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Abstract: Single nucleotide polymorphisms are informative for haplotype analysis associated with
genetic background and clinical linkage studies of β-thalassemia mutations. Hence, the aim of this
study was to investigate five polymorphisms (codon 2 (C/T), IVS II-16 (C/G), IVS II-74 (G/T), IVS
II-81 (C/T) and the Hinf I (T/A) polymorphism) on the β-globin gene, related to eight common
β-thalassemia mutations in Thailand, including NT-28 (A > G), codon 17 (A > T), codon 19 (A > G),
HbE (G > A), IVS I-1 (G > C), IVS I-5 (G > C), codon 41/42 (-TTCT) and IVS II-654 (C > T). The
strongest LD (100%) between the β-thalassemia mutation allele and all five SNPs was found in
NT-28 (A > G), codon 17 (A > T) and codon 19 (A > G). In the haplotype analysis, we found three
haplotypes (H1, H2 and H7) related to Hb E, whereas we only found two haplotypes related to
codon 41/42 (-TTCT) (H1, H3) and IVS I-1 (G > C) (H3, H4). Of interest is the finding relating to a
single haplotype in the remaining β-thalassemia mutations. Furthermore, phylogenetic tree analysis
revealed three clusters of these common β-thalassemia mutations in the Thai population and enabled
us to determine the origin of these mutations. Here, we present the results of our study, including
four intragenic polymorphisms and the finding that the Hinf I polymorphism could be informative
in genetic background analysis, population studies and for predicting the severity of β-thalassemia
in Thailand.

Keywords: haplotype; linkage analysis; phylogenetic tree; thalassemia; Thailand

1. Introduction

β-Thalassemia mutation is a β-globin gene defect on chromosome 11. More than
200 mutations have been reported worldwide (http://globin.cse.psu.edu; accessed on
20 June 2022). These genetic defects result from single nucleotide substitutions and dele-
tions or insertions of oligonucleotides that lead to a shift in the reading frame. Severe
β-thalassemia diseases are related to homozygous β-thalassemia, compound heterozy-
gous β-thalassemia and Hb E in Southeast Asia and Thailand [1,2]. In Thailand, more
than 30 β-thalassemia mutations have been reported. There is a high frequency of the
β-thalassemia carrier in each region of Thailand (between 3% and 9%). However, it has
been reported that eight common β-thalassemia mutations in Thailand (including codon
41/42 (-TTCT), codon 17 (A > T), NT-28 (A > G), IVS II-654 (C > T), codon 19 (A > G), codon
26; HbE (G > A), IVS I-1 (G > C) and IVS I-5 (G > C)) represent more than 85% of the total
β-thalassemia mutations [3–5]. Several previous studies have reported the genetic rela-
tionship between populations, chromosome background of the gene and linkage analysis,
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as well as differences in clinical phenotypic expression using haplotype and phylogenetic
analyses [6–8]. Single nucleotide polymorphisms (SNPs) within the β-globin gene cluster
on chromosome 11 have been found, with seven–eight polymorphic sites commonly stud-
ied [9,10]. However, because of the presence of recombination “hot spots” in the region,
the β-globin gene haplotype can be divided into 5′ and 3′ sub-haplotypes, corresponding
to regions 5′ and 3′ of the “hot spot”. These 5′ haplotypes are limited to study of the
genetic background of β-thalassemia mutations. Only two DNA polymorphisms on 3′ hap-
lotypes are useful for studying the genetic background of β-globin genes: Ava II (IVS II-16)
(rs10768683; C > G), located on the β-globin gene, and Hinf I (rs10837631; T > A), located
on the 3′ β-globin gene [11,12]. Newly intragenic polymorphisms of the β-globin gene
are informative polymorphisms in haplotype analysis associated with genetic background
and clinical linkage studies of β-thalassemia mutations [13–15]. However, studies of these
intergenic polymorphisms have yet to be comprehensively reported for the Thai popula-
tion [16]. Hence, the aim of this study was to construct four intragenic polymorphisms
(codon 2 (C/T), IVS II-16 (C/G), IVS II-74 (G/T) and IVS II-81 (C/T)) and one 3′ haplotype
(Hinf I (T/A)) on the β-globin gene, related to eight common β-thalassemia mutations in
Thailand, using haplotype and phylogenetic analysis.

