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Introduction
The growing use of circulating cell-free (cfDNA) necessitates accurate variant detection at less than 1% allele
frequencies due to a low population of DNA of interest within total cfDNA. This level of detection is critical for a
variety of cfDNA applications including detection of circulating tumor DNA (ctDNA), detection of graft-derived
cfDNA (GcfDNA) within normal plasma as a marker of graft integrity after organ transplantation, and for
noninvasive prenatal testing (NIPT) where fetal cfDNA is detected at low frequencies in maternal plasma.
However, reliable low-frequency variant detection by next-generation sequencing (NGS) is challenging due to
background noise from PCR and sequencing errors. Additionally, while NGS is well suited for high throughput
analysis, whole-genome sequencing can be cost inhibitive. To overcome these challenges, we employed a
targeted NGS assay that uses molecular identifiers (MIDs) to uniquely label individual DNA molecules prior to
amplification. MID families consisting of PCR duplicates can be used to distinguish true variants from PCR and
sequencing errors and an error-corrected consensus sequence can be generated. We incorporated MIDs into a
17 amplicon EGFR pathway panel that can be used for ctDNA detection in lung cancer and a 101 amplicon SNP
panel that contains 92 amplicons targeting SNPs with high minor allele frequency and 9 amplicons that identify
gender ideal for GcfDNA or fetal cfDNA detection. These assays generate an NGS library using a single-tube
multiplex PCR that is compatible with cfDNA. To test assay sensitivity, we performed low frequency spike-in
experiments with control DNA or patient derived cfDNA. We prepared MID libraries from 10-20ng of input DNA
and deep sequencing to >50,000x was done to maximize MID family size and optimize generation of a
consensus sequence. This analysis accurately and reproducibly identified known variants as low as 0.25%.
Importantly, the use of MIDs drastically reduced the number of false positive variants called at less than 1%
increasing confidence in low frequency variant calls. Accurate variant calling at these levels is critical to track
biologically relevant levels of ctDNA for early detection and monitoring of cancer, GcfDNA to screen for organ
rejection after transplantation, and fetal DNA at early stages of pregnancy. This study highlights the power of MID
technology in amplicon NGS library preparation to enable low frequency variant detection for cfDNA analysis.
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Improved Data Analysis with MIDs

Figure 1. MIDs label individual molecules prior to exponential amplification by PCR facilitating the accurate identification and
removal of PCR duplicates. Molecules containing the same MID can be used to generate a consensus sequence that retains
true variants but removes artificial mutations generated by polymerase errors during PCR amplification and sequencing.

Figure 2. MIDs are incorporated in our Swift Amplicon HS library prep that uses multiplex PCR for targeting. This library prep
uses the MID to label unique library molecules prior to amplification. The Swift Amplicon HS workflow consists of a 3-cycle
MID incorporation step, PCR amplification of targeted amplicon molecules, and an indexing PCR step that adds Illumina-
compatible adapters with combinatorial dual indexes. The final library molecules consist of a 10-base in-line random N
sequence positioned at the start of Read 2.

MIDs Label Unique Library Molecules

Results

Figure 3. Sensitivity of the Swift Amplicon HD panels are dependent on the amount of input material available and the depth
of sequencing. For example, using 10 ng of input DNA, this assay consistently detects variants at 0.5% and with 20ng of it
consistently detects variants at 0.25%. *Less than 10 allele copies may not be detectable because the probability of
detection follows a normal distribution.

Maximize Assay Sensitivity with Increased Input DNA
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50 15,000 0.2 30 ✓
50 15,000 0.1 15 ✓
50 15,000 0.05 7.5 ✗
20 6000 0.5 30 ✓
20 6000 0.25 15 ✓
20 6000 0.125 7.5 ✗
10 3000 1.0 30 ✓
10 3000 0.5 15 ✓
10 3000 0.25 7.5 ✗
1 300 5.0 15 ✓
1 300 1.0 3 ✗
1 300 0.5 1.5 ✗

Figure 4. Different sample types (10 ng input for each) were used to generate
libraries with the Swift Amplicon HS EGFR Panel. The samples include Coriell
repository DNA (NA12878), SeraSeq™ ctDNA Reference Material v2, genomic DNA
(gDNA) isolated from whole blood from three different individuals, and cfDNA
extracted from plasma from three individuals. Libraries were sequenced on an
Illumina® MiniSeq™ or MiSeq™ and the target aligned reads and coverage uniformity
(>20% of the mean) percentages were plotted.

Robust Sequencing Performance in High Molecular Weight DNA 
and cfDNA
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Specification

# Amplicons 17

Amplicon Size 106-149bp

Coverage Uniformity 
at >0.2x Mean >95%

On Target >95%
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Figure 5. Library prepared from 10 ng of Horizon HD701 quantitative multiplex reference standard spiked into Coriell
repository DNA (NA12878) at 25% was analyzed for the presence of false positives. Variant calling before generation of a
consensus sequence with MIDs (left) leads to false positive calls at and below 1%. After generation of a consensus
sequence with MIDs (right), all but one false positive was eliminated while all known variants were retained.

