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1. Introduction
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Objective: The aim of this study is to evaluate the efficacy of accurate circular consensus long-read sequencing in the detection of
rare thalassemia.

Methods: Conventional molecular analysis on globin genes has limitations because of the broad spectrum of genetic variants,
complex genetics, and genotype-phenotype correlation. Accurate circular consensus long-read sequencing is a novel tool that
detects complex variants in the thalassemia gene based on third-generation sequencing. In this study, we screen out suspected
rare thalassemia carriers by hemoglobin analysis and conventional molecular analysis, and evaluate the efficacy of accurate
circular consensus long-read sequencing in the detection of rare thalassemia.

Results: Based on the traditional screening of thalassemia gene, an additional 16 (17.67%) cases of clinically significant variants of
rare thalassemia were identified by accurate circular consensus long-read sequencing in this study, including 12-point variants and
4 deletion variants: HBB: (SEA)-HPFH, HBB: c¢.268_281delAGTGAGCTGCACTG, HBB: (Chinese) Gy +(AySB)0, and
HBA2:c.91-93delGAG.

Conclusion: Accurate circular consensus long-read sequencing has a promising prospect in detecting rare thalassemia gene
variants and may improve the detection rate of carriers.

Keywords: accurate circular consensus long-read sequencing; diagnosis; thalassemia; variant

thalassemia-causing variant, and it is listed as one of the
hemoglobinopathies affecting global health by the World

Thalassemia is an autosomal recessive, common hereditary
disease of the hematologic system that causes anemia world-
wide. Its severity varies from asymptomatic, to mild micro-
cytic and hypochromic anemia, and to severe anemia,
especially in Southeast Asian, Middle Eastern, and Mediterra-
nean populations. It has been estimated that approximately
1%-5% of the world population are carriers for a

Health Organization [1-4]. In Guangdong and Guangxi prov-
inces, which are located in Southern China, a country in
Southeast Asia, a high carrier rate of 17.83% and 24.51% of
thalassemia was estimated [5, 6]. The pathogenesis of thalasse-
mia lies in the disturbance of the balance of globin chains,
causing abnormal erythropoiesis, increased hemolysis, and
anemia [7]. Clinical manifestations range from asymptomatic
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to lifelong transfusion treatment and even death [8, 9]. Despite
the increasing awareness of thalassemia, many children are
still born with severe thalassemia, which brings serious eco-
nomic and psychological pressure to families.

a-Thalassemia and f3-thalassemia are two main types of
thalassemia, which are caused by variants of HBAI (OMIM
141800)/HBA2 (OMIM 141850) and HBB (OMIM 141900)
genes [10]. It is challenging to diagnose thalassemia carriers
due to the complexity of genetics and genotype-phenotype
correlations. Common genetic tests for thalassemia include
GAP-PCR testing, reverse dot blot hybridization assays,
multiple ligation-dependent probe amplification (MLPA),
Sanger sequencing, and next-generation sequencing (NGS),
but all of them have limitations in the detection of the thalasse-
mia gene mutational spectrum [11]. GAP-PCR and reverse dot
blot hybridization assays can only detect specific variants that
are already known. MLPA is usually used to detect deletion
or duplication variants. Although Sanger sequencing is the
gold standard for genetic testing, it can only identify point var-
iants and indels. NGS has shortcomings in its capability to
investigate complex genomes, repetitive elements, full-length
transcripts, or native base modifications, which may miss
fusion genes and special variants [12-14]. Single-molecule
real-time (SMRT) sequencing is a method based on third-
generation sequencing (TGS), which has the advantages of
long-read, high accuracy, single-molecule resolution, and no
GC bias. Moreover, circular consensus sequencing (CCS) can
improve the accuracy of SMRT sequencing and generate highly
accurate (99.8%) long high-fidelity (HiFi) reads [15, 16]. It has
been reported in recent years that TGS may be a novel tool for
detecting multiple and complex variants, including large dele-
tions or duplications, SNVs, indels, and fusion genes in the
thalassemia gene, and a universal approach to comprehensive
analysis of thalassemia alleles (CATSA) [17-20].

