Advanced sequencing technologies: methods and goals 
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Nearly three decades have passed since the invention of electrophoretic methods for DNA sequencing.  The exponential growth in the cost-effectiveness of sequencing has been driven by automation and numerous creative refinements of Sanger sequencing, rather than through the invention of entirely new methods.  A variety of novel sequencing technologies are being developed, each aspiring to drop costs to the point where the genomes of individual humans could be sequenced as part of routine health care.  Here we review these technologies, and discuss the potential impact of such a ‘Personal Genome Project’ on both the research community and society.

The resounding success of the Human Genome Project (HGP) is largely due to early investments in the development of cost-effective sequencing methods.  Over the course of a decade, through parallelization, automation, and refinement of established sequencing methods, the HGP motivated a 100-fold reduction of sequencing costs, from 10 dollars per finished base to 10 finished bases per dollar1 (Box 1).  The relevance and utility of high-throughput sequencing and sequencing centers in the wake of the HGP has been a subject of recent debate.  Nonetheless, a number of academic and commercial efforts are developing new ultra-low-cost sequencing (ULCS) technologies that aim to reduce the cost of DNA sequencing by several orders of magnitude2,3.  Here we discuss the motivations for ULCS and review a sampling of the technologies themselves.

Until recently, the motivations for pursuing ULCS technologies have generally been defined in terms of the needs and goals of the biomedical and bioagricultural research communities.  This list is long, diverse, and potentially growing (Box 2).  In more recent years, the primary justification for these efforts has shifted to the idea that the technology could become so affordable that sequencing the full genomes of individual patients would be warranted from a health-care perspective4-7.  ‘Full individual genotyping’ has great potential to influence health-care via contributions to clinical diagnostics and prognostics, risk assessment and disease prevention.  Here we use the phrase ‘Personal Genome Project’ (PGP) to describe this goal.  As we contemplate the routine sequencing of individual human genomes we must consider the economic, social, legal and ethical issues raised by this technology.  What are the potential health-care benefits?  At what cost-threshold does the PGP become viable?  What risks does the PGP pose with respect to issues such as consent, confidentiality, discrimination, and patient psychology?  In addition to reviewing technologies, we will try to address several aspects of these questions.

Why continue sequencing?  As a community, 
we have already sequenced tens-of-billions of bases and are putting the finishing touches on the canonical human genome.  Is a new technology necessary?  Is there anything interesting left to sequence?
Comparative genomics.  Through comparative genomics, we are learning a great deal about our own molecular program, as well as those of other organisms8,9.  There are currently over 3x1010 bases in international databases10; the genomes of over 180 organisms have been fully sequenced, as well as parts of the genomes of over 100,000 taxonomic species11,12.  It is both humbling and amusing to compare these numbers to the full complexity of sequences on earth.  By our estimate, a global biomass of over 2x1018 g contains a total biopolymer sequence on the order of 1038 residues.  From the microbial diversity of the Sargasso Sea103 to each of the ~6 billion nucleotides of ~6 billion humans, it seems clear that we have only sequenced a very small fraction of the full set of interesting and useful nucleotides.  
Impact on biomedical research.  A widely available ULCS technology would improve existing biological and biomedical investigations and expedite the development of several new genomic and technological studies (Box 2).  Foremost among these goals might be efforts to determine the genetic basis of susceptibility to both common and rare human diseases.  It is occasionally claimed that all we can afford (and hence all that we want) is information on ‘common’ single nucleotide polymorphisms (SNPs), or the arrangements of these (haplotypes) 13  to understand so-called multifactorial or complex diseases14.  However, in a non-trivial sense, all diseases are complex.  Improvements in genotyping and phenotyping methods will increase the chances of finding loci that contribute to ever lower penetrance and variable expressivity.  A focus on common alleles will probably be successful for alleles maintained in human populations by heterozygote advantage (such as the textbook relationship between sickle-cell anemia and malaria) but would miss most of the genetic diseases that have been documented so far15.  Even for diseases that are amenable to the haplotype mapping approach, ULCS would allow geneticists to move more quickly from a haplotype that is linked to a phenotype to the causative SNP(s).  Diseases that are confounded by genetic heterogeneity could be investigated by sequencing specific candidate loci, or whole genomes, across populations of affected individuals16,17.  It is possible that the cost of accurately genotyping (for example, $5K for 500,000 SNPs18 and/or 30,000 genes) tens of thousands of individuals will make more sense in the context of routine health care than as stand-alone epidemiology.  Whether it occurs by using SNPs or personal genomes, this project will require high levels of informed consent and security19.

Another broad area that ULCS could significantly impact is cancer biology20,21.  The ability to sequence and compare complete genomes from a large number of normal, neoplastic, and malignant cells would allow us to exhaustively catalogue the molecular pathways and checkpoints that are mutated in cancer.  Such a comprehensive approach would help us to more fully decipher the combinations of mutations that in concert give rise to cancer, and thus facilitate a deeper understanding of the cellular functions that are perturbed during tumorigenesis.

