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Abstract
Background This study aimed to develop and validate a targeted next-generation sequencing (NGS) panel along with a

data analysis algorithm capable of detecting single-nucleotide variants (SNVs) and copy number variations (CNVs) within

the beta-globin gene cluster. The aim was to reduce the turnaround time in conventional genotyping methods and provide a

rapid and comprehensive solution for prenatal diagnosis, carrier screening, and genotyping of b-thalassemia patients.

Methods and results We devised a targeted NGS panel spanning an 80.4 kb region on chromosome 11, encompassing the

beta-globin gene cluster and 5’ locus control region. We also developed an advanced data analysis algorithm consisting of

variant calling and depth plot analysis that facilitates simultaneous detection of SNVs and CNVs in a single run. The test

panel and algorithm were validated with 14 in-house b-thalassemia carrier/patient samples and cross-checked against the

HbVar database. We identified seven pathogenic SNVs and five CNVs within the beta-globin gene cluster in various

combinations, such as heterozygous, homozygous, and compound heterozygous conditions. Additionally, the coordinates

of 169 rare deletions and 11 fusion mutations reported in the HbVar database were checked to verify the theoretical ability

of our developed gene panel to detect all the CNVs within the target region.

Conclusion The developed panel and NGS technology can detect both SNVs and CNVs in a single run and can also be

utilized for prenatal diagnosis and carrier screening for hemoglobinopathies, underscoring its versatility and clinical utility.
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Abbreviations
NGS Next-generation sequencing

SNVs Single-nucleotide variants

CNVs Copy number variations

LCR Locus control region
Introduction

b-Thalassemia and hemoglobinopathy are the most preva-

lent genetic disorders in India, South Asian countries,

America, Italy, Middle Eastern countries, and other parts of

the world [1, 2]. The worldwide carrier frequency of

hemoglobinopathy is approximately 7%, whereas 1–5% of

the global population are healthy carriers of different tha-

lassemia mutations [3]. According to a report by the World

Health Organization (WHO), approximately 40,000 infants

are born annually with thalassemia, with the majority of

them having b-thalassemia [4]. Consanguineous marriage,

a lack of carrier testing, or the use of improper testing

methods are the deep-rooted norms of the large percentage
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of active thalassemia patients globally [5, 6]. High-per-

