
Review

Advantages and limitations of next-
generation sequencing technologies:
A comparison of electrophoresis and
non-electrophoresis methods

The reference human genome provides an adequate basis for biological researchers to
study the relationship between genotype and the associated phenotypes, but a large push
is underway to sequence many more genomes to determine the role of various specifi-
cities among different individuals that control these relationships and to enable the use
of human genome data for personalized and preventative healthcare. The current elec-
trophoretic methodology for sequencing an entire mammalian genome, which includes
standard molecular biology techniques for genomic sample preparation and the
separation of DNA fragments using capillary array electrophoresis, remains far too
expensive ($5 million) to make genome sequencing ubiquitous. The National Human
Genome Research Institute has put forth goals to reduce the cost of human genome
sequencing to $100 000 in the short term and $1000 in the long term to spur the
innovative development of technologies that will permit the routine sequencing of
human genomes for use as a diagnostic tool for disease. Since the announcement of
these goals, several companies have developed and released new, non-electrophoresis-
based sequencing instruments that enable massive throughput in the gathering of
genomic information. In this review, we discuss the advantages and limitations of these
new, massively parallel sequencers and compare them with the currently developing next
generation of electrophoresis-based genetic analysis platforms, specifically microchip
electrophoresis devices, in the context of three distinct types of genetic analysis.
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1 Introduction

The draft [1, 2] and finished [3] genomic DNA sequences
resulting from the completion of the Human Genome
Project were composed of genetic information from a
collection of several individuals and have made a wealth of
information accessible to biological researchers to use and
expand upon in various fields, for projects such as
recognizing disease susceptibility [4], exploring mechanisms
of human evolution [5], and developing pharmaceuticals [6].
While having the reference sequence for ‘‘the’’ human

genome may aid in understanding the correlation between
DNA sequence and associated phenotypes, there would
clearly be substantial scientific and medical benefits derived
from obtaining the detailed, highly accurate sequences of
many more individual human genomes, allowing research-
ers to fully understand these relationships and to develop
truly personalized medicine by using the particular genome
sequence of a patient as a diagnostic tool to help prevent and
treat illness [7, 8].

Toward this end, the National Institutes of Health
(NIH), specifically the NIH’s National Human Genome
Research Institute (NHGRI), has actively sponsored
researchers with $99.5 million of external funding to
develop sequencing technologies since the completion of the
Human Genome Project [9–12]. These funds were disbursed
to aid in developing the next generation of sequencing
instruments, which aim at sequencing the full human
genome at the much lower costs of $100 000 initially and
then as little as $1000, as the new technologies mature.
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These allocated research funds have provided grants to both
academic groups and corporations for developing promising
technologies. However, the majority of recent scientific
breakthroughs toward developing these new technologies
have been made by independent corporations.

One approach to reducing DNA sequencing costs has
been to increase throughput by the use of massively parallel
DNA sequencing systems that can determine the sequence
of huge numbers of different DNA strands at one time [13,
14]. These systems allow millions of ‘‘reads’’ (contiguous
regions of DNA sequence) to be gathered in a single
experiment, in contrast to current capillary electrophoresis
instruments, the throughput of which is limited by a 96-
capillary array like the ones used to sequence the first
human genome (currently!700 high-quality bases/capil-
lary/hour). The first of these new, massively parallel
sequencing systems arrived in the commercial marketplace
only within the last few years and were designed and
produced by 454 Life Sciences, Illumina, and Applied
Biosystems [15–18]. Since then, a flurry of new genomic
research projects have been undertaken that utilize the
tremendous throughput advantages of these systems
[19–29]. However, to date it seems that these new approa-
ches are not yet much lower in cost than electrophoresis
technologies, when everything is considered. This review
will provide an overview of each of the new or ‘‘next
generation’’ DNA sequencing instruments, with their
different technological approaches, that are currently avail-
able commercially and will compare their cost and effec-
tiveness with those of traditional Sanger-based sequencing
by electrophoresis in the context of various, specific DNA
sequencing applications. This field is currently developing
and evolving with extreme rapidity, which means that
certain quantitative information (e.g. cost estimates) that we
provide in this review could be out of date rather quickly.
However, it is not just cost that is worth discussing with
regard to these new technologies and how they compare
with the current best and best potential electrophoresis
instruments. Our broader aim is to convey to the general
reader, who may not be an expert in next-generation
sequencing technologies, our understanding of the current
state of sequencing technologies. What is written here is
based primarily on peer-reviewed studies that have been
published, which we feel is the best approach; we have cited
only non-peer-reviewed sources when absolutely necessary
because a lack of other sources and these instances are
clearly mentioned.

