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Alpha- and β-thalassemias and abnormal hemoglobin (Hb) are common in tropical

countries. These abnormal globin genes in different combinations lead to many

thalassemic diseases including three severe thalassemia diseases, i.e., homozygous

β-thalassemia, β-thalassemia/Hb E, and Hb Bart’s hydrops fetalis. Laboratory diagnosis

of thalassemia requires a number of tests including red blood cell indices and Hb and

DNA analyses. Thalassemic red blood cell analysis with an automated hematology

analyzer is a primary screening for thalassemia since microcytosis and decreased Hb

content of red blood cells are hallmarks of all thalassemic red blood cells. However,

these two red blood cell indices cannot discriminate between thalassemia trait and

iron deficiency or between α- and β-thalassemic conditions. Today, Hb analysis may

be carried out by either automatic high-performance liquid chromatography (HPLC) or

capillary zone electrophoresis (CE) system. These two systems give both qualitative

and quantitative analysis of Hb components and help to do thalassemia prenatal and

postnatal diagnoses within a short period. Both systems have a good correlation, but

the interpretation under the CE system should be done with caution because Hb A2

is clearly separated from Hb E. In case of α-thalassemia gene interaction, it can affect

the amount of Hb A2/E. Thalassemia genotypes can be characterized by the intensities

between alpha-/beta-globin chains or alpha-/beta-mRNA ratios. However, those are

presumptive diagnoses. Only DNA analysis can be made for specific thalassemia

mutation diagnosis. Various molecular techniques have been used for point mutation

detection in β-thalassemia and large-deletion detection in α-thalassemia. All of these

techniques have some advantages and disadvantages. Recently, screening for both α-

and β-thalassemia genes by next-generation sequencing (NGS) has been introduced.

This technique gives an accurate diagnosis of thalassemia that may be misdiagnosed

by other conventional techniques. The major limitation for using NGS in the screening

of thalassemia is its cost which is still expensive. All service labs highly recommend

to select the technique(s) they are most familiar and most economic one for their

routine use.
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INTRODUCTION

Hemoglobinopathies may be roughly divided into two groups,
the structural hemoglobin (Hb) variants (abnormal Hb) and the
thalassemias. These structural Hb variants are commonly caused
by single amino acid substitutions in the α or β globin chains.
Most of these abnormal Hb do not have clinical symptoms;
however, some of these mutations may change the functional
properties or stability of the Hb and lead to a clinical disorder.
The thalassemias result from defective globin chain production.
They are classified into the α, β, δβ, and δβγ-thalassemias
according to the particular globin chains that are defectively
synthesized. From a public health point of view, only the α and
β-thalassemias are common to be of importance (Calzolari et al.,
1999; Weatherall and Clegg, 2001).

The major pathophysiological change of thalassemias
is imbalanced globin-chain production. This leads to the
destruction of the red blood cell precursors in the bone marrow
or peripheral blood result in chronic anemia, splenomegaly,
and skeletal deformity due to expansion of the bone marrow
(Weatherall, 1998). The homozygous or compound heterozygous
states for β-thalassemia have a variable course; however, death
occurs mostly in the first few years of life without transfusion.
With adequate transfusion and iron chelator administration,
the thalassemia patients may have good development and
can survive into adulthood. Beta-thalassemias of intermediate
severity, such as β-thalassemia/Hb E, have a wide range of
clinical spectrum from a condition that is compatible with
normal survival and growth into adult life without treatment to a
transfusion-dependent thalassemia (TDT). The reasons for this
clinical heterogeneity are not fully understood (Olivieri, 1999;
Barbara, 2006).

The α-thalassemias are equally heterogeneous. The milder
forms (termed α-thalassemia 2 or α+-thalassemias) result from
one α globin gene deletion, produce a mild anemia in their
homozygous states. While α-thalassemia 1 or α0-thalassemia is
associated with an absence of α globin chain synthesis because of
the deletion of the two α globin genes on the same chromosome.
In homozygous states, it results in the most severe form of
thalassemia, namely, Hb Bart’s hydrops fetalis. The compound
heterozygous states for α thalassemia 2 and α-thalassemia 1 result
in Hb H disease which varies in severity; at the more severe end,
it may be a TDT.

