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Adaptive Evolution of UGT2B17 Copy-Number Variation

Yali Xue,1 Donglin Sun,1,4 Allan Daly,1 Fengtang Yang,1 Xue Zhou,1,5 Mengyao Zhao,1 Ni Huang,1

Tatiana Zerjal,1,6 Charles Lee,2,3 Nigel P. Carter,1 Matthew E. Hurles,1 and Chris Tyler-Smith1,*

The human UGT2B17 gene varies in copy number from zero to two per individual and also differs in mean number between populations

from Africa, Europe, and East Asia. We show that such a high degree of geographical variation is unusual and investigate its evolutionary

history. This required first reinterpreting the reference sequence in this region of the genome, which is misassembled from the two dif-

ferent alleles separated by an artifactual gap. A corrected assembly identifies the polymorphism as a 117 kb deletion arising by nonallelic

homologous recombination between ~4.9 kb segmental duplications and allows the deletion breakpoint to be identified. We rese-

quenced ~12 kb of DNA spanning the breakpoint in 91 humans from three HapMap and one extended HapMap populations and

one chimpanzee. Diversity was unusually high and the time to the most recent common ancestor was estimated at ~2.4 or ~3.0 million

years by two different methods, with evidence of balancing selection in Europe. In contrast, diversity was low in East Asia where a single

haplotype predominated, suggesting positive selection for the deletion in this part of the world.
Introduction

Copy-number variation (CNV)—the existence of segments

of DNA longer than 1 kb with>90% sequence identity that

differ in the numbers of copies between the genomes of

different individuals—is now recognized as a major source

of variation in the human genome.1 It affects more nucle-

otides per genome than SNP variation2 and contributes sig-

nificantly to variation among normal individuals, both in

levels of gene expression3 and in phenotypes of medical

relevance.4,5 There are also substantial copy-number differ-

ences between humans and great apes6 and in at least

some cases, these appear to result from positive selection

acting on genes within the differential segments;7 CNV

has therefore contributed to evolutionary changes over

the last few millions of years and seems likely to have

played a part in more recent evolution as well, but its

impact remains poorly understood. Some CNVs show un-

usually high levels of population differentiation,8,9 often

but not always10 a sign of positive selection within a subset

of the populations, but definitive evidence of the influence

of natural selection has been lacking. It is therefore neces-

sary to evaluate further the contribution of CNV to the

evolutionarily important variation found in humans.

The number of documented CNVs has increased sub-

stantially over the last few years and a recent worldwide

survey reported 1447 CNVs in the 270 individuals from

the four HapMap populations.2 In order to determine

whether a particular CNV has spread because of an evolu-

tionary advantage or neutral genetic drift, we can investi-

gate whether it carries the signature of positive selection,

using the approaches developed for detecting selection at

SNPs.11 In addition to high levels of population differenti-
ation, these include unusually long haplotypes, skewed al-

lele frequency spectra, and an excess of functional changes

and are best assessed by resequencing the relevant segment

of DNA in multiple individuals.11 However, in order to ap-

ply these methods to CNVs, we need to take into account

some additional factors. CNVs tend to be associated with

both segmental duplications (SDs) and gaps in the current

genome assembly;2 furthermore, a CNV detected by com-

parative genomic hybridization may have arisen by more

than one mutational event.

We set out to evaluate the feasibility of applying stan-

dard methods for detecting selection to CNVs, choosing

as an initial candidate from the worldwide survey2 the

CNV that involved the UDP-glucuronosyltransferase

2B17 (UGT2B17) gene (MIM *601903). Three consider-

ations led to this choice. First, it has strong biomedical

interest, making it a plausible target for natural selec-

tion. The UGT2B17 enzyme metabolizes steroid hor-

mones (including testosterone) and a large number of

xenobiotics, so the CNV is associated with variation in

urine testosterone level,12 male insulin sensitivity, fat

mass,13 and according to some14,15 but not all16,17 stud-

ies, prostate-cancer risk. These phenotypic effects are

likely to be mediated by variation in expression level,

which, in lymphoblastoid cells at least, is proportional

to gene dosage.18 Second, it lies in a complex genomic

region showing both a >200 kb segmental duplication

and an assembly gap (e.g., see UCSC Genome Browser

chr4: 69,000,000–69,700,000), so would provide insights

into some of the complexities of analyzing CNV struc-

tures. Third, it nevertheless promised to be both evo-

lutionarily interesting and tractable. It showed large

frequency2,19 and expression20 differences between
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populations, could be genotyped by CGH2 or a simple

PCR assay19 and was tagged by the SNP rs3100645,20

suggesting a single predominant pair of haplotypes.

