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ABSTRACT 

The role of positive natural selection in shaping patterns of nucleotide variability 

in the human genome remains unclear. Only several loci in humans have been identified 

with alleles under selection for which we have a good understanding of the link between 

genotype and phenotype. These loci provide an opportunity to describe the general 

footprint of natural selection in the human genome. Some mutations at the gene coding 

for glucose-6-phosphate dehydrogenase (G6PD) cause a clinical condition of G6PD 

deficiency, however these alleles have also been shown to confer resistance to the 

parasite Plasmodium falciparum. Evidence for resistance to malaria comes fi'om 

geographical allele distributions that coincide with malaria, epidemiology studies, and in 

vitro studies. A detailed study of nucleotide variability at G6PD can shed light on the 

signature of selection in humans and can also provide insight into the natural history of 

the association between malaria and humans. In Appendix A, patterns of nucleotide 

variability are described in a worldwide panel of humans at G6PD and at a neighboring 

locus {LI CAM). Patterns of nucleotide variability at G6PD do not significantly differ 

from patterns found at other loci. Nonetheless, significant long-range linkage 

disequilibrium (LD) associated with a selected G6PD deficiency allele from Afiica 

(G6PD A-) is observed between G6PD and LI CAM. The observed LD implies that 

G6PD A- is young, and suggests that malaria is a recent agent of selection in humans 

(within the past 10,000 years). In Appendix B, patterns of nucleotide variability are 

examined in a larger panel of individuals of sub-Saharan Afiican decent at G6PD and at 
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nine loci located in a region spanning ~ 1Mb on either of G6PD. LD and reduced 

nucleotide variability are observed over a region of > 1 Mb around G6PD. These 

observations confirm a young age for G6PD A- and imply that the allele has been under 

strong selection (0.05 < s < 0.20). In Appendix C, a comparable survey of nucleotide 

variability was conducted in relation to G69Dmed, an independently arisen selected G6PD 

deficiency allele, in a panel of individuals fi-om the Middle East and the Mediterranean 

region. Patterns of LD provide strong evidence for independent origins of GSPDmed in 

two geographic regions of Eurasia. Furthermore, these data suggest that resistance to 

malaria by G6PD mutations arose at approximately the same time in Afnca and Eurasia. 

In Appendix D, a sample from a human population isolate, the Kurdish Jews, was studied 

at G6PD, at neighboring loci, and at 2 unlinked loci to determine if the remarkably high 

fi-equency of G6PD deficiency in this population is attributable primarily to selection or 

to a severe founder effect. A pattern of nucleotide variability that is consistent with 

selection is observed around G6PD among Kurdish Jews, while patterns of nucleotide 

variability at unlinked loci are typical of other populations that have not experienced 

severe founder effects. These results suggest that natural selection is largely responsible 

for the high fi-equency of G6PD deficiency among Kurdish Jews. 
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CHAPTER 1: INTRODUCTION 

Explanation of the problem and its context 

Mutations that cause phenotypic changes will potentially affect fitness. A 

majority of mutations are deleterious, some are neutral, and a negligible proportion of 

mutations are advantageous (Kimura 1983), yet this latter class often provides the most 

interesting displays of the evolutionary process. Even so, only a few phenotypically 

advantageous traits are understood at the molecular level, and few molecular changes that 

are putatively advantageous are clearly understood at the phenotype level. Identifying 

cases of recent natural selection in humans and understanding the connections between 

genotype and phenotype associations can teach us about the evolutionary process in 

general and about the natural history of our species in particular. 

Evolutionary theory presents several models with predictions about the signature 

of selection at the molecular level (Maynard Smith and Haigh 1974; Hudson et al. 1987; 

Tajima 1989; McDonald and Kreitman 1991; Fu and Li 1993), and these patterns have 

been confirmed empirically in model organisms such as Drosophila (e.g. Kreitman and 

Hudson 1991; Eanes et al. 1993; Hudson et al. 1994). However, demographic effects in 

humans, such as small effective population sizes (that reduce genome wide levels of 

nucleotide variability) and population expansions (that skew the frequency spectrum of 

alleles) may mask signatures of recent selection. Therefore, even in light of increased 

availability of genomic data for humans, researchers have met with only limited success 

in identifying signatures of selection at the molecular level in the human genome. Recent 
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findings (including the present study) have revealed that the molecular signature of 

selection in humans is most often detectable by patterns of linkage disequilibrium, rather 

than by traditional tests of neutrality that are based on the frequency spectrum of alleles 

(Sabeti et al. 2002; Saunders et al. 2002; Toomajian et al. 2003). 

This dissertation describes in detail the patterns of nucleotide variabiUty that are 

associated with G6PD, a locus that is well-understood at the genotypic and phenotypic 

levels, and a locus that is known to be subject to natural selection. A clear vinderstanding 

of the signature of selection at the molecular level in humans may help to identify other 

loci subject to selection. Patterns of nucleotide variabihty are described in different 

human populations that have been subject to different demographic effects and that bear 

independently arisen G6PD deficiency alleles under selection. Comparisons between 

these samples allow us to distinguish between the deterministic signatures of selection 

and stochastic patterns associated with drift and demography. The results show that the 

effect of selection extends over a similarly long distance (>1.4 Mb) on the X 

chromosome for the independently arisen selected alleles,implying that the different 

alleles are approximately the same age (< 3000 years), and have been strongly selected. 

A review of the literature 

Natural selection at the molecular level: 

Positive natural selection will increase the frequency of an advantageous allele in 

a population. Importantly, the effect of selection will extend to linked neutral 

polymorphisms that are associated with the target of selection {i.e. a hitchhiking effect: 
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Maynard Smith and Haigh 1974). In the case of directional selection, an advantageous 

allele will rise in frequency quickly (i.e. selective sweep), causing a transient reduction in 

nucleotide variability surrounding the target of selection. As new mutations begin to 

arise in this population following a selective sweep, a sample will exhibit an excess of 

rare polymorphisms relative to neutral equilibrium expectations (Tajima 1989; Fu and Li 

1993). Eventually, the population will return to a normal equilibrivim level of neutral 

nucleotide variability, as mutation and genetic drift will govern the frequency of neutral 

polymorphisms. Although long-term balancing selection will increase levels of 

nucleotide variability surrounding a target of selection (Hey 1991; Navarro and Barton 

2002), the effects of recent balancing selection are similar to the effects of an incomplete 

selective sweep by exhibiting a reduction in nucleotide variability among the selected 

alleles (i.e. an allele-specific effect). A consequence of the homogeneity in nucleotide 

variability among the selected alleles is that LD will be observed between the selected 

alleles and other alleles in a sample (Strobeck 1983). The distance over which the effects 

of selection are observed is directly correlated with the strength of selection and inversely 

correlated with the local recombination rate and the age of the selected allele (Slatkin and 

Rannala 2000; Gamer and Slatkin 2003). 

Demographic processes also have profound effects on patterns of nucleotide 

variability in a manner that may resemble signatures of selection at a given locus. For 

example, a population expansion will result in a transient excess of rare polymorphisms, 

similar to the effect of a selective sweep. Alternatively, a population bottleneck may 

increase intermediate frequency polymorphisms and create linkage disequilibrium. 
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similar to the effect of balancing selection. It follows that detecting a signature of 

selection on the background of demographic effects is challenging. In humans, generally 

low levels of neutral nucleotide variability due to a small effective population size, and a 

skew in the frequency spectrum of alleles due to recent population expansions result in 

low statistical power to detect the reductions in nucleotide variability and skewed 

frequency spectra of alleles that are caused by recent selection (Wall and Przeworski 

2000). Thus traditional tests for selection based on levels of variabiUty or the frequency 

spectrum of alleles have often been unable to detect selection humans (Harding et al. 

1997; Hamblin and DiRienzo 2000; Sabeti et al. 2002; Saunders et al. 2002; Verrelli et al. 

2002). However, patterns of long-range LD have proven to be useful to detect the effects 

of selection in humans (Sabeti et al. 2002; Saunders et al. 2002; Toomajian et al. 2003; 

Ohashi et al. 2004). 

Malaria as an agent of selection: 

Malaria is a major morbidity factor among humans as over 2 million people die annually 

from complications of the disease worldwide, and 80% of these deaths are in sub-Saharan 

Africa (Breman et al. 2004). The disease is caused by a protozoan parasite, Plasmodium 

spp., which develops asexually in the erythrocytes of the human host. Four different 

species infect humans: P. ovale, P. malariae, P. vivax and P. falciparum. However P. 

falciparum is the most lethal of the species by virtue of its unique pathologic effects, 

accoimting for ~ 90% of deaths by malaria (Schmidt and Roberts 1996; Miller et al. 

2002). The parasite is transmitted to the human host by insect vectors, mosquitoes from 
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the genus Anophelene (Schmidt and Roberts 1996), and therefore malaria is most 

prevalent under conditions that promote mosquito abundance and contact with humans. 

Mostly children, the elderly, and individuals with impaired immune response succumb to 

the lethal manifestations of Plasmodium infection {e.g. cerebral malaria and renal failure) 

(Snow et al. 1999). Survivors of repeat infections by the parasite typically develop an 

acquired inmiunity that inhibits lethal hyper-parasitemia levels (Baird 1995). In areas 

where malaria is holo-endemic the disease imposes a strong selective force that acts 

mostly in the pre-reproductive years (Allison 1964). Due to natural selection, human 

populations historically exposed to malaria often exhibit high frequencies of genetic 

factors that confer some resistance to the parasite {e.g. Duffy factor, HbS and HbC 

alleles, G6PD deficiency: Miller 1994). 

G6PD and positive natural selection: 

Glucose-6-phosphate dehydrogenase (G6PD) is a housekeeping enzyme that is expressed 

in all tissues (Luzzatto and Battistuzzi 1985). G6PD catalyses an initial step in the 

hexose-monophosphate shunt of glycolysis in which glucose-6-phosphate is oxidized into 

6-phosphogluconolactone, concomitantly reducing NADP to NADPH. In erythrocytes, 

G6PD is the sole source of NADPH which is required for oxidation in many biochemical 

processes including the neutrahzation of peroxide via reactions with glutathione disulfide 

and catalase (Kirkman et al. 1987; Gaetani et al. 1989). A reduction in the activity of 

G6PD may result in relatively high oxidative stress inside erythrocytes, which in turn 

may destabiUze the integrity of the cell membrane. So, when the action of G6PD is 
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depressed, an individual may suffer from clinical manifestations of G6PD deficiency that 

include hemolytic anemia and neonatal jaundice (Beutler 1994). Many rare mutations 

have been described in the coding region of G6PD that cause G6PD deficiency (Notaro et 

al. 2000), however some populations exhibit particular G6PD deficiency alleles at 

relatively high frequencies (0.05 < q < 0.65: Livingstone 1985). Specifically, two G6PD 

deficiency alleles are commonly found at high frequencies: G6PD A- and G6?T>med-

G6PD A- is found primarily in Africa, and the allele is defined by a mutation at coding 

site 202 (G202A) that reduces enzyme efficiency to 12% of normal (Hirono and Beutler 

1988). G6PDmed is found throughout Eurasia and the Mediterranean region, and is 

defined by a mutation at coding site 563 (C563T) that reduces enzyme efficiency to 5% 

of normal (Vulliamy et al. 1988). 

Three lines of evidence indicate that G6PD deficiency alleles are subject to 

selection by conferring resistance to severe complications of malaria. First, the 

geographic distribution of populations with high frequencies of G6PD deficiency alleles 

strongly correlates with the distribution of historically endemic malaria (Allison 1960; 

Motulsky 1961). Second, in vitro studies demonstrated that normal parasite growth is 

hindered probably by virtue of the relatively high levels of peroxide found in erythrocj/tes 

due to G6PD deficiency (Roth et al. 1983). And finally, a large scale epidemiology study 

showed a significant under-representation of G6PD deficient individuals among severely 

affected malaria patients relative to the frequency of G6PD deficiency in the general 

population (Ruwende et al. 1995). 
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Recently, studies of nucleotide variability associated with G6PD deficiency 

alleles have shown patterns that are consistent with recent natural selection acting at the 

molecular level based on low levels of intra-allelic linked microsateUite variability 

(Tishkoff et al. 2001), an excess of nonsynonymous polymorphisms in a sample relative 

to neutral expectation (Verrelli et al. 2002), and unusually long range LD associated with 

the target of selection (Sabeti et al. 2002; Saunders et al. 2002). 

In summary, G6PD presents some of the best-understood polymorphisms that are 

subject to selection in humans both at the phenotype and the genotype levels, making it 

an excellent model for describing patterns of nucleotide variability that are associated 

with the action of positive selection. 

Explanation of dissertation format 

The finding of different G6PD deficiency alleles that are subject to the same agent 

of selection, falciparum malaria, provides a unique opportunity to distinguish between 

patterns of nucleotide variability that are due to deterministic forces {i.e. selection), and 

patterns due to the stochastic effects of drift and demography. Appendix A describes 

general patterns of nucleotide variability at G6PD in a worldwide panel of individuals 

that is well-characterized at other (neutral) loci (Hammer et al. 2004). These results 

demonstrate that traditional single-locus measures of nucleotide variability do not show 

significant deviation fi-om neutrality at G6PD. However, single nucleotide 

polymorphisms (SNPs) at a neighboring locus {LICAM) exhibit a remarkable amount of 

LD with the target of selection of G6PD A-, suggesting that a signature of selection is 
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found in patterns of long-range LD. Appendix B expands upon these findings to delimit 

the range of LD surrounding the target of selection of G6PD A- in Africa. Ten loci were 

resequenced, and polymorphic sites were used to show that the ancestral long-range 

haplotype of G6PD A- is conserved over a region that spans >1.6 Mb, implying that the 

age of the allele is < 3000 years old and bears a large selection coefficient (0.05 < s < 

0.20). In appendix C, the extent of LD surrounding the target of selection of G6PD^erf is 

delimited in a Eurasian panel. An ancestral G6PDmed long-range haplotype is 

significantly conserved over a distance of > 1.6 Mb, comparable to the pattern in Africa, 

suggesting that the alleles are of similar age. Remarkably, some G69T>med alleles from 

the Indian sub-continent have a unique long-range haplotype, implying an independent 

origin of the C563T mutation in India. Appendix D, describes nucleotide variability in 

Kurdish Jews, which exhibit the highest frequency of G6PD deficiency alleles among all 

human populations {G6?T>med, q = 0.65). By examining patterns of nucleotide variability 

at loci which are linked and imlinked to G6PD, the unusual spectrum of alleles found in 

this population at G6PD is shown to be a locus-specific pattern that is consistent with a 

signature of natural selection. This implies that the high frequency of G6PD deficiency 

in Kurdish Jews is attributable largely to natural selection, rather than to a severe founder 

effect. 
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CHAPTER 2: PRESENT STUDY 

Detailed background, methods, results and conclusions of this study are presented 

in the papers appended to this dissertation. The following is a siimmary of the most 

important findings of these papers. 

In an effort to provide a detailed description of patterns of nucleotide variability 

that are associated with the effect of positive Darwinian selection in humans I have 

surveyed nucleotide variability within and around G6PD in different populations that 

include independently arisen alleles under selection. In appendix A, I used a worldwide 

panel including 47 individuals from Africa, Europe, the Americas and Asia, to survey 

nucleotide variability at G6PD. I detected no significant deviation from neufral 

equilibrium expectations within a resequenced region of G6PD using traditional 

statistical tests of neutrality. However, a signature of selection is apparent by the absence 

of variability among G6PD A- alleles (n=6) and the extent of linkage disequilibrium (LD) 

between the target of selection and SNPs at a locus 556 kb away (LICAM). Together 

these data were used to estimate that the G6PD A- allele arose within the last 10,000 

years, suggesting that malaria has become a strong selective agent in humans relatively 

recently. To delimit the size of the genomic region affected by selection on G6PD, I used 

a larger pan-African panel of individuals (including 20 G6PD A- alleles, 11 G6PD A+ 

alleles and 20 G6PD B alleles), to resequence data from G6PD and ten surrounding loci 

in region Xq28 (Appendix B). Homogeneity among the G6PD A- individuals extends > 

1Mb around G6PD, and LD that is associated with the target of selection extends >1.6 
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Mb around G6PD. This extent of LD was used to refine the age estimate of G6PD A- to 

-3000 years ago with a selection coefficient of 0.05 < s < 0.2. To describe the effects of 

selection associated with G6PDmed, in appendix C, I surveyed Xq28 by resequencing and 

genotyping SNPs in a panel of individuals fi-om the Middle East and the Mediterranean 

(21 G6PDmed alleles and 23 G6PD B alleles). This study yielded two primary results. 

First, two distinct long-range haplotypes are associated with G6PDmed alleles, supporting 

the hypothesis that the C563T mutation arose independently once within the Indian sub

continent and once in the Middle East/Mediterranean. Second, the effects of selection 

among G6?Dmed alleles extend over a similar genomic region as seen for the G6PD A-

allele in Afiica, suggesting that ages of the different alleles are roughly the same. 

Finally, in appendix D, I studied nucleotide variabiUty in a sample of Kurdish Jews 

(n=37) to test the hypothesis that the high frequency of G6PD deficiency in this 

population (q = 0.70) is due primarily to a severe population bottleneck. In this panel I 

resequenced and genotyped SNPs within and around G6PD and at two imlinked loci, to 

distinguish between selection and demography as causes for observed patterns of 

variation. Loci unlinked to G6PD provide no evidence of an extreme founder effect, and 

a signature of selection that is reminiscent of those found in appendices A, B and C is 

found around G6PD for Kurdish Jews. Together these results imply that natural selection 

had a primary role in increasing the fi-equency of G6PDmed to its current level in this 

population. 
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ABSTRACT 

Glucose-6-phosphate dehydrogenase (G6PD) deficiency is the most common 

enzymopathy in humans. Deficiency alleles for this X-linked disorder are geographically 

correlated with historical patterns of malaria, and the most common deficiency allele in 

Afiica (G6PD A-) has been shown to confer some resistance to malaria in both 

hemizygous males and heterozygous females. We studied DNA sequence variation in 5.1 

kb of G6PD from 47 individuals representing a worldwide sample to examine the impact 

of selection on patterns of human nucleotide diversity and to infer the evolutionary 

history of the G6PD A- allele. We also sequenced 3.7 kb of a neighboring locus, 

LICAM, from the same set of individuals to study the effect of selection on patterns of 

linkage disequilibrium. Despite strong clinical evidence for malarial selection 

maintaining G6PD deficiency alleles in human populations, the overall level of 

nucleotide heterozygosity at G6PD is typical of other genes on the X-chromosome. 

However, the signature of selection is evident in the absence of genetic variation among 

A- alleles from different parts of Afiica and in the unusually high levels of linkage 

disequilibrium over a considerable distance of the X-chromosome. In spite of a long-

term association between Plasmodium falciparum and the ancestors of modem humans, 

patterns of nucleotide variability and linkage disequilibriimi suggest that the A- allele 

arose in Afiica only within the last 10,000 years and spread due to selection. 
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INTRODUCTION 

With the completion of the first drafts of the human genome (IHGSC 2001; 

Venter et al. 2001) considerable attention is now focused on understanding the levels and 

patterns of nucleotide variation among individuals. An accurate description of this 

variation is important for understanding processes of molecular evolution, for the 

identification of disease genes, and for making inferences about the origin and history of 

Homo sapiens. A number of studies have described patterns of nucleotide variability in 

relatively large samples of individuals (Harding et al. 1997; Clark et al. 1998; Deinard 

and Kidd 1998; Harris and Hey 1999, 2001; Jaruzelska et al. 1999; Kaessmann et al. 

1999; Rana et al. 1999; Rieder et al. 1999; Fullerton et al. 2000; Gilad et al. 2000; 

Hamblin And DiRienzo 2000; Nachman And Crowell 2000; Zhao et al. 2000; Alonso 

And Armour, 2001; Yu et al. 2001), and a large public effort recently identified and 

mapped over one million single-nucleotide polymorphisms (SNPs) (International SNP 

Map Working Group 2001). These studies have generally focused on regions of the 

genome in which positive natural selection is believed to be a negligible force, and as 

such, provide a baseline for average patterns of genomic variability. However, selection 

may have been an important force in shaping human genetic variation. Selection can 

have a powerful effect on patterns of linkage disequilibrium (LD), levels of 

heterozygosity, and the fi"equencies of alleles segregating in a population, and these 

effects may extend to linked sites at considerable distances fi-om the targets of selection 

(Hudson 1990; Hudson 1996). One way to study the impact of selection in shaping 

nucleotide variability is to look at regions of the genome in which the strength and form 
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of selection are known, and in which the connections from genotype to phenotype to 

environment are well understood. 

The X-linked gene coding for glucose-6-phosphate dehydrogenase (G6PD) is 

subject to malarial selection in some human populations. The normal G6PD enzyme 

catalyzes a critical step in the pentose monophosphate shunt of glycolysis, and in cases of 

dysfunctional G6PD, an individual may suffer with clinical manifestations that include 

hemolytic anemia and neonatal jaundice (Beutler 1994). Some human populations 

exhibit G6PD deficiency alleles at frequencies that range up to 65% (Livingstone 1985; 

Oppenheim et al. 1993). In general, there is a geographic correlation between the 

frequency of G6PD deficiency alleles and the historical prevalence of malaria globally 

(Allison 1960; Motulsky 1961; Oppenheim et al. 1993). Moreover, in vitro studies (Roth 

and Schulman 1988; Roth et al. 1983) and epidemiological evidence (Ruwende et al. 

1995) indicate that G6PD deficiency confers some resistance to Plasmodium falciparum, 

the primary human malaria parasite. 

The most common G6PD deficiency allele in sub-Saharan Afiica is called G6PD 

A-, and it typically reaches frequencies near 20% in populations living in malarial areas 

(Livingstone 1985). The A- allele differs from the normal allele (G6PD B) by non-

synonymous changes at coding nucleotide positions 202 and 376. A minor deficiency 

allele, called G6PD A+, differs from the B allele only at site 376 (Figure 1). The 

enzymatic activities of the A+ and A- alleles are 85% and 12% of normal levels, 

respectively (Beutler et al. 1989; Hirono and Beutler 1988; Vulliamy et al. 1991). The 

mild deficiency phenotype characteristic of G6PD A+ does not cause significant clinical 
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manifestations and does not appear to confer resistance to malaria (Ruwende et al. 1995). 

However, the deficiency phenotype characteristic of G6PD A- confers -50% reduction in 

risk of severe malaria in both heterozygote females and hemizygote males. Homozygous 

females probably have a similar level of protection from malaria, although this genotype 

is quite rare (Ruwende et al. 1995). In the presence offalciparum malaria, the G6PD A-

allele is therefore beneficial, while in the absence of malaria, this allele is deleterious. 

Thus G6PD provides a rare example of a gene in humans where the selective agent and 

approximate form and strength of selection are known (Ruwende et al. 1995; Tishkoff et 

al. 2001). 

As part of an ongoing project to characterize patterns of nucleotide variabihty at 

multiple loci throughout the genome for a common worldwide sample of human DNAs 

and to investigate the impact of selection on G6PD, we sequenced 5.1 kb of G6PD in a 

sample of 47 humans (Table 1). We also sequenced 3.7 kb at LlCAMin these same 

individuals. LICAMis situated 556 kb from G6PD-, thus, polymorphisms at LICAM 

provide an opportunity to investigate the impact of selection on neighboring sites. Our 

nucleotide data suggest that the effects of selection on G6PD are more subtle than those 

predicted under a model of long-term diversifying selection. 
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MATERIALS AND METHODS 

Samples: DNA sequences were determined in a sample of 41 human males, 

including 10 from Africa, 10 from the Americas, 10 from Europe, and 11 from Asia and 

Melanesia (Table 1). This sample was chosen as part of a long-term project in our labs to 

survey nucleotide variabihty at a number of loci throughout the genome using a common 

set of individuals (e.g. Nachman et al. 1998; Nachman and Crowell 2000; M.W.N, and 

M.F.H. unpublished data). However since G6PD A- alleles are primarily found in Africa 

and since the effects of selection at G6PD are likely to be found primarily in Africa, we 

augmented our worldwide sample with 4 additional African individuals that were known 

(by RFLP analysis) to carry G6PD A- alleles and 2 individuals carrying G6PD A+ 

alleles. This allowed us to investigate patterns of variability within G6PD A- alleles and 

to study LD between G6PD A- alleles and other alleles. Homologous sequences from a 

male chimpanzee (Pan troglodytes) and a male orangutan (Pongo pygmaeus) were also 

determined for divergence estimates. By studying X-hnked loci in males we were able to 

PGR amplify single alleles and directly recover haplotypes over long genomic distances 

to study pattems of linkage disequilibrium. 