The thalassemias are extremely heterogeneous at the
molecular level; over 200 different mutations of the β globin
genes have been found in patients with β-thalassemia, and the
α-thalassemias are almost as varied in their molecular pathology.
However, global population seems to carry a few common
mutations that are unique to a particular area, together with
varying numbers of rare ones.

Here we will describe conventional methods for thalassemia
diagnosis which first characterized subjects with phenotypic
traits associated with thalassemia by using hematological (red
blood cell indices) and biochemical tests (Hb analysis) and
subsequent DNA analysis for definitive diagnoses. However,
this diagnosis approach would not detect individuals with
normal or borderline red blood cell indices and/or HbA2

levels which are “silent” forms of thalassemia (Yilmaz et al.,
2019). In addition, at least 1,800 mutations causing thalassemia
or abnormal hemoglobin variants have been characterized to
date, the identification of mutation in samples from subjects
suspected of having hemoglobinopathies may require labor-
intensive methods (Singh et al., 2020). The application of
new technology and high-throughput molecular approaches
such as next-generation sequencing (NGS) for screening
and accurate diagnosis of hemoglobinopathies is feasible (Li
et al., 2020; Ruengdit et al., 2020; Wang et al., 2020;
Zhao et al., 2020).

LABORATORY DIAGNOSIS OF
THALASSEMIA

Thalassemias and abnormal hemoglobin diagnoses require a
combination of laboratory tests including the measurement
of red blood cell indices by automatic hematology analyzer,
Hb analysis, and quantification of Hb A2 and Hb F. The
high-performance liquid chromatography (HPLC) and capillary
zone electrophoresis (CE) system can distinguish thalassemic
diseases and the carriers. It has been widely used to replace
the manual technique. These systems give both qualitative and
quantitative analyses of Hb components with good precision
and reproducibility. They have enabled us to do both prenatal
and postnatal diagnoses of thalassemia within the few minutes.
Specific thalassemia mutation can be detected by DNA analysis,
and various techniques have been used for point mutation
detection. Moreover, thalassemia genotyping can be carried out
by real-time polymerase chain reaction (PCR) follows by melting
curve analysis. Cases that mutation cannot identify by previous
molecular analysis technique will be sent for DNA sequencing.
And in the last few years, the genome sequencing by NGS has
been applied for thalassemia diagnosis as well.

AUTOMATIC HEMOGLOBIN ANALYZERS

Because of less globin production, the thalassemic red blood
cells showed microcytic and hypochromic. However, Hb,
mean corpuscular volume (MCV), and mean corpuscular Hb
(MCH) cannot discriminate between thalassemia trait and iron
deficiency or between α- and β-thalassemia (England and
Fraser, 1973). Hb analysis is needed to determine α- and
β-thalassemia carriers and disease. Automatic HPLC and CE
system are sensitive and precise methods for qualitative and
quantitative analyses of Hb components in red blood cells
(Stephens et al., 2015). The HPLC system is cation exchange
and use two dual piston pumps to set gradient sodium
phosphate buffers of increasing ionic strength to pass through
a column spherical cation exchange resin during a 6.5 min.
Hemolysate samples are determined by spectrophotometer that
read double wavelength at 415 and 690 nm. The resulting
chromatograms are separated in retention time (RT). Similarity,
the CE system is based on capillary electrophoresis in free
solution from cathode to anode. Hb components are separated
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in silica capillaries by their electroosmotic flow and at a
high voltage (9,800 V) in electrophoretic mobility in an
alkaline buffer. The photometry at an absorbance wavelength
415 nm was used to directly detect Hb fractions. The
resulting electrophorograms are divided into 15 zones. Several
publications on the automatic hemoglobin analyzers have
shown their effectiveness in the investigation of thalassemia
and hemoglobinopathies for prenatal and postnatal diagnoses
(Tan et al., 1993; Borbely et al., 2013; Khongthai et al., 2019;
Li et al., 2019).

