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Abstract
Purpose To evaluate the use of multiple displacement
amplification (MDA) for preimplantation genetic diagnosis
(PGD) of α- and β-double thalassemia.
Method Whole genome of a single cell was directly
amplified using MDA and its products were used as
templates in fluorescent gap polymerase chain reaction
(PCR) analysis of α-thalassemia and in PCR-reverse dot
blot analysis ,singleplex fluorescent PCR of β-28 and
CD17 mutation and HumTH01 for β-thalassemia.
Results 1) MDA from single cell could produce enough
DNA templates for the detection of both α and β-
thalassemia; 2) The established MDA-PGD protocol for
α- and β-double thalassemia was successfully applied in
PGD of six embryos, among which, three were transferred,
but no pregnancy ensued.
Conclusions The use of MDA as a universal step allows for
the simultaneous diagnosis of two or more hereditary defects.
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Introduction

The thalassemia is a group of hereditary anaemias charac-
terized by the reduced or absent production of one of the
globin chains of hemoglobin (Hb) affecting 4.8% of the
world population [1]. It is prevalent in the Mediterranean
region and Southeast Asia. In Southeast China, α-
thalassemia and β-thalassemia constitute the majority of
monogenetic disorders, with the average carrier rates being
as high as 10.3% and 8.53% for the two diseases, respectively
[2, 3].

The Hb molecule is a tetramer. In human infants, the HB
molecule is mainly comprised of two α globins and two γ
globins. In normal adults, 95% of the circulating Hb
consists of two α globins and two β globins, each
containing a haem group responsible for delivering oxygen
to tissues. Thus, the most common forms of thalassemia are
α-thalassemia and β-thalassemia.

The α-globin gene cluster is located on chromosome
16p13.3 and comprised of embryonic γ-globin gene and
two α-globin genes α2 and α1 in tandem (in cis) [4].
Homozygotes with α-thalassemia suffer from Hb Bart’s
hydrops fetalis syndrome and die either in utero in late
gestation or within a few minutes after birth [5]. Southeast
Asia deletion (–SEA) is the most common homozygous
mutation with an incidence rate ranging from 72.87% to
82.87% [6, 7].

β-thalassemias are a group of hereditary blood disorders
characterized by reduced (β+) or absent (β0) β-globin
chain synthesis, resulting in reduced Hb in red blood cells
(RBC), decreased RBC production and anemia. They are
caused by point mutations or, more rarely, deletions in the
β-globin gene cluster on chromosome 11.

Infants with thalassemia major are usually diagnosed
before two years old and require regular RBC transfusions
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to survive. For this reason, prenatal diagnosis has been
advocated by the Chinese government for many years.
Preimplantation genetic diagnosis (PGD) is considered as
an alternative to prenatal diagnosis. PGD has been
successfully applied for the detection of α-thalassemia [8–
12] or β-thalassemia [10, 13–16]. Our center has also
established protocols for PGD of carriers with α-
thalassemia or β-thalassemia [10, 11, 15]. However, to the
best of our knowledge, the application of PGD for the
simultaneous diagnosis of both α- and β-thalassemia has
not been reported.

Whole-genome amplification by isothermal multiple dis-
placement amplification (MDA) provides a satisfactory solu-
tion to this problem. MDA is based on the use of φ29 DNA
polymerase and random primers, which can generate large
amounts of templates and offer the most complete coverage
and unbiased amplification [17, 18]. To date, it has been used
in PGD of many genetic diseases since 2006 [19–24].

Here, we report a novel, MDA-based PGD for both α-
and β-dual thalassemia, using fluorescent gap PCR for α-
thalassemia as well as PCR-RBD, fluorescent PCR, and
linkage analysis with HumTH01 for β-thalassemia.

Materials and methods

Patients

A couple aged at 41 (female) and 45 (male) were carriers of
Southeast Asia deletion (–SEA) genotype (deletion of two α-
globin genes in cis). In addition, the male was a
heterozygote of β-thalassemia −28. The female was a
heterozygote of β-thalassemia codon 17. This couple had
experienced twice selective terminations due to pregnancies
with Hb Bart’s hydrops fetalis. They had one daughter
identified as a carrier of the –SEA mutation and β-
thalassemia −28 mutation.