2 Next-generation sequencing
technologies

2.1 Pyrosequencing

The sequencer developed by 454 Life Sciences is based on a
sequencing-by-synthesis technique called pyrosequencing
[30–34]. This method does not utilize chemically bound

fluorophores to detect incorporated bases of DNA. Rather, as
a nucleotide is incorporated into the growing DNA strand,
pyrophosphate is released, which is then enzymatically
converted to ATP. When the ATP comes into contact with
the enzyme luciferase, light is produced. dNTPs are added
individually and sequentially to the growing DNA molecules,
such that each flash of light signaling the incorporation of a
nucleotide can be correlated with which specific nucleotide was
incorporated. Drawbacks of this technology include a require-
ment for rigorous sample washing between nucleotide
additions, the need for new enzyme addition with each
nucleotide addition, and the fact that the signal intensity must
be correlated with the number of bases incorporated, which
proves problematic for the sequencing of homopolymeric
regions that are greater than three bases in length.

The first instrument created using this technology,
454’s GS20 instrument, was shown to be able to read up to
25 million bases of a bacterial genome in a single four-hour
run [17]. The authors used emulsion PCR on 28-mm beads to
amplify the genomic DNA. The beads were deposited with
30% efficiency on a glass Picotitre Plate [35] with approxi-
mately 1.6 million wells, a well center-to-center distance of
50 mm, and a well depth of 55 mm. The GS20 was able to
obtain average sequencing read lengths of 110 bases with a
raw read accuracy of 96%.

454 has since released a second, improved sequencer,
the GS-FLX, which is able to obtain average read lengths of
250 bases and is able to perform mate-paired reads.
According to the listed specifications for the GS-FLX system
(http://www.454.com), the throughput specifications indi-
cate that an average of 100 million DNA bases can be
sequenced in a 7.5-h run. This instrument has been used to
perform the resequencing of an entire human genome at
7.4" coverage, reportedly for less than $1 million (although
exactly how this calculation was made is not clear); and with
a raw base accuracy of 99.5% [36]. However, based on current
list prices for the GS-FLX system, the current cost for all the
reagents, including the picotiter plate, library preparation kits,
and emulsion PCR kits, to perform a single experiment
is!$7000. Therefore, for each level of coverage of the 3 giga-
bases (Gb) human genome, an approximate cost of $210 000 is
expected. For the human genome resequencing project
completed at stated coverage, the expected cost should
approach $1.54 million for a perfectly efficient process in
which no analyses need to be repeated. However, deviations
from the list price of reagents and other consumables,
throughput higher than currently reported, or the specific
manner of accounting various costs may account for this
discrepancy.

2.2 Fluorescently labeled sequencing by synthesis

The massively parallel Genome Analyzer system developed
by Illumina is also based on sequencing by synthesis [15].
Unlike 454 Life Sciences, fluorescently labeled, reversible
nucleotide terminator chemistry is utilized on this platform,
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similar to the sequencing-by-synthesis technologies
described previously [37–39]. This system utilizes a dense
array of small adapter molecules covalently bound to a glass
surface. A small percentage of these adapters are also
covalently bound to a DNA template. The tethered
fragments are then replicated using several rounds of PCR
to form a very dense cluster of the DNA templates tethered
to adapters. The sequencing process begins with the
addition of sequencing primers, fluorescently labeled
reversible dNTP terminators, and DNA polymerase. After
the corresponding complementary base has been incorpo-
rated into the first position, the polymerization is tempora-
rily halted because of the 30 terminating group attached to
the incorporated dNTP. The unincorporated reagents are
then washed away, a laser is used to excite the bound
fluorescent labels, and the signal is recorded. The fluor-
escent label and the terminating group attached to the
incorporated base are then removed, allowing for further
extension of the DNA fragment. The DNA extension
reaction is reinitiated by adding more labeled dNTPs and
DNA polymerase to extend the growing fragment by one
modified base. The reagents are washed away and the
second position is interrogated by laser excitation of the
fluorophore. The process is then repeated for 36–50 cycles,
depending on the DNA library utilized.

