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Major Goals:  Objective 1: Define and validate a standardized set of equipment and reagents and provide a step-
by-step protocol that can be performed by a laboratory technician. This objective will entail developing quality 
control (QC) methods to monitor the success of the enzymatic steps required for sample processing in order to 
ensure consistent performance and maximize the success rate of genotyping difficult samples. Accuracy, precision, 
sensitivity, and specificity will be evaluated.

Objective 2: Provide a basic data analysis workflow for genotype calling. This objective will create a computational 
workflow for genotype calling and forensic identification from DS analyses of heterogeneous mixtures of low quality 
DNA. The workflow will have two operational modes: 1) If a target genotype is provided, then the workflow will 
determine if a particular individual or individual’s relative DNA is present. 2) If no specific target genotype is 
provided, then the workflow will produce a list of possible genotypes present.

Objective 3: Validate protocol and equipment for use in genotyping complex DNA mixtures and highly 
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environmental conditions, such as increasing mixture complexity, extended exposure to UV/sunlight, elevated 
temperatures, and damaging chemicals. In this way, the limits of DS to genotype highly complex and damaged 
DNA will be defined.
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Accomplishments:  Objective 1: Protocol Standardization and Validation

Milestone 1 Tasks: 1) Demo equipment for compatibility and purchase 2) Initial trial run

-Demoed equipment was purchased and used for an initial trial of the Duplex Sequencing protocol



Milestone 2 Tasks: Optimize 1)library preparation; 2) PCR conditions; 3) genomic capture

-Due to the unexpectedly high inefficiency of the original published protocol, we developed two new approaches to 
Duplex Sequencing, termed CRISPR-DS and LS-AMP, that reduce targeted capture to either a single round or zero 
rounds, respectively. We were able to optimize the the CRISPR/Cas9 sites to allow read traversal in the direction 
that prevents read failure, which we noticed was an issue. 

-Genomic capture continued to be an issue, likely due to the presence of STR sequence that flanked the probe 
target regions immediately adjacent to the STR. We were unable to devise a solution to this problem that involved 
targeted hybridization.



Milestone 3 Tasks: Validate 1) accuracy; 2) precision, 3) sensitivity, and 4) specificity of DS

-We were only able to partially validate our method due to the extremely high levels of off target sequence arising 
from poor targeted capture. We were able to show that we could reduce stutter rates by >10-fold, such that, on 
average, <0.5% of reads contained an erroneous length polymorphism. Specificity was poor 



Objective 2: Creation of Genotyping Workflow

Milestone 1 Tasks: 1) Basic improvements to data analysis pipeline

-We tested our original data on STR sequences and found it inadequate for STR analysis due to the high rate of 
PCR stutter. This meant we had to redevelop our pipeline from scratch.



Milestone 2 Tasks: 2) Develop genotyping software; 2) Implement relevant statistical tests

-We redeveloped the pipeline from scratch by employing a third party software package, HipSTR, along with the 
fgbio software suite that is specifically designed to manipulate Duplex Sequencing data. We found that this 
approach, while successful, erroneously removed a very large fraction of reads from consideration and processing. 
We are unsure of the issue.



Milestone 3 Tasks: 1) Simulate test data sets 2) test effectiveness of genotyping software 

-Unfinished at the time of project termination.

Training Opportunities:  Nothing to Report

Results Dissemination:  Dissemination took the form of one research paper and four talks. 



Paper: Nachmanson D, Lian S, Schmidt EK, Hipp MJ, Baker KT, Zhang Y, Tretiakova M, Loubet-Senear K, Kohrn 
BF, Salk JJ, Kennedy SR*, Risques R-A* Targeted genome fragmentation with CRISPR/Cas9 improves 
hybridization capture, reduces PCR bias, and enables efficient high-accuracy sequencing of small targets. Genome 
Res 28: 1589-1599.  *Co-senior author



Talks:

2016 “Removing PCR artifacts using massively parallel sequencing” National Institute of Justice Forensic 
Technology Center of Excellence



2017 “Removing PCR artifacts using massively parallel sequencing” 28th International Symposium on Human 
Identification 



2018 “Removing sequencer and PCR artifacts using massively parallel sequencing platforms” Sequencing, 
Finishing, and Analysis in the Future Symposium 



2018 “Removing sequencer and PCR artifacts using massively parallel sequencing platforms” Promega PowerTech 
Forensics Workshop

Honors and Awards:  Nothing to Report

Protocol Activity Status: 
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Technology Transfer:  One patent application would produced during the project's period of performance. 



Patent information: "Methods for Targeted Nucleic Acid Sequence Enrichment with Applications to Error Corrected 
Nucleic Acid Sequencing" Filed March 23, 2018



The application claims priorty to US provisional patent application No. 62/475,682, filed March 23, 2017 and US 
provisional patent application No 62/575,958, filed October 23, 2017.
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2. Statement of problem studied 