Written consent was obtained from the family. The study
was approved by the Ethnical Board of Sun Yat-sen
University.

Pedigree analysis

Genomic DNA was extracted from each member of the
family using the phenol-chloroform procedure. The link-
ages between the β-globin gene mutations and the alleles of
HumTH01 were determined by analyzing the alleles of the
HumTH01 of both the parents and their daughter.

Isolation of Single Lymphocytes

Lymphocytes were isolated from EDTA-anticoagulated
venous bloods using the lymphocyte segregatory fluid

method as previously described [25]. Each single cell was
transferred into a sterile PCR tube containing 3.5 μL PBS
and used for MDA immediately. The final wash buffers for
each single lymphocyte were collected and used as the
negative control of the cell sorting procedure.

Cell lysates and MDA protocol

Cell lysing and MDA were performed using Repli-g kit
(Qiagen, Germany). Samples and blanks were mixed with
additional 3.5 μL of freshly prepared lysis buffer and
incubated for 10 min at 65°C followed by addition of
3.5 μL of stop buffer. The obtained solution (10 μL) was
used directly for whole-genome amplification by adding
40 μL of reaction master mix provided in the kit followed
by incubation at 30°C for 8 h and consequent heat
inactivation at 65°C for 3 min. The amplified DNA was
subjected to PCR immediately or stored at −20°C.

Fluorescent gap PCR analysis of α-thalassemia SEA

Three α-thalassemia SEA primers were used in fluorescent
gap PCR analysis. The S1 and S3 primers flank the SEA
deletion, whereas the S2 primer anneals within the deleted
area [26]. The primer sequences and products sizes were
listed in Table 1. PCR was performed in a 50 μL reaction
system containing 5 μL of 1/100 diluted MDA products or
genomic DNA, 4.5 μL of 10xPCR neutralizing buffer,
1.5 μL of 25 mmol/L MgCl2, 1 μL of 10 mmol/L dNTP
each, 200 mM of primers S1, S2 and S3 each, and 1.5 units
of AmpliTap DNA polymerase (ABI) using a Perkin Elmer
Cetus 9700 PCR machine. The thermal cycling condition
was an initial denaturation at 96°C for 3 min followed by
35 cycles of denaturation at 96°C for 45 s, annealing at 60°C
for 1 min and elongation at 72°C for 1 min, and a final
elongation at 72°C for 7 min. PCR products were then
analyzed on an ABI 3100 Advant genetic analyzer (Fig. 1).

β-thalassemia analysis

β-thalassemia was detected using three protocols: PCR-
reverse dot blot (RDB) hybridization, singleplex fluorescent
PCR for −28 and CD17 mutation, and linkage analysis with
HumTH01.

Based on an established protocol [27], we used primers
A and B,C and D to detect 16 β-thalassemia mutations
(CD41-42, IVS-2nt 654, CD17, −28, CD71/72, −29,βE,
CD43, −32, −30, Int , CD14/15, CD27/28, CD1/1,CD1/5,
and CD31) under the following conditions: an initial
denaturation at 95°C for 5 min followed by 35 cycles of
95°C for 30 s, 55°C for 1 min and 72°C for 1 min, and a
final extension at 72°C for 7 min. Each 25 μL of reaction
contained 2.5 μLof 10xPCR buffer, 3 μL of 1/100 diluted
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MDA products or genomic DNA, 0.2 μM of each primer
set, 200 μM dNTPS, 1.5 mM MgCl2 and 1 unit of
AmpliTaq DNA polymerase (Perkin Elmer, USA). The
PCR products were subsequently hybridized with oligonu-
cleotides that were amino-modified at 5′ terminal base and
specific for the 17 β-thalassemia mutations in the Chinese
population. The sequences of primers and the lengths of
their products are listed in Table 1. Immobilization of the
oligonucleotide probes and their hybridization with ampli-
fied PCR products were performed as previously described
[28] (Fig. 2).

