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The increasing number of disease-causing mutations
demands a simple, direct, and cost-effective diag-
nostic genotyping technique capable of detecting
multiple mutations. This study validated the effi-
cacy of a novel melting curve analysis–based geno-
typing assay (MeltPro HBB assay) for 24 �-thalasse-
mia mutations in the Chinese population. The
diagnostic potential of this assay was evaluated in
1022 pretyped genomic DNA samples, including 909
clinical cases of �-thalassemia minor or major, us-
ing a double-blind analysis in a multicenter valida-
tion study. Reproducibility of the assay was 100%,
and the limit of detection was 10 pg per reaction. All
24 �-thalassemia mutations were accurately geno-
typed, and �-thalassemia genotypes were correctly
determined in all 1022 samples, yielding overall
sensitivity and specificity of 100%. The concor-
dance rate was 99.4% between this assay and the

reference method. It was concluded that the Melt-
Pro HBB assay is useful for reliable genotyping
of multiple �-thalassemia mutations in clinical
settings and may have potential as a versatile
method for rapid genotyping of known mutations
because of its high throughput, accuracy, ease of
use, and low cost. (J Mol Diagn 2011, 13:427–435; DOI:

10.1016/j.jmoldx.2011.03.005)

�-Thalassemia, an autosomal recessive form of hemoglo-
binopathy, is one of the most widespread life-shortening
genetic diseases in humans.1,2 According to the World
Health Organization,3 approximately 1.5% of the world
population are carriers of this disease. Each year, ap-
proximately 40,000 infants positive for �-thalassemia ma-
jor are reported in areas endemic for thalassemia, which
include the Mediterranean countries, parts of north and
west Africa, the Middle East, India, and southeast Asia
including southern China.3,4 In China, the estimated inci-
dence of carriers of �-thalassemia is as high as 7% in the
Guangxi Province, and 1% to 6% in populations else-
where in the endemic areas of southern China.5–8

�-Thalassemia is a severe disease, and its treatment
requires many resources, both medical and financial.
While many cities in China have facilities for diagnosis
and treatment of this disease, free medical services are
not provided by the government in most rural areas.
Treatment is available to only the few patients who can
afford it, although this situation is more favorable in some
regions with better economy. To improve the overall sit-
uation, the Chinese government is instituting a popula-
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tion-based screening program with the objective of re-
ducing the birth rate of fetuses with �-thalassemia in
endemic regions, and one of its goals is to provide free
testing. As part of this program, a simple, reliable, cost-
effective genetic testing method is required for disease
confirmation and to screen for carriers.

In a decades-long effort to establish an ethnic group–
specific �-thalassemia genetic testing assay, we and our
Chinese colleagues systematically investigated the types
and frequency of the causative mutations of the hemo-
globin-� gene (HBB) in the endemic regions of China. To
date, 45 single-nucleotide mutations and small deletions
in HBB have been detected in the Chinese popula-
tion.5–10 Translation of the data into clinical practice re-
quires a simple, reliable, cost-effective method that is
able to detect all of these mutations. Among dozens of
methods that have been developed for detecting �-thala-
ssemia mutations,11–13 reverse dot blot (RDB) analysis is
the only method approved in China.14 Despite its cost-
effectiveness, broad coverage of mutations, and long-
term adoption in clinical settings, its use in carrier screen-
ing is limited, primarily because of low throughput and
subjective results. We previously developed and evalu-
ated a denaturing high-performance liquid chromatogra-
phy–based mutation screening method; however, it did
not achieve widespread use because of its cost, tedious
manipulations, and narrow detection of the mutation
spectrum.15 This experience taught us that a method for
routine �-thalassemia carrier screening must be inexpen-
sive, easy to use, rapid, accurate, and robust.

In the present study, we validated a new �-thalas-
semia mutation detection kit specifically developed to
screen for Chinese carriers based on the mutation
spectrum. The MeltPro HBB assay (Xiamen Zeesan
Biotech Co., Ltd., Xiamen, Fujian, China) is a qualita-
tive in vitro diagnostic method designed to genotype a
panel of 24 single-nucleotide mutations and small
indels in the HBB gene that cause �-thalassemia or
abnormal hemoglobin. The test kit is based on a
proprietary, multicolored, self-quenched, probe-based
melting curve analysis that is performed using a stan-
dard real-time PCR instrument, from which genotype
information for each mutation is retrieved based on the
melting temperature (Tm) or difference in Tm between
wild-type and mutant (�Tm) DNA samples. To assess
the clinical value of this test, we conducted a multi-
center validation study including 1022 pretyped
genomic DNA samples collected from six hospitals in
the Guangdong and Guangxi Provinces, with special
attention to factors required for routine use.

