Supplementary Notes: Human Population Genetics (2005-03-03208)

Alignment of Reads and Variant Calling. Human reads from the Baylor African-American diversity panel (International HapMap Consortium, 2003) consisting of pooled DNA from 4 male and 4 female African-American donors generated at the Whitehead Institute/MIT Center for Genome Research and the Baylor College of Medicine Human Genome Sequencing Center were downloaded from the NCBI trace repository (http://www.ncbi.nlm.nih.gov/Traces).  A total of 5,316,404 reads were downloaded and quality screened to eliminate reads which did not have: length ≥ 500 bp, ≥ 60% of length at Phred score ≥ 20, and at least 100 (for WIBR) and 50 (for BCM) passing reads on their sequencing plate. The reads were aligned to Build 34 of the human genome using the alignment portion of the Arachne assembler (Jaffe 2003). Reads were discarded at this phase if they were not uniquely placed or were not placed consistently with their annotated paired end. SNPs were called using the neighborhood quality standard (Altshuler 2000) with a window size of 11, minimum score for the variant base of 30, minimum flank score of 25, maximum mismatches within the window 2, and maximum indels in the window 0. We discarded any alignments, which yielded fewer than 200 NQS bases at that threshold or a SNP rate greater than 1%. This resulted in 3,497,810 read alignments covering 1.945 billion NQS bases and yielding 1,924,196 discrepancies vs the reference sequence (average heterozygosity of 9.9x10-4).

For human-chimpanzee divergence, we started with 23,021,928 chimpanzee reads sequenced at the Whitehead Institute/MIT Center for Genome Research, Washington University Genome Sequencing Center, The Institute for Genomic Research, and RIKEN (Fujiyama  2002). We applied similar criteria to the reads, modified as follows: only 50% of raw bases ≥ Phred 20 were required, and the reads had to have 30% of bases matching only the quality portion of NQS prior to alignment and at least 200 such bases (because these trimmed reads were also being used for chimpanzee-chimpanzee comparisons at the read level, we needed screens which were independent of the human reference genome). These reads were then aligned to the human genome and variants called as above, with the exception that we placed no upper bound on divergence rate. We estimate the genome-wide average divergence to be 1.23%. An alternative analysis not applying the mismatch/indel restriction on the NQS windows raises the estimate slightly to 1.27%.

Assignment of Ancestral Alleles. We started with the most recent build of NCBI’s dbSNP, which had been mapped to build 34 of the human genome (from http://genome.ucsc.edu). In order to assign ancestral alleles, we used the same chimpanzee read alignments to human that were used to call chimpanzee SNPs. Repetitive or segmentally duplicated regions of the human genome were not covered by this method. This yields calls for 79.6% of human SNPs, with 1.2% having a chimp base that agrees with neither human allele and 0.4% being polymorphic in chimpanzee. If we then use the draft assembly alignment to human to augment the coverage, we can cover an additional 6-10% of SNPs (depending on quality threshold on the chimp assembly base) with a rate of chimp bases matching neither human allele which is slightly higher than the uninformative calls for the original alignment.

Estimating Error Rate of Ancestral Allele Assignments. We estimated the rate of error in the assignment of ancestral bases as the probability that the chimp base matches one of the two human alleles, but not the one that is ancestral in the human population. There are two simple cases in which this could happen, first where the chimp base has mutated to the same base as the derived human allele and second where the human base has experienced a fixed mutation at some point in the past and then experienced a reversion mutation that is still segregating. Cases involving more mutations are possible but are at least two orders of magnitude less likely than these. Since most segregating variants are <1 Mya, we take the probability of a prior fixed change in human to be about equal to the probability of a change in chimp, so in the general case, both of these events have equal probability:

Perror = (Pchange)(1 – Pchange)(Psame) + (1-Pchange)(Pchange)(Psame)

Pchange is ~ half the observed divergence, or 0.00615. Psame is the probability that both mutations are identical, which is 0.5, given a 2:1 transition:transversion ratio. This is all contingent on the human base currently being polymorphic, so we take Phs-poly = 1 and drop it. This makes Perror 0.6%.

Breaking these sites down into CpG and non-CpG reveals a more complex story. Polymorphic sites in the human genome that are not in a CpG context for either allele will essentially follow the equation above, with Pchange reduced to our estimated non-CpG mutation rate, 0.00535, for Perror of 0.5%. A small number of these sites may have ancestrally been CpG, which would create a higher error rate (see below), but we estimate only 0.16% of the genome was ancestrally CpG and has mutated out, so the effect will be negligible.