2. Materials and Methods
2.1. Samples

Ethical approval for the study was obtained from the Institutional Review Board of
Srinakharinwirot University, Thailand (SWUEC/E/M-029/2565). Archival DNA specimens
were obtained from the Department of Pathology, Maha Chakri Sirindhorn Medical Center,
Faculty of Medicine, Srinakharinwirot University (SWU), Nakhon Nayok, Thailand. In total,
163 leftover DNA samples with eight common β-thalassemia mutations were recruited
for the study (codon 41/42 (-TTCT), codon 17 (A > T), NT-28 (A > G), IVS II-654 (C > T),
codon 19 (A > G), HbE (G > A), IVS I-1 (G > C) and IVS I-5 (G > C)) and the wild type. The
163 samples included 23 compound heterozygous β-thalassemia/Hb E, 31 homozygous Hb
E and 85 heterozygous β-thalassemia; 24 wild types were also studied. The hematological
parameters were performed on hematology automation (Sysmex XN3000, Sysmex, Kobe,
Japan). Hb typing analysis was conducted using capillary electrophoresis (Capillarys 2;
Sebia, Lisses, France). Identification of common β-thalassemia mutations in Thailand
(including codon 41/42 (-TTCT), codon 17 (A > T), NT-28 (A > G), IVS II-654 (C > T), codon
19 (A > G), codon 26; HbE (G > A), IVS I-1 (G > C) and IVS I-5 (G > C)) was performed
routinely in our laboratory using polymerase chain reaction (PCR) methods, as described
elsewhere [2,3].

2.2. Genotyping of Intragenic β-Globin Gene Polymorphisms and the Hinf I Polymorphism

Four intragenic β-globin gene polymorphisms, including codon 2 (C/T), IVS II-16
(C/G), IVS II-74 (G/T) and IVS II-81 (C/T), were genotyped using direct DNA sequenc-
ing on an ABI PRISM™ 3130 XLanalyzer (Applied Biosystems, Foster City, CA, USA),
as described elsewhere [5]. Only samples with the codon 41/42 (-TTCT) mutation (four
polymorphisms) were genotyped, with multiplexing targeted sequencing, using a bar-
code and a next-generation sequencing platform. Hinf I polymorphism genotyping was
conducted using allele-specific PCR, as described elsewhere [17]. The basic statistics for
five polymorphisms were calculated, including the allele frequency, genotype frequency
and minor allele frequency (p-value < 0.05), using PEAS V1.0: a package for elementary
analysis of SNP data. The Fisher’s exact test revealed the derived allele frequency (DAF),
and MINITAB release 14.12.0 statistical software was used for the calculations, indicating
a significant difference between the wild type and β-thalassemia genotypes in biological
polymorphic markers. A p-value < 0.05 was considered to be statistically significant.
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2.3. Haplotype and Phylogenetic Analysis

Haplotype patterns (constructed using data from the four intragenic β-globin gene
polymorphisms and Hinf I polymorphism, and the pairwise linkage disequilibrium (LD)
test) were determined using HAPLOVIEW 4.2 software, which examined haplotypes >0.5%.
The Hardy–Weinberg equilibrium (HWE) was tested in β-thalassemia subgroup mutation
analysis. The D′ value of the linkage disequilibrium test was calculated and shown in an
LD pattern [18]. The phylogenetic tree analysis was constructed with a dendrogram based
on the haplotype pattern. DendroUPGMA software (http://genomes.urv.cat/UPGMA/,
accessed on 10 May 2022) was used and the Jaccard (Tanimoto) coefficient was applied,
with default settings; 100 bootstrap replications were performed. FigTree v.1.4.0 software
was then used to design a graphical viewer for the phylogenetic tree.

3. Results

The hematological data for 163 subjects are shown in Table 1. The recruited samples
were categorized into 14 groups as β-thalassemia genotypes. The most severe form of
anemia was found in compound heterozygous β-thalassemia/Hb E cases, represented by
low Hb and Hct values, whereas the homozygous Hb E, and β-thalassemia carrier showed
minimal anemia with hypochromic (MCH), microcytic RBC (MCV). Hb analyses were also
included and related to β-thalassemia genotypes.

Table 1. A total of 163 unrelated samples with hematological data (Hb, Hct, MCV, MCH, DCIP), Hb
analysis and β-globin gene genotype. The values are indicated as mean with standard deviation or
as raw data where appropriate.

Genotypes n Hb (g/dL) Hct (%) MCV (fL) MCH (pg) Hb Type Hb A2/E Hb F

βE/β41/42 5 8.2 ± 1.7 24.7 ± 4.7 53.4 ± 4.9 17.7 ± 1.2 EF 58.4 ± 20.3 41.5 ± 20.2

βE/β17 2 6.8, 5.6 22.9, 20.6 67.4, 78.9 20.0, 21.5 EF 50.0, 62.0 39.0, 38.2

βE/β19 1 9.8 29.6 54.3 18.0 EA 57.2 4.1

βE/βIVS I-5 1 5.6 16.5 50.2 17.0 EF 67.4 26.4

βE/β-28 14 8.8 ± 2.2 26.7 ± 6.3 58.8 ± 6.9 19.2 ± 2.1 EFA, EA 56.6 ± 8.4 16.1 ± 11.1

