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Almost 4% of spinal muscular atrophy affected patients (SMA) carry the deletion in one copy of 
the Survival Motor Neuron gene 1 (SMN1) and a deleterious point mutation on the other copy of 
the gene. Correct assignment of the point mutations to the disease causative gene is not a rapid 
procedure due to the existence of the twin Survival Motor Neuron gene 2 (SMN2) not involved 
in the onset of the disease. For many years, transcripts sequence, cloning and clone screening 
were the standard procedures for establishing the unequivocal localization of a point mutation 
within SMN1 or SMN2 allowing proper diagnosis for symptomatic subjects and carrier testing 
for relatives at reproductive risk. Many clinical diagnostic laboratories have recently adopted 
long-range PCR and Sanger sequencing for the identification of the deleterious point mutations, 
splicing variants and small indels in specifically SMN1. However, the techniques mentioned 
above are somewhat time-consuming, while great benefits can derive for children with SMA 
from an early diagnosis and an early entry into a therapeutic trial. The method we developed 
relay on ddPCR technology and gene- and SNP-specific TaqMan MGB probes to simplify 
experimental procedures and reduce the turnaround time to reach the correct diagnosis. In 
addition, this method has the potential to have a more general application in detecting mono 
or bi-allelic segregation of deleterious coding point mutations in many other recessive inherited 
diseases, such as some of the results obtained through NGS based tests, without the need to 
analyze parents or other relatives of the patient.
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Introduction
Spinal muscular atrophy (SMA) is the second most frequent 
lethal autosomal recessive disease in Europeans next to cystic 
fibrosis with an incidence of 1/6000 - 1/10,000 and an average 
carrier frequency of 1/40 healthy subjects[1–3]. The disease is 
characterized by progressive proximal muscle weakness and 
atrophy due to progressive death of alpha-motorneurons in the 
anterior horn of spinal cord and affected subjects may exhibit 
varying degrees of disease severity (SMA Type 0- SMA type 
IV). The primary biological cause of the disease lies in the 
insufficient synthesis of functional survival motor neuron 
protein (SMN protein) and the complete absence of the protein 
does not allow the survival of the embryo, which undergoes 
spontaneous abortion in the first trimester of pregnancy [4]. 
The SMN protein is a component of large macromolecular 
complexes that are found both in cytoplasmic and nuclear 
compartments and plays a crucial role in the assembly of RNP 

subunits of the spliceosome and thus in mRNA biogenesis 
[1]. The SMN protein is encoded by the SMN gene present 
in 5q13 in two highly homologous copies, a telomeric gene 
(SMN1) and a centromeric one (SMN2) that differ in five base-
pairs, two of which localized in exonic regions (exon 7 and 
8). Only one of the two exonic changes (exon 7) is causative 
of the huge functional difference between the SMN1 and 
SMN2 genes. Precisely, the critical change consists in a 
C to T substitution at +6 position of exon 7 that does not 
allow the efficient inclusion of this exon into the SMN2-
derived transcripts. In a healthy subject almost 90% of the 
SMN full-length transcript that includes exon 7 and results 
in a functional protein derives from SMN1 while SMN2 
provides the remaining 10% [1,5]. 

Therefore, SMN1 is the disease causative gene and SMN2 
is considered a phenotypic modulator always present with 
variable copy number in the affected subjects [1,6]. SMA 
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individuals present a homozygous deletion in SMN1 or 
conversion of SMN1 in SMN2 in approximately 96% of 
cases. The remaining 4% of SMA patients are compound 
heterozygous of the deletion or conversion on one allele 
and an intragenic mutation on the second one. Actually, the 
identification of SMN1 deletion or gene conversion is well 
supported especially through relative quantification techniques 
such as simplex or multiplex Real-Time PCR [7,8]. Multiplex 
Ligation-dependent Probe Amplification (MLPA) [8–11]. On 
the contrary, the identification of deleterious point mutations 
in the SMN1 coding sequence of a compound heterozygous 
patient or a healthy carrier requires the SMN mRNAs cloning 
and colony screening or alternatively requires gene specific 
long-range PCR (LR-PCR) followed by Sanger sequencing 
to recognize which transcript, SMN1 or SMN2, carries the 
mutation[12–15]. Procedures such as transcript cloning are 
quite tedious for the operator, time consuming and therefore 
not desirable for prenatal or neonatal diagnosis as well as 
for carrier screening of relatives at reproductive risk. LR-
PCR is a powerful technology aimed to identify new SMN1 
gene mutations also deep in introns [14]. However, the great 
majority of SMN1 mutations identified up to now are in exons 
or near the exon/intron boundary, as reported for example in 
the study conducted by Alias et al. 2009 and computational 
structural analysis illustrating how do coding mutations of 
SMN1 lead to structural/functional deficiency of the SMA 
protein [15,16].

SMN1 coding point mutations or micro-insertions/deletions 
can be easily identified by standard Sanger sequencing using 
genomic DNA and can be easily identified by standard Sanger 
sequencing using genomic DNA. What remains still time 
consuming is the assignment of the identified deleterious 
point mutation to SMN1 or SMN2. The presence of the point 
mutation in a single copy of SMN1 per diploid genome of an 
affected subject, will confirm the clinical diagnosis and targets 
the mutation for other relatives at reproductive risk within 
the family. Moreover, and above all, the speed in reaching 
the definitive diagnosis is fundamental for the therapeutic 
intervention in children with SMA made possible today. Given 
the therapeutic importance of identifying quickly and with 
certainty the co-segregation of a deleterious SNP with SMN1 
or with SMN2, we have developed an analytical technique that 
we think may be useful for this purpose.

