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Abstract

As genome sequencing methodologies become more sensitive to the detection of low frequency 

rare variant events, the link between post-zygotic mutagenesis and somatic mosaicism in the 

etiology of several human genetic conditions other than cancers has become more clear. Since 

current clinical genomics diagnostic methods have limited detection sensitivity for mosaic events, 

a CNV deletion inherited from a low-level (< 10%) mosaic parent can be erroneously interpreted 

in the proband to represent a de novo germline event. Here, we describe three sensitive, precise, 

and cost-efficient methods: droplet digital PCR (ddPCR), PCR amplicon-based next generation 

sequencing (NGS), and quantitative PCR that can quantitatively assess the potential degree of 

parental somatic mosaic levels for CNV deletions. ddPCR using the EvaGreen fluorescent dye 

protocol can specifically quantify the deleted or non-deleted alleles by analyzing the number of 

droplets positive for a fluorescent signal for each event. PCR amplicon-based NGS assesses the 

allele frequencies of a heterozygous SNP within a deletion region. The difference in number of 

reads between the two genotypes indicates the level of somatic mosaicism for the CNV deletion. 

Quantitative PCR can be applied where the relative quantity of the deletion-junction specific 

product represents the level of mosaicism. Clinical implementation of these quantitative variant 

detection methods enables potentially more accurate assessment of a disease recurrence risk in 

family-based genetic counseling, allowing couples more informed family planning.

Single nucleotide variants (SNVs) or copy-number variants (CNVs) can arise during the 

approximately 1016 mitotic post-zygotic cell divisions required for organismal development 
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and can result in different cell populations with distinct genotypes (Iourov et al., 2010; 

Lupski, 2013). The subsequent generation of these mosaic populations can be exclusive to 

the germline, somatic cells, or a combination of the two, i.e. gonosomal (Biesecker and 

Spinner, 2013). Recently, a growing body of evidence implicates the importance of somatic 

mosaicism in the pathogenesis of several human genetic diseases (Erickson, 2013; Biesecker 

and Spinner, 2013; Lim et al., 2017). Carriers of pathogenic mosaic variants, whether they 

are clinically affected or not, can transmit it to their children if the variant is also present in 

their germline cells. In 2014, Campbell et al. reported identifying low-level (<10%) parental 

somatic mosaicism for CNV deletions in four of 100 unrelated families (Campbell et al., 

2014a). Application of genome sequencing (GS) in families with multiple siblings revealed 

that in the parental germline, 3.8% of mutations were mosaic for SNVs, resulting in 1.3% of 

mutations being shared by siblings (Rahbari et al., 2016). The level of somatic mosaicism in 

the parents has also been shown to correlate with overall recurrence risk (Campbell et al., 

2014b; Rahbari et al., 2016; Jonsson et al., 2018).

In a diagnostic setting, CNVs are routinely detected using chromosomal microarray analysis 

(CMA) with either single nucleotide polymorphism (SNP) arrays or array comparative 

genomic hybridization (aCGH). The minimum level to detect a mosaic CNV using one of 

these methods ranges from 5% to 30% (Notini et al., 2008). If the level of a somatic mosaic 

deletion CNV in a parent is lower than this limit, the variant in the proband may be 

erroneously interpreted to represent a de novo mutational event.

In an effort to better assess the level of CNV mosaicism in a clinical setting, we queried the 

diagnostic CMA database at Baylor Genetics (BG) laboratories to select unrelated family 

trios with CNV deletions reported as pathogenic, likely pathogenic, or of uncertain 

significance with the inheritance status determined by CMA as apparently de novo. Based 

on CMA results, we then designed CNV deletion-specific primers targeting the deletion 

junctions in 50 trios using long-range PCR. The deletion breakpoints were determined by 

Sanger sequencing. Using this method, we identified four parents with the same CNV 

deletion as their child, indicating that the CNV deletions were present in a mosaic state in 

the parents below the level of detection of the CMA. Herein, we describe three cost-efficient 

assay methods by which the level of mosaicism for CNV deletions in somatic cells can be 

potentially more accurately quantified.