According to product information available from Illu-
mina (http://www.illumina.com), this system is capable of
read lengths of up to 50 bases for fragment libraries and 36
bases for mate-paired libraries, with a raw base-calling
accuracy of 98.5%. In addition, the reported throughput for
this instrument is approximately 3 Gb per run and requires
5 days for each run. This throughput corresponds to
approximately 7000 bases per second. Based on the listed
reagent costs, each run of the instrument costs approxi-
mately $6300 (4800 bases for one cent).

2.3 Sequencing by hybridization and ligation

The massively parallel sequencing system developed by
Applied Biosystems (ABI), called Sequencing by Oligo-
nucleotide Ligation and Detection (SOLiDTM), is based
on a hybridization and ligation chemistry scheme [40].
This instrument uses a set of fluorescently labeled
hybridization probes that each comprise eight bases, with
the first three being degenerate bases and the final three
being ‘‘universal’’ bases that are always the same. The
fourth and fifth bases together are one of the 16 possible
dinucleotide sequences and are responsible for the specifi-
city of hybridization. All 16 probes are introduced to the
system and hybridization occurs based on complementary
base-pairing. A properly (fully) hybridized probe can be
ligated to the primer by DNA ligase in the system. The
incorporated probes are then identified by the detected
fluorescence from excitation of the attached label. Cleavage
then occurs after the fifth base of the probe, removing the
three universal bases and the fluorescent label, and then the

next hybridization process begins. The DNA bases are
therefore always interrogated at positions five bases apart.
After seven hybridization and ligation extensions, the probes
are removed from the templates and a new round of
sequencing begins with primers one base closer to the
beads. This process is repeated until all bases of the
template have been identified. This method leads to
sequencing each position twice, enabling a reported
99.94% raw read accuracy, and a capping step that prevents
any unligated strands in a round from undergoing
hybridization and ligation in subsequent rounds should be
able to eliminate dephasing.

No peer-reviewed publications are available that describe
in detail the steps that are followed in DNA sequencing
using the SOLiDTM system. However, based on the infor-
mation available from Applied Biosystems (http://solid.
appliedbiosystems.com), this method allows for the
sequencing of both fragment libraries (with read lengths up
to 35 bases) and mate-paired libraries (with read lengths up
to 25 bases). This system utilizes 1-mm beads that have DNA
fragments covalently linked to the surface. The beads are
then deposited on glass slides and covalently bound to the
surface with a density of greater than 300 million beads per
slide. After deposition of the beads, the sequential hybridi-
zation-based DNA sequencing process begins using the
hybridization fragments or probes. For a mate-paired
library, the average time required to run the instrument
once is 10 days. At a throughput of 6 Gb per run, this
translates to approximately 7000 bases per second.

In March 2008, Applied Biosystems issued a press
release detailing a study performed by their researchers
aimed at resequencing the genome of an anonymous
Nigerian male, which they said cost $60 000 (http://press.
appliedbiosystems.com). However, this study has not been
published in a peer-reviewed journal; hence, the details are
not publicly known. According to the press release, the
sequencer performed seven runs to sequence 36 Gb (for
12" coverage). At the currently listed prices for reagents,
the cost of a single run is approximately $7700 (7800 bases
for one cent), which agrees reasonably well with the
cost estimation given by Applied Biosystems for their
resequencing effort.