Here, we describe a method based on digital droplet PCR 
technology (ddPCR) for a rapid co-segregation study of 
natural SNPs in exon 7 of SMN1 and SMN2 and point-
mutations identified elsewhere in the coding region of these 
genes. The ddPCR is a third generation PCR method with the 
powerful ability to determine the absolute concentration of 
nucleic acids (DNA/RNA) and identify rare allelic variants, 
non-abundant RNA transcripts and copy number variations 
(CNVs) without the need of an external standard curve [2–
4,6,17–20]. In ddPCR, the target template is partitioned in 
up to 20,000 micro droplets, each containing either a single 
copy or no target nucleic acid. The amplification of a target 
molecule within a single droplet, as an individual PCR micro-
reactor, allow to achieve the defined quantity of a specific 

initial nucleic acid and help in locate a specific variant on the 
target template.

The amplification of the target sequence is independently 
carried out in a single droplet in the presence of a target-
specific probe conjugated with a fluorophore. In this way, 
droplets containing amplified target sequences are detected 
by fluorescence and are discriminated from those where 
amplification has not occurred. In each droplet, the absolute 
number of target nucleic acid molecules can be measured 
using binomial Poisson statistics and defined as template 
concentration directly from the ratio of positive to total 
droplets [4,5,18,21–23]. However, in some cases, a single 
compartment could contain more than one target molecule, 
and in this case the count should be corrected with Poisson 
statistics.

Furthermore, the ability of the new platforms for multiplexing, 
has enhanced ddPCR standard applications [7,24–26]. In fact, 
in multiplexing assays different probe concentrations can 
be mixed to obtain a multi-target analysis per single sample 
using only 2 filters. The possibility to discriminate more 
targets in a single dot-plot graph is based on the differential 
position of droplets caused by different fluorescent label 
concentration of the probes [7,24,26]. Due to its properties 
of high sensitivity (1/10,000), reproducibility, and accurate 
allele classification, ddPCR technology has proven to be 
the diagnostic tool of choice [18–20,22,23] especially in 
pathological conditions with somatic mosaicism such as 
cancer, allowing the identification of very low mutant allele 
frequencies. Recently, ddPCR has been commonly applied for 
efficient characterization of circulating tumor DNA (ctDNA) 
profile, to monitor treatment response, and relapse in real time 
[19,26-31]

Different studies, successfully show that ddPCR can be 
used for SMA diagnostic intents in order to measure SMN1 
copy number using RPP30 gene as reference, starting from 
genomic DNA [32]. Validation studied have demonstrated the 
validity of the method with respect to MLPA [33]. The lack 
of a standard curve for the absolute quantification of SMN1 
or SMN2 copy number and the high sensitivity and specificity 
for the identification of SMA carrier status, are some of the 
highlighted benefits of ddPCR. Moreover, ddPCR is useful to 
predict phenotypic severity of SMA patients by determining 
the copy number of SMN2 in clinical laboratories. [32-34]

In this work we describe an unconventional analytical method 
based on the combination of ddPCR technology with TaqMan 
MGB fluorescence probe chemistry to localize a deleterious 
point mutation in SMN1 or SMN2 coding region in exon 3, 
causing protein truncation, identified in an affected SMA 
patient and an unrelated healthy carrier. We were also able to 
quantify the amount of the disease-causing mutant transcript, 
drawing the conclusion that the identified point mutation 
was also the cause of the low SMN1 derived transcript level. 
The molecular assay strategy we developed significantly 
improves assay performance for rapid assignment of coding 
point mutations in SMN1 or SMN2 genes using only two 
fluorophores.
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Materials and Method
Subject enrolled
Three subjects were enrolled in this study: A SMA type 3A 
female, an unrelated SMA carrier male and an unrelated 
negative healthy control. All subjects were treated according 
to the rules of the Regional Ethics Committee and written 
informed consent for genetic analysis needed for the research 
was collected.

SMN genes copy number quantification and sequencing
The three subjects enrolled in this study were genotyped 
at SMA locus. The genomic DNA has been isolated from 
peripheral blood using the Qiagen Gentra Puregene Blood Kit 
according to the manufacturer’s instructions. 

The SMN1/SMN2 copy number quantification was performed 
by multiplex Real-Time PCR [2] using a LightCycler® 480 
Instrument (Roche) and MLPA assays (P021 Kit, MRC-
Holland) according to the manufacturer’s instructions. 
Capillary electrophoresis of the MLPA products was 
performed using an ABI 3500 sequencer (Applied Biosystems) 
and results were analyzed using Coffalyser software (MRC-
Holland). Both methods yielded consistent results. For 
sequence analysis of SMN1 and SMN2 of the SMA subject 
and healthy carrier, the nine exons and exon/intron junctions 
of both genes were amplified and sequenced using standard 
procedures. Briefly, PCR amplicons of SMN genes were 
obtained using forward and reverse oligonucleotides (Sigma 
Aldrich) 5' tailed with M13 sequence to simplify the next 
sequence step. The sequence reaction was performed 
following standard procedures on an ABI 3500 Genetic 
Analyzer (Applied Biosystems) automated sequencer.