In Guangdong province, screening for thalassemia is rou-
tinely implemented in all pregnant women and their husbands
by a blood test. Once low levels of MCV (<80fL) or MCH
(<27 pg), high or low levels of HbA,, or abnormal Hb variants
are detected, we will detect the thalassemia gene using GAP-
PCR and the reverse dot blot hybridization assays. A total of
23 common variants are included in the test: a-thalassemia
deletions including —-SEA (Southeast Asia): -7 and —a**:
a-thalassemia point variants including Hb Constant Spring
(Hb CS) (HBA2: c427T>C), Hb WS (HBA2: ¢.369C>G)
and Hb Quong Sze (Hb QS) (HBA2: ¢.377T>C): and 17 -
thalassemia point variants [21]. Rare thalassemia variants are
often missed, which may result in the birth of children with
severe thalassemia when both spouses are carriers. Therefore,
in this study, we use accurate circular consensus long-read
sequencing to detect rare thalassemia and hope that we can
reduce the rate of missed diagnosis of thalassemia carriers.

2. Materials and Methods

2.1. Hematological Analysis. In Foshan Woman and Children
Hospital, routine analysis of blood and hemoglobin electro-
phoresis [22] is performed on all pregnant women who
undergo prenatal examinations at the obstetrics clinic and
their husbands. We mainly collected suspected cases of thalas-
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semia during the 2-year period from 2021 to 2022. The inclu-
sion criteria for patients were: either (1) routine analysis of
blood showed low levels of MCV (<80fL) or MCH
(<27pg), (2) hemoglobin electrophoresis showed high or
low levels of HbA,, or (3) other abnormal Hb variants. The
exclusion criterion for patients was asiderosis. Those who
met the above criteria were suspected thalassemia carriers.

2.2. Traditional Molecular Analysis. GAP-PCR testing and
the reverse dot blot hybridization assays were performed in
all the patients who were suspected of thalassemia by hemato-
logical analysis. GAP-PCR tests large-deletion a-thalassemias
including —SEA, -7 (rightward), and —a*? (leftward)
according to the manufacturer's protocol. The reverse dot blot
hybridization assays detect three common nondeletional a-
thalassemia variants including Hb CS (HBA2: c¢427T >C),
Hb QS (HBA2: ¢377T>C), Hb Westmead (Hb WS)
(HBA2: ¢369C>G), and 17 p-thalassemia point variants
including codons 41/42 (-TCTT) (HBB: ¢.126-129delTCTT),
IVS-11-654 (C > T) (HBB: ¢.316-197C > T), =28 (A > G) (HBB:
c.-78A > G), codons 71/72 (+A) (HBB: ¢.216_217insA), codon
17 (A>T) (HBB: ¢.52A >T), codon 26 (G>A) (Hb E) (HBB:
c.79G > A), codon 31 (-C) (HBB: c.94delC), codons 27/28
(+C) (HBB: c.84 85insC), IVS-I-1 (G>T) (HBB: c.92
+1G>T), codon 43 (G>T) (HBB:c.130G>T), =32 (C>A)
(HBB: c.-82C>A), initiation codon(ATG>AGG) (HBB:
c2T>G), =30 (T>C) (HBB: c.-80T>C), codons 14/15
(+G) (HBB: c.45-46insG), Cap +1 (A > C) (HBB: c.-50A > C),
-29 (A>G) (HBB: c-79A>G), and IVS-I-5 (G>C) (HBB:
¢.92+5G > C) (Yaneng Bioscience, Shenzhen, China). We will
conduct CCS on patients suspected of rare thalassemia with
abnormal results in routine analysis of blood or hemoglobin
electrophoresis but tested negative by GAP-PCR and the
reverse dot blot hybridization assays.