Materials and Methods

DNA Samples

Genomic DNA (gDNA) samples were collected from No-
vember 2008 to April 2010, and met the following eligi-
bility criteria: (1) all had a record of hematologic pheno-
types determined via full blood cell counts and a

hemoglobin test, as previously described,6 (2) all had
HBB genotype information determined via RDB analysis
or sequencing,14 and (3) the template concentration was
�10 ng/�L, with a 260- to 280-nm absorption ratio in the
range of 1.6 to 2.0.

In total, 1022 gDNA samples were collected from indi-
viduals with wild-type, heterozygous carriers, homozy-
gotes, and compound heterozygotes. The latter three
sample types contained a number of different genotypes
(Table 1). Because these gDNA samples were obtained
from different laboratories, the DNA extraction method
also varied. Of the 1022 samples, 723 were extracted
using the classic chloroform-phenol method, 41 using the
QIAamp DNA Blood Mini Kit (Qiagen NV, Venlo, The
Netherlands), 198 using the Lab-Aid 820 Automated
Blood DNA Extraction System (Xiamen Zeesan Biotech
Co., Inc., Xiamen, China), and 58 using the RelaxGene
Blood DNA System (TianGen Biotech Co., Ltd., Beijing,
China); and two amniotic fluid samples were extracted
using the QIAamp DNA Blood Mini Kit. The quantity and
quality of the extracted DNA were evaluated by measur-
ing absorption at 260 and 280 nm using a spectropho-
tometer (ND-1000 UV-Vis; NanoDrop Technologies, Inc.,
Wilmington, DE).

Multicenter Validation Procedure

The multicenter validation study included six hospital lab-
oratories from Guangdong and Guangxi Provinces, rep-
resenting the regions in China most endemic for �-thala-
ssemia. The study was performed in one central
academic laboratory. DNA samples were renumbered by
a technician (X.W.) who was solely in charge of the data
collection and statistical analysis. The coded DNA sam-
ples from each hospital laboratory were analyzed by two
technicians (X.C. consistently analyzed the DNA samples
with the help of Q.X., T.Z., S.L., X.Y., Y.H., and Y.Q.) from
the corresponding laboratories. The results obtained
were reported to a third individual (F.X.), who checked
the data and calculated the coincidence rate, sensitivity,
and specificity.

MeltPro HBB Assay

The MeltPro HBB assay uses asymmetric PCR with two
primers to generate excess single-stranded amplicons
for probe hybridization followed by melting curve anal-
ysis using four-color real-time PCR (Figure 1). This

Table 1. Sample Types Detected

Sample type Case no. Genotype no. Allele no.

Wild-type 113 1 226
Heterozygous 733 21 1466*
Homozygous 54 11 108†

Compound
heterozygous

122 31 244†

Total 1022 64 2044

*Includes 733 wild-type and 733 mutant alleles comprising 21 mutation
types.

†Mutant alleles comprising 15 mutation types.
assay is a one-step genotyping method, with PCR am-
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plification and melting curve analysis performed using
one program on one machine. As an alternative proto-
col, PCR and melting curve analysis can also be per-
formed using separate machines; for example, ampli-
fication is performed using a standard thermal cycler,
and melting analysis is performed using a real-time

