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Spinal muscular atrophy (SMA) is one of the most common autosomal-recessive diseases, caused by
absence of both copies of the survival motor neuron 1 (SMN1) gene. Identification of SMA carriers has
important implications for individuals with a family history and the general population. SMA carriers are
completely healthy and most are unaware of their carrier status until they have an affected child. A total of
422 individuals have been studied to identify SMA carriers. This cohort included 117 parents of children
homozygously deleted for SMN1 (94% were carriers and 6% had two copies of SMN1; of these individuals,
two in seven had the ‘2þ0’ genotype, two in seven were normal but had children carrying a de novo
deletion and three in seven were unresolved), 158 individuals with a significant family history of SMA (47%
had one copy, 49% had two copies and 4% had three copies of SMN1) and 146 individuals with no family
history of SMA (90% had two copies, 2% had one copy and 8% had three copies of SMN1). The SMA
carrier frequency in the Australian population appears to be 1/49 and the frequency of two-copy SMN1
alleles and de novo deletion mutations are both at least 1.7%. A multimodal approach involving
quantitative analysis, linkage analysis and genetic risk assessment (GRA), facilitates the resolution of SMA
carrier status in individuals with a family history as well as individuals of the general population, providing
couples with better choices in their family planning.
European Journal of Human Genetics (2007) 15, 759–766; doi:10.1038/sj.ejhg.5201821; published online 28March 2007

Keywords: spinal muscular atrophy; carrier testing; SMN1; risk assessment; population screening; cascade
testing

Introduction
Spinal muscular atrophy (SMA) is the second most

common severe autosomal-recessive disorder after cystic

fibrosis and the most frequent genetic cause of infant

mortality. SMA has an estimated incidence of 1/10 000

live births with a carrier frequency of 1/40–1/50.1 It is

characterized by degeneration of the anterior horn cells of

the spinal cord, leading to symmetrical muscle weakness

and atrophy. The SMA determining gene was identified in

19952 and is named the survival motor neuron 1 (SMN1)

gene. The SMN1 gene is localized to chromosome region

5q13 within a highly complex, volatile area containing

multiple repetitive and inverted sequences.

There is a highly homologous gene copy to SMN1 called

SMN2, which differs by only a single nucleotide in the

coding sequence of exon 7.3 This single base C to T

substitution is responsible for exon 7 skipping in most

SMN2 products, either due to the creation of an exonic

splicing silencer4 or disruption of an exonic splicing
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enhancer,5 which results in the majority of SMN2 tran-

scripts lacking exon 7. SMN2 is responsible for mediating

the severity of the SMA clinical phenotype.6 Approxi-

mately, 94% of clinically typical SMA patients lack both

copies of SMN1. The homozygous absence of SMN1 is

caused by deletions or gene conversions of sequences of

SMN1 into SMN2.7,8 The remaining 6% of affected

individuals who do not lack both copies of SMN1 may be

compound heterozygous patients who have a deletion on

one allele and a point mutation on the other9 or patients

with SMA phenotypes unrelated to SMN1. Currently at

least 30 small intragenic mutations have been reported in

SMN1.10

The copy number of SMN1 varies greatly in different

individuals. The majority of affected individuals have no

copies of SMN1, most carriers have one copy of SMN1 and

non-carriers can have two to four copies of SMN1. In many

instances, people do not know that they are carriers until

they have a child affected with SMA. In addition, there are

asymptomatic individuals who are homozygously deleted

for SMN1 in some families, but have multiple copies of

SMN2. It is believed that five or more copies of SMN2 could

be enough to correct or partially compensate for the

absence of the SMN1 gene.11

In this study, we describe the complexities in SMA carrier

testing and discuss the implications for population screen-

ing of carriers of SMA. We have developed a method to

determine the SMN1 copy number using quantitative real

time polymerase chain reaction (PCR) that defines specific,

non-overlapping ranges for 1, 2 and 3 copy numbers of the

SMN1 gene.