βE/βE 31 12.5 ± 1.7 36.5 ± 5.9 60.3 ± 3.2 20.5 ± 1.4 EE 95.8 ± 5.1 3.1 ± 2.2

βN/β41/42 31 10.3 ± 2.6 32.1 ± 8.3 64.2 ± 4.0 20.9 ± 2.0 A2A 5.5 ± 0.4 2.0 ± 1.6

βN/β17 23 10.3 ± 2.8 32.5 ± 8.9 58.3 ± 4.2 18.7 ± 2.2 A2A 5.4 ± 0.6 1.7 ± 1.9

βN/β19 4 11.5 ± 1.1 35.1 ± 3.4 72.1 ± 6.0 23.6 ± 1.5 A2A 4.3 ± 0.3 0.7 ± 0.4

βN/β-28 9 12.7 ± 2.4 38.9 ± 7.4 71.3 ± 4.1 23.1 ± 2.1 A2A 5.6 ± 0.2 1.3 ± 0.8

βN/βIVS I-1 10 10.4 ± 2.3 31.2 ± 6.5 64.6 ± 5.1 20.7 ± 1.4 A2A 5.2 ± 0.3 1.7 ± 1.7

βN/βIVS I-5 4 10.9 ± 1.7 34.9 ± 5.4 63.0 ± 5.0 19.8 ± 1.8 A2A 5.0 ± 0.3 1.4 ± 0.4

βN/βIVS II-654 4 9.2 ± 1.1 28.0 ± 3.7 60.2 ± 3.0 19.8 ± 0.8 A2A 5.3 ± 0.3 1.8 ± 2.1

βN/βN 24 13.9 ± 2.3 40.6 ± 6.3 87.0 ± 5.6 29.7 ± 2.4 A2A 2.6 ± 0.3 0

Four intragenic β-globin gene polymorphisms (codon 2 (C/T), IVS II-16 (C/G), IVS
II-74 (G/T) and IVS II-81 (C/T)) located on the β-globin gene and the Hinf I polymorphism
on the 3′ β-globin gene were genotyped using DNA sequencing and AS-PCR, respectively.
Table 2 shows the allele frequency (ancestral allele and derived allele), categorized into
11 groups. Compound heterozygous β-thalassemia/Hb E accounted for one group be-
cause this was limited in the total samples. The derived allele frequency (DAF) of each
polymorphism (T of codon 2, G of IVS II-16, T of IVS II-74, T of IVS II-81 and T of the
Hinf I polymorphism) was calculated and compared with the β-thalassemia genotypes and
wild type. Fisher’s exact test revealed a significant DAF difference between the wild type
and five β-thalassemia genotypes (βE/βthal, βE/βE, βN/β17, βN/β19 and βN/βIVS II-654) in

http://genomes.urv.cat/UPGMA/
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codon 2. Furthermore, the DAF showed a significant difference between the wild type and
four β-thalassemia genotypes (βE/βE, βN/β17, βN/β19 and βN/βIVS II-654) in IVS II-16,
whereas the DAF in IVS II-74 showed a significant difference between the wild type and
three β-thalassemia genotypes (βN/β41/42, βN/βIVS I-1 and βN/βIVS II-654). In the case of
the Hinf I polymorphism, the DAF showed a significant difference between the wild type
and five β-thalassemia genotypes (βE/βE, βN/β41/42, βN/β17, βN/β19 and βN/βIVS I-1).
However, a significant difference was not found between the wild type and β-thalassemia
mutation in the case of the IVS II-81 polymorphism.

Table 2. Allele frequencies of five single nucleotide polymorphisms on intragenic β-globin gene
and 3′ β-globin gene in different 11 β-thalassemia genotypes in Thai population. First and sec-
ond allele columns indicate ancestral allele and derived allele, respectively. Bold text with super-
script * indicates Fisher’s exact test revealed DAF significant difference between wild type and
β-thalassemia genotypes.

Single Nucleotide Polymorphisms (SNPs)

Intragenic β-Globin Gene 3′ β-Globin Gene

Codon 2 IVS II-16 IVS II-74 IVS II-81 Hinf 1
Genotypes

n
(163)

C Allele T Allele C Allele G Allele G Allele T Allele C Allele T Allele T Allele A Allele

βE/βthal 9 0.7778 0.2222 * 0.7778 0.2222 0.1667 0.8333 1.0000 0.0000 0.5000 0.5000

βE/β-28 14 0.4643 0.5357 0.4643 0.5357 0.0000 1.0000 1.0000 0.0000 0.4643 0.5357

βE/βE 31 0.8387 0.1613 * 0.8387 0.1613 * 0.0000 1.0000 1.0000 0.0000 0.8710 0.1290 *

βN/β41/42 31 0.6290 0.3710 0.6290 0.3710 0.4355 0.5645 * 1.0000 0.0000 0.1774 0.8226 *

βN/β17 23 0.2826 0.7174 * 0.2609 0.7391 * 0.0217 0.9783 0.9783 0.0217 0.1739 0.8261 *

βN/β19 4 1.0000 0.0000 * 1.0000 0.0000 * 0.0000 1.0000 1.0000 0.0000 1.0000 0.0000 *

βN/β-28 9 0.3333 0.6667 0.3333 0.6667 0.1111 0.8889 1.0000 0.0000 0.2222 0.7778

βN/βIVS I-1 10 0.7000 0.3000 0.7000 0.3000 0.3000 0.7000* 1.0000 0.0000 0.1500 0.8500 *

