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I.  Abstract
The massively parallel and clonal nature of next generation sequencing (NGS) technologies has the
potential to revolutionize the forensics DNA field. NGS is capable of analyzing sequence
polymorphisms (e.g. mtDNA, SNPs) as well as length polymorphisms (e.g. STRs) on the same
platform. Moreover, sequencing STR markers will detect any sequence polymorphisms in the STR
loci, thus increasing the discrimination potential of these widely used markers. The high
throughput nature of NGS makes it technically feasible and cost-effective to sequence the entire
mtDNA genome rather than just the HIVI/HVII regions, thereby greatly increasing the
discrimination potential of mtDNA analysis. In addition, the sensitivity of NGS systems facilitates
the analysis of forensics specimens with limiting or degraded DNA. The clonal nature of NGS
provides a powerful and quantitative means of deconvoluting mixtures as the contribution of each
component in a mixture is quantified by simply counting the number of sequence reads. We
proposed to develop methods for analyzing mixed, limited and degraded samples using the 454

NGS technology for deep sequencing mtDNA and STR markers.

A duplex PCR assay targeting the mtDNA HVI/HVII regions was successfully developed using
eight sets of 454 MID tagged fusion primers in a combinatorial approach for deep sequencing 64
samples in parallel. This assay was shown to be highly sensitive for sequencing limited DNA
amounts (~100 mtDNA copies) and detecting mixtures with low level variants (~1%) as well as

“complex” mixtures (>3 contributors).

We have also successfully designed and showed proof-of-concept for a solution phase sequence
capture and NGS assay for targeted enrichment and deep sequencing of the entire mitochondrial

genome for increased discrimination power. Using this NimbleGen SeqCap NGS assay, 100%
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sequence coverage of the mitochondrial genome with an ~80% on target rate was achieved. The
sequence read coverage achieved with probe capture was more evenly distributed than the
coverage reported for PCR enrichment of the mtDNA genome. The input DNA amount was
successfully lowered to the forensically relevant level of 100 pg and a 10% and 5% mixture was
resolved. Moreover, a DNA fragmentation method using mechanical shearing (Covaris) was
optimized and shown to be DNA quantity and quality independent, essential for preparation of
highly degraded or limited samples often encountered in forensic cases. Proof-of-concept for using
the optimized fragmentation method for analysis of degraded samples was established with

artificially degraded samples.

Also, NGS assays targeting the CODIS STR loci were developed using 454 mini STR fusion
primers in a multiplex PCR as well as an approach using a universal 454 primer set for
amplification of a mini STR multiplex and analyzed using modified commercial software. Results
show successful amplification and sequencing of 50 pg of DNA. Additionally, proof-of-concept

for sequencing mtDNA and STR markers in a single 454 NGS run was shown.

We also collaboratively modified softwares for mtDNA and STR next generation sequence
alignment and analyses. The commercially available NextGENe software was customized by
SoftGenetics for the analysis of data generated for the HVI/HVII and the STR assays which
included modifications to the barcode sorting tool, STR sequence alignment algorithm, and
addition of forensic specific reports for mixture and STR lengths analysis. We also developed a
flexible front-end for running and analyzing the results from Mapping Iterative Assembler (MIA)
for analysis of mtDNA NGS data and demonstrated the ability of MIA to detect a minor

component in a 10% mixture in collaboration with Dr. Richard Green. The development of
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customized software for forensic applications is critical to the successful implementation of NGS

in a forensic laboratory setting.

Overall, we successfully demonstrated the use of NGS for analysis of challenging forensic samples.
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III.  Executive Summary

Degraded and mixed DNA samples are often encountered in forensic cases and pose interpretation
challenges. Alternative markers such as nuclear bi-allelic SNPs and mtDNA are often used to
analyze limited and/or degraded DNA. However, there are some limitations to these
approaches.  Nuclear bi-allelic SNP markers do not allow for efficient detection of
mixtures and mtDNA lacks discrimination power as only the HVI/HVII regions are sequenced.
While STR and mtDNA markers allow for detection of mixtures, they do not allow for
separation of components in a mixture. Mitochondrial DNA markers are ideal targets for
detecting mixtures, since with few exceptions a single sequence is the expected result due to its
haploid nature. However, unlike STRs, peak areas or heights in sequence electropherograms are
not necessarily indicative of the amount of DNA contributed to a mixture. As a result, peak
height ratios for two bases cannot be used to determine the relative proportions of components of
a mixture. For this reason, Sanger sequencing does not allow for determining the mtDNA
haplotype of mixed samples. Furthermore, minor components present at less than 10-20% in a

DNA mixture are not detectable by Sanger sequencing.

The 454 DNA sequencing technology is a scalable, highly parallel pyrosequencing system
that can be used for de novo sequencing of small whole genomes or direct sequencing of DNA
products generated by PCR. The technology uses emulsion PCR (emPCR) to amplify a single
DNA sequence to 10 million identical copies. The “clonal sequencing” aspect of the technology
enables separation of individual components of a mixture as well as analysis of highly
degraded DNA. T he clonal sequencing approach used with the 454 technology and other next-
generation sequencing technologies provides a digital readout of the number of reads or individual

sequences allowing for a quantitative determination of the components in a mixture. The 454
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DNA sequencing technology has been successfully used to analyze mixtures in clinical samples
and for analysis of highly degraded DNA from “ancient DNA” samples, including an ~40,000
year old bone fragment. These studies demonstrate the potential utility of using the 454

sequencing technology for forensic applications.

We proposed to use the 454 DNA sequencing technology to analyze mixed, limited, and/or
degraded DNA samples using mtDNA and miniplex STR markers. Specifically, we proposed
to develop a ‘front-end’ PCR based approach which uses multiplex identification (MID) tags to
amplify mtDNA and STR targets prior to emPCR. This ‘front-end’ approach is especially
useful for sequencing specific target regions in the genome and allows for massive parallel
sequencing of pooled samples. We initially proposed to develop a mtDNA 454 multiplex assay
for targeting and sequencing ~20-30% of the mitochondrial genome. However, we modified this
specific aim and developed a 454 duplex assay targeting the HVI/HVII regions and a solution
phase probe sequence capture assay for enrichement and sequencing of the entire mitochondrial
genome. This aim was modified as new probe capture enrichment methods became available and
had significant advantages to developing a multiplex targeting only 20-30% of the mitochondrial
genome. Using the probe capture method for enrichment, the entire mitochondrial genome could
be sequenced greatly improving the discrimination power and using probe capture potentially will

allow for analysis of highly degraded DNA as intact priming sites are not necessary.

Our primary goals were to 1) to develop and optimize a “front-end” system targeting nuclear
STR and mtDNA markers for use with the 454 sequencing technology and 2) validate and
apply the system to forensically relevant samples (i.e. mixed and limited DNA).

Specifically, over the granting period the following objects were met. 1) We developed,
9
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optimized and validated a 454 HVI/HVII mtDNA PCR assay using fusion primers for
sequencing up to 64 samples in parallel and used this system to analyze mixtures, heteroplasmic
samples and limited DNA samples. 2) We designed and tested a solution phase probe
capture assay for enrichment and next generation sequencing of the entire mitochondrial
genome and used this system to show proof of concept for sequencing the mitochondrial
genome of limited, mixed and degraded samples. 3) We developed a mini-STR multiplex 454
PCR assay using fusion primers and a two step multiplex 454 PCR using universal primers to
greatly reduce the number of required primers and showed proof of concept for sequencing
limited DNA samples. 4) In collaboration with SoftGenetics we modified commercially
available next generation sequencing software for improved analysis of mtDNA and STR
markers and with Dr. Richard Green we modified existing MIA software for analysis of mtDNA
mixtures and developed a windows interface for ease of use. The research design and findings

for each of these primary objectives are described in more detail below.

i. 454 NGS HVI/HVII mtDNA Assay

We successfully developed a “front-end” duplex PCR assay targeting the non-coding HVI and
HVII regions of the mitochondrial genome for use with the 454 sequencing technology. A total of
eight optimized sets of duplex multiplex identifier (MID) tagged fusion primers which can be used
to generate 64 different combinations of forward and reverse tagged primer sets targeting the
HVI/HVII regions of the mitochondrial genome were developed for the assay. This combinatory
approach greatly reduces the number of primers required to achieve the maximum number of
samples that can be pooled in one sequencing run. Unique 10 bp MID tags are used as sample
identifiers in order to pool and sequence multiple samples in a single 454 sequencing run. Fusion

primers used in the initial amplification consist of the following parts starting from the 5 end: 1)
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an adapter sequence that serves as a universal primer for emPCR and pyrosequencing, 2) a 4 base
library key for signal normalization, 3) a unique 10 base sample-specific internal sequence tag
(MID tag), and 4) a target specific forward or reverse PCR primer sequence. PCR parameters and
conditions were optimized as well as an AMPure purification step to remove short fragments such

as primer dimer for improved 454 sequencing results.

Mixtures

A mixture study was conducted to determine the sensitivity of the mtDNA HVI/HVII duplex 454
sequencing assay for detecting minor components in a mixture. Two DNA samples were mixed
together at various ratios for a simple mixture study while three, four, and five DNA samples were
mixed together at different ratios for the complex mixture study. Each mixture ratio was based on
mtDNA copy number determined by qPCR. This 454 HVI/HVII assay was shown to be highly
sensitive for detecting mixtures with low level variants (~1%) as well as complex mixtures (>3
contributors). The minor base was reliably detected at each of the mixed base positions and the
observed frequencies were similar to the expected frequencies using 454 sequencing with ~600-
1000 reads per amplicon but not by Sanger sequencing. Further, we have characterized and
observed the jumping PCR effect that arises in amplification of mixed samples that are often
encountered in the forensic field and concluded that the frequency of the phenomenon can be
decreased by lowering the amplification cycle number. Heteroplasmic samples of various tissues
from monozygotic twins were studied using the developed assay and the 454 sequencing results
were compared to the Sanger sequencing results. Heteroplasmy at position 16093 was detected in
the buccal samples by both methods but was only detectable in blood using the more sensitive 454

NGS method. We show that not only is NGS more sensitive for detecting minor components in a
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mixture, but it is also more quantitative because it provides a digital read-out counting the number

of sequence reads corresponding to the individual components.

Sensitivity

The HVI/HVII 454 sequencing assay was also shown to be highly sensitive. A sensitivity study
was conducted by amplifying for 34 cycles various dilutions of a DNA sample which was
quantified to determine the mtDNA copy number. Amplification and sequencing was successful
for samples with DNA amounts as low as ~1 pg or 100-500 mtDNA copies. This study was
successful in showing that NGS results can be obtained from significantly lower amounts of DNA
than previously reported or recommended by the manufacturer (pg amounts compared to ng or ug
amounts). This study also demonstrates feasibility of using NGS for analysis of forensically

relevant samples which are often limited in amount of DNA.

Population Study

Additionally, a small population database was generated using the optimized 454 HVI/HVII NGS
assay and compared to Sanger sequencing results which showed concordance between the two
sequencing methods for all base substitutions. However, as expected pyrosequencing errors were
detected in the homopolymer C-stretch regions, but all base substitution mutations were identified.
Sequence alignment issues were minimized in these regions using SoftGenetics NextGENe
software which has improved alignment software and allows for filtering sequencing errors in
homopolymer regions. = We also conducted concordance and reproducibility studies in
collaboration with California Department of Justice (CA DOJ) who began validating the HVI/HVII

mtDNA assay on the 454 GS Jr sequencing instrument for sequencing backlogged reference
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samples from their missing persons section. These studies showed concordance between the 454

sequencing data generated from both labs as well as compared to Sanger sequencing.

ii. Whole Mitochondrial Genome Probe Capture

We explored a probe capture method for enrichment and sequencing of the entire mitochondrial
genome as an alternative to amplifying select regions of the mtDNA genome described previously
as part of our aim to developing a mtDNA ‘front end’ assay. Probe capture for enriching for
mtDNA would allow for full mtDNA sequencing for increased discrimination power as well as the
potential for capture of degraded DNA because intact priming sites are not needed. We
successfully designed and showed proof-of-principle for whole mitochondrial genome sequencing
using a liquid phase probe capture and a 454 NGS assay. After considering several capture
technologies we chose the Nimblegen SeqCap EZ platform due to their extensive tiling design and
ability to efficiently synthesize hundreds of thousands of probes. A majority base consensus
sequence of the mitochondrial genome was used as our target sequence due to the high density and
distribution of polymorphisms within the mitochondrial genome. The frequencies used for our
consensus sequence were based on published data from the mtDB-Human Mitochondrial Genome
Database website.! Probes designed to target minor base alleles at polymorphic sites was also
considered, but were not included since the SeqCap hybridization conditions tolerate up to five
base mismatches. To increase the specificity of our probes, we considered the circular nature of
mtDNA, the high density and distribution of polymorphisms, and nuclear pseudogenes in our
probe design strategy.  Also, we addressed the circular nature of the mitochondrial genome by
adding the first 100 bases of mtDNA sequence to the end of the target sequence. During the design
process, we took into consideration mtDNA nuclear pseudogenes by restricting the homology of

our probes to the nuclear genome to ten sites or less. The probe length was allowed to vary
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between 50 bp and 100 bp based on optimal melting temperature per Nimblegen’s specifications.
The design used in our preliminary study directly targeted 99.9% of the mitochondrial genome
with unique probes with only two small gaps at positions 2,506-2,513 (7bp) and 2,962-2,972

(10bp).

Pre and post capture PCR parameters for the method was optimized for the forensically relevant
limited samples. The amplification cycle number was increased from the manufacturer’s
recommended 11 cycles to 28 cycles to accommodate limited sample input. Additionally, primer
concentration optimized to be 1 uM compared to the manufacturer’s recommended concentration
of 4 uM. The primer concentration was decreased in order to minimize the amount of primer dimer
forming during the amplification. As our studies involved limited DNA amounts (100 pg tol ng in
comparison to the manufacturer’s recommended 1 ug), we observed high amount of excess primer
dimers forming during library preparation. We also investigated several methods for DNA
fragmentation including nebulization, enzymatic digestion using Fragmentase, and mechanical
shearing using Covaris. Nebulization was not an ideal fragmentation method for forensic DNA
samples due to potential risk of contamination with aerosolizing DNA. Two fragmentation
systems using the enzyme Fragmentase from New England Biolabs and the mechanical shearing
technology from Covaris was developed and optimized. However, it was soon determined that the
enzymatic digestion is dependent on the DNA quantity and quality, thus not practical for forensic
applications while mechanical shearing, using Covaris uses Adaptive Focused Acoustic (AFA)
technology, was sample quality and quantity independent. A series of experiments were conducted
using a Covaris ultrasonicator to show proof-of-principle that this mechanical shearing technique is
independent of starting DNA fragment size. DNA was naturally or artificially degraded to

different levels (20kb, S5kb, 3kb, 1kb, 700bp, and 500bp). The degraded samples were then all
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sheared using the manufacturer’s recommended protocol targeting 500 bp. Results showed that
regardless of the initial level of degradation, the fragment size for each sample was tightened to
500 bp without losing the smaller fragments. These preliminary results show proof-of-principle
that a single set of parameters can be used with the Covaris AFA technology for shearing DNA

with various levels of degradation without leading to loss of smaller fragments.

We tested the sensitivity, specificity, mixture detection, and reduction of hybridization time of the
whole mitochondrial genome capture assay. The systems resulted in 100% capture of the
mitochondrial genome with an ~80% on target rate and an average sequence coverage of ~750
reads per base. The distribution of reads was similar across the mitochondrial genome. To
improve the efficiency of the probe capture method, the hybridization time was reduced from the
recommended three days to one day. No significant differences in probe capture efficiency were
observed between the three day or one day hybridization times. Based on the preliminary results,

we expect to be able to reduce the hybridization time further.

We have tested sensitivity by reducing the starting amount of DNA from the manufacturer’s
recommended 1 ug of DNA to 100 pg (tested 100 ng, 1 ng, 100 pg), which shows the proof-of-
principle for forensic applications. Based on preliminary results, we expect to be able to reduce the
starting DNA amount further. For proof-of-principle, a 10%, 5%, and 1% DNA mixture were
analyzed. Preliminary data show detection of the 10% and 5% minor component in the mixture
which is below the limits of Sanger sequencing (10-20% dependent on base position and
background noise). All SNPs previously detected by Sanger sequencing were detected by 454
sequencing for the 10% and 5% mixture. Both commercially available SoftGenetics NextGENe

software and a customized prototype windows based version of a MIA software were used for data
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analysis and an average of 11.4% and 11.9% minor base frequency was observed at each of the
mixed base positions, respectively for the 10% mixture sample. However, the read depth (average
100 reads/base) was not sufficient for detection of the minor component at all mixed based sites in
the 1% mixture. A 1% minor component in a mixture is expected to be detected by increasing the
read depth to greater than 1000 fold sequence coverage. Further experiments are needed to
determine the limitations of the assay, including sensitivity and mixture detection, as well as

analysis of degraded DNA samples.

iii. STR

Although the 454 NGS HVI/HVII duplex PCR assay has shown great sensitivity for limited DNA
samples as well as for mixture detection, the maternal inheritance pattern of mtDNA and sequence
information from only the HV regions provides limited discrimination power, particularly within
the Caucasian population. This aspect of the HVI/HVII assay highlights the great need for an
assay with increased discrimination power while continuing to utilize the mixture detection power
of mtDNA analysis. Thus we have developed 454 NGS assays targeting the CODIS STR loci
using 454 mini STR fusion primers in a multiplex PCR as well as an approach using a universal
454 primer set for amplification of a mini-STR multiplex. A STR assay with M13 universal primer
design using 454 Next Generation Sequencing technology was developed as an alternative
approach to the fusion primer approach to minimize the number of primer sets required for pooling
multiple samples per sequencing run. In this unique design the samples are first amplified by inner
primers consisting of STR locus target specific sequence and a universal M13 linker sequence. The
inner products are then amplified with outer primers consisting of complementary M13 linker
sequence, a 10 bp MID tag, and a 25 bp 454 specific sequence. We have showed proof-of-concept

for generating a full STR profile with 50 pg input DNA through a small sensitivity study, but the
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lower sensitivity limit is not established yet. Different purifications methods for small fragment
removal (primer dimer) were examined for both STR assays. Although the current method is
optimized with the AMPure purification, the potential product loss with AMPure XP small

fragment removal need to be addressed and explored further. Further analysis is needed.

iv. Software

We have worked with 2 external collaborators to modify next generation sequencing software for
mtDNA and STR next generation sequence alignment and analyses. A commercially available
software NextGENe was customized for the analysis of data generated for HVI/HVII assay and the
STR assays. Two analysis options, mitochondrial amplicon analysis and STR analysis, were added
to the software, and modifications to the sorting tool were made to accommodate the combinatorial
use of MID barcode tagging. The STR sequence alignment algorithm was optimized for alignment
of STR repeats, assigning lower gap penalty for IN/DEL sizes corresponding to the repeat size (4
bp). The modified algorithm results in improvement for alignment of the STR repeats. However,
due to the nature of the repeats in the STR markers, further optimization and modification of the
software is needed for the correct and optimal alignment of the STR sequence. A high
pyrosequencing error rate was observed in the homopolymer C stretch region in HVI and HVII
amplicons and resulted in sequence mis-alignment in these regions using the 454 AVA software.
However, base substitutions were correctly identified using the NextGENe software in these
homopolymer regions and the sequence alignment was somewhat improved when filters for
removing sequence errors were applied using this software. Additional modifications addressing

these issues are still needed to effectively analyze the data and are on-going.
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We have also developed a flexible front-end for running and analyzing the results from Mapping
Iterative Assembler (MIA) for mtDNA mixture analysis, which operates by aligning each of the
input 454 (or other platform) reads against a defined reference mtDNA assembly in collaboration
with Dr. Richard Green at UC Santa Cruz. MIA was able to detect a minor component (10%) of an
alternative haplotype mixed into a background of mtDNA from another haplotype. Recently a
modification to the algorithm was made and is currently being tested for analysis of mixtures for
the HVI/HVII Amplicon assay. Incorporating an algorithm to identify sequence haplotypes of
detected sequences is currently being explored for mixture analysis of the whole mitochondrial
genome. A feature to take into account the circular nature of the entire mitochondrial genome is in

the process of being added. Further modifications to the software are on-going.

Implications For Criminal Justice Policy and Practice

The massively parallel and clonal nature of next generation sequencing (NGS) technologies has the
potential to revolutionize the forensics DNA field. The implementation of NGS in forensics labs
will have a significant impact for many different reasons. NGS is capable of analyzing sequence
polymorphisms (e.g. mtDNA, SNPs) as well as length polymorphisms (e.g. STRs) on the same
platform, and, in principle, in the same run. Moreover, sequencing STR markers will detect any
sequence polymorphisms in the STR loci, thus increasing the discrimination potential of these
widely used markers. The high throughput nature of NGS makes it technically feasible and cost-
effective to sequence the entire mtDNA genome rather than just the HVI and HVII regions, thereby
greatly increasing the discrimination potential of mtDNA analysis. In addition, the sensitivity of
NGS systems facilitates the analysis of forensics specimens with limiting or degraded DNA.

The clonal nature of NGS provides a powerful and quantitative means of deconvoluting mixtures, a

particularly challenging category of forensics specimens. Different contributors to a mixture can
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be detected by analyzing the different clonal sequence reads identified in the sequence analysis and
their contribution quantified by simply counting the number of sequence reads. This digital
analysis is much more precise than estimating peak height or area for STR markers or analyzing
Sanger electropherograms for mtDNA sequences. MtDNA is a particularly useful marker for
deconvoluting mixtures because, potential heteroplasmy aside, each distinct mtDNA sequence
corresponds to (at least) one contributor. Statistical analyses can capture and incorporate the
probability that one mtDNA sequence could correspond to more than one contributor. Thus, NGS

analysis of mtDNA is the most robust way of estimating the number of contributors to a mixture.

One limitation of this study is that it was performed on the 454 platform (GS Junior instrument), a
technology that will be discontinued in 2016. However, all of the approaches using the 454
platform developed and reported here can be adapted to Illumina or Ion Torrent with minor
modifications. Furthermore, the cost of sequencing, the ease of use, and the length of sequence
reads, have all been improving on all platforms, making it likely that NGS on relatively
inexpensive desktop sequencers will be broadly implemented in forensics labs over the next 5
years. Most of the NGS work we have done thus far has been based on the 454 GS junior
instrument system but, we anticipate that, over the next 2 years, much of our work will be carried

out on a MiSeq instrument. with some minor protocol modifications.

In general, for forensics as well as other genetic analyses, the two approaches to target enrichment
for library preparation are PCR or probe capture. In our experience, PCR has proved effective for
NGS analysis of STRs and the HVI and HVII regions of mtDNA. We have found, however, that
probe capture is a robust, sensitive, and efficient way to enrich for the whole mtDNA genome.

Given the high concentration of mtDNA, the probe capture is efficient with less starting material
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and allow for shorter hybridization times than for nuclear markers. The optimized probe capture
methods described have high promise to overcome many of the major challenges routinely
encountered with analysis of limited and degraded DNA by greatly increasing the discrimination
power of current mtDNA assays and through its capability of analysis of degraded samples since it

is not dependent on specific priming sites.

The customized forensic NGS software developed for this project will be made publicly available
and has broad applicability for NGS applications. Advances in oligo synthesis have markedly
reduced the cost of probes, making probe capture an affordable method for routine forensic
applications. The use of multiplex tags for sample pooling greatly reduces per sample costs and
implementation feasible. NGS technologies are capable of analyzing both mitochondrial and
nuclear DNA targets as well as SNP and STR markers simultaneously. Overall, the proposed
capture and NGS assays offer increased resolution and discrimination power for mtDNA as well as

improved success for the analysis of degraded and limited DNA analysis.

Next generation sequencing (NGS) promises to have a major impact on the practice of forensics
labs over the next 5-10 years and, for those labs experienced in incorporating new technologies,
within the next 2 years. Over the next few years, the throughput, cost, and read length obtained
with existing platforms should improve and the availability of relatively inexpensive desktop

sequencers will make access to NGS affordable and cost-efficient for many forensics labs.
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IV.  Main Body
A. Introduction
1. Statement of the Problem

Degraded and mixed DNA samples are often encountered in forensic cases and pose interpretation
challenges®. Alternative markers (non STR) such as nuclear bi-allelic SNPs and mtDNA are
often used to analyze limited and/or degraded DNA®. However, there are some limitations to
these approaches. Nuclear bi-allelic SNP markers do not allow for efficient detection and
analysis of mixtures and mtDNA lacks discrimination power’. While STR and mtDNA
markers allow for detection of mixtures, they do not allow for separation of components in a
mixture. Other approaches allow for physical separation of various cellular components or DNA
molecules (e.g. laser microdissection and DHPLC)®. However, these approaches may not
completely separate components or be compatible with standard lab work flows. In addition,

current forensic assays do not allow for simultaneous analysis of nuclear and mtDNA markers.