Materials and methods
Patient samples

SMA carrier testing was performed on 117 parents of

affected children lacking both copies of SMN1, 158

unaffected individuals with a family history of SMA and

147 unaffected individuals without a family history of SMA

(population screen). Informed consent was obtained from

all subjects and ethics approval was not required because

testing was performed for clinical reasons. DNA was

isolated from EDTA blood samples by the Nucleon BACC2

Kit (Amersham Biosciences UK Ltd, Little Chalfont,

Buckinghamshire, England), or by external laboratories

referring samples in for testing.

Quantitative real-time PCR

Probes and specific primers that distinguish between SMN1

and SMN2 were designed using the program Primer Express

(ABI, Foster City, CA, USA). A multiplex PCR simulta-

neously amplifying SMN1 and the CFTR gene (internal

standard) was performed in a total volume of 25 ml,
containing 200 Zg of DNA, 15 mM of SMN primers (SMN1-

F TCCTTTTATTTTCCTTACAGGGTTTC and SMN1-R

GCTGGCAGACTTACTCCTTAATTTAA), 5mM of CFTR pri-

mers (CFTR-F GAAGAGAACAAAGTGCGGCAG and

CFTR-R TTGCCGGAAGAGGCTCCT), 12.5 ml of Platinum

Quantitative PCR Supermix-UDG (Invitrogen, Karlsruhe,

Germany), 5 mM of the SMN probe (ACAAAATCAAA

AAGAAGGAAGGTGCTCACATTC) and 10 mM of the CFTR

probe (ACGATTCCATCCAGAAACTGCTGAACGA) on the

BIORAD i-Cycler instrument. Each control and test sample

was tested in triplicate within the same assay. Ten controls

were included in each assay; these included a no DNA

control, three one-copy SMN1 controls, five two-copy

SMN1 controls and one no-copy SMN1 sample. The

thermal cycling conditions included an initial denatura-

tion of 10min at 951C, and proceeded with 40 cycles of 15 s

at 951C and 1min at 601C.

Data evaluation was carried out using i-Cycler iQ Real

Time Detection System Software (Version 3) BIORAD. The

formula 2�DDCt was used to determine the SMN1 gene copy

number: where DDCt ¼ (SMN DCt–CFTR DCt) – Ave DCt of
the two-copy SMN1 controls. The DCt represents the mean

Ct (threshold cycle) value of each sample (average of

triplicates). Values were standardized against the two-copy

SMN1 control samples. Samples were repeated if the real-

time values were situated between ranges or the standard

deviation (SD) between the triplicates was 40.3.

Linkage analysis

Molecular analysis with polymorphic markers flanking the

SMN gene was performed as described previously, using the

distal markers JK53, D5S610 and D5S1408 and proximal

markers EF1/2a, D5S629 and D5S1414.12 See Figure 1.

Results
SMN1 gene dosage validation

To validate the assay, we analyzed 53 carriers (parents of

SMN1 homozygously deleted children) and 52 controls

with quantitative real time PCR. In addition, a number of

EF 1/2a D5S629 D5S1414 D5S1408 JK53

SMN1

D5S610

Centromere Telomere

Recombination3% 1% 1% 3%

Figure 1 Genetic markers flanking the SMN1 gene.
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samples used in the validation experiment were tested with

a second independent quantitative method. Ten no-copy

samples, 11 1-copy samples, 14 2-copy samples and six

3-copy samples for the SMN1 gene were screened with a

Multiplex Ligation-dependent Probe Amplification

assay, the SALSA MLPA kit P021 (MRC-Holland, The

Netherlands). These samples were confirmed to have zero,

one, two and three copies of exon 7 of the SMN1 gene

(respectively) (data not shown). The quantitative real time

PCR method defined specific, non-overlapping ranges that

clearly distinguished between one, two or three SMN1

copies, as shown in Figure 2.

SMN1 gene dosage analysis

A total of 422 individuals from Australia and New Zealand

have been studied to determine the SMN1 copy number

as summarised in Figure 3. There were 147 unaffected

individuals tested with no family history of SMA, which

included a collection of random control samples and

partners of individuals with a family history of SMA. In

this group, three individuals had one copy of SMN1, 133

had two copies of SMN1 and 11 had three copies of SMN1.