PBMC isolation and RNA extraction
For RNA extraction, peripheral blood mononuclear cells 
(PBMCs), collected from the SMA patient, SMA healthy 
carrier and healthy control were isolated from EDTA 
blood samples by density gradient centrifugation, using the 
Ficoll®Paque Plus (Sigma Aldrich). PBMCs were washed 
twice with PBS; cellular pellets have been collected and 
subjected immediately to RNA extraction or frozen at -80°C.

Total RNA was extracted from PBMCs using the RNeasy 
Mini Kit (Qiagen), following the manufacturer's instructions. 
Briefly, cells were lysed and homogenized using the RTL 
buffer and then RNA purification was carried out on silica-
based columns with microspin technology. RNA was finally 
eluted in 50uL of nuclease-free water. The Nanodrop 2000 

(Thermo Fisher Scientific) spectrophotometer was used to 
quantify the amount of total RNA recovered.

DNAse digestion and cDNA synthesis
To remove traces of genomic DNA, the isolated RNA was 
treated with DNAse I (Qiagen, RNase-Free DNase Set), 
accordingly to the manufacturer's instructions. Then, the 
mRNA was reverse-transcribed into cDNA using oligoDT 
primers and the SuperScript III reverse-transcriptase enzyme 
(all from Invitrogen, Life Technologies). The choice to reverse 
transcribe using oligoDT primers was made to obtain a full-
length transcript molecule in each droplet. The incubation 
profile was as follow: 25°C for 10 min, 42°C for 50 min and 
85°C for 5 min.

Primer and Probe design
Primer and TaqMan MGB probe combinations for SNP 
analysis were designed for the loci of interest using as 
templates the SMN1 mRNA NM_000344.4 and the SMN2 
mRNA NM_017411.4 by the prime PCR tool (Biorad) and 
synthesized by ABI/Thermo-Fisher Scientific company. 
Primers annealed to cDNA at a temperature of 60°C, 
according to the manufacturer's recommendations (Thermo-
Fisher Scientific). Sequences of all probes and primers for 
ddPCR assays are reported in Table 1. 

Experimental set-up
For experimental set-up, optimisation of assay parameters 
such as TaqMan MGB probe concentration, annealing 
temperature, and amplification efficiency conditions was 
performed. To differentiate the amplitude between negative 
and positive droplets and to reduce the background signal, we 
performed a temperature gradient in the annealing step, testing 
a temperature range from 55° to 60°C (Data not shown).

The fluorescence emission of TaqMan MGB probes was tested 
individually, running different single reactions. Specifically, 
we performed a triplicate assay for both, exon 7 of SMN1 and 
exon 7 of SMN2 using a gene-specific VIC-conjugated probe, 
and for wild-type exon 3 and mutant exon 3 variants using a 
variant-specific FAM-conjugated probe.

Droplet digital PCR assay (ddPCR) 
The ddPCR reaction mixture included 50ng of cDNA 
template, 2X ddPCR Supermix for Probes (No Dutp; BioRad), 
1μL of mixture of primers and probes against the specific 
targets (respectively 900nM and 250nM), in a final volume of 
20uL. As convention, 3 technical replicates per patients were 
done and opportune internal negative controls were prepared 

Primer/Probe Sequence
SMN1/2 ex 7 FW 5’-CATGAGTGGCTATCATACTG-3’
SMN1/2 ex 7 RV 5’-ATTTAAGGAATGTGAGCACC-3’
SMN1 ex 7 probe 5’-[VIC]-TTTTGATTTTGTCTgAAACCC-[MGB]-3’
SMN2 ex 7 probe 5’-[VIC]-TTTTGATTTTGTCTaAAACCCAT-[MGB]-3’
SMN1/2 ex 3 FW 5’-TTTCCCCAATCTGTGAAGTA-3’
SMN1/2 ex 3 RV 5’-ATCTGTTGAAACTTGGCTTT-3’

SMN ex 3 WT probe 5’-[FAM]-ATTTTCATTCTCTTgAGCAT-[MGB]-3’
SMN ex 3 MUT probe 5’-[FAM]-ATTTTCATTCTCTTaAGCAT-[MGB]-3’

Table 1. Primer and probe sequences used in the ddPCR assay for the detection of point mutations on SMN1 and SMN2 transcripts.
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in order to exclude contaminations. Droplet generation was 
performed using the QX200 Droplet generator (BioRad). The 
thermal cycling conditions were: 95 for 10 min; 40 cycles of 
94 for 30 sec. and 60 for 1 min; 98°C for 10 minutes; 4°C hold, 
with a ramp rate of 2°C/second and a heated lid at 105°C. 
Results were analyzed on a QX200 reader (BioRad) using the 
Quanta Soft software (BioRad). 

Data Analysis
Positive droplets, containing amplification products, were 
discriminated from negative ones by applying a fluorescence 
amplitude threshold. The reactions with more than 10,000 
droplets per well were used for the analysis. The copy number 
concentration of each sample was reported automatically by 
the ddPCR software after applying the positivity threshold 
(Tables 2 and 3). The Poisson error and total error were 
calculated by QuantaSoft software. 

