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Abstract

The goal of this project was to characterize, automate, and evaluate a novel
enzymatic fragmentation method for the creation of next generation sequencing libraries.
Genetic sequencing through the use of next generation techniques has the potential to
significantly enhance research and improve therapeutic outcomes through personalized
medicine. The complexity in processing samples is one of the barriers that contributes to
the high temporal and monetary cost of sequencing genetic material. New England
BioLabs has recently developed the NEBnext Ultrall FS system for the processing of
whole genomic DNA into fragmented libraries through the use of enzymatic cleavage.
This novel fragmentation technique was shown to generate libraries of comparable
quality to ultrasonic shearing techniques when compared to the Agilent SureSelect*”
preparation. Additionally, the new method required less sequencing depth over previous
restriction enzyme based fragmentation methods to generate the same coverage metrics.
The NEBnext Ultrall FS system was proven to have stable results when automated
allowing for rapid scalability as well as reduced cost and processing time. Ultimately,

NEBnext Ultrall FS is a viable candidate as the next evolution in NGS library

preparation.
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Chapter I.

Introduction

The discovery of DNA as the carrier of life’s instructions in 1953 has sparked a
revolution in the understanding of how organisms function (Watson and Crick, 1953). As
the use of genetic information grows the need for faster and cheaper ways to determine
that genetic information has driven development of new technologies. Genetic
sequencing methods have evolved from a process that took years to sequence one

genome to the ability to determine multiple genomes in the span of days.

Genetic Sequencing

Genetic sequencing is the process by which a specific organism’s genetic code is
determined. This code can be compared against the accepted normal genetic code, or
draft sequence, of a species to detect potential disease states or predispositions to certain
conditions. It can also be used to uniquely identify an individual for research or criminal
purposes. Thousands of mutations in the exome, or protein coding region, of the human
genome have been characterized to directly result in either a Medellin genetic disorder or
to indicate a higher risk of developing a disorder through malfunction of that specific
protein (Gilissen et al., 2012). Beyond mutations that cause health problems, the unique
mutations in an individual’s code allows for specific identification of that individual, a
key tool for law enforcement in identifying a perpetrator of a crime (Schneider, 2007).

Additionally, collections of sequences can be used to identify new therapeutic targets,



determine the causes of and predispositions to genetic disorders for future diagnosis, and
calculate the frequency of risk factors in populations for public health planning (Chen
and Butte, 2016) (NSIGHT).

For any comparisons to be made the first step in understanding the sequence of an
organism is the creation of a draft or ‘normal’ sequence for that organism’s species. For
the human genome, this was known as the human genome project, completed in 2001
(Lander et al., 2001). This massive undertaking spanned the globe and was the result of
decades of research that started with the invention of the first large scale genetic testing
process pioneered by Fredrick Sanger known as first generation sequencing (Heather and
Chain, 2016). Sanger sequencing, which was first published and widely adopted in the
1970’s, involves the synthesis of many copies of the same small fragment of DNA to
determine that DNA strand’s sequence. This sequencing first requires the isolation and
amplification of the target fragment of DNA that is no bigger than 1000 base pairs. Once
an amplified region is isolated this fragment is spilt into 4 different reactions. Each
reaction also contains the necessary enzymes for DNA synthesis, the four ANTPs and one
fluorometric or radiographic labeled ddNTP (Sanger et al., 1977) (Heather and Chain,
2016). This dANTP will act as a terminating incorporation of that particular base. These
incorporations will occur randomly as the DNA synthesis progresses resulting in different
sized fragments. Each of these new fragments indicates a position in the sequence that
contains a base in that reaction which has the incoperated ddNTP. The four reactions are
then analyzed by comparison in a side by side electrophoresis gel. In this way, the
original DNA fragment sequence can be checked base by base (Sanger et al., 1977)

(Figure 1).



&C 438C

b= EAGTT T

GGG TAC 437C

A GAGA 436C

BB CAC rrTA43%0
'#‘TG

m e anGGAARA 434C

-— GA

Figure 1: Sanger Sequencing Gel

Gel electrophoresis results of four identical DNA fragments run simultaneously. Each
lane contains the four ANTPs and one labeled ddNTP (Sanger et al., 1977).

There are several major advantages and drawbacks to Sanger sequencing. One of
the biggest advantages is that it is not necessary to have a draft sequence to interpret
results. A specific fragment of interest can be sequenced through the use of selective
amplification by designing primer sets that will start synthesis only at the start point of a
desired fragment (Lander et al., 2001). This lack of a needed draft sequence allowed for
the initial sequencing of the human genome. Unfortunately, Sanger sequencing is both
slow and costly (Heather and Chain, 2016). As only one fragment can be processed

within one set of 4 reactions there are limitations on how quickly a region can be read.



Additionally, a limitation of 700 bases per synthesis for short reads prevents increased
output (Goodwin et al., 2016). Increasing the size of an analyzed fragment both slows
down analysis and increases the likelihood of an error. The slow and expensive nature of
Sanger sequencing eventually lead the advent of the next generation sequencing or NGS

methods for analyzing a genome (Heather and Chain, 2016).

NGS methods universally rely on a multiplexing technique that sequencing many
fragments at ones and constructs the sequence being analyzed by matching the fragments
back up to the draft sequence of the organism (Goodwin et al., 2016). While the method
of generating the fragment data varies from technique to technique, the process of
reconstructing the sequence from analyzed fragments starts by comparing each fragment
and identifying overlapping fragments. It is critical that the fragments of DNA are
sufficiently random such that regions of the DNA overlap for this process. In addition,
the fragments are compared to the draft sequence to identify where each fragment could
lie within the draft. As the overlapping fragment sequences are combined, the certainty
where the expanding region of sequence lays within the draft increases and eventually, as
enough regions are analyzed a full DNA sequence emerges. Since no organism’s DNA is
identical to another’s, the overlapping regions also give more certainty to any mutations
or deletions that might be present within the sequence being analyzed (Gogol-Doring and

Chen, 2011).

Next Generation Sequencing
There are many existing methods of sequencing through next generation

techniques. All of these techniques rely on very similar fragmented DNA or fragment



libraries as an input. Additionally, all of the techniques use the process of multiplexing to
simultaneously analyze multiple fragments within a single reaction (Heather and Chain,
2016).

The most common of these sequencing techniques is called sequencing by
synthesis, developed by Solexa and purchased by Illumina, Inc (Heather and Chain,
2016). Next generation sequencing by synthesis works through the generation of
sequence data by presenting one of the four ANTP bases at a time for synthesis on a
bound fragment and measuring if that base has been added. The process begins by
flowing a pool of specially prepared DNA fragments across a glass slide or chip. The
chip is coated with a binding ssDNA oligonucleotide, which allows for the
complimentary ssDNA oligonucleotide that has been ligated onto the end of each
fragment to bind (Figure 2). There are far more binding sites on the chip than initial
fragments. Additionally, a second binding site is present on the opposite end of the
ssDNA fragment, which will bind to a second site on the chip creating a bridge. Once
initial binding is complete, a round of synthesis occurs which elongates the bridged
fragments (Figure 3). After synthesis, the two strands are separated resulting in two
identical fragments adjacent to each other with one end free from the binding. The
fragments then re-bridge and the synthesis is repeated. This process eventually results in
clusters of identical ssDNA fragments (Figure 4). Once cluster generation has completed,
sequencing can begin. A single fluorescently labeled dNTP is flowed across the chip and
is incorporated according to the ssDNA templates bound to the chip. These dNTPs also
contain a blocking element so that only one ANTP may be incorporated per fragment at a

time. The bound labeled DNA can then be read and clusters that fluoresce represent



fragments with the flowed dNTP at that position. The fluorophore and blocking element
are then chemically cleaved from the growing sequence, and the entire process is

repeated for a different ANTP (Illumina, 2010).
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Figure 2: [llumina Chip Fragment Binding

Primer oligonucleotides on the chip bind to comlimenary adapter oligonucleotides on the
fragments (Illumina, 2010).
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Figure 3: Illumina Chip Bridge Amplification

Bridges form and synthesis of complimentary strands is preformed DNA (Illumina, 2010)

Figure 4: [llumina Chip Cluster Generation

Clusters form from each originally bound fragment (Illumina, 2010).