The 454 DNA sequencing technology is a scalable, highly parallel pyrosequencing system
that can be used for de novo sequencing of small whole genomes or direct sequencing of
amplified DNA (PCR products)’. This “next generation” or massively parallel”
sequencing technology uses emulsion PCR (emPCR) to amplify a single DNA fragment
(sheared genomic DNA or amplified DNA) to 10 million identical copies (www.454.com). The
“clonal sequencing” aspect of the technology enables separation and characterization of
individual components of a mixture as well as analysis of highly degraded and limited
quantities of DNA. The 454 DNA sequencing technology has been successfully used to
analyze mixtures for clinical applications’ and highly degraded DNA in “ancient DNA” cases’.

Recently next generation sequencing technology has been used to sequence the complete
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mitochondrial genome of an ~40,000 year old bone fragment (DNA extracted from 30mg of
bone powder)’. The 454 sequencing technology has also been used to sequence single STR
marker'’. These studies demonstrate the potential utility of using the 454 sequencing

technology or other NGS platforms for forensic applications.

2. Review of Relevant Literature

i. Mixtures

Interpretation of mixtures from known and unknown sources, such as in sexual assault

and “contact DNA” cases, can be challenging for forensic DNA analysts when targeting nuclear
DNA'"'%2. A four year retrospective study showed that 6.7% of casework samples typed in one
laboratory had a mixed STR profile"’. Mixtures are also encountered in mtDNA analysis (e.g.
heteroplasmy and multiple contributors)’. In a five year retrospective study of mtDNA analysis
of 691 casework hair samples, a mixture of mtDNA sequences attributed to a secondary source
was observed in 8.7% of the hairs and sequence heteroplasmy was observed in 11.7% of the

cases'*. In such cases, the ability to resolve mixtures can benefit the overall DNA analysis.

Mixed sample stains (blood, semen, saliva) are present in many forensic investigations and
may arise when two or more individuals contribute to the sample at a crime scene or an accidental
transfer of DNA (contamination) to the sample occurs. There are also a number of situations
in routine forensic casework where mixed DNA profiles may be expected, including finger nail
clippings and swabs taken from the skin or body. For example, in sexual assault cases where a
mixture of suspect and victim DNA is present, it would be valuable to separate the various
components of a DNA mixture. Likewise, mixtures are commonly encountered in contact

DNA cases, resulting from a transfer of cellular material onto a surface handled or touched by one
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or more persons. For example, distinguishing DNA mixtures from triggers and slide areas from

swabs collected from firearms can be a useful forensic and investigative tool.

Mixed DNA profiles or sequences can also result from somatic or germ-line mutations.
Chromosomal abnormalities can occur and will appear as an extra allele peak (three peaks) at a

single STR locus®. However, in a mixed DNA sample with two or more contributors, extra
allele peaks (3, 4... peaks) will likely be observed at more than one STR locus'’. A mixture of
mtDNA sequences resulting from mutation (heteroplasmy) may also be observed during analysis
of mtDNA in forensic casework’. Point mutations, insertions, and deletions can occur and

16-18

accumulate in the mitochondrial genome resulting in heteroplasmy Heteroplasmy can

differ between tissues within an individual or between maternally related individuals'®'®?.
Both a mixture of DNA sequences resulting from mutation (heteroplasmy) or a secondary source
appear as multiple sequences in a sequence electropherogram®. The current method for directly

sequencing mtDNA does not easily allow for resolution of components of a mixture or the

determination of mtDNA haplotype of mixed samples.

Standard approaches for DNA analysis targeting multi-allelic STR markers where the alleles are
distinguished by mobility by gel electrophoresis allow for detection of mixtures**. A DNA profile
of a mixture will likely show three or more prominent peaks at one or more loci'’. A severe peak
height imbalance may also be observed between two alleles at the same locus, suggestive of a

. 25,26
mixture

. Peak areas or heights in an electropherogram have been shown to be directly
related to the amount of DNA template present”’. Therefore, STR locus peak areas or heights can

be used to estimate the relative proportions of DNA from the contributors of a mixture,

although preferential amplification and stutter bands can complicate the quantification. However,
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minor components present at less than 5% in a DNA mixture are not detectable with the standard
platform used for STRs™. Although mixtures are detectable using standard STR approaches and
software, mixture interpretation is still difficult because the individual genotypes cannot be
determined. STRs allow for establishing that a mixture is present but not for determining the
“paired” or linked alleles that constitute a genotype. Therefore, all possible genotype
combinations must be considered in the mixture interpretation. Furthermore, in low copy
number cases, allelic dropout is commonly observed resulting in greater difficulty interpreting

mixtures>>%.

Several statistical approaches are used for interpretation of complex forensic STR

mixtures> 2,

Deconvolution tools are now available to aid in the interpretation of STR
mixtures and include FSS-i3® v4.1.3 i-STReam™, Least-Square Deconvolution (LSD)** and
USACIL’s DNA DataAnalysis v2.1.3. The FSS mixture interpretation software is based on the

PENDULUM technology, a guideline based approach for mixture interpretation which takes into
account peak height imbalance among other heuristic rules, and allows for deconvolution of most
two person mixtures”. Interpreting mixtures is even more challenging in cases where DNA
from more than two individuals is present, and in some cases, three and four person mixtures can
be misinterpreted as two or three person mixtures®. Sequencing STR loci using the 454 system
gives a more quantitative estimate of the relative proportions of STR sequences from multiple
contributors. The frequency estimates for STR alleles obtained from the 454 system (counting

sequence reads) can be used in place of peak height estimations for statistical mixture analysis and

interpretation using existing software.
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Mixtures can also be detected by direct sequencing of mtDNA or using multi-allelic SNP probe-

35-38
based systems™ .

Mitochondrial DNA markers are ideal targets for detecting mixtures, since
with few exceptions a single sequence is the expected result due to its haploid nature. For
example, a mixture of two or more mtDNA sequences will likely have two overlapping peaks at
one or more sites in a mtDNA sequence electropherogram (Sanger). However, unlike STRs, peak
areas or heights in sequence electropherograms are not necessarily indicative of the amount of
DNA contributed to a mixture’. As a result, peak height ratios for two bases cannot be used to
determine the relative proportions of components of a mixture. For this reason, Sanger
sequencing does not allow for determining the mtDNA haplotype of mixed samples. Furthermore,
minor components present at less than 10-20% in a DNA mixture are not detectable by Sanger

- 37,39
sequencing® "’

In addition, a mixture of sequences of varying lengths (length heteroplasmy),
although detectable, will result in poor quality sequence downstream of the IN/DEL making the
sequence unreadable, such is often the case in the poly C-stretches in the HVI/HVII regions*”
. However, the clonal sequencing approach used with the 454 technology will allow for

analysis of individual sequences and therefore, length heteroplasmy will not result in

unreadable sequence downstream.

While these approaches for analysis of STR and mtDNA markers allow for detection of mixtures,
they do not allow for separation of components in a mixture. Other approaches allow for physical
separation of various cellular components of a mixture. Differential extraction procedures are
routinely used for separation of sperm and epithelial cells in sexual assault cases™. However,
this extraction method does not always allow for complete separation of the female and male
fractions. More recently, laser microdissection systems have been used to isolate sperm and

non-sperm cellular mixtures”®. However, this method does not always allow for use with
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standard STR approaches because of the limited amount of starting material. Another method of
resolving mixtures focuses on separating DNA molecules rather than cells and uses Denaturing
High-Performance Liquid Chromatography (DHPLC)>**. This method allows for physical
separation and fraction collection of components in a mixture as demonstrated for mtDNA
analysis, but does not always allow for complete physical separation®. Therefore, in order to
reliably resolve mtDNA mixtures using DHPLC, relative changes in electrophoretic peak
heights must also be used to determine linkage phase’. In addition to these complexities,
DHPLC may not be easily integrated into the standard lab work flow or be applied to nuclear STR
markers. The 454 system uses a “clonal” sequencing approach in which each component is
sequenced individually; therefore it would not be necessary to first separate components of a

mixture.

ii. Degraded DNA

Samples with degraded or limited DNA are often encountered in forensic cases**.

Several approaches are currently taken to overcome this problem. These include miniplex STR,
nuclear bi-allelic SNP analyses, and mtDNA*"*".  Miniplex STR and nuclear bi-allelic SNP
systems have increased success of amplifying degraded DNA because the targets are shorter
compared to standard STR markers. = However, the number of mini STR loci that can be
multiplexed in a single PCR is limited because of PCR product size constraints and the limited
number of dyes available for the capillary electrophoresis platform®”; the number of loci per
multiplex would not be limited when using the 454 sequencing technology. Although nuclear bi-
allelic SNP systems are useful for the analysis of degraded DNA, mixtures are difficult to detect

with these systems since there are typically only two alleles for each locus. For this reason, it is

often difficult to distinguish heterozygosity from a mixture when using nuclear bi-allelic SNP
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systems™. Therefore, multi-allelic systems targeting length polymorphism (STR) or haploid
markers (mtDNA or Y chromosome) are more appropriate for detecting mixtures using standard

approaches currently used by forensic laboratories.

Mitochondrial DNA is often used to analyze degraded samples because of the high copy number
per cell. The HV I /HVII regions are most often targeted and in some cases mini primer sets are
used to increase sensitivity. However, mini primer sets are not always successful particularly
when the DNA is highly degraded. In addition, the discrimination power of analysis of
the mtDNA HVI/HVII regions is somewhat limited*”. To improve discrimination
power select coding regions are also targeted using various PCR based methods***®*. These
methods are limited in the number of mtDNA regions that can be analyzed in a single run and
cannot analyze mtDNA and STR markers simultaneously. Next generation sequencing of
mtDNA coupled with mini STRs for increased discrimination would be an ideal system for

analysis of mixed and/or degraded forensic samples.

iii. Next Generation Sequencing Technologies and Applications
Next Generation Sequencing (NGS) is a massively parallel, clonal sequencing method which
produces vast amounts of sequencing data in a more cost effective and timely manner than has ever

. 65,66
been possible.”™

There are several different NGS platforms which utilize different sequencing
chemistries resulting in unique characteristics and limitations associated with each platform. The
longer read platforms include Roche 454 GS and PacBio RS system which can reliably sequence
products of ~500 bp and over 1 kb respectively while the Illumina and Ion Torrent systems have

average read lengths of ~200 bp.”” The differences in producible read lengths result directly from

the chemistries employed by each technology. The Roche 454 system is based on pyrosequencing,
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which measures the amount of light produced by a luciferase reaction created from the
pyrophosphate released during nucleotide incorporation. This pyrosequencing chemistry allows
for longer read lengths, however, it produces homopolymer-associated in/del errors. Illumina
chemistry utilizes reversible dye-terminating fluorescently labeled nucleotides which are
incorporated one at a time and detected by a camera. The Roche 454 system produces longer but a
fewer number of reads while [llumina produces shorter but a much greater number of reads per run.
Longer reads are ideal for determining linkage phase or haplotyping and reading through long
repeat regions while systems with a greater number of reads would be more advantageous for

larger genomes or a higher number of targets for higher throughput.

Next Generation Sequencing is useful for many different applications including de novo genome
assembly, whole exome sequencing, and rare SNP detection.”® Genomes of many species which
were too large or complex to make conventional sequencing possible are now able to be sequenced

and assembled with this technology.*"

NGS for SNP detection is helping to shape current cancer
research methods by individual tumor characterization which allows individualized treatment
options to be explored.”! Also, NGS has been used to sequence a single-cell for cancer
applications.”” This sequencing technology has also greatly impacted microbial research.”” The
dynamics of whole microbial populations can be studied through rRNA sequencing with NGS.”*"

The human microbiome was recently characterized and was shown to be relatively stable over time

and distinct within individuals.”®

Next Generation Sequencing has also proven useful for the ancient DNA community. Ancient
specimens typically yield limited amounts of DNA that consist of short fragments with substantial

chemical damage.” What is more, ancient DNA preparations generally consist mostly of DNA
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from microbes that have colonized the bone or other sample in the thousands of years the bone has
been in the ground.”” Nevertheless, through direct high-throughput sequencing, it has been
possible to successfully complete whole ancient genomes or mitochondrial genomes.> A complete
Neandertal mitochondrial genome was assembled using 454.> More recently, deep sequencing has
revealed the entire nuclear genome of a Denisovan girl,”® an hominoid who lived during the same
time period as the Neanderthals. Probe capture enrichment methods coupled with NGS
technologies have been applied to highly degraded ancient DNA samples with great success
despite the very short fragment size.”” Many of the lessons learned in analysis of large datasets of
ancient DNA are directly applicable to forensic analysis. For example, the biases incurred by
mapping short, damaged DNA reads against a known reference®”®' are important to understand and

mitigate in both applications.

These NGS systems have the potential to address several challenging issues in forensics analysis.**
The analysis of forensics specimens that are mixtures (greater than one contributor) remains one of
the most problematic issues in forensics from both a technical and statistical perspective. The
clonal sequencing aspect of NGS provides the opportunity to recover different sequence reads for
every genetic variant (allele) present in the mixture. Thus, the number of sequence reads recovered
for a particular variant provides a digital read-out and allows a quantitative analysis of the
contributors. Massively parallel NGS technologies also offer unparalleled capacity and allow for
simultaneous analysis of STRs and SNPs as well as nuclear and mtDNA. The ability to analyze
both mtDNA and nuclear markers in a single run would have broad forensic applications. Recently,

82,83

there has been research exploring the use of NGS in forensic applications. These initial studies

have been primarily limited to a few STR or mtDNA markers with high initial amounts of

DNA 8485
29

This document is a research report submitted to the U.S. Department of Justice. This report has not
been published by the Department. Opinions or points of view expressed are those of the author(s)
and do not necessarily reflect the official position or policies of the U.S. Department of Justice.



iv. 454 DNA Sequencing Technology

The 454 DNA sequencing technology is a scalable highly parallel sequencing system which

uses 1) emulsion PCR (emPCR) to amplify a single DNA fragment immobilized on a bead to 10
million identical copies and 2) pyrosequencing of DNA templates generated by the emulsion
PCR™. Using the 454 GS FLX Titanium chemistry, >1 million high quality 400-500 bp reads
with ~99% accuracy can be obtained in 10 hours (www.454.com). With the 454 GS Junior system,
on average one hundred thousand 400-500 bp reads can be generated with 99% accuracy in a
single 10 hour run. The clonal sequencing aspect of this technology coupled with the longer read
lengths provides the ability to determine the haplotype and the relative ratio of mixed DNA
samples’. The very large number of sequence reads allows the detection of sequences present

in mixtures at ~1%°. The longer read lengths of the GS Titanium chemistry make it an ideal
system for targeting STR markers using miniplex primer sets or mtDNA since the generated
PCR products are typically 400 bps or less. The 400-500 bp or 800-1000 bp read lengths
obtained using the 454 GS Titanium chemistry or 454 Flx Plus respectively far exceed the
average read lengths generated using competing next generation sequencing technologies
(Illumina Solexa and Ion Torrent) which average 150-300 bp per read”’. The ability to determine
mtDNA haplotypes and to read through repetitive STR sequence is critical to the success of this
project and would be difficult using other next generation sequencing technologies because of the
shorter read length, although the read length achieved by other platforms has been increasing. The
longer read length allows for sequencing of the entire PCR product in a single read and therefore
sequence fragment assembly is not required using the 454 sequencing system. Also, both
strands can be sequenced (forward and reverse reads). Using competing technologies

it would currently not be possible to sequence PCR products generated with the longer miniplex
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STR primer sets in a single read. Also, the shorter read length of the competing technologies
would make assembling STR sequences difficult or impossible because the repeat length
sometimes exceeds the read length. The data file size is also much less per run for the 454 GS
FLX system (~15 gigabytes) and even less for the 454 GS Junior making storing data more
manageable compared to the Illumina Solexa (~1 terabyte) and ABI SOLiD (15 terabytes)

systems

One limitation of the 454 pyrosequencing approach is its difficulty in identifying the number of
repeats in long homopolymeric tracts (n>4)’ similar to the Ton Torrent. For example, it is difficult
to determine the number of C’s in the poly C-stretches within the HVI/HVII regions of the
mitochondrial genome. However, these poly C-stretches are often not considered when
reporting differences because of the high frequency of length heteroplasmy in these regions®™".
This limitation of pyrosequencing would not apply to STR markers, since the repeats are not
homopolymeric in nature but are di-, tri-, or tetra- nucleotide repeats. Also, the total number of
base pairs of sequence generated using competing technologies is greater than the sequence
yield of the 454 GS systems. However, unique sequence multiplex identification (MID) tags
encoded in the PCR primers can be used to uniquely tag a large number of samples (i.e. 48, 64,
96...). Using MID tags to increase the number of samples processed in parallel significantly
reduces the per sample cost, while still achieving the high level of sensitivity required to detect

minor sequences in a mixed DNA sample. For these reasons, we chose to develop a mtDNA and

STR next-generation sequencing assay using the 454 sequencing platform.

3. Project Research Design and Goals
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Mitochondrial DNA sequencing using the next-generation sequencing technology is ideal for
resolving mixed DNA samples. Mitochondrial DNA analysis has also proven useful for analysis
of degraded samples, but has lower discrimination power. STR markers are ideal for detecting
mixtures, but do not allow for resolution of mixtures. Using the 454 sequencing technology,
additional sequence information is gained, and in some cases, may allow for further differentiation
of homozygous STR alleles, that is, alleles that are indistinguishable in length but differ in
sequence. However, this sequence information may not be enough to fully resolve mixed
DNA samples using STR markers alone. While the 454 sequencing technology provides a
more accurate measurement of relative ratios in a mixture (based on the number of sequence
reads), STR’s alone are not sufficient for resolving mixed samples (i.e. 50/50 mixture). Therefore,
we proposed to target both mtDNA and nuclear STR markers using the 454 sequencing
technology. Together, mtDNA and STR markers will allow for resolving mixtures and analysis
of degraded DNA while providing the higher power of discrimination required in forensic cases.
Our primary goals were to 1) develop and optimize “front-end” enrichment assays for sequencing
mtDNA using the 454 NGS platform and test and apply the systems to forensically relevant
samples, 2) develop, optimize, and test “front-end” multiplex mini-STRs PCR assays for
sequencing the 13 core CODIS loci using the 454 NGS platform, and 3) modify next generation
sequencing softwares for mtDNA and STR analyses with external collaborators. The research
design, methods and results for each of the three major goals of this project are detailed in the

sections below.

B. Methods and Results: 454 mtDNA HVI/HVII and Whole Mitochondrial Genome NGS Assay

Mitochondrial DNA is an ideal marker for 1) detection of degraded or limited DNA
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because of its high copy number and 2) resolving mixtures because it is haploid in nature. The
454 clonal sequencing technology is well suited for forensic applications because it has the
capability to sequence individual sequence targets to determine an individual’s mtDNA
haplotype. We initially proposed to develop 1) a “front-end” fusion primer PCR for sequencing
the HVI/HVII regions of the mitochondrial genome using the 454 sequencing technology and 2) a
multiplex PCR assay targeting fifteen to twenty ~250 bp regions of the mitochondrial genome
using three to four 5-plex PCRs using fusion primers sets to cover ~20-30% of the mitochondrial
genome. While the multiplex PCR method for enriching mtDNA would likely be successful,
recently probe based enrichment methods for capture and sequencing have drastically decreased in
price making this a feasible alternative. As the probe capture enrichment method allows for
capture and sequencing of the entire mtDNA genome and potentially degraded DNA samples, we
explored this as an alternative to amplifying select regions of the mtDNA genome. We therefore
modified our goal and developed 1) an HVI/HVII 454 fusion primer assay and 2) a solution phase
probe capture assay for enrichment and sequencing of the entire mitochondrial genome using the
454 sequencing technology. An overview of the assay design and methods as well as the results
from the optimization and application experiments are described in detail below for both the 454
HVI/HVII fusion primer PCR assay and the probe capture whole mitochondrial genome 454
sequencing assay.

1.Design, Methods, and Results: HVI/HVII 454 Fusion Primer assay

i. Design : 454 HVI/HVII Fusion Primer PCR
A total of eight sets of multiplex identifier (MID) tagged fusion primers targeting the HVI/HVII
regions of the mitochondrial genome were designed and tested. Fusion primers used in the initial

amplification consist of 1) a common forward or reverse adapter sequence that serves as a
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universal primer for emPCR and pyrosequencing, 2) a 4 base library key for pyrosequencing signal
normalization, 3) a unique 10 base sample-specific internal sequence tag (MID tag) used for
sample ‘barcoding’, and 4) the forward or reverse target specific PCR primer sequence. Fusion
primer sequences for amplification of the HVI and HVII regions of the mitochondrial genome are

provided below in Figures 1a and 1b respectively.

Figure 1a. HVI Forward and Reverse Fusion Primers

mtDNA HVI ADAPTOR SEQUENCE LOCUS SPECIFIC PRIMER

F15975-93_1 TCAGACGAGTGCGT
R16481-01_2 TCAGACGCTCGACA

Figure 1b. HVII Forward and Reverse Fusion Primers

mtDNAHVII ADAPTOR SEQUENCE MID TAG LOCUS SPECIFIC PRIMER
F15-34 TCAG
R429-410 TCAG

Unique 10 base MID tags are used as sample identifiers in order to pool and sequence multiple
samples in a single 454 sequencing run with each sample being ‘tagged’ or ‘barcoded’ with a
different MID tag. The eight sets of MID tags used for the fusion primer sets are provided in Table
1 below. The eight sets of MID tagged fusion primers were designed to be used in a combinatory
approach to generate 64 different combinations of forward and reverse MID tagged HVI/HVII

PCR products (see Table 2 for the 64 different MID combinations).

Table 1. 10 Base Extended Multiplex Identifier (MID) Set Sequences (MID Tags 1-8)
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Sequence

MID1 ACGAGTGCGT
MID 2 ACGCTCGACA
MID3 AGACGCACTC
MID4 AGCACTGTAG
MID 5 ATCAGACACG
MID6 ATATCGCGAG
MID7 CGTGTCTCTA
MID 8 CTCGCGTGTC

This document is a research report submitted to the U.S. Department of Justice. This report has not
been published by the Department. Opinions or points of view expressed are those of the author(s)
and do not necessarily reflect the official position or policies of the U.S. Department of Justice.
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Table 2. 64 Combinatory MID Sequence Tags for Sample Pooling

11 12 13 14 15 16 17 18
21 22 23 24 25 26 27 28
31 32 33 34 35 36 37 38
41 42 43 44 45 46 47 48
51 52 53 54 O 56 57 58
61 62 63 64 65 66 67 68
71 72 73 74 75 76 77 78
81 82 83 84 85 86 87 88

This combinatory approach for MID sample tagging greatly reduces the number of primers
required to achieve the maximum number of samples that can be pooled in one sequencing run as
illustrated in the schematic in Figure 2 below. Using a combinatorial approach for amplification of
the HVI/HVII regions using the eight sets of optimized duplex 454 MID tagged fusion primers, a
total of 64 different samples can be uniquely tagged and pooled in a single 454 sequencing run.
Using this approach, only eight sets of fusion primers are needed for each PCR target compared to

64 sets of fusion primers, greatly reducing the overall cost and quality control effort.

