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Abstract

In this study, we performed a spinal muscular atrophy carrier screening investigation with NGS-based method. First, the
validation for NGS-based method was implemented in 2255 samples using real-time PCR. The concordance between the
NGS-based method and real-time PCR for the detection of SMA carrier and patient were up to 100%. Then, we applied this
NGS-based method in 10,585 self-reported normal couples (34 Chinese ethnic groups from 5 provinces in South China) for
SMA carrier screening. The overall carrier frequency was 1 in 73.8 (1.4%). It varied substantially between ethnic groups,
highest in Dai ethnicity (4.3%), and no significant difference was found between five provinces. One couple was detected as
carriers with an elevated risk of having an SMA affected baby. The distribution of SMN1:SMN2 genotype was also revealed
in this study. Among the individuals with normal phenotype, the exon 7 copy-number ratio of SMNI to SMN2 proved the
gene conversion between them. With NGS-based method, we investigated SMA carrier status in Chinese population for the
first time, and our results demonstrated that it is a promising alternative for SMA carrier screening and could provide data

support and reference for future clinical application.

Introduction

Spinal muscular atrophy (SMA) is a rare neuromuscular
disease, which is characterized by loss of a motor neurons
and progressive degeneration. It is the second most frequent
lethal autosomal recessive disease worldwide, often causing
death in early life. In the general population, SMA has an
incidence of 1/10,000 to 1/5000, and 1 in 35 to 1 in 50 of
overall carrier frequency [1-3]. According to the onset age
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and severity of muscle weakness, SMA can be divided into
four subtypes. SMA was reported to be caused by the sur-
vival motor neuron 1 gene (SMNI), which is located in 5q13
(telomeric form) [4, 5]. More than 95% of the SMA patients
are caused by exon 7 deletion of SMNI gene [6]. A homo-
logous gene, SMN2 (5q13, centromeric form) [4, 7] can play
a modifier role on SMA with the its copy number change,
positively correlated with a milder symptom [8—10].

As is known, carrier screening is a powerful genetic
method to prevent the transmission of autosomal recessive
or X-linked genetic disorders between generations. The
screening of Tay—Sachs disease in the Ashkenazi Jewish
population first proved the power of carrier screening.
The incidence reduced by more than 90% after several
decades’ implementation [11]. Carrier screening of SMA
for preconceptional couples and all reproductive age women
has been recommended by both American College of
Obstetricians and Gynecologists [12] and American College
of Medical Genetics and Genomics [6]. Its positive impact
on reducing affected births has already been demonstrated
[3, 13]. Carrier screening of SMA has been reported in
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China. For example, Chan et al. performed SMA screening
on 569 normal individuals from Hong Kong by real-time
quantitative PCR [14]. In Taiwan, 2262 out of 107,611
pregnant women were identified to be with one copy of the
SMNI1 gene using denaturing high-performance liquid
chromatography (DHPLC) or multiplex polymerase chain
reaction [3]. Ninety out of 4719 pregnant women from
Shanghai were detected to be with only one copy of the
SMN1 gene using DHPLC technique [15]. In addition,
SMA carrier screening has ever been implemented on
hundreds of healthy adults from Guangzhou with multiplex
ligation-dependent probe amplification (MLPA) method
[16]. However, the populations of these researches targeted
only specific regions or specific ethnic groups in China.

In the early stages, SMA carrier screening is performed by
traditional methods, such as MLPA, quantitative real-time
polymerase chain reaction (QPCR), and DHPLC due to
technically challenging [3, 13, 17-19]. These technologies
are relatively laborous, expensive, and may be inferred by
genetic variations located in probe binding sites. Even in the
NGS-based expended carrier screening (ECS), traditional
tests have to be supplemented additionally to analyze SMA
[20-22], which are laborious and increase the costs of ECS.
Fortunately, NGS-based method has been developed recently
for detecting SMNI and SMN2 copies number [23], making
NGS-based ECS of SMA testing with no additional cost.

As is known, China is a vast and multiethnic country.
The population mobility, cultural diversity, and geographical
distribution of the population makes it difficult to carry on
pan-ethnic carrier screening of SMA in China. The study of
SMA carrier screening based on pan-ethnic large population
is essential by high-throughput test methods, such as NGS, to
assess SMA rates for large population and multiethnic groups
in Chinese population.

In this study, we first validated the accuracy of the NGS-
based method for SMA test, then we investigated SMA
carrier rate distribution among 10,585 healthy couples from
34 Chinese ethnic groups in southern China. The results
obtained demonstrated that NGS is a promising alternative
for SMA carrier screening, and offered a theoretical basis
for general carrier screening of SMA in Chinese population.