For singleplex fluorescent PCR analysis,β-thalassemia −28
and CD17 mutations were detected using MDA products as
templates and specific primers designed based on amplification
refractory mutation systems (ARMS) [29]. Each MDA
product was amplified using both normal primer pairs and
mutant primer pairs. The primer sequences used and the
lengths of their products are listed in Table 1. HumTH01 is a
highly polymorphic short tandem repeat (STR) markers
closely linked to the β-globin gene. Its sequence was
modified as previously reported and listed in Table 1 [30].
All PCR were performed following the same reaction system
and PCR conditions described above for PCR-RDB analysis.
All singleplex fluorescent PCR products were analyzed on an
ABI 3100 Advant genetic analyzer (Fig. 1).

Preimplantation genetic diagnosis

Ovarian stimulation, oocyte retrieval, and intracytoplasmic
sperm injection (ICSI) procedures were performed as
previously described [11]. Embryo biopsy was carried out
on the morning of Day 3 after oocyte retrieval. One
blastomere was collected by aspiration from each embryo.
Cell lysis, MDA amplification, and PCR analysis were
performed as described for single lymphocytes.

Reanalysis of non-transferred embryos

Three embryos that were biopsied but not transferred
(embryos 1, 2, and 4) were donated for research with the
written consent of the couple and re-analyzed as aforemen-
tioned for blastomeres. Their genetic diagnoses were
compared with those of the previous blastomere analyses.

Results

Pedigree analysis

Since the daughter was heterozygous for both the –SEA

mutation and β-thalassemia −28, pedigree analysis was
performed using the linkage analysis method. The results
showed that she inherited her father’s abnormal β-28
chromosome and her mother’s normal β-CD17 chromo-
some. The HumTH01 loci were (119 bp,115 bp),
(119 bp,127 bp), and ( 115 bp,127 bp)for her, her father
and her mother, respectively. Therefore, the Hum TH01
linked to abnormal β-28 and CD17 was (119 bp,127 bp),
and the normal one was (127 bp,115 bp).

Amplification efficiency with MDA

Ten lymphocytes from each family member and the normal
control were successfully amplified by the MDA method.

PCR efficiency and allele drop-out (ADO)

ADO was defined as failed amplification for one of the two
alleles at a heterozygous locus. The amplicons of MDA
products from single lymphocyte of all family members
were compared with those from DNAs extracted from their

Primers Primer sequence 5′- 3′ Product size (bp)

S1 GTGTTCTCAGTATTGGAGGGAA

S2 FAM-GACACGCTTCCAATACGCTTA Normal:S1 + S2:282

S3 HEX-CTACTGCAGCCTTGAACTCC Abnormal:S1 + S3:178

A GGCCAATCTACTCCCAGGAG

B ACATCAAGGGTCCCATAGAC A + B:597

C ATAACAGTGAATTTCTGG

D AAAGCGAACTTAGTGATAC C + D:362

HumTH01-F FAM-AGGGTATCTGGGCTCTGG

HumTH01-R CTTCCGAGTGCAGGTCAC 115–130

17 M-F GCCGTTACTGCCCTGTGGGGCT 17 M-F + R: 170

17 N-F GCCGTTACTGCCCTGTGGGGCA 17 N-F + R: 170

R FAM-ACCAATAGGCAGAGAGAGTC

−28 M-F GAGCCAGGGCTGGGCATAG −28 M + R: 297

−28 N-F GAGCCAGGGCTGGGCATAA −28 N + R: 297

Table 1 Primer sequences and
produc sizes for detecting
α- and β-thalassaemia
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corresponding peripheral blood. Among the total of 160
PCR, the PCR efficiency and ADO rate for α-thalassemia
were 95% (38/40) and 10.7% (3/28), respectively. Two
ADO occurred at mutation loci, and one at a normal locus.

The PCR efficiency and ADO for β-thalassemia using
both PCR-RBD and fluorescent PCR methods were the
same, both being 100% (40/40) and 23.3% (7/30) respec-
tively. ADO occurred with 3 at normal −28 locus, 3 at
normal CD17 locus, and 1 at mutant −28 locus. For the
marker HumTH01, the PCR efficiency and ADO rate were
97.5% (39/40) and 10.0% (4/40), respectively.