HEMOGLOBIN ANALYSIS IN ADULT

Both systems give a good correlation for thalassemia diagnosis
in adult. Normal blood samples had Hb concentration = 12 g/dl,
MCV = 80 fL, MCH = 27 pg, and HbA2 = 3.5% (Figures 1A,D).
Thalassemia carriers presented normal Hb concentration level
but show low MCV and MCH. Alpha-thalassemia carriers had
Hb A2 = 3.5% (Figures 1B,E), but β-thalassemia carrier had Hb
A2 > 3.5% (Figures 1C,F). Under the HPLC system, Hb A2 and
Hb E co-elute at the same RT, but in the CE system, Hb A2 and

FIGURE 1 | Continued
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FIGURE 1 | Pattern of hemoglobin analysis in adult blood by the high-performance liquid chromatography (HPLC) system (A–C,G–I,M–O) compared with the

capillary zone electrophoresis (CE) system (D–F,J–L,P–R).

TABLE 1 | Hemoglobin analysis of adult blood.

Phenotype Number Hb Type Hb A2 % Hb E % Hb F %

HPLC CE HPLC CE HPLC CE

Normal 45 A2A 2.6 ± 0.4 2.5 ± 0.4 – – 0.5 ± 0.7 0.1 ± 0.2

α-thalassemia 1

heterozygote

36 A2A 2.3 ± 0.2 2.3 ± 0.2 – – 0.5 ± 0.7 0.3 ± 0.5

β-thalassemia heterozygote 69 A2A 5.5 ± 1.3 5.4 ± 0.5 – – 1.5 ± 1.4 0.9 ± 1.4

Hb E heterozygote 85 EA Not detected 3.5 ± 0.4 27.8 ± 7.5 25.6 ± 1.4 1.2 ± 0.9 0.4 ± 0.8

Hb E heterozygote with

α-thalassemia 1

heterozygote

6 EA Not detected 4.0 ± 0.3 21.9 ± 0.6 16.3 ± 0.8 0.9 ± 0.6 0.5 ± 0.8

Hb E homozygote 56 EE Not detected 4.1 ± 0.8 90.2 ± 4.9 92.9 ± 3.3 4.3 ± 2.7 2.5 ± 3.1

β-thalassemia/Hb E disease 48 EF Not detected 4.9 ± 1.6 59.4 ± 12.9 50.3 ± 13.8 31.1 ± 14.5 36.8 ± 13.3

Hb H disease 26 A2A Bart’s H 1.6 ± 1.2 1.0 ± 0.2 – – 0.6 ± 0.6 0.2 ± 0.3

Hb H-CS disease 9 CSA2A Bart’s H ND 0.7 ± 0.5 – – ND 1.0 ± 0.6

Hb CS homozygote 10 CSA2A ND 1.3 ± 0.6 – – ND 0.8 ± 0.8

Phenotype Number Hb Type Hb Bart’s % Hb H % Hb CS %

HPLC CE/Undetected

number

HP CE/undetected

number

HPL CE/undetected

number

Normal 45 A2A

α-thalassemia 1

heterozygote

36 A2A

β-thalassemia heterozygote 69 A2A

Hb E heterozygote 85 EA

Hb E heterozygote with

α-thalassemia 1

heterozygote

6 EA

Hb E homozygote 56 EE

β-thalassemia/Hb E disease 48 EF

Hb H disease 26 A2A Bart’s H Found 1.1 ± 0.7/14 Found 6.7 ± 4.8/0

Hb H-CS disease 9 CSA2A Bart’s H Found 4.2 ± 4.1/3 Found 11.3 ± 6.5/3 Found 2.6 ± 1.4/1

Hb CS homozygote 10 CSA2A Found/Not found Found/Not found Found 3.5 ± 2.5/0

ND, not determined.
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Hb E are clearly separated, zone three for Hb A2 and zone four
for Hb E. The average amount of Hb E was 27.8 ± 7.5% by HPLC
and 25.6 ± 1.4% by CE. In addition, Hb A2 is detected with the
average amount of Hb A2 3.5± 0.4% under the CE system. In Hb

