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Pyrosequencing is a DNA sequencing technique based on sequencing-by-synthesis enabling rapid and
real-time sequence determination. Although ample genomic research has been undertaken using pyrose-
quencing, the requirement of relatively high amount of DNA template and the difficulty in sequencing the
homopolymeric regions limit its key advantages in the applications directing towards clinical research. In
this study, we demonstrate that pyrosequencing on homopolymeric regions with 10 identical nucleotides
can be successfully performed with optimal amount of DNA (0.3125-5 pmol) immobilized on conven-
tional non-porous Sepharose beads. We also validate that by using porous silica beads, the sequencing
signal increased 3.5-folds as compared to that produced from same amount of DNA immobilized on solid
Sepharose beads. Our results strongly indicate that with optimized quantity of DNA and suitable solid
support, the performance of pyrosequencing on homopolymeric regions and its detection limit has been
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significantly improved.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The sequencing of entire genomes, their annotation and varia-
tions has been the critical enabling factors for all biological re-
search. Following the completion of human genome project,
there have been continuous efforts to realize a more accurate
and time-and-cost efficient platform for many applications. Pri-
marily, this resulted three high-throughput sequencing platforms:
the genome sequencers from Roche/454 [1]; the Genome analyzer
analyzer from Illumina/Solexa [2] and the SOLID system from
Applied Biosystems [3]. On a positive note, the deliverable
throughput from present high-throughput platforms is as high
with few hundreds of gigabases per run costing as low as ten thou-
sand dollar. However, owing to their longer sample preparation
time (2-7 days), longer sequencing time (2-10 days) and require-
ment of ultra-high computational and post-processing power, their
utilization is limited to only big genomic centers and mainly for de
novo and resequenicng applications. There has been constant work
in the detection of genetic variations in a large number of samples
representing a broad range of biological material providing an in-
sight into genetic mechanisms of different diseases. In identifica-
tion of genetic variants such as single nucleotide polymorphism
(SNP) genotyping, detection of specific mutations and gene identi-
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fication in transcript analysis, in place of a high-throughput plat-
form, a reliable low-throughput platform with a real-time and
fast sample-to-answer system, where read-length is not a limiting
factor, is a prefered choice. For these applications, a pyrosequenc-
ing based platform is becoming very attractive and has been suc-
cessfully used in many such applications [4-9].

Pyrosequencing is a real-time bioluminescence based sequenc-
ing-by-synthesis method catalyzed by four Kkinetically well-
balanced enzymes: DNA polymerase, ATP Sulfurylase, firefly
luciferase and apyrase [10]. In the presence of DNA polymerase,
complementary nucleotide (A, C, G or T) incorporated into the sin-
gle-stranded DNA (ssDNA) sample leads to generation of pyrophos-
phate (PPi) in a quantity equimolar to the number of incorporated
nucleotides. The released PPi triggers the ATP Sulfurylase reaction
resulting in a quantitative conversion of PPi to ATP. ATP is then
consumed by the luciferase for producing bioluminescence which
is proportional to the amount of DNA and number of incorporated
nucleotides. The unincorporated nucleotides and the generated
ATP are degraded by apyrase allowing iterative addition of next
nucleotide dispensation [10].

Pyrosequencing can be performed in two different phases
- liquid and solid. In liquid-phase pyrosequencing, free DNA tem-
plate, four enzymes and their substrates are mixed appropriately in
a reaction-cell. Solid-phase pyrosequencing utilizes immobilized
DNA in a three-enzyme system (DNA polymerase, ATP Sulfurylase
and firefly luciferase) where a washing step is performed to
remove the excess substrate after each nucleotide addition.
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Template preparation is quite straightforward where solid-phase
template preparation is the usual strategy used for generation of
a primed DNA template for pyrosequencing [11]. In brief, after gen-
eration of biotinylated DNA template by polymerase chain reaction
(PCR), double-stranded DNA (dsDNA) samples can be captured
onto streptavidin-coated beads. After sedimentation, ssDNA
sequencing template can be produced by alkalies denaturation.
The non-biotinylated strand in the solution can be used in liquid-
phase pyrosequencing whereas immobilized biotinylated strand
can be used in both liquid and solid-phase pyrosequencing
systems.