formance liquid chromatography (HPLC) and capillary

electrophoresis (CE) are the primary biochemical methods

for b-thalassemia diagnosis and carrier screening. Elevated

HbA2 levels associated with hypochromic, microcytic red

blood cells are the key indicators of the heterozygous b-

thalassemia trait [7]. Although HPLC and CE have been

widely used for carrier screening, they have several limi-

tations. In some b-thalassemia carriers, normal or border-

line HbA2 can arise from mild b-thalassemia mutations,

coinheritance of b-thalassemia with d-thalassemia or iron

deficiency anemia [8, 9]. In such cases, mutation screening

is inevitable. Thalassemia is a genetic disorder caused

primarily by mutations in the beta-globin (HBB) and alpha

globin (HBA) genes. The HBB gene is a part of the large

beta-globin gene cluster; it consists of a 5’ regulatory LCR,

followed by 5 beta-like globin genes, and a pseudo-beta

gene (50-epsilon– – gamma-G– – gamma-A–– beta pseu-

dogene 1– – delta– – beta–--30) [10]. The entire region is

approximately 80 kb long. Pathogenic single-nucleotide

alterations and large gross gene deletions are responsible

for different types of thalassemia, which is evident from

the entries in the HbVar database [11]. Ongoing research is

consistently revealing many more novel rearrangements in

this genomic region [12–14]. ARMS–PCR, Sanger

sequencing, gap PCR, MLPA, and other genetic tests are

required either alone or sequentially to understand the

complete globin genotype of patients with thalassemia in a

country with a diverse population lineage [15, 16]. This

may increase TAT as well as expenditure and also poses a

particular challenge for pregnant women, who have limited

time for detection and intervention. The advancement of

NGS technology, coupled with data analysis workflows and

packages, enables the ease of complex genetic testing to

detect SNVs and CNVs with diverse loci in a single run

[17, 18]. NGS-based gene panels are extensively used in

clinical settings for the identification of genetic mutations

in many complex polygenic disorders, such as Alzheimer’s

disease (Invitae Hereditary Alzheimer’s Disease Panel

[https://www.ncbi.nlm.nih.gov/gtr/tests/553718/howtoor

der/#]), autism spectrum disorder (Autism NGS Panel

launched by Fulgent [https://www.fulgentgenetics.com/

Autism]), and many more. However, globally, such a

comprehensive thalassemia genomic-based solution is in

the preliminary stage, and only one commercial NGS-

based thalassemia kit is available (https://devyser.com/kits-

and-reagents/devyser-thalassemia-ngs). Our developed

NGS-based targeted gene panel and diagnostic data anal-

ysis algorithm offers a comprehensive solution, facilitating

the detection of complex thalassemia cases as well as early

prenatal genetic diagnosis, thereby enhancing the effec-

tiveness of intervention strategies and contributing to

improved global health outcomes.

Materials and methods

Study setting: The initial screening and filtering of 600

cases were performed using HPLC, ARMS–PCR, Sanger

sequencing, and GAP-PCR. This study was approved by

the ethics committee of The University of Burdwan, Purba

Bardhaman, India, approval No. IEC/BU/2017/01. Written

informed consent was obtained from all participants prior

to their enrollment in the study. For minor participants,

written consent was provided by their parents or legal

guardians.

Subject inclusion criteria: In the cohort of 600 patients,

subjects were selected based on the following criteria.

(A) Mismatch pedigree through Sanger sequencing [S7–

S11], (B) Failed PCR amplification for Sanger sequencing

of the HBB gene [S12], (C) Ambiguous HPLC of the

case/carrier state; we included b-thalassemia carrier sub-

jects with normal or borderline HbA2 and slightly elevated

HbF [S5, S6]. (D) HPFH carrier [S13, S14]. (E) b-tha-

lassemia carrier [S1–S4]. The details of the hematological

parameters and recruitment criteria are given in Table 1

and Supplementary Table S1. Additionally, one control

sample was recruited for comparative analysis. Fourteen

representative subjects with diverse diagnostic genotype

conditions were subsequently selected for targeted next-

generation sequencing (NGS) analysis (S1–S14) (Fig. 1).

Panel design: For comprehensive detection of SNVs as

well as CNVs in the beta-globin gene cluster, a targeted

genomic panel was designed. The beta-globin gene cluster

is present in the short arm of chromosome 11, consisting of

a 50 regulatory LCR, followed by a 5 beta-like gene and a

pseudo-beta gene [50-epsilon– – gamma-G– – gamma-A––

beta pseudogene 1– – delta– – beta–--30] and a 30 regu-

latory region of the beta-globin gene (Fig. 2). For the panel

design, we considered the human reference genome

sequence version 38 (GRCh38). Genomic coordinates were

retrieved from the NCBI database (https://www.ncbi.nlm.

nih.gov/) using the NCBI reference sequence

NC_000011.10. The specific genomic coordinates for the

different components of the beta-globin gene cluster are as

follows: 50 LCR: chr11:5,269,925–5,304,186; HBE1:

5268345–5269945; HBG2: 5253188–5254781; HBG1:

5248269–524985; HBBP1: 5241954–5243592; HBD:

5232838–5234483; HBB: 5225464–5227071; beta-globin

gene 30 regulatory region: 5,223,780–5,226,590. Based on

these coordinates, we stitched the gene components toge-

ther along with their intergenic regions to create a final

panel (chr11: 5223780–5304186), covering a genomic

region of 80.4 kb on the short arm of chromosome 11.

Library preparation: AmpliSeq for the Illumina custom

library was designed using the DesignStudio
TM

tool (Illu-

mina) (https://designstudio.illumina.com). A total of 336
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primer sets with average amplicon lengths of 352 bp were

designed against the 80.4 kb targeted genomic region of

chromosome 11, with a maximum coverage of 98.45%

(Supplementary Figure S1).