BASIC PROTOCOL

DROPLET DIGITAL PCR (ddPCR)

Based on our experience, ddPCR using the EvaGreen fluorescent dye is a robust method to 

assess the precise level of somatic mosaicism for a specified locus variant. A DNA sample is 

randomly distributed into ~20,000 uniform nanoliter-sized droplets in which an independent 

PCR reaction occurs within each droplet for both the patient and control samples. After PCR 

amplification, each droplet is analyzed for a fluorescent signal, indicating whether the 

targeted DNA region is present or not. Positive and negative droplets are quantified, and the 

concentration of target DNA is calculated as copies per microliter (μl) using the Poisson 

statistical model, allowing for a determination of the relative level of a specified variant in 

each sample (Hindson et al., 2011; Pinheiro et al., 2012).
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Materials

• Genomic DNA derived from the proband, parent, and an unrelated human 

control

• Custom forward and reverse DNA oligo PCR primers designed using the 

Primer3 (v.0.4.0) online tool (http://bioinfo.ut.ee/primer3-0.4.0/. Koressaar and 

Remm, 2007; Untergasser et al., 2012; Koressaar et al., 2018)

Note: Primer sizes range between 18–30 bp. Primer melting temperature (Tm) 

ranges from 57˚C to 63˚C and GC content is between 40% and 60%. Suggested 

amplicon length is 80–250 bp (see Figure 1 for the design details of the primers’ 

locations).

• DX200™ ddPCR™ EvaGreen Supermix (Bio-Rad, cat. no. 1864034): 

containing all components required for ddPCR except primers and template

• Restriction enzyme for the fragmentation of the template >66 ng per reaction: 

HaeIII (New England Biolabs, NEB, cat. no. R0108S), MseI (NEB, cat. no. 

R0525S), AluI (NEB, cat. no. R0137S), HindIII (NEB, cat. no. R3104S), and 

CviQI (NEB, cat. no. R0639S) are recommended by Bio-Rad.

• Eppendorf™ 96-Well twin.tec™ PCR Plate, semi-skirt (Fisher Scientific, cat. no. 

E951020320)

• Sartorius™ Low Retention SafetySpace™ Filter Tips (Fisher Scientific, cat. no. 

14-557-695)

• Automated Droplet Generation Oil for EvaGreen (Bio-Rad, cat. no. 1864112)

• DG32™ Automated Droplet Generator Cartridges (Bio-Rad, cat. no. 1864109)

• PCR Plate Heat Seal, foil, pierceable (Bio-Rad, cat. no. 1814040)

• ddPCR™ Droplet Reader Oil (Bio-Rad, cat. no. 1863004)

Equipment

• Centrifuge for 96-well plate

• PCR thermal cycler capable of adjusting ramp speed

• QX200 AutoDG Droplet Digital PCR System, including Automated Droplet 

Generator (Bio-Rad, cat. no. 1864101), Droplet Reader (Bio-Rad, cat. no. 

1864003), and QuantaSoft Analysis Pro Software (Bio-Rad)

• PX1 PCR Plate Sealer (Bio-Rad, cat. no. 1814000)

Steps and annotations

1. Choose a restriction enzyme for each ddPCR reaction:

a. Go to NEBcutter V2.0 website (http://nc2.neb.com/NEBcutter2/, 

Vincze et al., 2003).

b. Paste and submit the PCR product sequence.
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c. Click “0 cutters” (enzymes that do not cut) from the “List”.

d. Choose one of the enzymes recommended by Bio-Rad.

2. Prepare ddPCR reaction in an Eppendorf™ 96-Well twin.tec™ PCR Plate. Each 

20 μl reaction contains:

10 μl of DX200™ ddPCR™ EvaGreen Supermix

1 μl of 5 μM forward primer

1 μl of 5 μM reverse primer

5 units of restriction enzyme

100 ng genomic DNA (may use as low as 25 ng)

a. Add RNase-/DNase-free water to a total volume of 20 μl.

b. Mix thoroughly by vortexing (in Eppendorf tube) or pipetting (in 

plate). Incubate at room temperature (RT) for 3 minutes, then apply 

20 μl to each well in the PCR plate. Any unused wells in a column 

must be filled with 1x ddPCR buffer control. Centrifuge the plate 

at 1,000 g for 30 sec (aluminum foil may be used to temporarily 

cover the plate).

