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 Thalassemia, a widespread global health issue stemming from abnormal haemoglobin 
levels, affects approximately 4.5% individuals worldwide. Despite advances in treatment, 
this study investigates ß-thalassemia among 3,000 college students from West Bengal, India, 
examining genotype-phenotype correlations and silent carrier prevalence. Methodologically, 
blood analyses and DNA extraction were used to screen participants. PCR amplification of four 
primers covering the HBB gene, followed by amplicon purification and nucleotide sequencing, 
was employed. Bioinformatics tools, evolutionary conservation analysis, and machine 
learning-assisted variant categorization were utilized to provide insights for clinicians. Results 
revealed 385 thalassemia carriers among 2,984 individuals, exhibiting various traits including 
ß-thalassemia, haemoglobin E-heterozygotes, haemoglobin D Punjab heterozygotes, hereditary 
persistent foetal haemoglobin (HPFH), and borderline ßthalassemia traits. Significant phenotypic 
variations were observed. Genotype analysis identified six mutations, each associated with 
distinct ethnic prevalences and clinical presentations. The discussion addressed diagnostic 
challenges, emphasizing the need for accurate diagnosis through haemoglobin analysis and 
DNA testing. Pathogenicity assessments provided insights into mutation impact. Overall, this 
study contributes to ß-thalassemia management by offering guidance for research and clinical 
practice.

Keywords: Genetic Mutations; Genotype-phenotype correlation; 
Molecular Diagnosis; Silent Carrier Prevalence; ß-thalassemia.

 Thalassemia is an autosomal recessive 
genetic disorder stemming from abnormal 
haemoglobin levels, a significant global health 
concern. Individuals carrying one altered allele, 
known as thalassemia carriers, typically lead 
normal lives without symptoms, constituting 
around 4.5% of the world’s population. However, 

when a child inherits defective globin genes 
from both parents, thalassemia major manifests, 
necessitating lifelong reliance on blood transfusions 
and posing challenges in maintaining an adequate 
national blood supply. Thalassemia complications 
include iron overload, cardiovascular issues, and 
bone deformities. 2-8 
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 Modern treatments such as hematopoietic 
stem cell transplantation (HSCT) are complex 
and costly due to limited medical facilities and a 
scarcity of HLA-matched donors. 8Consequently, 
we propose that preventing thalassemia through 
proactive measures is a more effective strategy. 
 In India, where approximately 3-4% 
percent of the population are carriers, 10,000–
15,000 children with Thalassemia Major are 
born annually due to insufficient awareness. This 
knowledge gap leads to a critical survival rate, 
as highlighted by the Mumbai carrier screening 
program’s 20year report. Successful premarital 
screening programs in various countries, such as 
Italy, Greece, Canada, Great Britain, and Cyprus 
have been effective in preventing thalassemia. 
While Cyprus has seen a reduction in thalassemia 
prevalence through compulsory prenatal screening, 
cultural and ethnic factors worldwide contribute to 
the increasing population of affected individuals.9

 The Ithagenes (https://www.ithanet.eu/
db/ithagenes) database has reported nearly 3447 
entries involving the â-globin gene. However, 
small deletions that remove all or part of the 
â-globin gene are rare. Some âthalassemia are 
caused by deletions or mutations in the regulatory 
regions upstream of the â-globin gene complex. 
The â-globin gene mutation was detected using 
PCR to amplify fragments and sequence analysis. 
Automated DNA sequencing employing the dye 
terminator method is preferably used for the 
complete sequencing of the whole â-globin gene. 
 Notable mutations in India are IVS1-5 
(G’!C), which are often found in a homozygous 
state or in combination with other â-thalassemia 
mutations.10Another prevalent mutation is codon 
15 (G’!A), which is observed in both homozygous 
and compound heterozygous states with other 
â-thalassemia mutations.11 The codon 41/42 
(-TCTT) mutation is also common and presents 
in homozygous or compound heterozygous 
forms. In addition, the IVS1-1 (G’!T) mutation is 
noteworthy and is often found in a homozygous 
state or in combination with other â-thalassemia 
mutations.12Frameshift mutations, such as Codon 
8/9 and Codon 8/9 (-AA), are prevalent and occur 
in homozygous states or in combination with other 
âthalassemia mutations.13

 The objective of this study was to 
evaluate the phenotype-genotype correlation of 

âthalassemia and to assess the prevalence of silent 
â-thalassemia carriers in the Indian college student 
population. 

