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Abstract

Inherited retinal diseases (IRDs) are heterogeneous phenotypes caused by variants in a large number of genes. Disease
prevalence and the frequency of carriers in the general population have been estimated in only a few studies, but are largely
unknown. To this end, we developed two parallel methods to calculate carrier frequency for mutations causing autosomal-
recessive (AR) IRDs in the Israeli population. We created an SQL database containing information on 178 genes from
gnomAD (including genotyping of 5706 Ashkenazi Jewish (AJ) individuals) and our cohort of >2000 families with IRDs.
Carrier frequency for IRD variants and genes was calculated based on allele frequency values and the Hardy—Weinberg
(HW) equation. We identified 399 IRD-causing variants in 111 genes in Israeli patients and AJ controls. For the AJ
subpopulation, gnomAD and HW-based regression analysis showed high correlation, therefore allowing one to use HW-
based data as a reliable estimate of carrier frequency. Overall, carrier frequency per subpopulation ranges from 1/2.2 to 1/9.6
individuals, with the highest value obtained for the Arab-Muslim subpopulation in Jerusalem reaching an extremely high
carrier rate of 44.7%. Carrier frequency per gene ranges from 1/31 to 1/11994 individuals. We estimate the total carrier
frequency for AR-IRD mutations in the Israeli population as over 30%, a relatively high carrier frequency with marked
variability among subpopulations. Therefore, these data are highly important for more reliable genetic counseling and
genetic screening. Our method can be adapted to study other populations, either based on allele frequency data or cohort of
patients.

Introduction individuals is unknown, but recent studies revealed inter-

esting insights into this topic. By studying the North-
The number of autosomal-recessive (AR) mutations causing ~ American Hutterite population for common AR diseases, a
Mendelian diseases that are carried by unaffected human  carrier burden of 1.096 has been calculated with 0-5
mutations that are carried by each individual [1]. Studying
the same population, an average of 0.58 AR lethal muta-
tions per genome were calculated [2]. An analysis of 185
whole-genome sequencing (WGS) samples aiming to sys-
tematically identify loss-of-function (LoF) alleles showed
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that a human genome contains ~100 LoF variants, the vast
majority of which are unlikely to be pathogenic, and only
0.13 LoF variants per genome are predicted to cause a
severe disease [3]. One of the major obstacles in calculating
the accurate carrier frequency for AR disease-causing
mutations is the correct annotation of variants with respect
to their pathogenicity. This problem is well-described in the
analysis of 179 WGS control samples as part of the 1000
Genomes Pilot Project aiming to assess the number of
potentially deleterious variants in the genomes of apparently
healthy humans [4]. A large number of missense variants
(281-515 per individual) that are predicted to be deleterious
was identified, with 40-110 listed as pathogenic in the
Human Genome Mutation Database (HGMD—http://www.
hgmd.cf.ac.uk/ac/index.php). However, the authors pointed
out that many of these variants are likely to represent
disease-allele-annotation errors, and only 0-8 variants per
individual are predicted to be highly damaging and provide
information of medical relevance [4].

Inherited retinal diseases (IRDs) are caused by variants in
genes that are responsible for retinal structure or function
with a variable age of onset. IRDs are a group of genetically
heterogeneous phenotypes and can be transmitted in dif-
ferent modes of inheritance, with AR and autosomal
dominant (AD) being the most common [5]. The total
number of IRD genes is still unknown and currently there
are over 250 identified genes (RETNET database—https://
sph.uth.edu/retnet/). The prevalence of retinitis pigmentosa
(RP) has been studied in a few populations and found to
range between 1:2086 and 1:4869 [5, 6]. Although IRD
prevalence is relatively low, total carrier frequency of IRD-
causing mutations is expected to be very high. The carrier
frequency of mutations causing AR-IRDs in the worldwide
population has been estimated in two studies thus far [7, 8].
In the earlier study, a carrier frequency calculation was
solely based on the prevalence of autosomal recessive
retinitis pigmentosa (ARRP) and the predicted number of
causative genes with an equal contribution [8]. In the sec-
ond study, null variants in IRD genes were screened in an
analysis of 46 WGS of control individuals [7]. Both studies
reached a similar conclusion that the carrier frequency for
recessive IRD variants is estimated as 16-22% or 1 out of
4-6 control individuals.

