infl uenza A virus is divided into 16 H subtypes (H1–
H16) and nine N subtypes (N1–N9) [ 9 ]. The prerequisite for 
avian infl uenza A virus infecting cells is that the hemagglutinin 
(HA) protein can be cleaved into two peptides of HA1 and 
HA2, and the cleaving pathway is a key factor of  the   pathoge-
nicity of avian infl uenza A virus. For the highly pathogenic 
avian infl uenza A virus, there are a number of alkaline amino 
acids near the cleaving site of the HA protein, which are more 
susceptible to be cleaved, but the lowly pathogenic avian infl u-
enza A virus does not have this characteristic.   

   3.    Comparing the sequences of the HA gene of subtypes H5 and 
H9 with those published on the National Center for 
Biotechnology Information (NCBI) web (  http://www.ncbi.
nlm.nih.gov/sit     es/entrez/) with a software of clustalwl.83.
xp, it has been found that the HA1 segment (upstream of the 

3.1  Design of  Gene- 
Specifi c Primers  
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cleaving site) of this gene is poorly homologous and the HA2 
segment (downstream of the cleaving site) is highly homolo-
gous. Therefore, two primers hybridizing to the HA1 seg-
ment, each specifi c to subtype H5 or subtype H9, and a 
common primer hybridizing to the HA2 segment were 
designed to amplify a sequence fragment containing the cleav-
ing site. The  primer sequences   are listed in Table  1 .

              1.    100 μL of each PCR reaction mixture contained 20 μM each 
of primers, 0.5 mM of each dNTP, 3.0 mM MgCl 2  1× buffer, 
2.5 U of Taq DNA polymerase, and 100–500 ng of cDNA 
template ( see   Note 1 ).   

   2.    PCR cycling was carried out as follows: 94 °C for 3 min, fol-
lowed by 30 cycles of 94 °C for 10 s, 60 °C (for the  M  gene 
and the  HA  gene of subtype H5) or 55 °C (for the  HA  gene 
of subtype H9) for 20 s, and 72 °C for 40 s. Final extension 
was completed at 72 °C for 7 min.   

   3.    PCR products of 2 μL were analyzed  by   electrophoresis on a 
2.0 % agarose gel containing 0.5 mg L –1  ethidium bromide at 
100 V for 15 min in 1× TAE buffer.      

       1.    10 μL of streptavidin-coated paramagnetic beads was washed 
in 100 μL of washing buffer twice, and the supernatants were 
removed.   

   2.    90 μL of the biotinylated products were immobilized on the 
streptavidin-coated paramagnetic beads and suspended in 90 
μL washing buffer, which was incubated in a combiner of beads 
at 37 °C for 1 h. During this process, the PCR tubes were 
gently vibrated to keep the beads in a state of suspension.   

   3.    The PCR products immobilized on the beads were washed 
with H 2 O four to eight times and then were denatured with 
0.1 M NaOH. The supernatant was discarded.   

3.2   Gene-Specifi c 
PCR Amplifi cation  

3.3  Preparation 
of  Single- Stranded 
DNA Template  

   Table 1  
   The   sequences of primers used for gene-specifi c PCR   

 Gene  Primer  Sequence (5′ → 3′) 

  M   Biotin-MF  Biotin-GTGCCCAGTGAGCGAGGAC 

 MR  AGTTGCCATCTGTCTGTGAG 

  HA  gene of subtype H5  Biotin-H5F  Biotin-TATGCATACAAAATTGTCAAG 

 HR  ACCTGCTATAGCTCCAAATAG 

  HA  gene of subtype H9  Biotin-H9F  Biotin-TTCAGGAGAGAGCCACGGAAG 
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   4.    Washed with 100 μL of washing buffer twice and with 100 μL 
of 1× annealing buffer once.   

   5.    Added pyrosequencing primer (20 pmol) to the captured 
strand that was annealed at 93 °C for 30 s and 55 °C for 3 min.      

       1.    Primed target DNA was added to the fi nal volume of 100 μL, 
of the pyrosequencing reaction mixture containing 0.1 M 
Tris–acetate (pH 7.7), 2.0 mM EDTA, 10 mM Mg (Ac) 2 , 0.1 
% BSA, 1.0 mM dithiothreitol, 2.0 μM APS, 0.4 g L –1  PVP 
(360,000), 0.4 mM  D -luciferin, 1.6 mU L −1  ATP sulfurylase, 
1.6 U mL –1  apyrase ( see   Note 2 ), 27 U mL –1  of exonuclease- 
defi cient (exo-) Klenow DNA polymerase ( see   Note 3 ), and 
22.35 mg L –1  purifi ed luciferase.   

   2.    The pyrosequencing procedure was carried out by stepwise 
elongation of the primer strand upon sequential addition of 
dATP-α-S, dCTP, dTTP, and dGTP under the conditions of 
pH 7.7 and room temperature.       

4    Method Validation 

   To evaluate the specifi city of  gene-specifi c primers  , a human genomic 
DNA sample, a cDNA sample of avian infl uenza A virus subtype 
H5N1, and three cDNA specimens of avian infl uenza A virus sub-
type H9N2 were used as templates for amplifi cation with each of the 
three primer-pairs of Biotin-MF/MR, Biotin-H5F/HR, and Biotin-
H9F/HR, respectively. Blank control experiments were also per-
formed in parallel. The electrophoretograms of the PCR products 
are shown in Fig.  1 . The primer-pair of Biotin-MF/MR could spe-
cifi cally amplify the M gene of all the four avian infl uenza A virus 
specimens ( see  lanes 3–6 in Fig.  1a ), indicating that the samples con-
taining avian infl uenza A virus could be preliminarily discriminated 