Materials and Methods

thalassemia screening
 A total of 2984 blood samples were 
collected from students at PanskuraBanamali 
College in West Bengal, India, between 2019 and 
2022 with written consent and ethical clearance 
(Memo no. PBC/003/IE/2020) from institution, 
analysed the red blood cell indices, and phenotypic 
verification carried out using high-performance 
liquid chromatography (HPLC) 14. The phenotype 
parameters, primarily erythrocytic parameters 
such as haemoglobin (Hb) concentration, mean 
corpuscular volume (MCV), mean corpuscular 
haemoglobin (MCH),  mean corpuscular 
haemoglobin concentration (MCHC), and red cell 
distribution width (RDW), were described 14-15 
with the collaboration of the School of Tropical 
Medicine, Department of Health and Family 
Welfare, Government of West Bengal, India.
dna extraction 
 Based on thalassemia screening results 
and prior consent, twelve mutant participants 
are taking part in further genotype analysis. The 
phenol-chloroform method was used to extract 
pure DNA from whole blood without a commercial 
kit, using lab-prepared reagents. First, Reagent A 
was prepared with sucrose, magnesium chloride 
(MgCl‚ ), Tris-HCl (a buffering agent), and Triton 
X (a detergent), all mixed in double-distilled 
autoclaved water. To start the extraction, 5 ml of 
blood was added to Reagent A in a polypropylene 
tube and mixed gently until the solution was clear. 
The mixture was then centrifuged at 2500 rpm for 
10 minutes to form a pellet and separate out the 
red blood cells (RBCs). If any RBCs remain, the 
process is repeated to ensure complete removal.
 The resulting pellet was then mixed with 
Reagent B, which included Tris-HCl, sodium 
chloride (NaCl), EDTA (a chelating agent), and 
SDS (a detergent). Proteinase K was added to a 
concentration of 100 µg/l and SDS to make a final 
concentration of 1%. This mixture was gently 
inverted for 3-4 minutes until it became viscous, 
then incubated at 56°C for 3-4 hours to ensure 
complete digestion.
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 After digestion, reagent C (sodium 
perchlorate in double-distilled water) was added 
and mixed gently for 3-4 minutes. An equal volume 
of a phenol, chloroform, and isoamyl alcohol 
mixture (25:24:1) was then added, and the solution 
was centrifuged at 4000 rpm, resulting in three 
layers: an aqueous layer containing DNA, a protein 
layer, and a solvent layer. The aqueous layer was 
carefully transferred to another tube, avoiding the 
protein layer.
 To further purify the DNA, an equal 
volume of chloroform and isoamyl alcohol (24:1) 
was added to the supernatant, mixed gently for 3-4 
minutes, and centrifuged again at 4000 rpm for 15 
minutes. The aqueous phase was transferred to a 
fresh tube, and DNA was precipitated by adding 
two volumes of chilled absolute alcohol and mixing 
gently. The DNA was spooled out, placed in a fresh 
1.5 ml tube, and the alcohol was decanted.
 The DNA was washed twice with 70% 
alcohol, dried thoroughly to remove all alcohol, 
and then re-suspended in 200 µl of TE buffer. 
The tubes were kept at 56°C for 30-45 minutes to 
enhance DNA dissolution. The DNA sample was 
then stored at -80°C.
 For quantification and quality checks, the 
extracted DNA was measured using a UV-Visible 
spectrophotometer at 260 nm. An absorbance value 
of 1 at 260 nm corresponds to 50 ng/µl of double-
stranded DNA. The DNA concentration was 
calculated using the formula: Concentration DNA 
= 260nm absorbance * 50 ng/µl * Dilution Factor. 
The purity of the DNA sample was assessed by the 
absorbance ratio at 260 nm/280 nm, with a ratio 
of 1.8 indicating pure DNA, free from proteins, 
organic solvents, RNA, or significant degradation.
Thermal cycle amplification of DNA 
 A set of four primers, including Front-P 
(ACGGCTGTCATCACTTAGAC) and Int-1-P  
(CACTGTTATTCTTTAGAATGGTGCAAAG)  
as forward primers, and Int-2-P (GGAATATATG 
TGTGCTTATTTGCATATTC)  and Rev-P 
(CAGATTCCGGGTCACTGTG) as reverse 
primers were carefully chosen to cover the entirety 
of the HBB gene. The PCR amplification of the 
â-globin gene used PCR Master Mix (Bioline) in a 
25 µl reaction volume. Thermocycling conditions 
involved a denaturing cycle at 95°C for 5 min, 
followed by 35 cycles of denaturing at 94°C for 
30 seconds, annealing at 62°C for 40 seconds, 