E homozygote, Hb A2 + E was 90.2 ± 4.9% by HPLC and Hb A2
was 4.1 ± 0.8% and Hb E was 92.9 ± 3.3% by CE (Figures 1I,L).
In β-thalassemia/Hb E disease, Hb A2 + E was 59.4 ± 12.9% by
HPLC and Hb A2 was 4.9 ± 1.6% and Hb E was 50.3 ± 13.8%

FIGURE 2 | Pattern of hemoglobin analysis in cord blood by the high-performance liquid chromatography (HPLC) system (A,B,E–F) compared with the capillary

zone electrophoresis (CE) system (C,D,G–H).
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by CE (Figures 1M,P). In fact, the amount of Hb A2/E is more
confusing in the double heterozygote of Hb E and α-thalassemia
cases with different numbers of defective α-globin gene. For
example, the double heterozygote with Hb E and α-thalassemia
1 presented low Hb E levels, 21.9 ± 0.6% and 16.3 ± 0.8% by
HPLC and CE, respectively (Figures 1G,H,J,K). The CE system
demonstrated Hb E level less than HPLC because of the separated
zones of Hb A2 and E. Therefore, criteria for Hb E diagnosis must
combine % Hb A2 and E to reduce misdiagnosis (Table 1).

In addition, the two systems can also detect Hb Bart’s, Hb
H, and Hb CS in Hb H and Hb H-CS diseases of which
the hemoglobin peaks were shown in Figures 1N,O,Q,R. The
HPLC system demonstrates the qualitative Hb H and Hb Bart’s
peaks and quantitative Hb CS (Figures 1N,O). However, CE
system measures quantitatively Hb H, Hb Bart’s, and Hb CS
(Figures 1Q,R and Table 1). Nevertheless, Hb Bart’s, Hb H, and
Hb CS are unstable and a decreasing level may be found in the
blood sample that was kept for a long storage especially at high
temperature (Fucharoen et al., 1998b; Winichagoon et al., 2008;
Munkongdee et al., 2011; Kingchaiyaphum et al., 2020).

HEMOGLOBIN ANALYSIS IN NEWBORN

Newborns screening for thalassemia can also be diagnosed
by HPLC and CE systems. Normal newborn had normal Hb
concentration 15.5 ± 1.3 g/dl, MCV 110.0 ± 4.8 fL, and MCH
35.9 ± 1.4 pg and Hb analysis presented FA (Figures 2A,C and
Table 2). Newborns with β-thalassemia heterozygote also has
the normal hematological parameters because the β-globin gene
is not fully expressed at birth (Figures 2B,D,E,G and Table 2)
(Fucharoen et al., 1998b; Winichagoon et al., 2008; Munkongdee
et al., 2011).

In contrast, newborns with α-thalassemia have the abnormal
hematological parameters, similarity with adults, because the
α-globin gene is expressed in the fetus. Specifically, the
MCVs and MCHs of α-thalassemia newborns are significantly
lower than those of the normal newborn. In addition, Hb
Bart’s was obscurely presented in newborn associated with
α-thalassemia (Figures 2F,H and Table 2) (Fucharoen et al.,
1998b; Winichagoon et al., 2008; Munkongdee et al., 2011).

