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Burden of heterozygote carriers for autosomal 
recessive conditions in the Middle East: 
A study of 14,392 genomes
Esther Nkrumah,1,12 Hajer Al-Mulla,1,12 Aryan Bashar,2,12 Vishal Soman,3 Chadi Saad,4,5 John Wang,6
Helia Darabi,7 Svetlana A. Yatsenko,8 Aleksandar Rajkovic,9,10 Uma Chandran,3 Hamdi Mbarek,4,5

and Mahmoud Aarabi7,11,13,*

Summary

The American College of Medical Genetics and Genomics (ACMG) recommends Tier-3 reproductive carrier screening for 97 genes asso
ciated with autosomal recessive (AR) conditions (AR genes). Gene selection for screening is based on a gene carrier frequency (GCF) of 
≥1/200 in the Genome Aggregation Database (gnomAD)v2 populations and disease severity. The utility of ACMG Tier 3 in the Middle 
Eastern population is unclear as this ancestral group was not represented in the gnomADv2. We utilized genome data from 14,392 
individuals in the Qatar Genome Project to estimate the carrier frequency of AR conditions in the Middle Eastern population. The fre
quency of 136,624 pathogenic/likely pathogenic variants in 2,987 AR genes from ClinVar was analyzed to estimate the GCF in the 
Qatari cohort. Genes with GCF ≥ 1/200 were curated by an expert panel for the severity of corresponding conditions. We identified 
69 genes with GCF ≥ 1/200 associated with moderate to profound clinical presentations, 53 of which were unique to the Middle 
Eastern population. Common variants were observed with high frequency for individual genes such as IL2RA that suggested the pres
ence of founder effects not described previously. Simulation studies predicted that inclusion of the ancestry-specific genes increased 
the chance of detecting at-risk couples from 3.85% to 8.15% in the Middle Eastern population. This study highlights the limitations of 
relying on global datasets to accurately identify the candidate genes for carrier screening in different populations. Our findings provide 
a framework for targeted, population-specific carrier-screening programs in regions not represented in the large genome datasets.

Introduction

Carrier screening is performed preconceptionally or prena
tally to identify individuals at risk of having a child with 
autosomal recessive (AR) or X-linked (XL) conditions.1

At-risk individuals and couples have choices that support 
their reproductive autonomy, including preimplantation 
genetic testing for monogenic disorders (PGT-M), use of 
donor gametes, prenatal diagnosis, termination of preg
nancy, and adoption.2 Historically, carrier screening 
has been done in specific populations, such as screening 
for Tay-Sachs disease in the Ashkenazi Jewish popu
lation and sickle cell disease (SCD) in the African/ 
Mediterranean population.3,4 Aligning screening with 
population risks provided couples with cost-effective and 
targeted testing options.1 However, this approach was 
challenged by the increasing number of reproductive 
partners from different ancestries and the fact that individ
uals may not be aware of their genetic ancestry to deter
mine the type of targeted screening needed.5 In addition, 

development of genetic technologies, such as next-genera
tion sequencing (NGS), was a driving force behind expand
ing the carrier screening to include multiple conditions1 in 
a single test known as expanded carrier screening.6

In 2021, the American College of Medical Genetics and 
Genomics (ACMG) released its carrier-screening clinical 
practice resource for AR and XL genetic conditions and 
recommended offering carrier screening to all individuals 
during pregnancy and preconception regardless of their 
ancestry.7 ACMG’s practice resource included a tiered 
model for carrier screening.7 Tier-1 screening consisted of 
a pan-ethnic approach that included two conditions, cystic 
fibrosis (CF) and spinal muscular atrophy (SMA).8,9 Tier 2 
was based on recommendations from the American 
College of Obstetricians and Gynecologists (ACOG) that 
included conditions with a well-defined phenotype and a 
carrier frequency of ≥1/100 in population databases.3,10

ACMG recommended the Tier-3 carrier screening that 
included conditions with a carrier frequency ≥1/200 and 
moderate to profound clinical presentations, comprising 
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genes associated with 97 AR and 16 XL conditions. ACMG 
Tier-4 carrier screening had no limit on carrier frequency, 
thereby screening for rare genetic conditions that may be 
more pertinent to consanguineous relationships or specific 
ancestral populations.7