PCR amplification and sequencing: Maps of the human X-chromosome and the 

loci sampled in this study, G6PD and LICAM, are presented in Figure 1. LlCAMwas 

chosen because of its proximity to G6PD (556 kb); all polymorphisms detected at 

LICAM are silent or non-coding, and there is no a priori reason to assume that LICAM 

itself is a target of selection. Approximately 82 other genes are found within 1 Mb on 

either side of G6PD and none of these genes are known to be recent targets of positive 
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selection. PCR fragments were amplified for G6PD (5.2 kb), and LI CAM (4.2 kb) using 

a long-template PCR system (Roche Biochemicals). For G6PD, the primers Gf (5' GTT 

TAT GTC TTC TGG GTC AGG GAT GG 3') and Gr (5' AGT GTT GCT GGA AGT 

CAT CTT GGG T 3') are positioned with the 5' end of the primer at sites 206322 and 

201052, respectively, in Genebank accession L44140. FotLICAM, the primers Lf (5' 

TCC TCT CCA GAG TAG CCG ATA GTG ACC 3'), and Lr (5' AAG TTT CTA CTG 

GCC TGA CCC TCT CG 3') are positioned with the 5' end of the primer at sites 19587 

and 24251, respectively, in Genebank accession U52112 (Figure 1). Internal primers 

(available upon request) were used to generate overlapping sequence runs on an ABI 377 

automated sequencer. Contiguous sequence that included coding and non-coding regions 

(5109 bp and 3691 bp for G6PD and respectively) was assembled for each 

individual and aligned using the computer program Sequencher (GeneCodes). Sequences 

have been submitted to GenBank under accession numbers AY158094-AY158142 and 

AY167680-AY167728 for G6PD dxALlCAM, respectively. 

Data analysis: Nucleotide diversity, TT (Nei and Li 1979), and the proportion of 

segregating sites, 6 (Watterson 1975), were calculated using the program PROSEQ 

(Filatov et al. 2000) for the worldwide sample, African individuals, and for non-Afiican 

individuals. Only the 41 individuals of the non-augmented worldwide sample were 

included in analyses of nucleotide diversity, and insertion-deletion polymorphisms were 

excluded. Under neutral equilibrium conditions both ic and 8 estimate the neutral 

parameter 3Ne h for X-linked loci, where Ne is the effective population size and jU. is the 

neutral mutation rate. Tajima's D (Tajima 1989), Fu and Li's D (Fu and Li 1993) and 
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Fay and Wu's H (Fay and Wu 2000; http://crimp.lbl.gov/htest.html) were calculated to 

test for deviations from a neutral equilibrium frequency distribution for both loci. Ratios 

of polymorphism to divergence for G6PD and were compared with the 

expectations under a neutral model using the HKA test (Hudson et al. 1987). 

Polymorphism data for these tests were derived from the 41 sequences determined in this 

study for G6PD and LI CAM, as well as from DMD (intron 44) from the same set of 

individuals (Nachman and Crowell 2000) and from the PDHAl data of Harris and Hey 

(1999). DMD and PDHAl were chosen for comparison because they both reside in 

regions of the X-chromosome with moderate to high rates of recombination and thus are 

expected to be relatively free of the effects of selection at linked sites. Divergence data 

were derived for each of these loci by comparing the homologous sequences from a 

chimpanzee to a single randomly chosen human allele. LD between pairs of polymorphic 

sites was measured using the statistics D' (Lewontin 1964) and / (Hill and Robertson 

1968). The age of the G6PD A- allele was estimated from the decay of linkage 

disequilibrium and from coalescent simulations using the computer program GENETREE 

(Harding et al. 1997; Bahlo and Griffiths 2000). The ^FF^Thaplotype test of Andolfatto 

et al. (1999) was implemented using the data from G6PD and LI CAM separately. This 

test compares the observed number of haplotypes with those expected under a neutral 

model with a specified rate of recombination. 

http://crimp.lbl.gov/htest.html
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RESULTS 

Nucleotide diversity: Patterns of nucleotide variability at G6PD wALICAMzxq 

presented in Tables 1 and 2. In the worldwide sample of 41 chromosomes (non-

augmented sample) we observed 18 single nucleotide polymorphisms and three 

insertion/deletion (indel) polymorphisms at G6PD. Fifteen of these polymorphisms were 

in introns; of the remaining six polymorphisms, two were non-synonymous changes 

(coding sites 202 and 376) and four were synonymous changes. Levels of nucleotide 

variability were roughly four times higher in Africa than in non-African populations 

(Table 2), consistent with other studies that demonstrate higher diversity in Africa {e.g. 

Nachman and Crowell 2000; Harris and Hey 1999; 2001). Many of the polymorphisms 

found in Africa distinguish G6PD A- alleles from all other alleles in the sample. At 

ZiC4M we observed 7 polymorphisms in the non-augmented sample. Levels of 

nucleotide variability were relatively low for LI CAM overall, however nucleotide 

variability in Africa was higher than in non-African populations. 

In the worldwide sample of 41 chromosomes, there were two A- alleles in the 

African subset (n=10), consistent with previously documented frequencies of G6PD A- in 

sub-Saharan Africa of -20%. Overall, worldwide levels of nucleotide variability at 

G6PD and LICAMv^qxq close to or slightly below average values for other regions of the 

genome. For example, among primarily non-coding sites at 12 X-linked genes in 

humans, the average level of nucleotide diversity (TT) is 0.06% and the average proportion 

of segregating sites (Waterson's d) is 0.07% (Nachman 2001). For both G6PD and 

LI CAM, nucleotide diversity at intron sites is slightly below average {G6PD 7r= 0.04, 
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LI CAM IT = 0.02), while Waterson's d is close to average (G6PD d = 0.08, LlCAMd = 

0.07). Since the A- allele represents only 5% of the worldwide sample, it is not expected 

to contribute substantially to levels of nucleotide variability. Within Africa, however, 

G6PD A- is present at high frequency (20%), yet overall levels of nucleotide variability 

(n = 0.08%, Table 2) are still average. For example, the average level of nucleotide 

variabiUty for 8 X-linked genes in Africa is 0.084% (Payseur and Nachman 2002). 

Tests of neutrality: Tajima's D is the normalized difference between TT and 6, 

and takes on positive values when there is an excess of intermediate-frequency 

polymorphisms and negative values when there is an excess of low-frequency 

polymorphisms (Tajima 1989). Positive Tajima's D values are generally consistent with 

long-term balancing selection or a population contraction, while negative values are 

expected following a selective sweep or a population expansion. For G6PD, Tajima's D 

is negative (but not significant) in the worldwide sample and for all subsets of the data 

(Table 2). Similar results are obtained with Fu and Li's D (Fu and Li 1993), which also 

measures the frequency distribution of polymorphisms and is sensitive to the number of 

singletons in the sample (Table 2). For LlCAMhoih statistics are also negative, and are 

significantly negative in the worldwide sample (Table 2). Fay and Wu's H statistic (Fay 

and Wu 2000) utilizes the frequency distribution of polymorphisms to test for an excess 

of high frequency derived variants compared to equilibrium neutral expectations. For 

both G6PD and LI CAM, Fay and Wu's H test shows no significant deviation from the 

neutral expectation in the worldwide sample, the African sample, or the non-Afiican 

Sample. 
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We performed an HKA test (Hudson et al. 1987) using pairwise comparisons of 

polymorphism and divergence for G6PD and LI CAM and two other X-linked genes, 

PDHAl and DMD. In comparisons using worldwide samples or African samples alone, 

we failed to reject the null model (HKA < 3.0, P > 0.1 for all tests). Thus, neither the 

frequency spectrum nor the level of heterozygosity at G6PD fits the expected pattern of 

nucleotide variability under a simple model of long-standing diversifying or balancing 

selection. 

To test whether the haplotype structure of the data deviates from neutral 

expectations we implemented the SWST program as described in Andolfatto et al. (1999), 

assuming recombination rates of 0, 1, and 2 cM/Mb. Tests were performed separately for 

G6PD and fox LI CAM. None of these tests showed significant deviations from neutral 

expectations using the worldwide sample or the African sample alone. 

Linkage disequilibrium: To better examine patterns of linkage disequilibrium 

we augmented our random sample of 10 Afiican X-chromosomes with 4 chromosomes 

carrying A- alleles and 2 chromosomes canying A+ alleles. Thus the augmented African 

sample in the study includes 6 chromosomes carrying G6PD A- alleles from South 

Afiica, Central Afiica, and West Africa (Samples YCC 9, YCC 32, Gil, Ml 15, M241, 

S823 in Table 1). Unusually high levels of linkage disequilibrium were observed within 

G6PD, within LI CAM, and between G6PD and LI CAM. D' is a measure of linkage 

disequilibrium that is standardized to equal 0 when there is random association among 

polymorphisms {i.e. no disequilibriimi), and to equal 1 when there is complete 

association among polymorphisms {i.e. complete disequilibrium). In all comparisons 
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between A- alleles and other alleles, |D'|=1 for all sites in Table 1. A single most 

parsimonious haplotype network was inferred for all sites at G6PD (Figure 2), indicating 

that there is no evidence for recombination in this sample despite the fact that Xq28 is a 

genomic region with moderate to high rates of recombination (Payseur and Nachman 

2000). Surprisingly, the three polymorphic sites at LICAM at intermediate frequency 

(positions 776, 885 and 2115) can also be mapped on this same network with no 

homoplasy. The observed high level of linkage disequilibrium is primarily a 

consequence of mutations falling on the branch separating the A- deficiency allele from 

the normal B alleles (Figure 2). A Fisher's exact test revealed significant LD (P=0.0082) 

between site 202 of G6PD and three out of four informative polymorphisms at LICAM 

(alignment positions 776, 885 and 2115 at LICAM; Table 3). 

Age of the G6PD A- allele: We estimated the age of the A- allele in two ways. 

First, we use a standard model for the decay of linkage disequilibrium as a function of 

time (t) and recombination (c), where linkage disequilibrium at time t (r^t) compared with 

time 0 (r^o) is given by r^t/^o - (1-c)' (Hedrick 1998). For this calculation, we use as a 

measure of linkage disequilibrium between LICAM and G6PD because, unlike D', is 

sensitive to allele frequencies when only three out of four gametic types are present in a 

sample (Hedrick 1998). Assuming that linkage disequilibrium between site 202 of G6PD 

A- and positions 776, 885 and 2115 of LICAM alleles was complete at the time of origin 

of the A- allele {i.e. i^q=\), we can estimate the time in generations, t = ln(r^t)/ln(l-c), 

for the age of the allele given the observed recombinational distance between LICAM 

and G6PD and the observed linkage disequilibrium in the data (r^ = 0.52). Since it is 
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possible that /^o was less than 1.0 between these sites when the G6PD A- allele arose, our 

estimates provide an upper bound for the age of the G6PD A- allele. This region of Xq28 

is subject to moderate levels of recombination in general (1-3 cM/Mb: Payseur and 

Nachman 2000, Kong et al. 2002), and recombination rates near G6PD and LI CAM 

specifically have been estimated as low as 0.14 cM/Mb and as high as 2 cM/Mb (Small et 

al. 1997). Using these recombination rates we estimated the maximum age of the A-

allele to be between 58 generations and 840 generations (Figure 3). With a generation 

time of 25 years, this implies that the G6PD A- allele arose 1,461-20,994 years ago. 

A second estimate for the age of the A- allele was obtained fi-om simulations 

using a coalescent model conditioned on the sample size and observed levels of 

nucleotide variability (GENETREE: Harding et al. 1997; Bahlo and Griffiths 2000). This 

model assumes neutral, equilibrium conditions, and thus may provide an overestimate of 

the true age of the A- allele (since the present fi-equency of A- has probably been 

determined in large measure by selection). These simulations suggest that the A- allele 

arose 10,575 years ago (SD ± 8,887 years). 

Both of these estimates are in good agreement with an independent estimate for 

the age of the G6PD A- (3,840 to 11,760 years) allele that was reported by Tishkoff et al. 

(2001) based on intra-allelic levels of linked microsatelhte variability. 
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DISCUSSION 

Models of selection and nucleotide variability at G6PD: We investigated 

levels and patterns of nucleotide variability at G6PD, a locus known to be under malarial 

selection in some human populations, and found that nucleotide diversity was similar to 

average values for other X-linked genes. Moreover, several commonly employed 

statistical tests based on DNA sequence variation failed to reject a simple neutral model 

of molecular evolution. In several respects, however, the data from G6PD are quite 

striking: levels of linkage disequilibrium are high and extend over long genomic 

distances, much of the nucleotide variation is partitioned between ftinctionally distinct 

alleles, and no nucleotide variation is observed within deficiency alleles. Below we 

discuss general models of selection for G6PD and how our observations might fit these 

models. 

Although four different species of Plasmodium typically infect humans, P. 

falciparum is the most virulent species and is responsible for most malaria related deaths, 

especially in Afiica (Schmidt And Roberts 1996). Malaria is endemic throughout most of 

sub-Saharan Afiica where over one million people die each year due to complications 

from infection (Trigg and Konrachine 1998). From a population genetics perspective, 

such a virulent parasite serves as a strong selective agent for genetic resistance. In fact it 

has long been known that African populations exhibit genetic resistance factors to 

malaria at relatively high frequencies compared with non-Afiican populations {e.g. Miller 

1994). Moreover, many of the mutations that confer resistance are deleterious outside of 

the malaria environment. G6PD A-, for example, has an enzymatic activity that is only 
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about one-tenth of normal and results in significant clinical manifestations such as 

hemolytic anemia and neonatal jaundice (Beutler et al. 1989; Hirono and Beutler 1988; 

Vulliamy et al. 1991). However, this allele also confers approximately a 50% reduction 

in risk of severe malaria in both heterozygote females and hemizygote males (Ruwende 

et al. 1995). 

Although G6PD is often assumed to be subject to balancing selection {sensu 

heterosis) {e.g. Tishkoff et al. 2001), the precise nature of selection on G6PD deficiency 

alleles is not fully understood. In the absence of malaria, deficiency alleles are at a 

selective disadvantage and are expected to be eliminated (Table 4, fitness array 1). In the 

presence of malaria, female heterozygotes and male deficiency hemizygotes appear to 

have a selective advantage over wild-type individuals, but the fitness of female 

deficiency homozygotes relative to other genotypes is not clear (Ruwende et al. 1995). If 

female heterozygotes have a higher fitness than either homozygote, then selection may 

maintain both A- and wild-type alleles in populations under malarial selection {i.e. 

heterosis; Table 4, fitness array 2). However, the conditions for maintenance of a stable 

X-linked polymorphism are rather restrictive; either selection must be of similar 

magnitude but opposite in direction for the two sexes (which seems unlikely for G6PD 

deficiency) or there must be heterosis in females without a large fitness difference 

between the two male genotypes (Hedrick 1998). Alternatively, if female deficiency 

homozygotes have the same fitness as male hemizygotes and female heterozygotes, then 

selection should drive the eventual fixation of the G6PD A- allele in populations subject 

to continuous malarial selection (Table 4, fitness array 3). In such a situation, the A-
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allele is expected to rise to high fi-equencies and reach fixation in a very short period of 

time (e.g. <10,000 years; Ruwende et al. 1995). The exact time required for fixation 

depends on assumptions about population size, initial frequency of the A- allele, relative 

fitness of the different genotypes, and the average generation time. However, for a wide 

range of parameter values, allele frequencies are expected to quickly rise to very high 

levels. The observation that most Afiican populations have A- allele fi*equencies below 

20% (Livingstone 1985) is inconsistent with a simple model of directional selection 

where selection has been strong and long acting. 

Thus the best explanation for current G6PD A- allele frequencies seems to be 

either heterosis (fitness array 2) or some form of spatially and/or temporally varying 

selection due to malaria, in which case allele fi-equencies may be determined primarily by 

changing selection pressures (i.e. a combination over time or space of fitness array 1 and 

either fitness arrays 2 and/or 3 in Table 4). On a large geographic scale (e.g. among 

continents), spatially varying selection is clearly important in determining allele 

frequencies; the extent to which this applies to small geographic scales is less clear, 

although the frequency of the A- allele differs significantly among different populations 

in sub-Saharan Africa (Cavalli-Sforza et al. 1996; Tishkoff et al. 2001). While we cannot 

distinguish between heterosis and spatially/temporally varying selection, our data do 

allow us to address the timescale over which selection has acted. 

A simple model of long-term balancing selection or long-term spatially or 

temporally varying selection is expected to leave a distinct signature in patterns of DNA 

sequence variation (Figure 4). When a new advantageous mutation first appears (Figure 
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4a), it will rise in frequency, creating LD with other mutations on the haplotype on which 

it arose (Figure 4b). This transient phase will result in lowered levels of heterozygosity. 

Over time, linkage disequilibrium will decay through recombination around the target of 

selection, and heterozygosity will increase near the target of selection (Figure 4c). This 

simple model of long-term selection predicts elevated levels of nucleotide variability in a 

restricted window around the target of selection (Hudson et al. 1987) and a skew in the 

frequency distribution of polymorphisms with an excess of intermediate-frequency 

variants within this restricted window (Tajima 1989). Both of these patterns are seen in 

several other well studied systems. For example, at Mhc loci in a variety of organisms 

(HLA in humans), levels of heterozygosity are significantly higher than in neighboring 

regions (Takahata et al. 1992). At Adh in Drosophila melanogaster, heterozygosity is 

elevated around the fast/slow allozyme polymorphism, resulting in a significant HKA test 

(Hudson et al. 1987). 

In contrast, patterns of nucleotide variability at G6PD do not support either of 

these predictions with respect to G6PD A-, and several observations suggest that patterns 

at G6PD fit the model expected in an early stage of selection (Figure 4b). First, overall 

levels of nucleotide diversity are close to average values for other X-linked loci. This is 

true for the worldwide sample, and more importantly for evaluating models of selection, 

it is also true for the African sample alone. An HKA test applied to our data fails to 

reject a neutral model. Second, there is no evidence for an excess of intermediate-

frequency polymorphisms. In fact, both Tajima's D and Fu and Li's D are slightly (but 

not significantly) negative for the Afiican sample (Table 2). Third, we find extensive 
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linkage disequilibrium within and around G6PD, and this disequilibrium is due almost 

exclusively to nucleotide differences that distinguish the A- allele from other alleles. We 

observed no recombination events within G6PD. This stands in contrast to many other 

human nucleotide polymorphism datasets, including intron 44 of DMD, surveyed in this 

same set of individuals (Nachman and Crowell 2000), in which numerous recombination 

events were observed over distances of several hundred bases. In addition to significant 

LD within G6PD, we found significant LD between G6PD and ZiC4M (Table 3; D'=l 

in all comparisons), loci that are separated by approximately 550 kb. This amount of LD 

is much higher than typical values for the human genome. For example, Reich et al. 

(2001) recently studied the decay of D' for 19 different genomic regions and fovind that 

in a European population the half-length of D' (the distance at which the average D' 

drops below 0.5) is typically 60 kb, while in an Afncan population the half-length of D' 

is less than 5 kb (Reich et al. 2001). Other studies have also revealed lower levels of 

linkage disequilibrium in African populations compared with non-Afncan populations 

(Tishkoff et al. 1996; Tishkoff et al. 2001). Interestingly, we observe much higher levels 

of LD than previously reported for this region of Xq28 by Taillon-Miller et al. (2000) in 

populations of European descent. Finally, there is no intra-allelic variation within G6PD 

A-, consistent with the notion that G6PD A- is relatively young. 

Taken together, these observations argue against a model of long-term selection 

on the G6PD A- allele, but do not allow us to distinguish between recent balancing 

selection {sensu heterosis) on the one hand, and recent diversity-enhancing {i.e. spatially 

and/or temporally varying) selection on the other hand. Better fitness estimates of all 
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genotypes (in particular female deficiency homozygotes), as well as detailed sampling of 

G6PD A- fi-equencies across Afnca, might help us to distinguish between these 

hypotheses. 

Contrary to the intra-allelic patterns of nucleotide variability for G6PD A-, the 

minor deficiency allele G6PD A+ shows a high level of intra-alleUc diversity and greater 

linkage equilibrium. Although our study includes only two A+ chromosomes that 

represent a single haplotype, at least two additional haplotypes have been identified based 

on RFLP analyses (Figure 2; Vulliamy et al. 1991). Moreover, microsatellites located up 

to 19-kb away from G6PD exhibit greater linkage equilibrium and higher diversity on A+ 

alleles than on A- alleles (Tishkoff et al. 2001). These observations taken together with a 

coalescent-based estimate for the age of the mutation at coding position 376 from our 

study (131,250-174,375 years based on GENETREE analysis) suggest that G6PD A+ 

may be relatively old. G6PD A+ has an enzymatic activity that is 80% of normal and 

does not appear to cause a significant clinical condition (Takizawa et al. 1987). 

Furthermore, G6PD A+ does not seem to currently confer resistance to severe falcipamm 

malaria, as does G6PD A- (Ruwende et al. 1995). However, the age of G6PD A+ 

coupled with the reduced level of enzymatic activity raises the possibility that this allele 

has been under selection at some time in the past. 

Is it possible that demographic processes are primarily responsible for the high 

levels of LD seen in Figure 2? Linguistic and archeological evidence suggests that a 

Bantu expansion took place in Afiica -4000 years ago (Excoffier et al. 1987). This range 

expansion occurred in sub-Saharan Africa primarily from west to east and southward, a 
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distribution that is similar to the current distribution of African populations with elevated 

G6PD- allele frequencies. If admixture from this range expansion were responsible for 

generating the observed LD in our data, we would also expect to see G6PD B alleles with 

significant LD. This is not observed. Instead, most of the LD in our data is found 

between sites on functionally different alleles, arguing against any simple demographic 

explanation. Likewise no LD is observed between Bantu and non-Bantu individuals from 

this set of 41 individuals sampled for other loci (e.g. Nachman and Crowell 2001). 

One intriguing observation in our dataset is the relatively high level of divergence 

found at between individuals bearing the G6PD A- allele and all other 

individuals. Four of the six (66.7%) G6PD A- alleles share a common motif of three 

polymorphisms in complete linkage disequilibrium (C, T and T at positions 776, 885 and 

2115 respectively; Table 1) while the rest of the segregating sites at include only 

foiir singletons and one doubleton. This pattern along with the significant LD between 

G6PD and (Table 3) suggests that the A- mutation arose on a relatively diverged 

haplotype, possibly as a consequence of population subdivision. Analysis of G6PD and 

LI CAM as well as additional neighboring loci in a larger geographic sample from Africa 

may shed light on this unusual pattern. 

In general, the observations reported here demonstrate that even when selection is 

relatively strong, its signature on patterns of DNA sequence variation may be subtle, 

especially if selection is recent. While several of the conventional statistical tests for 

selection fail to reject the null hypothesis, the footprint of selection is seen in the long-

range patterns of LD and in the absence of variation among A- alleles from different parts 
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of Africa. Similar patterns of nucleotide variability at G6PD have also recently been 

reported by Verrelli et al. (in press). The patterns of DNA sequence variation observed at 

G6PD are markedly different from those seen at another well-studied target of balancing 

selection, HLA, where ancient alleles result in substantially elevated levels of 

polymorphism (Gaudieri et al. 1999; Grimsley et al. 1998; Horton et al. 1998). The 

spatial and temporal scales over which selection pressures have shaped human genomic 

diversity are still largely unknown, but environmental changes associated with the 

transition from the Paleolithic to the Neolithic may have imposed substantial new 

selection pressures on humans, suggesting that patterns of nucleotide variability similar to 

those documented here for G6PD may be found at other loci. 