INTERACTIONS BETWEEN
α-THALASSEMIA AND β-THALASSEMIA

Up to now, more than 1,800 mutations causing
hemoglobinopathies have been discovered (Huisman et al., 1997;
HbVar, 2019). These mutated α and β globin genes in different
combinations lead to over 60 thalassemic diseases (Fucharoen
and Winichagoon, 1997; Fucharoen et al., 1998a). The degree of
disease severity depends on the complexity of gene interaction,
and even identical genotypes patients can have remarkably
different levels of severity. This can lead to the difficulty on
identification of high-risk pregnancies and provide appropriate
genetic counseling for both treatment and prenatal diagnosis. T
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The variability in severity of thalassemias, especially
β-thalassemia, involves many gene loci, some of which are
directly involved with defects in α, β, or γ globin synthesis,
whereas others, related to other genes such as KLF1, BCL11A
(Sripichai and Fucharoen, 2016). A good example is observed
in β-thalassemia/Hb E patients who co-inherit α-thalassemia as
they will have less unmatched α-globin chains, which result in
less symptoms (Kanavakis et al., 1982; Wainscoat et al., 1983;
Winichagoon et al., 1985). On the other hand, the co-inheritance
of triplicated α-globin genes (ααα) may lead to an increase of
globin chain imbalance and severe anemia in β-thalassemia
(Galanello et al., 1983).

These findings are important in genetic counseling especially
in the high risk couples for β-thalassemia/Hb E who are
performing prenatal diagnosis. An example of the family
pedigree, including hematological data of the high-risk couples
and their offspring, is shown in Figure 3. The mother is double

heterozygous for Hb E and α-thalassemia 1, while the father
is β-thalassemia heterozygote. It is important to characterize
the father’s specific β-thalassemia mutation. If the mutation is
a β0-thalassemia, there is a 1/4 chance that the future child
would be a compound heterozygote for β0-thalassemia/Hb E.
This would result in a moderate or severe clinical symptoms,
with iron overload and possible TDT. Beta0-thalassemia/Hb E
child who co-inherit with α-thalassemia 1 would be expected to
have less symptoms than β0-thalassemia/Hb E child who does
not carry α-thalassemia and may result in a TDT. Thus, the
recommendation for both parents would be DNA analysis for
α globin with additional β-globin DNA analysis for the father.
Prenatal diagnosis would allow high-risk couples to determine
possible adverse outcomes in their pregnancies.

Hb analysis generally do not contribute to the diagnosis
of mild forms α-thalassemia, in which one or two (cis or
trans) α-globin genes are deleted. The excess β-globin chains

FIGURE 3 | Family pedigree showing the co-inheritance of α-thalassemia 1 in β-thalassemia/Hb E patient (II.1) with high hemoglobin (Hb) level compared to his

younger brother who is a β-thalassemia/Hb E patient without α-thalassemia (II.2).
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(Hb H molecule) in these α-thalassemia cannot be visualized
by Hb analysis. Thus, α-thalassemia is often diagnosed by
exclusion, when a subject with microcytic red blood cells,
normal Hb analysis and normal iron studies is presumed to
have α-thalassemia. Alpha-thalassemia may also be masked in
the presence of β-thalassemia which also have microcytic red
blood cells. For these subjects, family study and DNA analysis
may be the definitive diagnosis, and this is important for
genetic counseling.

MOLECULAR ANALYSIS FOR α AND
β-THALASSEMIA MUTATIONS

The advent of the PCR has enabled screening for single-
base mutations to become simpler (Eisenstein, 1990). Most of
thalassemia mutations are point mutation. Point mutations are
considered to be single-base substitutions or minor insertions
or deletions. Table 3 showed a summary of common DNA
techniques used for point mutation detection. In this paper, we
will briefly discuss only commonDNA techniques, namely, allele-
specific PCR, reverse dot blot (RDB) analysis, real-time PCR with
melting curve analysis, and DNA sequencing.

ALLELE-SPECIFIC PCR

This technique employs two primers identical in sequence except
for the 3′-terminus base, one of which is complementary to
the wild-type and the other for the mutant base; a common
primer for the opposite strand must of course be used as well.
For primer extension to occur using Taq polymerase which has
no 3′–5′ exonuclease (proofreading) activity, perfect matching
of the primer 3′-terminus with the DNA template must occur.
With a normal individual, PCR product will be seen only in the
reaction employing the wild-type primer set. A heterozygote will
generate a band using both wild-type and mutant primer set, and
an individual with homozygous mutation will be negative with
the normal and positive with the mutant primer set (Figure 4)
(Suwannakhon et al., 2019).