and extension at 72°C for 20 s. The final extension 
step was performed at 72°C for 10 min using a 
thermal cycler. After amplification, the resulting 
amplicons underwent a quality assessment through 
electrophoresis on a 1% agarose gel. 
nucleotide sequencing 
 The PCR products amplified with set-1 
primers (Front-P & Int-1-P and Rev-P & Int-
2-P) were purified before nucleotide sequencing. 
Sequencing was performed using a Big-Dye 
Terminator cycle at a commercial facility (Barcode 
BioSciencesPvt.Ltd,Bangalore, Karnataka).
 Subsequently, the raw data obtained 
will be analysed using bioinformatics software, 
including Chromas 2.6.6 and Unipro UGENE. 
 Mutations were identified for each 
genotype study. 
Pathogenicity of mutation through in-silico 
study 
 Pathogenicity scores, such as GERP++ 
and phyloP, were adopted from Ithagenes database 
and were used with a focus on evolutionary 
conservation. Additional tools, including SpliceAI 
and CADD, were considered, taking functional 
annotations into account. Population frequencies 
play a crucial role in differentiating common 
polymorphisms from potentially harmful rare 
variations. 
 Machine learning tools, specifically Meta 
SVM and REVEL, were used to capture complex 
relationships between genomic features and 
disease association. The in-silico predictions were 
used to categorize variants, providing valuable 
guidance for clinicians and researchers in decision-
making and prioritizing variants for experimental 
validation. It is important to emphasize that 
while these predictions offer valuable insights, 
confirmation through experimental validation and 
correlation with clinical cases is essential for a 
comprehensive understanding of the impact of 
genetic variants on human health. 

result and discussion

Phenotype study
 Of the 2,984 people screened, 385 were 
found to be carriers of thalassemia mutations, 
making up 12.89% of the group. Among these 
carriers, 289 had â-thalassemia traits, 63 had 
haemoglobin E-heterozygotes, 15 had haemoglobin 



1046 Samanta & Bhattacharyya, Biosci., Biotech. Res. Asia,  Vol. 21(3), 1043-1053 (2024)

table 1. Distribution of β Thalassemia Mutations 
Among Affected Participants

β Thalassemia mutation Affected 
 participants

β-thalassemia traits 289
Haemoglobin E-heterozygotes 61
Haemoglobin D Punjab Heterozygotes 15
Hereditary persistent foetal haemoglobin  4
(HPFH)
Borderline β-thalassemia traits 14
Hb E/β-thalassemia 2

table 2. Haematological parameters of the study groups

Groups Normal   β thalassemia   HbE  HbD  HPFH  Boderline  Hb E/
  carrier Thalassemia  thalassemia  thalassemia  case β-thalassemia
   carrier  carrier carrier

