Supplementary Notes: Genome Sequencing and Assembly (2005-03-03208)

DNA Resources. The chimpanzee genome sequence was generated from native DNA derived from Clint, a captive-born male chimpanzee from the Yerkes Primate Research Center (Atlanta, USA). Whole genome shotgun libraries were constructed in plasmid pOT4. Protocols are available from the Washington University website (genome.wustl.edu/tools/protocols). Table S1 lists other available Clint-derived DNA resources, as well as libraries from other chimpanzee specimens. 

ARACHNE Assembly (Jaffe 2003). The ARACHNE assembly was created using reads from the primary donor only, except as noted below. Human genome sequence (NCBI build 34) was also used in a limited fashion. We created two distinct assemblies, one called the modified de novo assembly (MDN) and the other called the validated chimpanzee-on-human assembly (VCH). We then performed a partial merger to obtain the final assembly described by the Consortium. 

The MDN assembly started with a partially formed ARACHNE assembly, constructed without reference to human genome data. This assembly was iteratively modified using several procedures, some of which exploited human data in the following capacities: 

1. We normally require two read pairs to join supercontigs, but if we had a single read pair which landed consistently on human sequence (implying that the pair was not chimeric), we allowed a join based on it. 

2. Joins were broken in contigs having the following characteristics: 

there was a weak sequence link holding the contig together, and 

there was no link across the join (within the contig), and 

there was no link from both sides to a common contig, and

the reads abutting the juncture did not align consistently to the human sequence through the region. 

3. The calculated gap size between two consecutive contigs in a supercontig was replaced with the corresponding gap size in human sequence if: 

these contigs aligned to human sequence, and 

if the gap size on human was within two standard deviations of the assembly gap size, as predicted from insert characteristics. 

The VCH assembly started with alignments of chimpanzee reads to the human build. We utilized only those reads whose placement was unique, or for which unique placement could be inferred from pairing. These were formed into overlapping “piles”, based on relative positions inferred from human sequence and confirmed by chimpanzee-chimpanzee overlap. Piles were assembled into contigs, which were then “validated” by requiring that SNPs between reads within a given contig were consistent with the presence of no more than two haplotypes. These validated contigs were formed into the VCH assembly. 

The MDN and VCH assemblies were then aligned using shared reads to seed the alignments. A merged assembly was formed by importing sequence from VCH into MDN, but only in cases where the two assemblies were consistent. This merged assembly was then iteratively modified, as the MDN had been. 

At this stage we temporarily inserted non-Clint reads into the assembly, without changing the sequence in the contigs. Supercontigs where then merged, where possible, after which the non-Clint reads were removed. Those supercontigs that were thereby disconnected were allowed to fall apart. As a final step, prior to release, we manually identified and removed two global misassemblies. 

PCAP Assembly (Huang 2003). The PCAP assembly was created strictly from primary donor-derived reads. Neither human sequence nor chimpanzee reads from other individuals were used as input. However, human sequence and several finished chimpanzee BACs were used in post-assembly evaluation of potential local and global misjoins. A local misjoin involves erroneously ordered or oriented contigs from a limited region of the genome. In a global misjoin, contigs from disparate regions of the genome have been spuriously linked. We used an iterative strategy to reduce the numbers of both local and global misjoins. In each iteration, a chimpanzee assembly was first produced. Global and local misjoins in the assembly were then found by comparison with human genome sequence, as well as finished chimpanzee BAC clones. Appropriate modifications were made to PCAP after examining the nature of these errors, as described below. 

Forward-reverse read pair information is the primary factor in finding and correcting global misjoins within sequence contigs. In particular, a read pair could either support a join, or contradict it. A join is supported if both reads of pair align in an orientation and at a distance consistent with insert size. A join in a particular supercontig S is contradicted if reads lie in different supercontigs at a distance inconsistent with the expected insert size.  The distance is estimated by the sum of the distances of the reads from the appropriate end of the supercontig.  For each join, the number of read pairs supporting the join, σ, is computed. The numbers of read pairs that refute the join are also computed. These instances must be within LC (see Table S2) bases of the join to be considered. Misassembled regions are identified as joins having a small number of supporting read pairs and a large number of contradicting read pairs. Such joins are subsequently broken apart. 

Contradicting read pairs are not considered with respect to supercontigs of length less than LS. Such contigs are not typically linked to long contigs because of a paucity of read pairs. Moreover, joins closer than LC base-pairs to the end of a supercontig are never broken. The following pseudo-code describes conditions for breaking a join: 

if (σ ≤ CS and (ρ5 ≥ CC or ρ3 ≥ CC)) { 

break join;

} elsif (ρ5 > 0 and ρ3 > 0 and ρ5  - σ ≥ CD and ρ3 - σ ≥ C D) {

break join;

} elsif ((ρ5 > 0 or ρ3 > 0) and ρ3 + ρ5 - σ ≥ CO) { 

break join;

}

where CC, CD, CO, CS, LC, LL, and LS are iteratively-adjusted parameters. These parameters, and their values for the final iteration, are described in Table S2. 


Improvements to the assembly utilized the method described above to detect and break global misjoins and to identify and make new, legitimate joins. Conversely, local misjoins are largely due to inclusion of short contigs into supercontigs without sufficient read pairs links in both directions. These are more straightforward to manage. We use the following rule: for any contig of length less than LL, a read pair is required in both directions for its inclusion in a supercontig. 

The final assembly (the last iteration) contained only two global misjoins, one of them involving a region of unknown chromosome origin. These misjoins were broken after manually reviewing the levels of read pair support and contradiction for the misjoins. The resulting assembly is referred to as the PCAP chimpanzee assembly. 

