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Abstract
In an analysis of human crossover interference, we identified apparent triple
recombination events, in a short region on chromosome 8/?, on the maternallyderived chromosomes in four individuals (two from each of two families). While
this may have indicated an error in marker order, the inverted order was inconsistent with recombination events in other individuals. We were thus led to the
hypothesis of an inversion polymorphism in the region, which was subsequently
confirmed by fluorescent in situ hybridization (FISH). The inversion spans approximately 12 cM on the female genetic map and 2.5 - 5.3 Mb on the physical
map. The allele frequency of the inverted order (D8S1130 telomeric; D8S351
centromeric) in 50 individuals of European ancestry was 21%. This is only the
second known common, long inversion polymorphism in the human genome.
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Introduction

Inversions in gene order along chromosomes have frequently been observed by comparing related species [14, 24, 25], including great apes [16, 21, 22, 29]. Human inversion mutations occur at a low, but detectable frequency. Paracentric (not involving the
centromere) inversions that are large enough to be detectable by standard cytogenetic
analysis occur at a frequency of 1 - 5 per 10,000 individuals [23]. The frequency of
human submicroscopic inversions is unknown, although inversions have been identified
as the cause of specific heritable disorders (see, for example, [1, 8, 15, 19, 20]). Chromosomal inversions are of particular clinical interest because recombination within the
inverted region in heterozygotes can lead to segmental aneusomies and concomitant
abnormalities.
The only well characterized common human inversion polymorphism is the 48 kb
inversion of the Emery-Dreiftiss muscular dystrophy and filamin genes on the X chromosome [26]. This inversion is present in populations of European descent at a frequency of about 18%. Page and colleagues also recently made a preliminary report
of a potentially common 3 Mb inversion polymorphism on chromosome Ύp flanked
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by inverted 300 kb repeats [27]. Here we describe a common, paracentric inversion
polymorphism spanning > 2.5 Mb in chromosome band 8/?23.1 - Sp22.

2 Materials and Methods
We considered high-density genotype data on eight of the CEPH reference families
[6]. These families, which were recruited in order to form the first human genetic
maps, are largely three-generation families, with 10-15 siblings each. They have been
genotyped at > 8,000 short tandem repeat polymorphisms (STRPs, also known as microsatellites). The genotype data are publicly available (see the Marshfield web site,
http://research.marshfieldclinic.org/genetics).
Initial marker order was taken from [3]. Haplotypes were constructed with use of
the chrompic option of the CRI-MAP program [12]. The physical length of the inverted
region was estimated based on the December 22, 2001, version of the University of
California, Santa Cruz, draft human sequence (see h t t p : //genome.ucsc. edu).
Fluorescent in situ hybridization (FISH) was carried out as previously described
[5]. A minimum of five spreads were examined for each individual. BAC clones were
obtained from Genome Systems (St. Louis, Missouri, USA).

3 Results and Discussion
In an examination of the sites of meiotic recombination in eight of the CEPH reference
families, as part of an analysis of human crossover interference [4], we observed that
the maternally inherited chromosomes in two offspring from each of CEPH families
1362 and 1413 show similar and highly unlikely crossover patterns (Figure 1). Even
in the absence of crossover interference, the probability of four triple crossovers within
12 cM is vanishingly small. All four of these chromosomes revert to single crossovers
when the region between and including D8S351 and D8S1130 is inverted. However,
the inverted order of markers is inconsistent with recombination events in other CEPH
families (see Figure 1).
Fluorescent in situ hybridization (FISH) was used to confirm and extend the initial
evidence for inversion. BAC clones encompassing D8S351 and D8S1130 near the ends
of the inverted segment (see Figure 1) were used as probes. We arbitrarily defined
the normal allele as having the marker order in Figure 1, and the inverted allele as
having the markers between D8S351 and D8S1130 inverted. Shown in Figure 2 are
representative metaphase results from two individuals with each of the three possible
genotypes, including the mother (1362-02) (panel c) of CEPH family members of 136210 and 1362-11, who is homozygous for the inverted order (relative to the order shown
in Figure 1). CEPH individuals 1362-10, 1413-03, and 1413-02 (mother of 1413-03 and
1413-09) were also found to be homozygous for the inverted order (data not shown).
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Figure 1: Maternal haplotypes for a small portion of chromosome 8/? for six CEPH family
children (identified by family - individual). Filled symbols indicate alleles from the maternal
grandfather, open symbols alleles from the maternal grandmother, and blank spaces indicate
missing data (due mostly to homozygous markers in the mother). The order of markers is
telomeric (left) to centromeric (right). BACs encompassing the two markers shown in boxes
were used in the FISH experiments.
Metaphase FISH carried out on 50 unrelated individuals of European ancestry revealed 33 homozygotes with the order shown in Figure 1,13 heterozygotes, and 4 homozygotes for the inverted order (inversion frequency 21%; 95% confidence interval,
assuming Hardy-Weinberg equilibrium, 13 - 30%). The genotype frequencies showed
no significant deviation from Hardy-Weinberg equilibrium.
The inversion polymorphism appears to be either extremely old or the result of recurrent mutations. With only a single, relatively recent, inversion mutation event, and
assuming no recombination in heterozygotes, there should only be one common "inverted" haplotype. With at least two inversion events occurring upon different haplotype backgrounds, recombination events in parents homozygous for the inversion could
produce many different haplotypes. Although we don't know which orientation is ancestral, construction of haplotypes in the CEPH families using available genotyping
data revealed several different haplotypes for each orientation. All three haplotypes for
the order shown in Figure 1 were quite different with multiple (up to 17) repeat differences between alleles (data not shown). Similarly, all six haplotypes for the inverted
order were very different. Since short tandem repeats (microsatellites) nearly always
mutate by gain or loss of one or two repeat units [2, 28], it is unlikely that a single in-
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Figure 2: Metaphase FISH results from CEPH family individuals (lymphoblastoid cell
lines) and other individuals (peripheral blood lymphocytes). Probes were DNA from BAC
17304 (encompassing D8S351) labeled with Spectrum Green and BAC 257O3 (encompassing D8S1130) labeled with Spectrum Orange, a) CEPH individual 102-01, homozygous
for the order shown in Figure 1. b) CEPH individual 1331-02, heterozygous for the inversion, c) CEPH individual 1362-02, homozygous for the inverted order, d) e) f) Individuals
homozygous for the Figure 1 order, heterozygous, and homozygous for the inverted order,
respectively.