Once the basic sequencing of clusters of fragments is complete, the analysis
building can be done to recombine the sequence for larger regions of DNA. This allows
for a single experiment run to sequence a much larger region of DNA. Additionally,
multiplexing is possible within a single run, permitting multiple sample sequencing
within one reaction. This multiplexing is made possible through the use of molecular
barcoding. Prior to the ligation of the chip binding oligonucleotides, an additional unique
string of base pairs is ligated to the DNA fragment. When sequencing is performed, each
cluster is not only analyzed for the content of the sequence but also for the string of bases
marking that molecular barcode. This can allow for many samples to be run

simultaneously, thus substantially increasing the throughput of a single run (Head et al.,

2014).

NGS Library Preparation

The process to prepare DNA fragment libraries for [llumina sequencing by
synthesis, or any sequencing technique, is by necessity complex and time consuming.
There are two major components to that process. The first is the generation of uniform,
unbiased fragments that contain the needed molecular barcodes and binding
oligonucleotides (Head et al., 2014). The second component is an optional process that
will select for regions of interest within the genome. An example of this selection is to
isolate just the exome, or protein coding region, which is much smaller (30 mega bases
vs. 3.3 giga bases) and therefore can be much more quickly and cheaply sequenced
(Gilissen et al., 2012). Another selection might be of a targeted set of known genes that

are responsible for a phenotype of interest, such as the genes known to mutate in the



formation of cancer (Crawford et al., 2017). Before selection of targeted regions can
occur, the DNA must be taken from whole genomic DNA to fragments.

The process of generating consistent DNA fragments can be viewed as three
distinct steps: fragmentation, ligation of adapter oligonucleotides, and amplification of
fragments. The fragmentation step can be done through physical, chemical, or enzymatic
means (Heather and Chain, 2016). The ultimate goal is to take whole genomic DNA and
break it apart without bias towards any region within the DNA. Once the fragmentation
process is complete, samples must be repaired for any damage that has occurred at the
terminating end of the fragments. This is followed by the ligation of short
oligonucleotides that are used as molecular barcodes for identification of that sample
within a pooled sequencing product and binding oligonucleotides needed for binding to
the chip. Finally, these products must be purified and amplified typically using AMPure
(SPRI) bead based DNA cleanup protocols and then via polymerase chain reaction
amplification (Head et al., 2014).

Once the whole genome library has been created, one technique that has been
used to isolate target regions is hybridization — capture (Mamanova et al., 2010). The
hybrid-capture process begins with the combination of the whole genome fragmented
library with hybridization oligonucleotides. These oligonucleotides are short ssSDNA
sequences that specifically match the region of interest. For example, if only the exome
fragments are desired, the oligonucleotides would be a mixture of sequences that
represent only the exome region as defined by the draft sequence. The oligonucleotides
are hybridized to the target fragments by first denaturing the dsDNA library fragments

into ssDNA. The oligonucleotides then bind to the fragment regions that match their



sequence. In this way only the regions for which these oligonucleotide probes are
selected. These hybridization oligonucleotides are also biotinylated, which allows for
selective capture in the next step of the process (Mamanova et al., 2010).

Once the hybridization is complete, the bound library fragments are isolated using
streptavidin magnetic beads that pull only the biotinylated fragments out of solution. The
remaining fragments that do not contain elements of the exome region are then washed
away. These bound regions can then be amplified using the polymerase chain reaction as
well as labeled with molecular barcodes for multiplexing and binding oligonucleotides
for attachment to the sequencing chip. At this point in the process the selected libraries

are now ready for sequencing (Heather and Chain, 2016).

Fragmentation Techniques

Given the cost of sequencing as well as the time consuming and costly nature of
library preparation, there have been efforts to improve upon every step within the library
creation process. In particular, the fragmentation method used to create appropriately
sized DNA for selection and labeling is of specific interest. One of the greatest sources of
error and need for improvement in a sequencing run is that of fragmentation bias (Lan et
al., 2015). Depending on the method of fragmentation used, samples may see sequence
specific rates of fragmentation resulting in lower coverage for regions that have lower cut
rates. This bias becomes apparent due to the requirement that fragments must be mostly
uniform in size to be sequenced correctly. Regions with lower fragmentation rates will
differentially create larger fragments. These large fragments will then be excluded prior
to amplification. There will, therefore, be fewer fragments within the mixture when the

samples are loaded. This will result in a lower number of times each of the large
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fragmented region bound to the slide and make it more difficult to fit that pattern into the
reconstructed sequence for matching against the draft. Ultimately, it will mean a lower
confidence in the base calls of that low fragmentation region and, in the worst case
scenario, generates gaps within the sequence (Lan et al., 2015).

To combat the possibility of low coverage, there have been several techniques
developed to fragment the DNA with minimal bias. The first such technique is the use of
restriction enzymes, or endonucleases, that have been isolated from bacterial sources.
Restriction enzymes are capable of cutting dSDNA and recognized short (~6 base pair)
sequences and have been used for a variety of biochemical experimental methods since
their identification in the mid 20" century (Arber and Linn, 1969). A mixture of several
different restriction enzymes can result in a somewhat random fragmentation process.
However, all restriction enzymes require a recognition site in order to initiate cleavage.
There are regions of the genome, and even parts of the exome, that are limited or even
lacking altogether any recognition site for the known restriction enzymes. Therefore this
process is not ideal and will result in biased regions requiring greater numbers of
sequencing runs for better coverage.

Beyond restriction enzymes there is an additional enzymatic process that was
developed after further research. Like restriction enzymes, the Tn5 transposase complex
is capable of cleaving dsDNA (Marine et al., 2011). Fortunately, the transposase does not
require a specific sequence site to initiate cutting. Additionally, because transposase’
function is inherently to insert DNA within an existing strand, the addition of the adapter
oligonucleotide can be simultaneously added to the end of the new fragment.

Unfortunately, while transposase activity does not require a specific sequence of bases,

11



there is a bias towards preferential cleavage of G-C rich regions of DNA (Green et al.,
2012). As there are A-T rich regions in the exome (and even more within the genome),
again a fragment bias occurs (Marine et al., 2011). While this bias is not as extreme as the
originally developed restriction enzyme fragmentation method, the disadvantages
generated by biased fragments still require additional sequencing. In some cases complete
lack of a region is observed within the resultant sequence.

Another method that has shown to be almost entirely free of bias is the ultrasonic
shearing technique (Head et al., 2014). In this process, ultrasonic waves are pulsed at
carefully calibrated frequencies, intensities, and durations to mechanically break the
phosphate backbone of the DNA. These sheering parameters can be tuned to result in
different sized fragments that break in a largely random manner (Knierim et al., 2011).
There are several drawbacks to the process however. Unlike enzymatic methods, an
additional expensive piece of equipment is required for the ultrasonic process.
Additionally, the breaking of bonds in this way generates a greater degree of damaged
DNA that must be removed through additional cleaning processes compared to enzymatic
cleavage. Both issues make the process longer, and the additional equipment can result in
a greater difficulty for both training purposes and in finding the capital to start processing
samples. Ultrasonic shearing also requires larger sample inputs than enzymatic processes
because the degradation of input DNA is higher with this process. Additionally, although
not as compelling, some evidence shows that there is a G-C rich bias with ultrasonic
fragmentation (Poptsova et al., 2014). A more robust method of fragmentation would

therefor aid in the preparation of sequencing libraries.
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There has recently been a new enzymatic fragmentation method developed by
New England Biolabs called NEBNext Ultra IT FS DNA Library Preparation. This
system does not have the same bias problems that plague the restriction enzyme and
transposase methods. This novel process could theoretically cut down substantially on
the time and cost needed to produce unbiased fragments without the need for additional
equipment or training. Because this novel fragmentation method is enzymatic in nature it

does not require the added DNA input of shearing as well.