Sample preparation and sequencing: The concentration

of DNA was determined using a Qubit dsDNA HS Assay

Kit on a Qubit 2.0 fluorometer. Approximately 10 ng of

DNA was amplified with the AmpliSeq On-Demand Cus-

tom DNA Panel [19] using 5� AmpliSeq HiFi mix. After

amplification, the primers were partially digested using

FuPa reagent, and the amplified products of both primers of

the same sample were pooled in a single tube. CD indices

were ligated with each individual sample, after which the

libraries were cleaned up with AMPure XP beads. The

index-ligated library was then washed with 70% ethanol.

The final amplification of the library was performed using

10� Library Amp primers. The final library was quantified

using the Qubit method, and the size distribution of the

library was determined using a TapeStation (Agilent

Technology) according to the manufacturer’s instructions,

with an average fragment length between 400 and 550 bp.

Approximately 10 pM of each library was pair-end

sequenced on the Illumina MiSeq platform, and raw FastQ

files were generated.

Data analysis algorithm for the identification of tha-

lassemia causing both SNVs and CNVs: A step-by-step data

analysis algorithm was developed to identify all the

pathogenic SNVs and CNVs in the targeted region.

Step 1: Quality control of the raw data: Sequence quality

analysis of the raw sequencing reads was per-

formed using the FASTQC package. Low-quality

sequencing reads were filtered out.

Step 2: Variant calling and annotation: High-quality

reads were aligned against the human reference

genome version hg38 using the DRAGEN DNA

aligner with the Amplicon pipeline [20]. A

targeted AmpliSeq bed file was used to specify

the regions of interest, and a variant call file

(VCF) was generated. Variants were annotated

using the wANNOVAR tool [21].

Step 3: Variant filtering and identification of pathogenic

SNVs: All the identified variants with minor

allele frequencies\ 1% were selected from 3

databases: (i) the 1000 Genomes Project Phase

III, (ii) the Exome Aggregation Consortium

(ExAC), and (iii) the Genome Aggregation

Database (gnomAD) [22–24]. Combined Anno-

tation Dependent Depletion (CADD) phred

score[ 20, was used to classify potential dam-

aging variants, below which variants were often

classified as benign [25]. To assess the impact of

UTRs, upstream, downstream, intronic, and

splice variants were further checked in the

Table 1 Hematological and clinical profiles of the recruited subjects for targeted sequencing

Sl.

No.

Sample

Id

Age*,

sex

(M/

F)

CBC HPLC Reason for inclusion

Hb

(g/

dl)

RBC

(106/

ll)

MCV

(fl.)

MCH

(pg)

HbA2

%

HbF

%

HbE

%

1 S7 35, F 10.2 4.52 69 22.6 5.2 34.2 43 Sanger sequencing shows a mismatch pedigree; proband is

homozygous for a point mutation, but one of the parents shows

the absence of same variant
2 S8 22, F 7 3.68 91.6 26.4 3.5 74.7 0

3 S9 20, F 5.9 2.62 74.8 22.5 3.0 59 0

4 S10 31, M 10.1 4.7 – – 10.2 21 0

5 S11 3, F 6.6 3.26 84.4 20.2 1.1 98 0

6 S12 6.5, F 10.7 5.18 66.8 20.7 0 96.5 0 Failed to PCR amplification of the HBB gene

7 S5 30, M 11.7 3.9 87.1 30.3 2.8 6.3 0 b-thalassemia carrier with low HbA 2%

8 S6 29, F 9.2 4.12 77.4 22.3 3.8 17.4 0

9 S13 50, M 14.4 6.35 71.8 22.7 2.5 13.3 0 HPFH carrier; included to evaluate the efficacy of the developed

panel and methodology for detecting CNVs10 S14 30, M 14.1 5.9 72.5 23.9 2.5 25.6 0

11 S1 10, M 8.3 4.25 77.4 19.5 4.7 7.4 0 b-thalassemia carrier; included to assess the efficacy of the

developed panel in carrier screening12 S2 52, F 7.0 3.3 65.9 20.8 5.5 10.8 0

13 S3 31, F 9.2 4.8 59.8 18.9 4.8 10.4 0

14 S4 7, F 8.0 4.07 72.5 19.7 8.3 1.4 0

15 Control 27, F 12.2 4.88 66 24.9 2.4 0.3 0 To validate detection of the wild-type sequence

*Age in years
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ClinVar [26] and HbVAR databases to ascertain

the mutation type and associated hemoglobin

variants.