RBC 5.18 ± 0.61  5.14 ± 0.8  5.12 ± 0.8  4.82 ± 0.78  4.84 ± 0.26  4.87 ± 0.92  5.57 ± 1.3 
 (4.15 - 7.11) (3.14 - 7.59) (3.95 - 7.27) (4.23 - 5.87) (4.65 - 5.02) (3.21 - 6.32) (5.5–6.5)
Hb 13.97 ± 1.72  11.27 ± 1.6  12.08 ± 1.42  13.65 ± 2.24  13.45 ± 0.07  11.17 ± 1.47  11.80 ± 2.34  
 (10.9 - 19.1) (7.9 - 15.2) (9.2 - 14.6) (11.5 - 16.8) (13.4 - 13.5) (8.2 - 12.3) (10.30-12.5)
HCT 41.86 ± 4.44  40.57 ± 6.22  39.92 ± 4.02  43.55 ± 4.19  43.15 ± 4.31  42.73 ± 6.41  32.9 ± 3.0 
 (34.7 - 55.8) (26.8 - 52.3) (31.6 - 46.2) (38.2 - 48) (40.1 - 46.2) (32 - 50.2) (31.0–34.7.0)
MCV 80.9 ± 3.87  78.26 ± 14.76  78.73 ± 9.83  91.43 ± 6.98  87.2 ± 10.32  88.81 ± 13.01  59.1 ± 7.3 
 (72.9 - 89.6) (39.2 - 104.1) (64.4 - 99) (81.8 - 98.2) (79.9 - 94.5) (62.2 - 100.4) (58.5–61.08)
MCH 26.94 ± 1.61  22.02 ± 3.36  23.76 ± 2.09  27.45 ± 1.16  25.95 ± 1.06  24.91 ± 2.61  23.8 ± 7.0 
 (21.5 - 30.6) (16.3 - 29.2) (18.2 - 30.2) (26.4 - 28.6) (25.2 - 26.7) (21.2 - 29.2) (13.8–33.0)
RDW 12.88 ± 0.82  15.23 ± 3.05  14.07 ± 1.58  13.55 ± 1  14.75 ± 0.64  15.71 ± 2.41  17.5 ± 23.0 
 (11.5 - 14.7) (10.8 - 31.9) (11.2 - 19.7) (12.5 - 14.5) (14.3 - 15.2) (12.6 - 19.2) (2.6–68.0)
MCHC 27.1 ± 9.53  26.5 ± 8.21  26.83 ± 2.25  28.97 ± 1.2  30.3 ± 4.38  24.32 ± 1.98  23.83 ± 2.05 
 (19.9 - 74.7) (19.9 - 74.7) (24.2 - 32) (27.8 - 30.2) (27.2 - 33.4) (21.2 - 28.2) (24.2 - 32)
HbA0 84.21 ± 1.43  83.04 ± 2.53  62.93 ± 3.74  49.73 ± 3.5  60.75 ± 3.75  86.97 ± 0.35  128.2 ±12.8
 (81.1 - 88.2) (76.4 - 87) (55.6 - 79.6) (44.8 - 52.9) (58.1 - 63.4) (86.5 - 87.6) (129.9-132.3)
HbF 0.59 ± 0.45  1 ± 0.97  0.58 ± 0.4  0.45 ± 0.13  29.25 ± 4.6  0.38 ± 0.22  0.5 ±0.79 
 (0.2 - 2.8) (0 - 6.3) (0.2 - 2.5) (0.3 - 0.6) (26 - 32.5) (0.2 - 0.9) (0.3-0.8)
HbA2 3.51 ± 0.33  5.1 ± 0.96  27.65 ± 2.38  2.13 ± 0.61  2.25 ± 0.49  3.69 ± 0.11  8.4 ± 1.54 
 (2.6 - 3.9) (0.6 - 6.8) (23.2 - 30.6) (1.6 - 3) (1.9 - 2.6) (3.6 - 3.9) (8.32-9.54)
SE   2.222 9.211 12.323 11.837 2.764 18.573
p value    0 0.000173 0.001 0.001 0 0.001074
of <0.05
Regression    Y=”0.0527+ Y=7.3198+ Y=2.8275+ Y=9.2605+ Y=”1.5886+ Y=”2.5481+
equation  0.9709Å.X 0.7558Å.X 0.8407Å.X 0.7662Å.X 1.0720Å.X 1.1267Å.X

D. Punjab heterozygotes, four had hereditary 
persistent foetal haemoglobin (HPFH), two Hb E/â- 
thalassemia and 14 had borderline â-thalassemia 
traits with HbA2 levels ranging from 3.3% to 3.8%. 
Between 385 carriers 12 participants are taking part 
in genotype analysis (Table 1). 
 Phenotypes of each group, such as 
variations in Red Blood Cell (RBC) counts, 
Haemoglobin levels, Haematocrit (HCT), Mean 
Corpuscular Volume (MCV), Mean Corpuscular 
Haemoglobin (MCH), Red Cell Distribution Width 
(RDW), and Mean Corpuscular Haemoglobin 
Concentration (MCHC) and additionally, the 
percentages of HbA0, HbF, and HbA2, critical 

indicators in thalassemia diagnosis, exhibit distinct 
patterns among the groups. 
 Deviation of each parameter from the 
normal is measured with regression equation  
(Table 2).
 Table 2 depict the mean ± SD (min-max).
RBC, red blood cells; haemoglobin, haemoglobin; 
HCT, haematocrit; MCV, mean corpuscular 
volume; MCH, mean corpuscular hemoglobin; 
RDW, red cell distribution width; MCHC, mean 
corpuscular hemoglobin concentration; HbA0, 
hemoglobin A0; HbF, hemoglobin F; HbA2, 
hemoglobin A2; SE, standard error and regression 
equation with normal and different mutations 
parameter.
 Various haematological parameters for 
different study groups, including individuals with 
normal haemoglobin, â thalassemia carrier, HbE 
thalassemia carrier, HbD thalassemia carrier, HPFH 
thalassemia carrier, borderline cases, and Hb E/â-
thalassemia, have been analyzed. The phenotypic 
analysis includes mean values, standard deviations, 
ranges, standard error, p-values, and regression 
equations, showing the relationship between these 
haematological parameters.
 Regression analysis in this context helps 
to understand how different types of thalassemia 
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Fig. 1. PCR-amplified products using the 
primers Front-P, Int-1-P, Rev-P, and Int-2-P, with 

corresponding product sizes of 1257 and 1329 base 
pairs demonstrated on an agarose gel with a 1KB 

DNA ladder. 

