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A common inversion under selection in Europeans
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A refined physical map of chromosome 17¢21.31 uncovered a 900-kb inversion polymorphism. Chromosomes with the inverted
segment in different orientations represent two distinct lineages, H1 and H2, that have diverged for as much as 3 million years
and show no evidence of having recombined. The H2 lineage is rare in Africans, almost absent in East Asians but found at a
frequency of 20% in Europeans, in whom the haplotype structure is indicative of a history of positive selection. Here we show
that the H2 lineage is undergoing positive selection in the Icelandic population, such that carrier females have more children

and have higher recombination rates than noncarriers.

Though important for evolution, large chromosomal rearrangements
such as deletions, duplications and inversions are generally thought to
be deleterious. These large-scale polymorphisms contribute substan-
tially to genomic variation among humans and account for much of
the genomic difference between humans and other primates!=. The
architecture of large inversion polymorphisms suggests they may
occur through nonallelic homologous recombination assisted by low-
copy repeats positioned in the genome in an inverted orientation>.
Genotype analysis may show whether a segment is duplicated or

10 deleted, by means of an apparent gain or loss of heterozygosity, respect-

&

=P ively. In contrast, inversions are difficult to detect, particularly those of

moderate size. Genotypes of markers inside inverted regions are
consistent among relatives and, unless inversions are several megabases
in size, they are not easily detected with standard cytogenetic assays. A
few large and common inversion polymorphisms have been detected
in the human genome, the most notable being a large inversion on
chromosome 8p (ref. 5). These may be only the tip of the iceberg.

Here we describe, for the first time to our knowledge, a 900-kb
inversion polymorphism at 17q21.31, a region that contains several
genes, including those encoding corticotropin releasing hormone
receptor 1 (CRHRI) and microtubule-associated protein tau
(MAPT). Previous studies have characterized two highly divergent
MAPT haplotypes, H1 and H2, and noted the existence of strong
linkage disequilibrium (LD) across a 1.6-Mb region containing the
gene® 12, We provide a detailed description of the unusual haplotype
structure in this inverted region, evaluate the impact of natural
selection in the past and present, and discuss the implications for
our understanding of human evolutionary history.

RESULTS

Discovery of a 900-kb inversion polymorphism

The Build 34 assembly of chromosome 17q21.31 is chimeric, con-
structed to a large extent from clones representing different MAPT
haplotypes of type H1. We used a set of chromosome-specific BAC
contigs to show that there is a 900-kb inversion polymorphism in this
region (Fig. 1). We generated the chromosome-specific assembly from
RP11 BAC clones (Roswell Park Cancer Institute Human BAC
Library) originating in a DNA sample from one individual. The two
RP11 chromosomes represent MAPT haplotypes of type H1 and H2
based on the characteristic alleles for a dinucleotide marker in intron
nine® (DG175142) and a characteristic 238-bp deletion in the same
intron on the H2 background®. By genotyping RP11 clones from
17q21.31 for 60 microsatellite markers and assembling the clones into
chromosome-specific contigs, we found that the H2 haplotype was
structurally different from the Build 34 assembly. The segment from
44.1 to 45.0 Mb is inverted on the H2 background compared with the
H1 background and Build 34. Furthermore, a 127-kb tandem duplica-
tion containing exons 1-13 of the N-ethylmaleimide-sensitive factor
gene (NSF) is located upstream of a full-length copy of NSF in the H1
variant in Build 34. The same NSF exons are also duplicated on the H2
chromosome, but the H2 duplication is larger (280 kb), spanning the
H1 duplication and extending to the 5 end of the gene LOC284058.
The two NSF copies (the partial copy with exons 1-13 and the
full-length copy) are separated by only 100 kb on the H1 chromosome
in the RP11 library, whereas on the H2 chromosome in the RPI1
library, the partial copy of NSF is inverted and located 1 Mb upstream
of the full-length copy of NSE.
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H2 chromosomes seem to have an identical 280-kb NSF duplica-
tion. H1 chromosomes have a complex arrangement of duplications
close to NSE. In one common H1 variant, the first 13 exons of NSF are
found in three copies, and in another H1 variant, a duplicated region
is immediately upstream of NSE not including exons 1-13. Surrogate
haplotypes have been identified for four different H1 variants, and
these variants have been characterized with respect to size, location of
the duplication (Supplementary Fig. 1 online) and gene dosage
(Supplementary Fig. 2 online). Furthermore, pulsed-field Southern-
blot analysis of NSF identified at least five chromosomal variants with
considerable variation in size at the 17q21.31 locus (Supplementary
Fig. 3 online). The duplicated, truncated form of NSF is expressed,
and its expression is strongly correlated with gene dosage (P = 1.4 x
107; Supplementary Fig. 4 online). The truncated copy is not

polyadenylated (data not shown) and is probably unstable. Further-
more, expression of the truncated gene does not seem to affect
expression of full-length NSF (P = 0.84, n = 85).

