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Spinal Muscular Atrophy (SMA, MIM#253300) is an autosomal recessive neuromuscular disorder 
caused by defects in the Survival Motor Neuron (SMN) gene. The SMN1 gene, recognized as the 
primary pathogenic gene for SMA, exhibits a high degree of sequence homology with SMN2 gene. 
Individuals with the SMN1 2 + 0 genotype represent a unique type of SMA carrier, characterized by 
two SMN1 copies on one chromosome and zero copies on the other. Accurate identification of this 
type of carrier is crucial for genetic counseling in families. This study included 28 samples from five 
SMA families, each with an affected patient carrying a homozygous deletion of the SMN1 gene and 
a parent suspected to be a SMN1 2 + 0 carrier. Comprehensive Analysis of SMA (CASMA), based on 
third-generation sequencing technology, was used to detect the SMN1 and SMN2 copy numbers in 
the samples, and SMN1 2 + 0 carriers were identified through SMN1 haplotypes in parent-child trios 
(CASMA-trio). The results were compared with those obtained using Multiplex Ligation-dependent 
Probe Amplification (MLPA) combined with Short Tandem Repeat (STR) linkage analysis. The SMN1 
and SMN2 copy numbers detected by MLPA and CASMA were concordant across 25 peripheral blood 
samples, whereas CASMA failed to accurately determine the copy numbers in the remaining 3 amniotic 
fluid samples. CASMA-trio identified 5 members from 4 families as SMN1 2 + 0 carriers, which were 
consistent with the results from STR linkage analysis. However, the two methods yielded inconsistent 
results for the proband’s father in one family. These findings suggest that CASMA has the potential to 
detect SMN1 and SMN2 copy numbers. Compared to STR linkage analysis, CASMA-trio only requires 
a parent-child trio to analyze SMN1 2 + 0 carriers, demonstrating a broader application prospect. 
Implementing CASMA-trio can facilitate comprehensive screening for SMA carriers.
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Spinal Muscular Atrophy (SMA, MIM#253300) is a common autosomal recessive neuromuscular disorder 
caused by the degeneration of spinal anterior horn motor neurons, primarily due to the deletion and mutation 
of the Survival Motor Neuron (SMN) gene1. The clinical features of SMA include the degeneration and loss 
of lower motor neurons in the spinal cord and brainstem nuclei, leading to progressive symmetrical proximal 
muscle weakness and atrophy of the lower limbs, which can affect multiple systems2. The incidence of SMA is 
approximately 1/6,000 to 1/10,000, making it one of the most common genetic causes of childhood mortality3. 
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Type I SMA is the most severe form, presenting with significant muscle weakness before six months of age, with 
a median survival time of 24 months4,5. Although medications exist that can halt the progression of SMA and 
significantly improve motor function in patients, these drugs are expensive and have limited availability in most 
regions globally6,7. Therefore, the American College of Medical Genetics and Genomics (ACMG) recommends 
population-based carrier screening8. If both partners are identified as SMA carriers, subsequent prenatal 
diagnosis during pregnancy can prevent the birth of affected children, significantly reducing the incidence of 
the disease.

The SMN genes include SMN1 and SMN2, which are highly homologous. SMN1 and SMN2are located in two 
duplicated 500-kb segments on the 5q13 chromosomal locus and are prone to rearrangements and deletions9,10. 
SMN1 is the primary causative gene for SMA, with approximately 95% of patients resulting from homozygous 
deletions of SMN111,12. Normal individuals have two copies of the SMN1 gene, one on each chromosome, with a 
genotype of 1 + 1; SMA patients have 0–1 copies, with genotypes of 0 + 0 or 0 + 1D (1D indicates a small pathogenic 
variant on one chromosome). The majority of SMA carriers have a 1 + 0 genotype, while a small proportion 
have 1 + 1D and 2 + 1D genotypes. There is a special type of SMA carrier who possesses two SMN1copies on one 
chromosome and zero copies on the other, known as a 2 + 0 carrier. Reports indicate that 2 + 0 carriers occur in 
approximately 4% of the SMA carrier population10,13. Therefore, effectively identifying 2 + 0 carriers is important 
for increasing the detection rate of SMA carriers and assessing the risk of SMA in the next generation.