Figure 2.
Standard Approach Combinatorial Approach
(O ] (T T (PO 0T ] |
FOO 7] VS, T 7] (M7 7] )
| N (™7 T B
Requires 64 pairs of primers Requires 8 pairs of primers for 64 unique primer combinations

per target

Figure 2. Schematic of Standard MID Tagging approach VS Combinatorial Approach. The
standard approach for sample MID tagging uses the same MID barcode for both forward and
reverse fusion primers while the combinatory approach for sample MID tagging barcodes each
sample with a combination of two different MID sequences per sample. This figure illustrates that
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with 3 sets of MID tagged fusion primers, 3 unique samples are barcoded using the standard
approach while 9 samples can be uniquely tagged using the combinatory approach.

ii. Methods

a. Methods Optimization

1) HVI/HVII 454 Fusion primer PCR optimization

The HVI/HVII duplex PCR cycling parameters and master mix formulation were used as a starting
point for the 454 HVI/HVII fusion primer PCR as the target specific primer sequences are the same
between the assays. Due to the significant increase in the 454 fusion primer length and resulting
melting temperature (TM), the PCR annealing temperature required optimization to minimize
primer dimer and improve amplification yield and specificity for the 454 HVI/HVII fusion PCR.
Two different strategies were tested with four sets of MID tagged 454 HVI/HVII fusion primers: 1)
a standard approach using a single higher annealing temperature and 2) a two stage annealing
temperature approach with a low annealing temperature for the initial 10 cycles then shifting to a
higher annealing temperature for the later 25 cycles. Four sets of 454 MID tagged fusion primers
were tested over a range of annealing temperatures (61° C, 63° C, 65° C, 67° C) increased from the
59° C duplex HVI/HVII PCR (Table 3). PCR products were visualized using gel electrophoresis
to assess the level of primer dimer, non-specific amplification, and overall product yield. Results
showed that 61° C and 63° C annealing temperatures resulted in overall higher amounts and
incidences of primer dimer with lower product yields compared to 65° C and 67° C.  Higher
product yields were observed at annealing temperatures of 65° C and 67° C with minimal primer

dimer (sporadic occurrences).
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Table 3. Range of Temperatures Tested for Single Step Annealing

Parameters

Activation 94 °C - 14 min

Denaturation 92°C -15s
Annealing X°C -30s x 35

Extension 72°C-30s

Final Extension | 72°C - 10 min

4 °C - forever

X=
61,63,65,67

To try to further minimize primer dimer, a two stage annealing temperature approach was
investigated. A lower annealing temperature during early cycles may result in higher product
yields since during the initial cycles of the PCR, only the target specific sequence of the primer
anneals to the DNA template which has a lower TM; a higher annealing temperature in later cycles
may result in increased specificity and yield as once the 454 and MID sequence specific regions of
the primer are incorporated into the product, the entire fusion primer anneals to the product and has
a much higher TM. Three different sets of parameters for the 2 stage annealing temperature
approach were tested (Table 4). Overall, results for the 2 stage annealing temperature resulted in
lower yield or increased primer dimer or were similar to yields observed with a single 65° C or 67°
C annealing temperature. Based on these results, a single 65° C annealing temperature was

selected for the finalized PCR parameters.
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Table 4. Parameters for 2 Step Annealing

2-Step Parameter 65'C 2-Step Parameter 68'C 2-Step Parameter 72'C
Parameters Parameters Parameters
Activation 94°C - 14 min Activation 94°C - 14 min Activation 94 °C - 14 min
Denaturation 92°C -15s Denaturation 92°C -15s Denaturation 92°C -15s
x 10 x10 x10
Annealing 59°C -30s Cycles Annealing 59°C -30s Cycles Annealing 59°C -30s Cycles
Extension 72°C-30s Extension 72°C-30s Extension 72°C-30s
x 25
Denaturation 92°C -15s Cycles
Denaturation 94°C -15s Denaturation 94°C -15s
x 25 x 25
Annealing 65°C -30s Cycles Annealing 68°C -30s Cycles Extension 72°C-40s
Extension 72°C-30s Extension 72°C-30s Final Extension 72°C - 10min
Final Extension 72C - 10min Final Extension 72°C - 10 min 4 °C - forever
4 °C - forever 4 °C - forever

In addition to annealing temperature, MgCl, concentrations and the PCR volume were varied to
determine the optimal conditions. A range of MgCl, concentrations (2.4 and 1.6 mM) were tested
to determine the optimal concentration for increased specificity and amplification yield. A control
sample HL-60 was used for testing. Four different MID-tagged primer pairs were used to amplify
the samples in duplicates. Results showed significantly higher product yields with 2.4 mM MgCl,
compared to 1.6 mM MgCl,. Therefore, 2.4 mM MgCl, was kept as the final concentration in the
master mix. Additionally, two PCR volumes were tested, 50 uL and a reduced 25 uL volume.
Results showed an overall greater yield with 50 pL compared to the reduced 25 pL volume, and
hence a 50 uL PCR volume was maintained. Based on these results, no changes were made to the

original HVI/HVII duplex PCR master mix formulation for the 454 HVI/HVII fusion PCR.
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2) AMPure Purification to remove small products (primer dimer)

While PCR conditions were optimized to minimize primer-dimer, it was observed sporadically and
at a low frequency in specific MID tagged primer sets. Primer-dimer can ultimately reduce the
overall target sequence reads in a 454 sequencing run if not removed. To remove excess primer as
well as primer-dimer, a purification step can be added after amplification. Purification using
filtration columns was tested and we found that while excess primer was removed, the primer-
dimer products from the long fusion primers was too large (125-150 bp) to be removed efficiently
by filtration. Filtration columns typically remove <70-100 bp DNA fragments depending on the
pore size of the membrane of the filtration system.

We then explored PCR product purification using Agencourt AMPure XP beads to selectively
purify primer dimer products from the PCR products. Purification using AMPure beads is ideal
due to its DNA concentration independence and the ability of removing varying sizes of short
DNA fragments by altering the AMPure:DNA solution volumetric ratio. Agencourt AMPure XP
beads reversibly bind DNA in the presence of the “crowding agent” polyethylene glycol (PEG) and
salt (20% PEG, 2.5 NaCl). PEG causes the negatively-charged DNA to bind with the carboxyl
groups on the bead surface (See Figure 3 below). The volumetric ratio of AMPure XP beads to
DNA is critical as the immobilization is dependent on the concentration of PEG and salt in the
reaction. Larger fragments bind to the SPRI beads and displace smaller fragments with lower
concentration of PEG. Smaller fragments are retained with higher PEG concentrations as they get
crowded and bind to the SPRI beads. The size of the DNA fragment that binds to SPRI beads is
dependant on the PEG concentration. As PEG and salt concentration is constant in AMPure
solution, the volumetric ratio of the AMPure:DNA solution determines the PEG concentration. The
higher the volumetric ratio of AMPure solution to DNA sample volume, the higher the PEG, and

the smaller the size of the fragment that will be retained. Size selection of DNA fragments using
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AMPure beads is DNA concentration independent because DNA copy number will not affect the
concentration of PEG in AMPure solution.

Figure 3. Agencourt AMPure XP magnetite Bead with Non-styrene polymer surface with
carboxyl coating, suspended in PEG and salt solution

@ BECKMAN
COULTER
Wefre better fogether

’Agencourt AMPure vs. AMPure XP: Bea

OOH

Non-styrene polymer
surface

The critical aspect for effective removal of small fragments as discussed above is applying an
optimal AMPure bead solution to DNA sample volume, therefore we varied the volumetric ratios
to determine the optimal ratio for removal of the long primer dimer (~125 bp) while retaining the
HVI/HVII mtDNA products (>450 bp). We tested the effectiveness of small fragment removal
using a range of AMPure Bead:DNA volume ratios (1.8:1, 1.6:1, 1.4:1, 1.2:1, 1.0:1) by purifying a
25 bp DNA ladder. A gel image is shown below in Figure 4 with a table summarizing the results.
We found that 1.8:1 — 1:1 successfully removed products 100 bp or less. However, complete
removal of 150 bp or less required a 1:1 ratio. Partial removal of 125-150 bp products was
achieved with 1.4 :1 - 1.2 :1 ratio. We then tested a range of AMPure bead:DNA sample volume

ratios with HVI/HVII amplified products with apparent primer dimer to determine the optimal
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bead:sample ratio and found that a 1:1 — 1.2:1 ratio removed the primer-dimer without removing
the HVI/HVII products. Based on these results, it was determined that a 1:1 AMPure bead solution
to sample ratio was optimal to successfully remove the large primer dimer products and still retain
the HVI/HVII products.

Figure 4. Testing the Effectiveness of Small DNA Fragment Removal by Varying the
AMPure:Bead Volume Ratio

1 2 3 4 5 6 oo 8 9 OG0 12
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125-150bp

125-150bp
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Complete Removal

< 100bp

< 100bp
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b. Final Optimized “Front-end” 454 HVI/HVII Library Preparation Methods

A general workflow of the final optimized “Front-end” 454 HVI/HVII library method used for the
validation and testing is provided in the Figure 5 below and the methods used are described in

detail below.
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Figure 5.

454 HVI/HVII Library Preparation Workflow

3 Hours

1.5 Hours

1 Hour

1 Hour

1.5 Hours

Total 8 Hours

1) HVI/HVII Regions Amplification

Each genomic DNA sample is amplified using a unique MID-tagged 454 HVI/HVII fusion primer
set in order to enrich for the HVI and HVII target regions of the mitochondrial genome and
incorporate the 454 sequencing primer, library key, and unique MID barcode sequence necessary
for emPCR, pyrosequencing, and sample identification. The optimized PCR parameters for the

454 HVI/HVII fusion primer PCR are presented in Table 5 below.
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Table 5. Final PCR Parameters for the 454 HVI/HVII Fusion Primer PCR

Parameters

Activation 94 °C - 14 min
Denaturation 94°C -15s
x 34
Annealing 65°C -30s Cycles
Extension 72°C-30s
Final Extension 72°C - 10 min
4 °C - forever

2) Gel Electrophoresis PCR Products

The amplified HVI/HVII products were then visualized via gel electrophoresis using 3% SeaKem
agarose gel prepared with 1X TAE to confirm successful amplification of the target regions and
assess primer dimer and PCR specificity.

3) PCR Product Quantification using PicoGreen

Each PCR product was quantified using Quant-iT™ PicoGreen® dsDNA kit (Invitrogen, Carlsbad,
CA) following the manufacturer’s protocol to determine the DNA amount in copy number for
sample normalization and subsequent library pooling. Each amplified sample was combined into a
single library pool, varying the volume of the PCR product to target 1010 — 10*11 molecules per

sample depending on the starting concentrations.

Sample normalization is important to achieve similar coverage or number of sequence reads per
sample. Pooling the individual sample PCR products to a single DNA library prior to purification
greatly reduces the number of individual samples needed to be processed. We observed that

pooling prior to purification does not result in a significant difference in the number of sequence
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reads between individual samples when compared to normalizing and pooling individual samples

after the purification process.

4) AMPure Clean-Up for Small Fragment Removal/PCR Product Purification

Small fragment DNA or primer dimers were removed from the pooled library using Agencourt
AMPure XP (Beckman Coulter, Pasadena, CA) with 1:1 AMPure to DNA sample volumetric ratio.
Agencourt AMPure XP beads were used as the purification method due to its DNA concentration
independence and its ability of removing varying sizes of short DNA fragments by altering the

DNA:AMPure volumetric ratio.

A schematic showing an overview of the method for small fragment removal using AMPure beads
is shown in Figure 6 below. The DNA and AMPure bead solution are mixed together at a
determined ratio to effectively remove small fragments while retaining the larger PCR products of
interest. Then the captured fragments are separated using a magnet, washed with ethanol and
eluted from the beads resulting in purified PCR products and removal of small fragments.

Figure 6.

Agencourt AMPure XP Cleanup

Process Overview
{ Agencourt

AMPure XP {, Binding Separation Ethanol Wash Elution Buffer  Transfer
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Figure 6. Overview of Small Fragment DNA Removal Using AMPure XP. Sample DNA or
PCR product is bound to the Agencourt AMPure XP beads with appropriate volumetric ratio.
Unbound small DNA fragments are discarded as supernatant while the captured DNA fragments
are retained using a magnet. Trace PEG and salt solution are washed with 70% ethanol, and size
selected PCR product is re-eluted with elution buffer (TE, 0.1 mM EDTA, pH 8.0) or molecular
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grade water. The purified PCR product is then transferred to a new container while AMPure beads
are separated from the product using the magnet.

5) Agilent Bioanalyzer for Confirmation of Small Fragment Removal and Quantification

Agilent DNA 1000 kit (Agilent Technologies, Santa Clara, CA) was used following
manufacturer’s protocol in order to compare the library pool before and after AMPure purification

to confirm the removal of primer dimers.

6) Library Pool Quantification: PicoGreen
The concentration of the purified library pool was estimated by using Quant-iT™ PicoGreen®
dsDNA kit (Invitrogen, Carlsbad, CA) following manufacturer’s protocol to estimate the DNA

copy number of the library pool to achieve 0.4:1 DNA molecule to bead ratio prior to emPCR.

7) Library Pool Quantification: KAPA Library Quant gPCR

Alternatively, the concentration of the purified library pool in DNA copy numbers was determined
by using Library Quantification Kit - 454 FLX (Kapa Biosystems, Wilmington, MA) to achieve
0.4:1 DNA molecule to bead ratio prior to emPCR. The Kapa Library Quantification qPCR
provides a more accurate estimate of the DNA copy number of the library pool as the qPCR assay
measures the copy of each molecule with 454 primer sequence, rather than intercalating double
stranded DNA molecules non-specifically and using estimated product size. The manufacturer’s
recommended protocol was used with the following modifications. The standards were run in
duplicate instead of the manufacturer’s recommended triplicate of each standard in order to
decrease the cost of each qPCR run after showing experimentally that duplicates were sufficient

based on the replicate data. The dilution series of the pooled library was modified from the

46

This document is a research report submitted to the U.S. Department of Justice. This report has not
been published by the Department. Opinions or points of view expressed are those of the author(s)
and do not necessarily reflect the official position or policies of the U.S. Department of Justice.



manufacturer’s recommendation based on the consistently higher starting concentration of our

pooled libraries.

8) Serial Dilution of Library Pool

The quantified and cleaned library pool was then diluted with modified TE-4 (10mM TRIS,
0.ImM EDTA, pH 8.0) to the concentration of 4x10"5 molecules/uL in order to add a total of 10
ul to achieve a 0.4:1 DNA to bead ratio in emPCR. The optimal DNA to bead ratio was
determined to be 0.4:1 based on the number of high quality pass filter reads. Targeting the optimal
DNA:bead ratio is critical to avoid the incorporation of more than one molecule of DNA per bead

or insufficient bead recovery.

9) EmPcR and 454 Sequencing

a) Emulsion PCR

The 454 sequencing method begins with an emulsion PCR for clonal amplification of sequencing
targets. The emulsion PCR consists of oil, water, PCR reagents and sequencing beads mixed to
create microreactors. Within each microreactor is a sequencing bead which is affixed with the
sequencing primer, allowing for clonal amplification of a library target on each bead. Inside the
droplet, the individual DNA molecule  undergoes amplification resulting in millions of clonal
copies attached to each bead. This process occurs for each individual DNA molecule in the
enriched sample library. Clonal amplification allows for better detection of rare mutations because
each molecule is copied separately, helping in resolving mixtures and heteroplasmy. An overview

of the clonal amplification steps are shown in figure II-2, and the amplification conditions are as
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follows: 4 minutes at 94C, 50 cycles of 94C for 30 seconds, 58C for 4.5 minutes, 68C for 30

seconds, and then hold at 10C forever.

Emulsion PCR Workflow
Micro-reactors
Add PCR reagents
A g & emulsion oil

—p _

» A
B
DNA Library Mix Library & PCR in “water-in-oil” Isolate DNA containing

capture beads emulsion beads

Figure 7. Workflow of 454 Emulsion PCR. The emulsion is a water in oil mixture which creates
micro-reactors where the amplification occurs. The mico-reactors contain one bead bound with
A/B primers, one library template, and PCR components allowing for clonal amplification over the
surface of the bead. After amplification, enrichment of beads containing DNA occurs before they
are loaded onto the 454 instrument.

After the emulsion PCR, the emulsions needs to be broken and the beads are subjected to a series
of washes to remove all excess PCR reagents and oil. Then the beads are enriched for only ones
containing DNA, so space on the instrument is not wasted by loading empty beads. Once the

beads are enriched they are ready for sequencing on the 454 sequencer.

b) 454 Sequencing Chemistry and Instrumentation

The 454 sequencing chemistry is a sequencing-by-synthesis process which utilizes pyrosequencing
chemistry to determine the nucleotide sequence. First, the enriched beads are loaded onto the
PicoTiter plate (see Figure 8) which only allows one sequencing bead per well. Then they are

packed in with enzyme beads which aid in the pyrosequencing process.

The Roche 454 technology uses a method that obtains the target sequence as the DNA fragments
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are synthesized, called pyrosequencing. Serving as a template strand, the sample DNA together
with six other components—DNA polymerase, deoxribonucleotide triphosphates (ANTP), ATP
sulfurylase, apyrase, luciferase, and adenosine 5’ phosphosulfate (APS)—causes the sequencing
reaction. Cycles of each ANTP flow through the reaction; if that base is complementary to the
template strand, DNA polymerase will incorporate the dNTP into the growing strand, releasing a
pyrophosphate in the reaction. The pyrophosphate in the presence of APS reacts with ATP
sulfurylase to create ATP. The ATP created in the reaction then interacts with luciferase in a
reaction that releases visible light, which is read by a camera and interpreted by a computer.
Apyrase is used at the end of each flow cycle to degrade unused dNTPs. This process continues for
a determined number of cycles (200), resulting in sequence reads of about 400-500 bp.

Figure 8. Loading of DNA Bound Beads and Enzyme Beads on the PicoTiter Plate.

Load Enzyme
beads .

i = g8

Load beads onto
PicoTiter™ plate

49

This document is a research report submitted to the U.S. Department of Justice. This report has not
been published by the Department. Opinions or points of view expressed are those of the author(s)
and do not necessarily reflect the official position or policies of the U.S. Department of Justice.



Figure 9. 454 Pyrosequencing Chemistry.
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iii. Results

a) Overview of 454 mtDNA HVI/HVII Sequencing Results

A total of eight 454 NGS runs were conducted for the assay targeting the HVI/HVII regions. The
sequencing runs were dedicated to validation studies such as mixture studies investigating mixture
samples with 2-5 contributing sequences with varying mixture ratios, sensitivity studies and
various experiments to characterize the jumping PCR effects and stochastic effects of duplex PCR
assay. Further, several runs were dedicated to generating 454 NGS population database and for

characterization of heteroplasmy in different tissue types (blood, buccal, and 5 hair samples) of 6
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monozygotic twin pairs. All runs were successful and met all 454 benchmarks for amplicon
sequencing. The run statistics for the sequencing run results generated using HVI/HVII assays are

summarized in the Table 6 below.

Table 6. 454 GS Jr. Run Statistics from HVI/HVII Assay Runs

Raw wells 100,478 - 220,201
Key Pass Wells 92,403 - 207,537
Failed Dot 904 - 5,053
Mixed 2,246 - 17,797
Short quality 27,965 - 120,433
Short Primer 17 - 3,887
Passed Filter
Wells 44,050 - 82,284
% Dot+ Mixed 3.01-13.28
%
Short 28.49 - 53.19

% Passed Filter  26.18 - 68.49

All runs showed >90% total key pass wells, with the projected ~50,000-75,000 high quality filtered
reads. The percent dot and mixed filters that process reads based on signal quality fell in the range
of .301-13.28%, well below the recommended <20%. The low dot+mixed % indicate the optimized
DNA:bead ratio for emPCR for high quality reads. The percent trimmed short quality filter was
observed in the range of 28.49 — 53.19%, indicating the optimized AMPure method was successful
for short fragment removal. Prior to the sequencing run, all libraries are purified using the Ampure
beads to eliminate all short products (unused primers and primer dimers) and short product
removal is confirmed using a Bioanalyzer. Further, short fragment removal was validated during
optimization by analyzing the product DNA libraries by a QC PCR (Roche technical Bulletin) to
ensure complete removal of all short products. The optimization of small fragment removal using
the Agencourt AMPure XP purification method was further confirmed to be effective,

demonstrated by the distribution of readlengths collected in the 454 HVI/HVII Next Generation
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Sequencing runs. The read length distribution of a 454 HVI/HVII sequencing run presented in
Figure 10 below demonstrates two clean peaks around 450 bp each corresponding to amplified
HVII and HVI regions. The absence of any peak below ~430 bp indicates there was not any DNA
fragments smaller the expected HVI and HVII amplicons present, and hence the primer dimers
were removed sufficiently.

Figure 10. Distribution of Reads for 454 HVI/HVII NGS Assay
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The 454 sequencing results also confirmed that the PCR parameters and library preparation steps
including primer dimer removal were optimized. The Table 7 below shows the number of reads
for HVI/HVII forward and reverse for the three mtDNA samples sequenced in the first run, which
is similar for all runs. The average total number of reads obtained was similar for both the HVI
and HVII regions. We found that there was less variation in the number of reads between regions
than between samples and sequencing direction. We show here that using an optimized PCR

system similar read depth can be achieved across regions by co-amplifying the regions in a
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multiplex PCR. Co-amplification is important for conserving sample material in cases where DNA

may be limited or degraded and will be essential if the number of targets is increased.

Table 7.
Number Reads

Forward Reverse Total
HVII Sample 1 558 881 1439
Sample 2 330 470 800

Sample 3 253 370 623

Average 380 574 954
Sample 1 730 652 1382

HVI Sample 2 554 444 998

Sample 3 334 307 641
Average 539 468 1007

b. Results for Validation Studies and Testing of Forensically Relevant Samples

1) Sensitivity Study
A sensitivity study using MID tagged fusion primers for co-amplification of the HVI/HVII regions
was conducted at 35 cycles. The nuclear DNA concentration as well as the mtDNA copy number
was determined using a duplex TagMan qPCR assay (Timken et al) for two DNA samples. Two
samples were amplified in duplicate at 10 different DNA concentrations ranging from 20 ng — 0.1
pg. Mitochondrial copy number differed between the two samples and ranged from 3.83 x 10" —
~275 copies for one sample (K562) and 4.02 x 10° - ~90 copies for the second sample (G147A).
The nDNA:mtDNA ratio varied between samples which is not unexpected. Based on the

detectable yields using a BioAnalyzer, amplification was successful down to ~90 mtDNA copies or
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0.1- 0.5 pg of DNA at 35 cycles. Bioanalyzer data for sample K562 is shown below in Figure 11

for the HVI/HVI duplex at 35 cycles.

Figure 11. Bioanalyzer Results from a Sensitivity Study
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A subset of the samples prepared for the sensitivity study was sequenced using the 454 to
determine the sensitivity (10 pg, Spg, 1pg and 0.5 pg) ranging from 500-10,000 mtDNA copies.
The total combined number of 454 reads as well as the number of forward and reverse reads for
each of the HVI and HVII regions are reported in Table 8 below for each sample amount tested. A
similar number of reads were observed for combined, forward and reverse for each region for all
sample amounts tested ranging from 0.5 pg — 10 pg. These results show successful amplication

and 454 sequencing of 0.5 pg or DNA or ~500 mtDNA copies at 35 cycles using the 454 fusion

Primer PCR.
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Table 8. Sensitivity Study 0.5-10 pg DNA at 35 Cycles

# 454 Reads
nDNA | ~mitDNA | miDNA Combined Forward Reverse
(pq) | copies | Region | G147a | K562 | G147a | K562 | G147a | K562
0.5 500 HVII 597 762 209 340 378 422
HVI 391 1080 135 591 256 489
] 1000 HVII 1010 881 552 500 458 381
HVI 445 609 223 424 222 185
5 5000 HVII 711 767 394 434 317 333
HVI 484 789 245 545 239 244
HVII 752 267 485
10 10000 y 911 na 249 na 562 na
Avg#| HVII 785 385 396
Reads| HVI 673 345 314

We also conducted a more extensive sensitivity study to determine the detection limit of the
starting DNA for the mtDNA HVI/HVII duplex 454 sequencing assay at the optimized 34 cycles
as well as to explore the stochastic effect in the PCR amplification step of the assay. A control
DNA sample (K562) was quantified using a mt:nu qPCR assay (Timken et al.2005) and was
amplified at varying concentrations prepared via serial dilutions as follows: 1 ng, 500 pg, 100 pg,
50 pg, 10 pg, 5 pg, 1 pg, 0.5 pg, 0.1 pg, 0.05 pg, 0.01 pg, 0.005 pg, and 0.001 pg. The range of
starting DNA concentrations was broadened from the initial sensitivity study conducted to
determine the lower sensitivity and the stochastic threshold of the PCR assay. The PCR products
from a starting amount of 0.5 pg of DNA and higher have resulted in clear two bands when
visualized under 3% agarose gel stained with ethidium bromide, indicating successful
amplification of HVI/HVII regions (Figure 12). The starting amounts of 0.1 pg and 0.05 pg
showed faint bands corresponding to HVI/HVII regions, while samples below 0.05 pg showed no
visible bands on the gel. Stochastic amplification was not observed on the gel electrophoresis (i.e.

amplification of a single hypervariable region).
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Figure 12.
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Figure 12. 3% Agarose Gel Electrophoresis of PCR Products with 120V, 60 minutes. Figure
1.1-9) Sample K562 amplified successfully at HVI/HVII regions with starting amount 1ng, 500 pg,
100 pg, 50 pg, 10 pg, 5 pg, 1 pg, (100 bp ladder), and 0.5 pg. Figure 1.10-11) Starting amount of

0.1 pg and 0.05pg show faint bands.

