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Summary: Dideoxynucleotide DNA sequencing is one of the principal procedures in molecular biology. Loss of an initial
part of nucleotides behind the 3′ end of the sequencing primer limits the readability of sequenced amplicons. We present
a method which extends the readability by using sequencing primers modified by polyadenylated tails attached to their 5′
ends. Performing a polymerase chain reaction, we amplified eight amplicons of six human genes (AMELX, APOE, HFE,
MBL2, SERPINA1 and TGFB1) ranging from 106 bp to 680 bp. Polyadenylation of the sequencing primers minimized the
loss of bases in all amplicons. Complete sequences of shorter products (AMELX 106 bp, SERPINA1 121 bp, HFE 208 bp,
APOE 244 bp, MBL2 317 bp) were obtained. In addition, in the case of TGFB1 products (366 bp, 432 bp, and 680 bp,
respectively), the lengths of sequencing readings were significantly longer if adenylated primers were used. Thus, single
strand dideoxynucleotide sequencing with adenylated primers enables complete or near complete readability of short PCR
amplicons.
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Introduction
DNA sequencing is one of the principal molecular biology procedures used for clinical diagnostics. It provides
important information about the primary structure of polymerase chain reaction (PCR) products and/or confirms
results obtained by other molecular techniques (confirmation sequencing). Despite significant progress in DNA
sequencing technology in the recent years (19), dideoxynucleotide cycle sequencing with multicapillary electrophoresis and dideoxynucleotide terminators labeled with
fluorophores remains the gold standard for most diagnostic
applications.
PCR products examined by single strand sequencing usually range from 200 to 500 bp. Longer amplicons
are difficult for precise one-direction sequencing; double
strand analysis, primer walking (18) or long-range PCR
product sequencing (9) is necessary for a complete reading. Another factor limiting the readability of amplicons
in one direction is the loss of an initial part of the nucleotides lying immediately behind the 3′ end of the sequencing
primer. The loss is caused by: i) purification procedures
eliminating the excess of nucleotides, salts, and primers
after the sequencing reaction; ii) low separation efficiency of sequencing polymers for the shortest products of the
sequencing reaction. In order to get complete data, bothstrand sequencing, amplicon subcloning, reamplification
with modified amplification primers (12), pyrosequencing
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(16), minisequencing (17) or next generation sequencing
(19) has to be performed. All the above-mentioned procedures, however, increase the final price of the analysis and
extend the turnaround time.
In 2007, Binladen et al. (2) developed a new approach
for analyzing highly degraded DNA from subfossil, archival, and forensic specimens using sequencing primers with
40–80 bp neutral polynucleotide tails (17). They successfully analyzed amplicons in lengths of 100–200 bp. Degraded
DNA/RNA molecules also appear in biological material
analyzed in clinical labs, e.g. in formalin fixed paraffin
embedded tissue, native tissue specimens without RNA stabilizers, DNA extracts from apoptotic cells (6), hair roots or
nails (1). Using the neutral polynucleotide tailed primers,
however, could in some cases form secondary structures
between the tail and the primer 3′ end resulting in a higher
background and mixed sequencing data on the initial part
of analyzed amplicons. Here we present a way to extend
the readability of PCR amplicons using sequencing primers
modified by polyadenylated tails attached to the 5′ end. This
modification should reduce the possibility of the secondary structure formation. The reliability of this sequencing
approach was evaluated on amplicons of six human genes:
AMELX (chromosome location Xp22.2), APOE (19q13.3),
HFE (6p21.3), MBL2 (10q11.2), SERPINA1 (14q32.1), and
TGFB1 (19q13.1).
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Material and Methods
DNA samples
In the study, seventeen reference DNA samples distributed in the frame of external quality assessment cycles
were tested: samples 05/10, 06/10, 05/11, 06/11, 01/12,
02/12, 05/12 and 06/12 (FV1 surveys, Referenzinstitut für
Bioanalytik, Bonn, Germany); samples B/09, C/09, 1/10,
2/10, 3/10 and 1/11 from the International Quality Control
Cycles (Faculty Hospital Brno, Czech Republic); and samples 1/11, 2/11 and 3/11 from the Inter-Laboratory Quality
Control Cycle no. 21 (Institute of Hematology and Blood
Transfusion, Prague, Czech Republic).
Polymerase chain reaction
Polymerase chain reactions for AMELX, APOE, HFE,
MBL2, SERPINA1, and TGFB1 genes were carried out in
25 ml of reaction mixtures containing 10× concentrated
PCR buffer (with 15 mM magnesium chloride), 200 mM
each of deoxynucleotides (Takara, Japan), 300 nM of the
appropriate pair of primers (Generi Biotech, Czech Republic), 50 ng of DNA, and one unit of Taq polymerase HS
(Takara). After initial denaturation (5 min at 95 °C), PCRs
were run for 30 cycles consisting of 60 sec denaturation
at 95 °C, 60 sec annealing (temperatures in Tab. 1), and
60 sec extension at 72 °C. The amplification was performed
in ABI 2720 thermal cycler (Applied Biosystems, USA).
PCR products were electrophoresed on a 2% agarose gel
with ethidium bromide (100 V, 90 min) and purified using
QIAquick Gel Extraction Kit (Qiagen, Germany). Sequences of forward and reverse amplification primers are provided in Tab. 1. The lengths of PCR products are in Tab. 2.
DNA sequencing
Each cycle sequencing mixture (20 ml) contained 8 ml
of RR-100 ready reaction premix (BigDye Terminator
v3.1 Cycle Sequencing Kit, Applied Biosystems), 500 nM
sequencing primer, and 5 ml of purified PCR products.
Standard or polyadenylated sequencing primers for each
gene were used in parallel. The adenylated primers (their
specific parts are shown in bold in Tab. 1) contained thirty
adenosine monophosphate nucleotides directly attached to
the 5′ ends during the primer synthesis (Generi Biotech,
Czech Republic).
Sequencing reactions included an initial denaturation
at 96 °C for 60 sec, followed by 30 cycles consisting of
denaturation at 96 °C for 20 sec, annealing at 50 °C for
20 sec, and extension at 60 °C for 4 min. Unincorporated
dye terminators, salts, and unused primers were removed
from the mixtures by BigDye XTerminator Purification Kit
(Applied Biosystems). In the case of MBL2 amplicons, ethanol/EDTA/sodium acetate precipitation and spin microcolumn purification (innuPREP DYEpure Kit, Analytik
Jena, Germany) were also used.