3. Droplet generation is performed using the QX200 Automated Droplet Generator. 

To do so:

a. Load the bottle of Automated Droplet Generation Oil for EvaGreen and 

press the “Oil Type” icon to select EvaGreen as the type of oil loaded.

b. Configure sample plate by selecting columns.

c. Set up cartridges, pipet tips and plates as the machine indicates (all 

indicator lights on the deck should turn green).

d. Press the “Start Droplet Generation” icon.

Note: This step can also be performed by a manual droplet generator, 

such as QX200 Droplet Generator (Bio-Rad, cat. no. 1864002), which 

is cheaper than the automated machine. The rest of the protocol would 

be identical.

4. When the droplet generation is completed, carefully remove the droplet plate and 

transfer it to the PX1 PCR Plate Sealer. Place one piece of PCR Plate Heat Seal 

foil on top of the plate. Seal the plate at 180˚C for 5 seconds.

5. Transfer the sealed plate to a thermal cycler. Use a heated lid set to 105˚C and set 

the sample volume to 40 μl. Perform PCR using the following amplification 

protocols:

a. When using a newly designed primer set, the optimal annealing/

extension temperature should be determined by performing a thermal 

PCR gradient and subsequent droplet analysis with the QuantaSoft 
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software suite. The determination criteria are described in procedure 6. 

Using the corresponding proband’s sample as template, prepare a 

master mix including all components for 8 reactions. Load up to 8 wells 

in the same column. The PCR conditions to determine initial annealing/

extension temperatures are:

1 cycle: 95˚C for 5 min (enzyme activation)

40 cycles: 95˚C for 30 sec (denaturation)

50–65˚C gradient for 1 min (annealing/extension)

1 cycle: 4˚C for 5 min (signal stabilization)

90˚C for 5 min (signal stabilization)

Hold: 12˚C infinite

Ramp rate at 2˚C/sec for all steps.

b. After the optimal annealing/extension temperature is determined for a 

primer set, prepare a master mix including all components except for 

the template. In the same column, use the proband’s sample as template 

in 3 wells (triplicates), parental sample in 3 wells, and DNAs from an 

unrelated control and no template control each in single wells. Perform 

PCR using the same condition as described in 4.1 except that the 

optimal temperature (instead of gradient) is applied at the annealing/

extension step.

6. Transfer the sealed PCR plate to the DX200 Droplet Reader. Open the 

QuantaSoft software to set up a new plate:

a. Double click on a well to open the well editor dialog box.

b. Input the sample name (use the same name for duplicates or triplicates).

c. Select “ddPCR EvaGreen supermix” as the supermix type.

d. Select “ABS” for “Experiment”.

e. Select “unknown” for both Channel 1 and Channel 2 “Target”.

f. Apply to well and press “OK”.

g. Complete this for all wells in which a reaction is to take place.

h. Once the plate layout is complete, save the file to the designated folder.

i. Select “Run” to begin the droplet reading.

7. When the run is complete, data are saved as a QLP file. To analyze the data by 

QuantaSoft Analysis Pro Software:

a. For gradient ddPCR, open the software, select a well, and examine 

Channel 1 of the 1-D fluorescence amplitude plot, which shows all 

accepted droplets for the selected well. Thresholds may be established 
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automatically or manually if there are two distinguishable clusters of 

droplets. Negative droplets are displayed in grey (lower cluster), while 

positive droplets in Channel 1 are blue (upper cluster). Choose the 

well(s) that clearly define negative and positive droplets and find the 

corresponding annealing/extension temperature(s) on the thermal cycler 

as the optimal temperature(s). The well corresponding to the greatest 

separation (amplitude change) between negative and positive droplets is 

the ideal temperature and usually more than one temperature will work. 