Due to its high success rate and cost effectiveness, STR analysis for forensic genotyping has 
become the primary method in human identification casework. Since STR analysis depends on length 
variations in short poly-nucleotide repeats that are amplified using PCR, there are inherent limitations in 
this technology. For example, sample degradation due to environmental exposure leads to the breakdown 
of DNA molecules, which can result in significantly biased and artifactual peak heights, leading to 
inconclusive or erroneous genotyping calls[1]. Even in pristine samples, there are complicating factors that 
are intrinsic to current STR methods, such as spurious background peaks resulting from PCR stutter, co-
migration, signal oversaturation, and machine noise[1,2]. Of particular concern are PCR stuttering artifacts, 
which arise from slippage of the DNA polymerase on the DNA template. Damaged or degraded DNA is 
particularly prone to this form of error due to the prevalence of DNA adducts that cause erroneous base 
pairings and enzyme stalling. While there are techniques that allow for the statistical exclusion of stutter 
peaks, DNA mixture samples of three or more contributors, especially combined with DNA damage and 
template degradation, present a significant challenge[3]. The recent advent of NGS offers the hope of being 
able to resolve complex DNA mixture samples. Unlike conventional STR analysis, which simply reports 
the average genotype of an aggregate population of molecules, NGS technology digitally tabulates the 
sequence of many individual DNA fragments, thus offering the unique ability to detect MAFs within a 
heterogeneous DNA mixture[4,5]. The use of NGS in forensic DNA analysis offers numerous advantages 
over conventional STR analysis; however the technology is not without its disadvantages. The most notable 
is that NGS is based on PCR during library construction, which has an associated stutter and base 
misincorporation rate[6]. These initial misincorporation and stutter events can be propagated to all of the 
reads, thus giving the appearance of a MAF in a putative DNA mixture. Similar to STR analysis, the chance 
of a false signal significantly increases on damaged DNA templates[7]. Furthermore, the ability to 
practically detect MAFs is limited to about 1-2% due to sequencing errors associated with various sequence 
contexts and base miscalls. Damaged DNA is known to worsen this background[7,8]. While better than 
current methods, the field of forensic DNA analysis has profound legal consequences, therefore, it is 
imperative that the detection of false MAFs be eliminated.  

Summary of Methodology for Duplex Sequencing  
The focus of the funded work was to develop Duplex Sequencing (DS) for use in forensic 

applications. DS relies on the concept of molecular tagging and the fact that the two strands of DNA contain 
complementary information[9]. Randomly sheared duplex DNA is tagged with a random, yet 
complementary, double-stranded nucleotide sequence (Fig. 1A). Following ligation, the individually 
labeled strands are PCR amplified such that there will be many duplicate “families” that share a common 



tag sequence and are derived from a single parental strand of DNA (Fig. 1B). After sequencing, reads 
sharing the same tag sequence (i.e. tag family) are grouped together, and a consensus sequence is calculated 
for each family to create a single strand consensus sequence (SSCS), with each SSCS being derived from 
an individual molecule of ssDNA (Fig. 1C). This step filters out random sequencing or PCR errors. 
Importantly, the SSCS does not filter out artifactual mutations, such as base misincorporations and stutters, 
that occur during the first round of PCR. To remove these errors, the complementary tags derived from the 
same duplex DNA among the SSCS reads are compared to each other (Fig. 1C). The base identity at each 
position in a read is kept in the final consensus if the two strands match perfectly at that position. Apparent 
mutations occurring in only one of the SSCS reads will be filtered out. Upon remapping of the duplex 
consensus sequence (DCS) reads back to the reference genome, any deviations from the reference genome 
are considered true mutations. 
 
3. Summary of the most important results. 

 
Objective 1: Define and validate a standardized set of equipment and reagents and provide a step-by-
step protocol that can be performed by a laboratory technician. 
 
Milestone 1: Standardization of Equipment 
 We purchased an Agilent Tapestation 4200 for DNA quantification, an Agilent AriaMX qPCR 
thermocycler for qPCR quantification, and an Illumina MiSeq FGx sequencing platform. This last piece of 
equipment was bought using funds from the Defense University Research Instrumentation Program 
(DURIP). 

 
Milestone 2: Optimization of Library Preparation: 

We focused on three areas related to library preparation. 1) Optimization of preparatory steps of 
sample DNA; 2) Optimization steps of PCR amplification; and 3) Optimization of target genome capture. 
Work on Milestone 2 focused on developing approaches to optimize each of these steps. The enzymatic 
preparatory steps can be further broken down into four main steps: DNA fragmentation, end-repair, 3´dA-
tailing, and adapter ligation. In our originally published protocol, each step is separate and requires multiple 
expensive and time-consuming purification steps[10].  

Single-tube library synthesis kits are made by several vendors and offer an easy and low cost way 
of performing the end-repair, 3’-dA-tailing, and ligation steps with minimal DNA loss from multiple 
reaction clean-up steps. New England Biolab and KAPA Biosystems are two vendors that make the most 
popular kits currently in use. As part of the reaction optimization portion of the cooperative agreement, we 
tested the efficiency of converting sheared DNA into adapter ligated sequencing library for the NEBNext 
Ultra kit, the NEBNext Ultra II, and KAPA Hyperprep kit (the Hyperprep-plus kit is incompatible with 
Duplex Sequencing and was not tested).  

We tested the conversion efficiency of the three kits for three different DNA input amounts, 1µg, 
500ng, 250ng. DNA was sonically sheared using a Covaris AFA system in 50µL of 10mM Tris-HCl pH8.0 
(conditions outlined in Kennedy et al. [10]). Samples were end-repaired, dA-tailed, and ligated following 
the manufacturer’s instructions for each kit. We used a qPCR based strategy that compares the change of 
the C(t) for a primer set that spans the adapter and a genomic DNA target (Fig. 2A) to a primer set that 
targets a small 90bp genomic DNA target to estimate the relative amount of ligated target DNA. In this 
particular assay, the genomic DNA target amplicons is only 90bp in size, whereas the ligated target 
amplicons is 300-900bp in size (i.e. shear fragment size), which results in a higher SYBRgreen signal for 
the ligated target amplicons and, consequently, a relatively lower C(t) when compared to the genomic DNA 
target amplicon. Consequently, the C(t) for the ligated target amplicons will get smaller when more DNA 
is ligated, whereas the C(t) for the genomic target DNA will remain constant. Therefore, an increase in the 
ΔC(t) indicates an increased ligation efficiency. The data show that for the 1µg and 500ng DNA inputs, no 
significant changes are seen between the three kits (Fig 2B,C). The 250ng DNA input shows a significant 
2- fold (i.e. 1 C(t)) reduction in efficiency (i.e. lower ΔC(t)) for the NEB Ultra kit, relative to the NEB Ultra 



II kit (Fig 1B,C). The NEB Ultra II kit trends to higher efficiency compared to both the NEB Ultra and 
KAPA Hyperprep kit for all DNA input amounts tested. Based on our results, the fact that the NEB Ultra 
kit is planned to be discontinued in the mid-term, and no significant cost differences between the KAPA 
Hyperprep and NEB Ultra II kits, we used the NEB Ultra II kits for the remainder of the project.  