We have therefore undertaken an evolutionary analysis

of this CNV.

Material and Methods

DNA Samples
DNAs were from the HapMap and extended HapMap popula-

tions21 and HGDP-CEPH diversity panel,22 in which the H952

subset23 was used. The samples sequenced were 23 Yoruba from

Ibadan, Nigeria (YRI), 23 Chinese Han from Beijing (CHB),

22 CEPH Utah residents with ancestry from northern and western

Europe (CEU), and 23 Luhya from Webuye, Kenya (LWK). DNAs

were purchased from the Coriell Institute for Medical Research

(Camden, NJ, USA). In addition, one chimpanzee (Pan troglodytes)

sample from the ECACC (Salisbury, Wiltshire, UK) was included

as an outgroup.

Data Generation
Genotyping of the UGT2B17 Deletion

The C and J primer pairs19 were combined into a duplex reaction

generating a 316 bp fragment from within the UGT2B17 gene and

884 bp fragment spanning the deletion breakpoint, respectively.

Individuals homozygous for the presence of UGT2B17 showed

a single 316 bp band, individuals homozygous for the deletion

showed a single 884 bp band, and heterozygotes showed both

bands. PCRs were carried out in a 20 ml reaction volume contain-

ing 13 Invitrogen PCR buffer with 4 mM MgCl2, 200 mM of

each dNTP, 0.6 U Platinum Taq DNA polymerase, 0.5 mM C

primers, 1.5 mM J primers, and 60 ng genomic or whole-genome-

amplified DNA. The cycle conditions were 95�C for 15 min, 15 cy-

cles of 95�C for 30 s, 62�C for 30 s decreasing by 0.5�C each cycle,

72�C for 30 s, and then 20 cycles of 95�C for 30 s, 55�C for 30 s,

and 72�C for 30 s, finishing with extension at 72�C for 5 min.

Products were analyzed by electrophoresis on a 1.5% agarose gel

containing ethidium bromide.

Resequencing

Proximal and distal fragments were amplified by long PCR with

one primer within the SD and one in the flanking unique se-

quence (Table S1 available online). Reactions (15 ml) contained

1 3 Invitrogen PCR buffer, 2 mM MgSO4, 200 mM each dNTP,

0.6 U Platinum Taq DNA polymerase High Fidelity (Invitrogen,

Paisley, UK) 0.4 mM each primer, and 125 ng genomic DNA. A

touchdown protocol was used beginning with 2 min denaturation

at 94�C, followed by 15 cycles of 94�C for 30 s, 68�C for 30 s (de-

creasing by 0.5�C each cycle), and 68�C for 6 min, followed by 20

cycles of 94�C for 30 s, 58�C for 30 s, and 68�C for 6 min, and fin-

ishing with extension at 68�C for 7 min. Nested PCR products of

~500–700 bp length overlapping by ~200–400 bp were then am-

plified with the primers in Table S1; each 15 ml PCR contained

0.5 ml of 400 3 diluted long PCR products, 0.5 U Platinum Taq (In-

vitrogen), 1 3 buffer (Invitrogen), 1.6 mM MgCl2, and 10 pmol of

each primer, 200 mM of each dNTP, and the cycle conditions were

94�C for 6 min, 35 cycles of 94�C for 45 s, 57�C–60�C for 45 s,

72�C for 1 min 30 s, then 72�C for 3 min. Products were sequenced

on both strands by the Sanger Faculty Small Sequencing Projects

Group with AB3730 capillary sequencing technology. Potential

variable positions were flagged by the Mutation Surveyor v.2.0
338 The American Journal of Human Genetics 83, 337–346, Septem
software (SoftGenetics, PA, USA) and checked manually. Four

blind duplicates were included for quality control and showed

complete concordance. Only one HapMap SNP (rs3100645) was

present in the sequenced region, and it also showed complete con-

cordance with the sequencing results from the YRI, CHB, and CEU

samples.