REVERSE DOT-BLOT ANALYSIS

The suspected mutation can be identified by hybridization
of an allele-specific oligomer (ASO) DNA probe with

TABLE 3 | Summary of common molecular technique used for point mutation

detection.

Known mutation Unknown mutation

Gel electrophoresis Mismatched analysis

Allele-specific PCR Denaturing gradient gel electrophoresis

Dot blot analysis DNA sequencing

Real-time PCR with melting curve analysis

All of these techniques developed after gene amplification by polymerase

chain reaction (PCR).

the PCR product which is immobilized on a membrane
filter sheet as a dot. The ASO probe can be radiolabeled
with 32P for autoradiography or has attached reporter
groups (biotin, digoxigenin, or an enzyme such as
horseradish peroxidase) which can subsequently be
visualized in a chemiluminescent or colorimetric reaction.
Commercial kits have made these non-radioactive

FIGURE 4 | Result of allele-specific PCR showing PCR product of normal

individual which can be seen only in the reaction employing the wild-type (N)

primer set. While Hb CS heterozygote will generate a band using both

wild-type (N) and mutant (M) primer set. Internal control was exhibited at

526 bp.

FIGURE 5 | Result of RDB showing a result of normal individual will give

positive results with each wild-type sequence but not with any mutant probe

(upper panel). Heterozygotes show a reaction with a single mutation dot in

addition to the normal dots (middle panel), whereas homozygotes will give a

positive dot with that mutant probe but not with its corresponding normal

sequence (two mutant dots will be seen if the individual carries two different

mutations) together with positive spots for the remaining normal probes (lower

panel).
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detection methods quite a routine procedure. For
each mutation, two hybridization reactions need to be
conducted, one with the probe for the mutant sequence
and the other with the probe for the normal sequence.
The stringency of hybridization has to be optimized
for each ASO probe.

A reverse dot-blot analysis has been developed (Maggio
et al., 1993; Winichagoon et al., 1995). The ASO probes
contain an amino group at the 5′-terminal base which enables
them to be covalently attached onto a nylon membrane
strip. This is then hybridized with amplified DNA which has
been labeled with biotin for colorimetric detection. A normal
individual will give positive dots with each wild-type probe
but not with any mutant probe (Figure 5 upper panel).
Heterozygotes exhibit a positive with one mutation dot in
addition to the normal dots (Figure 5 middle panel), whereas
homozygotes for mutation will give a positive dot with
that mutant probe but not with its corresponding normal
sequence together with positive spots for the remaining normal
probes (Figure 5 lower panel). A critical requirement for this
technique is the optimization of washing temperature for all

of the probes. This can be achieved by optimizing the length
of each ASO probe.

REAL-TIME PCR WITH MELTING CURVE
ANALYSIS

The conventional PCRs give a clear result, but it requires
labor-intensive and time-consuming in post-PCR processing
steps. The real-time PCR or quantitative PCR (qPCR) is widely
used to detect, characterize, and quantify nucleic acids. It
is high throughput, automation, and low risk of post-PCR
contamination. Currently, the application of real-time PCR with
melting curve analysis for thalassemia diagnosis is based on
two general approaches, intercalating dye assays and probe-
based assays, obtaining a fluorescent signal from the synthesis
of product in PCR.

The first approach depends on the fluorescent DNA-
intercalating dyes such as SYBR Green I to bind with
double-stranded DNA (dsDNA) and undergo a conformational
change that leads to an increase in their fluorescence. In the

FIGURE 6 | Multiplex GAP–PCR with melting curve analysis for α-thalassemia genotyping. Panel (A) shows two peaks of α2-globin and ψζ-globin fragments from

normal globin genotype. Panel (B) shows three peaks of α2-globin, –SEA, and ψζ-globin from α-thalassemia 1 heterozygote (–SEA type). Panel (C) shows three peaks

of –THAI, α2-globin, and ψζ-globin from α-thalassemia 1 heterozygote (–THAI type). Panel (D) shows a single peak of -α3.7 from α-thalassemia 2 homozygote. Panel

(E) shows two peaks of –SEA and ψζ-globin from deletional Hb H disease. Panel (F) shows a single peak of –SEA from Hb Bart’s hydrops fetalis (α-thalassemia 1

homozygote; –SEA type).