3.4   Pyrosequencing     

4.1  Evaluation 
of Specifi city of Gene-
Specifi c Primers
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  Fig. 1     T  he agarose gel electrophoretograms of the amplicons from gene-specifi c primers. ( a ) The amplicons 
from the primers specifi c to the  M  gene, ( b ) the amplicons from the primers specifi c to the  HA  gene of subtype 
H5, ( c ) the amplicons from the primers specifi c to the  HA  gene of subtype H9.  Lane 1 , blank control;  lane 2 , the 
amplicon of human genomic DNA;  lane 3 , the amplicon of H5N1 specimen;  lanes 4–6 , the amplicons of H9N2 
specimens       
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by means of this pair of primers specifi c to the  M  gene. Moreover, 
the HA gene of avian infl uenza A virus subtypes H5N1 and H9N2 
could be specifi cally amplifi ed by the primer- pairs of Biotin-H5F/
HR ( see  lane 3 in Fig.  1b ) and Biotin-H9F/HR ( see  lanes 4–6 in 
Fig.  1c ), respectively. As shown in lanes 1 and 2 in Fig.  1 , nonspecifi c 
amplicons were not found for the human genomic DNA sample and 
the blank controls.  These   results indicated that these three pairs of 
gene-specifi c primers were highly specifi c.

      Apyrase plays a key role in pyrosequencing. First, the sequencing 
cycle is enabled by apyrase. In pyrosequencing, the residual dNTP 
in the previous reaction must be digested before the addition of 
dNTP; otherwise, the residual dNTP will participate in the next 
reaction, resulting in the failure of the sequencing cycle. As apyrase 
in the pyrosequencing reaction system can degrade the residual 
dNTP after the polymerization reaction, sequencing can be carried 
out continuously. Moreover, benefi ting from apyrase, the sequenc-
ing signal is shaped into a peak. Without apyrase, much more ATP 
will be produced in the pyrosequencing reaction, resulting in the 
accumulation and overfl ow of the signal, which prevents the 
sequencing from being conducted. As apyrase can degrade both 
dNTPs and ATP, a peaked signal can be obtained. 

 Taking the pyrosequencing system for detecting the  M  gene 
of avian infl uenza A virus subtype H5N1 as an example, we have 
optimized the concentration of apyrase to 0.5, 1.0, 1.6, 2.0, 3.0, 
and 6.0 U mL –1 , respectively. The pyrosequencing results are 
shown in Fig.  2 , indicating that the signal intensity decreases 
gradually with increasing the concentration of apyrase. Moreover, 
if a low concentration of apyrase is used, false signals will occur 
(Fig.  2a ), because dNTPs are not completely digested by apyrase 
after each extension and the residual dNTPs participate in the 
next reaction. After increasing the concentration of apyrase, the 
residual dNTPs are almost totally degraded, and the signals of 
false extension are obviously decreased (Fig.  2b ). However, in 
case the concentration of apyrase is too high, incomplete exten-
sion phenomenon will be found as reported before, because the 
added dNTPs have been digested before extension [ 10 ]. In this 
study, no incomplete extension phenomenon has been observed 
for 6.0 U mL −1  apyrase  probably because a large amount of 
dNTPs have been used. The optimum concentration of apyrase 
not only relies on the concentration of dNTP but also on the 
concentration and extension effi ciency of Klenow. It has been 
found that the concentration of apyrase in a large range is feasi-
ble, as long as the residual dNTP is completely degraded in the 
interval of each of the two consecutive dNTP injections. 
   Considering the detection cost, 1.6 U mL –1  apyrase have been 
used for routine analysis.

4.2  Effect 
of Concentration 
of  Apyrase 
on   Pyrosequencing
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      In  pyrosequencing, the   accuracy of a readout sequence relies on 
the extension reaction. The polymerase used in pyrosequencing is 
a key factor for the accurate extension reaction and must meet the 
following conditions: (1) It has a highly specifi c polymerizing abil-
ity for the complementary bases. No extension signal occurs if the 
added dNTP is not complementary to the target. If this is not the 
case, the consecutive extension reaction cannot be performed [ 11 ]. 
(2) It has no exonuclease activity, because the extended DNA 
strand can be digested by a polymerase with 3′–5′ exonuclease 
activity. (3) The extension by the polymerase can be carried out at 
room temperature as some heat-labile enzymes are used in pyrose-
quencing. There are two commercial polymerases, Klenow and 
Sequenase 2.0 [ 12 ], meeting these conditions. As Klenow is rela-
tively cheap, the authors have used this for routine detection. 

 Taking the pyrosequencing system for detecting the M gene of 
avian infl uenza A virus subtypes H5N1 as an example, we optimized 
the concentration of Klenow to be 9.0, 27, 54 and 90 U mL –1 , 
respectively. As shown in Fig.  3 , the concentration of Klenow had a 
great effect on the sequencing length, which was gradually increased 

4.3  Effect 
of Concentration 
of Klenow 
on Pyrosequencing
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  Fig. 2    Effect of concentration of apyrase on extension signal. Concentrations of  apyrase   are 0.5 and 2.0 U mL –1  
in ( a ) and ( b ), respectively. dNTPs are added according to the order of “C-T-G-A.” Additional dispensing of dNTP 
is performed after the occurrence of a peak to complete the extension reaction       
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with increasing the concentration of Klenow. For example, the read-
able sequence length was 12 bases when the concentration of 
Klenow was 9.0 U/mL (Fig.  3a ), and a readable sequence length of 
33 bases was obtained when the concentration of Klenow was 90 U 
mL –1  (Fig.  3b ). If the concentration of Klenow was too low, a num-
ber of nonspecifi c signals (Fig.  3a ) would be produced, which would 
interfere with the accurate readout of the sequencing signals, result-
ing in the limitation of readable sequence length. In addition, the 
concentration of Klenow has the greatest effect on the extension 
effi ciency of dATP-α-S. For example, the extension signal intensity 
of two repeated dATP-α-S can be clearly discriminated in Fig.  3b , 
but it is similar to that of the other single base as shown in Fig.  3a , 
indicating that the polymerization ability of Klenow is comparatively 
low for dATP-α-S. Therefore, an extension signal of dATP-α-S with 
an intensity proportional to the number of bases cannot be  obtained 
  when the concentration of Klenow is too low. This can be overcome 
using a high concentration of Klenow, which is benefi cial for length-
ening the readout sequence of pyrosequencing. Considering the 
detection cost, 27 U mL –1  Klenow have been used for routine analy-
sis, with a readable sequence length of 24 bases.