The purified extension products obtained were then separated using an ABI 3130 Genetic Analyzer with Performance Optimized Polymer 7 (Applied Biosystems) under
the following conditions: 36 cm capillary array length, electrokinetic sample injection at 1.2 kV for 8 sec, and separation at 8.5 kV and 60 °C for 30 min. The raw data were
analyzed using Sequencing Analysis Software version 5.3.1
(Applied Biosystems). All sequencing reactions were carried out in duplicate. Confirmation of data was performed
by opposite strand sequencing as described above.
Lengths of readable sequences for each amplicon were
expressed as mean values and standard deviations (Tab. 2).
To test differences between standard and adenylated primers, a Student t-test was performed. P values < 0.05 were
considered to be statistically significant.

Results and Discussion
Our study was focused on improving the sequence
readability of amplicons of six clinically relevant genes.
The APOE gene contains two polymorphic sites (in codons
112 and 158) that closely associate with type III hyperlipoproteinemia, cardiovascular diseases (7), and Alzheimer
disease (3). Mutations in the HFE gene (C282Y, H63D,
S65C, etc.) appear more frequently in subjects suffering
from hereditary hemochromatosis, porphyria cutanea tarda,
and worsen diabetic complications (14, 15). In the MBL2
gene, several single nucleotide polymorphisms cause mannose-binding lectin deficiency, resulting in recurrent infections and lung complications in cystic fibrosis (4). Genetic changes (S and Z mutations) in the SERPINA1 gene
decrease plasma concentrations of alpha-1-antitrypsin and
increase the risk of emphysema and/or liver disease (10).
The AMELX gene located on the X chromosome partly
differs from the AMELY gene lying on the Y chromosome.
The differences help to determine gender when performing DNA analysis. Mutations in the AMELX gene are associated with X-linked amelogenesis imperfecta (21). The
final gene studied, TGFB1, encodes TGFB1 protein that
regulates the growth and differentiation of cells, and tissue
repair. Many association studies concerning links between
TGFB1 polymorphisms and abdominal obesity, atherosclerosis, chronic obstructive pulmonary disease, bone diseases,
or cancer have been previously published (5, 8, 13).
Using PCR we generated eight amplicons of the genes
ranging from 106 bp to 680 bp. Figure 1 shows their electrophoretic mobilities on a 2% agarose gel. Similar intensities of the bands show comparable efficiencies of the
amplification reactions. Tab. 2 summarizes data received
by single strand sequencing analysis. When standard primers were present in the sequencing mixture, the loss of
nucleotides fluctuated between 20 and 53 according to the
amplicon. The loss did not depend on the chosen clean-up
procedure (see MBL2 analysis in Tab. 2).
Our data manifest that the lack of the initial bases significantly affected the readability, namely in amplicons
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shorter than 200 bp. In these amplicons, the missing
part represents 17–21% of the entire sequence. This fact
impairs the chances of finding mutations which cause the