2.3. Accurate Circular Consensus Long-Read Sequencing and
Date Analysis. Accurate circular consensus long-read
sequencing was performed as previously described [16, 23]
in all patients who suspected thalassemia but tested negative
by traditional molecular analysis or the phenotype did not
match the detected genotype. Briefly, DNA extraction of
the samples was performed using the QIAamp DNA Blood
Mini Kit produced by Qiagen GMBH in Germany. Then,
multiple long molecule PCR amplification was carried out,
and a long fragment amplicon library was constructed. The
DNA-polymerase complex was loaded onto the SMRT chip,
and sequencing was initiated on the PacBio Sequel II plat-
form. CCS reads of the original subreads in BAM files output
by the PacBio Sequel II sequencing platform were generated
by CCS software (Pacific Biosciences). CCS reads were split,
and barcode sequences were identified and clipped using
Lima software in the Pbbioconda package (Pacific Biosci-
ences). Then Split software (Pacific Biosciences) was used
to split the samples and generate a separate BAM file. Subse-
quently, CCS reads filtered by cut barcode were compared
with the human reference genome hg38 by ppbmm?2 (Pacific
Biosciences) software to obtain the target gene fragment.
FreeBayesl.3.4 software was then used to identify single-
nucleotide variations (SNV) and insertions and deletions
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TABLE 1: The results of hematological analysis in patients with significant variants detected by CCS.
. Hb MCV MCH HbA, HbF

Patients Sex/years (g/1) (fL) (pg) %)° (%) Genotype Effect
1 M/28 167 86.8 294 1.7 0 HBA2:c.80C> A o' -thal
2 F/24 122 88.2 29.9 2.2 0 HBA2:c91G>C o' -thal
3 F/23 122 90.7 30 19 0 HBA2:c.34A >C o -thal
4 F/26 130 89.1 28.3 2 0 HBA2:c.80C > A o -thal
5 F/29 102 83 26.2 4.5 39.25 HBB:(SEA)-HPFH ﬁo—thal

6 M/42 148 714 24 8.41° 0 HBB:c.-137C>T B* or f**-thal
7 F/29 92 64.2 20.9 6.61% 0 HBB:c.316-146 T > G ﬁ*—thal
8 M/29 141 73.6 25 7.33% 0 HBB: c.-136C > G ﬁtthal
9 F/35 116 61.4 20.5 7.22°% 0 HBB:c.268_281delAGTGAGCTGCACTG ﬁo-thal

42 N

10 M/2 103 608 202 714 0 “ o -thal
HBB:c91A >G f7-thal
11 M/22 140 666 223 3.59° 0 HBB:(Chinese)Gy + (AyS )0 °-thal
12 M/26 148 92.8 29.7 2.39% 0 HBA2:c91G>C o -thal
13 F/35 87 70.7 20.9 3.11% 0 HBAI:c.34A>C o -thal
14 M/29 145 76.1 239 2.1 0 HBA2:¢.91-93delGAG o -thal
15 M/27 111 62.3 19.4 5.7 0 HBB:c.316-146 T> G ﬁ+-thal
16 F/38 182 91.3 31 1.7 0 HBB:-50(G > A) *-thal

Note: Normal reference range of hemoglobin is 130-175 g/l in males and 115-150 g/l in females, MCV(82-100 fL), MCH(27-34 pg), HbF(0%-2%).
“The reference of HbA, in Patient #5 to Patient #13 is 3.7%-6%, whereas others are 2.5%-3.5% because of laboratory change.

(indels) for each haplotype. Reads length information was
combined with HbVar, Ithanet, and LOVD databases to
analyze variations larger than 50 bp. CCS reads of represen-
tative samples can be displayed and identified in an Integra-
tive Genomics Viewer (IGV). The pathogenicity of the
identified variants was classified according to the general
guidelines and the hemoglobin variation database.

2.4. Conformation of Rare Variants Detected by CCS Using
Other Methods. All SNVs detected by CCS were confirmed
by Sanger sequencing. Based on the positive variant sites
obtained through CCS, the PCR technology principle was
applied for detection. Specifically, specific primers were
designed at both ends of the mutant gene fragment to be
tested for amplification. Then, agarose gel electrophoresis
was used for analysis. The amplified products were subjected
to Sanger sequencing to obtain the gene fragment sequence.
Through Sanger sequencing, the mutations, short fragment
deletions, or insertions at the positive sites were further ana-
lyzed and verified to determine the specific mutation situa-
tion of that site. Large-deletion variants were confirmed by
special PCR using primers spanning the known junction
breakpoints.