Age of G6PD A- and the evolution of malarial resistance: These results have 

important implications for the evolution of resistance to malaria in humans. Several 

observations reported here suggest that the A- allele is young, including average levels of 

nucleotide variabiUty at G6PD, negative values of Tajima's D, high levels of linkage 

disequilibrium between G6PD and LI CAM, and complete absence of variation among 

G6PD A- alleles from different parts of Africa (Tables 1 and 2). A recent study based on 

microsatellite haplotype diversity (Tishkoff et al. 2001) also suggests that the G6PD A-

allele arose recently, within the past 4,000-12,000 years. A recent phylogeny of primate 

malaria parasites indicates that P. falciparum is closely related to P. reichenowi, a 

chimpanzee parasite. Moreover, cytochrome b sequence divergence between P. 

falciparum and P. reichenowi suggests a divergence time of 4-5 My ago (Escalante et al. 

1998), in good agreement with the estimated time of the human-chimpanzee divergence. 
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The discrepancy between this date and the recent origin of the G6PD A- allele raises the 

possibility that P. falciparum has been a human parasite for most of the evolutionary 

history of Homo sapiens, but that the parasite's current level of virulence has evolved 

only recently (Rich et al. 1998). The estimated age of the A- allele agrees well with the 

spread of agriculture throughout sub-Saharan Africa (Cavalli-Sforza et al. 1996; Waters 

et al. 1991) and suggests that changes in human Ufeway may have contributed to the 

transmission and/or increased virulence of P. falciparum, perhaps through an increase in 

the density and mobility of Anopheles mosquitoes that serve as vectors in transmission of 

malaria or by evolution of increased virulence factors in P. falciparum. 
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TABLE 1 

Polymorphisms for a worldwide sample of hiunans at and LIcam 

G6pd LIcam 

Allgiimeiil position 

1 1 I 1 2 2 2 2 2 2 3 3 3 4 4 4 4 4 5 1 1 1 2 2 2 3 
3 0 6 7 8 0 1 4 8 9 9 0 6 9 0 J 4 6 9 0 1 i i 0 7 8 1 2 9 3 

2 4 G 4 8 1 0 6 8 9 2 9 4 0 0 4 2 1 9 6 5 7 i \ 8 3 9 1 8 4 7 
9 0 5 3 6 2 2 5 2 3 9 3 2 d 3 9 8 0 9 1 0 6 i 5 6 1 4 5 3 1 5 

2 3 
0 7 
2 6 

Coding siLe no. 

11 1 
13 i 
1 1 S 
6 1 1 

Kthnic/langnage allele Sample 
Countiy group fype identity 

Soutij Africa Pedi B 33 
South Aiiica Iferero B 40 
Zaire Nfbuti B 65 
Zaire Mbuli B 8 
Namibia Tsumkwe B 38 
Namibia l^siimkwe B 22 
C. African Republic Biaka B G 
C. Mrican Republic Biaka B 7 
Gambia Unknown A+ G25 
Gambia Serere A-\- Cf45 
South Africa Sotho A~ 32 
Zaire Mbuti A- 9 
Nigeria Unknown A- $823 
United States Afri can-Ame ricaii A- M241 
United States African-American A- Af7;5 
Gambia UnknowTi A- Gli 
Brazil Karitiana B 12 
Brazil Kaiitiana B 13 
Brazil Surui B 14 
Bra:Kil Surui B 16 
USA Nav;yo B 23 
USA Tohono O'Odham B 25 
USA Amerindian B 4 
USA Amerindian B 2 

Consensus 

r G C C C C C G G T C G A C C G C C C G C A 

G A G  
G A G  
G A G  
G A G 
CJ A G 
G A G  

C 1 G 
C T G 
c T G 
c T G 

C T 
C T 
C T 
C 1 

{rantinvM) 

KJ\ 
-J 



TABLE 1 

(Continued) 

G6PD Consensus 

Ckjuntry 
Ethnic/language 

group 
allele 
type 

Sample 
identity A G A ( C " ' G C C ( C C G G C T C G A ( ' C G C C C G C A C C 

USA Porch Creek B 2 7  . . .  
Mexico Mayan B 1 7  . . .  A T • C • - G 

Poland Ashkenazi B 5 9  . . .  . . . . T C . • G 
E. Eui ope ^Vshkenazi B 2 4  . . .  
UK British B 2 6  . . .  
(Germany German B 6 1  . . .  . . . . r c; • • G 
Germany German B 6 2  . . .  
Germany German B 0 4  . . .  
Turkey Turkish B 7 9  . . .  
Russia RiLwian B 7 2  . . .  
Russia Russian B 7 1  . . .  . . . . T C ' - G 
Russia Adygeans B 5 6  . . .  

Japan Japanese B 7 8  . . .  c - - G 
Cariilxjdia Canibodian B 6 9  . . .  
Pakistan Pakistani B 5 7  . . .  .  .  .  .  T  c  •  • G 
Melanesia Nasioi B 1 0  . . .  
Siberia Yakut B 4 9  . . .  
Siberia Yakut B 5 1  . . .  C • • 
China S. Han B 6 8  . . .  
China S. Han B 6 6  . . .  
China S. Han B 6 7  . . .  
Japan Japanese B 7 7  . . .  
Japan Japanese B 7 6  . . .  

Pan c • • (; 

c • • G 

Samples from 41 human males representing Africa, Asia, Europe, and the Americas were obtained from the Y-Ghromosome Consortium DNA collection. Additional 
samples, marked in italics, were selected on the basis of an a ptimi allele-type of determination of (j(ipd A — and A + using coding sites iJ02 and 376. Polymoq^hisms at 0(>pd 
alignment positions 2002 (site 642), 3W)4 (site 1116). 3903 (site U-Sl 1), and 4128 (site 1431), and at I,J cam alignment position 885 represent synonymous changes in coding 
exons. Ci6p(t. positions 4410, 4699, 4961, and SO.'iO are in the noncoding region of exon 13. All other polymorphisms are in introns (except (i6pti coding site 202 and 376; 
sec Figure 1). —, inserdon/dclction (indel) polymorphism. The indcls at coding positions 4410 and 5050 spanned three consccutivc nucleoudes. For outgroup taxa (Pan 
and Pongo) only sites thai arc polymorphic in the human sample arc sho^vn. 



Table 2: Summa^ statistics of nucleotide variability for G6PD and LICAM. 

Geographic 
region 

IX)CUS Length Sample S % (SD) 
(bp) size (%) 

Worldwide GtfPZ) total sequence 5102 41 

G6PD introns 2918 41 

Z,7C4A/total sequence 3691 41 

introns 2087 41 

18 

10 

0.05 
(0.04) 
0.04 

(0.039) 

0.01 
(0.021) 

0.02 
(0.032) 

African 
Sample; 

total sequence 5103 10 

G6PD introns 2919 10 

LICAM total sequence 3691 10 

/./OJMintrons 2087 10 

14 0.08 
(0.051) 

0.08 
(0.051) 

0.05 
(0.03) 
0.06 

(0.045) 

Non-African GfiW) total sequence 5108 31 
Sample: 

G6PD introns 2918 31 

0.02 
(0.017) 

0.02 
(0.013) 

Divergence (SD) Divergence (SD) 
e(SD) 

(%) 

Tajima's 

D 
Fu and 
Li'!5 D 

Homo-Pan 
(%) 

Homo-Pongo 
(%) 

0.08 
(0.03) 
0.08 

(0.033) 

-1.429 

-1.512 

-1.134 

-1.018 

1.0(0.1) 

1.2(0.2) 

3.2 (0.3) 

4.0(0.4) 

0.04 
(0.02) 
0.07 

(0.033) 

-1.946* 

-1.925* 

-1.822* 

-2.203* 

0.8(0.1) 

1.1(0.2) 

2.9' (0.4) 

3.9* (0.6) 

0.10 
(0.046) 

0.10 
(0.050) 

-0.672 

-0.687 

-0.342 

-0.087 

0.06 
(0.032) 

0.08 
(0.049) 

-0.886 

-1.035 

-0.553 

-0.884 

0.03 
(0.016) 

0.03 
(0.016) 

-1.032 

-0.929 

-1.644 

-1.532 



total sequence 3691 31 1 0.00 0.01 -1.145 -1.681 
(0.003) (0.007) 

LlCAMmrnm 2087 31 1 0.00 0.01 -1.145 -1.681 
(0.003) (0.007) 

Divergence estimates were based on a comparison between a single randomly chosen human allele and the chimpanzee or orangutan 

alleles. 

*Nomo-Pongo divergence estimates for FJCA M are based on 1672 bp and 1046 bp for total sequence and introns respectively. 

•P<0.05 

OS 
O 



61 

Table 3: Non-random associations between G6PD site 202 and polymorphisms at 
LICAM. 

^ L I C A M  
~~ pj{l^orphism polymorphism t G,C,C; Pos. 776,885,2115 C,T,T; Pos. 776, 885, 2115 

G; Site 202 (G6PD B or A+) 10 0 

A; Site 202 (G6PD A-) 2 4 

Results of Fisher's exact test (P=0.0082) for African augmented sample (n=16) is 

presented between coding site 202 at G6PD and informative polymorphisms at LICAM 

alignment positions 776, 885 and 2115 (Table 1). 
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Table 4: Fitness arrays under different malarial-selection regimes. 

Females Males 

Genotype 
(A-)(A-) (A-)B BE (A-) B 

Fitness arrays Wll Wi2 W22 Wi W2 
(1) No malaria selection 1-Sf 1-hSf 1 l"Sm 1 

(2) Malaria selection: 
heterosis (overdominance)^ 1-sn 1 1-Sf2 1-Smi 1-Sm2 

(3) Malaria selection: 1 1 1-Sf 1 1-Sm 
directional (dominance) 

^ A Stable polymorphism can be maintained only imder the restrictive conditions 

(1-Sfi)(l-Smi) < 1 - Smi/2 - Sm2/2 > (1-S£2)(l-Sm2); i-s. if there is heterozygote advantage in 

females and not very strong selection in males, or if there is selection of similar 

magnitude in opposite directions in each sex. 
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FIGURE LEGENDS 

Figure 1: Schematic ideogram of the human X-chromosome and the genomic regions 

sampled in this study. Genes located between LI CAM and G6PD on Xq28 are marked. 

Dark arrows indicate positions of the ampUfication primers Gf, Gr, Lfand Lr. For G6PD, 

the mutations that define G6PD A+ and G6PD A- are marked at coding position 376 and 

202. LI CAM is located 556 kb from G6PD. Exons are marked with dark boxes. 

Polymorphic amino acid residues for alleles G6PD B, G6PD A+ and G6PD A- due to 

nucleotide polymorphisms and sites 202 and 376 are shown in the shaded box. 

Figure 2: Haplotype network for polymorphisms of the worldwide sample at G6PD. 

Text inside circles represents sample identities (Table 1). Marks indicate polymorphisms 

and are labeled with the respective alignment position from the polymorphism table 

(Table 1). (*) indicates known haplotj^jes for G6PD A+ alleles that were not captured in 

this sample (Vulliamy et al. 1991). The dark circle represents G6PD A-, gray circles 

represent G6PD A+, and open circles represent G6PD B alleles. 

Figure 3: Plot of linkage decay between G6PD (site 202) and Z,iC4M (positions 776, 

885 and 2115). The expected plot of linkage decay as measured by is shown over time 

(0 for a range of two different recombination rates that have been suggested for the 

chromosomal region near G6PD and Zi C4M (Small et al. 1997), 0.14 cM/Mb (gray line) 

and 2 cM/Mb, (bold line). The observed = 0.52, provides minimum (tinm=58 

generations) and maximum (tmax = 840 generations) ages for the G6PD A- allele. 
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Figure 4: Temporal schematic model for patterns of nucleotide variability at a locus 

under diversifying selection. Each group of ten horizontal lines represents alleles 

sampled from a population at a given point in time. Vertical marks represent neutral 

polymorphisms. A red star represents the advantageous mutation under selection, and the 

ancestral allele bearing this mutation is marked by a red line, {a) A new advantageous 

mutation arises. (Z>) The new mutation quickly rises in frequency due to selection and is 

in linkage disequilibrium with neutral mutations over long distances. Heterozygosity is 

reduced relative to the population at time {a), (c) Over time, for a locus under 

diversifying selection heterozygosity is elevated near the selected site, and linkage 

disequilibrium decays as a fiinction of genetic distance. 
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Figure 4: 



69 

APPENDIX B: LONG-RANGE LINKAGE DISEQUILIBRIUM AROUND G6PD IN 

AFRICA: EFFECTS OF NATURAL SELECTION BY MALARIA. 

ABSTRACT 

The gene coding for glucose-6-phosphate dehydrogenase (G6PD) is subject to 

positive selection by malaria in some human populations. The G6PD A- allele, which is 

common in sub-Saharan Africa, is associated with deficient enzyme activity and 

protection from severe malaria. To examine the impact of selection on patterns of 

linkage disequilibrium and nucleotide diversity, we resequenced 5.1 kb at G6PD, and ~ 

2-3 kb at each of eight loci in a 2.5 Mb window roughly centered on G6PD in a diverse 

sub-Saharan African panel of 51 unrelated men (including 20 G6PD A-, 11 G6PD A+, 

and 20 G6PD B chromosomes). The signature of selection is evident in the absence of 

genetic variation at G6PD and at three neighboring loci within 0.9 Mb from G6PD 

among all individuals bearing G6PD A- alleles. A genomic region of ~ 1.6 Mb around 

G6PD was characterized by long-range LD associated with the A- alleles. These results 

extend previous findings of linkage disequilibrium at G6PD significantly, and show that 

selection can lead to non-random associations among SNPs over great physical and 

genetic distances, even in African populations. These patterns of nucleotide variability 

and LD also suggest that G6PD A- is younger than previous age estimates, and has 

increased in frequency in sub-Saharan Africa due to strong selection (0.1 < s < 0.2). 
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INTRODUCTION 

Considerable work in the last five years has focused on describing and 

understanding the general structure of linkage disequilibrium (LD) in the human genome, 

primarily to provide a sound basis for mapping disease loci in association studies 

(Rruglyak 1999; Goldstein 2001). Patterns of LD are expected to be complicated 

because LD is affected by many forces, including genetic drift, population structure, 

migration, admixture, selection, mutation, gene conversion, and recombination (Ardhe et 

al. 2002). Moreover, some of these factors, such as recombination, are not constant 

across the genome (McVean et al. 2004), and thus LD is expected to vary in different 

genomic regions. Despite this expected complexity, several general results have emerged 

from empirical studies of LD in humans. First, the human genome is divided into 

haplotype blocks, with regions of high LD over fairly long stretches, separated by regions 

with little LD (Daly et al. 2001; Gabriel et al. 2002; Phillips et al. 2003; Wall and 

Pritchard 2003). There is some evidence that the spaces between these blocks correspond 

to recombination hotspots (e.g. Jeffreys et al. 2001), although simulations suggest that a 

block-like pattern may be expected even in the absence of recombination hotspots 

(Phillips et al. 2003). Recombination hotspots may occur in the human genome roughly 

every 200 kb (McVean et al. 2004). Second, there appears to be less LD in African 

populations than in non-African populations (Tishkoff et al. 1996; Reich et al. 2001). 

This observation is consistent with the presumed larger long-term effective population 

size for African populations. Third, selection on individual genes can elevate levels of 

LD in a given genomic region (e.g. Huttley et al. 1999; Sabeti et al. 2002; Saunders et al. 
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2002; Toomajian and Kreitman 2002; Swallow 2003). In fact, this expectation has 

motivated several statistical tests of a neutral model of molecular evolution (e.g. Hudson 

et al. 1994; Kelly 1997; Slatkin and Bertorelle 2001; Sabeti et al. 2002; Toomajian et al. 

2003). It is difficult to predict exactly how far the effects of selection will extend 

because the observed patterns will depend on multiple factors including the type of 

selection (e.g. balancing, purifying, directional), the time over which selection has acted, 

the strength of selection, the local recombination rate, and various demographic factors. 

To study this problem empirically, we have chosen to focus on the genomic region 

svirrounding G6PD, a gene known to be subject to selection in humans. 

Glucose-6-phosphate dehydrogenase (G6PD) is a housekeeping enzyme that 

catalyzes a critical step in the pentose monophosphate shunt of glycolysis. G6PD 

deficiency mutations cause hemolytic anemia and neonatal jaundice (Beutler 1994), 

however many human populations exhibit G6PD deficiency alleles at frequencies that 

range between 0.05 and 0.65 (Livingstone 1985; Oppenheim et al. 1993). Several lines 

of evidence indicate that some G6PD deficiency alleles confer resistance to severe 

malaria caused by Plasmodium falciparum, including (7) geographic correlations 

between the frequency of G6PD deficiency alleles and the historical prevalence of 

malaria (Allison 1960; Motulsky 1961), (2) in vitro experiments showing that the growth 

rate of P. falciparum is reduced in G6PD deficient erythrocytes relative to normal 

conditions (Roth et al. 1983; Roth and Schulman 1988), and (5) epidemiological evidence 

documenting reduced incidence of severe malaria among individuals with G6PD 

deficiency genotypes (Ruwende et al. 1995). G6PD A- is a common deficiency allele in 
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sub-Saharan Africa that reaches frequencies of ~ 0.2 in populations living in malarial 

areas (Livingstone 1985; CavalU-Sforza et al. 1996). This allele is characterized by two 

non synonymous changes relative to the normal allele (G6PD B) (Figure 1) which 

decrease enzyme activity to ~12% of normal (Hirono and Beutler 1988), and confers 

~50% reduction in risk of severe malaria in both females and males (Ruwende et al. 

1995). It follows that the G6PD A- allele is beneficial in the presence of malaria caused 

by P. falciparum, while in the absence of malaria this allele is deleterious. The wealth of 

knowledge and the clear understanding of genotype-phenotype connections for G6PD 

make it a useful model for studying the signature of selection in humans. 

Recently, several studies have investigated patterns of nucleotide variability at 

G6PD and at loci relatively close to G6PD (Tishkoff et al. 2001; Sabeti et al. 2002; 

Saunders et al. 2002; Verrelli et al. 2002). These studies failed to detect evidence of 

selection using several commonly employed statistical tests (e.g. Hudson et al. 1987; 

Tajima 1989a; Fu and Li 1993), although Verrelli et al. (2002) showed that the ratio of 

non-synonymous to synonymous mutations was greater within than between species for 

G6PD. All of these studies documented LD associated with the G6PD A- allele, hi 

particular, Sabeti et al. (2002) and Saunders et al. (2002) showed that LD extended over 

-550 kb in an Afiican sample. Neither of these studies surveyed loci beyond this 

distance, and therefore they were imable to delimit the full extent of LD caused by 

selection on G6PD. Here, we extend these results to delimit the genomic region over 

which selection at G6PD has created LD. We resequenced ~3 kb windows from each of 

8 loci in a 2.5 Mb region, centered roughly on G6PD in a panel of 51 individuals from 



sub-Saharan Africa. In this panel, we also resequenced 5.1 kb at G6PD, and ~2 kb at an 

unlinked "control" locus, situated 19 Mb proximal to G6PD. Our data show that 

selection at G6PD has affected a region that spans >1.6 Mb of the human X-

chromosome, demonstrating that selection can have considerable effects on nucleotide 

variability over remarkably long genomic distances in humans. 



SUBJECTS AND METHODS 

Samples: DNA sequences were determined in a sample of 51 human males of 

African descent (Table 1) that includes 20 G6PD A- alleles, 11 G6PD A+ alleles and 20 

G6PD B alleles. The G6PD A+ allele is defined by an A^G mutation at G6PD coding 

site 376, causing a nonsynonymous change that reduces enzyme efficiency to 80% of 

normal (Figure 1). This mild deficiency allele does not confer resistance to malaria 

(Ruwende et al. 1993), and is found in sub-Saharan Afiica at a frequency of ~ 0.2 

(Takizawa et al. 1987). G6PD A- is defined by two mutations: an A^G mutation at 

G6PD coding site 376 co-occurring with a G^A mutation at coding site 202 (Figxxre 1) 

(Hirono and Beutler 1988). All G6PD fiinctional alleles were determined a priori by 

restriction fragment length polymorphism analysis of a FoA/restriction site at coding 

position 376 and a Nla ///restriction site at coding position 202 (Xu et al. 1995). As 

G6PD A- is believed to be of a single origin (Saunders et al. 2002; Verrelli et al. 2002) 

we selected individuals to represent diverse localities in sub-Saharan Afiica. By studying 

X-linked loci in males we were able to PGR amplify single alleles and directly recover 

haplotypes over long genomic distances to study patterns of LD. Homologous sequences 

from a chimpanzee {Pan troglodytes) and an orangutan (Pongo pygmaeus) were also 

determined at each locus for divergence estimates. All sampling protocols were approved 

by the Human Subjects Committee at the University of Arizona. 

Loci surveyed: G6PD and nine flanking loci (01 SMC, G1.5MC, IDH3G, BGN, 

LI CAM, TAZ, GABS, F8C, and G0.9MT) were surveyed for nucleotide variability 

(Figure 1). Loci G18MC, G1.5MC and G0.9MT are intergenic regions while the 
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remainder of the regions surveyed are primarily introns. All loci were chosen because of 

their physical distance from G6PD, and there is no evidence that any of these loci are 

themselves targets of selection. Approximately 30 other genes are found within 1 Mb on 

either side of G6PD and none of these genes are known to be recent targets of positive 

selection in sub-Saharan Africa. All loci chosen are single-copy in the genome, and are 

situated outside the pseudoautosomal region. G0.9MT is situated near the boundary of 

the pseudoautosomal region, and we did not survey loci distal to this locus. 

PCR amplification and sequencing: Single PCR fragments were ampUfied for 

each individual at all loci using a long-template PCR system (Invitrogen HiFi Taq). 

Amplification primers for G6PD and LI CAM axe found in Saunders et al. (2002) and 

primers for all other loci can be found on our website 

(http://eebweb.arizona.edu/faculty/nachman/saunders/pubs/g6pd_2/primers.pdf). Internal 

primers were used to generate overlapping sequence runs on an ABI 3730 automated 

sequencer. Contiguous sequence that included coding and non-coding regions was 

assembled for each individual for each locus, using the computer program SEQUENCER 

(GeneCodes). Sequences have been submitted to GenBank under accession numbers 

xxxxxx-xxxxxx. 

Nucleotide variability data analysis: To gain insight into patterns of nucleotide 

variability for a random African sample across the loci surveyed, we assembled a 

constructed random sample (CRS: Hudson 1994). This subset of chromosomes (n=26) 

contains G6PD alleles at frequencies that are representative for a typical sub-Saharan 

African population subject to malarial selection, based on extensive allele frequency 

http://eebweb.arizona.edu/faculty/nachman/saunders/pubs/g6pd_2/primers.pdf


surveys (G6PD A-: 0.11; G6PD A+: 0.20; G6PD B: 0.69; Livingstone 1985). We 

calculated 5x(Nei and Li 1979) and 0w (Watterson 1975) at each locus for the CRS using 

dnaSP 4.0 (Rozas and Rozas 1999). Under neutral equilibrium conditions both 0^ and 

estimate the neutral parameter 3Ne |x for X-linked loci, where Ne is the effective 

population size and /i is the neutral mutation rate. Tajima's D (Tajima 1989) and Fu and 

Li's D (Fu and Li 1993) were calculated to test for deviations from a neutral equilibrium 

frequency distribution for each locus. Tajima's D is based on comparisons between Btt 

and ^w, and takes on positive values when there is an excess of intermediate-frequency 

polymorphisms, and negative values when there is an excess of low-frequency 

polymorphisms (Tajima 1989). Significant positive Tajima's D values are generally 

consistent with long-term balancing selection or a population contraction, while negative 

values are expected following a selective sweep, a population expansion, or if there are 

mildly deleterious alleles in a sample. Fu and Li's D and Fay and Wu's H also test the 

frequency distribution of alleles for deviation from neutral equilibrium expectations. 

Ratios of polymorphism to divergence for all loci were compared with the expectations 

under a neutral model using the HKA test (Hudson et al. 1987) which rests on the 

premise that under neufral equilibrium conditions, the ratio of polymorphism to 

divergence should be roughly equal between any two (or more) loci. Significant 

deviations of this ratio based on a distribution may be indicative of selection. 

