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I. Summary

The four best known DNA sequencing techniques are reviewed. Important practical issues
covered are read-length, speed, accuracy, throughput, cost, as well as the automation of
sample handling and preparation. The methods reviewed are: (i) the Sanger method and its
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most important variants (enzymic methods); (ii) the Maxam & Gilbert method and other
chemical methods; (iii) the Pyrosequencing™ method — DNA sequencing in real time by the
detection of released pyrophosphate (PPi); and (iv) single molecule sequencing with
exonuclease (exonuclease digestion of a single molecule composed of a single strand of
fluorescently labelled deoxynucleotides). Fach method is briefly described, the current
literature is covered, advantages, disadvantages, and the most suitable applications of each

method are discussed.

2. Introduction

DNA sequencing techniques are key tools in many fields. A large number of different sciences
are receiving the benefits of these techniques, ranging from archaeology, anthropology,
genetics, biotechnology, molecular biology, forensic sciences, among others. A silent and
remarkable revolution is under way in many disciplines; DNA sequencing is promoting new
discoveries that are revolutionizing the conceptual foundations of many fields. At the same
time new and very important issues are emerging with these developments, such as bioethical
questions and questions related to public health and safety.

In this review we will follow the chronological development of the methods. We will start
in Section 3 with the methods developed by Sanger and his collaborators in the 1970s. The
Maxam & Gilbert method and other chemical methods are reviewed in Section 4. The PPi
method — based on detection of PPi released on nucleotide incorporation during chain
extension by polymerase — is reviewed in Section 5. The methods based on single molecule
detection are reviewed in Section 6. Finally, the concluding remarks are given in Section 7.

3. Sanger’s method and other enzymic methods

The first method described by Sanger and Coulson for DNA sequencing was called “plus and
minus’ (Sanger & Coulson, 1975). This method used Escherichia coli DNA polymerase 1 and
DNA polymerase from bacteriophage T4 (Englund, 1971, 1972) with different limiting
nucleoside triphosphates. The products generated by the polymerases were resolved by
ionophoresis on acrylamide gels. Due to the inefficacy of the ‘plus and minus’ method, 2 yr
later, Sanger and his co-workers described a new breakthrough method for sequencing
oligonucleotides via enzymic polymerization (Sanger e/ 4l. 1977). This method, which would
revolutionize the field of genomics in the years to come, was initially known as the chain-
termination method or the dideoxynucleotide method. Tt consisted of a catalysed enzymic
reaction that polymerizes the DNA fragments complementary to the template DNA of
interest (unknown DNA). Briefly, a 32P_labelled primer (short oligonucleotide with a
sequence complementary to the template DNA) was annealed to a specific known region on
the template DNA, which provided a starting point for DNA synthesis. In the presence of
DNA polymerases, catalytic polymerization of deoxynucleoside triphosphates (dNTP) onto
the DNA occurred. The polymerization was extended until the enzyme incorporated a
modified nucleoside [called a terminator of dideoxynucleoside triphosphate (ddNTP)] into

+he arawino chain.
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whereas the residue at the 3’-end was determined by the dideoxynucleotide used in the
reaction. After all four reactions were completed, the mixture of different-sized DNA
fragments was resolved by electrophoresis on a denaturing polyacrylamide gel, in four
parallel lanes. The pattern of bands showed the distribution of the termination in the
synthesized strand of DNA and the unknown sequence could be read by autoradiography.
For a better understanding of the Sanger reaction, see Fig. 1. The enzymic method for DNA
sequencing has been used for genomic research as the main tool to generate the fragments
necessary for sequencing, regardless of the sequencing strategy. Two different approaches,
shotgun and primer walking sequencing, are the most used (Griffin & Griffin, 1993). The
main aspects of each strategy are described below in more detail.

3.} Random approach

Also known as shotgun sequencing, this is a random process because there is no control of
the region that is going to be sequenced, at least in the usual procedures (there are exceptions,
for instance see the procedure described by Lander ef a/. 2001). Genomic DNA is randomly
fragmented (by sonication, nebulization, or other scission methods) into smaller pieces,
normally ranging from 2 to 3 kb. The fragments, inserted into a vector, are replicated in a
bacterial culture. Several positive amplifications are selected, and the DNA is extensively
sequenced. Due to the random nature of this process, the sequences generated overlap in
many regions (Adams ef a/. 1996). The process of overlaying or alignment of the sequences
is called sequence assembly. Shotgun sequencing normally produces a high level of
redundancy (the same base is sequenced 6-10 times, in different reactions) which affects the
total cost. A new variation of the method introduced by Venter ¢f a/. (1996) involved
shotgunning a whole genome at once. This strategy depended enormously on computational
resources to align all generated sequences. However, the efforts were rewarded with the
sequencing of the Haemophilus influengae genome in only 18 months (Fleischmann e a/. 1995)
and, more recently, the human genome (Venter ef /. 2001).

Shotgun sequencing is well established, with ready availability of optimized cloning
vectors, fluorescently labelled universal primers, and software for base calling and sequence
assembly. The whole process has a high level of automation, from the cloning of the vectors
and colony selection to the bases called. A simplified diagram of the shotgun process is
summarized in Fig. 2. Although the random approach is fully compatible with automation,
it can produce gaps in the sequence that can only be completed by direct sequencing of the

region.

3.2 Direct approach

The other approach for genomic sequencing is the direct sequencing of unknown DNA
within sites in which the sequence is known. For example, an unknown sequence of DNA
is inserted into a vector and amplified. The first sequencing reaction is performed using the
primers that hybridize to the vector sequence and polymerize the strand complementary to
the template. A second priming site is then chosen inside the newly generated sequence,
following the same direction as the first one. This approach is known as primer walking
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Fig. 1. Schematic representation of a sequencing process (‘four-colour Sanger’): starting from many
copies of the ssDNA to be sequenced, bearing a known ‘marker’ at the beginning of the unknown
sequence, a short oligonucleotide ‘primer’ complementary to this marker is hybridized (i.e. paired) to
the marker, in the presence of DNA polymerase and free nucleotides. This hybridization initiates
reconstruction by the polymerase of a single strand complementary to the unknown sequence (4).
Including in the nucleotide bath in which the polymerization takes place a small fraction of fluorescently
labelled dideoxynucleotides (one different dye for each nucleotide type), which lack the OH group
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Fig. 2. Random sequencing approach or shotgun. The distinct processes involve first fragmentation of
the DNA into 2-3 kbp range, fragments are then cloned into vectors and introduced into host cells for
amplification. After purification, the DNA from individual colonies is sequenced, and the results are
lined up with sequence-assembly programs.

random), as seen in Fig. 3. However, it requires the synthesis of each new primer, which, in
the past, was time consuming and expensive, especially when dye-labelled primers were used.

Some alternatives were introduced to overcome the problems of time and cost (Ruiz-
Martinez et a/. 1996). Although slightly different, these approaches shared the same idea of
using a short oligonucleotide library as a means to create a longer primer. The number of all
sequences possible for an oligonucleotide with # bases is equal to 4". It was proposed by
Kieleczawa et al. (1992) that a hexamer library containing 4096 oligonucleotides could be cost
effective. While each new 18-mer primer is used only once for each new reaction site

newly synthesized ssDNAs are then separated by size electrophoretically [see electropherogram in (4)]:
consecutive peaks correspond to DNA fragments differing by one base, and each line corresponds to
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