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Abstract
Individuals are frequently observed to have long segments of uninterrupted sequences of
homozygous markers. One of the major mechanisms that gives rise to such long homozygous
segments is consanguineous marriages, where parents pass shared chromosomal segments to their
child. Such chromosomal segments are also known as autozygous segments. The clinical evidence
that progeny from inbred individuals may have reduced health and fitness because of homozygosity
of recessive alleles is well-known. As the length of such homozygous segments depends on the degree
of parental consanguinity, it would be logical to observe shorter homozygous segments in more
outbred populations. However, a recent study identified long homozygous regions, thus likely to be
autozygous segments in the HapMap populations. While an abundance of homozygous segments
may significantly reduce the ability to fine map disease genes using association studies, detecting
tracts of extended homozygosity related to disease status seems the natural next step in genome-wide
association studies beyond allele, genotype and haplotype association analyses. In this study, we
propose a new algorithm to map disease-related segments based on autozygosity using case-control
data. The underlying rationale for the proposed method is that shared autozygosity regions that differ
between diseased and healthy individuals may harbor mutations underlying diseases. Specifically,
our algorithm uses a sliding-window framework and employs a LOD score measure of autozygosity
coupled with permutation-based methods to identify disease related regions. We illustrate the
advantage of the algorithm with its application to a genome-wide association study on Parkinson's
disease.
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Introduction
Individuals are frequently observed to have long segments of uninterrupted sequences of
homozygous markers. These long homozygous segments arise through numerous mechanisms,
including consanguineous marriages, in which parents pass shared chromosomal segments to
their child. Such chromosomal segments are also known as autozygous segments, i.e., the two
alleles in a homozygous genotype are identical by descent (IBD). Statistically, the length of
such homozygous segments depends on the degree of parental consanguinity, because it is on
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average reduced via recombination and related processes that break up chromosomal segments
over generations. Therefore, we expect to see shorter homozygous segments in more outbred
populations [Gibson et al., 2006]. However, based on HapMap SNP data, Gibson et al.
[2006] identified 1393 homozygous regions exceeding 1 Mb in length, and thus likely to be
autozygous segments among 209 unrelated HapMap individuals, with the longest spanning
17.9 Mb in a Japanese individual. Li et al. [2006] observed frequent occurrence of long
contiguous stretches of homozygosity ranging from 2.94 to 26.27 Mb in Han Chinese,
Taiwanese aborigines, Caucasians, and African Americans. In another study, using 276
unrelated controls recruited for an association study of Parkinson's disease, Simon-Sanchez et
al. [2007] identified 26 samples with extended homozygosity spanning 5 Mb or longer. Long
homozygous segments have also been observed in CEPH individuals [Broman and weber,
1999]. The origin of these segments is unclear. An alternative mechanism other than
consanguinity that may increase homozygosity is linkage disequilibrium (LD) in a population.
But homozygous segments created this way, although identical by state, would not be
autozygous and would likely be very short. Heterozygous deletions can sometimes be detected
by apparent homozygosity as well, but we presume these segments would also likely be very
short. Other explanations of long homozygous segments include deletions or chromosomal
abnormalities such as uniparental disomy, when a person receives two copies of a chromosome
or part of a chromosome from one parent and no copies from the other parent. However, a
recent study using 276 unrelated controls recruited for an association study of Parkinson's
disease [Simon-Sanchez et al., 2007] rules out the possibility that the observed homozygosity
was due to deletion through the examination of SNP hybridization intensity to estimate copy
numbers. Moreover, the authors re-assayed DNA extracted directly from blood and showed
that the effects of lymphoblast cell lines (LCL) creation and passage on genotypes and genetic
architecture are minimal. Another recent study using trios from CEPH families found no excess
of apparent transmission errors in the regions of extended homozygosity [Curtis, 2007], thus
rules out the possibility of uniparental disomy. In another work, Curtis et al. [2008] also
identified regions of extended homozygosity over 1Mb in CEPH populations and argued that
the alternative explanation of the presence of the tracts of long homozygous segments is the
presence of extended haplotypes with high frequencies in the populations so that these extended
haplotypes were inherited by chance from both parents of a subject.

