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Abstract

Motivation: Genetic linkage analysis has made a huge contribution to the genetic mapping of Mendelian diseases.
However, most previously available linkage analysis methods have limited applicability. Since parametric linkage
analysis requires predefined model of inheritance with a fixed set of parameters, it is inapplicable without fully struc-
tured pedigree information. Furthermore, the analytical results are dependent on the specification of model parame-
ters. While non-parametric linkage analysis can avoid these problems, the runs of homozygosity (ROH) mapping, a
widely used non-parametric linkage analysis method, can only deal with recessive inheritance. The implementation
of non-parametric linkage analyses capable of dealing with both dominant and recessive inheritance has been
required.

Results: We have developed the Obelisc (Observational linkage scan), a flexibly applicable user-friendly non-para-
metric linkage analysis tool, which also provides an intuitive visualization of the analytical results. Obelisc is based
on the SNP streak approach, which does not require any predefined inheritance model with parameters. In contrast
to the ROH mapping, the SNP streak approach is applicable to both dominant and recessive traits. To illustrate the
performance of Obelisc, we generated a pseudo-pedigree from the publicly available BioBank Japan Project
genome-wide genotype dataset (n> 180 000). By applying Obelisc to this pseudo-pedigree, we successfully identi-
fied the regions with inherited identical-by-descent haplotypes shared among the members of the pseudo-pedigree,
which was validated by the population-based haplotype phasing approach.

Availability and implementation: Obelisc is feely available at https:/github.com/gqsonehara/Obelisc as a python
package with example datasets.

Contact: yokada@sg.med.osaka-u.ac.jp

Supplementary information: Supplementary data are available at Bioinformatics online.

Linkage analysis is methodologically classified into two
approaches: parametric and non-parametric (Ott et al., 2015).
Parametric linkage analysis is based on a predefined model of inher-

1 Introduction

Linkage analysis has played a central role in mapping susceptibility

genes in research on rare diseases (Gusella et al., 1983; Kamatani
et al., 2000). Although widespread next generation sequencing
(NGS) technologies have enabled us to directly detect rare mutations
involved in the etiology of rare diseases, it is still challenging to reli-
ably detect some of those rare mutations, such as structural varia-
tions, including indels and repetitive elements (Kosugi ez al., 2019).
In addition, NGS is still inferior to microarray technologies in terms
of cost-efficiency and reliability in common variant calling
(Kishikawa et al., 2019). Linkage analysis utilizing genome-wide
common SNP information is a powerful tool to locate disease-
associated rare variants.

©The Author(s) 2020. Published by Oxford University Press.

itance with a fixed set of parameters, such as an allele frequency and
penetrance of disease-associated variants. Based on this model, the
logarithm of the odds (LOD) scores are calculated, which are statis-
tical estimates of how likely the marker loci and the disease locus
are located close together. While parametric linkage analysis has
made a significant contribution to genetic mapping of Mendelian
traits (Gusella et al., 1983; Kamatani ez al., 2000), the following
points need to be considered when performing such analysis: (i) fully
structured pedigree information is needed, (ii) the LOD score calcu-
lation becomes complicated and computationally intensive in highly
inbred pedigrees (Eerdewegh, 1989) and (iii) the analytical results
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are dependent on the specification of model parameters (Risch et al.,
1992).

Non-parametric linkage analysis involves evaluating haplotype
sharing within a case group in an observational way without prede-
fined inheritance models containing parameters. A widely used non-
parametric linkage analysis method is the runs of homozygosity
(ROH) mapping (Lander et al., 1987), which searches for autozy-
gous identical-by-descent (IBD) segments inherited from a recent
common ancestor by assessing stretches of consecutive homozygous
SNPs. In contrast to parametric linkage analysis, ROH mapping (i)
does not require any structured pedigree information, (ii) inbreeding
within the pedigree is not computationally problematic owing to the
simplicity of the method and (iii) it does not contain predefined
parameters that affect the analytical results. While these flexibilities
are an advantage of ROH mapping, it can only deal with recessive
inheritance.

Here, we introduce the Obelisc (Observational linkage scan),
which is a non-parametric linkage analysis software, applicable to
both dominant and recessive inheritance (Fig. 1a). It is based on the
‘SNP streak’ approach (Leibon et al., 2008; Miyazawa et al., 2007;
Okada et al., 2014; Thomas, 2010), which estimates haplotype shar-
ing and detects candidate IBD segments shared within a case group.
The SNP streak approach is a highly flexible IBD mapping method.
However, there are no user-friendly tools to easily apply this method
and obtain intuitively understandable mapping results. Obelisc is
the first tool that enables the convenient performance of SNP streak-
based IBD mapping and visualization of the results of the analysis.
Obelisc also performs ROH mapping, and the user can obtain the
results of both powerful non-parametric linkage analyses
simultaneously.