Automation

There is an additional component that has become critical to the next generation
sequencing process. That is the ability to automate, or robotically prepare, sequencing
libraries. As the number of samples that can be run in a single experiment increases,
many more samples must be prepared simultaneously. This presents a challenge both
from a labor perspective as well as an experimental design one. The typical library
preparation process is anywhere from 30 to 40 hours. There are dozens of precise
pipetting steps for each sample, many of which require scrupulous temperature control,
exact timing of addition, specific mixing or all three at once. These requirements make
hand pipetting more than 8 to 16 samples at once impractical even for the most skilled lab
technicians. Beyond the difficulty of having enough samples prepared at once, the
constant repetitive pipetting is an ergonomic hazard that is not trivial to consider. These
technicians require extensive training and are also compensated accordingly. Automating
the process allows for the preparation of 10 or more times the number of samples that can

be prepared by hand.
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Automation provides great reproducibility when programed properly.
Fundamentally, automating a process is achieved by codifying individual steps within
that process into discrete commands. In the case of a biological process, the steps are
typically broken down into each of the liquid additions and incubations needed for a
given protocol. Each step is then build into a program that logically follows the order of
the protocol. Users are prompted to load samples, reagents and pipette tips as required.
The machine will then execute all of the pipetting and incubations as defined by the
program in order.

There are several major advantages to automating a process. First and foremost of
the advantages is the increased throughput made possible by automation. While the actual
pipetting of a single reagent is often no faster than a lab technician’s technique,
instrumentation can often pipette many more samples or reagents at once allowing for a
greater parallelism within a single instrument. Additionally, it is possible for a single
technician to operate multiple instruments at the same time greatly increasing an
individual’s output. Beyond throughput considerations, one of the major advantages of
automation is its ability to prepare samples consistently and with a predictable level of
quality. People inevitably have bad days. They get tired or make mistakes. Robotics has
an advantage in that they will perform a task exactly the same way each time. As a result,
automated protocols do not make mistakes like swapping sample locations or failing to
add a reagent in the correct location or at the correct time. This simplifies both the task of
tracking sample locations to ensure chain of custody integrity as well as improving the

consistency and overall quality of products that are created from the assay. An automated
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protocol should produce results as good as the manual process, but in a more consistent
manner.

The need for automated processing of library preparation has led to several
important considerations in experimental design. While automation is more consistent at
repetitive tasks, it is generally no faster at moving a given liquid than a human. It is
therefore critical to design experimental steps that require temperature control on heated
or chilled locations to preserve integrity of process. Additionally, steps that require
precise timing may need to be adjusted in the distribution of reagents or reorder of liquid
additions to ensure that samples are introduced to the active reaction simultaneously. The
most useful tool to ensure this continuity across samples is a pipette that is capable of
adding reagents to 96 positions within a microtiter plate at the same time. By distributing
the reagents containing the active ingredients to the plate first then adding the samples on
top of those reagents, all samples are ensured equal reaction times. Automated processes
invariably require a higher dead volume of often expensive reagents. This is mostly
resulting from the instrument’s inability to be certain that a sample has been perfectly
pipetted. Humans can visually inspect any pipetting that is performed and re-pipette if
the first attempt is not satisfactory. While some limited automated liquid sensing is
possible, if a sample or reagent is missed an automated system cannot typically determine
that an error has occurred. Additionally, the time sensitive nature of many steps would
contradict repeat pipetting many times for the large number of samples processed with an
automated system. This would in turn lead to failed preparations. A final consideration
that is nonetheless essential is the challenges that different liquids present for accurate

measurements. Again, because the system cannot visually monitor every pipetting step,
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differences in viscosity, cohesion, hydrophobicity and density among liquids can cause
issues with pipetting accurate volumes. The high cost of some reagents as well as
experimental sensitivity to accurate volume of reagent requires that these pipetting
challenges be overcome. This may mean increased dead volume or reorder of reagent
addition to ensure accurate and precise pipetting.

The benefits of next generation sequencing to the feasibility of wide scale genetic
testing justify continued process improvement. This will ensure the wider availability of
this useful tool to researchers and physicians as well as the patients and wider
communities they ultimately serve. Decreasing the monetary cost of NGS testing will
lead to an increased availability of this useful tool. The fragmentation step within NGS
library preparation is one of many that can be improved upon to lower cost and improve
the quality of results. A major part of the NGS cost is tied to the time it takes to prepare,
sequence, and analyze results. It is therefore not only useful to shorten the time it takes to
process a single sample, but also critical that samples can be processed in parallel.
Automated liquid handlers such as the Hamilton STARIet are essential tools in allowing
for parallelism without sacrificing quality. Novel NGS library preparations like a new
enzymatic fragmentation method must therefore be shown to work at least as well as
previous methods, be faster or cheaper, and function correctly in an automated

environment.
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Chapter II.

Materials and Methods

The development and testing of a novel fragmentation method for automated
sequencing requires two phases. The novel fragmentation method is characterized and
tested against previous methods. Then it is necessary to optimize the method on an

automated system for speed and scalability.

Fragmentation

There are two major components that must be tested to ensure that any novel
library preparation is successful. The first is that the modified portion of the
experimental procedure must be characterized to ensure consistent predictable results. In
this case, the novel fragmentation method must be tested for various constraints. In order
to accurately measure any impact that the change to the method of DNA fragmentation
might have, it is important to check the result of the first portion of library preparation, or
the generation of whole genome libraries. At this step the product is stable and therefore
more easily measured for its quality before further experiments are carried out. The
second major component in verifying that the new fragmentation method is viable is to
automate the entire library preparation process including hybrid — capture and confirm
the quality of the final product. Additionally, actual sequencing of the resulting library is
critical to examine the effectiveness of the new fragmentation method as compared to

other existing methods.
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The examination of fragmentation with the new enzyme mixture begins with
identifying the parameters that will result in fragments of appropriate sizes. To
characterize the activity of the fragmentation mixture three experimental designs are
necessary: One, how does the introduction of the new fragmentation process affect the
other components of library preparation; two, does the concentration of the input DNA
affect the size of fragments that are produced; three, does the time of fragmentation affect
the size of fragments. For the library preparation, since the new fragmentation process
produces DNA fragments similar to the ultrasonic shearing process, the Agilent
SureSelect* Target Enrichment System for Illumina Paired-End Multiplexed Sequencing
Library protocol was selected as the preparation method to be modified. This kit contains
all the reagents necessary for construction of a sequencing library including hybridization
and capture for selection of subsets of fragments. It is designed to take input fragmented
DNA from the Covaris Ultrasonication instrument and therefore is ideal for modification
for the novel fragmentation enzyme process.

There are several modifications to genomic library preparation that are necessary
as defined by the SureSelect*! protocol. In conjunction with the SureSelect*” kit, the
NEBnext Ultrall FS system was selected for fragmentation, end repair, adapter ligation,
amplification and finally purification of the libraries. As a result, several adaptations were
required to accommodate the combination of these kits. The SureSelect*! protocol
recommends 100ng of input DNA. The novel fragmentation protocol calls for a total

input volume of 26 pl. Therefore, genomic DNA was diluted from stock concentrations

to 3.85ng/pl.
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A master mix of the fragmentation enzyme and enzyme buffer was made at a 7:2
ratio, vortexed thoroughly, and then added to 26 ul of whole genomic DNA. Based on
the final fragment size for SureSelect*" of 250-350 base pairs, the initial fragmentation
time was determined to be 20 minutes at 37°C. Fragmentation was performed on a
programmable thermocycler for precisely controlled temperature and time. Once the 20
minute incubation was completed, the fragmentation enzyme was deactivated via heat
shock at 65°C for 30 minutes on the thermocycler.