ULCS also has the potential to facilitate new research paradigms.  Mutagenesis in model and non-model organisms would be more powerful if one could inexpensively sequence large genomic regions or complete genomes across large panels of mutant pedigrees.  In studying acquired immunity, sequencing the rearranged B-cell and T-cell receptor loci in a large panel of lymphocytes could become routine, rather than a major undertaking.  ULCS would also benefit the emerging fields of synthetic biology and genome engineering, both of which are becoming powerful tools for perturbing or designing complex biological systems.  This would enable the rapid selection or construction of new enzymes, new genetic networks, or perhaps even new chromosomes.  Even further afield than the above synthetics looms DNA computing22,23 and using DNA as an ultracompact means of memory storage.  DNA computing uses only standard recombinant techniques for DNA editing, amplification, and detection but because these techniques operate on strands of DNA in parallel, the result is highly efficient and massively parallel molecular computing.  Furthermore, since a gram of dehydrated DNA contains approximately 1021 bits of information, DNA could potentially store data at a density of eleven orders of magnitude higher than present-day DVDs23.
The Personal Genome Project.  Perhaps the most compelling reason to pursue ULCS technology is the impact that it could have on human health via the sequencing of “personal genomes” as a component of individualized health-care.  The current level of health-care spending for the general U.S. population is approximately $5,000 per capita per year24.  Amortized over the 76-year average lifespan for which it is useful, a $1,000 genome would only have to produce a $13 benefit per year to “break-even” in terms of cost-effectiveness.  Straightforward ways in which “full individual genotypes” could benefit patient care include clinical diagnostics and prognostics for both common and rare inherited conditions, risk assessment and prevention, and informing patients about any pharmacogenetic contraindications.  Our growing understanding of how specific genotypes and their combinations contribute to the phenome will only increase the value of personal genomes.  Even if only rare inherited mutations can be comprehensively surveyed for less than some threshold cost (such as $5000), it is likely that each new genome/phenome fact that is found will make the process more attractive, encouraging the analysis of more genomes and potentially leading to an auto-catalytic paradigm shift.  The issue now is how this process might get started.
Is the PGP feasible?  One reason for the overwhelming success in sequencing the first human genome is that the number of nucleotides that can be sequenced at a given price has increased exponentially for the past 30 years (Figure 1).  This exponential trend is by no means guaranteed and realizing a PGP in the next five years probably requires a higher commitment to technology development than was available in the pragmatic and production-oriented HGP effort.  How might this be achieved?  Obviously we cannot review technologies that are secret, but a number of truly innovative approaches have now been made fully or partially public, marking this as an important time to compare and to conceptually integrate these innovative strategies.  We review five major approaches below (also see Figures 2 and 3). 

Emerging ULCS technologies
Emerging ULCS technologies can be broadly classified into one of five groups: micro-electrophoretic methods, sequencing-by-hybridization, cyclic-array sequencing on amplified molecules, cyclic-array sequencing on single molecules, and non-cyclical, single-molecule, real-time methods.  Most of these technologies are still in the relatively early stages of development, such that it is difficult to gauge when any method will truly be practical and fulfill expectations.  Yet each method harbours great potential, and several recent technical breakthroughs have contributed to increasing momentum and stimulating community interest.  
To develop a ULCS technology that is capable of delivering low-cost human genomes requires taking account of the following key parameters: cost per raw base, throughput per instrument, accuracy per raw base, and read-length per independent read.  With these considerations in mind, Box 3 considers the requirements to resequence a human genome with reasonably high accuracy at a cost of $1000.  

Micro-electrophoretic sequencing.  The vast preponderance of DNA sequence has been obtained by using the Sanger sequencing method, which is based on the electrophoretic separation of dNTP fragments with single-base resolution.  Using 384-capillary automated sequencing machines, costs for heavily optimized sequencing centers are currently approaching $1 per 1000 bp raw sequencing read and a throughput of ~24 bases per instrument-second.  Typically, 99.99% accuracy can be achieved with as few as three raw reads covering a given nucleotide.  Regions that have proven difficult to sequence with conventional protocols can be made accessible via mutagenesis techniques25.  Several teams, including the Mathies group and members of/researchers at the Whitehead BioMEMS laboratory, are currently investigating whether costs can be further reduced by additional multiplexing and miniaturization26,27.  By borrowing microfabrication techniques developed by the semiconductor industry (Figure 2a), these groups are working to create single devices that integrate DNA amplification, purification, and sequencing28.
The primary advantage of this approach is that it relies on the same basic principles as electrophoretic sequencing (Figure 2b), which has already been used to successfully sequence ~1011 nucleotides and so is very well tested.   Although the approaches being taken (such as miniaturization and process integration) will certainly yield significant cost-reductions, achieving 4 to 5 logs of improvement might require some more radical changes in the underlying engineering of electrophoretic sequencers.  Nevertheless, given that other ULCS methods are still far from proven, micro-electrophoretic sequencing might be a relatively safer option, and have a higher short-term probability of delivering reasonably low-cost genome resequencing (that is, “the “$100,000 genome”).

