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Divergence rate estimates. Regional divergence rates were estimated over all bases in a chosen segment/window that passed the relaxed NQS(30,25) quality filter (quality score 30 at the compared base, 25 at the five flanking bases on each side, and any number of flanking substitutions allowed), using the baseml program of PAML (Yang 1997) with the REV substitution model. Due to the low level of divergence, the REV model estimate and the observed divergence rate (diverged bases/total bases) was always highly similar.

CpG and non-CpG divergence rates. We observe a rate of divergence at sites in CpG context of 15.2%, compared to a rate of 0.92% in other contexts. The simple assumption would be that the CpG to non-CpG mutation ratio is 16.5. However, some number of these mutations are into, rather than out of, the CpG context, and are in fact normal, not CpG mutations. We can, however, calculate the real ratio, which we define as X, the ratio of CpG mutations to non-CpG mutations (note that X is not the rate of deamination events, so CpG mutations consist of (X-1)/X caused by deamination and 1/X resulting from normal replication error). Separating observed mutations into loss and gain requires the assumption that the total fraction of CpG in the genome is roughly in equilibrium (Sved 1990), which seems valid given the high rate of CpG loss, the long history of primate evolution, and the fact that both humans and chimpanzees have almost identical counts of CpGs. As we note, some CpGs may be gained through non-mutational methods such as mobile elements rich in CpG, like Alu or SVA, but the total number of CpGs added to either genome by this method is no more than 500 k, at most 2% of the approximately 25 M CpGs in the aligned portion of either genome.


To calculate the true ratio, we reassign some of the observed CpG mutations to be non-CpG and recalculate the denominators. If we observe a fraction of bases currently in CpG context in one or both genomes, we can break this down into the number of ancestral CpGs plus those gained by mutation into CpG less those lost in both genomes and now classified (with equal probability) as two non-CpG mutations or a non-CpG apparently unchanged base (if the same base mutated in both copies). Assuming that the number of CpGs created equals the number destroyed, this yields a quadratic equation which can be solved to get a true rate of CpG mutation of 4.7% (per genome), with an ancestral fraction of CpGs of 1.78%. The rate of non-CpG mutation increases (because we reassigned more than half of the CpG mutations as non-CpG while only slightly increasing the number of such sites) to 0.535%, (per genome, or ~1.07% divergence) for a ratio of X = 8.8.


This is the observed, rather than the instantaneous, rate, although at this divergence they are approximately equal. However, several other factors could influence the estimate. First, the chimpanzee genome is a heterozygous draft, and the CpG context bases are ~10 fold more likely to be polymorphic, which would result in lowered quality scores, and they might be excluded from analysis, which might underestimate the fraction of CpG positions (in fact, human build 34 has 1.98% of its bases in CpG context compared to our estimate of 1.78% estimated in the chimp-human ancestor). Also, this rate assumes that all CpGs are equally susceptible to deamination events. However, approximately 7% of all CpGs are in CpG islands, and presumably protected from methylation (in fact, their mutation rate is only ~0.8%), which would imply a larger mutation ratio at the remaining sites (althought the globally observed rate per site remains constant regardless of fraction methylated). In the end, this question could be illuminated further by the sequence of a close outgroup, such as orangutan, baboon, or macaque, which could determine the ancestral human-chimp base at high confidence.

Proportion of fixed differences. Assuming constant mutation rates and no selection, the proportion of observed divergent sites that are non-polymorphic in both the human and chimpanzee populations is 1 – (TH+TC)/(2*THC) where TH is the mean time to the most recent common ancestor (TMRCA) of a chromosomal segment in the human population, TC is the TMRCA in the chimpanzee population and THC is the TMRCA of humans and chimpanzees. From coalescence theory (Rosenberg 2002), the expected TMRCA in the human and chimpanzee populations is 4*Ne*g, where Ne is the effective population size (10,000 for humans, 10,000-20,000 for chimpanzees) and g is the generation time (assumed to be 25 years), giving TH = 1 Myr and TC = 1-2 Myr (see also Excoffier 2002). Assuming THC = 7 Myr, we get a fixed proportion of 0.78-0.86.