Currently, molecular biology techniques such as quantitative PCR, Multiplex Ligation-dependent Probe 
Amplification (MLPA)14,15, digital PCR, TaqMan quantitative technology, and next-generation sequencing16–18are 
used to screen for SMN1 1 + 0 carriers. Clinically, MLPA is the gold standard for SMA genetic testing. Although 
MLPA has many advantages, it cannot detect point mutations or special SMN1 2 + 0 carriers. Typically, SMN1 2 
+ 0 carriers are inferred in families with one affected child and one parent with two SMN1copies19,20. However, 
this method relies on the presence of a SMA proband, making it impractical for carrier screening. Another 
alternative method is Short Tandem Repeat (STR) linkage analysis, which identifies SMN12 + 0 carriers through 
haplotype analysis of three-generation families or multi-child families21. However, the clinical feasibility of this 
method is limited due to the need for multiple family members and the complexity of STR analysis.

A recently developed method, Comprehensive Analysis of SMA (CASMA), based on long-range PCR and 
third-generation sequencing, analyzes the complete SMN1/2 sequence and can simultaneously screen for SMN1 
1 + 0, 1 + 1D, and 2 + 1Dcarriers22. CASMA can also obtain the full-length haplotype of SMN1 and, combined with 
trio family analysis, effectively deduce 2 + 0 carriers. This method, known as CASMA-trio, does not rely on the 
presence of a proband, nor does it require SNP analysis of three generations or specific population SNP haplotype 
construction, making it an effective and broadly applicable method for detecting SMN1 2 + 0 carriers23.

This study includes five SMA families, where one parent of the proband is suspected to be a 2 + 0 carrier. 
Through SMN gene copy number analysis combined with STR linkage analysis and CASMA-trio, we aimed to 
determine the genotype of suspected 2 + 0 carriers, validate the effectiveness of CASMA-trio in analyzing 2 + 0 
carriers, and explore the clinical application value of CASMA-trio in SMA carrier screening.

Materials and methods
Subjects
The study included a total of 28 samples from 5 families, including three fetal amniotic fluid samples. The 
copy number of SMN1 and SMN2 were analyzed using SALSA MLPA Probemix P060-B2 (MRC-Holland) and 
Coffalyser software. All enrolled families met the following criteria: (1) one SMA patient was identified within 
the family; (2) Each family included at least one trio of father, mother, and child. The study was approved by the 
ethics committee of the Third Affiliated Hospital of Guangzhou Medical University (Ethics Approval [2021] No. 
254), and written informed consent was signed by all participating family members.

Fluorescent PCR-Capillary electrophoresis (PCR/CE)
The multiple PCR capillary electrophoresis DNA fragment analysis technique was used to simultaneously amplify 
14 genetic markers in one PCR reaction, with one primer in each marker pair labeled with FAM fluorophore. 
PCR products were separated by capillary electrophoresis to obtain peak heights and genotypes of polymorphic 
markers. The 14 genetic markers include 4 markers for SMN copy number testing (1 marker for determining the 
total copy number of SMN1 and SMN2, 1 marker for assessing the copy number of exon 7 in SMN1 and SMN2 
separately, 1 marker for determining the total copy number of exon 8 in SMN1 and SMN2, 1 marker is a single-
copy reference gene), 2 markers for experimental quality control, and 8 closely linked molecular tags for SMN1 
and SMN2, labeled S01 to S08. S04, S06, and S07 are molecular tags tightly linked to SMN2 located within 1 Mb 
upstream the gene, and S01, S02, S03, S05, and S08 are molecular tags tightly linked to SMN1 located within 1 
Mb downstream the gene. Their relative positions are shown in Supplementary Fig.S1 online and are used for 
linkage analysis of SMA families. Operations were performed according to the manufacturer’s instructions for 
the motor neuron survival gene copy number detection kit (fluorescent PCR-capillary electrophoresis method) 
from Jingzhun Company.