At this stage, the samples are now fragmented to appropriate sizes with repaired
ends. Adapter ligation required the combination of the SureSelect*! adapter
oligonucleotides with the NEBnext Ultrall ligation enzyme mix. The adapter
oligonucleotides in the SureSelect*! kit were determined to be more concentrated than
expected in the NEBnext kit and were therefore diluted with water. This oligonucleotide
mixture was then combined with the Ultrall ligation master mix as well as a ligation
enhancer to promote the ligation of the oligonucleotides to the fragmented DNA. All
four reagents (oligonucleotides, water, ligation master mix, and ligation enhancer) were
combined into a master mix, briefly vortexed and added to the fragmentation product.
The reaction was incubated for 15 minutes at 20°C on the thermocycler.

At this point, the fragmented samples and adapter oligonucleotides bound
together. However, these samples contained some fragments are too large or too small
that need to be removed prior to amplification. Additionally, leftover oligonucleotides
and enzymes remaining in solution with the fragments would pose problems for

tXT

amplification. Here, as per the SureSelect™" protocol, a 0.9x SPRI cleanup was

performed. AMPure beads were added to the ligation reaction and allowed to bind the
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DNA fragments for 5 minutes. The samples were then placed on a magnetic stand and the
beads were allowed to pellet for 5 minutes. Once beads pelleted, the supernatant was
discarded and the samples were washed with 70% ethanol twice to remove any unbound
DNA fragments. After the beads were allowed to dry for 10 minutes at room temperature,
they were resuspended in water for 2 minutes and DNA fragments were eluted from the
beads. Finally, the beads were pulled from the mixture and purified fragments were
transferred to a fresh tube.

At this stage, the correct sized fragments were isolated but were at an insufficient
concentration. Therefore, PCR amplification is necessary to complete the process both
for easy DNA measurement as well as to prepare samples at a high enough concentration

for hybridization and capture. A PCR master mix containing the SureSelect*”

primers
and the NEBNext Q5 hot start PCR master mix was created and added to each of the

samples. PCR amplification is performed per the table below (Table 1).

Table 1. NEBnext Ultrall FS Post Fragmentation PCR

Temperature Time Cycles
Initial denaturation 98°C 30 sec 1
Denaturation 98°C 10 sec
Annealing/Extension 65°C 75 sec 5
Final extension 65°C 5 min 1

PCR steps as defined by NEB Ultra II FS kit for DNA fragment amplification.

Once PCR amplification was complete, the samples again must be purified to

remove leftover amplification enzymes and oligonucleotides for further testing. Again a
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0.9x SPRI bead based cleanup was performed and the final samples were eluted in water
as described previously. At this point, fragmentation was complete and a stable
concentrated product was available both for quantitation and for continuation onto the
hybridization step. To quantify the fragments as well as confirm their base pair length
and distribution, an automated gel electrophoresis system, the Agilent Tape Station 4200,
was used and resultant electropherograms were analyzed for peak location, peak shape,
and total DNA concentration.

The above procedure was used to establish a baseline test for the fragmentation
method. Several variations were done to characterize the fragmentation. Firstly, the
fragmentation time itself was varied. Testing times of 25 and 30 minutes for the 37°C
incubation were carried out while holding all other parameters constant. Additionally,
variations in concentration of the input genomic DNA were tested at 25, 50, 75 and 100
ng. This was done to ascertain if there was variability in fragmentation efficiency based
on available DNA since normalization of genomic DNA would likely have some
variability when automated.

Beyond the novel enzyme mixture fragmentation, a comparison test was
performed using the transposase complex as the method of fragmentation. This protocol,
while similar to the enzyme mixture method, does have some distinct differences. The
protocol that was used for the transposase test was the SureSelect®T Target Enrichment
for Illumina Multiplexed Sequencing. In this procedure, the first step was to again
normalize whole genomic DNA, this time to 50 ng in 2 ul. However, because
transposase fragmentation is known to be concentration sensitive, an intermediate

dilution to 100 ng/pl and then a secondary dilution to 25 ng/ul is recommended. Once the
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genomic DNA was normalized, the fragmentation buffer was added first to a well,
followed by the DNA and finally, the enzyme mixture. It is critical to minimize the
mixing of the enzyme with the sample and buffer until all samples have received enzyme.
The transposase is active at room temperature and its effect is very time sensitive.
Therefore, all samples were loaded into the buffer first, and then enzyme was added to
each sample. At that point, the mixtures were vortexed briefly and immediately placed on
a preheated thermocycler at 45°C for 10 minutes. There was no heat shock deactivation
of the transposase complex so once the incubation was competed, the samples were
cooled to 4°C and then a stop solution which contains 25% ethanol was immediately
added to halt further fragmentation. At this stage, the samples had been fragmented and
simultaneously had the adapter oligonucleotides ligated onto the ends by the transposase
complex. From this stage, the procedure continued similar to the SureSelect*! protocol.
A 0.9x SPRI bead clean up was performed with DNA fragments eluted in water as
described previously. After the fragments were purified, PCR amplification had followed.
In the case of the SureSelect®*T protocol a master mix was created from several
components for the amplification. The PCR primers were added to a mixture of dNTPs,
DMSO, Herculase II buffer, and Herculase II Fusion DNA Polymerase. This PCR master
mix was then added to the purified DNA fragments and amplified on a thermocycler with

the following cycles (Table 2).
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Table 2. SureSelect®*T Post Fragmentation PCR

Temperature Time Cycles
68°C 2 min 1
Initial denaturation 98°C 2 min
98°C 30 sec
Denaturation 57°C 30 sec 8
Annealing/Extension 72°C 1 min
Final extension 72°C 5 min 1

PCR steps as defined by the SureSelect®*T kit for DNA fragment amplification.

Once amplified the samples required another round of purification to remove all
contaminants and residual enzymes from the amplification reaction. A second 0.9x SPRI
cleanup was therefore performed on the PCR products. When the SPRI cleanup was
complete, quantification of the fragments was carried out on the Agilent Tape Station
4200 and resultant electropherograms were analyzed for peak location, peak shape, and

total DNA concentration.

Hybridization — Capture

Once the fragmentation parameters were appropriately quantified, automation of
the entire exome sequencing process was needed to confirm that the novel fragmentation
method did not affect the ability to selectively isolate only fragments that contain exon
DNA. The hybridization and capture protocol defined by SureSelect*! was carried out on
a Hamilton STARIet automation platform.

Hybridization-Capture began with the hybridization step. Samples were combined
with a mixture of three hybridization blocking reagents. These blocking reagents

(hybridization block 1, 2, and 3) were premixed into a master mix and added to the
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purified fragmented DNA. The combined solution was then heated at 95°C for 5 minutes
to denature the fragments. Then the solution continued to incubate at 65°C for an
additional 5 minutes. At this point a hybridization oligonucleotides master mix was
introduced to the heated solution. The oligonucleotides master mix was a combination of
hybridization buffer, oligonucleotides or capture libraries, and 10% RNase block. The
master mix was prepared during the 5 minute 65°C incubation, then added to the heated
solution and mixed thoroughly. To allow for effective binding of the hybridization
oligonucleotides to the targeted fragments the entire solution was then incubated at 65°C
for at least 14 hours but no more than 24 hours.

At this stage, the target fragments had hybridized to the capture library and were
ready for capture, or the separation from the non-targeted fragments. Because the capture
library oligonucleotides are biotinylated, streptavidin magnetic beads were prepared to
bind the oligonucleotides. This was done first by washing the streptavidin beads three
times with the bead binding buffer. Then, the samples were added to the washed beads
with additional binding buffer and allowed to bind for 30 minutes at room temperature.
For optimal binding, the samples were agitated with an orbital shaker at 1800 RPM
during the incubation. Once target fragments were bound, several washing steps were
introduced to completely remove extraneous fragments from the beads. Initially, the
supernatant was removed from the beads after magnetized pelleting and wash buffer 1
was added. This was followed by incubation for 15 minutes at room temperature. Then
the beads were pelleted and the wash buffer 1 was removed. Next, pre-heated wash buffer

2 was added and incubated for 10 minutes at 65°C. This wash with buffer 2 was repeated
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two more times. Finally, the samples were resuspended in water and ready for indexing
and amplification.