Step 4: Clinical correlations with identified variants:

Homozygous, heterozygous, or compound

heterozygous variants were clinically correlated

with patient data and confirmed with parental

gene sequencing. In unidentified cases or

instances of mismatch mutation inheritance with

parental sequences or long stretches of

homozygous variants identified in the annotated

VCF, we conducted further CNV analysis.

Step 5: Detection of CNVs in the target region: To

investigate the presence of CNVs in the target

region, we followed a multistep approach. We

applied the CNVKit tool to the BAM file for CNV

detection. Furthermore, a depth-based approach

was adopted for validation of the CNV results.

CNVkit takes the alignment and bed files as input

and outputs chromosomal segments where there is

considerable deviation in depth compared with

Fig. 1 Schematic representation

of conventional HBB
genotyping methods used for

identifying thalassemia patients

and carriers, along with the case

selection process for targeted

NGS analysis

Fig. 2 Genomic region for target sequencing encompassing 80.4 kb on the short arm of chromosome 11. The diagram depicts the organization of

beta-like globin genes, along with the 50 LCR and 30 regulatory region
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adjacent regions. In the depth-based approach, all

reads aligned to the targeted regions were

extracted from the alignment file (BAM) and

arranged in pileup format. The pileup file was

subsequently scanned from beginning to end in a

per-base manner, the depth was estimated, and the

depth information was stored in a depth file. The

depth file is plotted and overlapped with the

CNVkit results for the final list of CNV regions.

Furthermore, the run of heterozygosity was esti-

mated and validated by the genotype information

of SNP data from the same region. Additionally,

the Integrated Genome Viewer (IGV) tool [27]

was used to visualize the coverage information

from the BAM file (Figure 3).

Sanger sequencing: To validate the identified SNVs and

INDELs from target sequencing, we performed Sanger

sequencing of the HBB and HBD genes. The primer set

used for amplification of the HBB gene was as follows:

HBB forward primer 50-GCCAAGAGATATATCTTA-

GAG-30 and reverse primer 50-CCATTCTAAACTG-

TACCCTGT-30. The primer set used for amplification of

the HBD gene was as follows: forward primer: 50-
CTGAGTCAAGACACACATGACAG-30. reverse primer:

50-TGGTATGCATAATTTGAGTTGTTG-30.
Validation for various deletion and fusion mutations in

the global population: To test the utility of the developed

panel for detecting different mutations in the global pop-

ulation, we accessed the HbVar database. Accordingly, we

mapped the submitted variants with our panel coordinates.

We curated entries for deletion and fusion mutations

involved in the beta-globin gene cluster. This mapping

involved cross-referencing the genomic positions of sub-

mitted mutations from diverse ethnic groups in the HbVar

database with the coverage provided by our developed

target panel [11].

Results

Identification of SNVs in the beta-globin cluster: In

accordance with the variant filtering criteria mentioned in

the Methods, we successfully identified seven rare patho-

genic SNVs in beta-globin gene clusters with the devel-

oped NGS method (Table 2): (1) Splice variant; HBB:

c.92 ? 5G[C, which was observed in six subjects; out of

them, two subjects exhibited heterozygous conditions,

whereas the remaining four subjects presented homozygous

conditions (Fig. 4A). (2) HBB: c.2T[A was found in a

single subject (Fig. 4B). (3) A homozygous substitution

mutation, HBB: c.79G[A, was found in one patient

(Fig. 4C). (4) A homozygous single-nucleotide deletion (-

T) mutation in codon 15 of the HBB gene, HBB: c.46delT,

(Fig. 4D) (5) A homozygous mutation in the HBB pro-

moter, HBB: c.-140 C[ T, (Fig. 4E). (6) A heterozygous

delta globin gene mutation, HBD: c.61G[A (Fig. 4F). (7)

A heterozygous upstream promoter mutation in the HBD

gene, HBD: c.-118 C[ T (rs549964658) (Fig. 4G). All

seven identified SNVs were confirmed by Sanger

sequencing (Supplementary Figure S2).