Full-length sequencing of SMN1/2
The full-length sequencing of SMN1 and SMN2 genes was conducted using the CASMA method, with long-
range PCR, library preparation, and long-read sequencing as described by Li S22. The full length of SMN1 and 
SMN2 genes (SMN1/2-FL, 28.5 kb) were amplified from genomic DNA samples, Subsequently, a one-step end 
repair and ligation protocol was employed to attach unique PacBio barcoded adapters to PCR products, followed 
by digestion with exonucleases to remove failed ligation DNA. Each of the above reaction mixtures from a 
single sample was purified, quantified, and then pooled with equal mass to form pre-library. The sequencing 
primers are annealed and the polymerase added to the pre-library using the Sequel II Binding Kit v.3.2 (Pacific 
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Biosciences) to prepare single-molecule real-time dumbbell (SMRTbell) library, followed by 30-hour sequencing 
on the Sequel IIe platform (Pacific Biosciences) in circular consensus sequencing (CCS) mode.

PacBio data analysis for SMN1/2 haplotype and copy number
The raw sequencing subreads were processed to obtain high-fidelity CCS reads, decoded into individual 
samples using unique barcodes, and aligned to the hg38 reference genome using the software suite (smrtlink 
10.1.0.119588, Pacific Biosciences). The SMN1 and SMN2 genes were distinguished by the c.840 functional 
homologous sequence variant. For haplotype analysis of SMN1 and SMN2, each CCS read was aligned to the 
hg38 reference genome to detect any SNPs. SNPs present in repeat regions were masked. SNPs with variant 
allele frequencies < 20% or > 80% were filtered out to generate a SNP matrix on each CCS read. The CCS reads 
were recursively divided into two groups using SNPs until no further grouping was possible. Each final group 
represented a specific haplotype, and the read count for each haplotype was obtained. Haplotype assignments for 
all samples were also confirmed by visual inspection of the CCS reads in the Integrative Genomics Viewer (IGV). 
The copy number of SMN1/2 was calculated using a Poisson distribution-based caller, based on the number and 
read counts of each haplotype, as reported by Li S22.

The full-length sequencing of SMN1/2 and PacBio data analysis were performed by Berry Genomics 
Corporation.

SMN1 2 + 0 analysis by CASMA-trio23

The SMN1 2 + 0 analysis requires a family trio consisting of parents and their child, utilizing the SMN1-FL 
haplotype in the analysis process. Individuals with two copies of SMN1 are used for the 2 + 0 analysis. If the 
subject being analyzed is the child, there are two possible scenarios: (1) the child’s SMN1 haplotypes are inherited 
from only one parent, indicating that the child is an SMN1 2 + 0 carrier; (2) the child’s SMN1 haplotypes are 
inherited from both parents, indicating that the child is not an SMN1 2 + 0 carrier. If the subject being analyzed 
is a parent, there are three possible scenarios: (1) all or (2) none of the parent’s SMN1 haplotypes are inherited 
by the child, indicating that the parent is an SMN1 2 + 0 carrier; (3) part of the parent’s SMN1 haplotypes are 
inherited by the child, indicating that the parent is not an SMN1 2 + 0 carrier.

Results
Detection of SMN1 and SMN2 copy numbers
To assess the performance of CASMA in detecting SMN1 and SMN2 copy numbers, both MLPA and CASMA 
were applied concurrently to analyze the 28 samples. However, three amniotic fluid samples (1110D, 479 A, and 
KJS41) could not be effectively assessed by CASMA. For the remaining 25 peripheral blood samples, the copy 
numbers of SMN1 and SMN2 detected by CASMA were consistent with those obtained by MLPA. (Table 1).

Analysis of SMN1 2 + 0 carriers by STR Linkage Analysis and CASMA-trio
To determine whether subjects with two copies of SMN1 were 2 + 0 carriers, STR linkage analysis and CASMA-
trio analysis were performed on their families (Table 1 and Supplementary Table 1).

In Family 1, the couple had a fetus (III-1) affected by SMA. MLPA analysis showed that the father (II-1) 
and maternal grandfather (I-1) each had one copy of SMN1, the mother (II-2) had two copies of SMN1, and 
the maternal grandmother (I-2) had three copies of SMN1. STR linkage analysis suggested that the mother was 
an SMN1 2 + 0 carrier (Fig. 1a). To confirm this, the mother underwent CASMA-trio analysis, examining the 
mother, maternal grandfather, and maternal grandmother. The results showed that both of the mother’s SMN1 
haplotypes were inherited from the maternal grandmother, confirming her as an SMN1 2 + 0 carrier (Fig. 1c), 
consistent with the STR linkage analysis of the three-generation family with the proband.