The clinical implication of long homozygous segments are well known. Progeny from inbred
individuals may have reduced health and fitness because of homozygosity of recessive alleles
[Morton 1978; Stoll et al., 1994; Ober et al., 1999; Rudan et al., 2003]. Wright [1922] first
introduced the inbreeding coefficient to measure how close two people are genetically related
to each other, Lander and Botstein [1987] later proposed a homozygosity mapping method that
uses the inbreeding coefficient and searches for an autozygous genome region in inbred
individuals afflicted by the disease of interest. As their method specifically looked at offspring
from consanguineous matings and affected with a recessive trait, it is rather restrictive. Broman
and Weber [1999] pointed out that it might be possible to extend the homozygosity
(autozygosity) mapping to genetically more complex disorders from rare recessive disorders.
This is because there often will be greater disease risk with the presence of two copies of a
relatively common allele than the presence of a single copy. Most of the current studies of
inbreeding in humans have relied on genealogical structure. Recently, Leutenegger et al.
[2006] developed a homozygosity mapping method for rare recessive traits in a population of
individuals with unknown pedigree structure.

The rapid technological advance in genotyping SNP assays has made genome-wide association
studies realistic and manageable. Recently, several genome-wide association studies have
shown great power in identifying SNPs associated with complex diseases [Scott et al., 2007;
Diabetes Genetics Initiative of Broad Institute of Harvard and MIT, Lund University, and
Novartis Institutes of BioMedical Research, 2007; The Wellcome Trust Case Control
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Consortium, 2007]. All those studies had large numbers of cases and controls. In our
collaborative work on genome-wide molecular profiling of colon cancer patients, Bacolod et
al. [Accepted] applied autozygosity mapping method as an alternative approach to identify
disease associated SNPs, which used a smaller number of cases and controls. In a recent review
paper on genome-wide association studies, the authors pointed out that the most obvious
application of genome-wide association studies beyond simple association is the detection of
tracts of extended homozygosity [Gibbs and Singleton 2006]. This has become possible when
a SNP genotyping platform provides high resolution and essentially complete genomic
coverage. The observation that the abundance of homozygous segments will significantly
reduce the ability to fine map disease genes using association studies also supports the idea of
autozygosity mapping with genome-wide association studies [Gibson et al., 2006]. However,
those recent reports with tracts of homozygosity identified in unrelated individuals only
concentrated on identifying tracts on the individual level, but did not try to link the identified
tracts to disease status.

We developed an algorithm that examines strength of shared autozygous segments measured
by a LOD score between cases and controls under a genome-wide association study framework
for disease mapping. The underlying rationale for the proposed method is that shared
autozygous regions, which are distinguished from the chance homozygosity that differ between
diseased and healthy individuals may harbor mutations underlying diseases. The proposed
method is expected to be powerful when applied to isolated populations or subgroups in which
consanguinity is high, for example, with selected case and control individuals from Ashkenazi
Jewish populations. The proposed method is also expected to be powerful in non-isolated or
non-subgroup populations because ascertainment procedures which select case individuals
from the general population tend to make them distantly related, especially for rare recessive
traits [Terwilliger 2000]. This observation has been previously cited as a disadvantage of case-
control studies [Terwilliger 2000] but we turn this into a search tool in our proposed method.
We illustrate the advantage of the proposed algorithm in an application of a genome-wide
association study with Parkinson's disease [Fung et al., 2006].

Method
We develop a new algorithm to map disease related autozygous segments with case-control
data from genome-wide association studies. Assume there are n1 unrelated cases, n2 unrelated
controls, and M biallelic (denoted by allele A and allele a) single nuclear polymorphism (SNP)
markers distributed throughout the genome. The autozygosity mapping algorithm is divided
into four steps.