An important element in the selection of genes recom
mended as the ACMG Tier 3 for carrier screening was a car
rier frequency of at least 1/200 for pathogenic or likely 
pathogenic variants based on the data obtained from the 
Genome Aggregation Database (gnomAD) v2.0.2.11 This 
database contained exome and genome data from approx
imately 125,000 unrelated individuals with no history of 
severe pediatric disease, categorized into seven ancestral 
populations described by gnomAD as European (non- 
Finnish), European (Finnish), African/African American, 
admixed American, Ashkenazi Jewish, East Asian, and 
South Asian.12 The Middle Eastern population was not rep
resented in gnomADv2.0.2. In gnomADv3, released in late 
2020, approximately 76,000 genomes were included from 
the above ancestral populations along with 158 genomes 
from the Middle Eastern population.13 The newest version 
of gnomAD, v4.1 released in 2024, consisted of an unprec
edented number of exomes (over 700,000) including 2,884 
from the Middle Eastern population. Our previous analysis 
of gnomAD v3 and v4 demonstrated dynamic changes in 
carrier frequency of AR conditions as data from new popu
lations became available.14,15 Our studies also revealed the 
need for larger genome databases from various populations 
to better understand the burden of heterozygote carriers for 
AR conditions. To date, there is no information on such 
burdens in the Middle Eastern population due to limited 
genome information. Here, we analyzed the largest Middle 
Eastern dataset from the Qatar Genome Program (QGP), 
comprising genome data from 14,392 individuals, to esti
mate the carrier frequency of pathogenic/likely pathogenic 
(P/LP) variants in AR genes. We aimed to develop and 
curate a list of potential genes for carrier screening based 
on carrier frequency and disease severity to compare with 
the ACMG Tier-3 list and data from gnomAD.

Subjects and methods

Population and genome sequencing data
The Qatar genomes consisted of a cohort of 14,392 Qatari partici
pants from the population-based QGP.16 Ethical approval was pro
vided by the institutional review boards of the Qatar Biobank 
(QBB; QF-QGP-RES-PUB-002) and the University of Pittsburgh 
(STUDY24070109). A detailed description of the recruitment pro
cess and collection of phenotypic data by the QGP and the QBB 
was previously reported.16,17 A signed consent was obtained 
from all included participants in the QBB, and genome sequencing 
(GS) data used in the current study was obtained from the QGP as 
previously described.17 All QGP samples were sequenced on Illu
mina HiSeq X instruments (Illumina, San Diego, CA, USA) to a 
target average depth of coverage of 30×. Quality control of the pro
duced FastQ files was performed using FastQC (v0.11.2). Read 
mapping, variant calling, and joint variant calling were performed 

using Sentieon’s DNASeq pipeline v201808.03 (Sentieon, San Jose, 
CA, USA), following the BWA-GATK Best Practice Workflow and 
using the GRCh38/hg38 reference genome. The produced 
genome VCFs were jointly called to produce one multi-sample 
variant carrier frequency (VCF) file (msVCF) for the whole cohort.

Bioinformatic analysis of ClinVar and Qatar genome 
data
Bioinformatic analysis was performed using Python version 3.11.9 
and bash version 4.4.19. A VCF file containing the complete list of 
variants mapped to the GRCh38 reference genome was down
loaded from the ClinVar ftp site on October 7, 2023. Autosomal 
variants that had P/LP clinical significance without conflicting ev
idence were extracted from the VCF file. Variants in 2,987 genes 
associated with AR conditions were selected for further study 
(Figure 1A). Based on filtering criteria, a list was made consisting 
of variants from the ClinVar VCF file, which were stored in a 
TSV file used for downstream analysis. Estimation of carrier fre
quency was performed as described previously.11,14,15 Briefly, the 
filtered ClinVar variant list was queried against the Qatar multi- 
sample VCF file for matching purposes. Matching variants were 
identified using chromosome number, position, and reference/ 
alternate alleles for each ClinVar variant. Allele count (AC), allele 
number (AN), and number of homozygotes (nhomalt) were ex
tracted and stored in TSV files sorted by chromosome numbers. 
AC for each variant and total ANs were used to estimate the allele 
frequency after removal of the number of homozygotes. VCF was 
calculated as the proportion of individuals in a population that 
carry the variant of interest, as shown in Equation 1.