version mutation event occurred within the last few hundred thousand years. Although
we cannot rale out a single event that occurred longer ago, we favor the alternative that
at least two inversion mutation events occurred relatively recently.
We further characterized the inversion through examination • of relevant genome
maps. The geoetic length of the inverted region is approximately 12 and 2 cM on
the female and male genetic maps, respectively [3]. Using the December 22, 2001,
version of the University of California-Santa Cruz draft human sequence, the length of
the inverted region was estimated to be at least 2.5 Mb and possibly as long as 5.3 Mb.
The sequence assembly in this region of Sp is still crude with many gaps, both large and
small, and other uncertainties. Sites of the inversion breakpoints are not yet precisely
known. From both the CEPH and FISH results, the inversion breakpoints appear to
be at similar locations in all individuals; however, the precision of these approaches is
limited.
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The inversion is likely mediated by two clusters of olfactory receptor genes that
flank the inverted segment at both ends [9]. Olfactory receptor genes are found on
nearly every human chromosome [11]. The flanking repeated sequences are apparently
in inverted orientation (Matsumoto et al., in preparation). The 48 kb emerin/filamin
inversion on the X chromosome is also flanked by 11 kb inverted repeat sequences
[26]. Intrachromatid recombination between inverted non-adjacent repeat sequences
results in the inversion of the intervening segment. As the human genomic sequence
becomes finished, it may be possible to identify additional inversion polymorphisms
through searches for intrachromosomal inverted repeats with high sequence similarity.
The 8/7 inversion may have substantial clinical impact. For example, Giglio et al.
[9] studied eight mothers of children with the inverted duplication 8it p rearrangement,
and found that all were heterozygous for the inversion described herein. Inv dup (8/?)
is a well-known chromosomal abnormality of maternal origin that causes multiple abnormalities including mental retardation [7, 13, 17]. The frequency of inv dup (8/?) has
been estimated at 1/15,000 [9]. It may be that women heterozygous for the chromosome
8/? inversion that we identified are more likely to bear children with the inv dup (8/?)
rearrangement. Giglio et al. [10] recently identified another inversion polymorphism,
on chromosome 4pl6, which is also flanked by clusters of olfactory receptor genes.
These two chromosomal inversions, on chromosomes 4 and 8, appear to be involved in
the recurrent t(4;8)(pl6;p23) translocation.
Heterozygotes for the chromosome 8/? inversion may also have slightly reduced fertility compared to homozygotes of either genotype due to unbalanced gametes produced
through recombination within the inverted region. The rearrangement may also affect
the expression of genes near the inversion breakpoint. Such effects are well known for
translocations [18]. Genes within or adjacent to the inverted segment include several
defensins, GATA-binding protein 4 (GATA4), cathepsin B (CTSB), tankyrase (TNKS),
and methionine sulfoxide reductase A (MSRA).
Submicroscopic inversions are difficult to identify. Use of improbable meiotic products as an inversion signature (see Figure 1) becomes much more difficult as the size of
the inversion decreases. For inversion of only two or three adjacent markers, the phase
patterns will masquerade as genotyping errors or mutations. Also, a recombination
event is required within the inverted region for detection, and it may be necessary for
the parent to be homozygous for the inversion for recombination to occur. A better approach to detect inversion polymorphisms is likely to be comparison of various genome
maps, especially including sequence assemblies, which are prepared using DNA from
different donors. Our results clearly demonstrate that differences in marker order between various genome maps should not automatically be dismissed as errors.
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