      By using the PCR amplifi cation technique coupled with electro-
phoresis analysis, only the information of the length of PCR prod-
ucts can be obtained. For further accurate detection of avian 
infl uenza A virus, the DNA sequence of the gene-specifi c PCR 
products must be detected. Therefore, a pyrosequencing method 
has been established for the determination of the sequences of 
available samples. The sequence of a sample has been detected as 
5′-ACC GAT GCT GTG AAT CTG CAA TCT-3′, and the 
sequences of the other three samples are all the same, 5′-ACC TAT 
GGT GTG AAT CAG CAA TCT-3′. To judge whether or not 
these samples are avian infl uenza A virus and to discriminate their 
subtypes, the detected sequences are compared with the sequences 
published in NCBI, by using BLAST program. It has been found 
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  Fig. 3    The effect of the concentration of  Klenow   on extension signal. The concentrations of Klenow are 9 and 
90 U/mL in a and b, respectively. The dNTPs were added according to the order of “C-T-G-A.” More dNTP was 
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that all four detected sequences have the character of the M gene 
of avian infl uenza A virus, indicating that all the four detected sam-
ples are avian infl uenza A virus. The sequence near the cleaving site 
of a sample has been determined as 5′-TCC TCT TTT TCT TCT 
TCT TTC TCT T-3′, and it is then compared with the sequences 
published in NCBI by right of the BLAST program. The result 
indicates that this sample is avian infl uenza A virus subtype H5. 
The detected sequence is translated into the amino acid sequence 
of RERRRKRG by virtue of a software, BioXM 2.2 (  http://
bioxm.go.nease.net/    ). According to the new pathogenicity identi-
fi cation standard of the avian infl uenza A virus, raised by the OIE, 
this sample has a potentially  high   pathogenicity. The sequences 
near the cleaving sites of the other three samples have been deter-
mined as being the same as 5′-TCC TCT ACT TGA TCT AGC 
AGG CAC ATT-3′. They are then compared with the sequences 
published in NCBI by right of the BLAST program. The results 
indicate that these samples are avian infl uenza A virus subtype H9. 
The detected sequences have been translated into the amino acid 
sequence of NVPARSSRG by means of BioXM 2.2, indicating that 
these samples have relatively low pathogenicity. For further confi r-
mation, each sample has been detected by the Sanger’s sequencing 
method.  The   typing results are completely consistent with those 
obtained by pyrosequencing.   

5    Technical Notes 

     1.    A 300 bp DNA fragment in the  M  gene, a 259 bp DNA frag-
ment in the  HA  gene of subtype H5, and a 235 bp DNA frag-
ment in the  HA  gene of subtype H9 were amplifi ed by 
gene-specifi c PCR, respectively.   

   2.    A low concentration of apyrase is used; false signals will occur, 
because dNTPs are not completely digested by apyrase after each 
extension; and the residual dNTPs participate in the next reac-
tion. After increasing the concentration of apyrase, the residual 
dNTPs are almost totally degraded, and the signals of false exten-
sion are obviously decreased. However, in case the concentration 
of apyrase is too high, incomplete extension phenomenon will be 
found as reported before, because the added dNTPs have been 
digested before extension. Considering the detection cost, 1.6 U 
mL –1  apyrase have been used for routine analysis.   

   3.    The concentration of Klenow had a great effect on the sequenc-
ing length, which was gradually increased with increasing the 
concentration of Klenow. In addition, the concentration of 
Klenow has the greatest effect on the extension effi ciency of 
dATP- α- S. Considering the detection cost, 27 U mL –1  Klenow 
have been used for routine analysis, with a readable sequence 
length of 24 bases.         
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    Chapter 33   

 Genotyping of Alcohol Dehydrogenase Gene 
by Pyrosequencing Coupled with Improved LATE-PCR 
Using Human Whole Blood as Starting Material                     

     Zheng     Xiang    ,     Yunlong     Liu    ,     Xiaoqing     Xing    ,     Bingjie     Zou    , 
    Qinxin     Song     , and     Guohua     Zhou      

  Abstract 

   Pyrosequencing is one of the important genetic polymorphism detection methods currently used, but the 
complicated preparatory work limits its application in clinical tests. In order to simplify the process of 
pyrosequencing, on the basis of the linear-after-the-exponential-polymerase chain reaction (LATE-PCR), 
we improved the primer design method of LATE-PCR, increased the length and the concentration of the 
excess primer, applied direct amplifi cation technology with whole blood, and established a whole blood- 
improved LATE-PCR (imLATE-PCR) method based on common rTaq polymerase and “HpH Buffer.” 
This study investigated the method of optimal amplifi cation system, the infl uence of blood anticoagulant, 
and the amount of whole blood. Amplifying the PCR products using a single tube and one-step process, 
we successfully detected alcohol dehydrogenase gene polymorphisms of 24 clinical blood samples. The 
results can be used to guide clinical individualized medication. The genotypes of ADH1B locus of 24 
samples are 6 cases of AA homozygote, 14 cases of AG heterozygote, and 4 cases of GG homozygote. The 
genotypes of ADH1C are 20 cases of GG homozygote, 4 cases of AG heterozygote, and 0 cases of AA 
homozygote.  