Figure 1. Proposed MeltPro HBB assay. A: Genotyping procedure. After
DNA extraction, each sample tested is mixed with premixed PCR reagents in
two separate tubes. PCR and the subsequent melting curve analysis were
performed using a real-time PCR thermal cycler. Graphic output of genotyp-
ing results is produced. B: Principle of the MeltPro HBB assay. Asymmetric
PCR is used to generate single-strand target sequences for hybridization using
dual-labeled self-quenched probes, which are labeled at one of four different
fluorophores at 5=-end and a quencher dye at 3=-end. One probe may detect
one or several adjacent mutations, and it may also be possible for certain
mutations to be detected by more than one probe. Examples shown are
heterozygous (red line), wild-type (dashed green line), and homozygous
mutant (dashed blue line) samples.
PCR instrument.
In each assay, extracted gDNA was added to two
reaction tubes (5 �L gDNA per reaction tube) containing
premixed PCR reagent. The assay protocol began with
an amplification procedure consisting of denaturation for
3 minutes at 95°C; 50 amplification cycles of 15 seconds
at 95°C, 10 seconds at 55°C, and 20 seconds at 76°C;
followed by a melting analysis procedure consisting of
denaturation for 1 minute at 95°C, hybridization for 5
minutes at 35°C, and incremental temperature increase
(1°C per 5 seconds) from 40°C to 80°C. Fluorescence
from FAM, HEX, ROX, and CY5 channels was recorded at
each step during the melting analysis procedure. The
evaluation experiments were performed using real-time
PCR instruments (Rotor-Gene 3000 and 6000; Corbett
Research Australia, Mortlake, NSW, Australia) with soft-
ware that automatically identifies the mutation type and
sample genotype based on Tm values.

Reproducibility Study

The reproducibility study was performed in two phases
based on proficiency and performance. The proficiency
phase was performed to ensure that each operator had
the required expertise in use of the method so that mean-
ingful data could be generated. For proficiency testing,
two technicians from each of the six hospitals ran the
same panel in duplicate. Data generated during this
phase were used to demonstrate technician proficiency.
Reproducibility testing for the performance phase was
conducted using a panel of samples containing all of the
types of mutations. Each technician ran the same panel in
duplicate on five nonconsecutive days. The panel in-
cluded one wild-type sample, 8 plasmid samples, and 24
prospectively collected clinical case samples. The Tm

value of each genotype and the Tm difference between
the wild-type and mutant samples were detected.

Limit of Detection Study

For the study of analytical sensitivity, wild-type human
gDNA was extracted from whole blood using the
QIAamps DNA Blood Mini Kit (Qiagen NV). The extracted
DNA was quantified using UV and serially diluted 10-fold
with water, yielding DNA concentrations ranging from
100 ng to 10 pg in a 5 �L reaction, which were analyzed
using the MeltPro HBB assay. For each concentration,
three replicates were analyzed using the MeltPro HBB
assay. Water was used as no-template control.

Statistical Analysis

The �2 test was used to evaluate whether a significant
difference existed between the results obtained using the
MeltPro HBB assay and RDB analysis or DNA sequenc-
ing. Statistical analysis was performed using commer-
cially available software (STATA version 8.0; StataCorp
LP, College Station, TX). P � 0.05 was considered

significant.
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Results

Reproducibility

The reproducibility study demonstrated 100% agreement
for within-operator or within-day results, between days or
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Table 2. Calibrated Tm of 24 Mutations Detected Using the MeltP

Tube Color Genotyp

1 FAM Wild-type
c.316-197C�T

HEX Wild-type
c.-78A�G
c.-79A�G
c.-80T�C or c.-81A�
c.-82C�A

ROX Wild-type
c.45-46insG
c.48-49insG
c.52A�T
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c.79G�A
c.92 � 1G�T or c.9
c.91A�G
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c.124-127delTTCT
c.115delA
c.130G�T or c.113G

ROX Wild-type
c.216-217insT
c.216-217insA
c.315 � 2delT
c.315 � 5G�C

Cy5 Wild-type
c.-123A�T
c.-140C�T

*�Tm � Tm (wild-type) � Tm (mutant).
†
These mutations are judged to be the same type within pairs using the Melt
NA, not applicable.
within-operator results, between operators or within-hos-
pital results, and between-hospital results (Figure 2 and
Table 2). No Tm overlap was observed between wild-type
and mutant alleles in any of the detection channels: �Tm
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20.0°C (0.45°C) (ROR channel in tube 2). Tm overlap was
not observed between different alleles within the same
detection channel; the smallest �Tm difference (1.3°C
between c.216-217insT and c.216-217insA of ROX chan-
nel, tube 2) was above the resolution level of 0.6°C (de-
fined by 3 SD). Among the 24 mutant alleles included in
the MeltPro HBB assay, three pairs of alleles, c.-80T�C
and c.-81A�C, c.92 � 1G�T and c.92 � 5G�C, and
c.113G�A and c.130G�T, are designated as degener-
ate mutant alleles because they are not differentiable
within each pair, although all of them can be differenti-
ated from wild-type and other mutant alleles.