Assembly Statistics. The supplementary tables provide more comprehensive statistical details of the chimpanzee assemblies from ARACHNE and PCAP. These are classified according to both insert size (Tables S3 and S4, respectively) and sequencing center (Tables S5 and S6, respectively). Sequence coverage is calculated on the basis of assuming a 3 Gb euchromatic genome size. An additional 2.1 million chimpanzee SNP reads were used as input and later excised from the ARACHNE assembly, as described above. 
Genome Alignment. We evaluated three independent methods for aligning chimpanzee contigs to human genome sequence. The first utilized BLASTZ (Schwartz 2003) to align and score non-repetitive chimpanzee regions against repeat-masked human sequence and BLAT (Kent 2002) to process the more repetitive regions. Alignment chains differentiated between orthologous and paralogous alignments (Kent 2003) and only “reciprocal best” alignments were retained in the alignment set. 
In the second method, each contig was aligned to human sequence with a hashing procedure based on affine Smith-Waterman calculations for locally refining alignments without repeat masking (D. Jaffe and T.S. Mikkelsen, unpublished). Each alignment was assigned a confidence value based on alignment strength and frequency. 

The last method split chimp contigs into 1 kb segments and aligned them to human sequence with BLAT. This step was followed by re-alignment using cross_match (P. Green, personal communication) to exploit base quality values and tagging of unique alignments. 
Results of the three alignment methods were compared using detailed analyses of local regions using finished chimpanzee sequence, and quality of human RefSeq alignments to the chimpanzee genome when applying the chimp-human alignments. Coverage and consistency with respect to human sequence was also considered. For example, in comparing to a 1.3 Mb region of finished chimp sequence, less than 0.25% of the aligned bases came from alignments that were clearly spurious. There were 3.068 Gb of scaffold length where all three methods agreed upon chromosomal placement and 3.087 Gb where are least two of the methods concurred. Only 9.9 Mb showed disagreement between all three methods, but in 98% of these cases less than 2 kb of the scaffold could be uniquely placed. There was disagreement as to where 3.8 Mb belonged on specific chromosomes. Of that, only 293 kb had more than 1 kb uniquely mapped. 


Table S7 shows placement results for all three alignment methods. All three alignment methods performed well, but method 1 exhibited the fewest frameshifts and other problematic results with respect to human RefSeq mRNAs (see below). The first method was therefore chosen as the basis for results discussed in the paper.

Tables S8 and S9 show coverage of human sequence categorized by chromosome for each assembler. Information for remaining PCAP statistics are given with the supercontig filter activated. 

Creation of Chimp AGP Files. The 37,931 chimpanzee scaffolds comprise 2.73 Gb of sequence and span 3.109 Gb of the genome. Of these, a total of 33,180 (2.70 Gb of sequence spanning 3.077 Gb) scaffolds had significant alignments to the human genome. The process of constructing a path of scaffolds designed to represent the chimpanzee genome was as follows. 

All alignments completely contained within other alignments were first removed from the alignment set. Next, alignments where more than 90% of the scaffold length aligned to the human genome in a single chain were examined. When a subregion of such an alignment also aligned to another region of the genome, the alignment was removed. The next step involved examining the subset of scaffolds for which more than 5% of the scaffold content aligned elsewhere in the genome. If the alternate alignments were within 3 kb of the main (90%) alignment, the alignments were merged. If the alternate alignments were each less than 100 bp in length, they were also removed. If the 5% was aligned on the same chromosome but in the random portion, then only the main 90% portion was retained. Only those alignments determined to be chimeric were removed, all others were retained.

All alignments were retained where at least 60% of the scaffold length was aligned to one ``region'' of the genome. For remaining alignments, when all alignments were to the same chromosome they were assigned to their respective chromosomes, but to the random drawer. When alignments were to various chromosomes, they were assigned to chrUn_random. 

All alignments in the >90% and >60% categories were examined if the chimp scaffold spanned more than 1.5 times its counterpart in the human genome. When the offending supercontig only subsumed other supercontigs less than 1.5 kb, they were retained. For those that would completely overlap large contigs, the alignments were manually reviewed to determine if the alignment should be broken. 

At this point scaffolds spanning a total of 2.85 Gb were anchored to the human genome sequence (excluding those in the _random bins). All scaffolds that were completely overlapped by another scaffold based on the human position were then removed. Also removed were the smaller of two neighboring contigs when there was an overlap of 60% (based on human) between neighboring scaffolds. The total anchored sequence after these steps dropped to 2.74 Gb (2.41 Gb of actual contig length), or 88% of the total chimpanzee sequence. An additional span of 280 Mb (240 Mb of actual sequence) was assigned to a chromosome, but in the _random portion, and the final 91 Mb was unassigned. For gaps between supercontigs, sizes were estimated using the alignments to the human genome. 

Centromeres were introduced into the chimp at the positions of the centromeres in the human chromosomes. An additional centromere was introduced in Chromosome 2B (formerly PTR13) at the site of the 30 kb of alpha-satellite. Finally, nine documented/known human inversions (Yunis 1982) were introduced into the ordering as was the fusion of human chromosome 2 from chimpanzee chromosomes 2A and 2B (formerly PTR12 and PTR13). 


Detailed Assessment of Assemblies. We sought to evaluate the consistency of the assemblies by examining pairing rates and read depths and by comparing assemblies to various data sets. In terms of pairing rates, 90% of the read pairs in the PCAP assembly fell within the distance of their nominal insert sizes. We also examined regions of the assembly that appeared to be collapsed repetitive data by examining local depth of coverage. For example, only 910 kb of the PCAP assembly fell in areas where the depth of coverage exceeded 20 reads. Using a Poisson model for independently and identically distributed sequence with a rate of 4, i.e. for 4x nominal coverage, such regions would have a probability on the order of 10-8 of occurring by mere chance. Therefore, they are very likely collapsed repeat regions. Examination of the content of these regions revealed four times fewer simple repeats and low complexity masked regions as compared to the genome as a whole, but 26 times more satellite sequences. About 34% of these bases were masked as interspersed repeats as compared to 42% for the genome as a whole. 
As a measure of accuracy of the assembly, we examined the alignments between the chimpanzee assembly and the finished chimpanzee clones for interweaving of supercontigs and mis-ordering of contigs within a supercontig. Both assemblies had some issues arise as a result of the moderate level of coverage, although the ARACHNE assembly had fewer overall. There were cases in both assemblies where overlaps were suggested by human sequence, but which were not recognized by the assemblers. The lengths of these provisional overlaps were always less than 1000 bp. 