To further determine the sensitivity and stochastic effects of the PCR and sequencing, all thirteen
libraries prepared from varying starting DNA sample amounts were included in one 454
sequencing run. During library preparation, 100 pg of a control DNA HL-60 was included as the
positive control, and TE-4 was used for negative control to ensure that the reagents were not
contaminated. To normalize the copy number added to the library pool, each of the 13 amplicon
libraries were diluted from 1:6 to 1:500 based on QuBit DNA quantification values. The library
pool was then further diluted ~2 fold to achieve the 0.3 molecule/bead target ratio for 454

sequencing. DNA amounts ranging from 0.5 pg- 1 ng resulted in an average of 261 combined
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reads ranging from 182-310 reads (Table 9). It was observed that the number of reads decreased
two-fold with samples amplified with 0.1 pg and 0.05pg of starting material relative to higher
concentration starting materials. It was also noted that stochastic effects of PCR were observed
with DNA starting amounts below 0.05 pg or ~50 mtDNA copies and the sequencing results were
not reliable due to the extremely low number reads observed, which were often unidirectional and
for only a single HV region (Table 9). Based on these results, the current assay was determined to
be sensitive down to 0.5 pg or ~500 copies. However, the limit of starting DNA amount of the
assay could be possibly lowered to 0.1 pg or 0.05 pg with the elimination of the dilution process
after the amplification of the low copy number samples along with increasing the amount of PCR

product added to emPCR for sequencing for those specific samples.

Table 9. Number of Reads Obtained for HVI/HVII Regions for Sensitivity Study

Number of Reads
DNA mtDNA Copy
Concentration Number HVII HVI Combined
1 ng ~1,000,000 172 299 471
500 pg 500,000 146 268 414
100 pg 100,000 183 258 441
50 pg 50,000 208 282 490
10 pg 10,000 144 235 379
5 pg 5,000 247 259 506
1 pg 1,000 186 182 368
0.5 pg 500 211 310 521
0.1 pg 100 56 111 167
0.05 pg 50 72 111 183
0.01 pg 10 5 5 10
0.005 pg 5 4 4 8
0.001 pg 1 3 10 13

2) Single Plex vs Multiplex
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A comparison study between single-plex PCR and duplex PCR was completed to ensure that
duplex amplification of samples does not affect the efficacy of each primer set. Amplification of a
target region may drop out when multiplex PCR design is used due to competition amongst
primers. A control DNA sample was amplified targeting HVI and HVII regions separately and
together to compare the results. 3% agarose gel stained with ethidium bromide confirmed that each
single plex primer only amplified target region and the duplex primer blend has amplified both
regions successfully. The 454 sequencing data shows that separate amplification and the
simultaneous amplification of HVI/HVII were comparable since a similar numbers of reads were
observed in single-plex PCR and duplex PCR. The number of reads for each hypervariable region
in single-plex PCR was approximately two fold higher relative to the number of HVI/HVII reads
amplified in the duplex PCR; the result was as expected since two times the number of HVI or
HVII copies were sequenced as equal copy numbers of the single-plex and duplex products were
added to the library pool. It was also noted that HVI region consistently had higher number of
reads compared to HVII region for this run, regardless of single-plex amplification or duplex
amplification (Table 10).

Table 10. Number of Reads Obtained for HVI and HVII Regions in Single Plex PCR vs

Duplex PCR.
K562
HVI/HVII Duplex
HVI Single Amplification HVII Single Amplication Amplification

Reverse Combined | Forward | Reverse Combined

Forward Reverse Combined | Forward

HVI | 175 339 514 0 0 0 198 93 291
HVII | 0 0 0 100 216 316 42 101 143
3) Population Studies

A 454 HVI/HVII sequence population database was generated by amplifying and sequencing 173

blood derived DNA samples previously collected from four population groups (45 of African
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American, 43 of Caucasian, 40 Hispanic, and 45 Japanese). A control DNA sample of K562 was
amplified with 100pg starting amount simultaneously with the population samples as positive
control, and TE-4 buffer was used as the negative control. Sanger sequencing results for the HVI
and HVII regions were available from a subset of these samples and were compared to the 454
sequencing results for concordance. A total of 119 HVI 454 sequences from 26 African American,
24 Caucasian, 27 Hispanic and 42 Japanese individuals and a total of 96 HVII 454 sequences from
21 African American, 21 Caucasian, 22 Hispanic, and 32 Japanese individuals were compared to

Sanger sequencing results for concordance.

454 sequences generated by the 454 HVI/HVII assay showed concordance with the Sanger
sequencing results at all base substitution positions (point mutations) when a 10% threshold was
applied to the data analyzed using the 454 Amplicon Variant Analyzer (AVA) software. A 10%
threshold was applied to account for the lower sensitivity of Sanger sequencing for minor base
detection (10-15%) compared to 454 sequencing (1-3%). Minor base differences were observed at
very low frequency below this 10% threshold with 454 sequencing. Data analysis is ongoing to

fully characterize the frequency and extent of these putative minor base mutations.

However, as anticipated, 454 pyro-sequencing errors were observed as insertion/deletions (in/del)
above the 10% threshold within the sequence surrounding the two homopolymer C stretches in the
HVI/HVII regions which resulted in sequence alignment errors using the AVA software. Typically,
these in/del sequencing errors were observed in only a single direction and/or were imbalanced.
Specifically, pyro-sequencing errors and/or length heteroplasmy in the HVI region spanning base
positions 16180 — 16195 (5’-AAAACCCCCTCCCCAT-3’) resulted in alignment issues using the

AVA software. Specifically, an A/C mutation at position 16183 and any C/T transition observed
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between base positions 16184 to 16193 of this region was reported as a combination of in/del of
A/C or C/T, with imbalanced frequencies between read directions. The SNPs in the homopolymer
region were detected, but were not reported correctly due to alignment issues from homopolymer

pyro-sequencing errors or potentially length heteroplasmy using the 454 AV A software.

Additionally, pyro-sequencing errors and/or length heteroplasmy within the homopolymer region
surrounding the C-stretch in the HVII region spanning positions 286 — 315 (5°-
AAAAAATTTCCACCAAACCCCCCCTCCCCC-3’) were observed. Specifically within this
region, an A deletion was reported at base position 291 and position 295 was reported as a mixture
of C/T followed by C deletion both with directionally imbalanced frequencies using 454 AVA
software. These observations can be partially explained as a sequence alignment issue for the
specific regions with homopolymers within the HVI/HVII sequences using the 454 sequencing
platform as it is established that pyro-sequencing has a high error rate in homopolymer regions

(Luo et al, 2012).

These sequence misalignment issues observed in the homopolymer stretches may potentially be
resolved with better sequence alignment tools. For example, directionally imbalanced base
differences can be filtered out as sequencing errors when certain filter thresholds are applied and
are not reported as mutations using the NextGENe software by Soft Genetics, LLC. (Figure 13).
This figure 13 shows an example of an A deletion at position 291 resulting from a pyro-sequencing
error observed in a subset of the reads with a higher frequency observed in the forward direction as
well as a C insertion in the poly-C stretch which were filtered out as sequencing error and not
called a base mutations. Similarly, the C insertions resulting from pyrosequencing error or length

heteroplasmy in the HVI homopolymer C stretch were aligned properly and were not called as
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mutations as they were filtered out as errors by the software; the C to T transition at position 16189
within the HVI homopolymer C stretch was properly aligned and the mutation was called using the

NextGENe software (See Figure 14).
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nment using NextGENe within the Homopolymer C Stretch
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4) Interlaboratory Validation and Concordance Study at California Department of Justice
Validation at the CA DOJ

The California Department of Justice Bashinski DNA Laboratory in Richmond is in the process of
validating the CHORI duplex HVI-HVII mitochondrial NGS assay on the Roche 454 GS Jr
instrument platform. Implementation of the assay was planned for the Missing Persons DNA
Program (MPDP), where it would first be used for the sequencing of reference samples, and
subsequently for both MPDP reference and evidence samples. It was also planned for the assay to
be used in the Casework DNA Analysis Program, where it would supplement current procedures
for obtaining DNA information from low-yield samples, particularly from hair-shaft extracts.
However, with the recently announced discontinuation of the 454 sequencing platform in 2016, the
planned implementation is currently under discussion. Currently, HVI-HVII sequencing at CA
DOJ laboratory is performed using the “standard” Sanger method. The move to NGS methods,

particularly the ability to pool samples for processing, is expected to provide significant gains in

sequencing efficiency and throughput.

To date, scientists at the CA DOJ have received NGS training both from Roche and from CHORI
staff, and are in the initial stages of the validation studies. The Roche training focused on the
basics of the 454 sequencing process, with hands-on training for emulsion PCR, bead enrichment,
sequencing set-up, and basic analysis procedures. The CHORI training included several days of
hands-on work that focused on library preparation procedures: (i) to quantify the DNA; (ii) to use
the CHORI duplex PCR to label the HVI-HVII sequences with 454 adaptors and also to uniquely
“barcode” each sample with index sequences; (iii) to quantify the library samples for pooling; and
(iv) to purify, quantify, and quality check the pooled library samples for subsequent emulsion PCR
and sequencing. In addition, the CHORI staff provided assistance with data analysis. Also,
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CHORI staff provided training to 10 CA DOJ criminalists over the course of eight days through
lecture and hands on laboratory training covering the entire 454 HVI/HVII amplicon library

preparation through 454 sequencing and data analysis.

5) Concordance and Reproducibility between Facilities

A subset of population samples (15African American, 16 Caucasian, 16 Hispanic, and 15
Japanese) from the above 454 HVI/HVII population database were used for the concordance and
reproducibility study as part of the validation studies. The pooled, purified, and quantified library
pool prepared and sequenced in CHORI laboratory was provided to California Department of
Justice Jan Bashinski DNA Laboratory (Cal DOJ) to be sequenced in their facility. Additionally,
the genomic DNA samples of the same library were also provided to the Cal DOJ to be prepared as
libraries and sequenced, following the same protocols for the optimized assay, in their facility by
the CalDOJ staff to confirm the reproducibility of the assay. The 454 sequence data was
concordant between the two laboratories and both 454 datasets were concordant with Sanger
sequencing results for the HVI and HVII regions outside of homopolymer stretch regions as

1dentified and discussed above.

Internal validation studies are on-going at the CA DOJ and will be guided by the FBI Quality
Assurance Guidelines to investigate contamination, sensitivity, mixtures, and reference and case-
type samples. Through these studies, the CA DOJ will continue to rely on expertise and training
from CHORI staff as they develop protocols for data analysis and reporting, and as they develop

new methods for sequencing challenging (e.g., degraded) samples.
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6) Mixture Studies

a) Mixture Sensitivity Study with 2 Contributors

We also conducted a mixture study to determine the sensitivity of the mtDNA HVI/HVII duplex
454 sequencing assay for detecting minor components in a mixture. Two DNA samples were
mixed together to give the following ratios based on mtDNA copy number determined by qPCR:
100:0, 99.5:0.5, 99:1, 95:5, 90:10, 75:25, 50:50, 25:75, 10:90, 5:95, 1:99, 0.5:99.5, 0:100. All
mixed base positions were identified and minor components down to the tested 0.5% were detected.
Sanger and 454 sequencing results for two of the mixed samples (10% and 1%) are shown in the
Figure 15 and table 11 below. As expected mixed base positions of the minor sequences at 10%
and 1% were not detectable by Sanger sequencing but were detected by 454 sequencing. The
minor sequence for the mixed base positions ranged from 0.96% - 2.03% for the 1% sample
mixture with an average of 1.01% for HVII and 1.47% for HVI. The minor sequence for the 10%
sample mixture ranged from 6.88%-8.42% at the mixed base positions with an average of 7.33%
and 7.62% for the HVII and HVI regions respectively. The 10% minor sequence was detected at a
~2.5% lower frequency than expected, but this slight difference may be contributed to error in
quantifying the mtDNA copy number or the initial mixing of the sample. These results also show
that the 454 fusion primers do not interfere with Sanger sequencing quality and that the products

can be sequenced by both methods.
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Figure 15. Mixture Study 10% and 1%: Sanger vs 454 Sequencing

Sanger Sequencing: Detection of minor sequence =15-20%
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In addition, a more extensive two person mixture study was conducted to determine the limit of
sensitivity for detection of minor sequences over a larger range of mixture ratios. Nuclear and
mtDNA copy number of two DNA samples (Corielle 110 and Corielle 073) were quantified using
a mt:nu qPCR assay (Timken et al.2005). Based on the mtDNA copy number estimation resulted
from the qPCR assay, the two samples were mixed at the following 19 different mixture ratios
(Table 11). The mixture samples were then amplified using the optimized 454 HVI/HVII PCR
assay and sequencing using the 454 GS Jr.
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Table 11. Mixture Ratio of Artificially Mixed Samples with 2 Contributors.

Corielle

110 Corielle 073
Mixture % | Mixture %
100 0
99.9 0.1
99.75 0.25
99.5 0.5
99 1
97.5 2.5
95 5

90 10
75 25
50 50
25 75

10 90

5 95
2.5 97.5
1 99
0.5 99.5
0.25 99.75
0.1 99.9
0 100

The minor and major sequences were detected with confidence using 454 NGS sequencing at all
mixed based positions for samples mixed at a 2.5% ratio and above. The observed frequency of
the minor base for each of the mixed based positions as well as the number of 454 reads are
presented for a subset of the mixture samples in Table 12 and illustrated in Figure 16 below. For

the 1% mixture ratio with COR 110 as the minor sequence, the minor base was detected for all
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mixed based positions except position 150 in the HVII region with a 370 read depth. For the 1%
mixture ratio with COR 073 as the minor sequence, it was observed that the minor bases at all
mixed base positions were not detected in HVII but were observed in HVI. However, 274 reads
were obtained for the HVII region compared to 516 reads for HVI region for this sample, and
therefore a mixture with lower than 1% contributor would not likely be resolved with such low
read coverage. It is expected that even lower than 1% minor base can be resolved by increasing the
number of reads. To reliably detect the minor sequence in a 1% mixture, greater than 1000 read
coverage would be ideal. An approximately 20-40% difference from the expected mixture ratio
was observed in each experimental mixture sample, with the number of reads for one sample in the
mixture (COR 110) consistently being under represented (Figure 16). Based on these results, the
mt:nu qPCR most likely over estimated the mtDNA copy number of COR 110 and thus the actual

mixture ratio could have been skewed from the expected mixture ratio.
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Table 12. Frequency of Minor Base in 25%-1% Mixture Samples with a) Corielle 110 as the
Minor Contributor and b) Corielle 073 as the Minor Contributor.

HVII HVI
Observed Minor

|[Observed Frequency of Minor Base (%) Base Freq (%)
Base
Position [94 150 (152 189 194 [200 [|228 16093]16327|16362
COR 73 # o #  of
SequencelG T C G C G G ReadJT T T Reads
25%
CORO073 [35.97 [35.97 [35.97 [35.97 35.97 [35.97 |35.97 [303 [28.47|28.28 [29.48 |583
10%
CORO073 [15.87 [15.87 [15.87 [16.35 |16.35 |16.35 |15.87 [416 [7.69 [7.81 [9.7 [845
5%
CORO0738.82 [8.82 [8.82 [8.82 [8.82 |[8.82 [8.82 [238 [7.54 [7.54 [7.35 |517
2.5%
COR073 4.04 [4.04 K.04 [4.04 K.04 [4.04 K404 [223 [3.31 [3.31 [3.93 484
1 %
CORO073 |0 0 0 0 0 0 0 [274 [0.97 [0.97 |1.74 [516
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Figure 16. Frequency of Minor Contributor Detected per Base Position.
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Figure 16. Frequency of Minor Contributor Detected per Base Position. Red dashed line
indicates expected frequency.
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b) Complex Mixture Study

We conducted more extensive mixture studies to test the 454 HVI/HVII assay’s capability to detect
multiple sequences in a sample during this reporting period by studying mixture samples composed
of 3, 4, and 5 contributors with varying compositions. Individuals from different population groups
(Caucasian, African American, and Hispanic) were selected to prepare the mixture samples. Four
samples of each mixture (3 individuals, 4 individuals, and 5 individuals) were formulated at
different ratios prior to HVI/HVII amplification. The HVI/HVII amplicon libraries of the complex
mixture samples were prepared using the final validated assay and sequenced using 454 GS Jr.
Preliminary results show that multiple sequence haplotypes were observed for each of the complex
mixture samples. NGS sequence alignment and sequence analysis is currently underway to fully
characterize all the observed sequence haplotypes. Preliminary evidence of jumping PCR was
observed in each of the complex mixtures as chimeric sequences were present at low levels. A
table summarizing the preliminary sequence results including the expected and observed frequency
of each contributor sequence as well as jumping PCR artifacts for a three person mixture is

presented below (see Table 13).

Table 13. Complex Mixture Composed of Three Contributors and Frequencies of
Individual Sequences Detected Using 454 Sequencing.

Sequence

Contributor Expected% [Observed% 73 93 150 189 195 263
Contributor 1 67.8 499 A G C A T G
Contributor 2 21.7 36.3 G A C C C G
Contributor 3 10.5 7.5 G A T A C G
Contributor 2/1 - 2 G A C A T G
Contributor 1/2 - 1.7 A G C C C G
Contributor 1/3 - 0.9 A G T A C G
Contributor 1/2 - 0.9 A A C C C G
Contributor1/3 - 0.4 A G T A C G 71
Contributor 2/1 - 0.4 G G C A T G
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7) Jumping PCR Studies

Jumping PCR, a phenomenon where partially amplified single strand of DNA act as a primer to
generate an amplicon with chimeric sequences (Paabo et al. 1989), can occur during PCR typically
during late PCR cycles when the number of DNA copies is very high. This event may be
problematic for the forensic application of the assay if not properly recognized and considered for
the analysis, especially with mixed samples, as this may lead to ambiguous results if observed at a
high frequency. In order to explore the effect of jumping PCR of mtDNA HVI/HVII duplex 454
sequencing assay, 100 pg of a 50:50 mixture of two DNA samples, Corielle 037 and Corielle 110,
were amplified at varying cycle numbers: 34 cycles, 32 cycles, 30 cycles, 26 cycles, and 24 cycles.
Each amplification included a negative control with TE-4 buffer. Higher number of amplification
cycles resulted in an increase in number and frequency of chimeric sequences resulting from
jumping PCR. The 50:50 mixed sample amplified with 34 cycles resulted in 10 different chimeric
sequences with the total frequency of 15.41%. At 24 cycles, one chimeric sequence was detected
with frequency of 0.62% (Table 13). A secondary sensitivity study was conducted using 24
amplification cycles. As expected, results based on the agarose gel electrophoresis show that a
much higher starting DNA amount (~500 pg) would be required with 24 amplification cycles,
which may be too high for forensic applications. However, lowering the cycle number to 30 or 28
cycles from 34 also significantly lowered the frequency and number of jumping PCR events and
could be considered if DNA amounts allow for repeat amplification when mixtures are
encountered. Additionally, further improvements to NGS software are being explored to aid with

mixture analysis, including adding filters to flag or remove jumping PCR chimeras.
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Table 13.

A. 24 Cycles
Base Position
Frequency 73189 193 |94 | 146|150 | 152 | 182 | 194 | 195 | 198 | 228 | 263 | 266 | 325
54.18 A G C G G T T T G G T
45.2 B G T A A C C C A G C
0.62 ABIG T A A T c T C€C T T C€C A G T
B. 34 Cycles
Base Position

Frequency 73189 193 |94 | 146|150 | 152 | 182 | 194 | 195 | 198 | 228 | 263 | 266 | 325
47.21 A ¢ ¢ 6 6 ¢ T € T C€C C T G G C T
37.41 B G T A A T c T C T T € A G T C
1.56 AB|G C G G T c 1 € T T C€C A G T C
1.34 ABIG C G G C T C€C T C€C C€C T G G C C
0.9 ABIG C G G C T C€C T C€C C€C T A G T C
0.45 ABIG C G G C T C€C T C C€C T A G T T
1.56 ABIGT A A C T C€C T C€C C€C T G G C T
0.45 ABIGT A A C T C€C T C€C C€C T G G T C
0.9 AB|IG T A A T c r 1T C C T G G C T
0.45 ABIG T A A T c 1T Cc T T T G G C T
5.57 AB|IG T A A T c 1T C T T € A G T T
2.23 ABIG T A A T c T C T T € A G C T

Table 13. Jumping PCR Effect in A.) 24 Cycle Amplification and B.) 34 Cycle Amplification.

8) Heteroplasmy Studies

To determine the detection limits of the 454 HVI/HVII assay for detection of heteroplasmy, we
sequenced a subset of buccal, blood and hair samples (23 samples) from twins previously
identified as heteroplasmic in at least one tissue (REF). Sanger sequencing and 454 sequencing

results from a buccal sample which was heteroplasmic at position 16093 are shown in the Figure
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17 below. For this sample, ~65% of the sequences showed a C at position 16093 in the forward
direction and ~70% in the reverse direction or a combined average of ~67.8% corresponding to the
C >T at this position in the Sanger sequencing electropherogram. The 454 NGS sequencing
method provides a digital readout and is more quantitative than Sanger sequencing.

Figure 17.

1608 C/T

5751B1_F15975-93
i T C

% Variant Sequence by 454 Sequencing

Forward Reverse Total
16093C 65.62% 70.25% 67.80%

We also sequenced using 454 a subset of samples from the heteroplasmic twins where
heteroplasmy was not detected by probe analysis or Sanger sequencing. Since the 454
sequencing method uses clonal amplification and sequencing of each individual molecule, this
method of sequencing is expected to be more sensitive for detecting minor components in a
mixture or rare sequence mutations. The sensitivity is dependent on the read depth; the greater the
read depth, the greater chance at detecting minor components. In Figure 18 (A-C) below,
heteroplasmy was detected by 454 sequencing but not by Sanger sequencing or by probe analysis
in the blood sample and in two hairs above 1%. In panel A and B, heteroplasmy was not detected

in the blood sample of dizygotic (DZ) twin two but was detected at ~2% level by 454 sequencing.
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In addition, heteroplasmy was not detected in three of the five hairs by probe analysis but was

detected at very low levels in two of the three hairs (3.5% and 1.5%) in both directions and in one

hair in the forward direction (0.7%). Heteroplasmy in hair three could not be confirmed as

sequences corresponding to a 16093C were only obtained in the forward direction.

Figure 18.