βN/βIVS I-5 4 0.3750 0.6250 0.3750 0.6250 0.2500 0.7500 1.0000 0.0000 0.2500 0.7500

βN/βIVS II-654 4 0.8750 0.1250 * 0.8750 0.1250 * 0.6250 0.3750 * 1.0000 0.0000 0.2500 0.7500

βN/βN 24 0.5000 0.5000 0.5417 0.4583 0.0417 0.9583 1.0000 0.0000 0.3750 0.6250

β-Globin gene haplotypes were constructed using HAPLOVIEW 4.2 software based
on five polymorphisms, including four intragenic β-globin gene polymorphisms (codon 2
(C/T), IVS II-16 (C/G), IVS II-74 (G/T) and IVS II-81 (C/T)) and the Hinf I polymorphism.
The genotype distribution of β-thalassemia mutations and five polymorphisms was ana-
lyzed for the Hardy–Weinberg equilibrium (HWE). All β-thalassemia mutations and five
polymorphisms were found in the Hardy–Weinberg equilibrium (p-value > 0.001), except
for the Hb E mutation (codon 26). Eight common β-thalassemia mutations and wild types
were found to have seven different haplotypes (H1–7) (Table 3). The wild type was found to
have five different haplotypes, the most common of which were haplotype H1 (T-G-T-C-A)
(42.11%) and haplotype H2 (C-C-T-C-T) (38.00%). Common β-thalassemia mutations were
found to be related to five β-globin gene haplotype patterns, and each mutation had a
different haplotype pattern. Codon 26 (Hb E) was related to three haplotypes, including
haplotype H1 (T-G-T-C-A) (10.59%), haplotype H2 (C-C-T-C-T) (87.06%) and haplotype
H7 (T-G-T-C-T) (2.35%). Codon 41/42 (-TTCT) was found to have two haplotypes: H1
(T-G-T-C-A) (27.78%) and H3 (C-C-G-C-A) (72.22%). The IVS I-1 (G > C) mutation was
related to H3 (C-C-G-C-A) (50.00%) and H4 (C-C-T-C-A) (50.00%). The remaining five
common β-thalassemia mutations were found to have only one haplotype, indicating a
single origin of β-thalassemia mutations in Thailand. Haplotype H1 (T-G-T-C-A) was
found to be 100% for codon 17 (A > T), NT-28 (A > G) and IVS I-5 (G > C). Haplotype H2
(C-C-T-C-T) and haplotype H3 (C-C-G-C-A) were found to be 100% for codon 19 (A > G)
and IVS II-654 (C > T), respectively.
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Table 3. Haplotype constructed using four intragenic polymorphisms on the β-globin gene and Hinf
I polymorphism on the 3′ β-globin gene of β-thalassemia mutations and wild type in Thai population.
Values indicates number of samples and (percentage).

Five Polymorphisms β-Thalassemia Mutations in the Thai Population
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Fr
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n = 133 n = 85 n = 36 n = 10 n = 25 n = 5 n = 23 n = 6 n = 4

H1 T G T C A 3a 56
(42.11%)

9
(10.59%)

10
(27.78%)

25
(100%) 23(100%) 6

(100%)

H2 C C T C T 2 50
(38.00%)

74
(87.06%)

5
(100%)

H3 C C G C A 1 13
(9.77%)

26
(72.22%)

5
(50%)

4
(100%)

H4 C C T C A 2 10
(7.52%)

5
(50%)

H5 T C T C T - 2
(1.50%)

H6 C G T C A - 2
(1.50%)

H7 T G T C T 3a 2
(2.35%)

The results of pairwise analysis of linkage disequilibrium (LD) between five SNPs and
each β-thalassemia mutation in the pool of 163 subjects are shown in Figure 1. A strong LD
for each β-thalassemia mutation allele with all five SNPs was found (see Figure 1, with the
D′ value) (A-H; NT-28 (A > G), codon 17 (A > T), codon 19 (A > G), codon 26; HbE (G > A),
IVS I-1 (G > C), IVS I-5 (G > C), codon 41/42 (-TTCT) and IVS II-654 (C > T), respectively).
The strongest LD (D′ value = 1; 100%) between the β-thalassemia mutation allele and all
five SNPs was found in NT-28 (A > G), codon 17 (A > T) and codon 19 (A > G), where no D′

value was indicated in the LD pattern. The remaining five β-thalassemia mutations were
found to have both strong LDs and weak LDs in each SNP.

