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Input Data 

 

Samples from Phases 2 and 3 of the International HapMap Project 

Phase 2 of the International HapMap Project surveyed around 3.1 million polymorphisms in four 

populations from three continents 
1
, consisting of 30 Utah parent-offspring trios from the CEPH 

collection with ancestry from Northern and Western Europe (CEU); 30 Yoruban trios from 

Ibadan, Nigeria in West Africa (YRI); 45 unrelated Han Chinese from Beijing, China (CHB) and 

45 unrelated Japanese from Tokyo, Japan (JPT). In the positive selection analysis, only unrelated 

individuals from the four population groups were used, and this excluded the offsprings in the 

CEU and YRI trios, resulting in a sample size of 60 unrelated individuals in each of the two 

populations. Haplotypes for Phase 2 of the HapMap have been inferred with an updated version 

of PHASE 
2,3

 that allows genotype data from both unrelated individuals and trios to be phased, 

and were downloaded from the HapMap resource. 

 

Phase 3 of the International HapMap Project surveyed 1,301 individuals from eleven populations 
4
 with two commercial genotyping microarrays: Affymetrix SNP6.0 and Illumina 1M. The two 

arrays assayed 2,007,788 SNPs of which 268,667 SNPs overlap between the two platforms. We 

considered only unrelated individuals from the eleven populations, which consisted of: (i) 53 

individuals of African ancestry in Southwest USA (ASW); (ii) 113 Utah residents with Northern 

and Western European ancestry from the CEPH collection (CEU); (iii) 84 Han Chinese from 

Beijing, China (CHB); (iv) 85 Chinese in Metropolitan Denver, Colorado (CHD); (v) 88 Gujarati 

Indians in Houston, Texas (GIH); (vi) 86 Japanese from Tokyo, Japan (JPT); (vii) 90 Luhyas 

from Webuye, Kenya (LWK); (viii) 50 individuals with Mexican ancestry in Los Angeles, 

California (MXL); (ix) 143 Maasai in Kinyawa, Kenya (MKK); (x) 88 Toscani in Italia (TSI); 

(xi) 113 Yoruban from Ibadan, Nigeria (YRI). A consensus set of 1,525,445 SNPs that are 

present across all eleven populations are used in the positive selection analysis. The phasing of 

the samples in HapMap Phase 3 was performed with IMPUTE v2 
4,5

 and were downloaded from 

the HapMap resource.  

 

Singapore Genome Variation Project 

The Singapore Genome Variation Project (SGVP) surveyed 292 individuals from the three major 

ethnic groups in Singapore consisting of Chinese, Malays and Asian Indians 
6
. Each sample was 

assayed on the Affymetrix SNP 6.0 and Illumina 1M genotyping microarrays, and post-QC 

genetic data for a final set of 96 Chinese (CHS), 89 Malays (MAS) and 83 Indians (INS) was 

released. This consists of 1,584,040 autosomal SNPs for CHS, 1,580,905 autosomal SNPs for 

MAS and 1,583,454 autosomal SNPs for INS. The SGVP samples were phased using the 

program fastPHASE (version 1.3) 
7
 and were downloaded from the SGVP resource.  
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Figure S1. Power of HaploPS to Infer the Frequency of the Selected Allele 

 

 
 

Assessment of the statistical power of haploPS to infer the frequencies of the simulated alleles 

under positive selection. Power here is quantified by the ability of haploPS to infer the frequency 

of the derived allele within 10% the actual simulation frequency out of 200 iterations at each 

derived allele frequency.      
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Figure S2. Boxplots of the Estimated Derived Allele Frequencies 

 
Distributions of the derived allele frequencies as estimated by haploPS, with the lower and upper 

edges of the each box represent the first and third quartile of the respective distribution. Each 

boxplot is tabulated from signals that have been successfully identified from the 200 iterations in 

the power simulations. 
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Figure S3. Positive Control of HaploPS Definition at HBB 

  
 

Summary of the longest haplotypes at focal SNPs on chromosome 11 in YRI, at a core haplotype 

frequency of 5%. HaploPS defines a signal of positive selection as a region with both long 

genetic distance and carrying a large number of SNPs. The positive selection signal spanning the 

sickle-cell locus (HbS) at HBB is denoted by the red triangle. 
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Figure S4. Positive Selection at HBB and LARGE in Africa 

 
HaploPS analyses performed across a range of core haplotype frequencies from 5% to 80% at the 

HBB (panel A) and LARGE (panel B) loci in the four populations with African ancestry (ASW, 

LWK, MKK and YRI). These two positively selected loci HBB and LARGE in the Yoruba data 

in Phase 2 of HapMap (YRI) are well-established to be genuinely under evolutionary pressure of 

selection. The sickle-cell locus HBB is under balancing selection for the almost ten-fold 

protection against malaria 
9
 and the recessive sickle-cell anemia. The fitness benefit of the sickle-

cell allele against childhood mortality by malaria implies the genomic background that the 

sickle-cell allele resides on enjoys a hitch-hiking advantage on being present in the population. 