Hybridization sequencing.  Several efforts are underway to develop Sequencing By Hybridization (SBH) into a robust and genome-scale sequencing method.  The basic principle of SBH is that differential hybridization of oligonucleotide probes can be used to decode a target DNA sequence.   One approach is to immobilize the DNA to be sequenced on a membrane or glass chip, and then perform serial hybridizations with short probe oligonucleotides (for example, 7-mers).  The extent to which specific probes bind can be used to infer the unknown sequence.  The strategy has been applied to both genome resequencing and de novo sequencing29,30.  Affymetrix and Perlegen have pioneered a different approach to SBH by hybridizing sample DNA to microfabricated arrays of immobilized oligonucleotide probes.  The current maximum density of Affymetrix arrays is about one oligonucleotide ‘feature’ per 5 micron square; each feature consists of ~ 100,000 copies of a defined 25 bp oligonucleotide.  For each base pair of a reference genome to be resequenced, there are four features on the chip.  The middle base pair of these four features is either an “A”,”C”,”G”, or “T”.  The sequence surrounding the variable middle base is identical for all four features and matches the reference sequence (Figure 3c).   By hybridizing labeled sample DNA to the chip and determining which of the four features yields the strongest signal for each base pair in the reference sequence, a DNA sample can be rapidly resequenced.  This approach to genome resequencing was first commercialized in the Affymetrix HIV chip in 1995 (ref31).  Miniaturization, bioinformatics, and the availability of a reference human genome sequence permitted Perlegen to greatly extend this approach and develop an oligonucleotide array for resequencing of human chromosome 21 (ref32).  Perlegen has presented unpublished data that extends this approach to the whole genome, but the extent to which the problems discussed below have been addressed is unclear.      

SBH technology possesses a unique set of advantages and challenges.  It  can be used to obtain an  impressive amount of sequence (> 109 bases) from many distinct chromosomes.  Although specific numbers on ‘bases per second’ are not available, the data-collection method, which involves scanning the fluorescence emitted by target DNA that is hybridized to a wafer-array of probe sequences, seems to be compatible with the throughput necessary for rapid genome resequencing.  For the Affymetrix/Perlegen technology, the effective read-length is set by the length of the query probe (for example, 25 bp, in ref 32).  The primary challenges that SBH will face is designing probes or strategies that avoid cross-hybridization of probe to the incorrect targets due to repetitive elements or chance similarities.  These factors render a substantial fraction of Chromosome 21 (>50%) inaccessible32, and might also contribute to the 3% false-positive SNP detection rate observed in that study.  It is also worth noting that SBH still requires sample preparation steps, as the relevant fraction of the genome must be PCR-amplified prior to hybridization.  In the short term, SBH may have the greatest potential as a technology to query the genotype of a focused set of genomic positions; for example, the ~10 million common SNPs in the human population33,34.

Cyclic array sequencing on amplified molecules.  Cyclic-array methods generally involve multiple cycles of some enzymatic manipulation of an array of spatially-separated oligonucleotide features.  Each cycle only queries one or a few bases, but thousands to billions of features are processed in parallel.  Array features may be ordered or randomly dispersed.  Key unifying features of these approaches, including multiplexing in space and time and the avoidance of bacterial clones, emerged as early as 1984 (ref35).  Early methods in this class led to the first commercially sold genome36; however, a dependence on electrophoresis ultimately proved limiting on the speed of data acquisition, and so cyclic sequencing methods that have developed since have been non-electrophoretic.  In both FISSEQ and Pyrosequencing, progression through the sequencing reaction is externally controlled by the stepwise (that is, cyclical), polymerase-driven addition of a single type of nucleotide triphosphate to an array of amplified, primed templates.  In both cases, repeated cycles of nucleotide extension are used to progressively infer the sequence of individual array features (based on patterns of extension / non-extension over the course of many cycles) (Figure 3a, 3b).  Pyrosequencing, which was introduced in 1996, detects extension via the luciferase-based real-time monitoring of pyrophosphate release37,38.  In FISSEQ (fluorescent in situ sequencing), extensions are detected off-line (not in real-time) by using the fluorescent groups that are reversibly coupled to deoxynucleotides39.  Note that both FISSEQ and Pyrosequencing have previously been classified as ‘sequencing-by-synthesis’ methods.  However, as nearly all of the methods reviewed here have critical synthesis steps, we choose to emphasize cycling as the distinguishing feature of this class.  

A third method in this class is based not on cycles of polymerase extension, but instead on cycles of restriction digestion and ligation.  In Massively Parallel Signature Sequencing (MPSS), array features are sequenced at each cycle by employing a Type IIs restriction enzyme to cleave within a target sequence, leaving a four base-pair overhang.  Sequence-specific ligation of a fluorescent linker is then used to query the identity of the overhang.  The achievable 16 to 20 bp  read-lengths (which involves 4 to 5 cycles) are adequate for many purposes40.
An additional uniting feature of these methods, one that distinguishes them from several of the single-molecule projects discussed below, is that all rely on some method of isolated, that is clonal, amplification.  After amplification, each feature to be sequenced contains thousands to millions of copies of an identical DNA molecule (thus clonal), but features must be spatially distinguishable.  The amplification is necessary to achieve sufficient signal for detection.  Although the method for clonal amplification is generally independent of the method for cyclic sequencing, all groups seem to have taken different (and creative) routes.  In scaling up Pyrosequencing, 454 Corp. employed a PicoTiter plate to simultaneously perform hundreds of thousands of picoliter volume PCR reactions41.  This was recently applied to the resequencing of the adenovirus genome, but cost and accuracy estimates for this project are not available42.  For FISSEQ, clonal amplification was achieved via the polony technology, in which PCR is performed in situ within an acrylamide gel43.  Because the acrylamide restricts the diffusion of the DNA, each single molecule included in the reaction produces a spatially distinct micron-scale colony of DNA (a polony), which can be independently sequenced44.  For MPSS, each single molecule of DNA in a library is labeled with a unique oligonucleotide tag.  After PCR amplification of the library mixture, a proprietary set of paramagnetic “capture beads” (with each bead bearing an oligonucleotide complementary to one of the unique oligonucleotide tags) is used to separate out identical PCR products.  The Vogelstein group recently developed a fourth method for achieving clonal amplification, beam 45.  In this method, an oil-aqueous emulsion parses a standard PCR reaction into millions of isolated micro-reactors, and magnetic beads are used to capture the clonally-amplified products generated within individual compartments.
It is worth emphasizing that in the above implementations of cyclic array sequencing, the methods developed for amplification and sequencing are potentially independent.  It is therefore interesting to contemplate possibilities for mixing and matching.  For example, one could imagine signature-sequencing polonies, or Pyrosequencing DNA-loaded paramagnetic beads.  