The Israeli population includes many different sub-
populations (Jews of various origins, Arab Muslims, Druze,
Bedouins, and so on). The Jews in the Israeli population
were divided into isolated ethnic groups that were separated
geographically throughout practically the entire world.
Within these semi-isolated ethnic groups, the need and
desire to maintain religion and culture led to relatively high
levels of intracommunity marriages. Similarly, individuals
of Arab-Muslim origin tend to live in villages that were
founded a few generations ago by a small number of
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individuals. In accordance with the customs of the Arab
population throughout the Middle East, consanguineous
marriages are common among Israeli Arabs, with a pre-
ference for first-cousin marriages. The Bedouin population
is unique in its structure, which is tribal, and exhibits an
extremely high level of consanguinity. All the above led to
a higher prevalence of AR diseases, including IRDs, in the
Israeli population compared to other populations around the
world. Genetic analysis of AR diseases in the different
subpopoulations led to the discovery and characterization of
founder mutations that cause IRDs.

The development of new sequencing strategies known as
next-generation sequencing (NGS) revolutionized genetic
studies, mainly due to the high amount of sequencing data
generated by these methods. Subsequently, a large number
of highly important NGS-based databases is now available,
including gnomAD [9], as well as those linking specific
mutations to Mendelian diseases, including ClinVar [10],
Leiden open variation database (LOVD) [11-13], and
HGMD. These databases provide an excellent tool for
studying the pattern and frequency of variants and diseases
in different populations.

To date, there are no studies regarding IRD carrier fre-
quency calculations in the Israeli population. To this end,
we extracted information regarding IRD variants from
various sources (including data of 5706 Ashkenazi Jewish
(AJ) samples and a large cohort of Israeli patients with
IRDs) to estimate carrier frequency of IRD mutations in
different subpopulations in Israel. This information will
assist in obtaining a more accurate genetic counseling in
this population and is likely to serve as a basis for similar
studies in other populations as well.

Methods
Recruitment of patients

The study protocols adhered to the tenets of the Declaration
of Helsinki and received approval from the local Ethics
Committee of all participant institutes: Hadassah Medical
Center, Rambam Health Care Campus, Tel-Aviv Medical
Center, Assaf Harofeh Medical Center, and the Soroka
Medical Center. Prior to donation of a blood sample, a
written informed consent was obtained from all individuals
who participated in this study, after explanation of the
nature and possible consequences of the study.

Bioinformatic analyses
We used the GRCh37/hgl9 version for all position

descriptions. We established an SQL-based database con-
taining 12272 variants that appear in 178 IRD genes
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Fig. 1 A diagram summarizing the establishment of different databases
used in this study. We integrated data from AJ individuals in gnomAD
(gnomAD-AJ-IRD DB), HGMD, and data obtained from our cohort of
>2000 patients (HW-IRD DB) to establish an IRDB including 399
pathogenic mutations identified in 111 IRD genes in the Israeli
population

(Table S1) in 5706 individuals of AJ origin based on the
gnomAD database (version 2). The database also includes
information on variants that were published in the scientific
literature that was extracted from HGMD. Information
regarding subpopulation size is presented in Table S2.
Individual’s information has been deposited in the LOVD
database (Individuals: 155314-155590).

Statistical data

The gnomAD database provides the following values for
each subpopulation: “allele count” (the number of alleles
that include the variant and identified in heterozygous and
homozygous individuals; equals to 2pg+2xg* in the
Hardy—Weinberg (HW) equation), “allele number” (total
number of genotyped alleles in the population; equals to
twice the number of individuals), and “homozygote count”
(total number of homozygous individuals). Based on these
values, we calculated the following parameters (Table S3):
minor allele frequency (MAF), total number of individuals,
number of heterozygous individuals, number of wild-type
individuals and carrier frequency. In addition, using the HW
equation, we calculated carrier frequency values based on
the number of affected individuals in our cohort of patients.
Carrier frequency was calculated as 2pg where p=1—¢
and g was calculated as the root square of the number of
homozygous patients plus half the number of compound
heterozygous patients divided by the population size, as

shown in the following equation (see also Table S3): g =

NHo+0.5x NHe
NI in subpopulation”

Statistical analyses

Outliers were defined as values over the following limits
(fences) based on the respective Quartiles (Q) values: Q1
—1.5xIQor Q3 + 1.5 x1Q, or Q1 —3xIQ or Q3 +3 xIQ
(where 1IQ = Q3 — Q1). Outliers were detected using the
web tool outlier calculator (http://www.miniwebtool.com/
outlier-calculator/). A correlation analysis (including p-
value calculation) was performed on 32 variants that appear
in both gnomAD and our cohort of patients.

