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Abstract
Consanguinity, commonplace in many regions around the globe, is associated with an increased risk of autosomal recessive
(AR) genetic disorders. Consequently, consanguineous couples undergoing preimplantation genetic diagnosis (PGD) for one
Mendelian disorder may be at increased risk for a child with a second, unrelated AR genetic disorder. We examined the yield
of exome analysis for carrier screening of additional AR disorders, beyond the primary diagnosis, amongst consanguineous
vs. non-consanguineous populations. Parental samples from trio exomes of 102 consanguineous families and 105 non-
consanguineous controls were evaluated for shared carrier status, after disregarding the primary molecular diagnosis. Results
were sub-classified according to disease severity. Secondary shared carrier status for pathogenic and likely pathogenic
variants leading to AR disorders of moderate to profound severity was identified in 10/102 (9.8%) consanguineous couples,
as compared to 1/105 (0.95%) non-consanguineous couples (χ2= 8.0565, p value < 0.005). Higher inbreeding coefficient
values, calculated from individual exomes, correlated with secondary shared carrier status for diseases of moderate to
profound severity (r= 0.17, p value < 0.0125). Our results indicate that consanguineous couples undergoing PGD are at
increased risk for a second genetic disease of moderate to profound severity. This study represents an underestimate of the
rate of secondary shared carrier status due to inability to detect deep intronic variants, no assessment of copy number
variants, and false negative results stemming from stringent variant interpretation. False positive results may result from
inaccuracies in public databases. Additional studies in consanguineous populations will determine whether exome-based
carrier screening should be recommended to all couples undergoing PGD.
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Introduction

A significant portion of the world population lives in
communities with a strong preference for consanguineous
marriage [1, 2]. Such marriages are traditional in most
communities of North Africa, the Middle East and West
Asia, accounting for 20–50% of all marriages. In addition,
consanguineous marriages are frequent among emigrant
communities now resident in Europe, North America, or
Australia [1]. While consanguineous marriages are
important in keeping social stability and enforcing family
solidarity, they also have medical consequences, in par-
ticular increasing the risk for congenital malformations
and genetic diseases [2–5]. The additive risk is mainly
attributed to shared carrier status for homozygous variants
associated with autosomal recessive (AR) genetic dis-
orders [1].
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The main goal of exome/genome sequencing in the
clinical setting is to reach a primary molecular diagnosis for
a monogenic disorder given an affected proband. Yet, an
important byproduct of these analyses is the ability to detect
medically actionable secondary findings [6, 7]. Moreover,
identification of shared parental carrier status in the case of
trio exomes (i.e., when both parents have a variant in the
same gene causing a disease with AR inheritance) is
important for future family planning [8–10].

The concept of multilocus variation leading to multiple
Mendelian diagnoses, both within individuals and within
families, has been well documented [11–13]. We hypothe-
sized that consanguineous couples are more likely to have
shared carrier status for a second AR diagnosis, unrelated to
the primary diagnosis in their affected child. This would
place consanguineous couples undergoing preimplantation
genetic diagnosis (PGD) at risk of having a child who is
unaffected by the primary disease addressed by the PGD,
but affected by a second, unrelated disorder. This would
also challenge the common practice of pursuing proband-
only exomes and not trio exomes in closely consanguineous
families [5], especially in light of the decreasing costs of
exomes. In order to address these questions, we undertook a
retrospective, systematic analysis of exome-based shared
carrier status of pathogenic and likely pathogenic variants,
in consanguineous vs. non-consanguineous couples.

Materials and methods

Study design

We conducted a retrospective analysis in couples who
underwent exome sequencing as part of a trio exome.
Between the years 2012–2019, the vast majority of exomes
undertaken at our center in consanguineous families was by
a proband-only approach, and only 102 exomes were ana-
lyzed by a trio approach. The main consideration was
financial, and most trios were done during the latter part of
the study (2018–2019), as prices of exomes decreased. The
degree of relation between spouses was determined during
genetic counseling. Self-reported consanguinity (first cou-
sins, first cousins once removed, and second cousins) was
corroborated with an inbreeding coefficient (F) ≥ 3.125% in
the offspring’s exome. 105 non-consanguineous couples,
representing the 105 most recent trios generated the same
time period (regardless of ancestry), served as controls.