Step 1: Estimate Allele Frequency
Allele frequency of each SNP marker is estimated for case and control groups separately simply
using the allele counting method.

Step 2: Quantify Strength of Autozygosity
For each individual, we quantify the strength of autozygosity for a given chromosomal segment
i, where we form segments by moving a window of size w (Mb) from one end of a chromosome
to the other with b (Mb) step size. Note that two adjacent segments overlap with each other
(with length w-b Mb) if the step size b is smaller than the window size w. A smaller segment
is defined at the end of a chromosome. Within each segment i, there are in total Ki SNP markers,
where we observe a genotype Gk at the kth SNP. Define Xk =1 if SNP k is autozygous and 0
otherwise. The probability of observing a genotype Gk is determined by the autozygosity status
Xk and is a function of the allele frequency at marker k under the assumption of Hardy-Weinberg
equilibrium (Table 1). For SNP markers with missing genotypes, we have Pr(Gk|Xk=x) =1 for
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all possible autozygous status. We also include an error and mutation model similar to that in
Broman and Weber [1999]. Assuming linkage equilibrium between all markers, the strength
of autozygosity for a given chromosomal segment i of individual j is quantified by a LOD score
comparing the hypothesis that the segment is autozygous versus it is not autozygous with the
following formula [Broman et al., 1999],

With a fixed window size w and a step size b, a total of N possible segments will be formed
across the autosomal genome for each individual case and each individual control.

Step 3: Compare Strength of Autozygosity of Each Segment Between Cases and Controls
After Step 2, for each chromosomal segment formed by a sliding window, we will have n1
LOD scores for n1 cases, with each LOD score measuring the strength of autozygosity for the
specific segment for one case; and n2 LOD scores for n2 controls, with each LOD score
measuring the strength of autozygosity for the specific segment for one control. To determine
whether any of the N chromosomal segments contributes to the disease status because of
autozygosity, we compare the strength of autozygosity between n1 cases and n2 controls using
the two-sample t-test, one sided, for each segment. Large value of the t statistic for one segment
might indicate the role of chromosomal segment in predicting the disease status because of
autozygosity.

Step 4: Significance Test
When the step size b is smaller than the window size w, each segment overlaps with several
of its neighboring segments, making the test statistics for these overlapping segments positively
correlated (such correlations may also be present because the SNPs are not in linkage
equilibrium as assumed under our model). Thus, standard tests for the significance of test
statistics are not valid. Therefore, we propose to assess the significance level associated with
the t statistic Ti for segment i with permutation procedures while maintaining the
autocorrelation between t statistics of the neighboring segments. We permute the disease status
among n1 cases and n2 controls, which generates a new data set in which the null hypothesis
holds that no segment is associated with the disease status because of autozygosity. With the
jth permuted data set pj, we obtain the t statistic  for segment i and the genome-wide
maximum statistic  among all . We repeat the permutation procedures 1,000
times to generate the distribution of the test statistic under the null hypothesis. Thus, the
genome-wide adjusted p-value for the t statistic Ti comparing autozygosity strength of the ith
segment between case and control groups is the proportion of the genome-wide maximum
statistics  from the permuted data that are equal or greater than the observed statistic Ti
[Westfall and Young, 1993].

We also record the 100(1–α)% percentile of the maximum  as the 100
(1–α)% genome-wide threshold for the statistic Ti, which can be used to detect the presence of
an autozygous segment in the autosomal genome that is associated with the disease status so
as to control the overall Type I error rate to be α or less [Churchill and Doerge, 1994].
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Results
We applied the algorithm to a genome-wide association study of Parkinson's disease with 500K
SNP chip data [Fung et al., 2006]. The raw data were made publicly available by Coriell
Institute for Medical Research (NJ, USA). There are 270 Parkinson's disease patients and 271
neurologically normal controls, and 408,787 SNP markers genotyped for each individual. All
subjects were Caucasians. We considered 396,591 autosomal SNP markers excluding 12,196
SNP markers on the sex chromosomes. For quality control of the genotyping data, we removed
SNPs that were monomorphic, thus uninformative; SNPs for which no homozygotes were
observed in the entire sample or which had genotypic frequencies departing from Hardy-
Weinberg equilibrium after Bonferroni correction. Of the 396,591 SNPs, 395,245 were
informative and passed the quality-control checks and were therefore carried over into the
autozygosity analysis.