Figure 2a shows a maximum parsimony tree for sequences from
four human clones (including the two RP11 chromosomes with
known inversion status) and a chimpanzee clone spanning a 77-kb
region that contains the first two exons of MAPT. The CTD-2524N8
and 17q21.1 clones share SNP alleles characteristic of the H1 variant
with the RP11 H1 chromosome (Supplementary Table 1 online),
with negligible divergence (0.0243%) between these three sequences.
In comparison, the scale of mutational divergence between the RP11
H2 chromosome and the three H1 lineage clones is vast (0.3444%).
Assuming that the split between humans and chimpanzees occurred
~6 million years ago'> and that the rates of evolution for this region
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Figure 1 A 900-kb inversion polymorphism was detected on one of the RP11

chromosomes at the 17g21.31 locus. The breakpoints reside in 100-kb

palindrome low-copy repeats (LCRs), 900 kb apart. BACs from the two chromosomes in the library have been separated by genotyping microsatellite markers
on respective clones and assembling the clones into two chromosome specific contigs. The BAC clones are represented by green bars and genotypes for each
clone shown on the side for respective markers (primer sequences are given in Supplementary Table 5 online). The upper chromosome is in keeping with the
Build 34 assembly and is of type H1 on the basis of repeat numbers for a dinucleotide marker (DG17S142) in intron 9 of MAPT. The allele size 398 refers
to 11 repeats (allele a0 in the original references®4®) representing the H1 lineage. The lower chromosome has 14 repeats on the same marker and a
characteristic 238-bp H2 deletion in clone 769P22, which contains MAPT. The H2 chromosome is structurally different. In particular, the region between
markers DG17S332 and DG17S161 is inverted on the H2 chromosome relative to the H1 chromosome. Furthermore, the H2 chromosome carries two copies
of the low-copy repeat spanning from DG17S146 to DG17S153, whereas the H1 chromosome has only one copy of this segment. NSF and a truncated copy
of NSF, exons 1-13, are present on both chromosomes. But the truncated NSF copy (blue) is on the same strand and 100 kb upstream of the full-length
copy of the gene on the H1 variant, whereas the truncated NSF copy (red) does not map to the same strand and is located 900 kb upstream of the full-
length copy in the H2 variant. The use of microsatellite genotypes for the RP11 clones was the key to the chromosome-specific assemblies. The assemblies
are in keeping with available sequences from RP11 clones mapping to this locus (Supplementary Table 1 online).
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Figure 2 The sequence divergence of the H1 and H2 lineages. (a) A maximum parsimony tree based on substitutions identified in full sequences from
clones spanning a 77-kb region containing the first two exons and introns of MAPT (44.444005-44.520949 Mb in Build 34). (b) A maximum parsimony
tree based on 32-kb clone sequences for a region that is present on both the H1 and H2 lineages but is duplicated (dupl) in the RP11 H2 chromosome
(44.730628-44.762592 Mb in Build 34). The sequence divergence between the H1 and H2 lineages in b is 0.2894%, indicating a coalescent age of
close to 3 million years, with the age of the duplication event in the H2 lineage estimated at ~ 1.5 million years and a divergence among H1 sequences of
0.0167%. Both trees show an unusually deep divergence between the H1 and H2 lineages relative to the overall sequence divergence between humans and
chimpanzees in this region (see Supplementary Fig. 5 online for a 5-kb sliding-window analysis of sequence divergence in the two sequence regions). The
age estimation for the split between the H1 and H2 lineages is dependent on a number of assumptions, such as neutral evolution and equivalent mutation
rates along all branches. The roughly equal divergence of the H1 and H2 lineages from the chimpanzee sequence indicates that selection has at least not

differentially affected the accumulation of mutations in the H1 and H2 lineages.

from the common ancestor of both species were equal, the human H1
and H2 lineages probably diverged as much as 3 million years ago
(Fig. 2a). The probability of such an ancient divergence assuming a
standard neutral coalescent model with an ancestral human effective
population size of 10,000 and a generation interval of 30 years is
0.006737. We obtained a similar result for a second 32-kb sequence that
is duplicated in the RP11 H2 chromosome but found in only single
copies on the H1 chromosomes and in the chimpanzee (Fig. 2b). For
both the 77-kb sequence (Fig. 2a) and the 32-kb sequence (Fig. 2b),
the divergence between H1 chromosomes is ~250,000-300,000 years,
a coalescent age more typical for human autosomal genes',

We were not able to establish the ancestral orientation of the

human H1 and H2 chromosomes share a similar number of ancestral
allele states with the chimpanzee. Thus, whereas the divergence between
the H1 variant and the chimpanzee is 0.7759% for the 77-kb sequence
(Fig. 2a) and 0.5193% for the 32-kb sequence (Fig. 2b), the corre-
sponding divergence between the H2 variant and the chimpanzee is
0.763% and 0.5303%, respectively (Supplementary Fig. 5 online).

An unusual pattern of haplotype diversity

The haplotype formed by the alleles of six microsatellite loci,
DG17S137 [146], DG17S7 [206], DG17S338 [406], DG17S10 [177],
DG17S340 [108] and DG17S142 [404 or 406] (the H2 microsatellite
haplotype), has a frequency of 17.5% in Icelanders (n = 1,880). All
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these microsatellites had a bimodal distribution of allele sizes, with the
H2 allele differentiated from H1 alleles.