Fiber-FISH was carried out as described previously24 with the

BAC clones Chr4tp-17G4 and Chr4tp-1B5 to hybridize to

GM19203 preparations, homozygous for the presence of the

UGT2B17 gene.

Statistical Analyses
Regions chosen from the reference sequence were compared with

Dotter.25 FST was calculated with the R package HIERFSTAT.26 LD

was evaluated with Haploview27 and haplotypes were inferred

with PHASE 2.1.28,29 Median-joining networks30 were constructed

from the inferred haplotypes with Network 4.15. Coalescent sim-

ulations were performed with the program ‘‘ms’’31 incorporating

best-fit demographic parameters for each population32 without re-

combination because our analyses concentrated on regions of

high LD and were converted to demographic settings as previously

described (Supplementary Table 4 of Helgason et al.33). Custom C

codes were used to evaluate the summary statistics Tajima’s D,34 Fu

and Li’s D, D*, F and F*,35 Fay and Wu’s H,36 and Fu’s Fs.37 Time to

the most recent common ancestor (TMRCA) was estimated with

GENETREE.38 This program requires infinite-sites compatible

data, and so we first ran PRUNE (kindly provided by R.C. Griffiths,

Oxford) on the ~3.0 kb unique region (described below) and

needed to remove only one haplotype in order to produce

a gene tree. We then estimated theta with a model of three popu-

lations (African [YRIþLKW], European [CEU], and Asian [CHB])

using 10,000 simulations to be 2.055 (Ne ¼ 12,400 with chimpan-

zee-human split 6.5 million years ago). Finally, with this value of

theta and the populations connected by the migration rates

suggested by the best-fit demographic model,32 we estimated

the TMRCA by using ten runs each of 10 million simulations

and chose the run with the lowest standard deviation, as

recommended.38

Results

Because the main criterion used thus far for identifying

evolutionarily interesting CNVs has been an unusually

high degree of population differentiation,8,9 we first evalu-

ated the UGT2B17 CNV in the same way. Reanalysis of the

WGTP CGH data2 showed that UGT2B17 was indeed an

extreme outlier (Figure 1A). Assessment with the residuals

from a least-squares regression analysis, the basis for recog-

nizing positive selection at the AMY1 locus,9 ranked

UGT2B17 as the fifth most extreme outlier out of 2404

copy-number-variable clones (p < 0.002; Figure 1B). The

UGT2B17 CNV is a binary polymorphism, so it can also

be compared with SNP data. Because it was chosen from

a CNV-discovery experiment, we compared it with SNPs

from SNP discovery (i.e., resequencing) experiments such

as analyses of the neutral ENCODE regions39 in the same

populations. Mutational mechanisms differ between

CNVs and SNPs, but evidence presented below suggests

that the UGT2B17 CNV has a single origin like most
ber 12, 2008



SNPs, and recurrent CNV mutation would be likely to re-

duce FST, making our comparison conservative. The ob-

served UGT2B17 YRI-CHB FST value was 0.583, and the fre-

quency of the deleted allele in the combined YRIþCHB

sample was 0.468. In the ENCODE neutral regions, there

were 1036 SNPs with derived allele frequencies in this

range (0.368–0.568), and 95% of them showed FST values

below 0.577, indicating that the observed UGT2B17 value

is significantly higher than expected if a single-tailed test

and 5% significance value are used. A similar result was

found with the Perlegen data40 in which 95% of 4864

Figure 1. The BAC Clone Containing UGT2B17 Shows Unusu-
ally High Population Differentiation in CGH Experiments
The mean log2 ratios of the copy-number-variable BAC clones in
the YRI and CHB were compared and the UGT2B17-containing
BAC stood out (filled symbol, arrow, top) and was an outlier
when residuals from a regression analysis were examined (arrow,
bottom).
The American
SNPs with derived allele frequencies 0.466–0.470 in the

African American þ Chinese American population pair

showed FST values < 0.561. However, if a two-tailed test

were applied, the observed FST value would not be signifi-

cant in either comparison. Nevertheless, these results to-

gether seemed to indicate an unusual level of population

differentiation, and we wished to investigate further the

possible underlying selective pressures. The most powerful

information would be obtained by resequencing a segment

of DNA containing the CNV. This required understanding

its structure in sufficient detail to choose the appropriate

region.