Materials and methods
Study population

First, in order to demonstrate the accuracy of the NGS-
based method in SMA screening, SMNI copy-number
analysis was implemented by both NGS-based method and
real-time TagMan PCR with 2255 samples simultaneously.
All the 2255 samples used for validation were collected
from May 2014 to December 2017, some of which were

with self-identified family history of SMA. For SMA carrier
screening, a total of 21,170 samples (10,585 couples)
without self-identified family history were analyzed in this
study. These couples were initially collected for the
Hemoglobinopathies Research Project [24]. Informed con-
sent was required for all the participants at the time of
sample collection. All the participants were informed and
agreed that the data can be used for other research purposes
after de-identification. SMA screening investigation in this
study was performed based on the raw sequencing data of
the Hemoglobinopathies Research Project [24]. The results
of SMA testing were not informed to the participants due to
the implementation of this study 3 years after sample col-
lection. This study and all the protocols were approved by
the ethics committee of BGI (NO. BGI-IRB 18034).

Targeted region capture and NGS

A previously designed capture array (NimbleGen, Roche)
was used to capture the SMNI gene and other 12 genes
selected for carrier testing [25]. The enrichment of target
regions was performed according to the previously descri-
bed protocol [25]. Briefly, genomic DNA extracted was
fragmented with sonication, and then was ligated to adapter
oligonucleotides (Illumina). DNA libraries were then gen-
erated after amplification. The hybridization and elution
of DNA libraries with capture probes were performed
according to Nimblegen’s standard procedures (Roche
NimbleGen, Inc.), followed by sequencing on the HiSeq
2000 or 4000 (Tllumina, San Diego, USA).

Data analysis

The primary data were acquired after image processing, error
analyses, and base calling according to the Illumina Pipeline
(version 1.8) in a run. Then, unqualified reads and adapter
sequences were removed to obtain clean reads. The alignment
of clean reads against the human genome (version hgl9/
NCBI37 version) was performed with Burrows-Wheeler
Aligner software package (http://bio-bwa.sourceforge.net/).
Picard MarkDuplicates (http://broadinstitute.github.io/picard/)
was used to mark duplicate reads. Then GATK was then used
to do local realignment and re-correction of base quality.
The depth of exons and SNP for each sample was generated
with GATK Depth Of Coverage. Here, the exon is numbered
as the traditional exon numbering (exons 1, 2a, 2b, and 3-8)
for gene SMNI and SMN2 [26, 27], while the reference
sequence used for SMNI and SMN2 is NM_000344.3 and
NM_017411.3, respectively (exons 2 and 3 are referred to as
2a and 2b). SMNI and SMN2 copy-number analysis were
conducted using a previously described protocol [28] with a
slight modification. The copy number was calculated
according to the reads number covering three distinguished
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base pairs (NC_000005.9:2.70247773C>T, NC_000005.9:
2.70247724, and NC_000005.9:2.70247921).

Samples were categorized based on the corresponding
credible interval [28]: “likely” carriers (1 copy of SMNI),
“unlikely” carriers (22 copies of SMNI), and ‘“possibly”
carriers (1.5 copies of SMNI, gray area) that be recom-
mended to verify with MLPA in the clinic. All “possible”
carriers were recommended to be verified by MLPA.

SMN1 copy-number analysis by real-time
TagMan PCR

After NGS-based SMA testing, the results of 2255 samples
were validated using methods other than NGS to demonstrate
the accuracy and sensitivity of NGS-based method. SMNI
copy number was detected with real-time TagMan PCR fol-
lowing the previous description [29]. The primers designed
according to two genes’ differentiated nucleotide in exon 7
(c.840C>T, NC_000005.9:2.70247773C>T) for SMNI exon
7 is 5-TTCCTTTATTTTCCTTACAGGGTGTC-3’ and 5'-G
CTGGCAGACTTACTCCTTAATTTAA-3, and 5-TTCCT
TTATTTTCCTTACAGGGTGTT-3’ and 5-GCTGGCAGA
CTTACTCCTTAATTTAA-3 for SMN2 exon 7. The dele-
tion range quantified for SMNI is NC_000005.9:2.70247774 _
70247809 del, and NC_000005.9:g. 69372354_69372389 del
for SMN2.