Fig. 2. The mutations associated with â-thalassemia include a promoter mutation (-32 C>A), 5’UTR 
mutation (CAP +10 -T), an exon 1 mutation (CD 19 AAC>AGC), another exon 1 mutation (CD 20-22 

GTGGATGAA>GTGAA), an exon 2 mutation (CD 43 GAG>TAG), and an intron 1 mutation (IVS 1-5 C>G). In 
the figure R stands for reference sequence, C stands for Chromatograms

carriers affect haematological parameters such 
as RBC count, haemoglobin levels, HCT, 
MCV, and others. A regression equation like 
Y=”0.0527+0.9709Å”XY = -0.0527 + 0.9709 \
cdotXY=”0.0527+0.9709Å”X for normal versus 
â thalassemia carriers indicates how a specific 
parameter (Y) changes with respect to the 
independent variable (X), which represents the 
type of thalassemia. This allows for a detailed 
examination of the impact of each type of 
thalassemia on various blood parameters.
 The regression analysis aimed to uncover 
the relationships between different groups (Normal, 
Â Thalassemia carrier, HbE Thalassemia carrier, 
HbD thalassemia carrier, HPFH thalassemia carrier, 
Borderline case, Hb E/â-thalassemia) and various 
blood parameters. The outcomes revealed distinct 
regression equations for each parameter, providing 
insights into the influence of different groups on 
specific haematological measures. For instance, 
the equation for the red blood cell count (RBC) 
was Y = -0.0527 + 0.9709X, demonstrating the 
impact of the group (X) on RBC levels. Similarly, 
the equation for haemoglobin was Y = 7.3198 + 
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table 3. Mutations with their location and allele phenotype on the β-globin gene of the studied groups

Mutation Location Chromosome Locus Allele  Types of 
    Phenotype Mutation

-32 (C>A) Promoter 11 70513 β+ Point-Mutation 
     (Substitution)
CAP +10 (-T) 5’UTR 11 70554 β++ (silent) Point-Mutation 
     (Deletion)
CD 19 (AAC>AGC)  Exon 1 11 70653 β++ Cryptic splice site
[Asn>Ser]      (mRNA Processing)
CD 20-22  Exon 1 11 70658 β Point-Mutation 
(GTGGATGAA>GTGAA)     (Deletion)
CD 43 (GAG>TAG) Exon 2 11 70854 β0 Point-Mutation 
     (Substitution)
IVS I-5 (G>C) Intron 1 11 70691 β Point-Mutation 
     (Substitution)

 0.7558X, indicating a correlation between 
the group and haemoglobin levels. Haematocrit 
(HCT) exhibited an equation of Y = 2.8275 + 
0.8407X, demonstrating the influence of the 
group on HCT levels. The mean corpuscular 
volume (MCV) had the equation Y = 9.2605 + 
0.7662X, illustrating the relationship between the 
group and MCV. Mean corpuscular haemoglobin 
(MCH) showed an equation of Y = -1.5886 + 
1.0720X, signifying the influence of the group 
on MCH levels. The red cell distribution width 
(RDW) displayed an equation of Y = -2.5481 + 
1.1267X, indicating the correlation between the 
group and RDW. The regression analysis identified 
significant associations (p < 0.05) with the HbE 
thalassemia carrier, HbD thalassemia carrier, 
HPFH thalassemia carrier, and Hb E/â-thalassemia 
groups, underscoring their impact on specific 
haematological parameters. The coefficients in the 
regression equations provided valuable insights 
into the strength and direction of these associations, 
contributing to a deeper understanding of how 
different thalassemia carrier groups may influence 
distinct blood parameters.  
Genotype study
 The Front-P and Int-1-P primer pairs 
amplified 1257 base pairs of DNA fragments, 
confirmed by comparison with a 1kb DNA ladder 
on the agarose gel. Likewise, the Rev-P and Int-
2-P primer pair amplified another band measuring 
approximately 1329 base pairs, with its size 
validated against the same 1kb DNA ladder on the 