A. B.
Sanger Sequence
Linear Arrays 16093 Base
iu_nmn)c E 16093
T<C
Bu1 C
BI1
Bu2 . v T<C
BI2 ‘
i C

454 Sequence
# Reads %16093C

1382 67.8%

1300 95.3%

598 88.3%

1798 98.2%
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DZTwin2 Forward Reverse |Combined
Hair (#1) 96.76 96.9 96.83
Hair (#2) - - -
Hair (#3) 0.76 0 0.38
Hair (#4) - - -
Hair (#5) 99.11 97.98 98.545
Buccal 86.51 90.14 88.325
Blood 98.04 98.43 98.235

TC
16093

As previously observed with Linear Array and Sanger sequencing analysis, the frequency

of heteroplasmy differed across tissues. Figure 19 and 20 below shows varying levels of

heteroplasmy detected at position 189 differing between twin sibs as well as tissues. In MZ

twin 1 Hair 3 only an A was detected at position 189 while in MZ twin 2 Hair 4 primarily G

was detected (99.7%). The 454 NGS assay provides a digital readout of the number of

reads and the percent heteroplasmy at each position can be determined whereas Sanger

sequencing is not quantitative. The 454 NGS method is also more sensitive for detecting

heteroplasmy or mixtures because of the clonal nature of the amplification.
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Figure 19.
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To further determine the sensitivity of the HVI/HVII 454 assay for detection of low level

heteroplasmy, the study was expanded to include a blood, buccal, and 5 hair samples from
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5 twin pairs previously shown to exhibit heteroplasmy at the 16093 position. The total
number of reads as well as the percentage of the C base at position 16093 for the samples
completed to date is presented in Table 4 below. As previously observed with Linear Array
and Sanger sequencing analysis, the frequency of heteroplasmy differed across tissues.
However, using the 454 NGS method which is more quantitative and sensitive,
heteroplasmy was detected in samples not previously observed using the less sensitive
methods. Heteroplasmy was generally not detected below 10% for the other methods while
it was detected as low as ~1% using the 454 method. Also, since the 454 NGS technology
allows for ‘counting’ of reads and a digital read out of the proportion of sequence bases at a
position, differences between the level of the minor base sequences at a position are now
detectable. The level of heteroplasmy was significantly lower in blood compared to buccal
samples and was highly variable in hair samples. Figure 10 is shown below to further

illustrate the differences in the level of heteroplasmy across tissues within two twin pairs.
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Table 14. Frequency of Major Base at Position 16093 Across Different Tissues in Twins

Total #

Tissue Type reads %C

Twin Pair 1 Twin A Hair1 668 991
Hair 2 710 54

Hair3 564 084

Hair4 328 585

Hair 5 591 838

Buccal 770 96.5

TwinB Hair1 341 522
Hair 2 620 844

Hair3 401 648

Hair4 483 149

Hair5 550 996

Buccal 587 823

Twin Pair 2 Twin A Hair1 284 468
Hair 2 862 087

Hair3 637 546

Hair4 2711 378

Hair 5 484 41

Blood 442 08 2

Buccal 66 62.7

TwinB Hair1 573 76.6
Hair 2 6161 304

Hair3 1296 59

Hair4 644 866

Hair5 594 9386

Twin Pair 4 Twin A Hair1 496 339
Hair 2 830 871

Hair3 532 555

Hair4 734 924

Hair5 691 547

Blood 668 993

Buccal 880 90.3

TwinB Hair1 622 578
Hair 2 841 12.0

Hair3 1084 96.7

Hair4 916 627

Hair 5 485 351

Blood 710 88 .9

Buccal 759 92

Twin Pair § Twin A Hair1 590 795
Hair 2 440 100.0

Hair3 726 897

Hair4 317 1.3
Hair 5 138 100.0

Blood 991 973

Buccal 952 94

TwinB Hair1 831 819
Hair 2 831 8951

Hair3 647 692

Hair4 967 339

Hair 5 767 428

Blood 932 96 4

Buccal 1105 93
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Figure 21. Frequency of Major Base on Position 16093 Across Different Tissues in

Two Monozygotic Twin Pairs.
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2. Design, Methods, and Results of Probe Capture and 454 Sequencing Assay for Whole
Mitochondrial Genome Sequencing

We initially proposed to extend this PCR based assay to include the rest of the non-coding control
region (2 PCR targets) and 10-15 100- 350 bp coding regions representing ~20% of the mtDNA
genome. While this multiplex PCR method for enriching mtDNA would likely be successful,
recently probe based enrichment methods for capture and sequencing the entire mtDNA genome
have drastically decreased in price making this a feasible alternative. Probe capture for enriching
for mtDNA would allow for full mtDNA sequencing as well as the potential for capture of
degraded DNA. As the probe capture method could allow for capture and sequencing of the entire
mtDNA genome, we explored this as an alternative to amplifying select regions of the mtDNA
genome described previously as part of our aim to developing a mtDNA ‘front end’ assay. Several
probe capture methods were explored and the solution-phase Nimblegen SeqCap EZ platform was
chosen due to their extensive tiling design (Figure 22) and ability to efficiently synthesize hundreds
of thousands of unique probes for a specific target sequence of interest. The probe design strategy

and optimization of the probe capture system are described below.

i) Design: Sequence Probe Capture Design

The Nimblegen SeqCap EZ Library capture probes are typically designed by NimbleGen using
proprietary software targeting a given reference DNA sequence provided by the user. Nimblegen
employs a tiling approach to probe design which results in a high redundancy of unique probes for
enrichment of the target sequence of interest which increases capture efficiency compared to
alternate methods which use a simple probe design strategy with non-overlapping probes (Figure
22). In general, each probe is allowed to vary between 50-100bp in size, while keeping the GC
content and melting temperature similar for all probes. To prevent capture of off target DNA, the

probes are constrained to the amount of homology to the h19 Human nuclear reference sequence
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using the standard parameters of their proprietary algorithm. The probe design process is
proprietary to Roche Nimblegen, however, we were able to work closely with Nimblegen to help

guide the design of our probes. The parameters specific to our designs are described below.

Figure 22. Nimblegen Tiling Design

A Simple Tiling Design

B NimbleGen Sequence Capture Design

'a ;‘n“?—w"?‘ |

Figure 22. Nimblegen Tiling Design of Capture Probes. A) A simple tiling design of probes
with single overlaps. B) The Nimblegen design for extensive tiling of probes over the target
region. Figure courtesy of Roche Nimblegen.

For each of our probe designs, a majority mtDNA consensus was used as our reference sequence.
A majority mtDNA consensus sequence was used rather than simply the revised Cambridge
Reference Sequence (rCRS)’’, since the rCRS has several minority frequency mutations at several
base positions. The majority base consensus reference sequence was constructed using the
majority base frequency from the over 2000 sequences from a global mtDB-Human Mitochondrial
Genome population Database'.  In addition to a single majority base consensus reference
sequence, we considered using multiple mtDNA reference sequences targeting the most common
sequence haplotypes to ensure capture of samples with multiple sequence differences compared to
the reference sequence. The Nimblegen hybridization conditions allow for capture of target

sequences differing at up to five base positions from the ~75 base probe. To determine the density
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and distribution of polymorphisms within the mitochondrial genome, the global mtDB-Human
Mitochondrial Genome Database was surveyed to determine if multiple references sequences
would be necessary (Figure 23). While a high density of polymorphism is found in the
mitochondrial genome, particularly in the non-coding region, it was determined that sequence
haplotypes typically did not differ from the majority reference sequence by more than five bases
within a 75 base region. Further, due to the high redundancy tiling approach used by Nimblegen
for probe design, it was predicted that most if not all sequence haplotypes would be captured using

the single majority mtDNA consensus sequence as the reference.

Figure 23. Frequency of Most Abundant Polymorphism at Each Position in the
Mitochondrial Genome
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Figure 23. Frequency of Most Abundant Polymorphism at Each Position in the

Mitochondrial Genome. Frequencies are from mtDB database.

The first probe design was created using the standard settings determined by Nimblegen, and is
shown in Panel A of Figure 24 below. Nimblegen uses a proprietary algorithm to design probes
for your target region including removing probes with homology to other regions of the genome
using the h19 human reference genome. Design one covers 97% of the mitochondrial genome
(green) with 14 different regions did not have unique probes producing gaps (noted as white gaps
Figure 24 panel A). Due to the length of the probes Nimblegen assumes regions within 100bp
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from the ends of unique probes will still be captured, giving us a theoretical 100% probe coverage.
However, we were concerned that it did not take into consideration any of the unique features of
the mitochondrial genome, in particular its circular structure as well as nuclear pseudogenes.
Nuclear pseudogenes are portions of the mitochondrial genome which have been copied into the
nuclear genome. Subsequent designs took into account these unique features of the mitochondrial

genome.

For the second design, we reduced the tiling distance between probes in an attempt increase the
coverage of the mitochondrial genome with unique probes. Also, 50bps from the beginning of the
consensus sequence were added to the end of the sequence in order to replicate the circular nature
of the mitochondrial genome. The distribution of unique probes for design 2 is shown in Figure 24
Panel B below and has unique probes covering ~98.9% (green) of the mitochondrial genome.
There were 183bps (1.1%) over seven regions with no unique probes (white gaps). Design 3 used
a similar selection algorithm as for design 2 probe but used an algorithm to rebalance the probes in
order to gain more coverage over the gaps. The rebalanced design is shown in Figure 24 Panel C.
This design covered 99.8% of the mitochondrial genome and only 34bps (0.2%) were uncovered
by unique probes. However, the overall number of unique probes across the mitochondrial genome
was greatly decreased using the rebalancing algorithm and thus this design was rejected. The
fourth and last design included adding a 100bp from the beginning of the consensus sequence to
the end of the reference sequence to ensure full length probes to span the ends of our consensus
sequence. We also slightly reduced the stringency of the allowable homology of the probes to the
nuclear genome to increase coverage. To prevent capture of off target DNA, the probes are
typically constrained to a set percent shared homology to the h19 Human nuclear reference

sequence. For design 4, we took into consideration mtDNA nuclear pseudogenes by restricting the
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homology of our probes to the nuclear genome to ten sites or less (changed from the standard
shared homology constraints). This final design directly targeted 99.999% of the mitochondrial
genome with only two small gaps at positions 2,506-2,513 (7bp) and 2,962-2,972 (10bp) (Figure
24 Panel D). This design 4 was selected as the final probe design and was used to produce the

Nimblegen SeqCap Ez Library capture probes used for testing.
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Figure 24. Mitochondrial Capture Probe Design Iterations
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Figure 24. Unique Probe Maps Across a Consensus Mitochondrial Sequence. The probe graph
shows the portions of the mitochondrial genome which are directly covered by unique probes in
green and the gaps represent regions without any probes. Graphs provided by Roche Nimblegen.
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ii. Methods
a. Methods Optimization

1) Rapid library Prep Optimization

Optimization of several of the steps in both the 454 sequencing and Nimblegen capture methods
was necessary for the application to mitochondrial DNA. An overview of the methods is provided
in the figure 25 below and a description of the optimization follows.

Figure 25.
Mitochondrial DNA Capture Method

1 - Rapid Library DNA Preparation:
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2) Fragmentation Optimization

First, fragmentation of total genomic DNA to make 454 libraries was investigated by four different
methods; mechanical shearing using sonication via a waterbath sonicator, nebulization, enzymatic
digestion, and mechanical shearing using Covaris. The first fragmentation method we tested was
sonication using a water bath sonicator to physically shear the DNA at varied time points to
determine the optimum conditions to produce 454 libraries. This method was the least consistent

method. Although we controlled the temperature to less than 25°C, and reduced the number of
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tubes within the sonicator to one at a time, we were not able to consistently produce fragmented
DNA in the size range needed. We also tested nebulization for fragmentation which is the protocol
recommended by the manufacturer. Nebulization also physically shears DNA by using nitrogen to
aerosolize the DNA and force it through a small hole in a nebulizer to produce fragmented DNA.
Following the 454 manufactured protocol, we were also able to produce fragmented DNA in the
correct range for 454 libraries. However, since nebulization results in aerosolized DNA, this

method was not a favorable option for forensic DNA samples.

3) Optimization of Conditions for DNA Fragmentation using Fragmentase

We also tested enzymatic digestion using the enzyme blend Fragmentase from New England
Biolabs for DNA fragmentation. Fragmentase is a blend of two enzymes, one which makes
random nicks in double stranded DNA, and the other which recognizes the breaks and cuts the
second strand of DNA. The enzyme concentration and length of digestion was optimized to
produce fragmented DNA in the size range of 500-1000bp which is recommended for 454
libraries. The protocol recommended by the manufacturer suggests a 15 minute incubation with a
final fragmentase enzyme concentration of 0.025ug/ul for lug of DNA for DNA fragmentation
between the recommended 454 fragment target size range of 600-800bp. As the end fragmentation
size is dependent on the initial DNA concentration as well as enzyme concentration and incubation
time, conditions using a final fragmentase enzyme concentration of 0.025ug/ul and 0.05ug/ul over
a range of incubation times (10, 15, 30 and 60 minutes) for 500 ng of DNA (high DNA amount
required for visualization on gel) were tested to determine the optimal enzyme concentration and
incubation time for lower starting DNA amounts. Both final enzyme concentrations gave similar
results across all incubation times, therefore the recommended 0.025ug/ul was selected for the final

enzyme concentration. Incubation times below 30 minutes resulted in DNA fragment sizes above
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1.5 kb and the 60 minute incubation resulted in fragments between 100-400 bp, while 30 minutes
resulted in fragments between 100-800 bp which was within the 454 target size range. Based on
these results, a final fragmentase enzyme concentration of 0.025ug/ul was tested over a range of
incubation times (25, 30 and 35 minutes) for lower DNA inputs (100 ng, 1 ng, 100 pg) which were
then amplified for 28 cycles and visualized by gel electrophoresis. Incubation for 30 minutes
resulted in DNA fragments ranging from 100-800 bp with an ~500 bp average fragment size. The
final fragmentase protocol is provided in Table X below and was used for DNA fragmentation for
the initial proof of concept experiments.

Table 15. Final Fragmentase Protocol

Reaction Components: Volume (ul)
DNA (500ng-100pg) X

TE (14-X)

10X Fragmentase

Reaction Buffer 2

10X BSA 2

dsDNA Fragmentase 2

Final Volume 20

Table 15. Final Fragmentase Protocol for DNA Inputs Down to 100pg. The final fragmentase
reaction requires an incubation time of 30 minutes at 37C to shear the DNA to a fragment size of
500-800bp, recommended for 454 libraries. The reaction is stopped by addition of 5ul of 0.5M
EDTA. The final fragmentase protocol is integrated in the final capture protocol found in
Appendix A.

4) Optimization of Conditions for DNA Fragmentation using Covaris

While enzymatic fragmentation following the optimized protocol was successful in shearing DNA
from pristine samples to the desired 454 recommended size range, the optimal enzyme
concentration and length of digestion required for fragmentation to the appropriate size range was
found to be dependent on the DNA quality as well as quantity, thus not practical for forensic

applications. For this reason, we also explored alternate mechanical shearing methods for
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fragmentation. For a library preparation protocol to be effective it needs to result in a standard
degree of fragmentation regardless of initial sample quality and concentration. Forensic samples
are often degraded and the ideal technology would cut larger fragments while leaving smaller
fragments intact. This would decrease sample loss from over fragmenting. Mechanical shearing
consists of breaking DNA by means of cavitation bubbles. These bubbles are created by
wavelengths traveling through water. DNA wraps itself around the expanding bubble until the
bubble implodes breaking the DNA. Adjusting the frequency of the wavelength changes the size
of the cavitation bubble and in turn the length of DNA that can wrap around it. Covaris uses
Adaptive Focused Acoustic (AFA) technology to focus high-energy wavelengths into a very small
area inside a sample tube resulting in a very tight and more reproducible distribution of DNA size.
Other shearing mechanisms work by creating cavitation bubbles throughout a water bath and are

DNA concentration dependent.

The Covaris technology was chosen because it claimed to be concentration and quality
independent because of its mechanism of DNA shearing. There is a much higher energy
requirement to break smaller fragments when using cavitation bubbles and thus
significantly more time is needed to shear short DNA fragments. Therefore, we developed
and optimized a protocol for the DNA fragmentation step of the library preparation using
mechanical shearing using the Covaris ultra sonicator. When DNA reaches ~200 bp, the
treatment time needed to cut that fragment increases by more than 10 orders of magnitude.
Because of the properties of mechanical shearing, this method was predicted to work well

for degraded samples by cutting the large fragments while leaving the small ones intact.
Covaris® is unique because it uses Adaptive Focusing Acoustics (AFA), which can target
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the ultrasonic waves into a focal point that is no bigger than a grain of rice and is centered

inside the sample tube. The highly focused energy creates heat, and for that reason,

Covaris® makes glass tubes that dissipate heat. Covaris® use of AFA technology is
responsible for its accuracy and reproducibility.

Figure 26

Focal Zone

Water Bath

b)

Figure 26. Covaris® Adaptive Focusing Acoustics Technology: a) AFA technology uses
ultrasonic acoustic energy that travels through water to form cavitation bubble b) The
cavitation bubbles form inside the sample tube shear DNA using the inward energy (red

arrows) as they implode. Images from Covaris®

There are four parameters that can be changed to manipulate the fragment size of DNA: Cycles
per Burst, Duty Factor, Peak Incident Power, and treatment time. Cycles per burst are the amount
of wave cycles in each burst. Duty factor is a percentage of the total treatment time that is actively

releasing energy. Peak incident power is the energy in watts being released by the transducer.
Treatment time is the process total time in seconds. Covaris® protocols for different sample

volumes and fragment size depend on changes in these four parameters (Covaris® Protocol).
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Covaris® has two protocols for the same DNA size fragments depending on the sample volume.
Table 16 compares the two set protocols for 50 and 130 pl. The protocols differ in peak incident
power and treatment time. To fragment a sample in a 50 pl volume, a higher energy is used for a
shorter period of time. In contrast, to fragment a DNA sample in a 130 pl volume employs a lower

energy and a longer treatment time. The difference in protocols is due to the sample tube.

MicroTUBES manufactured by Covaris® hold 130 pl but are used for both the 50 and 130 pl
treatments. When the 50 pl protocol is used, droplets will separate from the sample and may not
receive treatment. If droplets form, part of the sample will not receive treatment, resulting in
reduced reproducibility. To reduce reproducibility inconsistencies, the protocol used on 50 pl
reactions is shorter and stronger. For increased reproducibility, the manufacturer recommended to
use the 130 pl protocol if possible. However, because forensic samples are often limited and the
subsequent steps in library preparation require small volumes, a 50 pl sample volume is preferred.

To test reproducibility of the two sample volumes, Four 50 pl and four 130 pl samples were

prepared to contain 200 ng and then sheared in the $220 Covaris® machine using the 500 bp

protocol for each volume size (see Table 16).

Table 16 — Covaris® parameters for shearing DNA to 500bp in 50 pl sample volume
and in 130 pl sample volume.

500 bp Target 500 bp Target
130 pl Sample 50 pl Sample
Peak Incident Power (W) 105 175
Duty Factor 5% 5%

Cycles per Burst 200 200

Treatment time (S) 80 35

After treatment, the samples were analyzed on a 1% agarose gel alongside the intact DNA and a

100 bp ladder for size reference (see Figure 27). The size range of DNA was 100-1,200 bp with
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similar distribution between samples for both sample volumes. There was also no observable
difference in size distribution within replicates at each sample volume. The results of this
experiment suggest that the 50 pl sample volume is as reproducible as the 130 pl samples. A
larger study would be needed to establish the true variability; however, based on these results, we
adopted 50 pl as the preferred sample processing volume.

Figure 27.

100bp Intact 50ul Sample (200 A 100bp

Ladder DNA Volume * Ladder

Figure 27 Comparing Covaris® sample volumes. DNA to a total of 200ng in 50 and 130
ul volumes, is sheared to 500 bp using Covaris. The gel loading dye runs at 500 bp, casting
a shadow or artifact in the section of interest.

Additionally, a protocol was optimized for a targeted 700 bp fragment size which is optimal for

the 454 GS to maximize read length. Using both 500 and 1000 bp as guidelines, two 700 bp

protocols were designed. Table 17 shows the Covaris® protocols for 500 and 1000 bp compared
to the designed 700 bp protocol parameters. Both 700 bp protocols were tested by shearing 200
ng of intact control DNA. The samples were sheared in duplicate and then analyzed on a gel to
visualize the results. The protocol that was adapted from 1000 bp (700 bp Protocol #1) had a
longer exposure time of 55 seconds to shear the DNA more, while keeping all other parameters
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constant. The protocol adapted from 500 bp (700 bp Protocol #2) had a shorter treatment time
cutting DNA less than 500 bp, while also keeping all other parameters equal. When the Duty
Factor is higher there is more active treatment time during the protocol and therefore the total
amount of time needed to cut DNA is shorter. In general, a short treatment time leads to
inconsistent results. Figure 28 shows both protocols resulted in similar size distributions. Protocol

#1 was adopted due to its longer treatment time.

Table 17. Covaris® shearing parameters to target 1000 bp and 500 bp fragments, as
well as the two adapted protocols to target 700 bp fragments.

1000 bp 500 bp 700 bp 700 bp
(Covaris® | (Covaris® | Protocol #1 Protocol #2

Protocol) | Protocol) | (Adapted (Adapted
from 1000 from 500 bp
bp protocol) protocol)

Peak Incident Power 175 175 175 175

Duty Factor 2% 5% 2% 5%
Cycles per Burst 200 200 200 200
Treatment Time (s) 45 35 55 25
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Figure 28
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Figure 28— Covaris® fragmentation targeting 700 bp fragments using protocols adapted
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from the manufacturer’s 1000 bp and 500 bp parameters. See Table 1 for parameters. Run

on a 1.2% Lonza Flash Gel.

a) Covaris Degraded DNA

A series of experiments were conducted on a Covaris S220 to assess if this mechanical shearing
technique was independent of starting DNA fragment size. To test DNA quality independence,
DNA was naturally or artificially degraded to different levels ranging from 20kb to 500 bp.
DNA was naturally degraded to ~20 kb by incubating blood at room temperature for one month.

To obtain other levels of degradation, we artificially degraded DNA wusing enzymatic
fragmentation and the Covaris® technology. To obtain the large size range of samples, DNA
was sheared with the Covaris® technology to 20 kb using a special centrifuge tube shaped like

an hourglass containing a very small ruby between the two compartments and centripetal force

and to 5kb and 3kb using the Covaris cavitation bubble technology. In order to test the
Covaris® technology on highly fragmented DNA samples, control DNA was artificially

degraded to 1.25 kb to 500 bp with Fragmentase® for 10, 20, 30, 40 minutes. Following

natural or artificial degradation, the samples were then all sheared using the manufacturer’s
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recommended protocol targeting 500 bp. Results were compared on both a 1% Agarose gel and
a 1.2% Lonza Flash Gel. Results show that regardless of the initial level of degradation, the
fragment size distribution was similar after subsequent shearing using the Covaris without loss
of smaller fragments (See Figure 29 and 30). These preliminary results show proof-of-principle
that a single set of parameters can be used with the Covaris AFA technology for shearing DNA

with various levels of degradation without leading to loss of smaller fragments.

Figure 29.
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Figure 29 Various levels of DNA degradation before and after Covaris® fragmentation
targeting 500 bp fragments, demonstrating uniform fragmentation independent of initial

DNA quality. To analyze the DNA, it was run on a 1% Agarose gel.
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Table 18 Fragment size distribution range for samples treated with 500 bp
Covaris® shearing.

1 Month RT + 20 kb + 5 kb + Covaris® 3 kb +

Covaris® Covaris® Covaris®
Size 100-2,000 bp 100-2,000 bp 100-2,000 bp 100-2,000 bp
Distribution

Figure 30.
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Figure 30. Highly Degraded DNA before and after Covaris® fragmentation targeting 500

bp fragments, demonstrating no DNA loss secondary to over---fragmentation. Run on a
1.2% Flash Gel.

Table 19 Fragment size distribution range for samples treated with 500 bp Covaris®
shearing.

10 min 20 min 30 min 40 min
Fragmentase + Fragmentase + | Fragmentase + Fragmentase
+ Covaris®

Covaris® Covaris® Covaris®

Size 250-800bp 250-800bp 250-500bp 200-500 bp
Distribution
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5) Pre and Post Capture PCR Optimization

We also optimized the pre-capture PCR step of the rapid library preparation. Due to our much
lower starting amounts of DNA (Ing-100ng), we increased the number of PCR cycles to 28 from
11 recommended by the manufacturer to obtain a minimum of lug of PCR product prior to the

capture, per manufacturer specifications.

In addition, the Post-capture PCR was optimized by decreasing the PCR primer concentration.
The manufacturer recommended 4 uM of primer for 1 ug of DNA. However, a much lower
DNA sample amount is typically encountered in forensic samples (<l ng). Using the
recommended PCR protocol with a primer concentration of 4 uM with lower amounts of input
DNA resulted in increased primer dimer with decreasing sample DNA amounts due to the
excess primer amounts. As shown in Figure 31, the amount of primer dimer increased

approximate eight fold when amplifying the 1 ng sample compared to 100 ng of sample DNA.
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Figure 31.
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Figure 31 Primer dimer and amplification product peaks for 100 and 1 ng
amplification under manufacturer recommended primer concentration are observed
and compared in both flowgram and bar graph form. The first and last peaks are size
standards (SS), PD peak is the primer dimer and AP is the amplification primer peak.
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Sample libraries were analyzed on an Agilent Bioanalyzer 12000 Chip.

To decrease generation of primer dimer and improve product yields, the PCR primer
concentration was reduced. A range of primer concentrations (1, 0.5 and 0.25 pM) was
tested to determine the optimal primer concentration with DNA amounts within the range
of forensic samples (1 ng). A primer concentration of 1 uM resulted in decreased primer

dimer without compromising PCR product yields (Figure 32 below).

Peak Sample Size[bp] Conc.[ng/ul]

Primer Dimer 12.71

2.80

[bp]

When 4 uM of primer was used, a 12.71 ng/ul primer dimer concentration was observed (Figure

32). Reducing the primer to 1 uM significantly decreased primer dimer to 0.89 ng/ul. Primer

dimer is further reduced as primer concentration is decreased to 0.5 and 0.25 uM. However,

amplification efficiency is reduced as the primer concentration decreases to 0.5 and 0.25 pM; the

lower primer concentration appears to be rate limiting resulting in lower product yields with an

observed DNA concentration decline from 11.31 ng/ul with 1uM, to 9.92 ng/pl with 0.5 pM and
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4.40 ng/pul with 0.25 uM primer. Based on these results, the optimal primer concentration for

lower starting input DNA amplification was determined to be 1 pM.