There were 158 individuals with a family history of

suspected or definitive chromosome 5q13 linked SMA. Of

these, 75 had one copy of SMN1, 77 had two copies of

SMN1 and six had three copies of SMN1. Among the

parents, 110 of 117 had one copy of SMN1, confirming

their SMA carrier status as expected, and seven parents had

two-copies of SMN1, which required further linkage

analysis to determine the gene copy number on each allele.

SMA linkage analysis

In families 1 and 2, the fathers were found to have two

copies of SMN1 (Figure 4). Combined dosage and linkage

analyses indicated that the fathers have one SMN1 copy on

each allele. Therefore, there was loss of the paternal SMN1

gene on transmission from the father to child, a de novo

event.

The mother of the affected child in family 3 was found

to have two copies of SMN1 (Figure 4). The father and the

maternal grandmother of the affected child had only

one copy of the SMN1 gene. Phasing of the chromosomes

with linkage markers flanking the SMA locus indicated

that the mother of the affected child had inherited

the SMN1 deleted allele from her mother. Therefore, the

other allele from her father carries two copies of the SMN1

gene. In family 4 (Figure 4), the mother of the affected

children had one copy of the SMN1 gene. Linkage

analysis in the affected siblings indicated that the deletion

allele was inherited from both parents. Because the

deletion was transmitted more than once, the father of

the affected child most likely has two copies of SMN1 on

one allele.

Discussion
SMN dosage analysis is used to determine the number of

SMN1 gene copies. Because there is great variation in the

SMN1 gene copy number between individuals (also high-

lighted by our data), dosage analysis requires a method that

can clearly distinguish between one, two and even three or

more copies of SMN1. We have presented a method using

quantitative real time PCR technology, which clearly

determines the SMN1 copy number in non-overlapping

ranges, as shown in Figure 2. A cohort of 422 individuals
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was tested and these data are presented in Figure 3. In the

parents, 94% had only one copy of SMN1 and 6% had two

copies of SMN1. In individuals with a family history of

SMA, 47% had one copy of SMN1, 49% had two copies of

SMN1 and 4% had three copies of SMN1. In individuals

with no family history of SMA, 2% had one copy of SMN1,

90% had two copies of SMN1 and 8% had three copies of

SMN1.

SMA carrier frequency

The SMA carrier frequency in the Australian and New

Zealand population appears to be one in 49, with the

identification of three carriers in 147 individuals without a

family history of SMA. However, a larger sample size is

required to increase the accuracy of this figure. The carrier

frequency quoted by other groups varies from 1/25 to 1/63,

depending upon the population that is being studied.

France is quoted at 1/34–1/56,13,14 Germany 1/25–1/35,6,15

USA 1/40–1/60,16–18 Canada/USA 1/5419 and China 1/

63.20 To obtain a more accurate SMA carrier frequency for

use in risk calculations, we combined our population data

with the published data,18 giving a carrier frequency of

1/41 (Table 1). This combined SMA carrier frequency

includes individuals from Germany, France, USA, New

Zealand and Australia.

Genotypes in SMA carriers

In the parent population, carrier status was confirmed in

110 parents (94%) and seven parents had two copies of

SMN1 (6%). Two of the parents with two copies of the

SMN1 gene were fathers with one copy of SMN1 on each

• Family 1

• Family 3

• Family 2

• Family 4
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Figure 4 Four families that underwent SMN1 dosage analysis in combination with SMA linkage analysis. Families 1 and 2 are examples of paternal
derived de novo deletions. Families 3 and 4 are examples of two SMN1 copies on one chromosome.

Table 1 SMN1 copy number among individuals from the
general population

SMN1 copy number

Authors 1 2 3 4 Total

Ogino et al18 30 1080 86 7 1203
Our study 3 133 11 0 147

Total 33 1213 97 7 1350
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allele with children who had de novo deletions; both these

individuals are therefore not carriers of SMA. Linkage

analysis also indicated that the de novo loss of the SMN1

was not due to a recombination event, but most likely due

to a gene conversion event of SMN1 into SMN2 in both

cases (Figure 4). This gene conversion could be confirmed if

SMN2 dosage analysis was performed.