  Key words     Whole blood polymerase chain reaction  ,   Improved LATE-PCR  ,   Pyrosequencing  ,   Gene 
polymorphism  ,   Ethanolic metabolism  

1      Introduction 

 Pyrosequencing is a  sequencing-by-synthesis method   which is 
based on the bioluminometric detection of inorganic pyrophos-
phate (PPi) coupled with cascade enzymatic reactions [ 1 – 3 ]. 
Currently, pyrosequencing has been applied in the detection of 
 gene polymorphisms   [ 4 ], microbial typing [ 5 ], methylation analy-
sis [ 6 ], and large-scale DNA sequencing [ 7 ], revolutionizing 
sequencing technology. Nowadays solid-phase microspheres are 
mainly used to prepare single-stranded templates for pyrosequenc-
ing [ 8 ], which has complicated procedures and lowered effi ciency. 
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In addition,  biotin-labeled primers and streptavidin-coated micro-
spheres   increase the cost of detection, while this labor-intensive 
step has a possible risk of cross-contamination from amplicons. 
These defi ciencies have caused a major bottleneck of pyrosequenc-
ing in  clinical applications   [ 9 ]. 

 To solve the problem of template preparation, the asymmetry 
PCR can be taken to get single-stranded PCR products directly 
[ 10 ]. However, the conventional asymmetric PCR cannot be 
widely used because of the low effi ciency in  amplifi cation  . On the 
basis of asymmetric PCR, linear-after-the-exponential-polymerase 
chain reaction [ 11 ] (LATE-PCR)       can give an amplifi cation effi -
ciency similar to symmetric PCR by optimizing primer concentra-
tion and  T  m  value. A high yield of single-stranded DNA (ssDNA) 
is obtained to meet the needs in single-stranded nucleic acid 
sequence hybridization and real-time PCR reactions [ 12 ]. 
However, LATE-PCR primer design requires strict criteria. Most 
importantly, the excess primer will compete with the amplicon 
strand. As the amplicon strand is increasing in concentration with 
the progress of PCR, while the excess primer is decreasing in con-
centration, the yield of ssDNA would not be high enough if the 
amplicon is longer. Improved LATE-PCR (imLATE-PCR) [ 13 ] 
employs a large amount of longer primer but a small amount of 
shorter primer; thus,  T  m  of the excess primer is much larger than 
that of the limiting primer. In contrast  to   LATE-PCR, the choice 
of primer sequences can be more, and the length of the amplicon 
can be longer, expanding the scope of its practical application. 

 In order to improve the detection speed and reduce the pos-
sibility of sample contamination, we used whole blood as PCR 
template directly. Compared with conventional PCR, whole blood 
PCR improves the detection speed by omitting DNA extraction 
and reduces the cost of detection by not using the variety of chemi-
cal reagents and equipment needed for  DNA extraction  . It also 
reduces the possibility of contamination by avoiding opening the 
lid repeatedly, adding the reagents, discarding the waste, and trans-
ferring the templates during the DNA extraction, so it is more 
suitable for clinical samples detection [ 14 ]. 

 In this study, we coupled  whole blood amplifi cation   directly 
with imLATE-PCR, establishing the whole blood-imLATE-PCR 
method with a common rTaq polymerase and “HpH Buffer.”    The 
advantages of this method are as follows: (1) Fast detection and 
easy operation. Whole blood PCR omits DNA extraction and 
single- stranded template preparation, which can greatly improve 
the detection speed, simplify the operation process, and save the 
detection time. (2) Low cost and environmentally friendly. 
Biotinylated primers and expensive magnetic microspheres can be 
avoided without single-stranded DNA preparation. Many organic 
reagents and test tubes can be saved without DNA extraction, 
thereby reducing detection costs. (3) Less contamination. This 
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method avoids repeatedly opening the lid to add and transfer the 
reagents, so it reduces the possibility of cross-contamination when 
detecting multiple samples in parallel. and (4) High sensitivity. The 
results showed that 0.1 μL of whole blood can provide a successful 
sequencing result, as an accurate result can be obtained using fi n-
gertip blood, so this method can be easily and quickly applied to 
clinical detection. 

 We used this method to detect alcohol metabolism genes 
ADH1B and ADH1C polymorphisms. It can be used to rapidly 
assess alcohol metabolism and detect a variety of diseases associated 
with drinking behavior, which is of vital importance in the preven-
tion of disease among heavy drinkers and also routine medical 
monitoring.  

2     Materials   

     1.    EDC-10 Gene amplifi cation (Dongsheng Biological 
Technology Co. Ltd., China).   

   2.    Portable bioluminescence analyzer for pyrosequencing 
(Hitachi Ltd., Central Research Laboratory, Japan).   

   3.    ATP-sulfurylase and the Klenow fragment were obtained by 
gene engineering in our lab.   

   4.    rTaq DNA polymerase and 500 bp DNA Ladder marker were 
purchased from TaKaRa (Dalian, China).   

   5.    Polyvinylpyrrolidone (PVP) and QuantiLum Recombinant 
luciferase were purchased from Promega (Madison, USA).   

   6.    Apyrase-VII, adenosine 5′-phosphosulfate (APS), and bovine 
serum albumin (BSA) were purchased from Sigma (St. Louis, 
USA).   

   7.    Streptavidin Sepharose™ beads were purchased from GE 
Healthcare (New Jersey, USA).   

   8.    dATPαS, dGTP, dTTP, and dCTP were purchased from 
Amersham Pharmacia (San Diego, USA).   