Exome sequencing analysis

Following informed consent, exonic sequences were enri-
ched from genomic DNA with the SureSelect Human All
Exon 50Mb V5/ 60Mb V6 Kit (Agilent Technologies,

Santa Clara, California, USA). Sequences were generated
on a HiSeq2500 (Illumina, San Diego, California, USA) as
125-bp paired-end runs or NovaSeq 6000 as 150-bp paired-
ends runs. Read alignment and variant calling were per-
formed with DNAnexus (Palo Alto, California, USA) using
default parameters, with the human genome assembly hg19
(GRCh37) as reference. Variants were then filtered out if
>8 bp from splice junction, synonymous (unless 0–3
nucleotides from an exon-intron boundary), or were seen
over 20 times in the homozygous state in the GnomAD
database (https://gnomad.broadinstitute.org/).

Calculation of the inbreeding coefficient, F

Estimation of the inbreeding coefficient (F) was based on
detection of runs of homozygosity (ROH) in individual
exomes. FROH for an individual exome was calculated using
the “DetectRUNS” package in R as:

FROH ¼
PL

ROH

Lgenome

where
PL

ROH is the sum of length of all the ROHs detected
in the exome, and Lgenome is the total length of the genome
used (see Table S1 for specific parameters).

Detection of shared carrier status

An in-house automated python-based script was devised to
screen parental exomes for shared carrier status of clinical
significance, as well as X-linked variants (which served as an
internal control). Reported variants included either known
published assumed-pathogenic variants in public databases
(ClinVar, Human Gene Mutation Database (HGMD), or the
Israeli National Genetic Database (INGD)) or loss-of-function
variants in known disease-associated genes: stop-gain, fra-
meshift, and splice donor/acceptor variants (Fig. S1). The
script is available upon request. Each final document was
manually curated in order to remove false positive variants
(i.e., conflicting interpretations on ClinVar with benign clas-
sifications overriding pathogenic classifications or, otherwise,
with insufficient evidence for pathogenicity; homozygous
loss-of-function (HLOF) variants in genes known to be tol-
erant to such variants; genes with well-described pseudogenes
affecting alignment, etc.). In addition, each variant was clas-
sified according to the ACMG classification [7] by at least
two independent physicians/bioinformaticians. The terms
“pathogenic” and “likely pathogenic” in this manuscript refer
to variants which are disease-causative or likely disease-
causative when biallelic or when inherited in trans to a second
pathogenic or likely pathogenic variant. Discrepancies in
variant classification were resolved by discussion. Variants
were submitted to the ClinVar database (NCBI).
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Classification of allele severity

Severity of a particular variant was determined based on the
classification suggested by Lazarin et al., into one of four
groups: profound, severe, moderate, or mild [14]. Diseases
with available treatments (i.e., biotinidase deficiency, glu-
cocorticoid deficiency) were classified based upon the
severity of the untreated disease. If a particular variant was
previously published or deposited into a public database
(i.e., ClinVar, HGMD), the severity was classified based on
the knowledge accumulated with regards to that specific
variant.

Results

Case reports

Overall, three major categories of trio exome results could
be defined (Fig. S2). In the first class, the proband had an
unequivocal primary molecular diagnosis and parents
shared carrier status for a secondary, unrelated diagnosis.
Notably, the second AR diagnosis could not be attributed to
physical linkage of the two disease loci. The second cate-
gory included cases where the proband did not have a
straightforward primary molecular diagnosis, yet parents
were found to be carriers for a second diagnosis unrelated to
the phenotype of the proband. In some families, a sibling
had already been born with the second diagnosis and Sanger
sequencing confirmed homozygosity of the relevant variant
in that sibling. In the third category of cases, neither a
definitive primary nor secondary diagnosis could be iden-
tified. Several exemplary case reports are provided in the
Supplemental Data.

Secondary findings in consanguineous vs. non-
consanguineous couples

In order to assess the yield of exome-based carrier screening
for secondary diagnoses in parents of affected probands, we
conducted a retrospective analysis in consanguineous vs.
non-consanguineous couples. In the consanguineous group,
the distribution according to ancestry included 97 Arab
couples (95.1%) and 5 Jewish couples (4.9%) (Fig. 1a,
Table S2). The non-consanguineous group included 78
Jewish couples of various origins (74.3%), 26 Arab Muslim
couples (24.8%), and one couple of Christian European
origin (Fig. 1a, Table S3). Thus, our cohort represented the
local population and the social norms, where close con-
sanguinity is most prevalent among Arab Muslims [15].