Though pyrosequencing has been widely used in various appli-
cations [6-9], except for its relative short read-length, pyrose-
quencing has another two main limitations: the detection
sensitivity is significantly limited due to high background signal
generated from nonspecific reactivity of luciferase with APS, and
difficulty in reading the sequence in homopolymeric regions -
stretches of the same base in the DNA sample. In this paper, our
work centers on the improvement of pyrosequencing on immobi-
lized DNA sample by targeting the aforementioned two limiting
factors - amount of DNA sample and sequencing homopolymeric
regions.

2. Materials and methods
2.1. Reagents

Streptavidin-coated Sepharose™ high performance, Silica
microspheres and Paramagnetic (Dynabeads™ M280) beads were
purchased from GE Healthcare (Uppsala, Sweden), Corpuscular
(New York) and Invitrogen (Oslo, Norway) respectively. PyroGold
reagents were purchased from Qiagen (Uppsala, Sweden). Plasmid
pUC19 and PCR amplification master mix were purchased from
Fermentas (Burlington, Canada).

2.2. Oligonucleotides

The oligonucleotides (Table 1) were synthesized and HPLC puri-
fied by Sigma (St. Louis, MO). PCR primers pUC19_F and pUC19_R
were used for amplifying a 221 bp DNA fragment of pUC19 [12].

2.3. Template DNA preparation

The 221 bp PUC 19 fragment was obtained by PCR reaction with
primer pair of pUC19_F and pUC19_R. The amplification was car-
ried out on a Bio-Rad thermo Cycler PCR system (CA, USA) with
the following protocol: denaturing at 95 °C for 30 s, followed by
30 thermal reaction cycling (95 °C for 30s, 60°C for 30s and
72 °C for 45 s). After the thermal cycle reaction, the product was
incubated at 72 °C for 5 min to ensure the complete extension of
the amplified DNA fragment. Amplified 221 bp DNA fragment
was purified using QIAquick PCR purification kit (Qiagen).

Biotinylated DNA oligonucleotides were immobilized on three
different streptavidin-coated beads, namely Sepharose beads, silica
beads and paramagnetic beads. The immobilization was performed
by incubating the mixture of DNA and beads in binding buffer
(10 mM Tris-HCl, 2 M NaCl, 1 mM EDTA, 0.1% Tween 20, pH 7.6)
at room temperature for 30 min. Single-stranded pUC19 DNA frag-
ment was obtained using vacuum preparation protocol according
to the manufacturer’s instructions. Annealing of sequencing primer
(SG_seq) with different biotinylated DNA oligos (SG_122,
SG_122m, SG_A, SG_10T and SG_repeated C) or pUC19_seq with
single-stranded pUC19 DNA fragment was carried out in the
annealing buffer (20 mM Tris-acetate, 2 mM MgAc, pH 7.6) at
95 °C for 5 min and then cooled down to room temperature grad-
ually. The resulting immobilized double-stranded DNA strands
were washed three times with washing buffer (10 mM Tris-acetate
pH 7.6) before sequencing.

2.4. Pyrosequencing

Pyrosequencing was carried out on PyroMark Q96 ID system
(Qiagen) using PyroGold reagents according to the manufacturer’s
protocol. After an initial dispensation of enzyme and substrate
mixes, the sequencing procedure was accomplished by stepwise
elongation of the primer strand through iterative additions of
deoxynucleoside triphosphates and simultaneous detection of
resulting bioluminescence emission.