   9.    Other chemicals were of commercially extra-pure grade. All 
solutions were prepared with deionized and sterilized water.      

3    Methods 

       1.    Amplifi cation primers were designed using the software Primer 
5.0 ( see   Note 1 ).   

   2.    Primer design principles:  T  m  E  −  T  m  L  ≥ 5 °C;  T  m  A  −  T  m  E  ≤ 13 °C 
( see   Note 2 ). OligoAnalyzer 3.1 was used to calculate the  T  m  
values of primers.      

3.1   ImLATE-PCR 
Primer Design  

Genotyping of Alcohol Dehydrogenase Gene by Pyrosequencing Coupled…
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       1.    1 μL anticoagulated peripheral whole blood was used to 
amplify the template directly of ADH1B and ADH1C locus 
( see   Note 3 ).   

   2.    Fifty microliters of PCR contained 5.35 μL of “HpH Buffer,” 
2 mM Mg 2+ , 100 μM dNTPs, 1 μM excessive primer, 0.1 μM 
limited primer, 2.5 U of rTaq DNA polymerase, amount of 
PCR additive (10 % BSA and 5 % Tween-20), and 1 μL of 
whole blood.   

   3.    The PCR program of ADH1B A227G was as follows: 3 cycles 
of 94 °C for 3 min, 55 °C for 3 min, followed by 65 cycles of 
90 °C for 10 s, 53 °C for 20 s, and 72 °C for 20 s.   

   4.    The PCR program of ADH1C G900A was as follows: 94 °C 
for 3 min, followed by 65 cycles of 90 °C for 10 s, 55 °C for 
20 s, and 72 °C for 20 s.      

       1.    We used a self-prepared pyrosequencing mixture [ 15 ] to treat 
the products. The mixture contained 0.1 M Tris–acetate (pH 
7.7), 2 mM EDTA, 10 mM Mg(Ac) 2 , 0.1 % BSA, 1 mM DTT, 
80 μM APS, 0.4 mM  D -Luciferin, 60 U/mL ATP-sulfurylase, 
1.6 U/mL Apyrase-VII, 18 U/mL Klenow polymerase, and 
some luciferase ( see   Note 4 ).   

   2.    The specifi c operation was as follows: 3 μL imLATE-PCR 
amplicons were added into a tube containing the self-prepared 
pyrosequencing mixture, and then the tube was incubated at 
room temperature for 5 min ( see   Note 5 ).   

   3.    Then 10 pmol of sequencing primers annealed  at   room tem-
perature for 5 min were added ( see   Note 6 ).      

       1.    Pyrosequencing reaction mixture contained 0.1 M Tris–ace-
tate (pH 7.7), 2 mM EDTA, 10 mM Mg(Ac) 2 , 0.1 % BSA, 1 
mM DTT, 80 μM APS, 0.4 mM  D -Luciferin, 60 U/mL ATP- 
sulfurylase, 1.6 U/mL Apyrase-VII, 18 U/mL Klenow poly-
merase, and some luciferase.   

   2.    Added the mixture and treated imLATE-PCR products to 
portable bioluminescence analyzer for pyrosequencing, then 
added dATPαS, dCTP, dTTP, and dGTP in turn to carry out 
the pyrosequencing reaction.       

4    Method Validation 

   In order to use whole blood as a starting material for PCR amplifi -
cation, the PCR system should be adjusted. A “HpH Buffer” sys-
tem, previously developed in our lab, can largely reduce the effect 
of whole blood components on PCR amplifi cation. Due to the 
high pH, the buffer system can make the protein surface negatively 

3.2   Whole Blood- 
imLATE- PCR 
Amplifi cation  

3.3   Single-Stranded 
Amplicons Treatment  

3.4  Pyrosequencing

4.1  Detection 
of Alcohol 
 Dehydrogenase   
ADH1B, ADH1C Gene 
SNP Locus
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charged, suppressing the electrostatic interaction between proteins 
and genomic DNA, thereby reducing the inhibitory effect on PCR 
reaction [ 16 ]. 

 Figure  1  is the pyrosequencing result using whole blood and 
genomic DNA as template, respectively, with different kinds of 
PCR amplifi cation buffer, a conventional PCR amplifi cation sys-
tem (T-mix Buffer), and “HpH Buffer” system for PCR amplifi ca-
tion. T-mix Buffer contained 10× Buffer, 10 mM dNTP, and 25 
mM MgCl 2 ; pH 8.5–8.8. “HpH Buffer” contained 100 mM 
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  Fig. 1    Pyrosequencing results from the ADH1B A227G and ADH1C G900A with 
different kinds of PCR amplifi cation buffer (( a ) whole blood as a template, T-mix 
PCR amplifi cation buffer; ( b ) genomic DNA as a template, HpH PCR amplifi cation 
buffer; ( c ) whole blood as a template, HpH PCR amplifi cation buffer)       
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Tris–HCl and 50 mM KCl; pH 9.3–9.5. As the results have shown, 
when using whole blood as template, conventional PCR amplifi ca-
tion system (Fig.  1a ) showed a low amplifi cation effi ciency and low 
pyrosequencing signals, which cannot make accurate SNP geno-
typing. When using “HpH Buffer” system  for   PCR amplifi cation, 
genomic DNA (Fig.  1b ) and whole blood (Fig.  1c ) as template, 
respectively, both obtained better amplifi cation results and stron-
ger pyrosequencing signals, which can ensure accurate SNP 
genotyping.