A commercially available MLPA kit P060-B2 (MRC
Holland) was used to quantify SMN/ copy number according
to manufacturer’s directions (www.mlpa.com). The probe
sequences for SMNI exon 7 were 5-TTTTTTTAACTTCCT
TTATTTTCCTTACAGGGTTTC-3' and 5-AGACAAAAT
CAAAAAGAAGGAAGGTGCTCACATTCCTTAAATTA
AGGA-3/, 5-GTGAGCACCTTCCTTCTTTTTGATTTTGT
CTA-3' and 5-AAACCCTGTAAGGAAAATAAAGGAAG
TTAAAAAAAATAGCTA-3' for SMN2 exon 7. The dele-
tion range tested for SMNI is NC_000005.9:2.70247738_
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70247821del, and NC_000005.9:g. 69372353_69372352 del
for SMN2.

Results
Validation study

SMNI copy-number analysis was implemented by the NGS-
based method and real-time TagMan PCR with 2255 sam-
ples simultaneously (Fig. la). One sample was detected
with O copy of SMNI with 2 methods, 69 samples were
identified with 1 copy of SMNI, and 10 samples were in
the “gray area” by NGS-based method. The remaining were
found to be with 22 copies of SMNI.

For the ten samples detected as “possibly” carriers by
NGS-based method who felled into the “gray area,” three
samples (3/10) were verified as carriers (1 copy of SMNI)
with real-time PCR, while seven samples (7/10) were found
to be with two copies of SMNI. However, no sufficient
samples were left to perform MLPA validation for these ten
samples. As for the 2175 samples detected to be with >2
copies of SMNI by NGS-based method, 2173 (2173/2175)
samples were verified by real-time PCR, only 2 (2/2,175)
samples were identified as carriers (1 copy of SMNI) with
real-time PCR. And this inconsistency generated by the two
methods was further validated with MLPA. As a result, the
two samples were also detected to be with two copies of
SMN1 by MLPA. As a result, the concordance between the
NGS-based method and real-time PCR for the detection of
SMA carrier and patient were up to 100% (Fig. 1a).

Carrier burden

The 10,585 couples (21,170 individuals) were from differ-
ent areas of 5 provinces in Southern China (Supplementary
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Table 1 Carrier frequencies categorized by ethnic for 20,883 samples.

Ethnicity N1 Carrier frequency N2 Female carrier frequency N3 Male carrier frequency
N % lin. N % lin. N % lin.

All 20,883 283 14 73.8 10,434 152 1.5 68.6 10,449 131 1.3 79.8
Han 14,117 191 1.4 73.9 6947 97 1.4 71.6 7170 94 1.3 76.3
Zhuang 1979 28 1.4 70.7 1029 16 1.6 64.3 950 12 1.3 79.2
Miao 730 8 1.1 91.3 365 7 1.9 52.1 365 1 0.3 365.0
Dong 660 2 0.3 330.0 339 1 0.3 339.0 321 1 0.3 321.0
Li 560 10 1.8 56.0 298 5 1.7 59.6 262 5 1.9 524
Yi 445 11 2.5 40.5 233 7 3.0 333 212 4 1.9 53.0
Buyei 326 2 0.6 163.0 160 1 0.6 160.0 166 1 0.6 166.0
Bai 279 5 1.8 55.8 139 2 14 69.5 140 3 2.1 46.7
Hani 240 2 0.8 120.0 120 1 0.8 120.0 120 1 0.8 120.0
Dai 225 0 - >225 124 - - - 101 - - -
Sui 199 1 0.5 199.0 111 1 0.9 111.0 88 - - -
Tujia 161 7 4.3 23.0 80 6 7.5 133 81 1 1.2 81.0
Yao 143 5 3.5 28.6 73 4 5.5 18.3 70 1 1.4 70.0
Va 131 2 1.5 65.5 75 1 1.3 75.0 56 1 1.8 56.0
Other® 208 2 1.0 104.0 109 1 0.9 109.0 99 1 1.0 99.0
Unknown 480 7 1.5 68.6 232 2 0.9 116.0 248 5 2.0 49.6

Carrier: one copy of SMNI; N1, screened number of an ethnicity; N2, female screened number of an ethnicity; N3, male screened number of an

ethnicity; %, percentage of an ethnicity in the study population.

*Hui, Lahu, Gelao, Blang, Mulao, Manchu, Lisu, Mongol, Jino, Tibetan, Maonan, Naxi, Chuangging, De’ang, Pumi, Uyghur, Achang, Korean,

Gin, Jingpo, San.

Table S1), and their average age was 29 years old. In total,
10,131 couples (95.71%) provided ethnic information, 326
couples had a racial identity just for 1 partner, 128 couples
were without ethnic information. Totally, 34 Chinese ethnic
groups were involved. The Han ethnicity was the largest:
14,251 individuals were from the Han ethnic group, com-
prising 67.32% of all the samples. The remaining were the
minority groups and the unknown for ethnic group,
accounting for 29.92% and 2.76%, respectively (Supple-
mentary Table S2).