Identification of CNVs in the target region: CNV calling

revealed different lengths of deletions in the beta-globin

gene cluster. The long deletions included the following: (1)

A heterozygous HBD–HBB deletion (Fig. 5A). (2) A

compound heterozygous deletion involving HBD–HBB and

HBE1–HBB genomic regions (Fig. 5B) (3) A heterozygous

HBBP1–HBB deletion (Fig. 5C) (4) A heterozygous

HBG1–HBB deletion (Fig. 5D) and (5) Deletion of the

entire target region encompassing 5 beta-globin genes,

including the pseudo-beta gene (HBE1, HBG2, HBG1,

HBBP1, HBD, and HBB) and the entire LCR in the

heterozygous condition, where we found all the variant

sites to be in the homozygous condition (Fig. 5E). When

CNV analysis of the control subjects was performed, equal

depths across the target region and homozygous and

heterozygous variants distributed throughout the target

region were observed (Fig. 5F). All the identified deletions

within the target region and the ClinVar accession numbers

are listed in Supplementary Table S2.

Among the subjects recruited for testing the efficacy of

the genomic panel, the distribution of genetic mutations

associated with thalassemia was as follows (Table 3): (1)

Compound heterozygous mutations involving both SNVs

in the HBB gene and CNVs in the beta-globin gene cluster

(S7–S11). (2) Compound heterozygous deletions of the

HBD–HBB and HBE1–HBB genomic regions (S12). (3)

Two cases of coinheritance of point mutations in the HBB

and HBD genes (S5, S6). (4) Two subjects with different

lengths of deletions, HBD–HBB and HBG1–HBB, in the

target region in the heterozygous state (S13, S14). (5)

Heterozygous SNV in the HBB gene (S1–S3). (6) Entire

target region deletion in the heterozygous state (S4).

Coverage of different deletion and fusion mutations in

the global population: An extensive examination of the

HbVar database identified 169 deletions and 11 fusion

mutations in the beta-globin gene cluster across global

populations. The coordinates of these mutations are listed

in Supplementary Tables S3 and S4. All the reported

deletions and fusion mutations were either encompassed

within the target region or extended beyond this region.

Therefore, if a deletion is present in any sample, our

developed panel and methodology can detect the deleted

region of the genome within the beta-globin gene cluster.
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Discussion

b-Thalassemia or hemoglobinopathy can occur due to

various types of mutations in the beta-globin gene cluster

[11]. ARMS–PCR is a commonly used technique for

identifying known mutations in a homogenous population.

Reports of different investigations and our unpublished

data revealed that a wide spectrum of different SNVs as

well as CNVs exists, with very low frequencies responsible

for b-thalassemia in India as well as in other countries

[28, 29]. In such cases, the application of ARMS–PCR is

constrained due to its limited success [30, 31]. Sanger

Fig. 3 Stepwise representation of raw sequence data processing, variant calling and detection of rare causative SNVs and CNVs in the targeted

region
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sequencing also faces limitations due to the size of the

beta-globin gene family and its controlling region, which

spans approximately 100 kb [32–34]. Pathogenic mutations

responsible for these conditions are dispersed among dif-

ferent globin genes, including beta, gamma, and delta

globin genes, and control the LCR [11]. Moreover, CNVs

are very common in thalassemia, and Sanger techniques

cannot detect CNVs. Another major drawback of the

Sanger method is that the coinheritance of heterozygous

point mutations with large deletions in the same genomic

Table 2 Pathogenic variants identified by SNV calling through the filtering method of the developed algorithm of target next-generation

sequencing (NGS)

Sl.