17q21.31 inversion region in humans, as the orientation of the homo-
logous chimpanzee chromosome 19 sequence is not known and the

[0 African
[ European
B Asian

36 unique SNP mutations,
including rs9468 T—C

Figure 3 Networks depicting the haplotype structure of the inversion. (a) A median-joining network describing the genealogical relationship between 77
haplotypes from 60 individuals from Utah with Northern and Western European ancestry included in the Centre d’Etude de Polymorphisme Humane
database. Haplotypes were constructed using 95 SNPs from the HapMap project database and six microsatellites covering the part of the inversion between
megabases 44.201106 and 44.625694 according to Build 34. The network describes the inferred genealogical relationships between haplotypes in terms
of mutational distance, which in this case can be the result of either substitution or recombination events. Haplotypes are represented by circles, whose area
reflects the number of copies observed in the sample. Lines represent differences between the allelic states of haplotypes, with length proportional to the
number of differences. A stepwise mutational model was assumed for microsatellites. (b) A median-joining network describing the genealogical relationship
between 68 haplotypes from 484 individuals of African (n = 177), European (n = 241) and Asian (n = 66) ancestry produced from six microsatellites. The
asterisk marks the H2 founder haplotype, all five copies of which are found in individuals of African ancestry, three of whom are Mbuti.
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Figure 4 The impact of the inversion on LD i
g p A rsoeess92 E“iiﬁﬁi ili

rs2696696

patterns. LD between SNPs spanning the
inversion at 17g21.31 (a) in the Utah sample
and (b) in a Yoruba sample. The names of every
fifth SNP for the Utah sample and every third
SNP for the Yoruba sample are given on the y
axis, and the corresponding Build 34 base
location are given on the x axis. The LD plots
were generated using data from the HapMap
project database (release 13, megabases
44.1-45.0 in Build 34). The SNPs used for the
two plots overlap for the most part, but some
SNPs available for the Utah sample have not yet
been typed for the Yoruba sample and some SNPs
are not polymorphic in either the Utah or Yoruba
samples; in particular, the large number of SNPs
that differentiate the H1 and H2 lineages are not

HapMap SNP

b 11918793 7
rs8070420 -3 Sl B
rs2013308 1
rs4792827 1% * &

Q

coo0000000~ —
SRoroono

1511870325 = PR
rs7212048
rs2435211 7 b
.
159904997 - g o pimeeee o
151001945 1 e et
:

rs12452336 1 =
rs242924 1
1s7225082 1 =
rs6503446 - B
rs1880748
rs1724425
rs1631850 ?
rs1635302 4+

44264218
44296565 1
44323903 1
44360786
44434867 -
44481288 -
44523611
44538720
44561540 -
44595350
44606780 1
44641912
44660901

44703585 +

=3
©
<
0
o
<
~

44890234 =
44207295

QMO T D
D @® = ® -
QO ®© =
@ = 3 @O
0 oo ON
S¥SIT T
T YT YT

o 4476843

<
R
]
]
&
N
g
3
3

Location on chromosome 17 (Build 34)

polymorphic in the Yoruba sample. Only those markers that were polymorphic in > 1% of the sample chromosomes being studied were used in the LD
analysis. In the Yoruba sample, 37 SNPs that tag H1 or H2 status in the Utah sample are not included in the LD picture because they are not polymorphic
in that sample. In the Utah sample, there are 165 polymorphic SNP markers (159 polymorphic in >1% of the sample chromosomes) in the region spanning
megabases 44.1-45.0 in the HapMap database. Of these, 79 are perfectly correlated with the tagging microsatellite for the inversion status. For the Yoruba
sample, 112 SNP are typed, of which 53 are polymorphic (49 polymorphic in >1% of the sample chromosomes). Of the 79 tagging SNPs in the Utah
sample, 41 are typed in the Yoruba sample, only four of which are polymorphic.

The H2 microsatellite haplotype (with two variant haplotypes
carrying one-step mutations in DG17S142 and DG17S10, respectively)
is found in 20% (24 of 120) of the independent chromosomes in the
Utah HapMap project sample!>!%, We generated haplotypes for these
individuals by combining alleles from the six microsatellites with
alleles of 95 polymorphic SNPs from the HapMap database spanning a
424-kb nonduplicated segment inside the inverted region. The H2
microsatellite haplotypes are differentiated on a long branch defined
by numerous SNP and microsatellite mutations (Fig. 3a). Among the
95 SNPs, 36 separate the H1 variant from the H2 variant, such that
one allele is fixed in the H1 variant and the other allele is fixed in the
H2 variant (a magnitude of mutational divergence broadly consistent
with the results shown in Fig. 2). This indicates that no recombination
has taken place between the H1 and H2 chromosomes and supports
the use of the H2 microsatellite haplotype and SNP allele states as

=Ye) surrogate markers for inversion status.
@ The H2 haplotypes are extremely homogeneous relative to the

=" diverse H1 haplotypes (Fig. 3a), which, when added to the ancient
divergence between the H2 and H1 lineages and the 20% frequency of
H2 haplotypes in the Utah sample, creates an unusual pattern of
diversity, which could reflect a history of ancient balancing selection
(maintaining ancient lineages in the human gene pool) superseded by
an episode of strong positive selection!”!®, To test whether such
patterns of diversity could have arisen through neutral evolution, we
compared the relative diversity of microsatellites on the H1 and H2
backgrounds to multiple sets of haplotypes generated through coales-
cent simulations under four different demographic scenarios (Supple-
mentary Table 2 online). Our simulations indicate that the extreme
homogeneity of the H2 lineage is incompatible with the expectation
from neutral evolution for a lineage at 20% frequency under the tested
demographic scenarios, including a recent expansion after a severe
bottleneck. An additional twist in the evolutionary history of the
17q21.31 inversion region is that the apparent signature of positive
selection of the H2 variant is limited to European populations. Thus,
the frequency of H2 microsatellite haplotypes is 21% in individuals of
European ancestry (n = 241), but only 6% and 1% in individuals of
African (n = 177) and Asian (n = 66) ancestry, respectively (Fig. 3b).