3. Results and discussion

3.1. Optimization of DNA:beads ratio in direct pyrosequencing on
immobilized DNA

Pyrosequencing is a relatively straightforward and user-friendly
DNA sequencing technique. It has therefore been used in a variety
of applications such as SNP genotyping [4,5], DNA methylation
analysis and a wide range of other genetic analyses [5]. To perform
a good DNA sequencing reaction either in a liquid-phase four-en-
zyme system or a microfluidic three-enzyme system with fixed
amount of substrate and enzymes, it is important to work out
the optimized concentration of DNA template in the reaction mix-
ture. Here, we center on the optimization of suitable DNA concen-
tration on beads to favor direct sequencing as immobilized DNA
could be sequenced using both liquid and solid-phase systems.
Fig. 1 illustrates signals from pyrosequencing on different amounts
of immobilized DNA. As shown, an increase in the amount of DNA
immobilized on 1.25 x 10° Sepharose beads leads to increasing
signal peaks (Fig. 1A-E). However, the pyrograms with expected
sequencing peaks are only in the range of DNA concentration
(0.3125-15 pmol, Fig. 1A-D). Although, with higher DNA concen-
tration, higher signal peaks were detected for the first few nucleo-
tides but decreasing signal peaks were observed for the following
nucleotides (Fig. 1E). This could be explained by the fact that while

Table 1

Oligonucleotide sequences.
Name Nucleotide sequence (5'—3")
SG_seq GGACTATAAAGATACCAGGCGTT
SG_122 Biotin-TTCCAAGGAGTCTACGAACGCCTGGTATCTTTATAGTCCATC
SG_122m Biotin-5'-AATCAGAGTCTACGAACGCCTGGTATCTTTATAGTCCATC
SG_10A Biotin-Biotin-5'-CATGAGCGTTACGACTTTTTTTTTTACTGAACGCCTGGTATCTTTATAGTCCA
SG_10T Biotin-ATCAAGGCCTTCATGAGCGTTACGACAAAAAAAAAAGTACAACGCCTGGTATCTTTATAGTCCA
SG_repeated C Biotin-ATTGGGGGGTTGGGGGATGGGGTCTGGGTATGGATGTAAACG CCTGGTATCTTTATAGTCCA
pUC19_seq TAAGGGATTTTGGTCATGAG
pUC19_F Biotin-CTCCCGTATCGTAGTTATCT

pUCI9_R CACGTTAAGGGATTTTGGTC
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Fig. 1. The effect of DNA:beads ratio on the pyrosequencing data quality. (A-E) Pyrosequencing data for 0.3125-20 pmol of biotinylated SG-122 immobilized on 1.25 x 10°
streptavidin-coated Sepharose beads. (F) Comparison of pyrosequencing data for 1.25 pmol SG_122 and SG_122m. The order of nucleotide addition is indicated on the bottom

of the traces. The read sequence is indicated above the traces.

sequencing higher amount of DNA template, the fixed amount of
APS, present in the sequencing reaction, is consumed quickly. It
has been documented that pyrosequencing reactions generate
SO2~ and oxyluciferin which have been recognized to have inhibi-
tory effect on ATP sulfurylase and luciferase, respectively [4].
Hence, higher quantity of DNA accumulates more by-products dur-
ing pyrosequencing and therefore causes significant decrease in
signal intensities after first few correct incorporations. Fig. 1E also
shows plus frame shift during pyrosequencing as highlighted with
dotted arrows #3-5. This is due to that fixed quantity of apyrase
can not completely degrade the extra amount of ATP and dXDP
generated during pyrosequencing with higher amount of DNA. In
addition, with such high quantity of DNA template, incomplete
incorporation of nucleotide could be observed as highlighted with
arrows #1 and 2 in Fig. 1E which might be due to lack of DNA poly-
merase in the reaction. Therefore, the results indicate that pyrose-
quencing can be carried out directly on 0.3125-15pmol of
immobilized DNA in a liquid-phase pyrosequencing system.