Results
Establishing the carrier frequency database

We generated two major databases aiming to estimate car-
rier frequency of IRD mutations in the Israeli population
(Fig. 1): “gnomAD-AJ-IRD DB” containing data of 5706
AJ controls extracted from gnomAD and “HW-IRD DB”
containing data extracted from our cohort of Israeli patients
with IRDs. While the former is specific to a single sub-
population (AJ), the latter includes information on all nine
subpopulations studied here.

To establish the “gnomAD-AJ-IRD DB”, we tabulated
12272 variants (Fig. 2) that were found in AJ samples in
gnomAD in 178 known IRD genes (Table S1). We exclu-
ded from “gnomAD-AJ-IRD DB” 1398 variants that appear
only once (identified heterozygously in only one indivi-
dual). The remaining 10874 variants were divided into two
subgroups, 10793 IRD variants, and 81 non-IRD variants
(reported to cause a disease that does not include a retinal
phenotype) based on previous studies and HGMD that were
excluded from further analyses. The remaining 10793 IRD
variants (Fig. 2) were subsequently divided into two groups
based on the expected effect on the encoded proteins: the
“Null variants” group includes 106 frameshift, splice-site,
and nonsense variants and the “Other variants” group
includes the remaining 10687 variants (Fig. 2). Although
the “Null variants” group contains mainly pathogenic
mutations, some non-pathogenic variants were also inclu-
ded and therefore were filtered-out from the analysis. We
considered true pathogenic null variants if MAF (both in the
AJ group and the overall value in gnomAD) was <0.005 (a
total of 82 variants), except for one variant in PCDH15 that
was excluded manually. The remaining 24 “null” variants
were manually examined, leading to the verification of two
variants, while the remaining 22 “Null variants” were
considered non-pathogenic (Table S4). To accurately ana-
lyze the remaining 10687 “Other variants”, we considered
variants as possibly pathogenic only if they were included
in HGMD (a total of 244 variants). Since HGMD is known
to include non-pathogenic variants [14, 15], we classified
these 244 variants based on MAF values. Most of the var-
iants (149 out of 244) had MAF values <0.005 and were
examined manually by inspecting previous reports. We
concluded that 82 of the variants are non-pathogenic while
the remaining 67 were reported to cause IRD and are con-
sidered true pathogenic mutations. The 95 variants with
MATF values over 0.005 that are listed in HGMD were also
examined manually: 5 were considered pathogenic. Overall,
from the manually checked variants in the “Other variants”
group, we concluded that 172 variants are non-pathogenic
(Table S5). We included in the pathogenic list one variant in
SLC38A8 reported as pathogenic but not included in
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Fig. 2 A flow chart
demonstrating the analysis
scheme of variants downloaded
from 178 gene entries in
gnomAD. A total of 12272
variants were found in
individuals of AJ origin, and
after filtering out variants that
were non-reliable and unlikely 1,398

. . Non reliable
pathogenic, 156 pathogenic R
mutations were identified (blue
box), 83 null and 73 other
variants that are mainly
missense variants

1,398
Allele count N=1
variants

12,272
gnomAD-AJ-IRD DB (in 178 IRD genes)
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Allele count N>1
variants

81
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HGMD. These filtering steps resulted in a total of 156 likely
disease-causing mutations in 80 known IRD genes from AJ
individuals in gnomAD (blue box in Fig. 2). Interestingly, 9
individuals in AJ-gnomAD are homozygous for IRD-
causing mutations (including those that are expected to
result in congenital phenotypes—Table S6), resulting in an
estimated IRD prevalence of 1:634 affected homozygous
individuals.