gel. The successful amplification of specific DNA 
regions and the observed sizes of the amplified 
fragments were visually confirmed through gel 
documentation (Figure 1). 
 Through chromatogram analysis and 
using the Ithagenes16 database, six distinct 
mutations were identified, each revealing diverse 
clinical presentations. Several causative mutations 
associated with â-thalassaemia were outlined, each 
contributing to the development of haemolytic 
anaemia and ineffective erythropoiesis. The IVS 
I-5 (G>C)17,18 mutation, also known as HBB: 
c.92+5G>C, is linked to â0 thalassaemia, disrupting 
normal splicing and activating cryptic donor sites 
in Intron 1. The -32 (C>A)19 mutation, denoted as 
HBB: c.82C>A, falls within the â+ allele phenotype, 
occurs in the promoter region and impacting 
transcription. The CAP +10 (-T)20 mutation, or 
HBB: c.-41delT, contributes to â++ thalassaemia, 
involving a deletion in the 5' untranslated region 
(5’UTR). The CD 19 (AAC>AGC) 21-22mutation, 
HBB: c.59A>G, leads to a cryptic splice site in 
exon 1 and is associated with the â-thalassaemia 
and structural haemoglobinopathy group. Finally, 
the CD 20-22 (GTGGATGAA>GTGAA) 23 
mutation, designated as HBB: c.64_67del, induces 
a frameshift in exon 1. The CD 43 (GAG>TAG)24 
mutation in the HBB gene is a causative mutation 
associated with â-thalassaemia, characterized by a 
point mutation (substitution) at position c.130G>T. 
This pathogenic mutation leads to a frameshift in 
the translation of the globin gene, resulting in â0 
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table 4. Mutation Analysis using CADD Scores

Mutation Tool Score P/LP  B/LB  Predicted  Score 
   threshold threshold class Range

CD 43  CADD 38 >11.5  <=11.5  P/LP [ 0, 47 ]
(GAG>TAG)   (Supporting) (Supporting)
CAP +10 (-T) CADD 17.85 >11.5  <=11.5  P/LP [ 0, 47 ]
   (Supporting) (Supporting)
CD 20-22  CADD 23.5 >11.5  <=11.5  P/LP [ 0, 47 ]
(GTGGATGAA>GTGAA)   (Supporting) (Supporting)
IVS I-5 (G>C) CADD 23.5 >11.5  <=11.5  P/LP [ 0, 47 ]
   (Supporting) (Supporting)
CD 19 (AAC>AGC)  CADD 20.3 >11.5  <=11.5  P/LP [ 0, 47 ]
[Asn>Ser]   (Supporting) (Supporting)
-32 (C>A) CADD 17.85 >11.5  <=11.5  P/LP [ 0, 47 ]
   (Supporting) (Supporting)

thalassaemia, a recessively inherited condition 
prevalent in Chinese and Thai populations. 
Individuals carrying this mutation may exhibit 
associated phenotypes, including haemolytic 
anaemia and ineffective erythropoiesis. These 
mutations exhibit specific ethnic prevalences, such 
as Asian Indian, Southeast Asian, Melanesian, 
Pakistani, Taiwanese, Greek, Southeast Asian, 
Chinese, Malaysian, Singaporean, Thai, and 
Spanish populations. Detailed genetic information, 
including specific nucleotide sequences, protein 
effects, inheritance patterns, and associated 
phenotypes, has been elucidated through molecular 
studies, providing valuable insights into the 
molecular basis of â-thalassaemia in diverse 
populations. (Table 3) (Figure 2) 
 Table 3 depicts the mutations include 
-32 (C>A) in the promoter, leading to a â+ 
phenotype due to a point mutation. CAP +10 (-T) 
in the 52 UTR results in a silent â++ phenotype 
through a deletion. CD 19 (AAC>AGC) in Exon 
1 causes a â++ phenotype by affecting a cryptic 
splice site during mRNA processing. CD 20-22 
(GTGGATGAA>GTGAA) in Exon 1 leads to a â 
phenotype through a deletion. CD 43 (GAG>TAG) 
in Exon 2 results in a â0 phenotype due to a 
substitution. IVS I-5 (G>C) in Intron 1 leads to a 
â phenotype through substitution. These mutations, 
which occur in different gene regions, result in 
varying degrees of impact on â-globin synthesis, 
offering insights into the diverse molecular 
manifestations of âthalassemia. 