Among 21,170 samples (10,585 couples), 202 of them
failed to meet quality control due to low sequencing depth
(the total reads of exon 7 of both SMNI and SMN2 genes are
<200) (Fig. 1b). In the remaining (20,968) samples, 85 sam-
ples were identified as “possibly” carriers (1.5 copies SMNI,
gray area), which were not verified with methods other than
NGS due to insufficiency of the samples. The remaining
20,883 samples were included in the followed analysis.
Among the 20,883 samples, 10,309 were couples and 265
were single. Of the 20,883 individuals tested, 283 (1.4%)
were identified with 1 copy of SMNI (Fig. 1b). In our cohort,
one couple was detected as carriers with an elevated risk of
having an SMA affected baby. Theirs SMN2 copy number
were 2 and 3, respectively. In the following carrier fre-
quencies analysis categorized by ethnicity and regions, the 85
“possibly” carriers were eliminated.

Carrier frequencies categorized by ethnicity

A total of 20,883 samples (34 self-reported Chinese ethnic
groups) were included in the following analysis. The Han
ethnicity consist of the largest population (n= 14,117,
67.6%). The other minorities and individuals without a
reported ethnic group account for 30.1% (n = 6286) and 2.3%
(n = 480), respectively (Table 1). The Zhuang, Hui, Miao, Yi,
Tujia, Dong, Buyei, Yao, Bai, and Hani are the top ten
minority groups in the south of China [14]. All these groups
were included in the present study.

As is shown in Table 1, the overall carrier frequencies
between each ethnic group are different. Specifically, indi-
viduals of Dai ethnicity showed the lowest carrier frequency
(0%), while individuals of Tujia ethnicity showed the highest
carrier frequency 4.3%. Both of them were significantly
different from other ethnic groups (p <0.05; Fisher exact
test). Besides, two ethnic groups (the Yao and Yi) showed
significantly high carrier frequencies (3.5% and 2.5%,
respectively; p <0.05 for both). Of note, the Han ethnicity
had an overall carrier frequency of 1.4%. In general, just
considering the sample size in this study, there are differ-
ences in carrier rates among some ethnic groups. But it is not
excluded that these differences may be caused by sample
size, thus investigation of large sample size for minority
ethnic groups is still necessary.
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Table 2 Carrier frequencies categorized by region for 20,883 samples.

Region N4 Carrier frequency N5 Female carrier frequency N6 Male carrier frequency
N % lin. N % lin. N % lin.
Guangdong
Dongguan 796 19 24 41.9 396 11 2.8 36.0 400 8 2.0 50.0
Foshan 1246 11 0.9 1133 623 6 1.0 103.8 623 5 0.8 124.6
Meizhou 868 13 1.5 66.8 435 6 1.4 72.5 433 7 1.6 61.9
Shaoguan 603 8 1.3 75.4 301 4 1.3 75.3 302 4 1.3 75.5
Yunfu 301 5 1.7 60.2 148 4 2.7 37.0 153 1 0.7 153.0
Zhuhai 941 4 0.4 235.3 471 2 0.4 235.5 470 2 0.4 235.0
Total 4755 60 1.3 79.3 2374 33 1.4 71.9 2381 27 1.1 88.2
Guangxi
Baise 691 14 2.0 494 345 2.3 43.1 346 6 1.7 57.7
Guilin 1011 13 1.3 77.8 505 1.6 63.1 506 5 1.0 101.2
Liuzhou 1051 14 1.3 75.1 525 1.3 75.0 526 7 1.3 75.1
Nanning 1562 23 1.5 67.9 780 12 1.5 65.0 782 11 1.4 71.1
Qinzhou 694 7 1.0 99.1 346 2 0.6 173.0 348 5 1.4 69.6
Total 5009 71 14 70.5 2501 37 1.5 67.6 2508 34 1.4 73.8
Hainan
Chengmai 439 6 14 732 219 3 1.4 73.0 220 3 1.4 73.3
Dongfang 473 7 1.5 67.6 236 4 1.7 59.0 237 3 1.3 79.0
Ledong 436 7 1.6 62.3 218 4 1.8 54.5 218 3 1.4 72.7
Qionghai 459 13 2.8 353 230 6 2.6 38.3 229 7 3.1 327
Qingzhong 156 2 1.3 78.0 78 1 1.3 78.0 78 1 1.3 78.0
Sanya 564 9 1.6 62.7 283 3 1.1 94.3 281 6 2.1 46.8
Tunchang 251 1 0.4 251.0 125 0 - - 126 1 0.8 126.0
Total 2778 45 1.6 61.7 1389 21 1.5 66.1 1389 24 1.7 579
Yunnan
Chuxiong 867 19 22 45.6 432 9 2.1 48.0 435 10 2.3 43.5
Dali 393 6 1.5 65.5 196 2 1.0 98.0 197 4 2.0 49.3
Honghe 275 1 0.4 275.0 136 0 - - 139 1 0.7 139.0
Kunming 779 11 1.4 70.8 391 7 1.8 559 388 4 1.0 97.0
Lincang 636 12 1.9 53.0 319 6 1.9 532 317 6 1.9 52.8
Wenshan 852 15 1.8 56.8 424 10 2.4 42.4 428 5 1.2 85.6
Xishuangbanna 247 2 0.8 123.5 123 2 1.6 61.5 124 0 - -
Total 4049 66 1.6 61.3 2021 36 1.8 56.1 2028 30 1.5 67.6
Guizhou 4292 41 1.0 104.7 2149 25 1.2 86.0 2143 16 0.7 133.9
Total 20,883 283 14 73.8 10,434 152 1.5 68.6 10,449 131 1.3 79.8

