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Abstract
Purpose  The purpose is to develop a preimplantation genetic testing (PGT) method for α-thalassemia in one reaction, without 
requiring a proband, using targeted long-range polymerase chain reaction (LR-PCR) followed by long-read sequencing (LRS).
Methods  We developed a targeted LRS-based PGT method for α-thalassemia (tlrPGT-α-thal). This novel approach detects 
both HBA-associated variants and informative linked fragments in peripheral regions by targeted LR-PCR in one reaction.
Results  A total of 115 samples, including 10 couples and 95 embryos, were subjected to this method. Available heterozy-
gous SNPs were used to distinguish four parental haplotypes. Haplotype linkage analysis was successfully performed in all 
families, and the results of embryos were all consistent with control results obtained through conventional methods (next-
generation sequencing, Sanger sequencing and gap-PCR). This confirmed that tlrPGT-α-thal achieved 100% sensitivity and 
accuracy.
Conclusion  This study has demonstrated the accuracy and clinical utility of tlrPGT-α-thal. This method holds significant 
promise for clinical application for patients requiring PGT for α-thalassemia. Furthermore, the methodology could potentially 
be extended to PGT for monogenic disorders (PGT-M) in other diseases.

Keywords  Targeted long-range PCR · Targeted long-read sequencing · Haplotype linkage analysis · Informative linked 
fragment · Preimplantation genetic testing for α-thalassemia

Introduction

Alpha-thalassemia (α-thalassemia), caused by the defect of 
α-globin chain synthesis, is one of the most common blood 
disorders worldwide [1, 2]. There is a series of α-globin 
genes located on chromosome 16. The most important 
genes among them are HBA1 and HBA2, due to their abil-
ity to encode globin in both embryo and adult. Phenotypes 
of α-thalassemia range from asymptomatic to severe (even 

lethal) anemia, and the severity is determined by the number 
of mutated genes inherited from the parents. According to 
the literature and public databases, the variants of HBA are 
predominantly structural variants (SVs), mainly large dele-
tions, and single-nucleotide variants (SNVs). The most com-
mon SVs include the 19.3-kb –SEA deletion, as well as the 
smaller 3.7-kb (-α3.7) and 4.2-kb (-α4.2) deletions [3, 4]. The 
accumulation of the mutant alleles from parents to children 
can lead to hemoglobin H (Hb H) disease and hemoglobin 
Bart hydrops fetalis (Hb Bart) syndrome (a lethal hemolytic 
condition with no expression of HBA genes) [4].

Thalassemia is a congenital hereditary condition with 
long-lasting health impact. Currently, there is no radical 
treatment for α-thalassemia; thus, patients have to suffer 
from the long treatment courses and face the risk of lethal 
hemolytic anemia, which leads to serious economic and 
social burdens for families [5]. Therefore, couples who are 
α-thalassemia carriers and at risk of conceiving pregnan-
cies affected by Hb Bart’s and Hb H disease may benefit 
from preimplantation genetic testing for monogenic diseases 
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(PGT-M) [6]. With PGT-M, embryos with lower genetic 
risks can be selectively transferred, thereby completely pre-
venting or significantly reducing the transmission or accu-
mulation of the mutant alleles from parents to offspring.

Due to the limited genetic material available from 
embryos, which typically consisting of 1–2 polar body cells 
or 5–10 trophectoderm (TE) cells, whole genome amplifica-
tion (WGA) is commonly employed to amplify the genetic 
material for genetic analysis [7]. At present, there are several 
WGA methods available [8, 9], including multiple displace-
ment amplification (MDA), multiple annealing, looping-
based amplification cycles, and degenerate oligonucleotide-
primed polymerase chain reaction. However, allele drop-out 
(ADO), false SNVs and indels, copy number variant, and 
SVs are prone to occur during the DNA amplification pro-
cess by all the amplification kits available [9], which causes 
some allelic genes to be undetectable. Normal ADO would 
lead to a false-positive homozygous allelic result, while 
mutant ADO would lead to a false-negative result.

