Supplementary Notes 1-4 

Supplementary Note 1: Further information about the finishing process and standards

Standards:

The strategies for finishing maps and clones described in the main text were carried out at multiple sequencing centers. In order to ensure that consistency was achieved across the genome, the consortium established standards for several critical aspects of finishing, in addition to the better-known single-base “Bermuda” standard of 1 error in 10,000 bp. These included:

· Standards for finished chromosomes and definitions of different types of gap and the minimum effort required to search for a gap-filling clone. Briefly, gaps could not be declared unresolved until 30X depth of a set of standard libraries had been screened without success (see http://www.nhgri.nih.gov/10000923); 

· Standard practices for finishing individual large-insert clones, including minimum levels of effort for particular types of sequencing problem and standardized annotation vocabularies for those problems if they were not resolvable. Problem regions were short (typically a few tens of bp) and in regions of mononucleotide runs or dinucleotide repeats; standard vocabulary allows these to be found among the accessions (see http://www.nhgri.nih.gov/10001812);

· Standards for acceptable ‘joins’ between large-insert clones, including rules for allowing a join to be made or rejected when polymorphisms within the clone overlap regions were evident (“nonstandard joins”), and annotation of any such joins (see http://genome-test.cse.ucsc.edu/goldenPath/certificates/).    

Process:

The coordination of finishing was accomplished at multiple centers through a group of coordinators assigned to the individual chromosomes. Each coordinator was responsible for submitting, at regular intervals, updates of finishing progress in a standard format. That format listed each clone in map order, indicating accession numbers, unique sizes, and any gaps (Tiling Path Files, or TPFs). Clones in these files were checked for contaminants, joins between clones that did not meet established standards, discrepancies with fosmid and/or BAC end data (see text), inconsistency with map markers, and missing mRNA’s (see text). This information was fed back to the coordinators for use in improving subsequent updates. Coordinators also submitted individual gap reports, annotating each gap; gap filling was tracked centrally to ensure that standards were met and to disseminate gap closure information to the consortium members. 

The TPFs were used as the basis for each genome “Build” performed at NCBI. See: http://www.ncbi.nlm.nih.gov/genome/guide/build.html
Finishing clones:

Box 2 discusses several methods for finishing difficult regions of clones. These descriptions should be taken as examples of how largely existing techniques have been adapted to use for finishing at high-throughput. As stated in the text, finishing was done at a number of different centers—each center differed slightly in how it categorized or triaged difficult clones, what specific techniques they had in their armamentarium (and in what order they were used), and what balance of automated pre-finishing and manual finishing each used. It should be emphasized that consistency between centers was achieved through consensus on finishing standards (described above).  Examples of procedures used include: 

a. Resolution of repeats by isolation of distinct copies of repeats in subclones – 

Repeat copies when in the context of a large insert clone containing multiple copies of a similar repeat can be very difficult to assemble. One method of resolution was to identify subclones containing single, or at least fewer copies of the repeat unit, assembling data only derived from that subclone, and assembling the entire sequence of that subclone. That larger refined assembly was then  coupled with other similar overlapping assemblies, and used to reconstruct the entire assembly. 

b. Gap closure by sequencing spanning plasmids – 

The sequence of many gaps in shotgun assemblies is captured by spanning plasmids. These plasmids were identified by the presence of sequence from each end of the plasmid being contained in two separate contigs. The remaining sequence needed to close the gap is contained in the plasmid and can be obtained by various sequencing techniques including oligonucleotide walks, shatter libraries of the spanning plasmid1, or by sequencing transposon libraries derived from the plasmid. 

c. Alternative chemistries for difficult gaps within clones – 

Many gaps remaining after shotgun sequencing are difficult to sequence through. There are many methods and commercial kits (for example, available to enhance the success of sequencing through these regions compared to standard shotgun chemistry. These methods employ alternative polymerases, buffers, enhancers, and additives to combat secondary structure. These kits allow the finisher to utilize higher temperatures, harsh additives and more marginal sequencing templates. 

d. Closing unspanned gaps by PCR or by primer walking directly on the BAC – 

These are key methods for closing sequence gaps with no spanning small insert clone. PCR is performed by choosing oligos on each side of a sequence gap and then amplifying the region between the primers using either genomic DNA, or the large insert clone as the PCR template. This generates a sequencing template that can be used to produce the missing sequence in the gap. Primer walking directly on the BAC is a technique that utilizes the BAC as a sequencing template. A primer is chosen adjacent to the gap and then used to prime directly on the BAC DNA2. This method can be employed from each side of the gap. 