Clinical Preimplantation Genetic Diagnosis

Following controlled ovarian stimulation, 8 oocytes were
retrieved. Among them, 7 were metaphase II oocytes. All
injected oocytes were fertilized. On day 3 of the culture, 6
of the seven embryos had developed normally and were
biopsied. MDA was successful in all six blastomeres.

For the detection of α-thalassemia, the PCR efficiency
was 83.3% (5/6). No ADO rate was found compared
with the results from the reanalysis of non-transferred
embryos.

Fig. 1 Detection of the α-thalassemia SEA deletion, β-thalassemia
CD17 and −28 mutations and HumTH01 by 3100 Genetic analyzer
fluorescent PCR analysis. a Detection of α-thalassemia SEA deletion.
The top, middle and lower lanes indicate the affected, heterozygous
and normal samples, respectively. b Detection of β-thalassemia CD17
(left:170 bp) and β-28(right:297 bp) mutations. c Detection of the

HumTH01 locus.The first and second were of the father and mother
(β-28 heterozygote and CD17 heterozygote, respectively). The third
panel shows the results of the daughter (β-28 heterozygote), showing
the abnormal β-28 allele from her father and normal CD17 allele from
her mother. The final one was of embryo 2(β-17 heterozygote)
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For detecting β-thalassemia, the PCR efficiency was
100% for all three different methods. The ADO rates for
both PCR-RDB and fluorescent PCR were 66.7% (4/6). All
ADO occurred at normal loci of heterozygotes rather than
the mutated loci. For the HumTh01 loci, the PCR efficiency
and ADO rate were 100% (6/6) and 25.5% (1/4),
respectively. Taken the results of the three analyses together,
the diagnostic rate for β–thalassemia was 100%.

Reanalysis of nontransferred embryos (E1, E4 and E5)
showed that E1 was a carrier of α-thalassemia. The other
results were in consistent with those of single blastomere
analyses (results of genetic diagnosis were shown in Table 2).

Three embryos with normal genotype of α- and β-
thalassemia were transferred on day 5 after ovulation.
Unfortunately, no pregnancy was achieved.

Discussion

PGD for α-thalassemia or β-thalassemia has been widely
applied in many IVF centers all over the world. However,
using PGD for simultaneous detection of both α-
thalassemia and β-thalassemia has not been reported. Our
previous study has demonstrated as a whole-genome
amplification method with extensive coverage and low

offset, MDA can be used to amplify large amounts of DNA
templates from single cells and therefore helps achieve
simultaneous PCR detection of the gene status of two or
more hereditary diseases.

In this study, we evaluated the use of MDA in the PGD
for both α- and β- thalassemia. MDA efficiency was
assessed using single lymphocytes. The PCR amplification
efficiency and ADO rate for the detection of α-thalassemia
were 95% (38/40) and 10.7% (3/28), respectively. For
heterozygous embryos, ADO for the normal allele may lead
to misdiagnosis as the homozygous mutant embryo;
conversely, ADO of the mutant allele may cause misdiag-
nosis as the normal homozygote embryo. The presence of
the normal allele in the transferred embryos should offset
any adverse consequence due to ADO in the mutant allele
in α- thalassemia. In clinical PGD, the efficiency of
detecting α-thalassemia in single blastomeres was 83.3%
(5/6), indicating that single cell MDA was able to cover
most of the whole genome [25].

For β-thalassemia, we adopted three different methods to
minimize diagnostic error. PCR-RDB and fluorescent PCR
methods were used to detect mutations, while HumTh01
was used indirectly to do gene linkage analysis. PCR-RDB
can simultaneously detect 17 different mutations of β-
thalassemia [10], but its outcome is interpreted subjectively

Fig. 1 (continued)
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and associated with the time of chromogenic reaction.
Inadequate or excessive chromogenic reaction may result in
misdiagnosis. On the contrary, fluorescent PCR is highly
specific and can be interpreted more objectively based on
the height of signal value [29]. However, this method
largely depends on specific primers designed for each type
of mutation, which limits its application.