No

Identified

mutation

Functional

position

Consequence MAF

(1000genome)

ExAC GenomeAD CADD

phread score

Clinvar HbVar

(b ? or b0)

1 HBB:
c.92 ? 5G[C

Intronic Splicing 0.0012 0.0007 0.00006 NA Pathogenic b?

2 HBB: c.2T[A Exonic Start loss NA NA 0.00004 25.2 Pathogenic b ? or b0

unclear

3 HBB: c.79G[A Exonic Nonsynonymous 0.0028 0.0003 0.00003 23.2 Pathogenic b?

4 HBB: c.46delT Exonic frameshift

deletion

NA NA NA NA Pathogenic b0

5 HBB:
c.-140 C[T

upstream NA NA 0.00006 NA Pathogenic b?

6 HBD:
c.-118 C[T

UTR5 0.0044 NA 0.00003 NA Pathogenic NA

7 HBD: c.61G[A Exonic Nonsynonymous 0.0016 0.0009 0.00006 23.8 NA NA

NA not available

Fig. 4 IGV views of identified rare SNVs in the target region. A. HBB:c.92 ? 5G[C B. HBB:c.2T[A. C. HBB:c.79G[A D. HBB:c.46delT

E. HBB:c.-140 C[T F. HBD: c.61G[A G. HBD: c.-118 C[T
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region appears as a homozygous mutation for that point

mutation. Such scenarios can lead to false interpretations

and may not reflect the actual genotype. Gap-PCR can be

applied for long deletions where the exact breakpoint and

the length of deletion are well known [35]. In heteroge-

neous populations, unknown deletions cannot be detected

using this method, which can lead to false-negative results.

Although MLPA is used in a few cases for long deletions,

known deletions mixed with point mutations in trans

patients cannot be detected by MLPA alone [36]. All the

abovementioned conventional techniques alone are unable

to identify different causal deletions and point mutations

simultaneously for thalassemia.

To date, 291 deletion mutations have been reported in

the IthaGenes database [37]. Research continues to identify

many more novel deletions in this particular region. A

recent study by Zhu et al. (2019) revealed a novel large

deletion of 223 kb extending from the 30UTR of the HBD

gene to 215 kb downstream of the HBB gene [38]. Another

study by Zhang et al. (2024) revealed a long deletion of

755 kb covering the HBB gene locus [39]. Accurately

resolving so many large deletions requires a more exten-

sive library panel or whole-genome sequencing to pinpoint

breakpoints at base resolution. However, this approach

generates a vast amount of data, which can be challenging

to handle in smaller clinical settings. To address these

challenges, we designed a targeted NGS panel focusing on

the beta-globin gene cluster and the LCR, which are crucial

for hemoglobin synthesis. This targeted NGS panel and

data analysis method is optimized to detect both SNVs and

CNVs effectively within the target region as well as part of

a large deletion segment within the target region. Our

approach is simple and comprehensive. To identify rare

pathogenic SNVs, we first focused on variants with

MAFs\ 1% and assessed their pathogenicity based on the

CADD Phred score. We consider CADD scores greater

than 20 as potentially damaging variants. UTRs and

upstream, downstream, intronic, and splice variants were

verified for their pathogenicity by cross-referencing data

from the HbVar and ClinVar databases. However, if there

was evidence of a long stretch of homozygous variants

from the VCF, we then executed CNV calling. CNV

Fig. 5 Depth plot analysis, variant mapping and IGV validation of

identified deletions in the beta-globin gene cluster. Each upper panel

represents depth plot analysis, and each lower panel represents the

IGV view of the BAM file with coverage. The region of deletions is

marked in the red box, whereas stretches of homozygous variants are

indicated with black outlines. A Representative plot of heterozygous

deletions encompassing the HBD–HBB genomic region (S7, S13).

B Compound heterozygous deletion of HBD–HBB and HBE1–HBB.