The extent to which these methods succeed in realizing ULCS will depend on various factors.  Pyrosequencing is close to achieving the required read-lengths, while FISSEQ has been shown to achieve reads of only 5 to 8 bp.  Methods that rely on real-time monitoring or manufactured arrays of wells might be difficult to multiplex and miniaturize to the required scale.  Crucially, both Pyrosequencing and FISSEQ-based methods must contend with discerning the lengths of homopolymeric sequences that is consecutive runs of the same base.  Although Pyrosequencing has made significant progress in tackling this challenge via analysis of the relative amounts of signal generated by homopolymers of various lengths (Figure 3b), the best solution might lie in development of reversible terminators: these are defined as a nucleotide that terminates polymerase extension, such as through modification of the 3’ hydroxyl group, but is designed in such a way that the termination-properties can be chemically or enzymatically reversed.  In addition to circumventing the problem of deciphering homopolymers, reversible terminators would enable simultaneous use all four dNTPs (labeled with different fluorophores).  As development of reversible terminators with the necessary properties has proven to be a difficult problem46,47, recent progress by several groups (described below) is quite exciting.

Cyclic-array sequencing on single molecules.  Each of the methods discussed so far requires either an in vitro or in situ amplification step, so that the DNA to be sequenced is present at sufficient copy number to achieve the required signal.  A method for directly sequencing single molecules of DNA would eliminate the need for costly and often problematic procedures such as cloning and PCR amplification.  

Several groups, including Solexa, Genovoxx, Nanofluidics (in collaboration with the Webb group at Cornell), and Helicos (in collaboration with the Quake group at Caltech), are developing cyclic-array methods that are related to those discussed above, but attempt to dispense with the amplification step.  Each method relies on extension of a primed DNA template by a polymerase with fluorescently labeled nucleotides, but they differ in the specifics of biochemistry and signal detection.  Additionally, both Solexa and Genovoxx have invested heavily in developing reversibly terminating nucleotides, which would solve the problem (for single-molecule methods as well as amplified cyclic-array methods) of deciphering homopolymeric sequences, by limiting each extension step to a single incorporation.  In so far as their research has been revealed at public conferences, Solexa has data on reversible terminators and has shown single molecule detection with an impressive signal-to-noise ratio.  The Genovoxx team has shown the possibility of using standard optics for single-molecule detection and has given details on one class of reversible terminator (unpublished data; ref 48).  In the academic sector, the Quake group has recently demonstrated that sequence information can be obtained from single DNA molecules using serial single base extensions and the clever use of fluorescence resonance energy transfer (FRET) to improve their signal-to-noise ratio49.  The Webb group has recently shown the real-time detection of nucleotide-incorporation events via a nanofabricated zero-mode wave-guide.  By performing the reaction in a zero-mode waveguide, an effective observation volume on the order of ten zeptoliters (10-21 l) is created so that in principle, one is only detecting fluorescent triphosphates that reside in the DNA polymerase active site50.   
With respect to ease and reliability of detecting extension events, cyclic-array methods that sequence amplified molecules have an obvious advantage over single-molecule methods.  Single-molecule methods have an important advantage in that they avoid a PCR amplification step, thereby reducing costs and avoiding potential biases (e.g. sequences that amplify poorly).  All methods that are driven by polymerase-based synthesis will probably experience both a low frequency of nucleotide misincorporation and non-incorporation.  For amplified-molecule methods, these manifest as eventual signal decay via “dephasing” of the identical individual templates within a single feature.  For single molecule methods, by contrast, there is no risk of dephasing.  A misincorporation event will manifest as a “dead” template that will not extend further, while non-incorporation events will simply appear as a “pause” in the sequence.  

Another advantage of single-molecule methods is that they might require less starting material than other ULCS contenders and conventional sequencing.  This feature is relevant to all technologies, and we should take note that methods for amplifying large DNAs by multiple displacement amplification (MDA) or whole genome amplification (WGA) are improving rapidly51,52.  This will enhance our ability to get complete sequence from single cells even when they are dead or hard to grow in culture53,54.