Increased Specificity with MIDs

Figure 6. Libraries were prepared from 10 ng of human cell-free DNA (cfDNA) isolated from plasma from three different
healthy individuals and were analyzed for the number of variants called at different allele frequencies before and after
generation of a consensus sequence with MIDs. MIDs have no effect on the number of variants called above an allele
frequency of 1%, but substantially reduce the noise at low allele frequencies.
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Variant Analysis from ctDNA Control DNA at <1% with EGFR 
Pathway Panel

Figure 7. The Swift Amplicon HS EGFR Panel consistently detected known variants in replicates from 10 ng SeraSeq ctDNA
Reference Material v2 AF0.5% and 20 ng SeraSeq ctDNA Reference Material v2 AF0.25%. Variants were called from an
MID based consensus sequence by LoFreq.

Variant Analysis from High Molecular Weight DNA at <1% with 
SNP Panel

Figure 8. We also developed a 101 amplicon SNP panel that can
be used to detect the presence of a foreign genome within a
sample. This panel has applications for detection of graft-derived
cfDNA as a marker of graft integrity after organ transplantation,
detection of fetal cfDNA in maternal plasma, and sample
contamination.

Feature
SNP Panel 

Specification

# Amplicons 101

Amplicon Size 106-149bp

Coverage Uniformity 
at >0.2x Mean >90%

On Target >95%

Chr Position SNP ID Gene
Reference 

Allele
Variant 
Allele

10 ng

Expected Observed 
Replicate 1

Observed 
Replicate 2

1 209968684 rs2013162 IRF6 C A 0.5% 0.52% 0.62%
4 88534235 rs2736982 DSPP A G 0.5% 0.30% 0.32%
7 34009946 rs10265207 BMPER C T 0.5% 0.15% ND
9 77415284 rs7859201 TRPM6 A C 0.5% 0.26% 0.47%
9 100190780 rs1381532 TDRD7 A G 0.5% 0.55% 0.52%
9 104184022 rs4577 ALDOB G A 0.5% 0.16% 0.27%
11 16133413 rs4617548 SOX6 A G 0.5% 0.40% 0.31%
17 10536018 rs2285479 MYH3 G A 0.5% 0.54% 0.12%
17 10542471 rs2285475 MYH3 T G 0.5% 0.72% 0.43%

Chr Position SNP ID Gene
Reference 

Allele
Variant 
Allele

20 ng

Expected Observed 
Replicate 1

Observed 
Replicate 2

1 209968684 rs2013162 IRF6 C A 0.25% 0.31% 0.28%
4 88534235 rs2736982 DSPP A G 0.25% 0.27% 0.18%
7 34009946 rs10265207 BMPER C T 0.25% 0.15% 0.04%
9 77415284 rs7859201 TRPM6 A C 0.25% 0.21% 0.24%
9 100190780 rs1381532 TDRD7 A G 0.25% 0.25% 0.35%
9 104184022 rs4577 ALDOB G A 0.25% 0.39% 0.19%
11 16133413 rs4617548 SOX6 A G 0.25% 0.28% 0.08%
17 10536018 rs2285479 MYH3 G A 0.25% 0.14% 0.25%
17 10542471 rs2285475 MYH3 T G 0.25% 0.34% 0.12%

0.5% Variant Detection from 10ng

0.25% Variant Detection from 20ng

Figure 9. We performed Coriell DNA spike-in experiments and tracked SNPs homozygous for one allele in NA00897 and
homozygous for the alternative allele in NA12878. Using the 101 amplicon SNP panel we were able to detect 9/9 variants in
one replicate and 8/9 variants in a second replicate with an expected allele frequency of 0.5% from 10ng of input DNA.
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Figure 10. We performed Coriell DNA spike-in experiments and tracked SNPs homozygous for one allele in NA00897 and
homozygous for the alternative allele in NA12878. Using the 101 amplicon SNP panel we were able to detect 9/9 variants in
both replicates with an expected allele frequency of 0.25% from 20ng of input DNA.

Conclusion
• Labeling unique library molecules with MIDs prior to amplification allows for the removal of sequencing and PCR induced errors 

during data analysis.

• Inclusion of MIDs in NGS library preparation requiring PCR improves variant calling by increasing specificity at low allele 
frequencies.  Here we are able to detect known variants at less than 1% allele frequencies using an amplicon approach for 
targeted NGS.

• We have developed a 17 amplicon EGFR Pathway panel and shown robust sequencing performance with cfDNA as well as the 
ability to detect 0.5% and 0.25% variants from 10ng and 20ng DNA respectively.  

• We have developed a 101 amplicon SNP panel.  This panel is suited for a variety of applications including detection of graft-derived 
cfDNA as a marker of graft integrity after organ transplantation, detection of fetal cfDNA in maternal plasma, and detection of sample 
contamination.