Structure and Distribution of the UGT2B17 CNV

In the current assembly of the human reference sequence

(build 36), UGT2B17 lies in a large duplicated region con-

sisting of ~367 kb and ~250 kb segments: The two SDs

are separated by a gap and the proximal one carries

a copy of UGT2B17 with its flanking sequences, whereas

the distal one does not, thereby accounting for the differ-

ence in size (Figure 2). Dotter analysis showed that the seg-

mental duplication boundaries correspond precisely to the

location of the gap in the assembly (results not shown), so

we used fiber-FISH to investigate the possibility that this

large duplication might represent an artifact created by

misassembly. The results (Figure 2) show that a region

that is predicted to be duplicated by the reference sequence

is actually present only once. We therefore conclude that

the reference sequence is misassembled from the two dis-

tinct alleles and, consequently, that neither the large dupli-

cation nor the gap are true features of the region. There is,

however, a ~4.9 kb SD flanking the 117,339 bp region con-

taining the UGT2B17 gene. Because a UGT2B17 gene is

present in the chimpanzee,41 the ancestral state is likely

to be the presence of the gene, and the derived state is de-

duced to be the deletion. Comparison of the two copies of

the SD flanking the UGT2B17 gene with the single copy

carried by the deleted allele suggests that the deletion re-

sulted from nonallelic homologous recombination be-

tween the two ~4.9 kb repeats at a position ~3.1–3.2 kb

into the SD.

A PCR assay has already been described for the presence

or absence of the UGT2B17 gene,19 and we tested the

HapMap samples using a modified version of this assay

in order to compare the results with the array-CGH geno-

types.2 We observed perfect concordance, demonstrating

both the reliability of the two assays and the sharing of

a single structure by all the deletion alleles in this set,

most likely reflecting a single origin. This is consistent

with the small size of the SDs and their limited sequence

identity (~95%), which would not promote nonallelic ho-

mologous recombination very efficiently.

We then used the PCR assay to test a larger number of

populations representing worldwide diversity provided in

the HGDP-CEPH diversity panel.22 In agreement with pre-

vious, more limited surveys,12,19 we observed large differ-

ences in frequency between populations (Figure 3). The
Journal of Human Genetics 83, 337–346, September 12, 2008 339



Figure 2. Reinterpretation of the Ref-
erence Sequence surrounding UGT2B17
The reference sequence in this region con-
tains a large gap (white bar) flanked by
large segmental duplications (red and
gray bars) carrying copies of the
TMPRSS11E and UGT2B15 genes. The
UGT2B17 gene lines in a 117 kb insertion
into the left segmental duplication. This
structure predicts that a BAC clone within
the red segmental duplication (Chr4tp-
1B5) should show two signals in a fiber-
FISH experiment, but only one was ever
observed. Consequently, we suggest that
the large segmental duplication does not
exist and the reference structure repre-
sents a misassembly of an allele containing
(left) and lacking (right) UGT2B17.
deletion was in general rare in African and European pop-