Figure 4 shows the marked effect of the inversion on LD patterns.
In individuals of European origin, here represented by the Utah

© 2005 Nature Publishing Group http://www.nature.com/naturegenetics

sample, LD across the inverted region is consistently strong. In
contrast, the LD structure in the Africans in the Yoruba HapMap
sample is weaker and broken up into several smaller blocks. The LD
structure in the Han Chinese and Japanese HapMap samples is
analogous to that in the Yoruba sample (Supplementary Fig. 6
online), indicating that the strong LD in the Utah sample is attribu-
table to the relatively high frequency of the extremely homogeneous
and divergent H2 lineage, a result of the inversion hindering recom-
bination and, probably, the impact of positive selection.

Figure 5 presents H2 lineage frequencies in various human
populations using two MAPT SNPs from the ALFRED database!®.
Both are among the 36 SNPs that differentiate H1 from H2 haplotypes
in the Utah HapMap sample and have minor alleles that indicate
H2 lineage status (Fig. 3a). They are also present in the H2 founder
haplotype (Fig. 3b). The high frequency of H2 chromosomes
throughout Europe is notable, with a maximum in the Near Eastern
Druze and Samaritan populations and a diminishing gradient
eastward into Asia (see also ref. 20).

An African origin for H2 chromosomes is indicated by the greater
diversity of H2 haplotypes in individuals of African ancestry (despite
their apparent low frequency) and the observation that the H2
founder haplotypes are present in only this group (Fig. 3b). This
raises the possibility of finding mutational differences between African
and European H2 chromosomes that contributed to their selective
expansion in the latter group.

Evidence for positive selection of H2 chromosomes in Iceland

To determine whether positive selection is presently acting on H2
chromosomes, we genotyped 29,137 Icelanders, 16,959 women and
12,178 men, born between 1925 and 1965, with the marker
DG17S142. In Icelanders (and in the Utah sample), the alleles 404
and 406 of this marker are perfect surrogates for the H2 lineage.
We regressed the number of offspring on the number of copies of
H2 a person carries (i.e., an additive model), adjusted for year of birth
and sex. We used weighted regression to adjust for the fact that people
who have more children are over-represented in the genotyped
samples (Supplementary Table 3 online). Because the individuals
are related and their genotypes are not independent, we determined
standard errors and P values empirically by carrying out 10,000
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simulations of the H2 lineage through the entire Icelandic genealogy.
The estimated effect of H2 chromosomes for both sexes combined,
assuming an additive model, is an increase of 0.0623 children per
copy with a two-sided P value of 0.0056. Upon closer examination,

we found that homozygous carriers of H2
have, on average, fewer children than hetero-
zygous carriers, although the difference is
not statistically significant. Hence, the addi-
tive model, which assumes that homozygous
carriers have more children than heterozy-
gous carriers, is not a good fit. We refitted
the data assuming a dominant effect for the
H2 and assuming that heterozygous and
homozygous carriers have the same number
of children on average (Table 1). With
both sexes combined, a carrier of H2 is
estimated to have 0.0796 more children
than a noncarrier (P = 0.0025). For
women, the estimated effect is 0.0907 (P =
0.0068), which translates to an increase of
~3.5%, as women in this era had an average
of 2.584 children. For men, the estimated
effect is 0.0679 (P = 0.0719) or ~2.9% of
2.369 (the average number of children for
men in this era). The estimated effect for men
is insignificant and smaller than that for
women but probably real. Results from fitting
a full model for H2 status are presented in
Supplementary Table 4 online. Because of
the small number of homozygous carriers, we
can neither confirm nor reject the possible
action of balancing selection, with the hetero-
zygous carriers having more children than
either type of homozygotes.

The sample frequencies of H2 for women
who have zero, one, two, three, four or five or
more children show a monotonically increas-

o, ing trend (Supplementary Fig. 7 online).
@Women who have six or more children,

=" however, do not have a higher frequency of

H2 than those who have five children. For
women who already have five children, ferti-
lity may not be a main factor in determining
whether they would have more. For men, we
also see a tendency for the frequency of H2 to
increase as the number of children increases
(Supplementary Fig. 7 online), but the trend
is more jagged.

Apart from the carriers having more chil-
dren, another way that the inversion could
have increased its frequency is through trans-
mission disequilibrium, when children are
more likely to inherit H2 chromosomes
than the more common H1 chromosome
from heterozygous parents. In 5,529 parent-
offspring trios, in which we genotyped all
three individuals for DG17S142, we found
no evidence of transmission disequilibrium;
of the 3,286 cases in which a parent was
heterozygous, the H2 chromosome was trans-
mitted 1,641 times (P = 0.96).

© 2005 Nature Publishing Group http://www.nature.com/naturegenetics
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Mothers carrying H2 have higher recombination rates

Given that there is support for the hypothesis that positive selection is
acting on H2 chromosomes, we wondered through what mechanisms
selection manifests itself. Mothers who have a higher recombination
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Figure 5 Worldwide distribution of the H2 lineage based on allele frequencies of two diagnostic SNPs
obtained from the ALFRED databasel®. (a) rs1800547 (ALFRED name C7563692), located
downstream of MAPT exon 4. (b) rs9468 (ALFRED name C7563752), located in exon 9 of MAPT. On
the basis of the clones used to construct the maximum parsimony tree in Figure 2a, the rs1800547 G
allele and the rs9468 C allele are on an H2 haplotype background, whereas the A and T alleles are on
an H1 background. The allele frequencies for Icelanders were obtained through genotyping in the
deCODE laboratories. There is a discrepancy between the allele frequencies of rs1800547 and rs9468
in the Ami population from Taiwan and the Adygei from Southwest Russia, which may be due to either
a database error or an unknown complication in the haplotype structure of H1 and H2 chromosomes.
Allele C of rs9468 is rarer than allele G of rs1800547 for some population samples, particularly in the
African Ibo, Mbuti and Biaka groups. This may be indicative of greater mutational diversity of the H2
lineage in these populations, or it could be accounted for by the fact that sample sizes for the two
SNPs differ in the ALFRED database for most of the populations. The frequency of H2 chromosomes
based on six microsatellite haplotypes in a small sample of Mbuti pygmies is three of ten (the