Further, two parents with two copies of the SMN1 gene

were shown to each carry two-copies of SMN1 on one allele

and no SMN1 copies on the other allele (Figure 4). This is

referred to as the ‘2þ0’ genotype.16 These individuals are

still carriers of SMA. In family 4, the deletion mutation

was transmitted more than once from the father. The most

likely explanation is that he has the ‘2þ0’ genotype and is

a carrier of SMA. Gonadal mosaicism for a SMN1 deletion

mutation may also be a possible explanation.21,22 However,

no cases have been documented, that clearly show this, so

it remains a very rare possibility.

The remaining three parents with two copies of SMN1

could not be classified as ‘2þ0’ SMA carriers or non-

carriers with de novo deletions in their children, due to the

lack of availability of extended family members for linkage

analysis. Monosomal hybrid generation, which would

separate the two chromosome 5s, could enable distinction

between ‘2þ0’ and ‘1þ 1’ genotypes.23 However, this type

of analysis is not practical in a diagnostic laboratory and

linkage analysis still remains the most achievable option.

Observed ‘2þ0’ genotype frequency

The ‘2þ0’ genotype is a fundamental factor that could lead

to a false-negative result when testing for SMA carriers. It is

therefore essential to determine the frequency of this

genotype to include in the risk calculation for SMA carrier

testing. The observed ‘2þ0’ genotype was determined in

the parents of affected individuals by performing dosage

and linkage analysis on the parents found to have two

SMN1 copies. Among the 117 parents, seven had two

copies and 110 had one copy of SMN1. Two of these

parents were identified as having two SMN1 copies on one

allele, that is, ‘2þ 0’ genotype and another two of the

parents with two copies of SMN1 were normal that is, one

SMN1 copy per allele, ‘1þ1’ genotype. The remaining

three parents’ genotypes could not be classified as either

‘2þ 0’ carrier or normal, therefore these individuals were

not included in the calculation. Within this group of

individuals there were 116 normal alleles that is, at least

one copy of SMN1 on chromosome 5 (110 normal alleles in

the 110 carrier parents, two normal alleles in the two ‘2þ 0’

parents, plus four normal alleles in the two non-carrier

parents), two were 2 SMN1 copy alleles (1.7%). This

frequency could even be as high as 4.2% if the three

unclassified parents’ genotypes were identified as ‘2þ 0’

genotype. The ‘2þ0’ frequency in the Australian and New

Zealand population is very similar to other populations

when compared with previous quoted frequencies of

approximately 2.4–3.3%.6,24

Estimated ‘2þ0’ frequency

It is possible to obtain an estimate of the two SMN1 copy

allele frequency by studying the general population. This

population of individuals is considered to give a more

accurate estimate of frequency without any preference

towards any specific genotype. Individuals with a family

history were not included in the calculation as these

individuals could result in a bias in the calculated

frequencies. Among the 147 unaffected individuals with-

out a family history of SMA, three had one copy of SMN1,

133 had two copies and 11 individuals had three copies.

Therefore of the 291 normal alleles (3 normal alleles in the

individuals with one SMN1 copy, plus 266 normal alleles in

the individuals with two copies, plus 22 normal alleles in

the three copy individuals (assuming ‘2þ1’ genotype)), 11

were two copy alleles (3.8%). There is a small difference in

the observed ‘2þ 0’ frequency in the parent population

(1.7%) compared with the estimated frequency in the

general population (3.8%). This is most likely due to

ascertainment bias as carriers are usually identified only

when affected children are born and also three parents

with unclassified genotypes could not be included in the

calculation. However, to enable accurate risk assessments

when offering genetic counselling to individuals, it is

necessary to calculate the frequencies of the different copy

number SMN1 alleles.

De novo rearrangements frequency

De novo rearrangements would be a fundamental factor

that could lead to a false-positive result when testing for

SMA carriers. It is therefore essential to determine the

frequency of this event to include it into the risk

calculation for SMA carrier testing. In our patient cohort,

de novo mutations were detected in two out of 117 parents

(1.7%). This frequency could be as high as 4.3% if the three

parents from the unresolved families were found to have

one SMN1 gene on each allele (not SMA carriers). De novo

rearrangements are estimated to be found in B2% of

patients with SMA.7,17,25,26 The paternal and maternal de

novo mutation rates are estimated to be 2.11�10�4 and

4.15�10�5 respectively.18 The majority of the reported

de novo deletion mutations are paternal in origin, the

consequence of a crossover that results in the loss of the

SMN1 gene. There have been two reports of the loss of the

SMN1 gene due to a de novo gene conversion event,

converting a SMN1 gene into SMN2.7,13 Of the reported

cases one was of maternal and the other paternal. Both the

cases that we identified were paternal in origin.
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What should be considered in genetic risk
assessments?