VCF =
AC − nhomalt

0:5 × AN
(Equation 1) 

VCF values were then used to calculate the gene carrier fre
quency (GCF) for each of the AR genes in the population. GCF 
was defined as the proportion of individuals in a population het
erozygous for a P/LP variant in a given gene, as described previ
ously,11,14,15 and as shown in Equation 2, where g represents 
the gene and v is the total number of P/LP variants of that gene 
used in the analysis.

GCFg = 1 −
∏v

i=1
(1 − VCFi) (Equation 2) 

Carrier-frequency data for VCF and GCF were concatenated 
into TSV files.

Curation for clinical severity of AR conditions
We took a stepwise approach to analyze the clinical severity of AR 
genes with GCF ≥ 1/200 in the Qatar population (Figure 1B). First, 
AR genes with GCF ≥ 1/200 that were part of the ACMG Tier-3 
list were included. Second, we included genes with GCF ≥ 1/200 
that were previously curated and determined to be associated 
with moderate, severe, or profound clinical presentation.11,18

The remaining genes were annotated and reviewed by two genetic 
counselors as well as specialists in laboratory and clinical genetics, 
pediatrics, and maternal-fetal medicine. Various resources, 
including Clinical Genome Resource (ClinGen), MedGen, 
UniProt, OMIM, GeneReviews, NORD, and MedlinePlus, were 
used to assess disease characteristics and severity based on the 
algorithm previously described.18 Genes with GCF ≥ 1/200 and 
association with moderate, severe, and profound clinical presen
tations were selected. Genes associated with mild conditions or 
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adult-onset diseases were excluded; a summary of justification for 
assigning the mild classification is provided (Table S1).

Estimating the burden of heterozygote carriers and 
homozygote/compound heterozygote affected 
individuals
The probability that an individual and a couple would be hetero
zygote carriers for any P/LP variants in at least one of the AR genes 
with a GCF ≥ 1/200 was assessed through use of Equations 3 and 
4, where n is the total number of genes included.

PCarrier of P=LP for any gene = 1 −
∏n

i=1

(1 − GCFi) (Equation 3) 

PBoth carriers of P=LP for any gene = 1 −
∏n

i=1

[
1 − (GCFi)

2
]

(Equation 4) 

The probability of a heterozygote couple conceiving a homo
zygote/compound heterozygote child was assessed based on 
Equation 5.

POffspring with two P=LP variants at least one gene = 1 −
∏n

i=1

[
1 − 0:25×(GCFi)

2
]

(Equation 5) 

Figure 1. Analysis and curation of 
genes associated with AR conditions 
(AR genes) with a carrier frequency 
of ≥1/200 in the Qatar genomes 
(A) Filtration of pathogenic/likely patho
genic (P/LP) variants from ClinVar in 
2,987 AR genes. 
(B) Curation of genes based on disease 
severity, as described by Lazarin et al. 
Only genes associated with moderate, 
severe, or profound conditions were 
included.

The estimated percentages were made 
based on GCF values for individuals 
from the Qatar population. The AR genes 
from the ACMG Tier-3 list were used 
for comparison. The GCF of the QGP pop
ulation was used for the shared genes 
between QGP and ACMG Tier 3.

Results

Curation of genes with GCF ≥ 
1/200 in Qatari population
Analysis of ClinVar revealed 136,624 
P/LP variants with no conflicting in
terpretations among the 2,987 genes 
associated with AR conditions (AR 
genes; Figure 1A). The list of variants 
was utilized to determine the GCF in 
14,392 genomes from the Qatari 
population. We identified 88 genes 
from the Qatari population with a 

GCF ≥ 1/200 that were subject for annotation of clinical 
severity by our expert panel (Figure 1B). Of the 88 genes 
with GCF ≥ 1/200, 16 genes belonged to the ACMG 
Tier-3 gene list (Table 1). In addition, 10 genes with 
GCF ≥ 1/200 (Table 2) were previously determined to be 
associated with moderate, severe, or profound condi
tions111,18 and, thus, were included in our final list. 
The remaining 62 genes were annotated by our group 
for association with moderate to profound presentations, 
resulting in inclusion of 43 genes (Table 3); 19 genes 
were excluded due to mild presentations and/or adult- 
onset conditions (Table S1). Our analysis thus identified 
69 genes with GCF ≥ 1/200 associated with moderate 
to profound presentations (43 newly curated genes, 10 
genes previously characterized, and 16 genes in the 
ACMG Tier-3 gene list; Figure 1B).