Because the specific methods used by each of the several centers were somewhat different, it is not possible to provide a single method or even a concise set of methods. However, as an example, the protocols used at Washington University, St. Louis center, are posted at http://genome.wustl.edu/tools/protocols/  for varying reaction conditions for sequencing through difficult regions, approaches for resolving inverted repeats, and protocols for sequencing directly from large-insert clones.   
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Supplementary Note 2: Heterochromatin

Although the HGP did not target heterochromatin, it is an important component of the human genome and its general structure has been elucidated in recent years. Heterochromatin was initially recognized cytogenetically as distinctive, condensed regions of chromosomes. It was subsequently molecularly characterized as consisting largely of long tandem arrays of repeated sequences, corresponding to distinctive ‘satellite’ bands in density-gradient centrifugation of genomic DNA. These repeated sequences are thus designed by such names as alpha satellite, beta satellite, and so on. (See ref. 1 for a review.)  There are four types of heterochromatic regions:


• Centromeres (24 regions totaling ~62 Mb). Centromeres consist largely of alpha satellite repeats, of which ~15 types exist. These monomeric repeats are arranged into higher-order arrays distinct to each chromosome, and the higher-order arrays are tandemly repeated with slight sequence variations. Centromeres degenerate near their ends into tandem repeats of individual alpha satellite monomers and may be flanked by extensive euchromatic sequence rich in such repeats. Centromeres vary in size among chromosomes and are polymorphic among individuals. In this paper, we consider the centromere boundaries to be at the transition to higher order alpha-satellite repeats2. Estimating the sizes of centromeres is a challenge—estimates provided in the literature vary3.  Some more obvious sources of variability are different approaches that yielded results of different accuracy or which are based on slightly different definitions of centromere boundaries (e.g., see ref. 2. vs. ref. 4), and polymorphism. In Table 2, we used values for centromeres provided in Lee et al; where no value was provided (chromosomes 4, 9, 15, 20, 22) we used a value provided directly by the sequencing center.


• Secondary constrictions (3 regions totaling ~41 Mb). These regions are immediately adjacent to the centromere on chromosome arms 1q, 9q and 16q and contain various satellite repeats (beta, gamma, satellite I, II, III). They are also highly polymorphic in length. 

• Acrocentric arms (5 regions totaling ~67 Mb). Chromosome arms 13p, 14p, 15p, 21p and 22p encode the 5S, 18S and 28S ribosomal RNA genes, which lie on a 43kb sequence present in ~50 tandem copies on each arm. The acrocentric arms also contain additional repeats flanking the rDNA clusters, arranged in complex structures.  They are known to vary in size between individuals.


• Distal Yq (1 region of ~22 Mb). The distal half of chromosome Yq is composed primarily of thousands of copies of several repeat families. Its length is highly polymorphic. This heterochromatic region is flanked distally by a small amount of euchromatin, including a pseudoautosomal region and telomere4.


Some other regions of the human genome share characteristics of heterochromatin, consisting almost entirely of tandemly repeated sequence and being represented by large gaps in the finished sequence. Examples include the proximal 2.5 Mb on each side of chromosome 19 centromere and a partially represented 400 kb segment of ~3000 copies of a tandemly repeated 125-bp sequence on proximal chromosome Y4. Although it could be argued that such regions should be considered heterochromatin, we use a narrow definition of heterochromatin here and count these as gaps in our coverage of the euchromatic genome.  

The highly repetitive nature of heterochromatic regions defeats current mapping and sequencing methodologies, which rely on the presence of unique features to assemble small units into larger units.  Nonetheless, the functional significance of these regions is so high that they should continue to be characterized. 

Although heterochromatin comprises a substantial amount of the genome, it appears to be nearly devoid of protein-coding genes: Of ~17,000 distinct cDNA sequences from the well-curated REFSEQ and MGC sets5,6, at most four map to heterochromatic regions (see main text). The absence of heterochromatin from the finished sequence thus has a minimal effect of studies of protein-coding genes.

1. Alexandrov, I., Kazakov, A., Tumeneva, I., Shepelev, V., and Yurov, Y. Alpha-satellite DNA of primates: old and new families. Chromosoma 110: 253-266 (2001).

2. Schueler, M.G., Higgins, A.W., Rudd, M.K., Gustashaw, K, and Willard, H.F. Genomic and genetic Definition of a Functional Human Centromere.  Science 294: 109-115 (2001).