This means the selection signal at HBB in YRI is one of the positive controls for selection 

metrics (Fig. S3), and the frequency of the sickle-cell allele is known to be at 12.5% in the YRI 

database in HapMap 2. The other known functional region is the LARGE locus on chromosome 

22 that encodes for a protein essential for infection by the Lassa virus to cause Lassa 

hemorrhagic fever in Nigeria 
10

. Together, these two regions present the strongest evidence of 

positive natural selection in YRI. However, these signals are not ubiquitously identified by every 

selection metric, especially HBB as the frequency of the signal is particularly low 
11

. HaploPS 

successfully located the selection signals at both loci and even provided an accurate estimate of 

the frequency of the selected variant (Fig. 3, Fig. S4, Table S1). In addressing the origin and 

segregation of selection signals, we are interested to address whether any of the other three 

populations with African ancestry are subjected to the same evolutionary pressure as Nigerian 

populations in regards to malaria and Lassa hemorrhagic fever. A detailed survey of haploPS 

analyses suggest that there were no evidence of positive selection at either HBB or LARGE in the 

Kenyan Maasai in Kinyawa (MKK), and in the African American population (ASW). For the 

Kenyan Luhya in Webuye (LWK), there seems to be a possible long haplotype at HBB with a 

core haplotype frequency of 5%, although when assessed against the genome-wide distribution 

of haplotype lengths of 5% frequency in LWK, this was not defined to be empirically significant 

(Fig. S4). There was no evidence of a long haplotype at LARGE for LWK. For LARGE, the 

absence of any selection signals in the two Kenyan populations can be explained by the 

endemicity of Lassa fever in West Africa only, and not in East Africa. Thus, without a selective 

pressure exerted by the viral hemorrhagic fever, there is no genomic advantage for the beneficial 

mutation to persist in the population. However, the absence of positive selection at HBB in the 
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two Kenyan populations is intriguing, given that malaria is similarly endemic in East Africa. We 

noted that there have not been any prior reports of positive selection in the vicinity of the sickle 

cell locus in the HapMap3 populations of the Luhya (LWK) and the Maasai (MKK). Previous 

reports on the frequency of the sickle-cell allele in Kenya cited figures in the range of 6.4% 
11

 to 

7.8% 
12,13

. It is possible that the Luhya and Maasai samples in HapMap 3 did not include enough 

individuals who are carriers of the sickle-cell allele, given that the sickle-cell variant rs334 was 

not assayed in HapMap 3.   
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Table S1. Regions Identified by HaploPS to Be Positively Selected in the 14 Populations  
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The start and end coordinates for each region are reported in NCBI Build 36 coordinates. 
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Table S2. MIM Numbers for Genes Presented in Table 2 
 