Expected variation in divergence due to variation in Time to the Most Recent Common Ancestor. In order to estimate a conservative upper bound on divergence variation due to TMRCA variation, we assumed that 2/3rds of the observed divergence has accumulated since the human-chimpanzee split; that TMRCA is exponentially distributed with a mean of 1/3 times the observed divergence (a conservative upper bound) and that blocks of constant TMRCA are on average 10 kb long (approximately the length of linkage disequilibrium blocks in African populations (Reich 2001) and a likely overestimate for the larger human-chimpanzee ancestral population) and randomly distributed across the autosomes. We estimated the expected standard deviation as 0.07% (roughly one-quarter of the observed standard deviation) from a simulated ensemble of 2,000 random windows of 1 Mb length, assuming constant mutation rates and no sample variance, repeated 1,000 times. Given that this should be a conservative upper bound, the majority of the variation observed at the megabase scale is unlikely to be due to drift.

Male mutation rate bias for CpGs and non-CpGs. After masking ampliconic regions in Y, pseudoautosomal regions in X and Y, and segmental duplications in all chromosomes, we estimated alpha from the three possible comparisons between X and Y, X and autosomes and Y and autosomes (Makova et al. submitted). Since the divergence between human and chimpanzee is low and the effective population size is different for X, Y and the autosomes, alpha estimates should be corrected for the effects of pre-existing polymorphism in the ancestral human-chimpanzee population (Makova 2002). Assuming a similar effective population size as contemporary chimpanzees, which is twice as high as contemporary humans (Fischer 2004; Yu 2003), corrected alpha estimates range between 3-6, depending on the pair-wise comparison (Table S18). The X/A comparisons are likely to be the most accurate because the Y chromosome data is scarce (particularly for diversity on Y - and we need this for correction), and challenging to align correctly. If the relative time spent in the male and female germlines is the dominant factor leading to differences among rates on X, Y, and autosomes, then alpha estimated from the three comparisons should be similar. This can be achieved if we assume a three times higher population size for the human-chimpanzee ancestral population compared with that in contemporary humans and leads to alpha ~5. 


However, alpha seems to be not the same for all types of mutations: Intriguingly, alpha estimated at CpG dinucleotides is lower than at all sites. This is consistent with the expectation that CpG to TpG transitions caused by spontaneous deamination of methylated cytosines are time-dependent, rather than dependent on the number of germline cell divisions (Nachman 2000). A close outgroup will be required to separate mutations that create CpGs (and are expected to be replication-dependent) from those that eliminate CpGs (and are expected to be time-dependent).
Detection of Deletions within Bounded Alignments: Small insertion/deletion events (<15kb) were parsed directly from the BLASTZ genome alignment by counting the number and size of alignment gaps between bases within the same scaffold (“scaffold-based indels”) or contig (“contig-based indels”). The size distributions of the bounded indels are given in Supplemental Figure S5. Missed contig overlaps in the draft assembly create artificial chimpanzee “insertions”, leading to a slight overestimate of the number of unalignable chimpanzee bases from the scaffold-based indels (35.18 Mb total sequence). On the other hand, the relatively small contig sizes lead to an underestimate of small indels in the contig-based set (17.45 Mb total sequence). Together, these sets provide conservative upper and lower bounds on the number of chimpanzee “insertions” in the aligned draft sequence.

Detection of Deletions by Paired-end Placement: Sites of large-scale insertion/deletion (indels >15kb) were detected by optimal placement of paired sequence reads (8.94M fosmid pairs [1788427 reads]), 6.88M plasmid pairs [WASHU: 7339999 reads, MIT:  6420133 reads] and 0.084M BAC pairs [RIKEN:  45828, WASHU:  122614 reads]) against the human assembly (April 2003, build33). Our detection methodology utilizes only high quality read pair alignments to the finished human genome, thereby circumventing false-positives  which may be detected by  using the draft chimpanzee assembly alone (method in preparation). The distance between the reads of a single clone should reflect the size of the cloned insert (concordant read pair).  If the pairs do not place in the correct orientation, or define a region smaller/larger than the expected it is considered discordant. Indels (>15kb) were identified by two or more discordant placement from the same vector, with support from at least one plasmid; macro events (>100kb) are defined by BAC discordant placements. Size thresholds were obtained from read pair distribution of both human fosmids alignments on human sequence (X=40kb;SD:+/-2.58kb), and chimpanzee plasmid alignments against human chromosome 21 (X=4.5kb; SD: +/-1.84kb). Size discrepancies were determined to fall within two standard deviations from mean distribution.  By identifying read pairs which surpass our thresholds we are able to detect both chimpanzee deletion and potential insertion events in respect to the human genome. Three events were required before considering an indel: each indel must be defined by two or more discordant pairs and the absence of sequence data within the discordancy. This eliminates potential cloning artifacts from further consideration. Other confounding sequence properties (recent duplications, retroelements, etc.) were also considered during this analysis. 