3. Result

We collected 1617 suspected cases of thalassemia and diag-
nosed 1521 cases of thalassemia using traditional molecular
analysis. Among them, 1034 are a-thalassemia, 396 are f3-thal-
assemia, and 91 are both a-thalassemia and f3-thalassemia. In
a-thalassemia, the most common mutation is —SEA, account-
ing for 51.91%, followed by —a’”’, accounting for 23.29%.

Among f-thalassemia cases, the most common mutation is
codons 41/42 (-TCTT), accounting for 36.96%. We totally
collected 96 eligible peripheral blood samples for accurate cir-
cular consensus long-read sequencing and identified 16
(17.67%) cases of clinically significant variants of rare thalasse-
mia. The male-to-female ratio is 1:1. All the long-read molec-
ular sequencing data were verified by specific PCR and Sanger
sequencing. The verification results are consistent with CCS.
The results of hematological and genetic tests in 16 cases of
rare thalassemia are shown in Table 1 and Table 2. We also
found 17 cases of HBD gene mutations, which may result in
a decrease in HbA,, with the most common variant being
HBD: ¢.-127T > C, totaling 14 cases.

Based on the traditional detection methods, we identified
an additional 12 cases of point mutations and 4 cases of dele-
tion mutations: HBB: (SEA)-HPFH, HBB:c.268_281delAGTG
AGCTGCACTG, HBB:(Chinese)Gy + (Ayé3)0, and
HBA2:c.91-93delGAG. Among them, the heterozygous mis-
sense variants of HBA2 all showed normal hemoglobin and
low HbA, levels, with or without decreased MCV and MCH.
Anemia was present in five cases (Patients #5, #7, #10, #13,
and #15), with only one male. Patient #10 showed low levels
of Hb, MCH, and MCV, but a high level of HbA,. Only het-
erozygous —a** was identified by routine screening of thalas-
semia variants. In addition to the mutation —a™*? (Figure 1a)
detected by traditional methods, we also identified a heterozy-
gous variant (c.91A>G) in the HBB gene through CCS
(Figure 1b). A double peak can be observed in the sequence
verification graph of Sanger sequencing in Figure lc, which
indicates heterozygous mutation.

Two large-deletion variants of HBB (Patient #5 and #11)
were detected and verified by specific PCR (Figure 2), whereas
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TABLE 2: Significant variants in HBA1, HBA2, and HBB gene detected by accurate circular consensus long-read sequencing.

Gap-PCR and reverse dot blot

CCS result

Patients hybridization assays results Variant verifcation
a-thalassemia p-thalassemia a-thalassemia p-thalassemia

1 aolao N HBA2:c.80C> A N Sanger sequencing
2 ot/ o N HBA2:c91G>C N Sanger sequencing
3 ao/ow N HBA2:c.34A>C N Sanger sequencing
4 ao/ow N HBA2:¢.80C > A N Sanger sequencing
5 aolao N N HBB:(SEA)-HPFH Electrophoresis

6 aolao N N HBB:c.-137C>T Sanger sequencing
7 oo o N N HBB:c.316-146 T >G Sanger sequencing
8 ao/ao N N HBB: ¢.-136C > G Sanger sequencing
9 aolaw N N HBB:c.268_281de]AGTGAGCTGCACTG Sanger sequencing
10 —a*?/aa N —a*? HBB:c91A>G Sanger sequencing
11 anloo N N HBB:(Chinese)Gy + (Ay83)0 Electrophoresis

12 ao/ow N HBA2:c91G>C N Sanger sequencing
13 aolao N HBAI:c.34A>C N Sanger sequencing
14 ao/ow N HBA2:¢91-93delGAG N Sanger sequencing
15 aolao N N HBB:c.316-146 T > G Sanger sequencing
16 ao/aw N N HBB:-50(G > A) Sanger sequencing

common screening of thalassemia genes and Sanger sequenc-
ing could not identify them. We observed that the band ampli-
fied from Patient #5 is identical to that of the positive control
HBB:(SEA)-HPFH and Patient #11 is consistent with the pos-
itive control HBB:(Chinese)Gy + (AyS/3)0.

