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Associate Professor Jay Shendure 
Department of Genome Sciences 

The past decade has observed a significant drop in the cost-per-base of DNA sequencing. Driven by a 

new era of ‘next-generation’ sequencing (NGS), there has been an explosion of new technologies that 

utilize DNA sequencing, not just for primary sequence but a wide variety of biological assays. Despite the 

versatility of NGS, there are a number of drawbacks, including high sample input requirements and short 

read lengths. Because of the latter, the majority of genome studies cannot resolve haplotype or structural 

variation which requires long-range information and can play an important role in studying evolution, 

disease, and is crucial in the de novo assembly of genomes. In this dissertation I describe and apply 

methods to overcome these obstacles. First, I describe a method for the construction of DNA sequencing 

libraries that utilized a hyperactive transposase to fragment DNA and append universal sequencing 

primers in a single enzymatic step. This approach reduced the turnaround time from sample to 

sequencing-ready libraries, and significantly reduced the sample input requirements due to fewer 

enzymatic steps. I then describe a modified version of the method that allowed for a greater than 100 fold 

decrease in input requirements for the construction of libraries for the detection of DNA methylation. Next, 

I discuss a method that utilized the inherent properties of Tn5 transposase to provide long-range 

sequence information that served as the input for a novel de novo genome assembly algorithm. I applied 

this method to human, mouse, and fly assemblies to produce output scaffolds with contiguity 

improvements of up to 75 fold with high accuracy. Last, I describe the application of long-range sequence 

information to haplotype-resolve the genome and epigenome of the aneuploid HeLa cancer cell line. I 

investigated the global effects of copy number and haplotype on transcript abundance and epigenetic 

landscape and identified a number of outliers, including haplotype-specific expression of the proto-

oncogene MYC. I reveal the mechanism responsible for this activation as the complex integration of the 

HPV-18 viral genome that includes an epithelial-specific enhancer at high copy number 500 kilobasepairs 

upstream of MYC locus. 
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Chapter 1 Introduction 

1.1 Opening comments 

Life as we know it is built off of a single, universal molecule – DNA – which both acts as a blueprint for the 

organism as well as provides a means to self-replicate and evolve. In spite of the magnitude of the role 

DNA plays in biology, it is a relatively simple structure with the majority of the information coded in the 

form of four distinct bases, the primary order of which dictates the majority of function of the genome, or 

the entire complement of DNA native to the organism. As such, the ability to determine the sequence of 

these bases and interpret the function as well as the impact of variation on function is a research area of 

primary importance in biology that has evolved into the fields of genetics and genomics. Since the 

discovery of DNA and subsequent confirmation of its role
1
 and structure

2
, a number of technologies have 

been developed to sequence DNA. The first wave of these methods
3
 culminated in the sequencing of the 

human genome just over a decade ago
4,5

, a project that cost $2.7 billion US dollars (NHGRI). Today, the 

majority of variation in a human genome can be ascertained for just over $1,000 by the use of “next-

generation sequencing” (NGS) technologies; however these new methods rely heavily on the original 

genome reference as a source of comparison. Beyond primary sequence variation, NGS has been 

adapted to interrogate another layer of information encoded within cells, often referred to as the 

epigenome, which can take the form of direct modifications to DNA bases such as methylation, or the 

alterations to the proteins that package DNA such as histone variants, among many others. Despite our 

ability to rapidly and cheaply interrogate genomes and epigenomes, there is a long way to go before we 

can claim a complete understanding of the functional role of these components in biology. 

1.2 Organization 

In this dissertation I attempt to address major challenges facing the fields of genomics and epigenomics. I 

first describe a history of DNA sequencing technologies including the development of next-generation 

sequencing platforms and how they have not only been applied to the interrogation of genomes, but as a 

means of investigating a host of epigenetic characteristics present within the various tissues of an 

organism. Despite these advantages, there are a number of shortcomings, two of which I directly address 
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by this body of work. (I) Conventional, in vitro DNA sequencing library construction is a long, laborious 

process that requires large amounts of input material thus making large-scale experiments and the 

sequencing of samples with limited quantity excessively difficult and (II) next-generation sequencing 

platforms are predominantly short read technologies that fail to discern structural variation, haplotypes, or 

to accurately assemble  genomes de novo. In Chapter 3 I describe a technology that addresses the first 

limitation by condensing the bulk of library construction to a single, 5-minute, enzymatic reaction that 

allows for rapid, low-input library construction. In Chapter 4, I extend this method to interrogate genome-

wide DNA methylation marks with greatly reduced sample input requirements when compared to 

standard methods. In Chapter 5, I describe a method that adapts the previously described library 

construction approach to serve as a means to acquire long-range sequence information which I then 

apply using a novel algorithm to de novo genome assembly. In Chapter 6, I describe the haplotype 

resolved genome and epigenome of the aneuploid HeLa cancer cell line. In this chapter I highlight how 

long-range information acquired by a fosmid-based method was used to identify and reconstruct the 

architecture of a complex viral integration which cis activates a proto-oncogene 500 kilbases away. 

Lastly, in Chapter 7, I summarize the work presented in this dissertation with a focus on the successes as 

well as the challenges that still remain. I then describe the future direction of this work and detail a 

research plan that builds on the successes of previous work to provide a tractable way for addressing the 

problem of epigenetic heterogeneity within a sample. 
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Chapter 2 DNA sequencing methods for genome and epigenome 

interrogation 

In this chapter, I first briefly outline the history of DNA sequencing technology and how it drove the field of 

genomics leading up to the advent of massively parallel DNA sequencing, often referred to as Next-

Generation DNA sequencing (NGS). I then discuss how this technology came about and the initial impact 

it had on the fields of genetics and genomics. In the next section I describe how NGS has been adapted 

to serve as a proxy to answer a host of biological questions. Despite these advantages, NGS has a 

number of limitations that prevent the ascertainment of a number of important properties of a genome. I 

discuss these limitations and then describe the aims of my research to overcome them. 

2.1 History of DNA sequencing 

Just a year after DNA was confirmed as the conveyor of genetic information by Hershey and Chase in 

1952 by the use of bacteriophages
1
, James Watson and Francis Crick published their findings on the 

double helix structure of this molecule that serves as the blueprint of life
2
. Twenty years later the first 

nucleotide sequences were produced for the RNA coding the coat protein for bacteriophage MS2 in 1972 

in the laboratory of Walter Fiers
6
. Shortly after in 1975 Frederick Sanger and Alan Coulson produced an 

early method of DNA sequencing referred to as “plus-minus” sequencing that involved primer extension
7
 

– work that clearly influenced Sanger’s subsequent development of chain terminator sequencing that was 

published just two years later
3
 and a mere 23 days after a competing method – chemical sequencing

8
. 

On February 1, 1977 Allan Maxam and Walter Gilbert published their method of DNA sequencing which 

involved the use of chemical compounds that cleave DNA at either A+G, G, C, or C+T followed by 

phosphorylation with a radioactive phosphate and gel electrophoresis to read out fragment sizes and 

allow inference of the underlying DNA sequence
8
. While this approach was a significant improvement, it 

harbored a number of insurmountable drawbacks, including scalability. Maxam-Gilbert sequencing really 

only allowed the interrogation of short, pure populations of DNA sequences and additionally required the 
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use of a number of hazardous chemicals and very difficult procedures that limit the throughput and 

automation potential of the method. 

Later that same month Frederick Sanger published his work on chain terminator sequencing
3
, now 

referred to as Sanger sequencing, that slowly rose to dominance over Maxam-Gilbert sequencing as the 

primary sequencing technology for the next 30 years and is still heavily used today for its ease, accuracy, 

and long read length. Briefly, this technology relied on primer extension using a polymerase; however 

instead of a pure population of dNTPs one of the nucleotides was a mix of predominantly dNTP, but with 

a small fraction of dideoxy NTPs, or ddNTPs, that terminated the ability for the polymerase to extend. In 

each of the four reactions (each containing its respective ddNTP) a subset of the population of molecules 

would cease to extend at any position where that respective base resides in the complement to the 

template sequence. Subsequent gel electrophoresis then allowed a direct readout of the sequence based 

on the sizes of terminated chains in each of the four reactions. To initially demonstrate the power of this 

method, Sanger used his technology to sequence the first complete genome, that of the bacteriophage 

PhiX in 1977
9
. A number of substantial improvements were developed over the next decade that included 

a shift from slab gels to capillary electrophoresis
10

 as well as a shift from radioactive labeling to 

fluorescent detection where each of the four ddNTP was instead terminated with a separate fluorescent 

moiety to allow a single terminator reaction for each sequence which made automation more easily 

achieved
11

. Sanger sequencing was also the first platform for which sequence read base calling and 

accuracy measurements were developed to provide a universal classifier of sequence quality
12,13

. 

2.2 Next-generation DNA sequencing 

The broad adoption of Sanger sequencing and the development of increased throughput machines 

allowed for monumental achievements in the field of genomics; however it also highlighted the 

fundamental limitations of a technology that requires an individual enzymatic reaction and electrophoresis 

workflow for each individual read. This constraint motivated the field to develop approaches that are much 

more parallelizable that generally fell into either “sequencing by synthesis” (SBS) or “sequencing by 

ligation” (SBL) classifications. Early SBS approaches included pyrosequencing, originally described in 
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Ronaghi et. al. (1996)
14

 which utilized the iterative addition of pure populations of individual dNTPs 

labeled with a pyrophosphate. If primer extension occurred with the respective base, it could be detected 

via luciferase activity. In spite of this advancement in sequence detection – the problem of parallelization 

remained. To enable multiple sequencing reactions on the same device, each template must be amplified 

in a restricted space to enable enough signal for each template to be sequenced as well as for the ability 

to distinguish between different templates. This problem was initially solved by the implementation of 

polymerase colonies, or “polonies”
15

 which later gave rise to the first SBL platform that was able to 

sequence the entire genome of an evolved E. coli strain at approximately 1/9 of the cost of Sanger 

sequencing which utilized emulsion PCR as a means of clonal amplification
16

. Shortly after, a 

commercialization of this technology, the SOLiD sequencing platform, was released with only minor 

modifications from its original form described in Shendure et. al. (2005)
16

. The same year a second 

emulsion PCR based sequencer was released by 454 Life Sciences that combined emulsion PCR 

methods with pyrosequencing
17

. The third player in the first wave of next generation sequencing platforms 

used an alternative method that generated clonal amplified templates by surface-bound primers (a 

process now called “bridge-PCR”) in conjunction with fluorescent, reversible ddNTP nucleotides formed 

the basis of the Solexa sequencing technology
18

, now owned by Illumina Inc. 

Since the release of the first three NGS platforms, a number of improvements and variations have come 

about. These improvements have largely been focused on raw throughput by improving the number of 

reads as well as the length of sequence that can be obtained per read, with current machines able to 

produce billions of reads in a single run of the instrument. A subsequent SBS technology that involves  

semiconductor sequencing on templates generated via emulsion PCR
19

 has since displaced the 454 and 

SOLiD platforms. 

Motivated by a push for longer reads and the reduction of bias associated with library amplification, two 

new single-molecule technologies have entered the scene – both of which have enormous potential to 

provide a more complete view of a genome. The first of these two utilizes single-molecule real-time 

sequencing (SMRT) by the incorporation of fluorescent nucleotides by a tethered polymerase positioned 
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inside of a zero-mode waveguide that allows for fluorescence of only nucleotides undergoing 

incorporation
20

. The long read lengths produced by SMRT sequencing and the absence of biased PCR 

amplification in library construction have allowed the reconstruction of extremely difficult regions of 

genomes
21

, as well as the assembly of repeat expansions, such as in patients with fragile X
22

. 

Additionally, SMRT sequencing has demonstrated the detection of modified bases in DNA, particularly in 

the form of methyl-adenine and hydroxymethyl-cytosine residues, but with poor detection of methyl-

cytosine
23

. In spite of these advantages, the cost-per-base is still far greater than that of short-read SBS 

platforms, thus making it a less viable option for routine whole-genome sequencing. The second of these 

single-molecule technologies has produced some proof-of-principle results on the detection of current 

level changes as nucleotides pass through a nanopore
24

. This method also has the advantages of long 

read lengths that in an ideal form have no theoretical limit up to the length of the input template and also 

performs sequencing on native un-amplified DNA. Furthermore, nanopore sequencing has also been 

shown to detect modifications in DNA in the form of both methyl-cytosine as well as hydroxymethyl-

cytosine 
25

. The promise of nanopore sequencing is huge, though it is still a technology in its infancy and 

will likely take some time before it becomes a viable means of sequencing. 

2.3 Beyond DNA 

Shortly after the advent of NGS and its ability to obtain many millions of sequence reads from an 

individual experiment, a host of methods were ported over from their microarray form. One of the first of 

such transitions was RNA-Seq in order to characterize the transcription profile of an organism
26

 and was 

a direct translation from its expression array counterpart. Shortly, other microarray assays followed, 

including DNA copy number profiling
27

, chromatin modifications
28

 and DNA methylation
29

 to name a few, 

all of which benefitted from the direct, quantitative nature of DNA sequencing and the ability to interrogate 

the sample at increasing levels of depth. Since, there has been an explosion of novel methods that utilize 

the advantages of NGS platforms as proxy to investigate a number of aspects of the genome and 

epigenome from the functional dissection of regulatory elements
30,31

, to the timing of DNA replication
32

, or 

even the three dimensional structure of chromatin
33

. 
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2.3.1 Transcriptome profiling 

Perhaps the most natural extension of next generation DNA sequencing platforms is the application to 

profile the transcriptome, or all RNA transcripts, present in an organism. Up until this point, the most 

comprehensive approaches to transcriptome profiling involved the use of microarrays. However, 

expression array technology relied on the use of synthetic probes that hybridize to known, labeled, 

transcripts
34

, thus limiting the scope of RNA transcripts analyzed to those explicitly synthesized on the 

array. Furthermore, the read-out of expression arrays is the amount of fluorescence observed at each 

probe, or feature, and thus not a direct measurement of the number of hybridized transcripts present. The 

implementation of NGS technologies to transcriptomics did not suffer from these limitations and thus 

allowed the first complete, quantitative view of all RNA transcripts present in an organism
26

. 

2.3.2 Epigenetic interrogation 

Around the same time that NGS methods were being developed for RNA-Seq, other microarray-based 

epigenetic assays were being adapted to take advantage of the benefits of NGS. One of these was the 

use of chromatin immunoprecipitation of crosslinked DNA followed by microarray interrogation. These 

“ChIP-chip” array methods were first utilized to identify the binding sites of cohesins on budding yeast 

chromosomes
35

 and subsequently expanded for interrogating a vast number of transcription factor binding 

sites and histone modifications in the genome
36

. The application of NGS to ChIP methods allowed for a 

substantial increase in the resolution of binding sites as well as more quantitative measurements of peak 

intensities at these sites
37

. 

A second microarray-based method of epigenetic interrogation was the use of arrays to identify sites of 

DNA methylation
38

. This approach relied on bisulfite conversion of DNA which converts all non-

methylated cytosine residues to uracils
39

, a method originally used in conjunction with Sanger 

sequencing, followed by microarray hybridization. The most significant disadvantage of microarray-based 

methylation profiling methods was the ability to only interrogate a known set of target sites, a limitation 

that was eliminated by the implementation of NGS. Since the transition to a high-throughput sequencing 



19 
 

platform, several methods of methylation profiling have risen to high usage that fall into two categories: 

bisulfite-based, which includes reduced representation bisulfite sequencing
40

 and whole genome bisulfite 

sequencing
41,29

; and enrichment based, which includes meDIP-Seq
42

, and other DNA immunoprecipitation 

strategies
43

. 

Beyond the more widely utilized microarray methods, a torrent of unique and interesting approaches has 

been developed to interrogate a host of epigenetic characteristics. These have been extensively utilized 

by the ENCODE project – an effort to identify and characterize all functional elements in the genome
44

. 

These methods include all of the former-microarray methods along with assays like DNase 

hypersensitivity (DHS) sequencing to identify “open” chromatin
45,46

, the profiling of replication timing in the 

genome (Repli-Seq)
32

 which allows the isolation of DNA with newly-incorporated bases in a population of 

synchronized cells, RIP-Seq, which involves the immunoprecipitation of cross-linked ribosomes to identify 

actively translated transcripts
47

, as well as a number of methods to investigate the three-dimensional 

configuration of the genome within the nucleus by a method known as Hi-C
33

. Outside of ENCODE, a 

number of novel methods are regularly being released. Some of the more interesting methods involve 

profiling double-stranded-break sites in the genome by “direct in situ breaks labeling, enrichment on 

streptavidin and next-generation sequencing” or “BLESS”
48

, as well as the ability to identify sister-

chromatid exchange events by identifying the transmitted strand of each chromosome to daughter cells in 

a method called “Strand-Seq”
49

. 

2.3.3 The broad use of NGS as a proxy 

The quantitative nature of NGS can be taken advantage of in a number of alternative ways beyond that of 

the characterization of genomic and epigenomic properties. Many of these strategies involve the concept 

of DNA barcode counting – or read-counting based methods that can be used to investigate functional or 

evolutionary effects. For instance, in yeast competition experiments molecular barcodes can be used to 

“tag” strains such as in the yeast deletion collection
50

. These barcodes were formerly isolated and 

hybridized to a microarray; however NGS allows for a much more quantitative measurement of the 



20 
 

proportion of each barcode within the population, and thus a more accurate representation of the 

competition experiment
51

. 

Another novel implementation of NGS is in the form of “functional dissection”. This approach utilizes 

microarray-derived oligonucleotides that contain all possible mutations of a functional element linked to a 

DNA barcode. The resulting performance of that functional element, such as a promoter
30

 or enhancer
31

 

can then be assessed by counting the barcodes that are copied via transcription driven by the respective, 

mutated, functional element. This has allowed an unprecedented level of insight into the functional impact 

of variants residing within noncoding sequence. 

2.4 Limitations of NGS 

Despite the versatility, throughput, and low costs associated with NGS, the fact remains that the most 

cost-effective platforms deliver short read and require a substantial amount of input material and 

laborious methods to produce a library that is ready to be sequenced. 

2.4.1 Library construction throughput bottleneck 

Initial methods of NGS library construction relied on a series of enzymatic steps with intervening clean 

ups. Briefly, this approach involves either mechanical (sonication or nebulization) or enzymatic 

(endonuclease digestion) fragmentation of sample DNA. This is then followed by end end-repair step that 

results in blunt-end DNA and then A-tailing by appending a single adenosine residue at the 3’ end of each 

strand. Next, universal adaptor sequences are ligated and adaptor-dimer molecules are separated out via 

gel-based size selection prior to final PCR amplification. This size selection step is the most limiting on 

the throughput potential of NGS library construction, with automated systems only being able to process 

several at a time. The sum of all enzymatic and cleanup steps is approximately 8-10 hours and is difficult 

to process in batches greater than 8 without the aid of expensive equipment that is not accessible by 

most research labs. These laborious, time-intensive protocols thus imposed a severe bottleneck on the 

number of samples that can enter the NGS workflow making experimental designs that involve large 
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sample counts, a characteristic particularly common for the yeast or other microbial research 

communities, not feasible. 

2.4.2 Sample input requirements and sample heterogeneity 

As described in the 2.4.1, the standard protocol for NGS library construction involves a number of 

enzymatic and clean up steps, each with an associated efficiency, and therefore loss of material. This 

results in extremely low overall conversion rates from genomic DNA to sequence-ready molecules and 

therefore input requirements are excessively high. Most protocols for NGS library construction require on 

the order of 1-3 micrograms of genomic DNA input – an amount that many studies cannot achieve, 

particularly in the fields of cancer research and developmental biology. Such applications require the 

analysis of highly-pure populations of cells to limit heterogeneity with respect to underlying DNA in the 

context of somatic mutations
52

, or epigenetic modifications that often differ greatly between cell types
53,54

. 

This ultimately forces a tradeoff between reducing the amount of input material which results in reduction 

in final library quality, thus limiting the amount of information obtainable from the sample or sacrificing 

sample purity to meet sample input requirements, thus resulting in an average signal over the 

heterogeneous population being analyzed. 

2.4.3 Read length limitations: Structural variation and haplotype resolution 

The crux of the most cost-effective NGS platforms is that they are short read technologies that fail to 

resolve structural variation within genomes. While methods have been developed to accurately estimate 

the underlying copy number of regions of the genome and even discriminate between duplicated regions 

by use of discriminating variants
27,55

, the breakpoints of these regions are often still elusive. Furthermore, 

the detection of balanced rearrangements such as inversions or translocations is not possible using read 

depth methods. 

Another challenge lies in the fact that many eukaryotic genomes, humans included, are diploid, with two 

homologous copies of each chromosome, each copy with its own distinct set of variation making up a 

haplotype. This variation is primarily in the form of single nucleotide variants (SNVs) or short insertions or 

deletions (indels) that occur at a frequency such that haplotype-discriminating variants are often multiple 
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kilobases apart and beyond the range of NGS read lengths. This renders the long-range phasing of 

variants impossible by shotgun sequencing methods with the ability to phase variants only if they reside 

within 500 bp or so of one another and do not span a repetitive element which are frequent in many 

eukaryotic genomes. 

2.4.4 Read length limitations: De novo genome assembly 

The same limitation that prevents haplotype-resolution and structural variant identification also plagues 

the de novo assembly of genomes. Nearly all genomes contain repetitive elements create branches in the 

assembly process that cannot be resolved without sequence information that spans beyond the size of 

the repeat element. This is particularly challenging when these repeat elements are both frequent, and 

long as in the case of the human genome
4
 with 8.3% of sequence being made up of LTR 

retrotransposons (up to 5 kbp in length), and 20.4% long interspersed repeats, or LINEs (~6 kbp); 

additionally 13.1% of the genome can be categorized as short interspersed elements, or SINEs (generally 

under 500 bp including ~300 bp Alu elements), though many of these can be properly assembled due to 

their short length
56

. These repeats, and the inability to resolve them using short reads, results in 

assemblies that are either missing these elements altogether or collapsing a large portion of sequence
57

, 

as well as creating gaps in the assembly that produce separate contigs as opposed to a single contiguous 

stretch of sequence
58

. 

2.5 Research aims 

In this body of work I aim to address the primary limitations of NGS by developing novel methods of 

library construction that substantially reduce the preparation time in order to alleviate the throughput 

bottleneck and cut the sample input requirements by orders-of-magnitude. Furthermore, I aim to pursue 

methods that interrogate long-range sequence information to work around the read-length limitations that 

both define and fundamentally hinder the successful utilization of NGS technologies. 
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2.5.1 Low-input & high-throughput library construction methods for genome and epigenome 

interrogation 

My first aim is to address both the throughput and input requirement limitations that plague NGS 

workflows and experimental designs for both DNA sequencing and DNA methylation analysis. To 

accomplish this aim, I develop and extensively characterize a method of library construction that utilizes a 

hyperactive derivative of the Tn5 transposase. Described in more detail in Chapter 3 and in Adey et. al. 

(2010)
59

, this approach condenses the majority of steps in library construction into one single 5 minute 

reaction that both fragments DNA and appends adaptors in a single step.  The second portion of this aim 

involves the adaptation of transposase-based library construction such that it can be used for the 

interrogation of DNA methylation in the form of 5-methylcytosine. This method, described in Chapter 4 as 

well as in Adey et. al. (2012)
60

, allows for a substantial decrease in the required DNA input mass as well 

as a reduction in the time required for library construction. 