H2 founder haplotypes marked by the asterisk in Fig. 3b). But the frequency of H2 chromosomes

is substantially lower if allele G of rs1800547 (5%, 2N = 78) or allele C of rs9468 (0%, 2N = 78)
is used as a surrogate allele in the sample for this population in the ALFRED database!®.
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Table 1 Relationship between number of children and H2
carrier status

Table 2 Relationship between recombination rates and the number of
H2 chromosomes carried

Cohort Predictor Estimate Standard error P value
Combined Year of birth —0.0340 0.0008 0.0000
Carrier of H2 0.0796 0.0259 0.0025
Sex 0.2360 0.0190 0.0000
Female Year of birth —0.0331 0.0010 0.0000
Carrier of H2 0.0907 0.0338 0.0068
Male Year of birth —0.0349 0.0012 0.0000
Carrier of H2 0.0679 0.0375 0.0719

Results from multiple regression analyses for a cohort of 16,959 females and 12,178
males born between 1925 and 1965, provided for the entire cohort and for the
females and males analyzed separately. The regression uses weights that are inversely
proportional to the probability that a person will be included in the regression.
Standard errors and P values are empirically determined based on 10,000 simulations.
The estimated effects presented here are statistical; they do not imply causation,

as the results could be a consequence of the H2 chromosomes being correlated

with some unknown functional variant(s).

rate tend to have more children?!. Therefore, we examined whether
the inversion has an impact on recombination rate. Of the 16,959
women genotyped with the DG17S142 marker, 5,012 have also been
typed with our set of ~1,000 genome-wide linkage markers, as have
two or more of their children and often their spouses, allowing us to
estimate recombination rates?!. We studied a total of 20,955 indivi-
duals with 17 million genotypes. Regressing the estimated recombina-
tion rate on the number of copies of inversion the mother carries,
adjusting for her year of birth and the average age of the mother at the
birth of her genotyped children (Table 2), the recombination rate
is estimated to increase by 0.472 Morgans per copy of H2 (two sided
P = 0.0002), or ~1.0% of the average female genetic length for the
genome. Here, the additive model fits the data nearly perfectly. Fitting
a full model for H2 status, the increase in recombination rates of
homozygous carriers relative to noncarriers is estimated to be 1.006
Morgans, close to double the increase in the heterozygous carriers.

We previously determined that the recombination counts of live-
orn children increases with mother’s age and, in percentage increase,
the effect is approximately four times larger for the telomeric
regions?!. Here we find the same trend; the estimated effect of the
inversion for the telomeric regions is ~2.2%, twice that of the rest of
the genome. We further investigated the 23 chromosomes individually
(Fig. 6). Although the estimates vary, the inversion has a broad impact
on the recombination rate over the genome; its effect is not limited to
a few chromosomes. This is expected, because recombination counts
are highly correlated across chromosomes??.

We did not find significant correlation between recombination rate
of fathers and inversion status, which is not unexpected, given that
difference in paternal recombination rates has not been detected
previously with family data?>?>,

These results support our previous finding that fertility of
women is in part affected by their recombination rates. But is the
impact of inversion status on the number of children completely
explained by its effect on maternal recombination rate? Though
significant, the inversion explains only ~0.3% of the variance in
maternal recombination rates among mothers, which translates to
~1% of the genetic component, as the heritability of maternal
recombination rate was estimated to be ~30% (ref. 21). Based
on our estimate of the effect of the H2 variant on recombination
(0.472 Morgans per copy) and the effect of recombination rate on the

Response Standard

(recombinations) Predictor Estimate error P value

Total Number of H2 0.4721 (1.04) 0.1180 0.0002
Year of birth —0.0024 0.0064  0.7037
Average age at birth 0.0838 0.0152  0.0000
of offspring

Telomeric Number of H2 0.0257 (2.24)  0.0092 0.0047
Year of birth —0.0006 0.0005 0.2130
Average age at birth 0.0077 0.0012  0.0000
of offspring

Nontelomeric Number of H2 0.4465 (1.01) 0.1160 0.0004
Year of birth —0.0018 0.0062 0.7724
Average age at birth 0.0760 0.0149  0.0000

of offspring

Results from multiple regressions using inversion count, mother’s year of birth and
mother’s average age at birth of her offspring as predictors, and using the total genome
and the genome divided into telomeric and nontelomeric regions as the three different
responses. The telomeric region for each chromosome arm is the region including all
genotyped markers within 6 cM of the most telomeric marker for that arm. In aggregate,
the telomeric regions account for 2.8% of the total genomic length. Data is based on
5,012 mothers born between 1925 and 1965 with at least two children genotyped.