Comparison of Qatar genomes with gnomAD Middle 
Eastern population

We then asked whether the number and content of 
genes with GCF ≥ 1/200 is different between the Qatar ge
nomes and the Middle Eastern data in gnomAD. Carrier 
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frequency used for curation of the ACMG Tier-3 list was 
derived from gnomADv2.0.2 that did not have representa
tion of the Middle Eastern participants (Figure 2A). Only 
16 genes with GCF ≥ 1/200 were shared between ACMG 
Tier-3 and Qatar genomes, while 81 ACMG Tier-3 genes 
did not meet the GCF ≥ 1/200 requirement for screening 
in the Qatari population (Figure 2B; Table 1). The total 
number of genes with GCF ≥ 1/200 in 158 Middle Eastern 
participants in gnomADv3.1.1 were 59, of which 12 were 
shared with Qatar genomes14 (Table S2). Representation 
of the Middle Eastern population increased to 2,873 in 
gnomADv4.1.0 with 59 genes having GCF ≥ 1/200, as 
we reported previously (Table S2).15 Our analysis showed 
that 35 genes, with GCF ≥ 1/200 and associated with mod
erate to profound presentation, were shared between the 
Qatar genomes and the Middle Eastern population in gno
mADv4.1.0 (Figures 2B and 2C; Table S2). Interestingly, 25 
genes had GCF ≥ 1/200 only in gnomADv4.1.0 Middle 
Eastern population, but not in Qatar genomes, while 31 
of 69 genes with GCF ≥ 1/200 in Qatar genomes were 
below the cutoff of 1/200 in the gnomAD Middle Eastern 
population (Figures 2B and 2C; Table S2). This finding 
likely demonstrates the heterogeneous Middle Eastern 
population in gnomADv4.1.0, which might be different 
from Qatari genomes due to genomic variations. The 
gene with the highest GCF in Qatar population (IL2RA, 
MIM: 147730; GCF = 0.16477) was unique to this data
base with one variant that was not reported previously 
in the gnomAD Middle Eastern population (Figure 2D; 
Tables S3 and S4), suggestive of a founder variant.

Number of P/LP variants contributing to GCF ≥ 
1/200 in Qatar genomes
The number of P/LP variants from ClinVar for genes with 
GCF ≥ 1/200 ranged from 1 to 38 variants (Figure 3A). 
Most genes had fewer than five P/LP variants contributing 
to the observed GCF ≥ 1/200 (Figure 3B). Information on 
all P/LP variants and their respective carrier frequency, 
categorized by genes, is provided in Tables S3 and S4.

Simulating the clinical utility of carrier-screening 
panels for Qatari population
To understand the utility of carrier-screening panels in 
detection of at-risk couples, we used a simulation model 
to predict the probabilities based on the ACMG Tier 3 or 
the Qatar genome data.

The probability that an individual and a couple would 
be heterozygote carriers for any P/LP variants in at least 
one of the AR genes with a GCF ≥ 1/200 was estimated, 
followed by the risk of heterozygote reproductive partners 
to conceive a homozygote/compound-heterozygote child. 
If tested for the AR genes included in the ancestry-neutral 
ACMG Tier-3 list, an individual from the Middle Eastern/ 
Qatari population would have up to a 73.42% chance of 
being a heterozygote carrier for P/LP variants in at least 
one of the Tier-3 genes (Table 4). Couples would have as 
high as a 3.85% risk of being carriers of a P/LP variant 
of the same gene(s) and up to an estimated 0.97% risk of 
having a homozygote or compound heterozygote child. 
When screened for only the list of 69 AR genes derived 
from the current study, the chance of finding at-risk cou
ples increased from 3.85% to 6.63%, and the probability 
of detecting a homozygote or compound heterozygote 
child increased from 0.97% to 1.69% (Table 4). We then 
examined a model where individuals receive screening 
for genes with GCF ≥ 1/200 from the current study and 
the ACMG Tier-3 genes. The combined model would 
detect as high as 8.15% at-risk couples among the 