Click on the “Concentration” tab to read the concentration (measured in 

copies/μl) the target sequence for each well. For each of the proband’s 

sample, calculate the variant allele frequency (VAF) as described in 

Figure 1. The VAF in each proband is expected to be close to 50% as 

would be expected for a typical heterozygous variant.

b. For the ddPCR reactions performed with the optimal annealing 

temperatures, open the software and select one column that used the 

same primer set. Examine Channel 1 of the 1-D fluorescence amplitude 

plot. Set the threshold automatically or manually based on the wells that 

amplified the proband’s sample. The same threshold should be 

established uniformly for the remainder of the samples in the column. 

The average concentration for each duplicate or triplicate can be 

automatically counted by selecting “Merged Wells”. Identify the 

concentrations and calculate the VAFs for each sample. The VAF for 

each proband is expected to be close to 50%, while in the unrelated 

control should be close to 0%. The final VAF in a parental sample is the 

level of mosaicism for the specified CNV deletion being assessed by 

ddPCR.

ALTERNATE PROTOCOL 1

PCR AMPLICON-BASED NEXT GENERATION SEQUENCING

If a mosaic parental sample harbors a heterozygous SNP within a region of deletion, 

fractions of the two genotypes can be used to properly assess the level of mosaicism for the 

deleted region (Summerer et al., 2019). PCR amplicon-based next generation sequencing 

(NGS) can be applied to measure the two allele frequencies of the SNP. Using this method, 

individual template molecules are tagged and sequenced to enable detection of different 

variants (Metzker, 2010; van Dijk et al., 2014).

Materials

• Genomic DNA derived from the parental samples

• 5 U/μl recombinant Taq DNA Polymerase, 10X Taq Buffer with (NH4)2SO4 and 

25 mM MgCl2 (ThermoFisher Scientific, cat. no. EP0405)

• 10 mM dNTP Mix (ThermoFisher Scientific, cat. no. R0192)
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• Forward and reverse PCR primers designed by Primer3 (v.0.4.0) online tool 

using the same criteria as previously described in the ddPCR method. Amplicon 

sizes range from 150 bp to 225 bp. The SNP should map in the middle of the 

proposed amplified sequence.

• UltraPure™ agarose (ThermoFisher Scientific, cat. no. 16500500)

• 10x TBE buffer, 0.2 μm filtered (ThermoFisher Scientific, cat. no. AM9863)

• 10 mg/ml UltraPure™ Ethidium Bromide (EtBr, ThermoFisher Scientific, cat. 

no. 15585011)

• GeneRuler DNA Ladder Mix and 6x TriTrack DNA Loading Dye (ThermoFisher 

Scientific, cat. no. SM0331)

• Exonuclease I (20 U/μl, ThermoFisher Scientific, cat. no. EN0582)

• FastAP Thermosensitive Alkaline Phosphatase (1 U/μl, ThermoFisher Scientific, 

cat. no. EF0654)

• PCR purification kit using columns, e.g., QIAquick PCR Purification Kit 

(Qiagen, cat. no. 28104)

• Qubit™ dsDNA BR Assay Kit (ThermoFisher Scientific, cat. no. Q32850)

• Qubit™ Assay Tubes (ThermoFisher Scientific, cat. no. Q32856)

Equipment:

• PCR thermal cycler

• Agarose gel electrophoresis system

• Conventional microcentrifuge that accelerates to 14,000 rpm

• Qubit™ 4 Fluorometer (ThermoFisher Scientific, cat. no. Q33226)

Steps and annotations

1. Using the UCSC Genome Browser (https://genome.ucsc.edu/), select 3–5 

common SNPs within the deletion region, which each have a minimum allele 

frequency greater than 0.3.