genetic disease. For these reasons, opposite strand sequencing should be followed in order to assure a complete and
accurate reading of the amplicons.

Tab. 1: Accession codes, amplification primers and annealing temperatures used for PCR reactions and sequencing;
F = forward primers, R = reverse primers, sequencing primers are in bold.
Gene

Accession code

Annealing
(°C)

Primers (5′–3′)

TGFB1
promoter region I

GenBank EU_338454

F GCAGTTGGCGAGAACAGTTG
R TGGGTCACCAGAGAAAGAGG

63

TGFB1
promoter region II

GenBank
EU_338454

F CCAGGTGGAAGGTGGATTAG
R CTCCCTGATACTCACTGGAG

60

TGFB1
coding sequence

NCBI NG_013364.1

F CTGCTCCTGTGACAGCAGG
R AGGCCTCCATCCATCCAGGCTAC

63

NCBI NG_008196.1

F GCCTGCACCCAGATTGTAGG
R ATTGCAGAGACAGAACAGCCC

60

NCBI NG_007084.2

F AGAATTCGCCCCGGCCTGGTACAC
R TAAGCTTGGCACGGCTGTCCAAGGA

60

GenBank
Z92910

F ACATGGTTAAGGCCTGTTGC
R GCCACATCTGGCTTGAAATT

54

NCBI NG_008290.1

F TGAGGGGAAACTACAGCACCTCG
R AGGTGTGGGCAGCTTCTTGGTCA

59

NCBI NG_012040.1

F CCCTGGGCTCTGTAAAGAATAGTG
R ATCAGAGCTTAAACTGGGAAGCTG

56

MBL2
APOE
HFE
SERPINA1
AMELX

Tab. 2: Readability of sequencing products obtained in reactions with standard (STD) or adenylated (A) sequencing
primers; bp = base pairs, SD = standard deviation.
Gene
AMELX
SERPINA1
HFE
APOE
MBL2
TGFB1
coding sequence
TGFB1
promoter region II
TGFB1
promoter region I
a
d

Amplicon
(bp)
106
121
208
244
317

366
432
680

Primer
STD
A
STD
A
STD
A
STD
A
STD
STD a
STD b
A
STD
A
STD
A
STD
A

First readable
nucleotide
+23.
+1.
+22.
+1.
+29.
+1.
+20.
+1.
+25.
+25.
+27.
+1.
+53.
+15.
+44.
+9.
+31.
+7.

Readability
(mean ± SD)
84 ± 1
106 ± 0 d
100 ± 1
121 ± 0 d
180 ± 1
208 ± 0 d
225 ± 1
244 ± 0 d
293 ± 1
293 ± 1
290 ± 1
317 ± 0 d
314 ± 8
352 ± 6 c
325 ± 14
363 ± 32
593 ± 38
613 ± 6