Table 1. Genes with a GCF ≥ 1/200 shared between the Qatar 
genomes and the ACMG Tier-3 gene list (n = 16)

Gene MIM# GCF

USH2A 608400 0.08968

CYP21A2 613815 0.06554

SMPD1 607608 0.05231

MCCC2 609014 0.03513

HBB 141900 0.03317

CFTR 602421 0.02947

PAH 612349 0.01301

HBA2 141850 0.01284

GJB2 121011 0.01256

DHCR7 602858 0.0092

NEB 161650 0.00858

ACADM 607008 0.0079

SLC26A4 605646 0.00748

HBA1 141800 0.00613

DLD 238331 0.00587

PCDH15 605514 0.0047

GCF, gene carrier frequency.

Table 2. Genes with GCF ≥ 1/200 in Qatar genomes that were 
previously identified to be associated with moderate to profound 
clinical presentations (n = 10)

Gene MIM# GCF

CYP1B1 601771 0.02122

CEP152 613529 0.01238

DNAH11 603339 0.00871

POLR1C 610060 0.00619

GALC 606890 0.00593

LAMA2 156225 0.00511

LTBP4 604710 0.00504

DPYD 612779 0.00477

F11 264900 0.00456

RYR1 180901 0.00456

GCF, gene carrier frequency.
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individuals screened, resulting in the probability of a 
homozygote or compound heterozygote child at 2.09% 
(Table 4).

Discussion

This study identified high frequency of heterozygote car
riers for a unique set of genes in the Middle Eastern popu
lation that are distinct from other ancestries in large 
genome datasets. Variants in genes such as IL2RA were 
found to have a very high carrier frequency suggesting 
founder effects for conditions not identified previously. 
The genes with high carrier frequency can be utilized to 
direct the carrier-screening efforts in the Middle Eastern 
population as a customized regional solution. Based on 
our simulation, we recommend that a Tier-4 screening 
may have the highest benefit encompassing the ACMG 
Tier-3 panel and the genes specific to the Middle Eastern 
population as determined here.

Reproductive carrier screening is accessible in many 
countries, although there are differences in the number 
and types of conditions screened and variations in the 
cost structures underlying the screening program, with 
some being user paid and others government funded.19

In several Middle Eastern countries, including Qatar, 
Iran, Turkey, Iraqi Kurdistan, Saudi Arabia, Jordan, 
Bahrain, and the United Arab Emirates, carrier screening 
is called premarital screening (PMS).19,20 PMS is offered 
free of charge and is mandatory in most of the Middle 
Eastern countries mentioned above before couples receive 
their marriage certificates.19 Current PMS programs in 
Middle Eastern countries do not comprehensively screen 
a broad spectrum of AR conditions,20 nor do they meet 
the ACMG recommended Tier-3 panel for carrier 
screening.7 In Qatar, PMS is currently offered by primary 
healthcare centers and selected private hospitals21 for 
SCD, thalassemia, homocystinuria, CF, and an optional 
screening for SMA.20 Conditions were selected for 
screening due to higher disease frequencies observed in 
the Qatari population.21 In this study, we asked whether 
the Middle Eastern population would benefit from 
following the current guidelines and adopting the 
ACMG Tier-3 list. We identified 69 genes with GCF ≥
1/200 and association with moderate, severe, or profound 
clinical presentations in the current cohort of the Qatari 
genomes. The limited overlap of only 16 genes between 

Table 3. Genes with GCF ≥ 1/200 in Qatar genomes associated 
with moderate to profound presentations based on the annotation 
in the current study (n = 43)