2.4 Microchip electrophoresis-based sequencing

The current workhorse technology for genome sequencing
centers has been and at the moment remains capillary array
electrophoresis (CAE) instruments [41–44]. These systems
utilize replaceable polymer networks to perform the
separation of fluorescently labeled DNA sequencing frag-
ments generated by the Sanger cycle sequencing reaction
and provide nearly completely automated size-based separa-
tion and analysis of the ssDNA fragments. These CAE
machines use bundled capillary arrays to perform the
simultaneous electrophoretic separation of sequencing
ladders in 16–96 capillaries in parallel. The separation
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process, including polymer matrix formulation, tempera-
ture, and denaturant, has since been optimized such that it
provides very long sequencing read lengths (>700 bases) in
1–2 h of electrophoresis [45, 46]. However, the cost
reductions necessary to meet the goals put forth by the
NHGRI are unlikely to come from advances in capillary
electrophoresis technology; the preparation of one sample
for each capillary is a very expensive step, proportionally.
The introduction of an integrated microfluidic sequencing
system, especially if a lower cost, higher throughput sample
preparation method could be used, could reduce the
required sample and reagent volumes, shorten analysis
times due to shorter separation channels, and reduce the
time needed for sample preparation. Such a system would
increase throughput by streamlining the entire sequencing
process.

Initial work toward developing integrated microfluidic
devices focused on combining sample preparation steps
with separation and detection by combining a microscale
PCR chamber and separation microchannel on the same
chip substrate [47–52], which has been advanced by the
development of techniques to perform very rapid DNA
amplification in microchannels using IR-mediated PCR [53,
54]. Other integrative work has focused on performing
sample cleanup steps prior to electrophoresis and sample
detection. The Mathies group has focused on developing
protocols to purify DNA sequencing extension fragments
between the amplification and separation steps [55–57]. In
the most recent work, oligonucleotides complementary to
the region of the sample directly 30 of the primer site are
covalently incorporated into a narrow region of the
separation matrix near the cathodic end of the separation
channel. The sample from the amplification step is then
carried past this ‘‘capture gel’’ at low temperature, such
that the extension products hybridize to the oligonucleo-
tides while the buffer salts, unreacted primer, and free
nucleotides that could prevent an efficient electrophoretic
sample injection are carried to a waste well. The tempera-
ture of the system is then raised such that the captured
fragments denature and electrophoresis is performed to
separate the sequencing fragments. By demonstrating this
‘‘DNA capture gel’’ process, this group has shown that the
detection of fluorescently labeled DNA sequencing frag-
ments can be achieved down to attomolar concentrations, a
unique and exciting contribution to the DNA sequencing
field.

The Landers group at the University of Virginia has
focused on integrating on-chip sample purification prior to
DNA amplification and detection. The sample purification
process that they have developed is a solid-phase extraction
using silica beads, sol-gels, and silica/sol-gel hybrids [58–60]
to remove genomic DNA from cell lysis products. The
genetic material is then amplified, electrophoretically sepa-
rated, and detected. In fact, the Landers group has shown
that all of these processes can be achieved sequentially on a
single microfluidic platform, making possible a system with
‘‘sample-in, answer-out’’ capability [61]. However, this group

has not yet demonstrated the four-color sequencing of
Sanger samples by utilizing this method.

Our group has recently reviewed these sample
preparation methods and their potential for use in comple-
tely integrated microfluidic sequencing systems [62], as well
as the potential for fine-tuning the chemical and physical
properties of the polymer separation matrix [63–67] for more
effective DNA sequencing separations. However, no group
has yet developed a system that integrates all of the elements
of the DNA sequencing process onto a single microfluidic
platform to enable sequencing of entire complex genomes;
this will be an exciting development when such a system is
successfully created, especially for ‘‘medical sequencing’’,
i.e. the rapid sequencing of specific human gene regions
that have clinical significance.