Patients #16 showed a high level of Hb, normal MCV
and MCH, but low HbA,. We identified variant HBB:-
50(G > A) (Figure 3a), which could not explain the decrease
of HbA, because f-thalassemia alone usually results in an
elevation of HbA,. Therefore, we detected the §-globin gene
by Sanger sequencing, which may cause low HbA, but nor-
mal MCV and MCH, and we found the variant codon
106(TTG->TCG)(Leu->Ser) in delta (Figure 3b).

We identified additional clinically significant SN'Vs and
indel variants through CCS analysis (Figure 4).

4. Disscussion

Thalassemia is a very common genetic disorder in Southern
China, especially in Guangdong and Guangxi provinces. The
high incidence of thalassemia compels us to perform prena-
tal screening, but because about 2000 variants of human
hemoglobin variants and thalassemia were included in the
HbVar database (https://globin.bx.psu.edu/globin/hbvar/
menu.html), the traditional methods such as GAP-PCR,
Sanger sequencing, reverse dot blot hybridization assays,
and so on cannot meet our needs. The types of variants in
thalassemia that have been reported include SNVs, indels,
large fragment deletions and duplications, gene fusions, trip-
lets, and so on in the HbVar database. Sanger sequencing
can only detect SNVs and indels and cannot recognize com-
plex and large variants. GAP-PCR and reverse dot blot

hybridization assays can identify specific known variants,
and GAP-PCR may misdiagnose Hong Kong aa as —a’”
[24, 25]. The limited range of traditional genetic tests for
thalassemia may lead to missed diagnosis of thalassemia car-
riers, resulting in the birth of children with severe thalasse-
mia, which brings various pressures to families, especially
in areas with high incidence of thalassemia, or result in mis-
diagnosis and increased anxiety in pregnant women.

In this study, 96 eligible samples were detected, but only
16 (17.67%) cases of clinically significant variants of rare
thalassaemia were identified by CCS. Possible causes include
the presence of other hemoglobinopathies such as variants
in the J-globin gene that cause a decrease in HbA, or side-
rosis, but serum iron was in the normal range due to iron
supplementation. Indeed, we detected other variations in
the HBD gene that may cause abnormal HbA,. Other possi-
ble causes are similar manifestations of thalassemia caused
by variants in the regulatory elements of the a-thalassemia
or 3-thalassemia genes, as well as genetic modifiers of thalas-
semia, such as HS40 deletion of the a-thalassemia regulatory
region, which can lead to mild manifestations of thalassemia
[26, 27]. In a study conducted in 2022, Cuiting Peng and his
team tested 100 blood samples suspected of rare thalassemia
using the PacBio Sequel II platform, and used electrophore-
sis and Sanger sequencing for verification. The results
showed that TGS detected 10 rare thalassemia mutations
and had a detection accuracy rate of up to 100% [28]. The
rate of additional tests in our study was slightly higher than
this, which might be because our research excluded some
samples with abnormal serum iron levels.

Anemia was present in five (5/16) cases (Patients #5, #7,
#10, #13, and #15) with only one male, even though the
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male-to-female ratio is 1:1. It may be related to the fact that
the women were pregnant, and pregnant women are prone
to anemia due to increased fetal consumption. Six (6/16)
cases (Patients #1, #2, #3, #4, #12, and #16) had normal
Hb, MCV, MCH by blood routine examination, which
detected significant variants. Except for Patient #13, we
observed that almost all patients solely characterized by the
presence of a* showed no signs of anemia, indicating that
o' is rarely associated with anemia. It suggests that using
only blood routine screening for thalassemia may miss the

diagnosis of mild thalassemia carriers like a+. Therefore, if
blood counts of both spouses are normal but they have pos-
itive hemoglobin results, and if either one or both have a
negative result from routine thalassemia gene testing, it is
recommended that the negative individuals undergo third-
generation thalassemia testing to avoid missing the diagnosis
of severely affected children with thalassemia. Patient #10
showed low levels of Hb, MCH, and MCV, but a high level
of HbA,. Only heterozygous —a** was identified by routine
screening of thalassemia deletions or variants, which cannot
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delta by Sanger sequence.