We also assessed the assemblies by more direct comparisons with the human genome. For example, none of the final assemblies contained any global misjoins. These were defined as regions of at least 50 kb having cross-over or consecutive alignment to more than one human chromosome. Human mRNAs and oriented ESTs were also used to assess coverage of the assemblies. Both assembly methods performed similarly with respect to percentages of human mRNAs and ESTs aligned. 

Absolute values are not of interest for certain comparisons between the chimpanzee and human genome, since many of these cases are true chimpanzee/human differences. However, relative numbers of inter- and intrachromosomal differences were used to compare performance of each assembler. For example, we considered 

1. numbers of supercontigs with orientation issues with respect to the human genome 

2. numbers of supercontigs where successive pieces of the alignments jumped more than 300 kb in human coordinates 

3. numbers of supercontigs where individual contigs within them seemed to be out of order with respect to the human genome. 


We specifically examine only supercontigs larger than 150 kb. PCAP had fewer orientation and ``jumps'' along the human genome, although both assemblies had a similar number of ordering anomalies. In particular, about 73% of those supercontigs exhibited at least one of the above issues, confirming the complex relationship between the chimp and human genomes. 

We also examined the assemblies in terms of several additional quantities for which finished BAC sequences were available. These BACs were determined to be either unique or duplicated, based on segmental duplication analysis of the human genome (NCBI build 34). Overall, the mean number of aligned bases is reduced by 30% in duplicated regions (determined by merging Blast (Altschul 1990) alignments where neighboring HSPs were within 80 bp and sequence contigs were in the same orientation). The number of supercontigs and the number of discordances, or disruptions in the linear relationship of adjacent contigs within a supercontig, increases by 3 to 4 times. Table S10 shows additional comparison data for the assemblies. 

We estimate the genome coverage to be about 94%, based on comparison to 12 finished CHORI-251 BAC clones. These clones collectively comprise a total of 1,265,617 bases of sequence. Table S11 shows detailed information of these comparisons. Specifically, ARACHNE covers 1,186,774 bases, or 93.8% of the clones, while PCAP covers 1,189,836 bases, or 94.0% of the clones. 

Comparison with the finished chromosome 21 sequence. We also sought to evaluate the contiguity of the WGS assembly by comparing it to the BAC-sequenced chromosome 21 (Watanabe, 2004). Using the same alignment procedure as described above, a total of 3,462 contigs could be unambiguously aligned to cover 95% of the finished sequence. 57% of this sequence is contained in a single 17.8 Mb supercontig, 90% is contained in the 10 largest supercontigs, and the remainder is contained in 201 smaller supercontigs, often interwoven within the larger ones (~0.6 events per 100 kb). There are 371 undetected contig overlaps with a median length of 101 bp (~1.2 events per 100 kb). With the exception of 88 linked contig pairs that could not be unambiguously ordered in the assembly (~0.3 events per 100 kb), there were no ordering or orientation conflicts between the WGS supercontigs and the finished sequence. These discrepancy rates are nearly identical to the same source BAC comparison. Because chromosome 21 is particularly duplication poor (only ~ 650 kb of segmental duplications) and the pericentromeric region appears to be underrepresented in the finished sequence, these rates may still underestimate the number of discrepancies in highly duplicated/repetitive regions.

Because the error rate at high quality bases in the WGS assembly is significantly lower than the polymorphism rate in the chimpanzee population, the substitution rate between the WGS sequence and the finished chromosome 21 sequence is not informative for accurately determining this error rate (the Q20 substitution rate is 1.2x10-3, which is within 10-4 of the expected heterozygosity given than the mutation rate of chromosome 21 is approximately 20% higher than the genome mean). However, by comparing both to the orthologous human sequence, we can determine whether there is any bias in the WGS analysis. We therefore constructed a gene catalog for each of the two chromosome sequences using the same approach as used globally in the manuscript. Using the UCSC Browser knownGenes track for human chromosome 21, orthologous chimpanzee coding regions were extracted for 493 transcripts using the uniquely placed contig alignments, and then filtered for alignment/sequence artifacts. The finished chromosome 21 sequence yielded a mean base coverage of the human coding regions of 95.6%, and had 68 transcripts with frame-shifts or premature stop codons. Manual inspection suggested that the majority of these artifacts are likely due to problems with the human gene predictions (errors in the cDNA evidence, see below). The WGS chromosome 21 sequence yielded a mean base coverage of the human coding regions of 89.3%, and had 95 transcripts with frame-shifts or premature stop codons. Manual inspection suggested that the majority of the 27 artifacts that were not also present in the finished sequence were caused by 1-2 bp indels in the chimpanzee WGS sequence. After removing all but the longest transcript from each gene, a total of 219 unique, artifact free coding region alignments could be extracted from the finished sequence, and 196 from the WGS sequence.

We counted the number of substitutions between the two chimpanzee sequences and the human sequence in the aligned coding regions at all unmasked sites in the WGS assembly. As shown in Table S12, the number of differences between the WGS and finished sequences is 3.88x10-4, well within the range expected from heterozygosity. Both chimpanzee sequences were also roughly equidistant from the human sequence, indicating no detectable excess of substitutions in the WGS sequence. 

We also counted the number of substitutions between the finished chimpanzee sequence and the human sequence after including those sites which were masked as low quality in the WGS sequence, shown in the last column on the table below. Including these sites increase the observed substitution rate for the finished sequence by 2.6x10-4, 50% of which is contributed by only 2.5% of the compared genes. This may indicate a slight bias against inclusion of highly diverged regions in the WGS sequence (most likely by mistaking true SNPs for sequencing errors). As described elsewhere, a bias may contribute to the slightly higher number of substitutions observed on the human lineage compared to the chimpanzee lineage, but this would not affect any conclusions in the manuscript. Alternatively, low quality regions may not be independent in the WGS and finished sequences, and including sites corresponding to masked bases in the WGS assembly may slightly increase the error rate of the finished sequence.