2 Materials and methods

2.1 SNP streak-based IBD mapping

Obelisc takes PLINK (Chang ef al., 2015) binary PED files as input
and utilizes genome-wide SNP data to detect IBD stretches. First, for
each SNP site, the possibility of IBD among cases is evaluated based
on the following fact: if all the cases share an IBD haplotype at the
site, individuals who have homozygous reference allele and who
have homozygous alternative allele are never compatible (see details
in Results and Fig. 1b). After every SNP site is evaluated, Obelisc
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Fig. 1. Fundamental concept used in Obelisc. (a) We developed a new non-paramet-
ric linkage analysis tool, Obelisc. (b) If a pair of individuals share an IBD segment,
each individual must have at least one identical allele at all of the loci within the seg-
ment. Hence if one individual has genotype AA and the other has genotype aa in the
same locus, this locus cannot be within an IBD region. (c) Applying this concept to
more than two cases narrows down candidate IBD segments shared among all of the
cases. We also utilize control data to estimate the extent to which an IBD region is
specifically shared among cases

searches for regions where possible IBD sites appear continuously by
a sliding window approach (Okada et al., 2014). With the default
settings, the scanning window is 1.5 Mbp and IBD is judged when
all of the following conditions are fulfilled: (i) it contains 25 SNPs or
more, (ii) it contains no nearest SNP pairs more than 1 Mbp apart
and (iii) all the SNP sites in it are possible IBD sites as described
above with exception of no more than 1 site. The user can change
these parameters flexibly.

Obelisc scans genome-wide SNPs of the case group in the afore-
mentioned manner to detect IBD regions shared among all of the
cases. Then, separately for each control individual, Obelisc adds
him or her to the case group and executes genome-wide SNP scan-
ning again in the mixed group to distinguish whether the parts of
the detected regions are also shared by the added control (i.e. the
regions may not be specific to cases). The case-specificity of each
part of the detected regions is calculated as 1 — 7 e /741, where
Mghare i the number of controls who do not share the IBD region and
1y is the number of all of the controls.

2.2 Constructing a pseudo-pedigree from a publicly

available BioBank Japan (BBJ) Project dataset

To demonstrate Obelisc IBD mapping with a practical example, we
utilized a real genome-wide SNP genotype dataset of BBJ Project
(Hirata et al., 2017; Kanai et al., 2018; Nagai et al., 2017)
(n=182 505) accessed through the National Bioscience Database
Center (Fig. 2a). We applied standard quality-control criteria to the
genotype data and performed linkage disequilibrium-pruning (see
Supplementary Notes).

We inferred kinships between each pair of the cohort partici-
pants and sexes of each participant only from the genotype data
using PLINK (version 1.90b4.4) (Chang et al., 2015). The kinships
were estimated based on PI_HAT and Z1 provided by PLINK
according to the following criteria: (i) if PI_HAT > 0.38 and
71>0.8, the kinship is parent—child; (ii) if PI_HAT > 0.38 and
71 <0.8, sibling; and (iii) if 0.38 > PI_HAT > 0.17, other kinships
closer than a third-degree relative. Since individuals in this publicly
available biobank dataset had been de-identified and no pedigree in-
formation was provided, we constructed pseudo-pedigree charts in
order to make the kinships easy to interpret (Fig. 2b; see
Supplementary Notes).

We selected one of the largest pseudo-pedigrees, which consisted
of nine genotyped individuals. We arbitrarily assigned artificial af-
fection status to each individual so that the status appeared to be in
accordance with autosomal dominant inheritance (Fig. 2¢).
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Fig. 2. Schematic overview of constructing pseudo-pedigree from public biobank
data. (a) We utilized publicly available biobank genotype data. (b) A network dia-
gram showing inferred relationships among some biobank participants. Red edges
indicate parent—child relationships, blue edges indicate sibling relationships and
black dashed edges indicate other relationships that are closer than third-degree rel-
atives. (c) A constructed pseudo-pedigree chart based on the inferred kinships
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2.3 Comparison between SNP streak-based IBD

mapping results and explicitly phased haplotypes

Since the SNP streak approach finds latent identical haplotypes only
using unphased genotypes, this approach essentially involves judging
haplotype matches without explicit haplotype estimation. To empir-
ically show the performance of this method, we assessed whether
the IBD regions identified by Obelisc had shared haplotypes among
the individuals.

We phased all of the quality-controlled BBJ genotype data with
Eagle (version 2.4.1) (Loh et al., 2016) and extracted inferred haplo-
types of the nine members in the pseudo-pedigree. We compared
each pair of inferred haplotypes. If the number of mismatched SNPs
was no more than 1 per Mbp (corresponding to the default settings
in the sliding window approach), we defined the pair as being IBD,
as defined by Obelisc.

