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Abstract

Objective: We provide the proof of principle that exome se-
quencing of only two affected siblings born to first-cousin
parents is capable of directly identifying a single candidate
gene for an autosomal recessive disorder. This strategy,
which we call EX-HOM (EXome HOMozygosity), combines in
a single step the capacity of exome sequencing to identify
all the coding variants present in a genome with the prop-
erty of homozygosity mapping to limit the search for candi-
date genes to specific chromosomal regions. Methods: We
sequenced the exomes of two siblings born to first-cousin
parents affected with dysmyelinating leukodystrophy and
spastic paraparesis caused by a mutation in FA2H. We used
exome sequencing data to identify homozygous regions
shared by the two affected siblings (EX-HOM regions), com-
pared them with the regions of maximum LOD score ob-
tained with SNP genotyping, and selected the candidate
variants within. Results: We identified regions of shared ho-
mozygosity (>1 Mb) accounting for about 290 Mb, contain-
ing only 3 candidate variants. Among these, the FA2H muta-

tion remained the only plausible one. Conclusion: In single
consanguineous pedigrees with a few affected sibs, EX-HOM
can be a one-step approach to identify the candidate ge-
netic defect, bypassing obstacles such as genetic heteroge-
neity and the need for large pedigrees.

Copyright © 2011 S. Karger AG, Basel

Introduction

In Mediterranean populations alone, homozygosity
mapping using large consanguineous pedigrees led to the
identification of almost 100 genes responsible for rare au-
tosomal recessive disorders [1]. Today, advancements in
sequencing technology make it feasible to map and iden-
tify the causative mutation in much smaller pedigrees or
even in a single patient. Recent reports show how exome
sequencing of a few affected descendants born to consan-
guineous parents can be in principle as powerful as the
traditional strategy based on homozygosity mapping and
mutation screening of positional candidate genes. SNP
genotyping of two children of first cousins from the same
pedigree showing pachygyria with mental retardation
and seizures (MIM #600176), followed by exome sequenc-
ing in just one of them, discovered causative mutations in
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Fig. 1. Variant transmission in autozygosity. Rare, possibly delete-
rious variants are assumed to be at most one per gene in the com-
mon great-grandparents (white square and circle at the top of the
figure). Only half of the four great-grandparental gene copies
(bars at the bottom of the figure) will carry a candidate rare
pathogenic variant (* and &) which will be transmitted through
generations (white rhombs) along two of the four patterns of au-
tozygosity (lines) to the affected offspring (black rhomb). Since
the autozygous genome is expected to be 1/16, the autozygous
genes harboring candidate rare, possibly deleterious, variants are
expected to be 1/2 of the genes in the autozygous genome (1/32 of
the whole genome).

WDR62 [2]. The targeted sequencing of regions mapped
by ancestral autozygosity in a family with diaphanospon-
dylodysostosis led to the identification of a causative mu-
tation in BMPER in a single patient [3]. Kalay et al. [4]
performed exome sequencing in a single individual born
to first-cousin parents and, independently, linkage analy-
sis in several small consanguineous families all affected
with Seckel syndrome. Linkage analysis pointed to a
founder homozygoushaplotype on chromosome 15q21.1-
q21.2 in which CEP152 was found to be the gene carrying
the same homozygous mutation in all the families [4]. In
the single patient, a mapping approach based on exome
sequencing data was used to select homozygous candi-
date regions and allowed the identification of 7 genes har-
boring candidate variants, among which CEP152 was the
only one embedded in a long homozygous stretch. Simi-
larly, Becker et al. [5] used the homozygosity information
obtained from exome sequencing to prioritize candidate
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genes for autosomal recessive osteogenesis imperfecta in
an affected subject born to second-cousin parents, iden-
tifying 7 homozygous regions containing 3 candidate
variants.

All these studies support the idea that exome sequenc-
ing, even without the need for preliminary array SNP ge-
notyping, can efficiently perform homozygosity map-
ping and restrict the pool of candidate genes to a very few.