Cyclic array platforms operate via spatial separation of single molecules or amplified single molecules.  As a consequence of this focus on single molecules, they also allow us to determine combinations of structures that are hard to disentangle in pools of molecules.  For example, alternative RNA splicing contributes extensively to protein diversity and regulation but is poorly assayed by pooled RNAs on microarrays, whereas amplified single molecules allow accurate measures of thousands of alternative spliceforms in RNA molecules such as CD4455.  Similarly haplotype (or diploid genotype) combinations of SNPs can be determined accurately from DNA molecules (or single cells)44.  

Non-cyclical, single-molecule, real-time methods.  A creative single-molecule approach that is quite unlike all of the above methods is nanopore sequencing, currently being developed by Agilent, and the Branton and Deamer groups56-59.  As DNA passes through a 1.5 nm nanopore, different base-pairs obstruct the pore to varying degrees, resulting in fluctuations in the electrical conductance of the pore (Figure 2c, 2d).  The pore conductance can be measured and used to infer the DNA sequence.  The accuracies of base-calling range from 60% for single events to 99.9% for 15 events59.  However, the method has thus far been limited to the terminal base-pairs of a specific type of hairpin.  This method has a great deal of long-term potential for extraordinarily rapid sequencing with little to no sample preparation.  However, it is likely that significant pore engineering will be necessary to achieve single-base resolution.  Rather than engineering a pore to probe single nucleotides, Visigen and Li-cor are attempting to engineer DNA polymerases or fluorescent nucleotides to provide real-time, base-specific signals while synthesizing DNA at its natural pace (in other words, a non-cyclical sequencing-by-extension system)60,61.
Implications of sequencing human genomes

Although a thorough consideration of the ethical, legal and social implications of the PGP is available elsewhere62, we address a few additional issues here.

Clinical pros and cons.  As discussed above, the PGP has the potential to influence patient care in various ways, perhaps the most important of which is by informing diagnostics, prognostics, and risk assessment for rare and common diseases that have genetic components.  The extent of its usefulness will be a function of the number of genotypes that we can link to phenotypes.  Causative mutations have already been discovered for hundreds of rare conditions63, and genetic risk factors have been defined for at least 10 common diseases13.  ULCS technology can be expected to accelerate the rate of this discovery.  There are also potentially adverse consequences of sequencing a personal genome.  Most simply, it might provide more medical information about a patient than he wants to know or wants recorded in his medical record.  Many patients will not want to know about late-onset diseases, especially if nothing can be done to prevent or amelioirate the condition62.  Even if laws are passed preventing genomic information from negatively affecting insurability and employment64, such laws do not guarantee that one’s genomic information will never be misused.  A debate might thus rise around the question of whether we should be sequencing whole genomes or restricting data collection or analysis to regions that would be informative to a specific patient’s situation62.  This point seems especially salient with respect to the question of parental rights to sequence the genomes of their children, infants, embryos and fetuses, when the information may or may not be in the subject’s best interest62.

Legal and ethical considerations.  With respect to individual subjects, the primary ethical and legal concerns revolve around three main issues62: ownership of one’s DNA and/or its informational content, what purposes the information can be used for, and with whose consent.  In Moore v. Reagents of the University of California, the court ruled that if a patient’s cells, removed in the course of medical treatment, were to be used for research, the patient’s informed consent was required.  However, the court rejected the notion of property rights to the cells themselves, and informed consent does not imply a right to information derived from biological material itself62.  Less than half of states in the U.S. require informed consent for genetic testing65, and there are no U.S. federal laws banning genetic discrimination for medical insurance or in the workplace64.  More comprehensive protections are probably necessary, but ideally these should be constructed such that biomedical progress is not impeded.  A second category of explicit legal concern is that of patent law.  In the United States, Europe, and Japan, only portions of DNA that are non-obvious, useful and novel can be patented66.  ULCS technologies will probably not be able to avoid resequencing of patented genes.  Interesting legal issues arise around the question of patient’s rights to have analyzed (or self-analyze) their own DNA sequence versus corporate interests that presumably own the rights to that analysis62.

Policy and the advancement of science.  Beyond vigorously protecting the rights of the individual, we must also consider the welfare of the public in regards to future advancements in biomedicine.  Although anonymous data has served the HGP and other biomedical studies well, the approach has limitations.  Identity based genetic information adds significantly to functional genomic studies.  Since there will be individuals willing to make their genome and phenome publicly available, how can comprehensive identifying genetic information be gathered and made available to the research community?  A few examples of non-anonymous, voluntary public data sets exist.  Craig Venter has published his own genome67.  Albert Einstein offered his brain for EEG and later neuroanatomy studies68.  A comprehensive identifying set of computed tomography, magnetic resonance and serial cryosection images were made from the Joseph Jernigan shortly after his execution69.  Various motivations, ranging from altruism to "early adopter" technophilia, could arise to encourage individuals to make public their comprehensive identifying data.  What subset of increasingly standardized70 electronic medical records could such individuals make public? Could these eventually be used to augment expensive epidemiological studies71?  Currently we have no examples of a publicly available human genome that is coupled to the corresponding phenome72.  A framework survey and forum for potential volunteers to discuss risks and benefits might be a crucial reality check at this point73.  Will the response be tiny or will it be as resounding as that following the creation of the Public Library of Science74, open source75, and Free Software Foundation (FSF) 76? 