Figure 32.
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Figure 32 Primer Concentration experiment using 1 pM, 0.5 pM, 0.25 pM of
primer on 1 ng of initial sample DNA represented in both flow gram and bar graph
form. The flow gram’s first and last peaks are size standards (SS), PD peak is the primer
dimer and AP is the amplification primer peak. Samples were visualized with an Agilent
Bioanalyzer 12,000 chip.
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b. Final Optimized Methods for Whole Mitochondrial Genome Library Preparation, Sequence

Capture and 454 NGS Sequencing

The whole mitochondrial capture and NGS assay is composed of three main steps: library
preparation, capture, and sequencing. The final optimized methods used to show proof of
concept of the whole mitochondrial genome sequence capture and 454 NGS sequencing are
briefly described below.

1) Rapid Library Preparation

DNA samples were prepared for capture and sequencing following a modified rapid DNA
library preparation method following the 454 manufacturer’s protocol. An overview of the
library preparation method is provided in the schematic in Figure 33 below. The library
preparation begins with fragmentation of the sample DNA to a size that can be optimally
sequenced. For the current Roche 454 GS Titanium platform, the maximum sequencing length is
40071500 bp, and a recommended average target fragment size of 700 bp. DNA was sheared to
an average size of 500 bp using enzymatic fragmentation following the optimized fragmentase
protocol described above in Table 15 or using mechanical shearing using the Covaris Focused
Ultrasonicator (Covaris, MA) following the optimized protocol described in Table 17 above.
Irrespective of the fragmentation method used, the ends of the DNA fragments have irregular
overhangs which need to be transformed to Adenosine (A) overhangs for proper adaptor ligation.
End Repair and A-tailing was performed following the manufacturer’s protocol to repair the ends
of the fragments and add an additional Adenosine to the end of the DNA fragments using Taq
Polymerase which naturally adds an Adenosine to fragment ends. After end repair and A-tailing,

the DNA fragments are now ready to be ligated to the 454 MID adaptors.
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Figure 33
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Figure 33. Library Preparation of Sample DNA: Sample preparation starts by
fragmentation of input DNA. Once the DNA is fragmented to a size that can be sequenced,
adaptors (containing a primer and a barcode) are ligated to the DNA fragments. Once the
sample DNA has been tagged, a purification step removes small fragments before the
DNA is amplified for 28 cycles. Checking the quality of the final libraries is the last step.

Images adapted from Covaris®, Roche 454, and Beckman Coulter.

The 454 MID adaptors have a complex structure which is shown in Figure II-1. Each adaptor
consists of a primer sequence followed by a generic sequence and ending in a multiplex
identifier sequence (MID). The primer sequence is used during the amplification steps pre and
post capture as well as during the emulsion PCR and pyrosequencing steps of 454 sequencing.
The MID sequence is a unique sequence used to identify a particular sample, which allows

multiple samples to be captured and sequenced at one time. MID barcoding and sequencing
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multiple samples in one sequencing run reduce the per sample cost while still maintaining
adequate sequence coverage of each sample. The 454 MID adaptors are also double stranded
and forked due to the incorporation of primer sequences within the adaptors. The specific MID
adaptor sequences are given in Table 34 and were purchased through Integrated DNA
Technologies, Inc., San Diego, CA.

Figure 34. 454 MID Adaptor Components and Orientation with Target DNA Fragment

Adaptor DNA Fragment Adaptor
| | | | |

k ‘a’ strand ‘b’ strand s °
T
T
p > 2 ‘b’ strand ‘a’ strand ‘

Figure 34. Components of 454 MID Adaptors and Structure of Completed Library
Fragments. Each 454 MID adaptor is double stranded with an ‘a’ strand and a ‘b’ strand. The
‘a’ strand contains a 5’ 6-FAM, primer oligo A (blue), an intermediate sequence (black) and a
unique MID tag with a 3’ tyrosine overhang (red). The ‘b’ strand contains a 5’ phosphate,
primer oligo B (green), an intermediate sequence complimentary to the ‘a’ strand (black) and the
complimentary sequence of the unique MID tag in the ‘a’ strand without the last adenosine base
to preserve the T overhang on the ‘a’ strand (red). Fragments of the genomic DNA of interest
are prepared to have 3’ adenosine overhangs (orange) allowing ligation of adaptors to each end.
A completed library consists of fragments of DNA as shown, with adaptors ligated to both ends.

After adaptor ligation, the 454 libraries need to be cleaned up and a size selection performed to
remove excess adaptors and targets below 300bp. Using Agencourt AMPure XP (Beckman
Coulter, Brea, CA) with 1:1 DNA to AMPure bead volumetric ratio as a purification step, the
unattached adaptors and small fragments are separated from the sample DNA. The sample
DNA/MID fragments are then amplified using the MID adaptor sequences as primers. By using
the 454 adaptor sequence as the PCR primer, the sample DNA is amplified without an intact target
sequence. The PCR cycle number was increased to 28 cycles from the recommended 15 cycles to

ensure that the minimum PCR product amount required for capture is obtained.
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2) SeqCap EZ Probe Capture System

The fragmented, adaptor ligated and purified libraries then undergo probe capture procedure to
enrich for the mtDNA sequences. The Nimblegen SeqCap EZ Probe Capture System is a
solution based capture which consists of hybridization followed by a series of wash steps to
remove unbound and non-specific targets and finally a low cycle amplification and quality
check. Probe capture was performed following the recommended manufacturer’s procedure
using a three day or one day hybridization. The overview of the probe-capture process is

summarized in the Figure 35 below.

Probes 3.Hybridization 4. Bead Capture
Capture Beads

525‘ x"#“‘

P g
5 g 5. Washing e ,
‘ o

v

= T )
6. Amplification 1 o LY '_['_’Z:-

i = _ )
f Amplification

Figure 35 An overview of the probe capture step of enriching for the
mitochondrial genome. Here we start by adding biotinylated mtDNA probes to
our sample libraries and hybridizing them for one day. Using streptavidin beads,
we capture the probe-target complex and wash away non-specific DNA. The
enriched DNA is then amplified for 15 cycles. Image adapted from NimbleGen.

1-Day Incubation

The capture process starts with hybridizing sample libraries to the mtDNA probes. The
Nimblegen capture protocol recommends that a total of 1ug of the amplified DNA library is
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added to hybridization reaction along with the custom capture probes. Using MID tags label
and pool samples prior to capture reduces the total PCR product amount required per sample
and increasing the number of PCR cycles to 28 ensured adequate PCR product amounts were
obtained. In order to increase the on target capture rate of the probes, COT DNA and
hybridization enhancing oligos are also added to the hybridization reaction. COT DNA is a
pool of short DNA fragments consisting of all of the repetitive sequences throughout the
human genome. It is included in the reaction to bind to all repetitive elements which may be
in the target library. However, all the samples have an MID adaptor that could hybridize to
each other, forming concatemers that can lower the capture’s specificity. For this reason, there
are blocking oligos that match the MID-454 adaptor sequence, leaving only the target sequences
free to interact with the probes. The hybridization enhancing oligos are designed to block the
primer and adapter sequences to keep the probes from potentially binding to them as well as to
prevent secondary structures from occurring between targets within the library. After a three
day or one day hybridization, magnetic streptavidin beads are added, which bind to the
biotinylated probe-target complex. With the use of a magnet, the streptavidin probe target
complex is pelleted and the non-specific DNA fragments are washed away. Last, the enriched

DNA goes through a low-cycle amplification.

After the amplification a final clean-up using AMPpure beads is required to remove excess
primer or adapter dimer. The captured library is now ready for a quality check using the
bioanalyzer followed by a qPCR to analyze the capture effectiveness. To determine the size
distribution and quality of the capture libraries, we use Quant-iT™ dsDNA High-Sensitivity
Assay (Invitrogen, Grand Island, NY) and Agilent Bioanalyzer chip (Agilent Technologies,
Santa Clara, CA). The libraries are expected to exceed a 1 pug yield and have a fragment size
distribution between 500-1,500 bp, with the distribution peak between 600--1000 bp.
Nimblegen includes probes from four control loci within each custom capture design, which
allows for analysis of the capture enrichment. This analysis is completed using a targeted
SYBER green qPCR assay comparing pre-capture libraries to post-capture libraries at all four
loci as well as a positive genomic DNA control and a negative control each in triplicate. The
enrichment qPCR can only determine the capture efficiency of the control loci, however, it is

used as an indication the capture was successful. The capture is considered successful if
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enrichment of the control loci is achieved, as seen by lower Ct values of the post capture
sample compared to the Ct values of the pre capture sample. After determining successful

capture and a quality post capture library, it is ready to sequence.

3) 454 Next Generation Sequencing

The third and final step of the whole mitochondrial genome sequencing assay is the 454
pyrosequencing of the captured mitochondrial DNA fragments. An overview of the emulsion
PCR and 454 pyrosequencing is provided in the Figure 36 below and is described in more
detail in section 9) of the Method for HVI/HVII assay above. EmPCR and 454

pyrosequencing are performed following the recommended manufacturer’s protocol.

Figure 36.
Emulsion PCR Loading PTP
1 2 3 4 5
“~ * ]
,1 ) '. LER
.

Figure 36 Emulsion PCR and Pyrosequencing: The third and final portion of the assay is
the clonal amplification and pyrosequencing using the 454 GS Jr platform. Image adapted
from Roche 454.

iii. Results

The full mtDNA sequence capture assay was initially tested for proof-of-concept by
completing two captures and sequencing runs of four samples at two different
hybridization times. The four samples consisted of Sample A at 100ng, Sample A at

Ing, Sample B at 100ng, and a 90:10 mixture of Samples A:B at 100ng. The DNA
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library was generated using the optimized fragmentase protocol for shearing the DNA
enzymatically and the four DNA samples were uniquely tagged with different MIDs to
allow for sample pooling. Two different DNA concentrations of a single sample were
studied to determine if the starting DNA amount could be reduced from the
manufacturer’s recommendation of 1 ug to more forensically relevant amounts of DNA,
two different samples were sequenced to determine the probe capture specificity, a
mixed sample was included to determine if a 10% minor sequence could be detected
which is below the limits of Sanger sequencing, and the DNA library was hybridized at
two different hybridization times to determine if the hybridization time could be
reduced. Samples A and B were selected as the entire mitochondrial genome of these
two samples had been previously sequenced using Sanger sequencing. For the first
experiment, we followed the Nimblegen manufacturer’s protocol and performed a three
day hybridization. After successful capture and sequencing using the 72 hour
hybridization incubation time, the capture was then repeated with the same four
samples DNA library with a 24 hour hybridization to directly compare hybridization
efficiency at the two time points and determine if the hybridization time could be

reduced to increase throughput of the assay.
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Table 20. Experimental Design

Samples

DNA into Hybridization
Sample Type Input Capture Time
Individual A 100ng
Individual A Ing Multiplex
Individual B 100ng all 4
A/B 90%:10% samples 72 Hours
Mixture 100ng into capture | (recommended)
Individual A 100ng
Individual A Ing Multiplex
Individual B 100ng all 4
A/B 90%:10% samples
Mixture 100ng into capture | 24 Hours

These sets of experiments demonstrated proof-of-concept for using sequence probe capture for
enrichment and next-generation sequencing of the entire mitochondrial genome. The optimized
system resulted in 100% capture of the mitochondrial genome with an ~80% on target rate with
an average 500-1000 fold sequence coverage per base. The average read length was ~430 bp.

Results for the three day and one day hybridization are summarized in Table 21 below.
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Table 21. Distribution of Reads for 72 and 24 hour Hybridization

Distribution of Reads
Hybridization Total # of % Tota_l # of % on Average Average ~Range of Read
Time Sample Reads Duplicates Unique Target Read Coverage Depth
Reads Length

A (100ng) 48,899 3% 47 346 84% 427 1,015 95 1,934

A (1ng) 7,214 13% 6,281 85% 427 132 8 364

3 Day B (100ng) 16,539 3% 16,068 63% 432 261 22 474
A/B (100n 28,421 2% 27,818 82% 428 584 68 1,090
A (100ng) 85,594 3% 82,830 85% 431 1,790 185 3,305

A (1ng) 10,657 15% 9,054 85% 433 192 10 493

1 Day B (100ng) 30,342 1% 29,939 63% 438 490 47 940
A/B (100ng) 68,398 2% 66,697 83% 435 1421 127 2648

‘Table ITI-X. Distribution of Reads for Both 72 Hour and 24 Hour Capture Sequencing.

The distribution of reads differed across the mitochondrial genome but was similar between
samples at the same concentration (100 ng) (Figure 37). The differences in the distribution are

likely due to differences in probe capture efficiency.

Figure 37.
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To increase the efficiency of the entire process, we investigated reducing the hybridization time
from the recommended three days down to one day. No significant differences were observed
between the 3 day or 1 day hybridization times likely due to the vast number of probes and high
copy number of mitochondrial DNA favorable for probe capture (Figure 38).

Figure 38

Reduction of Hybridization Time: 3 vs 1 Day

100 100
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3 Day vs 1 Day
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u 4
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+ Decreasing the hybridization time to one day did not result in a loss of probe
specificity or increase in off target capture rate
We initially tested sensitivity by reducing the starting amount of DNA to 100ng and Ing. The
manufacturer protocol recommends a starting DNA amount of 1 ug of DNA, significantly higher
than DNA amounts encountered in forensic cases. Our results show we were able to successfully
capture 100% of the mitochondrial genome with both 100 ng and Ing of DNA input with an
average of 230-1000 fold coverage and an average on target capture rate of 79% for both 3 and 1
day hybridization times. No difference in on target capture rate was observed between the
sample tested at 100 ng and 1 ng (85% on target rate) (Figure 39). An ~7x difference in the
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percent total reads for the run was observed between the 100 ng and 1 ng sample but this is likely
due to quantification error and not differences due to DNA amounts.

Figure 39

Sensitivity of mtDNA Capture: 100ng vs 1ng
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+ Difference of % total reads likely due to quantitation error
* 500 fold reduction of the input DNA did not effect the capture or on target rate

We also tested probe specificity by testing two different DNA samples at both hybridization
times by comparing 3 days to 1 day hybridization. No differences between hybridization times
were observed. Mitochondrial DNA sequences differences did not lead to a loss of coverage
(100% coverage observed). Differences in the percent on target rate were observed between the
samples (85% vs 63%) (Figure 40). The inconsistency could be due to differences in nuclear
DNA sequence or capture efficiency. Additional samples need to be tested prior to drawing any
conclusions. Differences in the percent total reads were observed between the samples, but as

discussed above are likely due to quantification error.
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Figure 40.

Capture Specificity: Comparison of Samples
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* On target capture rate varied between samples, likely due to DNA sequence differences
* Additional samples will need to be tested to better determine the on target capture rate

To determine the ability to detect a mixed DNA sample, the mtDNA copy number was
determined using a qPCR assay for two samples and mixed at 90:10 ratio. All SNPs previously
detected by Sanger sequencing were detected by 454 sequencing and an ~10% mixture was
detected at each of the 10 mixed base positions. Results are summarized below in Table 22 and

Figure 41.
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Figure 41.
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a. Proof-of-Concept Experiments for Covaris Fragmented Library Preparation

We also tested proof-of-concept for capture and 454 NGS sequencing of mechanically sheared

DNA prepared using the optimized Covaris protocol for DNA library fragmentation. This

SeqCap experiment included 100 ng and 1 ng Sample A to allow for a direct comparison of the

mechanical and enzymatic fragmentation methods, 100 pg of Sample A to expand the sensitivity

study, and a 5% and 1% mixture of Samples A/B to expand the mixture detection study.

This set of experiments showed proof-of-concept for using Covaris mechanical shearing
for DNA fragmentation for DNA library preparation and subsequent capture and NGS
sequencing of the entire mitochondrial genome. The optimized system using Covaris
mechanical shearing resulted in 100% coverage of the mitochondrial genome with similar
percent on target capture rate (~79%) compared to the enzymatic fragmentation method.
However, the average read length was lower ~280 bp for the Covaris fragmentation
method compared to ~440 bp for the enzymatic shearing method using Fragmentase (See
Table 23 below). Differences in the average read length are likely directly attributed to
the difference in the fragmentation method. To increase the average read length using the
mechanical shearing method, the Covaris protocol can be further optimized to increase

the average target fragment length.
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Table 23. Sequencing statistics comparing the Enzymatic fragmentation vs. Covaris®
mechanical shearing.

Percent Average Percent
on Target Read Coverage
Length

84.12%

Covaris (avg 78.56%
100ng & 1ng)

Further sensitivity of the assay was also demonstrated by successful capture and sequencing of
Covaris prepared libraries with as low as 100 pg of starting DNA. The distribution of the
number of reads across the mitochondrial genome is shown in Figure 42 below and the run
statistics are presented in the Table 24 below. For each of the 3 concentrations tested (100ng, 1
ng and 100 pg), 100% sequence coverage was obtained with ~79% on target rate. Further
experiments with lower DNA starting amounts would need to be conducted to determine the

lower limit of sensitivity.
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Figure 42. Distribution of Sequence Reads Across the Mitochondrial Genome
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Table 24. Sequence Read Values

100%

Additionally, further sensitivity for detecting minor components in a mixture was
demonstrated by successful detection of each of the minor bases at each of the mixed
base positions of a 5% mixture. Results are graphed in the Figure 43 below. A low

coverage was obtained for this sample for this run. The minor base frequency would be
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expected to be less variable with a greater read depth, but even with the low read depth,
all minor bases were detected and were within 3% of the expected 5% frequency. A 1%
mixture was also, tested but the average read depth for this sample was ~100 base
coverage, which was too low for detecting a 1% mixture. Increased read depth would be
required (minimum of 1000 fold coverage per base) for detection of such a low level
mixture. Further experiments with higher fold coverage would need to be conducted to

determine the lower limit of mixture detection sensitivity.

Figure 43 Probe Capture 5% Mixture Sensitivity Study
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C. Development and Testing of 454 STR mini-Plex fusion Primer and Universal Primer
Multiplex PCR Assay
1. Research Design and Methods

i. Develop and Optimize “Front-End” 454 Assay Targeting STR Markers

Two assays targeting CODIS CORE STR markers with amelogenin gender marker using
454 Next Generation Sequencing technology were developed using mini-STR primer
sets’. Two designs were made in an effort to incorporate 454 sequencing primer and 10-
bp barcode MID tags to the targeted STR loci while minimizing the number of primers

needed.

a. Amplification of CODIS STRs using 2 Step PCR using M13 linker and MID Tags

A STR assay design using 454 Next Generation Sequencing technology was developed
using M 13 universal primer sets targeting CODIS STR loci as an approach to minimize
the number of primer sets required for pooling multiple samples per sequencing run. In
this design the samples are first amplified by inner primers consisting of STR locus target
specific sequence (green) and a universal M13 linker sequence (blue) (see Figure 44).
The inner products are then amplified with outer primers consisting of complementary
M13 linker sequence (blue), a 10 bp MID tag (red), and a 25 bp 454 specific sequence
(black). We have developed a universal set of CODIS STR loci specific inner primers
with M13 linkers as well as eight sets of 454 MID tagged outer primers with universal
M13 linkers.

Figure 44. 454 STR Assay Approach 2: Universal Primer (M13).

A B
MID MID
Universal primer
Tag 1 \\ - . // Tag 2

Target spec primer.
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Each primer set was first tested in single-plex and then optimal conditions were
determined for a multiplex. The following amplification parameters were optimized:
reaction mix composition; annealing temperature; denaturation, annealing, and extension
times; and primer concentrations. Two different compositions of reactions mix were
tested; one was prepared following protocols provided by Butler et al. (2003) and the
other using a composition developed in our lab for the mtDNA assay. It was concluded
that the composition developed for the mtDNA assay in our lab produced more robust
results as higher yields were observed for all STR loci. To determine the optimal
annealing temperature, annealing temperatures ranging from 53-57°C were tested for
inner amplification and annealing temperatures ranging from 54 - 67°C were tested for
outer amplification. Further, two step annealing temperatures of 54°C increasing to 63°C
for inner amplification was also tried to account for the earlier stages of amplification and
the increased length of primers with M 13 sequences which are not complementary to the
target sequence. Both 15 seconds and 30 seconds were tested for each of the cycled steps
(denaturation, annealing, and extension) and 30 seconds showed higher yields. Primer
concentrations ranging from 0.05uM to 0.2uM and from 0.2uM to 1.8uM for inner and
outer primers, respectively, were tested. The optimized PCR parameters for the inner and

outer amplification are summarized below (see Table 25).
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Table 25. Final Parameters for Inner and Outer Amplification of STR Products
Using Universal Primer Approach.

Inner Amplification

No.

1
10

20

of Temperatu
Cycles re Length
95°C 10 min
95°C 30 sec
54°C 30 sec
72°C 30 sec
95°C 30 sec
63°C 30 sec
72°C 30 sec
72°C 7 min
Foreve
4°C r

Outer Amplification
No. of

Cycle

s
1
15

Temperatu

re Length
95°C 10 min
95°C 30 sec
54°C 30 sec
72°C 30 sec
72°C 7 min
4°C Forever

During the optimization, all conditions tested resulted in primer dimer with the 13 plex. A

series of experiments were conducted to identify the STR primers that produced dimers

in the 13 plex and these sets were removed from the multiplex, resulting in a 9 plex and 4

plex. Using a control DNA sample, inner amplicons and outer amplicons were prepared

following the parameters provided above for the 4 plex, 9 plex, and 13 plex. For the inner

amplification, 4 plex primers produced minimal amount of primer dimer while 9 plex and

13 plex primers produced dimers in amounts comparable to that of the STR products (see

Figure 45a). After the outer amplification, however, minimal amounts of primer dimer

were observed for the 4 plex and 9 plex primer sets while 13 plex primers produced high

amount of excess dimers (see Figure 45b).
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Figure 45a. Inner Products of Universal Primer Approach with 4 Plex, 9 Plex, and

13 Plex
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Figure 45b. Outer Products of Universal Primer Approach with 4 Plex, 9 Plex, and

13 Plex.
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In order to remove the primer dimers produced, several different purification methods
were explored including Agencourt AMPure XP beads (Life Technologies, Carlsbad),
QIAmp Mini Elute columns (Qiagen, Valencia), and Millipore filters. To determine the
optimal sample to bead ratio to effectively remove the dimer artifacts while minimizing
STR product loss, the following different ratios were tested to purify the outer amplicon
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of a control DNA sample: 1:1.4, 1:1.6, 1:1.8, and 1:1.8 ratio 2X purification. A flowchart
of the library preparation steps including the different purification methods explored is

presented below (see Figure 46).

Figure 46. Flowchart of Workflow for STR 454 Assay with Universal Primer
Approach and the Different Purification Methods Explored.
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The results showed that Agencourt AMPure XP beads removed the dimers from the
product the most effectively compared to filtration columns. Furthermore, the bioanalyzer
results showed that the 1:1.4 ratio and 1:1.8 ratio double purification resulted in the
maximal removal of dimers as the primer dimer peak heights are reduced under 1:1.4
ratio and 1:1.8 2X conditions. However, the STR product peak heights were sustained
(>40 FU) with 1:1.4 ratio while they were lowered in 1:1.8 2X condition (see Figure 47).
Based on these results, the 1:1.4 ratio was selected as the optimal ratio for purification

and was carried out for the inner primer dimer removal experiments.
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Figure 47. Varying Ampure Ratio Experiment on Outer Products.
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As another approach to minimize the production of primer dimers, we tested 1:1.4 DNA

sample to AMPure bead ratio and size selection filtration units for removal of excess

primers and primer dimers after inner amplification. The bioanalyzer results showed that

the primer dimers were effectively removed with the optimized sample to AMPure bead

ratio of 1:1.4 after the inner amplification but not with the filtration units (see Figure 48).

The peak corresponding to primer dimer is not present for the AMPure purified inner

products after outer primer amplification. Based on these results, the AMPure clean-up

step (1:1.4 sample to AMPure bead ratio) after inner product amplification appeared to

optimally remove the dimers without STR product loss for the 13 plex. However, to

determine successful amplification and retention of all 13 STR loci, next generation

sequencing data was necessary. A subset of the STR libraries prepared with different

purification methods were sequenced using the 454 GS technology.
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Figure 48. 13 Plex Outer Products Purified with Different Methods After Inner
Amplification.
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1. Purification Method Comparison — M13 Universal Primer Approach

A control DNA sample K562 was amplified for CODIS STR loci using 4-plex, 9-plex,
and 13-plex inner STR primers. Each multiplex PCR products were treated with five
different purification methods as following: neat (<70 bp filter removal), AMPure
purification with DNA to AMPure volumetric ratiol:1.4 after the inner amplification,
AMPure purification with DNA to AMPure volumetric ratio 1:1.8 after the outer
amplification, filter purification (removal of <100 bp) after inner amplification, and
finally filter purification (removal of <100 bp) after outer amplification.