For H2, the estimated percentage increase per copy is indicated in parentheses.

number of children (0.0109 child per Morgan), the effect of the H2
variant on number of children through recombination is only
0.00514 children per copy or, on average, 0.00564 more children for
a carrier relative to a noncarrier, which is less than one-tenth of the
total estimated effect of the inversion (0.0907 children for females).
Hence, H2 chromosomes probably influence the number of children
through pathways other than recombination rates of women.
This conclusion is not definitive, however, because we are able to
estimate recombination rates only for women who have at least two
children, leading to a possible underestimation of the effects of
recombination rate.

DISCUSSION

Previous studies identified extensive LD in the 17q21.31 region
and considerable divergence between the H1 and H2 lineages® .
Our discovery of a 900-kb inversion accounts for and expands on
these observations and provides insights into the organization of the
human genome (e.g., that there are multiple genetic and physical
maps of the genome) and the phenotypic and reproductive impact
of large-scale genetic variation. The inversion is a new genetic
variant for association testing and a potential source of variation in
expression patterns that could contribute to disease phenotypes.
Our study identifies an uncommonly ancient divergence between
the H1 and H2 lineages and indicates that positive selection has
probably shaped the unusual haplotype structure of this genomic
region in European populations. We furthermore identify, for the first
time to our knowledge in humans, a sequence variant associated with
recombination rate and an association with an increased number of
children, a direct observation of natural selection taking place in a
human population.

It remains to be determined how abundant inversion poly-
morphisms are in the human genome and what impact they have
on phenotypic variation. One promising indirect approach to
identifying inversion polymorphisms is through patterns of LD,
which can be unusually strong and extended at inverted regions®?*
owing to restriction of crossovers in individuals who are heterozygous
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with respect to inversions. This not only reduces the overall recombi-
nation rate but also causes the two orientations to accumu-
o late mutations independently, mimicking the evolution of lineages
in isolated populations and making it possible for variants on
the same orientation to develop symbiotic relationships. When
numerous alleles are in perfect LD, it may be difficult to identify
those associated with disorders, and functional approaches may be
required to identify the causative variants. Although our results
implicate a higher recombination rate as a potential source for the
reproductive advantage conferred by H2 chromosomes, an explicit
functional link has yet to be established to a particular variant on the
H2 chromosomal background.

The evolutionary history of the 17q21.31 inversion polymorphism
is puzzling. First, we are faced with the question of how to account for
8 the presence of two such ancient lineages in the ancestral human gene
S pool, with sequence divergence indicating a coalescent age of up to
© three million years. This predates the emergence of anatomically

modern Homo sapiens in Africa (~150,000 years ago) and may
la.l even predate the origin of the genus Homo (~2.5 million years

tp://www.nature.com/naturegenetics

Nature Publishing Group ht

£0)%°. One possible explanation is that both lineages were maintained
=" in the ancestral human gene pool from the time that the inversion
occurred, with some kind of balancing selection preventing either
lineage from being lost through genetic drift!7-°. Another possibility is
that the two lineages diverged in isolated gene pools for an extensive
period, and the H2 lineage was introduced into the ancestral human
gene pool before the migration(s) of anatomically modern humans
from Africa ~60,000 years ago. This would imply admixture from
contemporaneous hominin species, like Homo heidelbergensis or Homo
erectus. Two studies provide indirect evidence that anatomically
modern H. sapiens probably encountered other hominin species in
Asia?”?8, Tt is possible that such encounters took place in Africa,
leading to the introduction of the H2 lineage into our ancestral gene
pool. Time will tell whether we find other genomic regions with
similarly ancient coalescent ages (particularly in regions with low
recombination rates) as the admixture hypothesis predicts.

Whether retained by balancing selection or introduced by another
hominin species, the H2 lineage in contemporary humans seems to
have an African origin (see Fig. 3b). H2 chromosomes were probably
rare in the groups that left Africa more than 60,000 years ago and
gave rise to the populations of Europe and Asia?®, on the basis
of the observation that H2 chromosomes are presently rare in
Africans and almost nonexistent in Asians. The higher frequency
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Figure 6 The genome-wide impact of the number of H2 copies on the rate of recombination in mothers. (a) Increase in Morgans. (b) Percentage increase.
E

of H2 chromosomes in European populations, coupled with extreme
homogeneity, is consistent with a rapid expansion from a few founder
chromosomes, probably owing to positive selection. This selective
episode could reflect exposure to some local environmental pressures
in Europe and the Near East. A number of studies have inferred the
action of positive selection on haplotype structure!®3%-33, and some
have identified geographic differences in selection histories similar to
that reported here for 17q21.31 (ref. 34).

Sequencing genes in a modest number of individuals or using
densely distributed SNPs such as those from the HapMap project,
preferably from multiple populations, can provide evidence for past
episodes of selection!®31:3334 But dissecting and reconstructing the
potential range of selection scenarios for such data is tricky with the
methodological tools currently available, particularly for inverted
regions like 17q21.31. Conclusions are sensitive to model assumptions
that are difficult to validate and can be affected by subtle ascertain-
ment biases. Although our results suggest that positive selection is the
most likely determinant of the unusual haplotype structure observed
in European populations at 17q21.31, a more complicated selection
history for the region cannot be ruled out. Neither can the possibility
that an extreme founder event occurred in the ancestral European
gene pool. But our finding that positive selection is presently operating
to increase the frequency of the H2 lineage in Icelanders supports the
hypothesis that positive selection is a key determinant in its evolu-
tionary history in European populations. We predict that the selection
observed in Iceland is also taking place in other European populations,
because they share not only ancestry but also environmental condi-
tions and demographic features.