With significance suggested on chromosome 20 from preliminary runs on Parkinson's disease,
we applied the algorithm on the data of chromosome 20 only with different parameter values
to determine the best set of the parameter values ad hoc. Figures 1 and 2 display the effects of
window sizes, and error rates on IBD mapping, respectively, where the step sizes are fixed as
one tenth of the window sizes. Figure 1 suggests that window size 1 Mb might give the most
powerful results among four window sizes ranging from 0.5 Mb to 5 Mb. Figure 2 shows that
error rates 0.5%, 1%, and 2% all give similar results. Therefore, in the whole-genome analysis
of the Parkinson's disease data, we chose the window size to be 1Mb, the step size to be 0.1Mb,
and the error rate to be 2%. Instead of fixing the window size based on number of base pairs,
we also investigated the effect of window size by fixing the number of SNPs falling into one
window. The error rate was fixed at 2% and step size was fixed as one tenth of the number of
SNPs falling in one window. Figure 3 suggests that the results will not be affected by how
window size is fixed. The same pattern was observed and the same peak was detected.

We moved a window of size 1 Mb from one end of a chromosome to the other with a step size
of 0.1 Mb, making adjacent segments overlap by 0.9 Mb. This formed a total of 26,668
segments genome-wide. We also assumed an error and mutation rate of 2% in the autozygosity
analysis. The pattern of genome-wide IBD comparisons between Parkinson's cases and normal
controls is displayed in Figure 3 together with the 0.05 genome-wide significance threshold of
t statistics. There is one region on chromosome 20 (from 51211799 bp to 52211798 bp) that
has t statistic 4.51 comparing strength of autozygosity between Parkinson's cases and normal
controls with genome-wide adjusted p-value 0.053. The IBD pattern for chromosome 20 only
is individually displayed in Figure 5. Within the identified region, on average there were 225
SNPs (ranging from 218 to 226) genotyped for cases and 226 SNPs (ranging from 215 to 226)
genotyped for normal controls, making the average distance between two SNPs 4.4 kb. We
then examined the identified region for Parkinson's disease. Table 2 displays all genes in the
region from 51211799 bp to 52211798 bp on chromosome 20 together with their descriptions.

It is known that the etiology of many neurodegenerative diseases such as Parkinson's and
Alzheimer's disease is related to aggregation of inappropriately folded proteins in the brain.
For Parkinson's disease, these protein clumps, known as Lewy bodies, contain α-synuclein,
ubiquitin, α/β-tubulin and other misfolded proteins. We notice that gene LOC391257 in the
identified region is a SUMO1 (small ubiquitin-like modifier) pseudogene. If gene LOC391257
is transcribed, it may interfere with SUMO1, which was found to be able to counteract ubiquitin
and stabilize proteins against degradation by the 26S proteasome. The fact that parkin is a
ubiquitin ligase suggests that disturbance of protein degradation by the ubiquitin-proteasome
system might have a critical role in neurodegeneration [Hattori and Mizuno, 2004; Oria et al.,
2005]. Another interesting gene in the identified region is CYP24A1. Cytochrome P450
members have been implicated in detoxifying a number of risk factors of Parkinson's disease.
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More specifically, studies have shown that smoking activates P450 genes and has protective
effect on development of Parkinson's disease [Miksys and Tyndale, 2006; Elbaz et al., 2007;
Duric et al., 2007]. Lastly, gene PFDN4, which encodes prefoldin subunit 4, is a member of
the chaperonins that assist in proper folding of its target proteins such as actin and tubulins
[Simons et al., 2004].