Our study revealed that both PCR-RDB and fluorescent
PCR after MDA share the same amplification efficiencies and
ADO rates. Moreover, the same ADO sites were found in both
methods, indicating that ADO may be due to MDA process.
Furthermore, the majority ADO sites (85.7%, 6/7) appeared in
the normal loci corresponding to the mutant ones. It seems that
normal loci are more prone to ADO than the mutant ones in

•-28 heterozygote father

CD17 heterozygote mother

Normal Embryo 1

CD17 heterozygote and ADO of the normal allele of CD17 Embryo 2

Fig. 2 Detection of
β-thalassemia mutation by
PCR-RDB. Each strip stands for
hybridization from a sample.
The normal and mutation probes
for each mutation are indicated
by the blue dots, on the first and
second rows of each strip and
of the same order for all the
strips. The site of each mutation
in the β-globin gene is
indicated next to the dots

Table 2 Clinical preimplantation genetic diagnosis results

Embryos α-thalassemia β-thalassemia Outcomes

Amplified signal (bp) Diagnosis PCR-RDB and fluorescent PCR HumTH01 Diagnosis

β-17 (mut/nor) β-28 (mut/nor) Pat (bp) Mat (bp)

E1 178 Affected NS X NS X 127 115 Normal NTE

E2 282 Normal X ADO NS X 127 127 β-17 carrier ET

E3 178/282 Carrier NS X X ADO 119 127 β-28 carrier ET

E4 178/282 Carrier X X NS X 127 127 β-17 carrier NTE

E5 Amplification failure NS X NS X 127 115 Normal NTE

E6 282 Normal NS X X ADO 119 ADO β-28 carrier ET

ADO allele drop out; NS no signal; X visible signal; mut mutant dot;nor normal dot; pat paternal allele; mat maternal allele; ET embryo transfer;
NTE nontransferred embryos.
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MDA. In this case, diagnostic deficiencies will lead to a
reduced number of embryos available for transfer. In the
reanalysis using non-transferred embryos, we did not find any
new ADO sites. Further investigation is needed to unravel the
causes of this phenomenon.

It is important to note that the co-amplification of the
polymorphic marker HumTh01 gene could help confirm the
genetic analysis by RDB and fluorescent PCR. The analysis
of HumTh01, which is located in the 5′ flanking region to
the β-globin gene, can provide back-up diagnostic infor-
mation for an informative family since the probability of
ADO affecting both the mutant allele and the linked
polymorphic marker in the same reaction is extremely low
[30]. However, the genetic recombination between β-
thalassemia and HumTh01 may occur due to the relative
distance between the two genes. Therefore, this method
only serves as a supplementary diagnostic method. In
clinical PGD, the result of HumTH01 were all in consistent
with those from direct genetic analyses. A combination of
these three methods can improve the diagnostic accuracy of
β-thalassemia and thus, greatly reduce the possibility
choosing ADO-caused abnormal embryos for the implan-
tation into the uterine.

Previous studies showed that the diagnostic efficiency of
fluorescent PCR analysis of single blastomere for α-
thalassemia was 76.1% (35/46) [8], 89.3–91.7% [9],
89.5% (34/38) [10], 75% (354/372) [11] and 87.3% (110/
126),respectively.[12].In addition, the ADO rate was 81.6–
91.7% [9], 5.9% (2/34) [10], 16.4% (8/49) [11] and 10.2%
(9/88) [12], respectively. The diagnostic efficiency of
traditional PGD methods for β-thalassemia was 93.9%
(46/49) [10], 61% (22/36) [13], 93% [14], 89.5% (34/38)
[15] and 96% (282/294) [16] ,respectively. The current
findings revealed that the diagnostic efficiency of tradition-
al PGD methods is comparable to that after MDA. Since
only one cycle of PGD is used in the present study, further
studies are needed to compare the diagnostic efficiencies of
various methods.

Overall, our study demonstrates that MDA as a universal
step to obtain large amounts of DNA templates from single
cells is essential for the simultaneous genetic diagnosis of
different hereditary diseases.
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