Results
Clinical features and genotyping of subjects at SMA locus
The SMA patient is a female who was 34 years old at the 
time of molecular testing. She has been in a wheelchair 
since the age of 10 with a clinical diagnosis of SMA type 
3A. Until the age of 14 she was still able to stand up with 
a minimal aid. So far, no respiratory problems or significant 
joint retractions have been evidenced, voice is normophonic. 
Patient manifests: dorsal scoliosis, lower right limb shorter 
than the left, lingual fasciculations, postural tremor in the 
hands, paresthesia, marked hypotone and muscle hypotrophy.   
Ligamentous laxity, mostly distal. Semi quantitative genetic 
testing was performed as described in the methods section 
and revealed a SMN1/SMN2 copy numbers of 1/3. Sequence 
analysis of the exons end exon/intron junctions of the SMN 
genes was performed and a point mutation was identified in 
exon 3 of SMN genes. This mutation (c.469C˃T; CM081442 
Seq. Ref. NM_000344) has been reported before [3] and is a 
known pathogenic variant that results in the replacement of the 
codon for a Glutamine residue at position 153 of the protein 
with a stop codon (p.Gln157X), thus causing a premature 
interruption of the protein. 

The same mutation was identified in the SMN genes of a healthy 
20-year-old male. This subject belongs to another family and 

underwent genetic testing to evaluate his reproductive risk 
because a first cousin with SMA was identified as a compound 
heterozygote of deletion/point mutation in exon 3 of the SMN 
gene/s. The SMN1/SMN2 genotype ratio of the healthy carrier 
of point mutation is of 2/1. 

The healthy subject, used as negative control for SMA, is a 
60-year-old unrelated man selected among blood donors of 
the University Hospital of Udine (ASUFC). This subject has 
a negative family history for SMA and was found to have a 
SMN1/SMN2 genotype of 2/1. No sequencing of his SMN 
genes was performed.

Testing TaqMan MGB probes for SMN1/SMN2 
transcripts detection and wild-type and mutant 
transcripts discrimination in a ddPCR-dependent assay
The aim of this work is to address the use of ddPCR 
technology and TaqMan MGB probe chemistry for accurate 
and rapid identification of deleterious SNPs to SMN1 or 
SMN2 responsible for the onset and severity of the SMA 
disease phenotype. For this purpose, a specific ddPCR 
assay was developed for the detection and correct SMN1/
SMN2 assignment of the deleterious point mutation in exon 
3 previously identified in the SMA affected subject and the 
healthy carrier recruited in this study. Since the new assay 
will be successful only if efficient discrimination of SMN1 and 
SMN2 as well as of wild-type and mutant alleles occurs, we 
decided to adopt the TaqMan MGB probes given their known 
high sensitivity to SNPs. During the experimental set-up, the 
fluorescence emission of TaqMan MGB probes (VIC or FAM 
conjugated probes) was tested individually, running different 
single reactions (see the “Methods” section).

These steps were critical to improve the sensitivity and 
reproducibility of the designed protocol considering the low 
expression of SMN1/SMN2 target genes and considering that 
exon 7- or exon 3-specific TaqMan MGB probes differ by only 
a single nucleotide. Finally, the optimal probe concentration 
for both VIC and FAM signals, and the amplification 
conditions were defined as reported in the “Materials and 
Methods” section. 

The overall results obtained from single probe reaction are 
summarized in Figure 1, where one dimensional (1D) plots 

SUBJECT SMN1/2 COPY NUMBER
SMN1 total mRNA

copies
(green+orange droplets)

SMN total mRNA
copies

(green+orange droplets)

%
SMN1 total mRNA
SMN total mRNA

HEALTHY CONTROL 2:1 919 1022 90%
HEALTHY CARRIER 2:1 1175 1529 77%

PATIENT 1:3 190 4382 6,3%

Table 2.  Proportions of SMN1 and SMN1 mutant transcripts were estimated by calculating the % ratio.

SUBJECT SMN1/2 COPY NUMBER
SMN1 EX3-mutant

copies
(blue+orange droplets)

SMN EX7-total
copies

(green+orange copies)

%
SMN1 mutant mRNA

SMN total mRNA
HEALTHY CONTROL 2:1 0 2093 0%
HEALTHY CARRIER 2:1 65 1179 5,5%

PATIENT 1:3 184 4280 4,3%

Table 3. Proportions of SMN1/2 and SMN1 EX3 & EX7 copies were estimated by calculating the  % ratio.
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Figure 1. Specificity of ddPCR probes for SMN1 and SMN2 transcripts and exon 3 wild-type and mutant transcripts.