3 Results
3.1 Principle of the SNP streak approach

We developed an easy-to-use non-parametric linkage analysis tool,
Obelisc, which also provides a graphical representation of the ana-
lytical results (Fig. 1a). The goal of the SNP streak approach is to de-
tect IBD haplotypes shared within a case group from genome-wide
SNP genotype data. The SNP streak approach is fundamentally
based on the fact that, if a pair of individuals share an IBD segment
harboring the disease-causing variant, they must carry at least one
identical allele at all of the loci within the segment. In other words,
thinking of a pair of individuals and a biallelic locus A/a, if one has
a homozygous genotype AA and the other has the other homozygous
genotype aa, this locus cannot be within the region IBD in this pair
(Fig. 1b). It is worth noting that this concept not only permits the
exact match of the genotypes within the pair, but also allows the
combination of heterozygote and only one of the two homozygotes.
The condition described here is the necessary but not sufficient con-
dition for concluding that a segment is IBD, and a sufficient length
of contiguous SNP stretches in this condition is required to make the
inference reliable.

By extending this concept to multiple affected individuals, we
can narrow down the number and the size of IBD candidate seg-
ments in all of the cases. Moreover, by adding each one of the un-
affected to the case group and estimating IBD regions, we can
further filter out candidate IBD regions also shared by a control
(Fig. 1c). We defined IBD case-specificity per detected region as the
proportion of the number of the controls not sharing the region rela-
tive to all of the controls. The IBD case-specificity indicates how
rarely the detected IBD region is also shared among the controls.
The implementation of this indicator is one of the distinctive points
of our IBD mapping method compared with other existing SNP
streak-based approaches (Leibon et al., 2008; Miyazawa et al.,
2007; Okada et al., 2014; Thomas, 2010). This indicator allows
users to estimate the penetrance of the causal mutation within the
detected region.

3.2 IBD mapping demonstration with a

pseudo-pedigree derived from public biobank data

To illustrate SNP streak-based IBD mapping implemented in
Obelisc, we generated pseudo-pedigree data from a publicly avail-
able genotype dataset of the BBJ Project (Fig. 2; 492 861 autosomal
variants and 11 342 X-chromosomal variants of 182 108 individu-
als, mainly of Japanese ancestry) (Hirata et al., 2017; Kanai et al.,
2018; Nagai et al., 2017).

First, we estimated the pairwise kinships of all of the pairs of
individuals in the dataset using PLINK (Chang et al., 2015). Of all
of the 16 581 570 778 pairs of individuals, 12 226 pairs
(7.37 x 107> %) were estimated to be closer than third-degree rela-
tives (Supplementary Fig. S1a; see Section 2). Of these 12 226 rela-
tive pairs, 6911 pairs (56.5%) were estimated to be first-degree
relatives (parent—child or sibling kinship; Supplementary Fig. S1b).
These observations demonstrate that a non-negligible fraction of the

biobank participants is not independent but closely related (Yengo
et al., 2019). To construct pseudo-pedigrees based on the inferred
kinships, we drew kinship network diagrams, whose nodes indicate
individuals and whose edges indicate the kinships of the pairs of
individuals. While the first-degree relatives can be clearly discrimi-
nated between parent—child and sibling kinship by genotypes (see
Section 2), discrimination of the second-degree relatives was un-
clear. Therefore, to construct pseudo-pedigrees consistent with the
estimated kinships, we first drew kinship network diagrams only
composed of first-degree relative edges. Then, we appended second-
degree relative edges to them.

The largest diagram composed of first-degree relatives comprised
ten individuals (Supplementary Figs S2 and S3a). We appended the
second-degree relative edges to this largest diagram and constructed
a pseudo-pedigree in accordance with the estimated kinships
(Supplementary Fig. S3b). The constructed pseudo-pedigree
appeared to be composed of two separate pedigrees connected by
one marriage with one child. Since unrelated individuals’ genotype
data do not have much information for linkage analysis, we adopted
only one of the two connected pedigrees for SNP streak-based IBD
mapping. The adopted pseudo-pedigree was composed of nine geno-
typed individuals (B1-B9). Applying our IBD mapping method to all
the pairs in the pseudo-pedigree confirmed the validity of the
method (Supplementary Fig. S4).

To demonstrate our IBD mapping method for identifying disease
associated regions, we arbitrarily assigned affection status as if it is
autosomal dominant: five (B1, B3, B4, B7 and B9) are affected, and
four (B2, BS, B6 and B8) are unaffected (Fig. 2c). We applied IBD
mapping implemented in Obelisc to this pseudo-pedigree based on
the real genotype data. The IBD mapping results are shown in
Figure 3a. A total of 65 candidate IBD regions were identified as
harboring the causal mutation responsible for the artificially
assigned affection status (mean length=3.38 Mbp). Furthermore,
five of the identified regions were estimated to be exclusively shared
in the case group (chromosome 1p34-33, 3q33, 12q24, 15924 and
17q22; mean length=1.55 Mbp; Supplementary Table). We con-
firmed that decreasing the number of cases resulted in larger IBD
regions, and that decreasing the number of samples did in larger
case-specific IBD regions, as expected (Supplementary Fig. S5).