We next pursued optimization of PCR input. In order to observe true variants by DS, sequence 
changes must be present and complementary in both strands of DNA. Prior to sequencing, we will monitor 
the above steps in library preparation using qPCR with primers directed against targeted and non-targeted 
genes. The ligated product needs to be amplified prior to sequencing with the optimal amplification being 
an average of 3 to 10 sequenced PCR copies per starting DNA molecule. The conditions needed to 
consistently obtain these values must be standardized, since too many PCR copies of the same tag will 
reduce the number of unique families per DNA sample sequenced. Importantly, the number of DNA 
fragments used in the PCR reaction is the primary adjustable variable that dictates the number of sequencing 
reads that share the same tag sequence. A critical confounder to achieving the 3-10 PCR copies per tag has 
been the ligation step. Incompletely ligated molecules are unable to amplify during PCR, however, the 
presence of non-amplifiable molecules are also measured and will result in an overestimation of the amount 
amplifiable DNA being used in the PCR. This situation can lead to too many PCR copies per molecule and 
a substantial reduction in data yield. 

Quantifying the amount of ligated target DNA is essential for the success of Duplex Sequencing. 
Technologies, such as Life Technologies Qubit and/or Agilent’s TapeStation or Bioanalyzer can only 
quantify the total amount of DNA present in a library and not the quantity of a specific species of DNA 
molecules (i.e. amount of ligated DNA). To overcome this problem, we have designed a synthetic DNA 
using IDT’s gBlocks product that is able to mimic the PCR product of a ligated fragment of DNA that is 
present in sequencing library preparation (Fig 2A). By making serial dilutions of the synthetic DNA and 
verifying the concentration each dilution using the qPCR and the P5 and P7 primers, we can then quantify 
the amount of ligated target DNA in the library preparation by using the P5 and a target specific primer.  

To experimentally test this approach, we tested several primer pairs that target the sequencing 
adapter and different nuclear DNA sequences. After extensive primer optimization and testing (Data not 
shown), we settled on an Adapter/Target Ligation Standard (ATLiS) presented in Fig. 3A. The IDT gBlock 
was ordered and diluted in 50µL of 10mM Tris-HCl, pH8.0, as recommended by the manufacturer. A 1000-
fold dilution of the master stock was made and quantified using the KAPA Library Quantification Kit 
(KAPA Biosystems) according to the manufacturer’s instructions. The concentration of the 1000-fold 
dilution was found to be 9.1pM. A 10-fold dilution series (1mL/dilution), with the 1000-fold dilution being 
the first in the series, was made with 10mM Tris-HCl, pH8.0. The dilution series was then check for linearity 
and accuracy by qPCR using the P5 (cyan) and Human nuclear reverse (orange) primers (Fig. 3A). The 
resulting standard curve exhibited high linearity with a slope of -3.40 (expected is -3.32) and an efficiency 
of 97% (Fig. 3B).  

In our initial trial run, <10% of the raw reads (out of ~40x106 reads) mapped to the CODIS20 loci, 
but with an optimal family size of ~20 (Fig. 4A). However, performing a second round of targeted capture 
can significantly improve the efficiency of capture for small genomic targets [11]. Implementing this second 
round of capture resulted in >90% of reads being localized to the genomic targets of interest (out of ~40x106 

reads). However, as a consequence of adding the second round of targeted hybridization, we observed a 
higher than desired family size for the CODIS capture panels (Fig. 4B).  

We hypothesized that a combination of stochastic PCR amplification, limited PCR cycles, and/or 
low targeted capture efficiency adversely affect the amount of tag diversity in the final sequencing library. 
The basic logic behind this hypothesis is as follows. Assuming the number of reads doesn’t change between 
samples, the more unique tags present in the sequencing library, the less likely that any given tag will be 
sequenced, which, by definition, reduces the family size. Therefore, if we lost tag diversity (i.e. fewer 
unique tags), the higher the probability of any given tag will be sequenced, which increases the family size. 

Prior to the 1st PCR amplification, each tag is present only once. Therefore, stochastic amplification 
may have a significant impact on tag representation. For example, consider a tag that undergoes replication 
on the 1st cycle, so that on PCR cycle 2 there are two copies. If both copies undergo replication, then during 



PCR cycle 3 there will four starting copies. However, PCR is not 100% efficient. As such, a tag that 
amplified during the 1st cycle could fail to copy one or both initial copies during PCR cycle 2. Additionally, 
a small fraction of tags could fail to copy in both cycle 1 and 2 (for an amplification efficiency of 90% (Pamp 
= 0.9), this happens (1 – p)2 = 0.12 = 0.01 or 1% of the time). If their luck evens out and both amplicons get 
amplified equally during subsequent cycles, the tag will appear at a copy number of about four times more 
than the tag that failed to amplify. This suggests that the distribution of copy numbers for Pamp = 0.9 will 
range over at least a factor of four.  