2.5.2 Experimental and computational methods for long-range sequence contiguity 

Second, I aim to develop methods that take advantage of the low cost and high throughput of NGS, yet 

capture the long-range information that gets lost when implementing standard NGS methods. In order to 

accomplish this, I utilize both molecular methods as well as the development of novel algorithms to 

acquire sequence information over long distances. I demonstrate that not only can this information be 

obtained, but can be utilized to resolve complex structural rearrangements, perform haplotype-resolution, 

and aid in the de novo assembly of genomes. These approaches utilize both fosmid-based methods 

detailed in Kitzman et. al. (2011)
61

 as well as a novel approach described in Amini et. al. (2014, under 

review)
62

, Adey et. al. (2014, in review)
63

, and in Chapter 5 of this dissertation. 

2.5.3 Application of long-range methods to cancer genomics and epigenomics 

My third aim of this work is to demonstrate the power that can be achieved when utilizing methods that 

provide long-range contiguity. I demonstrate this by applying fosmid-based haplotype-resolution 

technology to produce the first ever haplotype-resolved cancer genome – that of the aneuploid cancer cell 
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line “HeLa”, which I describe in detail in Chapter 6 and in Adey et. al. (2013)
64

. Briefly, I utilize long-range 

sequence information to decipher a complex viral genome integration and rearrangement in the genome 

of the cell line. Beyond DNA analysis, I investigate a wealth of epigenetic information that had been 

previously generated by reanalyzing these data sets in the context of aneuploidy and haplotype. This final 

aim is an example of what can be achieved when implementing not only long-range technologies, but by 

integrating multiple data types and reanalyzing that data in the true context of copy number and haplotype 

in the genome. 
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Chapter 3 Transposase-mediated construction of DNA sequencing 

libraries 

This chapter is based on the following published paper: 

Andrew Adey, Hilary G Morrison, Asan, Xu Xun, Jacob O Kitzman, Emily H Turner, Bethany 

Stackhouse, Alexandra P MacKenzie, Nicholas C Caruccio, Xiuqing Zhang, and Jay Shendure. Rapid, 

low-input, low-bias construction of shotgun fragment libraries by high-density in vitro transposition. 

Genome Biology. 2010; 11(12): R119. 

Bold face indicates equal contributors. 

Hilary Morrison, Asan, Xu Xun, Nicholas Caruccio, Xiuqing Zhang, Jay Shendure, and I conceived the 

study and planned experiments. I analyzed all data, conducted comparison experiments with the Illumina 

platform, and developed the PCR-free protocol, the exome capture protocol, and the low-input protocol. 

Hilary Morrison conducted comparison experiments and accompanying analyses with the 454 platform. 

Asan, Xu Xun, and Xiuqing Zhang performed YH1 and Drosophila genome sequencing, and SNP 

validation. Jacob Kitzman developed the direct-from-colony library construction protocol and analyzed the 

resulting data. Alexandra MacKenzie performed exome capture experiments. Emily Turner, Bethany 

Stackhouse and I developed and tested the 96-plex barcoding protocol. Jay Shendure and I wrote the 

manuscript. All authors reviewed drafts, contributed comments, and approved the final manuscript. 
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3.1  Summary 

This chapter characterizes and extends a highly efficient method for constructing shotgun fragment 

libraries in which transposase catalyzes in vitro DNA fragmentation and adaptor incorporation 

simultaneously. This method is then applied to sequencing a human genome and reveals that coverage 

biases are comparable to those of conventional protocols. The capabilities of the method are also 

extended by developing protocols for sub-nanogram library construction, exome capture from 50 ng of 

input DNA, PCR-free and colony PCR library construction, and 96-plex sample indexing. 

3.2  Introduction 

Massively parallel DNA sequencing methods are rapidly achieving broad adoption by the life sciences 

research community
65,66

. As the productivity of these platforms continues to grow with hardware and 

software optimizations, the bottleneck experienced by researchers is increasingly at the front end (the 

construction of sequencing libraries) and at the back end (data analysis and interpretation) rather than in 

the sequencing itself. 

The input material for commonly used platforms, such as the Illumina Genome Analyzer
18

, the Roche 

(454) Genome Sequencer
17

, the Life Technologies SOLiD platform
67

, as well as for 'real-time' third-

generation sequencers such as Pacific Biosciences
20

, consists of complex libraries of genome- or 

transcriptome-derived DNA fragments flanked by platform-specific adaptors. The standard method for 

constructing such libraries is entirely in vitro and typically includes fragmentation of DNA (mechanical or 

enzymatic), end-polishing, ligation of adaptor sequences, gel-based size-selection, and PCR amplification 

(Figure 3.1a). This core protocol may be preceded by additional steps depending on the specific 

application, such as cDNA synthesis for RNA-seq libraries
26

. 

Although generally effective, several aspects of the standard method are throughput-limiting or otherwise 

suboptimal. These include: (1) Labor: there are several labor-intensive enzymatic manipulations with 

obligate clean-up steps. (2) Time: the protocol requires 6-10 hours from beginning to end, often including 

an overnight incubation. (3) Automation: although 96-plex, semi-automated processing has been 
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achieved by large-scale genome centers
68

, many researchers lack access to the requisite robotic liquid 

handling systems and/or instruments for parallelized mechanical fragmentation. (4) Sample indexing: 

incorporation of barcoded adaptors, which enable concurrent analysis of multiple samples and post-

sequencing deconvolution, still requires most steps to be carried out on individual samples prior to 

pooling
69

. (5) High input requirements: standard protocols for shotgun DNA sequencing suggest 1-10 μg 

DNA as input material per library. This is often not possible, for example in cancer genomics where 

sample material can be limited. (6) Coverage bias: biases in sequence coverage correlated with G+C 

content can arise from steps secondary to library construction, including gel purification
70

 and PCR 

amplification
71

. Amplification-free versions of these protocols may reduce G+C biases and eliminate PCR 

duplicates
71,72

, while potentially increasing input requirements. 

  

          a.                                                       b. 

 

Figure 3.1. Methods for constructing in vitro fragment libraries. 

a. In the conventional protocol, mechanical or endonuclease fragmentation is followed by end-

polishing, A-tailing, adaptor ligation and PCR. b. With transposase-mediated adaptor insertion, 

fragmentation and adaptor insertion occur in a single 5-min in vitro step, followed by PCR. For both 

methods, a primer-embedded sample-specific barcode can be incorporated during PCR amplification 

(black triangle). Dark blue: Genomic DNA. Light green: End repaired sequence. Red: A-tail. 

Magenta/dark green and purple/dark green: Adaptors. Mid blue/brown/orange: Transposase adaptors. 

Cyan/light green triangles: Endonuclease fragmentation. Grey curved dotted lines: Sonication. Grey 

hexagon: Transposase. 
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3.3  Method overview 

In the alternative approach that we characterize and extend here, a hyperactive derivative of the Tn5 

transposase is used to catalyze in vitro integration of synthetic oligonucleotides into target DNA at a high 

density ('Nextera', Epicentre, Madison, WI, USA). Wild-type Tn5 transposon DNA is flanked by two 

inverted IS50 elements, each containing two 19 bp sequences required for function (outside end and 

inside end). A 19 bp hyperactive derivative (mosaic end, ME) is sufficient for transposition provided that 

the intervening DNA is long enough to allow the two ends to come in close proximity in order to form a 

complex with a Tn5 transposase homodimer. The relatively low activity of the wild-type Tn5 transposase 

was cumulatively increased through several classes of mutation
73

. In a classical in vitro transposition 

reaction, hyperactive Tn5 transposomes (hyperactive transposase mutant bound to ME-flanked DNA) 

bind target DNA and catalyze the insertion of ME-flanked DNA into the target DNA with high frequency
74

. 

When free synthetic ME adaptors are used instead (isolated from one another, in contrast to ME-flanked 

DNA in which two ME sequences are linked by the intervening DNA), transposase activity results in 

fragmentation and end-joining of the synthetic ME adaptor to the 5' end of target DNA. To generate 

fragment libraries compatible with massively parallel DNA sequencing, limited-cycle PCR is used to 

append platform-specific primers (Figure 3.1b). 

Significant potential advantages of transposase-catalyzed adaptor insertion as a library preparation 

method, relative to conventional library preparation, include, firstly, many fewer steps, as the 

fragmentation, polishing, and ligation steps are replaced by a single 5-minute reaction and optional 10-

minute pre-PCR clean-up (3.2). Libraries requiring particularly constrained insert size distributions (such 

as for de novo assembly) may optionally be subjected to chip- or gel-based size selection, increasing 

preparation time by 1 hour or 3-4 hours, respectively. The second advantage is greatly reduced input 

requirements while maintaining library complexity. This is expected to be possible because of a more 

efficient conversion of input DNA into sequencing-compatible material. However, these potential 

advantages are balanced by the competing concern that transposase-mediated fragmentation will 

introduce significant sequence-dependent biases relative to conventional library construction. 
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Here, we report the results of an extensive comparison of transposase-catalyzed fragmentation with 

standard library construction protocols. We also describe the development of several derivative protocols 

for transposase-catalyzed fragmentation that significantly extend its capabilities. To evaluate performance 

with respect to key parameters including sequence-dependent biases, we compared methods across 

several organisms and sequencing platforms, including whole genome sequencing of a cell line derived 

from a previously sequenced human, YH1
75

, on a single flow-cell with the Illumina HiSeq platform. New 

protocols reported here that extend the utility of this method include: (1) a 96-plex sample indexing 

scheme, validated on 96 bacterial genomes; (2) capture and sequencing of the complete coding exon 

content (exome) from 50 ng of input human genomic DNA; (3) a protocol for the construction and 

 

Figure 3.2. Schematic of steps associated with different library preparation methods. 

Transposase-catalyzed adaptor insertion significantly reduces the number of steps and time 

associated with library construction (green path). 
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sequencing of shotgun libraries from as little as 10 pg of starting material; (4) a PCR-free version of the 

method that mitigates associated G+C biases and decreases the total time for library preparation time to 

less than 30 minutes; and (5) a method analogous to 'colony PCR' for single-step preparation of genomic 

sequencing libraries directly from bacterial colonies. 

3.4  Results 

3.4.1 Comparison of standard versus transposase-based protocols 

We performed a side-by-side comparison of three protocols: (1) standard library construction with 

mechanical fragmentation; (2) standard library construction with time-dependent endonuclease-based 

fragmentation ('dsDNA fragmentase', NEB); and (3) transposase-catalyzed adaptor insertion ('Nextera', 

Epicentre). To evaluate performance on the Illumina platform, sequencing libraries and technical 

replicates were prepared from two genomic DNA samples (Homo sapiens NA18507, Escherichia coli 

CC118) with each of the three methods. Paired-end, 36 bp reads were generated on an Illumina Genome 

Analyzer IIx (GAIIx). Reads were mapped using BWA
76

 to the E. coli genome (K12) or human genome 

(GRCh36) as appropriate. To evaluate performance on the Roche (454) platform, sequencing libraries 

were constructed from two bacteriophage DNAs (CRW10 and PA1) with each of the three methods. 

Libraries were sequenced on a Roche (454) Genome Sequencer FLX, followed by de novo assembly 

(gsAssembler) and read mapping (gsMapper) to the appropriate reference genome. A summary of 

samples processed and sequence data generated on both platforms is provided in Supplementary Table 

A.2.1.  

Sites of mechanical fragmentation, endonuclease fragmentation, and transposase-catalyzed adaptor 

insertion were characterized by calculating nucleotide composition in the vicinity of the mapping position 

of the first base of each sequence read (the fragmentation site; Supplementary Fig. A.3.1). This revealed 

a slight but highly correlated bias for mechanical and endonuclease fragmentation, which suggests that 

most bias for these two methods is introduced after these protocols converge (for example with A-tailing 

or adaptor ligation), and that both mechanical fragmentation (here, either acoustic sonication or 

nebulization) and endonuclease fragmentation (with dsDNA fragmentase) have very low intrinsic biases. 
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In contrast, a more extended signature is observed for sites of transposase-catalyzed adaptor insertion, 

weakly resembling the reported insertion preference of the native Tn5 transposase (AGNTYWRANCT, 

where N is any nucleotide, R is A or G, W is A or T, and Y is C or T)
77

. However, when calculated in terms 

of per-position information content, the bias of transposase-catalyzed adaptor insertion is low, and only 

slightly greater than the other protocols. For E. coli data, maxima of per-position information content over 

± 10 bp, on a two-bit scale for fixed positions, are 0.10, 0.11, and 0.16 for mechanical fragmentation, 

 a.                                                              b.

 

Figure 3.3. Comparison of coverage bias. 

a. Coverage distribution across the E. coli genome with transposase (blue), sonication (red), and 

endonuclease (green) methods (solid lines) and replicates (dotted lines), normalized for total 

sequencing depth. b. Coverage distribution across the PA1 and CRW10 bacteriophage genomes 

with transposase (blue), nebulization (red), and endonuclease (green) methods (dotted lines 

represent replicate libraries). c. G+C bias for E. coli was assessed by calculating G+C content of the 

reference in 500 bp bins and plotting the coverage in each for transposase (blue), sonication (red), 

and endonuclease (green) methods, all of which show an approximately equivalent bias against the 

extremes. 

c. 
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endonuclease fragmentation, and transposase-catalyzed adaptor insertion, respectively. Average 

information content over ± 10 bp are 0.0056, 0.018, and 0.049, respectively. Equivalently low information 

contents were observed for human and phage libraries (Supplementary Table A.2.2). The effective bias 

associated with transposase-catalyzed adaptor insertion is thus greater than with standard library 

construction, but only modestly so. For E. coli and human libraries, signatures of bias were consistent in 

technical replicates for all three methods. 

The greater insertion bias is problematic in a practical sense only if it has a significant impact on the 

distribution of genomic coverage. Consistent with the low calculated information content of the observed 

biases, the gross distributions of genomic coverage observed for the three methods are very similar 

(Figure 3.3a, b), the exception being the PA1 bacteriophage library, which may be skewed as a result of 

sequence context in a relatively small genome. Furthermore, similar biases in coverage are observed for 

different G+C content bins, with reduced representation at both extremes (Figure 3.3c). As PCR was 

used to prepare libraries constructed with all three methods, the consistent G+C bias probably arises at 

that step
71

. We initially predicted that the similar genomic coverage distribution associated with each 

method was due to factors introduced after the three protocols converge on common steps (solution 

phase PCR, cluster PCR, and sequencing). However, the correlation in coverage between methods at a 

per-base level was modest, with transposase-catalyzed adaptor insertion the least correlated with the 

other methods (Supplementary Table A.2.3). 

In this comparative analysis, libraries generated by transposase-catalyzed adaptor insertion were 

sequenced directly after PCR (without size-selection), and the observed insert size distribution was 

considerably shorter than the other, size-selected, methods (transposase: 100 ± 47 bp, sonication: 256 ± 

48 bp, endonuclease: 244 ± 56 bp; Supplementary Fig. A.3.2). To evaluate whether a lower-bound on 

insert size exists, tails of long-read (101 bp) pairs were aligned to one another and a mapping-

independent size distribution constructed, revealing a sharp decrease at about 35 bp that is probably a 

secondary consequence of steric hindrance of adjacent, attacking transposases (Figure 3.4). This 

phenomenon also explains the approximately 10 bp peaks at the lower end of the insert size distribution 

resulting from the helical pitch of the DNA as it extends away from the transposase. 
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With alternative buffer and reaction conditions, other target size ranges can be achieved. For example, 

the transposon method adapted for Roche (454) library construction resulted in significantly longer 

fragments (300-800 bp; Supplementary Fig. A.3.3). To assess whether fragment size of libraries 

generated by transposase-catalyzed adaptor insertion could be constrained without resorting to gel-based 

size-selection, we evaluated alternative buffer and reaction conditions in combination with different 

approaches to post-PCR sample clean-up (Supplementary Fig. A.3.4). Notably, an automated chip-based 

size-selection yielded well-constrained libraries (insert size 162 ± 28 bp). 

 

Figure 3.4. Insert size showing steric hindrance. 

Insert size was generated from libraries spiked into a paired-end 101 bp run resulting in a large 

proportion of reads reading into the adaptor sequence. Tails of reads were then aligned to one another 

to discern the insert size between adaptors, resulting in a mapping-independent insert size at the 

lower extreme. All reads with an insert size less than 25 bp were PCR artifacts. Inset shows the 

noticeable drop below 40 bp is consistent with a model for complete saturation of transposition events 

on a given stretch of DNA. The roughly 110 Å transposase homodimer (grey) is bound to genomic 

DNA (blue), such that the core of the enzyme acts on a 9 bp region drawn out to 41 Å as well as 

approximately 10 additional bases of DNA flanking either side (~34 Å each) that are essentially 

protected from a subsequent transposase attack due to steric hindrance. Since the core region is 

duplicated in the process, the minimum spacing of transposition events is approximately 38 bp. 
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3.4.2 Whole genome sequencing of human and Drosophila genomes 

To assess performance further, we conducted whole genome sequencing on transposase-based libraries 

from H. sapiens and Drosophila melanogaster. Human genomic DNA from a previously sequenced 

individual, YH1
75

, was used to generate a series of libraries under different reaction conditions and size-

selections that were then subjected to seven lanes of paired-end 90 bp (PE90) sequencing on the 

 a.                                                              b. 

 

Figure 3.5. Sequence coverage of human and Drosophila. 

a. Coverage distribution as a percentage of the genome for human (YH1) using transposase (dark 

blue, autosomes; light blue, sex chromosomes) and sonication (down-sampled to equivalent 

coverage; red, autosomes; orange, sex chromosomes) methods. Poisson (no bias) distributions (gray) 

with λ = 12 (sex chromosomes) and λ = 24 (autosomes) are also shown. Poisson distribution is the 

expected if there were absolutely no bias. (b) Coverage distribution as a percentage of Drosophila 

autosomes using transposase (blue, down-sampled to equivalent coverage) and sonication 

(Drosophila Population Genomics Project (DPGP), red) methods, as well as Poisson distribution with λ 

= 12 (gray). (c,d) Coverage with respect to G+C content of the reference in 10 kbp or 1 kbp bins for (c) 

human (YH1) and (d) Drosophila genomes respectively, for transposase (blue) and sonication (red) 

methods at comparable global genomic coverage. 

c. d. 
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Illumina HiSeq platform. Of 934 million reads, 781 million were mapped
76

 to the human genome 

(GRCh36) for 25× coverage. Although a total of seven libraries were constructed and sequenced to 

assess reproducibility, the complexity of each individual library was sufficient enough that whole genome 

sequencing could be carried out using a single library. Variant calling on mapped YH1 data was 

performed with samtools
78

 requiring consensus Q30 at called positions (Supplementary Fig. A.3.5). By 

these criteria, 3,556,679 SNPs were called (87% in dbSNP129; transition/transversion ratio (Ti/Tv) = 

2.07), substantially greater than the 3,074,097 SNPs reported in initial sequencing of YH1. There were 

2,922,525 SNPs shared between the analyses (91% in dbSNP129; Ti/Tv = 2.07), 634,154 SNPs unique 

to our analysis of this genome (70% in dbSNP129; Ti/Tv = 2.08), and 151,572 SNPs unique to the initial 

analysis of this genome (65% in dbSNP129; Ti/Tv = 1.18). The larger number of SNPs identified here 

may follow in part from greater mappability with longer read-lengths. 

In this analysis, cell-line DNA derived from lymphoblasts was used; however, original sequencing of YH1 

by Wang et al. (2008)
75

 was carried out on blood DNA. Notably, 4,036 positions were called as mutations 

in the cell line and as the reference base in blood, both at a high quality score (30) and in uniquely 

mappable regions of the genome. Of the 1,720 SNPs at a quality over 50 (Ti/Tv = 0.95), a randomly 

selected 100 were subjected to validation in DNA from blood, DNA from the primary culture used to 

generate the cell line, and DNA from the cell line. Interestingly, 63 were confirmed as mutations only in 

the cell line (Ti/Tv = 1.1; one failed assay in primary culture). Of the 37 positions that failed validation, 31 

were confirmed as the reference base in blood, primary culture, and cell line (Ti/Tv = 0.48), and the 

remaining six positions were variant in all three (Ti/Tv = 1.0; one failed assay in primary cell culture). 

Further experimentation is required to determine whether the validated mutations observed in the cell line 

represent only mutations occurring during immortalization or propagation of the cell line, or the eventual 

fixation of somatic mutations present at very low frequencies in primary culture. 

Importantly, coverage of YH1's genome in sequencing of libraries derived from transposase-catalyzed 

fragmentation was relatively uniform when compared with the data generated on this same individual 

from conventional libraries (Figure 3.5a). The observed GC bias in whole human genome sequencing 

data from the two methods was comparable (Figure 3.5c); however, a modest decrease (23%) in 
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coverage at bins with high GC content (≥60%) was observed with the transposase method. This decrease 

can potentially be mitigated by a PCR-free version of this method (discussed below), or by alternative 

PCR conditions (data not shown). For the Drosophila genome (dm3), one lane of PE45 sequencing of a 

transposase-based library on an Illumina GAIIx yielded 16× mean coverage. As with the human genome, 

the distribution of coverage was largely equivalent to that observed in sequencing Drosophila with 

standard libraries (Figure 3.5b,d) along with the modest decrease in coverage for regions of high GC 

content. For both human and Drosophila genomes, the signature of bias in the vicinity of insertion sites 

was similar to that observed in the comparative analysis. 

 

Figure 3.6. Library complexity. 

Library complexity for each library shown by incremental, random sampling of 50,000 reads, without 

replacement, and plotting (on log-log scale) the number of uniquely occurring read-pairs with respect 

to total number of sampled read-pairs. Species: DM, Drosophila; EC, E. coli; NA18507 and YH1, 

human. Methods for fragmentation: End., endonuclease; Son., sonication; Tr., transposase. Size 

selection ranges are given for the YH1 libraries (all these were generated using transposase. Libraries 

ending in "2" are replicate libraries. 100% unique is in gray, i.e. the distribution if there were no 

duplicates of any sort. 
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Complexity, that is, the number of molecules of distinct origin, is a critical aspect of shotgun library quality, 

especially for libraries that will be deeply sampled or subjected to further bottlenecking, such as hybrid 

capture or size selection. Low complexity manifests as an excess of duplicate reads with identical 

mapping coordinates, which arise from the same progenitor molecule and can thus skew downstream 

analyses including SNP calling and genotyping. The complexity of each prepared library here was 

analyzed by incremental sampling of 50,000 read-pairs without replacement and plotting the number of 

read-pairs sampled versus the number of unique read-pairs (as determined by mapping location) within 

the sample. In this analysis, the extent of deviation from linearity provides a measurement of sample 

complexity. All human genome and Drosophila genome libraries sequenced here were found to be highly 

complex, each comprising over 96% unique read-pairs, even as sequencing depths approached 100 

million read-pairs, indicating a single such library could be used for whole genome sequencing (Figure 

3.6). The high complexities achieved are consistent with a high efficiency of conversion of input mass into 

sequence-compatible material as compared with conventional library construction. Less complexity was 

consistently observed for all E. coli libraries, but this is likely to be because we are simply saturating the 

set of possibilities for start-point pairs that are used to identify PCR duplicates by deep sequencing of a 

small genome. 

