Chapter 3
Integration of Linkage Analysis
and Next-Generation Sequencing Data
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Abstract Genetic mapping by linkage analysis has been for many years the first
step in the identification of genes responsible for rare Mendelian disorders. When
the focus of genetic research shifted toward the study of the more complex common
disorders, alternative approaches such as association studies were shown to be
more successful in identifying common variants of small effect that are in part
responsible for susceptibility to such conditions. Recent advances in technologies
that make feasible the sequencing of whole exomes or genomes have renewed
interest in the identification of rare variants, which are in principle amenable to
being detected by linkage analysis. As a result, linkage analysis and family-based
studies in general are being reexamined as an aid to filter and validate results of whole
exome and whole genome sequencing experiments. This chapter will describe a few
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representative papers that have incorporated linkage analysis and its results in the
design, execution, and interpretation of whole genome or whole exome sequencing
studies.

Keywords Linkage analysis ® Rare variants ® Family-based studies ® Whole exome
sequencing * Whole genome sequencing

3.1 Introduction

Linkage analysis and family-based tests have been a workhorse of genetic mapping
for Mendelian disease gene identification. From the beginning of the 1980s, the
combination of increasingly dense DNA marker maps and powerful software tools
implementing such tests have led to the identification of the genes responsible for
thousands of Mendelian disorders (Botstein and Risch 2003). When the focus of
genetic research shifted from the rare, highly penetrant monogenic diseases to the
more common, complex ones, it became evident that linkage analysis was under-
powered to detect the common risk variants with small effects expected under the
common disease/common variant hypothesis (Risch and Merikangas 1996). Instead,
genome-wide association studies (GWAS) in case—control datasets have led to the
identification of many such variants in a variety of different disorders and traits
(http://www.genome.gov/gwastudies/). At the same time, it has become clear that
common variants do not explain all the genetic susceptibility to such traits, and
evidence has been accumulating that rare, possibly higher penetrant variants also
underlie susceptibility to common complex traits (Manolio et al. 2009). In addition,
many Mendelian disorders are too rare for the linkage analysis approach alone to
work, and thus the corresponding genes still remain undetected.

The advent of massive parallel sequencing and the ability to sequence the whole
exome or even genome of individuals at a relatively low cost has made the discovery
of all variants present in an individual or family technically possible. These advances
can lead to successful disease gene identification, as demonstrated initially in a few
Mendelian disorders (Bamshad et al. 2011) and more recently in some complex
ones (Zeggini 2011). However, analysis of whole exome or whole genome sequence
(WES or WGS) data poses noticeable bioinformatics and statistical challenges, and
the identification of the true risk variants among the many detected by such experi-
ments has often been compared to finding the classic needle in a haystack. Every
possible piece of information that can be used to facilitate such effort should be
considered and incorporated into the analysis, and in this respect, analysis of the
segregation of candidate risk variants in family members of affected individuals has
been suggested as particularly useful (Cirulli and Goldstein 2010). In fact, linkage
analysis can inform interpretation of WES or WGS data both by indicating regions
of the genome with higher a priori chance of including the risk variants when results
of linkage studies on the disease of interest are already available and a posteriori by
limiting further evaluation of candidate variants detected through sequencing only
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to those that show co-segregation (i.e., linkage) to the disease or trait in families of
affected individuals.

In this chapter, we will describe ways in which linkage analysis and family-based
data have been incorporated into WES or WGS experiments that have led to the
identification of new disease gene variants. We will also discuss methods that have
been proposed for the specific purpose of integrating the use of family-based data in
WES or WGS analysis.

3.2 Linkage Analysis in WES/WGS Studies
and Identification of Disease Genes

Co-segregation of variants identified by WES/WGS and the disease phenotype in
affected relatives is an obvious filter to impose on results of such experiments to
reduce the number of candidate variants. As such, numerous studies have used this
relatively simple strategy (Ng et al. 2010), which, however, does not take full advan-
tage of the power of linkage analysis to identify candidate regions by modeling the
disease mode of inheritance using allele frequency, reduced penetrance, and pheno-
copy rate. We will not review such studies, as their number is already large and
increasing, and the approach relatively straightforward (i.e., remove from further
consideration all variants that are not shared by affected relatives). Rather, we will
review a few experimental studies that have integrated a formal linkage analysis
with their sequencing experiments at various stages. As with all reviews, this list is
necessarily limited, but we hope it will still illustrate different ways in which inves-
tigators are taking advantage of the power of linkage analysis in their sequencing
experiments for the identification of disease genes.