Pathogenicity study
 For the CD 43 (GAG>TAG) mutation, 
SpliceAI indicated a benign/likely benign (B/LB) 
prediction with a score of 0, BayesDel suggested 
a possibly pathogenic (P/LP) outcome with a 
score of 0.486378, Eigen-PC-phred predicted a 
P/LP outcome with a score of 3.86254, GERP++ 
labelled it as a variant of uncertain significance 
(VUS) with a score of 4.19, MetaSVM and REVEL 
did not provide predictions, and CADD suggested 
a P/LP outcome with a score of 38. PhyloP100 
and phastCons30 supported the B/LB prediction. 
For the CAP +10 (-T) mutation, CADD indicated 
a P/LP outcome with a score of 17.85, whereas 
other tools did not provide predictions. The 
CD 20-22 (GTGGATGAA>GTGAA) mutation 
showed a B/LB prediction by SpliceAI with a 
score of 0, and CADD suggested a P/LP outcome 
with a score of 23.5. For the IVS I-5 (G>C) 
mutation, CADD indicated a P/LP outcome with 
a score of 23.5. Finally, the CD 19 (AAC>AGC) 
[Asn>Ser] mutation showed varying predictions, 
with SpliceAI suggesting a B/LB outcome, 
BayesDel, Eigen-PC-phred, and CADD indicating 
a P/LP outcome, GERP++ suggesting a VUS, 
and MetaSVM and REVEL predictions. These 
scores and predictions contribute to understanding 
the potential pathogenicity of each mutation.25  
(Table 4)
 Table 4 summarizes the predicted 
pathogenicity of various genetic mutations as 
assessed by the CADD tool. The score thresholds 
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for categorizing mutations as Pathogenic/Likely 
Pathogenic (P/LP) and Benign/Likely Benign (B/
LB) are indicated, along with the predicted class 
for each mutation based on its score. Scores ranged 
from 0 to 47, with higher scores suggesting higher 
potential pathogenicity.
 Thalassemia screening primarily focuses 
on anticipating and checking during pregnancy.26 

However, the existing method for identifying 
carriers of â-thalassemia has limitations, potentially 
missing mutations when blood measurements 
appear normal. To confirm a â-thalassemia 
diagnosis, a comprehensive approach involving 
haemoglobin analysis using high-performance 
liquid chromatography (HPLC) or capillary 
electrophoresis (CE) and DNA analysis of 
the globin genes is necessary. Recent clinical 
guidelines have provided specific protocols 
for â-thalassemia diagnosis.27 The condition 
manifests in various clinical phenotypes, including 
â-thalassemia major, â-thalassemia intermedia, 
and â-thalassemia trait. Notably, there are silent 
â-thalassemia carriers—healthy individuals with 
the â-globin gene mutation but without identified 
hepatological abnormalities.28 Silent carriers, 
often discovered during family genetic studies, 
can interact with the â-thalassemia trait, resulting 
in a milder form known as silent â-thalassemia. 
Detecting silent â-thalassemia is critical for 
effective carrier identification and preventing 
â-thalassemia, presenting a diagnostic challenge 
for clinicians. Silent â-thalassemia carriers display 
no symptoms, have nearly normal â/á chain ratios, 
and exhibit no haematological abnormalities, 
including normal levels of Hb A2.29 The phenotypic 
consequences of this study based on regression 
analysis to understand the impact of different 
thalassemia groups (Normal, â-Thalassemia carrier, 
HbE Thalassemia carrier, HbD Thalassemia carrier, 
HPFH Thalassemia carrier, Borderline case, Hb 
E/â-thalassemia) on various blood parameters. The 
analysis produced distinct regression equations 
for parameters like red blood cell count (RBC), 
haemoglobin (HCT), mean corpuscular volume 
(MCV), mean corpuscular haemoglobin (MCH), 
and red cell distribution width (RDW). Significant 
associations were found particularly with the HbE 
Thalassemia carrier, HbD Thalassemia carrier, 
HPFH Thalassemia carrier, and Hb E/â-thalassemia 
groups.

 Additionally, the study highlighted 
the importance of pathogenicity descriptions 
in â-thalassemia research. It provided detailed 
information on genetic mutations,  their 
pathogenicity scores, and classifications. Specific 
mutations such as CD 43 (GAG>TAG), CAP 
+10 (-T), CD 20-22 (GTGGATGAA>GTGAA), 
IVS I-5 (G>C), CD 19 (AAC>AGC) [Asn>Ser], 
and -32 (C>A) were analysed using similar tools 
like SpliceAI and BayesDel. These scores help 
determine the likelihood of a mutation causing 
disease, aiding in their classification as pathogenic, 
likely pathogenic, benign, likely benign, or of 
uncertain significance. This information is crucial 
for diagnosing and managing â-thalassemia, 
guiding decisions on carrier detection, prenatal 
diagnosis, and patient care.
 Across India, the carrier rate for 
â-thalassemia varies from 3-17%, with a few 
common mutations accounting for over 95% of 
severe cases. The most prevalent mutation is the 
IVS-I-5 (G ’! C), with regional variations, such as 
the high prevalence of the 619 bp deletion among 
Sindhis and Lohanas.30 Understanding regional 
and ethnic mutation profiles is crucial for tailoring 
molecular analysis and management strategies 
effectively. In the Garhwal region of India, the 
most prevalent â-thalassemia mutation was IVS 
1-5 (G-C) at 18.75%, followed by Codon 8/9 at 
12.5%, and IVS 1-1 (G-T) at 6.25%. Codon 41/42 
(-TCTT) and the 619 bp deletion were not detected 
in this population.31-32