In order to improve the accuracy of diagnosis, simulta-
neous haplotype linkage analysis has become a standard 
method for PGT-M [10, 11]. Due to the abundance of sin-
gle-nucleotide polymorphisms (SNPs) in human genome, 
SNP-based haplotype analysis is more widely applied than 
the short tandem repeat (STR)-based haplotyping for genetic 
testing [7, 12]. The SNP array can only design probes based 
on known SNPs [13], potentially missing some unknown 
SNPs that could be used for haplotype analysis. Next-gen-
eration sequencing (NGS) is able to detect more SNPs for 
haplotype linkage analysis and has made great progress in 
the field of PGT [14], including PGT-M for α-thalassemia 
[15]. Due to the limitation of its sequencing principle, NGS 
can only produce short reads (approximately 300 bp in 
length) [16]. However, there is about one SNP per 1000 bp 
in human genome [17]. Therefore, NGS typically yields 
fewer than one SNP per DNA fragment on average, making 
it difficult to identify continuous SNPs. Moreover, only a 
limited number of SNPs are suitable for haplotype analysis. 
Consequently, NGS and SNP array normally need a large 
number of informative SNPs for linkage analysis, which 
is a challenge for some specific genomic regions, such as 
HBA located in the proximal telomere of chr16. Thus, com-
bination of several methods might be needed for PGT-M 
for α-thalassemia in clinical applications [18]. However, all 
these methods require the existence of a proband or sibling 
for SNP linkage analysis. The proband’s genetic material 
serves as the template for constructing the disease-associated 
haplotype. However, the proband or the genetic material of 
the proband might be unavailable in some families. Recently, 
there have been several attempts to perform haplotype analy-
sis using the affected embryos as probands [15], which relies 
on the SNP diversity of embryos and may yield unreliable 
genetic results for some families. Therefore, the application 

of NGS and SNP array to PGT-M has technical limitations 
for certain clinical cases.

Long-read sequencing (LRS) can generate continuous 
contigs or even scaffolds, enabling genome assemblies of 
high quality [19]. Some current dilemmas of PGT-M based 
on NGS and SNP array are expected to be solved by per-
forming LRS. Preliminary results have been achieved on 
PGT by LRS without requiring a proband [20–22], which 
implies the possibility of LRS technology for PGT applica-
tions. However, the haplotype construction using LRS-based 
whole-genome sequencing (WGS) with parental genomic 
DNA [20] remains high-cost. And the informative linked 
parental SNPs were detected in embryos by Sanger sequenc-
ing or NGS [20, 22], which suggests that a combination of 
multiple methods is required. Moreover, obtaining results 
by more than one reaction [21] is still inefficient. Here, we 
constructed a thalassemia genetic testing approach termed 
comprehensive analysis of thalassemia alleles (CATSA) 
based on LRS [23–25].

In this study, we established a targeted LRS-based PGT 
method for α-thalassemia (tlrPGT-α-thal) (Fig. 1). This 
method analyzed both HBA-associated variants directly and 
informative linked fragments in peripheral regions by tar-
geted long-range PCR in one reaction, integrating haplotype 
construction, linkage analysis, and embryo genotype deter-
mination without requiring a proband.

Method

Study subjects

A total of 115 samples from 10 couples who underwent rou-
tine PGT-M for α-thalassemia at Nanning Second People’s 
Hospital from 2021 to 2023, along with their correspond-
ing embryos were enrolled in this retrospective study. These 
10 couples carried diverse SVs and SNVs including –SEA 
deletion, -α3.7 deletions, -α4.2 deletions, and αcsα (Table S1). 
Genomic DNA was extracted from their peripheral blood 
with the QIAamp DNA blood mini kit (Qiagen, Hilden, 
Germany). For embryos, MDA was performed with several 
trophectoderm cells with the REPLI-g® Single Cell Kit 
(Qiagen, Hilden, Germany).

Control method

The genotypes of all these couples and their corresponding 
embryos have been identified by control methods (Fig. 2). 
Briefly, genomic DNA from the parents and their relatives was 
used to confirm variant mutation by Sanger sequencing and 
Gap-PCR, and haplotypes were constructed by NGS. Then, 
MDA products of embryos were screened for aneuploidy 
through NGS using the MGISEQ-2000 platform (MGI Tech 
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Co. Ltd., Shenzhen, China) at approximately × 0.1 genome 
depth. Next, linkage analysis was conducted on MDA products 
of embryos by NGS, and mutation was validated by Sanger 
sequencing and Gap-PCR. Finally, the genotype of embryo 
was determined.