3 Implications for genetic analysis
applications

The NHGRI has set the target cost for sequencing the
human genome at $100 000 in the short term and $1000 in
the long term. The motivations for using the cost of a
human genome as a benchmark are clear, since determin-
ing the entire genetic sequence of a human should also give
the same information that can be gathered by other methods
of genetic analysis, such as STR sizing and mutation
detection via single-stranded conformation polymorphism,
and with much more detail. In this section we discuss the
advantages and disadvantages of using various new
sequencing technologies for several different applications
of genetic analysis.

3.1 De novo sequencing of the human genome

For de novo sequencing of the 3 Gb of the human genome
(or, 6 Gb if one considers a diploid genome) with massively
parallel sequencing technologies, the coverage requirements
are expected to be much greater (>20" coverage) than is
needed for CAE due to the relatively short read lengths that
these systems provide [68]. Thus, based on the calculated
costs-per-base using the 454 GS-FLX instrument and
estimating a necessary coverage of 30" , performing the
raw reads required for de novo sequencing a 3 Gbp human
genome would have a retail cost of approximately $6.1
million. Assuming similar coverage requirements are
necessary using the Applied Biosystems and the Illumina
sequencing instruments, performing the raw reads required
for de novo sequencing of a human genome would cost
approximately $80 K and $130 K, respectively.

The (admittedly very rough) prediction of these excit-
ingly low values must be tempered by the fact that they are
based on a number of assumptions. The coverage require-
ments were assumed to be the same for each technology,
despite nearly an order of magnitude higher read lengths
using instruments from 454 compared with those from ABI
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and Illumina. Read length has been shown to be extremely
important for the assembly of contigs and especially, for
accurate final genome assembly when using these new
technologies [68], which may indicate that much higher
average coverage levels and finishing costs are necessary
when using read lengths of 25–35 bases rather than read
lengths of 250 bases, especially if the necessary contig
overlap sequence approaches or surpasses the obtained read
lengths. While mathematical distributions can be used to
estimate the needed sequencing redundancy [69], the exact
dependence of necessary coverage on read length is not
known, and it may also be highly dependent on the type of
genome assembly algorithm used and the accuracy of the
reads, as well as how complex (or repetitive) various parts of
the genome itself happen to be. The number of required
sequencing runs, which largely determines the cost, is likely
to be greatly affected by the determined minimum sequence
coverage and the subsequent design of experiments,
including using both fragment and mate-pair libraries,
necessary to perform the genome sequencing and assembly.
Even with extremely high raw coverage of each individual
base, it may be extremely difficult and maybe impossible for
very short reads to be correctly and fully assembled without
mapping them to a reference genome [70, 71].

Sanger-based de novo sequencing of the human genome
is being primarily performed by capillary sequencers run in
parallel, since the introduction of a microfluidic electro-
phoresis platform for these types of analyses has not yet
occurred. The current cost of sequencing a human genome
is approximately $5 million, based on an NIH news release
[12], which may or may not include other sequencing tech-
nologies in the calculation of this cost. The CAE method is
the current standard due to its long read lengths (!600–900
bases), which enable relatively straightforward paths to
genome assembly. However, the current methodology using
capillary-based systems is too expensive for the routine
collection of genome sequences. Electrophoresis-based
Sanger sequencing has the potential to be streamlined by
utilizing microfluidic platforms, which would lower reagent
volumes, require smaller sample quantities [56], decrease
analysis times [67], enable parallel sequencing separations
[66], and integrate the individual steps of the sequencing
process [57]. Since the sequencing steps are serialized,
though, integrated microchip sequencers would be limited
in throughput by the slowest step in the complete process.
However, a microfluidic sequencing system should be able
to obtain read lengths on the order of current CAE instru-
ments in a fraction of the time, which should facilitate
genome assembly and reduce the finishing costs relative to
technologies with shorter read lengths.