3.4.3 Low input targeted sequence capture of the human exome 

Exome capture is an increasingly mature technology, but standard protocols require several micrograms 

of input genomic DNA, which can be problematic when the sample is limiting (for example with tumor 

samples). We subjected a library from 50 ng human genomic DNA by transposome fragmentation to 

exome capture (Nimblegen SeqCap EZ Exome probes v1.0). Because the adaptor sequences are 

different from those in libraries prepared using mechanical shearing, custom blocking oligonucleotides 

were designed and used. After capture, the library was subjected to pre-sequencing real-time PCR with 

standard primers followed by sequencing on an Illumina GAIIx (SE36). The resulting reads were aligned 

to the human genome (GRCh36) with 78% mapping, of which 47% fell within 100 bp of a targeted exon 

(Supplementary Fig. A.3.6). A direct comparison with an equivalent number of mapped SE36 reads from 

a standard library, after capture with the same kit, revealed nearly identical complexity for on-target reads 
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(41% and 43% of an equivalent number of on-target SE36 reads with unique start sites for transposome-

based and standard libraries, respectively), as well as comparable uniformity (87% and 82% of target 

bases covered with ≥1 reads for transposome-based and standard libraries, respectively). However, 

specificity was notably lower (47% of reads on or near target for transposome-based libraries versus 80% 

for standard libraries, likely due to the lack of optimization of blocking oligos and hybridization conditions). 

Nonetheless, we note that the standard protocol has been extensively optimized in the context of 

production-level scaling, and it is likely that specificity in the capture of transposome-based libraries can 

also be improved upon. Furthermore, the disadvantage of lower specificity is balanced by the advantage 

of significantly lower input requirements for genomic DNA entering a targeted capture workflow (50 ng for 

transposase-based libraries versus 3 μg for standard libraries). 

3.4.4 Sub-nanogram library construction 

To push the limits on library construction using reduced starting material, E. coli libraries were generated 

from 500 pg and 100 pg genomic DNA and sequenced as part of a barcode pool. For each library, 

expected numbers of read counts were observed (0.5 and 0.6 million mapped reads, respectively) without 

a noticeable drop in complexity (both libraries over 98% at 0.5 million read-pairs), or coverage uniformity. 

Next, we generated a library from 10 pg human genomic DNA, or roughly three copies of the human 

genome, which produced over 2 million uniquely mapped read-pairs. Although complexity was reduced 

because of the significant decrease in progenitor molecules entering PCR, the potential advantages of 

sequencing from material approaching a single equivalent of the human genome are substantial. 

3.4.5 PCR-free library construction 

Standard sequencing libraries for the Illumina platform have been generated without the use of PCR 

amplification in order to reduce associated biases
71,72

. We developed a similar approach for transposase-

based methods by including sequences corresponding to the primers used for cluster formation, i.e. the 

Illumina adaptor sequences, into the adaptors that are added during the transposition reaction, as 

opposed to incorporating them during PCR (See Appendix A.1). After transposition, a nick translation is 

performed resulting in Illumina-ready libraries. This method was used to sequence E. coli CC118 and 
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human NA18507 with two replicates of each using 100 ng and 200 ng starting material. A noticeable 

decrease in G+C coverage bias was observed (Figure 3.7a). Furthermore, complexity for each of these 

libraries was over 98%. The development of PCR-free, transposase-based library construction reduces 

the full amount of time required for converting DNA to a sequencing-ready shotgun library to less than 30 

minutes. 

N.4.6 96-plex sample indexing 

Second-generation sequencing platforms suffer from poor granularity. For example, in the data described 

above, a single PE90 lane on the Illumina HiSeq platform yielded 20 Gb of mappable sequence, which is 

far in excess of what is required for many projects. Sample indexing (or 'barcoding') is a useful solution, 

but reported protocols still require most steps of library preparation to be carried out on individual samples 

prior to pooling, and also can suffer from non-uniform performance of individual barcodes
69

. With 

transposase-catalyzed adaptor insertion, sample indexing could potentially be introduced during adaptor 

insertion, or during the subsequent PCR step, that is, using a primer-embedded barcode sequence 

(Figure 3.1b). To evaluate the compatibility of this method with indexing, we attempted the latter 

  a.                                                                                   b. 

 

Figure 3.7. PCR-free reduction in G+C coverage bias and direct-from-colony coverage 

distribution. 

a. Coverage with respect to G+C content in E. coli with and without PCR was assessed by calculating 

G+C content of the reference in 500 bp bins and plotting the coverage in each for transposase after 

PCR (left) and with the PCR-free method (right). A significant reduction in coverage bias at the 

extremes of G+C content is observed. b. Coverage distribution for E. coli library prepared directly from 

cell lysate without purification. 
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approach. Ninety-six barcodes (9 bp) were designed with a minimal edit distance of four between all pairs 

and additional constraints on base composition (Supplementary Fig. A.2.4). Performance was evaluated 

by subjecting DNA from 96 evolved derivatives of Pseudomonas aeruginosa to independent library 

construction, each with a different barcode-embedded primer during PCR. Post-PCR amplicons were 

quantified and pooled, followed by several lanes of massively parallel sequencing (PE76, with a third read 

to collect the 9 bp index). Samples were deconvolved using 9 bp indexes: 92%, 3%, and 3% reads were 

assigned with 0, 1, and 2 mismatches, respectively, and only 4% could not be unambiguously assigned. 

With the exception of a few outliers, the distribution of barcode assignments across the 96 was relatively 

uniform with 90% within a fourfold range (Supplementary Fig. A.3.7), as was the proportion of reads 

mapping to the reference, illustrating the robustness of the library protocol and the indexing scheme. 

3.4.7 Constructing genomic libraries directly from bacterial colonies 

In evaluating 96-plex sample indexing for 96-plex bacterial genome sequencing with transposase-

catalyzed adaptor insertion, the burden of technical effort shifted from library preparation to the isolation 

of genomic DNA from each isolate. We speculated that integration of the transposase reaction into a 

'colony PCR'-like workflow (in which cells from bacterial colonies are directly mixed into a PCR reaction 

without DNA isolation) could be used to further simplify library preparation for bacterial genome 

sequencing (Supplementary Fig. A.3.8). A pipet tip was used to transfer a small number of cells directly 

from an E. coli colony transformed with pUC19 to a transposase fragmentation reaction (with heat-lysing 

prior to addition of enzyme). An aliquot of this reaction served as input for PCR amplification without any 

intervening clean-up step. Sequencing (SE36) yielded 27 million reads, for 170× coverage of the E. coli 

genome (81% of reads) and 37,000× coverage of pUC19 (10% of reads). The remaining 8% mapped to 

the F plasmid, or an insert cloned into pUC19, or remained unmapped. Coverage of the E. coli genome 

was uniform (Figure 3.7b). We propose that direct preparation of genomic sequencing libraries from 

bacterial colonies with no DNA isolation or intervening purification steps will be useful for rapidly 

preparing sequencing-ready, indexed fragment libraries from large numbers of bacterial isolates. 
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3.5 Discussion 

Massively parallel sequencing platforms generally require the conversion of genomic DNA (or other 

nucleic acid sample) into a fragment library that includes common adaptor sequences that are used to 

mediate clonal amplification and/or the priming of sequencing reactions. Practical limitations of 

conventional approaches to generating these libraries include high requirements for labor, time and cost, 

as well as the low efficiency of mass conversion into sequencing-compatible material. Here, we evaluate 

an alternative approach in which transposase catalyzes the fragmentation of target DNA and insertion of 

adaptor sequences in a 5-minute, small-volume reaction. The workflow is thus markedly simpler than the 

conventional approach yielding significant savings in terms of time and labor (summarized in 3.2). The 

input requirements are also over an order of magnitude lower than what is typically used with standard 

methods, and we demonstrate that high complexity libraries can be generated from as little as 100 pg of 

input DNA. Furthermore, input can be reduced to as low as just a few copies of the human genome and 

still produce a significant amount of sequence data. Taking advantage of the simplicity and low input 

requirements, we developed a method to construct libraries directly from bacterial colonies without DNA 

isolation or intervening clean-up steps. 

Although there are significant advantages, this method nonetheless has its limitations. First, although 

there is a significant reduction in required steps and time, preparing very large numbers of libraries is still 

challenging without some degree of automation. Second, one has relatively limited control over the size 

distribution of fragmentation. In general, the trend is that the insert size distribution is smaller than desired 

when reacting to completion, and broader than desired when altering reaction conditions to increase the 

mean insert size. Third, genomes with high G+C contents show greater bias with this method than with 

conventional methods, although this is potentially correctable in part by the PCR-free approach or through 

modified PCR conditions. A related point is that we have also observed that performing transposase-

catalyzed adaptor insertion on a single PCR product results in significantly greater bias than with shotgun 

libraries (J. Hiatt, personal communication), potentially secondary to a high molar concentration of a 

limited number of possible insertion sites. Fourth, we note that this library preparation does not solve an 
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ongoing challenge in the field, which is how best to efficiently construct high-complexity, long-insert mate-

paired libraries. 

A comparison of sequence composition in the vicinity of fragmentation sites identified a bias signature 

that was larger and more extended than that associated with conventional methods. However, we found 

that this had little impact at the level of coverage for bacterial, human, and Drosophila genomes. 

Nonetheless, the observed impact may be greater in genomes with compositions that correlate with this 

bias pattern, or in smaller genomes such as bacteriophage. In our view, for most goals, the disadvantage 

of the slightly greater bias is offset by the large advantages that we observed with respect to speed, 

simplicity, and low input requirements. 

A further reduction in preparation time was achieved in developing a PCR-free, transposase-based library 

construction method. This approach also decreased biases resulting from amplification, notably in 

coverage with respect to G+C content. Looking ahead, we anticipate that the partnership of extremely 

fast, simplified methods for library construction with third-generation 'real-time' sequencing methods may 

represent a critical path forward in reducing the time between acquiring biological material and obtaining 

analyzed sequence data to less than 1 hour. 

3.6  Conclusions 

Current methods for preparing in vitro DNA fragment libraries for massively parallel sequencing are 

suboptimal for projects involving limited amounts of starting material or large numbers of samples. Here 

we have characterized an alternative method of library construction in which highly active transposase 

catalyzes the simultaneous fragmentation and adaptor ligation in a single 5-minute incubation. 

Comparison with conventional methods of library preparation, relying on mechanical or endonuclease 

fragmentation, finds that although transposase-catalyzed adaptor insertion demonstrates a slightly 

greater insertion bias, this has little impact at the level of genomic coverage and is offset by large 

advantages with respect to speed, simplicity, and low input requirements. 

To fully take advantage of the method and expand on transposase-catalyzed adaptor insertion we applied 

it on a larger scale, including sequencing a human genome on a single flow-cell of a massively parallel 
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sequencing platform, and validating a 96-plex sample indexing scheme. We also show that transposase-

catalyzed adaptor insertion can be integrated with exome sequencing workflows, with the advantage of 

significantly lower input requirements relative to conventional protocols for targeted sequence capture (50 

ng versus several micrograms). In addition, we have generated libraries from as little as 10 pg of starting 

material and also developed a PCR-free library construction method in order to reduce associated biases 

and further reduce preparation time to less than 30 minutes. Finally, we demonstrate the direct 

preparation of genomic sequencing libraries from bacterial colonies with no DNA isolation or intervening 

purification steps. 

3.7  Notes 

3.7.1 Data access 

All sequence data described here is being deposited in the NCBI Sequence Read Archive (SRA) under 

accession SRP004087. 
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Chapter 4 Application of transposase-mediated library preparation to 

whole genome bisulfite sequencing 

This chapter is based on the following published paper: 

Andrew Adey, and Jay Shendure. Ultra-low-input, tagmentation-based whole-genome bisulfite 

sequencing. Genome Research. 2012 June; 22(6): 1139–1143. 

I performed all experiments and data analysis. Jay Shendure and I designed experiments and wrote the 

manuscript. 
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4.1  Summary 

This chapter describes how I adapted transposase-based in vitro shotgun library construction 

(“tagmentation”) for whole-genome bisulfite sequencing. This method, Tn5mC-seq, enabled a >100-fold 

reduction in starting material relative to conventional protocols, such that I generated highly complex 

bisulfite sequencing libraries from as little as 10 ng of input DNA, and ample useful sequences from 1 ng 

of input DNA. I demonstrated Tn5mC-seq by sequencing the methylome of a human lymphoblastoid cell 

line to ∼8.6× high-quality coverage of each strand. 

4.2  Introduction 

DNA methylation is a widespread epigenetic modification that plays a pivotal role in the regulation of the 

genomes of diverse organisms. The most prevalent and widely studied form of DNA methylation in 

mammalian genomes occurs at the five carbon position of cytosine residues, usually in the context of the 

CpG dinucleotide. Microarrays, and more recently massively parallel sequencing, have enabled the 

interrogation of cytosine methylation (5mC) on a genome-wide scale
79

. However, the in vivo study of DNA 

methylation and other epigenetic marks, e.g., in specific cell types or anatomical structures, is sharply 

limited by the relatively high amount of input material required for contemporary protocols. 

Methods for genome-scale interrogation of methylation patterns include several that are preceded by the 

enrichment of defined subsets of the genome
40,42,80

, e.g., reduced representation bisulfite sequencing 

(RRBS) 
40

 and anti-methylcytosine DNA immunoprecipitation followed by sequencing (MeDIP-seq)
42

. An 

advantage of such methods is that they can be performed with limited quantities of starting DNA
81

. 

However, they are constrained in that they are not truly comprehensive. For example, the digestion-based 

RRBS method interrogates only ∼12% of CpGs, primarily in CpG islands
43

, with poor coverage of 

methylation in gene bodies
82

 and elsewhere. Furthermore, RRBS does not target cytosines in the CHG or 

CHH (H = A,C,T) contexts, which have been shown to be methylated at elevated levels in the early 

stages of mammalian development
83

. While a small proportion of non-CpG methylation sites can be 

observed using RRBS, they are restricted to regions within or highly proximal to CpG-islands
84

. 
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The most comprehensive, highest resolution method for detecting 5mC is whole-genome bisulfite 

sequencing (WGBS)
41,83,43

. Treatment of genomic DNA with sodium bisulfite chemically deaminates 

cytosines much more rapidly than 5mC, preferentially converting them to uracils
39

. With massively parallel 

sequencing, these can be detected on a genome-wide scale at single-base-pair resolution. This approach 

has revealed complex and unexpected methylation patterns and variation, particularly in the CHG and 

CHH contexts. Furthermore, as the costs of massively parallel sequencing continue to plummet, WGBS is 

increasingly affordable. However, a key limitation of WGBS is that the current protocols for library 

construction are based on ligation chemistry and call for 5 μg of genomic DNA as input
41,83,85

 which is 

essentially prohibitive for many samples obtained in vivo. 

We recently characterized a transposase-based in vitro shotgun library construction method 

(“tagmentation”) that allows for construction of sequencing libraries from greatly reduced amounts of DNA 

(Fig. 4.1a)
59

. Briefly, the method utilizes a hyperactive derivative of the Tn5 transposase loaded with 

discontinuous synthetic oligonucleotides to simultaneously fragment and append adaptors to genomic 

DNA. The resulting products are subjected to PCR amplification followed by high-throughput sequencing. 

The increased efficiency of genomic DNA conversion to viable amplicons and the greatly reduced number 

of steps allow the construction of low-bias, highly complex libraries from <50 ng of genomic DNA. 

4.3 Method overview 

Here we describe a modified approach, which we call Tn5mC-seq, which retains the advantages of 

transposase-based library preparation in the context of WGBS. Because the target of the transposition 

reaction is double-stranded DNA, whereas bisulfite treatment yields single-stranded DNA, the method 

was extensively modified such that the tagmentation reaction could take place prior to bisulfite treatment 

(Fig. 4.1b). First, the adaptors to be incorporated were methylated at all cytosine residues to maintain 

cytosine identity during bisulfite treatment, with the exception of the 19-bp transposase recognition 

sequence (in order to minimize differential binding during transposome assembly). Second, an 

oligonucleotide replacement scheme (Supplementary Fig. B.2.1b)
86

 was utilized to ensure that each 

strand would have adaptors covalently attached to both ends of the molecule. Specifically, this entails 
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initial transposition with a single adaptor in which the double-stranded transposase recognition sequence 

is truncated to 16 bp (Tm = 36°C), thereby facilitating its post-incorporation removal by denaturation. A 

second adaptor is then annealed and the gap repaired, resulting in each strand being covalently flanked 

by both a 3′ and 5′ adaptor. The fragmented, adapted, double-stranded genomic DNA is then subjected to 

standard bisulfite treatment for the conversion of unmethylated cytosine to uracil. Degradation during the 

conversion process likely remains a primary source of loss, but the increased efficiency of the prior steps 

and the lack of gel-based size selection result in an overall increase in the fraction of DNA that is 

converted, PCR-amplified, and sequenced. 

4.4 Results 

4.4.1 Ultra-low-input transposase-based WGBS library performance 

We applied Tn5mC-seq to sequence the methylome of a lymphoblastoid cell line (GM20847) using 

libraries constructed from 1–200 ng of input genomic DNA. Each library was barcoded during PCR 

amplification and subjected to either a spike-in (5%) or majority (80%–90%) of a lane of sequencing on an 

Illumina HiSeq2000 (paired-end 100 bp [PE100]; v2 chemistry with custom sequencing primers). These 

data are summarized in Table 4.1 and Supplementary Fig. B.2.2. In addition, several PCR conditions 

were investigated to optimize amplification uniformity (Supplementary Fig. B.2.3), as well as a modified 

protocol (Tn5mC-seq 1.1) (Supplementary Figs. B.2.1d, B.2.4) that eliminates the need for custom 

sequencing primers and may increase library construction efficiency. Reads were aligned to an in silico 

converted hg19 (GRCh37) to both the top (C→T) and bottom (G→A) strands using BWA
76

 followed by 

read trimming of unmapped reads and secondary alignment using the same parameters. Unaligned reads 

typically consisted of low-quality artifacts that likely arose during amplification due to the reduced base 

complexity of bisulfite converted amplicons. 

For each library constructed using ≥10 ng of genomic DNA, over 100 million aligned reads were obtained 

(60%–75% of total filtered reads; see Methods) of high complexity (90%–97% nonduplicates). Despite the 

significantly reduced performance of libraries prepared from 1 ng, ∼12 million reads were still aligned and 

the library was of reasonable complexity (78% nonduplicates). Post-alignment reads were merged and 
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quality filtered for a total of 51.7 Gb of aligned, unique sequence. The average read depth was 8.6× per 

strand with >96% of CpG and >98% of non-CpG cytosines covered genome-wide (Fig. 4.1c; 

Supplementary Fig. B.2.2). Because unmethylated nucleotides are incorporated during the gap-repair 

step (first 9 bp of the second read and last 9 bp before the adaptor as determined by insert size on the 

first read), the gap-repair regions must be excluded from methylation analysis. However, these bases 

also serve as an internal control for the conversion rate of the bisulfite treatment. We found this to be 

>99% for all libraries, and this was independently confirmed using unmethylated lambda DNA spike-ins to 

two libraries. 

For comparison, ligation chemistry–based libraries were constructed using 1000, 100, and 10 ng of 

GM20847 DNA of the same isolation as the batch used for Tn5mC-seq. These libraries were prepared 

following the protocols outlined by Lister et al. (2009)
83

 with the exception of PCR, which was performed 

using Kapa Robust due to its higher efficiency over other polymerase choices (Supplementary Fig. B.2.3) 

During amplification, the 100 and 10 ng preparations did not show significant amplification above a 

negative control background and were not carried through to sequencing, precluding a comparison of 

Tn5mC-seq and ligation chemistry–based library construction with identical inputs (a 1000 ng Tn5mC-seq 

preparation was also not feasible due to the dilute concentrations of the commercially available 

transposase, which would result in a reduced density of transposition events on a high input mass). 

Post-alignment, the 1000 ng ligation chemistry–based library provided slightly more uniform coverage 

than Tn5mC-seq 1.1 (Supplementary Fig. B.2.1d) libraries constructed from 10 ng, particularly at the 

lower CpG densities that represent the majority of the genome (Supplementary Fig. B.2.5a). Comparable 

uniformity was also observed with respect to G+C content as well as for tetramer/pentamer sequence 

contexts (Supplementary Fig. B.2.5b, c). We also compared the methylation levels of CpGs well-covered 

by sequencing of libraries corresponding to both methods, and observed good agreement at positions 

with 5× or greater coverage (r2 = 0.55) as well as 10× or greater coverage (r2 = 0.82) (Supplementary 

Fig. B.2.5d). 
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Figure 4.1. The Tn5mC-seq method and resulting methylation profiles. 

a. Tagmentation-based DNA-seq library construction. Genomic DNA is attacked by transposase 

homodimers loaded with synthetic, discontinuous oligos (yellow, purple) that allow for fragmentation 

and adaptor incorporation in a single step. Subsequent PCR appends outer flowcell-compatible 

primers (pink, green). b. Tn5mC-seq library construction. Loaded transposase attacks genomic DNA 

with a single methylated adaptor (yellow). An oligo-replacement approach anneals a second 

methylated adaptor (purple), which is then subject to gap-repair. Bisulfite treatment then converts 

unmethylated cytosine to uracil (orange) followed by PCR to append outer flowcell-compatible primers 

(pink, green). Methylation is represented as black lollipops. c. Coverage of cytosine positions genome-

wide. More than 96% of Cs in all three contexts are covered at least once. Slight decrease in CpG 

coverage is due to reduced read alignment ability at regions with a high density of methylation. d. 

Normalized methylated cytosine over total cytosine positions in 10-kbp windows across chromosome 

12 (blue and purple, left axis), and normalized methylated CpG over total CpG in 100-kbp windows 

across chromosome 12 (green, right axis). e. Normalized methylated CpG over total CpG residues at 

annotated genic loci. Promoter is defined as 2-kbp region upstream of TSS. f. Elevated CpG 

methylation levels in gene body (intron, exon) compared to intergenic regions. 

a. 
b. 

c. d. 

e. 
f. 
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4.4.2 Lymphoblastoid cell line methylation 

We were able to detect ∼46 million 5mC positions (1% FDR; see Methods), accounting for 4.2% of total 

cytosines with coverage. The majority of methylation observed was in the CpG context (97.1%), and the 

global CpG methylation level was 69.1%. This level is similar to that of the fetal fibroblast cell line IMR90 

sequenced by Lister et al. (2009; 67.7%)
83

 and is consistent with the observation that CpG methylation 

levels are reduced in differentiated cell types. Additionally, CHG and CHH methylation levels were 

substantially lower than in ES cells, at 0.36% and 0.37%, respectively, again consistent with the 

differentiated cell type. On the chromosome scale, the methylation density correlated with banding 

patterns and increasing levels were observed extending distally through subtelomeric regions (Fig. 4.1d). 

An analysis of functionally annotated genic regions revealed a sharp decrease in CpG methylation 

through the promoter region followed by a minor increase in the 5′ UTR and then elevated levels of 

methylation throughout the gene body, particularly at introns (Fig. 4.1e,f), consistent with previously 

described CpG methylation profiles
83

. 

