Topic 3 (2011)   DNA Mapping, Genome Sequencing, 2nd generation sequencing
DNA mapping here means figuring out where one piece of DNA lies on a chromosome relative to other pieces of DNA.  The “complete” DNA sequences of the most well-studied organisms (including humans, mice, Drosophila, C. elegans and yeast) and many, many more are now known.  This information by-passes the need for many mapping methods (because a full DNA sequence is the ultimate map).  However, it is important to understand the mapping methods that were used toward whole genome sequence determination and to appreciate that these same mapping methods may be used in some new genome projects and for gaps in “completed” projects.  Mapping methods involve creating a collection of cloned segments of DNA.  These “genomic clones” are useful reagents (because PCR cannot readily generate large amounts of very large fragments).

Prior to Genome sequencing:-

At this time most investigations were focused on single genes.  Common objectives were to isolate (purify) all contiguous DNA that constituted a single gene and to determine the sequence of that gene.  How a particular gene is first identified as worthy of interest and then recovered as some sort of clone from a genomic library or a PCR reaction was a major issue.  For example, many approaches involved purifying a known protein or protein activity first.  Then, cDNAs were identified either using antibodies and a cDNA expression library or by obtaining short amino acid sequences and designing oligonucleotides encoding such sequences as hybridization probes for cDNA libraries or PCR primers to amplify a cDNA or genomic fragment directly.  Other important approaches include identifying a gene as encoding a product that binds another specific protein (yeast two hybrid) or piece of DNA (yeast one hybrid) or as being expressed in a certain cell type or in response to a certain treatment of cells (cloning based on expression patterns).  Whatever approach was used the initial product was generally a short PCR product or a cDNA clone that was not necessarily full-length.  Neither of these DNAs include the whole gene (regulatory regions, introns etc.). The whole gene should, however, be present (in pieces if it is large) in a genomic library.  If overlapping clones in a library can be identified from a defined starting piece, and the extent of overlap defined then you can construct a map that portrays an increasingly large segment of the genome in terms of cloned segments that you have as pure DNA.  The exact features of each piece of cloned DNA can then be determined (including transcribed and spliced regions, down to the sequence level if required) to assemble a map of a region of genomic DNA.
Finding overlapping clones in a library was accomplished by chromosome walking.  Imagine a small DNA fragment made by PCR (or a cDNA) is first used as a probe to screen a genomic library.  A few positive clones are isolated and could be mapped by restriction enzymes or other means.  Based on such a map (or at random) one or more clones are selected as a source of DNA probe for a second round of library screening using a fragment near one end of the cloned DNA segment as a probe.  This probe will hybridize to the parent clone and to overlapping clones that extend beyond the end of the parent clone.   This new set of clones can be mapped and a new probe derived from a clone that extends furthest away from the original clone.  In this way, overlapping clones can be isolated that extend in either direction from an original cloned segment of DNA.

Genome-wide Physical Mapping Approaches:-

The ultimate objective of mapping DNA is to describe the exact sequence of DNA.  An important intermediate process, which produces useful resources even before sequencing, is to divide a genome into separate clones (amplified, pure pieces) and to produce a map of how those pieces fit together in the original DNA.  Each clone could include a single chromosome (as in somatic cell hybrids), some combinations of chromosome fragments (as in radiation hybrids), or a single stretch of a given size (1000kb, 200kb) cloned into a suitable vector (YAC, BAC).  

Somatic Cell Hybrids:-  Principle is that fusion of human cells with rodent cells often leads to hybrids that stably propagate one or a small number of intact human chromosomes together with a full set of rodent chromosomes.  By using a panel of such hybrids & determining if a particular region of human DNA (a clone) is present or absent in each it is easy to assign the human DNA to a specific chromosome.  This would be easier & certainly more amenable to high throughput than FISH (Fluorescent In Situ Hybridization to chromosomes on slides).