3.2 Human leukocyte antigen (HLA) system
compatibility testing

The HLA system is the region of the human genome that is
responsible for encoding antigen-presenting proteins on cell

surfaces, which are presented to T cells to prevent pathogens
from infecting the body. The similarity of these sequences
from one person to the next largely determines whether an
organ transplant is rejected or succeeds based on a sufficient
level of immunocompatibility. Thus, ascertaining (with
ideally perfect accuracy) the DNA sequence of the HLA
genes of a patient can help to determine a priori the viability
of a prospective transplant [72]. The HLA system comprises
an !4Mb region of human chromosome six that contains
more than 200 genes [73, 74]. Of these 220 genes, 21 are
highly polymorphic and contribute significantly to the
outcome of organ transplants [73]. These polymorphic
genes can be kilobases in length, with exons of 450 bases
or less.

Technological requirements to make sequencing HLA a
pervasive medical diagnostic tool include stringent accuracy
of the sequencing of this region, speed, low costs, and
virtually complete automation. A difference in one codon of
the sequence in the HLA system could vastly alter the
function of the resulting protein, which is critical in this
clinical environment. To enable this tool to be widely used,
the time from sample collection to receiving the results
must be minimized and the sequencing capability must be
near the clinic in which the information is used, preferably
in the same hospital. For the instrument to be present in the
hospital, sample automation is preferable to minimize
excessive training requirements on hospital personnel.

Massively parallel sequencing systems could be effec-
tively used for this application. While the instruments from
454, Applied Biosystems, and Illumina produce shorter read
lengths, they have the ability to provide deep coverage of the
sequences studied, which may allow for consensus
sequencing of HLA for a patient, assuming feasible
assembly of the read lengths obtained. Based on the
throughput of each instrument and sequencing the entire
4 Mb HLA region, the expected coverage of one run from
the GS-FLX is 25" (which is likely too low for such high
accuracy requirements), from the SOLiD Sequencer is
750–1500" , and from the Genome Analyzer instrument is
750" . However, if the clinical need is to sequence a few
polymorphic genes or exons of interest instead of the entire
HLA region, the necessary assembled sequences change to
the order of hundreds or thousands of bases instead of
megabases. More coverage of these regions would then be
possible, but a very small region of interest may lead to
redundant oversampling and a more costly sequence. A
possible solution in these instances would be to include
several samples in the same run to reduce the cost per
sample, which is theoretically possible due to the ability for
each of the sequencing substrates to be physically subdi-
vided (or in the case of the GS-FLX, using sample-identify-
ing ‘‘barcodes’’ to eliminate the need for actual physical
isolation of samples), but sample cross-contamination
within the instrument or regulations imposed by a govern-
ment agency, such as the FDA, may make this infeasible.

While all of the massively parallel instruments have the
capacity to run ‘‘hands-free,’’ each has intensive sample
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preparation protocols, which would need a dedicated and
well-trained staff to perform. The time required to run these
instruments also inhibits their clinical acceptance. Since
HLA compatibility is important for transplant cases,
analysis of samples may be time-sensitive on the order of
hours and the massively parallel systems require days to
complete a run (sample preparation and instrument
run time). The initial capital investment of the half a million
dollars that each instrument costs may also prove infeasible
for many clinical settings. Finally, if one run were
performed using each of these instruments, the cost of
the test can be approximated as simply the cost of the
reagents. Therefore, the absolute minimum the test would
cost using the GS-FLX is !$7000, using the SOLiD
Sequencer is !$7500, and using the Genome Analyzer is
!$6300. Any application that would utilize these technolo-
gies would have such a minimum cost, which may be
prohibitive in certain environments, specifically clinical
settings. These costs could be lowered by running multiple
samples at a time, but the challenge of limiting cross-
contamination remains.

When comparing the cost of using electrophoresis-
based sequencing to perform this test, scaling the current
cost necessary to sequence the full human genome to the
4 Mb HLA region translates to a cost of !$6700. The accu-
racy requirements for this application are higher than for
the full genome, so the costs will most likely be higher than
this value. However, for directed sequencing of individual
genes or exons, the long read lengths of Sanger sequencing
would require much lower coverage than the massively
parallel sequencers and would enable more rapid assembly
of contigs, lowering the overall costs. Furthermore, directed
sequencing using a microfluidic electrophoresis instrument
could be accomplished in a matter of hours, given the
shorter times that will likely be required for sample isola-
tion, PCR, and separation.