ulations and common in East Asian populations; for popu-

lation samples more than ten, it ranged from 14% in the

Yoruba from Nigeria to 92% in the Japanese; both of these

samples are independent of the HapMap samples from

the same populations but show similar frequencies. Inter-

estingly, however, the deletion frequency was high in the

San sample, hunter-gatherers from southern Africa. If con-

firmed in a larger sample, this finding would point to an

unusual distribution in this population, meriting further

investigation. These differences led to a worldwide FST

value between 0.171 and 0.198, depending on the group-

ing scheme (Table 1). This is considerably lower than the

value obtained above in which two of the most extreme

populations were used, as expected. To evaluate its signifi-

cance, we again used an empirical test. We extracted the

1351 SNPs with average minor allele frequencies per popu-

lation between 0.4 and 0.5 (matching 0.42–0.47 for

UGT2B17, depending on the grouping) from the HGDP-

CEPH data42 and found that for any grouping scheme,

97.5% of the FST values lay below 0.054 (Table 1). Thus

UGT2B17 shows exceptionally high population differenti-

ation.
Neutrality Tests

With an understanding of the structure of the region and

the deletion breakpoints, we could amplify segments of

DNA immediately flanking the deletion (6.4 kb proximal

and 5.8 kb distal) and resequence them in a set of 91 indi-

viduals from four populations. The distal region showed

low LD, both across its length and with respect to the

UGT2B17 CNV (Figure 4), and so the analyses presented

below concentrated on the proximal region, where LD

was high across the entire 6.4 kb. A total of 102 polymor-

phic sites were found, and the nucleotide diversity was

41 3 10�4, more than five times the average for chromo-

some 4,43 and far above the highest value encountered

among the 308 genes resequenced by the SeattleSNPs pro-

ject, 30 3 10�4 for ABO (Table 2). Unusually, the highest

value was in the CEU (45 3 10�4); the lowest was in the

CHB (13 3 10�4) with the two African populations in be-

tween. Because the genes included in the SeattleSNPs pro-

ject might be subject to purifying selection and thus be

unrepresentative of a noncoding region such as the one

under study, we also compared our result with the diversity

of 5 kb segments from the largely noncoding ENCODE re-

gion ENr321. It was also far higher than the most diverse of
Figure 3. Distribution of the UGT2B17
CNV Frequency in the HGDP-CEPH Popu-
lation Samples
Note the high frequency of the gene in
most African populations, intermediate
frequency in Europe/West Asia, and low
frequency in East Asia.
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these (16 3 10�4). Tajima’s D for the worldwide set was

þ1.42, higher than all but two of the worldwide values

for the SeattleSNPs genes, whereas individual populations

showed very different values: from þ3.13 in the CEU

(higher than any CEPH SeattleSNPs gene) and þ1.60 in

the YRI (higher than all but one African American Seat-

tleSNPs gene) to �1.48 in the CHB (which has no equiva-

lent population in SeattleSNPs, but was significantly lower

than expected under neutrality). All values of Fu and Li’s D,

D*, F, and F* were positive and significantly so in many of

the individual populations, particularly in the CEU; Fay

and Wu’s H was significantly negative in the CHB but did

not differ from neutral expectation in the other popula-

tions. Note that these assessments of significance incorpo-

rate the appropriate Schaffner et al.’s32 best-fit model of the

Table 1. FST Values of UGT2B17 and Common SNPs in the
HGDP-CEPH Panel

FST

Common SNPs42

Grouping Scheme UGT2B17 95th Percentile 97.5th Percentile

52 populations (as HGDP) 0.196 0.047 0.051

32 populations

(as Figure 3)

0.198 0.048 0.054

7 geographic regionsa 0.171 0.042 0.049

5 genetic regions

(as Rosenberg et al.56)

0.179 0.045 0.053

a Sub-Saharan Africa, North Africa, Middle East, Asia, Oceania, Europe, and

America.
demography of each population. These models include

a moderate African bottleneck, a more severe out-of-Africa

bottleneck shared by Asians and Europeans, and interme-

diate later Asian-specific and European-specific bottle-

necks, together with a large postindustrial expansion.

Taken at face value, these summary statistics suggested

a highly unusual evolutionary history for the region, and

one that differed between populations. The negative Taji-

ma’s D and Fay and Wu’s H in the CHB, for example, could

indicate positive selection, whereas the significantly posi-

tive Tajima’s D in the CEU could indicate balancing selec-

tion, although before reaching such conclusions other

explanations still have to be evaluated.

In particular, we needed to consider another potentially

confounding factor: the segmentally duplicated nature of

part of the region resequenced and thus the possibility

that gene conversion might have contributed to its com-

plex history. Two approaches could be considered: We

might model a neutral evolutionary history incorporating

gene-conversion events and compare our results with its

predictions; however, such models are not well developed.

Alternatively, we might focus on the variants exempt from

gene conversion and compare their analysis with that of

the whole region. To explore this second option, we first vi-

sualized the relationships of the inferred haplotypes by us-

ing a median-joining network. The network (Figures 5A

and 5B) showed low levels of reticulation, reflecting the

high LD throughout the 6.4 kb region and several striking

and unusual features: (1) Haplotypes were spread over

a large area, reflecting the unusually high diversity of the

region. (2) Strong clustering was evident, with the
Figure 4. Sequence Analysis of the
UGT2B17 Deletion Breakpoint
The UGT2B17 gene is flanked by two ~4.9 kb
segmental duplications (SDs, orange)
~117 kb apart, and nonallelic homologous
recombination between them led to dele-
tion of the gene. Long PCR products were
designed for amplification of the adjacent
sequences, with one primer in the SD and
one in the flanking unique sequence. The
pattern of LD found after resequencing
the amplified region in 91 individuals is
shown at the bottom. Note the high proxi-
mal LD (left, predominant red color) and
low distal LD (right).