Manual analysis of protease genes for assembly quality control. To supplement the large-scale assessment of assembly quality we also performed an in-depth manual analysis of 100 protease genes. Analysis of these protease genes demonstrated that errors found in one assembly may be observed in the other assembly, but not always (see Table S16 for a useful example). Table S13 shows details of these comparisons. 

Human-chimpanzee ortholog alignments. In order to build a first-generation chimpanzee gene catalog we aligned human RefSeq cDNA sequences to the human genome (NCBI build 34) and in turn transferred those alignments to the chimpanzee sequence. Discrepancies between the cDNA and human genome sequence were carefully flagged (see below). Each gene alignment was transferred to the chimpanzee genome sequence by identifying the orthologous chimpanzee bases of the aligned cDNA via the whole-genome BLASTZ alignments (see above). Discrepancies between the human and chimpanzee sequences were also noted.
Table S14 shows percentages of distinct genes with human cDNA to human gene alignment discrepancies (rows) and human cDNA to chimpanzee genome alignment discrepancies (columns). 

Proofreading the Human Genome. As mentioned above, not all apparent discrepancies between human gene predictions and the chimpanzee sequence are due to errors in the latter. A significant source of such problems may in fact be discrepancies between the human genome sequence and the transcript evidence on which the gene prediction was based. 

We used the chimpanzee alignment to examine such discrepancies among existing human genomic data. As described above, we first identified the positions of each alignment gap between the cDNAs and the human genome by searching for indels in the alignment descriptions, and then determining how far we could slide them in either direction without introducing a mismatch or merging the gap with another gap. This allowed us to find all equivalent instances of the alignment that have the same score under an affine gap scoring scheme. So for example, for the BLAT alignment 
           01234  56 7 
   refseq  CGTAT--AT-C 
   genome  CGTATATATGC 
           01234567891 


we would report each gap in the format “<rmin>  <rmax> <rinsert> <gmin> <gmax> <ginsert>” and the leftmost gap would be described as ``1 6 0 1 8 2'', meaning that there is a 2 bp insertion in between positions 1 and 8 in the genome, and a corresponding 2 bp gap between positions 1 and 6 in the RefSeq sequence. 

Next, we looked at the alignment of the human genome to the chimpanzee genome. So for example, if the BLASTZ genome alignment showed 

            01234567891 
   human    CGTATATATGC 
   chimp    CG--TATATGC 
            01  2345678 

we would report that the chimpanzee genome supported the RefSeq at this 2 bp discrepancy, and that it supported the human genome at the other 1 bp discrepancy. 


Limiting our analysis to gaps < 10 bp in size, we identified 11,986 unique UTR gaps and 2,582 unique CDS gaps in 6,216 gapped cDNAs alignments (Table S15). The gaps occurring in the cDNAs are rarely disruptive to the annotated RefSeq CDS. They tend to be close to the end of the CDS, and often have compensating frameshifts nearby, for example:

   human_cdna          GTTGGCCGCGG-CTGCGAGGACGGGTGCCC 
   human               GT-GGCCGCGGCCTGCGAGGACGGGTGCCC 
   chimp               GT-GGCCGCGGCCTGCGAGGACGAGTGCCC 
   qual                44 555555555555444333333444455 


The gaps occurring in the genome sequence tend to be more randomly distributed, and are rarely compensated for, e.g.: 

   human_cdna          GATGGGCTCGTCCGCGGAGGACGCGTTGAC 
   human               GATGGGCTCG-CCGCGGAGGACGCGTTGAC 
   chimp               GATGGGCTCGTCCGCGGAGGACGCGTTGAC 
   qual                444444444444444444444444444444 


The nature of these inconsistencies (over-representation in UTRs and small effects on the RefSeq annotated CDSs) suggests that they are due mainly to sequencing errors in cDNAs. Disruptive indels are likely to have been filtered out of RefSeq, but probably would not have been discovered in the genomic sequencing/assembly process. Such errors can now be corrected appropriately. On the other hand, it is possible that at least some of these inconsistencies are actual polymorphisms in human sequence. We genotyped 90 CDS indels in the 24-individual NIH diversity panel (Collins 1998). Of 87 successful assays, the chimpanzee sequence correctly predicted the human sequence in all but three cases. The predicted sequence was found to be monomorphic in the sample in 90% of cases and polymorphic in the remainder. This strongly suggests that ~90% of observed discrepancies between current human cDNAs and the human genome sequence represent errors in the cDNAs, or deleterious mutations aquired by the source cell lines, which is consistent with the conclusions of a similar EST-based analysis (Furey 2004).  
Frameshifts in the chimpanzee genome: analysis of putative human cancer genes as a quality control. After accounting for gene prediction errors, the human-chimpanzee ortholog alignments still contain a seemingly large fraction of frame-shifting indels. In order to determine whether these indels represent real disruption events, or simply sequence errors, we manually examined 333 aligned orthologs. A total of 56 genes out of 333 analyzed were found to contain frameshifts or premature stop codons in the chimpanzee genome. They were divided in two groups depending whether the frameshift is present only in the ARACHNE assembly, or in both assemblies. The PCAP assembly also contains a number of frameshifts in this set of analyzed genes which are not present in ARACHNE. Those 9 genes containing the same frameshift in both assemblies were amplified and sequenced to confirm the putative reading frame disruption. These results suggest that most frameshifts present in the current version of the chimpanzee genome do not represent real differences between human and chimpanzee (Table S16).

Chimpanzee Polymorphisms. Sequences for SNP discovery were generated from three western and three central chimpanzees, Pan troglodytes verus and Pan troglodytes troglodytes, respectively. For the chimpanzees other than Clint, 4 kb libraries were constructed and ~0.5x whole-genome shotgun reads were generated. The western chimpanzees were captive-born descendants of chimpanzees shipped from Sierra Leone and the central chimpanzees were wild born, confiscated by customs and brought to a primate center in Gabon. BAC clones from two other (putative) western chimpanzees, ``Donald'' and ``Gon'' provided an additional end sequences. Table S17 summarizes the number of passing reads obtained from each donor chimp. For more discussion on chimpanzee nucleotide diversity, see Kaessmann (1999), Deinard (2000), and Yu (2003). 