A good proof of principle of the power of both the linkage and the whole exome
sequencing approaches is the study of Bowne et al. (2011). These authors investi-
gated an Irish family with autosomal dominant retinitis pigmentosa (adRP) by link-
age analysis on 27 members and simultaneously analyzed one unaffected and three
affected members by WES. No disease-causing mutations or copy-number variants
had been identified by standard sequencing or multiplex ligation-dependent probe
amplification (MLPA) of known candidate genes. Linkage and haplotype analyses,
instead, mapped the disease locus to an 8.8-Mb region on chromosome 1p31, with
a maximum multipoint LOD score of 3.6. The authors selected 11 candidate genes
from the critical region using several criteria. Specifically, the candidates were asso-
ciated or similar to genes associated with other types of inherited retinal degeneration,
were included in the sensory cilium proteome or EyeSAGE data, or were highly
expressed in the retina. Standard sequencing in two affected members and valida-
tion of variants found in both of them using the remainder of the family led to the
identification of only one variant, located in RPE65. Meanwhile, WES in three
affected individuals allowed the identification of 3,437 new variants, reduced to
1,373 after excluding variants that were synonymous or also found in one control
DNA. Only three variants remained when restricting to those located in the linkage
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Fig. 3.1 Family 1 showing segregation of the MITF E318K variant in some, but not all, affected
individuals (Yokoyama et al. 2011). The circled individual is the one in which the variant was
identified by whole genome sequencing

region, and, of those three variants, the only one present in all three affected indi-
viduals was the same RPE65 variant identified with the concurrent linkage-based
approach. Evaluation of 12 Irish patients with a range of other inherited retinal
degenerations revealed that one patient, as well as his two affected daughters,
initially diagnosed with choroideremia but without a mutation in the CHM gene,
had the RPE65 mutation on the same haplotype as the extended adRP family.
Combined linkage analysis of the two pedigrees yielded a maximum two-point
LOD score of 5.3 at 0% recombination from the mutation. The authors commented
that mutations in RPE6S5 are a known cause of recessive RP and Leber congenital
amaurosis but had never been associated with dominant disease. The less severe
phenotype with reduced penetrance observed in the families studied by Bowne et al.
(2011) was consistent with one mutant allele rather than two. The authors thus
warned that carriers of “recessive” missense mutations in RPE65 should be evalu-
ated for subtle signs of disease. They also suggested that, given the co-occurrence
of choroidal disease in the large adRP family and the diagnosis of choroideremia in
the smaller family, mutations in RPE65 may be the cause of choroideremia in families
in which the typical X-linked gene, CHM, has been excluded.

While many studies have performed linkage analysis prior or in parallel to the
WES/WGS experiments, as exemplified in the previous paper, others have used it to
confirm co-segregation of the disease phenotype and variants usually identified in a
small number of cases prior to further genetic studies and functional characterization.
Yokoyama et al. (2011) looked for germ line mutations predisposing to melanoma
starting from whole genome sequencing of a single individual in a family with eight
affected relatives in three generations (Fig. 3.1) (Yokoyama et al. 2011). From 410
novel variants thus identified, a variant in MITF, a gene known for being somatically
amplified or mutated in a subset of melanomas, was found to be present in three out
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of seven cases tested in the proband’s family. Testing of additional patients from
families with multiple melanoma cases eventually confirmed the presence of the
MITF E318K variant in 31 unrelated cases with at least one first- or second-degree
relative diagnosed with melanoma. A formal linkage analysis of melanoma with
E318K was performed under a dominant model with reduced penetrance and a 5%
phenocopy rate and produced a maximum LOD score of 2.7, a result consistent with
E318K being an intermediate risk variant. Finally, the authors confirmed the role of
E318K in melanoma by means of case—control association studies as well as expres-
sion profiling and analysis.

3.3 WES/WGS with Inconclusive Linkage Data

Many linkage studies have resulted in the identification of candidate regions that,
however, have not led to the discovery of a specific disease gene. While some of
these failures may be explained by false-positive findings (Ioannidis 2005), in other
cases the size of the candidate region(s) may simply have prevented its full sequencing
and therefore the disease gene identification. With the advent of next-generation
sequencing (NGS) technologies, it is increasingly becoming more cost-effective to
sequence the whole exome rather than a few target regions that may be relatively
large in physical size and number of positional candidate genes contained.