Gene MIM# GCF

IL2RA 147730 0.16477

ATG7 608760 0.12668

RBM8A 605313 0.03953

MPL 159530 0.01943

NCF1 608512 0.01885

SLC2A10 606145 0.01554

SERPINH1 600943 0.01541

EYS 612424 0.01443

DCAF17 612515 0.01432

PIK3CG 601232 0.01418

CYP4F22 611495 0.01124

RAB27A 603868 0.01036

VSX2 142993 0.01023

SLC24A1 603617 0.00927

MYO9A 604875 0.00913

KCNE1 176261 0.00858

MICU1 605084 0.00825

DAAM2 606627 0.00817

IFNG 147570 0.00804

POLRMT 601778 0.00676

PKLR 609712 0.006

KANK2 614610 0.00593

CYP2R1 608713 0.00586

FLG 135940 0.00585

ABCB4 171060 0.00579

STRC 606440 0.00578

PROC 612283 0.00559

SLC22A5 603377 0.00552

SPG7 602783 0.00552

C12orf57 615140 0.00538

GRM6 604096 0.00524

FARS2 611592 0.00518

ZNF335 610827 0.00518

ABCA4 601691 0.00503

KIF26A 613231 0.00498

ATAD3A 612316 0.00498

FCSK 608675 0.00491

SERPINA1 107400 0.0049

C6 217050 0.00477

EPCAM 185535 0.0047

Table 3. Continued

Gene MIM# GCF

MEFV 608107 0.0047

GJB6 604418 0.00464

LAMA5 601033 0.00463

CYP2U1 610670 0.00457

GCF, gene carrier frequency.

Human Genetics and Genomics Advances 7, 100625, July 9, 2026 5



the Qatari list and the ACMG Tier-3 list highlights the 
varied utility of professional guidelines in different popu
lations. Version 2 of gnomAD, used for ACMG Tier-3 
development, contained no data from the Middle Eastern 
populations. We propose that limited representation of 
genomic data can explain the disparity in the number of 
genes with GCF ≥ 1/200 between Qatari genomes and 
the ACMG Tier-3 genes derived from gnomADv2. Our 
previous studies have shown that genome data from 
approximately 9,000 individuals in a given ancestral 
population are needed for an accurate estimation of 
carrier frequency and selection of genes with GCF ≥
1/200.15 The current study highlights the need for more 
research among populations with low representation in 
gnomAD and other global genomic datasets.

The highest GCF (0.165) was observed in the IL2RA 
gene, associated with immunodeficiency due to CD25 
deficiency (MIM: 606367). This immune condition pre
sents in early infancy with skin manifestations, immuno
deficiency, and recurrent infections. There is no report on 

Figure 2. Comparative analysis of 
Qatar genomes and gnomAD Middle 
Eastern population 
(A) Representation of ancestral popula
tions in gnomAD v2, v3, and v4. 
(B) Comparison of genes with gene carrier 
frequency (GCF) ≥1/200 in Qatar ge
nomes, ACMG Tier-3 carrier-screening 
list (derived from gnomAD v2.0.2), and 
gnomAD v4.1.0. 
(C) Shared genes between Qatar genomes 
and Middle Eastern population in gno
mAD v3 and v4. 
(D) GCF of the 30 most common genes in 
gnomAD v3, v4, and Qatar population. 
AFR, African/African American; AMS, 
Amish; ASJ, Ashkenazi Jewish; EAS, East 
Asian; FIN, Finnish; LAA, Latino/admixed 
American; MID, Middle Eastern; NFE, 
non-Finnish European, SAS, South Asian.

the prevalence of this condition 
among the Qatari population. How
ever, a report of CD25 deficiency in 
a child with a similar presentation 
in Saudi Arabia attributed the condi
tion to the same variant in the 
IL2RA gene.22 This, together with 
the high number of individuals car
rying the same variant in the Qatar 
sample population, is suggestive of a 
founder effect, although other rea
sons such as selection or variant 
non-pathogenicity should be consid
ered. The IL2RA gene was not de
tected as a gene with GCF ≥ 1/200 
in our previous study of the gno
mADv4 population.15 This could be 
due to a smaller number of Middle 