In Family 2, similar to Family 1, STR linkage analysis combined with CASMA-trio confirmed that the mother 
(II-2) was an SMN1 2 + 0 carrier, with both SMN1 haplotypes inherited from the maternal grandfather (I-1) (Fig. 
1b and d).

In Family 3, MLPA analysis indicated that the father, son, and maternal grandfather were SMN1 1 + 0 carriers, 
while the mother had two copies of SMN1 and the maternal grandmother had three copies of SMN1. Due to 
the lack of a proband sample, it was not possible to definitively determine whether the mother was an SMN1 
2 + 0 carrier, necessitating the analysis of more family members. The sister 1 (II-1) and sister 2 (II-2) had one 
and three copies of SMN1, respectively. STR linkage analysis showed that the mother and sister 1 inherited the 
father’s 0 copy SMN1 gene, while the mother and sister 2 inherited the 2 copy SMN1 gene from the maternal 
grandmother, confirming the mother as an SMN1 2 + 0 carrier (Fig. 2a). CASMA-trio analysis of the mother, 
maternal grandfather, and maternal grandmother confirmed the mother as an SMN1 2 + 0 carrier and the sister 
3 (II-3) as a 1 + 1 normal individual (Fig. 2b).

In Family 4, the couple had a fetus affected by SMA (II-1) and a healthy daughter (II-2). MLPA analysis 
indicated that the daughter had two copies of SMN1, similar to the mother (I-2), while the father (I-1) was 
an SMN1 1 + 0 carrier. Due to the unavailability of samples from the maternal grandparents, three-generation 
linkage analysis could not determine the mother’s genotype. STR linkage analysis indicated that both the fetus 
and the daughter inherited the father’s 0-copy SMN1 gene, suggesting that the daughter’s two-copy SMN1 gene 
was inherited from the mother, implying the mother was an SMN1 2 + 0 carrier, and the daughter was also an 
SMN1 2 + 0 carrier (Fig. 3a). CASMA-trio results showed that the daughter inherited all haplotypes from the 
mother, confirming both the mother and the daughter as SMN1 2 + 0 carriers (Fig. 3b).

Notably, in Family 5, the couple had a son affected by SMA (III-1). Amniotic fluid MLPA results showed that 
the fetus (III-2) had one copy of SMN1, and the mother (II-2) was an SMN1 1 + 0 carrier, while the father (II-1) 
had two copies of SMN1, raising suspicion that the father might be an SMN1 2 + 0 carrier. Further testing of the 
paternal grandparents (I-1 and I-2) revealed that both had two copies of SMN1. Combining MLPA results and 
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STR linkage analysis, the father and paternal grandparents were likely SMN1 2 + 0 carriers. However, the SMN1 
2 + 0 genotype in father cannot be directly identified due to the limited informative loci in STR linkage analysis 
and was speculated according to the genotypes of the proband and the mother (Fig. 4a). CASMA identified 
that the father harbored two copies SMN1. Trio analysis revealed that Allele 1 was inherited from paternal 
grandmother and Allele 2 was inherited from paternal grandfather. Therefore, the father has a normal SMN1 
1 + 1 genotype. CASMA identified that the mother has an SMN1 1 + 0 genotype, and the proband has an SMN1 
0 + 0 genotype (Fig. 4b). The SMN1 null allele in fetus, detected by MLPA, can only be inherited from the mother.

Discussion
For families with homozygous deletions in the SMN1 gene, it is crucial to determine the genotypes of both 
parents to assess the recurrence risk of SMA when one parent is a classic 1 + 0 carrier and the other has two 
copies of the SMN1 gene. However, genetic screening for SMN1 2 + 0 carriers, who make up about 4% of all SMA 
carriers, remains a global challenge.