After wash, target fragments were still bound to the beads. Therefore PCR
amplification was necessary to replicate the isolated fragments while creating unbound
fragments for sequencing. Simultaneously, molecular barcodes were introduced to label
each sample for multiplexing. Here, the samples still bound to be beads were combined
with a master mix containing 5x Herculase II buffer, Herculase II Fusion DNA
Polymerase, dNTPs and SureSelect ILM Post-Capture Forward PCR Primer.
Additionally, to each sample a unique molecularly barcoded adapter was added. The

samples were then loaded onto a thermocycler with the following program (Table 3).

Table 3. SureSelect®T Molecular Barcode PCR

Temperature Time Cycles
Initial denaturation 98°C 2 min 1
98°C 30 sec
Denaturation 57°C 30 sec 12
Annealing/Extension 72°C I min
Final extension 65°C 10 min 1

PCR amplification steps as defined by the SureSelect*" kit for molecular barcode
labeling of post capture libraries.

The final step in the library preparation process was a 1.8x SPRI bead cleanup
post PCR amplification. The final products again must be checked with Agilent tape
station gel electrophoresis to confirm that the samples had been amplified and fall within

the required fragment size for sequencing (300-400 bp). To be sequenced properly,
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libraries must be normalized based on molarity and loaded onto a MiSeq or HiSeq

[llumina sequencer as directed by the manufacture.

Automation

Automation testing was performed on a Hamilton STARIet platform. This system
is an air displacement pipette based automated liquid handler. The instrument was
equipped with 8x 1000 ul channel pipettes with independent spanning across as well as a
96 well 1000 ul pipetting head. For on deck heat applications the instrument was also
equipped with three Inheco CPAC Peltier heating and cooling positions. One of these
CPACs had a maximum temperature of 110°C and the other two 70°C. All three CPACs
had a minimum temperature of 4°C. A Hamilton Heater Shaker performed shaking
applications for vortex mixing. The shaker has an orbital shaking pattern with a 3mm
diameter shake and a maximum shaking speed of 2500 RPM.

To automate the fragmentation process as well as the hybridization-capture
method there were several techniques involved to ensure that the same quality of libraries
was generated relative to manual processing. Firstly, viscous master mixes were
identified as a potential error point because they are generally much more viscous than
water. Therefore, specific pipetting definitions, or liquid classes, were characterized for
these mixes. To identify the liquid class definition for each master mix, first the density
of the master mix was calculated. Then a sample of that mix was placed on a gravimetric
balance, and the target volume to be transferred was repeatedly pipetted out and into the
sample on the balance by the instrument. The weight measured post dispensing was

calculated and converted to volume based upon the calculated density of the liquid.
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Initially, the precision of the pipetting was optimized. The Hamilton STARIet liquid
handler used for the automation has eight 1000 ul channels. Each channel was allowed to
pipette volume, and the eight values for the channels were recorded, with the percent CV
[(standard deviation/mean) x100] calculated. If CV values were above 5 percent, several
different parameters were adjusted sequentially until a sufficiently low percent CV was
achieved. These parameters included the aspiration and dispense flow rates, volume of air
dispensed post transfer, and the dwell time in the master mix post aspiration. Once the
percent CV was below the 5 percent threshold, the accuracy of transfer was adjusted to a
maximum error of 5 percent as well. To decrease error, the stroke volume of the pipette
was adjusted up or down relative to the error found. The Hamilton STARIet is an air
based pipetting system so the stroke volume generates negative air pressure when
aspirating. Air’s ability to expand or contract under pressure means that when a liquid is
aspirated not all of the volume of air that is displaced will be replaced with liquid because
the hydrostatic pressure generated by the weight of the liquid will cause lower pressure in
the barrel of the pipette. The stroke volume of the pipette therefore does not equate to the
volume of liquid aspirated. There is a default pre-calculated correction for this difference.
However, because different liquids behave differently under pressure, the initial
correction may be too low resulting in a negative error off the mean. In this instance,
increasing the stoke volume slightly will decrease the error. Similarly, if the correction
volume is too high, too much liquid will be aspirated and the correction will need to be
decreased to decrease error. Once the precision and accuracy fell within 5%, the
calibration of that liquid class was complete ensuring accurate pipetting during operation

for that liquid.
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In addition to testing for correct pipetting, modifications to the manual protocol
involving mixing are also required for automating the library preparation. Many of the
more viscous liquids if pipette mixed will result in loss of volume within the tip.
Therefore vortexing on deck as a method of mixing is critical to ensure proper reagent
combination. This is particularly important for the bead based mixes as beads are difficult
to properly resuspend after magnetic pelleting. For each of the mixing steps that use
vortexing, testing must be done to confirm that the samples are being shaken at a high
enough revolutions per minute to generate a vortex but not so high that samples spill out
of the wells and contaminate each other. To test the shake rate, plates were filled with the
reagents and mock samples and sealed. Shake intensity was increased until a visible
vortex was generated. Once this intensity was determined, the seal was inspected to
confirm that no sample would escape the well. If there were samples on the seal, a fine
tuning decreasing the shake intensity was attempted or a different taller microtiter plate
was used to ensure no cross contamination.

Another component that was tested for automation was on deck heating. The
major issue with heating on the instrument is that the lack of a seal can cause excessive
evaporation. The incubation steps at the beginning of hybridization in particular were
examined. Modification by introducing mineral oil overlay was necessary at this step to
minimize volume loss.

Once initial modifications to the automated protocol were complete, testing to
compare fragment sizes of the automated vs. manual process were conducted. Identical
samples were fragmented both manually and automatically. Resulting fragment profiles

were compared for sufficient DNA output and appropriate peak size as measured on the
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Agilent tape station. Additionally, final library peak size and concentration were
compared between the manual and automation process. Finally, selected samples were
sequenced on Illumina HiSeq instrument and matched against the exome reference. The
quality of these sequencing results were evaluated using the mean coverage, coverage

uniformity and C10, C20 or percent sequenced at least 10 and 20 times respectively.
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Chapter II1.

Results

Initial testing to characterize the fragmentation enzyme mixture identified several
parameters that affect the efficiency of fragmentation including library concentration and
peak fragment size. The results of testing of the novel enzymatic fragmentation mixture

are shown below.

Fragmentation Characterization

The hybridization step for SureSelect™”

requires a fragmented DNA concentration
of at least 2 ng/ul. Based upon targeted fragment size for sequencing, peak size between
275 and 375 base pairs is initially desired prior to hybridization. The initial test used the
NEBNext Ultrall FS library preparation protocol for this fragment size with adjustments
for the incorporation of SureSelect*T adapter oligonucleotides. Two replicates of two
different commercially available whole genomic DNA were processed at an input mass
of 100 ng. Using the fragmentation preparation described in the methods section, samples
were fragmented, repaired, adapters ligated, and amplified. The resulting fragments had

an average peak size of 389.5 base pairs and an average concentration of 44ng/ul

(Figure 5 and Table 4).
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Figure 5. Initial NEB Ultrall FS Electropherogram
Electropherogram of fragmentation product from the initial testing of the NEB Ultrall FS

whole genomic DNA protocol. Samples were analyzed on a TapeStation 2200 High
Sensitivity D5000 tape.

Table 4. Initial NEB Ultrall FS Fragmentation Test

Sample Peak (base pairs) Concentration (ng/ul)
A-1 377 55

A-2 393 29.5

B-1 392 45.8

B-2 396 46

Mean 389.5 44.1

Results from NEB Ultrall FS fragmentation test with a 100 ng input and 20 minutes of
fragmentation time.