Divergence data were derived for each of these loci by comparing the homologous 

sequences from a chimpanzee to a single randomly chosen hvunan allele. LD between 

pairs of polymorphic sites was measured using the statistic |D'| (Lewontin 1964). This 
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measure of linkage disequilibrium is standardized to equal 0 when there is random 

association among polymorphisms {i.e. no disequilibrium), and to equal 1 when there is 

complete association among polymorphisms {i.e. complete disequilibrium). We also 

calculated and 6^ among individuals bearing each of the three classes of G6PD alleles 

(A-, A+ and B) to test for inter-allelic differences in levels of variability. 

The age of the G6PD A- allele: The age of the G6PD A- allele and the intensity 

of past selection it experienced were estimated by combining the method of Slatkin 

(2001) for generating intra-allelic genealogies of selected alleles with the method of 

Gamer and Slatkin (2002) for estimating the probabiUty of haplotypes at two linked loci. 

All analyses were performed based on long range haplotypes using the intra-locus 

combination of sites 55, 59 and 60 at LI CAM, SNP 90 at G6PD {i.e. coding site 202), and 

the intra-locus combination of sites 99,100 and 101 at G0.9MT (Figure 2). The computer 

program described by Slatkin (2001) was used to generate sample paths of allele 

frequency from the time of the mutation {t\, the allele age) until the present {t = 0), with 

the constraint that the frequency at f = 0 is the observed frequency, 0.1. An additive 

dominance model was used, as the results should not differ significantly from a 

codominance model for a young allele. We assumed a constant population size of Ne = 

10,000 and Ne = 20,000 individuals. For each sample path, a neutral coalescent model 

was used to generate an intra-allehc genealogy of G6PD A- since it arose by mutation. 

The intra-allelic coalescence times from this genealogy were then passed as parameters to 

a program that estimates the probability of obtaining the observed configuration of the 

data (the numbers of the four haplotypes found on the 20 A- bearing chromosomes), 
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given the recombination rates and haplotype frequencies on non-A- bearing 

chromosomes (assumed constant). That probabihty is the likeUhood of the data, given 

the intra-allehc genealogy. For each value of s, the selective advantage of A- considered, 

90,000 sample paths and intra-allelic genealogies were generated and 10 replicates of the 

Gamer-Slatkin program were used to estimate the likelihood for each sample path. 

Likelihoods were averaged across sample paths using the weighting method described by 

Slatkin (2001). For each parameter value, this method provided an estimate of the 

likelihood of the data under the model and an estimate of the posterior distribution of 

allele age. 

To allow analysis of the multi-site data set by this method, we used the fact 

that all 20 A- chromosomes carried the same haplotype for 925 kb telomoric to G6PD (to 

locus G0.9MT), and that 14 of 20 chromosomes carried the same haplotype for 556 kb 

centromeric to G6PD (see SNPs 55, 59 and 60 at L1CAM\ Figure 2). The recombination 

parameters in the two directions were assumed to be c = 0.01675 and 0.00555 ioxLlCAM 

and G0.9MTrespectively (Kong et al. 2002). Therefore, the two locus data set was 14 

AMB, 6 aMB, 0 AMb, 0 aMb (in the notation of Gamer and Slatkin [2002]), where A 

represents the haplotype of rare alleles at LI CAM SNPs 55, 59 and 60 (which are very 

rare on non-A- chromosomes), M represents the site under selection, and B represents the 

multilocus haplotype at G0.9MTwhich is rare on non-A- chromosomes. 
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RESULTS 

Nucleotide diversity at g6pd: Patterns of nucleotide variability at G6PD and 9 

flanking loci are presented in Figure 2. We calculated nucleotide variability for 4 subset 

groups: (i) individuals bearing the G6PD A- allele (n=20), (ii) individuals bearing the 

G6PD A+ allele (n=l 1), (Hi) individuals bearing the G6PD B allele (n=20), and (iv) 

individuals of the CRS (n=26). At G6PD we observed 20 segregating sites in the entire 

sample consistent with previous findings (Saunders et al. 2002; VerreUi et al. 2002). 

Among the G6PD A- individuals (n=20) there was no nucleotide variability in 5109 bp of 

contiguous DNA sequence. Non-coding nucleotide variability among G6PD A+ and 

G6PD B alleles was = 0.024% and 0.04% respectively (Figure 3a). Nucleotide 

variability for the CRS was = 0.069% and 0w = 0.082% (Figure 3a; Table 2) consistent 

with previously reported levels of nucleotide variabihty at G6PD in sub-Saharan Afiica 

(Sabeti at al. 2002; Saunders et al. 2002; VerreUi et al. 2002) and the average of 15 other 

X-linked loci (0^= 0.0755%, =0.0815: Hammer et al. 2004). 

Nucleotide diversity; around g6pd: Nucleotide variability for 9 loci flanking 

G6PD is presented in Figure 2. At GABS, F8C and G0.9MT, loci distal to G6PD, we 

found no nucleotide variability in the A- group (Figure 3a). This portion of the data 

includes a cumulative survey of 13,582 bp, thus exhibiting a remarkable degree of 

nucleotide homogeneity among 20 unrelated individuals of African decent. At these 

same loci, the average non-coding nucleotide variability for the A+ group, the B group 

and the CRS was d-^= 0.027%, 0.024%, 0.022% respectively (Figure 3a). Although 

nucleotide variability in the CRS distal fi'om G6PD is somewhat lower than typical 
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values of nucleotide variability at X-linked loci, we see even less variability in the class 

of A- individuals compared with the other classes of chromosomes (Figure 3a). This 

pattern is also seen from estimates of haplotype diversity for the different allele classes. 

At loci distal to G6PD, the average haplotype diversity was Hd = 0.0, 0.435 and 0.879 for 

A-, A+ and B respectively. 

This general pattern of reduced variabiUty among A- individuals is also seen 

proximal to G6PD, however the pattern is not as extreme as on the distal side, and the 

pattern decays beyond (-556 kb from G6PD-, Figvire 3b). At TAZ, LI CAM and 

IDH3G the average non-coding nucleotide variability for the A- group, A+ group, B 

group and the CRS was ^,r= 0.032%, 0.037%, 0.040% and 0.041% respectively (Figure 

3a; Table 2). At BGN, GL5MC and G18MC, loci mapping 0.9 -19 Mb from G6PD, the 

average non-coding nucleotide variability for the A- group, A+ group, B group and the 

CRS was 0-^= 0.093%, 0.072%, 0.091% and 0.082% respectively (Figure 3a; Table 2). 

At these three loci the average level of nucleotide variability among the A- individuals is 

not reduced relative to the other allele classes. Together these results demonstrate that 

the A- chromosomes exhibit reduced variability relative to other allelic classes at loci 

around G6PD over a region that spans ~1.5 Mb (roughly from LI CAM to G0.9MT). This 

effect may extend further distally, but we were unable to survey loci beyond G0.9MT 

which lies near the border of the pseudoautosomal region (see methods). 

We implemented several statistical tests of neufrality on the CRS. For G6PD and 

all other loci surveyed, Tajima's D is negative (but not significant except for TAZ) (Table 

2; Figure 3c). Similarly non-significant results are obtained with Fu and Li's D, which 
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also measures the frequency distribution of polymorphisms and is sensitive to the number 

of singletons in the sample (Fu and Li 1993). A multi-locus HKA test including G6PD 

and the nine surrounding loci also failed to reject the null model. 

Linkage disequilibrium: To examine patterns of linkage disequilibriimi we 

calculated |D'| (Lewontin 1964) for all pairwise comparisons of segregating sites for 

which the minor allele was found in > 5 individuals (Figure 4). Intragenic pairwise 

comparisons show strong LD within each of the loci surveyed, consistent with a null 

expectation over short distances. However, a striking feature of the data is seen in 

intergenic comparisons. Within G6PD, all A- individuals share a common haplotype that 

differs from the consensus G6PD B allele at 6 sites (segregating sites 82, 83, 84, 87, 90 

and 91). These sites exhibit strong LD (significant by Fisher's exact test) with sites at 

(sites 55, 59 and 60), IDH3G (site 41), GABS (sites 92 and 94) and G0.9MT(site 

99). Furthermore, site 99 at GO.PMr exhibits complete LD (D'=l) with the 

aforementioned sites at LI CAM and IDH3G. Together, this pattern defines a conserved 

G6PD A- haplotype that spans >1.6 Mb encompassing G6PD. Although site 21 at BGN 

also exhibits strong LD (D'=l) with 3 sites associated with the common G6PD A-

haplotype (sites 83, 84 and 90), this pattern does not represent conservation of the 

extended A- haplotype, as sites such as 17, 19, 23, 25 and 36 at BGN do not exhibit 

strong LD with G6PD. When G6PD A- individuals are excluded fi-om the analysis, few 

intergenic associations in significant LD are found. At IDH3G a haplotype that consists 

of the minor alleles at sites 38 and 48 is found in significant LD with site 36 of BGN and 

site 54 of LICAM. Significant intergenic LD is also found between site 75 of G6PD and 



sites 92 and 94 of GABS. This LD is not associated with any known functional alleles. 

As the minor allele polymorphisms in each of these cases are not associated with the 

extended G6PD A- haplotype, this LD remains intact when G6PD A- individuals are 

excluded from analyses. In summary, these data demonstrate that a majority of the 

intergenic LD in the surveyed region is due to the extended G6PD A- haplotype. 

Age of the G6PD A- allele and strength of selection: Figure 5a shows the 

likelihood of the two-locus data set described in SUBJECTS and METHODS as a 

function of 5, the assumed selective advantage of A- bearing chromosomes. Three curves 

are shown, one based on the recombination rates (c = 0.01675 and 0.00555 for LI CAM 

and GO.PMr respectively), one based on assuming half those values (c = 0.008375 and 

0.002775), and one based on assuming twice those rates (c = 0.0335 and 0.0111). 

Although the choice of recombination rate affects the estimated likelihoods, the 

qualitative results are the same. For all three sets of values used, we can reject neutrality 

of G6PD A- and conclude that s is likely to be at least 0.1 even for the smallest 

recombination rates. This method does not allow us to place an upper bound on s, but on 

other grounds we can exclude values larger than 0.2, which is roughly the selective 

advantage of individuals heterozygous for the S allele at the p-globin locus (HbS) in 

malarial regions, which is thought to have a higher selection coefficient than G6PD 

deficiency with respect to malarial protection (Allison 1964). 

The posterior distribution of the age of A- depends on s. Figure 5b shows the 

distributions for two values of s assuming the estimated recombination rates. For 5 = 0.1, 

which is the smallest value consistent with the observations, the estimated age is roughly 



100 generations with an upper bound of less than 150 generations. The posterior 

distribution depends only slightly on the recombination rates, as shown in Figure 5c. 

Most of the information about the age of a strongly advantageous allele is contained in 

the frequency, not in the extent of linkage disequilibrium with nearby marker alleles. 
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DISCUSSION 

Nucleotide variability around G6PD \ We investigated patterns of nucleotide 

variability at G6PD, a locus known to be under natural selection by malaria in Africa, 

and at nine flanking loci at varying distances from G6PD. Previous studies have shown 

that in sub-Saharan Africa levels of nucleotide variability at G6PD are typical of other X-

linked loci, and tests of neutrahty based on the frequency spectrum of alleles do not 

deviate from neutral equilibrium expectations (Sabeti et al. 2002; Saunders et al. 2002; 

VerreUi et al. 2002). Our data corroborate these results. Across the loci surveyed in this 

study, levels of nucleotide variability of the CRS are consistent with estimates from other 

X-linked loci, and in general, there is no skew in the frequency distribution of alleles at 

G6PD, or at any of the flanking loci surveyed. These loci show a negative value for 

Tajima's D (although non-significant except for TAZ), concordant with results from many 

other loci surveyed to date in humans that are not under recent positive selection {e.g. 

Wall and Przeworski 2000; Stephens et al. 2001; Hammer et al. 2004). Despite the broad 

utihty of statistical tests based on the distribution of allele frequencies, their power to 

detect deviations from neutrality may be limited in a species with low nucleotide 

diversity (Braverman et al. 1995) such as humans, or in situations where the selected 

alleles are still at a relatively low frequency {e.g. q < 0.20 for G6PD A-). Unfortunately, 

this presents a formidable challenge for identifying selection in humans, since many 

functional variants are present at relatively low frequencies in humans. For example, S 

and C ^-globin alleles are at frequencies of ~ 0.05-0.20 (Livingstone 1985; Modiano et 
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al. 2001), and HFE alleles (Toomajian and Kreitman 2002) and G6PDmediterranean alleles 

(Livingstone 1985) are typically found at frequencies of 0.5-0.10. 

Conserved extended haplotype among G6PD A- chromosomes: A remarkable 

feature of our data is the long-range extended haplotype common to the G6PD A-

chromosomes. Previous studies have documented LD between G6PD and SNPs within ~ 

600 kb around G6PD in Africa (Sabeti et al. 2002; Saunders et al. 2002). For example, 

the Long Range Haplotype test (Sabeti et al. 2002) demonstrates that G6PD A- alleles 

share a conserved haplotype that is significantly longer than typical alleles in an African 

sample. Here we have shown that the ancestral G6PD A- extended haplotype spans >1.6 

Mb. This extent of LD in the human genome is highly unusual, especially for Africans. 

A genome-wide survey of the half distance of |D'| (the distance at which D' decays to 

half its maximal value, |D'| = 0.5) was ~ 100 kb and ~ 5 kb for a Caucasian and African 

population, respectively (Reich et al. 2001). Short range LD in African populations 

relative to non-African populations is common for most human data sets {e.g. Tishkoff et 

al. 1996; Wall and Pritchard 2003), making the finding of such extensive LD associated 

with G6PD A- atypical. The pattern of extensive LD seen in these data is consistent with 

recent strong selection at G6PD accompanied by hitchhiking of SNPs that preexisted on 

the ancestral G6PD A- chromosome. However, patterns of LD may also be created by 

population admixture and/or underlying population subdivision in a sample. This is a 

potential concern in this study because 11 of the 20 G6PD A- individuals are African-

American. However, four of the African-Americans (VA088, VA076, VA025 and 

Ml 15) have a disrupted G6PD A- ancestral extended haplotype at IDH3G (contributing 



to more than half of the G6PD A- extended haplotype recombinants at this locus). 

Furthermore, the African-American G6PD A- samples considered alone have similar 

levels of nucleotide variability as the non African-American G6PD A- samples 

considered alone. Along with the detection of a portion of this extended G6PD A-

haplotype by Sabeti et al. (2002) that included 252 sub-Saharan African {i.e. non African-

American) samples, these results suggest that an overrepresentation of African American 

G6PD A- samples is not a major factor contributing to the long range LD seen here, and 

that selection is the most likely explanation for the atypical pattern of LD. 

Other loci subject to recent natural selection exhibit relatively long range LD in 

association with selected alleles. The HLA region exhibits long range LD in general, and 

in a non-African panel Sanchez-Mazas et al. (2000) detected LD in this region spanning 

-1.3 Mb. However given the local recombination rate in this region, the genetic distance 

over which LD is found is not significantly higher than the genome average (Walsh et al. 

2003). Furthermore, the long range LD found in the HLA region might not be due to 

physical linkage, but instead may be a result of epistatic interactions that create non-

random combinations of alleles that are advantageous for immune response (Meyer and 

Thomson 2001). Other examples are known where LD has been detected aroimd putative 

targets of recent selection in humans. Significant LD was detected over 20 kb around FY 

in a non-Afncan sample, consistent with recent selection by Plasmodium vivax (Hamblin 

et al. 2002). At HB, long range LD was detected among SNPs spaiming nearly 100 kb in 

association with HB-E alleles in a Thai population, consistent with selection by malaria 

(Ohashi et al. 2004). And at LCT, significant LD has been reported spanning >800 kb in 
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association with lactase persistence alleles in a European-American population 

(Bersaglieri et al. 2004). In this context, G6PD provides an impressive example of the 

potential long range effects of selection on LD and nucleotide variability. 

The decay of the G6PD A- extended haplotype (EH) is asymmetrical around the 

target of selection. The EH decays between 705 kb (at IDH3G) and 991 kb (at BGN) 

proximal to G6PD whereas it remains fully conserved among all 20 G6PD A-

chromosomes at 925 kb (at G0.9MT) distal to G6PD. Genetic hitchhiking around a target 

of selection is not necessarily expected to exhibit a symmetrical pattern, even in the face 

of homogeneous recombination rates across the affected region (Kim and Stephan 2002). 

Nonetheless, we note that the extended G6PD A- haplotype spans a region exhibiting 

heterogeneity in recombination rate. For example, the sex-averaged local recombination 

rate for the region spanning from G6PD to BGN is -2.0 cM/Mb, while the estimated 

recombination rate between G6PD and G0.9MTis -0.6 cM/Mb (UCSC hviman map 

viewer based on Kong et al. 2002). The relatively low local recombination rate distal to 

G6PD is consistent with the absence of recombinant G6PD A- extended haplotypes in 

this region. It seems unlikely, however, that the conserved G6PD A- EH extends much 

further in the distal direction, since G0.9MTis adjacent to the q-arm psuedoautosomal 

region of the X-chromosome where recombination rates are substantially higher. 

The observation that the extended G6PD A- haplotype spans >1.6 Mb has 

interesting implications given that >60 additional genes (including 38 OMIM loci) have 

been identified in this region. In the event that a functional trait (not related to G6PD 

deficiency) is associated with an ancestral G6PD deficiency EH, this trait could increase 
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in frequency along with the target of selection at G6PD. For example, the gene 

OPNMWl (OMIM #303800) is responsible for red/green color blindness, and is located 

within this region (-350 kb proximal to G6PD). A study by Filosa et al. (1993) 

demonstrated that in a region of Calabria that bears the Mediterranean type G6PD 

deficiency allele iG6PD„editerranean', coding site 563 C^T), all individuals with the 563 

C->T mutation (n=7) were also deutan color blind based on visual acuity test. This 

suggests that in this population a chromosome that carried a G6PDmeditermnean allele also 

harbored a mutation causing a clinical condition of deutan color blindness. Presumably, 

as the G6PDmediterranean mutation was favorably selected in this population, the deutan 

color blindness trait hitchhiked on the EH. A non-random association between a selected 

trait and another functional trait due to linkage will depend on the genetic distance 

between the genetic loci, the time when the chromosomal association was formed, and 

potential epistatic interactions between the functional traits. In our data, the 

polymorphism at site 41 in IDH3G (Figure 2) causes a non-conservative amino acid 

change (Arg^Cys) that is found on 14 of the 20 G6PD A- chromosomes, and is rarely 

found on any other G6PD allelic background. The phenotypic consequences of this 

polymorphism, if any, are unknown. However, given that this polymorphism is in 

significant LD with G6PD site 202, our data suggest that it may be at its current 

frequency in Afnca due to a hitchhiking event with the G6PD A- allele. 

Age of the G6PD A- allele and magnitude of selection: Previous estimates for 

the age of G6PD A- suggest that the allele is young (< 20,000 years) based on closely 

linked microsatellite variability (Tishkoff et al. 2001), coalescent-based analysis of a 
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G6PD gene tree (Coop and Griffiths 2004), and two-locus long range LD (Saunders et al. 

2002). In this study we have delimited the span of the ancestral G6PD A- haplotype that 

remains intact along the X-chromosome to provide additional information to resolve the 

evolutionary history G6PD A-. For an allele subject to recent positive selection, the 

strength of selection will affect the observed patterns of LD. Our analysis suggests that 

the likely age of the G6PD A- allele is roughly 100 generations with an upper bound of 

150 generations given a selection coefficient against the normal (G6PD B) homozygotes 

of 5 » 0.1. This age estimate (2000-3000 years, assuming a 20 year generation time) is 

somewhat younger than a previous age estimate based on intra-allelic microsatellite 

variability (3840-11,760 years with s = 0.044; Tishkoff et al. 2001). The discrepancy 

between these two age estimates may be due to the different selection coefficients that 

were estimated, or uncertainty in microsatellite mutation rate and/or recombination rates 

in Xq28. Coalescent-based analyses utilizing ~5 kb from G6PD provides a relatively old 

age estimate of >9,500 years (Coop and Griffiths 2004; Verrelli et al. 2001). Although 

this analytical method is generally powerful, in this case the structure of the data {i.e. 

homogeneity among G6PD A- alleles) precludes a precise estimate of the age of the A-

allele. 

Our likelihood analysis suggests that the selection coefficient for G6PD A- allele 

is large; however, it is similar in magnitude to other selection coefficients estimated in 

humans. For example, selection coefficients of 5 = 0.26, 0.30 and ~ 0.15 have been 

proposed for HbS (Allison 1956), CCR5A32 (Schhekelman et al. 2001) and some HLA 

alleles (Satta et al. 1994), respectively, for protection from infectious diseases in humans. 
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It is possible that these large values may reflect an ascertainment bias towards 

recognizing loci under strong selection. 

Conclusion'. Selection at G6PD is strong and recent, consistent with the idea of 

adaptive response to a recent increase in virulence of P. falciparum in sub-Saharan Africa 

(Ruwende et al. 1995; Tishkoff et al. 2001, Sabeti et al. 2001; Saunders et al. 2001). The 

rapid increase in fi-equency of G6PD A- under strong selection has resulted in retention of 

the ancestral haplotype among the majority of G6PD A- chromosomes spanning >1.6 Mb 

(~1% of the human X-chromosome). This genomic region is gene-rich, and it follows 

that selection at G6PD has the potential to increase the population level frequency of 

otherwise rare linked neutral or functional polymorphisms via hitchhiking. 
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Table 1: Individuals sampled in study. 

G6PD A-: 

G6PD A+: 

G6PD B: 

Sample Country Ethnic/Language Group 

IvcOl Ivory Coast Niger-Congo 
Ivcl7 Ivory Coast Niger-Congo 

* S628 Kenya Unknown 
Alb77 South Africa Sotho 
Mgr40 Togo Niger-Congo 
VAOlO USA African American 
M115 USA African American 
M241 USA African American 
VA084 USA African American 
VA025 USA African American 

* VA076 USA African American 
VA085 USA African American 
VA088 USA African American 
DKT338 USA African American 
DKT381 USA African American 
DKT382 USA African American 
JK1031 Zaire Mbuti Pygmy 
Sho07 Zimbabwe Shona 
Shol8 Zimbabwe Shona 

* Sho49 Zimbabwe Shona 

* JK785 CAR Biaka Pygmy 
Ivc22 Ivory Coast Niger-Congo 

* JK1071 Zaire Mbuti Pygmy 
AU26 Kenya Unknown 

* JW058 Mali Malinke 
* Alb27 South Africa Zulu 
* VA024 USA African American 

DKT275 USA African American 
VA012 USA African American 
JK1058 Zaire Mbuti Pygmy 
Sho03 Zimbabwe Shona 

* JK736 CAR Biaka Pygmy 
* JK741 CAR Biaka Pygmy 
* Gna02 Ghana Akan 
*Ivc04 Ivory Coast Niger-Congo 

Ivcl8 Ivory Coast Niger-Congo 
*Ivc20 Ivory Coast Niger-Congo 
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*Ivc23 Ivory Coast Niger-Congo 
* Mka21 Kenya Maasai 
* Kohl88 Kenya Meru 
* Mka29 Kenya Tsumkwe 
* JR013 Namibia Biaka 

JR323 Namibia Bagandu 
* LD156 South Africa Khoisan 
* Alb74 South Africa Unknown 
* DKT331 USA African American 
* JK1029 Zaire Mbuti 
* JK1033 Zaire Ituri 
* She14 Zimbabwe Shona 
* Sho30 Zimbabwe Shona 
* Sho46 Zimbabwe Shona 

Individuals used for constructed random sample (CRS) analyses are marked with (*). 



Table 2: Summary statistics of nucleotide variability for an African CRS. 