Conclusions 

Affordable, personal human genomes as a motivation for developing ULCS technology is a relatively new concept, one that is becoming viewed as possible only in the wake of the HGP.  Given where the technologies stand today, and given where they need to be, we should endeavor to be conservative in making projections about when one or more of the ULCS contenders will actually deliver the desired results.  It is also important to remember that a significant paradigm shift in sequencing technologies will likely require several years between laboratory proof-of-concept and development of robust commercial systems.  Nevertheless, we need to recognize that there have been both several recent breakthroughs and broadening interest in this field.  If the PGP is indeed desirable, then we should start to invest more resources in these technologies straight away.  ULCS has the potential to catalyze a revolution by bringing genomics to every bedside.  Simultaneously, the ready access to genomic information poses potential risks, including breaches of privacy and the misuse of genetic information.  In case the PGP does turn out to be right around the corner, we should begin thinking clearly about which policy guidelines could best serve the interests of patients, by balancing their right to  confidentiality with their need for better medicine.
----------------------------------------------------

Box 1
The First Human Genome

In 1977, two groups familiar with peptide and RNA sequencing methods made a technical leap forward by harnessing the amazing power of gel electrophoresis to separate DNA fragments at single-base resolution77-80.  In the subsequent decade, electrophoretic sequencing was widely adopted and rapidly improved81.  In 1985, a small group of scientists set the audacious goal of sequencing the entire human genome by 2005 (refs1,82).  The proposal was met with considerable skepticism from the wider community83,84:at the time, many felt that the cost of DNA sequencing was far too high (about $10 per base) and the sequencing community too fragmented to complete such a vast undertaking.  In addition, such ’large-scale biology’ represented a significant diversion of resources from the traditional question-driven approach that had been so successful in laying the foundations of molecular biology.

Competition between the HGP and a commercial effort (Celera) spurred both projects to completion several years ahead of the HGP schedule.  Two useful drafts of the human genome were published in 200185,86.  Although the costs of the public project, slightly under $3 billion dollars, include years of ‘production’ using weaker technologies, the bulk of the sequencing cost was about $300 million.  Among the factors underlying the achievement of the HGP was the rapid pace of technical and organizational innovation.  Crucial factors in achieving the exponential efficiency of sequencing throughput were: automation in the form of commercial sequencing machines, process miniaturization, optimization of biochemistry, and algorithms for sequence assembly.  Managerial and organizational challenges were successfully met both within individual sequencing centers and in the way the whole HGP effort was coordinated.
Possibly more significant was the appearance of an ‘open’ culture with respect to technology, data, and software1.  In refreshing contrast to the competition and consequent secrecy that has traditionally characterized many scientific disciplines, the main sequencing centers freely shared technical advances and engaged in near-instantaneous data-release (as formalized/spelled out in the bermuda principles).  The approach not only broadened support for the HGP, but also undoubtedly expedited its completion.  With respect to both technology development and ’large-scale biology’ projects, the HGP perhaps provides excellent lessons for how the scientific community can proceed in future endeavors.

Box 2
Partial List of Applications of Ultra-Low-Cost Sequencing
- Sequencing of individual human genomes as a component of preventative medicine.

- Rapid hypothesis testing for genotype–phenotype associations13,16,17.

- In vitro and in situ gene expression profiling at all stages in the development of a multicellular organism87,88.

- Cancer research. For example: determining comprehensive mutation sets for individual clones89; carrying out loss of heterozygosity analysis90; profiling sub-types for diagnosis and prognosis91,92.

- Temporal profiling of B- & T-cell receptor diversity, both clinically and in laboratory antibody selection.

- Identification of known and novel pathogens93; biowarfare sensors94.

- Detailed annotation of the human genome via phylogenetic footprinting and shadowing95.

- Quantitation of alternative splice variants in transcriptomes of higher eukaryotes55,96. 

- Definition of epigenetic structures (such as chromatin modifications and methylation patterns)97.


- In situ or ex vivo discovery of patterns of cell lineage98,99.

- Characterization of microbial strains subjected to extensive directed evolution100,101.

- Exploration of microbial diversity towards agricultural, environmental, and therapeutic goals102,103.

- Annotation of microbial genomes through the selectional analysis of tagged insertional mutants104,105.

- Aptamer technology for diagnostics and therapeutics106.

- DNA computing22,23.
Box 3
Is a $1000 genome feasible?


For genome resequencing, the error rate must be significantly lower than the level of variation that one is trying to detect107.  As human chromosomes differ at ~1 in every 1,000 bases, an error rate of 1/100,000 bp is a reasonable goal.

  If the raw base accuracy is 
~99.7% (on par with the state-of-the-art), and assuming errors are random and independent, then 3x coverage of each base will yield the desired error rate.  However, to ensure a minimum 3x coverage of >95% of a diploid human genome requires ~6.5x coverage, or ~40 billion raw bases.  In this scenario, cost per base for an accurate $1000 genome must approach ~40 million raw bases per dollar, a 4 to 5 log improvement over current methods.  Although they could potentially approach the cost of a $2K computer, today’s integrated genomics devices typically cost $50K to $500K.  If we assume that the capital/operating costs of our hypothetical instrument are similar to that of conventional electrophoretic sequencers, the bulk of improvement must derive from an increase in the rate of sequence acquisition per device, from ~24 bases-per-second (bp/s) to ~450,000 bp/s.  No assembly is required in resequencing a genome; sequencing reads need only be sufficiently long that one can match a given read to a unique location within an assembled reference genome, and then determine if and how that read differs from the reference.  In a random base model, one expects that nearly all 20 bp reads would be unique (420 >> 3x109).  However, as the mammalian genome falls short of random, only ~73% of 20 bp genomic “reads” can in fact be assigned to a single unique location.  Achieving >95% uniqueness —  a modest goal — will require ~60 bp reads.  
With these assumptions, a resequencing instrument capable of delivering a $1000 human genome with reasonable coverage and accuracy will need to achieve ~60 bp reads with 99.7% raw base accuracy, acquiring data at a rate of ~450,000 bp/s.  Departures from this scenario are almost certain, but will generally involve some trade-off  — for example, dropping capital/operating costs by 10-fold would enable an instrument with a 1/10th of the throughput to achieve the same cost-per-base. 