Limit of Detection

Sources of clinical samples include whole blood, sputum,
hair, and amniotic fluid, among others, and different sam-
ple types may yield various amounts of gDNA. It is, there-
fore, necessary to test the analytical sensitivity and con-
centration range of the assay. Using the 10-fold serially
diluted gDNA ranging from 100 ng to 10 pg in a 5 �L
reaction, the results demonstrated that the entire range
could be detected repeatedly in all three replicates in
both real-time PCR and melting curve analysis (Figure 3).
The limit of detection was 10 pg gDNA per reaction,
which is equivalent to roughly one diploid genome (6.7
pg gDNA) per reaction. The same analysis was also
performed using gDNA obtained from the four extraction
methods: chloroform-phenol method, QIAamp DNA
Blood Mini Kit (Qiagen NV), Lab-Aid 820 Automated
Blood DNA Extraction System (Xiamen Zeesan Biotech
Co., Inc.), and RelaxGene Blood DNA System (TianGen
Biotech Co., Ltd.). Identical limit of detection was ob-
tained regardless of the extraction method.

Double-Blind Analysis of 1022 Samples

The 1022 samples were precharacterized using RDB
analysis or bidirectional sequencing. Because RDB anal-
ysis detects 17 mutations, and 15 of these are detected
by the MeltPro HBB assay, the other 9 mutations not de-
tected using RDB analysis were determined using the se-
quencing method. Two mutations, c.2T�G and c.162delT,
detected using RDB analysis but not the MeltPro HBB as-
say, were used as negative controls for the HBB assay. Of
note, 45 �-thalassemia mutations have been reported in
southern China. Among these, 8 mutations account for
more than 95% of all HBB mutations in the Chinese popu-
lation. These 8 common mutations and 7 mutations with
medium prevalence are detected by both the MeltPro
HBB assay and RDB analysis. The remaining 30 muta-
tions, including the 2 detected using RDB analysis but
not the MeltPro HBB assay, 9 mutations detected by the
MeltPro assay but not RDB analysis, and 21 mutations not
detected by either of the two methods, are all rare, and
their omission does not pose a negative effect on the
utility of an assay. Inasmuch as the 2 rare mutations
detected using RDB analysis have not been detected in
recent years, they have been removed from the MeltPro
HBB assay, and 9 additional rare mutations recently de-

tected have been added. Although the current version of
the kit is designed to detect a limited number of muta-
tions, the method can detect all mutations in the amplicon
between the two primers.

Twenty-seven allele types were included in the valida-
tion study, including 24 mutant alleles (all detected using
the MeltPro HBB assay), 1 wild-type allele, and 2 mutant
alleles not detected using the MeltPro HBB assay. Except
for the 2 mutant alleles unique to RDB analysis, all alleles
were correctly detected using the MeltPro HBB assay.
The allele types and numbers detected in the 1022 sam-
ples using the MeltPro HBB assay are given in Table 3,
which demonstrates complete agreement between re-
sults of RDB analysis and DNA sequencing. The geno-
types and numbers are listed in Table S1 (available at
http://jmd.amjpathol.org). The double-blind assay demon-
strated that the MeltPro HBB assay yielded 100% sensi-
tivity and specificity for all included mutations. The con-
cordance rate between the MeltPro HBB assay and RDB
analysis or DNA sequencing was 99.4% because of the 2
mutations omitted from the MeltPro HBB assay.

Comparison of Assay Throughput

The MeltPro HBB assay is a one-step homogenous as-
say. Overall analysis time was 2 hours 40 minutes using
the four-color Rotor-Gene 3000 or 6000 real-time rotary
analyzer. Compared with RDB analysis and DNA se-
quencing, overall decreased time using the MeltPro HBB
assay was 38% and 57%, respectively (Figure 4). De-
creased operative time was even more significant when
considering that the MeltPro HBB assay is basically a
single-step procedure with negligible hands-on oper-
ation, whereas both RDB analysis and DNA sequenc-
ing require multiple steps after PCR. In our hands, the
overall MeltPro HBB assay time was further shortened
to less than 2 hours when the amplification procedure
was performed in a fast 96-well PCR thermal cycler
(Black KingKong EDC-810 Gene Amplifier, Eastwin,
Beijing, China) and the melting curve analysis was
performed using real-time PCR. Although operative
time was lengthened to 15 minutes because of the
additional tube transfer step, the overall throughput
was significantly increased.

