REPONSE TO EDITOR.

This document contains items (1) through (5).  Additional glossary terms are included with the revised text. 
1. A short, 100-word autobiography, which should include your research career and academic interests. Please provide an autobiography for each author.

2. A bullet-pointed summary of the content of your article (about 8 points will do).

3. A sentence or two to explain the importance of salient references (about 10).

4. Any informative online links that could be added to your review.

5. A point-by-point explanation of how you have addressed the comments of the referees. Please note that we will not process your article without this item. 

(1) BIOGRAPHIES

George Church is Director of the Center for Computational Genetics at Harvard Medical School. At Duke University during and after his BA in Chemistry and Zoology, he co-authored research on 3D-structural software and tRNA. His PhD at Harvard included a new "genomic sequencing method". While a postdoctoral fellow at Biogen and UCSF Dr. Church helped initiate the Human Genome Project and later three Genome Centers. He invented molecular multiplexing, tags, array DNA synthesizers, and various sequencing approaches.  Dr. Church's research focuses on integrating biosystems-modeling with new molecular technologies for more accurate and automated genomic biomedical & ecological engineering.
Robi Mitra is Assistant Professor of Genetics at Washington University.  He received his BS, ME, & PhD from MIT Dept. of Electrical Engineering.  After research on ultrasonics and fluorescent proteins, his PhD and postdoctoral work focused on polony technology and computational analysis of transcriptome position effects.  His current research includes stem cells and polonies.
Jay Shendure is an MD-PhD candidate at Harvard Medical School.  He attended Princeton University, where he was introduced to research by Lee Silver.  After graduating, he spent a year as a Fulbright Scholar to India and a year at Merck Pharmaceuticals before continuing his education.  His graduate research in George Church’s lab has focused on technology development for high-throughput analysis of nucleic acids.  He has co-authored research on the genetics of alcohol preference in an inbred mouse model, antibody-based approaches to an HIV vaccine, bioinformatic mining of EST databases for pathogen discovery and natural antisense transcripts, and various applications of the polony technology.
Chris Varma started his scientific career conducting research on the BCL-2 gene during high school at the Fred Hutchinson Cancer Research Center in Seattle, WA.  As an undergraduate, he attended the California Institute of Technology his first year where he trained in the lab of Lee Hood developing a novel biotechnology process for screening T-cell Hybridomas.  For the remainder of his undergraduate education and for a portion of his graduate education he transferred to Stanford University where he earned a B.S. and M.S. in Computer Science and a M.S. in Management.  At Stanford, Chris conducted research in the lab of Doug Brutlag where he developed stochastic methods to study protein-ligand interaction properties.  Chris is currently studying the alternative exon splicing of CD44 in human cancer in the lab of George Church.  He is working toward his Ph.D. at both Harvard Medical School and Massachusetts Institute of Technology
ONLINE CONTENT SUMMARY
· A number of academic and commercial groups are working to develop new ultra-low-cost sequencing (ULCS) technologies that aim to reduce the cost of DNA sequencing by several orders of magnitude. 
· ULCS technology could potentially have a major impact on human health by enabling the sequencing of “personal genomes” as a component of individualized health-care.  
· Microelectrophoretic approaches borrow microfabrication techniques from the semiconductor industry to miniaturize and integrate DNA amplification, purification and electrophoretic sequencing.

· Sequencing by hybridization involves highly parallel genomic resequencing via the hybridization of target DNA to high-density microarrays designed to query the identity of individual bases.
· Cyclic array methods that operate on amplified templates include Fluorescent-In-Situ-Sequencing, Pyrosequencing, and Massively-Parallel-Signature-Sequencing.
· Cyclic array methods that aim to directly sequence single molecules are also under development. 
· Methods such as nanopore sequencing offer the prospect of noncyclic, real-time, single-molecule sequencing.
· The prospect of ULCS and personal genomes raises a variety of important ethical, legal and social questions.
SALIENT REFERENCES
Brenner et al. 2000.  Describes the “Massively Parallel Signature Sequencing” (MPSS) technology developed by Lynx Therapeutics for cyclic-array sequencing by serial digestions, ligations & hybridizations.
Collins et al. 2003.  A retrospective analysis of the Human Genome Project by the top-level management.