In this study, we established a general methodology to investigate
regions in the genome for signatures of selection in the present.
By genotyping a large number of individuals with a surrogate
marker, with the help of a detailed genealogy, one can assess the
selective impact of genetic variants by examining the number of
children carriers have relative to noncarriers. This is arguably the
most direct approach to studying selection, regardless of the func-
tional mechanisms behind the selective forces. Effects such as those we
detected for H2 chromosomes can be small in each generation but can
have profound consequences on an evolutionary timescale. We believe
that this approach can be used to assess both the deleterious and
advantageous impact of genetic variation on human lives, thereby
providing a new basis for increasing our understanding of the
molecular nature of disease and positively selected adaptations.
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METHODS

Subjects and genotyping. We obtained all the biological samples used in this
study with informed consent in accordance with protocols approved by the
Data Protection Commission of Iceland and the National Bioethics Committee
of Iceland. All personal identifiers were encrypted using a code that is held by
the Data Protection Commission of Iceland®. The genealogy database provides
the birth years of the individuals, rounded up to the nearest five years to protect
privacy. Details concerning genotyping, allele calling and genotype quality
control were previously published?2. Of the 5,012 nuclear families that we used
to study the correlation between the H2 chromosomes and recombination rates
of mothers, 4,805 are a subset of the 5,463 families used in another study?!, and
more information regarding these families can be found in that report. The 207
new families in this study have mothers who were born between 1955 and 1965,
a period not included in the previous study.

BAC genotyping and assembly. We isolated RP11 clones by hybridizing
membranes containing DNA from the RPI1 library using markers from
the region as probes. We then genotyped positive clones for 60 micro-
satellite markers and used the genotypes to generate the chromosome
specific assemblies. We cultured BACs in Luria broth and chloramphenicol
(25 mg ml~!) overnight and deposited 3 pl of the culture into 100 pl of cold
Tris-EDTA buffer. To release DNA from the clones, we incubated samples at
98 °C in a PCR thermocycler for 10 min. We added 2 pl of the sample to a
PCR mix and carried out PCR in a Peltier Thermal Cycler (PTC-225
from M]J Research). Cycling conditions were as follows: 95 °C for 12 min,
followed by 40 cycles of 95 °C for 30 s and annealing for 30 s at 55 °C, and
1 min extension at 72°C.

Phylogenetic analyses. We generated a maximum parsimony tree using MEGA
version 3 (ref. 36) for full sequence data spanning the 77-kb region containing
MAPT. We aligned three clone sequences representing the H1 lineage (CTD-
2524N8  [AC010792.4], 17q21.1 [AC091628.2] and RP11-413P22
[AC036218.3]), one clone sequence representing the H2 lineage (RP11-
769P22 [BX544879.6]) and a chimpanzee sequence (National Center for
Biotechnology Information Build 1 Version 1, chr19:44,570,001-44,950,000)
using the software BlastZ>. We used only those sites that were present in all
sequences, where base substitution was indicated by the alignment, to score
differences between sequences.

We also generated a maximum parsimony tree for the 32-kb region that is
duplicated in the H2 lineage. We obtained the original H2 copy from the clone
RP11-162014 (AC127032.8) and the duplicate H2 copy from the clone RP11-
@1070B7 (AC139677.4). We also included in the analysis three versions of this

© 2005 Nature Publishing Group http://www.nature.com/naturegenetics

sequence from the HI1 lineage, clones RP11-259G18 (AC005829.1), XXfos-

~ 82115D1 (AC139095.1) and CDT-2107B16 (AC090419.7), and a chimpanzee
sequence (National Center for Biotechnology Information Build 1 Version 1,
chr19:44,934,906-45,026,647).

We obtained SNP genotypes from the HapMap project database (release 10)
for 30 parent-offspring trios of European ancestry for the 17q21.31 region
spanning megabases 44.20-44.63 in the sequence assembly of the human
genome (Build 34) from the National Center for Biotechnology Information.
We constructed haplotypes for the 60 parents in the 30 trios by direct inference
from the children’s genotypes. We used the NEMO software?® to estimate the
phase and character state of alleles that could not be directly inferred in this way.
We used the median-joining algorithm? to construct a network describing the
genealogical relationships between the parental haplotypes in terms of mutation
events. We used the NEMO software to generate haplotypes from alleles at six
microsatellites (DG17S137, DG17S7, DG17S338, DG17S510, DG17S340 and
DG17S142; see Supplementary Table 5 online) from a diverse collection of
484 individuals of African, European and Asian ancestry from the Coriell cell
repositories. Most of the individuals of African ancestry are African Americans.

Testing for past positive selection of inversion orientation. Selection tests
typically exploit the relationship expected under neutral evolution between the
frequency of an allele and the extent of variation at closely linked loci given a
particular demographic scenario’. Recently proposed LD-based tests??* were
not appropriate for assessing the impact of positive selection on the chromo-
some 17 inversion, because the two orientations have different genetic maps

even outside the inverted region. Complex modification of these methods
would be required to untangle the impact of the inversion itself on LD from any
putative signal deriving from natural selection. Instead, we devised a simpler
test based on the relative mutational diversity of microsatellites from the
inverted region on the background of the two inversion orientation states, H1
and H2. The microsatellite diversity of one orientation state was defined as the
average across loci of the average squared difference (ASD) between the repeat
sizes of all pairs of alleles, or

o> )’
=1 =1
2
n
T ) (1)