   We investigated the volume of whole blood required by this 
method for successful genotyping by pyrosequencing. In a 50 μL 
reaction, 0.05 μL, 0.10 μL, 0.50 μL, 1.00 μL, and 2.00 μL of a 
blood sample were individually added for imLATE-PCR. As shown 
in Fig.  2a–e , good pyrograms were obtained when the volume of a 
blood sample for an assay is larger than 0.10 μL. The average value 
of single nucleotide signals were 0.629, 0.794, 0.879, and 0.883, 
respectively, which can make accurate SNP genotyping. This 
proved that this method needed only 0.10 μL of whole blood to 
detect two SNP loci on alcohol dehydrogenase and greatly reduced 
the trauma for the patient.

   According to the detection results of 24 cases of clinical 
blood samples (Fig.  3 ), this method can give good sequencing 
results and high sequencing signal intensity and make accurate 
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  Fig. 2    Pyrosequencing results from the ADH1C G900A with different amounts of anticoagulated blood PCR 
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SNP genotyping. 24 cases of genotype sequencing were shown 
in Table  1 . In order to verify the accuracy of the pyrosequencing 
results, 10 cases from 24 cases were detected by Sanger sequenc-
ing. The same results proved the accuracy of this method.

5         Technical Notes 

     1.    Two alcohol dehydrogenase (ADH)    gene polymorphism loci 
common in Chinese people were selected to amplify, which 
were associated with alcohol metabolism.   

   2.     T  m  E  means the  T  m  value of excess primer,  T  m  L  means the  T  m  
value of limiting primer, and  T  m  A  means the  T  m  value of ampli-
con [ 17 ].   

   3.    Unless otherwise specifi ed, anticoagulant used in this study is 
EDTA dipotassium.   

   4.    In addition to a large amount of ssDNA used as a pyrosequenc-
ing template, the imLATE-PCR amplicons contained residual 
dNTPs, PPi, and incompletely extended products. These 
ingredients affected the subsequent pyrosequencing reactions. 
Therefore, the amplicons had to be treated before pyrose-
quencing [ 18 – 19 ].   

   5.    APS in the mixture can react with PPi to produce ATP and 
excessive dNTPs, and the amount of ATP can be degraded by 
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    Chapter 34   

 Pyrosequencing on a Single Cell                     

     Qinxin     Song     ,     Huiyong     Yang    ,     Bingjie     Zou    , 
    Hideki     Kambara    , and     Guohua     Zhou      

  Abstract 

   Nucleic acid analysis in a single cell is very important, but the extremely small amount of template in a 
single cell requires a detection method more sensitive than the conventional method. In this paper, we 
describe a novel assay allowing a single-cell genotyping by coupling improved linear-after-the-exponential-
PCR (imLATE-PCR) on a modifi ed glass slide with highly sensitive pyrosequencing. Due to the signifi -
cantly increased yield of ssDNA in imLATE-PCR amplicons, it is possible to employ pyrosequencing to 
sequence the products from 1 μL chip PCR which directly used a single cell as starting material. As a proof 
of concept, the 1555A>G mutation (related to inherited deafness) on mitochondrial DNA and the SNP 
2731 C>T of the BRCA1 gene on genome DNA from a single cell were successfully detected, indicating 
that our single-cell-pyrosequencing method has high sensitivity, simple operation, and low cost. It is a 
promising approach in the fi elds of diagnosis of genetic disease from a single cell, for example, preimplan-
tation genetic diagnosis (PGD).  

  Key words     Single-cell analysis (SCA)  ,   Pyrosequencing  ,   imLATE (improved linear-after-the- 
exponential-PCR)  ,   Low volume PCR  ,   Nucleic acid analysis  

1      Introduction 

 Single-cell analysis (SCA) is the new frontier in omics. One impor-
tant aspect of SCA is  nucleic acid analysis   in a single  cell  , for exam-
ple,  preimplantation genetic diagnosis (PGD)      [ 1 – 3 ]. However, it 
is very diffi cult to sequence a single cell due to a small amount of 
DNA template in a cell. Usually a step of preamplifi cation by 
 whole-genome amplifi cation (WGA)      is employed to supply enough 
amounts of templates for further sequencing. It is recently found 
that a loss of alleles during WGA frequently occurs [ 4 ]. Therefore, 
an approach enabling direct DNA sequencing without any use of 
WGA is preferred. 

 To achieve a sensitive PCR detection with a small amount of 
DNA template, a low  volume   (around 1 mL) PCR on a chemically 
structured chip was developed for the analysis of mitochondrial 
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DNA at single-cell levels. However, it is diffi cult to prepare a 
 single- stranded DNA (ssDNA)         from this low volume PCR product 
for pyrosequencing, which is a very suitable tool for genetic analy-
sis [ 5 ]. To allow pyrosequencing on this small amount of ampli-
cons directly, it is necessary to escape the step of ssDNA preparation. 
If amplicons from PCR contains enough amount of ssDNA, no 
ssDNA preparation is needed. Conventionally, ssDNA can be 
directly generated by asymmetric PCR with regular PCR primers at 
unequal concentrations [ 6 ]. However, asymmetric PCR is ineffi -
cient, and it is diffi cult to get an optimized amplifi cation condition 
for templates with different sequences. 

 In this paper, we describe a novel assay allowing a single-cell 
genotyping by coupling  improved linear-after-the-exponential-PCR 
(imLATE-PCR)      on a modifi ed glass slide with highly sensitive pyro-
sequencing. Due to the signifi cantly increased yield of ssDNA in 
imLATE-PCR amplicons, it is possible to employ pyrosequencing to 
sequence the products from 1 μL chip PCR which directly used a 
single cell  as   starting material (Fig.  1 ) ( see   Notes 1  and  2 ). As a proof 
of concept, the 1555A>G mutation related to inherited deafness on 
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  Fig. 1    Schematic overview of single-cell pyrosequencing ( a )  and micrographs   (40 × magnifi cations) of the 
surface of a single reaction site supplied with one mouse oocyte ( b )       
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mitochondrial DNA and the SNP 2731 C > T of the BRCA1 gene 
on genome DNA from a single cell were successfully detected, indi-
cating that our single-cell-pyrosequencing method has high sensitiv-
ity, simple operation, and low cost. The approach has promise for 
effi cient usage in the fi elds of diagnosis of genetic disease from a 
single cell, for example, preimplantation genetic diagnosis (PGD).