A recent example of the use of this strategy reported by Louis-Dit-Picard et al.
(2012) has led to the identification of KLHL3 mutations in familial hyperkalemic
hypertension (FHHt) (Louis-Dit-Picard et al. 2012). SNP-based linkage analysis in
one informative family with five affected and seven unaffected individuals indicated
six suggestive linkage regions (max LOD=1.8), spanning a total of 35.6 Mb and
containing 325 protein-coding genes. Given the number of positional candidate
genes, the authors performed WES of one unaffected and three affected family
members. A missense mutation in KLHL3 was identified in one of the linkage
regions on chromosome 5q31, and the same region was reported to be linked in a
second family by microsatellite analysis (max LOD=7.3). WES of three members
of the second family also identified one missense mutation in KLHL3. Direct
sequencing identified nonsynonymous KLHL3 mutations in 11 out of 14 additional
FHHt patients, including heterozygous as well as homozygous cases.

Sobreira et al. (2010) used WGS in a single individual combined with linkage
analysis to identify the gene mutated in metachondromatosis (MC), another auto-
somal dominant disorder (Sobreira et al. 2010). Linkage analysis in seven members of
a family segregating MC had identified six regions with positive LOD scores covering
a total of 42 Mb, of which one reached the maximum possible in the small pedigree
(7p14.1, LOD=2.5) and two others were compatible with the presence of a single non-
penetrant carrier (8q24.1 and 12q23, LOD=1.8). Following WGS of a single proband,
no variants unique to her and with a high likelihood of functional significance were
found in five of these regions. However, one such variant was located in the 12q23
candidate region and was shown to be present in all affected individuals as well as the
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hypothetical non-penetrant carrier who, on more careful examination, showed
symptoms of the disease, as well as did her daughter who had not previously been
examined. This result clearly points out a possible explanation for the negative results
of linkage studies that have been followed up by sequencing only the regions of
maximum LOD scores as well as the importance, never overstated, of careful
phenotyping. When linkage is inconclusive, like it was in this case, and more than
one candidate region exists, it is now more efficient to perform a WES or even a
WGS experiment rather than sequencing several candidate regions using more
traditional approaches. Interestingly in this case, although the authors performed a
WGS study, sequencing of the exome only would have been just as fruitful.

3.4 Homozygosity Mapping and WES/WGS Studies

Homozygosity mapping is a powerful approach for disease gene mapping in cases
of rare recessive disease observed in consanguineous families (Lander and Botstein
1987). Homozygosity mapping is a variation on linkage analysis that exploits the
fact that in rare autosomal recessive disorders, affected individuals, especially those
born from consanguineous parents, are expected to be homozygous for alleles
identical by descent (IBD) at the disease locus and at the marker loci tightly linked
to it, a condition sometimes referred to as autozygosity. A search for regions of
linkage can thus be achieved by looking for regions of IBD homozygosity in a few
affected individuals. This approach has been applied successfully to several rare
autosomal recessive disorders and is now being further revamped by pairing it with
results of WES or WGS experiments.

A good example of this approach is the study of Wang et al. (2011), aimed at
identifying novel disease alleles or genes involved in Leber congenital amaurosis
(LCA) by combining genetic mapping with WES (Wang et al. 2011). LCA is a
genetically heterogeneous eye dystrophy that most often presents as a recessive
disease. Standard Sanger sequencing of the coding exons from all 15 known LCA
disease genes in one affected member from a consanguineous family from Saudi
Arabia had failed to find the causative homozygous mutation. The authors then
performed homozygosity mapping by genotyping three affected members using the
Ilumina 370 K SNP array and identified a single novel region of homozygosity
spanning 11.2 Mb on chromosome 15 shared by all three affected members. Due to
the high gene density in this region, direct Sanger sequencing of all coding exons
was unfeasible. By WES of a single affected individual, they found a total of 370,000
SNPs and in/dels. After filtering out common variants and variants that did not
affect protein-coding or splicing regions, they were left with 352 candidate variants.
The only homozygous missense change in the critical region was located in BBS4,
a gene known to cause Bardet-Biedl syndrome (BBS). BBS is a rare human genetic
disorder that, similarly to LCA, presents ocular phenotypes as a common clinical
feature. The authors confirmed the presence of the mutation with Sanger sequencing
and that it segregated with the disorder in the family by direct genotyping of all the
other members. Moreover, they excluded the presence of this variant in 200 normal
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matching controls, including 96 from Saudi Arabia, and confirmed its pathological
role in a zebrafish model.