This stochasticity is especially important when the number of PCR cycles is low and combined 
with targeted capture. Due to the amount of input DNA needed for the CODIS and SNP panels (250ng), 
only ~5-6 cycles can be performed before reagents in the PCR reaction are exhausted. Therefore, at most, 
there can only be 32-64 copies of each tag. Given that PCR is not 100% efficient, most tags will be 
represented by fewer than the expected number of copies. If we were to directly sequence from this pool of 
tags, then, provided enough reads were obtained, we would obtain reasonable family sizes. However, 
technical advice from IDT indicates that 95% of target DNA typically fails to capture. Therefore, on 
average, 95% the molecules containing the target loci fail to capture. If there are, at most, 32 starting copies 
(resulting from 5 PCR cycles) of each tag, then, on average, only 2 copies of each tag will make it through 
the 1st capture step, with some variance in the actual number. Because targeted capture can be thought of 
as a Bernoulli trial (i.e. a piece of target DNA can either be captured or not), then it can be modeled using 
a Binomial distribution with the number of trials, n, being the number of PCR copies of a particular tag (i.e. 
32) and the probability of capture, p, being the percentage of copies that make it through capture (1-
0.95=0.05). From these parameters we can estimate that the probability of a tag being completely lost due 
to not being sampled is Pr(X=0) = Binom(32,0.05) = 0.193. In other words, 19.3% of unique tag sequences 
will be completely lost and will not go on to be sequenced. This bottle neck could be even more severe if 
the failure to capture is worse than what IDT has indicated or PCR is less efficient than assumed. The loss 
of tag diversity would then cause the remaining tag copies to be “sampled” more frequently (assuming the 
number of reads is unchanged) during sequencing, which would increase the family size.  

We tested his hypothesis by measuring the per cycle efficiency of PCR by quantifying the number 
of ligated genome equivalents used in the PCR reaction using the ATLiS construct for the standard curve. 
After cycling until saturation (as determined by qPCR) and purifying the PCR reaction using AMPure XP 
beads, we measure the resulting number of genome equivalents using the ATLiS standard curve. The ratio 
of the actual yield to the expected yield can then be used to calculate the per round PCR efficiency (Table 
1). We found that the efficiency was very close to 90% for the two samples we tested. These values are 
similar to many previous reports that PCR efficiency ranges between 90-100%, suggesting that, at least for 
PCR input amounts ≤250ng, decreased PCR efficiency is not a significant confounder.  

We next tested the efficiency of targeted DNA capture for the IDT xGen probe sets against the 
CODIS panel. Technical advice from IDT, the vendor supplying the targeted probes, indicates that only 5% 
of target DNA is typically captured. However, the stated efficiency is based on large, megabase sized, 
capture panels. We directly tested the capture efficiency by quantifying the amount of genome equivalents 
going into the capture and the amount of genome equivalents coming out of capture using the previously 
described ATLiS standard curve. Instead of observing a 5% capture efficiency, we observed a capture 
efficiency of only 0.06% (Table 1, Fig. 5), suggesting that the targeted capture step is the single biggest 
cause for our low efficiency. In addition, our approach of using sonication to randomly shear our sample 
DNA into fragments compatible with MPS library preparation resulted in sequencing reads that did not 
span the entire STR locus. Reads that fail to do so are not informative for accurate genotyping. 

In vitro digestion with CRISPR/Cas9 has been proven to be a useful tool for multiplexed excision 
of large megabase fragments and repetitive sequence regions for PCR-free MPS [12] and has even been 
used for STR loci. Therefore, to simultaneously address these issue of limited efficiency of target selection 
and the failure to fully traverse the STR loci, we sought to use targeted genome fragmentation approach 
based on CRISPR/Cas9 digestion that produces DNA fragments of similar length. We reasoned that 
targeted in vitro CRISPR/Cas9 digestion could be used to excise similar length fragments covering the 
areas of interest, which could then be enriched by size selection prior to library preparation, thereby 



eliminating one or both targeted capture steps. We designed this method to enable target enrichment while 
simultaneously eliminating sonication-related errors and biases arising from random genome 
fragmentation. In addition, by pairing this approach with Duplex Sequencing, we produced a method that 
preserves the sequencing accuracy of DS while increasing the recovery rate, thus enabling low DNA input 
and a simplified protocol for translational applications. The approach, termed CRISPR-DS, enables 
efficient target enrichment of small genomic regions, even coverage, ultra-accurate sequencing, and 
reduced DNA input. As a proof of principle, we developed the method for sequencing the exons of TP53.  

The basic steps of the method is illustrated in Figure 6. First, target regions are excised from 
genomic DNA by multiplexed in vitro CRISPR/Cas9 digestion (Fig. 6A), followed by enrichment of the 
excised fragments by size selection using SPRI beads (Fig. 6B). The selected fragments are then coupled 
with the double-strand molecular barcodes used in DS (Fig. 6C). These fragments are then amplified and 
captured with biotinylated hybridization probes as previously described for DS[10]. We designed gRNAs 
to specifically excised the coding regions and their flanking intronic sequence of TP53. Fragment length 
was designed to be ∼500 bp in order to maximize read space of an Illumina MiSeq v3 600 cycle kit while 
allowing for sequencing of the molecular barcode (10 bp) and 3′ -end clipping of 30 bp to remove low-
quality bases produced in the later sequencing cycles. gRNAs were selected based on the highest specificity 
score that produced appropriate fragment length. We also designed guides for the CODIS20 STR loci. 

We performed a side-by-side comparison of library performance and sequencing coverage of a 
sample DNA processed with CRISPR-DS versus standard-DS. Standard-DS for TP53 had been previously 
performed using sonication and published protocols[10,13]. Visualization of the resulting sequencing 
library by gel electrophoresis showed that CRISPR restriction produced distinct bands/peaks (Fig. 7A,B) 
corresponding to the predesigned size of target fragments as opposed to the characteristic “smear” of 
libraries prepared by sonication. The discrete peaks allow confirmation of correct library preparation and 
target enrichment, preventing the sequencing of suboptimal libraries. Sequencing and mapping of the 
libraries demonstrated that targeted Cas9 restriction results in well-defined DNA fragments corresponding 
to the expected sizes. These fragments exhibited extremely uniform sequencing depth. In contrast, sonicated 
DNA fragments resulted in significant variability in depth across target regions (Fig 7D). The ability to 
uniformly control the DNA insert size should not only provide homogenous depth, but also a more uniform 
number of copies of each molecule, minimizing the waste of unnecessary reads to produce a consensus 
sequence. We examined this possibility by counting the number of PCR copies for each molecular barcode 
and plotting it as a function of the DNA fragment size (Fig. 7C). Sonicated DNA exhibited a strongly 
negative association between DNA fragment size and the number of PCR copies as expected because small 
DNA fragments are preferentially amplified (Fig. 7C, blue). In contrast, targeted fragmentation produced a 
consistent number of PCR copies for all fragments, (Fig. 7C, red). 