Deamer & Akeson 2000. A consideration of the successes and remaining challenges of nanopore sequencing.
Gharizadeh et al. 2002.  Relatively long reads (50 to 100 bases) via improvements to the Pyrosequencing sequencing-by-synthesis method.
Mitra et al. 2003.  Introduces the cyclic-array sequencing-by-synthesis technology being developed in the Church and Mitra labs.
Paegel et al. 2003.  A review from the Mathies group on process integration of sample preparation and microelectrophoretic sequencing within a single microfluidic device.

Patil et al. 2001.  Perlegen’s discovery of SNPs and haplotypes on human chromosome 21 via sequencing-by-hybridization 

Robertson 2003.  An enjoyable and well-written overview of the ethical and legal implications of personal genomes.

Braslavsky et al. 2003.  Single-molecule cyclic-array sequencing by the Quake group.  
Levene et al. 2003. From the Webb group; detection of single nucleotide incorporation events within a zeptoliter-scale observation volumes.
Informative Online Links

Revolutionary Genome Sequencing Technologies -- The $1000 Genome. http://grants1.nih.gov/grants/guide/rfa-files/RFA-HG-04-003.html
Near-Term Technology Development for Genome Sequencing. 

http://grants.nih.gov/grants/guide/rfa-files/RFA-HG-04-002.html
Personal Genome Project
http://arep.med.harvard.edu/PGP
Response to Suggestions of Referee 1:
· “However, I suggest breaking nanopore efforts (Branton/Agilent) into a heading, similar to the style used to describe the other developing technologies. Consolidate sequencing by extension into one section.”
We have followed up on this suggestion adding a fifth section titled “Non-cyclical, single-molecule, real-time methods” and included nanopore efforts under this heading.  We retain separate sections for amplified and single-molecule cyclic-array methods. 
· “They omit discussion of non-cyclical, single-molecule sequencing by extension.”
· “They failed to mention the technologies being developed by VisiGen and Li-cor.”
It is our understanding that the technologies being developed by Visigen and Licor are aiming for non-cyclical, single-molecule sequencing by extension.  To address these points simultaneously we added the following sentences to the end of the new fifth section: “This method [nanopore] 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).”
· “They could generally classify emerging ULCS technologies into Œ(c) sequencing by extension¹, and further classify this category into either a cyclic or real-time approaches.”

As pointed out by the editor, this is not possible due to the limits on sub-headings.  
· “The BEAM method, developed by the Vogelstein group, should be briefly explained or removed.”

To address this point, we have modified the text to read as follows: “The Vogelstein group recently developed a fourth method for achieving clonal amplification, beam 49.  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.”
· “The ³Webb group at Cornell² is Nanofluidics.”

· “The ³Quake group at Caltech² is Helicos.”

To address these points while still mentioning the academic groups we have modified the relevant section of the text to read: “…Solexa, Genovoxx, Nanofluidics (in collaboration with the Webb group at Cornell), and Helicos (in collaboration with the Quake group at Caltech)…”
· “Page 7: Their statement ³Reversible terminators would also be required for any system in which all four dNTPs (labeled with different fluorophores) could be used simultaneously² is false. This is only true for the cyclical addition strategies.”

· “The idea that reversible-terminating nucleotides is the only way to solve the problem of sequencing homopolymeric sequences is also false.”

We did not mean to convey that reversible terminators are the only way of solving the homopolymer problem (and in fact we mention that pyrosequencing has solved the problem a different way, which we show in one of the figures), or that these are the only way of having a four-nucleotide system.  To address this point, we have (a) mentioned a non-cyclic sequencing-by-extension strategy (VisiGen/Li-cor) [see above], and (b) toned down the relevant sentence of the text, so that it now reads as follows:

“In addition to circumventing the problem of deciphering homopolymers, reversible terminators would enable simultaneous use all four dNTPs (labeled with different fluorophores).”
· The authors cite a submitted paper as reference for the reversible terminators.”