It is also observed that the signal due to double correct incorpo-
rations (e.g., 2C, 2G, 2T or 2A) is less than twice the previous single
ones. As can be seen in Fig. 1F, the signal intensity due to the first
double C incorporation (17, marked by an arrow #1) is less than
twice the signal due to previous two correct single C incorpotations
(12.9 and 10.5, respectively). Interestingly, after dispensing C again
(arrow #2), no peak was detected, indicating that previous double
C has been incorporated completely. This suggests that while the
incorporations take place as expected, there is a continuous loss
in signal intensities when sequencing towards increased read-
length. For further investigation, pyrosequencing on SG_122m
(modified SG_122) was carried out. In SG_122m, the four double
nucleotides in SG_122 have been replaced by single nucleotides
addition with a double T at the end. As shown in Fig. 1F, the peak
heights of double nucleotides in SG_122 were about twice the
height of those single nucleotides in SG_122m, even though the
overall peak heights drop with increased read-length. The results
reinforce that accumulation of by-products during pyrosequencing



120 M. Gong et al./Biochemical and Biophysical Research Communications 401 (2010) 117-123

A s 1.25 pmol SG_repeated C
| 6C
04 5C
4C
25 4 3C
20 4

2A

C
T A CA
T A A A 2A
10 G A A
T

T
i I I
O+ o= =il HEl W N & & AL

T

ATGCATGCATGCATGCATGCATGCATGCATGCATGCAT

B - 1.25 pmol SG_10A

108,
60

50 -

40

304

20
chr 6 ¢

A
IIII R
. III,I, IlIII|I|

L L S s o s s ot s b s B

ATGCATGCATGCATGOATGCATGCATGCATGCATGCATGCATGCATGC

C - 1.25 pmol SG_10T
10T
80

70
60
50
40
30

204 G A . 2A T
ol T cflc Tc g 1 I ¢ G6C T cArg zc
Tl bt b ,|, Ml

ATGCATGCATGCATGCATGCATGCATGCATGCATGCATGCATGCATGCATGCATGC

D 800 - 15 pmol SG_10T

700 4 10T -

600 1

500

400 -

300 -

200 -

100 + ; l
) | 1 1] 1 il tl C el ittt

vvvvvvvvvvvvv_vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

ATGCATGCATGCATGCATGCATGCATGCATGCATGCATGCATGCATGCATGCATGCATGC

Fig. 2. Pyrosequencing on DNA templates containing various kinds of nucleotides in homopolymeric stretches. (A) Pyrosequencing on SG_repeated c (containing a poly(c)
track with 1C, 2C, 3, 4C, 5C, and 6C). (B) Pyrosequencing on SG_10A (containing a poly(A) track with 10 A). (C) Pyrosequencing on SG_10T (containing a poly(T) track with 10
T). Pyrosequencing was performed on 1.25 pmol of biotinylated DNA templates immobilized on 1.25 x 10° streptavidin-coated Sepharose beads. (D) Pyrosequencing on
15 pmol immobilized SG_10T. The order of nucleotide addition is indicated on the bottom of the traces. The read sequence is indicated above the traces.
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causes the decrease of signal intensity and possibly limits the read-
length. Unlike running pyrosequencing with the four-enzyme li-
quid-phase system, microfluidic systems promise to improve the
performance of pyrosequencing by eliminating intermediate prod-
uct accumulation [13]. Hence, with optimized amount of immobi-
lized DNA, it is possible to run pyrosequencing on solid-phase in a
microfluidic system to achieve high signal-to-noise ratio and
therefore get significant better sequence data.