Although performing two rounds of capture substantially increases the number of on-target reads 
for standard-DS, we hypothesized that target enrichment via size selection of CRISPR/Cas9-digested 
fragments would sufficiently enrich for on-target DNA fragments and eliminate the need for a second 
capture. To test this hypothesis, we performed CRISPR/Cas9 digestion of targeted TP53 exons on a range 
of DNA input amounts (10–250 ng) followed by SPRI size selection to remove undigested high molecular 
weight DNA fragments (>1 kb in size). The selected DNA fragments were ligated to DS adapters, PCR 
amplified, and sequenced. No hybridization capture or any other type of target enrichment was performed. 
Mapping of raw reads revealed between 0.2% and 5% reads on-target. Because the TP53 target region only 
amounts to 0.0001% of the human genome, this corresponds to approximately 2000X to 50,000X 
enrichment, which matches or exceeds what is typically achieved with solution-based hybridization for 
small target size [11]. Notably, lower DNA inputs showed the highest enrichment, potentially reflecting 
more efficient digestion or improved removal of off-target, high molecular weight DNA fragments when 
they are in lower abundance.  

These results suggested that a simple size selection step can be used in lieu of a targeted 
hybridization enrichment step. To test this possibility, we performed a side-by-side comparison of standard-
DS (both with one and two rounds of hybridization capture) [10] and CRISPR-DS with only one round of 



hybridization capture. Three input amounts of the same control DNA extracted from normal human bladder 
tissue were sequenced in parallel for each of the methods. A side-by-side comparison of CRISPR-DS versus 
standard-DS demonstrated a substantial increase in recovery using CRISPR-DS. Sequencing recovery, also 
referred to as yield, is typically measured as the fraction or percentage of sequenced genomes equivalents 
compared to input genomes. Consistent with prior studies[9,13], standard-DS produced a recovery rate of 
∼1% across the different inputs, whereas CRISPR-DS recovery rate ranged between 6% and 12% (Fig. 
8B). Notably, 25 ng of DNA prepared with CRISPR-DS produced a post-processing depth comparable to 
250 ng with standard-DS (Fig. 8C), indicating that size selection for excised fragments not only removes a 
step from the library preparation, but increases the recovery of input DNA, thereby enabling deep 
sequencing with greatly reduced DNA requirements. A manuscript that describe our CRISPR-DS method 
were prepared and submitted to the Genome Research and accepted for publication on August 31st, 2018 
[14].   

Another issue that was highlighted during our work was the reliance on targeted hybridization, 
which is both costly and slow. Together, these limitations would likely preclude the deployment of DS 
(either standard DS or CRISPR-DS) in a forensic laboratory setting. It was suggested to us to potentially 
invent a way of performing DS that did not require these steps. To that end, we developed a purely PCR 
based enrichment approach compatible with Duplex Sequencing, which we termed Linked Strand Anchored 
Multiplex PCR (LS-AMP) (Fig. 9). Briefly, the LS-AMP approach begins with the fragmentation of the 
DNA sample, similar to the conventional DS library construction protocol. After end-repair and 3’-dA-
tailing, every DNA fragment is ligated with DS adapters containing the random double- stranded barcodes 
(Fig 9, Step 1). All DNA molecules are PCR amplified using primers specific to the universal adapter 
sequences, resulting in multiple copies of DNA derived from each strand, along with the associated barcode 
(Fig. 9, Step 2). After removing reaction byproducts, the sample is evenly split into two separate tubes (Fig. 
9, Step 3). This step results in an average of half of the copies of any given strand/barcode being found in 
each tube. It should be noted that the random nature in which PCR copies are split results in a variance 
about this mean. To take this variance into account, the hypergeometric distribution (i.e. probability of 
picking k barcode copies without replacement) can be used as a model to determine the minimum number 
of PCR copies of a barcode that are needed to maximize the chance that each tube contains at least one 
copy derived from both strands. Our model indicates that ≥4 PCR cycles in (i.e. 24=16 copies/barcode) 
during Step 1 ensures a >99% probability that each barcode copy derived from each strand will be 
represented at least once in each tube. After splitting the sample into two tubes, target loci are enriched with 
multiplex PCR using primers specific for the adapter sequence and to the genetic loci of interest (Fig. 9, 
Step 4). However, the multiplexed loci-specific PCRs are performed so that the PCR products are derived 
from only one of the two strands. This is achieved as follows: In one tube, PCR is performed using a primer 
specific for the Read 1 (i.e. Illumina P5) adapter sequence (Fig. 9, Step 4; blue arrow), as well as primers 
specific to the genetic loci of interest containing Read 2 (i.e. Illumina P7) adapter sequences (Fig. 9, Step 
4; black arrow w/orange tail). This ensures that amplification only occurs from DNA derived from one 
strand of the original parental DNA molecule. The same reaction is repeated in the second tube, but 
amplifying from the opposite strand of the same loci, but with the Read 1 and Read 2 primers roles reversed. 
Data are analyzed in an approach similar to DS, whereby reads sharing the same molecular barcode derived 
from the ‘Top’ or ‘Bottom’ strand (Which are found in Read 1 and Read 2, respectively) are separately 
grouped to form a consensus. These single-strand consensuses are then compared to the consensuses 
computed for the opposite strand and mutations kept if they appear in reads derived from both strands (i.e. 
form a DCS). After some optimization to increase specificity that made use of locus specific linear 
amplification and the use of nested PCR primers, we tested a draft protocol on a sample of 10ng human 
nuclear DNA, which corresponds to ~3200 haploid nuclear genomes. The result was a depth of ~1600X, 
which corresponds to ~50% efficiency, which is at least an order of magnitude higher than our current 
protocol. However, during the midpoint review, we were directed to cease development of LS-AMP, as it 
was determined that it was beginning to stray away from the original statement of work. However, we filed 
a patent application entitled “Methods for Targeted Nucleic Acid Sequence Enrichment with Applications 
to Error Corrected Nucleic Acid Sequencing” on 3/23/18. In addition, a manuscript describing LS-AMP is 



currently under preparation and is expected to be submitted for publication sometime within the next few 
months. We will keep the ARO informed if and when additional manuscripts are to be sent for publication. 