Unmapped Chimpanzee Sequence: Roughly 90% of the scaffolds that did not align to the human genome at all contained previously characterized repeats (~5.9 Mb of total sequence). As expected, satellite repeats were largely represented in set. Subterminal satellite repeats, found in many chromosome arms in the chimpanzee and gorilla, represents the largest percentage of identified repeats (62% of all masked bases in unplaced scaffolds) (Royle 1994).  Centromeric satellite repeats were also detected, with over 2.1Mb (19% of all masked bases) of sequence consisting of alpha satellite  repeat (ALR) and 1.2 Mb of sequence (10.8% of all masked basepairs) of beta satellite repeat (BSR). Only ~1% of all masked bases were due to complex and simple repeats (0.132 Mb; 1.2% all masked bases). HERV and LTR sequences comprise 2.5% of all masked bases (271274 bp).

Estimate of indel basepairs: The total number of insertion/deletion bases between chimpanzee and human was estimated as follows. The number of unaligned bases (“insertions” < 15 kb) within sequence scaffolds was 31.78 Mb (2347812 events) and 35.18 Mb (2741577 events) for human and chimpanzee respectively. The number of chimpanzee deletions >15 kb was estimated by paired-end sequence to be 8.2 Mb (163 events). 5.9 Mb of chimpanzee sequence could not be mapped back to human using low sequence threshold cutoffs.  We estimate a similar amount of such sequence for human.  In total, we estimate 95.2 Mb (31.78+35.18+5.9 *2 + 8.2*2) or 3.2% difference between chimp and human.  

Processed Pseudogene Analysis.  Based on a divergence time of 6 million years and the number of processed pseudogenes reported in the paper, we estimate a minimum rate of retrotransposition as 40 and 60 events per million years. This is significantly reduced when compared to a constant rate of retrotransposition after the human-mouse split. We estimate 17,000 human processed pseudogenes have emerged since the human-mouse divergence with a concomitant rate of 170 events (17,000/100) per My (Torrents 2003).

The identified lineage-specific pseudogenes are listed in Supplementary Table S19, which is provided in a separate file. 

New repeat-derived CpG islands in humans: Some interspersed repeat elements contain CpG-rich regions that could theoretically become functional CpG-islands if inserted in the promoter region of a host gene. Table S20 describes the origin of ~1,000 human-specific CpG islands. At least 3 of these have been inserted in the promoter region of known genes (Table S21), but additional data will be required to determine whether these insertions have led to changes in gene expression patterns.
Repeat-mediated homologous recombination: We curated the results by hand to eliminate assembly artifacts in chimpanzee and cases of expansion or contractions of tandem duplications. We limited the analysis to those indels with breakpoints well within the repeat elements. This removes duplications that simply have an element on one site, but also results in an underestimate by missing those recombination events with breakpoints on the edge of repeats.