The initial testing showed higher than desired base size but ample concentration
of fragmented DNA. Therefore a subsequent test was preformed to ensure that as
concentration of input DNA was varied if the size of fragments would change as a result.
Additionally, as sample input decreases, theoretically the final fragmentation product

concentration should decrease. Testing using the identical protocol as the initial test was
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preformed using 100 ng, 75 ng, 50 ng, and 25 ng inputs of the same genomic DNA used
in the initial test. While peak sizes for these four input concentrations remained constant
(between 350 and 375 base pairs), the 25 ng input showed resultant output concentration
much lower than other preparations and would potentially result in failed hybridization
(Figure 6).
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Figure 6. Input Variation into NEB Ultrall FS Fragmentation

Samples with 25, 50, 75 and 100 ng of input genomic DNA were fragmented with all
other reaction parameters remaining constant. DNA fragment output concentrations were,
as expected, lower for lower input. 25 ng input would likely result in failure to produce
enough product to continue. All four concentrations tested resulted in fragment sizes
consistent with the initial testing.
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Since the fragment size was constant irrespective to the amount of input DNA, the
fragmentation length was an additional component tested to characterize the activity. For
this test, 100 ng of input DNA was again used. The fragmentation time at 37°C was
increased from 20 minutes in the original test to 25 and 30 minutes. Theoretically, the
activity of the fragmentation enzymes is dependent on the time given to work before the
30 minute 65°C heat shock deactivates the enzyme. However, results from this time
variation test showed little impact on fragmentation efficiency and the resultant fragment
peak size. The 25 minute incubation set averaged 375.5 base pairs and the 30 minute set
averaged 361 base pairs (Table 5). The shape and concentration of fragments for
hybridization remained consistent so exploration of what could affect the enzyme

efficiency more significantly was performed.

Table 5. Fragmentation Time Variation NEB Ultrall FS Test

Sample Peak (base pairs) Concentration (ng/ul)
25 Min 1 374 52

25 Min 2 377 61.8

30 Min 1 353 38.9

30 Min 2 369 45.8

Results from NEB Ultrall FS fragmentation test with a 100 ng input and 25 or 30 minutes
of fragmentation time. Very little fragment size reduction was observed.

One possibility behind the lack of activity change at different fragmentation times
could be damage to the enzyme itself post addition to the sample. Automation platform
utilizes vortexing for reagents mixing, while original manual protocol only involves
pipette tip mixing after fragmentation enzyme is added into buffer and DNA sample.

Thus, additional testing was performed to elucidate if this vortexing was causing damage
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to the enzyme. The initial test was repeated on four replicates of the stock genomic DNA
with 100 ng of input without vortexing. Again, fragmentation time was held to 20
minutes at 37°C. This time the samples averaged a fragment peak of 291 base pairs. The
mean concentration for these samples was 36.6 ng/ul. The fragment distribution remained

consistent indicating a successful fragmentation and library preparation (Table 6).

Table 6. No Vortex NEB Ultrall FS Fragmentation Test

Sample Peak (base pair) Concentration (ng/ul.)
A-1 291 343

A-2 302 40.1

A-3 293 30.8

A-4 279 41

Mean 291.3 36.6

Results from NEB Ultrall FS fragmentation test with a 100 ng input and 20 minutes of
fragmentation time without vortexing. Fragment sizes were substantially smaller than
with vortexing.

Comparison of Different Library Construction Methods

Testing was also done to confirm that this fragmentation method was similar in
output to other fragmentation methods. The resultant fragmentation profile was compared
with profiles of the SureSelect®*T and HaloPlex protocols. Please note, the HaloPlex
result is attributed to other members of the Courtagen Life Sciences R&D department.

The SureSelect®*T fragmentation test was performed per conditions as defined in
the SureSelect®*T Target Enrichment for Illumina Multiplexed Sequencing protocol. In
this method a lower amount of input sample, 50 ng total DNA, is processed so a lower
output of fragmented DNA is expected. The resultant peak of 288 base pairs fell within

the 275-375 window expected for continued processing. Additionally, the 18.3 ng/ul
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concentration was sufficient to continue with the hybridization process for the QXT

protocol (Figure 7).
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Figure 7. SureSelect®*T Fragmentation Electropherogram

Electropherogram of fragmentation product from the testing of the SureSelect®XT
fragmentation protocol with 50 ng of input DNA.

The restriction enzyme digestion protocol, HaloPlex Target Enrichment System
For Illumina Sequencing, does not result in the same fragmentation size profile in a gel
electropherogram as the SureSelect preparations. This is resulting from the specific cut
sites needed for restriction enzymes. Therefore, the median fragment size within a non-
Gaussian peak is used instead of the actual peak base pair. In this case, the median size of
the HaloPlex library was 323 base pairs (Figure 8). The HaloPlex preparation for

fragmentation was prepared on the same Hamilton STARIet instrument as the automated

NEBNext Ultrall FS library preparation.
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Figure 8. HaloPlex Fragmentation Electropherogram

Electropherogram of fragmentation product from the testing of the HaloPlex protocol.

Automation Fragmentation
The automated version of the novel fragmentation method (NEBNext Ultrall FS)
followed the same protocol as the manual process. Liquid classes were defined to pipette
accurately with less that 5% error. A major concession was made to include vortexing
after enzyme addition. While it was known that the vortexing step decreased enzyme
activity, removal of it could result in sporadic incomplete combination of some samples
with the fragmentation reagents. Two examples of samples processed by instrumentation

post fragmentation amplification are shown below (Figure 9 and 10).
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Figure 9. Automated NEB Ultrall FS Fragmentation Electropherogram 1

NEB Ultrall FS fragmentation via automation. Fragment peak of 318 bp and
concentration of 21.6 ng/ul were comparable to manual preparations.

Figure 10. Automated NEB Ultrall FS Fragmentation Electropherogram 2

NEB Ultrall FS fragmentation via automation. The resultant fragment peak was 357 bp
and concentration was 20.9 ng/ul.
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Final Library Comparison

Several samples were continued on through hybridization and capture as
described in the methods section to confirm that the fragmentation method both by hand
and through automation produced libraries with appropriate fragment sizes and at high
enough concentrations for sequencing. Fragment sizes of 300-400 base pairs are
considered appropriate to sequence. Additionally, for sequencing a concentration of at
least 2nM is required. The manual preparation samples were not vortexed for
fragmentation. These peaks averaged 328 base pairs, and the libraries had an average
concentration of 13.4nM (Table 7). The distribution of the samples was also close to
Gaussian (Figure 11). Two samples were processed on the automation platform. These
samples resulted in larger overall fragments but still fell within the maximum 400 base
pair window. Both samples processed automatically resulted in concentrations above the

minimum 2nM threshold (Figure 12 and 13).

Table 7. Captured Exome Fragment Analysis

Sample Peak (base pair) Concentration (nM)
A-1 339 14.2
A-2 316 13.4
A-3 340 12.3
A-4 318 13.8
Mean 328.3 13.4

Manual final library preparation of exome through hybridization and capture. Fragments
were prepared using the novel NEB Ultrall FS fragmentation protocol.
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Figure 11. Manual Captured Exome Electropherogram

Electropherogram of a manual final library preparation of exome through hybridization
and capture. Fragments were prepared using the novel NEB Ultrall FS fragmentation

protocol.

Figure 12. Automated Captured Exome Electropherogram 1

Electropherogram of an automated final library preparation of exome through
hybridization and capture. Fragments were prepared using the automated novel NEB
Ultrall FS fragmentation protocol. Fragment peak was at 400 bp and concentration was

16.1nM.
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Figure 13. Automated Captured Exome Electropherogram 2
Electropherogram of a second automated final library preparation of exome through
hybridization and capture. Fragments were prepared using the automated novel NEB

Ultrall FS fragmentation protocol. Fragment peak was at 394 bp and concentration was
23.8nM.