Using a similar approach, Schrader et al. (2011) investigated an extended family
that presented with autosomal recessive spondyloepiphyseal dysplasia (SED), retinitis
pigmentosa (RP), and a high incidence of corneal abnormalities among affected
individuals (Schrader et al. 2011). Given the geographical isolate from which the
family originated, the known consanguinity, and the autosomal recessive inheri-
tance pattern of the disease, the authors hypothesized that the causative mutation
would be novel and would lie within an extended block of linkage that was homozy-
gous in the affected individuals and heterozygous in the unaffected obligate carriers.
For this reason, they performed WES in three affected individuals and one unaf-
fected obligate carrier from the family and in parallel applied SNP chip genotyping
to the same individuals to rule out homozygous microdeletions and to identify
blocks of linkage surrounding candidate novel variants. Among the variants detected
by WES, only two uncommon ones were homozygous in all three affected individu-
als and heterozygous in the obligate carrier: a nonsynonymous variant in RPL3L
and a 6-bp deletion in GNPTG. These variants were validated by Sanger sequencing
and found to co-segregate with the disease in the other 14 family members.
Furthermore, both variants were located within a 3.5-Mb region of linkage defined
by homozygosity in affected individuals, containing 202 UCSC genes. The authors
focused their analysis on the mutation in GNPTG, a gene associated with mucolipi-
dosis type Illy (MLIIIZ), an autosomal recessive lysosomal storage disorder with a
broad phenotypic spectrum including progressive destruction of the hip joint,
increased lysosomal enzyme levels in serum, and reduced lysosomal enzyme levels
in cultured fibroblasts. Elevated lysosomal enzyme activity was confirmed in the
serum of affected individuals, and histochemical analysis of a section of the femoral
head of one member of the family revealed microvesicular changes in the chondro-
cytes. Thus, their approach eventually led to a molecular diagnosis of MLIIIg and
to a further broadening of the phenotypic spectrum of MLIII. These authors com-
pared the traditional linkage mapping, homozygosity mapping, and whole exome
sequencing approaches and concluded that the latter should be sufficient to identify
causal mutations in most Mendelian disorders. However, they did recommend SNP
array genotyping in at least one individual to rule out homozygous deletions and
duplications that could be missed otherwise.

The study of Puffenberger et al. (2012) in the Amish and Mennonite populations
of Pennsylvania represents perhaps the best example of the power of the combined
homozygosity mapping/WES approach (Puffenberger et al. 2012). Taking advan-
tage of the characteristics of these populations, including relative isolation and high
inbreeding, the same authors had previously identified the loci for 28 genetic disor-
ders by homozygosity mapping. For 11 of these, however, the corresponding gene
could not be found, and the authors cited the large size of the candidate regions and
large number of genes there contained as the main obstacles to achieving this goal.
The authors looked at seven such diseases where gene mapping had been achieved
by SNP genotyping using either a 10K or 50K SNP microarray. In six cases, only
one candidate region had been identified using either two or more affected individuals
from a single family or multiple cases from different families; in the remaining case,
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analysis of two affected siblings, their parents, and six unaffected siblings resulted
in the identification of 12 candidate genomic regions each greater than 5 Mb. Even
when a single genomic region was consistent with linkage, the average size of the
candidate regions was 4.4 Mb (range 1.6-8.4 Mb), and the average number of genes
included in them was 79 (range 22—187). Sequencing a number of candidate genes
included between 2 and 45 for each condition failed to identify the causative variants.
In contrast, WES of a number of patient samples included between one and five
(for a total of 15 cases for all disorders) and subsequent filtering of candidate
variants led to the identification of a single causal mutation in all seven diseases,
five of which located in genes that had not previously been associated with these
conditions. Criteria for disease variant identification included homozygosity in the
affected patients, localization in the regions of linkage, and absence from dbSNP
129 and 1000 Genomes Project. All putative disease variants were confirmed by
Sanger sequencing in the cases and their available relatives; their frequency in the
population was further evaluated in more than 400 chromosomes, and no homozy-
gous controls were identified. In some instances, the presence of the same mutation
was confirmed in independent cases with the same phenotype, or pathogenicity was
supported by high PolyPhen2 scores. Finally, in vitro studies supported the causal
relationship between some of the candidate variants and the respective disease
phenotype.