The American Journal of Human Genetics 83, 337–346, September 12, 2008 341



Table 2. Summary Statistics

Sample Characteristics Allele Frequency Distribution Tests Haplotype Test

Sample
Size

Polymorphic
Sites

Nucleotide
Diversity
3 104

ThetaW
3 103

Tajima’s
D

Fu and
Li’s D

Fu and
Li’s D*

Fu and
Li’s F

Fu and
Li’s F*

Fay and
Wu’s H

(p value) Fu’s Fs

Whole Region, All SNPs

All populations 182 102 40.9 2.81 1.42 1.40 1.32 1.69 1.63 �8.39 (0.12) �0.42

YRI 46 78 41.0 2.83 1.60** 1.28** 1.14* 1.72* 1.56** �5.22 (0.15) 3.72*

LWK 46 86 35.5 3.12 0.49 1.64** 1.44** 1.44* 1.31* �16.32 (0.07) 1.47

CEU 44 65 44.7 2.38 3.13** 1.97** 1.73** 2.95* 2.66** 1.96 (0.41) 7.92*

CHB 46 62 13.1 2.25 �1.48* 1.79** 1.58* 0.62 0.56 �48.47 (0.00)** 5.66

Deleted, all 90 34 5.7 1.07

Deleted,

African

32 27 8.0 1.07

Deleted,

non-African

56 16 3.5 0.55

Deleted, CHB 43 9 2.5 0.33

Unique Region, 3 kb

All populations 182 27 16.6 1.56 0.19 �0.57 �0.54 �0.30 �0.29 �2.73 (0.06) 0.44

YRI 46 17 17.9 1.29 1.22* 0.39 0.39 0.82 0.79 �3.06 (0.05)* 2.76*

LWK 46 19 14.0 1.44 �0.09 1.79** 1.66** 1.34* 1.26** �6.45 (0.02)* 1.56

CEU 44 12 18.2 0.92 2.97** 1.56** 1.48 2.44* 2.32** 0.42 (0.41) 9.71**

CHB 46 15 5.7 1.14 �1.56* 0.20 0.22 �0.50 �0.45 �9.09 (0.01)** 0.48

Deleted, all 90 6 1.9 0.39

Deleted,

African

32 4 2.9 0.33

Deleted,

non-African

56 4 1.0 0.22

Deleted, CHB 43 4 1.0 0.23

Italics are used to denote p < 0.05 by comparison to SeattleSNPs empirical data (only for All, YRI, LWK, and CEU populations; nucleotide diversity and

Tajima’s D).

*p < 0.05; **p < 0.01 by comparison to best-fit demographic model.
undeleted chromosomes falling into four distinct clusters

separated by long branches; all but one of the deleted chro-

mosomes lay in two additional clusters, close to one an-

other. (3) Within some of the clusters, single haplotypes

were present at high frequency, most notably within the

deleted chromosomes in which a single haplotype made

up 42/64 (66%) of one of the clusters. These common

haplotypes were each present mainly in a subset of the

populations.

Gene conversion typically involves segments of 200 bp

to 1 kb in humans,44 and we next identified candidate his-

torical conversion events as those leading to sets of SNPs

that were both physically clustered in the genome and

phylogenetically clustered in the network. A total of 45

SNPs met these criteria, so we repeated the summary statis-

tic calculations (results not shown) and network analyses

omitting them. The unusual characteristics of high diver-

sity in most populations, strongly positive Tajima’s D

(and other statistics) in the CEU and significantly negative

Tajima’s D and Fay and Wu’s H in the CHB, and network

clusters remained, except that most deleted chromosomes

fell into a single cluster (Figures 5C and 5D). We finally

restricted the analyses to the proximal ~3 kb of unique

sequence lying outside the SD and thus having no potential
342 The American Journal of Human Genetics 83, 337–346, Septem
for gene conversion with a diverged paralog. Again, the un-

usual characteristics remained: Diversity was higher than

in 95% of the SeattleSNPs genes in the CEU and YRI, Taji-

ma’s D was strongly positive (þ2.97) in the CEU and

most other statistics were also significantly positive in

this population, whereas Tajima’s D and Fay and Wu’s H

were significantly negative in the CHB (and the other statis-

tics were not significantly different from neutral expecta-

tion; see Table 2). Networks showed two main clusters

separated by a long branch with all deleted and some non-

deleted chromosomes in one cluster and the rest of the

nondeleted chromosomes in the other cluster (Figures 5E

and 5F).