The common region of deletion with complete loss of sequence reads

is indicated in the red dotted box, (S12). C Heterozygous deletion

from HBBP1–HBB, (S8). D Genomic deletion from HBG1–HBB (S9,

S14). E Representative plot of the entire target region deletion (S4,

S10, S11). F Representative plot of a control subject; homozygous

and heterozygous variants are distributed throughout the entire target

region
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calling was performed using CNVkit and depth plot anal-

ysis and was further confirmed by IGV analysis (Fig. 5).

Thus, the developed gene panel and workflow can be used

to identify SNVs and CNVs in a single assay (Fig. 3).

Importantly, this method can reduce the TAT and overall

cost in clinical settings.

Initially, we started with 600 b-thalassemia patient/car-

rier samples. Primary HBB genotyping was performed

using conventional genotyping methods, of which 14 were

selected for targeted NGS. The detailed genotype and

clinical parameters are depicted in Supplementary

Tables S5 and S6. In this cohort, we successfully identified

5 such cases in which both the SNV and CNV were

Table 3 Genotypes of the recruited subjects as determined using our developed gene panel and methodology

Sl

No.

Sample

Id

Allele 1 Allele 2 Interpretation Detection method

1 S7 HBB: c.79G[A HBD–HBB del Compound heterozygous Allele 1: SNV

calling

Allele 2: CNV

calling

2 S8 HBB: c.46delT HBBP1–HBB del Compound heterozygous Allele 1: SNV

calling

Allele 2: CNV

calling

3 S9 HBB:
c.92 ? 5G[C

HBG1–HBB del Compound heterozygous Allele 1: SNV

calling

Allele 2: CNV

calling

4 S10 HBB: c.-140 C[T Entire target region

del

Compound heterozygous Allele 1: SNV

calling

Allele 2: CNV

calling

5 S11 HBB:
c.92 ? 5G[C

Entire target region

del

Compound heterozygous Allele 1: SNV

calling

Allele 2: CNV

calling

6 S12 HBD–HBB HBE1–HBB Compound heterozygous Allele 1: CNV

calling

Allele 2: CNV

calling

7 S5 HBB:
c.92 ? 5G[C

HBD: c.- 118 C[T Coinheritance of HBB & HBD heterozygous

mutations

Allele 1: SNV

calling

Allele 2: SNV

calling

8 S6 HBB:
c.92 ? 5G[C

HBD: c.61G[A Coinheritance of HBB & HBD heterozygous

mutations

Allele 1: SNV

calling

Allele 2: SNV

calling

9 S13 HBD–HBB Normal Heterozygous deletion CNV calling

10 S14 HBG1–HBB Normal Heterozygous deletion CNV calling

11 S1 HBB:
c.92 ? 5G[C

Normal Heterozygous SNV calling

12 S2 HBB: c.2T[A Normal Heterozygous SNV calling

13 S3 HBB:
c.92 ? 5G[C

Normal Heterozygous SNV calling

14 S4 Entire target region

del

Normal Heterozygous deletion CNV calling

del deletion
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coinherited (S7–S11). The conventional DNA sequencing

method yields false-positive results that are homozygous

for a particular SNV. Specifically, Sanger sequencing relies

on PCR amplification of the target region. In the presence

of large deletions that encompass HBB and other genes in

the beta globin gene cluster, the deleted allele fails to

produce an amplification product. As a result, only the

remaining intact allele is amplified, leading to a false

homozygous appearance for any SNV present on the intact

allele. This misrepresentation masks the true genotype and

prevents accurate detection of compound heterozygosity

involving SNVs and CNVs.

A significant challenge in thalassemia carrier diagnosis

is the potential for false-negative results associated with

borderline HbA2 in HPLC. Low or borderline HbA2 levels

in b-thalassemia carriers are often linked to the coinheri-

tance of pathogenic mutations in the HBB and HBD genes

in cis or trans conditions [40]. To assess the efficacy of our

developed targeted NGS panel and workflow in identifying

such carriers with borderline HbA2, we applied our method

to Subjects S5 (HbA2: 2.8%, HbF: 6.3%) and S6 (HbA2:

3.8%, HbF: 17.4%). Our approach successfully detected

the coinheritance of pathogenic point mutations in both the

HBB and HBD genes.