2. Prepare PCR reaction to amplify the region containing each SNP. Each 20 μl 

reaction contains:

2 μl of 10X Taq Buffer with (NH4)2SO4

1.2 μl of 25 mM MgCl2

2 μl of 2 mM dNTP mix

1 μl of 10 μM forward primer

1 μl of 10 μM reverse primer

0.1 μl of Taq DNA Polymerase
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50 ng genomic DNA

a. Add RNase-/DNase-free water to a total volume of 20 μl.

3. Perform PCR using the following condition:

1 cycle: 95˚C for 3 min (initial denaturation)

35 cycles: 95˚C for 30 sec (denaturation)

5˚C lower than the primer Tm for 30 sec (annealing)

72˚C for 30 sec (extension)

1 cycle: 72˚C for 5 min (final extension)

Hold: 4˚C infinite

4. Prepare a 1% agarose gel solution in 1x TBE buffer in a microwavable flask. Mix 

by swirling and heat in a microwave oven until the agarose is completely 

dissolved. Let the solution cool to room temperature for 5 min. Add 5 μl EtBr to 

every 100 ml agarose solution. Mix thoroughly by swirling. Pour the solution 

into a gel tray with a thin well comb. Wait until the gel is completely solidified 

and then remove the comb.

5. Add 1 μl of the 6x TriTrack DNA Loading Dye (three colors) to 5 μl of the PCR 

product. Load each of the samples and a GeneRuler DNA Ladder Mix into the 

wells. Run the gel in 1x TBE buffer until the lowest dye reaches the middle of 

the gel. Use UV light to visualize the DNA fragments. A specific PCR product 

should show a single band of the designed size corresponding to the amplified 

region.

6. To purify the amplicon for Sanger sequencing, add 0.5 μl of Exonuclease I and 1 

μl of FastAP Thermosensitive Alkaline Phosphatase to 5 μl of PCR product in a 

PCR tube. Mix by vortexing and briefly centrifuge. Use a thermal cycler to 

incubate the mixture at 37˚C for 20 min to allow for primer degradation and 

dNTP dephosphorylation followed by 85˚C for 15 min to deactivate the enzymes.

7. Send the purified samples for Sanger sequencing using either the forward or 

reverse primer as the sequencing primer. Sequencher 5.4.6 software (Gene Codes 

Corporation) can be used to visually analyze the Sanger sequencing 

chromatogram. The guidance for Sanger DNA analysis using Sequencher 

software can be found at https://www.genecodes.com/training/tutorials. If a SNP 

is heterozygous, two peaks representing different nucleotides with comparable 

heights would present at the same position. When a SNP is determined to be 

heterozygous, proceed to the next step.

8. Amplify the heterozygous SNP in a 120–150 μl reaction using the same PCR 

gradients (proportionally adjust the amount) and condition as described 

previously in steps 2 and 3. Use separate PCR tubes if the reaction volume 

exceeds the thermal cycler capacity. Check the agarose gel to confirm the PCR 

amplification is specific for the proposed region.
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9. Purify the PCR product using a PCR purification kit with columns. Basic 

protocol includes:

a. Add binding buffer to the PCR reaction.

b. Load to the column to bind DNA.

c. Centrifuge to remove non-DNA components.

d. Wash the column with buffer containing ethanol.

e. Centrifuge to remove residual non-DNA components and wash buffer.

f. Elute DNA with elution buffer (30–50 μl).

10. Qubit™ dsDNA BR (broad range) Assay is specific for double-stranded DNA 

(dsDNA). This method can accurately measure initial sample concentration from 

100 pg/μl to 1,000 ng/μl. First, dilute the Qubit™ reagent 1:200 in Qubit™ 

buffer to prepare the working solution sufficient to accommodate all standards 

and samples. Two DNA standards, Standard 1 and Standard 2 from the Qubit™ 

dsDNA BR Assay kit, are used to calibrate the assay. For each DNA standard, 

add 10 μl of the standard to 190 μl of working solution in a Qubit™ Assay Tube 

to a final volume of 200 μl. Add 1–2 μl purified PCR product to the working 

solution in a Qubit™ Assay Tube to a final volume of 200 μl. Label the top of 

the Qubit™ assay tubes with the corresponding sample name as labeling on the 

side could interfere with the sample read. Vortex tubes for 2–3 seconds, incubate 

at room temperature for 2 min and read standard 1, then standard 2 using the 

Qubit™ 4 fluorometer. Insert sample tubes one by one to read the sample 

concentrations. The amount of DNA required for PCR amplicon-based NGS 

differs among companies that provides the service, ranging from 0.5 μg to 3 μg 

with a minimum concentration requirement.