3.2. Base calling in the homopolymeric stretch

In a DNA template, the homopolymeric regions are the regions
containing multiple simultaneous copies of a single base (A, C, G or
T). These stretches are of interest as they have unique structural
and functional properties and implicated in a large number of hu-
man genetic diseases [14,15]. Theoretically, in Pyrosequencing
flow-grams, the peak intensities should be directly proportional
to the incorporated bases during one nucleotide dispensation.
However, pyrosequencing is known to be experimentally impru-
dent to sequence homopolymeric DNA segment more than eight
bases long [16]. This is because during pyrosequencing, homopol-
ymer regions can reduce synchronized extension and synthesis of
the DNA strand and cause non-uniform sequence peak heights,
affecting the read-length and possibly causing sequence errors
[12]. Therefore, the determination of the identical base number
in the homopolymeric region during pyrosequencing is crucial.
Here, the number of incorporated bases in oligo DNAs with differ-
ent homopolymeric stretches (SG_repeated C, SG_10A and SG_10T)
was investigated quantitatively. As shown in Fig. 2A-C, signal
intensities are aligned well to various homopolymers. However,
non-uniform sequence peak heights and plus frame shift were
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detected after 10T when pyrosequencing was carried out using
15 pmol of DNA (Fig. 2D). Our results suggest that to acquire cor-
rect nucleotide incorporation for homopolymeric regions with 10
identical nucleotides, <5 pmol of DNA should be used for pyrose-
quencing. In addition, it was successfully demonstrated that
pyrosequencing on <5 pmol immobilized DNA can determine as
many as 10 identical adjacent bases incorporated at a time from
signal intensities (10A, 10T).

Studies have shown that incorporation of dATP-o-S in T-homo-
polymeric regions results in uneven sequence signals and reduced
sequence quality directly downstream of such homopolymers [12].
This may be due to the inefficiencies of Klenow polymerase to
incorporate completely and apyrase to degrade the analog dATP-
o-S completely, resulting in asynchronous and ambiguous se-
quence peak signals. Interestingly, in the present work (Fig. 2),
through the optimization of DNA:beads ratio, the immobilized
DNA with homopolymer T (complementary nucleotide A in nucle-
otide dispensation) has been sequenced successfully. Although the
signal heights decreased notably in sequence downstream as com-
pared to that before the 10A region, neither plus nor minus frame
shift were detected . In addition, it is also noted that 10 homopoly-
mers of base A could not be fully incorporated instantly with single
dispensation of dATP-a-S. This is in agreement with the known fact
that the rate of dATP incorporation by Klenow polymerase is very
low [17]. Hence, an extra dispensation of dATP-a.-S has been intro-
duced to confirm the completion of incorporation of 10A homopol-
ymeric region. In addition, T7 DNA polymerase might be an
alternative enzyme to be applied in pyrosequencing as it has
shown more adequate for the incorporation reaction with dNTPs
than Klenow polymerase especially for the homopolymeric T re-
gions [18].
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Fig. 3. Flowgram for long-read pyrosequencing on immobilized DNA. Pyrosequencing was performed on 1.25 pmol of biotinylated single-stranded 221 bp PCR products of
pUC19 immobilized on 1.25 x 10° streptavidin-coated Sepharose beads. The order of nucleotide addition is indicated on the bottom of the traces. The read sequence is

indicated above the traces.
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3.3. Long-read DNA sequencing

Long-base reading is desirable in applying pyrosequencing to
genome sequencing, microbial typing, and resequencing. The per-
formance of pyrosequencing on optimized amount of immobilized
DNA for long-base reading was investigated. As shown in Fig. 3,
although the signal intensities to the incorporated base decreased
gradually with increasing read-length, more than 80 bases could be
successfully sequenced and analyzed in a liquid-phase pyrose-
quencing system. The decreasing signal intensities in the long-base
region might be caused by multiple factors. First, the exonuclease
activity of DNA polymerase will cause primer degradation in the
long read sequencing which may lead to out of phase sequencing.
Second, an accumulation of byproduct during sequencing [4], and
third, the dilution produced by the continuous addition of nucleo-
tides. For example, sequencing of 80 bases requires about 100
nucleotide additions, which gives a 40% dilution of the assay vol-
ume. The serial dilution due to nucleotides dispensation lowers
the enzyme concentrations thereby decreasing their efficiency.
With immobilized DNA, by introduction of solid-phase pyrose-
quencing in a microfluidic system, the dilution effect of nucleotide
addition at each reaction cycle and byproduct accumulation in the
current plate format could be eliminated.

