
New DNA sequencing technologies: challenges and
opportunities

Wally Gilks

Department of Statistics, University of Leeds
and

Department of Biomathematics and Bioinformatics, Rothamsted Research, UK

DNA sequencing technology

It is believed that the DNA of an individual (itsgenome), together with the DNA of its intra-
cellular organelles (such as mitochondria and chloroplasts) and associated epigenetic marks,
comprise the totality of information from which that individual was created. The genetic infor-
mation held by a DNA molecule is encoded in its sequence of bases: A, C, G and T. Knowledge
of the genome sequence of an organism is therefore fundamental to understanding its devel-
opment and functioning. It is also fundamental to understanding the differences between in-
dividuals within a species (the field ofgenetics); the evolutionary and functional relationships
between species (comparative genomics); and the composition of entire ecological communities
(metagenomics). Such studies can reveal the genetic basis of health and disease, opportunities
for genetic improvement of livestock and crops, or paths of ancient human migrations.

DNA sequencingis the experimental determination of the sequence of bases in a given DNA
molecule. The first methods, developed during the early 1970’s, were able to sequence no more
than a few dozen bases at a time. Of these, the chain-termination method of Fred Sanger became
the method of choice. Technical improvements to the Sanger method in subsequent years paved
the way for increasing automation, so much so that by 1990 thepossibility of sequencing the
entire human genome, containing 3 billion base-pairs, cameinto prospect. By 2003, through
the immense efforts of a global network of laboratories, this goal had been achieved.

The enormous scientific and commercial potential of genome sequencing has spurred devel-
opment of new sequencing technologies. Currentnext-generationmethods massively parallelise
the sequencing of relatively short fragments of DNA, achieving much higher throughput (up to
20 billion bases in a single run) with orders of magnitude reduction in cost, but at the price
of lower accuracy than the Sanger technique. Currently, three platforms dominate the market:
the Illumina Genome Analyzer; the Applied Biosystems SOLiDsystem; and the Roche Life
Sciences 454 system. Each of these methods begins by shattering the DNA sample into small
fragments, which are then immobilised onto a solid surface.The fragments are then amplified
by PCR to produce clones of sufficient size for detection. A sequence of enzymatic reactions
is then applied to the resulting clones in parallel and monitored optically, thereby reading the
sequence of each clone. The details at each stage of this process are platform-dependent.

DNA sequencing technology continues apace.Next-next-generation(or third-generation)
technologies aim to sequence single DNA molecules, facilitating simpler sample preparation
and obviating the PCR-amplification step. PCR-induced mutations and selection biases will
therefore be avoided. The first of these platforms, the Heliscope by Helicos, has now reached
the market. Pacific Biosciences expects to launch its platform in June, and Oxford Nanopore
and Complete Genomics have products under development. Single-molecule technology holds
the prospect of greatly increased read lengths. Table 1 compares the operating characteristics
of the main sequencing platforms.
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Platform Read Length (bases) Run time (days) Sequence per run (Gb)
2nd generation
Roche - 454 330 3.5 0.45
Illumina - GA2 100 4 18
Life - SOLiD 3 50 7 30
Polonator 26 5 12

3rd generation
Helicos - Heliscope 32 8 37
Pacific Biosciences 964 NA NA

Table 1: Comparison of operating characteristics of 2nd and 3rd generation sequencing platforms (ab-
stracted from Metzker, 2010).

Challenges

In 2006, the X Prize Foundation announced its Archon X Prize,promising to award $10 mil-
lion to “the first team that can build a device and use it to sequence 100 human genomes
within 10 days or less, with an accuracy of no more than one error in every 100,000 bases
sequenced, with sequences accurately covering at least 98%of the genome, and at a recurring
cost of no more than $10,000 (US) per genome” (http://genomics.xprize.org/archon-x-prize-for-
genomics/prize-overview). This prize has not yet been claimed. In some respects, this challenge
already seems outdated. Several companies have entered therace to develop a platform which
can sequence an individual’s genome for less than $ 1,000:the “$1,000 genome”. Some are
declaring imminent success, and others are promising a $100genome
(http://en.wikipedia.org/wiki/Genome_sequencing).

A major challenge is to reduce base-call errors; current next-generation platforms all have
base-call errors far in excess of traditional Sanger sequencing. This is a particular problem
when trying to identify single nucleotide polymorphisms (SNPs). The problem can be dealt
with through increased depth of sequence coverage, but thisof course drives up the cost per
consensus base-call, and also adds to the complexity of associated algorithms.