In recent years, single-molecule long-read TGS technology has provided new solutions for detecting 
complex genetic diseases such as thalassemia, congenital adrenal hyperplasia, and fragile X syndrome24–26. TGS 
technology has also been applied to SMA gene analysis, leading to the development of the CASMA method. 
Studies have shown that CASMA has a 99.4% accuracy in determining SMN1 and SMN2 copy numbers in 337 
clinical samples compared to MLPA, NGS, and qPCR tests22. CASMA accurately analyzes SMN1 and SMN2 
copy numbers by sequencing the full-length SMN1 and SMN2 genes and combining haplotypes and read counts 
in a Poisson model. This study tested the SMN1/2 copy numbers in 28 samples, and the results from MLPA and 
CASMA were consistent in 25 peripheral blood samples, except for 3 amniotic fluid sample. The 1110D and 
479 A amniotic fluid samples could not be effectively analyzed due to low DNA concentrations, which resulted 
in insufficient sample amounts to meet the testing requirements. The detection failure in the KJS41 amniotic 
fluid sample was likely attributed to poor DNA integrity extracted from amniotic fluid, thereby hindering the 
successful amplification of the full-length SMN1 fragment via long-range PCR. These results underscore the 
inherent limitations of prenatal samples and highlight the technical challenges for the application of CASMA in 

Family Member Sample

MLPA CASMA PCR/CE CASMA-trio

SMN1 copy SMN2 copy SMN1 copy SMN2 copy SMN1 pattern
SMN1
pattern

1

I–1(Maternal grandfather) KJS33 1 2 1 2 1 + 0 1 + 0

I–2(Maternal grandmother) KJS32 3 0 3 0 2 + 1 2 + 1

II–1(Father) KJS31 1 2 1 2 1 + 0 1 + 0

II–2(Mother) KJS30 2 1 2 1 2 + 0 2 + 0

III–1(Fetus(affected)) 1110D 0 2 N/A N/A 0 + 0 N/A

2

I–1(Maternal grandfather) KJS70 3 1 3 1 2 + 1 2 + 1

I–2(Maternal grandmother) KJS69 1 3 1 3 1 + 0 1 + 0

II–1(Father) KJS67 1 2 1 2 1 + 0 1 + 0

II–2(Mother) KJS66 2 2 2 2 2 + 0 2 + 0

III–1(Daughter(affected)) KJS68 0 3 0 3 0 + 0 0 + 0

3

I–1(Maternal grandfather) KJS51 1 1 1 1 1 + 0 1 + 0

I–2(Maternal grandmother) KJS50 3 2 3 2 2 + 1 2 + 1

II–1(Sister1) KJS55 1 1 1 1 1 + 0 1 + 0

II–2(Sister2) KJS52 3 2 3 2 2 + 1 2 + 1

II–3(Sister3) KJS53 2 2 2 2 1 + 1 1 + 1

II–4(Mother) KJS48 2 1 2 1 2 + 0 2 + 0

II–5(Father) KJS49 1 3 1 3 1 + 0 1 + 0

III–1(Son) KJS54 1 1 1 1 1 + 0 1 + 0

4

I–1(Father) KJS43 1 1 1 1 1 + 0 1 + 0

I–2(Mother) KJS44 2 2 2 2 2 + 0 2 + 0

II–1(Fetus(affected)) 479 A 0 2 N/A N/A 0 + 0 N/A

II–2(Daughter) KJS45 2 0 2 0 2 + 0 2 + 0

5

I–1(Paternal grandfather) KJS37 2 2 2 2 2 + 0 1 + 1

I–2(Paternal grandmother) KJS38 2 2 2 2 2 + 0 1 + 1

II–1(Father) KJS35 2 2 2 2 2 + 0 1 + 1

II–2(Mother) KJS34 1 3 1 3 1 + 0 1 + 0

III–1(Son(affected)) KJS36 0 3 0 3 0 + 0 0 + 0(de novo)

III–2(Fetus) KJS41 1 2 N/A N/A 1 + 0 N/A

Table 1.  Copy number of SMN1/2 and distribution pattern of SMN1 in 28 samples from 5 families. N/A: not 
available.
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prenatal SMA diagnosis, suggesting potential directions for further optimization of the method. One potential 
direction for further optimization of amniotic fluid samples with insufficient DNA template or partially 
degraded DNA is to increase the input and number of amplification cycles to improve the yield of the amplicons, 
or to increase the pooling mass to get more eligible full-length reads. The other potential approach would be to 
amplify shorter amplicons including exons 7 and 8 of SMN genes, and analyze them together with the full-length 
SMN genes of parents to identify the fetal genotypes.