Interestingly, these authors noted that when multiple cases were available, the
use of WES coupled with the assumption of mutation homozygosity in the patients
but not in unaffected individuals would have been sufficient to identify the disease
gene mutations even in the absence of mapping data. In fact, in each of these cases,
only one variant was identified that satisfied these conditions. Even when only a
single case was sequenced, the number of potentially pathogenic homozygous
variants was relatively small, perhaps surprisingly given the high inbreeding
coefficients of these populations, and only six variants were not homozygous in
unaffected controls. In conclusion, the authors suggested that a strategy based on
WES and a search for homozygous or compound heterozygous novel variants in
the same gene in multiple affected individuals has a high chance of being success-
ful even in outbred populations.

However, a cautionary note on the use of WES comes from the study of Bloch-
Zupan et al. (2011) of two first-degree cousins affected with major dental develop-
mental defects (Bloch-Zupan et al. 2011). Because of the high consanguinity in
the family, the authors used homozygosity mapping to identify a critical region for
the disease gene located on 6q27-ter and spanning 3 Mb. Sequencing of two candidate
genes in the critical region led to the identification of a splice site mutation in
the SMOC?2 gene that was present in the homozygous state in the two children and
in the heterozygous state in the children’s carrier parents. To confirm that no other
mutations were present in the children that may explain the phenotype, Bloch-Zupan
et al. performed WES in one of the two patients. Interestingly, they found out that
6.6 Kb of the 3-Mb critical region identified by homozygosity mapping were not
sufficiently covered by the WES data, and specifically the mutation in SMOC?2



3 Integration of Linkage Analysis and Next-Generation Sequencing Data 29

identified by traditional sequencing was not detected by WES. Analysis of the
genomic region containing the mutation showed it to be GC rich, and independent
sequencing experiments from other projects confirmed the deficit in sequence coverage.
The authors concluded that had they only applied the exome-capture approach, they
would have missed the causative mutation in their patients.

3.5 Linkage and WES/WGS in Quantitative Trait Analysis

Integration of linkage analysis and sequencing studies can also be used successfully
for the identification of the molecular basis underlying a quantitative trait locus
(QTL), as exemplified by the study of Bowden et al. (2010) on adiponectin plasma
levels (Bowden et al. 2010). In this case, variance-component linkage analysis, a
popular approach for QTL mapping, had identified a strong linkage signal in a single
genomic region (3q, LOD=8.02). The linkage critical region contained an ideal can-
didate for variation in adiponectin plasma level, the adiponectin protein-coding gene
ADIPOQ. However, association to common variants in this gene did not explain the
linkage signal. The authors cleverly used the linkage results to select individuals for
sequencing by prioritizing families with a higher individual LOD score in the critical
region. WES of three individuals with values of adiponectin plasma level in the tails
of its distribution (one high, two low) from two of these families led to the identification
of a single variant not previously reported and present in the two low-adiponectin
samples. Through conventional sequencing and additional genotyping, the same
rare variant was shown to co-segregate with the plasma adiponectin trait in the
linkage families and to account for most of the 3q linkage signal. While this study
may be considered just a proof of principle given the presence of a very strong
candidate gene in the linkage critical region, it showed that the combination of QTL
linkage mapping and sequencing of individuals with extreme values of the quantita-
tive trait is a potentially valuable approach for the identification of rare variants, as it
has been recently advocated (Cirulli and Goldstein 2010).