As a comparison, Table 8 showed the SureSelect*" fragmentation via Covaris
ultrasonic shearing performed by Courtagen Life Sciences R&D department. The
fragment peak size with this method averaged 316 base pairs. The mean concentration of
these samples was 5.2nM. It was lower than that of the enzymatic fragmentation method

(13.4nM) but above the 2nM threshold required for sequencing.

40



Table 8. Ultrasonic Shearing Fragmentation Analysis

Sample Peak (base pairs) Concentration (nM)
A-1 321 7.7
A-2 329 3.5
A-3 315 4.0
A-4 321 5.6
A-5 297 5.1
Mean 316.6 5.2

Manual final library preparation of exome through hybridization and capture with
ultrasonic fragmentation. Fragment sizes were similar to enzymatic fragmentation but
yields were lower.

Sequencing

Four exome libraries were sequenced on Illumina HiSeq platform by Courtagen
Life Sciences production department and R&D department. Data were analyzed and
mapped to the reference by Courtagen Life Sciences bioinformatics department. One
sample was prepared manually via the Covaris ultrasonic shearing method, one was
prepared manually using the novel fragmentation method, and the final two were
prepared with the automation using the novel fragmentation method as well (Table 9).
Mean coverage for all samples was deprecated to be similar for better comparison. For all
four samples, the uniformity of coverage, or lack of bias among coverage, was in the mid
90" percentile. C10 and C20 indicate the percentage of the target genome that has been
sequenced at least 10 and 20 times respectively. The higher these percentages are, the
greater confidence there is in the correct base calling and gene mapping. For all four
samples the C10 and C20 numbers are very similar indicating that the novel
fragmentation method is at least as good as ultrasonic shearing in producing unbiased
sequencing results. Additionally, the automated process showed little to no loss of quality

compared to manual process.
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Table 9. Sequencing Comparison

Mean Coverage
Sample Coverage Uniforngqity 10 €20
Covaris Ultrasonic Manual 120.2 95.9% 99.1% 97.3%
NEB Ultrall FS Manual 117.7 96.2% 99.1% 97.4%
NEB Ultrall FS Automated 1 119.27 95.7% 98.7% 96.8%
NEB Ultrall FS Automated 2 116.80 95.9% 98.6% 96.9%

Sequencing metrics for the different versions of fragmentation. Covaris Ultrasonic results
were from mechanical ultrasonic shearing and the NEB Ultrall FS results were from the
novel fragmentation enzymatic digestion. All results were exome sequencing using
SureSelect* hybridization and capture.
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Chapter IV.

Discussion

Current methods of library preparation for genetic sequencing have a great deal of
room for improvement. In particular, fragmentation of genomic DNA into appropriate
sized DNA pieces is either expensive, time consuming, biased or otherwise inefficient.
Therefore, replacement of existing fragmentation methods within a previously designed
protocol has the potential to substantially improve the library construction process for
sequencing. Before a new fragmentation method can be incorporated into a sequencing

library preparation protocol like the SureSelect*?

process, it must be characterized and
compared against other methods.

The initial testing of the novel fragmentation method known as NEBNext
Ultrall FS with adapter oligonucleotides from the SureSelect*" kit showed promising
results. The fragments were similar in size compared to those required by the

SureSelect®T

protocol and indicated a Gaussian distribution in fragment shape. This
distribution is particular important because the closer all fragments are to one size, the
less sequencing space is wasted on disparate fragment sizes. In essence, if a fragment
profile is not tightly packed, the smaller fragments will be preferentially clustered on
sequencer due to their ease of amplification. The smaller fragments do not provide as
much data as the larger fragments because of their shorter read length. Moreover, shorter

reads are more difficult for gene assembly resulting in inefficient sequencing. The initial

test did conclude that the fragment peak was slightly larger than expected.
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The enzymatic activity of the novel fragmentation enzyme mixture was know to
be dependent upon the time of incubation at 37°C prior to deactivation via heat shock.
Unfortunately, testing by extending the fragmentation time from 20 minutes to 25 and 30
minutes did not show substantial decrease in fragment size. In anticipation of automation,
the fragmentation protocol was modified to include vortexing of reagents post addition to
ensure complete mixing. Testing without this vortexing step after the fragmentation
enzyme addition indicated that shaking the samples with the fragmentation enzyme for 30
seconds after combination might cause degradation of enzymatic activity. It was later
determined that even slightly larger fragments would still produce reliable sequencing
results so the vortex step remained for automation.

In addition to vortexing, variation in sample concentration was anticipated as a
potential pitfall as the process was automated. While test samples were available with
high concentrations of genomic DNA, some experimental samples would not always
have the needed concentration of DNA to proceed as originally specified. Therefore
testing was done to elucidate if variation in input DNA concentration would impact
fragment generation. While the fragment sizes remained constant, overall concentration
of fragments did decrease with lower DNA input. Even at 25 ng, the lowest DNA input
tested, there was no degradation of the fragment size. However, a minimum of 50 ng of
sample input was required to provide enough fragments for downstream process.

There was only one major difference between the results of automated and
manual versions of the novel fragmentation method. The fragments from the automated
process were by necessity larger than the manual ones. This stemmed from the necessity

to vortex the fragmentation reaction on the automation platform to ensure complete
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mixing. As a result, it was theorized that enzymatic activity slightly decreased from
damage caused by the vigorous vortex. Fortunately, the larger fragment sizes were still
tightly distributed around the peak and also within the limit for sequencing. Final
sequencing results showed there were very little differences between manual and
automated process.

Other changes to the protocol from manual to automation did not seem to have
any impact on the overall quality of libraries produced. In particular, the on deck
component of hybridization involved heating the samples at 95°C and 65°C prior to
sealing the plate. Initial testing indicated that these incubation steps without plate sealing
would result in complete evaporation of sample volume. The addition of a mineral oil
covering the samples prior to incubation successfully prevented evaporation and there
were no differences in the quality of final libraries from this change. Further, all
enzymatic and bead based steps were vortexed for mixing on the instrumentation. With
the exception of the fragmentation enzyme, no other reactions showed effects in moving
from the manual to automated protocol once the appropriate shaking speed was
determined. Overall, the automation process of the novel fragmentation method at both
the fragmentation step and final library step showed little change in quantity or quality of
the fragments.

Sequencing results from the manual and automated version of the novel
fragmentation method further validated that the automation of the protocol had not
negatively impacted the quality of libraries produced for exome sequencing. The
coverage metrics between manual and automated samples did not show any significant

difference. Both methods generated high quality sequencing data that provided great
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coverage as well as excellent coverage uniformity. This would further ensure accurate
base calling and correct gene variation analysis in a clinical diagnostic setting.

Three additional fragmentation methods were used to compare with the novel
fragmentation method, NEBNext Ultrall FS library preparation in this study. First, the
restriction enzyme based HaloPlex process resulted in a subpar library product with wide
and unevenly distributed fragments. The wide range of fragments as well as longer
flanking adaptor regions required more sequencing space and depth. By comparison, the
NEBNext Ultra II FS system produced much tighter fragment peak and required far less
sequencing depth for the same level of coverage. Additionally, the Ultrall FS method
showed no discernable bias seen with the HaloPlax method that was often limited with
the selection of restriction enzymes. When examining the SureSelect®*T method that
utilizes the transposase fragmentation, the process to halt fragmentation with a
transposase complex involved the addition of a stop solution. It was much simpler and
less prone to error to stop fragmentation via heat shock as used in the Ultrall FS protocol.
The biggest issue with the transposase method was its bias on the DNA sequence
resulting in lower coverage uniformity. Finally, the original SureSelect*T protocol with
the ultrasonic shearing was studied. While the sequencing results with this library
preparation method was good, the need for expensive equipment and a longer processing
time meant that the ultrasonic fragmentation had greater cost barriers and could be more
costly in instrument and labor over time. By comparison, the Ultrall FS system did not
require any additional instrument cost and offered a much simpler workflow. There was
also no substantial difference in quality of sequencing data between the two methods

indicating that the bias between these methods was comparable.
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In summary, the NEBNext Ultrall FS novel enzymatic fragmentation method
provides great sequencing results and can be automated successfully. It will be a useful

tool in driving down the cost of genetic sequencing going forward.