We next set to determine the shared carrier status for a
second diagnosis. Notably, shared carrier status for the
primary diagnosis associated with the referral indication
was disregarded from further analyses, due to the inherent
ascertainment bias. Interestingly, in some trios (as in cases
of Family 33 and Family 55, supplemental data), the
proband did not have a definitive primary molecular
diagnosis, yet parents were found to share a carrier status
for at least one disorder unrelated to the referral diagnosis
(i.e., the proband in such cases was either wild-type or
heterozygous for the parental shared variant). Overall,
shared carrier status for AR disorders was identified in 15/
102 (14.7%) of consanguineous couples after disregarding
the primary diagnosis (Table 1). Among the secondary
shared variants, at least 4 were private variants, not
documented previously in in-house or publically available
databases. Two couples had two secondary shared var-
iants (GUCY2C and NADK2 in Family 12 and DHCR7
and ATP7B in Family 33). All couples in this group

Fig. 1 Demographics of study population and distribution of sec-
ondary shared findings. a Distribution of consanguineous and non-
consanguineous couples according to ancestry. b Distribution of

secondary shared findings among consanguineous and non-
consanguineous couples based on disease severity.
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carried an identical variant in the respective genes; none
had compound heterozygous carrier status. By compar-
ison, only 7/105 (6.7%) of the non-consanguineous cou-
ples shared autosomal carrier status in the same gene.
Among these, 2 couples carried identical variants and 5
couples had different variants (i.e., offspring had 25% risk
of being compound heterozygous). In order to control for
unexpected biases in the genetic constitution of the two
groups, we analyzed and compared maternal X-linked
carrier status in both groups. The consanguineous and the
non-consanguineous groups had an equivalent number of
cases (five) with a pathogenic G6PD variant.

Consanguineous couples have a high rate of shared
variants in genes associated with diseases of
moderate to profound severity

In order to assess the clinical implications of the observed
secondary findings, these were separated into four cate-
gories which relied upon a classification of disease severity
previously suggested by Lazarin et al. [14]. Briefly, mod-
erate to profound genetic disorders are those that justify
preventive measures. Based on this classification, 10/102
(9.8%) consanguineous couples or 10 of 15 (66.7%) con-
sanguineous couples with secondary findings carried shared
variants in genes causing disease of moderate, severe or
profound severity. Notably, two couples had two shared
variants: the first had shared variants in both NADK2
(severe phenotype) and in GUCY2C (mild phenotype) and
the other had shared variants in both DHCR7 (profound)
and ATP7B (severe). 5/102 (4.9%) carried shared variants
only in genes causing diseases of mild severity. In the non-
consanguineous group, a single couple out of 105 (0.95%)
were compound carriers of likely pathogenic variants in a
gene that causes disease of moderate severity. The other 6/
105 (5.7%) had variants in genes causing phenotypes of
mild severity (Fig. 1b).

When comparing the two groups, there were more sec-
ondary shared findings in the consanguineous group as
compared to the non-consanguineous group (χ2= 3.5204,
p value < 0.061). The difference was more pronounced and
achieved statistical significance when genes associated with
diseases of moderate to profound (but not mild) severity
were compared (χ2= 8.0565, p value < 0.0046). Moreover,
the point-biserial correlation coefficient between the coef-
ficient of inbreeding (F) and secondary shared carrier status
for diseases of moderate to profound severity was r= 0.17
(p value < 0.0125), indicating a positive correlation. As one
would expect, secondary compound shared variants were
observed only in the non-consanguineous group. This
observation could not be attributed to ascertainment bias
and approached statistical significance (two tailed p value <
0.06 using Fisher’s exact test).

Discussion

Consanguinity increases the prevalence of AR disorders
through inheritance of pathogenic family-specific or
population-specific variants [13]. Early awareness of shared
variants is important for family planning, as it can be
addressed by PGD [16, 17]. The main question driving this
study was whether the increased risk of having other chil-
dren with an independent AR disorder would justify
recommending exome sequencing of parents to all couples
planning to undergo PGD for a specific Mendelian condi-
tion. This was sparked by clinical observations of such
families (see Supplemental Data) and paucity of systematic
analyses addressing this. Although expanded carrier
screening tests are widely available nowadays, the advan-
tage of extracting such data from exome sequencing is the
ability to identify variants outside specific panels
[8, 9, 18, 19]. This becomes critical when dealing with very
rare or yet undetected family-specific variants, as is often
the case within consanguineous families [13, 20, 21].