FIGURES (1 – 3) 
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Figure 1.  Exponential growth in computing and sequencing.  

The dark blue plot indicates the Kurzweil/Moore's Law108 that describes the doubling of computer instructions per sec per US dollar (IPS/US$) that occurs about every 18 months since 1900. The magenta plot indicates an exponential growth in number of base pairs of accurate DNA sequence per unit cost (bp/US$) as a function of time1.  To some extent the doubling time for DNA mimics the IPS/$ curve because it is dependent on it. An even steeper segment occurs in the yellow curve of the number of WWW sites (doubling time of 4 months) 109, which illustrates how fast a technology can explode when a sharable protocol spreads via an existing infrastructure.  The light cyan plot is an "open source" case study of FISSEQ with polonies39 in bp/min on simple test templates (doubling time of 1 month). 
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Figure 2.  Examples of microelectrophoretic sequencing and nanopore sequencing.  (a) A microfabricated wafer for 384-well capillary electrophoretic sequencing.  Reactions are injected at the perimeter and run towards the center, where a rotary confocal fluorescence scanner performs detection.  Reproduced from Figure 1 (panel a) of Emrich et al 26. (b) Microelectrophoretic sequencing produces raw sequencing traces similar to those generated by electrophoretic sequencing.  Reproduced from Figure 1 of Koutny et al27. (c) Nanopore sequencing.  Single-stranded polynucleotides can only pass single-file through a hemolysin nanopore. Reproduced from Figure 1 (panel b) of Deamer & Branton56. (d) The presence of the polynucleotide within the nanopore is detected as transient blockade of the baseline ionic current. Reproduced from Figure 1 (panel c) of Deamer & Branton56.
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Figure 3.  Examples of cyclic-array sequencing and sequencing-by-hybridization. 
(a) Schematic of cyclic-array sequencing-by-synthesis methods (for example, FISSEQ,  pyrosequencing, or single-molecule).  Repeated cycles of polymerase extension with a single nucleotide at each step.  The means of detecting incorporation events at individual array features varies from method to method.  Modified from Figure 1 (panel b) of Mitra et al 39.  (b) Example of raw data from a cyclic-array method, Pyrosequencing.  The identity of nucleotides used at each extension step are listed along the X-axis.  The Y-axis depicts the measured signal at each cycle for one sequence; both single and multiple (e.g. homopolymeric) incorporations can be distinguished from non-incorporation events.  The decoded sequence is listed along the top. Reproduced from Figure 4 of Ronaghi et al37.  (c) Sequencing by hybridization.  To resequence a given base, four features are present on the microarray, each identical except for a different nucleotide at the query position (central base of 25-mer oligonucleotides).  Genotyping data at each base is obtained via differential hybridization of genomic DNA to each set of four features.  Reproduced from Figure 1 of Cutler et al.107. 




GLOSSARY
aptamer technology  Use of DNA or RNA oligonucleotides as agents to bind specific protein targets with high affinity and specificity.

beam  Acronym for ‘beads, emulsion, amplification, magnetic’ and refers to a useful method for generating clonal, microbead-tethered populations of DNA molecules in vitro.

bermuda principles  Commitment made in Bermuda (Feb 1996) by an international assortment of genome research sponsors to the principles of public sharing and rapid release of human genome sequence information.

‘common’ single nucleotide polymorphisms  SNPs that occur with an allelic frequency of greater than 1 percent in a given population (e.g. humans).
computed tomography (ct) An imaging technology that uses computer processing of X-ray images to visualize cross-sectional (transverse) slices of internal structures; the advantage of CT over conventional radiography is the ability to eliminate superimposition.
dephasing   For cyclic-array sequencing-by-extension methods on amplified templates, refers to progressive loss of synchronization between templates within features as a consequence of failure to achieve 100% extension at each cycle.

directed evolution  Laboratory evolution of a protein (or organism) via rounds of mutation and selection for a particular activity or trait.

dna computing  Performing highly parallel computations via manipulation of DNA libraries; potential solutions of the problem are often encoded in nucleotide sequence, and standard experimental manipulations (e.g. hybridization) function to search the space of possible solutions.
fisseq  Acronym for fluorescent in situ sequencing, a cyclical, polymerase-driven sequencing method in which nucleotides are modified with fluorescent labels that can be chemically removed at each step.

fluorescence resonance energy transfer (FRET) is a phenomenon by which excitation is transferred from a donor fluorescent molecule to an acceptor fluorescent molecule; the interaction is distance-dependent and can be used to probe molecular interactions at distances below the limit of optical resolution.