	Table S1 Chimpanzee DNA resources 

	Chimpanzee
	Clint 
	Donald 
	Gon 
	Yvonne 
	Karlien 
	Clara 
	Masuku 
	Noemie 

	Subspecies 
	unknown1
	unknown 
	verus 
	verus 
	verus 
	troglodytes 
	troglodytes 
	troglodytes 

	Origin 
	captive born 
	captive born 
	
	
	
	wild born (Gabon)
	wild born (Gabon)
	captive born

	Residence 
	YPRC 
	YPRC 
	PRIKU 
	BPRC 
	BPRC 
	CIRM 
	CIRM 
	CIRM 

	Identifier 
	C0471 
	C0551 
	
	
	 
	
	
	

	Studbook ID
	
	
	04372 
	
	
	
	
	

	BAC library 
	CHORI-2513
	RPCI-433
	PTB14
	
	
	
	
	

	Fosmid library 
	
	
	PTF224 
	
	
	
	
	

	Cell line 
	S0060065 
	
	
	
	
	
	
	

	Genomic DNA 
	NS060065 
	
	
	
	
	
	
	

	Sequence library 
	G591 
	
	
	S221 
	S222 
	S215 
	S216 
	S217 

	1presumed verus; 2International Studbook of common chimpanzees in Japan 3P. J. DeJong (bacpac.chori.org); 4A. Fujiyama (www.gsc.riken.go.jp); 5Coriell Cell Repositories (www.coriell.org);

	Acronyms: YPRC - Yerkes Primate Research Center, USA (www.yerkes.emory.edu); PRIKU - Primate Research Institute of Kyoto University, Japan (www.pri.kyoto-u.ac.jp); BPRC - Biomedical Primate Research Centre, Holland (www.bprc.nl); CIRM - Centre International de Recherches Medicales Franceville, Gabon.


	Table S2 PCAP Assembly Parameters 

	Parameter
	Meaning
	Value

	CC
	cutoff on number of contradicting read pairs
	1

	CD
	cutoff on difference of contradicting versus supporting reads
	1

	CO
	cutoff on overall difference of contradicting versus supporting reads
	4

	CS
	cutoff on number of supporting read pairs
	2

	LC
	contradiction scope length
	8,000bp

	LL
	minimum supercontig length for linking
	1,200bp

	LS
	minimum supercontig length for contradicting read pairs
	10,000bp


	Table S3 Summary Statistics of ARACHNE Assembly by Insert Size 

	Insert Size (kb)
	Vector
	Reads (millions)
	Bases (billions)
	Seq. Coverage
	Phys. Cov.

	
	 
	All
	Input
	Assem.
	Paired
	Total
	>Q20
	Total
	>Q20
	

	4
	plasmid
	19.0
	17.5
	15.6
	14.2
	11.2
	9.5
	3.7
	3.2
	9.5

	10
	plasmid
	1.6
	1.3
	1.1
	1.0
	0.8
	0.6
	0.3
	0.2
	1.7

	40
	fosmid
	1.8
	1.6
	1.3
	1.0
	0.9
	0.7
	0.3
	0.2
	6.9

	180
	BAC
	0.08
	0.09
	0.07
	0.06
	0.05
	0.04
	0.02
	0.01
	1.7

	Total
	 
	22.5
	20.5
	18.2
	16.3
	12.9
	10.9
	4.3
	3.6
	19.8


	Table S4 Summary Statistics of PCAP Assembly by Insert Size 

	Insert
	Vector
	Reads (millions)
	Bases (billions)
	Seq. Coverage
	Phys.

	Size (kb)
	 
	All
	Input *
	Assem.
	Paired
	Total
	>Q20
	Total
	>Q20
	Cov.

	4
	plasmid
	19.0
	18.3
	16.1
	14.3
	12.7
	9.7
	4.2
	3.2
	9.5

	10
	plasmid
	1.6
	1.4
	1.2
	0.9
	0.9
	0.6
	0.3
	0.2
	1.6

	40
	fosmid
	1.8
	1.8
	1.4
	1.2
	1.3
	0.8
	0.4
	0.3
	7.7

	180
	BAC
	0.08
	0.08
	0.08
	0.06
	0.07
	0.05
	0.02
	0.02
	1.8

	total
	 
	22.5
	21.5
	18.8
	16.4
	15.0
	11.3
	5.0
	3.8
	20.7

	*Used as input after trimming the whole set


	Table S5 Summary Statistics of ARACHNE Assembly by Sequencing Center 

	Sequencing
	Reads (millions)
	Bases (billions)
	Seq. Coverage
	Phys.

	Center
	All
	Input
	Assem.
	Paired
	Total
	>Q20
	Total
	>Q20
	Cov.

	WIBR/Broad
	10.6
	9.1
	8.2
	7.6
	6.1
	5.2
	2.0
	1.7
	6.1

	WU-GSC
	11.8
	11.4
	10.0
	8.7
	6.8
	5.6
	2.3
	1.9
	13.7

	Total
	22.5
	20.5
	18.2
	16.3
	12.9
	10.9
	4.3
	3.6
	19.8


	Table S6 Summary Statistics of PCAP Assembly by Sequencing Center 

	Sequencing
	Reads (millions)
	Bases (billions)
	Seq. Coverage
	Phys.

	Center
	All
	Input *
	Assem.
	Paired
	Total
	>Q20
	Total
	>Q20
	Cov.