We identified an increased prevalence of shared carrier
status for a secondary AR disease of moderate to profound
severity in the consanguineous group (9.8%) versus the
non-consanguineous group (0.95%). Shared carrier status
for genes associated with moderate to profound phenotypes
showed a positive correlation with the coefficient of
inbreeding r= 0.17 (p value < 0.0125). The absolute num-
ber of shared carrier status for a secondary AR disease of
mild severity was identical in both groups, possibly due to
the higher minor allele frequency (MAF) of variants causing
mild disease as opposed to severe disease. Additionally,
shared carrier status in X-linked genes was equal amongst
the two groups, suggesting that although the groups were
not matched by ancestry, this did not result in a significant
bias. Our findings are consistent with that of Monies et al.,
who demonstrated that among 503 couples of the highly
inbred Saudi population, over 12% shared at least one
common pathogenic variant, beyond the main causative
variant relating to the referral diagnosis [13].

The statistics presented herein represent an under-
estimation of the overall shared carrier rate for secondary
AR diseases, due to several limitations. First, if a proband
had two AR diagnoses [22], both were disregarded since
both were considered related to the referral diagnosis. If we
were to consider one diagnosis as a primary diagnosis and
the accompanying diagnosis as a secondary diagnosis, this
would introduce an ascertainment bias. Second, missense
variants of unknown significance, even if affecting a highly
conserved residue and predicted pathogenic, were not
included in this analysis. Variant interpretation is particu-
larly challenging when considering shared carrier status,
since ideally these are identified before an affected child is
born and correlation with a phenotype is not an option.
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Stringent variant interpretation is inevitable in order to
avoid misinterpretation of benign variants, and parents must
be aware of this limitation of shared carrier screening. We
believe that stringent variant interpretation resulted in more
false negative results than false positive results, but
undoubtedly, false positive results may also be encountered
due to misclassification of variants in public databases as
pathogenic or likely pathogenic [23, 24]. Finally, patho-
genic copy number variants (CNVs, deletions and dupli-
cations), well documented in AR disorders [25, 26], were
beyond the scope of this study and would be expected to
further increase the percentage of shared carrier status.
Other technical limitations of exome sequencing in pre-
conceptional screening include inability to detect deep
intronic variants, and challenges in interpretation of CNVs
in genes with pseudogenes such as SMN1 associated with
spinal muscular atrophy [MIM 253300] (albeit, this may be
assessed with relative confidence) [27] and CYP21A2
associated with congenital adrenal hyperplasia [MIM
210910].

Potential biases of the study include the fact that controls
were not ancestry-matched. All populations examined in
this study have genetic carrier screening programs available
for recessive diseases with a carrier frequency of 1:60 or
greater, along with a recommendation to consider screening
for less frequent diseases; however, the compliance with
performing these and the number of diseases addressed in
each population may create a bias. A second potential bias
is in the severity classification scheme. Two of the AR
diseases are treatable in a manner that significantly alters the
natural history of the severe/profound disease (Table 1), and
PGD in such cases should be weighed against the possibi-
lity of life-long treatment and surveillance. Layperson per-
ceptions of risk and impact of genetic conditions and of
disease severity may differ from expert perception, and
should be considered when counseling families on carrier
screening [28].

In conclusion, results from the present study suggest that
in many cases undergoing PGD, both spouses of con-
sanguineous couples may be at risk for a severe genetic
disease which is not the primary reason for the procedure.
This knowledge is of utmost importance to the couple and
the medical team in order to plan for the future. Genetic
counseling of the family should include an explanation
regarding the challenges of variant interpretation and the
risk of false negative results due to variants of unknown
significance [21], so as to minimize undue anger if an
affected child is born despite trio exome sequencing and
PGD. Couples with one severe condition and a second mild
or potentially treatable condition may wish to prioritize
transfer of embryos unaffected by both diseases followed by
embryos with only a mild or treatable disease, in order to
avoid futile PGD cycles. We urge for additional studies in

consanguineous populations in order to determine whether
our results can be replicated in other populations and, if yes,
whether to recommend parental exome-based carrier
screening before PGD in such couples.
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