Exome sequencing identifies thousands of single nu-
cleotide variants (SNVs) per individual, which can be
used to directly infer mapping information and at the
same time select the candidate rare variants in regions of
homozygosity. Candidate variants are all those variants
not annotated in public databases such as dbSNP and the
1000 Genomes project, with possible deleterious effects
on proteins. In published exome data, the frequency of
genes harboring novel heterozygous rare variants is usu-
ally reported to be <500 per individual [6-11]. If down-
stream filtering is applied, such as comparisons against
control exome databases, prioritization according to
functional computational predictions or conservation
during evolution, this number can drastically decrease to
an average of about 250 [6, 8, 9, 11].

The rarer the autosomal recessive disorder, the higher
the probability that affected children of consanguineous
parents carry a mutation identical by descent in an auto-
zygous genomic region. In an affected sibship of two, born
to first-cousin parents, the causative mutation is likely to
reside in one of the autozygous genes that they co-inher-
ited from their great-grandparents. Affected children of
first-cousin parents are on average autozygous in 1/16 of
their genes. Of these, half (1/32) are expected to contain a
possibly pathogenic variant in the autozygous state be-
cause each of the two unaffected great-grandparents was
likely to carry one rare variant per gene at the most (fig. 1).
The two affected siblings share 1/4 of this proportion (1/32

X 1/4 = 1/128). Assuming that a pool of 500 candidate
variants were present in the great-grandparents, the two
affected siblings would on average share 3-4 (500/128)
candidate variants. Thus, an exome sequencing strategy
based on selecting families with two children born to
first-cousin parents (which represents the most common
consanguineous marriage) can provide the theoretical
power to drastically restrict candidate variants. Further-
more, it can feature additional advantages compared to
sequencing a single offspring. Sequencing two individu-
als, instead of one only, can improve the capacity to call
variants in scarcely captured regions adding up the reads
from the two independent experiments. Also, it is easier
to exclude that genetic mechanisms other than autozygos-
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ity might be causative for the disorder. For instance, it is
virtually impossible that de novo mutations have oc-
curred to cause the disease in both siblings.

The capacity to identify candidate autosomal recessive
genes through a next-generation sequencing-based ap-
proach using a single consanguineous family with few
affected individuals is a promising perspective in medical
genetics. Extremely rare conditions often appear only in
one family, and have not yet been studied or even report-
ed. Furthermore, the gap in identifying genes responsible
for rare Mendelian diseases becomes apparent consider-
ing that the molecular basis of at least 3,800 known or
suspected Mendelian diseases is unknown (http:/www.
ncbi.nlm.nih.gov/sites/entrez?db=omim) [1].

Here, we provide a proof of principle of the validity of
this strategy, which we call EX-HOM (Exome HOMozy-
gosity) by sequencing the exomes of two brothers born to
tirst-cousin parents affected with dysmyelinating leuko-
dystrophy and spastic paraparesis (MIM #612443), who
had been previously found to carry a homozygous muta-
tion in FA2H [12].

Materials and Methods

Patients

A specific consent form was filled by the patients’ parents, and
the study was performed according to the Declaration of Helsin-
ki principles. The patients’ family was from the Southern Italian
region of Calabria and consisted also of two unaffected siblings,
a brother and a sister. We previously found that the two affected
brothers carried a FA2H homozygous c.270+3A>T mutation
(NM_024306.2) leading to an aberrant mRNA product. Both pa-
tients showed childhood onset of progressive spastic paraparesis,
mild pyramidal and cerebellar upper limb signs, severe cognitive
impairment, white-matter disease, and cerebellar, brain stem, and
spinal cord atrophy [12].

Exome Capture and Sequencing

Genomic DNA samples were processed by in-solution hybrid-
ization using the human SureSelect All Exon Kit (Agilent Tech-
nologies, Inc., Santa Clara, Calif., USA) coupled with the Illumina
DNA-seq pair-end sample prep kit (Illumina, Inc., Calif., USA).