	WIBR/Broad
	10.6
	9.9
	8.4
	7.4
	6.8
	5.4
	2.3
	1.8
	7.1

	WU-GSC
	11.8
	11.6
	10.4
	9.1
	8.2
	5.9
	2.7
	2.0
	13.6

	total
	22.5
	21.5
	18.8
	16.4
	15.0
	11.3
	5.0
	3.8
	20.7

	*Used as input after trimming the whole set


	Table S7 Placement Results for Three Alignment Methods 

	Alignment method
	Total number of

scaffolds placed
	Number of scaffolds

placed confidently
	Scaffolds aligning to

multiple human chromosomes

	BLASTZ/BLAT
	33,180
	23,552
	1535/957

	Hash/SW
	33,726
	24,774
	4010/427

	BLAT/cross_match
	33,200
	27,982
	1495/242


	Table S8 Chromosome Coverage for ARACHNE 

	 
	based on all placed contigs
	based on uniquely placed contigs

	Human chromosome
	total non-gap basepairs
	% un-aligned
	bp un-aligned
	%GC
	% un-aligned
	bp un-aligned
	%GC

	1
	221562941
	3
	7310902
	42
	12
	26590648
	42

	2
	237544458
	5
	12925974
	42
	11
	28032482
	41

	3
	194474050
	3
	7588955
	40
	10
	19563246
	40

	4
	186841959
	4
	8726756
	39
	11
	20900621
	39

	5
	177552822
	5
	9082678
	40
	11
	21020308
	39

	6
	167256576
	4
	7005301
	40
	10
	18178821
	40

	7
	154676518
	6
	9866674
	43
	15
	24226572
	42

	8
	142347919
	4
	6485048
	42
	10
	15115017
	41

	9
	115624045
	7
	9113815
	42
	17
	20268510
	42

	10
	131173215
	5
	7282421
	43
	13
	17750230
	42

	11
	130908954
	5
	6764589
	43
	13
	17058805
	41

	12
	129826379
	5
	6883469
	43
	11
	14656746
	42

	13
	95559980
	5
	4872606
	42
	10
	10218528
	40

	14
	87191216
	3
	3401329
	44
	9
	8156211
	42

	15
	81259656
	6
	5129706
	42
	16
	13192014
	43

	16
	79932432
	6
	5160732
	46
	17
	13703823
	46

	17
	77677744
	7
	5886230
	47
	16
	13179601
	47

	18
	74654141
	6
	4855188
	43
	11
	8264293
	42

	19
	55785651
	7
	4411584
	50
	16
	9333040
	47

	20
	59424990
	5
	3137083
	46
	10
	5967349
	44

	21
	33924367
	7
	2379327
	43
	12
	4135953
	42

	22
	34352072
	9
	3283587
	49
	17
	6153092
	48

	X
	149215391
	20
	30850686
	39
	32
	48658657
	40

	Y
	24649555
	38
	9373932
	38
	66
	16271652
	39

	TOTAL
	2843417031
	6
	181778572
	 
	14
	400596219
	 


	Table S9 Chromosome Coverage for PCAP 

	 
	based on all placed contigs
	based on uniquely placed contigs

	Human

chromosome
	total non-gap basepairs
	% un-aligned
	bp un-aligned
	%GC
	% un-aligned
	bp un-aligned
	%GC