Genetic risk assessments (GRA) are estimates based on

published data from limited patient numbers from specific

populations. Carrier frequency, the ‘2þ0’ genotype, de

novo mutation rates and intragenic SMN mutations, are all

factors that need to be considered when determining a

SMA carrier risk. Individuals with the ‘2þ0’ genotype are

still carriers of SMA and therefore the recurrence risk is

high. When a de novo mutation has occurred, one of the

parents is not a carrier of SMA and therefore the recurrence

risk is low. It is important for parents who have been

shown to carry two SMN1 genes, contrary to the expected

one SMN1 gene copy, to undergo extended analysis to

distinguish between these two events, as it results in a

different impact on the potential risk in future pregnancies

and family members.

A comprehensive testing procedure for SMA carrier

testing requires a multi-modal approach that involves

SMN gene-dosage, linkage analysis as well as GRA.22 All

of these things are integral components that impact on

genetic counselling both pre- and post testing.

Updated SMN1 copy number allele frequencies

The frequency of the different types of SMN1 copy-number

alleles is used in GRA. The SMN1 allele frequencies are

calculated using the Hardy–Weinberg equilibrium. We

have combined our data with individuals in the general

population of other published data originating from

Germany, France and USA (Table 1)18 and data provided

on patients with SMA with identifiable mutations in both

alleles of SMN1.7 The new SMN1 allele frequencies are as

follows: a (the 0–copy allele frequency) ¼ 1.36�10�2; b

(the one-copy allele frequency) ¼ 9.47�10�1; c (the two-

copy allele frequency) ¼ 3.99�10�2; and d (the one copy

disease allele frequency) ¼ 2.49�10�4. Refer to Table 2 for

SMN1 allele and genotype frequencies.

GRA for population screening

SMA carrier testing raises many questions when determin-

ing if an individual with two or more SMN1 copies is still a

SMA carrier. When two copies of the SMN1 gene are

identified, this usually indicates that the individual is not

a carrier of SMA. However, for a small proportion of

individuals ((2acþ2bd)/(b2þ2acþ2bd) ¼ 1/575), this

result may indicate a ‘2þ0’ or ‘1þ1D’genotype and

therefore the individual will be a carrier of SMA. When

three copies of the SMN1 gene are identified, this is most

likely to be a ‘2þ1’ genotype, with two copies on one allele

and one copy on the other, indicating that the individual is

not a carrier of SMA. Currently, there is no report of an

individual who is a carrier of SMA with a ‘3þ 0’ genotype,

but the presence of this genotype has been suggested.18 An

extensive array of examples for SMA risk calculations for a

range of situations have been described previously in the

review by Ogino and Wilson.22 Four scenarios are detailed

below specifically, addressing the situation of testing

individuals from the general population and cascade

testing of other family members, using the new SMN1

allele and carrier frequencies.

Scenario 1

What is the probability of being a SMA carrier if an

unaffected individual without a family history of SMA is

found to have two copies of SMN1?

The conditional probability of a carrier having two

copies of SMN1 is (2acþ2bd)/(2abþ2acþ2bdþ2cd) ¼
0.05694. The fraction of non-carriers with two copies of

SMN1 is b2/b2þ2bcþ c2 ¼ 0.9206. By using Bayesian

analysis and a 1/41 prior carrier probability ((0.05694�1/

41)/(0.05694� 1/41þ0.9206�40/41)) the posterior carrier

probability is 1/648.

Scenario 2

What is the risk of an individual with two SMN1 copies of

having a child with SMA if their partner is a known SMA

carrier (one SMN1 copy)?

Using the Bayesian analysis as described in Scenario 1,

they have a posterior carrier probability of 1/648. There-

fore, the risk of SMA recurrence for this couple, including

a de novo mutation rate of 2.11�10�4 is ((1/648�1/4) þ
(2.11�10�4� 1/2)), which is approximately 1/2035.