2        Materials   

     1.    AmpliTaq Gold DNA Polymerase (Applied Biosystems, CA).   
   2.    TransStart Taq DNA Polymerase (TransGen Biotech, China).   
   3.    Exo-Klenow Fragment, QuantiLum recombinant luciferase 

(Promega, WI).   
   4.    ATP sulfurylase, apyrase,  D -luciferin, and adenosine 5′-phos-

phosulfate (APS) (Sigma, MO).   
   5.    2′-Deoxyadenosine-5′-O-(1-thiotriphosphate) sodium salt 

(dATP-a-S) (Amersham Pharmacia Biotech, UK).   
   6.    dGTP, dTTP, and dCTP (Amersham Pharmacia Biotech, NJ).   
   7.    All the other reagents were analytical reagents or guaranteed 

reagents. All the solutions were prepared with deionized and 
sterilized H 2 O.   

   8.    AmpliGrid AG480 (Fa. Advalytix, Brunnthal, Germany).   
   9.    SMZ1000 dissection microscope (Nikon, Japan).   
   10.    ECLIPSE TE2000-S inverted microscope (Nikon, Japan).   
   11.    PTC-225 Peltier Thermal Cycler (MJ Research, Watertown, 

MA, USA).   
   12.    Homemade PD array 8-channel pyrosequencer [ 7 ].      

3    Methods 

       1.     Hep G2 human liver   cancer cell line, leukocyte in peripheral 
blood of nonsyndromic hearing impairment ( NSHI)   patients, 
ICR mice oocyte were used.      

       1.    The sequences near the SNP (2731C>T) of human BRCA1 
(breast cancer susceptibility gene 1)    gene (NT_010755.15) was 
selected as examples to compare imLATE-PCR and LATE- PCR. 
The primers for 1555A>G mutation of inherited deafness on 
mitochondrial DNA are excess primer  5′-TCGCCTGA
GTGTAAGTTGGGTGCTTTGTGTT- 3′ and limiting primer 
(anneal primer) 5′-AACCCCTACGCATTTATATAGAGGAG- 3′, 
the amplicon length is 117 bp. All of the oligomers were synthe-
sized and purifi ed by Invitrogen (Shanghai, China).      

3.1  Cell Lines

3.2  Primers

Pyrosequencing on a Single Cell
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       1.    The sterilized watch glass (or glass slides) was placed on micro-
scope stage, and 30 μL of cell suspension was then added on 
the surface of the watch glass ( see   Note 3 ).   

   2.    The watch glass was sit for 2 min to let cells precipitate com-
pletely to the surface of the watch glass.   

   3.    With the SMZ1000 microscope under its 4 × 10 magnifi cations 
(Nikon, Japan), the capillary tip was adjusted into the cells sus-
pension and was located at the central of the microscopic vision 
and then manually and slightly adjusted the pressure button of 
the manipulator to make a well-dispersed, full-membrane, and 
contour-cleared single cell [ 8 ].   

   4.    Then, the capillary was lifted off the surface of cell suspension, 
and the captured single cell was transferred to the reaction 
locus of the AmpliGrid slides (AG480F). The image was 
obtained using ECLIPSE TE2000-S inverted  microscope 
  under its 10 × 10 magnifi cations ( see   Note 4 ).      

       1.    A volume of 0.5 μL of proteinase K (0.4 mg/mL) was pipetted 
to the reaction site of an AmpliGrid slide containing a single cell 
and covered immediately with 5 μL of sealing oil ( see   Note 5 ).   

   2.    After complete loading, the AmpliGrid slide was incubated for 
40 min at 56 °C and 10 min at 99 °C.   

   3.    0.5 μL of PCR master mix was added pierce through the seal-
ing oil. So a total volume of 1 μL PCR reaction mix, contain-
ing 0.1 μL AmpliTaq Gold (5 U/μL), 0.1 μL GeneAmp 
10 × PCR Gold Buffer (both: Applied Biosystems), 0.04 μL 
dNTPs (2.5 mM each), 0.06 μL MgCl 2  (25 mM), 0.1 μL PX 
(10 μM), and 0.1 μL PL (1 μM).   

   4.    On-chip imLATE-PCR program: initial heating step at 95 °C 
for 10 min, followed by 30 cycles (denaturation at 95 °C for 10 
s, annealing at 54 °C for 10 s, elongation at 72 °C for 40 s), 
then followed by another 30 cycles (denaturation at 95 °C for 
10 s, annealing at 65 °C for 10 s, elongation at 72 °C for 40 s), 
and followed by a fi nal 10 min elongation step at 72 °C. Negative 
controls were performed on different positions on the chip 
using the same reagent solutions without cell or DNA.   

   5.    After the amplifi cation, joining of 1 μL aqueous phase and 4 
μL loading dye (1.25×), total 5 μL of each mixture, was trans-
ferred to a 6 % PAGE gel and separated for 40 min at 100 V.   

   6.    Silver staining was performed with 0.1 % AgNO 3  solution for 
30 min, followed by a 10 s washing step in DI water and devel-
opment in 2 % Na 2 CO 3 /0.1 % formaldehyde for 2 min.      

       1.    The biotinylated PPase was immobilized onto streptavidin- 
coated M280 Dynabeads (37 °C, 30 min) and washed with 
1 × annealing buffer (4 mM Tris–HCl, pH 7.5, 2 mM MgCl 2 , 
5 mM NaCl) and then dissolved in 1 × annealing buffer.   