3.3 Human STR genotyping

Human identification by genetic methods was developed
by observing characteristic sequence repeats in kilobase-
sized ‘‘minisatellites,’’ repetitive regions that are present in
each human genome, and comparing them to one another
[75]. Since that time, methods have been developed to utilize
shorter, but still highly polymorphic, microsatellites of
the human genome for forensic DNA testing. These
variable-length STR alleles, ranging in size from 50 to 500
bases, are most commonly amplified in a multiplex PCR
and then the fragments are separated using capillary
electrophoresis [76]. The samples are then genotyped by
comparison with an allelic ladder standard included in the
electrophoresis.

To use a massively parallel sequencing system for
human identification, sequencing can be performed using
the same, and possibly more, loci used for current STR
analysis. The STR regions are repetitive by nature, which is

one of the more difficult sample types for these systems to
analyze properly due to short read lengths and possibly
dephasing in the GS-FLX. Even with high degrees of
coverage, assembly of these highly repetitive regions may
prove very difficult. The accuracy requirements for these
analyses are very rigorous due to their use in the legal
system [77]. It is unclear whether multiple samples from
multiple individuals could be run simultaneously on a
single instrument without the possibility of cross-contam-
ination. If multiple samples could not be run simulta-
neously, the minimum cost per run and time per run for the
massively parallel sequencers would be prohibitively
expensive, as in the HLA discussion, as would the capital
cost of procuring one of these instruments for the resulting
sample throughput.

Using electrophoresis-based methods is the current
standard for performing genotyping assays. Several multi-
plexed loci kits are available for forensic genotyping, and
most of these analyses are performed on capillary array
instruments. Since these kits were designed for CAE,
microsatellites were chosen such that many loci could be
typed on a single run of the instrument with a multiplexed,
multicolor system. As such, only a handful of runs may be
necessary in order to obtain very accurate and reliable
measurements, which would only necessitate one instru-
ment. Since the cost of performing DNA separation by
electrophoresis scales as the number of runs performed, the
costs could be minimized by only running the absolute
lowest number of experiments necessary for a certain error
tolerance level. Furthermore, it has been previously shown
that all 13 CODIS loci need not be interrogated to positively
identify an individual [78], reducing the experimental time
and cost requirements even further. Thus, electrophoresis
holds a distinct cost and time advantage over massively
parallel sequencing technologies for performing genotyping
assays, owing to its highly scalable experimental cost and
times.

4 Concluding remarks

Recent improvements in sequencing technology have
yielded the advent of massively parallel DNA sequencing
systems, which produce short read lengths (25–250 bases) at
very high densities. The sequencing technologies from 454
Life Sciences, Applied Biosystems, and Illumina have been
discussed, to the extent that detailed information is
currently available, and compared to electrophoresis-based
genetic analysis in the context of three separate case studies:
de novo human genome sequencing, HLA system compat-
ibility testing, and human STR genotyping. For large-scale
sequencing applications, the newer, massively parallel
systems hold distinct throughput and cost advantages.
However, only one peer-reviewed article has been published
detailing the work and results of performing a resequencing
project, which has quite different specifications than a
de novo genome sequencing project. The finishing costs of
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obtaining a genome sequence de novo using a massively
parallel sequencer are likely to be high, owing to difficulties
inherent in assembling very short read lengths. However,
it may prove most feasible and most cost-effective
in the future to perform high-throughput sequencing
on a large portion of the genome and also to perform
directed sequencing using electrophoresis-based platforms
on regions for which longer read lengths would ease
assembly. This combined approach seems promising based
on a recent study that describes the difficulty of successfully
using massively parallel sequencing to identify copy number
variations in the human genome, for repeats with sizes
larger than 5 kbp, owing to the shorter read lengths obtained
with these technologies and these instruments’ inability to
sequence and map within repeat-rich regions of the human
genome [79]. Such considerations were also stated as the
motivation for using CAE for the recent de novo sequencing
and assembly of a different individual [80].