Figure 2 shows a phylogenetic tree based on haplotype data, constructed using Den-
droUPGMA software (http://genomes.urv.cat/UPGMA/, accessed on 5 May 2022) with
application of the Jaccard (Tanimoto) coefficient, cophenetic correlation coefficient (CP)
0.8148 and the distance matrix based on the Jaccard (Tanimoto) coefficient; 100 bootstrap
replicates were generated. The results represent the evolution of common β-thalassemia
mutations in Thailand. Common β-thalassemia mutations and the wild type on the β-
globin gene were categorized as three major groups (clusters), as shown in the phylogenetic
tree. Cluster I correlated to four β-thalassemia mutations, including NT-28 (A > G), codon
17 (A > T), IVS I-5 (G > C), codon 26; HbE (G > A) and codon 41/42 (-TTCT), whereas
Cluster II was related to codon 19 (A > G) and codon 26; HbE (G > A). Cluster III showed
three β-thalassemia mutations, including IVS I-1 (G > C), codon 41/42 (-TTCT) and IVS
II-654 (C > T). HbE (G > A) (three branches), codon 41/42 (-TTCT) (two branches) and IVS
I-1 (G > C) (two branches) were found to have a multi-origin. However, the remaining five
β-thalassemia mutations (NT-28 (A > G), codon 17 (A > T), codon 19 (A > G), IVS I-5 (G > C)
and IVS II-654 (C > T)) were found to have only a single origin in Thailand, according to
the haplotype and phylogenetic tree analysis.

http://genomes.urv.cat/UPGMA/
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Figure 1. Pairwise analysis of linkage disequilibrium (LD) between five SNPs and each β-thalassemia
mutation in a pooled sample of 163 subjects ((A–H); NT-28 (A > G), codon 17 (A > T), codon 19
(A > G), codon 26; HbE (G > A), IVS I-1 (G > C), IVS I-5 (G > C), codon 41/42 (-TTCT) and IVS II-654
(C > T), respectively). The different color in the haploview plot follows the standard color scheme for
haploview: white, |D′| < 1, LOD < 2; shades of pink, |D′| < 1, LOD ≥ 2; blue, |D′| = 1, LOD < 2;
red, |D′| = 1, LOD ≥ 2.

Figure 2. Phylogenetic tree based on haplotype data, constructed using DendroUPGMA software
(http://genomes.urv.cat/UPGMA/, accessed on 5 May 2022) with application of the Jaccard (Tani-
moto) coefficient, cophenetic correlation coefficient (CP) 0.8148 and the distance matrix based on the
Jaccard (Tanimoto) coefficient with 100 bootstrap replicates generated.

http://genomes.urv.cat/UPGMA/
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4. Discussion

In Thailand, more than 30 β-thalassemia mutations have been reported (ranging from
3% to 9% depending on the region) [2,4,5]. In this study, we focused on eight common
β-thalassemia mutations and sought to demonstrate their genetic background in Thailand.
Several studies have investigated Hb E and reported the results of haplotype and phyloge-
netic analysis [19–21]. However, haplotype and phylogenetic analyses have yet to be carried
out for the intragenic polymorphism within the β-globin gene in Thailand. Here, we report
a constructed haplotype of common β-thalassemia mutations based on four intragenic
polymorphism β-globin genes and the Hinf I polymorphism in Thailand. The novel hap-
lotype constructed in this study may provide a better representation of the actual genetic
background of these mutations than those previously constructed. Previous β-globin gene
haplotype studies have had the limitation of a recombination hot spot near the 5′ end of
the β-globin gene, which may lead to mistakes in detecting mutated alleles [8,11,13,22]. To
increase the accuracy of the indirect genetic background analysis, the evaluation of new
polymorphic sites and molecular analysis of β-thalassemia are investigated [13].

Table 1 shows that some genotypes of β-thalassemia mutations have only a few
samples that may influence the polymorphism analysis, such as the cases of compound
heterozygous Hb E/β-thalassemia (codon 19), Hb E/β-thalassemia (IVS I-5), Hb E/β-
thalassemia (codon 17). In Table 2 we accumulated these same genotypes as compound
heterozygous β-thalassemia/Hb E groups for polymorphisms analysis. Table 2 shows
the allele frequency of five polymorphisms within the β-globin gene and the 3′ end of
the β-globin gene. In the Thai population, the wild type was found to have high levels
of heterogeneity in codon 2 (C/T), IVS II-16 (C/G) and the Hinf I polymorphism, with a
minor allele frequency (MAF) of more than 30%, whereas IVS II-74 (G/T) and IVS II-81
(C/T) were found to have the least heterogeneity (MAF < 5%). However, two intragenic
polymorphisms (IVS II-74 (G/T) and IVS II-81 (C/T)) have been found to have high levels
of heterogeneity in other populations [13,14,23]. We compared the β-thalassemia genotype
and wild type in each DAF of polymorphisms using the Fisher’s exact test. Compound
heterozygous β-thalassemia/Hb E was found to be significantly different for codon 2
(C/T). Homozygous Hb E was found to be different for codon 2 (C/T), IVS II-16 (C/G)
and the Hinf I polymorphism. Heterozygous β-thalassemia codon 41/42 (-TTCT) and IVS
I-1 (G > C) were found to be different for IVS II-74 (G/T) and the Hinf I polymorphism,
whereas heterozygous β-thalassemia codon 17 (A > T) and codon 19 (A > G) were found
to be different for codon 2 (C/T), IVS II-16 (C/G) and the Hinf I polymorphism. Lastly,
heterozygous β-thalassemia IVS II-654 (C > T) was significant for codon 2 (C/T), IVS
II-16 (C/G) and IVS II-74 (G/T). However, compound heterozygous β-thalassemia (NT-28
(A > G))/Hb E, heterozygous β-thalassemia NT-28 (A > G) and heterozygous β-thalassemia
IVS I-5 (G > C) were not found to be significantly different from the wild type in all five
polymorphisms. Interestingly, several β-thalassemia genotypes were found to be associated
with intragenic polymorphisms, which could be a useful marker for linkage analysis and
prenatal diagnosis. Furthermore, these intragenic polymorphisms could be routinely
investigated in β-thalassemia mutation detection, based on direct DNA sequencing. The
strong LD (D′ value = 1) between each β-thalassemia mutation allele (NT-28 (A > G),
codon 17 (A > T) and codon 19 (A > G)) with all five SNPs is useful for predicting the
genetic background of these β-thalassemia mutations in the Thai population. Furthermore,
we found that these β-thalassemia mutations have a single origin, based on their single
haplotype pattern.