We therefore conclude that the unusual characteristics

identified by neutrality tests and network analyses are

a property of the entire 6.4 kb of DNA examined and

may reflect unusual selective events, differing between

populations, rather than gene-conversion events.

Finally, we wished to understand the time depth of the

variation in this region of the genome. Concentrating on

the 3.0 kb unique region, we calculated the mean number

of mutations from the root to the 182 human chro-

mosomes by using the network in Figure 5E as 6.29

(r statistic). There were 27 fixed differences between
ber 12, 2008



chimpanzee and human in this DNA segment, so assum-

ing that 13.5 of these had occurred on the human lineage

during 6.5 million years since the chimpanzee-human

common ancestor, we estimated a TMRCA of 3.0 5 0.9

million years for the human chromosomes, an unusually

ancient time. In contrast, the TMRCA for the deleted chro-

mosomes calculated in the same way was much more re-

cent, 180,000 5 140,000 years. Using an alternative ap-

proach, we estimated the TMRCA of the same 3.0 kb

unique region from 181 chromosomes with GENETREE

at 2.4 5 0.4 million years.

Discussion

This work raises a number of issues concerning the techni-

cal analysis of CNVs, the biological significance of the

Figure 5. Network Analysis of UGT2B17 Inferred Haplotypes
(A and B) A 6.4 kb region, all SNPs.
(C and D) A 6.4 kb region omitting gene conversion SNPs.
(E and F) A 3.0 kb unique region, all SNPs. Circles represent haplo-
types with an area proportional to frequency. In each pair of net-
works, the shortest line represents on mutational step. ‘‘Ancestral’’
(white circle) is a reconstructed haplotype carrying the ancestral
(chimpanzee) allele at each position.
The American
UGT2B17 deletion in particular, and the likely evolution-

ary significance of CNV in general.

Resequencing in population samples provides a ‘‘gold

standard’’ for investigating the evolutionary history of a re-

gion of DNA because all of the variation is identified in an

unbiased way. It has not previously been applied to CNVs,

perhaps because their importance has only recently been

appreciated and their complex structures have hindered

analysis. Our study illustrates both the care needed to iden-

tify the appropriate region to resequence and how rese-

quencing can be used fruitfully. Indeed, the reinterpreta-

tion of the reference assembly and closure of one of the

remaining gaps in the human genome suggest that all re-

maining gaps should be reinvestigated in this light. In

the discussion below, we concentrate mainly on the con-

clusions derived from the ~3.0 kb unique region because

these are the most conservative; similar but more extreme

conclusions would be derived from the full ~6.4 kb region,

although they would potentially be complicated by gene

conversion within the SD.