	1
	221562941
	4
	9019462
	41
	11
	26466441
	42

	2
	237544458
	6
	16312056
	41
	12
	28680075
	41

	3
	194474050
	5
	11302207
	40
	10
	20157561
	40

	4
	186841959
	6
	12218003
	39
	11
	21116694
	39

	5
	177552822
	7
	12699191
	40
	12
	21722695
	40

	6
	167256576
	5
	9953264
	40
	11
	18609594
	40

	7
	154676518
	7
	11874429
	42
	16
	25110685
	42

	8
	142347919
	6
	9350269
	41
	11
	16005096
	41

	9
	115624045
	9
	11547706
	42
	17
	20530698
	42

	10
	131173215
	6
	8514601
	43
	13
	18101527
	42

	11
	130908954
	7
	9239956
	42
	13
	17051529
	41

	12
	129826379
	6
	8965551
	42
	11
	14986104
	42

	13
	95559980
	6
	6244734
	41
	10
	10408312
	40

	14
	87191216
	5
	5211370
	43
	9
	8472770
	42

	15
	81259656
	6
	5447890
	42
	15
	12935119
	43

	16
	79932432
	6
	5581983
	46
	17
	14222127
	46

	17
	77677744
	8
	6848379
	47
	17
	13690298
	46

	18
	74654141
	7
	5900589
	43
	11
	8364483
	42

	19
	55785651
	8
	4733958
	50
	17
	9604819
	48

	20
	59424990
	6
	3716028
	45
	10
	6167980
	45

	21
	33924367
	6
	2304942
	43
	12
	4367903
	42

	22
	34352072
	9
	3252728
	48
	18
	6390963
	48

	X
	149215391
	27
	40741501
	39
	35
	52956749
	39

	Y
	24649555
	36
	9022028
	38
	63
	15648670
	39

	TOTAL
	2843417031
	8
	230002825
	 
	14
	411768892
	 


	Table S10 Additional ARACHNE and PCAP Comparison Data 

	Additional Assembly Statistics
	ARACHNE
	PCAP

	Bases ≥ Q20
	>98%
	> 98%

	Consistent read pairs
	7.6 million
	7.4 million

	Conflicting read pairs*
	150,612
	89,445

	≥ 20 read depth
	 
	910 kb

	Finished Chimpanzee Clones
	ARACHNE
	PCAP

	Coverage
	94%
	94%

	Misordering / orientation / interweaving
	33%
	50%

	Accuracy / high quality substitutions
	0.03%
	0.05%

	Insertions
	0.01%
	0.01%

	Deletions
	0.01%
	0.01%

	Human Genome Comparisons
	ARACHNE
	PCAP

	Coverage
	94%
	93%

	Global mis-assemblies
	0
	0

	Supercontigs with misordering / orientation / interweaving
	73%
	73%

	Human mRNAs aligned
	80%
	80%

	Human mRNAs covered >99%
	50%
	47%

	Human RefSeq mRNAs aligned
	96%
	96%

	Human RefSeq mRNAs covered >99%
	48%
	46%

	Human ESTs aligned
	53%
	53%

	Human ESTs covered >99%
	46%
	44%

	Quality Analysis for 28 Unique Clones (4.25 Mb)
	ARACHNE
	PCAP

	Avg. number of contigs
	17.3
	18.8

	Avg. basepairs aligned
	8055.8
	7249.3

	Avg. number of supercontigs
	3.3
	3.9

	Avg. number of supercontigs consisting of just 1 contig
	1.7
	2.2

	Avg. number of supercontigs consisting of >1 contig
	1.6
	1.6

	Avg. number of discordances within a supercontig
	0.18
	0.14

	Quality Analysis for 75 Duplicated Clones (12.7 Mb)
	ARACHNE
	PCAP

	Avg. number of contigs
	27.5
	28.5

	Avg. basepairs aligned
	5423.8
	5195.8

	Avg. number of supercontigs
	10.6
	12.9

	Avg. number of supercontigs consisting of just 1 contig
	7.4
	9.3

	Avg. number of supercontigs consisting of >1 contig
	3.2
	3.7

	Avg. number of discordances within a supercontig
	0.61
	0.56

	*Defined as reads residing in different large supercontigs


	Table S11 Coverage Comparison for Assemblies Against 1.3 Mb of BAC Sequence 

	 

clone
	bases

covered
	clone

length
	% clone

covered
	inter-

ruption
	interup

> 2 kb
	order

 
	missing

 
	undetected

overlap
	strand

 

	ARACHNE Assembly

	010A09
	193857
	201997
	96.0
	8
	6
	0
	1
	2
	0

	015G15
	9291
	9291
	100.0
	0
	0
	0
	0
	0
	0

	126A17
	202641
	204847
	98.9
	0
	0
	0
	0
	3
	0

	179K04
	177018
	182532
	97.0
	0
	0
	0
	0
	2
	0

	195G22
	49917
	52421
	95.2
	1
	0
	0
	0
	2
	0

	208B08
	10630
	10630
	100.0
	0
	0
	0
	0
	0
	0

	269G16
	43114
	44745
	96.4
	0
	0
	0
	0
	1
	0

	361G18
	23715
	23730
	99.9
	0
	0
	0
	0
	0
	0

	388O03
	159380
	182350
	87.4
	1
	1
	1
	0
	3
	0

	445J22
	141777
	163962
	86.5
	0
	0
	1
	0
	1
	0

	479I13
	130332
	143192
	91.0
	0
	0
	0
	3
	1
	0

	530H12
	45102
	45920
	98.2
	0
	0
	0
	0
	1
	0

	PCAP Assembly (without supercontig filter)

	010A09
	195358
	201997
	96.7
	4
	1
	0
	0
	3
	0

	015G15
	9291
	9291
	100.0
	0
	0
	0
	0
	0
	0

	126A17
	201184
	204847
	98.2
	1
	0
	0
	0
	2
	0

	179K04
	172449
	182532
	94.5
	6
	2
	0
	0
	5
	0

	195G22
	46785
	52421
	89.2
	3
	2
	0
	0
	1
	0

	208B08
	10630
	10630
	100.0
	0
	0
	0
	0
	0
	0

	269G16
	43418
	44745
	97.0
	2
	1
	0
	0
	2
	0

	361G18
	23671
	23730
	99.8
	1
	0
	0
	0
	1
	0

	388O03
	165981
	182350
	91.0
	9
	0
	4
	0
	5
	0

	445J22
	143930
	163962
	87.8
	5
	0
	0
	0
	3
	0

	479I13
	132131
	143192
	92.3
	4
	1
	0
	0
	3
	0

	530H12
	45008
	45920
	98.0
	3
	0
	1
	0
	2
	0


	Table S12 Substitution Rate Comparison for ARACHNE Assembly Coding Regions Against Chromosome 21 BAC Sequences

	
	WGS 

vs. 

Finished
	WGS 

vs. 

Human
	Finished (overlap)

vs. 

Human
	Finished (all) 

vs. 

Human

	All sites
	3.88x10-4 

(76/195,644)
	7.67x10-3
(1,501/195,644)
	7.70x10-3
(1,507/195,644)
	7.96x10-3
(1,674/210,160)

	Non-degenerate
	2.16x10-4 

(27/124,810)
	4.80x10-3

(599/124,810)
	4.79x10-3
(598/124,810)
	5.02x10-3
(676/125,403)

	4-fold degenerate
	8.34x10-4 

(25/29,979)
	1.65x10-2
(495/29,979)
	1.68x10-2
(504/29,979)
	1.72x10-2
(557/32,478)


	Table S13 Manual Protease Gene Analysis for ARACHNE and PCAP 

	Attribute
	ARACHNE
	PCAP

	Bases found
	95%
	96%

	Complete exons found
	92%
	92%

	Incomplete exons
	2%
	3%

	Exons missing
	6%
	5%

	Complete genes
	64%
	61%

	Genes lacking one exon
	9%
	14%

	Complete genes that are incomplete in other assembly
	7%
	4%

	Genes split between supercontigs or misordered
	15%
	19%

	Genes split between supercontigs or misordered in both assemblies
	7%
	7%


	Table S14 Summary of Alignment Discrepancies (in % of aligned cDNAs)

	        H-C

H-H
	Frameshifts
	Non-conserved stop codon
	Non-conserved start
	> 5% not aligned
	Passed
	 Total