are shown for the VIC channel (A, B panels) and the FAM 
channel (C, D, E, F panels) individually. Results obtained 
with healthy control cDNA and separate use of exon 7 SMN1-
specific or exon 7 SMN2-specific VIC-labelled probes are 
shown in panels A and B. The negative droplet cluster (black 
dots) for the VIC channel was about 1200 fU. Interestingly, 
two different positive droplet clusters emerged for each 
individual SMN-specific probe due to cross hybridisation 
for each TaqMan MGB probe with both target genes (SMN1 
and SMN2). This condition was determined by the chemistry 
of these probes. In the presence of a mismatch, the probe 
cleavage time during PCR amplification is reduced resulting 
in a loss of emitted fluorescence intensity [4]. A subsequent 
generation of two clusters of VIC positive droplets (green 
points), with different fU intensity is detected. Specifically, 
a smear with higher fluorescence is generated representative 
of: i. target-specific binding of the SMN1 probe on the SMN1 
transcript in the red box of panel A; ii. target-specific binding 
of the SMN2 probe on the SMN2 transcript in the blue box of 
panel B. In contrast, a group of non-specific target droplets, 
with a lower VIC signal intensity, due to cross-hybridization 
of the probes with the non-specific target, is generated and 
is displayed in the lower area of A and B panels. That is, the 
fluorescent droplets in the blue box of panel A are due to 

the SMN1 probe on SMN2 transcripts while the fluorescent 
droplets in the red box of panel B are due to the SMN2 probe 
on SMN1 transcripts, respectively. These results demonstrate 
that we can identify the 2 different SMN transcripts and 
determine their relative abundance using a single pair of 
primers and a unique TaqMan MGB probe. In a real-time PCR 
assay, the minimal overlap between target-specific and target-
nonspecific signals is automatically removed by the analytical 
software. In ddPCR assays, all signals derived from single 
droplets are detected and read, even if they are generated by 
non-specific binding. This aspect represents an advantage for 
the operator to study gene-specific co-segregation of SNPs, as 
we demonstrate in the next section. 

The control sample, divided by a vertical yellow line, was 
tested using both SMN1 (panel A) and SMN2 (panel B) 
specific probes. Panel A red square = VIC-fluorescence of 
the SMN1 probe on the SMN1-specific target; Panel A blue 
square = VIC-fluorescence of the SMN1 probe on the SMN2-
nonspecific target; Panel B blue square = VIC-fluorescence 
of the SMN2 probe on the SMN2-specific transcript; Panel 
B red square = VIC fluorescence of the SMN2 probe on the 
SMN1-nonspecific target. Control sample (panels C, D) and 
healthy carrier sample (panels E, F) were used to test wild-
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type and mutant exon 3-specific FAM-labelled probes. Panels 
C and E = FAM-fluorescence of wild-type exon 3 probe 
on SMN1/SMN2 transcripts (blue dots); Panels D and F = 
FAM-fluorescence of exon 3 mutant probe on SMN1/SMN2 
transcripts (blue dots). No positive events emerged using the 
exon 3 mutant probe on the control subject transcripts (panel 
D) whereas positive events were detected in the healthy carrier 
cDNA analyses (panel F). Black dots represent empty droplets 
generated in each ddPCR reaction.

Similarly, two independent ddPCR reactions were carried out 
for discrimination of exon 3 wild type and mutant transcripts 
and the results are shown in panels C-F of Figure 1. The 
background signal generated by TaqMan MGB FAM-labelled 
probes was about 3500-4000 fU. This fluorescence threshold 
was able to differentiate between empty (black dots) and 
amplified (blue dots) droplets. FAM-positive signals, relative 
to exon 3-wild-type and mutant SMN transcripts, showed 
variable fluorescence intensities, between 5000 and 12000 fU, 
depending on the gene-specific or variant-specific transcript 
abundance of each subject analyzed.  Representative results 
obtained from two independent ddPCR reactions conducted 
on the healthy carrier subject using the exon 3 wild-type 
specific (panels C, E) and exon 3 mutant-specific (panels D, 
F) FAM-labelled probes, respectively, are shown in Figure 
1. As expected, only wild-type exon 3 signals, presented as 
blue droplets in figure 1D, were found in the SMN1/SMN2 
transcripts of the healthy control subject (panels C, D) while 
wild-type and mutant exon 3 positive signals were both found 
in the SMN1/SMN2 transcripts of the healthy carrier subject 
(panels E, F).

By combining the TaqMan MGB probes for SMN1/SMN2 
and wild-type exon 3 transcripts and mutant transcripts 
together in a multiplex assay, the ddPCR output can be 
displayed as a 2D-graph. Figure 2 shows a representative 
2D-plot relative to the multiplex ddPCR assay performed with 
the probe specific for SMN1 exon 7 and the probe specific 
for wild-type SMN exon 3, using the healthy control cDNA 
as template. The typical result produced is a scatter plot in 

which the specific targets (SMN1 or SMN2 exon 7 in the VIC 
channel and exon 3 in the FAM channel) can be discriminated 
and quantified based on position in the quadrant taken by the 
positive droplets. SMN exon 7 is plotted on the x-axis while 
wild-type exon 3 is plotted on the y-axis. In Figure 2, a 
partition can fall into one of four possible clusters: negative 
partitions containing no amplified targets (black droplets), 
partitions containing only positive transcripts for SMN1/SMN2 
wild-type exon 3 (blue droplets), partitions containing only 
positive transcripts for SMN1/SMN2 exon 7 (green droplets), 
and partitions containing doubly positive transcripts for both 
SMN1/SMN2 exon 7 and exon 3 (orange droplets). Thus, 
orange droplets represent exon 3 and exon 7 co-segregation 
signals due to full-length transcripts from both SMN genes. 
Blue and green dots are representative of truncated transcripts 
in which only exon 7 (VIC-green dots) or exon 3 (FAM-blue 
dots) are present. Template fragmentation is a random event 
that can occur during the droplet generation step. Note that, 
as already reported in the 1D-plot in Figure 1, the 2D-plot 
in Figure 2 also reveals two of VIC-positive green droplet 
populations. Those with a lower fU intensity are referred to 
the SMN2 transcript while the brighter ones are referred to 
the SMN1 transcript. Similarly, two populations of orange 
droplets, positive for co-segregation of exon 3 and exon 7 of 
both SMN genes are generated and can be correctly attributed 
to SMN1 or SMN2. 