Carrier: one copy of SMN1; N4, screened number of a region; N5, female screened number of a region; N6, male screened number of a region; %,

percentage of an ethnicity in the study population.

The carrier frequencies showed slightly different
between male and female (Table 1). The overall carrier
frequency for female was 1.5%, while for male it was 1.3%.
Moreover, the range of carrier frequency was from 0% in
Dai to 7.5% in Tujia for female. On the other hand, male
carrier frequency was in a narrower range, which was 0% in
Dai to 2.1% in Bai. Most of the ethnic carrier frequencies is
not statistically specific, no matter considering gender
or not.
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Carrier frequencies categorized by region

The intra- and interprovincial differences of carrier fre-
quencies were summarized in Table 2. The regional differ-
ences were not substantially equivalent among Guangdong,
Guangxi, Hainan, Yunnan and Guizhou provinces. Hainan
and Yunnan provinces had the highest SMA carrier frequency
(1.6%), while the province with the lowest frequency
was Guizhou province (1.0%). For different areas of the
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Table 3 Spinal muscular atrophy genotype distribution categorized by ethnic for 20,883 samples.

SMNI1:SMN2

Ethnicity N1 One copies of SMNI

Two copies of SMNI

Three copies of SMNI Four copies of

SMN1

1:1 1:2 1:3 1:4 20 2:1

2:2 2:3 2:4 3.0 3:1 3:2 3:3 4:0 4:1 4:2

All 20,883 47 137 95 4 869 6516
Han 14,117 33 93 61 4 556 4361
Zhuang 1979 3 17 8 90 620
Miao 730 2 6 45 292
Dong 660 1 1 31 212
Li 560 2 3 5 23 175
Yi 445 1 4 6 27 122
Buyei 326 1 1 12 103
Bai 279 1 2 2 8 94
Hani 240 2 12 70
Dai 225 5 63
Sui 199 1 11 69
Tujia 161 4 2 1 3 49
Yao 143 1 1 3 5 36
Va 131 1 1 14 47
Other® 208 0 1 1 7 66
Unknown 480 4 3 20 137

11,218 445 58 311 665 386 72 22 19 19

7650 292 42 202 466 260 53 16 14 14
1096 54 2 16 51 20 1 1
323 15 2 20 15 10
362 11 5 6 14 16 1
302 4 1 16 24 4 1
234 16 12 10 11 1 1
185 3 1 16 3 1
150 2 6 8 5 1
121 3 6 10 7 7 1 1
126 6 4 9 7 3 1 1
98 6 1 3 4 5 1
80 4 3 6 8 1
83 4 1 3 4 2
63 2 1 2
112 10 2 5 4
233 13 4 10 23 22 4 2 3 2

“Hui, Lahu, Gelao, Blang, Mulao, Manchu, Lisu, Mongol, Jino, Tibetan, Maonan, Naxi, Chuangqing, De’ang, Pumi, Uyghur, Achang, Korean,

Gin, Jingpo, San.

same province, the difference for carrier rate was significant.
For example, it ranged from 0.4% in Tunchang to 2.8%
in Qionghai. However, these differences may be caused by
insufficient sample size too.

Among the five provinces, the carrier frequencies
were different in men and women as well. The lowest
female carrier frequency was 1.2% in Guizhou, while the
highest one was 1.8% in Yunnan. The range of male
carriers was from 0.7% in Guizhou to 1.7% in Hainan.
Similar to the situation of the total carrier frequency,
interprovincial gender carrier frequencies occupied a lar-
ger range (0-2.6% in women; 0-3.1% in men) than intra-
provincial ones.