To establish the “HW-IRD DB” (Fig. 1), we collected
data on Israeli IRD patients with a known cause of disease
(a cohort of >2000 IRD families). For each disease-
associated variant, we counted the number of homozygous
patients as well as the number of compound heterozygous
patients. These data were used to estimate carrier fre-
quencies of IRD-causing mutations based on the HW
equation as described in the M&M section and Table S3.
Since the HW equation does not fully fit human popula-
tions, especially those with consanguineous and intra-
community marriages, we examined the correlation between
carrier frequency values obtained in AJ for 32 variants that
appear in both gnomAD-AJ-IRD DB and HW-IRD DB
(Fig. 3). The analysis revealed one outlier, ABCA4-
c.5882G>A, p.(Glyl961Glu) with carrier frequency of
4.5% in AJ compared to 0.3% based on HW (Fig. 3a), and
therefore was excluded from further carrier frequency
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analyses. The regression analysis (Fig. 3b) showed a sig-
nificant correlation (R2 =0.50), therefore allowing one to
use HW-based data as a reliable estimate of carrier fre-
quency. For the remaining subpopulations, only HW-based
data were available and used for further carrier frequency
calculations. The HW-IRD DB includes 289 pathogenic
mutations (Fig. 1) that were identified in IRD patients who
have biallelic variants.

Our final DB (IRDB) (Fig. 1 and Table S7) includes all
399 variants from “gnomAD-AJ-IRD DB” and “HW-IRD
DB” that were considered here as pathogenic mutations in
111 known IRD genes. The list of variants (Table S7)
includes carrier frequency data for each mutation in all nine
studied subpopulations. Almost 42% of the variants (167
out of 399) are missense, followed by frameshift (76 var-
iants), and splice-site (46). The lists provided in tables S7
and S8 allow one to perform a more efficient genetic
screening of newly identified patients or carrier screening
based on the combination of phenotype and subpopulation.

Carrier frequency of founder mutations
The most frequent variants in our cohort are founder

mutations: 114 of the 289 variants found in HW-IRD DB
were found in multiple families of the same origin,
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Fig. 3 Carrier frequency correlation of mutations identified in AJ
based on the Hardy—Weinberg equation and gnomAD including (a)
and excluding (b) ABCA4-c.5882G>A. Only mutations in both data-
bases were included. Note that ABCA4-c.5882G>A is an outlier and
therefore correlation coefficiency is lower in a

indicating a founder effect. An analysis of the most com-
mon IRD variants (Fig. 4a) revealed that most of them show
a population-specific effect, e.g., their carrier frequency is
low or absent in most subpopulations, but is very high in
one specific subpopulation. For example, a founder splice-
site mutation in CERKL (c.2384-1G>A) has been identified
only in patients of Yemenite Jewish (YJ) origin [16] with a
carrier frequency of 4% (Fig. 4a), and was never identified
in individuals of other origins. Similarly, the founder
mutation CNGA3-p.(Ile314del) was found only in Arab
Muslims of the vicinity of Jerusalem (AMJ) with a carrier
frequency of 1.6%. On the other hand, some variants appear
in multiple ethnic groups: the CNGA3-p.(Val529Met)
founder mutation [17] that appears in both Oriental Jews
(OJ) and AMJ (Fig. 4a) and the pan-ethnic variant ABCA4-
c.5882G>A that is common in all Israeli subpopulations
(ranging from 2.6 to 5%, Fig. 4a and Table S9).

Carrier frequency in subpopulations

Overall, carrier frequency for all IRD disease-causing
mutations per subpopulation ranges from 1 out of 2.2
individuals to 1 out of 9.6 individuals (Fig. 4b—dark bars).
Two subpopulations showed extremely high carrier