Assembling clone contigs for whole genome BACs (or PACs or YACs)

Although it takes many BAC clones to cover a genome (for Drosophila, mouse, human etc.) and hence involves a lot of work, the advantages of dividing a genome into (largely) stably maintained BAC-sized clones originally made this a favored strategy for making a comprehensive genomic library for mapping purposes.  For comprehensive mapping it is necessary to define overlapping BAC clones that span the length of each chromosome.  Coverage is usually not 100% complete because some sequences are apparently unstable in BACs (but might be cloned in other vectors- YACs or cosmids).

Gridded (ordered) libraries :-

As a first step in finding BAC overlaps the BAC clones are put in a grid (forming an ordered library) so you can always return to a particular BAC at a specific address (plate X, row p, column q). 

BAC overlaps:-

Overlap between BACs could be found in several ways (hybridization, restriction enzyme digestion maps, sequence determination).  Restriction enzyme maps were used extensively but so was “STS profiling”.  

STS mapping:- 

The key ingredients for STS mapping are an ordered library and knowledge of random small (say 500bp) regions of genomic DNA (sequence tagged sites- STS).

Most genome projects (especially for humans) were initiated when a large number of mapping reagents were already available.  Among these were Sequence Tagged Sites (STS).  When any piece of DNA has been sequenced over at least about 200bp it becomes the source of an STS.  The physical DNA representing an STS need not be physically distributed for a researcher to use it- sequence information suffices.  This is because a pair of primers can easily be designed and made to amplify a segment of the STS starting from genomic DNA by PCR, and the primers alone suffice to test for the presence of an STS in a sample of DNA.  The sequence of the primers and their distance apart (size of the PCR product) provide a sufficient and succinct definition of a specific STS. It uniquely defines a small piece of genomic DNA and PCR provides an easy test for whether that particular STS is present on a larger piece of DNA. 

If more STSs are required or a mapping project initiated for a new organism they could be found by random sequencing of genomic DNA fragments (such as ends of BAC clone inserts) but it is also useful to include sequencing of random cDNAs from the 3’ end (where sequence will match genomic sequence so long as there were no introns in the sequenced region)- ESTs (Expressed Sequence Tags). 

If each clone in an ordered library is tested for the presence of a particular STS, the clones that give PCR products of the right size can be grouped as overlapping.  The presence of an STS can be tested either by hybridizing a probe derived from that STS to immobilized DNA from the BAC clone or by using PCR primers to the STS to amplify DNA from the BAC clone. Clones do not have to be screened by PCR one by one (instead economize by testing pooled plates, rows and columns).  If this testing is done for many STS’s increasing numbers of clone overlaps can be found.  Once each clone contains multiple tested STS’s then the extent of clone overlap can also be deduced approximately. The extent of overlap can be defined more precisely by restriction enzyme fingerprinting of clones.

Restriction enzyme digests (“fingerprinting”):- 
If great care is taken in comparing sizes of products and programs are designed for automated size comparisons and contig. building this method can find overlaps in BACs representing the human genome without prior grouping of the BACs. 

Whatever technique is employed it is hard to merge all BACs together into complete chromosomal arrays and it is also easy to postulate overlaps where they do not actually exist. This can be for many reasons including inaccuracies in mapping techniques, presence of repetitive sequences and difficulty of cloning some sequences in BAC vectors.  Hence, sometimes BAC connections have to be made via other types of clones and some apparent overlaps must be examined more carefully and rejected.