Several loci drop outs were observed using the NextGENe software (SoftGenetics, LLC,
PA). On average 12 loci were observed for 13 plex, 8 loci were detected for 9 plex, and 4
loci were detected for 4 plex. In order to confirm the source of the loci drop-out, a
sequencing experiment of running the multiplex products with single plex products was
conducted.

b. Amplification of CODIS STRs using 454 MID tagged Fusion Primers
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A second STR assay design using Multiplex Identifiler (MID) tagged fusion primers,
targeting 13 CODIS STRs and amelogenin marker were developed using 454 Next
Generation Sequencing technology. The primers consist of a 454 library key, 10 bp MID
sequence, and STR locus specific sequence, similar to the mitochondrial HVI/HVII
fusion primer design (Figure 49). The mini STR primer sequences published by Butler et
al. (2003) were used.

Figure 49. 454 STR Assay Approach 1: Fusion Primer.

,a.qu ) A reads |
B reads K B

Forward primer (Primer A-Key):
5! -CGTATCGCCTCCCTCGCGCCATCAG - {MID] - Mtariin i1 tlen ) iyt (e ey = 3

Reverse primer (Primer B-Key):
5’ -CTATGCGCCTTGCCAGCCCGCTCAG- IMIDj -ts

A range of annealing temperatures (55°C, 57°C, 59°C, and 61°C) were re-tested as part
of the optimization of the PCR parameter for the PCR amplification. Annealing
temperature optimization was conducted by single-plex amplification of each locus
separately before optimizing the 14 plex PCR. While there was no significant change in
level of primer dimer in each annealing temperature, 57°C was observed to produce the
highest product yield based on bioanalyzer results. Additionally, two step annealing
temperatures of 54°C to 61°C and 54°C and 63°C were tested and compared to one-step
57°C PCR amplification in order to account for the delayed complete amplification to the
454 library sequence and MID tags. No significant difference was observed in product
yield or the level of primer dimmer between the two step amplification to one step 57 °C

annealing step. Different PCR parameters tested is summarized in the Figure 50 below.
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Figure 50. Different PCR Parameters Tested Using 454 Fusion Primers Targeting
CODIS STRs with a) Single Annealing Temperature and b) Two Step Amplification
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Once the PCR parameter was optimized for each locus, the 14 plex amplification
parameters were optimized by testing the annealing temperatures 55°C ,57°C , and 59°C .
Similar to the single plex amplification, 57°C annealing temperature resulted in the
highest yield of product, and no significant difference was observed in level of primer
dimmer. The two step amplification conditions were once again compared to the 57°C
single step amplification for the 14 plex amplification. No significant difference in the
level of primer dimmer and product yield was observed between the two step
amplification condition and the single amplification condition. The final, optimized PCR

parameter is summarized below in Figure 51 below.
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Figure 51. Final PCR Parameter for 14 Plex Amplification of CORE STR Loci using

Fusion Primers
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4°C 0

Primer concentration for amplification was optimized in an effort to minimize the level of
primer dimer. Varying primer concentrations of 0.3uM, 0.6 uM and 0.9uM were tested.
0.3uM primer concentration produced the least amount of primer dimer without
compromising the product yield based on the bioanalyzer results. The PCR reaction mix
composition was kept constant as the M 13 linker model.

1) Purification Method Comparison — 454 Fusion Primer Approach

To compare the efficiency of different purification method for the 454 STR fusion primer
assay, the 14 loci amplified from the control DNA K562 using the 14-plex primer blend
was treated with three different purification method as following: neat (filter purification
<70bp removal for excess primers), AMPure purification with DNA:AMPure volumetric
ratio of 1:1.4, and filter purification removing <100 bp fragments. Additionally, four loci
amplified in single-plex were sequenced along with the 14 plex products to confirm the
successful amplification of the loci. Loci vWA, FGA, and D21S11 resulted in the least
amount of product yield from the PCR amplification compared to the other targeted STR

loci based on the bioanalyzer result. Locus TPOX was sequenced for the direct
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comparison for the three mentioned loci as it was observed that the highest PCR product

yield was observed using the primers targeting the TPOX.

2) Single Plex vs 14 Plex Amplification Comparison — M13 Universal Primer Approach
and 454 Fusion Primer Approach

In order to confirm the locus drop-out observed in the purification method experiments in
both fusion primer and M13 linker approach, a control DNA K562 was amplified
targeting each 13 STR loci and amelogenin separately in single-plex as well as in 14-plex
using both fusion primer and universal M13 primer designs. An additional locus, vVWA
was added to form the 14-plex primer blend for the M13 universal primer design to

mirror the 14-plex design of the fusion primer approach.

For both single-plex PCR products and 14 plex products, 1:1.4 DNA:Ampure clean-up
step was used after the amplification as it was finalized to be the optimal primer dimer
removal method for the fusion primer assay. For the universal primer design, 1:1.4
DNA:Ampure clean-up was performed after inner amplification of each PCR product.
Both primer model libraries were pooled and ran through a filter for removing < 70 bp
fragments before the emPCR step. All 14 loci of interest were detected in both samples
amplified multiplexed or single plexed using fusion primer or M13 linker primer with
varying frequencies when analyzed using NextGENe software. The detected loci from
each amplification method are presented with corresponding frequencies in the Figure 52

below.

Figure 52. Locus Frequency Distribution for 14 Loci Amplified.
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Figure 52. All 13 CODIS STR loci with amelogenin marker were detected in samples amplified
multiplexed and in single plex. All loci were detected regardless of primer design, (i.e. fusion primer
approach or M13 universal linker approach) but the frequency of each locus present in the run was
not balanced.

2. Results

i. Sensitivity Study

To determine the sensitivity of the 454 STR M13 linker assay, control DNA samples (k562) varying
in initial input amounts from 0.1pg — 20 ng were amplified using the 454 9 plex mini-STR assay.
Samples below 50 pg clearly showed only partial amplification of the 9 STRs based on gel
electrophoresis while no drop out was apparent for samples above 500 pg. Based on these results,
samples amplified with the initial input of 50 pg and 500 pg were selected, purified using the
AMPure beads and sequenced using the 454 GS Jr. In this run, ~40,000 of the 50,000 reads
corresponded to STR sequence products. Only sequence reads for three of the nine markers were
successfully assigned using the 454 AVA software and was determined to not be an ideal sequence
alignment software program for analysis of STRs. However, all 9 loci (CSF1PO, D16S59, D5S818,

THO1, TPOX, D21S11, D18S51, D8S1179, and FGA) that were expected to be present were
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detected by the alignment software NextGENe version 2.4.0 for the limited samples (500 pg and 50
pg). The NextGENe software using an algorithm setting specifically optimized for short repeats,
ideal for analyzing STRs. We have worked closely with SoftGenetics software to modify
NextGENe to make further improvements. Modifications to the Software developed under our
collaboration are discussed in more detail in the software section below. Data analysis for the STR
sensitivity study is ongoing, and the software modification for the STR analysis is communicated on

regular basis with Soft Genetics, LLC.

ii. Combined System: STR and HVI/HVII Mitochondrial Markers

One advantage of the NGS technologies is that both mtDNA and STRs can be run on the same
platform and we initially proposed to sequence both mtDNA and mini-STRs in a single run using the
454 DNA sequencing technology. To test if both mtDNA and STRs could be successfully sequenced
in a single 454 run, a sequencing experiment was conducted where STR products amplified using the
M13 universal linker system and HVI/HVII products amplified using the 454 HVI/HVII assay were
prepared together in a single emPCR and 454 sequencing run. The distribution of reads lengths
obtained for the STRs and mtDNA HVI/HVII regions from the combined run are as shown in the

Figure 53 below.
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Figure 53. Read Length Distribution for the STR and HVI/HVII Combined Sequencing Run
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Results show that both mtDNA and STR were successfully sequenced in a single run as reads for
both mtDNA and STR targets were obtained. Reads in the 400-500 bp range correspond to the
mtDNA HVI/HVII products. Across the run, on average ~1000 reads for each region of the
mtDNA sequenced was obtained. Reads in the 75-250 bp range correspond to STR products
while reads less than 75 are likely primer dimer products or truncated products. However, a high
percentage of short reads was observed in the run compared to the other 454 sequencing runs
conducted in the project, indicating conditions were less optimal. It is advised by 454 Roche that
in order to maximize the sequencing yield and sample preparation efficiency, pooled amplicons
do not span a significant length range that is wider than 150 bp whether or not MIDs are used to
tag them. 454 identifies that pooling mixed-length Amplicons through emPCR amplification and

sequencing can have negative effects. The DNA library beads derived from amplicons of
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different length can result in a different amount of amplified target and, consequently, in a wider
signal distribution, potentially lowering the sequencing run yield. Additionally, if two templates
of different sizes are present in any given emulsion droplet, the shorter fragment will amplify
preferentially over the longer one. This will result in either an increase in mixed reads that will
be discarded by the data processing filters, or an over representation of the shorter fragments in
the sequencing results. Therefore, sequencing amplicons with great size difference would

introduce a potential sequencing bias and a reduction in run yield.

In order for the amplicons to be processed together in a single 454 sequencing run, emPCR
conditions would need to be modified or STR or mtDNA primers redesigned to target similar
target sizes to optimally run the mini-STRs and HVI/HVII products in a single emPCR. With
the current 454 HVI/HVII assay and STR PCR systems, it was concluded that the mtDNA and
STR amplicons should be prepared in separate emPCRs and then pooled in a single 454 Run or

run separately in order to yield optimal sequencing results.

D. Next Generation Sequence Alienment and Analysis Software Development

1. SoftGenetics NextGENe Software

i. Overview

Collaboration was established with Soft Genetics, LLC, to customize and add modifications to
improve their commercially available NextGENe next generation sequencing data analysis
software for analysis of mtDNA and STR data. Several commercial softwares were explored
including DNAStaR, GeneCodes, 454 AVA and NextGENe from Soft Genetics for analysis of

mtDNA and STR NGS data. The NextGENe software was chosen for further consideration
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based on the STR specific algorithm developed for analysis of forensic STRs. Other softwares
that were investigated had difficulty aligning repeat regions due to the higher gap penalties
assigned to IN/DEL mutations compared to SNPs. The NextGENe forensic STR sequence
alignment algorithm was optimized for alignment of STR repeats, assigning lower gap penalty
for IN/DEL sizes corresponding to the repeat size (4 bp). The modified algorithm results in
optimal alignment of the STR repeats. We are currently collaborating with Soft Genetics to
further modify the software to include additional filters for homopolymer sequencing errors,
STR mixture analysis and reporting as well as mtDNA haplotype identification, mixture analysis
and reporting. The .sff files of 454 sequencing data generated using HVI/HVII assay and both
universal and fusion primer STR assays were provided to Soft Genetics, LLC to develop
modified software for beta testing of different versions of NextGENe software modified
throughout the granting period. The modified software was tested extensively internally as well
as demonstrated via a webinar and hands on training as part of the CCI course at the California
Department of Justice. NextGENe software is a user-friendly software that does not require
scripting and is a versatile program that can handle analysis of data generated by different
platforms including 454, Illumina, Ion Torrent, and SOLiD. Further, the program can be used for
multiple applications including de novo assembly, targeted sequencing, and forensic science
applications.

ii. mtDNA: HVI/HVII

A specific application option for mitochondrial amplicon analysis, customized for the HVI/HVII
assay, was added to the software from this collaboration, and this modification of the software

demonstrated in the screen shot of the set up screen for the software in Figure 54 below.
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Figure 54.
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Figure 54. Screen shot of NextGENe v.2.4.0 Set Up Screen. An option for mitochondrial
amplicon analysis was added as one of the Application Type to the software. Identification of the
application type of the alignment project is needed to determine the optimal alignment algorithm.

This mitochondrial amplicon analysis option allows for different customization for the analysis

such as designating regions of interest within mitochondrial genome or adjusting the report and

filter setting using the mitochondrial amplicon setting option shown in the Figure 55 below.
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Figure 55. Screen shot of NextGENe v.2.4.0 Mitochondrial Amplicon Settings Screen.
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Prior to this collaboration, NextGENe software did not support parsing and sorting the next
generation sequencing data based on both directions of reads, unable to correctly sort the data
barcoded with MID using the combinatorial approach. Initially, the sequence data was sorted
with barcode sequence in 5’-end of the read. It was suggested during the early stage of the
collaboration to input the 3’-end MID barcode sequence reverse complemented into the barcode
sorting reference file, but it was quickly recognized that certain reverse complemented MID
sequence was identical to the forward direction of another MID tag, resulting in incorrect sorting

of the data. Hence it was necessary for the software to recognize the directionality of the read as
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well as the MID tag sequence. This resulted in the options for dual-barcode and check Reverse

Compliments of Barcodes was implemented into the NextGENe software to accommodate the

combinatorial approach of barcoding samples.

Figure 56. Screen shot of NextGENe v.2.4.0 Barcode Sorting Tool Screen.
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Further, a large effort was put into customizing the output and report format of the sequencing

data. As of version 2.4.0, NextGENe is capable of generating Mitochondrial Amplicons report

for each sample (Figure 57.) in an addition to a mutation report as shown in the screen shot

Figure 57.
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Figure 57. Screen Shot of NextGENe v.2.4.0 For Generation of Mitochondrial Amplicons
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The mitochondrial Amplicon Report generates two separate reports per sample, a locus report

and an allele report. A locus report shows the coverage of each HVI and HVII region amplicon.

The allele report records different alleles, or unique sequences, within each amplicon, and the

number of reads per observed sequence is recorded. An example of each report for the

mitochondrial amplicon analysis is shown in Figure 58.

Figure 58.

NextGENe v.2.4.0 for Mitochondrial Amplicon Project
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The interface of the current version 2.4.0 of NextGENe software allows the user to view
coverage map, alignment of sequences to the reference, locus report and allele report all in one

window as demonstrated in the Figure 59 below.

Figure 59. Screen Shot of Interface of NextGENe v.2.4.0 for a Mitochondrial Amplicon
Project. NextGENe versions 2.4.0 presents coverage map, alignment view, locus report, and
allele report of a sample in one screen.
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iii. STR: Alignment Algorithm

As discussed above, SoftGenetics has created a modified sequence alignment algorithm
specifically for analyzing STRs. The specifics of the modified STR sequence alignment program
are detailed here. First, every possible perfect match between 12-mers in the reads and the
reference are found. These positions are used to locate clusters of 12-mers where the position in
the reference correlates to position in the original read. Each cluster position is scored based on
uniqueness of the 12-mers (number of occurrences in the reference) and number of bases of the
read matched to the reference. The reads are locally aligned to the chosen cluster by selecting

the top scoring alignment out of all possible alignments.
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In order to score the alignment, mismatches have a penalty of 1, while in/dels have a penalty of 3
times the length. The forensic alignment has a modification that calculates different penalties for
homopolymer in/dels in order to account for the high error rate with homopolymers using 454
pyrosequencing. The penalty is the length divided by three. For example, an insertion of one
base in a homopolymer would have a penalty of 1/3. A deletion of two bases in a hompolymer
repeat would have a penalty of 2/3. This allows us to penalize missing or extra STR repeats
more harshly than the expected homopolymer in/del errors. Forensic alignment also has an extra
filter requiring that the read length is at least some fraction of the total reference contig (STR

allele) length.

A specific application option for STR analysis was added to the software as demonstrated in the
screen shot of the set up screen for the software in Figure 60 below.

Figure 60.
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Figure 60. Screen shot of NextGENe v.2.4.0 Set Up Screen. An option for STR analysis was
added as one of the Application Type to the software. Identification of the application type of the
alignment project is needed to determine the optimal alignment algorithm.
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For the STR analysis application, custom reference sequences for STR analysis were generated
based on the mini-STR primers used for sequencing and alleles listed on the STRBase website.
Generating reference sequences of common alleles per locus is necessary because it is ideal to
have reference sequences that identically match hypothetical sequence results. An example of the
custom STR reference generated for the NextGENe software is presented in the Figure 61 below.

Figure 61.

pD18S51_7.0

TGAGTGACAAATTGAGACCTTGTCTC AGAAAGAAAGAAAGAAAGAAAGAAAGAAAAAGAGAGAG GAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGAC
>D18551_8.8

TGAGTGACAAATTGAGACCTTGTCTC AGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAAAGAGAGAG GAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAG
>D18551_9.8

TGAGTGACAAATTGAGACCTTGTCTC AGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAAAGAGAGAG GAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTG]
>D18551_10.0

TOACTOACAAATTOACACCTTATOTA ACAAACAAACAAACAAACAAACAAACAAACAAACAAACAAAAACACACAr CAAACAAACACAAAAACAAAACAAATACTACCAACTATTI

Figure 61. Screen Shot of the Custom STR References for Alleles per Locus Partial custom

STR reference sequences for locus D18S51 alleles 7 — 10 shown in the screen shot.

The user is enabled to customize the filter stringency on the match of a read to a reference for an
allele calling as demonstrated in the screen shot of the setting windows for the STR analysis in

NextGENe version 2.4.0 below.

Matching Requirement: >= |1,  Basesand >= |80 %

[v Allow Ambiguous Mapping |~ Remove Ambiguously Mapped Reads
[ Detect Large Indels
|~ Rigorous Alignment [v Read Length Over Reference Length >=[g3p %

Figure 62. Screen Shot of the Settings Window for STR Analysis. The setting shown
indicates that the observed sequence in the data must match >80% with the reference in length in
order to be assigned the corresponding allele in the analysis.
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Further, a large effort was put into customizing the output and report format of the sequencing
data. As of version 2.4.0, NextGENe is capable of generating STR report for each sample

(Figure 63.) in an addition to a mutation report as shown in the screen shot Figure 63.

Figure 63. Screen Shot of NextGENe v.2.4.0 For Generation of STR Report

i - | B B SR~
a T Show Mutation Report

[ STF Show STR Report .

1 melogenn 7963 6.25!

Two different methods of classifying reads to specific STR alleles were established for the
software. One of the main alternatives explored is to identify the locus of a read by searching for
the primer sequence, and matching the length of the read to a list of known alleles. This approach
was suggested in order to mirror the current STR sequencing method using the capillary
electrophoresis, which assigns alleles per locus by identifying the length of the amplified DNA
fragment. This method will work very well for perfect sequencing reads (the output is
essentially equivalent to traditional STR analysis, where peaks are found for different alleles).
However, it is necessary to correct for in/del errors in the sequences for this approach. The data
we have analyzed to date indicate that this in an acceptable approach but further analysis is

needed. Comparing reads from the forward and reverse direction can help.
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The second approach was to identify and assign alleles per locus by perfect match sequence

alignment of the sequence reads against the custom STR reference sequences. The sequencing

results are reported into an allele report based on sequence-based allele assignment or an allele

report with length-based allele assignment based on the user’s preference. An example of each

allele report is presented in Figure 64 below.

Figure 64. Allele Report Based on a). Sequence-based Allele Calling and b) Length-based

Allele Calling
a)
Index Sequence Matched Allele Name | Status Frequency |Total Reads Num |Forward Reads Reverse Reads| Differences
1 GGGTGATTTTCC:DS5818_12.0 Possible  52.88% 2939 1683 1310 2
2 GGGTGATTTTCC D5S818_11.0 Matched 27.08% 1536 243 £33 0
3 GGGTGATTTTCC D55818_11.0 Possible  7.141% 405 235 170 2
b)
Index Lenagth [Matched Allele Mame |Status Frequency | Total Reads Num [Forward Ready Reverse Reads| Differences
1 152 D75820_9.0 Matched 24.98% 3200 231 2969 0
2 151 D75820_39.0 Possible 1 24.03% 3078 2865 213 -1
3 153 D75820_11.0 Possible 1 20.99% 2689 2479 210 -1
4 160 D7S820_11.0 Matched 19.27% 2468 147 2321 1]

In an addition to allele reports, a locus report is also generated per sample to allow the user to

check the number of loci detected with their coverage. An example of a locus report is presented

in the Figure 65 below.
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Figure 65. Locus Report of a 14-plex Sample Generated by NextGENe version 2.4.0

Index Locus |Locus Coveragel Locus Percentanllele Number IAIIeIe Name |Allele Frequency IAIIeIe Total CoveragelAIlele Percent Matched
1 Amelogenin 7963 6.253% 1 Amelogenin_X 100% 7963 100%

2 CSF1PO 12307 9.664% 2 CSF1PO_10.0,CSF1PO_9.0  62.20%, 37.79% 7655, 4652 100%, 100%

3 D135317 5145 4.040% 1 D135317_8.0 100% 5145 100%

4 D165539 11744 9.222% 2 D165539_12.0, D165539_11.0 61.93%, 38.06% 7274, 4470 100%, 100%

5 D18551 3079 2.417% 2 D18551_16.0,D18551_15.0 50.27%, 49.72% 1548,1531 100%, 100%

6 D21511 3349 2.629% 3 D21511_29.0, D21511_30", D37.20%, 33.53%, 11246, 1123, 380 100%, 100%, 0%
7 D351358 10508 8.251% 2 D351358_16', D351358_15'  85.55%, 14.44% 8330, 1518 100%, 100%

8 D55818 4535 3.561% 2 D5S818_12.0,D55818_11.0  £6.13%, 33.86% 2999, 1536 0%,100%

9 D75820 11322 8.890% 2 D75820 9.0,D75820_11.0  54.74% 4525% £198,5124 0%, 0%

10 Das1179 8956 7.032% 2 D851179_12.0,D851179_11.0 85.71%,14.28% 7677,1273 100%, 100%

11 FGA 4115 3.231% 2 FGA_21.0, FGA_24.0 71.51%,28.48% 2943,1172 100%, 100%

12 THO 16917 13.28% 1 THO1_9.3 100% 16917 100%

13 TPOX 10312 8.097% 2 TPOX_8.0, TPOX_7.0 64.25%, 35.74% E626, 3656 100%, 100%

14 VWA 5221 4.099% 2 vwia_14 (168", wWA_13 (15")  87.24%,12.75% 4555, 666 100%, 100%

15 Unknown 11873 9.323% NA, NA, NA, NA, NA,

In order to screen for the balanced directionality in sequence reads per allele, a function of
generating read histogram is added to the software. The Histogram of reads reports the number
of read for identified alleles for each locus. Each bar in the histogram represents read depth per
identified allele and is color coded to indicate the ratio of sequence reads in forward direction
compared to the sequence reads in reverse direction. An example of a read histogram is

presented in Figure 66 below.

The effort in optimizing the NextGENe software with Soft Genetics, LLC., is ongoing. Addition
of an option for alignment against a circular genome is anticipated in order to accommodate with

the whole mitochondrial genome sequencing using the nimblegen probe-capture method.
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Figure 66. Reads Histogram Generated by NextGENe v.2.4.0. Histogram of reads for

identified alleles for each locus is generated using NextGENe software version 2.4.0.
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2. Modification of MIA Software for Analysis of mtDNA

One goal of our research effort was to develop a software analysis procedure that determines (1)

if a sample has multiple mtDNA components and (2) assign the fractional composition of these

multiple mtDNA haplotypes if present. While this goal was not fully attained, we have made the

progress outlined below and fully expect to soon have a working implementation.

Our originally outline approach, based on modifying the Conexio Genomics software was

abandoned. Instead, we took on a new collaborator, Dr. Richard Green, who has extensive

expertise in the field of ancient DNA analysis. Through this collaboration, Green has begun to
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modify an existing code base called MIA (mapping iterative assembler) that was developed for
assembly and analysis of mtDNA data from ancient samples (Figure 67). This code base has
many useful features for forensics work including the ability to learn and use the DNA error
profile specific to each sample, a maximally sensitive alignment scheme, rich features for
reporting non-consensus sequences in the analysis, and the ability to natively handle circular

genomes.