While the affection status of each member was arbitrarily
assigned, it was, in principle, assumed that the case-assigned mem-
bers truly shared an identical haplotype within a detected region
even if this region would not harbor causal variants. To examine
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Fig. 3. IBD mapping results and comparison to haplotypes estimated by population-
based haplotype phasing approach. (a) IBD mapping results by SNP streak ap-
proach. The horizontal axis indicates the genomic position, and the vertical axis
indicates IBD case-specificity. (b) We compared all three IBD regions within
chromosome 15 detected by the SNP streak approach with inferred haplotypes.
Haplotypes of each individual in the pseudo-pedigree were compared with those of
B1. Red segments indicate that phased haplotypes of the regions are identical in
alleles
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whether each case’s haplotype of a detected region is identical to an-
other case’s, we compared inferred haplotypes of the pseudo-
pedigree members within the regions. Although the true haplotype
phases of the detected regions were unknown, thanks to the large
sample size of the BBJ cohort, we were able to accurately estimate
the haplotype phases of individuals in the cohort with reasonable
certainty by Eagle2 (Loh et al., 2016), a population-based phasing
tool.

As an example, we selected an exclusively shared IBD region
located within chromosome 1524 and two nearby IBD regions
(within 15q15 and 15q22). We inferred the haplotype phases of
these regions of the pseudo-pedigree members and compared phased
haplotypes of each region (Fig. 3b). We applied a strict criterion for
judging a pair of haplotypes as identical, namely, requiring exact
matching throughout the region except for 1 locus per Mbp. Based
on this rigorous criterion, 4, 5 and 4 of the 5 cases were estimated to
have IBD haplotypes in the detected region within chromosome
15q15, 1522 and 15g24. In addition, we compared each of the
inferred haplotypes of both cases and controls to verify the esti-
mated case-specificity of the regions. The estimated case-specificity
of the region within chromosome 15q15, 15q22 and 15q24 was 0.5,
0.0 and 1.0, respectively. In the explicit phasing analysis, 2, 3 and 0
of the total of 4 controls shared the IBD haplotype with the cases
(corresponding to real case-specificity 0.5, 0.25 and 1.0), showing
high concordance with the estimation. Despite the strict criterion
applied for defining IBD, our SNP streak-based IBD mapping suc-
cessfully identified IBD regions shared among the cases and esti-
mated the case-specificity of each region.

4 Discussion

We developed the Obelisc, which is a flexibly applicable, user-
friendly non-parametric IBD mapping software. Obelisc implements
both the above-mentioned SNP streak-based IBD mapping and
ROH mapping simultaneously, and can visualize genome-wide map-
ping results. This tool enables users planning to investigate the gen-
etics of rare diseases to easily conduct two effective non-parametric
linkage analyses simultaneously.

We introduced IBD case specificity to indicate whether the
detected regions are merely common among the background popula-
tion. Obtaining the null distribution of IBD case specificity and
making a statistical test feasible is left for a future improvement. As
attempted in ROH mapping (Narasimhan ez al., 2016), the use of
hidden Markov model may improve the performance of IBD map-
ping, and it is also a possible future work.

By utilizing public biobank genotype data, we successfully con-
structed a pseudo-pedigree based on the genetic kinships and sexes,
which could be used as an illustrative example for SNP streak-based
IBD mapping. We drew the pseudo-pedigree chart (Fig. 2¢) to obtain
an intuitive understanding of the kinships between the related indi-
viduals and the assignment of the affection status. However, we
note that our IBD mapping only needed the affection status of each
individual and did not utilize the constructed pseudo-pedigree struc-
ture. This is one of the most useful characteristics of non-parametric
linkage analysis. With the large-scale sample size, biobank genotype
datasets are likely to contain multiple sets of unexpected related
samples, as shown in this study. Non-parametric linkage analysis
does not require pedigree structure information, and the kinships
can be inferred using the genotype data. Therefore, if only pheno-
type information is available, non-parametric linkage analysis can
also be applied to the hidden pedigrees in biobank-scale datasets.
Our study highlights this novel possibility of a biobank dataset
investigation.

In conclusion, Obelisc facilitates disease-associated gene map-
ping in research on rare diseases, especially when recessive

inheritance is not assumed or unstructured pedigree data is pro-
vided. Our tool complements current pitfalls in linkage analysis
where existing tools are unsuitable and contributes to elucidating
the etiology of unexplained rare diseases.
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