 
Milestone 3: Accuracy, Precision, Sensitivity, and Specificity: 

In order to begin testing accuracy, precision, sensitivity, and specificity, we needed to create a “gold 
standard” reference data set. To that end, we identified 50 samples from the 1000 Genomes Project that had  
all CODIS20 loci sequenced to a depth of at least 10X, as determined by the Erlich group and provided 
online (http://lobstr.teamerlich.org/download.html). After ordering the identified samples, we successfully 
genotyped by both PCR-CE (Promega PowerPlex Fusion 6C) and the Illumina ForenSeq platform, using 
the manufacturer protocols. All samples were in complete concordance with no differences in genotype 
calls between the two methods. Due to the large size of the data table that encompasses all 50 samples, we 
have not included the data in this final report, but can be provided upon request.  

Having successfully genotyped the samples using two independent methods, we sought to 
determine the concordance between Duplex Sequencing and the ForenSeq platform, as well as quantified 
the stutter rates of the CODIS loci on the ForenSeq platform for each sample and compared it to the same 
samples sequenced with DS. The data show a markedly higher level of stutter compared to DS (Fig. 10A). 
Furthermore, we observed a linear increase in stutter amounts with repeat length for conventional PCR-CE 
and ForenSeq platform, but no increase in DS data. Representative plots are shown in Fig. 10B. As 
expected, we observed no false positive calls between Duplex Sequencing when compared to ForensSeq 
platform or PCR-CE. We did, however, notice frequent of instances of allelic dropout that seemed to 
repeatedly occur at specific loci. This prevented us from continuing on with our validation studies until we 
were able to determine the cause for the high level of false negatives. This issue caused a significant 
negative impact in our ability to complete the proposed work. We address the specifics of this issue in the 
section dedicated to Objective 2. 

Objective 2: Provide a data analysis workflow for genotype calling. 
Completion of Objective 2 was severely hampered by delayed execution of the subcontractor 

agreement and then the subsequent under-performance of this subcontractor during the first year of the 
award. Starting in Year 2, we switch subcontractors to Fulcrum Genomics to develop a data processing 
pipeline. 

Fulcrum Genomics explored three different options for creating the genotype caller: 1) Take 
previously created genotyping software (i.e. lobSTR, hipSTR, STRait Razor, etc) and modify/adapt it for 
use with Duplex Sequencing data, 2) Create a new genotyping software from scratch, or 3) A hybrid 
approach. After evaluation of options, it was decided to undertake a hybrid approach where each molecular 
barcode family would be grouped and submitted to the hipSTR program(ref), program to perform 
genotyping. 

The basic pipeline works as follows:  
A) Filter duplex source molecules that do not have enough observations (reads) on each strand respectively 

(ex. require at least some number of reads on both the top and bottom strand). 
 

B) Learn the ”stutter” error model using hipSTR for each duplex source molecule (i.e. the raw data sharing 
the same molecular barcode) for each locus as an independent “haploid” sample.  

 
C) Apply the ”stutter” model from (B) and genotype each barcode family, treating each strand of a duplex 

molecule as an independent haploid sample.  
 
D) Filter genotypes for duplex source molecules where the two strand-specific genotypes do not agree.  
 



E)  Choose the most frequent two genotypes across the duplex source molecule haploid genotypes, 
requiring a minimum allele frequency for each.  

To test this approach, we performed DS on the 50 samples from our validation samples and then performed 
our prototype genotyping approach. We were able to determine the amount of stutter observed across all 
loci and compared it the observed values obtained by PCR-CE and the Illumina Forenseq platform (Fig. 
10A). This approach clearly demonstrates that DS is able to effectively remove PCR stutter.  