Eastern individuals in gnomADv4 or the high frequency 
of heterozygous carriers limited to the Qatari/Saudi 
population but not the rest of Middle Eastern population. 
More research is needed to determine the founder effect 
by haplotype analysis and age estimation and to study 
the frequency of CD25 deficiency in Qatar and neigh
boring countries in the region. Another gene with a 
high carrier frequency, CYP21A2, is associated with 
congenital adrenal hyperplasia (CAH) with several 
contributing variants in the Qatari population. CAH is 
prevalent in the Middle East223–25 and is included in 
the newborn screening programs across the region, 
including Qatar.26 CYP21A2, along with ATG7, USH2A, 
and SMPD1, were among the genes with high GCF 
that were also detected in our study of the Middle Eastern 
population in gnomADv4 previously.15 High frequency 
of heterozygous carriers for known founder variants or 
previously reported pathogenic variants in the Qatari 
population was also observed in DCAF17 (MIM: 612515; 
GCF = 0.01432) associated with Woodhouse-Sakati 
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syndrome (MIM: 241080), RAB27 (MIM: 603868; GCF =
0.01036) associated with Griscelli syndrome, type 2 
(MIM: 607624), MPL (MIM: 159530; GCF: 0.01943) associ
ated with amegakaryocytic thrombocytopenia, congen
ital, 1 (MIM: 604498), and VSX2 (MIM: 142993; GCF =
0.01023) associated with Microphthalmia/coloboma 3 
(MIM: 610092).16,27–30 Notably, none of these genes are 
currently included in the Qatar’s PMS program, and there 
are no published data on their frequency in Qatar, war
ranting further investigation on the status of these genetic 
conditions in the Middle Eastern population.

In populations with high rates of consanguinity or 
founder effects combined with endogamy, the frequency 
of AR conditions is increased. Qatar, for example, has 
been found to have a consanguinity rate of approximately 
54%,21 which reemphasizes a need for comprehensive 
screening strategies.31 The current study demonstrated 
the limited utility of ACMG Tier 3 for carrier screening 
of individuals or couples from Qatar/Middle Eastern 
populations. We showed that the probability of finding 

Figure 3. Number of P/LP variants 
contributing to GCF ≥ 1/200 in Qatar 
genomes 
(A) Scatterplot demonstrates the GCF and 
the number of contributing variants for 
69 genes with GCF ≥ 1/200 in Qatar ge
nomes. Each dot represents the number 
of contributing variants for the gene. 
The horizontal line at GCF = 0.005 indi
cates the threshold used. 
(B) Bar chart illustrating the distribution 
of genes by number of contributing 
variants. Most genes had fewer than 
five contributing variants, while a small 
number had more than 15 contributing 
variants.

couples at risk almost doubles using 
a panel of 69 genes identified in 
this study as compared to a panel 
of ACMG Tier-3 genes. The highest 
probability (up to 8.15%) was 
observed when the ACMG Tier 3 
was combined with the common 
genes in the Qatar genomes in 
one panel. It should be noted that 
our analysis assumes independence 
among variants, which may not 
hold in populations with assortative 
mating or inbreeding. Positive corre
lation between variants would likely 
cause our approach to overestimate 
the probability of carrying at least 
one variant. Based on our findings, 
we recommended defining a Tier-4 
gene panel for the Qatari, and the 
Middle Eastern population, that en
compasses ACMG Tier-3 genes and 

the Qatari genes for the maximal detection of at-risk cou
ples. Defining a national or regional Tier-4 screening 
panel can be adapted by other regions as more genome 
data become available from the populations with small 
representation in gnomAD. In addition, periodic review 
of the screening programs should be considered to ensure 
that screening efforts remain aligned with emerging 
scientific evidence, changes in healthcare needs, advance
ment in technology, as well as ethical, social, and cultural 
factors in any given population.

Our analysis is derived from the genome data of the 
Qatari population, with origins that trace back mainly to 
general Arabs, peninsular Arabs, Arabs of Western Eurasia 
and Persia, and admixed Arabs.16 While a rich genomic 
diversity was captured in Qatari genomes with relevance 
across the broader Middle East, this analysis may not be 
completely representative of other Middle Eastern coun
tries that could be heterogeneous with some genomic var
iations.32 Comparison of our findings with the future 
large studies on genomes from Arab and non-Arab Middle 
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Eastern populations is needed to determine the concor
dance of the genes with GCF ≥ 1/200. Our bioinformatic 
pipeline can be utilized for analysis of carrier burden 
once the new data become available. Besides the ances
tral differences, variations in sequencing platforms, 
sequencing depth, and population sizes may also affect 
the carrier frequency estimations.14,33 Another limitation 
of the current study, and any estimation of carrier burden 
of ClinVar P/LP variants associated with AR conditions, is 
the limited representation of different ancestries in the 
ClinVar database due to abundance of submitters from 
US and European laboratories. As a result, P/LP variants 
from underrepresented ancestries may not be present in 
ClinVar or may be present but classified with conflicting 
interpretations. Availability of a list of P/LP variants 
from the Middle Eastern population in ClinVar and non- 
ClinVar resources may necessitate reanalysis of carrier 
burdens in future studies. Finally, our gene curation may 
not be comprehensive in evaluating the severity of condi
tions associated with the genes with GCF ≥ 1/200 in the 
Qatari population. Incomplete penetrance and variable 
expressivity are factors that may limit a subjective dis
ease-severity evaluation. We suggest a thorough review 
of the clinical severity of these genes before considering 
them for any carrier-screening program as well as future 
research on the prevalence of these conditions in the 
Middle East.