Briefly, 5 ug of each genomic DNA was firstly sheared into
fragments of 150-350 bp by nebulization. After end-repair and A
base tailing, the Illumina pair-end adapters were ligated. After
ligation, purification from not ligated adapters and size selection
in the range of 150-350 bp, samples were amplified for 14 cycles
to selectively enrich those DNA fragments having adapter mole-
cules on both ends. The libraries were then hybridized and the
targets recovered following the standard SureSelect Target En-
richment System protocol according to the manufacturer’s rec-
ommendations. Libraries were sequenced as 36 bp pair-end reads
following the standard Illumina Genome Analyzer IIx (GAIIx,
Illumina, Inc.) workflow.

EXome HOMozygosity

Table 1. SNV calls in the two siblings

SNVs Sib 1 Sib 2
Validated 20,967 22,651
Transition to transversion ratio 291 2.89

In dbSNP 19,727 (94%) 21,237 (94%)
Heterozygous in dbSNP 10,372 11,159
Homozygous in dbSNP 9,355 10,078

Not in dbSNP 1,240 (6%) 1,414 (6%)
Heterozygous not in dbSNP 1,086 1,234
Homozygous not in dbSNP130 154 180

Analysis of Exome Sequencing Data

The 36-bp paired end reads were aligned to the human refer-
ence genome hgl8 with BWA version 0.5.8 [13]. Alignment and
coverage statistics were generated with GATK version 1.0.4013,
Depth of Coverage version 3.0 [14] (in a single and multiple sam-
ple approach), SAMTOOLS version 0.1.8 [15], and custom R
scripts. Detection of SN'Vs and insertions/deletions (indels) was
performed with the GATK whole-exome version 1 pipeline on the
target defined by the Agilent SureSelect design. Standard param-
eters for validation of SNVs and indels were selected. Detected
variants were annotated for novelty compared with both dbSNP
build 130 (dbSNP130) and the 1000 Genomes project, and for po-
sition relative to RefSeq version 33. The GATK single-sample ap-
proach was used to generate general calls (table 1). The GATK
multiple-sample approach, which combines information from
different individuals to call variation at a site, was used instead to
improve calling of novel homozygous variants. We can assume
that in the EX-HOM regions, siblings born to consanguineous
parents are genetically identical. Therefore, with a multiple sam-
ple approach we had a better chance of not missing true variants
in scarcely covered sites, adding up genotype information from
the two affected siblings’ samples.

Homozygosity Mapping with Exome SN'Vs

All the autosomal dbSNP130 sites and all the novel SN'Vs fall-
ing in the exome target regions served to create a genetic map
consisting of 135,035 markers. Criteria for selection were that the
site was at least 10-fold covered for heterozygous calls and 5-fold
covered for homozygous calls. Statistics on the distribution of
map markers along the genome were obtained with custom Perl
and R scripts. To select individual and shared homozygous seg-
ments the runs of homozygosity (ROH) utility of PLINK version
1.06 [16] was used with parameters adapted to the map in use. We
used a window of 50 SN'Vs (or 500 kb) allowing for 1 heterozygous
and 5 missing sites per individual. We selected individual ROHs
as stretches of 200 homozygous SN'Vs (or 2.5 Mb long homozy-
gous regions) with at least 1 SNV every 50 kb and a maximal al-
lowed gap between SN'Vs of 5 Mb. Identity-by-descent chromo-
somal segments of recent origin are expected to be quite long.
Only homozygous segments longer than 5 Mb have been estimat-
ed to originate from a common paternal and maternal ancestor in
the preceding six generations [17], and the length of the homozy-
gous tract across the disease-linked locus in the affected offspring
of first-cousin parents was found to be between 5 and 70 cM [18].
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We considered the overlapping, allelically matching segments
across the two siblings’ individual ROHs at a threshold length of
1,2.5, 5, and 10 Mb as EX-HOM candidate regions.