Locus 

X-chromosome 
Map Location 

(Kb) 
Length" 

(bp) S" 6JC(SD)(%) 0W(SD)(%) 

Fu and Li's 
Tajima's D D 

Divergence 
Homo-Pan 

(SD) 
(%) 

Divergence 
Homo-Pongo 

(SD) 

m 
GI8MC 

Total sequence 

G1.5MC 
Total sequence 

BGN 
Total sequence 
Introns only 

IDH3G 
Total sequence 
Introns only 

LICAM 
Total sequence 
Introns only 

TAZ 
Total sequence 
Introns only 

G6PD 
Total sequence 
Introns only 

GABS 
introns only 

132610 

149833 

150356 

150642 

150720 

151233 

151347 

151543 

1795 

2292 

0.035 (0.007) 0.044 (0.028) -0.50428 -1.40049 0.446 (0.157) 2.062 (0.336) 

0.087(0.011) 0.103(0.046) -0.49687 -1.42383 1.140 (0.211) 2.695 (0.322) 

2889 19 0.123(0.014) 
2160 17 0.155(0.016) 

3036 11 0.054(0.011) 
2771 10 0.057(0.012) 

3691 8 0.026 (0.008) 
2087 5 0.031(0.011) 

3144 7 0.024(0.007) 
2906 7 0.026 (0.007) 

5101 18 0.075(0.008) 
2925 10 0.068 (0.010) 

0.172(0.066) -1.01429 -0.56240 1.148 (0.202) 2.819 (0.335) 
0.206(0.080) -0.88308 -0.46288 1.311 (0.251) 3.258 (0.428) 

0.095(0.040) -1.42553 -0.96056 0.841 (0.192) 2.985 (0.344) 
0.095 (0.041) -1.31292 -0.65798 0.807 (0.195) 3.024 (0.359) 

0.057(0.026) -1.71820 -1.72003 0.678 (0.135) 2.351 (0.372) 
0.063 (0.033) -1.42969 -1.39143 0.976 (0.207) 2.904 (0.523) 

0.058(0.028) -1.81851 -2.07827 0.539 (0.135) 2.506 (0.286) 
0.063 (0.030) -1.81851* -2.07827 0.580 (0.145) 2.722 (0.310) 

0.092(0.036) -0.68013 -0.3533 0.959 (0.136) 2.999 (0.240) 
0.090(0.039) -0.79419 -0.1418 1.195 (0.201) 3.970 (0.363) 

2983 0.030(0.006) 0.035(0.020) -0.39740 -0.89691 0.741 (0.157) 2.347 (0.279) 

F8 151678 



Total sequence 2408 2 0.012(0.005) 0.022(0.016) -0.93473 0.82564 0.249 (0.124) 0.623 (0.160) 
Intronsonly 1944 2 0.015(0.006) 0.027(0.020) -0.93473 0.82564 0.349 (0.174) 0.721 (0.192) 

G0.9MT 152226 
Total sequence 3082 3 0.024(0.004) 0.026(0.016) -0.12971 -0.21602 0.540 (0.133) 1.898 (0.290) 

N=26 individuals were used in all CRS analyses (see Materials and Methods). Divergence estimates are based on a comparison between a 

single randomly chosen allele (Ivc23) and a chimpanzee or orangutan allele. Map position on human X-chromosome is the center of the given 

window surveyed based on NCBI human map viewer version June 8,2003. 

"Number of bp analyzed. 

'T^umber of segregating sites. 

I^oci contained no coding sequence. 
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FIGURE LEGENDS 

Figure 1: Schematic ideogram of the human X-chromosome and the genomic regions 

surveyed in this study. Approximate distances between each of the surveyed windows 

and G6PD are marked on the scale. Transcription orientation of the genie regions are 

marked with solid arrows. The exon/intron structure of G6PD is designated (displayed in 

inverted orientation relative to chromosomal orientation) along with the defining 

mutations of the 3 allelic classes: A-, A+ and B (in box). Positions of amplification 

primers used to survey the 5.1 kb window of G6PD are marked with shaded arrows. 

Figure 2: Table of polymorphism for and surrounding loci. Fifty one unrelated 

human males of sub-Saharan African decent were surveyed for nucleotide variability at 

G6PD and 9 surrounding loci. Individual samples were selected based on a priori allele 

type determination based on coding sites 202 and 376 of G6PD to define three allele 

classes: A-, A+ and B. Each segregating site (in columns) represents a bi-allelic marker 

{i.e. SNP or indel). Segregating sites are listed in numerical order. For exact alignment 

positions (in bp) of segregating sites and the identity of the polymorphic nucleotides {i.e. 

A, G, C or T) see online appendix (http://eebweb.arizona.edU/faculty/nachman/saunders/p 

bhcations/G6PD_AFR/sites_table_AFR.html). At each segregating site one allelic state 

is marked with a blue box and the alternate allelic state is marked with a yellow box. 

Missing data for individual IvclS at locus F8, and for individual JR323 at locus G0.9MT 

are indicated with grey boxes. Boundaries between loci are marked by vertical white 

bars. S and N denote synonymous and nonsjoionymous changes, respectively. G6PD 
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coding site 202 (segregating site 90) is marked with an asterisk. Polymorphisms at sites 

72, 73, 74 and 75 in G6PD are in the 3' untranslated region of exon 13. All other 

polymorphisms are in introns or intergenic regions. Indels are marked with a white 

triangle including the size of the indel in bp. At G1.5MC and BGN unsurveyed regions in 

the otherwise contiguous windows are marked by an arrow with numbers in box 

indicating the number of contiguous unsurveyed bp. 

Figure 3: Nucleotide variability for G6PD and 9 surrounding loci for subset groups of 

the dataset (G6PD A- alleles, G6PD A+ alleles, G6PD B alleles and CRS): (a) nucleotide 

diversity ( 6 TT), (b) haplotype diversity, (c) Tajima's D for CRS. 

Figure 4: Segregating sites and patterns of LD at G6PD and flanking loci surveyed. The 

table of polymorphism only includes segregating sites at which the less common allele 

(minor allele) is found in > 5 individuals. At each segregating site, one allele is marked 

with a blue box and the alternate allele is marked with a yellow box. Missing data are 

marked with a grey box. Segregating sites are numbered and labeled according to Figure 

2. Boundaries between loci surveyed are marked by vertical white bars. Below the table 

of polymorphism is a matrix of estimates of |D'| for all pairwise comparisons of sites. 

Values of |D'| are shown between 0.5 and 1.0 in accordance with the shading scale. 

Intergenic pairwise associations in significant LD (p < 0.05) by Fisher's exact test are 

marked in the matrix by a circle. 
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Figure 5. Results of the evolutionary analysis of the G6PD A- allele. Results were 

obtained by combining the importance sampling method of Slatkin (2001) for averaging 

over repUcate sample paths with the method of Gamer and Slatkin (2002) for computing 

the probability of a configuration of haplotype frequencies at two linked loci. A 

population frequency for G6PD A- of 0.1 and a constant population size of 10,000 

individuals were assumed. The nvimber of G6PD A- chromosomes with the two-locus 

haplotypes at LICAM md G0.9MT were 14, 6, 0 and 0. For each point, 90,000 replicate 

sample paths were generated and 20 replicates of the Gamer-Slatkin program were run 

for each sample path. The estimated recombination rates from G6PD were c = 0.008375 

and 0.002775 for Z/C4M and G0.9MT, respectively. Other results shown were obtained 

by doubling and halving those values, (a) Log-likelihood of s, the hypothesized selective 

advantage of heterozygous carriers of the G6PD A- allele. Additive selection was 

assumed, (b) The posterior distribution of allele age (?i) for two selection coefficients 

consistent with the observations, (c) The posterior distribution of allele age (?i) for s = 

0.2 for the three sets of recombination rates used. 
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APPENDIX C: EXTENDED HAPLOTYPES OF G6mmediterranean AND THE 

EVOLUTIONARY HISTORY OF RESISTANCE TO MALARIA IN EURASIA 

ABSTRACT 

The most common glucose-6-phosphate dehydrogenase (G6PD) deficiency allele 

in the Mediterranean region and in the Middle East is G6?T>mediterranean (C563T). This 

allele confers resistance to malaria and is therefore maintained in many populations at 

relatively high frequencies by natural selection despite the severe clinical anemia that is 

associated with it. Previous work suggested that this allele arose twice in humans, 

although definitive evidence was lacking. Here we provide a test of this hypothesis. We 

also provide an analysis of the effects of selection on nucleotide variability, and we 

estimate the age of G6PDmediterranean (G6PD^erf)- We studied DNA nucleotide variabihty 

in 21 G6?T>med chromosomes and 23 normal G6PD chromosomes, by resequencing 4 

windows of ~ 3 kb each around G6PD, and a window of ~ 4.7 kb from G6PD itself. 

Despite relatively high background levels of linkage disequilibrium (LD) and low levels 

of nucleotide variability, we observed reduced heterozygosity and increased LD 

associated with GSPJ^med alleles compared to normal alleles spanning a distance of ~ 1 

Mb around G6PD. Intermittent SNPs were also genotyped in the same panel to define 

long-range haplotypes. Two distinct ancestral Gd^Dmed long-range haplotypes are 

significantly conserved among a majority of the selected alleles of common descent 

spanning >1.6 Mb. These long-range haplotypes provide strong evidence that the 
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G6PT>med C563T mutation arose twice: once within, and once outside the Indian 

subcontinent. These two mutations seem to have arisen at roughly the same time within 

the past 3500 years. 
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INTRODUCTION 

Malaria is a major morbidity factor in tropical and temperate zones throughout the 

world (Breman et al. 2004). Although most deaths by malaria occur in sub-Saharan 

Africa, the disease is also endemic in parts of the Middle East and around the 

Mediterranean Sea. Plasmodium falciparum, the most virulent species of Plasmodium 

that infects humans, is believed to have become a significant virulence factor within the 

past 10,000 years (Coluzzi et al. 2002; Joy et al. 2003). In response to strong selection 

from malaria, some human populations exhibit resistance alleles of different genes at 

high frequencies {e.g. ;8-globin S and G6PD deficiency alleles: Miller 1994). 

Many different G6PD deficiency alleles have been described at the molecular 

level and are caused by mutations that disrupt the normal fiinction of this housekeeping 

enzyme (Kwok et al. 2002). The pathological manifestations of G6PD deficiency include 

neonatal jaundice and hemolytic anemia as well as other clinical conditions (Beutler 

1994; Sirugo et al. 2004). While most G6PD deficiency alleles represent rare mutations, 

several alleles are known to reach population frequencies ranging from 0.05 to 0.65 

(Livingstone 1985; Oppenheim et al. 1993). Interestingly, these different alleles are 

generally distributed across specific geographical ranges. For example, G6PD A-

(G202A) is found primarily in Afiican populations, and G6PT>med is found primarily in 

populations around the Mediterranean Sea and the Middle East. Several lines of evidence 

suggest that G6PD deficiency confers resistance to severe falciparum malaria. First, 

there is a strong geographic correlation between populations with high G6PD deficiency 

frequencies and the distribution of malaria (Allison 1960; Motulsky 1961). Second, in 
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vitro evidence has demonstrated reduced parasite growth in G6PD^erf erythrocytes 

relative to normal erythrocytes (Roth et al. 1983). Third, a large-scale epidemiological 

study demonstrated that G6PD A- alleles are underrepresented among patients that suffer 

from severe malaria relative to the respective healthy population (Ruwende et al. 1995). 

Finally, recent population genetics studies have uncovered patterns of nucleotide 

variability spanning the G6PD genomic region (Xq28) that are consistent with the effects 

of strong recent positive selection at G6PD (Tishkoff et al. 2001; Sabeti et al. 2002; 

Saunders et al. 2002; Verrelli et al. 2002; Saunders APPENDIX B). However, the bulk 

of this population genetic evidence is described with respect to G6PD A- alleles. 

G6PDmerf is characterized by a single mutation (C->T) at coding site 563 that 

causes a Ser Phe change (Figure 1) which reduces enzyme efficiency to 5% of normal 

(Vulliamy et al. 1988). G6YDmed (C563T) is commonly found at a frequency of 0.05 to 

0.2 in many Mediterranean and Middle Eastern populations (Livingstone 1985). In most 

populations, G6?T)med alleles bear a silent C->T change at G6PD coding site 1311. 

However, in the Indian subcontinent a large proportion of G6V'T>med alleles do not bear the 

C131 IT mutation (Beutler and Kuhl 1990; Saha et al. 1994; Figure 1). This observation 

prompted the hypothesis that the mutation C563T arose twice in humans: once in the 

Indian subcontinent, and once in the Mediterranean/Middle east. Although the 

observation of two different alleles at site 1311 associated with may be 

explained by independent origins of the C563T mutation, the results are also consistent 

with a possible intragenic recombination event between a G6?'Dmed allele bearing 131 IT 

and another allele bearing a 131IC polymorphism. 
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In this study we have determined the long-range extended haplotypes of G6?Y)med 

alleles (spanning ~ 2 Mb roughly centered on G6PD) in a panel from across the Middle 

East and the Indian sub-continent. Our data provide compelling evidence for an 

independent origin of a G69'Dmed (C563T) allele once in the Mediterranean/Middle East 

{G6?T>med mme), and once in the Indian sub-continent {GGPHmed ind) within the past 3500 

years. These data also indicate that the age of G6?T>med mme is not significantly younger 

than the African allele G6PD A-, as has been previously suggested. 
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SUBJECTS AND METHODS 

Samples: We identified individuals with G6PT>med (C563T) alleles using MboII 

restriction fi-agment polymorphism (RFLP) analysis. The primers "Oligo B" (5'-ACT 

CCC GAA GAG GGG TTC AAG G-3') and "Oligo J" (5'-GGT CGG AGG GTC CTC 

TCT CCT TC-3') fi"om Kurdi-Haidar et al. (1990) were used to ampHfy a 547 bp PCR 

amplicon encompassing G6PD coding site 563. When cut with MboII, amphcons 

bearing the G6PT>med mutation (C563T) display fragments of 211, 100, 119, 26 and 25 bp, 

while control amplicons display fi-agments of 377, 119, 26 and 25 bp. Samples were not 

screened a priori for the C131 IT mutation. Based on RFLP results, we selected 21 

G6PDwerf individuals fi"om Greece (n=2), Iran (n=3), Iraqi Jews (n=4), Pakistan (n=7) and 

Syria (n=5) (Table 1). This panel includes individuals from across the typical geographic 

range of G6PD;;,erf. We selected an additional 23 individuals bearing the normal G6PD 

allele {i.e. G6PD B) based on a similar geographic representation as the G6PDmed 

individuals described above, to use as a control group (Table 1). Since G6PD is X-

linked, we used only males to enable unambiguous phase resolution across the X-

chromosome. All samples were collected with consent and were used as approved by the 

committee of human subjects at the University of Arizona. 

Loci sampled: We resequenced a ~ 4.7 kb region from G6PD for all individuals. 

The surveyed region includes most of the coding region of G6PD and intervening 

sequence, including coding site 563 and 1311 (Figure 1). Primers and PCR conditions 

for resequencing G6PD were used as described by Saunders et al. (2002). To examine 

patterns of nucleotide variability around G6PD, we resequenced contiguous windows at 4 
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additional loci around G6PD\ BGN (28S9 bp), IDH3G (3036 bp), GABS (2983 bp) and 

3082 bp of an intergenic region {G0.9MT) as described in Saunders (APPENDIX B) 

(Figure 1). These loci were selected based on their physical distance from G6PD to serve 

as neutral markers, and none of these loci are known to be subject to recent positive 

selection themselves. All sequences were submitted to Genbank under accession 

numbers XXXXXXXX-XXXXXXXX. Additionally, we genotyped several SNPs at 

varying distances surrounding G6PD to define long-range haplotypes for G6PD alleles 

and to measure linkage disequilibrium (Figure 1; Table 2). These SNPs were selected 

from the SNP Browser software (AppUed Biosystemsj based on physical distance from 

G6PD, and a criterion of a minor allele frequency in a healthy Caucasian panel (Celera) 

of >0.10. SNP genotyping was performed as described by TaqMan® Assays-on-

Demand(TM) protocols {Applied Biosystems). 

Data Analysis: Because it has been proposed that the G6VT)med C563T mutation 

arose twice (Beutler and Kuhl 1990), after identifying the G6PD 1311 allele state for the 

G^PTimed samples by resequencing, we analyzed separately two sub-classes of G69Timed 

alleles: (/) G69Tirnedind alleles (that bear 563T and 131IC), and («) GSVDmedmme alleles 

(that bear 563T and 131 IT) (Figure 1). We estimated nucleotide diversity using d-^ (Nei 

and Li 1979), (Watterson 1975), and haplotype diversity {Hd) at each resequenced 

locus for three subsets of the data: G6PD B alleles, G6PD^erf mme alleles, and G6?T>med 

jND alleles. In a random sample of a population at mutation-drift equilibrium, the 

parameters and 6^ are estimators of the neutral parameter 0 = 3Ne jU. for X-linked loci, 

where Ne is the effective population size and [i is the mutation rate. This condition is 
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clearly not met for our sample, which was conditioned on the presence of particular 

alleles. Thus, and are presented as summaries of the amount of genetic variation, 

but not as accurate estimators of 3Ne jti. We also calculated Tajima's D (Tajima 1989) 

and Fu and Li's D (Fu and Li 1993) at each resequenced locus. These two statistics 

describe the frequency distribution of mutations in a data set; under neutral equilibrium 

conditions for a random sample, these test statistics should be equal to zero. Significant 

deviations from zero may be indicative of selection or changes in population size. 

However results of these tests should be interpreted with caution particularly with human 

data sets, because present day human populations are not expected to be at equilibrium 

(Wooding et al. 2004). 

We calculated [D'l (Lewontin 1964) for all pairwise comparisons of segregating 

sites for subsets of the data: (i) all individuals, (ii) G6PD B and G6PDmedMME 

individuals, and (iii) G6PD B and G6PDmediND individuals. |D'| is the standardized 

measure of the disequilibrium parameter D, and it ranges from 0 (complete equilibrium) 

to 1 (complete disequilibrium). Significance of LD measures was estimated using 

Fisher's exact test. All analyses of nucleotide variability and LD were performed using 

dnaSP 4.0 (Rozas and Rozas 1999). 

The allele age and the selection coefficient of G6PDmed mme were estimated using 

the method described by Saunders (APPENDIX B) for estimating the age of the African 

G6PD A- allele. In brief, we utilized a coalescent based program (Slatkin 2001) in 

combination with a maximum-likeUhood "two-locus" method (Gamer and Slatkin 2002) 

to estimate a posterior distribution of the allele age given likely selection coefficients (5). 
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We utilized the observed proportion of G6PD„ed mme chromosomes that bear the ancestral 

long-range haplotype (LRH) at IDH3G and at SNP J. At IDH3G the ancestral G6PT>med 

mme LRH is conserved in 10/16 chromosomes, and at SNP /15/16 chromosome still bear 

the G6?T>med MME LRH. Accordingly, the input to the program was 10 AMB, 0 AMb, 5 

aMB, and 1 aMb [in the notation of Gamer and Slatkin (2002)] for G69T>med mme, where A 

and a are the minor and major alleles respectively found at site Id07 (Figure 2), B and b 

are the common and rare alleles respectively at SNP J, and M represents G6PD coding 

site 563 (Gd03 in Figure 2). The respective population frequencies of G6PD B 

haplotypes for the "two-locus" data are 0.095, 0.143, 0.286, and 0.476 (n=21). Genetic 

distances were determined from University California-Santa Cruz human genome 

browser based on estimates of Kong et al. (2002): c = 0.0141 and 0.00234 Morgans for 

^-Mand M-B, respectively. The present day (t=0) population frequency of G6PDmedMME 

used to constrain the coalescent runs was q = 0.05. 
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RESULTS 

Long-range haplotypes and linkage disequilibrium: We have generated 

phased SNP data to define long-range haplotypes (LRHs) among individuals bearing the 

alleles G6PD B and G6PDwerf (C563T) from across the Middle East and the 

Mediterranean region. Our panel includes 7 G6PT>med (C563T) samples from Pakistan 

(Table 1), which are from a region where G6PDme(i 131IC samples have been previously 

described (Saha et al. 1994). Five of the Pakistani G6PDmed samples bear the 131 IC 

allele, while the remaining two Pakistani individuals bear the 131 IT allele (site Gd02 in 

Figure 2). Although our sample from Pakistan is small (n = 7), the observation of five 

1311C and two 1311T alleles among G6PDmed alleles from the Indian sub-continent is in 

general agreement with the ratio of 78:23 seen in a larger Indian sample of G6?T>med 

alleles (n=101: Sukumar et al. 2004). None of the non-Pakistani G6PD^erf individuals 

bear the 131 IC state, consistent with previous results showing that the 131 IC 

polymorphism is rarely found among G6PD^erf individuals outside of the Indian 

subcontinent (Beutler and Kuhl 1990). 

A remarkable feature of our data is the difference between the LRH of G6?T>med 

alleles that bear the 131 IT mutation and the LRH of G6?T>med alleles that bear the 131 IC 

mutation. The common (ancestral) GSPTimed LRH of the non-Pakistani alleles is 

unambiguously defined in the region between IDH3G and G0.9MT (for example sample 

Grc865 in figure 2). The common LRH of the 5 Pakistani G6PDmed individuals that bear 

131 IC (for example Pak349 in Figure 2) is distinctly different from the ancestral LRH 

that is common to all other G6PDmed individuals. Importantly, these two long-range 
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haplotypes differ from one another on both sides of G6PD, and thus cannot easily be 

explained by recombination. The presence of the C563T mutation at G6PD on two 

distinct long-range haplotypes strongly suggests that this mutation arose independently 

twice (although gene conversion might also explain this pattern: see DISCUSSION). The 

inference of independent origins for the two G6PTymed alleles warrants separate 

evolutionary analyses for G6VT>med mme and G6V'T>med ind-

Ten of the sixteen G6?T)med mme alleles share an identical haplotype over a region 

that spans ~ 1.6 Mb from IDH3G to G0.9MT(Figures 2 and 3). This common LRH 

decays between IDH3G and BGN. The remainder of the G6PDwerf mme alleles share a 

smaller portion of this ancesfral haplotype centered on G6PD-, the shortest extent of 

conservation of the ancestral G6VT>med mme LRH spans ~ 400 kb (from SNP C to GABS) 

in individual Pak218 (Figure 3). In contrast, only 6 of 23 G6PD B alleles can be assigned 

a common LRH that spans 1.4 Mb. The remainder of the B alleles share smaller portions 

of this haplotype around G6PD. The largest region common to all B alleles spans only 

several kb within G6PD (Figure 3). A major common LRH of GSPDmed ind alleles spans 

>1.9 Mb (Figure 3). 

We calculated all pairwise values of |D'| for a sample composed of both G6PD B 

alleles (n=23) and G6PDmedmme (n=16) (Figure 4). All informative intragenic pairwise 

values are high, with |D'| = 1 except for the Bg08 - BgOl pairwise value of D' = 0.867 

(Figure 4), indicating a paucity of intragenic recombination events. At the intergenic 

level (i.e. long-range) we see significant values of |D'| (by Fisher's exact test) ranging up 

to a distance of 925 kb (Figure 4: Gd03 - Mt02 pairwise |D'| = 1). Overall we see 
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significant LD between G6PD site 563 (Gd03) and sites up to 710 kb telomeric to G6PD 

(SNP A), and sites found up to 925 kb centromeric to G6PD (Mt02). When pairwise 

values of |D'l are calculated for B alleles alone, the longest range of significant pairwise 

LD is between sites SNP D and SNP I spanning ~ 335 kb (data not shown). The small 

number of G6PDmed ind alleles prevented us from conducting robust analysis of pairwise 

LD. Nevertheless, significant values of |D'| appear to extend at least as far as seen with 

G6FDmedMME alleles especially on the centromeric side {e.g. |D'| = 1 for Gd03 - MOP, 

Figure 2). 

Nucleotide Diversity: We calculated measures of nucleotide variability for 

subsets of the total panel based on the different G6PD alleles: G6PD B, G6PDwerfmme and 

G69Dmed IND- Our analysis of the G6PD B alleles alone may serve as a proxy for 

nucleotide variabihty in a typical Middle-Eastern population sample because G6?T>med is 

typically found at a population frequency of only ~ 0.05. Analyses of a constructed 

random sample (Hudson at al. 1994) that includes only few G6VT)med alleles is not 

significantly different in overall patterns of nucleotide variability from those estimates 

that are based on G6PD B alleles alone (data not shown). 

Among the B alleles 6^ is 0.125, 0.059, 0.016, 0.009, and 0.026%, ioxBGN, 

IDH3G, G6PD, GABS and GO.PMJ respectively (Table 3). These values are lower than 

the respective values for the same loci in an Afirican sample (Saunders APPENDDC B), 

and within the range of 15 other X-linked loci in non-Afiican populations (Hammer et al. 