explain the rise of HbA,. We further identified a heterozy-
gous variant in the HBB gene (c.91A>G) by the CCS in this
patient, and avoid the missed diagnosis of S-thalassaemia. It
means a high level of HbA, may be tested in patients who
have both a+ and f°. We observed that Patient #10 pre-
sented with mild anemia, despite also suffering from both
alpha and beta types of thalassemia. This is because the
pathogenesis of thalassemia lies in the disturbance of the bal-
ance of alpha and beta globin chains. When both the « and 8

chains decrease simultaneously, the symptoms are milder
than those of a single type of thalassemia. The remaining
nine cases (Patients #5, #6, #7, #8, #9, #11, #13, #14, and
#15) have significant hematological abnormalities, but test
negative using traditional methods. We finally found signif-
icant variants in them, which were confirmed by Sanger
sequencing and electrophoresis. This may prevent the birth
of children with moderate-severe 3-thalassemia. Therefore,
when the results of hematology and traditional thalassemia
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gene tests cannot match, we should consider testing for rare
thalassemia variants to avoid misdiagnosis of thalassemia
carriers.

Accurate circular consensus long-read sequencing (CCS)
is one of the sequencing modes of TGS and has been
reported with many advantages in genetic testing of thalasse-
mia because of its long-read, high accuracy, single-molecule
resolution, and lack of GC bias. First, it can distinguish the
two homologous a-globin genes, HBA2 and HBAI, and a
wide spectrum of variants can be detected. Second, cis-trans
relationships between two or more variant sites can be rec-
ognized. Third, it makes structure variants clear, allowin
the identification of specific variants such as —a’”™,
aae®™ 7 and aaa®*?, which can not be found by tradi-
tional methods [28-30]. Finally, the cost can be greatly
reduced by only targeting the thalassemia gene region. Cur-
rently, the cost of CCS for thalassemia testing is higher than
that of traditional methods; therefore, it can serve as a sup-
plementary method for traditional methods. With the con-
tinuous reduction in the cost of TGS technology, it is
expected to become the first-line technology for clinical thal-
assemia gene screening in the future. In this study, all the
clinically significant variants were confirmed by special
PCR or Sanger sequencing, which verified the accuracy of
the CCS. Although the original error rate of TGS is relatively
high (about 10%-15%), mainly because it is real-time
sequencing and the complexity of signal interpretation is
higher, CCS can reduce the false positive rate of the final
results to below 0.1% by increasing the sequencing depth.
Therefore, CCS has absolute advantages in the diagnosis of
thalassemia carriers, especially in rare thalassemia, which
can reduce the missed diagnosis of moderate or severe thal-
assemia fetuses before birth. It is an important component in
the prevention and control of birth defects. One concern

about the findings was that the study only used a small sam-
ple size (96 cases), and only samples from the Foshan area
were included. Future research should conduct multicenter,
large-sample studies to verify the reliability of the results.

5. Conclusion

In conclusion, we identified 16 additional cases of clinically
significant variants of thalassemia through accurate circular
consensus long-read sequencing compared with traditional
methods from 96 cases with suspected thalassemia in this
study. The variants include SNVs, indels, and large deletions.
Our approach significantly reduces false-negative results and
misdiagnoses in thalassemia carriers. Combined with the
results of three-generation sequencing of thalassemia genes
reported in previous literature, we believe that accurate circu-
lar consensus long-read sequencing has a promising prospect
in the detection of thalassemia genes, especially in rare vari-
ants. Therefore, we believe that TGS technology is expected
to be applied to the detection of suspected samples that yield
negative results in traditional clinical tests.
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