You would hope that overlapping BACs represent a faithful copy of the genome from which they were cloned but you can always be suspicious that cloning artifacts have arisen.  These can be checked by FISH (to look for gross mis-placement of clones) or by Southern blotting comparison of genomic DNA and BAC clones using the same DNA probe (using appropriate choice of restriction enzyme).  Small artifacts (single bp changes) would be very hard to recognize.  An additional benefit of performing FISH for several clones (or parts of BAC clones) is that you can correlate your BAC map with a cytological map.
Sequencing BACs

BACs are too large to sequence directly in their entirety by conventional dideoxy sequencing.  The same is true even for inserts of lambda phage libraries.  A good solution is to generate a huge library of random fragments from within the large segment of DNA to be sequenced, and to clone these smaller fragments into a vector.  This purifies and amplifies the DNA in small segments but it also places each segment next to known vector sequences.  Hence, you can design a primer that hybridizes to vector sequences (a “universal” primer) and will allow you to read sequence into each cloned insert from one end at a time.   Essentially what you are doing in shotgun sequencing is providing a large number of random, internal starting-points (primer hybridization sites) within the original BAC sequence for determining DNA sequence.  

Sequence the sub-clones at random without any prior mapping (“shotgun sequencing”). Use the DNA sequences themselves to look for overlaps among all sequences obtained and join any two sequences that overlap together (in an abstract sense, i.e. in a computer file to form a growing “contig”).

Note that it is NOT necessary to determine the entire sequence of a sub-clone. That is not part of your objective.  You are only using the sub-clones to generate stretches of sequence information.  The segments of information will be integrated to provide longer stretches that ultimately should include the entire length of the original BAC (cosmid or lambda) clone.

For large sequence assembly (as in BACs) the above strategy will probably not give you the entire required product.  Some extra ”finishing” steps will probably be required.  These can include primer walking and PCR across gaps for regions where the optimal sub-clones were not obtained or to resolve erroneous overlaps (usually due to repetitive sequence). Note that if you are working with one cloned BAC you already have the appropriate template for primer walking or PCR.

Genome sequencing:- 

The “divide and conquer” (really divide, clone & sequence) strategy itemized above is a logical way to sequence a genome.  The basic steps are to create a BAC library, order the relative disposition of clones in the library, pick a minimal tiling path of BAC clones and sequence those BAC clones in their entirety.  The strategy has flaws (DNA that does not clone well in BACs or plasmids for sequencing, problems of assembling repeat sequences and cloning them intact) and involves a lot of mapping work and a lot of sequencing work.  The ordered library of BAC clones is, however, a very useful by-product.

There is an alternative strategy (whole genome shotgun sequencing).  Just as a single BAC clone could be divided into random sub-clones that are sequenced (without ordering the clones first), so too can the whole genome.  The computational problems of assembling a whole genome sequence from a random collection of segments of sequence are, of course, more challenging than for a single BAC insert.  However, if this can be done, it saves time and money by omitting the mapping step.  It has by now generally become the method of choice in new sequencing projects because generating huge numbers of sequences became very efficient (using second generation methods) and computational methods for connecting overlapping sequences and weeding out errors became much better.

It is also possible to combine these strategies so that some mapping information can help build a skeleton for aiding shotgun sequence assembly.  Producing “finished” sequence from a shotgun approach alone is very challenging but it is not always important to have sequence information for all of the genome.

Genome Projects (historically)

Worm (C. elegans) genome

Cosmids with YACs for gaps

Shotgun sequencing of clones preferred to primer walking

Fly (Drosophila) genome

Ordered BAC (& P1) library by oligo STS hybridiz’n & fingerprinting

Shotgun sequence of 2kb and 10kb fragment mate pairs (plus some seq. of ordered BACs)

Or

Shotgun sequence mate-pairs of different sizes

Human genome

BACs fingerprinted (after trial STS pre-ordering was found not to be essential) (many gaps)

Sequence BACs

Many checks (FISH, fingerprint of BACs from sequence) 

Or

Shotgun sequence mate-pairs of different sizes

Recently, the methods for determining whole genome sequence have been revolutionized by a variety of extremely high throughput methods (454, SOLID, Solexa and more), making the process many times faster and cheaper.  