Design of the LRS‑based PGT for α‑thalassemia 
(tlrPGT‑α‑thal)

We aimed to establish a PGT-M method for α-thalassemia, 
which consists of haplotype construction, linkage analysis, 

Fig. 1   Targeted long-read sequencing preimplantation genetic testing 
for α-thalassemia (tlrPGT-α-thal). A Design of multiplex long-range 
primers for this study. The first set of primers marked black arrows 
was used to detect SVs and SNVs involved in the HBA gene directly, 
which were modified from previous multiplex long PCR analysis 
[23]. The second set of primers marked blue arrows was designed 
to amplify the peripheral region of the HBA gene. The amplicons 
(blue boxes) named L1, L2, L3, and L4 are approximately 8.5  kb, 
6.2 kb, 8.0 kb, and 7.5 kb, which were designed to construct haplo-
types. B Samples for tlrPGT-α-thal, including genomic DNA from 
parental peripheral blood and MDA (multiple displacement ampli-
fication) products of embryos. C Multiplex LR-PCR, multiplex 
long-range PCR. D Agarose gel electrophoresis showing the ampli-
cons of one family. M, marker. I-1 and I-2 represent the couples in 

this family. E-1, E-2, E-3, E-4, E-5, E-6, E-7, E-8, and E-9 represent 
their embryos. E The single-molecule real-time (SMRT) dumb-
bell (SMRTbell) library construction: the amplicons were ligated to 
barcoded adaptors. F Use PacBio Sequel® II systems to sequence. 
SMRT® Cells contain millions of zero-mode waveguides (ZMWs). 
A single molecule of DNA is immobilized in each ZMW. SMRTbell 
templates enable repeated sequencing of circular template with real-
time detection of base incorporation. G The subreads sequencing 
data are aligned, sequencing errors are removed, and a final consen-
sus sequence for each long read is generated. CCS, circular consen-
sus sequencing. H Customized bioinformatics pipeline for haplotype 
linkage and HBA variants analysis. I IGV plots showing the results of 
haplotype linkage and genotype analysis by tlrPGT-α-thal. IGV, Inte-
grative Genomics Viewer
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and genotype determination of the embryo without requiring 
a proband. Two sets of primers were designed in order to 
avoid the influence of ADO (Fig. 1A). The first set of prim-
ers was used to detect SVs and SNVs involved in HBA genes, 
named, HBA-F, HBA-R, S-F, STF-R, and TF-F, which was 
modified from our previous approach (CATSA) [23] to adapt 
for PGT-M applications. The second set consisted of four 
pairs of primers (L1-F and L1-R; L2-F and L2-R; L3-F 
and L3-R; L4-F and L4-R) targeting regions within 1 Mb 
upstream and downstream of the HBA core region to analyze 
the haplotypes of the peripheral region.

The selection of the second primer set was based on 
population allele frequencies of SNPs and their amplifica-
tion efficiency. First, the population allele frequencies of all 
SNPs located within the 1 Mb region of the upstream and 
downstream of HBA gene were listed according to gnomAD 

(https://​gnomad.​broad​insti​tute.​org/). Secondly, SNVs with 
appropriate population allele frequency (40–60%) were 
considered to be optimal. Thirdly, 6–10 kb genomic areas 
with maximum number of SNPs were selected as amplicon 
regions. Fourthly, primers were designed to avoid regions 
containing heterozygous SNPs to avoid allele-specific ampli-
fication failure caused by primer-template mismatches. 
Fifthly, the selected genomic regions were prioritized, and 
the primers compatible with the entire system were subse-
quently chosen through the amplification validation. Finally, 
the four optimal regions were selected based on both assay 
performance and cost-effectiveness.

By analyzing the haplotypes of parents and embryos in 
the five regions above, the haplotype linkage between the 
HBA and the peripheral regions was established to determine 
the genotypes of all embryos.