TABLE 4 | The genotype results by PCR-NGS among 57,229 cases in Baise, Guangxi, China.

Number of samples α-Thalassemia β-Thalassemia α-Thalassemia with

β-thalassemia

Uncomom/novel mutation (not

detected by conventional methods)

Hb variants

57,229 10,018 3,141 931 458 479
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TABLE 5 | Abnormal hemoglobin detected by NGS analysis in Baise, Guangxi,

China.

Hb variants No. of Samples

Hb Hekinan II 366

Hb J-Wenchang-Wuming 28

Hb Groene Hart 15

Hb Macarena 14

Hb Owari 12

Hb Q-Thailand 11

Hb New York 8

Hb G-Coushatta 6

Hb Saclay 6

Hb Handsw 3

Hb Iraq-Halabja 3

Hb G-Honolulu 2

Hb Greenville-NC 1

Hb J-Broussais 1

Hb J-Lome 1

Hb Parma [A2] 1

Hb Prato 1

Hb Pressath 1

Hb Riccarton – II 1

Hb Wurzburg 1

presence of single-stranded DNA (ssDNA) or the dyes are
free in solution, they will not fluoresce. After completion
of the amplification reaction, thermal cycler program
generated a melt curve by increasing the temperature in
small increments and monitoring the fluorescent signal at
each step. When 50% of a dsDNA are separate into ssDNA
so-called melting temperature (Tm). The difference size or
GC content of PCR products demonstrated the difference
Tm peak. Therefore, the multiplex GAP-PCR with melting
curve analysis was developed for α-thalassemia genotyping.
The primers were designed to specifically amplify two deletion
fragments, the –SEA and –THAI deletions and two normal
fragments, ψζ- and α2-globin gene. The melting curve
analysis is able to distinguish α-thalassemia 1 heterozygotes,
α-thalassemia 2 homozygotes, Hb H disease, and α-thalassemia
1 homozygote (Hb Bart’s hydrops fetalis) as shown in Figure 6

(Munkongdee et al., 2010).
The second, probe-based assays are now widely used for

detection of point mutations. TaqMan assays is fluorescently
labeled oligonucleotide probe. The TaqMan assay used the
5′-exonuclease activity of thermostable Taq polymerases. The
probe composed a fluorescent reporter at the 5′ end and a
quencher at the 3′ end. The fluorescence of the reporter is
quenched due to its proximity to the quencher. However, during
the annealing/extension step in the PCR reaction, the probe
hybridize to the target region. The 5′ to 3′ exonuclease activity
of Taq will cleave off the reporter resulting fluorescence signal
which is proportional to the amount of PCR product in the
sample. This technique can apply for β-thalassemia diagnosis,
the multiplex probe-based fluorescence melting curve analysis
(FMCA) which is a powerful tool for point mutations detection

based on the Tm generated by thermal denaturation of the
probe-target hybrid (Huang et al., 2011; Qiuying et al., 2011;
Xiong et al., 2011).

DIRECT DNA SEQUENCING

The mutation(s) can be identified by sequencing the PCR
product, usually employing the Sanger’s dideoxy termination
method. This requires the production of a single DNA strand
as a template. There are a number of techniques to achieve
this. An aliquot of the amplified DNA can be subjected to
another round of PCR but in the presence of a single primer
strand; or the original PCR product can be denatured and
rapidly cooled so that the two strands remain separated; or
one of the primer strand is phosphorylated at the 5′-terminus
and the PCR product treated with lambda exonuclease which
digests 5′-phosphorylated strand in a dsDNA; or biotin can be
incorporated into the 5′-terminus of one of the primer strand
enabling the PCR product to be adsorbed onto streptavidin-
coated magnetic beads, which can then be treated to denature the
duplexes and allow removal of the non-biotinylated strands from
the beads. Alternatively, the PCR products can be subcloned into
a sequencing vector, but this method introduces the possibility
of detecting PCR artifacts. It enables the identification of novel
or rare mutations present in the population (Sirichotiyakul et al.,
2003; Korf and Rehm, 2013).