3. Lee., C., Wevrick, R., Fisher, R.B., Furguson-Smith, M.A., Lin, C.C.  Human Centromeric DNAs.  Human Genet. 100: 291-304 (1997).

4. Skaletsky, H. et al.  The male-specific regions of the human Y chromosome is a mosaic of discrete sequence classes. Nature 423: 825-837 (2003).

5. Pruitt, K.D., Tatusova, T. and Maglott, D.R. NCBI Reference Sequence Project: update and current status. Nucleic Acids Res 31: 34-37 (2003).

6. Strausberg, R. L. et al. Generation and initial analysis of more than 15,000 full-length human and mouse cDNA sequences. Proc Natl Acad Sci USA 99: 16899-16903 (2002).

Supplementary Note 3: Additional sequence data
The sequencing centers deposited 86 clones that are associated with Build 35, but which do not appear in the assembled sequence or the browser views. This collection is collectively referred to as “The bottom drawer”; it contains 47 unfinished (10,423,878) bases) and 38 finished contigs (4,155,845 bases). 

Many of the unfinished clones in the bottom drawer are there because they were simply not finished by the time of the Build 35 data freeze; many of these were late entries into sequencing pipelines because they were only found after continuing extensive searches for clones to fill difficult gaps. Still others are in this collection because they could not be unambiguously placed in the genome. 

The finished clones that are in the bottom drawer were included in that collection for one of two reasons. Many appeared to represent an alternative haplotype to a clone represented in the sequence assembly; some could not be unambiguously assigned to a unique location (no unique overlaps were found). 