Although quantitative gene detection techniques such as MLPA and Real-time PCR can determine SMN1 
and SMN2 copy numbers, they cannot distinguish between the SMN1 2 + 0 genotype and the normal SMN1 
1 + 1 genotype, requiring additional detection techniques. As early as 1999, Chen et al. confirmed the existence 
of the SMN1 2 + 0 genotype using fluorescence quantitative analysis combined with haplotype analysis of the 
SMN1 gene27. In 2001, Mailman et al. detected the SMN1 2 + 0 genotype using cell fusion technology, but this 
technique is time-consuming and labor-intensive19. Recently, single-sperm sequencing has been used to clarify 
the SMN1 2 + 0 genotype in males, but it is not applicable to females28. In this study, STR linkage analysis was 
performed for all 25 analyzed subjects. Among them, 9 individuals were identified as having two copies of SMN1 
and were speculated to be SMN1 2 + 0 carriers based on pedigree analysis, which was ultimately confirmed by 
CASMA-trio. In Family 5, STR linkage analysis based on the genotypes of the proband and the mother suggested 
that individuals I-1, I-2, and II-1 were SMN1 2 + 0 carriers. However, CASMA-trio confirmed that I−1, I−2 
and II−1 were normal SMN1 1 + 1 genotypes, II−2 and III-2 has SMN1 1 + 0 genotypes, and III-1 had a SMN1 

Fig. 1.  STR linkage analysis and CASMA-trio analysis pattern graph of 2 + 0 carriers in three-generation 
family with a proband (a) (b) STR linkage analysis pattern graph of Family 1 and Family 2. The mother’s 
genotype was inferred based on the proband and the genotypes of the maternal grandparents. Vertical lines of 
different colors represent chromosomes from different origins. The dashed boxes on the vertical lines indicate 
0 copy, while the solid boxes represent 1 copy. S06, S04, S07, S01, S05, S08, S02, and S03 represent the eight 
molecular marker loci, and the numbers in the graph indicate the PCR amplification fragment lengths (bp) of 
each molecular marker locus; (c) IGV plot of Family 1, (d) IGV plot of Family 2. (c) and (d) show the SMN1 
-FL haplotypes. Arrows indicate the inheritance of alleles across generations.
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0 + 0 genotype. This phenomenon could be due to extensive repetitive sequences surrounding the SMN1 and 
SMN2 loci, predisposing the region to unequal crossover or homologous recombination events, resulting in de 
novo deletions29.

Based on the CASMA-trio results, we conducted a reanalysis of STR linkage in Family 5 and identified 
potential homologous recombination in the maternal haplotype of III-1 (Supplementary Fig. S2).

Due to the limited resolution of STR linkage markers, we further employed SNP array linkage analysis 
to determine the potential homologous recombination in affected son (Supplementaty Fig. S3). The results 
revealed homologous recombination events in both the paternal and maternal haplotypes of the affected son, 
with recombination sites spanning the SMN1 gene region. These recombination events made it challenging 
to accurately determine the genotype of all the family members using conventional genetic methods. A 
comprehensive analysis was performed based on the results of CASMA-trio assay combined with the SNP 
array testing, revealing the following: (1) Potential homologous recombination between the maternal orange 
and green chromosomes may occur upstream of SMN1. In this context, the recombinant chromosome in the 
affected son lacks SMN1, suggesting that the non-recombinant orange chromosome is also null for SMN1. For 
the SMN1 1 + 0 carrier fetus (III-2), the zero-copy SMN1 is located on the maternal orange chromosome, while 
the paternal red chromosome carries one copy of SMN1. Under these circumstances, the father (II-1) have a 
SMN1 1 + 1 genotype, which is consistent with the CASMA results. Conversely, if recombination between the 
maternal orange and green chromosomes occurred downstream of SMN1, the non-recombinant maternal green 
chromosome would lack SMN1. while the non-recombinant maternal orange chromosome would retain one 
copy of SMN1. In this context, the paternal red chromosome in the SMN1 1 + 0 carrier fetus (III-2) would also lack 
SMN1, as the maternal orange chromosome contributes one SMN1 copy. Consequently, the father (II-1) would 
have a 2 + 0 SMN1 genotype, a hypothesis refuted by CASMA-trio analysis though accurate sequencing, variant 
calling, and haplotype analysis. (2) Based on the current findings, it is difficult to determine whether potential 
homologous recombination between the paternal blue and red chromosomes occurs upstream or downstream of 
SMN1. Regardless of whether the paternal recombinant chromosome occur uptream or downsteam of SMN1, the 
genetypes of predigree were consistent with the results of CASMA-trio analysis. Determining the recombination 
region requires additional supportive data.