3.6 Linkage Analysis as an Aid in Designing WES/WGS
Experiments

Bowden et al. (2010) have shown that results from linkage analysis can be utilized
in WES/WGS projects to optimize family selection (Bowden et al. 2010). The
GAW17 dataset provided an opportunity to investigate the efficacy and cost
efficiency of various strategies for next-generation sequencing sample selection as
a follow-up to linkage analysis (http://www.gaworkshop.org). The GAW 17 dataset
included genome-wide genotype data as well as exome sequencing for approxi-
mately 3,000 genes for eight simulated pedigrees. In addition, risk factors including
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age, smoking status, and three quantitative trait variables were provided for each
individual. Allen-Brady et al. (2011) performed linkage analyses on these families
and compared nine approaches for selecting subjects for subsequent partial exome
sequencing (Allen-Brady et al. 2011). For this study, the authors split the original 8
pedigrees into 23 smaller pedigrees and used 10 of the 200 replicate datasets pro-
vided by the GAW 17 organizers. Using the results from a logistic regression model
which incorporated the five risk factors, Allen-Brady et al. (2011) classified all indi-
viduals as either high-covariate subjects whose nongenetic risk factors are highly
predictive of their affection status or low-covariate subjects whose nongenetic risk
factors are poorly predictive of their affection status. They found that selecting for
exome sequencing all affected individuals classified as low-covariate and possess-
ing a linked haplotype identified in the linkage analysis was the most reliable strat-
egy across both recessive and dominant models. Furthermore, selecting the youngest
affected individuals may provide a satisfactory alternative in cases where the major
nongenetic risk factors are unknown.

Starting from the GAW 17 pedigrees, Cai et al. (2011) defined as high risk those
with at least 15 total meioses between case subjects and a statistical excess of dis-
ease (p<0.01) over all 200 replicates, thus identifying 18 pedigrees (Cai et al. 2011).
They then performed a linkage analysis using the shared genomic segment (SGS)
method (Thomas et al. 2008), modified in order to examine sharing among all pairs
of cases instead of all subjects, and assessed the test statistic against an empirical
distribution. Following this approach, they successfully identified at least one region
containing one true causal variant in 13 out of the 18 high-risk pedigrees. Additional
causative genes would have been identified at lower significance thresholds
(»<0.01), but this would also have increased false-positive findings. The inability to
detect the other rare causative variants was ascribed to the small sample size and
high heterogeneity. Of note, this method considered only pairs of relatives and did
not take into account the specific relationships between them. The authors claimed
that when they incorporated the specific relationships into the analysis, they did not
see substantial improvement in the results.

Gagnon et al. (2011) analyzed the GAW 17 data to select which families should
be sequenced in order to identify rare variants that have large effects on quantitative
trait variance (Gagnon et al. 2011). They hypothesized that rare functional variants
segregating with a quantitative phenotype are more likely to be present in families
with more quantitative trait loci (QTLs) than the other families. For this reason, they
estimated the mean number of QTLs in each family by segregation analysis assum-
ing an oligogenic linear model and selected one family with more QTLs than the
average. They then tested this family for linkage using a variance-component oligo-
genic approach. Sequencing data from regions surrounding loci with at least modest
evidence of linkage (LOD>0.6) were investigated for the presence of rare func-
tional variants, and the variants thus detected were analyzed for association to the
quantitative traits. By this approach, they identified one region with a maximum
LOD of 5.3 (p=4x107) for one trait and two regions with maximum LOD of 2.02
(p=0.001) for another trait for a total of 216 and 85 variants that were thus tested
for association with the same traits in all the families. They correctly identified two
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rare functional variants, including one private to the family selected for sequencing.
Both variants were located in regions with a combined LOD score in all families
greater than 4. All other variants identified in the family selected for linkage analysis
were false positives, and all had LOD scores below 2, confirming once again the
importance of linkage evidence in discovering the actual causative variants. The
authors claimed that prioritizing the sequencing of carefully selected extended fam-
ilies is a simple and cost-efficient design strategy to identify rare functional variants
that explain a significant proportion of the trait variance, especially for variants that
are unlikely to segregate in more than a few families. However, they noted that the
use of large, multigenerational families remains crucial, and other complementary
designs are still needed to further decrease type I error, including parallel analysis
of large samples of unrelated individuals.

Other research utilizing the GAW 17 dataset focused on the potential of linkage
studies to guide deep sequencing efforts by narrowing the search space to genomic
regions under linkage peaks. Choi et al. (2011) compared the effectiveness of two
mapping strategies: (1) performing association tests which adjust for familial rela-
tionships on variants identified by whole exome sequencing and (2) performing a
linkage analysis followed by targeted sequencing of regions beneath the linkage
peaks and family-based association on variants identified in those regions (Choi
et al. 2011). They found that both mapping strategies demonstrate a limited ability
to detect association for variants of small effect sizes. In addition, both strategies
only found the same two loci with a reasonable amount of power (>70%). However,
the linkage-guided strategy on average required sequencing of only 2.5% of the
whole exome and found 52% of the associated loci identified by the whole exome
sequencing strategy. Choi et al. concluded that while the whole exome sequencing
strategy appears more powerful, targeted sequencing under linkage peaks still offers
a viable and cost-effective alternative.