However, in the course of our experiments, we noticed that some loci exhibited dramatically reduce 
depth. To further investigate this issue, we plotted the relative depth (defined as the ratio of total number 
of DCS reads before genotyping vs being filtered) against the STR length for several of the loci that show 
the genotyping issues. Our results showed that for loci that have a difficult time correctly genotyping, there 
is a negative correlation between repeat length and genotyping performance (Fig. 11). This finding indicates 
the reason behind why longer STRs are not being called correctly. Specifically, the longer the STR, the less 
final genotyping depth. If there are no reads, then the locus cannot be correctly genotyped. These data, in 
conjunction with our observation that HipSTR was filtering reads due to low quality, suggested that there 
is an issue with the actual sequencing of these loci by the sequencer itself. To further investigated this 
possibility, we observed the raw sequencing data by plotting the raw FASTQ files against the hg19 human 
genome without performing Duplex Sequencing error correction or genotyping. We noticed several aspects 
of the raw data that were concerning. 1) The base quality scores are dramatically reduced after reading 
through the STR; 2) A high percentage reads were soft-clipped almost immediately adjacent to the STR, 
which would have the effect of reducing the chance of having sufficient flanking sequence to be used by 
HipSTR for genotyping. However, these observations were based on all the raw reads that are not 
necessarily related to one another. Reads sharing the same molecular barcode may maintain a similar 
sequence (since they are PCR copies of one another), which would allow them to successfully form a 
Duplex Consensus Sequence and, thus, not account for our problem. We isolated individual molecular 
barcode families and visualized them separately using the Integrated Genome Browser (Fig. 12). The 
visualization confirmed that there is a significant problem with cluster quality once a read exits from the 
STR locus (each read is derived from a single cluster). This issue is not likely due to stutter arising during 
library preparation because all reads sharing a molecular barcode appear to vastly different from one 
another. We hypothesized that sequencing through a STR in one direction (where the read sequence gives 
the anti-reference sequence) may not perform well, whereas sequencing through a STR in the opposite 
direction (where the read sequence give the reference sequence) may perform better. Consistent with this 
possibility, the read orientation of the Illumina (Verogen) ForenSeq platform are in the opposite orientation 
from our data for every locus that performs poorly in our studies. To test this hypothesis, we PCR amplified 
both the PentaD and D12S391 loci using PCR primers that produced PCR amplicons that were the same as 
what is obtained in an Illumina/Verogen ForenSeq sequencing run. In one sample, the amplicons were 
designed such that read traversed the STR in the same sense as the reference genome, whereas in the second 
sample, the read traversed the STR in the anti-sense orientation as the reference genome. We hypothesized 
that in one orientation, the reads would fail after traversal through the STR, whereas cluster would show 
significantly reduced failure after traversing the STR in the opposite orientation. As can be seen in Figure 
13, both PentaD (Fig 13A) and D12S391 (Fig 13B) show significant read failure when read traverse the 
STR in the anti-reference consistent with our previous observation, but show no sign of read failure when 
in the reference (forward) orientation. This confirms our hypothesis that the STR sequence itself leads to 
some state in the cluster that results in high error rates, which ultimately results in poor Duplex Sequencing 
performance. We redesigned the CRISPR/Cas9 gRNA sites and hybridization probes so that the sequencing 
reads will traverse the STR in the same orientation that we observe in the Illumina/Verogen ForenSeq kit. 
After solving this issue, the genotyping pipeline was able to successfully genotype our samples, but low 
depth remained an issue due to the reliance of the protocol on targeted DNA hybridization. 

Objective 3: Validate SOP and equipment set for use in genotyping complex DNA mixtures and highly 
damaged/degraded DNA. 



Because of the inefficient nature of the standard protocol arising from targeted DNA capture and 
the recommendation that continued development of non-capture based approaches to Duplex Sequencing 
not be performed, we did not perform validation experiments related to DNA mixtures or 
damaged/degraded DNA. 
 
Objective 4: Develop and provide a training program and material. 

A detailed step-by-step protocol was written and transferred to DFSC. A hands on training program 
was not provided. 
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5. Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 1. Duplex Sequencing. (A) Adapter design containing the 
degenerate double- stranded barcode. (B) Ligation of adapters to 
sheared DNA (yellow) generates unique tags on each end (α and β). 
(C)PCR of the two strands produces two related but distinct products. 
Reads sharing a unique α and β are grouped into families. Mutations are 
of three types: sequencing mistakes or late arising PCR error (blue or 
purple spots); first round PCR errors (brown spots); true mutations  
(green spots). 
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Fig. 2 Library preparation kit comparisons. (A) Schematic of the qPCR assay used to 
measure ligation efficiency. Only adapter ligated sample DNA can amplify with the red primer 
pair. However, all genomic target DNA can amplify with the blue and reverse red primer pair. 
The resulting ΔC(t) can be used to measure ligation efficiency. (B) Plot of the ΔC(t) between 
the Ligated Target DNA and the total Genomic DNA for three different DNA input amounts 
and three different vendors’ kits (n=3 per reaction). Due to a significant disparity in the 
amplicons sizes between the two primer sets, a higher ΔC(t) indicates increased ligation 
efficiency. (C) Zoom in of the data presented in (B). 
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Fig. 3. Design of Standard Curve. (A) Design of the qPCR standard. 
Standard DNA is a 481bp synthesized fragment of lambda-phage genome. 
Colored bases denote a qPCR primer binding site and correspond to the 
corresponding oligonucleotides: P5-primer: 5’-
AATGATACGGCGACCACCGA (blue);  P7-primer: 5’-
CAAGCAGAAGACGGCATACGA (bold black); Human Nuclear Reverse 
(p53): 5’-CAGTGCAGGCCAACTTGTTC (orange). (B) Plot of standard 
curve from data presented in Table 1. Standard 6 is not included in the plot and 
the that dilution is not expected to be used in future experiments. 
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Human Nuclear ATLiS:
AATGATACGGCGACCACCGAcagcacgcgccgccagcacgtccgccggacaggctgcatcgtcagctcag 
gaagcgtcctccggcgcagaagcggcatcagcaaaggccactgaagcggaaaaaagtgccgcagccgcagagtcctc
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Fig. 4. Family size changes arising from additional targeted DNA 
capture. (A) Family size distribution with 250ng of genomic DNA with a 
single round of targeted capture of the CODIS20 loci and sequenced with 
5x106 reads. The peak family size is ~20, which is considered optimal. (B) 
Family size distribution with the same conditions as (A), except a second 
round of targeted capture was performed. 
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Table 1. Efficiency metric for PCR and two rounds of targeted capture.   

Sample 
ID 

PCR input 
(amoles) 

# 
cycles(n) 

Expected yield 
(amoles)* 

Actual yield 
(amoles) 

per round 
efficiency 	̂

Post-capture 
yield (amole) 

Capture 
efficiency 

SNP 39.2 8 10048 3522 0.88 1.54 0.06% 

CODIS 38.8 8 19875 4060 0.89 1.22 0.06% 
*Calculated by Expected yield = X*2n, where X is PCR input and n is the number 
of cycles 

^Calculated by 𝑒𝑓𝑓 = & '()*'+
,-.,(),/

0 , where n is the number of cycles 

  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5. First round of targeted capture is highly inefficient. The qPCR standard presented 
in Fig. 3B was used to quantify the absolute number of target molecules in each step of the 
DS protocol for five independent 250ng sample. The first targeted capture step (Post Cap 1) 
showed an extreme drop in the number of target loci, indicating that the vast majority of the 
sample diversity is lost at this step. The subsequent PCR step (Post PCR 2) is likely the cause 
of the extreme family size bias seen in Fig. 4B. 