Comparison with Regions Detected with SNP Genotyping

We compared these EX-HOM regions with those detected
with the low-density (6,090 SNPs) HumanLinkage V Illumina
Panel Set (Illumina, Inc.), including in the analysis the parents
and the two affected siblings. We performed parametric linkage
analysis with Merlin [19], setting the disease-gene frequency at
0.0001 and penetrance for the aa, aA, and AA genotypes at 0.0,
0.0, and 1.0, respectively. We considered all regions reaching the
maximum theoretical LOD score for this family (which is 1.8) as
candidate regions.

Variant Filtering

All validated novel homozygous SNVs/indels detected in the
EX-HOM regions with the multiple sample approach were evalu-
ated for their probability to be disease related. We filtered variants
retaining only small insertions or deletions, stop gain or stop loss
changes, or SN'Vs to which a significant score by at least 2 out of
6 predictors of pathogenicity for amino acidic substitutions or
splice site alterations was assigned. The 5 different widely used
state-of-the-art predictors for SN'Vs we interrogated, of which the
performances were recently compared [20], were MutPred [21],
Polyphen [22], Polyphen2 [23], SIFT [24] and SNP&GO [25],
while the one for splice-site alterations was NetGene2 [26].

Consultation of GENATLAS [27] and Human Protein Atlas
[28] databases provided information on the expression and local-
ization of the genes and the corresponding proteins.

Sanger Sequencing of Candidate Variants

Rare candidate SN'Vs and indels were validated by Sanger se-
quencing of DNA from the affected brothers and their parents.
The primer oligonucleotides are listed in the online supplemen-
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tary material (www.karger.com/doi/10.1159/000330164). If Sang-
er sequencing confirmed the presence of the variant and its cor-
rect segregation in the family, 190 Italian control chromosomes
were checked to verify if it was present in the Italian population.

Results

After removing duplicates (which represented 13% of
the bases mapped to the reference genome in each of the
two brothers), the target bases represented 48 and 55% of
all those mapped to the reference genome, providing a
mean coverage of 26- and 30-fold, respectively. The 86
and 91% (94% with the multiple sample approach) of all
targeted bases with a base quality >30 were read more
than 5 times (online suppl. material) and were therefore
used for variant calling. Calls generated with the multiple
sample approach were used to improve genotype calling
of novel autosomal homozygous variants located in the
EX-HOM regions.

We calculated the map density and distribution in
terms of mean and median distance (fig. 2) across the
135,035 autosomal SN'Vs selected as map markers (on av-
erage 6,138 per chromosome). The means and medians
were markedly different for all autosomes, as expected for
an exomic target. The majority of markers laid close to
each other (mean of the medians = 404 bp), but regions
of the genome in which markers were more sparse (mean
of the means = 21.9 kbp) were also present.
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To assess whether long regions were not covered by
markers due to low coverage rather than being gene-poor
regions, we calculated the percentage of target sequences
in those portions of the genome in which the distance
between markers was >1 Mb. We found that the propor-
tion of targets in these regions was 1%o at the most, which
indicates a minimal risk of losing mapping information.

We compared these EX-HOM mapping regions with
those detected as LOD score peaks obtained by linkage
analysis of the nuclear family (two parents and the two
affected siblings only). Since our EX-HOM map was built
with markers contained in the exome target regions,
markers were densely but not uniformly distributed along
the genome. We therefore did not expect a perfect match
between regions identified by our linkage (which uses
instead a low-density but uniform map) and EX-HOM
analyses. We found 43 EX-HOM regions accounting for
about 290 Mb at a threshold level of 1 Mb. The number
of EX-HOM regions did not drastically change when the
threshold was set at 2.5 Mb (39), but it rapidly decreased
when the threshold was set at 5 Mb (23) and 10 Mb (7).
There were 7 maximum LOD score regions. EX-HOM
identified all LOD score peak regions with substantial
overlap (87% on average), showing that EX-HOM per-
formed with Plink can correctly identify disease-related
long homozygous regions in consanguineous families