We now cite a website of the company where these reversible terminators for sale, as well as stating “unpublished data” in the text.
· “Page 8: Their statement ³Although all polymerase-based methods still require the introduction of some flanking ³common² sequence (such that a single sequencing primer can be hybridized), ³ is false.”
This is a good point.  We have eliminated this claim from the text.
· “It is interesting that the authors chose to link the following sentences: ³Craig Venter has published his own genome (ref). A comprehensive identifying set of COMPUTED TOMOGRAPHY (CT), MAGNETIC RESONANCE (MR) and cryosection images (at 0.33 to 1mm resolution) was made from [the, delete] Joseph Jernigan shortly after his execution.²”
We have revised the text to read as follows:  “Craig Venter has published his own genome.  Albert Einstein offered his brain for EEG and later neuroanatomy studies.  A comprehensive identifying set of computed tomography, magnetic resonance and serial cryosection images were made from the Joseph Jernigan shortly after his execution.  
· “The terms comprising the formula in box 3 should be briefly explained. If a formula warrants publication, it also warrants explanation (box 3).”

This was addressed by elimination of the formula in the process of trimming Box 3 to ~350 words.
Response to Suggestions of Referee 2:

· “…I was surprised to see that the review of traditional sequencing in Box 1 omitted any discussion or reference to several important events in the sequencing field.  1) The development of the automated DNA sequencer by Lee Hood and collaborators – this device and its successors were the engines of genome sequencing.”; “…The success of “shotgun” sequencing in determining the first genome sequence of a self-sufficient organism by Craig Venter and collaborators, and the subsequent applications in microbiology.  3) The parallel (and successful) commercial effort of Celera to sequence the human genome.  The competition between the public and private efforts certainly spurred both sides to finish as quickly as possible, and Celera had its own share of technical innovations along the way.”

This is a good point.  This relates to a point made by Referee 3 below.  The content of this Box has drifted from a true “history” of sequencing to more of a history / commentary on the HGP, so the new title (“The First Human Genome”) is intended to hopefully reflect that.  Also, to address these we have revised the text in Box 1 to include the following sentences:
“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 2001.”
“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.”
We have also added these three references:

Lander, E.S., et al. Initial sequencing and analysis of the human genome. Nature 409, 860-921 (2001). 

Venter, J.C., et al. The sequence of the human genome. Science 291, 1304-1351 (2001).

Smith L.M., et al. Fluorescence detection in automated DNA sequence analysis. Nature 321, 674-679 (1986).
· “The arguments in Box 3 appear to be somewhat flawed.  A small point: when the authors assume the errors are “truly random” what they mean to say is that the errors are random and independent. “
We agree with the reviewer- we have included in Box 3: “…and assuming errors are random and independent …”
· “More seriously, the assumption that the capital and operating costs of any new instrument will be unchanged from today’s technology is not realistic, especially considering the breadth of technologies being reviewed.  One could imagine, for example, that the micro-electrophoretic community will develop a device with comparable sequencing ability to today’s machines at 1/1000 the cost, with a comparable reagent savings; that would cause both the capital cost and the operating costs to decrease dramatically.  The instrument rate is also fairly artificial, for similar reasons.  After all, do parents really need their child’s genome to be sequenced in a day, or can they wait a year? For example, one could imagine selling a “personal genome sequencer” for $5,000: this would be a machine capable of sequencing about one genome per year, with a 5 year working lifetime.  Such an instrument would only need to sequence at a rate of one thousand base pairs per second.  This section would be more credible if the arguments about instrument rates and prices were omitted.”
We see the point that the reviewer is trying to make.  However, in order to say something useful in terms of predicting the necessary throughput, one needs to make assumptions, and this seems like a reasonably conservative assumption to make.  The scenario that the reviewer presents assumes that the $5K machine will have zero operating costs, which seems highly unlikely.  However, to address this point we have further emphasized in Box 3 that we are only presenting one scenario with specific assumptions.  Two portions of Box 3 now specifically suggest the alternative scenario that the reviewer raises: 
“Although they could potentially approach the cost of a $2K computer…”
“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.”
Response to Suggestions of Referee 3:

· “It would be reasonable to mention this RFA to connect this manuscript with these current events.”
This is Reference 2, near the beginning of the text.  To make it more explicit, we have these llsted as “informative online links” 
· ”In the preface I feel that "refinement" understates the value of the various "improvements" that were made in the Sanger process and suggest this change of wording.”
We have changed the sentence in the abstract to read: “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.”  Our response to one of Reviewer 2’s comments above also addresses this point.
· ”It is a bit confusing to not have used the original 1977 references for the Sanger and Gilbert methods.”
We agree.  We have therefore added these two references:
Sanger, F., Nicklen, S., Coulson, A.R. DNA sequencing with chain-terminating inhibitors. Proc Natl Acad Sci U S A 74, 5463-5467 (1977).

Maxam, A. M. & Gilbert, W. A new method for sequencing DNA. Proc Natl Acad Sci U S A 74, 560-564 (1977).
· ”In the context of this manuscript, the sequencing of the biosphere jumps over the more immediate and pertinent goal of sequencing the complete diversity of 6x10*6 human genomes on earth.”
We have changed the last paragraph of the “Comparative Genomics” section to read “From the microbial diversity of the Sargasso Sea [ref], 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.”
· ”In the section on hybridization sequencing, many of us have seen much more advanced results from talks by Perlegen that go well beyond chromosome 21.  If possible it would be useful to recognize this state of the art more explicitly.   The current text sounds rather dated.”
To address this point we have added the following sentence: “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.”
· ”In the Conclusions, I would suggest reminding the readers that a significant technology paradigm shift will require about 5 years of commercial development, after laboratory feasibility is demonstrated at the desired performance levels before routine commercial apparatus and systems are available.  This was the case for capillary array electrophoresis, and I would expect a similar development time line (if not longer) for the ULCS technologies discussed here.”
This is a good point.  We have inserted the following sentence into the Conclusions.

“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.”
· ”It might be interesting to comment on how ULCS technologies might impact the research and genome sequencing factory "societies".  Once ULCS is available, individual labs will be able to do their own genomic sequencing thereby dramatically enhancing their capabilities. This might also mean that the current academic factories would go away to be replaced by individual labs and facilities and/or mail order contract sequencing "film works".”
Although this scenario is quite possible, it is also possible that the academic factories would simply use these new technologies as well.  We feel that delving into this area might be overly speculative and would prefer to avoid commenting on this topic.

· ”Figure 1 needs a lot of work.  The presentation of IPS back to 1920 is not too relevant and compresses the interesting information on sequencing.  Start the plot at 1960.”  

We agree.  The plot now starts at 1960.  We also added a point to indicate the origin of the first web-site in 1990, and removed three points indicating the ‘hoped-for’ cost of DNA sequencing as this is no longer mentioned in the text.
· “Also it would be interesting to explore the relationship between decreased cost and increased sequencing by also plotting the global sequencing rate in bp per year as a function of the sequencing cost in some informative way.  Some companies have argued that they cannot commercially justify introducing new cheaper technologies because profits would go down.”

· “It would be interesting to show, as in the case of disk drives, that cheaper technology dramatically enhances the overall market.”

Although this is an interesting point and we see what the reviewer is getting at, Figure 1 is already quite crowded and we think it might be a good amount to digest without additional plots.
· ”The inclusion of CT and MRI in the glossary is less interesting and relevant than defining Pyrosequencing, FISSEQ, MPSS and SBH.”
We agree.  All of these terms have been added to the glossary.