Gene dosage of SMN1 and SMN2

The copy numbers of SMN2 could modulate SMA pheno-
type. In this study, the relationship between SMN2 and SMN1
gene copy number was analyzed. In the carriers (283/
20,883), the SMN2 gene had one to four copies. The majority
(91.5%; 19,106/20,883) of healthy individuals carried two
copies of wild-type SMNI, and the remaining had three
(7%, n = 1434) or four (0.3%, n = 60) copies of the SMN1
gene (Tables 3 and 4). In the two genotypes with more than
three copies, at least two SMNI alleles were on the same
chromosome. In the samples with two or three SMN1 alleles,

the SMN2 gene copy number varied from O to 4. In carriers
and normal individuals, the SMNI copies increase was
associated with SMN2 copies reduce. Most SMNI carriers
(83.4%; 236/283) had more than one copy of SMN2, while
the portion of samples with more than one copy of SMN2
decreased from 61.3% to 31.7% in a normal population with
the increase of SMNI gene number.

The copy-number ratio of SMNI/SMN2 was available for
each ethnic group (Table 3). The majority of ethnic dis-
tribution was similar to the overall trend described above,
though there were several significantly higher or lower
cases. For example, in the normal population with two
SMNI copies, the Han, Miao, and Yi groups showed greater
proportion with 2:2, 2:1, and 2:0 copy-number ratio of
SMNI/SMN2 (7650/20,883, 292/20,883 and 27/20,883,
respectively; p <0.05 for all). On the other hand, the three
groups showed less proportion with 2:0, 2:2, and 2:1 ratio
(556/20,883, 323/20,883, and 122/20,883, respectively; p <
0.05 for all). The Yi and Yao groups, showing statistical
high carrier frequencies, was significantly high when copy-
number ratios of SMNI/SMN2 was 1:3 (6/20,883 and 3/
20,883, respectively; p<0.05 for both). Similarly, the
population number of Tujia was high when the ratio was 1:1
(4/20,883; p <0.05).

The intra- and interprovincial copy-number ratio of
SMNI1/SMN2 was determined as well (Table 4). Guizhou
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Table 4 Spinal muscular atrophy genotype distribution categorized by region for 20,883 samples.

Region Number of One copies of SMNI  Two copies of SMNI Three copies of SMNI  Four copies of SMN1
screened samples
o1 122 13 1:4 20 2:1 22 23 24 3.0 31 32 33 40 4:1 4:2
Guangdong
Dongguan 796 3 8 7 1 32 218 424 13 2 19 35 23 6 2 1 2
Foshan 1246 2 5 4 0 42 379 679 24 4 24 37 33 7 3 1 2
Meizhou 868 3 6 4 0 40 281 460 14 O 11 22 23 4 0 0 0
Shaoguan 603 0 7 1 0 13 183 337 18 2 11 20 1 1 2 1
Yunfu 301 1 31 0 13 86 175 5 0 2 7 0 1 1 0
Zhuhai 941 1 2 1 0 35 269 546 12 1 14 34 18 3 1 1 3
Total 4755 10 31 18 1 175 1416 2621 8 9 81 155 109 21 8 6 8
Guangxi
Baise 691 2 8 4 0 41 220 355 22 0 4 25 10 0 0 0 0
Guilin 1011 1 4 8 0 31 308 576 23 6 13 30 5 4 1 1 0
Liuzhou 1051 4 8 2 0 40 331 568 20 4 12 38 20 1 1 2 0
Nanning 1562 5 100 8 0 57 450 907 36 8 20 42 14 3 1 0 1
Qinzhou 694 1 32 1 27 223 364 16 5 7 26 11 3 3 1 1
Total 5009 13 33 24 1 196 1532 2770 117 23 56 161 60 11 6 4 2
Hainan
Chengmai 439 1 3 2 0 19 140 241 3 8 10 4 0 0 0 1
Dongfang 473 1 2 3 1 23 160 236 1 5 23 8 1 0 2 0
Ledong 436 1 4 2 0 20 156 222 10 O 7 11 30 0 0 0
Qionghai 459 4 36 0 28 141 242 13 0 6 8 5 1 1 0 1
Qiongzhong 156 0 0o 2 0 10 61 74 3.0 0 6 0 0 0 0 0
Sanya 564 2 4 3 0 17 161 304 10 2 22 29 5 3 1 1 0
Tunchang 251 1 0O 0 O 14 76 139 7 0 5 6 1 1 0 0 1
Total 2778 10 16 18 1 131 895 1458 57 6 53 93 26 6 2 3 3
Yunnan
Xiongchu 867 3 8 8 0 41 246 475 23 0 12 24 22 4 0 1 0
Dali 393 1 2 3 0 11 122 220 5 1 7 13 7 1 0 0 0
Honghe 275 0 o 1 0 13 78 140 4 0 7 12 11 7 0 1 1
Kunming 779 0 4 6 1 25 236 396 15 0 20 39 30 3 1 2 1
Lincang 636 0 8 4 0 37 207 335 10 1 7 14 11 2 0 0 0
Wenshan 852 2 8 5 0 43 285 448 25 1 8 14 12 0 1 0 0
Xishuangbanna 247 0 1 1 0 3 80 122 8 0 7 9 9 4 1 1 1
Total 4049 6 31 28 1 173 1254 2136 90 3 68 125 102 21 3 5 3
Guizhou 4292 8 26 7 0 194 1419 2233 95 17 53 131 89 13 3 1 3
Total 20,883 47 137 95 4 869 6516 11,218 445 58 311 665 386 72 22 19 19