11. Send the purified PCR product for PCR amplicon-based NGS on a HiSeq or 

NovaSeq platform with 150 bp paired-end (PE) reads.

12. Standard bioinformatics can be provided by the same company and a BAM file 

(data file) generated for each sample. Integrative Genomics Viewer (IGV) 

software is used to visually interpret the data (available for free downloading at 

https://software.broadinstitute.org/software/igv/download. Robinson et al., 2011; 

Thorvaldsdottir et al., 2013). Open both the BAM file (.bam) and its index file 

(.bam.bai) to view data for a specified sample. Select the genome version and 

input the variant coordinate. The software will display the sequence flanking the 

variant. Read the result at the variant position, which shows the total counts and 

the counts of each genotype.

13. Read the counts of the two genotypes of the heterozygous SNP. The genotype 

with more counts represents the allele without deletion, while the genotype with 

less counts represents the allele with a mosaic deletion. The relative level of 

mosaicism for the original deletion for which the SNP is embedded may be 

estimated as the difference in number of reads between the two genotypes 

divided by 2 times the more frequent genotype reads.
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ALTERNATE PROTOCOL 2

QUANTITATIVE REAL-TIME PCR (qPCR)

Similar to the EvaGreen ddPCR protocol, qPCR monitors incorporation of SYBR green dye 

into dsDNA. During the exponential amplification phase of the PCR reaction, the quantity of 

the target DNA product doubles for each PCR cycle, leading to a two-fold increase of 

fluorescence intensity (Wittwer et al., 2013). Relative quantification of the target DNA 

product (in our case, the deletion junction-specific DNA fragment) in each sample is 

calculated based on the internal reference genes. By comparing the fold-change differences 

between the parental and proband samples, the relative level of mosaicism in the parental 

sample can be determined.

Materials

• Genomic DNA derived from samples from the proband, parent, and an unrelated 

human control.

• PowerUp™ SYBR™ Green Master Mix (ThermoFisher Scientific, cat. no. 

A25779). SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad, cat. no. 

1725270) can be used instead according to manufacturer’s protocol.

• Forward and reverse PCR primers designed by Primer3 online tool. Primer Tm 

ranges from 60˚C to 63˚C and GC content is between 40% and 60%. Optimal 

amplicon size is 70–200 bp. Longer product (but < 500bp) may work with 

appropriate reaction condition. Primers used for each family include CNV 

deletion junction-specific primers and primers amplifying 1–2 internal reference 

genes (e.g., GAPDH and ACTB).

• Hard-Shell® 96-Well PCR Plates, thin wall (Bio-Rad, cat. no. HSP9601)

• Microseal ‘B’ PCR Plate Sealing Film (Bio-Rad, cat. no. MSB1001)

Equipment:

• CFX Connect Real-Time PCR Detection System (Bio-Rad, cat. no. 1855201). 

Real-time thermal cycler from other manufacturer may be used.

Steps and annotations

1. Prepare qPCR reactions. Each 20 μl reaction contains:

10 μl of PowerUp™ SYBR™ Green Master Mix

1 μl of 5 μM forward primer

1 μl of 5 μM reverse primer

50 ng genomic DNA

Add RNase-/DNase-free water to a total volume of 20 μl.

Note: Triplicate is recommended for each reaction.
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2. Transfer the reactions to a Hard-Shell® 96-Well PCR Plate. Seal the plate with a 

Microseal ‘B’ PCR Plate Sealing Film. Place the reaction plate in the real-time 

thermal cycler.