New sequencing technologies (“second generation”)


Sequencing complex DNAs (whole genomes, copies of mRNA and other RNAs) very fast and very cheaply opens up many possibilities, many of which were only recently imagined.  Amongst the possibilities are:-
Sequencing whole (barring repeats) individual human genomes for sequence variations that might predict pre-dispositions to well-characterized genetic diseases and responses to drugs as part of routine health care.  The same data could contribute to research into the genetic basis of complex diseases and traits (those responding to several genetic loci) and to deductions about recent human evolution.
Sequencing many cancer samples can yield insight into the variety of genetic pathways (succession of mutations) that give rise to cancer.
Sequencing genomes from many organisms can give insight into evolution and functional elements of a genome (especially regulatory regions) deduced from sequence conservation.
Sequencing (copies of) RNAs on a large scale can lead to discovery of new transcripts and extensive information on the regulation of transcription and RNA turnover in a variety of cell types and different situations.  Likewise for related analyses, such as occupancy of DNA by transcription factors, replication factors and other DNA binding proteins.

Broad approaches to cheap sequencing

1. Miniaturize standard Sanger sequencing approaches:  

Conventional template amplification (cloning or PCR on macro-scale; 1 template per tube)

Conventional ddNTP terminators & size separation on gels to read sequence.

Long reads. Very reliable.  Relatively low throughput & hence neither very fast nor very cheap.

2. Single molecule approaches:  

No template amplification 

Many possibilities to read sequence, including electrical changes as DNA passers through a pore in a membrane.

“Third generation” discussed later in course (Helicos optical method now available commercially)
3. Massively parallel gel-free sequencing:  

Template amplification by PCR without separating templates into different tubes.

Pyrosequencing, reversible ddNTP terminators or ligation probes to sequence one nucleotide at a time, but sequencing thousands or millions of templates simultaneously.

Short reads. Reliable and improving to permit longer reads.  High throughput & hence very fast and pretty cheap, making some but not all objectives potentially afforded by cheap sequencing possible.
Massively Parallel Methods  (“Second generation sequencing”) 


The first robust “proof of principle” papers were published in 2005.  Since then the methods have been optimized to produce substantially longer reads and greater accuracy. Methods can be classified either according to principles or according to the commercial instruments and services available. 

Principles:

The common principle (to date) is that the sequencing enterprise can be split into two steps.
Step 1- Amplify DNA templates in small clonal environment in parallel. 

Different names (polonies, BEAMing) are given to a set of related procedures that result in amplified templates being attached to single beads or single spots (locations) on a slide or flow-chamber.

Step 2- Sequence the DNAs in situ (on a bead, slide or flow chamber) and in parallel.

This can involve DNA polymerase or DNA ligase, proceeds one nucleotide at a time and records data through optical signals collected from closely-spaced but clearly resolved templates.

Although existing procedures (published or marketed) combine one amplification procedure with one sequencing procedure future developments could, in principle, combine any pair of amplification and sequencing procedures.  Furthermore, the amplification procedures could be combined with genotype analyses other than sequencing (for example, to detect SNPs or genome rearrangements without obtaining full DNA sequences).

Discussion of methods here includes currently available technologies from 454, Solexa (acquired by Illumina) and Applied Biosystems.  Most details are presented for 454 simply because its details are clearest from publications.  At present each method has specific advantages (e.g. longest individual sequence reads or fastest accumulation of data) and all are being used extensively (some tailored to specific applications).  The details of the methods are quite ingenious, involved and difficult to appreciate at first.  This is such an important cutting edge of biotechnology that it is worthwhile making the effort to understand the underlying principles well.

1. 454 sequencing

(a) Template amplification by BEAMing

BEAMing (Beads, Emulsion, Amplification, Magnetic) and “polony” (polymerase colony) formation were developed first by Bert Vogelstein, George Church and others for projects other than explicit DNA sequencing.  The most popular means of isolating one PCR reaction (with a single template molecule) from others is to trap single DNA templates plus all the other ingredients for PCR in single tiny water droplets in an oil emulsion.  Earlier methods used the small compartments within a polyacrylamide gel.

In all cases, basic principles are:

Attach linkers to randomly fragmented DNA (of chosen size distribution) to allow future oligo hybridization and PCR.