Table 4.1 Summary of Tn5mC-seq libraries and sequencing 

Raw reads were initially filtered for instrument valve failures at specific locations of reads and then 

removal of reads containing over three Ns or extremely low quality bases (phred score <= 2) in the first 

50 bases. Alignment was then performed using BWA to in silico converted top and bottom strand 

references of hg19 (GRC37) followed by trimming and re-alignment. Duplicate reads were identified 

and removed according to their start position and insert size. The percentage of post-filtering reads 

that align for each library is shown, as is the percentage of these that are non-duplicates. 

Name 
Input 

DNA (ng) 
Percent 
Aligning 

Percent 
Unique 

Unique 
Aligned Reads 

Mean Insert 
Size (bp) 

Tn5mC-C 200 68 93 127,098,152 198 

Tn5mC-D 50 75 90 133,383,834 254 

Tn5mC-E* 1 12 76 11,181,960 134 

Tn5mC-F* 10 65 95 118,170,302 168 

Tn5mC-G* 50 61 97 87,294,793 180 

Tn5mC-H 1 11 78 12,393,357 126 

Tn5mC-I** 10 62 n/a 29,546,077 n/a 

Tn5mC-J 50 71 95 132,144,644 196 

TOTAL       651,213,119   

      
*Valve failures in Read 2 resulted in extensive read trimming (50-70bp) 

**Complete valve failure on Read 2. 
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4.5 Discussion 

We developed Tn5mC-seq as a novel method for rapidly preparing complex, shotgun bisulfite sequencing 

libraries for WGBS. In brief, the method utilizes a hyperactive Tn5 transposase derivative to fragment 

genomic DNA and append adaptors in a single step, as previously characterized for the construction of 

DNA-seq libraries
59

. In order for library molecules to withstand bisulfite treatment, the adaptors are 

methylated at all cytosine residues, and an oligonucleotide replacement strategy is employed to make 

each single-strand covalently flanked by adaptors. The high efficiency of the transposase and overall 

reduction in loss-associated steps permits construction of high-quality bisulfite sequencing libraries from 

as little as 10 ng that are comparable to ligation chemistry–based libraries generated from 100× more 

DNA, as well as useful sequence from 1 ng of input DNA. Additionally, the increased efficiency of 

transposase-mediated library construction may allow for preparation of WGBS libraries from poor-quality 

or degraded DNA samples. 

Our results illustrate how derivatives of the transposase-based method for DNA-seq library preparation 

can enable key applications of next-generation sequencing where its advantages are perhaps even more 

relevant. The ability to generate such libraries from very low amounts of input genomic DNA substantially 

improves the practicality of whole methylome sequencing and removes a key advantage of less 

encompassing methods such as RRBS
40,43

. Specifically, low-input WGBS with Tn5mC-seq may make 

possible the comprehensive interrogation of methylation in many contexts where DNA quantity is a 

bottleneck, e.g., developing anatomical structures, microdissected tissues, or pathologies such as cancer, 

where the epigenetic landscape is of interest but tissue quantity limits high-resolution WGBS. 

4.6 Notes 

4.6.1 Data access 

The sequence data presented in this study have been submitted to the NCBI Sequence Read Archive 

(SRA) (http://www.ncbi.nlm.nih.gov/sra) under accession no. SRP011746. 
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Chapter 5 Transposase-based long-range contiguity applied to de 

novo genome assembly 

This chapter is based on the following paper that is currently in preparation: 

Andrew Adey, Jacob O. Kitzman, Joshua N. Burton, Riza Daza, Akash Kumar, Lena Christiansen, 

Mostafa Ronaghi, Sasan Amini, Kevin Gunderson, Frank J. Steemers, Jay Shendure. In vitro, long-range 

sequence information for de novo genome assembly via transposase contiguity. 

I developed and implemented the algorithm behind the use of transposase contiguity for de novo genome 

assembly. Jacob Kitzman, Sasan Amini, Frank Steemers, Kevin Gunderson, Mostafa Ronaghi, Jay 

Shendure, and I developed the transposase contiguity method. Joshua Burton provided advice on the 

algorithmic details and performed the Hi-C based assembly stages. Riza Daza and Lena Christiansen 

performed transposase contiguity experiments, Akash Kumar performed long fragment read library 

construction. Jay Shendure and I wrote the manuscript and all authors reviewed it. 

This chapter contains an additional section describing a novel algorithm I developed for the use of TC-

Seq data for haplotype-resolution that is not present in the manuscript. 

  



54 
 

5.1 Summary 

We developed a method that exploits transposase-based contiguity-preserving sequencing (TC-Seq) for 

de novo genome assembly. Our approach scaffolding, termed fragScaff, leverages coincidences between 

thousands of in vitro fragment pools as a source of contiguity information, increasing the scaffold N50 of 

de novo assemblies by up to 75-fold with high accuracy. As a proof-of-concept, we apply TC-Seq and 

fragScaff to substantially boost the contiguity of de novo assemblies of the human, mouse, and fly 

genomes. We also demonstrate that fragScaff is complementary to Hi-C-based contact probability maps, 

providing mid-range contiguity to support robust, accurate chromosome-scale de novo genome 

assemblies. 

5.2 Introduction 

The broad adoption of massively parallel sequencing (MPS) has resulted in a boom of de novo genome 

assemblies
87

. For the most part, these assemblies are of far lower quality than the human reference 

genome produced by the Human Genome Project (HGP)
4,5,88,89,90,91

, largely due to a dearth of readily 

accessible MPS-based methods for generating mid-range and long-range contiguity information. Current 

next-generation assemblies rely on deep sequencing of shotgun fragment and 3 kbp mate-pair libraries to 

provide short-range contiguity, both of which are generated via simple, in vitro protocols. However, mid-

range contiguity information requires the use of laborious, in vivo fosmid-end sequencing libraries
92

, or 

fosmid pool sequencing
93

, with the utility of these methods for de novo assembly closely tied to clone 

library complexity. Long-range contiguity information can be generated via contact probability maps 

(CPM), wherein Hi-C (three dimensional chromatin confirmation capture) read-pairs are used for 

chromosome-scale scaffolding
94

. However, the performance of CPM depends on input assembly scaffold 

size, with optimal results requiring an N50 of ~200 kbp or greater, a level of contiguity that assemblies 

based only on shotgun fragment and 3 kbp libraries usually fail to achieve 
88,89,90,91

. As such, there 

remains a strong need for robust in vitro methods to capture mid-range contiguity information for de novo 

genome assembly.  
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5.3 Method overview 

Transposase-mediated library construction, or “tagmentation”, utilizes a hyperactive Tn5 transposase to 

both fragment and append universal adaptors in a single enzymatic step
95

. In recent years, tagmentation 

has been applied in diverse ways including for DNA-Seq
95

, stranded RNA-Seq
86

, whole-genome bisulfite 

sequencing
60

, chromatin profiling
96

 and in situ mate-pair library preparation directly on a sequencing 

flowcell
97

. We recently demonstrated a novel method, “Transposase Contiguity Sequencing” (TC-Seq) for 

haplotype-resolved genome sequencing
62

. TC-Seq utilizes an inherent property of the Tn5 transposase in 

which the enzyme remains tightly bound to the target DNA after tagmentation occurs, physically linking 

adjacent library molecules (Fig. 5.1a). Prior to PCR amplification, the high molecular weight stretches of 

linked templates are subjected to sub-haploid dilution and compartmentalization, followed by protein 

denaturation in order to free the templates for amplification. To increase the number of compartments, a 

two-tiered indexing approach is applied (Fig. 5.1b). The initial tagmentation is performed using 96 

uniquely indexed transposase-adaptor complexes. The high molecular weight linked templates are then 

pooled, followed by limiting dilution into 96 indexed PCR reactions such that each PCR well contains 

templates from 96 originating transposase reactions, thus producing 96 × 96 = 9,216 distinct index 

combinations. The resulting alignments from each pool consist of clusters of read pairs that originated 

from the same high molecular weight transposed template fragment (Fig. 5.1c), analogous to fosmid
61

 or 

in vitro 
98

 dilution pools but with a much higher effective number of pools. 

5.4 Results 

5.4.1 Scaffolding human assemblies with TC-Seq and fragScaff 

We speculated that the large number of effective dilution pools in TC-Seq (n = 9,216), each of which 

contains thousands of long DNA fragments (Fig. 5.1d), might be an excellent source of mid-range 

contiguity information for de novo genome assembly. We therefore developed an algorithm, fragScaff, 

which determines shared pool fractions at the ends of each input contig or scaffold (iSC) in TC-Seq data 

as a means of linking proximal sequence for further de novo assembly (Fig 5.2a-c). We applied fragScaff 
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to a human (GM12878) de novo assembly with an N50 scaffold size of 437 kbp generated by 

ALLPATHS-LG using only shotgun and 3 kbp mate-pair libraries previously produced by Gnerre et. al. 

(2011)
92

, to exploit TC-Seq data generated on GM12878 DNA for further scaffolding (9,216 pools; mean 

2,513 fragments ≥ 5 kbp per pool; 23.2 M fragments total). The resulting fragScaff assembly incorporated 

98.2% of sum length of the iSC’s, resulting in an N50 of 5,496 kbp (13× increase) with a 97.2% join 

accuracy, a 90.5% orientation accuracy, and 98.7% of base pairs properly placed (Table 5.1, 

 

Figure 5.1. TC-Seq method and performance. 

a. High Molecular Weight (HMW) genomic DNA is reacted with hyperactive Tn5 transposase loaded 
with universal adaptors. The transposase complex stays bound to the target DNA after completion of 
the reaction resulting in physical linking of adjacent template molecules. After transposase is removed, 
PCR amplification of viable templates (gray boxes) can be performed. b. 96-plex indexed 
tagmentation is performed followed by pooling and limiting dilution into 96-plex indexed PCR, thus 
allowing 96 × 96 = 9,216 indexed compartments. c. Tri-modal sequential read alignment distance 
distribution of TC-Seq. The first peak (~100 bp, red) corresponds to the read pair insert size, the 
second (~3.2 kbp, green) corresponds alignment distances between separate pairs of reads in the 
same long fragment (gray boxes), and the third (~1 Mb, blue) corresponds to alignment distances 
between separate pairs of reads at the ends of two different subsequent long fragments. d. 

Distribution of called fragment lengths for GM12878 TC-Seq. 

a. 

b. 

c. d. 
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Supplementary Table C.2.1, Supplementary Fig. C.3.1-3; performance metrics defined in Supplementary 

Methods C.1) including a perfectly ordered scaffold of 23.9 Mb. Additionally, we performed several less 

stringent iterations of fragScaff which resulted in N50 increases up to 63× (N50 = 27,440 kbp) while still 

maintaining a 97.5% base pair placement accuracy. 

5.4.2 Scaffolding using fosmid or long-fragment-reads with fragScaff 

We also attempted to apply fragScaff to data generated with fosmid
61

 or long fragment read
98

 (LFR) 

dilution pools. However, this resulted in low link counts of poor accuracy (N50 improvement: 1.3×, and 

1.5×; join accuracy: 71.6% and 34.0%; sequence joined: 38.9% and 46.6% for fosmid and LFR 

respectively), predominantly due to the reduced pool counts (fosmid: 288, LFR: 96 vs. TC-Seq: 9,216), 

 
 

Table 5.1 fragScaff assembly improvements 

a. Scaffolding improvements using fragScaff. Input assemblies were constructed using ALLPATHS-LG 

using shotgun sequence data (S) and in some cases 3 kbp mate-pair sequence data (3kbp), or 

simulated by segmenting the human reference genome (R, size). b. Performance of CPM on input 

assemblies with and without TC-Seq and fragScaff scaffolding prior to CPM. Improvement is most 

significant for smaller input assemblies. 

a

Organism
Sequence 

used

N50 

(Kb)

Scaffold 

count
Method

N50 

(Kb)

N50 

Imp.

Scaffold 

count

Placement 

Accuracy

Human S* 47 127,088 TC-Seq 1,615 34× 27,619 99.4

Human S + 3Kb 437 18,921 TC-Seq 5,469 13× 7,145 98.7

Human S + 3Kb 437 18,921 TC-Seq 27,440 63× 5,357 97.5

Human S + 3Kb 437 18,921 Fosmid 567 1.3× 15,303 88.0

Human S + 3Kb 437 18,921 LFR 668 1.5× 14,476 60.5

Human R, 15Kb 15 191,312 TC-Seq 361 24× 36,790 99.5

Human R, 100Kb 100 28,817 TC-Seq 6,601 66× 4,223 99.3

Mouse S + 3Kb 224 25,964 TC-Seq 1,414 6.3× 6,196 98.8

Fly S 68 7,109 TC-Seq 459 6.8× 4,024 99.9

Input fragScaff

b

Organism
Initial 

Assembly

N50 

(Kb)

Percent 

Clustered

Percent 

Ordered

Percent 

Clustered

Percent 

Ordered

Human S* 47 89.7 41.5 99.4 99.1

Human S + 3Kb 437 98.2 94.4 98.8 96.0 100

Human R, 15Kb 15 35.9 0.2 91.9 88.2 90

Human R, 25Kb 25 28.9 0.4 92.5 93.1 80

Human R, 50Kb 50 70.8 16.5 93.6 95.5 50

Mouse S + 3Kb 224 98.0 86.7 99.8 98.6 0

Fly S 68 81.2 82.0 96.2 93.0

Input CPM Only fragScaff + CPM



58 
 

which restrict the number of coincidences between pool content on which this method is based. 

Consistent with this, a marked performance decrease is also observed when down-sampling to a reduced 

number of TC-Seq pools (e.g. 47.9% (288 pools) vs 87.9% (9,216 pools) of sequence scaffolded for fly; 

see below). 

5.4.3 Application of TC-Seq with fragScaff to short, simulated and nonhuman assemblies 

A 437 kbp input assembly N50 is quite large compared to a typical de novo assembly of a complex 

genome based solely of shotgun and 3 kbp libraries
88,89,90,91

. Therefore we fragmented the iSC’s at every 

gap to produce a contig-only assembly (N50 of 47 kbp) and then applied fragScaff with TC-Seq data. This 

resulted in an assembly that joined 97.7% of input contig sequence for an output scaffold N50 of 1,615 

kbp (34× improvement) and a 97.6% join accuracy with 98.8% of base pairs properly placed. However, 

the reduced size of input contigs and exclusion of 3 kbp mate-pair data resulted in a substantial decrease 

in orientation accuracy to 68.0%. To further assess dependence of fragScaff on input contig N50, we 

fragmented the human reference genome in silico to sizes ranging from 15 to 300 kbp (Table 5.1a, 

Supplementary Table C.3.1). The scaffolding of these simulated input assemblies resulted in N50 

improvements ranging from 24× to 75×, with greater than 99.3% of base pairs properly placed and 96.0% 

properly oriented in every assembly. 

To evaluate fragScaff in additional contexts wherein a high quality reference genome is available for 

comparison, we also constructed TC-Seq libraries for Mus musculus (mouse) and Drosophila 

melanogaster (fruit fly). For both organisms, we used assemblies generated using ALLPATHS-LG from 

either shotgun and mate-pair sequencing (mouse, N50 = 224 kbp) or just shotgun sequencing (fly, N50 = 

68 kbp)
92,94

. TC-Seq data and fragScaff were then used to increase the N50 to 1,414 kbp for mouse (6.3× 

improvement) and 459 kbp for fly (6.8× improvement) with 98.8% and 99.9% of base pairs properly 

placed for mouse and fruit fly respectively (Table 5.1a, Supplementary Table C.3.1). 
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5.4.4 Bridging the mid-range gap for chromosome-scale in vitro assemblies 

We recently reported the use of Hi-C data for CPM and chromosome-scale de novo assembly on human, 

mouse, and fruit fly genomes
94

. For input assemblies with a large N50, CPM produced high quality 

 

Figure 5.2. fragScaff assembly method. 
a. The ends of contigs (gray boxes) are defined as nodes and the fraction of shared pools that hit two 

separate nodes is calculated. Nodes that belong near one another will have an increased fraction of 
shared pools from long fragments bridging the assembly gap, whereas distal nodes will only have a 
minimal fraction of shared pools due to separate fragments within pools. b. Shared pool fractions are 
calculated in an all-by-all fashion and shared fraction means and standard deviations are calculated 
for each node. Outlier nodes are identified using a p-value cutoff. If two nodes are each outliers in 
each other’s distribution then the link is reciprocated and stored as an edge. c. Sub-graphs are 
reduced to their Minimum Spanning Tree (MST) and the longest path (Trunk) is found. Branches (light 
nodes) are then placed to produce the final output scaffold. d. Size distribution of properly linked 
contigs. Boxes indicate joins spanning gaps just beyond the 2.5 kbp mate-pair library (red), ~6 kbp L1 
repeat elements (green), and joins longer than 35 kbp which cannot be achieved via fosmid mate-pair 
libraries (blue). 

a. 

b. 

c. 

d. 
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scaffolds such as on human (iSC’s with N50 = 437 kbp) where the resulting output clustered 98.2% of 

sequence with 94.4% ordered. However, on the smaller fly input assembly (N50 = 68 kbp) CPM was able 

to cluster only 81.2% and order 82.0%. Similarly, when we applied CPM to our human contig assembly 

(N50 = 47 kbp), 89.7% of sequence was clustered with only 41.5% ordered, and even less for the 

simulated 15 kbp contig assembly (35.9% clustered, 0.2% ordered). When we perform TC-Seq and 

fragScaff prior to CPM, the completeness and quality of the resulting chromosome-scale de novo 

assembly markedly improves for the human contig assembly (Table 5.1b, Supplementary Table C.3.2) 

with 99.4% of sequence clustered (gain of 9.7%) and more than doubling the amount of sequence 

ordered to 99.1% (gain of 57.6%). Similar improvements were also observed for simulated contig 

assemblies of fly and human, most strikingly for the 15 kbp human simulated contig input wherein the 

proportion of the iSc assembly that is ultimately clustered and ordered increases from 36% to 99%, and 

from 0.2% to 88%, respectively. These results demonstrate that TC-Seq and fragScaff  improve the N50 

sizes of assemblies generated from shotgun and short-range mate-pair libraries to a point suitable for 

chromosome-scale scaffolding with (Supplementary Fig. C.4.4). 

5.4.5 Anchoring novel contigs and misassembly detection using TC-Seq 

In Kitzman et. al. (2011)
61

 we described a method that utilized the sub-haploid content of each fosmid 

pool to anchor de novo assembled contigs from reads that did not align to the reference genome, as well 

as a set of previously anchored sequences (GRCh36) described in Kidd et.al. (2010)
99

 (Supplementary 

Fig. C.4.5). This method worked on the premise that each window in the genome is hit by a discrete set of 

pools, as is each novel contig, and the window with maximum pool overlap with a novel contig is the most 

probable anchor location. We applied this approach to anchor the same set of contigs to GRCh36 but 

used TC-Seq data generated on GM12878, thus increasing the number of pools, and therefore anchoring 

power, from 115 to 9,216. We were able to place 1,816 of the 2,363 contigs (76.9%), though a number of 

unplaced contigs are likely population-specific and not present in our sample. 1,226 of our placed contigs 

have published placements with 1,154 (94.1%) in agreement with our calls. The windows used for contig 

anchoring also allowed for misassembly detection by investigating the pool overlap fractions of 

immediately adjacent windows and windows one apart. For example, using this method, 1,411 suspicious 
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loci were identified in the assembly based exclusively on shotgun and TC-Seq data (N50 = 1.6 Mb), of 

which 629 (45%) were bona fide misassemblies upon comparison with the GRCh37 reference assembly 

(Supplementary Fig. C.4.6). 

5.4.6 fragPhase: A novel haplotype-resolution algorithm designed for the high-fragment-count data 

produced by TC-Seq 

As a final application of TC-Seq data, we developed an alternative haplotype phasing algorithm, 

fragPhase (Fig. 5.3, Supplementary Note C.2), which is more suited to the high number of fragments 

 

Figure 5.2. fragPhase algorithm schematic. 
(1) heterozygous sites are identified with respect to reference genome position (open circles on black 
line) and fragments covering sites are identified (gray lines). (2) The position with maximal information 
is assigned to haplotype A (red circle) and fragments are phased with respect to that variant 
assignment. (3) The signal is propagated throughout the entire block (red and blue circles). (4) Single 
variants are switched to see if a score improvement exists and if so, the switch is made. This is 
iterated until no switched are made. (5) All variants beyond a switch point (dotted line) are switched to 
observe score improvement and made if observed. (6) Sets of variants are switched as in (4). 
Iterations of (5) and (6) are performed until no switches of any kind are made. (7) Switches are tested 
as in (6) but if the score is equal the block is split at the switch point. 
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produced (~4 million vs. ~0.3 million for fosmids) that results in excessive runtimes for the ReFHap 

algorithm
100

. Our approach assigns a graph vertex to every heterozygous SNV and identifies all 

connected components. A random phase is then assigned to the vertex with the highest degree followed 

by greedy assignment of all connected vertices to a haplotype as an initiation step. Next, a series of two 

greedy improvement steps are iterated until no further improvements can be made. The first improvement 

is checking the resulting score for switching each single vertex and making the switch if it improves the 

score. Sets of two and then three subsequent vertices are then checked and switched if the score is 

improved by doing so. The maximum number of vertices switched in each step can be adjusted; however 

limited improvements were observed when increasing the maximum from three to ten. The second step 

checks if switching all subsequent vertices provides a score improvement, again making the switch if it 

improves the score. After convergence, a final pass is taken that is the same as the second greedy 

improvement step and if the score of a switch is identical to the current score, the block is split at the 

 

Figure 5.3. fragPhase performance. 
Accuracy of pairwise variants by distance for fragPhase (FP) and ReFHap (RH). 
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switch point. Lastly, the number of fragments are tallied that went into the phasing of each variant along 

with the competing information to produce quality scores. These quality scores can also be extended into 

an all-by-all pairwise quality score based on the amount of information in the form of direct fragments or 

paths of multiple fragments, which is of particular value for instances where the phase of two specific 

variants is crucial, eg. compound heterozygosity.In order to test fragPhase, I performed phasing using 

ReFHap
100

 as a comparison on TC-Seq data generated on NA12878 that has previously been phased by 

pedigree methods. Both methods produce high quality subsequent variant phasing results with 

accuracies over 99%. Over greater distances I developed a metric – deemed A90, which corresponds to 

the distance at which all-by-all pairwise accuracies drop below 90%. This information is captured in Fig. 

5.4 as a means of comparing both methods. For shorter ranges (up to ~100 kbp), ReFHap has higher 

accuracies, however beyond this point fragPhase produces higher quality results. A further advantage of 

fragPhase is that it takes approximately 20 minutes to perform phasing where ReFHap required over 72 

hours. 