Haplotypes are information for better understanding of the origin and evolutionary
relationships between populations or clinical studies [24,25]. Haplotype analysis revealed
five different haplotypes of the wild type in the Thai population, based on intragenic
polymorphisms within the β-globin gene and the Hinf I polymorphism. Previous studies
have reported finding framework 1 (16.32%), framework 2 (44.63%) and framework 3
(39.05%) [19]. In this study we found only framework 1, 2 and 3a, but not framework
3. This may be due to the fact that framework 3 can be differentiated by IVS II-81 (C/T)
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polymorphisms, whereas the previous study only analyzed 3′ haplotypes, including Ava
II and Hinf I polymorphisms. In this study, we found that the haplotype pattern of Hb E
was related to haplotype H1 (framework 3a), H2 (framework 2) and H7 (framework 3a),
which is in line with the results of the previous study [19]. The haplotype pattern of other
β-thalassemia mutations has yet to be reported. Interestingly, we found two haplotype
patterns in codon 41/42 (-TTCT) (H1, H3) and IVS I-1 (G > C) (H3, H4), whereas a single
haplotype was found in NT-28 (A > G), codon 17 (A > T), codon 19 (A > G), IVS I-5 (G > C)
and IVS II-654 (C > T), indicating that these β-thalassemia mutations have two points of
origin and a single origin in the Thai population, respectively.

We constructed a phylogenetic tree of common β-thalassemia mutations in the Thai
population, as shown in Figure 2. With regard to the evolution of the β-thalassemia
mutations, Cluster I was found to be associated with codon 17 (A > T), NT-28 (A > G),
codon 41/42 (-TTCT) and IVS I-5 (G > C), which originate from the same branch, whereas
the two Hb E origins were different in the others. This cluster represents the highest level
of mutation change (from the root of the tree upwards). Furthermore, the short branch
represents younger mutations in this region. Cluster II shows the least amount of evolution
and is associated only with codon 19 (A > G) and Hb E, with codon 19 (A > G) also
showing a single origin in the Thai population. Cluster III was found to be related to
codon 41/42 (-TTCT) and closely to IVS II-654 (C > T), whereas IVS I-1 (G > C) showed two
origins that were separate from the two in Cluster III. This phylogenetic tree may provide a
better representation than previously reported conceptualizations of the overall genetic
background and evolution of common β-thalassemia mutations in Thailand.

5. Conclusions

Four intragenic polymorphisms on the β-globin gene and the Hinf I polymorphism
may be useful markers for linkage analysis with β-thalassemia mutations in Thailand,
and all five SNPs are useful for predicting the genetic background of these β-thalassemia
mutations. Phylogenetic tree analysis shows demographic details of the evolution of eight
common β-thalassemia mutations in Thailand. These polymorphisms should be selected
when predicting clinical phenotypic correlations in the future.

Author Contributions: R.K. performed the experiments, analysis of data and wrote the initial
manuscript. W.T. was involved in conceptualization and analysis of data. P.S., S.T., A.P., N.T. and R.R.
performed the experiments and data analysis. W.J. was involved in conceptualization, acquisition
of the grants, analysis of data, editing and guaranteeing the paper. All authors approved the final
version. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by a research grant from HRH Princess Mahachakri Sirindhorn
Medical Center, Faculty of Medicine, Srinakharinwirot University (Contract No. 271/2565).

Institutional Review Board Statement: Ethical approval for the study was obtained from the Insti-
tutional Review Board of Srinakharinwirot University, Thailand (SWUEC/E/M-029/2565).

Informed Consent Statement: Patient consent was waived due to the study used the leftover specimen.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors report no conflicts of interest. The authors alone are responsible
for the content and writing of this article.