Discussion

The MeltPro HBB assay was validated insofar as reproduc-
ibility, limit of detection, accuracy, and assay throughput.
Reproducibility was 100% in all aspects, and limit of detec-
tion was 10 pg per reaction, which is close to that of a
single-diploid genome per reaction. Overall accuracy was
99.4% for genotype and 99.7% for allele number, based on
the multicenter study with 1022 clinical samples from six
hospitals. Moreover, the assay has much higher throughput
and requires less operative time than either RDB analysis or
DNA sequencing. To our knowledge, the MeltPro HBB as-
say detects the largest number of mutations for �-thalasse-
mia in China.

Insofar as clinical practice, the homogeneity of the

MeltPro HBB assay provides advantages over heteroge-

http://jmd.amjpathol.org
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neous methods such as RDB analysis and denaturing
high-performance liquid chromatography. First, the Melt-
Pro HBB assay requires no complex post-PCR process-
ing, resulting in minimal risk of carryover contamination.

Figure 3. Analytical sensitivity analysis of the MeltPro HBB assay. Tenfold
reaction were analyzed using four detection channels (indicated by the label
amplification curves. Middle panels: Linear relationship between the num
Bottom panels: Corresponding melting curves. Water was used as the no-
In contrast, all heterogeneous methods involve heavy
manipulations of PCR products, entailing stringent mea-
sures in laboratory management and personnel training
to avert carryover contamination. Second, compared with
heterogeneous methods, the MeltPro HBB assay has

lutions of wild-type DNA template ranging from 100 ng to 10 pg in a 25-�L
rophores) in reaction tube 1 (A) and tube 2 (B). Top panels: Real-time PCR
reshold cycle values (Cq) and the logarithm of the mass of genomic DNA.
control (gray lines).
serial di
ing fluo
much higher throughput. The entire procedure involves a
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simple step of adding gDNA to two reaction tubes, and
mutation detection can be automatically accomplished
within 3 hours. When combined with use of a standard
thermal cycler, overall throughput can be further im-
proved, although an extra reaction tube transfer step is
needed. This improvement was reflected in that the over-
all experimental part of this validation study was accom-
plished within 1 week. It is conceivable that by using one
4-color 96-well real-time PCR instrument supported by a
sufficient number of standard thermal cyclers, more than
1000 samples can be analyzed within 1 workday. Such
high throughput could afford large-scale population
screening in a medium-sized genetic testing laboratory.

Table 3. Mutation Type and Number of Alleles Detected

Number Mutation type MeltP

1 c.124-127delTTCT
2 c.316-197C�T
3 c.52A�T
4 c.-78A�G
5 c.79G�A
6 c.216-217insA
7 c.130G�T or c.113G�A*

8 c.92 � 1G�T or c.92 � 5G�C*

9 c.-79A�G
10 c.84-85insC
11 c.315 � 5G�C
12 c.45-46insG
13 c.216-217insT
14 c.48-49insG
15 c.-140C�T
16 c.-123A�T
17 c.-82C�A
18 c.-81A�C or c.-80T�C*

19 c.91A�G
20 c.115delA
21 c.315 � 2delT
22 c.162delT†

23 c.2T�G†

24 Wild type
Total

*These mutations are judged to be the same type within pairs using t
†Mutation detected using RDB but not the MeltPro HBB assay.
NA, not applicable; ND, not done; NT, not tested; RDB, reverse dot b
Figure 4. Comparison of the MeltPro HBB assay, RDB analysis, and se-
quencing insofar as time used for HBB variant genotyping.
In contrast, using standard RDB analysis, regardless of
its intensive labor and long operative time, at least 10
workdays would be needed to process the same number
of samples. Third, the readout of the MeltPro HBB assay
is automatically generated, and the final report can be
exported to the laboratory information management sys-
tem via dedicated software. In contrast, many heteroge-
neous methods such as RDB analysis or denaturing high-
performance liquid chromatography require manual
reading, which may lead to ambiguous results and diffi-
cult information transfer. Fourth, the MeltPro HBB assay is
extremely cost-effective. Its list price is approximately $2
per sample, compared with about $5 per sample for RDB
analysis and about $10 per sample for DNA sequencing.
Although a multicolor real-time PCR instrument can be a
large investment, the overall operating expense is low
when considering its minimal consumables cost, small
labor cost, and short turnaround time. Thus, the data
demonstrate that the MeltPro HBB assay outperforms
existing heterogeneous methods and is suitable for rou-
tine confirmative diagnosis and for large-scale screening
for carriers of �-thalassemia.