2004). Nucleotide variability among G6?Dmed mme and G6V''Dmed ind alleles is = 0 at 

G6PD, and is lower among GGPDmed mme and G6PT>med ind alleles than among the B 



alleles at IDH3G, GABS and G0.9MT. Yet at BGN the value of 6^ for G6PDmedMME and 

GGV'DmediND IS 0.126 and 0.133, respectively, similar to the value at BGN for the B 

alleles. Values of 0-^ show a similar pattern of reduced variability for G6PD^erf alleles 

relative to G6PD B alleles (Table 3). None of the values of Tajima's D or Fu and Li's D 

show significant departures from neutral equilibrium expectations. 

To consider the genotyped SNPs (Table 2) in context with the nucleotide 

variability of the resequenced regions, we calculated haplotype diversity (H</) within each 

class of alleles at each of the genotyped SNPs and the resequenced loci (Table 3). 

Patterns of haplotype diversity are considerably reduced for G6?Timed mme and G6PT>med 

IND relative to G6PD B alleles (Figure 5) except at the fringes of the surveyed region, 

BGN and G0.9MT. We note that the small sample size of G6PD,„erfind alleles (n=5) 

creates a high standard deviation especially on these estimates of haplotype diversity. 

Age of the alleles and strength of selection: Using long-range haplotype data 

from both sides of G6PD (i.e. "two-locus" data as described in SUBJECTS and 

METHODS; Gamer and Slatkin 2004) we estimated the age and selection coefficient of 

G6?T>med MME using a maximum-likelihood method. The likelihood curve as a fimction of 

the selection coefficient (5) for G6?T>med mme is shown in Figure 6a. These results suggest 

that the likely range of the selection coefficient is > 0.1. However, values of 5 ~ 0.3 seem 

biologically improbable for the G6'?T>med mme allele in comparison with selection 

coefficients of other advantageous alleles in humans that are typically lower than 0.3 {e.g. 

HbS: Allison 1954; G6PD A-: APPENDIX B). Thus our analyses for the age of the 

allele were based on selection coefficients of 5 = 0.1 and s = 0.2. The age of G6PD;;,erf 
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MME (estimated by the posterior distribution based on 5) is 75-125 generations with an 

upper bound of ~ 175 generations (Figure 6b). We were unable to produce a robust 

analysis of the age of the allele G6PD;;,ed mo with the small sample size (n=5) in this 

study; However, the LRH of G6'PT>med ind appears to extend a similar distance as 

G6VDmed MME, implying that the age of these two alleles is approximately the same. 
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DISCUSSION 

We generated SNP data spanning a region of ~ 2 Mb roughly centered on G6PD 

in a panel of individuals that includes G6?T>rned alleles and G6PD B alleles from diverse 

localities in the Mediterranean region and the Middle East. Our analysis of nucleotide 

variabiUty and of long-range haplotypes sheds light on the evolutionary history of 

selection for resistance to malaria in this region, and also contributes to our general 

understanding of nucleotide variability and LD in the human genome. We find clear 

evidence that the C563T mutation (which defines G6PT)med) exists on two distinct LRHs. 

This implies that the C563T mutation arose twice in recent human history, or a recent 

gene conversion event occurred encompassing site G6PD site 563. We also document 

the effects of selection at G6PD on both levels of nucleotide variabiUty and the extent of 

LD in Xq28. These patterns suggest that both G6?T>med alleles arose about 2000 years 

ago. Each of these issues is discussed in turn below. 

The G6¥\imed allele arose twice: A striking feature of these data is the 

difference between the LRH shared among most of the Pakistani G69Y>med alleles and the 

LRH in the remainder of the GSPT^med alleles. The mutation that defines G69Y)med {i e. 

C563T) has been associated with the derived common silent polymorphism at G6PD 

coding site 1311 {i.e. C1311T) in individuals from most parts of the world (Beutler and 

Kuhl 1990: Figure 1). However surveys of the Indian sub-continent {i.e. India and 

Pakistan) report common occurrences of G6PD;„erf alleles that bear the 1311C allele (Saha 

et al. 1994; Kaeda et al. 1995; Sukumar et al. 2004; Figure 1). This pattern was first 

reported by Beutler and Kuhl (1990) and was interpreted as evidence for multiple 
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independent origins of G6PD;„erf- However, the observation of two different G6PD,;,erf 

intragenic haplotypes could also be parsimoniously explained by an intragenic 

recombination event (likely in the Indian sub-continent) between a "typical" G69Iimed 

chromosome and another chromosome that harbored the 131IC mutation. Using our 

LRH data we are now able to exclude the possibility of a single intragenic recombination 

event between site 563 and 1311 within G6PD as an explanation for the two different 

G6?T>med intragenic haplotypes. All G6PT>med individuals that bear the 131 IC allele in 

this study have a distinctly different LRH than the ancestral LRH of all other G6PT)med 

chromosomes (Figure 2). Although this pattern could also be obtained by a double 

recombination event around site 563, this hypothesis is not probable especially given the 

young age of the G6PD^ed allele (see below). Two hypotheses remain likely to explain 

the pattern observed in LRHs: (/) A gene conversion event occurred that encompassed 

site 563 between a G6PDmed chromosome and a G6PD B chromosome with a 131 IC 

allele, or (ii) the G6PD mutation C563T arose independently once in India and once in 

the Middle-East/Mediterranean, each on distinct haplotypes. Distinguishing between 

these hypotheses may be impossible given the few segregating sites found within G6PD. 

Although these hypotheses invoke different biological mechanisms, they both suggest 

that different G61?V>med alleles have independent evolutionary histories. Furthermore, 

because the G6PT)rned 563C alleles are found nearly exclusively in the Indian sub

continent, the given event likely occurred in this geographic region. Therefore we can 

effectively regard either hypothesis as an "independent origin" event, warranting that the 

evolutionary histories of these alleles should be analyzed separately. We refer to these 
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two distinct G6PD deficiency alleles as G6PT>,„edMME (563T, 131 IT) and G6PD^erf/A® 

(563T, 131IC). 

Evolutionary theory predicts that organisms or populations subject to similar 

selection pressures are candidates for convergent evolution (Hughes 1999). In fact, the 

occurrence of different G6PD deficiency alleles at relatively high frequencies in different 

populations due to malarial selection {e.g. G6PD A-, and G6PD^erf) represents an 

example of convergent evolution at a broad phenotype level. Parallel adaptive evolution 

for identical mutations is rare in general in nature, however some cases have been noted. 

For example, lysozymes of ruminants and colobine monkeys display identical amino acid 

changes which arose independently as an adaptation for foregut fermentation (Stewart et 

al. 1987). Also, hypotheses have been proposed for parallel evolution in humans for the 

HbS allele, which confers resistance to malaria in Africa (Wainscoat 1987). However the 

occurrence of a recombination hotspot near the HbS mutation site (Schneider et al. 2002) 

complicates the distinction between hypotheses of multiple origins vs. multiple HbS 

recombinants. Mutations that cause disease in humans (but presumably are never 

advantageous) have also been shown to have multiple independent origins. For example, 

alleles of Leber's hereditary optic neuropathy (LOHN: Brown et al. 1995) and mtDNA 

related deafriess (Hutchin and Cortopassi 1997) both display cases of recurrent 

independent mutations. Together, these examples show that independent parallel origins 

of selected/disease alleles such as that seen here for G6V'Dmed, may in fact occur in nature, 

however uncommonly. 



128 

Potential hypermutability of G6PD site 1311: We have presented strong 

evidence for independent origins of the C563T mutation. However, hypotheses for 

multiple independent origins of other G6PD deficiency alleles should be examined with 

caution when the premise is based the C/T polymorphism at site 1311. For example, 

Beutler et a/. (1991) defined G6?Iiviangchan (fi"om India) and G69T)jammu (fi*om a Laotian 

population) at the molecular level both based on a G-^ A nonsynonymous mutation at site 

871. G6?Tiviangchan bears the 131 IT allele, and GGVDjammu bears the 131IC allele, 

suggesting again multiple independent origins of a G6PD deficiency allele {i.e. recurrent 

mutation or gene conversion for G871A). As mentioned above, this may also be 

explained parsimoniously by intragenic recombination, however we propose a third likely 

explanation: multiple origins of the C131 IT mutation. The ancestral state for G6PD site 

1311 is a C which is part of a CpG dinucleotide sequence. In mammalian genomes CpG 

sites are hotspots for mutation to TpG because of deamination of 5-methylcytosine 

(Waters and Swann 2000). The potential hyper-mutability of site 1311 is further 

suggested by recent results that have shown that -75% of G6VT>kereia-kayian (G949A) 

alleles bear 131IC while the remainder bear 131 IT, and ~50% of G6PDoTOia (C131G) 

alleles bear 131 IC while the remainder bear 131 IT (Sukumar et al. 2004). Also, a single 

Italian individual with G6PT>med has been genotyped with a 131 IC allele (Beutler and 

Kuhl 1990). Without invoking hypermutability of site 1311, these examples of intra-

allelic haplotype variability for G6PD deficiency alleles are otherwise difficult to explain 

given that recombination events are not common in this region of G6PD (Saunders et al. 

2002; APPENDIX B). As site 1311 is one of the few neutral intermediate frequency 
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polymorphisms at G6PD in non-African populations, ftirther studies of long-range 

haplotypes for G6PD deficiency alleles other than G6?T>med will be required to test this 

hypothesis of hyper-mutabihty of the 131IC site. 

Nucleotide variability at resequenced regions: As G6?T>medmme and G()PV>med 

iND have indistinguishable phenotypes, both alleles are probably subject to similar effects 

of selection. To examine how selection on G6PD has affected nucleotide variability in 

Xq28 we estimated measures of nucleotide variability at 4 resequenced windows around 

G6PD (i.e. BGN, IDH3G, GAB3 and G0.9MT) for the given panel. An allele that is 

subject to positive selection is expected to increase in frequency rapidly and cause a 

reduction in levels of genetic variability at neutral linked sites (Maynard-Smith and 

Haigh 1974). The extent of the genomic region of reduced nucleotide variability around 

the selected variant will depend on the age of the allele, the sfrength of selection and the 

local recombination rate (Slatkin and Rannala 2000). However, if pre-existing levels of 

nucleotide variabihty among non-selected alleles are low, as expected for non-African 

populations (Wall and Przeworski 2000), a reduction in the level of nucleotide variability 

on QSVDrned alleles that is due to selection may be difficult to identify. 

In order to describe the background levels of nucleotide variability for non-

African populations for this genomic region, we first consider only the B alleles in our 

panel. In general, the level of nucleotide variability for the G6PD B alleles at the loci in 

this study (Table 3) are within the range of values estimated for 15 other X-linked loci 

among non-Africans (0.001 <di^< 0.129: Hammer et al. 2004). Specifically for G6PD, 

nucleotide variability is virtually the same in this study (07r= 0.017%), as in a worldwide 



130 

non-African panel of 31 individuals (0,r= 0.016%; Saunders et al 2002). Furthermore, all 

the loci in our study show lower nucleotide variability in the panel of B alleles relative to 

an African sample (^,r= 0.155%, 0.057%, 0.030% and 0.024% respectively for BGN, 

IDH3G, GAB3 and G0.9MTin Africa: Saunders APPENDIX B), consistent with the 

typical pattern of reduced nucleotide variability in non-Africans relative to Africans. 

Note that as G6PD deficiency is found at low frequencies in most non-African 

populations, results of a constructed random sample (i.e. including few GSPDmed alleles) 

are virtually indistinguishable from a panel of G6PD B alleles only (data not shown). All 

tests of neutrality based on the frequency spectrum of alleles (e.g. Tajima's D and Fu and 

Li's D) show non-significant deviations from neufrality for a panel of G6PD B alleles 

(and a true constructed random sample with G6?Dmed at a frequency of 0.09, n=25: data 

not shown). This result is similar to results obtained in Afiica, where no deviation from a 

neutral equilibrium frequency spectrum is observed at G6PD (Saunders et al 2002; Sabeti 

et al. 2002, Verrelli et al. 2002), despite the fact that G6PD is known to be under 

selection. 

When only G()?^med (GGPD^erf mme or G6PDmed ind) alleles are examined, we 

observe complete intra-allelic homogeneity (6-^ = 0) at G6PD, in confrast to the normal 

level of infra-allelic variability among the B alleles described above (0,r = 0.017). 

Nucleotide variability at the other resequenced loci is detected among G69T>med alleles, 

however variability is still less than that found among G6PD B alleles, except for BGN, at 

a distance of 925 Kb from G6PD. At this distance, levels of nucleotide variability 

between the selected alleles and the normal alleles are indistinguishable one from the 
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other, indicating that the homogenizing effects of selection have been disrupted by 

recombination. Interestingly, the homogenizing effect of selection on nucleotide 

diversity is disrupted at the same distance among G6PD A- alleles in Africa relative to 

African G6PD B alleles (Saunders APPENDIX B). Noteworthy is the observation that at 

IDH3G, nucleotide variability is not significantly different between G6PDmedMME and 

G6PD B, despite the fact that effects of selection seem to extend to this distance based on 

long-range haplotypes (see below). This apparent discordance is due to the fact that the 

ancestral G6?T>med mme haplotype at IDH3G includes a relatively diverged intragenic 

haplotype (Figure 2) that inflates the nucleotide diversity for GSPDmedMME alleles. In 

summary, even though general levels of nucleotide variability in non-African populations 

are relatively low (compared to Afiican diversity), the effect of reduced nucleotide 

variability among G6PD^erf alleles due to selection is still seen in the region spanning 

G6PD to at least G0.9MT. 

Linkage disequilibrium and long-range haplotypes: While standard statistics 

of nucleotide variabihty may capture some signature of selection, measures of LD and 

long-range haplotype structure may be more effective for detecting selection at the 

molecular level in human data sets (Sabeti et al. 2002; Saunders et al. 2002; Toomajian et 

al. 2003). Recently selected alleles are expected to share long-range conservation of a 

single (ancestral) haplotype relative to non-selected alleles, creating long range LD that is 

associated with the selected polymorphism. Previous studies suggest that the distance 

over which significant pairwise LD is observed is large in non-Afiican samples relative 

to Afiicans (Reich et al. 2001; Wall and Pritchard 2003). The average half value of |D'| at 
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putatively neutral loci in a sample of Europeans was ~ 60 kb compared to ~ 5 kb in an 

African sample (Reich et al. 2001). In our data we observe significant LD (by Fisher's 

Exact test p < 0.05) in a sample of G6PD B and g6?t)med mme that spans over 710 kb 

centromeric fi-om G6PD (to SNP A), and 991 kb telomeric to G6PD (to G0.9MT). This 

long-range LD is associated with the target of selection at G6PD, coding site 563 (i.e. 

Gd03 of Figures 2 and 4). Significant intergenic LD is not observed among the B alleles 

only, however intragenic levels of LD are high (nearly complete LD) for all relevant 

pairwise comparisons (data not shown). Although LD is significant between Gd03 and 

sites at IDH3G, the value of |D'| is relatively low (|D'| = 0.364, Fisher's exact test p = 

0.046). This low level of pairwise LD is an artifact of the haplotype structure oiIDH3G, 

which includes two primary intragenic haplotypes that are common to both G6PD B and 

G6?T>me(i alleles (Figure 2). Because the extended ancestral haplotype of G6?T>med 

includes an already common intragenic haplotype among the B alleles, the pairwise |D'| 

values do not reflect the actual underlying signature of selection that may be seen by 

considering long-range haplotypes. To overcome this limitation of pairwise LD 

inferences, we examined the long-range haplotypes for the chromosomes in the sample 

using all the polymorphisms detected within the surveyed region. These data show 

conservation of a single primary LRH among the majority (10/16) of g6?dmedmme 

chromosomes that spans fi-om IDH3G to G0.9MT{> 1.6 Mb) (Figure 3). At BGN (925 

kb proximal to G6PD) there is no significant conservation of a major common LRH, 

consistent with the truncation of the effects of selection seen with measures of nucleotide 

variability at this distance. On the telomeric side of G6PD we did not detect significant 
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decay of the ancestral G6?T>medMME LRH up at distance of 991 kb (G0.9MT). Our survey 

ended at this distance because G0.9MT is near the pseudo-autosomal boundary, where it 

would be difficult to resolve phase unambiguously. In contrast to G6?TimedMME, the 

longest stretch of a conserved haplotype shared among > 0.5 of the G6PD B alleles spans 

< 135 kb (between SNP E and G6PD: figure 3). Saunders (APPENDIX B) found 

significant conservation of the ancestral LRH for G6PD A- in 13/20 chromosomes 

spanning the same region reported here for g69t>med mme-

Age of the g6¥limed alleles: We estimated the age of g69dmedmme along with an 

estimation of the selection coefficient (5) based on the level of decay of the ancestral 

haplotype seen on either side of G6PD. A previous study based on closely linked 

microsatellite variability among G6VT>med alleles estimated that the age of the allele is ~ 

3330 years, and this age was proposed to be approximately half as young as the age of 

G6PD A- based on the same methodology (Tishkoff et al. 2001). Our results based on 

long-range LD provide an age estimate for G6PD^erf of 1500-3500 years (assuming a 

generation time of 20 years) given a selection coefficient of 0.1 < s < 0.2. These results 

are generally concordant with the previous age estimate of Tishkoff et al. (2001). By 

comparing the present LRH data to a parallel LRH data set from Afiica which included 

G6PD A- alleles (Saunders APPENDIX B), we can infer that the ages of G6PDmerf mme 

and G6PD A- are roughly the same based on the fact that the ancestral LRHs of G6PT>med 

mme and G6PD A- are conserved across the same genomic distance {i.e. IDH3G to 

G0.9MT) in nearly identical proportions {i.e. 10/16 and 12/20 of the chromosomes for 

this study and Africa, respectively). Given the small number of G6VT>mediND alleles in the 
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study we lacked power to robustly estimate the age and selection coefficient of the allele. 

However, the similar extent of conservation of the ancestral G6PD^erf ind LRH relative to 

the G6VDmedMME LRH implies that the age of G6FDmed ind is similar to the age presented 

here for G6PDmedMME-

Conclusion: Different G6PD deficiency alleles have been subject to selection by 

malaria in different parts the world. Conservation of the long-range haplotypes seen here 

for G6PT>med alleles is consistent with strong and recent selection. These LRHs suggest 

that resistance to malaria by G6PD deficiency alleles has arisen in Afiica (i.e. G6PD A-) 

and different parts of Eurasia (i.e. G6?T>med mme and g6pd^erf ind) at roughly the same 

period of time. 
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Table 1: Individuals sampled in study. 

G6PD allele type Sample Country 

G6PD B: Grcl032 Greece 
Grc870 Greece 
Im014 Iran 
Im031 Iran 
Im333 Iran 
Irq004 Iraq 
IrqOOS Iraq 
IrqOlO Iraq 
PakOOl Pakistan 
Pak035 Pakistan 
Pak061 Pakistan 
Pak062 Pakistan 
Pak201 Pakistan 
Pak207 Pakistan 
Pak228 Pakistan 
Pak262 Pakistan 
Syr024 Syria 
Syr030 Syria 
Syr045 Syria 
Syr049 Syria 
Syr052 Syria 
Syr070 Syria 
SyrOSO Syria 

G6PT)ff,ed'- Grc022 Greece 
Grc865 Greece 
Im027 Iran 
Im049 Iran 
Im344 Iran 
IrqOOS Iraq 
IrqOll Iraq 
Irq013 Iraq 
Irq019 Iraq 
Pak033 Pakistan 
PakOSO Pakistan 
Pak099 Pakistan 
Pak206 Pakistan 
Pak212 Pakistan 
Pak218 Pakistan 



Pak;349 Pakistan 
Syr035 Syria 
Syr043 Syria 
Syr053 Syria 
Syr084 Syria 
Syr056 Syria 
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Table 2: Independent SNPs assayed in study. 

SNP 
label 

Distance 
from GePD"" 

NCBI SNP ID Celera ID Gene SNP Type 

A 710 rs2071123 hCVl 5868309 IDH3G Intron 
B 478 rsl 059701 hCV8966366 IRAKI Silent coding 
C 207 rs2239466 hCV2462509 TKTLl Intron 
D 135 rs915943 hCVl 1927620 RPLIO Infron 
E 52 rs2315325 hCV2198327 N/A Intergenic 
F 28 rs7611 hCV7493090 FAM3A 3'UTR 
G -100 rs4232906 hCV140027 SPCX Intron 
H -118 rs4326559 hCV25649404 CTAG2 Silent coding 
I -201 rs2728725 hCVl 5924058 GABS Intron 
J -390 rsl 936645 hCVl 1359203 F8 Intron 

^Distance from G6PD (kilobases) as detennined by distance from G6PD coding sites 563 

found on NCBI contig NT_025965.12. 



Table 3: Summary statistics of nucleotide variability resequenced regions. 

Locus n Length" 0k(SD)(%) 
BGN 

G6PDB Total sequence 23 2889 11 0.137(0.009) 
Introns only 23 2160 10 0.159(0.013) 
Total sequence 16 2889 11 0.136(0.015) 
Introns only 16 2160 9 0.152(0.017) 

G6PDmedIND Total sequence 5 2889 7 0.118(0.044) 
Introns only 5 2160 6 0.139(0.048) 

IDH3G 
G6PDB Total sequence 23 3036 6 0.053 (0.010) 

Introns only 23 2771 6 0.058 (0.010) 
Total sequence 16 3036 3 0.049 (0.007) 
Introns only 16 2771 3 0.054 (0.008) 
Total sequence 5 3036 0 0.00 

Introns only 5 2771 0 0.00 

G6PD 
G6PDB Total sequence 23 4679 3 0.021 (0.003) 

Introns only 23 3694 2 0.017(0.003) 
G6PDjn0£iMME Total sequence 16 4679 0 0.00 

Introns only 16 3694 0 0.00 
G6PDmedIND Total sequence 5 4679 0 0.00 
Introns only 5 3694 0 0.00 

GAB3^ 
G6PDB Introns only 23 2983 1 0.003 (0.003) 
G6PDmedMME Introns only 15 2983 0 0.00 

0.103 (0.045) 1.116 0.976 9 0.870 (0.046) 
0.125 (0.055) 0.908 0.911 8 0.842 (0.054) 
0.115(0.052) 0.714 0.218 6 0.783 (0.072) 
0.126(0.059) 0.773 0.429 6 0.783 (0.072) 
0.116(0.069) 0.083 0.083 3 0.700(0.218) 
0.133 (0.081) 0.286 0.286 3 0.700 (0.218) 

0.054 (0.027) -0.010 -0.219 4 0.621 (0.083) 
0.059 (0.030) -0.010 -0.219 4 0.621 (0.083) 
0.030 (0.019) 1.911 1.044 2 0.500 (0.074) 
0.033 (0.021) 1.911 1.044 2 0.500 (0.074) 

0.00 0.00 0.00 1 0.00 
0.00 0.00 0.00 1 0,00 

0.017(0.011) 0.550 -0.174 4 0.577 (0.090) 
0.016(0.012) 0.177 -0.646 3 0.530 (0.071) 

0.00 0.00 0.00 1 0.00 
0.00 0.00 0.00 1 0.00 
0.00 0.00 0.00 1 0.00 
0.00 0.00 0.00 1 0.00 

0.009 (0.009) -1.161 -1.591 2 0 .087 (0.078) 
0.00 0.00 0.00 1 0.00 

•1̂  



GSPDmediND Intfons otily 5 2983 0 0.00 0.00 0.00 0.00 1 0.00 

G0.9Mf 
G6PDB Total Sequence 23 3069 3 0.019(0.005) 0.026(0.017) -0.740 -1.334 4 0.486(0.105) 
GGP^mecMME Total Sequence 16 3082 1 0.004(0.003) 0.010(0.010) -1.162 -1.453 2 0.125(0.106) 
G6m„ediND Total Sequence 5 3082 1 0.019(0.006) 0.016(0.016) 1.225 1.225 2 0.600(0.175) 

"Number of bp analyzed. ^Number of segregating sites. "^Tajima'sD. "^Fu and Li's D. ®Numberofhaplotypes. ^Haplotype diversity. 

^Surveyed region contained no coding sequence. Insertion deletion sites {Id02, Id06 mAMt03 in figure 2) were excluded from all 
analyses. 
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FIGURE LEGENDS 

Figure 1: Map of the loci surveyed in this study. Five resequenced windows are marked 

with hatch marks, 10 SNPs (A-J) that were genotyped are marked with dark ovals. 