However, for sites which are in a CpG context for one of their alleles in human, we need to consider more seriously the possibility of multiple mutations. Because of the high frequency nutation of CpG to TpG, CpG context alleles in human whose chimp alignment is to ApG or GpG will have the CpG as the derived variant in human 85-95% of the time and thus be only slightly more likely to be erroneously estimated than in the non-CpG case. Similarly, mutants in the human which are [C/X]pG and X ≠ T will rarely (<20%) be ancestrally CpG. Thus, we limit our analysis to those mutations where the human is [C/T]pG and the chimp is CpG or TpG. (The former case, chimp CpG, will stand as illustrative for all the cases not explicitly calculated that the CpG effect on error is small given that observation.)

For each observed state, human = [C/T]pG and chimp = CpG or TpG, we define prior probabilities of observing each of the four likely combinations of ancestral states of the human chimp ancestor, HCA = C or T, and the most recent common human ancestor (the ancestral human allele), MRCA = C or T as follows:

P(HCA = X, MRCA = X | Pt = X) = PXpG • (1-PXpG-ch)2 • PXpG-p
P(HCA = X, MRCA = Y | Pt = X) = PXpG • (1-PXpG-ch) • PXpG>YpG • PYpG-p
P(HCA = Y, MRCA = X | Pt = X) = PYpG • PYpG>XpG2 • PXpG-p
P(HCA = Y, MRCA = Y | Pt = X) = PYpG • PYpG>XpG • (1-PYpG-ch) • PYpG-p
Where:

P[X/Y]pG = probability that the ancestral sequence was [X/Y]pG at any base



PCpG = 0.0178, PTpG = 0.145

P[X/Y]pG-ch = probability that an ancestral [X/Y]pG has changed at all



PCpG-ch = 0.047, PTpG-ch = 0.00535

PXpG>YpG = probability that an ancestral XpG will mutate to YpG



PCpG>TpG = (0.047)(8.45/8.8) = 0.045, PTpG>CpG = (0.00535)(.65) = 0.003

P[X/Y]pG-p = relative probability that a given human site will become a C/T variant

The base rate of polymorphism will divide out, so we take this as 0.65 for TpG and 8.45 for CpG

Cases 1 and 3, where MRCA = Pt, will yield correct inferences of the human ancestral allele, while 2 and 4, MRCA ≠ Pt, will yield errors. The ratio of the sum of the latter two to the total will give the error rate. For Pt = C, this gives us Perror = 0.6%, as suggested, only slightly different than the non-CpG case. However, when Pt = T, we get Perror = 9.8%, thus these bases will be a significant source of error.

Effect of Bottlenecks on Ancestral Allele Probabilities.   We estimated the effect of a bottleneck on ancestral allele frequencies as follows. Using a diffusion approximation for how the frequency of an allele changes with time, one can show that, under the simplest demographic assumptions, the probability density that a derived allele has frequency f (for 0 < f < 1) is
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where K(x,y;t) is the transition probability that an allele initially at frequency x is at frequency y after time t (Patterson 2005). From a diffusion perspective, a genetic bottleneck is a time interval in which the allele frequencies diffuse, but no new mutations occur. In essence, ‘genetic time’ is stretched. For a bottleneck with inbreeding coefficient b, the corresponding time interval has length
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After a bottleneck of inbreeding coefficient b, the frequency distribution of derived alleles will be given by
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where the range of integration starts before the bottleneck. As no new mutations are introduced during the bottleneck, the low frequency alleles after the bottleneck will be overrepresented in the population by alleles of previously higher frequency (and larger probability of being ancestral) that drifted downward in frequency during the bottleneck. The above equation can be evaluated numerically. Figure S12 shows curves for b = 0 (no bottleneck), b = 0.2, and b = 0.3. The slope following a bottleneck decreases from 1 to roughly (1-b).

Allele Frequency Dataset. The genome-wide dataset that we analyze here (from Affymetrix: (www.affymetrix.com/support/technical/sample_data/genotyping_data.affx) is composed of a collection of individuals from multiple populations (6 Venezuelan, 6 Chinese, 6 African-American, 12 Caucasian, and 24 of unknown origin); accordingly the effect of recent bottlenecks on the distribution of ancestral probabilities is a mixture reflecting the various subpopulations. We have also analyzed a much smaller set of data, generated across several of the ENCODE regions, for which we have separate results for European, Asian, and West African HapMap samples. These show that the European and Asian slopes are well below 1, consistent with the effects of an out of Africa bottleneck, while the West African population has a slope close to 1.