3.3  Collect Single 
Cell by Using  Glass 
Capillaries  

3.4  Single-Cell Lysis 
and  On-Chip 
imLATE-PCR  

3.5  Removal of PPi 
in dNTPs 
by  Biotinylated PPase  

Qinxin Song et al.
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   2.    10 mmol/L dNTPs (dATPαS, dCTP, dTTP, dGTP) were 
diluted by dNTPs diluent (5 mmol/L Tris–Ac, 25 mmol/L 
Mg(AC) 2 , pH 7.7) to 200 μmol/L.   

   3.    Then 0.5 μL Beads–PPase were added to each kind of 200 μL 
dNTPs and incubated at room temperature for 5 min.   

   4.    The beads were focused with a magnet, and supernatant was 
aspirated carefully and added to the micro-dispenser of pyrose-
quencer separately. The signal of biotinylated PPase-treated 
dNTPs was detected by the pyrosequencer, and compared with 
the signal of untreated dNTPs.      

       1.    We constructed a prototype of 8-channel pyrosequencer by 
using a PD array sensor [ 7 ]. The reaction volume in every well for 
pyrosequencing was 40 μL, containing 0.1 M Tris–acetate (pH 
7.7), 2 mM EDTA, 10 mM magnesium acetate, 0.1 % BSA, 1 
mM dithiothreitol (DTT), 2 μM adenosine 50- phosphosulfate 
(APS), 0.4 mg/mL PVP, 0.4 mM  D- LUCIFERIN , 200 mU/mL 
ATP sulfurylase, 3 μg/mL luciferase, 18 U/mL Klenow frag-
ment, and 1.6 U/mL apyrase.   

   2.    Each of biotinylated PPase-treated dNTPs was added in the 
reservoir of the micro-dispenser, and pyrosequencing reaction 
starts when the dispensed dNTP is complementary to the tem-
plate sequence.       

4    Method Validation 

   To investigate the possibility of the proposed method in the 
sequencing of gDNA from a single cell, genotyping of 2731 C>T 
in the BRCA1 gene was used as a proof of concept with the proto-
col similar to mitochondrial DNA amplifi cation. Although around 
ten bases were accurately pyrosequenced, the sensitivity is very low 
[ 9 – 10 ] (Fig.  2a ). The sensitivity was signifi cantly increased by nest 
PCR which was based on preamplifi cation on a slide with a regular 
PCR primer pair, followed by imLATE-PCR in a tube (Fig.  2b ).

      To further investigate the feasibility of the method for single-cell 
genotyping, a series of a single leukocyte were picked up from the 
peripheral blood of two healthy persons and two  nonsyndromic 
hearing impairment (NSHI)      patients who were diagnosed by 
Deafness Gene Mutation Detection Array Kit (CapitalBio, Beijing, 
China) in advance, respectively. A single leukocyte was picked up in 
triplicate from each blood sample and positioned at different sites on 
the slide. The typical pyrograms of a single cell from two healthy 
persons and two NSHI patients indicate that the genotype of a sin-
gle leukocyte is GG for a NSHI patient but AA for a health person 
(Fig.  3 ). No signal was observed from the blank (no cell) and a 
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4.1  Single-Cell 
Analysis of the SNP 
2731 C>T in the 
BRCA1 Gene on 
 Genome DNA  

4.2  Single-Cell 
Analysis of 1555A>G 
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 Mitochondrial DNA  
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negative control (ICR mice oocyte). Therefore, the pyrogram pat-
tern from a single cell can clearly distinguish the mutant 1555A>G 
from the wild type. These promising results suggest that it is possible 
to use the proposed method to type a single cell for PGD

5        Technical Notes 

     1.    AmpliGrid AG480 chips (Fa. Advalytix, Brunnthal, Germany) 
were used as the platform of 1 μL PCR. Each chip contains 48 
independent hydrophilic reaction sites surrounded by a hydro-
phobic circle which holds aqueous reaction solutions, such as 
enzyme buffers, in place. Cells were deposited on the slide sur-
face by a mouth tube to control an attached micropipette (glass 
capillaries) during cell sorting. Before each experiment, the 
correct deposition of single cells on the reaction sites can be 
easily verifi ed with a microscope [ 11 ].   

   2.    To investigate whether or not a single cell can be genotyped by 
pyrosequencing amplicons from low volume imLATE-PCR, 
one, three, and eight cells from Hep G2 human liver cancer 
cell lines were tested. The result showed that the quality of the 
pyrogram from one cell is as good as those from three cells and 
eight cells, indicating that it is successful to perform pyrose-
quencing on a single cell.   
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   3.    For picking up and transferring individual cells, we usually use a 
mouth tube to control an attached micropipette (glass capillar-
ies) under a dissection microscope, which permits swift and effi -
ciently control of individual cell collection and release. The glass 
pipette is connected by a fl exible plastic pipe to the mouth of the 
researcher. If the pipette size is right, it is readily feasible to con-
trol the pressure inside the pipette and collect individual cells 
with minimum volume of extracellular solution (≪0.1 μL).   

   4.    As a control for contamination and inhibition of downstream 
reactions, 1 μL of the buffer or medium surrounding the cells 
should be collected and analyzed together with the single-cell 
samples.   

   5.       Low volume PCR was performed with chips (AG480F 
AmpliGrid slide) on PTC-225 Peltier Thermal Cycler Flat 
Block. These are chemically structured glass slides, originally 
developed for single-cell analysis and quantifi cation of single 
genome equivalents. Biochemical reactions proceed on 48 lith-
ographically defi ned hydrophilic anchor spots, each framed by 
a hydrophobic ring. Each of the reaction compartments can 
hold up to 2 μL of aqueous solution.         
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