genetic heterogeneity  Describes situations where a similar phenotype can result from a variety of genetic defects.

haplotype mapping  Uses combinations of ‘common’ DNA polymorphisms (those that are present at >1% in a population) to find blocks of association with phenotypic traits.
pharmacogenetic  Refers to the heritable component of variation between individuals with respect to drug response / allergies.
phylogenetic footprinting & shadowing  Annotation of functional elements within a genome via bioinformatic comparisons to the genomes of one or more related species.













pyrosequencing  A cyclical, polymerase-driven sequencing method that detects nucleotide incorporations via luciferase-based real-time monitoring of pyrophosphate release.

magnetic resonance imaging (MRI) A non-invasive technique for generating multi-dimensional proton density images of internal organs, structures and lesions.


massively parallel signature sequencing (MPSS)  A cyclical sequencing method in which 4-mers are progressively queried via cycles of digestion with a Type IIs restriction enzyme, adaptor ligation and decoding via serial hybridizations.

multiple displacement amplification A technique for achieving whole genome amplification that uses a strand-displacing polymerase to catalyze the isothermal (i.e. at a constant temperature) amplification of DNA.
polonies are colonies of PCR amplicons derived from a single molecule of nucleic acid, amplified in situ within an acrylamide gel.
raw reads  The actual nucleotide sequence that is generated by a sequencing instrument. This contrasts with the finished sequence, which is produced by obtaining the consensus sequence of many overlapping raw reads.

sanger sequencing (chain termination or dideoxy method) Involves using an enzymatic procedure to synthesize DNA chains of varying length in four different reactions, stopping the DNA replication at positions occupied by one of the four bases, and then determining the resulting fragment lengths to decipher the sequence.
Sequencing by hybridization (SBH)  A sequencing method in which differential hybridization of oligonucleotide probes can be used to decode a target DNA sequence.


single nucleotide polymorphisms (SNPs)  Single nucleotide substitutions (but not deletions or insertions) at a specific genetic location.  SNPs are the major source of genetic variation in the human population.

synthetic biology  A discipline that embraces the emerging capabilities to design, synthesize, and evolve novel genomes or biomimetic systems.  

Type IIs restriction enzyme  A type of restriction endonuclease characterized by an asymmetric recognition site and cleavage at a fixed distance outside of the recognition site.


whole genome amplification (WGA)  Defined by the in vitro amplification of a full genome sequence, ideally with even representation of the genome in the amplified product.  Techniques for achieving WGA include PCR primed with random or degenerate oligonucleotides, or multiple displacement amplification.




zero-mode waveguide  Nanostructure device with physical properties that dramatically limit the effective volume of observation.
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		1999		1999		1999		1999

		2000		2000		2000		2000

		2001		2001		2001		2001

		2003		2003		2003		2003

		2003.5		2003.5		2003.5		2003.5

		2004		2004		2004		2004

		2007		2007		2007		2007

		2009		2009		2009		2009
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bp&IPS

		Year		IPS/$		bp/$		#web sites		bp/min

		1920		1E-6

		1930		1E-6

		1940		1E-5

		1950		1E-3

		1960		1E-2

		1970		1E-1		0.001						76 bases/ $100K 2004$ personnel and supplies		http://www.mit.edu/people/mkgray/net/web-growth-summary.html

		1980		1E+1		0.04						4362 bases/ $100K 2004$ personnel and supplies

		1990		1E+3		0.4

		1993.42						130

		1993.92						623				5000-fold in 42 months

		1994.42						2,738

		1994.92						10,022				4096		3.5

		1995.42				1		23,500				32768		1.25

		1996.00						100,000

		1996.42						230,000

		1997.00						650,000

		1998				2						7X*3Gbp/$27M or 2Gbp/$3M Affy

		1999				5

		2000		1E+6

		2001				10

		2003								1

		2003.5								50

		2004				1000				50000

		2007				1.00E+05

		2009				1.00E+06
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bp

		Year		bp/$		bp/$*		$/bp		$/humgenome

		1970		0.001		0.001		1000		3E+12		100bp/yr

		1980		0.04		0.04		25		8E+10		4000/yr/$100K

		1990		0.4		0.4		2.5		8E+9		40000/yr

		1995		1		1		1		3E+9		1.7M/10yr

		1998		2		2		0.5		2E+9

		1999		5		5		0.2		6E+8

		2001		10		10		0.1		3E+8		$300M/draft

		2004		1000		20		0.001		3E+6		$3M/reseq

		2007		1.00E+05		4.00E+01		0.00001		3E+4		extrapolate

		2009		1.00E+06		1.20E+02		0.000001		3E+3		extrapolate
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		Year		log(IPS/$K)		log(bits/sec transmit)		IPS/$K		bits/sec transmit

		1840				0				1E+0

		1850

		1860

		1870

		1880

		1890

		1900		-5				1E-5

		1910		-4				1E-4

		1920		-3				1E-3

		1930		-3				1E-3

		1940		-2		3		1E-2		1E+3

		1950		0		5		1E+0		1E+5

		1960		1		6		1E+1		1E+6

		1970		2		7		1E+2		1E+7

		1980		4		8		1E+4		1E+8

		1990		6		10		1E+6		1E+10

		2000		9		13		1E+9		1E+13
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