3. Input the sample information in Bio-Rad CFX Maestro software. Perform qPCR 

using the following condition:

1 cycle: 95˚C for 10 min (Taq Enzyme Activation)

40 cycles: 95˚C for 15 sec (denaturation)

60˚C for 1 min (annealing/extension)

4. Calculate the relative quantity of the deletion junction-specific product in the 

parental sample as 50% (2−ΔΔCq). The step-by-step calculations are:

a. Read the quantitation cycle (Cq) value for each reaction.

b. Calculate the average Cq of each triplicate and use it for the subsequent 

calculation.

c. Calculate the difference in Cq between the deletion junction-specific 

amplification and the reference gene amplification. ΔCq = (Cq of 

deletion junction-specific amplification) – (Cq of reference gene 

amplification).

d. Calculate the difference in ΔCq between the parental and proband’s 

samples. ΔΔCq = (ΔCq in parental sample) – (ΔCq in proband’s 

sample).

e. Calculate the value of 2−ΔΔCq to get the amplification fold-change. The 

value in the proband’s sample would be 20 = 1.

Note: Since the proband is heterozygous for the CNV deletion, the 

default quantity of the deleted allele should be approximately 50% in 

the proband’s sample. Calculate the relative quantity of the deleted 

allele in the parental sample by 50% times 2−ΔΔCq. This value 

represents the level of mosaicism.

5. (Optional) Check the specificity and density of the qPCR products by running on 

an agarose gel.

COMMENTARY

Background Information

Due to inherent detection limitations of many routine genetic tests performed in clinical 

diagnostic laboratories, a substantial fraction of families carrying pathogenic SNVs or CNVs 

may be erroneously determined to be non-mosaic. We have demonstrated that the true 

inheritance status of CNV deletions can be determined by long-range PCR (Campbell et al., 

2014). Because the level of somatic mosaicism correlates with disease recurrence risk, it is 

important to assess the level of mosaicism for a specified variant using a more sensitive and 

quantitative test. These data can provide more information to parents relating to genetic 
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counseling and recurrence risk information regarding choices for family planning purposes. 

At the same time, the test should be easy to design and perform, as well as time and cost 

efficient.

Critical Parameters

Herein we describe three quantitative methods to evaluate the levels of somatic mosaicism 

for CNV deletions in parental samples with our primary method being ddPCR. Though the 

experimental design is similar to traditional PCR, data analysis may require some training 

from the Bio-Rad representative or from an experienced researcher. Use of the ddPCR 

system and potential problems are described in Bio-Rad’s manual in great detail. At least 

300 ng of proband DNA is required for the gradient PCR and as a positive control. To apply 

this method, special equipment including the ddPCR droplet generator, plate reader and PCR 

plate sealer are required. For testing each family, the consumable materials cost is 

approximately $160.

PCR amplicon-based NGS on the other hand does not require special equipment in the 

laboratory. The work primarily involves standard PCR amplification and DNA purification 

as well as concentration measurements. Although the deletion regions are often large and a 

great number of SNPs may be present within a deletion region, considering the cost and 

time, we only screen five SNPs for heterozygosity in each sample and find heterozygous 

SNPs in two out of four parental samples. To sequence one amplicon in each family, the 

total cost is approximately $150.

The qPCR experimental design is less strict than ddPCR in that the amplicon size can go up 

to 500 bp, which makes it more feasible to design deletion junction-specific primers. 

According to Bio-Rad, the EvaGreen dye has less background, is less inhibitory in the PCR 

reaction and more stable compared to the SYBR® Green dye. Furthermore, ddPCR uses 

absolute values, which is generally more precise compared to the relative value used in 

qPCR. The qPCR method will require a Real-Time PCR detection system. The cost for 

testing one family by qPCR is less generally less than $40.

These three methods represent robust protocols to successfully assess the levels of parental 

mosaicism for CNV deletions in most instances. However, because each CNV deletion is 

unique, there is a chance that none of these methods will work.