Attach linkered DNA to a solid (bead, flow-chamber surface) so that only one molecule occupies a given space (one bead or small area)- generally achieved simply by dilution and statistics.

Amplify to produce a few thousand or a few million templates still attached to the same locale.

The exact way in which linkers are added to produce only correctly oligo-flanked templates is clever and variable. It can include manipulations that juxtapose two regions of original template DNA (so mate-pair sequencing is possible), it can produce more than one segment of oligo-flanked template to allow more than one sequence per template and it can allow sequencing from either end of the template (in all cases these would be separate, not co-incident sequencing reactions because they would each require a distinct ingredient, such as a different primer or ligation partner).

 If oil emulsions are used, final steps include breaking the emulsion, enriching for beads that have appropriate amplified template and dispersing the beads spatially for subsequent sequencing.  The latter step is not trivial for 454 because you need one bead per microwell. 

(b) Pyrosequencing

In the 454 system the method of reading sequence is known as pyrosequencing.  Also, the system requires a careful balance of flow and diffusion.  The idea is to continually change the conditions in a reaction well through flushing out old ingredients and adding new ones. To do this en masse the system is open- all microwells are bathed in the same fluid. The dimensions are such that beads stay put but controlled flows can (almost) cleanly change the solution and can accomplish this fast enough to allow sequencing steps of a couple of minutes duration.  In order not to waste materials and to keep their concentration adequate enzymes are effectively attached to beads- DNA polymerase is loaded onto template-primer beads prior to dispersion in wells and additional, even tinier beads carrying signal-detecting enzymes are also layered on top into the wells.

Chemistry: When a nucleotide is incorporated into DNA, pyrophosphate (PPi) is released. An enzyme (ATP sulfurylase) can convert PPi plus another substrate, APS, into ATP. A second enzyme (luciferase) uses ATP plus luciferin to catalyze a light-generating reaction. Hence, in the presence of these enzymes and substrates, incorporation of a nucleotide produces a flash of light. One nucleotide (e.g. dCTP) is added at a time- flash (C in sequence) or no flash (C is not next in sequence)? In the next step a different dNTP is added after ensuring all of the previous ATP and dNTP used (dCTP here) is removed by adding apyrase.  Thus, at each round every template is being interrogated as to whether it has a specific nucleotide next.  If the next nucleotide is repeated (e.g. a run of three A residues) all three will be rapidly incorporated, generating roughly three times as much light. The intensity of light can be measured accurately but counting 6 vs 7 As is less accurate than counting Yes/No for a serious of non-polymeric nucleotides incorporated.  That is the major weakness of pyrosequencing.
The original 2005 paper described one 4hr sequencing run (more time to prepare templates) with about 500,000 templates, reading about 100nt from each template. More recent papers describe 250nt long sequence reads.

2. Solexa/Illumina

(a) Templates amplified on a slide

Starting DNA samples are again randomly fragmented and joined to different oligo sequences at each end. A derivatized flow chamber surface is prepared with densely packed oligos of sequence analogous to that bounding each template (but one is complementary, i.e. like a pair of PCR primers for the oligo-flanked templates. Oligo-flanked templates are hybridized at low enough concentration that their sites of hybridization are relatively well spaced apart (so they cannot physically touch each other if they tried- in fact, more than twice that far). PCR is performed in situ. Remarkably, this requires an annealed template to bind over so that its free end hybridizes to surface-fixed primer. That primer is extended to copy the bent template. Following denaturation (melting) the extended template bounces back up. In the next round this new complementary template can also bend over to anneal to complementary primer. Hence, a clustered set of copies and complements of one template is produced in a small area defined by successive bending and copying, extending around and beyond each original annealed template.