Another major challenge is to increase read lengths. Short error-prone reads are difficult
to reliably assemble into genome-scale sequences, in particular in regions containing repeated
subsequences. This problem also severely compromises the detection of copy number variations
(CNVs). Longer read lengths would substantially reduce this problem; this has been a strong
selling point of the Roche-454 system. Third-generation technologies may offer significant
improvements, as promised by Pacific Biosciences (see Table1).

A third major problem may be data storage and transfer. Currently, a common solution to
the problem of transfer of vast quantities of data from second-generation sequencing runs, is
to do it physically via a portable hard disk, which seems anachronistic in these times of high-
bandwidth internet connectivity. Third-generation technology will create orders of magnitude
more data, potentially challenging the capacity to store them.

Opportunities

The new high-throughput platforms for DNA sequencing, together with new bioinformatic
methods for short-read assembly, have produced reference genome sequences for many species.
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(A referencesequencehas near-complete coverage at high quality, for either a single individual
or a composite of several individuals.) Currently, the listof species with genome-sale data cu-
rated by Ensembl includes 52 vertebrate species, 8 plants, and many others
(http://www.ensemblgenomes.org/). The emerging field ofpaleogenomicsconcerns the se-
quencing and analysis of the genomes of long extinct species: a draft Neanderthal genome
sequence has recently been published (Greenet al., 2010).

To discover genetic variation within a species, genes or regions of the genome of interest
are resequencedin many individuals. This can reveal the location of SNPs or CNVs, and
characterise that variation probabilistically. It can also reveal the genealogical history of those
regions. Resequencing in patients and controls can identify genetic factors of disease. The
new sequencing technologies offer the possibility of entire genome resequencing, due to the
lower depth of coverage required when an accurate referencegenome sequence is available.
The 1000 Genomes Project, launched in 2008, aims to obtain full genome sequences in 1000
human individuals of different ethnic groups. The 1001 Genomes Project similarly aims for full
genome sequences in 1001 strains of the plantArabidopsis thaliana.

Gene-expression studies focus on a cell’s production of protein. Each of the thousands of
genes in a genome code for one or more proteins. Different cell types under different condi-
tions may produce different amounts of these proteins. Thisis usually measured in terms of the
transcriptional activity of each gene: that is, the amount of messenger RNA (mRNA) produced.
Microarray technology has been the high-throughput methodology of choice for more than a
decade, but imprecision and biases in output have hampered its usefulness. Microarray technol-
ogy is now giving way to RNA-seq: the high-throughput sequencing of whole-genome RNA
transcripts via the production of cDNA copies of each transcript. RNA-seq is more accurate
and provides greater detail than microarray technology. Inparticular, it can detect products of
previously unknown genes or unforeseen splice variants.

Much of the regulation of gene activity occurring naturallywithin a cell is mediated by
DNA-protein interactions. Proteins called transcriptionfactors bind to specific genomic sites.
The sequence-dependence of transcription-factor bindingsites is evident, but understanding of
DNA-protein interaction is not yet sufficient to predict their location with certainty. To discover
binding sites, methods have been developed to capture transcription factorsin situ. Chromatin
immunoprecipitation (ChIP) is a technique to isolate specific proteins bound to DNAin vivo.
To determine the DNA sequences bound in these ChIP complexes, microarray chips have been
used: this is the technique ofChIP-on-chip. However, as noted above, microarray technology is
currently being replaced by RNA-seq. The resulting technique ofChIP-seqnow provides much
sharper resolution of transcription factor binding sites.

Epigenetic marks on DNA can repress gene expression. These are inherited modifications
of individual DNA bases, the most studied of which is methylation of C bases in CpG dinu-
cleotides. Bisulphite treatment of DNA converts unmethylated Cs to Us, but leaves methylated
Cs unaffected. Sequencing of bisulphite-treated DNA thus reveals the location of those epige-
netic marks.

Surprisingly, the study of the three-dimensional layout ofthe genome has also benefitted
from next-generation sequencing technology. Lieberman-Aiden et al (2009) have developed
a technique calledHi-C, which begins by fixing the nucleus in formalin. The formalincross-
links portions of the genome which lie in close physical proximity. The DNA is then shattered,
and the loose ends of the cross-linked DNA fragments are thenjoined, creating a multitude of
hybrid fragments, each of which combines DNA from two genomically distinct but physically
proximal locations. Sequencing and analysis of these hybrid fragments then reveals the genomic
coordinates of each end of each fragment, thus allowing the construction of a genome-wide map
of long-range interactions.
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Creative application of next-generation sequencing, suchas theHi-C method of Lieberman-
Aiden et al (2009), illustrate the enormous potential of the technology, and emphasise that in
this new era of science we are limited mainly by our imagination.
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