frequency values: AMJ reaching a carrier frequency rate of
44.67% and AJ (34%). We estimated the total carrier fre-
quency for at least one of the AR-IRD mutations in the
Israeli population as 25%. This value will increase as
additional mutations and disease-causing genes are identi-
fied. Taking into account that we were able to solve 52% of
IRD cases in our cohort, we would expect the final number
of alleles that carry disease-causing mutations to be at least
twice the current one. We extrapolated our calculations
multiplying the number of alleles for each variant by two
(except the gnomAD data) (Fig. 4b—Tlight bars). The carrier
frequency in the AMJ subpopulation is still the highest with
a carrier frequency of 63%. The carrier frequency in the AJ
subpopulation was not affected by this extrapolation, since
the original analysis was based mostly on gnomAD data. A
few AJ variants did not appear in gnomAD mainly due to
two reasons: they were not detected by NGS (e.g., the Alu
insertion in the MAK gene) or had a low frequency and were
not represented in gnomAD individuals. The remaining
subpopulations showed much lower carrier frequencies
ranging from 26% in the OJ subpopulation to 14.6% in the
Arab Christian (AC) subpopulation. Carrier frequency per
gene ranges from 1 out of 31 individuals to 1 out of 11,994
individuals in the different subpopulations with ABCA4,
USH2A, and CNGA3, being the most common ones
(Fig. 4c) with average carrier frequency of 1/31, 1/45, and
1/61, respectively. Carrier frequency analysis of the differ-
ent phenotypes (Fig. 4d) shows that RP has the highest
frequency, followed by Stargardt disease, Usher syndrome,
and achromatopsia.

Discussion

One of the major open questions in human genetics is how
many Mendelian disease-causing mutations each individual
carries in their genome. For diseases that are inherited as
either AD with full penetrance or X-linked in males, this
can be estimated based on disease prevalence values in each
subpopulation. However, AR heterozygous disease-causing
mutations do not result in a phenotype, and therefore their
frequency in a given population is usually unknown. To this
end, large genetic sequencing databases (such as gnomAD)
and mutation databases (such as HGMD) can be extremely
useful in answering such questions. The gnomAD database
includes NGS data of a large number of individuals, and
assuming an unbiased sample collection, this provides the
best tool for directly obtaining MAF and carrier frequency
values for the vast majority of AR disease-causing muta-
tions. Since about 10-20% of disease-causing mutations
(including deep-intronic variants and large deletions/inser-
tions) are more challenging for discovery (mainly by WES),
recent studies reported on the development of successful

SPRINGER NATURE
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Fig. 4 Characterization of carrier frequencies for IRD mutations. a 3D
distribution of the 10 most common disease-causing mutations in
different Israeli subpopulations. b Calculated (darker bars) and extra-
polated (transparent bars) carrier frequency values in each of the
9 studied subpopulations including all 399 mutations in IRDB. Please
note that the carrier frequency value in AJ is composed of both gno-
mAD and HW databases and is therefore higher comparing the other
subpopulations with HW data only. ¢ Distribution of IRD genes by

tools for detecting such variants in about 10% of unsolved
IRD samples [18, 19].

Although gnomAD provides an excellent tool for pre-
dicting carrier frequencies in some populations, most of the
worldwide populations are not represented in this database,
and therefore alternative methods should be explored to
determine carrier frequency of a particular mutation, gene,
or disease. To this end, large cohorts of patients with known
genetic etiology of disease can be a valuable source, where
using the HW equilibrium one can estimate carrier fre-
quency of a particular mutation based on the number of
affected individuals. Since HW equilibrium [20, 21] is
based on several assumptions that do not fully fit any
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carrier frequency. d Calculated carrier frequency for each retinal
phenotypes (in some IRD genes, mutations can cause multiple phe-
notypes, and this has been included in this analysis). AJ Ashkenazi
Jews, OJ Oriental Jews, NAJ North African Jews, YJ Yemenite Jews,
AMIJ Arab Muslims from the vicinity of Jerusalem, AMO Arab
Muslims residing in other regions (mainly the north part of the
country), AC Arab Christians, BE Bedouins, DR Druze

current human population, its usefulness for calculating
carrier frequency in this regard needs to be established.
Others and we [15] were able to show a strong correlation
between these two methods thus paving the road for addi-
tional large-scale studies on various AR diseases that will
unravel the question marks regarding the total carrier fre-
quency of AR mutations.

Here, we took advantage of a subgroup in gnomAD (the
AlJ subpopulation) as well as our relatively large cohort of
over 2000 IRD Israeli families to estimate carrier fre-
quencies in different subpopulations. Our analysis show that
carrier frequency for IRDs can be extremely high in specific
subpopulations. For example, a total carrier frequency of
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almost 45% was identified in the Arab-Muslim population
of Jerusalem. This is in agreement with our previously
finding that the prevalence of RP is relatively high in this
population (about three times higher than in other popula-
tions) [6].