Our results point strongly to an unusual evolutionary

history not accounted for by genetic drift affecting

UGT2B17 copy-number variation in both Europe and

East Asia, with indications of some atypical properties in

African populations as well. Diversity in the worldwide

sample was very high (Table 2), and this was not due to

a high mutation rate, but instead corresponded to

a TMRCA of 2.4 million years or more, well above the ex-

pectation of approximately one million years for an auto-

somal segment45 or 95th percentile of 2.1 million years in

the most likely model of human evolution found by

a recent study,46 and comparable to the 2.65 million years

estimated for the ABO gene tree.47 The high diversity

reflected the presence of two very distinct clusters of hap-

lotypes, with deleted chromosomes confined to one cluster

and forming its majority. Both clusters were found in all

four populations, but at different frequencies. In the

CEU, the two clusters were similar in frequency, leading

to some of the highest diversity values reported from Euro-

pean populations and correspondingly high positive values

of allele frequency distribution test statistics (Table 2). In

the CHB, in contrast, the deleted chromosomes predomi-

nated and a single haplotype made up 37/46 (80%) of

the chromosomes in the sample. Diversity was therefore

low in this population, and allele frequency-based test sta-

tistics was negative. The two African populations showed

characteristics that were intermediate in several respects,

although the nondeleted chromosomes were in the major-

ity. The maintenance of two divergent haplotype clusters

for >2.4 million years is most simply interpreted as result-

ing from the action of long-term balancing selection.48 An-

cient balancing selection is rare in humans;49 classical ex-

amples are found in the HLA and ABO genes, although

resequencing studies have more recently identified the

KIR3DL1/S1,50 SDHA,51 and a number of innate immu-

nity52 genes as likely candidates. Suggested mechanisms

are heterozygous or rare-allele advantage. In order to
Journal of Human Genetics 83, 337–346, September 12, 2008 343



account for the different summary statistic results in the

CHB, which share the high frequency of the deletion

with a large number of East Asian populations (Figure 3),

such long-term balancing selection would have to be com-

plemented by positive selection for the deletion in this part

of the world. Indeed, the distinction between positive se-

lection and balancing selection is not absolute; balancing

selection is likely to begin with positive selection for the

new allele, and positive selection that has increased the fre-

quency of the selected allele to intermediate levels will lead

to summary statistics characteristic of balancing selection.

Thus an alternative interpretation of the worldwide results

would be that the predominant influence has been posi-

tive selection but that the selective coefficient has been

lower in Europe than in Asia, leading to the currently ob-

served intermediate frequency of the deletion in Europe.

Although constant low-intensity positive selection in Eu-

rope seems unlikely to have been maintained for a long pe-

riod because the climatic, biological and social environ-

ments have changed enormously in the last 20,000 years,

from populations of Ice Age hunter-gathers to the farmers

in the currently favorable climate,45 more complex scenar-

ios of selection are possible.

The target of selection is uncertain, but it includes

UGT2B17 and any other sequence in high LD with the re-

sequenced region. The reference sequence misassembly

makes LD in this region of the genome difficult to evaluate,

but the documented effects of the deletion on UGT2B17

expression18 and metabolism12–14 make it an excellent

candidate for the target. Balancing selection might gener-

ally favor UGT2B17 heterozygotes, or the presence or ab-

sence of the UGT2B17 gene in different situations or in dif-

ferent subsets of the population. A careful examination of

the network in Figure 5E also suggests the possibility of se-

lection on UGT2B17 that is more complex than simply

presence or absence. The two arms of the network consist

of (1) entirely undeleted and (2) a mixture of deleted and

undeleted chromosomes. Could selection have initially fa-

vored a UGT2B17 variant carried by the (2) arm undeleted

chromosomes, with subsequent selection for the full dele-

tion? The involvement of UGT2B17 in multiple biological

processes including xenobiotic and steroid hormone me-

tabolism hinders identification of a single biological candi-

date for the selective agent. Populations might be exposed

to different foods or poisons, or different hormone levels

might be favored; an intriguing but untested hypothesis

is that selection might favor different levels of UGT2B17

and testosterone in males compared with females, and

the balance might differ between populations. Whatever

the evolutionary pressures in the distant past, the pheno-

typic impact of this deletion for sports medicine remains

high because it strongly influences the results of androgen

doping tests.53

There is increasing evidence that gene content varies

significantly between individuals: In addition to copy-

number variation that can change the number of gene

segments, whole genes, or clusters of genes,2 truncating
344 The American Journal of Human Genetics 83, 337–346, Septem
variants arising from small indels or premature stop co-

dons can affect individual genes, and mechanisms that

oblate the expression of a gene rendering it effectively

null despite its presence remain predominantly unex-

plored but may be common. Furthermore, this variation

in gene content is of evolutionary significance. For exam-

ple, an increase in copy number of the salivary amylase

gene cluster has been reported in populations that de-

pend on high-starch diets that may improve their nutri-

tion,9 whereas loss of the caspase-12 gene appears to

have increased resistance to severe sepsis54 and of the

actinin-3 gene to have improved sprinting ability.55 It

seems likely that changes in gene content have been of

great functional and evolutionary significance in the re-

cent human past, but our understanding of them is just

beginning.
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Supplemental Data include three tables and can be found with this

article online at http://www.ajhg.org/.
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