	UTR Indel
	8.1
	0.4
	0.5
	6.8
	14.8
	28.7

	UTR NC-Splice
	1.1
	0.0
	0.1
	0.8
	1.9
	3.7

	CDS Indel
	3.9
	0.4
	0.9
	2.4
	1.4
	9.5

	CDS NC-Splice
	1.8
	0.1
	0.1
	1.2
	1.5
	4.4

	Passed
	16.1
	0.7
	0.8
	14.7
	35.2
	61.8

	Total
	20.8
	1.4
	2.1
	23.9
	52.8
	


	Table S15 Analysis of gapped human cDNA-genome alignments

	Chimpanzee sequence supports
	UTR indels
	CDS indels

	Human genome sequence
	7857
	1444

	Human RefSeq sequence
	663
	137

	Irresolvable1
	3466
	1001

	1 Due to missing or low-quality chimpanzee sequence or complex/unambiguous alignment


	Table S16 Frameshifts in the ARACHNE assembly out of 333 inspected genes

	Human gene
	LocusLink
	RefSeq
	Locus
	Comments

	Frameshift or premature STOP codon present in ARACHNE and PCAP 

	BCL3
	602
	NM_005178
	19q13
	Direct sequencing: complete ORF

	ELL
	8178
	NM_006532
	19p13
	Direct sequencing: complete ORF

	GAS7
	8522
	NM_003644
	17p13
	Direct sequencing: complete ORF

	MLL
	4297
	NM_005933
	11q23
	Direct sequencing: complete ORF

	MLLT3
	4300
	NM_004529
	9p22
	Direct sequencing: complete ORF

	NF1
	4763
	NM_000267
	17q12
	Direct sequencing: complete ORF

	RECQL4
	9401
	NM_004260
	8q24
	Direct sequencing: complete ORF

	SMARCB1
	6598
	NM_003073
	22q11
	Direct sequencing: complete ORF

	TPR
	7175
	NM_003292
	1q25
	Direct sequencing: complete ORF

	Frameshift or premature STOP codon present in ARACHNE but not in PCAP

	AF5q31
	27125
	NM_014423
	5q31
	Reading frame correct in PCAP

	ALO17
	57714
	NM_020954
	17q25
	Reading frame correct in PCAP

	ARNT
	405
	NM_001668
	1q21
	Reading frame correct in PCAP

	ATIC
	471
	NM_004044
	2q35
	Reading frame correct in PCAP

	BCL11B
	64919
	NM_022898
	14q32
	Reading frame correct in PCAP

	BCL7A
	605
	NM_020993
	12q24
	Reading frame correct in PCAP

	CBL
	867
	NM_005188
	11q23
	Reading frame correct in PCAP

	COL1A1
	1277
	NM_000088
	17q21
	Reading frame correct in PCAP

	COPEB
	1316
	NM_001300
	10p15
	Reading frame correct in PCAP

	COX6C
	1345
	NM_004374
	8q22
	Reading frame correct in PCAP

	DDX10
	1662
	NM_004398
	11q22
	Reading frame correct in PCAP

	ELKS
	23085
	NM_015064
	12p13
	Reading frame correct in PCAP

	EIF4A2
	1974
	NM_001967
	3q27
	Reading frame correct in PCAP

	EPS15
	2060
	NM_001981
	1p32
	Reading frame correct in PCAP

	EXT1
	2131
	NM_000127
	8q24
	Reading frame correct in PCAP

	FEV
	54738
	NM_017521
	2q36
	Reading frame correct in PCAP

	FGFR1OP
	11116
	NM_007045
	6q27
	Reading frame correct in PCAP

	FLI1
	2313
	NM_002017
	11q24
	Reading frame correct in PCAP

	FOXO3A
	2309
	NM_001455
	6q21
	Reading frame correct in PCAP

	GMPS
	8833
	NM_003875
	3q24
	Reading frame correct in PCAP

	KIT
	3815
	NM_000222
	4q12
	Reading frame correct in PCAP

	LCP1
	3936
	NM_002298
	13q14
	Reading frame correct in PCAP

	LCX
	80312
	NM_030625
	10q21
	Reading frame correct in PCAP

	LYL1
	4066
	NM_005583
	19p13
	Reading frame correct in PCAP

	MALT1
	10892
	NM_006785
	18q21
	Reading frame correct in PCAP

	MAML2
	84441
	NM_032427
	11q22
	Reading frame correct in PCAP

	MECT1
	94159
	NM_015321
	19p13
	Reading frame correct in PCAP

	MET
	4233
	NM_000245
	7q31
	Reading frame correct in PCAP

	MLH1
	4292
	NM_000249
	3p21
	Reading frame correct in PCAP

	MLLT1
	4298
	NM_005934
	19p13
	Reading frame correct in PCAP

	MYH11
	4629
	NM_002474
	16p13
	Reading frame correct in PCAP

	NCOA2
	10499
	NM_006540
	8q13
	Reading frame correct in PCAP

	NTRK1
	4914
	NM_002529
	1q21
	Reading frame correct in PCAP

	OLIG2
	10215
	NM_005806
	21q22
	Reading frame correct in PCAP

	PCM1
	5108
	NM_006197
	8p22
	Reading frame correct in PCAP

	PDGFRB
	5159
	NM_002609
	5q31
	Reading frame correct in PCAP

	PMS2
	5395
	NM_000535
	7p22
	Reading frame correct in PCAP

	SBDS
	51119
	NM_016038
	7q11
	Reading frame correct in PCAP

	SSX4
	6759
	NM_005636
	Xp11
	Reading frame correct in PCAP

	TAL1
	6886
	NM_003189
	1p32
	Reading frame correct in PCAP

	TFE3
	7030
	NM_006521
	Xp11
	Reading frame correct in PCAP

	TFRC
	7037
	NM_003234
	3q29
	Reading frame correct in PCAP

	TRAa
	6955
	M12423
	14q11
	Reading frame correct in PCAP

	TRIP11
	9321
	NM_004239
	14q31
	Reading frame correct in PCAP

	TSC1
	7248
	NM_000368
	9q34
	Reading frame correct in PCAP

	WHSC1L1
	54904
	NM_017778
	8p12
	Reading frame correct in PCAP

	XPC
	7508
	NM_004628
	3p25
	Reading frame correct in PCAP


	Table S17 Number of Passing SNP Reads from Donor Chimpanzees 

	Lineage
	Designation
	Reads

	Western
	Clint
	23,021,928

	Western
	Donald
	38,633

	Western
	Gon
	77,239

	Western
	Yvonne
	451,782

	Western
	Karlien
	464,633

	Central
	Clara
	302,768

	Central
	Masuku
	372,185

	Central
	Noemie
	502,682

	Total
	25,231,850