The figure shows: i. a black cluster representing negative 
droplets; ii. two green clusters representing positive droplets 
for exon 7 only (SMN2 and SMN1 positioned closer and 
further away from the empty black droplets respectively); iii. 
a blue cluster representing droplets positive only for wild-type 
exon 3, iiii. two orange populations of droplets (VIC plus 
FAM) positive for both wild-type exon 3 and exon 7 that 
co-segregate within the full-length transcripts of SMN1 
or SMN2. The most abundant cluster of orange droplets 
is representative of co-segregation of wild type exon 3 
and SMN1 exon 7, whereas the poorest cluster of doubly 
positive droplets represents co-segregation of SMN2 exons 

Figure 2. Representative 2-D plot of the fluorescence amplitude generated by QuantaSoft™ software of a healthy subject using the SMN-1 
specific probe (VIC) in combination with the wild-type exon 3 probe (FAM).
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3 and 7. SMN EX3 WT+ = SMN exon 3 Wild Type positive 
droplets; SMN1 EX7+/EX3 WT+: SMN1 exon 7 and exon 
3 Wild Type positive droplets; SMN2 EX7+/EX3 WT+: 
SMN2 exon 7 and exon 3 Wild Type positive droplets; 
SMN1 WT+: SMN1 exon 7 positive droplets; SMN2 EX7+: 
SMN2 positive droplets.

The positive events for each cluster reflected the amount of 
transcripts detected in the healthy control subject and, as 
expected, SMN1-derived mRNA was much more abundant 
than SMN2-derived mRNA.

Co-segregation study of exon 3 wt and mutant sequence 
with SMN1 and/or SMN2 transcripts
To unravel which SMN transcript (SMN1 or SMN2) carries 
the exon 3 deleterious point mutation in the analyzed 
subjects, a multiplex ddPCR assay was conducted performing 
simultaneous PCR amplification and fluorescence detection of 
SMN exon 7 and SMN exon 3. The overall results are shown 
in Figures 3 and 4. In both figures, panels A and D of the 2D 
plot show representative plots of the healthy control subject; 
panels B and E show plots of the healthy carrier and panels 
C and F show plots of the SMA patient. In detail, multiplex 
ddPCR were conducted using: i. The SMN1-specific probe 
plus either the wild-type exon 3-specific probe (panels A, B 
and C, Figure 3) or the mutant exon 3-specific probe (panels 
A, B and C, Figure 4); ii. The SMN2-specific probes plus 
either the wild-type exon 3-specific probe (panels D, E and F, 
Figure 3) or the mutant exon 3-specific probe (panels D, E and 

F, Figure 4). As previously specified, SMN1 or SMN2 positive 
droplet are represented as green plots of increasing fU on the 
x-axis of the graphs while the blue droplets are representative 
of the exon 3 signal of increasing fU on y-axis. Single positive 
droplets, as explained above, result from the fragmentation of 
transcript that occurred during the droplet generation process. 
Double positive droplets, typical of co-amplification of exon 
3 and exon 7, are shown in orange. Black dots are always 
represented as empty droplets. Only the double positive 
orange droplets containing the full-length SMN transcript, 
including exon 3 and exon 7, were considered and counted in 
the analysis. In Figure 3, where the wild-type exon 3 probe 
was used in combination with exon 7 SMN1 (panels A, B, 
C) and SMN2 (panels D, E, F) probes, two clusters of orange 
droplets emerged, consistent with co-segregation of wild-type 
exon 3 with both SMN1 and SMN2 transcripts.

Otherwise, using the exon 3 mutant probe, as shown in Figure 
4, no mutated copies of exon 3 were found on either SMN1 or 
SMN2 templates in the healthy control subject. In the healthy 
carrier, a small number of mutated copies of exon 3 were 
found to segregate on the SMN1 transcript. Most of the signals 
derived from doubly positive droplets composed of SMN1 or 
SMN2 transcripts were characterized by a wild-type exon 3 
profile. Interestingly, most of the full-length SMN1 transcripts 
carrying the deleterious exon 3 SNP were found in the SMA 
patient using both SMN1-specific and SMN2-specific probes 
(panels C and F, Figure 4). Remarkable is the switching of 
the position of the orange droplets in panels C and F of figure 