EXome HOMozygosity

(fig. 3). Within all the regions of shared homozygosity,
the siblings showed a total of 33 homozygous variants not
included in dbSNP130 (online suppl. material). Only 3
final variants could be considered as candidates accord-
ing to our criteria (table 2): a non-synonymous p.L731F in
EFCAB6 (NM_198856) on chromosome 22, predicted to
be probably damaging by Polyphen and Polyphen2; the
intronic ¢.270+3A>T variant in FA2H (NM_024306.2),
predicted to alter a splice site by NetGene2.4; and a
c.1246_1246delG causing frame shift of KIAAI407
(NM_020817) on chromosome 3. Notably, all these 3
variants were in EX-HOM regions longer than 5 Mb over-
lapping maximum LOD score regions (fig. 3). The
EFCABG6 variant was found in the parents in the hetero-
zygous state and in none of 190 control chromosomes,
while the KIAA1407 deletion was excluded after Sanger
sequencing, since it appeared to be homozygous in the
mother although not found in 190 control chromosomes.

Since dysmyelinating processes leading to leukodys-
trophy occur in the central nervous system (CNS), a fur-
ther criterion to restrict potential candidates was to veri-
ty their level of expression in this tissue. EFCAB6 has not
been found in the brain, while it has been shown to be
specifically expressed in the testis [29]. Conversely, FA2H
is highly expressed in CNS, and functional information
supports its role in myelinogenesis [30, 31]. For all these
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Table 2. Candidate variants in the shared homozygous intervals

Chr Gene cDNA/protein SIFT SNP&GO Polyphen Polyphen2 Polyphen2 MutPred NetGene Gene Protein expression
level change (HumDiv) (HumVar) expression  (Human Protein
(GENAT-  Atlas)
LAS)
6 AKAPI12 NM_005100 0.1  neutral,5 benign benign benign 0.3 - ear (highly), testis, kidney, ovary
p.E367K (0.020) (0.030) testis
(highly),
adipose
tissue,
endothelium
16 DPEP2 NM_022355 0.31 neutral,7 benign benign benign 0.37 - uterus most normal tissues,
p-D142N (0.008) (0.022) neuronal cells negative
22 EFCAB6 NM_022785 0.07 neutral, 6 benign probably  probably - - testis exocrine pancreas,
p.L883F damaging damaging glandular cells of the
(0.996) (0.956) gastrointestinal tract,
surface epithelium of
the bronchi and
urinary bladder,
paracortices of lymph
nodes and tonsils
22 EFCAB6  NM_022785 0.51 neutral,9 benign benign benign 0.5 - see see above
p-R193Q (0.000) (0.000) above
22 EFCAB6  NM_022785 0.02 neutral, 6 possibly  possibly  benign 0.61 - see see above
p.I163T damaging damaging (0.186) above
(0.238)
22 PNPLA5 NM_001177675 0.33  neutral, 8 benign possibly benign 0.39 - brain, -
p-R217G damaging (0.126) skin
(0.237)
16 FA2H NM_024306.2 - - - - - - 0.95 meninges -
c.270+3A>T (highly),
white matter
(highly),
uterus
(highly), skin
(highly)
3 KIAA1407 NM_020817 - - - - . - . - -
c.1246_1246delG
Chr = Chromosome; - = analysis did not provide any significant result.

reasons, FA2H could be considered the top candidate
among all the genes harboring a rare homozygous muta-
tion in the two affected brothers.