Fig. 2   Flowchart and comparison between tlrPGT-α-thal and control methods. PGT, preimplantation genetic testing. gDNA, genomic DNA. 
MDA, multiple displacement amplification. NGS, next-generation sequencing

https://gnomad.broadinstitute.org/
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Long‑range PCR and PacBio sequencing

A minimum of 10 ng of genomic DNA and 100 ng of MDA 
products (Fig. 1B) were co-amplified in a single multiplex 
long-range PCR (LR-PCR) reaction using both primer sets 
(mentioned above), following a two-step amplification 
method (Fig. 1C). Multiplex LR-PCRs were performed in 
50-μL reactions containing 10 to 100 ng of genomic DNA 
or MDA products, 1 × PCR KOD FX Neo buffer, 0.4 mM of 
each dNTP, 1 μM of primer mixture, and 1 μL of KOD FX 
Neo (Toyobo, Osaka, Japan). PCR program for optimal frag-
ment amplification was 94 °C for 2 min (1 cycle), 98 °C for 
10 s, and 68 °C for 14 min (30 cycles) and 68 °C for 10 min 
(1 cycle) (Fig. 1D).

The single-molecule real-time (SMRT) dumbbell 
(SMRTbell) libraries were prepared and sequenced as pre-
viously described [23] (Fig. 1E,F). Briefly, the targeted 
amplicons (about 200 ng per sample) were subjected to a 
one-step end-repair, phosphorylation and ligation to ligate 
barcoded adaptors using T4 DNA polymerase, T4 polynu-
cleotide kinase, and T4 DNA ligase. The fragments failed to 
ligation were digested by exonucleases to reserve only the 
dumbbell-shaped fragments. The individual pre-libraries of 
each sample were purified by PB beads (Pacific Biosciences, 
Menlo Park, CA, USA) and pooled together by equal mass. 
The mixed library was combined with sequencing primer 
and Sequel® II Polymerase 2.0 (Pacific Biosciences, Menlo 
Park, CA, USA) to obtain a sequencing library. The pol-
ymerase-bound SMRTbell complexes were sequenced on 
the Sequel® II LRS system under the circular consensus-
sequencing (CCS) mode for 30 h.

PacBio date analysis and the haplotype linkage 
analysis

CCS reads were split by barcoded adaptors for different 
samples and aligned to reference genome hg38with pbmm2 
(https://​github.​com/​Pacif​icBio​scien​ces/​pbmm2) (Fig. 1G). 
The quality control criterion required a minimum sequencing 
depth of > 100 × for aligned reads. FreeBayes1.3.4 (https://​
www.​genei​ous.​com/​plugi​ns/​freeb​ayes; Biomatters, Inc., San 
Diego, CA, USA) was used to call SNVs and indels. SVs of 
HBA were called based on HbVar databases (https://​globin.​
bx.​psu.​edu/​hbvar/​menu.​html), Ithanet databases (https://​
www.​ithan​et.​eu/), and LOVD databases (https://​www.​lovd.​
nl/).

In addition to the haplotype calling of HBA gene, the 
linkage relationship analysis was also used to determine the 
genotypes of embryos (Fig. 1H). First, haplotypes for all 
samples in the five regions were determined using whats-
hap (https://​github.​com/​whats​hap/​whats​hap), based on the 
informative heterozygous SNPs within each fragment. Then, 
by comparing haplotypes between parents and embryos in 

the four peripheral regions, a linked haplotype profile span-
ning the four regions was established. In order to avoid the 
impact of ADO, a retrieval-based method was developed 
to search the haplotypes with specific SNP markers from 
the father or mother in all embryos of one family in the 
HBA region, and the genotypes of the selected embryos can 
link the haplotypes of HBA to the four peripheral regions. 
Finally, the genotypes of the remaining embryos were deter-
mined based on the haplotype linkage relationship.

Sequences were visualized by Integrative Genomics 
Viewer (IGV) (Fig. 1I).