Detection of large-scale Inversions: Optimal BAC read pair (32,826) placements against the human genome (build33) were evaluated for large discordant placement (greater than 2Mb) to identify sites of inversion. Reads pairs which are incorrectly orientated and lack concordant read pair placement within breakpoints may identify sites of rearrangement. Large-scale inversions (>2Mb) were initially determined by 2 or more discordant BACs spanning the same region.  Plasmid and fosmid discordant placements were then used to refine the breakpoints and increase confidence in a potential rearrangement. Breakpoints supported by 2 or more fosmids, plasmids, and BAC discordant read pair placement were selected for experimental validation. We utilized a previously described method (Nickerson 1998) to validate breakpoints. Two or more probes were selected in the human genome that mapped on either side of the breakpoint region identified by our study. Two-color FISH experiments (or single FISH experiment if the region was unique) were then performed with each pair of BAC probes. True inversions in the chimpanzee lineage will appear as separate FISH foci/ split signal within a chimpanzee metaphase chromosomes as opposed to a merged/single signals within the human genome (Nickerson 1998)   
Segmental Duplication Analysis. Segmental duplication is very difficult to analyze on the basis of draft genome sequence, because sequence from duplicated regions may be collapsed together and sequence from a single region may fail to be assembled together (resulting, respectively, in under- and over-estimates of the extent of duplication). With near-complete sequence, it is now possible to estimate that ~5.3% (150.8 Mb) of the human genome resides in regions of segmental duplications (defined as stretches of >1 kb in length matching other regions with >90% identity (IHGSC 2004, She 2004). The chimpanzee genome assembly shows a lower amount of segmental duplication (136.7 Mb), with greater fragmentation and more regions with >99% identity (Figure S6). However, these apparent differences from the human are likely predominantly to reflect limitations of the draft genome assembly (She 2004).  Like the human genome, the chimpanzee assembly shows both extensive interchromosomal and intrachromosomal duplication; in contrast, the mouse and rat genomes have predominantly intrachromosomal duplications (Bailey 2004, Tuzun 2004, Cheung 2003). 
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	Table S20 Origins of CpG islands introduced in human or deleted in chimpanzee

	CpG Island Origin
	Inserted in human
	Deleted in chimpanzee
	Expanded in human1

	SVA
	494
	1
	1

	LINE1
	465
	3
	0

	Alu2
	6
	20
	0

	ERV
	0
	3
	1

	Processed transcript3
	16
	0
	0

	Transduction4
	3
	0
	0

	VNTR5
	0
	0
	152

	Unique or other6
	0
	9
	13

	1. Could be either an expansion of a tandem repeat in human or a contraction in chimpanzee.

2. Usually a deletion of a region containing two Alus neighboring each other or two new Alus inserted at the same location

3. Processed pseudogene or processed genes.

4. See the LINE section of the text.

5. Variable nucleotide tandem repeats, from simple repeats to satellites.  Most of the 152 are part of large satellite regions.

6. Not part of any interspersed repeat or having matches elsewhere in the genome from which it may have been duplicated by transposition.  Includes segmental duplications and tandemly duplicated units.  Of the nine deletions, five retained a (smaller) CpG island in chimpanzee.


	Table S21 Acquired candidate CpG islands near human reference1 genes.

	Gene
	Position of insertion
	Expression2

	MRGX3 (G protein-coupled receptor MRGX3)
	Transcription initiation
	Not detected

	SLC2A11 (Glucose transporter protein 10)
	450 bp upstream of initiation
	Detected in kidney

	SULT1B1 (Sulfotransferase family cytosolic 1B)
	620 bp upstream of initiation
	Detected in kidney, liver, testis; changed in testis

	1. Only RefSeq genes (release 5) were considered 26. 

2. Khaitovich et al. in press.


	Table S22 Human-Chimpanzee Pericentric Inversion Breakpoints

	Chr
	Cytogenetic

p breakpoint
	Build 34 Breakpoints

(In silico predicted)
	Cytogenetic

q breakpoint 
	Build 34 Breakpoints

(In silico predicted)

	1
	p12.1
	112870424-113480814 
	q21.4
	143180570-145835091 

	4
	p13.1
	44558445-44895803 
	22.1
	86406648-86436221 

	5
	p14.1
	18417476-18795876 
	q14.1
	95987458-95998631 

	7
	heterochromatin q13.1
	62708914-64678602 
	heterochromatin q13.1
	66149032-66253700 

	9
	NA
	NA
	NA
	NA

	12
	p12.5
	20854309-20939800 
	q21.1
	66671079-66688318 

	15
	
	28637194-28639580 
	
	

	16
	p12.1
	35278710-35358260 
	q12
	46284235-46359581

	17
	NA
	NA
	NA
	NA

	18
	p11.6
	134812-138400 
	q12.1
	16799808-16930430 