T

ASD,q =

where L is the number of loci, 7 is the number of alleles sampled and r;; and r;;
are the number of repeat units of the ith and jth alleles of locus I. We calculated
the difference in the diversity of microsatellites on the H1 and H2 backgrounds
in the Utah sample and presented it as a ratio: ASD,ygi12/ASDyygh1-

We then used the SIMCOAL2 software!! to simulate multiple sets of
haplotypes assuming neutral evolution and various demographic scenarios.
In these coalescent simulations, we used a single surrogate SNP to represent the
inversion status of haplotypes. We simulated five microsatellites to represent
DG178137, DG17S7, DG17S338, DG17S10 and DG17S142 (we did not
simulate DG17S340 because it shows no diversity in the H1 or H2 lineages).
We set mutation rates for the simulated microsatellites at 0.0000288, 0.0018814,
0.0000237, 0.0000347 and 0.000004, respectively (reflecting the varying diver-
sities of the real microsatellites among the H1 haplotypes from the Utah
sample). We ran simulations without recombination to ensure independent
mutational histories of microsatellites on the different inversion orientation
backgrounds until we obtained 5,000 sets of haplotypes in which the frequency
of the minor allele for the inversion surrogate SNP was 20% (the frequency of
H2 chromosomes in the Utah sample). For each such simulated set of
haplotypes, we calculated the ASD,,, ratio for the different inversion orienta-
tions. We estimated the probability of obtaining the observed ASD,, ratio
under neutrality and a given demographic model as the proportion of 5,000
simulated data sets with a lower ASD,, ratio. For four of the five micro-
satellites, the H2 alleles have fewer repeats than the H1 alleles. As the mutation
rate of microsatellites can depend on the number of repeats, a faster mutation
rate of H1 microsatellite alleles might contribute to the greater diversity in this
lineage. Although our estimates of mutation rates for these five microsatellites
in Icelandic parent-offspring trios do not indicate statistically significant
differences on H1 and H2 backgrounds (Supplementary Table 6 online), they
have power only to detect differences due to an unusually fast mutation rate in
H1 rather than an unusually slow rate in H2.

A more efficient test for positive selection on an inverted region would
exploit the full haplotype diversity instead of the average diversity of individual
loci. But this would require carrying out coalescent simulations with recombi-
nation, where recombination events are restricted between chromosomes
depending on their orientation. Such situations have not been explored in
detail in the literature, and we know of no publicly available software that can
handle inversions for this purpose, although some theoretical steps have been
taken in this direction*?.

Detecting association between H2 carrier status, recombination rate
and offspring numbers. We used a likelihood approach, using the expecta-
tion-maximization algorithm*? implemented in the NEMO software’,
to estimate haplotype frequencies and identify haplotype carriers. The
method used to estimate the recombination rates for mothers and fathers is
the same as the likelihood method used in our previous study?! and was
described there in detail.

By comparing the genotyped subjects with everyone born in the same era
recorded in the genealogy database (Supplementary Table 3 online), we noted
that people who have more children are over-represented in the genotyped
samples. For example, a female with six or more children is nearly five times
more likely to be included in the sample than a female who has no children.
This is to be expected, as most of our samples were recruited through family
studies. Men are also under-represented. Hence, when studying the effects of
the H2 chromosomes on number of children and recombination rates, we
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carried out weighted regressions in which subjects are weighted inversely to
their probability of being included.

Although the estimates from standard weighted regression software are

valid, the standard errors and P values provided are both smaller than they
should be because the individuals in our samples are related and their
genotypes are not independent. We determined the presented standard errors
and two-sided P values empirically. We simulated 10,000 sets of genotypes for
H1 and H2 through the whole Icelandic genealogy of 708,683 people. With
each simulated set, we carried out all the relevant regressions assuming the
simulated genotypes are the actual genotypes of the subjects under study and

© 2005 Nature Publishing Group http://www.nature.com/naturegenetics

thereby obtained reference distributions for all the estimated effects under the
null hypothesis. We took the standard deviation of an effect estimate in these
10,000 simulations as the empirical standard error, and the two-sided P value is
the fraction of times the absolute value of the simulated effect is bigger than the
actual observed effect. These simulations are necessary because the subjects in
the study are related. In particular, the 29,137 individuals used in the number-
of-children study often come from genotyping plates in which many members
of a nuclear family are included. This leads to an adjustment of the standard
error that is an increase between 17% (for the males) and close to 30% (for the
females and the combined set) relative to the standard outputs of the multiple
regressions. The adjustment for the recombination rate study is much smaller
(only ~1% increase) because the set of mothers studied is substantially smaller
and much less closely related. Finally, the adjustment factor depends not only
on how closely related the subjects are but also on how correlated the
phenotype is between close relatives.

The transmission disequilibrium test we carried out for heterozygous

parents is mathematically identical to that previously described*, but in our
study, the children are not selected for having a specific trait. Among the 5,529
trios studied, 1,213 of the children were born after 1965, increasing the number
of samples genotyped for H1 or H2 status to 30,350.

URLs. We obtained a diverse sample of 484 individuals of African, European
and Asian ancestry from the Coriell cell repositories (http://locus.umdnj.edu/
ccr/). We obtained SNP genotypes for four populations from the HapMap pro-
ject database (http://www.hapmap.org/) and genotypes for two SNPs located in
MAPT from the ALFRED database (http://alfred.med.yale.edu/alfred/index.asp).

GenBank accession number. DG17S5142, 1.77209.

Note: Supplementary information is available on the Nature Genetics website.
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