Using the results of carrier frequency extrapolation cal-
culation, we can predict that in the Israeli population as a
whole, carrier frequency for any IRD mutation is likely to
be around 30%, leading to an estimate of 2.6 million car-
riers in the population, some of whom are double carriers
for disease-causing mutations in two different IRD genes.
The current carrier frequency value based on the known
disease-associated genes and solved cases is 25% (2.1
million individuals).

Full and accurate carrier frequency data is instrumental
for effective genetic diagnosis and counseling. This infor-
mation is useful for planning carrier screening programs and
choosing the correct variants to screen specific ethnic
groups in order to identify couples at risk. In addition, for
patients or for known carriers of an IRD mutation, accurate
carrier frequency data would allow a correct risk assessment
and testing of spouses. Couples at risk can be offered pre-
conception counseling and prenatal or pre-implantation
genetic diagnosis for the prevention of birth of an affected
offspring.

By calculating carrier frequency values for IRD muta-
tions, we noted a clear outlier—ABCA4-c.5882G>A that is
considered a pathogenic mutation (Table S9). However,
while there seems to be concordance between MAF and its
frequency among patients with Stargardt disease in the
European and American populations, data presented here as
well as data provided elsewhere on control individuals from
Somalia (MAF of 5.65%) [22] raise the possibility that, at
least in some populations, not all ABCA4-c.5882G>A
alleles are pathogenic, otherwise one should expect over
6000 individuals homozygous for this variant (and hence
affected by Stargardt disease in Israel alone). However, our
cohort (covering roughly 1/3 of the total expected number
of affected individuals in the population) includes only 31
homozygous and 41 compound heterozygous patients for
this mutation. Since ABCA4-c.5882G>A is a pan-ethnic
ancient allele with a relatively small shared haplotype, it is
possible that another variant, possibly an intronic one,
similar to those reported to be pathogenic in ABCA4 [23—
26], could have occurred on an c.5882G>A-bearing allele,
leading to two similar ABCA4 haplotypes, both containing
c.5882G>A but only one (the relatively younger allele)
contains the intronic variant. In such scenario, more ancient
populations, including the African/Asian/Middle-Eastern
populations, will have the tendency to harbor both alleles
with a higher frequency of the ancient (non-pathogenic)
one, while the European and North-American populations
might be enriched with the newer (pathogenic) allele. This

hypothesis will need to be verified by sequencing the whole
ABCA4 gene in different alleles carrying ¢.5882G>A. If this
presumption proves to be true, it will have a tremendous
effect on genetic counseling in the relevant populations.

It should be noted that some likely disease-causing
mutations with relatively high MAF values in the gnomAD-
AJ cohort were not identified in our cohort of patients. This
includes the following variants: ABCA4-c.5055G>A,
CNGA3-c.101+1G>A and RGS9BP-c.307_326del. For
some, however, the discrepancy can be explained by
mutation effect on the protein and resulted phenotype. The
ABCA4-c.5055G>A, p.(Vall686Met) variant has been
reported to cause Stargardt disease when it appears in a
compound heterozygous state with a null allele, and it is
possible that it is not pathogenic in a homozygous state, as
suggested for a few hypomorphic ABCA4 varants [12]. On
the other hand, the lack of AJ patients with the RGS9BP-
¢.307_326del variant (showing a carrier frequency of 0.9%
in gnomAD-AJ-DB) can be explained by the relatively mild
retinal phenotype named bradyopsia (difficulty adapting to
sudden changes in luminance levels) that has been reported
to be caused by variants in this gene [27], therefore we
predict that individuals who are homozygous for this variant
were not diagnosed with a retinal disease and hence were
not recruited for the study.

In summary, we present here, to the best of our knowl-
edge, the first comprehensive analysis of carrier frequencies
for AR mutations causing heterogeneous phenotypes. While
it is straightforward to perform such analysis on a large
cohort of control individuals (which is available in gno-
mAD), we showed that reliable data can be also extracted
from large cohorts of patients identified as a result of
research efforts for many AR diseases. Once similar data are
obtained for other AR diseases, a clearer picture of the
prevalence of disease-causing mutations in the human
genome will be obtained (for different mutations, genes, and
phenotypes), allowing more efficient gene identification and
genetic counseling.
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