References
1. Winichagoon, P. Prevention and control of anemia: Thailand experiences. J. Nutr. 2002, 132, 862S–866S. [CrossRef]
2. Yamsri, S.; Sanchaisuriya, K.; Fucharoen, G.; Sae-Ung, N.; Ratanasiri, T.; Fucharoen, S. Prevention of severe thalassemia in

northeast Thailand: 16 years of experience at a single university center. Prenat. Diagn. 2010, 30, 540–546. [CrossRef] [PubMed]
3. Yamsri, S.; Sanchaisuriya, K.; Fucharoen, G.; Sae-Ung, N.; Fucharoen, S. Genotype and phenotype characterizations in a large

cohort of beta-thalassemia heterozygote with different forms of alpha-thalassemia in northeast Thailand. Blood Cells Mol. Dis.
2011, 47, 120–124. [CrossRef]

4. Nopparatana, C.; Nopparatana, C.; Saechan, V.; Karnchanaopas, S.; Srewaradachpisal, K. Prenatal diagnosis of alpha- and
beta-thalassemias in southern Thailand. Int. J. Hematol. 2020, 111, 284–292. [CrossRef] [PubMed]

http://doi.org/10.1093/jn/132.4.862S
http://doi.org/10.1002/pd.2514
http://www.ncbi.nlm.nih.gov/pubmed/20509153
http://doi.org/10.1016/j.bcmd.2011.05.003
http://doi.org/10.1007/s12185-019-02761-4
http://www.ncbi.nlm.nih.gov/pubmed/31659625


Genes 2022, 13, 1384 9 of 9

5. Panichchob, P.; Iamdeelert, P.; Wongsariya, P.; Wongsariya, P.; Wongwattanasanti, P.; Tepakhan, W.; Jomoui, W. Molecular
Spectrum of beta-Thalassemia Mutations in Central to Eastern Thailand. Hemoglobin 2021, 45, 97–102. [CrossRef] [PubMed]

6. Tepakhan, W.; Srewaradachpisal, K.; Kanjanaopas, S.; Jomoui, W. Genetics background of beta-thalassemia (3.5 kb deletion) in
Southern Thailand: Haplotype analysis using novel reverse dot blot hybridization. Ann. Hum. Genet. 2021, 5, 115–124. [CrossRef]
[PubMed]

7. Steinberg, M.H. Predicting clinical severity in sickle cell anaemia. Br. J. Haematol. 2005, 129, 465–481. [CrossRef] [PubMed]
8. Sun, H.; Liu, H.; Huang, K.; Lin, K.; Huang, X.; Chu, J.; Ma, S.; Yang, Z. Beta-globin gene cluster haplotypes in ethnic minority

populations of southwest China. Sci. Rep. 2017, 7, 42909. [CrossRef] [PubMed]
9. Kazazian, H.H.; Dowling, C.E.; Waber, P.G.; Huang, S.; Lo, W.H. The spectrum of beta-thalassemia genes in China and Southeast

Asia. Blood 1986, 68, 964–966. [CrossRef]
10. Orkin, S.H.; Kazazian, H.H.; Antonarakis, S.E.; Goff, S.C.; Boehm, C.D.; Sexton, J.P.; Waber, P.G.; Giardina, P.J. Linkage of

beta-thalassaemia mutations and beta-globin gene polymorphisms with DNA polymorphisms in human beta-globin gene cluster.
Nature 1982, 296, 627–631. [CrossRef]

11. Old, J.M.; Heath, C.; Fitches, A.; Thein, S.L.; Jeffreys, A.J.; Petrou, M.; Modell, B.; Weatherall, D.J. Meiotic recombination between
two polymorphic restriction sites within the beta globin gene cluster. J. Med. Genet. 1986, 23, 14–18. [CrossRef] [PubMed]

12. Smith, R.A.; Ho, P.J.; Clegg, J.B.; Kidd, J.R.; Thein, S.L. Recombination breakpoints in the human beta-globin gene cluster. Blood
1998, 92, 4415–4421. [CrossRef] [PubMed]

13. Hashemi-Soteh, M.B.; Mousavi, S.S.; Tafazoli, A. Haplotypes inside the beta-globin gene: Use as new biomarkers for beta-
thalassemia prenatal diagnosis in north of Iran. J. Biomed. Sci. 2017, 24, 92. [CrossRef] [PubMed]

14. Aziz, N.A.; Taib, W.W.; Kharolazaman, N.K.; Ismail, I.; Al-Jamal, H.A.N.; Jamil, N.; Esa, E.; Ibrahim, H. Evidence of new intragenic
HBB haplotypes model for the prediction of beta-thalassemia in the Malaysian population. Sci. Rep. 2021, 11, 16772. [CrossRef]
[PubMed]

15. Jomoui, W. Novel Tag SNPs of Beta-Globin Gene Cluster in Chinese Han Population: Biological Marker for Genetic Backgrounds
and Clinical Studies. Int. J. Hum. Genet. 2017, 17, 97–102. [CrossRef]

16. Sanguansermsri, P.; Shimbhu, D.; Wongvilairat, R.; Sanguansermsri, T. Associations of Common Beta-Thalassemia Mutations
with Beta-Globin Gene Frameworks in Northern Thailand. ASEAN J. Sci. Technol. Dev. 2004, 21, 53–56. [CrossRef]