Gene MIM ID Gene MIM ID Gene MIM ID 

ZMYM6 613567 TUBB 191130 BAI3 602684 

SFPQ 605199 FLOT1 606998 CUX2 610648 

ZMYM4 613568 IER3 602996 FAM109A 614239 

NCDN 608458 DDR1 600408 SH2B3 605093 

PSMB2 602175 GTF2H4 601760 ATXN2 601517 

TFAP2E 614428 TFIIH 189972 BRAP 604986 

LHX8 604425 VARS2 612802 ACAD10 611181 

ACMSD 608889 DPCR1 613928 ALDH2 100650 

CCNT2 603862 HLA-C 142840 MAPKAPK5 606723 

RAB3GAP1 602536 HLA-B 142830 ERP29 602287 

UBXD2 611216 MICA 600169 C12orf30 612755 

LCT 603202 HCP5 604676 C12orf51 610762 

MCM6 601806 HLA-DOA 142930 NAP1 609916 

DARS 603084 HLA-DPA1 142880 TRAFD1 613197 

CXCR4 162643 HLA-DPB1 142858 RPL6 603703 

OR13G1 611677 COL11A2 120290 PTPN11 176876 

UBD 606050 RXRB 180246 RHOJ 607653 

GABBR1 603540 SLC39A7 601416   

MOG 159465 HSD17B8 601417   

ZFP57 612192 RING1 602045   

HLA-F 143110 VPS52 603443   

HLA-G 142871 RPS18 180473   

HLA-A 142800 B3GALT4 603095   

HLA-H 613609 WDR46 611440   

ZNRD1 607525 PFDN6 605660   

PPP1R11 606670 RGL2 602306   

PPP1R10 603771 TAPBP 607081   

RNF39 607524 ZBTB22 611439   

TRIM31 609316 DAXX 603186   

TRIM10 605701 KIFC1 603763   

TRIM15 126200 PHF1 602881   

TRIM26 600830 SYNGAP1 603384   

TRIM39 605700 BAK1 600516   

GNL1 143024 C6orf125 614461   

PRR3 607147 ITPR3 147267   

MRPS18B 611982 SBP1 610902   

DHX16 603405 IP6K3 606993   

MDC1 607593 EYS 612424   

 

MIM numbers for the genes present in the 10 regions identified by haploPS with positive selection signals 

in multiple populations, and where the haplotype similarity index (HSI) are less than 0.90. This indicates 

that the haplotypes carrying the advantageous variant(s) at each of these 10 regions in the different 

populations are significantly different and thus suggestive of convergent evolution of multiple mutation 

events, either at the same variant or at different variants in the same genomic region. This information is 

an extension of Table 2 in the main text. 
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Table S3. Positive Selection Survey with Physical Distance 
 

Chr Start End Adj. P-

value 

Pop. Frequency Genes 

1 171,791,702 173,246,946 1.17  10
-3

 ASW 0.15 SLC9A11, ANKRD45, 

KLHL20, CENPL, DARS2, 

GAS5, SNORD81, 

SNORD47, SNORD80, 

SNORD79, SNORD78, 

SNORD44, SNORD77, 

SNORD76, SNORD75, 

SNORD74, ZBTB37, 

DQ593451, SERPINC1, 

RC3H1, RABGAP1L, 

GPR52, IDN4-GGTR7, 

KIAA0471, CACYBP, 

MRPS14 

 172,215,955 173,189,969 2.04  10
-3

 CEU 0.50 

 171,881,574 173,299,764 1.75  10
-2

 CHB 0.30 

 172,148,516 173,303,662 4.28  10
-2

 CHD 0.35 

 172,148,516 173,288,426 2.24  10
-2

 CHS 0.35 

 172,150,698 173,189,969 5.09  10
-4

 GIH 0.50 

 172,170,360 173,217,691 1.64  10
-3

 INS 0.40 

 172,147,375 173,255,586 6.77  10
-3

 JPT 0.45 

 172,020,658 172,501,666 2.45  10
-2

 LWK 0.30 

 172,159,283 173,089,655 6.79  10
-3

 MAS 0.45 

 172,342,803 172,749,056 1.98  10
-2

 MKK 0.35 

 172,122,860 173,189,969 2.73  10
-4

 MXL 0.50 

 171,791,702 173,244,726 7.57  10
-7

 YRI 0.25 

       

16 45,158,679 45,262,450 1.17  10
-3

 ASW 0.70 SHCBP1, VPS35, ORC6L, 
ORC6, MYLK3, C16orf87, 
GPT2, DNAJA2, NETO2, 
ITFG1 

 45,158,679 45,354,669 1.17  10
-3

 CEU 0.80 

 45,158,679 45,554,058 1.17  10
-3

 CHB 0.75 

 45,158,679 45,511,849 1.17  10
-3

 CHD 0.75 

 45,158,679 45,440,451 1.17  10
-3

 GIH 0.70 

 45,337,768 46,092,753 1.17  10
-3

 INS 0.45 

 45,365,022 45,827,459 1.17  10
-3

 JPT 0.80 

 45,580,279 45,825,707 1.17  10
-3

 MAS 0.75 

 45,158,679 45,354,669 1.17  10
-3

 MXL 0.75 

 45,158,679 45,354,669 1.17  10
-3

 TSI 0.75 

 

Positive selected regions identified by haploPS analysis with the use of physical distance, where at least 

ten of the fourteen populations exhibit evidence of positive selection and the genomic regions have not 

been previously reported by positive selection surveys with LRH/iHS and XP-EHH. A genomic region 

that is positively selected in the three population panels in Phase 2 of the HapMap can artificially lower 

the extent of heterozygosity in the region, resulting in an underestimate of genetic recombination and 

hence genetic distance. As iHS, XP-EHH and haploPS rely on the population-averaged genetic distance 

from HapMap to quantify haplotype lengths, regions that are positively selected in all the populations will 

not be successfully identified by any of these metrics. We thus re-perform the haploPS analyses using 

physical distance to quantify haplotype length instead of genetic distance.  Here, we prioritize the loci that 

emerged with evidence of positive selection in at ten of the fourteen populations (i.e. more than 70% of 

the populations), and have not been previously identified with the haploPS analysis using genetic distance. 