CASMA-trio achieved effective and universal screening for SMN1 2 + 0 carriers through family trio analysis. 
Studies have shown that CASMA-trio successfully identified whether subjects with two copies of SMN1 (n = 16) 
and SMN2 (n= 43) were in the 2 + 0 mode23. Importantly, CASMA-trio does not rely on the presence of an 
affected proband, population-specific SNPs or haplotypes, or complex SNP analysis involving three-generation 
family members. There are some limitations to CASMA-trio analysis. Firstly, the effectiveness of this method 
requires trio analysis, which is not always readily available. In cases where only one parent is available, a definitive 

Fig. 2.  STR linkage analysis and CASMA-trio analysis pattern graph of 2 + 0 carriers in three-generation 
family without a proband (a) STR linkage analysis pattern graph of Family 3. The mother’s genotype was 
inferred based on the genotypes of the maternal grandparents, maternal sisters, and the son. Vertical lines of 
different colors represent chromosomes from different origins. The dashed boxes on the vertical lines indicate 
0 copy, while the solid boxes represent 1 copy. S06, S04, S07, S01, S05, S08, S02, and S03 represent the eight 
molecular marker loci, and the numbers in the graph indicate the PCR amplification fragment lengths (bp) 
of each molecular marker locus; (b) IGV plot of Family 3, showing the SMN1-FL haplotypes, with arrows 
indicating the inheritance of alleles across generations.
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conclusion that the subject is a 2 + 0 carrier can only be drawn if the subject does not share any haplotypes 
with the parent. In cases of shared haplotypes, CASMA-trio can only provide probabilistic predictions without 
definitive answers. To improve the accuracy of predictions, accumulating frequencies of each specific haplotype 
from large populations may be beneficial. Additionally, in rare cases where parents have the same SMN1-FL 
haplotype, the results may be inconclusive.

In conclusion, CASMA has the capability to detect SMN1 and SMN2 copy numbers. Traditional STR linkage 
analysis has limitations in detecting SMN1 2 + 0 carriers due to the need for probands and participation of 
multiple generations. CASMA-trio, based on long-read sequencing and haplotype analysis, effectively addresses 
the shortcomings of STR linkage analysis and has significant application value in detecting SMN1 2 + 0 carriers. 
CASMA-trio has the potential to replace or augment the MLPA + STR linkage analysis approach, and its 
implementation will facilitate comprehensive screening of SMA carriers in a majority of cases.

Fig. 3.  STR linkage analysis and CASMA-trio analysis pattern graph of 2 + 0 carriers in two-generation 
family with a proband (a) STR linkage analysis pattern graph of Family 4. The mother’s genotype was inferred 
through two-generation analysis using the proband and the healthy daughter with two copies of the SMN1 
gene as references. Vertical lines of different colors represent chromosomes from different origins. The dashed 
boxes on the vertical lines indicate 0 copy, while the solid boxes represent 1 copy. S06, S04, S07, S01, S05, 
S08, S02, and S03 represent the eight molecular marker loci, and the numbers in the graph indicate the PCR 
amplification fragment lengths (bp) of each molecular marker locus; (b) IGV plot of Family 4, showing the 
SMN1-FL haplotypes, with arrows indicating the inheritance of alleles across generations.
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Data availability
The datasets generated and analysed during the current study are available in the Open Science Framework 
repository, https:​​​//o​sf​.io/f​​qhnk​/?vi​ew_only=a82f856f1​e014bb294022d25c3308844.
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