As shown in the schematic Figure 67 for MIA, it is an iterative assembler that considers each
read anew at each round of assembly. In this way, it converges on a correct assembly and can
sensitively detect reads that may have had significant divergence from the original reference. The
program uses the MIA iterative mapping algorithm to align the sequences to a reference
sequence illustrated in the figure below. Each read is mapped to the starting reference sequence
using the Needleman-Wunsch algorithm and a position-specific scoring scheme that can be
trained for the chemical damage typical of degraded samples (Figure 67a). This alignment
methodology is maximally sensitive in detecting and aligning sequence reads. Once the reads are
aligned, a new consensus sequence is called (Figure 67b). This new consensus replaces the
starting reference sequence and all reads are re-mapped to it. This process continues until the
consensus no longer changes. The alignment scores for each read during each round are
analyzed to dynamically determine an appropriate cutoff for inclusion in the assembly (Figure
67c). In this way, extraneous sequences can be excluded making this approach appropriate for
samples with large amounts of extraneous sequence, like mixed forensic samples. In
performance evaluations, we have been able to correctly assemble genomes with more than 10%
divergence to the starting reference using this iterative approach. This sensitivity will be useful

for forensics applications.
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Figure 67. MIA Algorithm
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Figure 67. MIA algorithm. (a) Each input sequence read is aligned with a custom position-
specific alignment matrix that is aware of the mutational tendencies of degraded DNA. (b) Each
read is aligned to the consensus. These alignments are used to call a new consensus. This
continues until no further changes to the consensus are found. (c) Inclusion of a read into the
consensus is based on a dynamic score cutoff such that reads that may originally look dissimilar
to the consensus can be included in later rounds.

Our efforts thus far have included (1) writing a web-based front-end for MIA for 454 assembly
and analysis and (2) performing a proof-of concept analysis using data from a “spike-in”
experiment to test detection efficiency of minor haplotypes. Having satisfactorily completed
these tasks, our final goal is to implement the extension to MIA wherein the variants detected in
a complex mixture are further analyzed to give a haplotype based summary. Each of these three
tasks is described in detail below.

i. Developed a web-based front-end for MIA

We have developed a flexible front-end for running and analyzing the results from MIA. In brief,
MIA operates by aligning each of the input 454 (or other platform) reads against a defined
reference mtDNA assembly. Each read with a statistically significant alignment score is recorded

in the output file. The web-based front-end handles both invoking MIA on input data (Figure

68a) and interpreting the output data (Figure 68b).
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Figure 68. a)

[Reference File | Choose File

Reads Fie

Output File

| Save Configuration il Save Work |

Figure 68. MIA web-based front end. A)In the left panel is shown the interface for invoking
MIA. One simply specifies the input files (mtDNA reference, reads) and output file. Optionally,
one can specify custom alignment parameters for the assembly. B)In the right panel is shown the
graphical output summary for the assembly. The percent or reads with a consensus base is shown
along with various filtering criteria for examining positions where some reads differ from the
consensus.

ii. Evaluate sensitivity of MIA in “spike-in” mixture experiment

We tested the ability of MIA to detect a minor component (10%) of an alternative haplotype
mixed into a background of mtDNA from another haplotype. In this experiment, a sample was
prepared that contained 90% of a known haplotype and 10% of an alternative haplotype. These
haplotypes differ at several known positions. A library of this mixture was prepared and
sequenced. After alignment and filtering of the data, we analyzed the fraction of reads that
contained the variants associated with the major and minor haplotypes. As shown in Figure 3, on
average MIA detected the minor haplotype variant in 11.9% of the reads. While this result is

encouraging, our future goals are to determine the lower limits of detection efficiency and to test

more complex mixtures, i.e., with more than two haplotypes.
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Figure 69
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Figure 69. mtDNA mixture experiment. The major mtDNA haplotype comprised 90% of the
input. Shown are the ten mtDNA positions where the major and minor haplotype have a known
sequence difference. The y-axis shows the fraction of reads containing the minor haplotype base.
The overall average of reads containing the minor haplotype base (red line) was 11.9%.

iii. Haplotype-level summary of complex mtDNA mixtures

While the number of minor variants at each mtDNA position where one is observed can be
manually analyzed to infer the mixture of haplotypes present, this task lends itself to a more

automated approach. We will use the large datasets available on the phylogeny of human

mtDNA variation to do this. The approach is shown schematically in Figure 70.
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Figure 70.
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Figure 70. Inference of haplotype composition of complex mixtures. An additional input is
required (left panel): the known haplotype phylogeny of human mtDNAs and the variants
associated with each branch in the tree. After calling variants and their proportions (middle
panel), we will make a maximum likelihood determination of the number and relative abundance
of each haplotype present.

This approach requires that use of an additional, static input: the known phylogeny of human
mtDNA and its associated variation. We will combine the counts for observed variants at each

position to find a maximum likelihood solution for detecting which haplotypes are present and

their relative abundances.

iv. Hap-summary.pl

We have developed a program called hap-summary.pl to provide read counts of mtDNA
sequence haplotypes from a sample which can consist of a mixture of mtDNA sequences due to
mutation (heteroplasmy) or a mixture of mtDNA sequences from multiple individuals. The

procedure is shown schematically in Figure 71.

149

This document is a research report submitted to the U.S. Department of Justice. This report has not
been published by the Department. Opinions or points of view expressed are those of the author(s)
and do not necessarily reflect the official position or policies of the U.S. Department of Justice.



Figure 71. Schematic of Haplotype Sequence Analysis of mtDNA mixtures
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A pool of mtDNA is used as template for PCR. This pool may be from a single or multiple
individuals. The PCR uses primers that will amplify the target region from conserved segments
of the mtDNA. Thus, the components of the mixture should be present in the PCR product is
concentrations that are proportional to their template concentration. This amplicon product is
then converted into a high-throughput sequencing library and sequenced using settings
appropriate for amplicon sequencing. The sequence data are then aligned to the segment of the
revised Cambridge reference sequence that corresponds to the HVRI or HVRII region that has
been amplified. For this step, we have developed a custom alignment program, mia, that
performs a full Needleman-Wunsch alignment for maximal alignment sensitivity and accuracy.
Finally, the aligned amplicon sequences are analyzed to determine which sites carry variable

positions (SNPs) and which of these variants co-occur. That is, the presence and proportion of
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each discrete haplotype is measured. For this analysis, we have developed and tested a program
called, hap-summary.pl. A schematic of the hap-summary is shown in Figure 72 and a
description below.

Figure 72. hap-summary Schematic
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The input consists of a set of reads aligned to the rCRS. Each position is examined to determine
the fraction of all reads that carries a variant base at that position (red stars). Sites where more
than a user-defined percentage of reads are observed to be variant are flagged as variant sites.
Then, each read is assigned to a haplotype according to the bases it carries at the variant sites. In
this way, sporadic sequencing error can generally be ignored for determining the haplotype
configuration. The output is a list of the variant sites, the observed haplotype configurations, and
their counts from most to least common. This algorithm was used to analyze the 454 single

source and mixture data and a summary is presented below. Data analyzed using hap-summary
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are consistent with data previously analyzed with alternate software. However, the haplotype
sequence summary is much easier for mixture analysis and essential for mixtures with greater

than 2 contributors as it provides sequence haplotype counts and not just mutation variant counts.

Analysis of single sample data
We analyzed using hap-summary data collected from two “Population Studies” wherein a battery

of mtDNAs was individually amplified and barcoded. These products were then pooled and
sequenced together. The resulting data, after barcode identification, should be the product of a
single mtDNA haplotype. These data were used processed with the goal of determining which, if
any, sites are called variant in the presumed absence of any bona fide variation. This is an
important experiment for several reasons. First, genuine heteroplasmy within an individual can
generate data with variable sites. These should be identified and ignored in haplotype assignment.
Second, sequencing error and especially homopolymer-related sequencing error using the 454
sequencing system, can generate what appear to be variant sites. It is a well-established
observation that sequence context can generate reproducible sequencing error using any
sequencing technology and especially pyro-sequencing. Third, there are some regions of low
complexity where alignment can be ambiguous. These regions must be identified by visual

inspection of the alignment data.

The two Population Studies contained pooled data from 62 and 63 individuals. We aligned these
data to the HVRI and HVRII using mia and summarized the haplotypes using hap-summary.pl.
In each sample, we identified the sites where at least 2% of the amplicon data contain a base that
differs from the consensus base at that position. Each such position is called a variant position

for that sample. Then, we counted the number of samples in which that position was found to be
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variant. The results of this accounting are shown in Figure 73 for the HVRI region. Ideally, these

datasets, each of which derives from a single mtDNA haplotype would have no variant positions

in any sample. However, there are several positions that consistently have variant reads. As

shown in the figure, variant positions are typically associated with the base miscalls and

alignment ambiguities in the vicinity of homopolymer stretches.

To account for this issue, we implemented in hap-summary.pl a position-specific filtering regime.

The program can take as argument an arbitrary list of positions to ignore for variant detection

and haplotype summary. Further, it can be told the length of the PCR primers that flank the

Number of samples with >= 2% variants

amplicon sequence and
ignores any  variant
positions that are within

the  primer regions.

Figure 73. — Sequence variants in HVRI
single-sample amplicon data. 62 samples
of single source were individually
amplified, bar-coded, and analyzed. The
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Examination of the Population Study data led to exclusion of the following sites in HVRI:

16,005, 16,015, 16,024, 16,162, 16,179-16,199, and 16,381. For further analyses, these sites are

excluded from variant detection and haplotype definition due to their propensity for being falsely

indicative of variation.

Jumping PCR

It is known that PCR can sometimes switch templates during amplification. This phenomenon,
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sometimes called “jumping PCR” can result in amplicon
products that are chimeric between molecules. For
mtDNA mixtures, this could result in haplotypes that are a

combination of the input templates.

We tested the relationship between the number of PCR
cycles and haplotype chimerism with the following
experiment. We amplified from a 1:1 mixture of COR037
and COR110 using an increasing number of cycles. Then,
we performed the alignment, variant detection, and
haplotype calling procedure as described above. The
results of this experiment are summarized in Figure 74.
As expected, fewer PCR cycles results in few template-
switched products. After 34 PCR cycles, 437 of 567
sequenced products (77.1%) were not template-switched.
In contrast, after 24 PCR cycles, 515 of 529 sequenced

products (97.4%) were not template-switched. Thus, for
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accurate haplotype identification and quantification from a complex mixture, it is important to
keep the number of PCR cycles to a reasonable minimum.

2 Person and Complex Mixtures

To test our ability to reliably determine the ratio of a simple mixture of templates, we engineered
mixtures of two templates (COR073 and COR110) with ratios of 100% down to 0.1% of each.
We then performed the PCR, sequencing, and analysis process as described above. These
samples were found to differ in the HVRI region at position 16,327. COR073 carries a T whereas
COR110 carries a C. To estimate the observed proportion of each sample in the sequence data

we consider only the correct haplotype, i.e., disregard all other differences, and

COR110 % COR110% report the proportion of correctly sequenced and aligned
Expected Observed
P 0 0 amplicon reads differing at position 16,327. These results
>0 49.2 are shown in Table 21. Overall, there is a expected
25 29.7
10 8.2 percentage of reads that match the COR110 haplotype and
5 7.4
2.5 2.9 the observed percentage. However, we note that the limit of
1.0 0
0.5 0 detection is about 1% of the minor component. Notably,
0.25 0
0.1 0 regardless of whether the minor component was COR110 or
100 100
50 50 CORO073, if it was mixed at 1% or less, we failed to recover
75 78.3 . .
90 89.7 any sequence reads corresponding to the minor component.
95 94 . .
975 97.2 This could be due to the complete absence of the minor
99 100 . . . .
99.5 100 product in the PCR amplicon pool, limits of detection from
9999'795 :gg a few hundred reads, or a combination of these factors. We

are in the process of using Hap- to analyze complex mixtures (3 to 5 person mixtures).

Preliminary data show that the algorithm successfully provides read counts for each observed
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sequence haplotype (table 22 below). However, additionally analysis is needed to identify ‘true’
sequence haplotypes from jumping PCR chimeras, sequence error, and heteroplasmy mutations.

Additional modifications to account for these issues are in progress.

The sites that are variant using cutoff of 2 percent
16129 16223 16327 16391 count
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E. Conclusions

1. Discussion of Findings

We have successfully developed a duplex PCR assay targeting the mtDNA hypervariable regions
I and II (HVI/HVII) using eight sets of 454 MID tagged fusion primers in a combinatorial
approach for deep sequencing 64 samples in parallel on a 454 GS Jr. The library preparation
methods including the PCR parameter and the AMPure purification method were proven to be
optimized through quality check steps and the sequencing results. This assay was shown to be
highly sensitive for sequencing limited DNA amounts (~100 mtDNA copies) and detecting
mixtures with low level variants (~1%) as well as “complex” mixtures (>3 contributors). The
minor base was reliably detected at each of the mixed base positions and the observed
frequencies were similar to the expected frequencies using 454 sequencing with ~600-1000 reads
per amplicon but not by Sanger sequencing. Further, we have characterized and observed the
jumping PCR effect that arises in amplification of mixed samples that are often encountered in

the forensic field and concluded that the frequency of the phenomenon can be decreased by
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lowering the amplification cycle number. Heteroplasmic samples of various tissues from
monozygotic twins were studied using the developed assay and the 454 sequencing results were
compared to the Sanger sequencing results. Heteroplasmy at position 16093 was detected in the
buccal samples by both methods but was only detectable in blood using the more sensitive 454
NGS method. We show that not only is NGS more sensitive for detecting minor components in
a mixture, but it is also more quantitative because it provides a digital read-out counting the
number of sequence reads corresponding to the individual components. In addition, a population
study was conducted in order to confirm the concordance with Sanger Sequencing data and to
generate a NGS population data base. All confirmed SNPs from Sanger Sequencing were
detected, and further low level mutation that was not detected through Sanger Seugencing
method was observed in 454 population database. Such low level heteroplasmy needs further
investigation. A concordance and reproducibility study was conducted between CHORI and the
Jan Bashinski DNA Laboratory of The California Department of Justice (CA DOJ), and the 454

sequencing results were concordant between labs and compared to Sanger Sequencing.

We have also successfully designed and showed proof of concept for a solution phase sequence
capture and NGS assay for targeted enrichment and deep sequencing of the entire mitochondrial
genome for increased discrimination power. Using this SeqCap NGS assay, 100% sequence
coverage of the mitochondrial genome with an ~80% on target rate was achieved. Additionally,
a DNA fragmentation method using mechanical shearing was optimized for rapid library
preparation. This method was shown to be DNA quantity and quality independent, essential for
preparation of highly degraded or limited samples often encountered in forensic cases. This

optimized fragmentation method coupled with the SeqCap NGS assay was successfully used for
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sequencing the entire mitochondrial genome of limited DNA samples as well as detection of
minor sequences in a mixture. The input DNA amount was successfully lowered to the
forensically relevant level of 100 pg, but the definitive sensitivity limit is to be determined. 10%
and 5% mixture resolution was established, and even the lower mixture detection limit is
expected to be established with higher number of reads. Proof of concept for the application of
the assay for degraded samples was established with artificially degraded samples, and further

exploration for such application is currently undergoing.

Also, 454 NGS assays targeting the CODIS STR loci were developed using 454 mini STR

fusion primers in a multiplex PCR as well as an approach using a universal 454 primer set for
amplification of a mini-STR multiplex. A STR assay with M13 universal primer design using
454 Next Generation Sequencing technology was developed as an alternative approach to the
fusion primer approach to minimize the number of primer sets required for pooling multiple
samples per sequencing run. In this unique design the samples are first amplified by inner
primers consisting of STR locus target specific sequence and a universal M13 linker sequence.
The inner products are then amplified with outer primers consisting of complementary M13
linker sequence, a 10 bp MID tag, and a 25 bp 454 specific sequence. We have showed proof of
concept for generating a full STR profile with 50 pg input DNA through a small sensitivity study,
but the lower sensitivity limit is not established yet. Different purifications methods for small
fragment removal (primer dimer) were examined for both STR assays. Although the current
method is optimized with the AMPure purification, the potential product loss with AMPure XP
small fragment removal need to be addressed and explored further.

Further analysis is needed.
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We have worked with 2 external collaborators to modify next generation sequencing software for
mtDNA and STR next generation sequence alignment and analyses. A commercially available
software NextGENe was customized for the analysis of data generated for HVI/HVII assay and
the STR assays. Two analysis options, mitochondrial amplicon analysis and STR analysis, were
added to the software, and modifications to the sorting tool were made to accommodate the
combinatorial use of MID barcode tagging. The STR sequence alignment algorithm was
optimized for alignment of STR repeats, assigning lower gap penalty for IN/DEL sizes
corresponding to the repeat size (4 bp). The modified algorithm results in improvement for
alignment of the STR repeats. However, due to the nature of the repeats in the STR markers,
further optimization and modification of the software is needed for the correct and optimal
alignment of the STR sequence. A high pyrosequencing error rate was observed in the
homopolymer C stretch region in HVI and HVII amplicons and resulted in sequence mis-
alignment in these regions using the 454 AVA software. However, base substitutions were
correctly identified using the NextGENe software in these homopolymer regions and the
sequence alignment was somewhat improved when filters for removing sequence errors were
applied using this software. Additional modifications addressing these issues are still needed to

effectively analyze the data and are on-going.

We have also developed a flexible front-end for running and analyzing the results from Mapping
Iterative Assembler (MIA) for mtDNA mixture analysis, which operates by aligning each of the
input 454 (or other platform) reads against a defined reference mtDNA assembly in collaboration

with Dr. Richard Green at UC Santa Cruz. MIA was able to detect a minor component (10%) of
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an alternative haplotype mixed into a background of mtDNA from another haplotype. Recently a
modification to the algorithm was made and is currently being tested for analysis of mixtures for
the HVI/HVII Amplicon assay. Incorporating an algorithm to identify sequence haplotypes of
detected sequences is currently being explored for mixture analysis of the whole mitochondrial
genome. A feature to take into account the circular nature of the entire mitochondrial genome is
in the process of being added. Further modifications to the software are on-going.

2. Implications for Criminal Justice Policy and Practice

The massively parallel and clonal nature of next generation sequencing (NGS) technologies has
the potential to revolutionize the forensics DNA field. The implementation of NGS in forensics
labs will have a significant impact for many different reasons. NGS is capable of analyzing
sequence polymorphisms (e.g. mtDNA, SNPs) as well as length polymorphisms (e.g. STRs) on
the same platform, and, in principle, in the same run. Moreover, sequencing STR markers will
detect any sequence polymorphisms in the STR loci, thus increasing the discrimination potential
of these widely used markers. The high throughput nature of NGS makes it technically feasible
and cost-effective to sequence the entire mtDNA genome rather than just the HVI and HVII
regions, thereby greatly increasing the discrimination potential of mtDNA analysis. In addition,
the sensitivity of NGS systems facilitates the analysis of forensics specimens with limiting or

degraded DNA.

The clonal nature of NGS provides a powerful and quantitative means of deconvoluting mixtures,
a particularly challenging category of forensics specimens. Different contributors to a mixture
can be detected by analyzing the different clonal sequence reads identified in the sequence

analysis and their contribution quantified by simply counting the number of sequence reads.
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This digital analysis is much more precise than estimating peak height or area for STR markers
or analyzing Sanger electropherograms for mtDNA sequences. For chromosomal markers, one
must make assumptions about which alleles in a mixture “go together” as a genotype and many
statistical approaches to mixture analysis consider all possible genotype combinations and, in
some cases, different numbers of contributors. MtDNA, on the other hand, is a particularly useful
marker for deconvoluting mixtures because, potential heteroplasmy aside, each distinct mtDNA
sequence corresponds to (at least) one contributor. Statistical analyses can capture and
incorporate the probability that one mtDNA sequence could correspond to more than one
contributor. Thus, NGS analysis of mtDNA is the most robust way of estimating the number of

contributors to a mixture.

In general, for forensics as well as other genetic analyses, the two approaches to target
enrichment for library preparation are PCR or probe capture. In our experience, PCR has proved
effective for NGS analysis of STRs and the HVI and HVII regions of mtDNA. We have found,
however, that probe capture is a robust, sensitive, and efficient way to enrich for the whole
mtDNA genome. Given the high concentration of mtDNA, the probe capture is efficient with
less starting material and allow for shorter hybridization times than for nuclear markers. The
optimized probe capture methods described have great promise to overcome many of the major
challenges routinely encountered with analysis of limited and degraded DNA. As noted above,
the probe capture technique allows the entire mitochondrial genome to be analyzed, greatly
increasing the discrimination power of current mtDNA assays which use Sanger sequencing for
analysis of just the HV regions and can be applied to analysis of degraded samples since it is not

dependent on specific priming sites. The NimbleGen SeqEZ probe capture method in
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conjunction with NGS technology also provides high sensitivity and requires lower starting DNA

amounts compared to other NGS enrichment methods.

The customized forensic NGS software developed for this project will be made publicly
available and has broad applicability for NGS applications. Advances in oligo synthesis have
markedly reduced the cost of probes, making probe capture an affordable method for routine
forensic applications. The use of multiplex tags for sample pooling greatly reduces per sample
costs and implementation feasible. NGS technologies are capable of analyzing both
mitochondrial and nuclear DNA targets as well as SNP and STR markers simultaneously.
Overall, the proposed capture and NGS assays offer increased resolution and discrimination
power for mtDNA as well as improved success for the analysis of degraded and limited DNA

analysis.

One limitation of this study is that it was performed on the 454 platform (GS Junior instrument),
a technology that will be discontinued in 2016. At the outset of this study, the 454 platform was
chosen because it was the first NGS technology available and because it could achieve far longer
sequence reads then the subsequently developed NGS platforms (Illumina, Ion Torrent).
However, all of the approaches using the 454 platform developed and reported here can be
adapted to Illumina or Ion Torrent with minor modifications. Furthermore, the cost of
sequencing, the ease of use, and the length of sequence reads, have all been improving on all
platforms, making it likely that NGS on relatively inexpensive desktop sequencers will be
broadly implemented in forensics labs over the next 5 years. However, some challenges facing

implementation will include start-up cost of instrumentation, training, and validation.
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3. Implications for Further Research

Next generation sequencing (NGS) promises to have a major impact on the practice of forensics
labs over the next 5-10 years. Over the next few years, the throughput, cost, and read length
obtained with existing platforms should improve and the availability of relatively inexpensive
desktop sequencers will make access to NGS affordable and cost-efficient for many forensics
labs. One of the reasons for implementing NGS in forensics labs is that sequence markers (e.g.
mt DNA, SNPs) and length polymorphisms (e.g. STRs) can be run on the same platform.
Moreover, detecting sequence polymorphism within the repeat region or the flanking region for
STR markers will increase their discrimination potential. Also, the clonal nature of NGS means
that, in the future, NGS will be the method of choice for deconvoluting mixtures. In particular,
mtDNA is the marker that is most informative for determining the number of contributors to a
forensic mixture and, given the ease with which whole mtDNA genome sequences can be
obtained with NGS from both reference and forensics samples, we anticipate that mtDNA

analyses will move from HVI and HVII alone to whole mtDNA genome.

NGS analysis will need to be “backward” compatible with currently used markers so that the
NGS panels of the future (potentially including phenotypic and ancestry markers) will need to
include the current CODIS STR markers. Similarly, software capable of using whole genome mt
DNA sequences to search missing person data bases populated with only HVI and HVII data will
be needed; this software will need to take into account “hot spots” for heteroplasmy to maximize
the discrimination potential of mtDNA sequences. To increase the discrimination potential of

“lineage” markers such as Y-chromosome STRS and SNPs as well as mtDNA sequences, the
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databases for these lineage markers will need to be significantly increased and software designed

to estimate the probability of a random match from such lineage databases.

With respect to our study, we will continue to optimize the probe capture system for mtDNA.
Increasing the balance of coverage over the genome and reducing the time of probe capture
hybridization will be a major focus. We will be determining the sensitivity of input DNA as well
as the proportion of a minority sequence that can be detected as well as characterizing
heteroplasmy patterns from different tissues. We will also focus on analysis of degraded
samples, such as DNA from bones shown to be degraded using a qPCR assay. We will use the
NextGENe software for this analysis. We will also use custom software developed in

collaboration with Richard green for mtDNA mixture analysis.

We will test our currently optimized NimbleGen capture system on various kinds of challenging
forensics specimens as well as samples from many different populations and we will be
submitting our whole mt DNA genome sequences to EMPOP. We also plan on adapting the
whole genome sequencing for use with Illumina platforms.

For STR analysis, we will be comparing different software packages for STR allele calling.
Most of the NGS work we have done thus far has been based on the 454 GS junior instrument
system but, with some minor protocol modifications, the systems we have developed can be
adapted to other NGS platforms (e.g.Ion Torrent and [llumina). We anticipate that, over the next

2 years, much of our work will be carried out on a MiSeq instrument.
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