Excess of Derived Alleles After Selective Sweep. Within the immediate region (i.e., in the absence of recombination during the sweep) of an advantageous allele under selection, ancestral variation will be completely removed. Distant from the selected allele (i.e., where recombination has removed association), there will be no effect. Within the region where recombination occurs, but rarely, during the sweep, some alleles will be swept to high frequency while others will be driven to low frequency. The probability that an allele exists on the selected background is given by its frequency f, while the number of derived alleles at frequency f is proportional to 1/f. As a result, the distribution of pre-sweep allele frequencies after the sweep is uniform across pre-sweep allele frequencies, meaning that high frequency alleles are equally likely to be derived or ancestral, creating a large excess of high frequency derived alleles (Fay 2000). This signal is highly specific for selection, but not especially sensitive, especially at long times past the end of the sweep, as high frequency derived alleles created by the sweep move to fixation and all new low frequency alleles introduced by mutation during and after the sweep are at low frequency, rapidly restoring the balance of high frequency ancestral alleles (Przeworski 2002).

Expected Width of Reduction of Diversity in Selected Regions. We performed simulations with the program cosi (Schaffner, S.F., submitted) using median values for human recombination (1 cM/Mb) and selective sweeps of s = 0.005, 0.01, and 0.02 ending 5000 generations (~125,000 yrs) ago, we found that the probability that region over which heterozygosity is reduced to below 50% of the average value exceeds 1 Mb is 6.3%, 13.9%, and 40.6%, respectively. 

Scoring of Low Diversity Relative to Divergence Regions. We identified regions in which the observed human diversity rate was much lower than the expectation based on the observed divergence rate with chimpanzee. 

We compared the human diversity to the chimpanzee divergence to eliminate regions in which low diversity simply reflects a low mutation rate in the region.  In order to capture the uncertainly in diversity and divergence estimates within each window, we looked at each set of non-overlapping windows (since the window step is 1/100 the size, there are 100 such sets). Within each window, we took the observed number of human SNPS, ui, human NQS bases, mi, human-chimpanzee substitutions, vi, and chimpanzee NQS bases, ni, and generated two random numbers from the distributions:
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where a = 1, b = 1000, c = 1, and d = 100. We then took xi as the human diversity and yi as the human-chimp divergence for each window i and fit a linear regression


[image: image5.png]xly~N(ag+ay.5)





A p-value for each window was then calculated for each window based on (xi, yi) and the regression line. This was repeated 100 times and the average of the p-values taken as the p-value for diversity given divergence each window. The window was assigned a score proportional to –log(p-value).

Because we were looking for a signal where diversity was low relative to divergence, we were concerned that regions where divergence might be artificially high would preferentially appear in our analysis. In order to avoid finding such regions, which might be true but were deemed likely to be enriched in artifacts, we aggressively screened the windows. The –log(p-value) score was set to 0 for any window matching any of the following: low human or chimpanzee NQS coverage (NQS bases ≤ 0.5 max NQS coverage), in the highest quartile of human chimpanzee divergence, within 3 Mbp of a human centromere or telomere, or within 1 Mbp of a large gap in the human genome.

After filtering, we coalesced regions as the maximal overlapping windows with p < 0.1 containing at least one window of p < 0.05 and scored them as the sum of their –log(p-value) scores, thus weighting for both length and strength.

FOXP2 – CFTR Region. The genomic region on 7q containing both FOXP2 and CFTR stands out as unusual, although no specific part of it scores exceptionally high in the diversity-divergence test.  The region is 7.58 Mb long and is covered by 3 separate regions, running from 112.88 to 114.41, 114.83 to 117.15, and 117.77 to 120.46 Mb, and covering 6.55 Mb of the extended region. Were these regions merged into a single region, their combined div-div score would be 94.4, ranking it as the second highest scoring region. Two of the three regions show large windows of severe derived allele frequency skew, but only in the central region does it come close to overlapping the highest diversity-divergence score. Intriguingly, well outside this region and flanking it, at 106 to 108 and 121 to 123 Mb are two other large regions of severe derived allele frequency skew. It is tempting to speculate that since the hitchhiking model posits the derived allele skew in the flanks of the region, this may be the relic of a very powerful sweep affecting the entire extended region, although such an observation would require a selective coefficient on the order of 0.1-0.2. Alternatively, an undetected inversion of the region combined with positive selection could also have led to these results.  Although our data fail to strongly confirm prior evidence of positive selection in recent human history, the region clearly bears more detailed examination.
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