MULTIPLEX LIGATION-DEPENDENT
PROBE AMPLIFICATION

Multiple ligation-dependent probe amplification (MLPA) is a
multiplex PCR method that allows the detection of any deletions
or duplications in the screened regions. This technique has been
proven to find known and unknown deletions in unsolved cases
after performing conventional techniques. The MLPA technique
is easy to use and requires only a thermocycler and CE equipment
(Schouten et al., 2002; Lei et al., 2019).

MLPAwas started with DNA denaturation/hybridization step.
DNA was denatured and incubated with a mixture of MLPA
probes. MLPA probes consist of two separate oligonucleotides
(LPO and RPO). The two probe oligonucleotides were hybridized
to adjacent target sequences. Then, the probes can be ligated
during the ligation reaction. Only ligated probes will be amplified
during the PCR reaction, the number of probe ligation products
is a measure for the number of target sequences in the sample.
The amplification products were separated using CE.

NEXT-GENERATION SEQUENCING

Advancement of sequencing technology makes an enormous
contribution in characterization of the human genome. NGS
technologies have gained the capacity to sequence entire
human genome in an ultra-high throughput, scalability, and
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speed manner at a level that is not possible using Sanger
sequencing technology. Most NGS platforms have three general
steps: first library preparation using random fragmentation of
DNA followed by ligation with custom linkers. Second, library
amplification using clonal amplification methods and PCR.
Third, sequencing using incorporation of fluorescent-labeled
nucleotides by DNA polymerases or ligation processes. NGS
has enabled researchers to diagnose and understand complex
diseases through whole-genome sequencing, exome sequencing,
or targeted gene panels (Yang et al., 2013; Stark et al., 2016).
Recently, NGS has been applied for thalassemia screening (He
et al., 2017; Shang et al., 2017; Zhang et al., 2019). Target NGS
approach was designed to cover entire globin genes coding
regions, their key regulatory regions, and modifier genes such as
KLF1, BCL11A, HBS1L, and MYB. Preliminary data show that
NGS may be much more accurate than convention thalassemia
diagnosis by complete blood count (CBC), Hb analysis, Hb
typing, and selected for genotyping. Preliminary study by PCR-
NGS among 57,229 cases was performed in Guangxi, China,
and revealed uncommon or novel mutations that could not be
detected by conventional methods 458 mutations (Tables 4, 5).

CONCLUSION

Laboratory diagnosis of thalassemia requires a number of tests
including red blood cell indices and Hb and DNA analyses.
Although low MCV and MCH are a character of thalassemic
red blood cells, however, these two red blood cell indices cannot
discriminate between thalassemia trait and iron deficiency or
between α- and β-thalassemic conditions. Today, Hb analysis
may be carried out by either HPLC or CE system. Both
qualitative and quantitative analysis for Hb components can

obtain from these automatic systems and help to do both prenatal
and postnatal diagnoses of thalassemia within a few minutes.
DNA analysis have been used for point mutation detection
in β-thalassemia and large-deletion detection in α-thalassemia.
Limitations of conventional thalassemia diagnosis methods are
missed diagnoses due to normal or borderline red blood cell
indices and/or Hb A2 levels, various labor-intensive methods
may need to identify disease-causing mutation for thalassemia
that have more than 1,800 mutations ranging from point
mutation to large deletion. Recently, NGS has been introduced
to screen for thalassemia. More loci including genetic modifiers
which have significant effects on clinical manifestation should be
covered in the NGS screening, which is important for precise
diagnosis and treatment of thalassemia. However, there are still
some limitations of NGS techniques including expensive cost. All
service labs were highly recommended to select the technique(s)
they are most familiar and most economic one for their daily use.
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