Consistent with what has been observed previously [Gibson et al., 2006], homozygous tracts
are extremely common in unrelated Parkinson's cases and normal controls. All 270 Parkinson's
cases and 271 normal controls had at least one segment with LOD score of autozygosity greater
than 25 (an arbitrary high value showing very strong autozygosity). Within segments of LOD
> 25, the percentage of homozygous genotypes within a specific segment ranges from 86.2%
to 100% for cases, and 83.6% to 100% for controls. More specifically, among segments of
LOD > 25, 75.8% segments of cases have 100% homozygous genotypes and 70.2% segments
of controls have 100% homozygous genotypes. Within the identified segment on chromosome
20, the percentage of homozygous genotypes is 66.3% and 64.2% for cases and controls,
respectively with mean LOD scores of -105.3 for cases and -114.8 for controls. The longest
segment with complete homozygosity within the identified region among all 270 Parkinson's
disease patients is 0.552 Mb in length and that among 271 normal controls is 0.325 Mb. The
average length of the longest segment with complete homozygosity of each patient within the
identified region is 0.114 Mb and that of each normal control is 0.102 Mb.

To check the false positive rate of the algorithm, we applied the algorithm to the chromosome
20 data of the Parkinson's study, where the two groups were formed by randomly splitting 271
normal controls (135 vs. 136). The same parameter settings were applied, i.e., 1 Mb window
size, 0.1 Mb step size and 2% error rate. Among the 606 segments formed along chromosome
20, 20 were significant at the 0.05 significance level, making the false positive rate 0.033.

Discussion
Genome-wide association studies have been proposed as a method to identify common genetic
variability that underlies complex diseases. Gibbs and Singleton [2006] suggested that the
application of genome-wide association studies beyond allele, haplotype, and genotype
associations consists of detecting tracts of extended homozygosity, which might contain a
genetic susceptibility variant that is responsible for the underlying disease. The most likely
explanation for such long tracts of homozygosity is autozygosity, wherein the same
chromosomal segments inherited from a common ancestor were passed from (distantly related)
parents to a child. The length of autozygosity tracts may be influenced by the degree of
consanguinity in the marriage, mutation rate, population structure, uniparental disomy (UPD),
natural selection, recombination process, and linkage disequilibrium (LD) pattern [Gibson et
al., 2006]. Broman and Weber [1999] observed long tracts of homozygosity in the CEPH
families, Gibson et al. [2006] observed tracts exceeding 1Mb in length among the unrelated
HapMap individuals, and Li et al. [2006] observed frequent occurrence of long contiguous
stretches of homozygosity in Han Chinese, Taiwanese aborigines, Caucasians, and African
Americans.