Figure 3. 2-D plots showing representative pattern results of positive droplets obtained after co-amplification with ddPCR of exon 7 and wild-
type exon 3 of SMN1 and SMN2 transcripts, using SMN1 (panels A, B, C) and SMN2 (panels D, E, F) specific probes, respectively.
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4 that emphasize the co-segregation of exon 3 point-mutation 
with the SMN1 transcript. A very small amount of doubly 
positive orange droplets was detected with both SMN2 probes 
of exon 7 and mutant exon 3 in panel F of Figure 4 compared 
with the SMA patient analysis. However, considering the high 
abundance of the SMN2-derived transcript and the relative 
paucity of SMN1-derived transcript detectable for this patient 
we can assume some degree of cross hybridization of mutant 
exon 3 probe with the SMN2 transcript. In summary, the 
method we have developed is functional for the identification 
of point mutations located in SMN1 or SMN2 and could greatly 
simplify laboratory procedures for unambiguous assignment 
of SNPs to the gene and facilitate diagnosis for patients with 
SMA and healthy carriers at reproductive risk. This method 
could also potentially be applied to SNPs co-segregation 
studies for recessive diseases as discussed below. 

Positive droplets, containing at least one copy of the amplified 
target, showed greater fluorescence than negative droplets. 
VIC-positive droplets are shown in green and are representative 
of SMN1 and SMN2 exon 7 transcripts; FAM-positive droplets 
are blue and relative to the exon 3. The doubly positive 
droplets, showed in orange, contained full-length transcripts, 
positive for both wild-type exon 3 and exon 7 of both SMN 
genes. Negative droplets (black dots) are separated from the 
others by a threshold (pink line) that defines positivity.

Representative plots of the healthy control subject are shown 
in panels A and D: no SNP co-segregation emerged from the 
analyses; plots B and E are relative to the healthy carrier and 

showed a small amount of SNPs of exon 3 co-segregating 
with the SMN1 transcript; plots C and F are relative to the 
SMA patient and showed the large majority of mutated 
copies of exon 3 co-segregating with the SMN1 transcript. 
It is interesting to remark the switching of droplet position 
using probes specific for SMN1 or SMN2 while keeping their 
fractional abundance constant.

Relative quantification of wild-type and mutant SMN 
transcripts using absolute positive droplet counts 
specific to exon 7 and exon 3.
The analytical step of a ddPCR-based assay involves setting 
a specific fluorescence threshold that separates the positive 
and negative partitions to estimate the steady state level of 
expression of each target gene. In this way, the absolute 
quantification and relative abundance of SMN1 and SMN2 
transcripts as well as wild-type and mutated transcripts, can 
be done simultaneously in the absence of an internal standard 
calibrator. 

Referring to the FAM-signal, specific for the characterization 
of exon 3 SNPs and co-segregation, two different PCR 
reactions were performed to identify the absolute number of 
wild-type and mutated exon 3 copies. Exon 3 copy number 
was calculated using two different strategies: (1) the presence 
of exon 3 in the same droplet with exon 7 SMN1 or exon 7 
SMN2 derived from a full-length transcript (double positive 
FAM plus VIC signal) (2) the presence of single signals on 
FAM or VIC channels derived from template fragmentation 
that occurred during droplet generation. The proportions of 
SMN1 and SMN1 mutant transcripts were then estimated 

Figure 4. 2-D plots showing representative pattern results of positive droplets obtained after co-amplification with ddPCR of exon 7 and 
mutant exon 3 of SMN1 and SMN2 transcripts, using SMN1 (panels A, B, C) and SMN2 (panels D, E, F) specific probes, respectively.
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by calculating the ratio of SMN1 positive droplets (orange 
+ green droplets) to the total number of SMN transcripts 
(SMN1+SMN2 orange + green droplets) and the ratio of 
SMN1 mutant transcripts to total SMN transcripts. The data 
are shown in Tables 2 and 3, respectively. 

Absolute number of total SMN1 transcripts (column 2) and 
absolute number of total SMN transcripts (column 3) observed 
for each subject and used to calculate the percentage of SMN1 
mRNA to total SMN transcripts (column 4).

Absolute number of mutant SMN1 exon 3 positive transcripts 
(column 2) and absolute number of SMN exon 7 total 
transcripts (column 3) observed for each subject and used to 
calculate the percentage of SMN1 mutant mRNA to total SMN 
exon 7 transcripts (column 4). 

EX7= exon 7; EX3= exon 3

As we expected, the healthy subject and healthy carrier 
show a higher amount of SMN1 transcript (90% and 77%, 
respectively) than SMN2, consistent with data reported in the 
literature about insufficient levels of functional SMN transcript, 
including exon 7, produced by SMN2. In contrast, the SMA 
patient is characterized by very low levels of SMN1-derived 
transcript (6,3% in Table 2) approximately 16-fold lower than 
SMN2. This result cannot be justified by the presence of three 
copies of SMN2 and one copy of SMN1 genes, given the large 
difference in the efficiency of full-length RNA production by 
the 2 genes. Rather, as well documented by the results of our 
multiplex ddPCR assay, SMN1 of the SMA patient carries the 
deleterious point mutation in the exon 3 and this suggests a 
deleterious effect of the point mutation on the transcription 
process and/or transcript stability of SMN1 even before the 
generation of a truncated SMN protein. This concept is further 
supported by the results for the fraction of mutant-specific 
SMN1 transcript from the healthy carrier and SMA patient 
shown in Table 3.