5.5 Discussion 

We demonstrate that fragScaff provides mid-range contiguity information comparable to 40 kbp fosmid-

based mate-pair scaffolding, yet is entirely in vitro and can be tuned to allow for longer assemblies at a 

minor cost to accuracy depending on downstream requirements. The ease of TC-Seq library preparation 

and the amount of information obtained per base of sequencing performed makes it a very appealing tool 

for routine use in de novo genome assembly. The primary limitation of TC-Seq and fragScaff at present is 

that input contigs shorter than 5 kbp (typical end-node size, Figure 5.2a, dashed boxes) are difficult to 

place confidently due to a reduced number of pools covering the end-node. Additionally, input contigs of 

length <10 kbp lack sufficient separation between their end-nodes and often do not have enough 

differentiating information to properly assign orientation. Despite these limitations, the methods presented 

here bridge the gap between short-range assemblies and the scaffold sizes needed to perform 

chromosome-scale scaffolding with CPM. We envision that the combination of four types of sequencing 

libraries – shotgun fragment, 3 kbp mate-pair, TC-Seq, and CPM – will provide a robust strategy to de 
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novo assemble genomes to chromosome-scale contiguity using entirely in vitro methods that can be 

carried out cheaply and rapidly. 

5.5 Notes 

5.5.1 Data access 

Human (Gm12878), Mouse and Fly TC-Seq data are in the process of submission to the Sequence Read 

Archive (SRA). Referenced SRA accessions include SRA024407 (Human, GM12878), SRA009956 

(Mouse), and SRR516038 & SRR516001 (Fly) for input de novo assemblies. 
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Chapter 6 Application of long-range sequence information to 

haplotype-resolved the HeLa cancer cell line genome and epigenome 

This chapter is based on the following published manuscript: 

Andrew Adey*, Joshua N. Burton, Jacob O. Kitzman, Joseph B. Hiatt, Alexandra P. Lewis, Beth K. 

Martin, Ruolan Qiu, Choli Lee and Jay Shendure*. The haplotype-resolved genome and epigenome of the 

aneuploid HeLa cancer cell line. Nature 500, 207–211. 

Bold face indicates equal contribution. *Indicates corresponding authorship. 

Josh Burton, Jacob Kitzman, Jay Shendure, and I devised experiments, carried out analyses and wrote 

the manuscript. Joe Hiatt, Alexandra Lewis, Beth Martin, Ruolan Qiu, Charlie Lee, and I maintained cell 

cultures, constructed libraries and performed DNA sequencing. Jay Shendure supervised all aspects of 

the study. 
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6.1 Summary 

This chapter focuses on the application of haplotype-resolution technology to the aneuploidy HeLa cancer 

cell line. We not only perform haplotype-resolution, but use the long-range sequence information to piece 

together the complex rearrangement in HeLa around a locus in which the HPV-18 viral genome 

integrated. We further show that this integration resulted in the activation of the MYC proto-oncogene. We 

also investigate the stability of the HeLa genome by determining a mutation frequency as well as by 

sequencing multiple strains of HeLa. Lastly, we investigate the epigenome of HeLa in the context of 

haplotype and copy number. 

6.2 Introduction 

The HeLa cell line was established in 1951 from cervical cancer cells taken from a patient, Henrietta 

Lacks. This was the first successful attempt to immortalize human-derived cells in vitro
101

. The robust 

growth and unrestricted distribution of HeLa cells resulted in its broad adoption—both intentionally and 

through widespread cross-contamination
102

 —and for the past 60 years it has served a role analogous to 

that of a model organism
103

. The cumulative impact of the HeLa cell line on research is demonstrated by 

its occurrence in more than 74,000 PubMed abstracts (approximately 0.3%). The genomic architecture of 

HeLa remains largely unexplored beyond its karyotype
104

, partly because like many cancers, its extensive 

aneuploidy renders such analyses challenging. We carried out haplotype-resolved whole-genome 

sequencing
61

 of the HeLa CCL-2 strain, examined point- and indel-mutation variations, mapped copy-

number variations and loss of heterozygosity regions, and phased variants across full chromosome arms. 

We also investigated variation and copy-number profiles for HeLa S3 and eight additional strains. We find 

that HeLa is relatively stable in terms of point variation, with few new mutations accumulating after early 

passaging. Haplotype resolution facilitated reconstruction of an amplified, highly rearranged region of 

chromosome 8q24.21 at which integration of the human papilloma virus type 18 (HPV-18) genome 

occurred and that is likely to be the event that initiated tumorigenesis. We combined these maps with 

RNA-seq
105

 and ENCODE Project
44

 data sets to phase the HeLa epigenome. This revealed strong, 
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haplotype-specific activation of the proto-oncogene MYC by the integrated HPV-18 genome 

approximately 500 kilobases upstream, and enabled global analyses of the relationship between gene 

dosage and expression. These data provide an extensively phased, high-quality reference genome for 

past and future experiments relying on HeLa, and demonstrate the value of haplotype resolution for 

characterizing cancer genomes and epigenomes. 

6.3 Results 

6.3.1 Point variation in HeLa 

We generated a haplotype-resolved genome sequence of HeLa CCL-2 using a multifaceted approach 

that included shotgun, mate-pair and long-read sequencing, as well as sequencing of pools of fosmid 

clones
61

 (Supplementary Table D.3.1). To catalogue variants, we carried out conventional shotgun 

sequencing to 88-fold non-duplicate coverage and reanalyzed 11 control germline genomes in parallel
106

 

(Supplementary Tables D.3.2 and D.3.3). Although normal tissue corresponding to HeLa is unavailable, 

the total number of single-nucleotide variants (SNVs) identified in HeLa CCL-2 (n = 4.1 × 106) and the 

proportion overlapping with the 1000 Genomes Project
107

 (90.2%) were similar to controls (mean n = 

4.2 × 106 and 87.7%, respectively), suggesting that HeLa has not accumulated appreciably large 

numbers of somatic SNVs relative to inherited variants. Indel variation was unremarkable after accounting 

for differences in coverage (Supplementary Fig. D.4.1). Short tandem repeat profiles of HeLa also 

resembled controls, consistent with mismatch repair proficiency (Supplementary Fig. D.4.2). 

After removing protein-altering variants that overlapped with the 1000 Genomes Project or the Exome 

Sequencing Project, similar numbers of private protein-altering (PPA) SNVs were found in HeLa (n = 269) 

and controls (mean n = 391). Gene ontology analysis found that all terms enriched for PPA variants in 

HeLa (P ≤ 0.01) were also enriched in at least one control (except for ‘startle response’ in HeLa), 

suggesting that known cancer-related pathways are not perturbed extensively by point or indel mutations 

(Supplementary Fig. D.4.3). Although a previous study of the HeLa transcriptome
108

 reported an 

enrichment of putative mutations in cell-cycle- and E2F-related genes, subsequently generated 



68 
 

population-scale data sets contain all variants that we observed in these genes, suggesting that they are 

inherited and benign rather than somatic and pathogenic. 

The overlap between PPA variants and the Catalogue of Somatic Mutations in Cancer (COSMIC) was 

similar for HeLa (n = 1) and control genomes (mean n = 2.6). The gene-level overlap with the Sanger 

Cancer Gene Census (SCGC) was also similar for HeLa (n = 4) and control genomes (mean n = 8.7). 

Canonical tumor suppressors and oncogenes were notably absent among the five SCGC genes with PPA 

variants in HeLa (BCL11B (B-cell CLL/lymphoma 11B (zinc finger protein)), EP300 (E1A binding protein 

p300), FGFR3 (fibroblast growth factor receptor 3), NOTCH1 and PRDM16 (PR domain containing 16), 

Supplementary Tables D.3.3–6). However, three are associated with HPV-mediated oncogenesis 

(FGFR3, EP300, NOTCH1) and may be ancillary to the dominant role of HPV oncoproteins in HeLa and 

other HPV+ cervical carcinomas
109

. Mutations in FGFR3 have been noted previously in cervical 

carcinomas, although infrequently and at different residues than observed here
110

. Both EP300 and 

NOTCH1 are recurrently mutated in diverse cancers and are involved in Notch signaling, a pathway that 

is dysregulated in HeLa
111

. EP300, which encodes the transcriptional co-activator p300, interacts directly 

with viral oncoproteins such as HPV-16 E6 and HPV-16 E7 (ref. 
112

). Although the in-frame deletion of a 

highly conserved amino acid in EP300 seems to be somatic (heterozygous within a loss-of-heterozygosity 

(LOH) region), it is still possible that the others are rare, inherited variants or passenger mutations. 

Further studies are required to resolve their functional relevance and to assess whether these genes are 

recurrently altered in HPV+ cervical carcinomas. 
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Figure 6.1. Haplotype-resolved copy number of the HeLa cancer cell line genome. 

a. Copy-number profile of HeLa split by haplotypes. Links denote likely contiguity and tandem 

duplications. Boxes indicate marker chromosomes identified by copy-number breakpoints (boxes are 

colored by haplotype; black, unknown; pink text, uncertain locations; S, links confirmed by mate-pair 

sequencing). b. Windowed copy-number ratios for HeLa CCL-2 (green and purple, alternating 

chromosomes) and HeLa S3 (grey), with predicted integer copy number for S3 (black). Notable strain 

differences are indicated by red arrows (for example, reduced copy over chromosome 18q). The 

window containing the HPV insertion and rearrangement is at elevated copy in both strains. 

 

a. 

b. 
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6.3.2 Structural variation in HeLa 

Aneuploidy and LOH, which are hallmarks of cancer genomes, were mapped in HeLa by constructing a 

digital copy-number profile at kilobase resolution (Fig. 6.1, Supplementary Fig. D.4.4 and Supplementary 

Table D.3.7). Read coverage profiles were segmented by a Hidden Markov Model (HMM) and 

recalibrated to account for widespread aneuploidy (Supplementary Figs D.4.5 and D.4.6). Sixty-one 

percent of the genome has a baseline copy number of three, and only a small minority (3%) has a copy 

number of greater than four or less than two (Supplementary Table D.3.8). LOH encompassed 15.7% of 

the genome, including several entire chromosome arms (5p, 6q, Xp, Xq) or large distal portions (2q, 3q, 

6p, 11q, 13q, 19p, 22q) (Supplementary Fig. D.4.7 and Supplementary Table D.3.9), consistent with 

previous descriptions of LOH in cervical carcinomas
113

. The overall profile is consistent with published 

karyotypes of various HeLa strains
104

, suggesting that the hypertriploid state arose either during 

tumorigenesis or early in the establishment of the HeLa cell line. 

Structural variants were identified by clustering discordantly mapped reads from 40 kbp and 3 kbp mate-

pair libraries (Supplementary Fig. D.4.8). Twenty interchromosomal links were identified, including links 

for marker chromosomes M11 (9q33–11p14) and M14 (13q21–19p13). In addition, 209 HeLa-specific 

deletions and 8 inversions were found (Supplementary Figs D.4.9 and D.4.11, and Supplementary Table 

D.3.10). Only two genes that are impacted by HeLa-specific structural rearrangements (Supplementary 

Table D.3.11) intersected with SCGC (STK11 (ref.
114

), FHIT), both of which are recurrently deleted in 

cervical carcinomas
114,115

. 

6.3.3 Haplotype-resolution of HeLa 

Conventional whole-genome sequencing fails to resolve haplotype phase, an essential aspect of the 

description and interpretation of non-haploid genomes, including cancer genomes
52

. Recently, several 

groups have demonstrated genome-wide measurement of local
61

 or sparse
116

 haplotypes, but these 

approaches have yet to be applied to aneuploid cancer genomes. To resolve haplotype phase across the 

HeLa genome, we sequenced pools of fosmid clones
61

. Specifically, we constructed three complex 
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fosmid-clone libraries, and then carried out limiting dilution and shotgun sequencing of 288 fosmid clone 

pools. In summary, these were estimated to include 518,293 individual non-overlapping clones with a 

median insert size of 33 kbp, for a total physical coverage of 6.3× of the haploid reference genome 

(Supplementary Fig. D.4.12). The complement of likely inherited heterozygous variants (SNP and indel, n 

= 1.97 × 106) was ascertained by shotgun sequencing and by cross-referencing with calls made by the 

1000 Genomes Project, and then re-genotyped using reads from each clone pool. Alleles that were 

present at distinct heterozygous sites within a given clone were assigned, or ‘phased’, to the same 

inherited haplotype, and the unobserved alleles were implicitly phased to the opposite haplotype. When 

overlapping clones from distinct pools were merged, this resulted in haplotype blocks with an N50 (in the 

context of haplotype: the contig size above which 50% of the total length of the haplotype assembly is 

included) of 550 kbp containing 90.6% of heterozygous variants that were probably inherited. 

Most of the HeLa genome is present at an uneven haplotype ratio (for example, 2:1 in regions in which 

copy number = 3). We sought to exploit the resulting allelic imbalance to phase consecutive haplotype 

blocks (Supplementary Fig. D.4.13). We first calculated the cumulative allelic ratio among shotgun reads 

for the SNVs residing in each haplotype block, which clustered closely with the underlying haplotype ratio. 

For example, in non-LOH regions with a copy number of 3 that have ratios of 2:1 or 1:2, allelic ratios 

calculated for each block had distributions centered on 0.32 or 0.65, close to the expected fractions of 

one-third and two-thirds (Supplementary Fig. D.4.14). Using these ratios, we merged haplotype blocks 

into scaffolds covering 1.96 Gb or 90.3% of the non-LOH HeLa genome (scaffold N50 of 44.8 megabases 

(Mb); Supplementary Table D.3.12). The haplotype-resolved scaffolds were then merged with the copy-

number map to produce a global, haplotype-resolved copy-number profile of the aneuploid HeLa genome 

(Fig. 6.1a, Supplementary Fig. D.4.15 and Supplementary Table D.3.13). 

Phasing accuracy was independently confirmed by several methods. First, 99.7% of informative read 

pairs from 3 kbp mate-pair sequencing (each read overlapping a phased site) were concordant with the 

predicted phase. Second, long-insert single-molecule sequencing (Pacific Biosciences RS; mean, 

2.97 kbp; 90th percentile, 5.1 kbp among informative reads) showed that 97.2% of reads were in perfect 

agreement with the predicted phase, despite the high per-base sequencing error rate of approximately 
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15% (Supplementary Fig. D.4.16). Third, examination of allelic state across 47.3 Mb of chromosome 18q, 

which underwent LOH in HeLa S3 but not in CCL-2, showed that out of the 17,761 affected alleles 

(heterozygous in CCL-2 but at an allele balance of greater than 0.9 among S3 reads), 99.7% 

corresponded to those phased together on haplotype A in CCL-2 (Supplementary Fig. D.4.17). Finally, 

windowed analysis of population allele frequencies revealed probable African or European genetic 

ancestry across long stretches of the haplotype-resolved genome, consistent with recent admixture and a 

low switch error rate (Supplementary Figs D.4.18 and D.4.19). 

6.3.4 Mutation frequency in HeLa 

To measure the frequency of new mutations in the HeLa genome, we examined amplified haplotypes for 

de facto somatic mutations occurring during tumorigenesis or early in the cell line’s subsequent 

passaging. Within LOH regions, these appear as polymorphisms; 2,883 such sites (mean, 1.31 per 

haploid Mb; Supplementary Table D.3.14) were confirmed by clone-pool sequencing and allele frequency 

in shotgun sequencing (Supplementary Figs D.4.20 and D.4.21). In non-LOH regions, in which one 

haplotype is amplified but both remain present, the majority of observed heterozygous sites are inherited, 

as reflected by their substantial overlap with variants from the 1000 Genomes Project (86.7%, n = 

2,339,608). Excluding these and sites found in the 11 control genomes, 5,282 sites (mean, 1.32 per 

haploid Mb) remained at which clones differed in genotype between the two or more amplified copies of 

the same germline haplotype, with little regional variation in the abundance (Supplementary Fig. D.4.22). 

In summary, 8,165 somatic mutations were validated with an estimated sensitivity of 61.1%, placing an 

upper bound on the point-mutational burden sustained by HeLa CCL-2 after aneuploidy. Despite many 

additional doublings in culture, this point-mutation frequency (2.16 per Mb) is on the lower end of 

frequencies observed across different cancer genomes
117

. However, without estimates for parameters 

such as the number of doublings during tumorigenesis, the count of cells explanted, and the number of 

passages in culture, this estimate of post-aneuploidy mutational burden cannot be rescaled to a rate per 

base per division. 

Four years after the initial establishment of the HeLa cell line, several additional strains were cloned
118

. 

One of these, HeLa S3, remains in widespread use today and has been profiled extensively as part of the 
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ENCODE Project. To investigate the divergence between CCL-2 and S3, we carried out shotgun 

sequencing of S3 to 26× coverage. Outside of S3-specific regions of LOH, 94.5% of rare variants in CCL-

2 were shared with S3 (n = 204,841 sites excluding 1000 Genomes Project and segmental duplications, 

and requiring ≥8× coverage in each genome; Supplementary Fig. D.4.23 and Supplementary Table 

D.3.15). Somatic mutations were also shared, though to a lesser degree: 72.4% of clone-confirmed 

somatic mutations from CCL-2 were found in S3 (n = 8,054 sites with ≥8× coverage in S3), consistent with 

a low rate of somatic SNV accumulation since the strains diverged in 1955. 

6.3.5 Copy number profiles of HeLa strains 

The copy-number profile of HeLa S3 broadly mirrors that of CCL-2 (Fig. 6.1b, and Supplementary Figs 

D.4.7 and D.4.24) as well as eight additional HeLa strains that we sequenced lightly (3.5 to 4.3×). We 

observed some strain-specific differences (Supplementary Figs D.4.25–27), consistent with previous 

reports of karyotypic heterogeneity both among and within strains. Despite some variability, a copy 

number of three was the dominant state consistently, with a median of 52% of the genome across the 

eight strains (range 38–60%), similar to its prevalence in CCL-2 (61%). Gains or losses of entire 

chromosome arms were observed (for example, chr18q, HeLa S3 (Fig. 6.1b), chr9p, CCL-13 

(Supplementary Figs D.4.28 and D.4.29)), but smaller amplifications and deletions were more common. 

These may correspond to variability in copy rather than in the content of marker chromosomes present, 

as suggested by high overall breakpoint concordance between strains (81% of copy-number breakpoints 

within ±1 Mb were present in ≥2 strains). The additional eight cell lines analyzed here were identified in the 

1970’s
119

 as products of HeLa contamination into other tissue cultures in the preceding two decades. 

Their shared set of structural abnormalities reflects their common origin from small founder populations of 

contaminating cells and reinforces the view that the structural rearrangements resulting in marker 

chromosomes arose early and are variable in copy number. 

6.3.6 HPV integration into the HeLa genome 

Nearly all cervical cancer is caused by human papillomavirus (HPV) infection. Within HeLa, a partial copy 

of the HPV-18 genome is integrated at a known fragile site on chromosome 8q24.21 (refs 
120,121

). 
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Haplotype and copy-number maps indicate that the flanking regions are present at copy number four, at a 

haplotype ratio of 3:1. To characterize the structure and copy number of the insertion, we included the 

HPV-18 genome alongside the human reference during alignment of clone-pool reads. By analyzing 

patterns of coverage from breakpoint-spanning fosmid clones, read-depth data and breakpoint 

sequencing, we generated a structural model for the viral integration (Fig. 6.2a, b, and Supplementary 

 

Figure 6.2. HeLa HPV integration locus. 

a. Chromosome 8 read depth flanking the HPV integration site (top, blue line), windowed copy-number 

ratios (purple points, shaded by segment) and integer copy states (red bars, middle), and 

corresponding segments and breakpoints (circled numbers with genomic coordinates, bottom). b. 

roposed HPV integration structure: per-segment copy number (top left), non-rearranged haplotype B 

(copy number = 1, top right), rearranged haplotype A with HPV insertion (copy number = 3, bottom) 

carrying approximately 3 and 6 tandem copies of repeats R1 and R2, respectively. Hap, haplotype. c. 

The partial HPV-18 genome and corresponding genes (grey and blue, top) with breakpoints 

highlighted by numbered circles. For reference, the entire HPV-18 genome is shown (bottom). 

 

a. 

b. 

c. 
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Figure 6.3. Gene expression by copy number and haplotype in HeLa S3. 

a. Transcript abundance (reads per kilobase per million (RPKM), for genes with an RPKM ≥1) is 

positively correlated with gene copy. b. Expression per copy (RPKM per gene copy number) does not 

correlate with copy number. c. Fractional contribution of haplotype A to overall expression (Hap 

A/total) (RPKM averaged across megabase windows at phased sites) split by haplotype-resolved copy 

number. Open circles indicate expected fractions. d. Haplotype-A-specific expression in HeLa S3 but 

not CCL-2 across S3-specific LOH on chr18q. e. Haplotype A fractional contribution to expression 

across the genome, color-coded by underlying haplotype-resolved copy number as in c (point size 

represents the log2 total RPKM, grey boxes indicate HeLa S3 LOH). 

Figs D.4.30 and D.4.31). Two repeat structures (which we designate R1 and R2) consisting of the partial 

viral genome are interspersed with regions of human chromosome 8q24.21 genomic DNA. The viral 

genome is present with identical breakpoints on each copy of the amplified haplotype, to the exclusion of 

the other haplotype, which remains at single copy and lacks integration-associated rearrangements, 

confirming that integration and rearrangement preceded aneuploidy. The integrated structure contains 

only two-thirds of the complete HPV-18 genome, including full-length copies of the E6 and E7 oncogenes 

necessary for telomerase activity (amplified to a copy number of approximately 12), but lacking a 

functional copy of E2, an inhibitor of E6 and E7 (ref. 
109

) (Fig. 6.2c). In addition, a distinct portion of the 

HPV-18 genome, amplified to a copy number of approximately 30 in HeLa, includes an epithelium-specific 

enhancer that controls E6 and E7 transcription
122

, possibly contributing to their high expression 

(Supplementary Fig. D.4.32).  

  

a. b. c. d. 

e. 
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6.3.7 Haplotype and copy number resolved epigenome of HeLa 

Extensive sequencing-based functional genomic data have been generated on HeLa and other cancer 

cell lines by the ENCODE Project7, but these have the potential to be misinterpreted if their analysis does 

not account for aneuploidy and phase. As HeLa CCL-2 and S3 are nearly identical in genotype, we used 

haplotype and copy-number maps of CCL-2 to assign phase to publicly available functional data 

generated on S3 (ref. 
44

), including transcription-factor binding, chromatin modification and chromatin-

accessibility data sets. We also calculated haplotype-specific gene-expression scores using RNA 

sequencing (RNA-seq) data generated in this study and by others (Supplementary Figs D.4.33–35). For 

each data set, aligned reads were phased by comparison to HeLa CCL-2
105,44

 haplotype blocks. 

Corresponding peak scores (chromatin immunoprecipitation followed by high-throughput sequencing 

(ChIP-seq) and DNase I sequencing (DNase-seq)) or gene-expression values (RNA-Seq) called from the 

full set of reads were divided proportionally based on the abundance of phase-informative mapping to 

each haplotype, normalized to each haplotype’s estimated copy number. Mapping to the human 

reference genome imposed a slight bias, favoring the reference allele by an average of 1.08-fold. We 

constructed two HeLa-specific reference sequences by introducing all SNVs from each haplotype onto 

one or the other; mapping to this reference mitigated most of the bias (to 1.02-fold, or a 75% reduction; 

Supplementary Figs D.4.36–38). 

Across the HeLa genome, gene expression is significantly correlated with copy number (P = 0.075; Fig. 