 In Fujian province, China, Zhuang et al. 
in 2021, identified 4,884 cases of á-thalassemia 
and 2,056 cases of â-thalassemia, with –SEA/
áá and âIVS”II”654/âN being the most common 
mutations and notable regional differences in 
mutation patterns.33 Khan et al.in 2021, identified 
105 HBB gene mutations in 20 Arab countries, with 
six unique to Arabs and the most common being 
splice site and frameshift mutations.34Karnpeanet 
al . in  2022,  analysed 163 â-thalassemia 
subjects, noting severe anaemia in compound 
heterozygous â-thalassemia/Hb E individuals 
and minimal anaemia in homozygous Hb E and 
â-thalassemia carriers, revealing significant allele 
frequency differences in intragenic â-globin 
gene polymorphisms.35Tamaddoniet al.in 2021, 
examined 50 patients, finding a high prevalence 
of blood transfusions (60%) and splenomegaly 
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(80%), with the HBB. 315+1G>A [IVS II-1 (G>A)] 
mutation being most common and associated with 
thalassemia intermedia phenotypes.36Pooladiet 
al. in 2022 screened 340 Iranian-Kurd couples, 
identifying 20 beta-thalassemia and nine alpha-
thalassemia mutations, with significant portions 
having consanguineous marriages and detailed 
associations between blood indices and mutation 
types.37 Farra et al.in 2021, analysed 126 Lebanese, 
26 Iraqi, and 18 Syrian individuals for beta-
thalassemia, identifying 28 different mutations, 
with ten mutations newly identified in Lebanon.38 
Zhu et al. in 2021, found that 33.8% of 1,706 
subjects in Hubei province, China, had thalassemia 
mutations, with —SEA/áá, “á3.7/áá, and -á4.2/áá 
being predominant in á-thalassemia, and âIVS-
II-654/âN in â-thalassemia, noting the efficacy 
of MCV and MCH as markers for detecting these 
mutations.39 Lama et al.in 2021, reported on 61 
thalassemia patients from 17 ethnicities across 
Nepal, identifying nine â-thalassemia mutations, 
with the highest mutation rates in Brahmin and 
Chhetri, and Huang et al.in 2020, found a carrying 
rate of 31.92% among 1,130 thalassemia gene 
carriers, with the most common mutations being 
—SEA/áá in á-thalassemia and CD17 (A>T) and 
CD41–42 (–TTCT) in â-thalassemia.40-41

 Similarly, in studies based in Malaysia, 
a significant proportion of healthy blood donors 
were identified as silent â-thalassemia carriers, 
highlighting the need for clinician awareness 
and timely genomic DNA extraction for precise 
â-globin sequencing.41 Patients with â-thalassemia 
major were diagnosed at a younger age and 
required more frequent transfusions compared 
to those with Hb E/â-thalassemia. Other studies 
on Haemoglobin E â-thalassemia revealed that 
patients with milder forms of the disease were 
diagnosed later and had higher haemoglobin levels 
at diagnosis compared to those with severe forms. 
Common â mutations varied between Malay and 
Chinese patients, with most patients exhibiting â° 
gene mutations, particularly IVS1-5 and CD41/42, 
which were associated with moderate to severe 
phenotypes.42-43

 Similarly, in Syria, the â0/â0 genotype 
was the most common, followed by â+/â+ and â0/
â+ genotypes. Patients with the â0/â0 genotype 
received transfusions earlier and more frequently 
and had higher levels of Hb F, and lower levels 

of Hb A2 compared to other genotypes. All the 
patients with â-thalassemia intermedia had the 
â+/â+ genotype, while those with â0/â0 and â0/
â+ genotypes were associated with transfusion-
dependent â-thalassemia major.44

conclusion

 This study provides important information 
about screening for â-thalassemia, highlighting 
the need for specialized tests to detect silent 
carriers. It also offers insights into the relationships 
between different thalassemia groups and specific 
blood parameters. The regression analysis and 
pathogenicity table help us understand â-thalassemia 
better, providing valuable information for future 
research and clinical practice. The comprehensive 
approach to diagnosis and management outlined in 
this study can improve the prevention and treatment 
of â-thalassemia.
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