(b) Sequencing with reversible blocked and fluorescent dNTPs
Just as in conventional Sanger sequencing four differently labeled dNTP derivatives are added to primer-hybridized templates in the presence of DNA polymerase. Only the correct next dNTP is incorporated and the corresponding fluorescent signal can be detected after washing away nucleotides. Only one nucleotide is incorporated because each dNTP has its 3’-OH chemically blocked.  However, the block can be reversed (by addition of simple chemical reagents) to produce a normal 3’-OH.  Similarly, the linkage that attaches the fluorophore can also be broken. Thus, after detecting the first nucleotide incorporated, that nucleotide can be made competent to link to the next dNTP and the extended chain starts the next step with no fluorescence.  The length of reads is limited by the efficacy of these successive unblocking steps and also by templates that fail to be extended in each cycle (just as in chemical oligo synthesis).
3. Applied biosystems (SOLiD; Sequencing by Oligonucleotide ligation and Detection)

(a) Template amplification
The principles are the same as described for 454. However, because the final sequence reads will be very short there is an emphasis on providing several sites from which to sequence on each bead-attached template and producing mate-pairs.

The template-loaded beads are randomly dispersed and attached onto a surface for sequencing, rather than using micro-wells as in 454.

(b) Sequencing by ligation

The principle is that perfect matches are required locally (here over a 9bp region but concentrating on the 2 nucleotides closest to the point of ligation) for ligation. A simple idea would be to test ligation to a template with “anchor primer” (no priming will take place) of a mixture of ss oligos of random sequence but with the “first” (actually 3’) nucleotide A family labeled with one fluorophore, the G family with another, etc. Only one oligo will ligate and you could tell if its 3’ nucleotide is A, G, C or T by measuring fluorescence of a bead following ligation and washing.  In practice a more complicated approach is used that interrogates two positions at once (but ambiguously).

More data are collected in two ways. 

First, the ligated oligos were made with an internal linkage that can be cleaved. This effectively extends the “anchor primer” by just five nucleotides (after ligation and cleavage) and it also removes the fluorophore. Hence, a second round of ligation can interrogate positions 5bp away from the first sequence positions interrogated.

Second, shorter anchor primers (n-1, n-2, n-3, n-4) that hybridize to known sequence adjacent to the unknown sequence are used separately on each template. This allows each pair of positions to be interrogated in turn. Importantly, also the ambiguity of 2nt calls is resolved because the first nucleotide tested using n-1 primer is known (revealing all other ambiguities by a domino reaction).  

In this way, current technology tests about 36nt of sequence from each template and effectively reads each position twice to add some quality control.

Comparisons

Highest throughput methods with short reads (Solexa, SOLiD) may be best for counting assays (RNA abundance, like SAGE, CHIP assays) and for various SNP/rearrangement tests but longer sequence assemblies greatly facilitated by longer individual sequence “runs”.

Early uses of New Generation Sequencing

James Watson’s (non-repetitive) DNA sequence: Costs and time-frame (less than $1million and 2 months) show, with some extrapolation, the possibilities for individualized, comprehensive DNA diagnostics. Craig Ventner’s DNA sequence (100 times more expensive) using classical Sanger sequencing was published a few months earlier. Both give a clear picture of the large number of actual SNPs (about 3 million, 20% previously unknown and at least 10,000 causing aa substitutions) and other insertions or deletions (more than 300) in an individual.

Partial sequencing of Neanderthal, woolly mammoth and other ancient DNA genomes.

Comparative genomics of many bacterial strains to study evolution, novel adaptations.

Sequence-based discovery of microRNAs and other small RNAs.

Detection of unknown organisms in complex mixtures, e.g. detection of pathogens.

Much improved resolution and sensitivity for CHIP (& related) assays.

Discovery of mutations in model organisms by direct sequencing after only a little genetic mapping.

Use in screening for significant mutations in humans would be increased substantially by methods that allow cheap and effective separation of selected portions of the genome from the rest prior to sequencing (generally “exome capture”).  Such methods, based on hybridization capture with oligos are being developed and work quite well (the point is to avoid expensive, time-consuming PCR to amplify selected regions).
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