6.3a,b), suggesting a minimal role for gene-dosage buffering. Moreover, on average, each haplotype 

copy makes a comparable contribution to the transcriptome, despite uneven amplification and, in some 

cases, rearrangement (Fig. 6.3c,e). This trend is also observed for histone modifications, DNase 

hypersensitivity and transcription factor binding (Supplementary Figs D.4.39 and D.4.40). Transcript allele 

balances at sites heterozygous in CCL-2 on chromosome 18q closely followed the genomic balance 

(mean 66% representation of the A allele (two-thirds was expected)), but S3 nearly exclusively matched 

the A allele (94% of reads), reflecting the S3-specific LOH event (Fig. 6.3d). However, a small number of 

regions showed strong imbalances between each haplotype’s contribution to overall patterns of 

expression, chromatin modification and transcription-factor binding (2.4% of ENCODE peaks, excluding 
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those in LOH regions; Supplementary Figs D.4.41–44). Interestingly, the HPV-18 insertion locus and 

proto-oncogene MYC (separated by approximately 500 kbp) were among the regions with the most highly 

haplotype-imbalanced regulation in the genome (Supplementary Fig. D.4.45). 

6.3.8 Cis-activation of MYC 

Phased RNA-seq data indicate that MYC is highly expressed, but almost exclusively from the HPV-18-

integrated haplotype (mean ratio, 95:1; Fig. 6.4b and Supplementary Fig. D.4.46). Phased ENCODE 

tracks and long-range chromatin interaction data (ChIA-PET (chromatin interaction analysis with paired-

end tag sequencing)
42

; Fig. 6.4a and Supplementary Fig. D.4.47) across the region indicate that 

transcription-factor occupancy, active chromatin marks and long-distance physical contacts are also 

nearly exclusive to the HPV-integrated, transcriptionally active haplotype. Taken together, these data 

implicate viral integration as a strong activator of MYC expression
123

, acting in cis rather than in trans and 

possibly mediated by the epithelium-specific viral enhancer amplified to a copy number of 

 

Figure 6.4. Haplotype-specific regulation near the HPV integration site. 

a. Long-range chromatin interactions between the HPV and MYC loci demonstrated by ChIA-PET27 

with the RNA polymerase II signal (top) shown for HeLa S3 and an HPV− cell line (K562). Chromatin 

interactions (middle) are indicated by a green arrow. Bar graphs (bottom) show read counts at phased, 

informative sites in MYC (red, haplotype A, blue, haplotype B). b. Transcript abundance in HeLa S3 

across the MYC locus measured by RNA-seq. Overall coverage is shown in grey (top) with phased, 

informative sites highlighted by green ticks (pink text, non-reference alleles). Haplotype contributions 

at each variant are shown in bar graphs (bottom), as in a. 

b. a. 
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approximately 30 within the R1 repeat structure (Fig. 6.2b)
122

. This strong cis interaction—between the 

amplified, integrated genome of a DNA tumor virus and a canonical proto-oncogene—may underlie the 

robust growth characteristics of the HeLa cell line, and provides indirect support for the hypothesis that 

inherited risk loci for cancer at chromosome 8q24 operate through activation of MYC
124

. 

6.4 Conclusions 

In summary, we present a haplotype-resolved genome and a haplotype-resolved epigenome of a human 

cancer. Our study not only provides an overdue genomic analysis of the human cell line that is possibly 

the most commonly used in biomedical research but also represents a unique view into a cancer genome 

and epigenome enabled by the acquisition of haplotype information. 
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Chapter 7 Addressing the limitations of high throughput sequencing: 

Successes, challenges and future direction 

In this final chapter I discuss the successful outcomes of the work presented in this dissertation and how 

these advances have – and will – impact the field of genomics and epigenomics. I also describe the 

challenges that were encountered during this work, how some were overcome, and how others still 

remain. Lastly, I describe my plans to continue on in the direction this work has taken me by developing 

and implementing methods for precision epigenomics. 

7.1 Introduction 

The fields of genomics and epigenomics have been largely fueled by the development of new 

technologies that allow us to answer questions that would have otherwise been impossible. Perhaps the 

most driving of these technologies is our ability to sequence nearly the entire complement of DNA present 

within an organism. Since the development of DNA sequencing technologies, there has been a continual 

decrease in the cost to resequence a genome that has plummeted faster than Moore’s Law, which would 

correspond to halving the cost of sequencing every two years (data from NHGRI). Much of this progress 

has been a result of next generation sequencing (NGS) platforms, which can now resequence a human 

genome for just over $1,000. However, the increase in throughput and decreased costs have come at the 

price of short read lengths that prevent accurate resolution of structural variants or haplotype phasing and 

the use of protocols that require substantial amounts of input, which often mean compromising sample 

purity to enable entry to the NGS workflow.  

7.2 Successes 

7.2.1 Low-input and high throughput DNA-Seq library construction via transposase-mediated 

fragmentation and adaptor incorporation  

The first challenge facing the field that this work addressed was the development of a method to 

substantially reduce both the input requirements with respect to DNA mass, as well as the throughput 
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bottleneck for next generation sequencing library construction. I characterized in extensive detail the use 

of a hyperactive derivative of the Tn5 transposase to accomplish the majority of steps in library 

construction. This method, later commercialized as “Nextera”, and is now fully integrated into the Illumina 

next generation sequencing platform, performs comparably to the standard method of library construction 

and allowed for a reduction in pre-PCR library construction time from 8-10 hours down to a single, 5 

minute enzymatic reaction followed by an optional clean up. 

I demonstrated the comparable performance of transposase-mediated library construction by sequencing 

bacterial, viral, fly, and human genomes to high coverage and analyzing potential biases, including G+C 

bias in coverage depth, uniformity of coverage depth, and library complexity (the fraction of unique 

molecules in the final library). On all fronts this method produced nearly identical results, with the majority 

of bias being shared between the platforms due to the final PCR step. This therefore served as the 

motivating factor for me to develop a PCR-free version of transposase-mediated library construction, as 

such approaches had previously shown reduced biases for standard methods of library construction
71,72

. 

This extension resulted in not only a substantial decrease in library construction time (<30 minutes from 

input DNA to sequencer-ready libraries), but substantially mitigated the biases introduced during PCR 

amplification, particularly with respect to G+C content as highlighted in Figure 3.7. To further demonstrate 

the utility of transposase-mediated library construction, I generated libraries that were then used for 

exome capture and sequencing, produced useable sequence information from as little as 10 picograms of 

DNA (or approximately three haploid genome equivalents), demonstrated the ability for 96-plex sample 

indexing, and a colleague showed that libraries could be produced directly from bacterial colonies. 

Since the publication of Adey et. al. (2010)
59

, transposase-mediated library construction has seen 

widespread adoption, particularly where sample quantities are limited, or a rapid protocol is favorable. 

Additionally, this method has been utilized as the final stage in library construction for single-cell DNA 

sequencing
125

, as well as for single-cell RNA sequencing
126

. Furthermore, I have taken advantage of the 

reduced input requirements in my own work in the form of a collaboration that involved whole genome 

sequencing of flow cytometry sorted, highly-pure populations of Hodgkin’s Reed-Sternberg cells of limited 
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quantity which has shown promising results with respect to the identification of somatic point and copy 

number alterations (Salipante & Adey et. al. 2014, in preparation). 

7.2.2 Extension of transposase-mediated library construction to whole-methylome interrogation from 

limited starting material 

Shortly after publishing the initial work on transposase-mediated library construction for DNA sequencing, 

Rick Myers’ group released a method that used this technology to produce strand-specific RNA-Seq 

libraries
86

. At the same time I was working on a different adaptation of transposase-mediated library 

construction to allow for a significant reduction of input requirements for sequencing the entire methylome 

of an organism via whole genome bisulfite sequencing (WGBS)
60

. This method required several key 

modifications to the protocol to allow for compatibility with whole genome bisulfite sequencing. For the 

standard ligation-based library construction, methylation of the adaptors was all that was required
29

; 

however in transposase-mediated library construction a gap is introduced on the bottom strand of the 

molecule. This gap is repaired during the first cycle of PCR in DNA-Seq protocols but for WGBS bisulfite 

conversion must occur prior to PCR which involves denaturation of the DNA; therefore the gap results in 

library molecules with an adaptor at only one end that cannot be PCR amplified. To get around this, I 

developed an approach that fills in the gap and appends the second adaptor prior to bisulfite conversion 

and subsequent PCR. 

To demonstrate that this method of library construction performed comparably to ligation-based methods, 

I sequenced the methylome of a human lymphoblastoid cell line. I additionally generated ligation-based 

WGBS libraries on the same cell line for a direct comparison. Both methods produced very similar profiles 

that were consistent with previously published studies on similar cell types yet the transposase-mediated 

method allowed for a reduction of input DNA requirements by 100-fold down to a mere 10 nanograms and 

thus opened up a number of opportunities for whole methylome profiling where limited cell counts are a 

constraint, such as in development or cancer. 

Later in the same year, Kun Zhang’s group utilized the input advantages of my method in their Nature 

publication regarding Tet1’s control of meiosis by regulating meiotic gene expression
127

. Additionally, the 
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high throughput sequencing core at the German Cancer Research Center (DKFZ) in Heidelberg, 

Germany reproduced the method in a production setting and we jointly published a Nature Protocols 

paper to allow other groups to readily implement the method
128

. Continuing on the low-input epigenetic 

interrogation trend, a Stanford group published a method of profiling open chromatin using transposase-

mediated library construction this last year
96

, further emphasizing the versatility and ease of the platform. 

7.2.3 The acquisition of long-range information via transposase contiguity to substantially improve de 

novo genome assemblies entirely in vitro 

Early in the development of transposase-mediated library construction, the idea arose of leveraging the 

inherent properties of the transposase to provide long-range sequence information. This idea spawned 

over a dozen potential approaches to achieve the goal
129

. One of these methods utilized a continuous, 

barcoded transposon, such that each insertion event would retain a unique barcode and subsequent 

restriction digest would allow each resulting fragment to terminate in the barcode of the insertion event. A 

similar approach involved constructing linked, uniquely barcoded transposons to produce the same type 

of “fragmentation site barcoding” data. These methods would then allow for the in silico stitching-together 

of reads that were originally adjacent in the target DNA and effectively produce strobe reads over a long 

range. Unfortunately, none of these methods were able to accomplish their aim with any meaningful 

efficiency. 

An alternative approach, to which I contributed, that was led by a colleague, Jerrod Schwartz, involved 

the physical stretching of high molecular weight DNA directly on an Illumina sequencing flowcell
97

. The 

ends of the DNA were modified with adaptors such that they could hybridize to the surface primers on the 

flowcell. Subsequent transposition throughout the long molecule would allow the terminal, flowcell-bound 

ends to form complete library molecules that could undergo bridge-PCR and sequencing which produced 

cluster-pairs at the ends of the long originating molecule that can be linked by physical proximity. This 

method successfully produced mate-pair sequencing libraries in situ for ranges up to eight kilobases; 

however it failed to produce information over longer ranges. 



84 
 

The latest approach, transposase contiguity sequencing, or TC-Seq, detailed in Chapter 5, relies on an 

inherent property of the Tn5 transposase, in that the Tn5 enzyme remains tightly bound to the transposed 

target DNA after catalyzing the “tagmentation” reaction. This results in long chains of library molecules 

that are physically bound to one another in the order from which they were originally derived. These long 

chains can then be subject to limiting dilution such that any of the pools represent only two to three 

percent of the target genome. In order to achieve a sufficient number of these pools, a two-tiered indexing 

approach was utilized that combines the incorporation of one of 96 barcodes at both the transposition and 

PCR steps to produce 96 × 96 = 9,216 distinct compartments. Each compartment contains a couple 

thousand sets of reads derived from single fragments that range in size from a kilobase to over a 

megabase with each fragment having been derived from a single haplotype. 

The first application of TC-Seq was in the context of haplotype-resolution. This work, which is presented 

in collaboration with Illumina in Amini et. al. (2014, under review)
62

 produced a haplotype resolved human 

genome with error rates and completeness metrics comparable to the fosmid-based methods that we first 

described in Kitzman et. al. (2011)
61

; however all methods used in the study were carried out entirely in 

vitro without the need for time-consuming cloning methods. One complication that arose during the data 

analysis portion of the haplotype-resolution was that ReFHap
100

, the software used to differentiate 

between the two haplotypes, was designed for fosmid-based data that contains upwards of ~200,000 

fragments as opposed to the >20 million fragments produced by TC-Seq. This resulted in excessively 

long run times for the haplotype-resolution to complete and motivated me to design a novel algorithm that 

is more suited to the increased pool counts. The algorithm, fragPhase, described in 5.4.6, allowed for a 

reduction in run time from >72 hours to 20 minutes, increased the number of phased variants by 

approximately 8,000, and produced higher accuracies at longer ranges. However, fragPhase did not 

perform as well at distances below 100 kilobases with accuracies roughly one percent lower than with 

RefHap. 

The second application of TC-Seq was work, which I led, to apply the long-range information to the 

problem of de novo genome assembly, which I describe in greater detail in Chapter 5 of this dissertation. 

This approach leveraged fragment coincidences between pools as a means of identifying adjacent 
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contigs in an algorithm called fragScaff which allowed for up to 75-fold increases in N50 sizes 

(measurement of assembly contiguity). I applied TC-Seq and fragScaff to human, mouse, and fly 

genomes that were assembled from easy, in vitro, shotgun and 3 kbp mate-pair libraries as well as on 

simulated assemblies that were generated by in silico fragmentation of the human reference genome to 

set sizes. Each output scaffolded assembly from fragScaff observed a substantial increase in contiguity 

with high accuracy. Furthermore, I demonstrated that the method can be used to fill the mid- to long-

range gap between short-range methods and the chromosome-scale contact probability map (CPM) 

method we describe in Burton et. al. (2013)
94

. Assemblies that were first scaffolded using fragScaff prior 

to CPM produced much more complete assemblies of higher accuracy and substantially improved 

contiguity when compared to CPM alone, particularly when the initial assemblies were of low contiguity. 

7.2.4 Application of long-range sequence information to produce the most comprehensive view of a 

cancer genome to date 

We had previously described fosmid-based haplotype resolution methods in Kitzman et. al. (2011)
61

 and 

applied this technology to successfully haplotype resolve the diploid genome of a Gujarati Indian 

individual. This raised the question of whether or not the method could be executed on a non-diploid 

genome, such as that of an aneuploid cancer cell line. I decided that HeLa would be the ideal case to first 

attempt haplotype-resolution of a cancer genome given its ubiquitous use, and role akin to that of a model 

organism in cell biology. Second, HeLa is incredibly complex with widespread aneuploidy and a number 

of complex structural rearrangements
104

; therefore if HeLa can be successfully haplotype-resolved using 

these methods, then the approach should be able to be translated to any cancer genome. Lastly, a large 

amount of epigenetic data sets had previously been generated on HeLa S3 (a sub-strain of HeLa) that 

could be re-analyzed in the context of haplotype and copy number
44

. 

Using high-depth shotgun sequence data I was able to perform high-resolution copy number calling by 

designing and implementing my own Hidden Markov Model based algorithm. These calls were combined 

with the fosmid-based sequence data to produce a haplotype-resolved copy number profile of the HeLa 

genome. 
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Contrary to expectations, the HeLa genome is relatively stable in terms of both point and structural 

variation by comparison to normal controls, and nine additional sequenced strains. Furthermore, there 

were no point variants identified that could confer the robust growth properties of HeLa. However, the 

long-range information provided by haplotype-resolution methods allowed me to assemble a highly 

amplified and rearranged locus on chromosome 8q24.21 that included human papillomavirus 18 (HPV-

18) sequence. The viral genome integration is present on only one of the two haplotypes at the locus, the 

same haplotype in which the proto-oncogene MYC is highly expressed in a haplotype-specific manner 

approximately 500 thousand bases away. These data along with the application of haplotype information 

to chromatin conformation sequencing revealed strong cis activation of MYC by the HPV-18 epithelial-

specific enhancer present at high copy number at the integration locus. Copy number and haplotype-

resolution also allowed me to globally investigate the effects of gene dosage and allelic imbalance on 

epigenetic signatures, and gene expression. 

The current standards in genome sequencing are unable to discern complex structural variation and do 

not provide a framework for identifying cis regulatory interactions. The application of long-range contiguity 

methods was crucial in the identification of the driving lesion that ultimately resulted in the immortalization 

of the HeLa cell line, an event that is likely similar to other, undiscovered lesions in other cancers. These 

approaches and their demonstrated utility serve as model for the comprehensive characterization of 

complex genomes and their regulatory landscape. 

7.3 Challenges 

7.3.1 Cost of acquiring long-range sequence information: Is it worth it? 

In spite of the advantages gained from acquiring sequence information of high contiguity, the cost of 

these methods is above that of standard shotgun sequencing. This is a particularly steep obstacle for 

studies that require high sample counts. Specifically for phasing applications, such as fosmid-pool 

approaches or transposase contiguity sequencing (TC-Seq, described in Chapter 4), standard shotgun 

sequencing must first be performed to identify variants that are phasing candidates. Furthermore, 

targeted methods are not compatible with the current phasing approaches and thus require whole 
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genome sequencing. Attempts have been made to rely solely on fosmid-pool or TC-Seq data for both 

identification as well as phasing, but with limited success. Based on current sequencing cost estimates, 

employing a haplotype-resolution method increases the cost-per-genome by approximately 50% (fosmid, 

which also includes a time-consuming, laborious cloning step performed by a skilled scientist) or 100% 

(TC-Seq, though further developments should push this down to 50%, uses a simple library construction 

protocol). With these cost estimates, haplotype-resolution should be reserved for studies where it is either 

required for the experimental aims, such as in the context of fetal genome sequencing
130,131,132

, or for 

population genetics applications
133

. 

In contrast to the proportionately high cost of implementing long-range sequencing technologies in order 

to perform haplotype-resolution, acquiring this information for de novo genome assembly is quite cheap, 

particularly for TC-Seq. The bulk of the cost for genome assembly lies in the acquisition of extremely high 

shotgun sequence coverage
92

 and therefore the incremental cost increase for the quality of information 

obtained is much more favorable. Furthermore, the amount of TC-Seq raw sequence read counts that 

need to be obtained for assembly is approximately half that when compared to haplotype-resolution. This 

results in an approximate 10% increase in the amount of sequence to be obtained that can produce an up 

to 75-fold increases in assembly scaffold lengths which makes a strong case for the use of TC-Seq in the 

context of de novo genome assembly. 

7.3.2 Limitations of pool-based scaffolding 

In Chapter 4 I demonstrated the ability for TC-Seq and the fragScaff algorithm to scaffold together 

assembled contigs to provide a greatly increased level of contiguity in human mouse and fly genome 

assemblies. However, there remain some significant limitations to this method, particularly surrounding 

the pool-based nature of the approach and how repetitive elements in the genome can confound this 

method in two primary ways: i) repeat elements or segmental duplications that occur at the ends of 

contigs, or nodes, can create an increased count of pools that contain reads aligning to the node and thus 

produce incorrect joins, and ii) the method ultimately scaffolds contigs, yet does not fill in the gaps 

between these contigs. 
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In order to address the first limitation, fragScaff does not include nodes that have excessively high pool hit 

counts (default is the top 95%). Additionally, I am in the process of developing a method that will first 

perform repeat masking on the input contigs and produce a bed file of regions to exclude aligned reads 

which should remove some of the false joins, yet if the repeat element within the node is too large it will 

instead just prevent any links from occurring and no join will be made, though that is still preferred over an 

incorrect join. 

The second limitation requires an alternative approach to place the appropriate sequence between the 

joined contigs as opposed to a series of N’s. One potential method that uses existing data is to identify 

the shared pools that were used to make a join and attempt to identify a specific repeat element with an 

exact sequence matching the reads within those pools; however this method quickly falls apart if the 

repeat elements in the genome are highly similar (ie. ≥95%) or at very high frequency. 

The ideal means to address both limitations is the development of a new method that does not require 

fragment pools, but instead stretches out the joined library molecules produced by TC-Seq on a 

sequencing flowcell to produce strobe-like sequence across a long range thus effectively reducing the 

fragment count per “pool” to only one and removing ambiguity. However, this next iteration of TC-Seq still 

requires substantial development before a working method is in place. 

7.3.3 Technical challenges of low-input interrogation of other epigenetic marks 

The methods I present in this dissertation have allowed for a substantial reduction of starting material for 

DNA-Seq experiments as well as for the interrogation of DNA methylation across the genome. It is now 

possible to interrogate the DNA landscape with respect to both point variation and copy number variation 

in single cells
134,125,135

, as well as the transcriptional profile of single cells
126,136,137,138

. However, extending 

the realm of single-cell interrogation to epigenetic information poses a number of challenges. 

First, the primary, and most quantitative method of DNA methylation detection involved conversion of 

unmethylated cytosines to uracils by sodium bisulfite treatment. This process is very harsh on the DNA 

and results in breaks as well as depurination. When working with extremely limited quantities of DNA, the 

resulting material that has not been destroyed is now a much smaller subset of the genome. In order to 
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get around this, I propose single-cell DNA methylation profiling of a large number of cells in order to allow 

sparse clustering. This approach is detailed later under future directions and will hopefully overcome this 

technical challenge. 

Second, interrogating other aspects of the epigenome often involve enrichment based methods. This 

results in read depth profiles with increased depth where enrichment occurred and decreased depth 

where it did not. When the theoretical maximum level of unique coverage for a single, diploid cell is two, 

such methods of analysis are not possible. In order to work around this, single-molecule methods, or 

methods that provide equivalent information are likely the best option. However, such approaches have 

not yet been developed and will likely require a great deal of refining to enable the acquisition of 

meaningful epigenetic signatures from extremely limited or single-cell sample sizes. 

Lastly, methods for single-cell analysis require the leveraging of information over large cell counts, thus 

increasing the amount of sequencing required for any given experiment. With the costs of DNA 

sequencing via NGS methods continuing to decrease this may not remain a significant challenge, but as 

costs currently stand, the price may be inhibitory for many groups. 

7.4 Future directions 

My work thus far has centered around two major themes: (I) the cost-efficient, rapid interrogation of the 

genome and epigenome of samples with limited starting material, and (II) the use of long-range sequence 

information to investigate structural variation, haplotypes, and cis interactions. I plan to continue with 

these themes to investigate the prevalence and role of epigenetic heterogeneity within a sample. 

7.4.1 Epitypes: Identification and characterization 

Cell fate determination follows an intricate, highly-specific path of epigenetic reconfiguration. This 

dynamic process involves the deposition and removal of chromatin marks that form the regulatory 

landscape of a differentiated cell. Recent studies have investigated epigenetic configurations across a 

breadth of cell types
54,139,53

; however the frequency and distribution of these marks, particularly DNA 

methylation, reveal heterogeneity within the population and suggest epigenetic sub-types, or “epitypes” 



90 
 

(Fig. 7.1). This observation is also present in the DNA methylation profiles of isolated cortical neurons 

where non-CG methylation (mCH) is prevalent and accumulates during synaptogenesis
140,141

. To 

understand the complex role that methylation plays in neuron epigenetic programming, high precision 

methods must be employed to identify these distinct states within a cell type. Furthermore, any hope of 

elucidating the impact of an aberrant programming event on neurodevelopmental disorders will require a 

comprehensive view of the epigenetic landscape beyond that of our present, limited scope. 