17. Fucharoen, G.; Fucharoen, S.; Sanchaisuriya, K.; Sae-Ung, N.; Suyasunanond, U.; Sriwilai, P.; Chinorak, P. Frequency Distribution
and Haplotypic Heterogeneity of beta(E)-Globin Gene Among Eight Minority Groups of Northeast Thailand. Hum. Hered. 2002,
53, 18–22. [CrossRef]

18. Barrett, J.C.; Fry, B.; Maller, J.; Daly, M.J. Haploview: Analysis and visualization of LD and haplotype maps. Bioinformatics 2005,
21, 263–265. [CrossRef] [PubMed]

19. Jomoui, W.; Fucharoen, G.; Sanchaisuriya, K.; Nguyen, N.T.; Nguyen, H.V.; Fucharoen, S. Molecular analysis of haemoglobin E in
Southeast Asian populations. Ann. Hum. Biol. 2017, 44, 747–750. [CrossRef]

20. Liu, H.; Huang, K.; Liu, S.; Sun, H.; Lin, K.; Huang, X.; Chu, J.; Yang, Z. Gene frequency and haplotype distribution of hemoglobin
E among seven minority groups of Yunnan, China. Am. J. Hum. Biol. 2016, 28, 927–931. [CrossRef]

21. Bandyopadhyay, A.; Bandyopadhyay, S.; Chowdhury, M.D.; Dasgupta, U.B. Major beta-globin gene mutations in eastern India
and their associated haplotypes. Hum. Hered. 1999, 49, 232–235. [CrossRef] [PubMed]

22. Chakravarti, A.; Buetow, K.H.; Antonarakis, S.E.; Waber, P.G.; Boehm, C.D.; Kazazian, H.H. Nonuniform recombination within
the human beta-globin gene cluster. Am. J. Hum. Genet. 1984, 36, 1239–1258. [PubMed]

23. Akhavan-Niaki, H.; Banihashemi, A.; Azizi, M. Beta globin frameworks in thalassemia major patients from north Iran. Iran J.
Pediatr. 2012, 22, 297–302.

24. Phasit, A.; Panyasai, S.; Mayoon, M.; Jettawan, N.; Satthakarn, S. Phenotypic Expression of Known and Novel Hemoglobin
A2-Variants, Hemoglobin A2-Mae Phrik [Delta 52(D3) Asp > Gly, HBD:c.158A > G], Associated with Hemoglobin E [Beta 26(B8)
Glu > Lys, HBB:c.79G > A] in Thailand. Genes 2022, 13, 959. [CrossRef] [PubMed]

25. Elenga, N.; Cuadro, A.E.; Martin, E.; Njuieyon, F.; Defo, A.; Maniassom, C. Influence of beta-cluster haplotypes, alpha-gene status
and UGTA1 polymorphism on clinical and hematological data in sickle-cell disease children from French Guiana. PLoS ONE
2020, 15, e0238691. [CrossRef]

http://doi.org/10.1080/03630269.2021.1924193
http://www.ncbi.nlm.nih.gov/pubmed/33966551
http://doi.org/10.1111/ahg.12416
http://www.ncbi.nlm.nih.gov/pubmed/33559179
http://doi.org/10.1111/j.1365-2141.2005.05411.x
http://www.ncbi.nlm.nih.gov/pubmed/15877729
http://doi.org/10.1038/srep42909
http://www.ncbi.nlm.nih.gov/pubmed/28205625
http://doi.org/10.1182/blood.V68.4.964.964
http://doi.org/10.1038/296627a0
http://doi.org/10.1136/jmg.23.1.14
http://www.ncbi.nlm.nih.gov/pubmed/3005579
http://doi.org/10.1182/blood.V92.11.4415
http://www.ncbi.nlm.nih.gov/pubmed/9834248
http://doi.org/10.1186/s12929-017-0396-y
http://www.ncbi.nlm.nih.gov/pubmed/29202846
http://doi.org/10.1038/s41598-021-96018-y
http://www.ncbi.nlm.nih.gov/pubmed/34408192
http://doi.org/10.1080/09723757.2017.1385916
http://doi.org/10.29037/ajstd.91
http://doi.org/10.1159/000048600
http://doi.org/10.1093/bioinformatics/bth457
http://www.ncbi.nlm.nih.gov/pubmed/15297300
http://doi.org/10.1080/03014460.2017.1388844
http://doi.org/10.1002/ajhb.22868
http://doi.org/10.1159/000022880
http://www.ncbi.nlm.nih.gov/pubmed/10436386
http://www.ncbi.nlm.nih.gov/pubmed/6097112
http://doi.org/10.3390/genes13060959
http://www.ncbi.nlm.nih.gov/pubmed/35741722
http://doi.org/10.1371/journal.pone.0238691

	Introduction 
	Materials and Methods 
	Samples 
	Genotyping of Intragenic -Globin Gene Polymorphisms and the Hinf I Polymorphism 
	Haplotype and Phylogenetic Analysis 

	Results 
	Discussion 
	Conclusions 
	References