The threshold of carrier frequency as ≥1/200 can be a 
limiting factor in selection of genes for carrier screening. 
Genes that are less common may be excluded while 
they are associated with severe presentations. An alterna
tive approach in reproductive carrier screening focuses 
on disease severity without using a strict GCF cutoff 
of 1/200.34–36 Depending on the cost to the healthcare 
system, public health policies, and the size of population 
screened, this approach may be considered by some coun
tries. Beyond the gene selection for a carrier-screening 
program, the clinical utility of such programs and the 
impact on couples’ reproductive decision-making are 
important considerations. Reproductive carrier screening 
has been shown to result in informed decisions being 
made by at-risk couples in various regions.37–39 Access to 
reproductive options is among the major factors that 
determine the clinical utility of carrier screening.40 Impor
tantly, the clinical utility may be affected by the level of 

acceptability of carrier screening in various regions. In 
Qatar, the rates of conditions included in the premarital 
screening program remain elevated,41 likely due to 
consanguineous marriages.19,41 Couples may not change 
their view on marriage after learning their carrier status, 
as commitments to the relationship often outweigh 
considerations related to genetic factors.42 Despite these 
challenges, a comprehensive screening program may be 
beneficial as it determines the risk of having an affected 
child and prepares the medical team for clinical man
agement during pregnancy and upon the birth of the 
affected neonates. Concurrent pre-/post-test genetic 
counseling and cultural-oriented educational materials 
may help in raising awareness among couples opting for 
carrier screening.

In summary, this study determines the burden of 
heterozygous carriers for recessive conditions in a large 
cohort of Middle Eastern genomes from the QGP. Our 
comprehensive analysis provides a list of 69 genes with 
high carrier frequency associated with moderate, severe, 
or profound clinical presentations that, together with 
the ACMG Tier-3 screening panel, could be considered 
for reproductive carrier screening in the Middle East. 
This study uncovered a number of genes with high carrier 
frequency for single variants that warrant further research 
on the presence of founder effect in the Qatari and Middle 
Eastern population.

Data and code availability

• The codes used in the bioinformatics pipeline and the 
parsed ClinVar and genome data is available at GitHub 
repository (https://github.com/chadisaad/AR-genes-database_ 
query-2023) and Zenodo (https://zenodo.org/records/1825 
5554).

• The data collected or generated by the QBB are made 
available to bona fide researchers employed within or other
wise contractually bound to public and private institutions 
that conduct scientific research and that meet the require
ments detailed in the QBB Research Access policy.

• The raw, unfiltered, individual-level calls have been depos
ited with QBB, now part of the Qatar Precision Health Insti
tute (QPHI).

• GS data and population-level multi-sample SV VCF 
generated in this study can be accessed through the project 
accession ID (QF-QGP-PUB-002) upon submission and 

Table 4. Comparison of probabilities for detection of heterozygote carriers and risk of homozygote/compound heterozygote individuals 
using ACMG Tier 3 or the Qatar genome data

Population Number of genes P Max individual carrier P Max couples at risk P Max affected child

ACMG 97 73.42% 3.85% 0.97%

QGP 69 68.75% 6.63% 1.69%

ACMG and QGP 150 87.62% 8.15% 2.09%

Columns demonstrates the probabilities for the indicated outcome based on the screening panel used. P Max represents the maximum probability of the specified 
event based on GCF ≥ 1/200. Couples at risk are couples where both individuals have any P/LP variant affecting the same gene. This includes situations where 
couples carry the same or different P/LP variants.
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approval of a data-access request. Researchers may apply for 
access via the QPHI portal at https://www.qphi.org.qa/ 
research/how-to-apply.
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