3.7 New Methods of Linkage Analysis and WES/WGS Studies

One of the challenges of linkage analysis has always been the analysis of large pedi-
grees, which, however, can also provide very valuable information. In place of tra-
ditional linkage analysis as a filter for whole exome sequence data, some groups
have attempted to find equally effective strategies that are less computationally
intense. Markello et al. (2012) advocated using high-density genotyping panels and
Boolean logic for recombination mapping efforts (Markello et al. 2012). High-
density genotyping panels provide a relatively cost-effective option that covers
introns as well as intergenic regions as compared to a strategy that extracts SNPs
directly from WES. However, double-crossover events in between contiguous
informative markers are problematic for this approach. Markello et al. (2012)
showed that the risk of double-crossover events between informative SNPs was
extremely low through simulation and a literature search to identify the smallest reported
interval containing a double crossover. In addition, these authors compared their
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recombination mapping method to a traditional multipoint linkage analysis utilizing
microsatellite markers and demonstrated that the identified regions were identical.
Finally, they incorporated the method into a filtering scheme on variants identified
by whole exome sequencing of a single pedigree and identified two potential disease-
causing mutations in a candidate gene for progressive myoclonic epilepsy type 3.

Marchani and Wijsman (2011) proposed a method to test for linkage that enjoys
computational advantages because of how it records and groups the inheritance pat-
terns (Marchani and Wijsman 2011). Their method can employ Markov chain Monte
Carlo (MCMC) techniques to handle large pedigrees and can also be applied to
common disorders where Mendelian inheritance is not strictly followed and genetic
heterogeneity is present. Visualization of IBD sharing allows the investigator to
observe which affected pedigree members share a genetic segment within a region
tied to a linkage signal. This knowledge allows efficient selection of individuals for
deep sequencing. The strategy advocated by Marchani and Wijsman (2011) is to
select the most distantly related affected individuals who share such a DNA segment.

Other research has focused on the utility of gleaning variants directly from next-
generation sequencing for use in linkage studies. Smith et al. (2011) investigated the
efficacy of using genotypes generated from WES as a surrogate for array-based
genotypes in linkage studies (Smith et al. 2011). Limitations of the WES approach
include coverage gaps in non-exonic regions, higher genotyping error rates, and
markers with lower heterozygosity. Smith et al. (2011) performed linkage analyses
on three pedigrees with different Mendelian neurological disorders employing both
array-based markers and HapMap phase IT SNP genotypes derived from WES. They
found (1) a substantial number of WES-derived SNPs resided outside of coding
regions due to a technical artifact of the sequencing method, (2) almost a 100%
concordance rate for genotypes derived from either of the two methods, signifying
an acceptable error rate for WES-derived SNPs, and (3) the resulting LOD scores
for the analyses using genotypes derived from WES closely resembled those for the
analyses using genotypes acquired by array-based technology at the positions of
linkage peaks. Smith et al. (2011) concluded that, while SNP arrays are preferable
for linkage studies due to better coverage and marker informativeness, generating
genotypes for linkage studies directly from WES data is a viable option.

3.8 Conclusions

The advent of NGS technologies and the ability to sequence whole exomes or
genomes have generated a new interest in the analysis of family data and thus in
genetic linkage analysis (Bailey-Wilson and Wilson 2011). Linkage analysis is ideal
for identifying the location of rare disease-causing variants, such as those that are
the object of analysis in most sequencing studies. Candidate loci identified by link-
age studies can now be examined more extensively than ever before, leading to a
new wave of gene discoveries, particularly for Mendelian disorders (Ng et al. 2010).
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Whether the same success will occur in the analysis of complex traits remains to be
demonstrated. Nonetheless, it is especially important that all available approaches
are considered when tackling a difficult question such as the identification of the
genetic basis of complex disease, and we recommend that linkage analysis should
be considered whenever families are available to investigators.
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