	#acc.ver
	length
	phase
	center
	chromosome

	AC011645.3
	146536
	1
	WIBR
	1

	AC026283.2
	197748
	1
	WUGSC
	1

	AC026900.3
	183763
	1
	WIBR
	1

	AC118558.2
	51825
	3
	UWGC
	1

	AL109844.14
	136815
	3
	SC
	1

	AL590674.5
	114056
	3
	SC
	1

	AL604047.1
	27532
	3
	SC
	1

	AL691432.40
	192352
	1
	SC
	1

	AL732600.4
	25994
	3
	SC
	1

	AL929091.26
	1637740
	1
	SC
	1

	AP001393.2
	208942
	1
	RIKEN
	1

	BX511012.5
	106433
	3
	SC
	1

	BX511041.10
	176242
	1
	SC
	1

	Z71187.1
	42503
	3
	SC
	1

	AC131097.4
	182587
	1
	WUGSC
	2

	AC133781.4
	185571
	3
	WUGSC
	2

	AC009289.8
	146010
	3
	WIBR
	3

	AC025613.14
	172475
	3
	SDSTDC
	3

	AC069213.22
	171460
	3
	BCM
	3

	AC092036.3
	137703
	3
	UWGC
	3

	U95626.1
	143068
	3
	BCM
	3

	AC018692.9
	189789
	3
	WUGSC
	4

	AC116612.5
	96249
	3
	WUGSC
	4

	AC118279.3
	3994
	3
	WUGSC
	4

	AC145212.1
	191469
	3
	WUGSC
	4

	AL354822.8
	161147
	3
	SC
	4

	BX322586.10
	137634
	2
	SC
	4

	AC016572.6
	143687
	3
	JGI
	5

	AL732359.26
	1305230
	1
	SC
	6

	BX284653.17
	520332
	1
	SC
	6

	AC006476.3
	112804
	3
	WUGSC
	7

	AC011043.4
	182896
	2
	WIBR
	7

	AC144411.1
	179305
	1
	WUGSC
	7

	AC144526.2
	153959
	1
	WUGSC
	7

	AC091190.3
	12854
	3
	WIBR
	8

	AC105058.4
	50950
	3
	WIBR
	8

	AC137085.2
	183161
	1
	WIBR
	8

	AC142402.2
	46082
	3
	WIBR
	8

	AC144571.1
	37175
	2
	WIBR
	8

	AC145057.1
	13036
	1
	WIBR
	8

	AC145060.2
	38914
	3
	WIBR
	8

	AC145144.2
	211638
	3
	JGI
	8

	AC002321.1
	36148
	2
	WIBR
	9

	AC025861.3
	185143
	1
	WIBR
	9

	AC079999.4
	154740
	1
	WUGSC
	9

	AL837517.10
	48770
	1
	SC
	9

	AL953854.21
	157546
	3
	SC
	9

	BX088588.4
	187035
	2
	SC
	9

	BX088702.4
	173443
	1
	SC
	9

	BX322591.1
	19840
	1
	SC
	9

	BX322640.4
	113275
	1
	SC
	10

	AC018743.27
	466818
	1
	BCM
	12

	AL356585.7
	186858
	3
	SC
	13

	AC138750.2
	139260
	1
	WIBR
	15

	AC139511.2
	168820
	1
	WIBR
	15

	AC139536.2
	119514
	1
	WIBR
	15

	AC139687.2
	111864
	1
	WIBR
	15

	AC145167.2
	44888
	3
	WIBR
	15

	AC002301.1
	105485
	3
	TIGR
	16

	AC011841.7
	174588
	3
	WIBR
	17

	AC037482.14
	186078
	3
	WIBR
	17

	AC087365.3
	104495
	1
	WIBR
	17

	AC129894.9
	142595
	1
	WIBR
	17

	AC139099.1
	120350
	2
	WIBR
	17

	AC139361.2
	185449
	1
	WIBR
	17

	AC139367.2
	163628
	1
	WIBR
	17

	AC144831.2
	37443
	3
	WIBR
	17

	AC144832.1
	45226
	1
	WIBR
	17

	AC145081.1
	147354
	1
	WIBR
	17

	AC145160.1
	19187
	1
	WIBR
	17

	AC145166.2
	37498
	3
	WIBR
	17

	AC145204.1
	117663
	1
	WIBR
	17

	AC145205.1
	81707
	1
	WIBR
	17

	AC145207.1
	182567
	1
	WIBR
	17

	AC145209.2
	41001
	3
	WIBR
	17

	AC145223.1
	31181
	1
	WIBR
	17

	AC138661.2
	4262
	3
	WIBR
	18

	AC136499.2
	92689
	3
	JGI
	19

	AL133414.4
	159169
	3
	SC
	19

	AC087065.4
	40752
	3
	UOKNOR
	22

	AL163540.11
	166566
	3
	SC
	22

	AC079036.44
	217385
	1
	BCM
	X

	AC126759.1
	24360
	1
	JGI
	X

	AC132010.21
	204131
	1
	BCM
	X

	BX276116.7
	1005289
	1
	SC
	X

	BX323853.4
	68003
	1
	SC
	X


Supplementary Note 4: Counting gaps
The gaps in ‘boundary regions’ are the most difficult to characterize. Variability in the number of gaps in these regions can be introduced in several ways. First, the difficulty of obtaining sequence in pericentromeric regions varies considerably between chromosomes; in addition, the gaps between heterochromatin and euchromatin can be difficult to size by available methods, and the exact boundary between heterochromatic and euchromatic sequence is not well characterized for all chromosomes, making it difficult to apply a single standard.  Second, different centers worked on different pericentric and subtelometric regions, which introduced additional variability in deciding how strong the evidence was for having reached the centromere or telomere. The results of these efforts were reported by individual centers as part of a coordinated tiling path reporting system, and formed the basis of all builds, including Build 35.  

In order to report the most up-to-date and consistent view of these regions, the pericentric and telomeric regions were evaluated centrally after the build was constructed, and those results are reported in the text because they are the collective best accounting of the status of the boundary regions. However, they may differ somewhat from the information provided by the sequencing centers for the build, which would be reflected in the views of the genome based on that build. For example, in build 35, not all (6/13) of the proximal arms where heterochromatin was not reached were indicated as euchromatic gaps (total size estimate 6700 kb). In addition, there are 5 cases where alpha satellite or other repeat sequences were reached, but a gap was actually indicated in Build 35 (total size estimate 250 kb).  For subtelomeric regions, 39/43 nonacrocentric telomeric regions were captured with half-YACs (note that the Y regions counted here are actually pseodoautosomal X regions); for 20 of these, the TTAGGG repeat was reached. However, in four of these cases, it was reached in a shorter version of the telomeric region than appears in Build 35 (note that the IHGSC standard at the sequencing centers was to use the longest available allele when there were length polymorphisms). These length polymorphisms make it difficult to account for the gaps in a completely consistent way. However, we take the view that an accurate description of the interesting biology revealed by the sequence in these regions should take precedence over absolute consistency in accounting for gaps. 

Future builds will reflect greater accuracy in these difficult regions as the knowledge gained through central assessment feeds back to successive builds. 