7.4.2 A new approach to understanding DNA methylation 

Current strategies for methylation profiling rely heavily on high-throughput sequencing and thus suffer 

from the crux of the technology: short reads that are derived from a population of molecules. This severe 

limitation prohibits the ascertainment of long-range information and thus fails to capture the context of the 

mark both locally and globally within the genome. Furthermore, the readout of these methods often does 

not fit the expected tri-modal distribution (100% methylated, 50% methylated (allele specific), or 0% 

methylated). I hypothesize that this is predominantly due to epitype heterogeneity within the population of 

cells which can be assessed by methods that provide regional and global context to the observed profiles. 

I plan to further develop technologies to interrogate methylation architecture on local and chromosome-

level scales. This will entail (I) the further development of a working technology I created that provides 

 

Figure 7.1. Neuron epitypes. 

Even with highly-specific cell-type isolation, epigenetic heterogeneity will be present. 
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long-range, single-molecule methylation information, and (II) performing single-cell methylation profiling 

and sparse clustering to elucidate epitypes within a population of cells. I will apply these approaches to 

mature mammalian neurons and then at progressive stages of brain development. 

7.4.3 (I) Interrogation of dense, local methylation architecture 

I recently performed proof-of-principle experiments on a novel technology (LR-mC, Fig. 7.2) that provides 

up to 3 kilobases (kbp) of sequence contiguity genome-wide for the identification of 5-methylcytosine. 

This approach involves the construction of adaptor-ligated 1-3 kbp fragments that are bisulfite converted 

and then subject to limited-dilution PCR (~20% of the genome in viable amplicons per reaction). The PCR 

products are then converted to sequencer-ready libraries via barcoded transposase-based library 

preparation, pooled and sequenced. Each pool is therefore comprised of islands of coverage that consist 

 

Figure 7.2. LR-mC method. 
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of reads which originate from the same initial molecule and thus provide methylation status over an 

extended range (1-3 kbp) for that single molecule. Thus far, I have successfully demonstrated this 

technology at limited pool counts and in the future I plan to scale up the method for complete interrogation 

of mammalian methylomes. 

This technology will allow me to gain insight into adjacent methylation site dynamics that is not possible 

with current technologies. For example, a series of cytosines are all methylated with ~30% of the 

coverage containing a methylated residue: are 30% of the molecules methylated at all sites? or are 30% 

of the sites in each molecule methylated? The answers to this question will provide insight into which 

regions of the genome conform to an epigenetic heterogeneity, or epitype model, and those that are likely 

stochastically methylated over a functional region. One key advantage to implementing this strategy is 

that regardless of the result, it will further our knowledge of the architecture and basic mechanisms of 

DNA methylation. These data can also be integrated with other epigenetic data sets, including those 

produced for the ENCODE project, to investigate the relationship to the greater regulatory landscape. 

Furthermore, the increased contiguity will provide an ideal platform to perform haplotype assignment for 

the robust analysis of allele-specific methylation and imprinting in the genome, a task that has been 

particularly difficult in humans where heterozygous sites are much less dense than in mouse models 

which are the current standard
140

. 

As with many experiments, particularly in the field of epigenetics, careful sample selection is paramount. 

Genome-wide methylation in mammalian brain tissue is a largely unexplored domain, with the discovery 

of a significant increase in non-canonical (mCH) methylation in frontal cortex neurons throughout early 

development and synaptogenesis having been recently described
140,141

. With that in mind, I plan to first 

isolate neurons from individual cortical layers of a mouse forebrain via micro dissection and NeuN
+
 flow 

sorting. Initial whole genome bisulfite sequencing on a size-selected (600 bp) library and paired-end 300 

bp read sequencing will allow for 600 bp of contiguity. Light sequencing of library pools on a bench top 

machine will then aid in the selection of which isolate to explore more deeply using LR-mC, as well as 

give a sense of what to expect from the longer contiguity approach. Extremely precise cell type selection 
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is ideal; however demonstration of this technology and the biological insights that can be gained is 

possible on samples that are much more easily obtained via commercial avenues. 

7.4.4 (II) Single-cell methylation analysis for genome-wide contiguity 

Long-range methylation methods will allow for a better understanding of local epigenetic dynamics, yet 

contiguity is limited to a few kbp. To gain insights into genome-wide effects, I will perform multiplex single-

cell methylation sequencing of primary tissue (Fig. 7.3). Recently, a group has published on single-cell 

reduced representation bisulfite sequencing which generated extremely sparse information
142

. The 

application of similar techniques applied to whole genome bisulfite sequencing (WGBS) will be technically 

simpler (one entire genome equivalent of viable input mass as opposed to CG-island-only viable input 

mass) and provide more coverage per cell. However, the majority of aligned reads will be derived from 

loci outside of CG islands, and therefore most relevant to cell types where non-CG methylation (mCH) is 

prevalent, such as in mammalian neurons or in the very early stages of mammalian development. I plan 

to carry out this project on the same cell types as LR-mC, or 600 bp library sequencing to allow 

integration of the two distinct levels of contiguity.  

The majority of covered loci between any pair of single cells will not likely overlap, though aggregation of 

 

Figure 7.3. Single-cell methylation. 
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signal across functional elements along with sufficient cell counts will facilitate sparse clustering into 

respective epitypes. It is also entirely possible that epitypes are not readily distinguishable and more of a 

gradient in epigenetic space. As with the possible results from my local LR-mC approach, either outcome 

would provide a better understanding into DNA methylation dynamics. Beyond global classifications, I 

also plan to investigate trans correlations of the methylation status of functional elements. Furthermore, 

large-scale somatic copy number alterations that have been described in mammalian neurons could be 

ascertained from these data
125

, though likely only amplifications or deletions on the multi-megabase 

scale, such as entire chromosome arms. If such events have an impact on the epigenetic landscape that 

includes the perturbation of DNA methylation, detection of these changes may be possible. 

7.4.5 Precision epigenomics 

Our current strategies lack the ability to differentiate between epigenetically distinct sub-populations 

within a tissue type. This shortcoming is particularly significant in developmentally complex cell types, 

such as neurons, or in cancers where heterogeneity can be extreme (eg. glioblastoma). The technologies 

I will employ provide a clear path forward towards understanding the methylation architecture of 

mammalian cells with a high level of precision and will facilitate detailed epigenetic cell fate mapping. 

These insights will not only advance our comprehension of epigenetic reprogramming in development, 

but allow us to discern subtle shifts in an epigenetic landscape that mark transition into a disease state. 

7.5 Conclusions 

The work presented in this dissertation addresses two primary shortcomings of next-generation 

sequencing methods: (I) library construction bottlenecks with respect to both time and input requirements 

and (II) the read length limitations that inhibit comprehensive interrogation of genomes. I apply these 

methods to produce the first haplotype-resolved cancer genome in which I also utilize long-range 

sequence information to discern the structure of a complex genomic rearrangement. While a truly 

complete view of all genomes and epigenomes of a multicellular organism is still beyond our reach, these 

approaches and the strategies I present as future directions will take us several steps closer to that goal. 
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Appendix A: Supplementary material for Chapter 3 

A.1 Supplementary methods for Chapter 3 

Genomic DNA: Genomic DNA for H. sapiens NA18507 (Yoruban) was prepared by the Coriell Institute. E. 
coli CC118 (MC1000 (araD139 Δ(ara leu)7697 ΔlacX74 phoAΔ20 galE galK thi rpsE rpoB argEam 

recA1))
143

, genomic DNA, and CRW10 and PA1 phage genomic DNA were extracted using Qiagen 

(Valencia, CA, USA) MidiPrep buffers P1, P2, P3 and were cleaned by phenol, purified from low melting 
point agarose and dissolved in Tris/EDTA (TE) buffer. YH1 genomic DNA was extracted from a 

lymphoblastoid cell line of Yanhuang
75

 using protein K and phenol/chloroform
144

 and further subjected to 

RNase treatment/purification. The D. melanogaster genomic DNA was extracted from whole bodies of 
several individuals by Puregene blood core kit B (Qiagen). The molecular weights of both Drosophila and 
YH1 genomic DNAs were confirmed to be larger than 23 kbp by gel electrophoresis (not shown), with no 
detection of degradation or RNA/protein contamination, and quantified by Quant-iT dsDNA HS assay kit 
(0.2-100 ng; Invitrogen, Q32854, Carlsbad, CA, USA); of each, an aliquot was diluted to 25 ng/μl for use 
in library construction. P. aeruginosa PAO1 strains were selected for tobramycin resistance at 16 mg/l (41 
strains), ciprofloxacin resistance at 4 mg/l (47 strains), or no antibiotic resistance (8 strains). DNA was 
then isolated using the Wizard® SV 96 genomic DNA purification system (Promega, Madison, WI, USA). 
Concentrations of isolated DNA were measured using a Nanodrop (Thermo Scientific, Waltham, MA, 
USA). 

Mechanical shearing: Shearing was performed on two 5-μg aliquots of E. coli CC118 genomic DNA 
brought up to 200 μl with TE. Sonication was performed by two 15-min treatments with a Bioruptor 
sonicator (Wolf Laboratories, Pocklington, UK) at maximum settings in a cold room, switching out the 
water between treatments to keep samples cool. After sonication, each sample was cleaned up using a 
QIAquick PCR purification kit, eluting in 30 μl Buffer EB (Qiagen). CRW10 and PA1 phage DNA was 
fragmented using 5 μg aliquots brought to 100 μl with TE and mixed with 500 μl nebulization buffer 
(Roche/454, Branford, CT, USA) in a nebulizer cup. Nebulization was carried out using 45 psi (310 kPa) 
nitrogen for 1 min on ice. The sheared DNA was cleaned and concentrated using MinElute columns and 
eluting in Buffer EB (Qiagen). 

Enzymatic fragmentation: Enzymatic fragmentation was performed on six 1 μg aliquots of genomic DNA 
from both E. coli CC118 and H. sapiens NA18507 added to 2 μl 10× fragmentation reaction buffer, 0.2 μl 
100× BSA (NEBiolabs, Ipswich, MA, USA), 2 μl NEB fragmentase enzyme, and nuclease-free water 
(Ambion, Austin, TX, USA) to 20 μl. Reactions were gently vortexed and spun-down, then incubated on 
ice for 5 min followed by a time-course incubation at 37°C, removing samples at 15, 20, 30, 45, 60, and 
120 min for each of the two sets. Reactions were stopped by placing on ice followed by purification using 
a QIAquick PCR purification kit, eluting in 30 μl buffer EB (Qiagen). 4 μl of each sample was run on a 
Novex TBE gel (Invitrogen) to observe size distribution. The 60-min time point showed the desired size 
range and duplicate samples were prepared by the same method for each organism. Fragmentation of 
phage DNAs were performed using 1 μg aliquots of PA1 and CRW10 in a 20 μl reaction volume including 
fragmentation reaction buffer to 1×, BSA, and 2 μl NEB fragmentase enzyme (NEB). The reaction was 
incubated on ice for 5 min followed by incubation at 37°C for 20 min and stopped with 5 μl 500 mM EDTA 
and cleaned using MinElute columns (Qiagen). 

Post-fragmentation library preparation: Post-fragmentation library preparation on the duplicate samples of 
E. coli CC118 sonication and fragmentase (60 min), and H. sapiens NA18507 fragmentase (60 min), was 
carried out as per standard Illumina methods, including a size selection using Novex TBE gels 
(Invitrogen), excising the 400-500 bp band. Final PCR amplification was carried out on a Bio-Rad 
(Hercules, CA, USA) MiniOpticon using SYBR Green I as a dye to monitor amplification. 1 μl of each final 
library was run on a Novex TBE gel (Invitrogen) for library size confirmation. Nebulized or fragmentase-
treated phage samples were size-selected using SPRI beads (Beckman Coulter, Danvers, MA, USA) and 
used to construct libraries according to standard protocols, including end-polishing, adaptor ligation, fill-in, 
and single-strand isolation. Adaptor sequences included multiplex identifiers (barcodes). 
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Transposase-based library preparation: Transposase-based library preparation for E. coli CC118 and H. 
sapiens NA18507 Illumina-compatible libraries used 50 ng of genomic DNA brought up to 15 μl in 
nuclease-free water (Ambion) followed by the addition of 4 μl 5× LMW Nextera reaction buffer and 1 μl 
Nextera enzyme mix (Illumina-compatible; Epicentre), followed by a gentle vortex and brief centrifugation. 
Each reaction tube was incubated at 55°C in a thermocycler with a heated lid for 5 min followed by 
placement on ice and immediate purification using a QIAquick PCR purification kit and elution in 20 μl 
buffer EB (Qiagen). Suppression PCR was then carried out using 10 μl of the eluate as template with 11.5 
μl nuclease-free water (Ambion), 25 μl 2× Nextera PCR buffer, 0.5 μl SYBR Green, 1 μl 50× Nextera 
primer cocktail (Illumina-compatible), 1 μl 50× Nextera adaptor 2 (barcodes 1-2 for E. coli and 3-4 for H. 
sapiens), and 1 μl Nextera PCR enzyme. The reaction was cycled in a Bio-Rad MiniOpticon to monitor 
the reaction under the following conditions: (1×) 3:00 min at 72°C and (1×) 0:30 min at 95°C, followed by 
13 cycles of [0:10 min at 95°C, 0:30 min at 62°C, 3:00 min at 72°C] for E. coli barcodes 1 and 2 and H. 
sapiens barcodes 3 and 4 (12 cycles for H. sapiens barcode 4). 1 μl of each post-PCR library was 
electrophoresed through a Novex TBE gel (Invitrogen) for library size confirmation. Size selection of the 
E. coli CC118 transposase libraries was carried out at Epicentre Biotechnology using Agencourt AMPure 
(> 300 bp size selection), Zymo DNA purification (no size selection), or Caliper (350 ± 10% bp size 
selection) methods. The D. melanogaster library was constructed by pooling two standard Nextera 
reactions following the manufacturer's protocol (Epicentre). For each reaction, 50 ng genomic DNA was 
initially tagmented (in vitro transposase-catalyzed adaptor insertion) at 55°C for 5 min, and then MinElute 
purified. This was followed by PCR amplification with same conditions as with H. sapiens and E. coli 

libraries for 12 cycles. 400-450 bp gel-based size selection was carried out prior to sequencing. 

A total of seven H. sapiens YH1 libraries were constructed, differing in mass of DNA, number of PCR 
cycles, and selected DNA fragment size. These included two (about 500 bp and about 550 bp) produced 
from pooling five standard Nextera reactions, three (400-500 bp, 500-550 bp and 550-600 bp) produced 
from pooling two modified reactions with nine cycles of PCR enrichment, and another two libraries (300-
500 bp and 500-650 bp) from a single tagmentation reaction using 500 ng starting DNA with five cycles of 
PCR enrichment. The insert-size distribution and final yields for the Drosophila and H. sapiens YH1 
libraries were validated separately using a 2100 Bioanalyzer (DNA 1000 and 7500 kit; Agilent, Santa 
Clara, CA, USA) and quantitative PCR. 

P. aeruginosa PAO1 Illumina-compatible shotgun libraries were prepared for each strain using Epicentre 
Biotechnologies' Nextera DNA sample preparation kits with a customized, unique 9 bp barcode sequence 
for each strain. The tagmentation reaction consisted of 200 ng PAO1 DNA, 25 μl Nextera high molecular 
weight buffer, 1 μl Nextera transposase enzyme, and water to a total volume of 20 μl. The reaction was 
incubated for 5 min at 55°C, cleaned using Qiagen MiniElute columns, and eluted in 11 μl water. PCR 
reactions included 5 μl of the fragmented DNA, 17 μl water, 25 μl Nextera PCR buffer, 1 μl Nextera PCR 
enzyme, 1 μl of a Nextera primer cocktail containing two short primers (at 10 μM each) and one long 
Illumina-compatible adaptor (at 5 μM), and 1 μl of the barcode containing Illumina adaptor (at 5 μM). PCR 
conditions used were the same as above using 12 cycles of amplification, followed by MinElute clean-up 
as before. Samples were run on a Novex TBE polyacrylamide gel to confirm library quality, and DNA 
concentrations measured using a Nanodrop. 

For the Roche (454)-compatible libraries, standard Nextera reaction conditions were used with 50 ng 
CRW10 (barcode 11) or PA1 (barcode 10) bacteriophage DNA, 454-Titanium compatible kit components 
and standard PCR methods, cycling 15 times. The PCR products were purified using Qiagen MinElute 
columns. Library fragment sizes were assessed using an Agilent Bioanalyzer DNA1000 chip. 

Targeted sequence capture of the human exome: Libraries were prepared by transposase-catalyzed 
adaptor insertion by previously described methods using 50 ng genomic DNA (BK229.03, SFARI-SSC), 1 
μl transposomes, 4 μl 5× HMW buffer, and water to 20 μl. Samples were incubated at 55°C for 5 min then 
cleaned up (AMPure) and eluted in 20 μl followed by the addition of 25 μl 2× Nextera PCR buffer, 1 μl 
50× Nextera primer cocktail, 1 μl Nextera PCR enzyme, 0.5 μl 100× SYBR Green, and 1 μl of a barcoded 
adaptor (Table S4 in Additional file 3) with water to 50 μl. Reactions were carried out on a Bio-Rad 
MiniOpticon using recommended cycling conditions for 12 rounds. Each tube was cleaned up (AMPure, 
Agencourt, Boston, MA, USA) and checked for size and quantity on an Agilent Bioanalyzer DNA 1000 
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chip. One sample was selected for capture using all of the 414.6 ng for hybridization to Nimblegen 
(Madison, WI, USA) SeqCap EZ Exome probes v1.0 as per Nimblegen protocols using custom blockers 
(Nextera_Block1: 5'-AAT GAT ACG GCG ACC ACC GAG ATC TAC ACG CCT CCC TCG CGC CAT 
CAG AGA TGT GTA TAA GAG ACA G-3', Nextera_Block1_REV: 5'-CTG TCT CTT ATA CAC ATC TCT 
GAT GGC GCG AGG GAG GCG TGT AGA TCT CGG TGG TCG CCG TAT CAT T-3', Nextera_Block2: 
5'-CAA GCA GAA GAC GGC ATA CGA GAT CGG TCT GCC TTG CCA GCC CGC TCA GAG ATG TGT 
ATA AGA GAC AG-3', Nextera_Block2_REV: 5'-CTG TCT CTT ATA CAC ATC TCT GAG CGG GCT 
GGC AAG GCA GAC CGA TCT CGT ATG CCG TCT TCT GCT TG-3') for 72 h at 47°C. After 
hybridization, wash was performed as per Nimblegen protocols with streptavidin-coupled magnetic beads. 
Finally, PCR amplification was performed on exome captured library (Post_Cap_Short_For_Amp: 5'-AAT 
GAT ACG GCG ACC ACC GAG ATC T-3', Post_Cap_Short_Rev_Amp: 5'-CAA GCA GAA GAC GGC 
ATA CGA GAT-3'; 1× [0:30 min at 98°C], 17× [0:10 min at 98°C, 0:30 min at 65°C, 0:45 min at 72°C]) 
followed by clean up (AMPure) and sequencing on an Illumina GAIIx SE36 run. 

PCR-free library preparation: Adaptor sequences (NoPCR1: 5'-AAT GAT ACG GCG ACC ACC GAG ATC 
TAC ACG CCT CCC TCG CGC CAT CAG AGA TGT GTA TAA GAG ACA G-3', and NoPCR2: 5'-CAA 
GCA GAA GAC GGC ATA CGA GAT CGG TCT GCC TTG CCA GCC CGC TCA GAG ATG TGT ATA 
AGA GAC AG-3') were designed to contain the original 'Nextera' adaptor sequences, but with an 
additional 5' overhang of either P1 or P2 on adaptor 1 or adaptor 2, respectively (i.e. sequences to make 
compatible with cluster PCR on Illumina flow-cell), thus eliminating the need to add them during a PCR 
step. The 5' phosphorylated reverse compliment of the 19 bp mosaic end (ME: 5'-Phos-CTG TCT CTT 
ATA CAC ATC T-3') sequence was hybridized to NoPCR1/2 by combining 5 μl of each NoPCR1 and 
NoPCR2 with 10 μl ME reverse complement all at 100 μM with 80 μl TE, followed by denaturation at 95°C 
for 5 min then slow cooling to room temperature for a final annealed adaptor concentration of 10 μM. 
Transposomes were assembled by incubating 5 μl annealed adaptors at 10 μM with 5 μl 100% glycerol 
and 10 μl Ez-Tn5 transposase (Epicentre) and allowed to incubate at room temperature for 20 min. 

Tagmentation was carried out using previously prepared E. coli (CC118) or human (NA18507) genomic 
DNA using either 100 or 200 ng of DNA, 5 μl prepared transposomes, 2 μl 5× Nextera HMW buffer 
(Epicentre), and water to 10 μl. Reactions were incubated at 55°C for 5 min, followed by the addition of 25 
μl 2× FailSafe PCR master mix (Epicentre), 1 μl FailSafe DNA polymerase (Epicentre), and 14 μl 
nuclease-free water (Ambion), and subsequent 5 min incubation at 72°C for nick translation. Tubes were 
then cleaned up using Qiaquick MinElute PCR purification columns (Qiagen), eluting in 12 μl buffer EB. 

For each reaction, 2 μl was used as template for a real time PCR on a MiniOpticon (Bio-Rad) using 0.5 μl 
SYBR Green, 25 μl 2× Nextera PCR master mix, 1 μl Nextera PCR enzyme and nuclease-free water to 
50 μl. Alongside the NoPCR reactions, libraries of known concentrations were used as template at 
successive dilutions to be used as a standard for rough library quantification. Standard Nextera cycling 
conditions were used, without the initial 72°C extension step. PCR reactions were cleaned up by Qiaquick 
PCR purification columns and run on a Noved 6% TBE PAGE gel (Invitrogen) for library size verification. 
After quantification, libraries were sequenced as per standard Illumina GAIIx protocol as a paired-end 36 
bp run. 