We identified one unique sample (S12) where Sanger

sequencing was unable to amplify the HBB gene. Further

NGS analysis revealed that allele 1 had a deletion in HBD–

HBB and that allele 2 had a deletion in the HBE–HBB

genomic region. Both alleles shared a common deletion

region, resulting in complete loss of sequence reads in the

HBD–HBB genomic region. The complete deletion was

clearly evident in CNVkit and depth plot analysis and was

further confirmed through IGV (Fig. 5B). Conversely, S13

and S14 exhibited heterozygous deletions from the HBD–

HBB and HBG1–HBB genomic regions, respectively,

leading to increases in HbF levels (Fig. 5A–D).

Carrier screening for thalassemia was also validated

through the developed targeted panel-based NGS method-

ology. In our sample cohort, we successfully identified 3

heterozygous diseases causing SNVs in S1–S3 by simple

SNV calling, whereas a heterozygous deletion encom-

passing the entire target region was identified in the S4

sample by CNV calling (Fig. 5E). We also identified 5

different types of deletions under either heterozygous or

compound heterozygous conditions (Fig. 5, Supplementary

Figure S3).

We prepared the target gene panel comprises an 80.4 kb

genomic region of the HBB gene cluster containing all the

genes of the beta-globin family and their controlling

regions. The aim of this gene panel is to detect any

mutations in the global population. Accordingly, we eval-

uated the effectiveness of our target genomic panel through

the coordinates of the different CNVs responsible for

thalassemia, as reported in the HbVar. Our findings

demonstrated that our targeted genomic panel was able to

detect all the deletion fusion mutations reported in HbVar

involving beta-globin gene clusters, which demonstrates its

applicability in the detection of thalassemia-causing

mutations in the world population.

In addition to b-thalassemia, alpha-thalassemia cases are

rare. The loss of a single alpha allele is quite common,

whereas the simultaneous loss of three alpha alleles,

leading to HbH disease, is very rare in the Indian popula-

tion. Individuals who are alpha carriers or have a loss of

two alleles remain clinically unaffected owing to the

presence of four alpha alleles. The frequency of alpha

thalassemia carriers varies from 1 to 18% in different

regions of India, whereas less than 2% of the population are

carriers of alpha gene triplication [41, 42]. Alpha gene

mutations are known to influence the severity of b-tha-

lassemia. However, thalassemia caused by alpha gene

mutations alone or in combination with beta mutations is

rare. Therefore, detecting mutations in the HBB gene

cluster is particularly important in the Indian context. In

this study, we focused exclusively on mutations in the beta-

globin gene cluster and did not consider mutations in the

alpha-globin gene.

Our developed targeted NGS gene panel and combined

algorithm for the detection of b-thalassemia genotypes are

very unique. This single-assay-based, cost-effective

method results in less TAT. The developed panel and

NGS algorithm can detect both SNVs and CNVs

responsible for b-thalassemia in a single run, whereas

conventional genetic testing methods for thalassemia are

not able to detect point mutations, indels, or CNVs in a

single run. Thus, the developed method has considerable

clinical relevance for thalassemia detection, not only for

suspected carrier subjects but also for rapid prenatal

diagnosis. The advent of third-generation sequencing

(TGS), including long-read single-molecule real-time

(SMRT) sequencing, offers significant potential for

detecting large deletions that are challenging to identify

with conventional short-read-based gene panels utilizing

NGS. However, current TGS methods are limited by high

error rates, are unsuitable for SNPs, have large data out-

puts and formats, and have high costs [43]. In thalassemia,

the mutational landscape includes both SNVs and CNVs,

further constraining the clinical applicability of TGS at

this time. Our NGS-based, comprehensive one-stop

solution effectively detects a wide range of mutations

with robust coverage, making it a practical and reliable

choice. As advancements in TGS chemistry and bioin-

formatics pipelines increase accuracy and reduce costs,

the transition to a TGS-based platform could become a

feasible and impactful option in the future.
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