Results

Validation of tlrPGT‑α‑thal

To evaluate the performance of this PGT-M method for 
α-thalassemia among clinical samples, a total of 115 sam-
ples from 10 unrelated pedigrees were enrolled, including 10 
couples who had undergone routine PGT-M, as well as their 
corresponding embryos. They were renamed and subjected 
to blinded analysis using the tlrPGT-α-thal assay devel-
oped in this study. All the samples passed quality control, 
and the average sequencing depth was > 2000 ×. The aver-
age sequencing depth for HBA region, L1, L2, L3, and L4 
was 2127 × (range 436 × to 5064 ×), 2116 × (range 558 × to 
4664 ×), 2558 × (range 1319 × to 5003 ×), 3009 × (1060 × to 
5910 ×), and 2277 × (663 × to 4112 ×), respectively. Hap-
lotype linkage relationships were established successfully 
in all the families, with embryo results fully consistent 
with conventional control method combining NGS, Sanger 
sequencing, and gap-PCR (Table S1 to S11), demonstrat-
ing 100% of sensitivity and accuracy for this approach. 
Additionally, this method also enabled identification of the 
genotypes of two triploids initially detected by PGT for ane-
uploidy (PGT-A), such as E-1 in family 2 and E-8 in family 
8 (Table S1).

Compared to conventional methods requiring multiple 
detection approaches, this study accurately determined 
embryo genotypes through integrated haplotype construc-
tion and linkage analysis in one reaction, and without the 
need for a proband. Furthermore, it successfully identified 
the HBA genotype of the triploid embryos detected by PGT-
A, demonstrating the efficiency and diagnostic advantages 
of this method.

The analysis results of HBA genotype and haplotype 
linkage relationship in the represented families.

Five out of 10 families have both parents carrying –SEA 
alleles, including family 2, 4, 6, 7, and 9, highlighting 
the importance of PGT-M for couples with this genotype 

https://github.com/PacificBiosciences/pbmm2
https://www.geneious.com/plugins/freebayes
https://www.geneious.com/plugins/freebayes
https://globin.bx.psu.edu/hbvar/menu.html
https://globin.bx.psu.edu/hbvar/menu.html
https://www.ithanet.eu/
https://www.ithanet.eu/
https://www.lovd.nl/
https://www.lovd.nl/
https://github.com/whatshap/whatshap
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combination. Family 6 including the parents and nine 
embryos was taken as an example to visualize the analy-
sis results (Fig. 3; Table S7). The haplotypes and linkage 
relationships of four peripheral regions were constructed 
using informative SNPs in each fragment. A retrieval-based 
method was used to locate specific SNV markers from the 
parents in all embryos in the HBA region, and a haplotype 
linkage relationship between HBA and peripheral regions 
was established successfully. The result showed that there 
were six –SEA/αα, three –SEA/–SEA, and two αα/αα in the 
embryos of this family, and the inheritance of each hap-
lotype was clearly visible. At least five effective heterozy-
gous SNPs were available in both L2 and L4, which can 
be used in distinguishing the four haplotypes from parents. 
This ensured that any haplotype inherited by the embryos 
could be unambiguously identified and tracked. In con-
trast, L1 and L3 only differentiated three haplotypes from 
the parental haplotypes, preventing the distinction between 
paternal and maternal –SEA alleles. However, by leveraging 

the informative SNPs from L2 and L4, the haplotype linkage 
analysis of the embryo on whether it inherited the mutation 
haplotype can still be performed accurately.

We also recruited four families where one parent carried 
–SEA deletion, and the other parent carried at least one -α3.7 
or -α4.2 allele. These parents were at risk of pregnancies with 
Hb H disease. Family 8 consisting of both parents and nine 
embryos was taken as an example to illustrate the analysis 
results (Fig. 4; Table S9). Haplotype construction, linkage 
analysis, and genotype determination were performed by the 
customized pipeline (Fig. 1). One αα/αα, two –SEA/αα, three 
-α3.7/αα, two –SEA/-α3.7, and one –SEA/-α3.7/αα were identi-
fied in the embryos of this family. Available heterozygous 
SNPs in L1, L3, and L4 were used to divide four parental 
haplotypes, and the origin of each haplotype was clearly 
illustrated in the embryos. In this family, L2 was unable to 
construct haplotypes due to the identical SNPs in two alleles 
of the mother, and it was impossible to recognize whether 
the embryo inherited the mutation haplotype. It was worth 

Fig. 3   IGV plots of the HBA gene and haplotype linkage relationships 
in family P06. Each colored area represents one chromosome, and 
each vertical line represents one SNV. The arrows show the region of 

the deletion. I-1 and I-2 represent the couples in this family. E-1, E-2, 
E-3, E-4, E-5, E-6, E-7, E-8, and E-9 represent their embryos. IGV, 
Integrative Genomics Viewer
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mentioning that there was a triploid (–SEA/-α3.7/αα) in this 
family, which was consistent with PGT-A (Table S1). E-8 
inherited both the -α3.7 and the αα maternally and the –SEA 
paternally.