Carrier: one copy of SMNI.

province had fewer carriers compared with the whole,
while the carriers in this province with SMN1/SMN?2 ratio
of 1:3 (7/20,883; p<0.05) was significantly lower. In
some provinces, only several cities had significantly
greater or fewer carriers, like Dongguan and Zhuhai in
Guangdong. The proportion with SMNI/SMN?2 ratio of
1:2 (2/4755; p<0.05) was consistent to less carrier in
Zhuhai, while the proportion with SMNI/SMN?2 ratio of
1:3 (7/4755; p <0.05) was consistent to the greater carrier
in Dongguan.

SPRINGER NATURE

Discussion

NGS technology is the current trend for clinical carrier
testing since it has the ability to determine the status of
multiple genetic diseases in parallel. It shows irreplaceable
technological advantages over traditional methods, espe-
cially in the field of ECS. SMA is a severe and high-
incidence genetic disease, it has been recommended for
carrier screening. In NGS-based ECS, SMA is included
supplemented with traditional technological methods, such
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as MLPA or real-time TagMan PCR [20, 21]. The newly
developed NGS-based SMA carrier screening makes SMA
testing as a part of a comprehensive NGS carrier-testing
platform. Previous studies already performed a comparison
between sequencing-based and MLPA carrier statuses,
which showed a strong correlation [23]. What is more, the
NGS validation of phase 3 participants in the 1000 Gen-
omes Project showed that the proportion of SMA carriers
closely matched the proportion in subpopulations [28]. In a
previous study of the first the NGS-based method for SMA
testing, the sensitivity and specificity to detect SMA carriers
with one copy of SMNI was 100% and 99.6%, respectively
[23]. The NGS results were confirmed by conventional
methods like qPCR or MLPA [23]. In this study, we vali-
dated the NGS-based method (with some modification) by
real-time PCR, the concordance between the NGS-based
method and real-time PCR for the detection of SMA carrier
and patient were up to 100%. Our study differentiated the
SMNI1 and SMN2 copy number in large-scale Chinese
population, which makes it possible to perform SMA testing
in NGS-based multiple carrier testing. The SMNI and
SMN2 genotypes were also revealed during the test. We
were able to differentiate SMA carriers (SMNI/SMN2; 1/1)
from noncarriers (2/2 or 3/3), although their SMNI to SMN2
copy-number ratios were the same.

The results of the screening for SMA carriers from five
provinces showed that the carrier frequency was 1 in 73.8
(1.4%) in southern China. It was comparable with SMA
carrier frequencies in subpopulation worldwide, which was
from 1 in 100 in Black to around 1 in 50 Caucasian and
Asian populations [30]. The clear ethnic information in
previous studies in China was limited to the Han group or
Taiwanese [3, 16, 31]. The pan-ethnic study was still
missing, which can represent the diversity of the Chinese
population. In our study, certain ethnic groups had sig-
nificantly higher or lower carrier frequencies (Table 3).
One possible explanation of this phenomenon is that the
sample size is not large enough in a certain ethnic group.
Another explanation may be the intermarry across ethnic
groups is still unpopular. For example, all the intermarry
ratios of Han and Yi/Yao/Tujia/Dai are below 20%. In this
way, the minor ethnic groups keep the population specifi-
city. Although the carrier frequencies might be population-
specific in several ethnic groups, the SMA carrier status fell
into a certain range across subpopulations. Therefore, it is
essential to carry on the pan-ethnic SMA carriers test
in China.