Troubleshooting

When preforming a ddPCR experiment, a common problem that can occur is when the 

positive and negative droplets are not clearly separated in the 1-D plot. To ensure that a 

ddPCR reaction generates true signals for the target amplicon, the efficiency and specificity 

of each primer set should be tested by standard PCR before using those primers in a ddPCR 

reaction. Performing a thermal gradient to determine the optimal annealing temperature 

when using newly designed primers is also crucial when starting a new experiment. The 

optimal annealing temperature may be different in a ddPCR versus traditional PCR reaction 

even when using the identical primer sets. Furthermore, loading an accurate total amount of 

DNA for each sample is critical for proper experimental interpretation.
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For PCR amplicon-based NGS, specificity of the PCR product is critical for obtaining an 

accurate result, and must be checked by agarose gel electrophoresis. If a sufficient amount of 

DNA is not generated after PCR amplification, a second-round amplification can be 

performed using 1 μl of the purified PCR product as template with 25–30 cycles of 

denaturation, annealing and extension. The purified PCR products from both amplifications 

can then be combined and sent for PCR amplicon-based NGS. The final VAF calculation 

will not be affected by the re-amplification step.

For qPCR, it is also recommended to test the primer sets by standard PCR first to ensure 

efficiency and specificity. If using PowerUp SYBR Green Master Mix, general 

troubleshooting can be found on ThermoFisher website at https://assets.thermofisher.com/

TFS-Assets/LSG/manuals/MAN0013511_PowerUp_mastermix_UG.pdf.

Understanding and Interpreting Results

Using ddPCR, we were able to detect varying levels of mosaicism in 3 out of 4 samples that 

were tested. Our experience indicates that this method is suitable for mosaicism levels above 

5% though one may be able to visualize levels as low as 1%. To evaluate the samples better, 

the two primer sets for each sample should have equal efficiency which can be confirmed by 

obtaining a VAF close to 50% in the proband’s sample (which is presumed to be a normal 

heterozygous call).

In our PCR amplicon-based NGS, we examined three SNPs in each of the two samples. The 

average level of the somatic mosaicism in one sample was determined to be 15.7%, which is 

comparable to the ddPCR result. The results among the three SNPs in this sample were 

similar and the standard deviation was 1.7%. The other sample, in which the somatic 

mosaicism was undetectable by ddPCR, showed variable results (0.7%, 2.3% and 7.3%), 

indicating that PCR amplicon-based NGS may not be reliable for very low-level mosaicism.

We utilized qPCR to test parental samples with very low-level mosaicism using GAPDH as 

an internal control. Using this method, we determined the VAF as 0.4%. The gel image 

showed that the qPCR product was specific and weaker in the parental sample when 

compared to the proband’s sample. This result indicates that qPCR is useful for detecting 

very low-level mosaicism (<1%) if the deletion junction-specific primers are available.

Time Considerations

To perform ddPCR, 1–2 days are sufficient to finish all the procedures and obtain results. 

Preparing samples for PCR amplicon-based NGS takes 1 day, but screening the SNPs may 

take up to 3 days and NGS by the company of choice usually takes 3–6 weeks. The qPCR 

method of mosaic detection takes about 1 day.
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Figure 1. 
Primer design for ddPCR using EvaGreen fluorescent dye. Suggested amplicon length for 

each primer set is 80–250 bp. Dashed line indicates the deleted region. A. Preferred design: 

In one ddPCR reaction, deletion junction-specific primers F1 (forward 1) and R1 (reverse 1) 

are designed to amplify the allele with the deletion. In another reaction, primers (F2 and R2) 

are used to amplify both alleles. Variant allele frequency (VAF) is the fraction of the deleted 

allele when comparing both alleles. B. Often the breakpoint of a deletion locates within a 

repetitive element, which makes it hard to design deletion junction-specific primers with a 

product less than 250 bp. In these cases, primers F3 and R3 are designed to amplify both 

alleles in one reaction, while F4 and R4 are used to amplify the WT allele in another 

reaction. The difference between the two products is the amount of the variant allele, which 

is compared to the concentration of all alleles to calculate the VAF.
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