Moreover, our study enrolled one family in which one 
parent was a –SEA deletion carrier and one parent was an 
αCSα carrier, which demonstrated the ability of this study 
to detect the combination of –SEA and SNVs. The results in 
family 5 including the parents and nine embryos illustrated 
the haplotypes and linkage relationships visualized by the 
IGV display (Figure S1).

Discussion

PGT-M is the most effective method to prevent transmis-
sion of monogenic diseases from parents to children with 
less invasion compared to prenatal diagnosis. Therefore, 
researchers have devoted to optimize PGT-M for decades.

The application of the PGT-M remains challenging 
because ADO occurred randomly through a necessary WGA 
step for the very limited genetic material available from 
embryos. The current standard for PGT-M was simultane-
ous haplotype linkage analysis [10, 11]. Therefore, establish-
ing the haplotype linkage efficiently, accurately, and quickly 
between causative gene regions and peripheral regions was 
the key to the success of any PGT-M. However, currently 
commercialized PGT-M based on NGS and SNP arrays 
requires proband samples for haplotype linkage analysis, 
which makes it difficult to complete the detection towards 
some specific clinical cases. Although, there have been a few 
attempts to construct haplotype inheritance through embryos 
or gametes when lacking related relatives or, in cases of de 
novo mutations, only using the affected embryos as probands 
[15, 26], which relies on the diversity of embryos and is still 
a limiting factor for some families. It may be more complex 
in sperms and polar bodies analysis, because it required an 
extra biopsy and often needed multiple single sperms to 

Fig. 4   IGV plots of the HBA gene and haplotype linkage relationships 
in family P08. The gray area indicates this amplicon region with no 
available SNPs to constructed haplotype. Each colored area (blue, 
yellow, purple, and green) represents one chromosome, and each 

vertical line represents one SNV. The arrows show the region of the 
deletion. I-1 and I-2 represent the couples in this family. E-1, E-2, 
E-3, E-4, E-5, E-6, E-7, E-8, and E-9 represent their embryos. IGV, 
Integrative Genomics Viewer
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establish the haplotypes [26]. The haplotype construction 
methods relying on probands have obvious limitations. In 
this study, we established a novel method termed tlrPGT-α-
thal, in which HBA-associated variants were analyzed and 
fragments in peripheral regions were informatively linked 
by targeted long-range PCR in one reaction and integrated 
haplotype construction, linkage analysis, and genotype 
determination of the embryo without requiring a proband. 
The method was evaluated with 115 retrospective clinical 
samples from 10 unrelated pedigrees. Haplotype linkage 
relationships were successfully established in all families, 
and the results of all embryos achieved 100% concordance 
with the control results.

One advantage offered by tlrPGT-α-thal was that PGT-M 
was no longer dependent on genetic information from the 
probands and family member. This advantage expands 
accessibility to PGT-M for α-thalassemia, benefiting a 
broader population of at-risk couples. Moreover, the num-
ber of SNPs within the sequencing region was critical for 
haplotype linkage analysis. NGS and SNP arrays often 
failed to detect enough SNPs for linkage analysis in specific 
genomic regions, such as proximal telomere of chr16, when 
performing PGT-M for α-thalassemia [27]. Due to the short-
read length of NGS, it was difficult to find continuous SNP 
sites, and only limited SNPs can be selected to haplotype 
analysis. As a result, the utilization efficiency of SNPs was 
greatly reduced, even as low as 0.6% [28]. However, linkage 
analysis based on LRS was no longer limited to the strict 
SNP usage rules; any heterozygous SNP can be used to con-
struct haplotypes. In this study, target regions within 1 Mb 
upstream and downstream of the HBA locus were selected 
for amplification by a unique algorithm according to SNV 
population carrier frequencies from the gnomAD database, 
and the haplotypes were constructed using heterozygous 
SNPs detected in the amplicons. Our results demonstrated 
that SNPs suitable for linkage analysis are detectable in both 
upstream and downstream of HBA gene across all 10 fami-
lies, with fragment utilization efficiency ranging from 50 to 
100%. This represents a significant improvement over NGS 
and SNP array approaches.