The merit of melting curve analysis for mutation de-
tection has been well demonstrated by wide applica-
tion of LightCycler technology (Roche Diagnostics
Corp., Indianapolis, IN) in molecular diagnostics.16

Melting methods have also been developed for detec-
tion of HBB mutations using LightCycler technology
with dual hybridization probes; however, the limited
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185 ND ��

166 ND �0

127 ND ��

77 ND HbE
68 ND �0

23 3 �0

�0

25 ND �0

�� (severe)
21 ND ��

17 ND 0
NT 9 ��

8 ND �0

NT 2 �0

NT 2 �0

NT 1 ��

NT 1 ��

2 ND ��

2 1 ��

��

NT 1 �0

NT 1 �0

NT 1 �0

NT 3 Dominant
3 ND �0

959 ND NA
2019 25 NA

Pro HBB assay.

hod.
ro HB

336
185
166
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77
68
26

25

21
17

9
8
2
2
1
1
2
3

1
1
1

NT
NT
965

2044

he Melt
number of mutations detected by these methods hin-
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der their use in clinical diagnostics.17,18 Because one
probe can detect more than one allele in melting curve
analysis, these reports showed that more mutations
could be detected in one reaction than with real-time
PCR. This advantage is also reflected in the MeltPro
HBB assay because 24 mutations can be detected in
two reactions. To our knowledge, this is the largest
number of mutations detectable in one assay based on
melting curve analysis. The MeltPro HBB assay uses
self-quenched probes for melting curve analysis. Un-
like the dual-hybridization probes, which are best used
with the LightCycler system for multicolor detection,
the MeltPro HBB assay can be used in any real-time
PCR instrument equipped with four detection channels.
This enhanced cross-platform compatibility is an addi-
tional benefit of the MeltPro HBB assay in clinical set-
tings equipped with different models of real-time PCR
instruments.

Many simple methods for genotyping HBB mutations
have been developed including restriction fragment-
length polymorphism analysis,19 the amplification re-
fractory mutation system,20 single-strand conformation
polymorphism analysis,21 denaturing gradient gel elec-
trophoresis,22,23 and direct DNA sequencing.24 Although
these research-orientated methods can detect HBB mu-
tations on different levels, they cannot be readily adopted
for routine use, primarily because of low throughput. Re-
cent advances in genotyping technology have enabled
high throughput screening of multiple mutations in a large
number of samples. For example, allele-specific arrayed
primer extension has been designed for simultaneous
detection of 15 nondeletion �-globin gene defects and 23
�-globin gene mutations commonly observed in coun-
tries in southeast Asia.25 Multiplex minisequencing has
also been developed in combination with subsequent
detection using a variety of platforms including capil-
lary electrophoresis,26 denaturing high-performance
liquid chromatography,27,28 and matrix-assisted laser
desorption/ionization time-of-flight mass spectrome-
try.29,30 However, these high-end techniques are best
suited for use in a well-equipped central laboratory
because of their expense and the high level of exper-
tise required.

The high prevalence and severity of �-thalassemia ne-
cessitate an effective diagnostic and prevention pro-
gram. Although phenotype determination is widely used
in population screening, genetic testing is often consid-
ered a confirmative diagnostic tool. Therefore, genetic
testing is often used for rapid mutation screening in car-
riers of reproductive age and in confirmatory diagnostic
testing of prenatal samples. However, the technical com-
plexity inherent in genetic testing often hinders its wide-
spread application, especially in developing countries.
Because of its accuracy, robustness, ease of use, low
cost, and high throughput, the MeltPro HBB assay can be
recommended as an alternative test to screen for �-thala-
ssemia carriers, and can be used routinely in laboratories
with access to real-time PCR. In addition, use of the
MeltPro HBB assay may be extended to detection of

mutations in ethnic populations other than Chinese.
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