Difference
(bp)
22
21
28
19
24
24
27
38
38
20

% of total
length
79
100
83
100
86
100
92
100
92
92
91
100
86
96
75
84
87
90

purified by ethanol/EDTA/sodium acetate precipitation; b purified by spin microcolumns (innuPREP DYEpure Kit); c P < 0.002;
P < 0.001.
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Fig. 1: Electrophoresis of the examined amplicons on 2%
agarose gel. Lines 1 and 9: DNA Marker XIII (Roche Diagnostics, Germany); line 2: AMELX amplicons (106 bp); line 3:
SERPINA1 amplicons (121 bp); line 4: HFE amplicons (208
bp); line 5: APOE amplicons (244 bp); line 6: TGFB1 amplicons (promoter region I, 366 bp); line 7: TGFB1 amplicons
(promoter region II, 432 bp); line 8: TGFB1 amplicons (coding sequence, 680 bp); line 10: MBL2 amplicons (317 bp).
Our preliminary results showed that usage of the
5′-tailed primers containing 40-bp neutral DNA sequence
(12) formed in some cases hairpin-loop structures at the 3′
end of primers (Fig. 2) resulting in mixed sequencing data.
Therefore, we decided to replace them by polyadenylated

Fig. 2: SERPINA1 gene specific sequencing primer (in
capital letters) with the neutral polynucleotide (upper part)
and polyadenylation (lower part) tails (lower case letters)
attached to the primer 5′ end. The complementarity of the
three bases between the primer 3′ end and the neutral polynucleotide tail makes a hairpin-loop secondary structure
which initiates primer elongation (lower case letters bellow
the right-left arrow) during the dideoxynucleotide sequencing reaction. These short sequencing fragments impair the
readability of the first twenty-six bases of sequenced amplicons. In contrast, the polyadenylated SERPINA1 sequencing
primer has a lower tendency to form secondary structures.

sequencing primers with a lower tendency to make a secondary structure. Primer polyadenylation at the 5′ end minimized the loss of bases and allowed us to extend the readability of the investigated amplicons. No mixed sequences
were aparent. Also, we did not observe any depurinated
fragments mentioned previously (17).
Table 2 shows that complete sequences of shorter
amplicons (AMELX: 106 bp, SERPINA1: 121 bp, HFE: 208
bp, APOE: 244 bp, and MBL2: 317 bp) were obtained. In
the case of longer products of the TGFB1 gene (366 bp, 432
bp, and 680 bp, respectively), the entire sequences were
not collected. However, the lengths of sequencing readings
were significantly longer if adenylated primers were used.
Opposite strand sequencing subsequently confirmed all our
findings.
In terms of improved readability, three different impacts
of primer adenylation on the results of the purification procedures should be highlighted: i) DNA fragments with 5′
polyadenosine tails are longer than conventional extension
products and, following gel filtration clean-up (BigDye
XTerminator Purification Kit), they remain in the supernatant used for capillary electrophoresis; ii) since adenylated extension fragments have higher molecular weights
than non-adenylated ones, all of them, including the shortest fragments, precipitate from the ethanol/EDTA/sodium
acetate mixture and are electrophoresed after pellet dissolution; iii) adenylated fragments are more effectively
adsorbed to the silica gel membrane inside purification
columns (innuPREP DYEpure Kit), and after elution the
fragments of all sizes are injected in the sequencing capillary. An example of the extended readability of adenylated
amplicons is given in Fig. 3.
Adenylated primers for dideoxynucleotide sequencing have a common composition and standard length of
the template-specific region (18–25 nucleotides). The

Fig. 3: Readability of AMELX aplicons (initial segment of
the first 29 bases) with standard (upper electropherogram)
and polyadenylated (lower electropherogram) sequencing
primers. In standard primer sequencing, the clear data
reading starts from base #26; ---- meaning lost part of the
nucleotides; XXX is an unclear part of the sequence.
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suggested number of adenosine nucleotides in the 5′ tail
should reflect the part of the amplicon lost during sequencing analysis with the standard primer. We believe that the
complete readability of TGFB1 amplicons mentioned in
Tab. 2 should be obtained using a primer with a tail of 40
or more adenosine nucleotides. The total length of polyadenylated primers is thus similar to primers modified
by the addition of GC clamps (20) for denaturation gradient gel electrophoresis, or adapters used for next generation sequencing (11). Each adenylated primer should be
designed not to form secondary structures and has to be
manufactured in HPLC grade purity.

Conclusions
Single strand dideoxynucleotide sequencing with adenylated primers is a universal, easier, cheaper, and less
time-consuming way to achieve complete or near complete
readability of short PCR amplicons when compared to the
standard double strand sequencing.
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