Discussion
Here we describe a new method that provides for rapid 
assignment of coding point mutations, first identified by 
sequence, to SMN1 or SMN2 without the need for cloning 
of transcripts and screening of bacterial colonies or gene-
specific LR-PCR. Although most cases of SMA result 
from homozygous deletion of SMN1, the list of deleterious 
SMN1 point mutations is increasing. The analysis of SMN1 
point mutations is not only useful for the diagnosis of those 
patients with heterozygous SMN1 deletion, who always 
have a copy or copies of SMN2, but will be useful for 
genetic counselling to their families, identification of healthy 
carrier relatives at reproductive risk, and prenatal diagnosis. 
This method combined the high performance of ddPCR in 
terms of target partitioning and quantification with the high 
sensitivity of TaqMan MGB probes to single SNPs within 
the specific target. The method we developed is not intended 
to find out new deleterious SMN1 mutations of a compound 
heterozygous SMA patient but aims to carry out a rapid and 
safe identification of the gene, SMN1 or SMN2, in which a 
previously identified coding or splicing mutation segregates, 
improving clinical outcome.

ddPCR is a novel technology based on random template 
partitioning and the ability to perform multiple independent 
PCR amplifications in water-in-oil droplet emulsions. In each 
droplet, the absolute number of target nucleic acid molecules 
can be measured using the binomial Poisson statistics and 
defined as the absolute concentration directly from the number 
of positive droplets to the total. Due to its high sensitivity, 
ddPCR is often used in pathological conditions such as 
somatic mosaicisms, CNV, and for the identification of rare 
allelic variants and non-abundant RNA transcript. TaqMan 
MGB probes are usually used in multiplex Real-Time PCR 
assays for relative copy number quantification of SMN1 and 
SMN2 (Lonigro et al. unpublished data) for identification of 
SMA patients and SMA healthy carriers. However, Real-
Time based assays and analysis software allow visualization 
and quantification of the fluorescence emitted by TaqMan 
MGB probes hybridized to the specific target, while any 
signals due to non-specific probe cross-hybridization, such 
as SMN1 probe on SMN2 and vice versa, are subtracted as 
background due to the low emitted energy. Similar multiplex 
assays performed with ddPCR technology allow visualization 
and consequent analysis of all droplets positive for a 
fluorescent probe. In the analysis we performed we obtained 
simultaneous visualization of droplets positive for both, 
SMN1 and SMN2 in different areas of the 2D graph. Precisely, 
highly specific probe/target interactions (SMN1 probe on 
SMN1 and SMN2 probe on SMN2) are displayed in the highest 
energy-emitting area of the 2D plot, whereas non-specific 
probe/target interactions (SMN1 probe on SMN2 and SMN2 
probe on SMN1) are displayed in the lowest energy-emitting 
area of the plot. Simultaneous visualization of the SMN1 and 
SMN2 positive droplets, using both the SMN1- and SMN2-
specific TaqMan MGB probe, allows a simple test based on 
multiplex ddPCR co-segregation to assign the deleterious 
SNP(s) identified in the coding sequence of the SMN genes 
to either SMN1 or SMN2 undoubtedly. In our case, the SNP 
identified in exon 3 of the SMN genes of a subject with SMA 
and an unrelated SMA carrier is known to be deleterious 
because it introduces a stop codon leading to a truncated SMN 
protein. This point mutation, already known to be in SMN1, 
demonstrate the validity of the method we developed, based 
on an unconventional use of ddPCR technology and TaqMan 
MGB chemistry, since it can be undoubtedly assigned to 
SMN1. This method avoids tedious and time-consuming 
procedures connected to transcripts cloning and bacterial 
colony screening or to LR-PCR procedures. Moreover, the 
manipulation of bacterial and human biological materials 
needs specific environments and devices. In addition, our 
method allows to quantify the relative abundance of SMN1 
and SMN2 full-length transcripts confirming the well-known 
difference in the transcriptional activity of the two genes. 
Surprisingly, the relative abundance of the SMN1-derived 
transcript with the point mutation in exon 3 was very low 
in both in the SMA patient and the healthy carrier. This 
observation might suggest that the point mutation has a 
deleterious effect on the transcriptional activity of the gene or 
the stability of the transcript even before the generation of a 
truncated protein. This observation is a novelty never reported 
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before as result of the already known point mutation in exon 
3 of SMN1. More generally, we cannot exclude that such a 
deleterious effect on mRNA transcription end/or stability 
may also occur in the case of other point mutations, perhaps 
conservative on proteins, which should always be investigated 
since the recent observation that intragenic mutations in 
SMN1 may contribute more significantly to clinical severity 
than SMN2 copy number.

Conclusion
Finally, this method has the potential to become a 
complementary diagnostic tool in detecting mono or bi-
allelic segregation of deleterious point mutations in recessive 
inherited diseases such as some of the results obtained through 
NGS (Next Generation Sequencing) based tests, without the 
need to analyze parents or other relatives of the patient. The 
segregation study of healthy parents and other relatives of 
the affected subjects is the elective procedure for definitive 
diagnosis of recessive inherited diseases and identification of 
healthy carrier/s. However, other subjects within the family 
of a patient are not always available and the method we have 
developed can overcame this unavailability and still allow the 
diagnosis to be made. 
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