Physical distances from G6PD are marked below the line. Coding strand orientation is 

marked with dark arrows. A diagram of G6PD is presented below the line in reverse 

orientation, with dark boxes representing exons. Shaded arrows mark amplification 

primer positions for the region that was resequenced at G6PD. The genotypes and amino 

acid states defined by the polymorphic sites 563 and 1311 for the alleles G6PD B, 

G6PDmerf MME and G6PDtned iND are depicted in white box. 

Figure 2: Table of polymorphism among 44 chromosomes from the Mediterranean and 

Middle East for 5 resequenced windows including G6PD, and the genotypes for 10 SNPs 

intermittently spanning a region of ~ 2 Mb centered on G6PD. Yellow and blue boxes 

represent the minor and major allele, respectively, for each segregating site. Grey boxes 

indicate missing data. Segregating sites in each of the resequenced windows are labeled 

across the top in sequential order, and independent SNPs are marked {A-J). The three 

primary alleles classes (G6PD B, G6PD;„erf mme and g6pdmed ind) are separated by fine 

white horizontal lines and bold vertical white Unes represent unsurveyed inter-locus 

regions. The distance from G6PD of each resequenced window is marked below the 

table of polymorphism (distances for independent SNPs A-J axe found in Table 2). N 

denotes nonsynonymous polymorphisms, and S denotes synonymous polymorphisms. (I) 

represents insertion/deletion polymorphisms at Id02, Id06 and Mt03 of sizes 2,1, and 13 
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bp, respectively. Alignment site Gd03 marked with the asterisk designates G6PD coding 

site 563, and Gd02 designates G6PD coding site 1311. Explicit nucleotide states for all 

polymorphisms are available on the Nachman lab website 

(http://eebweb.arizona.edu/faculty/nachman/saunders/publications/G6PD_MME/sites_tab 

le_MME.html). 

Figure 3: Schema depicting the shared long range haplotype for each of the three classes 

of alleles: G6PD B (white bars), G6PT>medMME (black bars) and G6PDnied/A® (hatched 

bars). Site 563 of G6PD is marked with a vertical broken line, and distances (kb) from 

G6PD are marked across the bottom. All LRHs were extended outward on either side 

from G6PD site 563 {i.e. Gd03 Figure 2), traced from the table of polymorphism in 

Figure 2. Each allele class (i.e. G6PD B, G^PDmedmme and G6VT>medind) was considered 

separately. For each locus outside of G6PD, the most common intragenic allele that 

maintained the shared LRH was marked. (Only within G6PD were haplotypes extended 

on an intragenic site-by-site basis). LRHs were not extended after the proportion of 

individuals with the shared LRH was ^.25 of the total sample size for the given group. 

Figure 4: Matrix of all pairwise values of |D'| for all sites excluding g6vt>med ind alleles. 

Segregating sites with a minor allele found in < 4 individuals were excluded from 

analyses. |D'| values are marked in accordance with the color legend at bottom. Asterisks 

inside boxes denote significant Fisher's exact test (p < 0.05). G6PD coding site 563 (i.e. 

target of selection) is marked in bold (Gd03). 
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Figure 5: Relative level of haplotype diversity (H,/) of g6?t>ned mme alleles / G6PD B 

alleles (dark line), and G6PDmed ind alleles / G6PD B alleles (light broken line) for each 

locus surveyed. 

Figure 6. Evolutionary analysis of the age and strength of selection for the g6pdmed mme 

allele. Results were obtained by combining the importance sampKng method of Slatkin 

(2001) for averaging over replicate sample paths with the method of Gamer and Slatkin 

(2002) for computing the probability of a configuration of long-range haplotype 

frequencies at two neighboring loci to G6PD (sites Id07 and SNP J\ Figure 2). An 

exponential growth rate of r = 0.005 and population size of 10,000 individuals were 

assumed. See SUBJECTS and METHODS for input data of haplotype configurations 

and recombination rates. For each point, 90,000 replicate sample paths were generated 

and 20 replicates of the Gamer-Slatkin program were run for each sample path, (a) Log-

likelihood of s, the hypothesized selective advantage of heterozygous carriers of the 

G6PD;„erf MME allele. Additive selection was assumed, {b) The posterior distribution of 

allele age (?i) for two selection coefficients consistent with the observations. 
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APPENDIX D: THE HIGH PREVALENCE OF G6PD DEFICIENCY IN KURDISH 

JEWS IS ATTRIBUTED LARGELY TO THE ACTION OF NATURAL SELECTION 

ABSTRACT 

Human population isolates often harbor relatively high frequencies of genetic 

disease alleles due to founder effects, inbreeding, and strong effects of genetic drift in 

small populations. Glucose-6-phostphate dehydrogenase (G6PD) deficiency is a 

common enzymopathy caused by different mutations in the coding sequence of G6PD. 

Many G6PD deficiency alleles are rare, yet some populations bear G6PD deficiency 

alleles at relatively high frequencies presvimably due to selection by malaria. Kurdish 

Jews exhibit an extraordinarily high frequency of a G6PD deficiency allele (q = 0.70). 

Given this population's history of relative isolation, and the known action of selection on 

G6PD in other populations, it remains unclear if the high fi-equency of G6PD deficiency 

among Kurdish Jews is due primarily to demography or natural selection. To answer this 

question we surveyed nucleotide variability in a population sample of 37 Kurdish Jews at 

G6PD, at loci neighboring G6PD, and at two unhnked loci {DMD and mtDNA HVRl). 

Patterns of nucleotide variability at all loci (except G6PD) are similar to patterns seen in 

other non-African populations. Furthermore, we observe long-range linkage 

disequilibrixim associated exclusively with the G6PD deficiency alleles. Together, our 

results suggest that the Kurdish Jews have not experienced a severe bottleneck or high 



levels of inbreeding that would yield atypical genome-wide patterns of nucleotide 

variability. Patterns of nucleotide variability at G6PD in Kurdish Jews appear to have 

been strongly influenced by natural selection. 
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INTRODUCTION 

Many genetic diseases are especially prevalent in specific human populations. A 

good example is the Finnish population which harbors many genetic diseases at 

frequencies of ~ 0.05 (Norio 1973; Kere 2001). Other examples include Samaritans, 

Amish and Hutterites which also have high frequencies of various diseases that are 

otherwise typically rare (Boime-Tamir 1997; Arcos-Burgos 2002). The occurrence of a 

high frequency disease allele in a particular population may be due to a founder effect, 

inbreeding or genetic drift in small populations; however, a high frequency of a specific 

allele could also be due to population-specific natural selection. In fact, such competing 

hypotheses have given rise to Uvely debates over the past several decades in the case of 

Ashkenazi Jews (Zoossmann-Diskin 1995; Rish et al. 1995; Zlotogora and Bach 2003; 

Risch and Tang 2003). This population harbors relatively high frequencies of multiple 

genetic diseases (e.g. Tay-Sachs and lysozyme storage diseases: Motulsky 1995), and 

some researchers hypothesized that this may be due primarily to natural selection 

(Zlotogora 1988; Motulsky 1995), while recent population genetic analyses suggest that a 

bottleneck and/or genetic drift are sufficient to explain the high frequencies of disease 

alleles among Ashkenazi Jews (Risch et al. 2003; Behar et al. 2004; Slatkin 2004). 

Examples of positive natural selection in humans are generally uncommon. 

However, selection may have strong locahzed effects on patterns of nucleotide variability 

that include a decrease in genetic variabiUty and a high frequency of alleles associated 

with the selected phenotype (Maynard-Smith and Haigh 1974). Distinguishing between 

the effects of selection and demography in shaping nucleotide variability may be 
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challenging because these two forces are not mutually exclusive and because their effects 

may be similar. Nonetheless, several recent studies have successfully identified 

signatures of recent positive natural selection in humans against the background of low 

nucleotide variability that is typical of human populations (e.g. Sabeti et al. 2002; 

Saunders et al. 2002; Toomajian et al 2003; Bersaglieri et al. 2004). 

Glucose-6-phosphate dehydrogenase (G6PD) deficiency is a well-described 

enzymopathy with manifestations that include neonatal jaundice and heamolytic anemia 

(Beutler 1994). Many rare G6PD deficiency alleles have been described worldwide 

(Kwok 2004). However, in some populations, G6PD deficiency alleles are found at a 

relatively high frequency despite disease phenotypes that are associated with these alleles 

(Beutler 1994). G6PD deficiency alleles confer some resistance to malaria (Roth et al. 

1983; Ruwende et al. 1995), and these alleles are maintained in human populations due to 

natural selection (Allison 1960; Ruwende et al. 1995; Tishkoff et al. 2001; Sabeti et al. 

2002; Saunders et al. 2002; Verrelli et al. 2002). In most of these populations G6PD 

deficiency alleles are at frequencies of 0.05 - 0.20 (Livingstone 1985). However, 

Kurdish Jews harbor a particularly severe G6PD deficiency allele, GSPDmed (C563T: 

enzymatic activity ~ 5% of normal; Vulliamy et al. 1988), at a frequency of ~ 0.70, the 

highest known frequency of G6PD deficiency among human populations (Cohen 1971; 

Oppenheim et al. 1993), representing one of the highest frequencies of any severe genetic 

disease in a human population. In contrast, non-Jewish Kurdish populations and other 

Jewish groups do not harbor G6PD deficiency alleles (or other known malarial resistance 

factors) at high frequencies. 
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Kurdish Jews emigrated in ~ 735 BC from Samaria (present day region of 

Northern Israel) to the area of Kurdistan (present day region that encompasses Northern 

Iraq, Western Iran, and Eastern Turkey). Kurdish Jews maintained cultural isolation 

from other populations over many generations and returned en masse to Israel in ~ 1950 

(Roth 1972; Brauer 1993; Levy 1999). Interestingly, Kurdish Jews also have a high 

frequency of jS-thalassemia (Rund et al. 1991), a condition that may also confer resistance 

to malaria (Flint et al. 1993). 

Is the remarkably high frequency of G6PD deficiency in Kurdish Jews 

attributable primarily to demography or to natural selection? Demographic processes are 

expected to affect all loci, while natural selection will affect particular alleles at a specific 

locus (Sabeti et al. 2001; Toomajian et al. 2003; Saunders APPENDIX B). Here we test 

the hypothesis that G6PD deficiency is at a high frequency among Kurdish Jews 

primarily due to a severe bottleneck and/or inbreeding (Oppenheim et al. 1993). We 

studied nucleotide variabiUty in a population sample of 37 Kurdish Jews at G6PD, at 

multiple loci surrounding G6PD, and at 2 loci unlinked to G6PD. Overall patterns of 

nucleotide variability provide no evidence for a severe bottleneck in Kurdish Jews, but 

they do provide evidence for recent selection at G6PD. 
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SUBJECTS AND METHODS 

Samples and loci surveyed: We sampled 37 um-elated male Kurdish Jews. 

Samples were obtained from a study of jS-thalassemia, and included either patients, or 

relatives of non-sampled patients. This sampling is not expected to present a bias with 

respect to G6PD deficiency as no significant association (negative or positive) has been 

found between G6PD deficiency and hemoglobinopathies in individuals of other 

populations {e.g. Bouanga et al. 1998). In fact, the frequency of G6PD deficiency in this 

sample was found to be 0.65, in concordance with previous estimates of the frequency of 

G6PDwerf in this population. The genotype and phenotype of the individuals with respect 

to G6PD deficiency were unknown a priori. Only males were used in order to 

vmambiguously resolve gametic phase across the X-chromosome. To survey nucleotide 

variability with respect to G6PD we resequenced contiguous regions from G6PD (5109 

bp) and from 2 neighboring loci in region Xq28: BGN (2889 bp) and LICAM (3227 bp) 

(Figure 1). These loci are not known to be under positive selection themselves, and have 

been previously utilized as neutral markers to delimit the long-range effects of selection 

at G6PD on nucleotide variability in genomic region Xq28 (Saunders et al. 2002; 

Saunders APPENDIX B; Saunders APPENDIX C). All primers were used as described 

by Saunders (APPENDIX B). We also genotyped independent SNPs (Table 1) at 

intermittent distances between the resequenced regions to define long-range haplotypes 

as described in Saunders (APPENDIX C). These SNPs were selected from the SNP 

Browser software (Applied Biosystemsj based on physical distance from G6PD, and 
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were genotyped following TaqMan® Assays-on-Demand(TM) protocols {Applied 

Biosystems). 

To look for genome-wide patterns of nucleotide variability that might be caused 

by demographic processes, we resequenced two unlinked loci in the same sample of 

Kurdish Jews: DMD intron 44 {DMD44) (2531 bp) and mtDNA hypervariable region 1 

(HVRl) (504 bp). DMD44 resides in genomic region Xp21 (Figure 1) and patterns of 

nucleotide variability at this locus suggest that it is evolving neutrally (Nachman and 

Crowell 2000). Furthermore, DMD44 is in a region of high recombination and therefore 

is likely to be fi-ee of the effects of selection at linked sites (Nachman and Crowell 2000). 

Primers for w^DNA HVRl and DMD44 were used as described in Behar et al. (2004) and 

Nachman and Crowell (2000), respectively. All DNA sequences were determined on an 

ABI3730 automated sequencer and contigs for each individual at each locus were 

assembled using the program SEQUENCHER (Gene Codes). Resequenced data have 

been deposited in Genbank (accession # XXXXXX-XXXXXX, XXXXXX-XXXXXX 

and XXXXXX-XXXXXX for Xq28 loci, DMD44 and m®NA HVRl, respectively). 

Sampling protocols were approved by the Human Subjects Committee at the University 

of Arizona. 

Nucleotide variability data analysis: We performed analyses on the total 

sample of Kurdish Jews (n=37), and two subsets of the data: individuals that were 

determined by resequencing to bear G6PDmed alleles (n=23), and individuals determined 

to bear G6PD B alleles (n=14). For each locus we calculated (Nei and Li 1979) and 0w 

(Watterson 1975) which estimate the neutral parameter 6 = 3Ne fi for X-linked loci, and 6 
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= 2Ne jtt for haploid loci {e.g. mtDNA) in a population at mutation-drift equilibrium, where 

Ne is the effective population size and jx is the neutral mutation rate. Tajima's D (Tajima 

1989) and Fu and Li's D (Fu and Li 1993) were calculated at each locus to describe the 

frequency spectrum of polymorphisms. These statistics consider the difference between 

the parameters and d^, and may be used to detect an excess of intermediate frequency 

or low frequency polymorphisms relative to the neutral equilibrium expectation in a 

random population sample (e.g. our total panel; n=37). For subsets of the panel {i.e. 

G6^Dmed or G6PD B individuals alone) we calculated nucleotide diversity {6-^ and d^) 

and statistics of the frequency spectrum of alleles to test for potential allele-specific 

patterns around G6PD. Haplotype diversity (H^) was calculated at each resequenced 

locus. Linkage disequilibrium was measured by |D'| (Lewontin 1964) between 

informative pairs of SNPs in region Xq28. 

For mtDNA HVRl we resequenced an additional n = 12 individuals to add 

statistical power to our inferences of demography, and we plotted the "mismatch 

distribution" (DiRienzo and Wilson 1991; Rogers and Harpending 1992) for this 

augmented sample of Kurdish Jews (n=49). This method describes the frequency 

spectrum of alleles by plotting the frequency of the number of differences between each 

pairwise comparison of alleles in the sample. This method has been commonly used in 

particular for mtDNA HVRl data due to the statistical power gained from the large 

number of segregating sites and lack of recombination at this locus. A Poisson 

distribution is consistent with a population expansion, and is characteristic of most-non-

African populations {e.g. DiRienzo and Wilson 1991). To fiirther look for patterns 
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caused by demography and to compare our results to mtDNA HVRl studies from other 

populations, we calculated Fu's Fs which compares the number of alleles in a sample to 

Btt (FU 1997). Although Tajima's D and Fu and Li's D may also be usefiil to describe the 

frequency spectrum of alleles and to detect non-equilibrium demographic processes 

(Tajima 1989; Fu and Li 1993), these methods have considerably less statistical power 

than Fu's Fs for detecting past demographic processes (Fu 1997), and therefore are rarely 

described in the literature with respect to mtDNA HVRl. We also calculated the 

raggedness (r) of the mismatch distribution plot (Harpending 1994). The mismatch 

distribution of most human populations is Poisson-shaped and smooth {i.e. low 

raggedness), while ragged distributions may indicate a constant-sized population at 

equilibrium or a bottleneck/founder effect (Cordaux et al. 2003; Excoffier and Schneider 

1999). For all measures of nucleotide variability, individuals with any missing data at a 

given locus were excluded from the analyses. All analyses of nucleotide variability were 

calculated using dnaSP 4.0 (Rozas and Rozas 1999) ox ARLEQUIN {Sdaneid-QX et al. 

2000). 

Reference panels: To identify patterns of nucleotide variability among Kurdish 

Jews that are atypical relative to other human populations (that are known not to have 

undergone severe founder effects), we compared the observed patterns of nucleotide 

variability among Kurdish Jews at each locus to available nucleotide data from other 

populations {i.e. "reference panels"). In particular, we compared nucleotide variability 

for individuals bearing G6PD B alleles among Kurdish Jews (G6PD BKJ) to individuals 

bearing G6PD B alleles from other non-African populations (G6PD BREF)- Natural 



selection on G6PD is only expected to affect nucleotide variability associated with 

G6PD^erf alleles, while effects of demography will affect all alleles in the population in a 

similar fashion. For BGN and G6PD we used a reference panel that consisted of 23 

individuals that bear G6PD B alleles from diverse localities in the Middle East and the 

Mediterranean region (Saunders APPENDIX C). For DMD44 and LlCAMv/e used a 

reference panel composed of 31 non-African individuals from Europe, Asia, and the 

Americas (Nachman and Crowell 2000; Saunders et al. 2002). For mtDNA HVRl we 

compared our results to patterns from samples of Ashkenazi Jews and Near Eastern non-

Jewish populations (Behar et al. 2004). Since these reference samples are distributed 

over large geographic regions, they are conservative for our purpose of detecting a 

bottleneck in Kurdish Jews. 
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RESULTS 

We estimated nucleotide variability in a population sample of Kurdish Jews at 

G6PD, at loci neighboring G6PD, and at 2 loci unlinked to G6PD, to assess genomewide 

patterns vs. locus-specific patterns of nucleotide variability. 

Nucleotide variability at g6pd: We resequenced a window of 5109 bp firom 

G6PD for a population sample of 37 Kurdish Jews (Figure 2). This surveyed region 

encompasses G6PD coding site 563 and has been studied in other panels fi-om Afiica 

(Verrelli et al. 2002; Saunders APPENDIX B), the Middle East (Saunders APPENDIX 

C), and a worldwide sample (Saunders et al. 2002). Twenty three of the Kurdish Jews in 

the sample bear the 563T mutation (site Gd04: Figure 2) that defines the deficiency allele 

G6VT)med- The remainder of the alleles had no nonsynonymous mutations, and thus were 

classified as G6PD B alleles. All G6PD^ed alleles in the sample bear the silent derived 

polymorphism (C131 IT) at coding site 1311 that is typical of most Middle Eastern 

G6?T>med alleles {GGS'TimedMME- Beutler and Kuhl 1990; Saunders APPENDIX C). The 

frequency of G6PDmerf in this sample is 0.65 (23/37), consistent with the frequency of 

G6PD deficiency alleles estimated based on other samples of this population (q =0.70: 

Cohen 1971). We measured nucleotide variability in three subsets of the data: (J) the 

total population sample, (ii) individuals bearing G6PD B alleles only, and {iii) individuals 

bearing G6PT>med alleles only. For the total population sample Ot(= 0.032% (Table 2). For 

G6PD B alleles from Kurdish Jews (G6PD BKJ) ^TT =0.026%, while the finding for G6PD 

B alleles from a non-African panel (G6PD BREF) is d-^ =0.021% (Table 2; Figure 3). No 

nucleotide variability is observed among G6PD;„erf alleles from the Kurdish Jews, as in 
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other studies of G6PD (Verrelli et al. 2001; Saunders APPENDIX C), and consistent with 

a young age of the G6?Dmed allele (Tishkoff et al. 2001). Tajima's D (and Fu and Li's D) 

showed no significant deviation from neutrality for the population sample of Kurdish 

Jews (Table 2); however, its value (TD = 1.7074) was relatively higher (more positive) 

than the value for the non-African reference panel (TD = 0.550), which is representative 

of a typical Caucasian population (Saunders APPENDDC C) (Figure 4). The inflated 

value of Tajima's D (not significant), which indicates a high level of intermediate 

frequency polymorphisms for the total Kurdish Jew panel, is a consequence of the 

unusually high frequency of G6PI^med alleles. When only G6PD BKJ alleles are 

considered, Tajima's D is lower (TD = 1.1151) (Table 2; Figure 4). Haplotype diversity 

for G6PD BKJ and G6PD BREF alleles is H,/ = 0.500 and 0.530, respectively, 

demonsfrating no significant difference between the two groups (Table 2). Overall, at 

G6PD, we see no significant difference between the G6PD BKJ alleles and G6PD BREF 

alleles in any patterns of nucleotide variability, while the frequency of G69T>med alleles 

among Kurdish Jews is unusually high. 

Nucleotide variability surrounding G6PD: To test for long-range patterns of 

nucleotide variability around G6PD in Kurdish Jews we resequenced regions from two 

loci {BGN and LICAM) in Xq28 (Figure 1) that have been shown in other populations to 

bear informative sites for observing effects of selection on G6PD (Saunders et al. 2002; 

Saimders APPENDIX B). LICAM exhibited very low levels of nucleotide variabihty (0,r 

=0.005%) and included only one segregating site (Table 2). A low level of nucleotide 

variability at ZiC4M was also found in a non-African panel (0ir =0.00%; Saunders et al. 
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2002), and in an African panel (6-^ =0.026%; Saunders APPENDIX B), demonstrating 

that low variability at Zi CAM is not unique to Kurdish Jews. Given the paucity of 

segregating sites at LI CAM, we used the single segregating site at this locus (Figure 2) 

only in considering the long-range haplotypes around G6PD (see below). In contrast to 

LI CAM, the surveyed region from BGN displayed an appreciable level of nucleotide 

variability. Nucleotide diversity was 0,r= 0.134, 0.135, 0.118 and 0.137, respectively, for 

the total Kurdish Jew sample, G6PD BKJ alleles, GSPDmed alleles and G6PD BREF alleles 

(Table 2; Figure 3). None of these values are significantly different from each other, and 

notable is the "normal" level of variability among G6PD BKJ alleles in comparison to 

G6PD BREF alleles (Figure 3). Tajima's D (and Fu and Li's D) for the total sample is not 

significantly different from the reference panel (Figure 4), and haplotype diversity for 

G6PD BKJ alleles (H^ = 0.872) also reflects similar values to the G6PD BREF panel (H^ = 

0.870). Although, is similar between G6PD BKJ alleles and G6PD;„erf alleles (Table 2), 

the representative haplotypes are different between the two groups. A single intragenic 

haplotype is most common among the G6V'T>med alleles and this haplotype is otherwise 

rare among the G6PD BKJ alleles (Figure 2). This difference is attributable to a 

conserved long-range haplotype centered on G6PD among the G6PDmed alleles (see 

following section). 

Long-range linkage disequilibrium in Xq28: To study Unkage disequilibrium 

around G6PD we genotyped 10 independent SNPs (Table 1) at varying distances around 

G6PD (Figure 1). Along with the segregating sites of the resequenced windows, we 

defined long-range haplotypes (LRHs) of G6PD^erf and G6PD B alleles among Kurdish 
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Jews. A long-range haplotype that spans from BGN to SNP J is found among 11/23 of 

the G6?Tymed alleles (assuming, conservatively, that the few missing data among the SNPs 

bear the most common allele) (Figure 2). This LRH {e.g. K_10 in Figure 2) spans >1.2 

Mb, and a significant conservation of this LRH likely extends further, at least in the 

telomeric direction as only a single G6PDmed individual (K_25) is seen to bear a different 

haplotype in this direction (Figure 2). LD between Bg09 (representing the common LRH 

for G61?T>me(d and Gd04 {i.e. G6PD coding site 563) is significant using a Fisher's exact 

test (p=0.02) with |D'| = 0.763. On the telomeric side, LD between Gd04 and SNP lis 

also similarly highly significant with |D'| = 0.858 (FET p= 0.000011). (This LD also 

extends to SNP J, however due to the missing data at this site we did not perform the 

analogous LD calculation). This strong LD is associated primarily with the G6VT>med 

alleles. When LD is calculated among the G6PD BKJ alleles only, significant intergenic 

(long-range) LD is observed maximally between SNP C and 5^^/(408 kb apart) (Figure 

5). 