As the purpose is to discover novel selection regions that would not have been detected by metrics that 

rely on genetic distance, we also excluded regions that have emerged from previous reports on positive 

selection with LRH/iHS or XP-EHH 
10,14-17

. Our analysis of positive selection with the use of physical 

distance identified two novel genomic regions that exhibited evidence of long haplotypes. The region on 

chromosome 1 spans between 171.8Mb and 173.2Mb, and the signal is found in 13 of the 14 populations 

(except TSI). The genes that are common to all 13 populations are the RAB GTPase-activating protein 1-

like (RABGAP1L) and the G protein-coupled receptor 52 (GPR52). The second region is located on 

chromosome 16, spans between 45.1Mb and 46.0Mb, and the signal is found in 10 of the 14 populations 

(except CHS, LWK, MKK and YRI).  
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Table S4. Segregation of Positively Selected Pigmentation Genes across Global Populations 

 

Population KITLG SLC24A5 ADAM17 ADAMTS20 HERC2/OCA2 

CEU X X   X 

TSI X X   X 

MXL X   X X 

GIH X X  X  

INS    X  

CHB X  X X  

CHD X  X   

CHS X  X   

JPT   X X  

MAS X     

ASW      

LWK      

MKK      

YRI      

 

Presence of haploPS positive selection signals at six skin pigmentation genes across the fourteen HapMap 

and SGVP populations. The pigmentation gene that is selected in a particular population is shown with an 

“X”. We surveyed six pigmentation genes that have been consistently identified by a variety of metrics 

for detecting positive selection in the ten non-African populations, and checked whether haploPS 

identified a selection signal in each of these genes for each of the populations. These genes are KITLG, 

SLC24A5, ADAM17, ADAMTS20, OCA2 and HERC2. Under the assumption that haploPS is sufficiently 

sensitive to identify most of the positive selection signatures when they exist, we can evaluate whether 

certain pigmentation genes are selected only in some populations but not others. For example, haploPS 

identified selection signals at ADAM17 in all four East Asian populations (CHB, CHD, CHS and JPT) but 

not the others, while SLC24A5 was selected only in the Europeans (CEU, TSI) and Gujarati Indians 

(GIH). HERC2 was selected only in the Europeans (CEU, TSI) and Mexicans (MXL). KITLG was 

selected in almost all the non-African populations except South Asian Indians (INS) and the Japanese 

(JPT). The distribution of the signal at ADAMTS20 was less consistent, being selected in both Asian 

Indian populations (GIH, INS), a handful of East Asian populations (CHB, JPT), and the Mexicans 

(MXL).    
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Table S5. False Positive Rates (FPRs) of the Different LRH Methods for Detecting Positive 

Selection in Simulated Populations with Bottlenecks 
 

Inbreeding coefficient haploPS (1%) iHS XP-EHH 

0.1 0% 43.7%  6.3% 

0.2 1.2% 27.4% 7.1% 

0.3 6.7% 16.8% 9.7% 

 

To evaluate the effects of bottlenecks on haploPS, a range of simulations with different bottleneck 

intensities was performed. The simulation was performed using the program cosi 

(http://www.broadinstitute.org/~sfs/cosi/cosi_1.2.tar). The three population model is similar to the “cosi” 

demographic model, except there was no migration and the population size is kept constant at 10,000. A 

single bottleneck was introduced into the European population 1,950 generations before the split between 

Europe and Asia. We simulated 1,000 regions of 100kb for each bottleneck intensity setting. Three 

bottleneck intensities were employed with corresponding inbreeding coefficients of 0.1, 0.2 and 0.3. The 

same 2,000 null simulations for generating the null distribution of haploPS scores in the power 

simulations were used to identify the haploPS threshold for defining significance. The haploPS scores that 

corresponded to the bottom 1% of the score distribution in the 2,000 null simulations for Africa were used 

as the thresholds. In the simulations with bottlenecks, any region with a haploPS score below each of 

these thresholds will be considered a false positive finding. The false positive rate is defined as the 

proportion of the 1,000 simulated regions with a significant finding. The same approach of comparing 

against the null distributions of iHS and XP-EHH were used to generate the threshold for defining 

significance at the top 1% of the respective distributions.   

http://www.broadinstitute.org/~sfs/cosi/cosi_1.2.tar
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