Directed genetic analyses such as HLA compatibility
testing and forensic genotyping assays present separate
challenges. Both are preferred to be inexpensive, easy to
perform, and stringently accurate, with the potential for
incorporation into acute clinical and perhaps military of
disaster-site settings. Estimates of the costs for achieving
consensus sequencing of the HLA complex are similar for
both electrophoresis-based and non-electrophoresis-based
platforms, but the desired high throughput would require
several electrophoresis instruments to be used in parallel,
increasing the overall capital cost, whereas a single
massively parallel sequencer could be envisioned perform-
ing all of the sequencing for this 4 Mb region in a single
run. For STR genotyping assays, very small, repetitive
regions of the genome are interrogated. For these studies,
as in the HLA scenario, one massively parallel run could be
used to perform all of the analysis. If multiple samples
are precluded from being genotyped on the same sub-
strate, using one of these sequencers for only one
sample may result in oversampling, leading to redundant
coverage. The minimum cost for these experiments is fixed
at the cost of reagents necessary for one sequencing run,
and will likely be too expensive, especially for clinical
use. Furthermore, massively parallel sequencers have an
intrinsic limitation in sequencing highly repetitive regions,
owing to the short read lengths produced by these systems.
Electrophoresis-based platforms are capable of very long
read lengths, which can easily and accurately read through
repeat-rich sequences, and have an inherently scalable time
and cost structure, based solely on the number of experi-
ments run. Therefore, if only five runs are needed to provide
accurate analysis, only five runs are performed with their
associated costs.

We have shown that ‘‘next-gen’’, massively parallel DNA
sequencers offer many potential benefits in performing
genetic analyses, especially for large-scale projects.
However, one of the major drawbacks that limits their use,
especially in de novo sequencing, is the short sequencing
read lengths they provide. A new technology, which

combines the massive throughput of the next-gen sequen-
cers with the long read lengths achieved by electrophoresis-
based Sanger-sequencing, would enable rapid, high-quality
production of de novo genome sequences. Two companies
that are currently exploring single-molecule sequencing
technologies with these goals in mind are Visigen and
Pacific Biosciences [81]. Their technologies are similar to
each other, with both Visigen [82–85] and Pacific Bios-
ciences [86–90] using a single DNA polymerase molecule
covalently bound to a glass surface. As a DNA molecule is
synthesized, the identity of each incorporated base is
recorded in real time. These methods aim to take advantage
of the high synthesis rates of DNA polymerase and should
be able to achieve read lengths limited only be the incor-
poration efficiency and fidelity of the DNA polymerase,
which should be on the order of 1000 bases or probably
more. These systems have great potential to impact the
future of de novo human genome sequencing projects, but
may have drawbacks for smaller scale genetic analysis
applications that are similar to those of current massively
parallel sequencers.

At the present time, human genome sequencing is still
a great distance away from the lofty goal of a $1000 genome
that was put forth by the NIH/NHGRI to pave the way for
personalized medicine. The development of new technolo-
gies has certainly transformed how large-scale genetic
research is done, but significant technological hurdles
remain. Even if Visigen, Pacific Biosciences, or some
other group succeeds in developing their technology to
sequence millions of DNA sequences simultaneously with
read lengths greater than 1000 bases, would the cost
of a human genome finally be reduced to $1000? Even if
only one run of the hypothetical instrument is necessary
for sequencing the entire genome at required levels of
coverage, a minimum cost for that single run exists. Such
an instrument would be absolutely state of the art, and
based on capitalized instrument cost as well, the cost
for reagents and other consumables for the current
massively parallel sequencers, the cost per run is likely
to remain on the order of $10,000 or higher. While such a
low price for a human genome would be amazing, it still
does not reach the ultimate goal of $1000 per genome
and likely will not until the technology fully matures and the
cost of consumables is reduced significantly. Nevertheless,
the spirit of the NHGRI goal of a $1000 genome is very
much alive and is driving exciting innovations to make
personalized genetics a reality that may affect us in our
lifetime.
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