Scenario 3

What is the risk of a couple without a family history of

SMA of having a child with SMA if both individuals have

two SMN1 copies?

Using the Bayesian analysis as described in Scenario 1,

both individuals have a posterior carrier probability of 1/

648. Therefore, the risk of SMA occurrence for this couple,

including a de novo mutation rate of 2.11�10�4 is

((1/648�1/648�1/4) þ (2.11�10�4�1/648�1/4)),

which is approximately 1/1 500000.

Table 2 SMN1 allele and genotype frequencies

Allele/status Genotype Gene dosage Designation
General

population

0 copy a 1.36�10�2

1 copy b 9.47�10�1

2 copy c 3.99�10�2

1D copy d 2.49�10�4

Non-carrier 2+2 4 c2 1.59�10�3

2+1 3 2bc 7.56�10�2

1+1 2 b2 8.97�10�1

Carrier 2+1D 3 2cd 1.99�10�5

2+0 2 2ac 1.09�10�3

1+1D 2 2bd 4.72�10�4

1+0 1 2ab 2.58�10�2

Affected 1D+1D 2 d2 6.20�10�8

1D+0 1 2ad 6.77�10�6

0+0 0 a2 1.85�10�4
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Scenario 4

What is the probability of being a SMA carrier if a child of a

SMA carrier with one copy of SMN1 has two copies of

SMN1?

Two possibilities must be considered. Possibility 1: The

child is not a carrier of SMA because one SMN1 copy from

each parent was inherited that is, ‘1þ1’ genotype; in this

situation there is a very small residual risk of inheriting a

SMN1 point mutation from the non-carrier parent. Possi-

bility 2: The child is a SMA carrier because the deleted allele

was inherited from the carrier parent and a two-copy SMN1

allele was inherited from the non-carrier parent, that is, the

‘2þ 0’ genotype.

Dosage analysis performed in the non-carrier parent

could identify 1, 2 or 3 copies of the SMN1. If only one

copy is found in the non-carrier parent, the child would

be a ‘1þ1’ genotype and therefore a non-carrier. This

confirms possibility 1. If two copies are detected in the

non-carrier parent, then this parent could have one of

three possible genotypes: a ‘1þ 1’ genotype (non-carrier) or

a ‘2þ0’ genotype (carrier) or ‘1þ 1D’ genotype (carrier).

The carrier risk of the child is then 1/677 (2acþ bd/

(b2þ2acþ2bd)). Further linkage and dosage analysis with

extended family members are required to resolve the

child’s carrier status. If three copies are detected in the

non-carrier parent, the parent will be a ‘2þ1’ genotype

because the child has not inherited three copies. The ‘2þ 1’

genotype means that the child could have inherited

the two copy SMN1 allele from the non-carrier parent

and the deleted allele from the carrier parent, and therefore

be a ‘2þ0’ carrier; or be a non-carrier inheriting the one

copy from each parent. Further linkage analysis with

extended family members is required to resolve the child’s

carrier status. If the deleted allele were identified in the

child, then the ‘2þ0’ genotype is confirmed. If the non-

deleted allele is inherited, then the ‘1þ1’ genotype is

confirmed.

Future testing considerations

The American Society for Reproductive Medicine has

established guidelines for genetic testing of potential

gamete donors. Currently, donors are screened for the

absence of serious autosomal-recessive hereditary dis-

orders, such as cystic fibrosis, thalassemia and Tay-Sachs

disease, depending on the ethnic background of the donor.

SMA fits into the category of a serious autosomal-recessive

hereditary disorder across all ethnic groups with a high

carrier frequency ranging from 1/25 to 1/63. This carrier

frequency is in the order of that for cystic fibrosis, which is

currently being offered in population screening. Carrier

screening for SMA should therefore also be considered in

population genetic screening programs for severe genetic

disorders.

Conclusion
Carrier testing for SMA linked to the SMN1 gene can be

provided to individuals with or without a positive family

history. SMN dosage and linkage analysis combined with

GRA offered in conjunction with genetic counselling, can

provide the information that will assist individuals to make

important choices in their family planning.
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