3.4. Pyrosequencing on DNA immobilized on different matrix

To investigate direct pyrosequencing on DNA sample immobi-
lized on different medias, oligo SG_122 was immobilized onto 30
micron streptavidin-coated silica beads and 2.8 micron super para-
magnetic Dynabeads. As shown in Fig. 4, Pyrosequencing can effec-
tively be carried out on the DNA template immobilized on silica
beads or Dynabeads as well. Generally, the streptavidin-coated
magnetic beads (Dynabeads) are used for preparing primed ssDNA
template for pyrosequencing. The results from this study show that
optimal quantity of immobilized biotinylated ssDNA on magnetic
beads can be directly annealed with sequencing primer and ap-
plied for pyrosequencing. In addition, as paramagnetic beads
(2.8 wm) and silica beads (30 pum) has different particle sizes, our
results suggest that pyrosequencing on immobilized DNA can be
widely carried out with different solid-phase microfluidic systems.

Though pyrosequencing is based on a sensitive bioluminomet-
ric assay, it still requires DNA templates at a picomole level. This
is due to the detection limit of the enzymatic assay. In many cases,
especially in clinical research, a much lower amount of DNA is
available. Therefore it is essential to address the DNA detection
limit in pyrosequencing. Fig. 4C shows the performance of pyrose-
quencing when immobilizing same amount of biotinylated DNA on
different number of streptavidin-coated Sepharose beads. As can
be seen, when same amount of DNA is distributed on more number
of beads, or when there is less DNA per bead, the overall signal
intensity increases. The system with more beads has two diffusion
effects; first the additional surface area provided by higher number
of beads results in more uniform distribution of DNA on the beads.
The even distribution of DNA creates more efficient diffusion-
based mixing of DNA with the substrate and enzymes where effi-
cient mixing is crucial for pyrosequencing [19]. Second, the pres-
ence of more beads leads to the occupancy of more volume in
the reaction chamber; bringing down the diffusion efficiency in
consequence. As shown in Fig. 4C, after first bead-number incre-
ment, the rapid increase of the signal indicates that the first diffu-
sion effect is predominantly high. However, after the second bead
increment, the signal increase is not very obvious suggesting there
is a limit to increase pyrosequencing signal even with utilizing
more Sepharose beads to bind same amount of DNA. This limita-
tion can be overcome by using porous beads with more surface
area and effective diffusion coefficient. The study using porous
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Fig. 4. Pyrosequencing on DNA immobilized on different matrix. (A) Pyrosequenc-
ing on 0.625 pmol of SG_122 immobilized on 1.5 x 10 streptavidin-coated Dynabe-
ads. (B) Pyrosequencing on 0.625 pmol of SG_122 immobilized on 0.625 x 10°
streptavidin-coated Silica beads. (C) Pyrosequencing on 0.625 pmol of SG_122
immobilized on different amount of streptavidin-coated Sepharose beads. (D)
Pyrosequencing on 0.625 pmol of SG_122 immobilized on 1.25 x 10° streptavidin-
coated solid Sepharose beads or porous Silica beads.
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silica beads was carried out to support our hypothesis on the effect
of diffusion efficiency on the pyrosequencing signal intensity.
Although silica beads with similar size of Sepharose beads will oc-
cupy the same volume in the reaction chamber, due to the pores
the overall surface area will be higher. In addition, pores all over
the beads favor the diffusion-based mixing of substrate and en-
zymes with well-distributed DNA template. As expected, DNA on
silica beads displayed a 3.5-fold higher signal intensity as com-
pared to that produced from DNA on Sepharose beads (Fig. 4D)
indicating lower amount of DNA is required to produce distin-
guishable pyrosequencing signal. Taken together, these findings
imply that porous silica beads served as a better matrix for DNA
immobilization in pyrosequencing.

In conclusion, we have successfully performed optimization of
the amount of DNA for pyrosequencing which allow the sequenc-
ing to be carried out for homopolymeric regions containing 10
identical nucleotides. The introduction of porous silica beads for
DNA binding significantly increased sequencing detection limit.
Hence, running pyrosequencing on optimal quantity of DNA immo-
bilized on silica beads in a microfluidic system could offer several
advantages such as improved detection limit, well distinguishable
signal for homopolymeric DNA regions and possibly increased
read-length.
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