In this paper, we proposed an algorithm to predict disease status under a genome-wide
association study framework with case-control data through examining the strength of
autozygosity for apparently recessive disorders. Given the current SNP density, unlike that in
Broman and Weber [1999], where all possible subsets of contiguous markers were considered,
we propose a sliding-window method with a fixed window size. A permutation procedure that
takes into account the dependence among adjacent segments is applied to obtain empirical
significance. The sliding window idea was also applied in the work of Lin et al. [2004] to
identify shared loss-of-heterozygosity (LOH) regions based on paired normal and tumor
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samples from the same prostate cancer patient. Huang et al. [2004] used a probabilistic method
to calculate the probability of a stretch of SNPs with fixed length all being homozygous. The
algorithm was incorporated in the Affymetrix's CNAT copy number and LOH calculation. The
feasibility of the proposed algorithm has been demonstrated through an application of a
genome-wide association study with Parkinson's disease [Fung et al., 2006]. Note that we
applied the parameter checking procedures ad hoc only on chromosome 20 in order to be
computationally more efficient. With a new data set on a different disease with a different
population, similar procedures can be applied. That is, run the algorithm on the whole genome
with one set of parameters and narrow down the parameter checking procedures to
chromosomes that show signals. The proposed algorithm has a disadvantage that it does not
take into account the fact that the tracts of homozygosity might not be homozygous for the
same allele, or the patterns of homozygosity within one window might not be the same for
different individuals. From several recent reports, we observed that different tracts of
homozygosity are distributed across the genome differently in different unrelated individuals.
Therefore, instead of mapping certain specific tracts, our algorithm maps the disease based on
the strength of autozygosity with a LOD score measuring how likely for a segment to be an
autozygous segment. We consider our proposed algorithm a screening tool to identify segments
possibly harboring disease variants/haplotypes that warrants further studies within the
identified region to identify true disease associations. One region on chromosome 20 was
identified to have different autozygosity strength between Parkinson's cases and normal
controls after genome-wide multiple comparisons adjustment. We do not expect to replicate
previous findings with the proposed method as previous studies of gene mapping with
Parkinson's disease were either association studies looking at the difference in allele frequency
or genotype frequency between cases and controls or linkage studies looking at recombinations.
Although several genes in the identified region are consistent with influencing Parkinson's
disease pathology [Hattori et al., 2004; Oria et al., 2005; Miksys et al., 2006; Elbaz et al.,
2007; Duric et al., 2007; Simons et al., 2004; Sun et al., 2007], further study on this suggestive
region is needed to narrow down the disease related segment and to understand the functions
of the candidate genes that may possibly be associated with Parkinson's disease.

With frequent observations of long tracts of homozygosity in outbred populations, and with
current high-density SNP maps, the natural next step for genome-wide association studies is
detecting tracts of extended autozygosity in individuals with recessive diseases. In this study,
we have demonstrated the power and feasibility of an autozygosity association mapping
algorithm with genome-wide association studies. Although the results from the application on
the 500K genome-wide association study with Parkinson's disease are promising, future studies
are needed to improve the current algorithm for autozygosity association mapping. To define
a new LOD score of autozygosity that takes LD between SNPs into account, and to propose a
new algorithm that defines segments with different lengths according to the percentage of
homozygosity will be our future research.
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Figure 1.
Effect of window size (with base pair length) on IBD mapping with chromosome 20 data of
the Parkinson's disease.
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Figure 2.
Effect of error rate on IBD mapping with chromosome 20 data of the Parkinson's disease.
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Figure 3.
Effect of window size (with number of SNPs falling into one window) on IBD mapping with
chromosome 20 data of the Parkinson's disease.
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Figure 4.
Pattern of the genome-wide IBD comparisons between Parkinson's cases and normal controls.
The horizontal bar is the 0.05 genome-wide significance threshold of t statistics.
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Figure 5.
Pattern of the IBD comparisons on chromosome 20 between Parkinson's cases and normal
controls. The top horizontal bar is the 0.05 genome-wide significance threshold of t statistics.
The bottom horizontal bar is the 0.1 genome-wide significance threshold of t statistics.
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Table 1

Probabilities of the observed genotype Gk given the autozygosity status and the error and mutation model.

Probability of Gk when

Observed Genotype Gk Autozygous at k Not Autozygous at k

AA
(1 − ε)pA + εpA

2 pA
2

AB 2εpApB 2pApB

BB
(1 − ε)pB + εpB

2 pB
2

Missing 1 1

a
ε refers to the rate of genotyping errors and mutations.

b
pA refers to the allele frequency of allele A.
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Table 2

Genes within the identified region on chromosome 20 for the Parkinson's disease.

Genes Symbols Descriptions

LOC728805 hypothetical protein LOC728805

TSHZ2 teashirt family zinc finger 2

PPIAP10 peptidylprolyl isomerase A (cyclophilin A) pseudogene 10

ZNF217 zinc finger protein 217

LOC391257 SUMO1 pseudogene 1

BCAS1 breast carcinoma amplified sequence 1

CYP24A1 cytochrome P450, family 24, subfamily A, polypeptide 1

PFDN4 prefoldin subunit 4
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