Nucleotide variability at loci unlinked to G6PD: We surveyed nucleotide 

variability at two loci outside of Xq28 {DMD44 and mtDNA HVRl) to relate to patterns 

at G6PD, and to distinguish between locus-specific and genome-wide trends in the 

sample of Kurdish Jews. Nucleotide variability at DMD44 for the total sample, G6PD 

BKJ alleles and G^PDmed alleles is 0,= 0.141, 0.159 and 0.137%, respectively (Table 2). 

All these values are remarkably similar to each other and to a reference panel of 31 non-

Afiican G6PD B alleles {6-^ = 0.126; Nachman and Crowell 2000) (Figure 3). Tajima's D 

for the reference panel is 0.354, which is not significantly different from the values of 
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Tajima's D for the Kurdish samples (Table 2; Figure 4). Together, these results show no 

evidence of a highly skewed allele frequency at DMD44 for Kurdish Jews. 

Overall levels of nucleotide variability at mtDNA HVRl for Kurdish Jews {6-^ = 

1.1%) is similar to Ashkenazi Jews, non-Jewish Near Easterns, and Europeans (0,r = 

1.4%, 1.7% and 1.1% respectively: Behar et al 2004). MtDNA HVRl is commonly used 

to infer signatures of past demographic events by employing the "mismatch distribution" 

(DiRienzo and Wilson 1991; Harpending and Rogers 1992). We plotted the mismatch 

distribution for a sample of Kurdish Jews that included 48 individuals (excluding 

incomplete sequence from individual 0_02: Figure 6). Comparison of the mismatch 

distribution for Kurdish Jews relative to Ashkenazi Jews and non-Jewish Near Easterns 

for mtDNA HVRl reveals general similarity between the past demographic histories of 

these populations. The means of the distributions (T) are 6.2, 5.5, and 6.2, for Kiirdish 

Jews, Ashkenazi Jews, and Near Easterns, respectively, indicating a signature of a 

common Pleistocene expansion (Figure 5). Both Kurdish Jews and Ashkenazi Jews have 

a slight increase in the low (0 difference) class of the distribution relative to the non-

Jewish Near Eastern sample, possibly suggesting an old population bottleneck that is 

shared among Jewish populations (Behar et al. 2004). A severe founder effect or 

bottleneck is expected to erase the signature of a Pleistocene expansion (Excoffier and 

Schneider 1999), yet this signature is still obvious in the sample of Kurdish Jews. Fu's Fs 

for Kurdish Jews is -11.01 (p<0.001), and Harpending's raggedness index is r = 0.013: 

values that are similar to other populations that have not undergone severe bottlenecks 

(Excoffier and Schneider 1999; Behar et al. 2003). In contrast, some Ashkenazi 



populations show non-significant deviations from a constant population model with 

relatively high values of Fs (Fs »-5; p > 0.02) (Behar et al. 2004), suggesting that they 

are more likely than Kurdish Jews to have undergone a significant bottleneck. 
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DISCUSSION 

Kurdish Jews exhibit the highest frequency of G6PD deficiency alleles (0.70) of 

any surveyed human population (Cohen 1971, Oppenheim et al. 1993). G6PD deficiency 

alleles are maintained in some human populations because they confer protection against 

severe malaria. However, in populations where G6PD deficiency alleles have been 

shown to be subject to selection, their frequency typically ranges between 0.05 and 0.20, 

making the observed frequency of G6PD deficiency among Kurdish Jews exceptional. 

Furthermore, the specific deficiency allele that is found among Kurdish Jews, G6?T)med, 

is an allele with severe clinical manifestations; the enzyme activity is < 5% of normal 

(class II deficiency allele [WHO classification]: Vulliamy 1988). The aim of this study 

was to infer the relative contribution of demography and/or selection to patterns of 

nucleotide variability at G6PD among Kurdish Jews. 

Nucleotide variability at G6PD: An extreme founder event may result in a high 

frequency of deleterious alleles and a high level of homogeneity among alleles present in 

a sample. If a severe bottleneck and/or inbreeding have affected nucleotide variability 

among Kurdish Jews, we would expect to see a relatively high level of homozygosity 

among G6PD BKJ alleles. In confrast, if recent positive natural selection is acting on an 

allele (e.g. G6?T>med, it will rise in frequency quickly {i.e. partial sweep), and due to a 

hitchhiking effect, nucleotide variability will be erased only among the recently selected 

alleles (Maynard Smith and Haigh 1974). Importantly, this process will not affect 

nucleotide variability among the non-selected alleles {e.g. G6PD BKJ) (aside from the 

effect of reducing their intra-allelic effective population size). Both a founder effect and 
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recent selection predict low levels of variation among the G6?Y)med alleles. In fact, in 

other populations (without known founder effects), where a high frequency of G6PD 

deficiency is clearly attributed to the action of selection, almost no variability is observed 

among the selected alleles (Verrelli et al. 2002, Saunders et al. 2002; Saunders 

APPENDIX B; Saunders APPENDIX C). In Kurdish Jews, measures of nucleotide 

variabiUty {e.g. 0^^ and H^) for G6PD BKJ alleles are similar to measures of nucleotide 

variability from a reference panel of non-Africans (Figure 3), arguing against a severe 

founder effect and/or high levels of inbreeding among Kurdish Jews. As expected, due to 

the young age of G6?Dmed we observe no variation among this class of alleles. 

Linkage disequilibrium around g6pd: Under a scenario of a severe founder-

effect, relatively few founding chromosomes will contribute to the population. This will 

create a pattern of LD among the different "founding" long-range haplotypes in a 

population sample. Importantly, this process will affect all alleles in the population 

similarly. Under a scenario of recent natural selection, long-range LD is expected to be 

associated only with the common LRH of the selected allele (Sabeti et al. 2001; 

Toomajian et al. 2003; Saunders APPENDIX B). Here we defined long-range haplotypes 

(LRHs) roughly centered on G6PD in a region where LRHs of selected G6PD alleles 

have been previously identified in populations subject to malarial selection (Sabeti et al. 

2002; Saunders APPENDIX B; Saunders APPENDIX C). A LRH common to 11/23 of 

G6PD;„erf alleles spans a region >1.2 Mb and creates highly significant LD in the total 

sample (Figure 2). A similar-sized LRH associated with G6PD deficiency alleles is seen 

in the Middle East (Saunders APPENDIX C) and in Afiica (for G6PD A-; Saunders 



173 

APPENDIX B). In contrast, significant LD among the G6PD BKJ alleles spans 

maximally over a region of 0.408 Mb (Figure 6), a span that is similar to the result from a 

"normal" Middle Eastern panel around G6PD (Saunders APPENDIX C). The observed 

long-range LD that is associated only with G6VT>med alleles, reminiscent of other 

populations assumed to be subject to selection, lends support to the hypothesis that 

selection has shaped patterns of nucleotide variability around G6PD in Kurdish Jews. 

Nucleotide Variability at unlinked loci: A severe bottleneck would be expected 

to affect not only G6PD, but also other loci throughout the genome. To test this idea we 

examined nucleotide variability at DMD44, which is found on the short arm of the X-

chromosome (Xp21) and at mtDNA HVRl. Haplotype diversity and other measures of 

nucleotide variability in Kurdish Jews for both loci are remarkably similar to estimates 

from our reference panels derived from populations that have not experienced severe 

bottlenecks (Table 2; Figure 3; Figure 4). Since DMD44 exhibits relatively high levels of 

heterozygosity in most populations surveyed to date (Nachman and Crowell 2000), it 

may not be the best indicator of demographic effects. However mtDNA HVRl has been 

shown to provide good statistical power for inferring bottlenecks and population 

expansions using the mismatch distribution (Excoffier and Schnieder 1999; Behar et al 

2004). Inspection of this distribution for Kurdish Jews (Figure 5) shows a shape that is 

typical of many other non-African populations (DiRienzo and Wilson 1991): the mode is 

centered at T « 6 representing a Pleistocene expansion and the raggedness of the cvirve is 

low {r = 0.013). Although a precise theoretical expectation for the pattern of the 

mismatch distribution under a recent bottleneck is unclear, it should erase the signature of 
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a Pleistocene expansion (Rogers and Harpending 1992; Excoffier and Schneider 1997). 

For example, in South-hidian tribal populations that have a recorded history of 

inbreeding and small population sizes, the typical smooth Poisson distribution is not seen 

in the mismatch distribution of mtDNA HVRl (Cordaux et al. 2003). The mismatch 

distribution of Kurdish Jews does however exhibit a slight increase in the 0 difference 

class relative to other populations {e.g. non-Jewish Near Easterns and Europeans: Behar 

et al. 2004). Nonetheless, in comparison to the mismatch distribution of Ashkenazi Jews 

and other Jewish groups, we see a similar slight peak in the left tail of the distribution, 

consistent with a shared early bottleneck in the history of Jewish populations (Behar et al. 

2004). This comparison is of particular importance, because it suggests that Kurdish 

Jews and Ashkenazi Jews have experienced an early historical bottleneck on the same 

order of magnitude (possibly even the same event). Although Ashkenazi Jews have often 

been cited as having high fi-equencies of genetic disorders {e.g. Tay Sachs, Gaucher's 

disease), the frequency of these disease alleles is invariably < 0.03 (Motulsky 1995; 

Risch et al. 2003), in contrast to the extremely high frequency of G6PD deficiency among 

Kurdish Jews. Together, data from loci unlinked to G6PD in Kurdish Jews show no 

evidence of atypical patterns of nucleotide variability. This suggests that the pattern seen 

at G6PD is locus-specific. 

Selection at G6PD: Our results provide no evidence of a particularly severe 

founder effect and/or inbreeding in Kvirdish Jews. We suggest, therefore that natural 

selection played a major role in increasing the frequency of G69T>med among Kurdish 

Jews. Ashkenazi Jews have relatively high frequencies (0.008 < q < 0.030) of different 
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disease alleles (Motulsky 1995), and hypotheses have been presented to explain these 

patterns by inferring positive natural selection (Zlotogora et al. 1988). However 

mounting analyses of nucleotide variability data for these populations suggest that the 

frequency of these diseases can be explained by a mild bottleneck (Risch et al. 2003; 

Behar et al. 2004; Slatkin 2004). In contrast, the extraordinary frequency of G6PD 

deficiency among Kurdish Jews is not likely to be explained solely by a simple 

demographic model {i.e. a bottleneck or inbreeding). We note that the effects of 

demography and selection are not mutually exclusive, and some combination of these 

forces could also contribute to the observed patterns. 

With the data at hand, we may only speculate about more complex models that 

include the effects of both a mild bottleneck and selection. Given historical information, 

it is reasonable to speculate that Kurdish Jews might have experienced at least a mild 

bottleneck upon emigration to Kurdistan or prior to that date. Following a bottleneck, 

some low frequency mutations are expected to be lost from a population. Multiple 

genetic factors are known to affect susceptibility to malaria in humans, and are found at 

frequencies of < 0.25 (Migot-Nabias et al. 2000; Roberts and Williams 2003; Frodsham 

and Hill 2004). The interaction between these genetic factors remains unclear, yet an 

individual might benefit from having at least one resistance factor to malaria. If some 

factors are lost from a population following a bottleneck, then remaining resistance 

factors might be selected to increase in frequency as a compensatory effect. This 

"compensatory hypothesis" might explain the high frequency of G6PD deficiency among 

Kurdish Jews. Future tests of this hypothesis should include surveys of the allele 
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frequencies of the other known resistance factors to malaria in Kurdish Jews compared to 

other human populations. 

Unrecognized population-specific interactions with the environment could also 

potentially explain the high frequency of G6PD deficiency among Kurdish Jews. It is 

known that ingestion of specific drugs and food {e.g. fava beans) may have adverse 

effects on the G6PD deficiency phenotype (Etkin 2003). Kurdish Jews may be uniquely 

exposed to an agent {e.g. food) that has an unrecognized effect of decreasing the adverse 

manifestations of G6PD deficiency. This might reheve the clinical cost of bearing 

G6VT)med-, thus increasing the overall selection coefficient in the population and allowing 

the allele to rise in frequency beyond levels seen in other populations. This "gene by 

unique environment hypothesis" warrants detailed examination of the cultural traditions 

and historical living conditions of Kurdish Jews. 

The exact nature of selection remains unclear in this case. Malaria caused by 

Plasmodium falciparum is the typically recognized agent of selection on G6PD 

deficiency alleles. However, P. falciparum is not endemic, in general, in Kurdistan. 

Furthermore, non-Jewish Kurdistani populations do not exhibit high frequencies of G6PD 

deficiency nor hemoglobinopathies that confer resistance to malaria (Livingstone 1985). 

One explanation for this discrepancy is that some unidentified agent of selection other 

than malaria has acted on G6PD deficiency among Kurdish Jews. In some cases, a 

genetic resistance factor in humans may protect against multiple pathogens. For example 

the ACCR5 polymorphism provides resistance today to HIV type I, however it is likely to 

have increased in frequency in the past due to selection from a different agent of 



selection, possibly smallpox (Galvani and Slatkin 2003). Also, the Duffy null allele 

(FY*0) provides resistance to P. vivax and is near fixation in sub-Saharan Africa. 

However this polymorphism may have increased in frequency due to a different unknown 

pathogen (Hamblin et al. 2000). This explanation remains tentative for G6?Dmed, as we 

are unaware of any potential alternative agents of selection for G6PD deficiency. A 

second, more likely, explanation is that P. falciparum was a strong agent of selection in 

Kurdish Jews in the past. Historical records suggest that Kurdish Jews inhabited Samaria 

{i.e. present day Northern Israel) until their emigration to Kurdistan in ~730 BC (Levy 

1999). Parts of Northern Israel {i.e. the Hula Valley) have been notorious for hyper-

endemic P. falciparum until recent eradication efforts, and this past environment may 

have subjected the populations inhabiting this area to a strong regime of selection 

(Hershkovitz et al. 1991). The possibility that malaria is the likely agent of selection in 

this case is further supported by the fact that jS-thalassemia, another genetic resistance 

factor to malaria, is also at a high frequency among Kurdish Jews (q = 0.12), while 

haplotype diversity among surveyed /3-thalassemia alleles in Kurdish Jews is unusually 

high (Rund et al. 1991). In summary, multiple genetic resistance factors to malaria may 

have attained high frequencies among the ancestors of Kurdish Jews in the face of 

extreme endemic malaria in the past. 
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Table 1: Independent SNPs assayed in study. 

SNP 
label 

Distance 
from G5PD' 

NCBI SNP ID Celera ID Gene SNP Type 

A 710 rs2071123 hCV15868309 IDH3G Infron 
B 478 rsl 059701 hCV8966366 IRAKI Silent coding 
C 207 rs2239466 hCV2462509 TKTLl Intron 
D 135 rs915943 hCVl 1927620 RPLIO Intron 
E 52 rs2315325 hCV2198327 N/A Intergenic 
F 28 rs7611 hCV7493090 FAM3A 3'UTR 
G -100 rs4232906 hCV140027 SPCX Intron 
H -118 rs4326559 hCV25649404 CTAG2 Silent coding 
I -201 rs2728725 hCVl 5924058 GABS Intron 
J -390 rsl 936645 hCVl 1359203 F8 Infron 

^Distance from G6PD (kilobases) as determined by distance from G6PD coding sites 563 

found on NCBI contig NT_025965.12. 



Table 2: Summary statistics of nucleotide variability resequenced regions for Kurdish Jews and reference panels. 

Locus n h" S^ e,C(SD)(%) ew(SD)(%) FLD'' H/(SD) 
BGN 

Total sample Total sequence 37 2889 13 0.134(0.008) 0.108(0.030) 0.7817 0.0943 11 0.838 (0.036) 
Introns only 2160 11 0.156(0.009) 0.122(0.037) 0.8482 0.3767 10 0.824 (0.037) 

G6PD BKJ Total sequence 13 2889 10 0.135(0.013) 0.112(0.035) 0.8367 0.2007 7 0.872 (0.067) 
Introns only 2160 8 0.148(0.016) 0.119(0.042) 0.9422 0.3901 6 0.821 (0.082) 

G6PDmed Total sequence 24 2889 12 0.118(0.014) 0.111 (0.032) 0.2170 -0.2825 8 0.779 (0.065) 
Introns only 2160 11 0.138(0.017) 0.136(0.041) 0.0458 -0.4333 8 0.779 (0.065) 

G6PDREF Total sequence 23 2889 11 0.137(0.009) 0.103 (0.045 1.1160 0.9760 9 0.870 (0.046) 
Introns only 2160 10 0.159(0.013) 0.125 (0.055) 0.9080 0.9110 8 0.842 (0.054) 

LICAM 
Total sample Total sequence 35 3227 1 0.005 (0.002) 0.008 (0.008) -0.4983 0.5770 2 0.161 (0.079) 

Introns only 1841 1 0.009 (0.004) 0.013 (0.013) -0.4983 0.5770 2 0.161 (0.079) 
G6PD BKJ Total sequence 12 3227 0 0.00 0.00 0.00 0,00 1 0.00 

Introns only 1841 0 0.00 0.00 0.00 0.00 1 0.00 
G6PD„erf Total sequence 23 3227 1 0.007 (0.003) 0.008 (0.008) -0.2132 0.6287 2 0,237(0.105) 

Introns only 1841 1 0.013 (0.006) 0.015 (0.015) -0.2132 0.6287 2 0.237(0.105) 
G6PDREF Total sequence 31 3691 1 0.00 (0.003) 0.01 (0.007) -1.145 -1.681 2 

Introns only 2087 1 0.00 (0.003) 0.01 (0.007) -1.145 -1.681 2 

G6PD 
Total sample Total sequence 37 5109 4 0.032 (0.005) 0.019(0.009) 1.7074 1.0351 4 0.527 (0.075) 

Introns only 3694 2 0.020 (0.004) 0.013 (0.009) 1.1176 0.7802 2 0.378 (0.074) 
G6PD BKJ Total sequence 13 5109 3 0.026 (0.007) 0.019(0.011) 1.1151 1.0863 3 0.500(0.136) 

Introns only 3694 2 0.025 (0.006) 0.017(0.012) 1.2142 0.9528 2 0.462(0.110) 
GSPDmed Total sequence 24 5109 0 0.00 0.00 0.00 0,00 1 0.00 

Introns only 3694 0 0.00 0.00 0.00 0,00 1 0.00 



G6PDREF Total sequence 23 4679 3 0.021 (0.003) 0.017(0.011) 0.550 -0.174 4 0.577 (0.090) 
Introns only 3694 2 0.017(0.003) 0.016(0.012) 0.177 -0.646 3 0.530 (0.071) 

DMD^ 
Total sample Introns only 34 2531 12 0.141 (0.012) 0.116(0.033) 0.6904 0.4985 7 0.824 (0.036) 
G6PDBKJ Introns only 12 2531 12 0.159(0.023) 0.157(0.045) 0.0600 0.4525 6 0.864 (0.072) 

G6PDmed Introns only 22 2531 10 0.137(0.015) 0.108 (0.034) 0.9058 1.4086* 5 0.814 (0.041) 

G6PDREF Introns only 31 3000 19 0.125 (0.078) 0.112(0.060) 0.3535 

mtDNA 
Augmented sample Total Sequence 48 503 42 1.130(0.079) 1.881 (0.589) -1.4213 -1.3840 26 0.957 (0.014) 
Total sample Total Sequence 36 503 40 1.222(0.083) 1.918 (0.633) -1.2961 -1.1241 22 0.963 (0.015) 
G6PDBKJ Total Sequence 13 504 27 1.277(0.171) 1.726(0.715) -1.1352 -1.2781 12 0.987 (0.035) 

G6PD^ED Total Sequence 23 504 33 1.217(0.099) 1.774(0.645) -1.2014 -0.6629 15 0.960 (0.022) 
Ashkenazi Jews Total Sequence 528 359 N/A 1.4(0.007) 118 0.957 (0.003) 
Near Eastern Total Sequence 327 359 N/A 1.7 (0.009) 221 0.992 (0.002) 

"Number of bp analyzed. 'TS^umber of segregating sites. ''Tajima'sD. ''FU and Li's D. T^umber of haplotypes. 4laplotype diversity. 

'^Surveyed region contained no coding sequence. 

^Augmented sample (see SUBJECTS and METHODS) 

G6PDREF samples represent non-African "reference panels" for respective loci. For mtDNA HVRl, the Ashkenazi Jews and Near 

Eastern (non-Jewish) samples are from Behar et al (2004) (see SUBJECTS and METHODS). 



187 

FIGURE LEGENDS 

Figure 1: Loci sampled on the X chromosome. In region Xq28, three windows were 

resequenced (BGN, LlCAMmd G6PD-, hatch marks), and 10 independent SNPs were 

genotyped (Table 1; ovals). DMD, a locus unlinked to G6PD, was also resequenced. 

The distance of each resequenced locus from G6PD is marked below the hne. The G6PD 

gene is depicted in inverted transcription orientation with black boxes representing exons. 

Shaded bar represents the resequenced region. G6PD coding site 563, that defines the 

alleles G6PD B and G6PD;„erf, is marked with a white arrow and the respective amino 

acids are given in parentheses. 

Figure 2: Table of polymorphisms of X-linked loci surveyed. Polymorphic sites are 

shown for G6PD, BGN, LI CAM, DMD, and 10 SNPs (labeled ̂ 4-7) located around 

G6PD. Shaded bar underlines loci in region Xq28. Yellow and blue boxes represent the 

minor and major alleles in the sample, respectively, for each segregating site. Grey boxes 

indicate missing data. The two primary allele groups (G6PD B, G6VT>med) are separated 

by a fine white horizontal line. Vertical bold white lines represent unsurveyed inter-locus 

regions. The distance from G6PD for each resequenced window is marked below the 

table of polymorphism. (N) represents nonsynonymous polymorphism, (S) represents 

synonymous polymorphism. Segregating sites in each of the resequenced windows is 

labeled across the top in sequential order. Alignment site Gd04 marked with the asterisk 

designates G6PD coding site 563 {GdOl designates G6PD coding site 1311). Explicit 

nucleotide states for all polymorphisms are available on the Nachman lab website 



188 

(http ://eebweb. arizona. edu/faculty/nachman/saunders/publications/G6PD_KJ/ sites_table_ 

KJ.html). 

Figure 3: Nucleotide variability {6-^ for Kurdish Jews (KJ) relative to reference panels 

of non-African G6PD B alleles. For BGN and G6PD the reference panel is from diverse 

locaUties in the Mediterranean and Middle East (n = 23; Saunders APPENDIX C). For 

DMD the reference panel is from a worldwide panel of non-African individuals (n = 31; 

Nachman and Crowell 2000) that bear G6PD B alleles (Saunders et al. 2002). Nucleotide 

variability is shown for the total sample of Kurdish Jews (hatched bars), Kurdish Jew 

samples bearing G6PD B alleles only (shaded bars), and Kurdish Jew samples bearing 

G6PD^erf only (bold bars). 

Figure 4: Tajima's D for Kurdish Jews (KJ) and reference panels of non-African 

individuals bearing G6PD B alleles (see figure 3 for details). 

Figure 5: Mismatch distribution for mtDNA HVRl for a sample of Kurdish Jews (KJ; n 

= 48) and reference panels from Behar et al. (2004): Ashkenazi Jews (AJ; n = 528) and a 

Near Eastern non-Jewish sample (NE; n = 327). Sample 0_02 from Kurdish Jews was 

excluded from the analysis due to missing data from this individual. 

Figure 6: Matrix of pairwise values of |D'| for all non-singleton sites among the G6PD B 

alleles of Kurdish Jews. The sites are labeled as in Figure 2. Values of |D'| are marked in 
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accordance with the color scheme of the legend. Significant associations based on 

Fisher's exact test (p < 0.05) are marked with an asterisk within the respective box. 
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Figure 3: 
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Figure 4: 
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