In recent years, researchers used the LRS platform to 
perform PGT-M and have achieved some results, including 
PGT-M for α-thalassemia and some other monogenic diseases 
[20–22, 29]. In one study [20], one couple carried SNVs of the 
BCKDHB gene and the other couple carried SNVs of SETX 
turned to PGT-M. Whole-genome sequencing based on LRS 
was performed on PacBio sequencing platform used genomic 
DNA from these couples, and the detailed SNP profiles around 
the mutation gene were generated to establish haplotype analy-
sis. In addition, embryos considered unsuitable for transfer 
were selected to detect –SEA deletion, and the haplotypes 
were constructed successfully by whole-genome sequencing 
with the MDA products [29]. But the cost of whole-genome 

sequencing based on LRS was a significant limiting factor for 
large-scale clinical usage [30]. Recently, long-range PCR com-
bined with PacBio sequencing has been applied for PGT-M for 
β-thalassemia [21]. However, it took more than one reaction to 
complete the detection because the primers were overlapping, 
and obtaining results with more than one reaction is still ineffi-
cient and costly. Here, tlrPGT-α-thal performed LRS based on 
targeted multiplex long-range PCR with all regions performed 
in one reaction. This method not only ensured the accuracy of 
haplotype construction by taking full advantage of efficient 
SNPs, but also decreased the testing cost. The cost of tlrPGT-
α-thal and control method (NGS + Sanger + Gap) is compara-
ble, with approximately 40 US dollars per test. The turnaround 
time of the PGT-M for α-thalassemia would be 1–2 weeks, 
which saves time compared with the control method.

One of the limitations of tlrPGT-α-thal is the insufficient 
types of thalassemia variants. The LRS assay performance 
for a diversity of α-thalassemia variants including –THAI 
and indels in α-globin genes with genomic DNA samples 
have been validated in a few studies, but it is difficult to 
validate these variants with embryo samples because of the 
rarity of these genotypes. –SEA, -α3.7, and -α4.2 are the 
most common α-thalassemia variants in China, followed by 
Hb CS (HBA2:c.427 T > C), Hb QS (HBA2:c.377 T > C), and 
Hb WS (HBA2:c.369C > G). Other variants like –THAI and 
other SNVs/indels are very rare in China, and –FIL has been 
barely detected even in large-scale epidemic studies. Thus, 
we did not have any cohorts for these rare α-thalassemia 
variants in the present retrospective study. Future prospec-
tive studies with more cohorts might be able to enroll fami-
lies with rare variants.

Another limitation of this study is the possibility that 
some peripheral regions might have no informative SNPs 
for haplotype analysis. Four regions are chosen out of assay 
performance and cost-effectiveness. In this study, all the 
embryos from 10 families obtained accurate genotyping 
results. However, if all four regions are not informative in 
the future clinical applications, more peripheral regions need 
to be added.

Moreover, there is no ADO in the HBA core region in 
this retrospective study with relatively small sample size. 
The appearance of ADO is related to the MDA kit, sam-
ple quality, sample size and genetic characteristics. If ADO 
occurred in the HBA core region in some embryos, the four 
peripheral regions are helpful for getting the right genotype 
with linkage analysis.

Conclusions

In this study, we developed tlrPGT-α-thal, a novel method 
that simultaneously analyze both HBA-associated variants 
and informative linked fragments in peripheral regions by 
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targeted long-range PCR in one reaction. This integrated 
approach enables haplotype construction, linkage analy-
sis, and embryo genotype determination without requiring 
a proband. Apart from the high accuracy, tlrPGT-α-thal 
offered some additional advantages. First, PGT-M was per-
formed independently of genetic information from probands 
and family members. Second, more information could be 
used by haplotype analysis through the combination of 
multiple SNPs. With further breakthroughs in read length 
performance and reduced cost of LRS, this methodology 
is predicted to have great clinical application to help more 
patients who need PGT-M for α-thalassemia. The fundamen-
tal methodology could also be potentially applied to other 
monogenic diseases.
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