Discussion

Consanguinity has always represented a potentially
rich resource for the mapping of rare autosomal recessive
diseases. Rare deleterious recessive mutations which usu-
ally go unnoticed in the heterozygous state can be ascer-
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tained via homozygosity in highly inbred populations [1].
Homozygosity mapping exploits the high informative-
ness of meioses in consanguineous pedigrees but needs
large families to narrow the linkage intervals. Next-gen-
eration sequencing-based approaches (either whole-
exome or targeted resequencing) have performed more
rapidly and efficiently than traditional Sanger sequenc-
ing of candidate genes following homozygosity mapping
in single large families or several small, genetically ho-
mogeneous pedigrees [32, 33]. Moreover, the elevated
power to drastically restrict candidate genes in autosomal
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recessive disorders has been proven by the identification
of causative mutations starting from the exome sequenc-
ing of only one to three affected siblings from consan-
guineous or even non-consanguineous families [5, 7, 34,
35]. However, especially when phenotypes are extremely
rare and genetic heterogeneity is apparent, it becomes
challenging to collect additional phenotypically match-
ing cases bearing a mutation in the same gene. In their
homozygosity analysis using exome sequencing variants
from a single affected child of first-cousin parents, Kalay
et al. [4] state that only a single candidate variant was as-
sociated with a region of extended homozygosity (35 Mb).
This might lead to the conclusion that the use of only one
affected descendant is sufficient to restrict candidate mu-
tations to the causative one. However, it is unclear wheth-
er their method to measure homozygosity (percentage of
homozygous calls within a sliding window of 100 vari-
ants) underestimates less extended stretches of homozy-
gosity (i.e. 5 Mb) which can also contain the disease-caus-
ing mutation [18]. Becker et al. [5] used all dbSNP and
variant sites, as we did in the present work, obtaining a
much denser map which is supposed to be more sensitive
to shorter stretches of homozygous variants. They found
3 candidate variants associated to long homozygous re-
gions in a single offspring of second-cousin parents,
which is in agreement with our findings. This is likely to
be a coincidence, but it is intriguing since, on average, an
offspring of second-cousin parents receives in autozygos-
ity the same proportion of the genome which is expected
to be shared by two siblings of first-cousin parents (1/64).

The present work proposes the EX-HOM as an ap-
proach to be applied when only a single, small consan-
guineous family is available to map and identify the ge-
netic defect underlying a disease phenotype. Here, we
provide the proof of principle that this method would
have been able to identify the mutation responsible for the
disease in the two affected sibs whose exomes we se-
quenced. Using only exome sequencing data, we succeed-
ed in restricting the candidate genes to FA2H only. How-
ever, such a strategy is sensitive to the limitations which
affect an exome sequencing approach involving only a
single family. A first relevant issue is that specific variants
might have been missed due to low coverage, even adding
up the reads from two individuals. For instance, the
FA2H mutation was covered by 7 reads (5 and 2 reads in
the two sibs, respectively), providing a coverage of only 3
reads deeper than the threshold we set for variant calling
(=5). Also, exome sequencing does not identify certain
classes of mutations, such as large insertions or deletions,
which would therefore be missed if they were the genetic

EXome HOMozygosity

defect in the single family analyzed. Finally, efficiency of
EX-HOM largely depends on the capacity to filter out all
the variants which are not related to the disorder. We
have shown how efficient EX-HOM can be in restricting
candidate variants, taking advantage of the genetic anal-
ysis typical of consanguinity. Furthermore, with the in-
creasing amount of variants we are discovering in popu-
lation resequencing projects, more and more individual
variants will be excluded because they are recognized as
polymorphisms. We have to be very careful when filter-
ing out variants found in one or two heterozygous carri-
ers, since, in principle, they might be pathogenic in the
homozygous state. Also, we have to remark that the can-
didate variant in EFCAB6 could not be excluded due to
the genomic and genetic information alone. If we had not
been able to discard it on the basis of EFCAB6 expression,
it would have been confounding. This can be an issue
when applying EX-HOM to different families.

Due to the everyday decreasing costs of next-genera-
tion sequencing technologies, it will be feasible to anno-
tate rare polymorphisms and their frequencies in popu-
lation-specific mutational databases as already suggested
for the Mediterranean region [1]. Exome sequencing of
offspring of consanguineous parents will provide the ad-
vantage of eventually creating a homozygosity map of the
human genome which will reveal whether these rare vari-
ants can be deleterious in the homozygous state or not.

Web Resources

dbSNP: http://www.ncbi.nlm.nih.gov/projects/SNP/
1000 Genomes project: http://browser.1000genomes.org/
index.html
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