1

10

100

1000

10000

100000

1000000
Lo
g1
0	
Ta
rg
et
	D
NA

	Y
ie
ld
	(a

m
ol
es
)



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6. Schematic representation of key aspects of CRISPR-DS. (a) 
CRISPR/Cas9 digestion of TP53. Seven fragments containing all TP53 coding 
exons were excised via targeted cutting using gRNAs. Dark grey represents 
reference strand and light grey represents the anti-reference strand. (b) Size 
selection using 0.5x SPRI beads. Uncut, genomic DNA binds to the beads and 
allows the recovery of the homogenously sized excised fragments in solution. 
(c) Double-stranded DNA molecule fragmented and ligated with DS-adapters. 
Adapters are double-stranded and contain 10-bp of random, complementary 
nucleotides and a 3’-dT overhang.  (d) Error correction by DS. Reads derived 
from the same strand of DNA are compared to form a Single-Strand Consensus 
Sequence (SSCS). Then both strands of the same original DNA molecule are 
compared with one another to create a Double-Strand Consensus Sequence 
(DCS). Only mutations found in both SSCS reads are counted as true mutations 
in DCS reads. 
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Fig. 7. Visualization of sequencing libraries and data prepared with CRISPR-DS and 
standard-DS. (A) TapeStation gels show distinct bands for CRISPR-DS as opposed to a smear for 
standard-DS. The size of bands corresponds to the CRISPR/Cas9 cut fragments with adapters. (B) 
CRISPR-DS electropherograms allow visualization and quantification of peaks for quality control 
of the library prior to sequencing. Standard-DS electropherograms show a diffuse peak that harbors 
no information about the specificity of the library. (C) Dots represent original barcoded DNA 
molecules. Each DNA molecule has multiple copies generated at PCR (x-axis). In CRISPR-DS, all 
DNA molecules (red dots) have preset sizes (y-axis) and generate similar number of PCR copies. 
In standard-DS, sonication shears DNA into variable fragment lengths (blue dots). Smaller 
fragments amplify better and generate an excess of copies that waste sequencing resources. (D) 
Integrative Genomics Viewer of TP53 coverage with DCS reads generated by CRISPR-DS and 
standard-DS. CRISPR-DS shows distinct boundaries that correspond to the CRISPR/Cas9 cutting 
points and an even distribution of depth across positions, both within a fragment and between 
fragments. Standard-DS shows the typical ‘peak’ pattern generated by random shearing of 
fragments and hybridization capture, which leads to variable coverage.  
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Fig. 8. Technical comparison of 250ng, 100ng and 25ng of DNA 
sequenced with both standard-DS and CRISPR-DS. Measurements 
were obtained by sequencing samples prepared with standard-DS (blue) 
using one and two rounds of hybridization capture and CRISPR-DS 
(red) with only one round of hybridization capture. (A) The percentage 
of raw sequencing reads on-target (covering TP53) post-capture(s) was 
comparable between Standard-DS with two rounds of capture and 
CRISPR-DS with one round of capture, demonstrating the target 
enrichment efficiency of the novel method. (B) Percentage recovery 
was calculated as the percentage of genomes in input DNA that 
produced DCS reads. CRISPR-DS increases recovery thanks to the 
initial CRISPR-based target enrichment, which eliminates one round of 
hybridization capture. (C) After creating DCS reads, the median DCS 
depth across all targeted regions was calculated for each input amount. 
The increased recovery enabled by CRISPR-DS translates into 5-10 
times more sequencing depth for the same input DNA.  
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Fig. 9. The LS-AMP Approach. LS-AMP is broken up into four major steps. 
Double-stranded molecular barcodes are ligated to fragmented DNA and all 
molecules are PCR amplified to make two related but distinct products derived from 
the two strands (black and grey). For clarity, the orientation of molecules is 
maintained between steps. After splitting, target loci are PCR amplified from DNA 
derived from only one strand (“Top” strand on the left, “Bottom” strand on the right) 
by using a primer against the appropriate adapter sequence (blue or orange arrow) 
and a target specific primer that introduces the adapter sequence specific (black 
arrow w/orange or blue tail) for the Illumina platform. For clarity, only targeted 
genomic sequence are shown. After a final SPRI bead cleanup, the target amplicon 
library is ready for quantitation and sequencing. Error correction is performed in a 
similar manner as DS (Fig. 1C).  
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Fig. 10. Duplex Sequencing exhibits less PCR stutter compared to conventional genotyping 
methods. (A) Comparison of stutter levels for conventional PCR-CE (orange), Illumina ForenSeq 
system (blue), and DS (yellow) for each of the CODIS20 loci. (B) Correlation between STR repeat 
length and stutter rate for four representative CODIS loci. The other remaining CODIS loci show 
similar correlations. 
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Fig. 11. Negative correlation between post-genotyping depth performance and STR length. 
Plots are representative plots from two loci that performed poorly (PentaD and D18S51) and one 
that consistently genotyped correctly (vWA). Data explain why longer length STRs do not report 
a genotype. 
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Fig. 12. Read failures at PentaD locus. Integrated Genome Viewer screenshot of a single 
molecular barcode family that becomes highly error prone after exiting the PentaD STR. Each 
read is derived from a single cluster on the sequencer. Data suggest that the sequencer itself is 
having difficulty properly sequencing the STR. 
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Fig. 13. Read orientation through STR locus affect read quality. (A) PentaD 
locus and (B) D12S391 both show a difference in read quality depending if the 
read traverses the STRs in the forward (i.e. reference) orientation (top) or in the 
reverse (i.e. anti-reference) orientation (bottom). In these representative cases, 
anti-reference mapping reads exhibited a loss of read quality after traversing the 
STR loci. 
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