47



References

Agilent Technologies Inc., HaloPlex Target Enrichment System. Version F1, July 2015.
http://www.agilent.com/cs/library/usermanuals/Public/G9900-
90001 HaloPlex Target Enrichment%20 Manual.pdf

Agilent Technologies Inc., SureSelect®*T Target Enrichment for Illumina Multiplexed
Sequencing. Version D1, December 2016
http://www.agilent.com/cs/library/usermanuals/Public/G9681-90000.pdf

Agilent Technologies Inc., SureSelect*! Target Enrichment System for Illumina Paired-
End Multiplexed Sequencing Library Protocol. June 2015, Version BS5.
http://www.agilent.com/cs/library/usermanuals/Public/G7530-90000.pdf

Arber, W., & Linn, S. (1969). DNA Modification and Restriction. Annual Review of
Biochemistry, 38(1), 467-500. doi:10.1146/annurev.bi.38.070169.002343

Chen, B., & Butte, A. (2016). Leveraging big data to transform target selection and drug
discovery. Clinical Pharmacology & Therapeutics, 99(3), 285-297.
doi:10.1002/cpt.318

Coonrod, Emily M., D. Durtschi, Chad Vansant Webb, Karl V. Voelkerding, & Attila
Kumanovics. (2014) Next-Generation Sequencing of Custom Amplicons to
Improve Coverage of HaloPlex Multigene Panels. BioTechniques, 57(4), 204—
207. doi: 10.2144/000114217.

Crawford, B., Adams, S. B, Sittler, T., Akker, J. V., Chan, S., Leitner, O., . .. Veer, L.
V. (2017). Multi-gene panel testing for hereditary cancer predisposition in
unsolved high-risk breast and ovarian cancer patients. Breast Cancer Research
and Treatment, 163(2), 383-390. doi:10.1007/s10549-017-4181-0

Gilissen, C., Hoischen, A., Brunner, H. G., & Veltman, J. A. (2012). Disease gene
identification strategies for exome sequencing. European Journal of Human
Genetics, 20(5), 490-497. doi: 10.1038/ejhg.2011.258

Gogol-Doring, A., & Chen, W. (2011). An Overview of the Analysis of Next Generation
Sequencing Data. Next Generation Microarray Bioinformatics Methods in
Molecular Biology, 249-257. d0i:10.1007/978-1-61779-400-1_16

Goodwin, S., Mcpherson, J. D., & Mccombie, W. R. (2016). Coming of age: ten years of

next-generation sequencing technologies. Nature Reviews Genetics, 17(6), 333-
351. doi:10.1038/nrg.2016.49

48



Green, B., Bouchier, C., Fairhead, C., Craig, N. L., & Cormack, B. P. (2012). Insertion
site preference of Mu, Tn5, and Tn7 transposons. Mobile DNA, 3(1), 3.
doi:10.1186/1759-8753-3-3

Head, S. R., Komori, H. K., LaMere, S. A., Whisenant, T., Van Nieuwerburgh, F.,
Salomon, D. R., & Ordoukhanian, P. (2014). Library construction for next-

generation sequencing: Overviews and challenges. BioTechniques, 56(2), 61-77.
doi: 10.2144/000114133

Heather, J. M., & Chain, B. (2016). The sequence of sequencers: The history of
sequencing DNA. Genomics, 107(1), 1-8. doi: 10.1016/j.ygeno.2015.11.003

[lumina, Inc. (2010) Technology Spotlight: Tlumina® Sequencing. Pub. No. 770-2007-
002,https://www.illumina.com/documents/products/techspotlights/techspotlight s
equencing.pdf

Knierim, E., Lucke, B., Schwarz, J. M., Schuelke, M., & Seelow, D. (2011). Systematic
Comparison of Three Methods for Fragmentation of Long-Range PCR Products
for Next Generation Sequencing. PLoS ONE, 6(11).
doi:10.1371/journal.pone.0028240

Lan, J. H., Yin, Y., Reed, E. F., Moua, K., Thomas, K., & Zhang, Q. (2015). Impact of
Three [llumina Library Construction Methods on GC Bias and HLA Genotype
Calling. Human Immunology, 76(2-3), 166—175. doi:
10.1016/3.humimm.2014.12.016

Lander E.S., Linton L.M., Birren B., Nusbaum C., Zody M.C., Baldwin J., Devon K.,

Dewar K., (2001) Initial sequencing and analysis of the human genome, Nature,
V0l1.409(6822), p.860 DOI: 10.1038/35057062

Lazarovici, A., Zhou, T., Shafer, A., Dantas Machado, A. C., Riley, T. R., Sandstrom, R.,
Bussemaker, H. J. (2013). Probing DNA shape and methylation state on a
genomic scale with DNase 1. Proceedings of the National Academy of Sciences of
the United States of America, 110(16), 6376—6381. doi:
10.1073/pnas.1216822110

Mamanova, L., Coffey, A. J., Scott, C. E., Kozarewa, 1., Turner, E. H., Kumar, A., . ..

Turner, D. J. (2010). Target-enrichment strategies for next-generation sequencing.
Nature Methods, 7(2), 111-118. doi:10.1038/nmeth.1419

Marine R, Polson SW, Ravel J, Hatfull G, Russell D, Sullivan M, Syed F, Dumas M,
Wommack (2011). Evaluation of a Transposase Protocol for Rapid Generation of
Shotgun High-Throughput Sequencing Libraries from Nanogram Quantities of
DNA. Applied and Environmental Microbiology, 77(22), 8071-8079. doi:
10.1128/AEM.05610-11.

49



New England BioLabs, Inc., (2016) NEBNext® Ultra™ II DNA Library Prep Kit for
[Nlumina®. NEB #E7645S/L 24/96 reactions Version 3.2 10/16
https://www.neb.com/~/media/Catalog/All-
Products/9CBC60D62F5A4D3AB3970664E099CC73/Datacards%200r%20Manu
als/manualE7645.pdf

Ng, S. B., Buckingham, K. J., Lee, C., Bigham, A. W., Tabor, H. K., Dent, K. M., ...
Bamshad, M. J. (2010). Exome sequencing identifies the cause of a Mendelian
disorder. Nature Genetics, 42(1), 30-35. doi: 10.1038/ng.499

Newborn Sequencing in Genomic Medicine and Public Health (NSIGHT). (n.d.).
Retrieved August 02, 2017, from https://www.genome.gov/27558493/newborn-
sequencing-in-genomic-medicine-and-public-health-nsight/

Poptsova, M. S., II’icheva, 1. A., Nechipurenko, D. Y., Panchenko, L. A., Khodikov, M.
V., Oparina, N. Y., Grokhovsky, S. L. (2014). Non-random DNA fragmentation

in next generation sequencing. Scientific Reports, 4, 4532. doi:
10.1038/srep04532

Sanger, F., Nicklen, S., & Coulson, A. R. (1977). DNA sequencing with chain-
terminating inhibitors. Proceedings of the National Academy of Sciences of the
United States of America, 74(12), 5463—-5467.

Schneider, P. M. (2007). Scientific standards for studies in forensic genetics. Forensic
Science International, 165(2-3), 238-243. doi:10.1016/j.forsciint.2006.06.067

Watson, J. D., & Crick, F. H. (1953). Molecular Structure of Nucleic Acids: A Structure

for Deoxyribose Nucleic Acid. Nature, 171(4356), 737-738.
doi:10.1038/171737a0

50