Interestingly, the carrier frequency was a little lower than
most of the previous studies in China (ranging from 1.6% in
Hong Kong to 2.39% in Guangdong province) [3, 14-16, 31].
There is only one study in Liuzhou, Guangxi province with a
carrier frequency of 1.2%, which was lower than that is in our
study [32]. Considering the sample size, our result was more

convincing refer to the combined estimated carrier frequency
[30]. Compared with previous studies in China, our study was
carried on in the larger population (20,883) in broader
regions. Therefore, the data with less sample bias were more
accurate for estimating the proportion of SMA carriers
in China.

The SMNI/SMN2 copy-number information in this
cohort provides a closer view of the genotypes in general
population. The proportion of samples with three copies of
the SMNI gene or more in minority of healthy individuals
(7.3%; n=1494) was higher than previous observation
(about 4%) in normal population [8]. Two SMNI copies on
the same chromosome was detected only when the gene
copy number of SMNI is more than 3. This may be
explained by the SMN2 to SMNI gene conversion. Since
the total copy number of SMNI and SMN2 is consistent in
this situation, the SMN2 copy number would decrease after
the gene conversion. We showed herein that the correla-
tion of SMNI copy number increase and SMN2 copy
number decrease in the general population, which proved
the hypothesis of gene SMN2 to SMNI conversion. This
trend has also been reported in a previous study of gene
conversion between SMNI and SMN2 [33]. The ethnic and
geographic distribution of SMNI/SMN2 was not studied
because of the limited sample size in previous researches.
In this study, our finding showed that the distribution of
SMNI1/SMN2 gene copy numbers is similar across ethnic
groups, though there are several exceptions in both healthy
individuals and carriers. When linked with carrier fre-
quencies, copy-number ratios of SMNI1/SMN?2 can explain
part of the ethnic-specific carrier difference. For example,
the proportion of 1:3 copy-number ratio of SMNI/SMN2
was significantly higher in the Yi and Yao groups. The
distribution across various regions was also indifferent in
most cases with only a few exceptions. For example,
province Guizhou, with a lower carrier frequency, had
fewer carriers with SMN1/SMN?2 ratio of 1:3. The reason is
not clear, but the carrier screening of SMA is meaningful
in a broad region based on this large-scale general popu-
lation study.

From the view of birth control, there is 1 SMA het-
erozygous at-risk couple in 10,309 couples, which passed
quality control and was in the nongray zone among
10,309 couples analyzed. Since the overall male and
female carrier frequencies were 1.3% and 1.5%, respec-
tively, the theoretical risk couple frequency is 1.95%co.
The actual frequency (1/10,309; 0.97%00) in our cohort
was close to it.

This retrospective study had several drawbacks. For
example, the lack of reports for the patients and follow-up
data (such as pregnancy outcomes). Due to insufficiency of
the samples, the 85 “possibly” carriers (1.5 copies SMNI,
gray area) detected by NGS-based method were not
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validated by MLPA. Some of these “possibly” carriers may
also be true SMA carriers. This may possibly result in
the lower carrier frequency of our cohort comparing to
most of carrier frequencies reported in previous studies
[3, 14-16, 31]. There’s also a limitation of high-throughput
sequencing-based screening, it would miss the following
carriers: two functional genes are located on the same
chromosome, and a nonfunctional gene is located on the
other chromosome. The frequency of this “2 + 0” genotype
carrier was 0.11% in the Asian population [34]. Therefore,
the observed difference could be reduced. SMA could also
be caused by variants in the SMNI gene. Although we took
the point variant in exon 7 and exon 8 into consideration,
carriers could have other intragenic variants at the SMNI
gene [1, 35].

In summary, we carried out SMA carrier investigation
among 10,585 healthy couples from various ethnic groups
in southern China with NGS-based method. The overall
SMA carrier rate was 1 in 73.8 (1.4%). The results indicated
significant differences between ethnic groups (highest in
Dai ethnicity (4.3%), but not between five provinces). In
addition, the distribution of SMNI:SMN2 genotype was
revealed in this study. Among the individuals with normal
phenotype, the exon 7 copy-number ratio of SMNI to SMN2
proved the gene conversion between them. Our study illu-
strated that NGS-based method is a promising alternative
for SMA carrier screening, and the results provided data
support and reference for future clinical application.

Data availability

The information of the variant detected in this study can be
found at the ClinVar database (http://www.ncbi.nlm.nih.
gov/clinvar/variation/) with accession number
SCV001334438. The identifiable information of the sub-
jects used in this study is kept in our clinical laboratory to
protect subjects’ privacy, while their nonidentifiable geno-
mic sequencing data have been deposited in the CNSA
(https://db.cngb.org/cnsa/) of CNGBdb with accession code
CNPO0000801.
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