Low input transposase-based library preparation: For the 500 pg and 100 pg E. coli (CC118) libraries and 
10 pg human library (NA18507, Coriell), genomic DNA (in 1 μl volume) was incubated with 1 μl Nextera 
Illumina-compatible transposomes (Epicentre) at a 1 to 50 dilution (1 μl Nextera enzyme, 24 μl TE, 25 μl 
100% glycerol), 1 μl 5× Nextera HMW buffer, and 2 μl nuclease-free water (Ambion). To avoid 
contamination, all dilutions and reaction preparation was carried out in a PCR hood. Reactions were 
incubated at 55°C for 5 min followed by addition of 25 μl 2× Nextera PCR buffer, 0.5 μl SYBR Green, 1 μl 
50× Nextera primer cocktail, and 1 μl 0.5 μM barcode adaptor 2 (barcodes A6, A9, or A4 for 500 pg and 
100 pg E. coli DNA, or 10 pg human DNA, respectively) and cycled under standard Nextera conditions in 
a MiniOpticon (Bio-Rad) real-time PCR thermocycler. Both reactions were removed after 20 cycles and 
cleaned up using Qiaquick MinElute columns, eluting in 20 μl EB. Libraries were run on a 6% Novex TBE 
PAGE gel (Invitrogen) for size verification and sequenced as barcoded spike-ins as per standard Illumina 
GAIIx protocol as a paired-end 101 bp (plus 9 bp barcode) run for E. coli libraries and a paired-end 36 bp 
(plus 9 bp barcode) run for human. 
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Direct colony-based library preparation: Fusion-Blue chemically competent E. coli (Clontech, Mountain 
View, CA, USA) were transformed with pUC19 bearing a 2 kbp insert of human genomic DNA, and then 
plated on Luria broth (LB) + ampicillin. A small number of cells were picked from a single bacterial colony 
with a 10 μl pipette tip, and then transferred with dipping into 15 μl nuclease-free H2O. The suspended 
cells were heat-lysed at 95°C for 5 min, then placed on ice for 2 min. Nextera 5× LMW reaction buffer and 
enzyme (Illumina-compatible; Epicentre) were added to the sample, followed by brief mixing and 
incubation at 55°C for 5 min. The reaction was then stopped by heating to 70°C for 15 min. Sequencing-
compatible primer sites were added in a 50 μl PCR reaction using 5 μl of the transposase reaction directly 
as template without intervening purification. PCR was carried out with 31.6 μl H2O, 10 μl Kapa 2G robust 
A buffer 5× (Kapa Biosystems, Cape Town, South Africa), 1 μl dNTP mix (10 mM each), 0.25 μl SYBR 
Green 100×, 1 μl 50× Nextera primer cocktail, 1 μl 50× Nextera adaptor 2, and 0.20 μl Kapa 2G robust 
polymerase; cycling conditions were as described by Epicentre. The amplification reaction was cleaned 
up with a Qiaquick PCR clean-up column (Qiagen) and eluted into 50 μl EB. 

Sequencing: Sequencing of the H. sapiens NA18507, E. coli CC118, and D. melanogaster libraries was 
done on an Illumina Genome Analyzer IIx as paired-end 36, 36, and 45 bp runs, respectively, using 
standard read primers for sonication and fragmentase libraries, run in individual lanes, and Nextera read 
primers for Nextera libraries. H. sapiens YH1 libraries were run on an Illumina HiSeq2000 as paired-end 
90 bp run using Nextera read primers. Phage libraries contained library-specific barcodes and were run 
as multiplexed samples using GS FLX Titanium sequencing protocols. P. aeruginosa libraries were 
pooled by combining 100 ng of each strain library, and sequenced on an Illumina Genome Analyzer IIx 
with a paired-end 76-cycle run. 

Short read mapping: Short read mapping was done on the E. coli CC118, D. melanogaster and H. 
sapiens (NA18507 & YH1) Illumina GAIIx or HiSeq2000 sequenced samples by converting the raw 

sequence files to fastq format and then mapping to the GRCh37 (hg19) reference using the BWA
76

 

alignment software. After mapping, PCR duplicates were removed, as well as read-pairs with an insert 
size shorter than that of the read length. 

Long read assembly: Long read assembly from bacteriophage samples sequenced on the Roche GS FLX 
Ti was done using Roche's newbler assembler under default parameters. Individual reads from each 
dataset were mapped against the assembled genome using gsMapper (Roche Software Release: 2.3 
(091027_1459)). 

Fragmentation site characterization: Fragmentation site characterization was carried out by stacking all 
regions of the genome flanking forward strand mapping start locations and the reverse complement of 
reverse strand start locations followed by calculating nucleotide frequencies at each position relative to 
the fragmentation site, thus generating a positional weight matrix (PWM). The PWMs then were imported 
into the SeqLogo (Oliver Bembom, Dept. of Biostatistics, University of California, Berkeley, 2008) 
package for Bioconductor in R and used to generate positional information content (IC) and sequence 

logos using the equation outlined by T. D. Schneider et al.
145146

: 

IC(w)=log2(J)+ΣJj=1 pwj log2(pwj)=log2(J)−entropy(w) 

where J is the number of variables in the alphabet (4; A, C, G, or T), and j is the base at position w. This 
equation does not factor in the background nucleotide frequencies. 

Normalization of Illumina GAIIx coverage: Normalization of Illumina GAIIx coverage for the E. coli (non-
size-selected) data was done by dividing the coverage at each position in the genome by the total number 
of mapped bases and then multiplying by a constant (the average number of mapped bases was close to 
1 Gb, therefore 109 was used as the constant). 

Coverage distribution histograms: Coverage distribution histograms were generated by calculating the 
number of times each base of the genome was sequenced and plotting the frequency of each level of 
coverage. 
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Coverage by G+C content: Coverage by G+C content plots were generated by binning the reference 
genome into 500 bp bins for E. coli, 10 kbp bins for human, and 1 kbp bins for Drosophila (other sizes 
were also investigated, resulting in very similar distributions) and calculating the G+C content of each bin, 
followed by plotting the coverage of that bin. 

Library complexity: Library complexity was calculated by random sampling of 50,000 read-pairs without 
replacement and plotting the number of uniquely occurring read-pairs versus the total number of sampled 
read-pairs. 

Insertion size distributions: Insertion size distributions were generated by taking the distance between the 
start mapping location of the first read and the end mapping location of the second read for every read-
pair and plotting the frequency of occurrences of each insert size. 

SNP calls: SNP calls for the YH1 genome were generated using the SAMtools
78

 variant caller with a 

maximum coverage of 1,000 and minimum quality score of 30. Prior to variant calling, read-pairs with an 
insert size less than 90 bp and reads not properly paired were removed to reduce noise. Calls were then 

compared with the SNPs reported by Wang et al. (2008)
75

 and to dbSNP build 129. 

Cell-line-discordant SNP calls: 

In order to minimize false calls due to mapping errors, a repeat-masked version of GRCh36 was used 
along with further masking with respect to mappability according to the UCSC Genome Browser 'Rosetta 
35mer uniqueness' and excluding all regions with a score of 0 (this score means that the sequence maps 
perfectly to multiple locations in the genome). This track was used because it was generated using the 
BWA aligner that was used in our analysis, and because the original YH1 sequence data is made up of 
36 bp reads. Out of this newly masked genome, positions were called that had a SNP quality score in the 
cell line over 30, a reference call in blood over 30, and coverage less than 100× in both datasets. Of 
those with a quality score of 50 in both for their calls, 100 were randomly chosen for validation. 

Validation was carried out using a mass spectrometry assay (Sequenom, San Diego, CA, USA). Primers 
for PCR amplification and extension were successfully designed for 100 mutation sites using the 
Sequenom MassArray Assay Design v3.1. PCR amplification, shrimp alkaline phosphatase treatment of 
unincorporated dNTPs, probe extension and resin desalting were carried out in sequence using the 

conditions described elsewhere
147

. Sequenom genotyping was performed in parallel for genomic DNA 

from YH1 blood and the same batch of lymphoblastoid cell lines as was used for sequencing. A negative 
control and technical replicate were also run in parallel for each typed position. Genotyping of all 100 
testing sites passed the filter criteria of: (1) no failing extension, (2) no false positive in the negative 
control, (3) consistency between two technical replicates. Genotyping was further performed for the 100 
positions in the YH primary lymphoblastoid cell lines using the same method, with 98 meeting the above 
filter criteria. 

Exome analysis: Sequence reads from transposase-based libraries subjected to human exome capture 

were aligned to the human reference (GRCh36) using BWA
76

. Each aligned base was deemed to be on 

target if it was within 100 bases of a targeted sequence. At each position within target regions, coverage 
was assessed and any position with a depth of at least one was considered covered. Comparison to 
standard exome methods was made by trimming read 1 of a PE76 lane from a GAIIx down to 36 bases 
and aligning it the same way. Because the standard library had fewer reads mapped, 28 million reads 
were randomly taken from both libraries and above analysis performed. Complexity was interrogated by 
taking an equivalent number of on-target SE36 reads generated by each method and calculating the 
percentage with unique start-points. 

Barcode design: Barcode design yielded a set of 96 × 9 bp sequences in which each 9 bp sequence 
contained no homopolymer run of three or more bases, had a GC content of ≤ 60%, was a edit distance 
of at least four away from all other members of the set of 96, and screened negative when compared with 
other adaptor and primer sequences used here. Also, we took care to ensure that each base (A, G, C, or 
T) was represented at least once in each 9 bp barcode, and at least once in each position along the 9 bp. 
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Barcode deconvolution: Barcode deconvolution for pooled, multiplexed Pseudomonas samples was 
carried out by computing the Levenshtein edit distance between the obtained index read and each of the 
96 barcode sequences used. The corresponding read-pair was assigned to a barcode when that barcode 
was within edit distance of 2 of the index read, with the next closest matching barcode being at least two 
further edits away. 
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A.2 Supplementary tables for Chapter 3 

 

Table A.2.1. Summary of libraries sequenced in comparative analysis of library construction 
methods. 
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Table A.2.2. Information content of sequence bias in vicinity of fragmentation sites for all 

examined library construction methods. 

 

 

Table A.2.3. Correlation of coverage between compared library construction methods. 
Son. represents sonication replicates, End. represents endonuclease replicates, and Tr. represents 
transposase-mediated library construction replicates. Spearman correlations are to the right of the 
diagonal in red shading and Pearson correlations to the right in blue shading. 
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Table A.2.4. Barcode primer design and oligos used for 96-plex sample indexing. 
“Standard Adaptor 2” refers to the non-indexed primer, “Format for modified adaptor 2” designates where 
index bases are placed by the use of “#” symbols. The 96 indexed primers contain the index sequence in 
red with the flanking adaptor priming sequence in black. 
 
 
 
 
 
 
 

 
A.3 Supplementary figures for Chapter 3 

 

Figure A.3.1. Fragmentation site profiles. 
Nucleotide content over a 30 bp interval (-10, +20) corresponding to read starts for each method of library 
construction (Tr. = Transposase, Son. = Sonication, Neb. = Nebulization, End. = Endonuclease). 
Observed biases are shown for Illumina GAIIx sequenced libraries (E. coli (CC118), human (NA18507)) 
and Roche (454) GSFLX sequenced phage libraries (CRW10, PA1). 
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Figure A.3.2. Insert size distributions. 
E. coli CC118 (a) and H. sapiens NA18507 (b) libraries of each method sequenced on the Illumina GAIIx 
platform with replicates (dashed). *The H. sapiens library prepared by sonication is from Bentley et al. 
and had two size selections resulting in a tight distribution. In both organisms, the transposase based 
method shows a slight periodicity at ~10 bp intervals, likely due to physical constraints on the ability for a 
transposase to attack certain positions with regards to the helical pitch of the DNA as it extends away 
from the bound transposase. 
 
 
 

 
Figure A.3.3. Average 454 read lengths. 
Generated for Roche (454) GS FLX Ti libraries for CRW10 and PA1 bacteriophages using nebulization, 
endonuclease, and transposase methods. 
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Figure A.3.4. Insert size distributions for various size selection methods. 

Zymo column clean-up (orange), AMPure bead clean-up (300 bp cutoff, purple), and Caliper chip-based 

size selection (350 +/- 10 bp, teal). 

 

 
 

Figure A.3.5. Number of SNP calls in YH1 genome by read depth. 

SNP calls versus sequence depth were calculated by pulling random sets of 10 million mapped read pairs 

(properly paired, insert size >=90 bp) without replacement and calling SNP positions of a minimum quality 

of 30. Trend observed is consistent with previously reported whole genome analyses (Bentley et. al. 

(2008))
18

. 
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Figure A.3.6. Sample coverage profiles for transposase-mediated exome sequencing library 

construction. 

Standard (sonication-based) libraries from 3 µg of starting material and transposase-based libraries from 

50 ng of starting material were subjected to whole human exome target capture and sequenced on an 

Illumina GAIIx. Shown are two typical example views of reads aligned to the genome for an identical 

number of mapped reads of each method. (Tn. = Transposase-based, Son. = Sonication-based) 
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Figure A.3.7. Uniformity of 96-plex barcode indexing for transposase-mediated library 

construction. 

Libraries were constructed from 96 DNAs using adaptors bearing 9 bp index sequences. Samples were 

quantified by Nanodrop prior to normalized pooling. The number of reads assigned to each index is 

plotted here. 90% (86 of 96) fall within a 4-fold range of relative abundance. 

 

 
 

Figure A.3.8. Schematic for “Colony-PCR” based transposase-mediated library construction. 

A colony is picked using a pipette tip followed by lysing the cells by boiling. The lysate is then used as the 

material for transposase-catalyzed adaptor insertion without clean-up then directly used in the PCR 

reaction, also without cleanup. After PCR a column purification is performed and the library is sequencer 

ready.  
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Appendix B: Supplementary material for Chapter 4 

B.1 Supplementary methods for Chapter 4 

Tn5mC-seq library construction and sequencing: Transposome complexes were generated by incubating 
2.5 μL of 10 μM Tn5mC-A1 (Tn5mC-A1top: 5′-GAT [5mC] TA [5mC] A[5mC] G [5mC] [5mC] T [5mC] 
[5mC] [5mC] T [5mC] G [5mC] G [5mC] [5mC] AT [5mC] AGA GAT GTG TAT AAG AGA CAG-3′, IDT, 
annealed to Tn5mC-A1bot: 5′-[Phos]-CTG TCT CTT ATA CAC A-3′, IDT, by incubating 10 μL of each 
oligo at 100 μM and 80 μL of EB [QIAGen] for 2 min at 95°C and then cooling to room temperature at 
0.1°C/sec) with 2.5 μL 100% glycerol and 5 μL Ez-Tn5 transposase (Epicentre – Illumina) for 20 min at 
room temperature. 

Genomic DNA prepared from GM20847 cell lines was used at respective input quantities with 4 μL 
Nextera HMW Buffer (Epicentre-Illumina), nuclease-free water (Ambion) to 17.5 μL and 2.5 μL prepared 
Tn5mC transposomes (regardless of the quantity of DNA used). Reactions were incubated for 9 min at 
55°C in a thermocycler followed by SPRI bead cleanup (AMPure) using 36 μL of beads and the 
recommended protocol with elution in 14 μL nuclease-free water (Ambion). Adaptor 2 annealing was then 
carried out by adding 2 μL of 10× Ampligase Reaction Buffer (Epicentre-Illumina), 2 μL 10× dNTPs (2.5 
mM each; Invitrogen), and 2 μL 10 μM Tn5mC-A2top (5′-/5Phos/ CTG TCT CTT ATA CAC ATC T [5mC] 
TGA G [5mC] GGG [5mC] TGG [5mC] AAG G [5mC] AGA [5mC] [5mC] GAT [5mC]-3′; IDT) to each 
reaction and incubating for 2 min at 50°C followed by 10 min at 45°C and cooling at 0.1°C/sec to 37°C 
and subsequent incubation for 10 min. Gap-repair was then performed by adding 3 μL of Ampligase at 
5U/μL (Epicentre-Illumina) and 1 μL of either T4 DNA Polymerase (Tn5mC libraries A-G, NEB) or 
Sulfolobus DNA Polymerase IV (Tn5mC libraries H-J, NEB) and additional incubation for 30 min at 37°C. 
Reactions were then cleaned up using SPRI beads (AMPure) according to recommended protocol using 
36 μL beads and elution in 50 μL nuclease-free water (Ambion). Bisulfite treatment was performed using 
an EZ DNA Methylation Kit (Zymo) according to recommended protocols with a 14-h 50°C incubation and 
10 μL elution. Eluate was then used as the template for PCR using 12.5 μL Kapa 2G Robust HotStart 
ReadyMix (Kapa Biosystems), 1 μL 10 μM Tn5mC-P1 (5′-AAT GAT ACG GCG ACC ACC GAG ATC TAC 

ACG CCT CCC TCG CGC CAT CAG-3′; IDT), 1 μL 10 μM barcoded P2 (from Adey et al. 2010
59

), 0.15 μL 

100× SYBR Green (Invitrogen), and 0.35 μL nuclease-free water (Ambion). Thermocycling was carried 
out on a BioRad Opticon Mini real-time machine with the following parameters: 5 min at 95°C; (15 sec at 
95°C; 15 sec at 62°C; 40 sec at 72°C; Plate Read; 10 sec at 72°C) × 99. Reactions were monitored and 
removed from thermocycler as soon as plateau was reached (12–15 cycles). 

Sequencing was carried out using either a full or partial lane on an Illumina HiSeq2000 using custom 
sequencing primers: read 1, Tn5mC-R1 (5′-GCC TCC CTC GCG CCA TCA GAG ATG TGT ATA AGA 
GAT AG-3′; IDT); index read, Tn5mC-Ix (5′-TTG TTT TTT ATA TAT ATT TCT GAG CGG GCT GGC AAG 
GC-3′; IDT); and read 2, Tn5mC-R2 (5′-GCC TTG CCA GCC CGC TCA GAA ATA TAT ATA AAA AAC 
AA-3′; IDT). Read lengths were either single-read at 36 bp with a 9-bp index (SE36, libraries A and B, not 
included in Table 4.1) or 101 bp paired-end with a 9-bp index (PE101, libraries C–J). Libraries were only 
sequenced on runs that did not have lanes containing Nextera libraries as a precaution due to the 
similarity between sequencing primers. 

Tn5mC-Seq 1.1 library preparation (Supplementary Fig. B.2.1d) was carried out as previously described 
with several modifications: (1) Transposase recognition sequence reverse compliment is 3′ blocked to 
prevent nonspecific extension in final PCR. (2) Replacement oligo is methylated through the region 
complementary to the transposase recognition sequence to maintain complexity during bisulfite 
conversion and allow the use of standard Nextera sequencing primers. (3) Replacement oligo is 3′ 
blocked to prevent degradation by 3′→5′ exonuclease activity of gap-repair polymerase (replacement 
oligo: Tn5mC1.1-A2top 5′-/5Phos/ [5mC] TGT [5mC] T [5mC] TTA TA [5mC] A [5mC] AT [5mC] T [5mC] 
TGA G [5mC] GGG [5mC] TGG [5mC] AAG G [5mC] AGA [5mC] [5mC] GA [inv dT]-3′, IDT; blocked 
transposase recognition sequence end: Tn5mC1.1-A1bot3block 5′-[Phos]-CTG TCT CTT ATA CA [ddC]-
3′). Duplicate libraries were prepared from 100 ng, 10 ng, and 1 ng of starting material and were subject 
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to PCR amplification using either Kapa HiFi U+ Hot Start Ready Mix, or Kapa 2G Robust Hot Start Ready 
Mix (Kapa Biosystems) and were sequenced on a single-end 36-bp read plus a 9-bp index read run on an 
Illumina GAIIx. Library characterization can be found in Supplemental Fig. B.2.5. 

Ligation chemistry WGBS library construction and sequencing: We subjected 1000, 100, and 10 ng of 
genomic DNA prepared from GM18507 cell lines to ligation chemistry–based library preparation 

according to methods described by Lister et al. (2009)
83

 with several minor exceptions: (1) Bisulfite 

conversion was carried out using an EZ DNA Methylation Kit (Zymo), and (2) PCR was carried out using 
Kapa 2G Robust Hot Start Ready Mix (Kapa Biosystems). The change in PCR enzyme was due to 
several unpublished experiments demonstrating a much higher efficiency with Kapa Robust as opposed 

to PfuTurbo Cx used according to the method described by Lister et. al.(2009) 
83

. Sequencing was 

performed on an Illumina MiSeq instrument using a single-end 100-bp sequence read run. 

Read filtering and alignment: The GRCh37 reference genome was first bisulfite-converted in silico for 
both the top (C changed to T, C2T) and bottom (G changed to A, G2A) strands. Prior to alignment, reads 
were filtered based on the run metrics, as several libraries were run on lanes in which instrument valve 
failures resulted in poor quality or reads consisting primarily of N bases. Filtering was carried out by first 
calculating the base compositions as well as mean base quality scores at each position in the read. Many 
of the lanes had significantly reduced quality scores at the start and/or end of the read and were globally 
trimmed to remove any start or end positions that had a mean phed score of less than or equal to 10. The 
start and ends of the reads were additionally globally trimmed if a position within the first or last 25 bases 
of the read had a mean composition of 10% Ns, which generally corresponded to the quality-based 
trimming. Additionally, reads that contained three or more Ns were also removed. It is important to note 
that the reduced qualities in the runs were “flowcell-wide” regardless of the library that was run and not 
isolated to Tn5mC-seq libraries. Subsequent runs for the Tn5mC-seq 1.1 and polymerase testing 
experiments did not suffer instrument failures, and no trimming of the reads was necessary. Next, reads 
were aligned to both the C2T and G2A strands using BWA with default parameters. Reads that aligned to 
both strands were removed. Read pairs in which neither aligned to either strand were then pulled and 
trimmed to 76 bp (except for SE36 runs) and again aligned to both C2T and G2A strands. Duplicate reads 
(pairs sharing the same start positions for both reads 1 and 2) were removed and complexity determined. 
Reads with an alignment score less than 10 were then filtered out prior to secondary analysis. Total fold 
coverage was calculated using the total bases aligned from unique reads over the total alignable bases of 
the genome (slightly below 3 Gb per strand). 

5mC calling: Methylated cytosines were called using a binomial distribution as in the method described by 

Lister et al. (2009)
83

, whereby a probability mass function is calculated for each methylation context (CpG, 

CHG, CHH) using the number of reads covering the position as the number of trials and reads 
maintaining cytosine status as successes with a probability of success based on the total error rates that 
were determined by the combined nonconversion rate and sequencing error rate. The total error rate was 
initially determined by unmethylated lambda DNA spike-ins; however, we found that the error rate 
estimation from the gap-repair portion of reads (as described in the main text) gave a more 
comprehensive estimate, which was slightly higher than that of the lambda estimate. Therefore to be 
conservative, we used the highest determined error rate at 0.009. If the probability was below the value of 
M, where M × (number of total unmethylated CpG) < 0.01 × (number of total methylated CpG), the 
position was called as being methylated, thus enforcing that no more than 1% of positions would be due 
to the error rate. 

  



112 
 

B.2 Supplementary figures for Chapter 4 

 

Figure B.2.1. Transposase-mediated library construction. 
(A) Standard DNA-seq transposase based library construction as in Figure 1A. (B) Oligo replacement 
strategy. Loaded transposase attacks genomic DNA with a single adaptor (yellow/green) that also 
contains one of the flowcell primer sequences (green). An oligo-replacement approach then anneals a 
second adaptor (yellow/pink) that terminates in the second flowcell primer (pink) which is then subject to 
gap-repair. Resulting library can then be directly loaded onto the sequencer without a PCR step. 
(Gruenwald et. al. (2011)) (C) Tn5mC-seq 1.0 library preparation as in Figure 1B. (D) Tn5mC-seq 1.1 
library preparation. Libraries are constructed as in Tn5mC-seq 1.0 with several modifications. 1) 
Replacement oligo is methylated through the region complementary to the transposase recognition 
sequence to maintain complexity during bisulfite conversion and allow the use of standard Nextera 
sequencing primers. 2) Replacement oligo is 3’ blocked to prevent degradation by 3’->5’ exonuclease 
activity of gap-repair polymerase. 
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Figure B.2.2. Tn5mC-seq library characteristics. 
(A) Base composition of aligned reads to each respective strand. Gray box represents transposon bias. 
(B) Read uniformity by CpG density. The human genome reference (hg19, GRC h37) was divided into 
kilobase windows and CpG’s within each window tallied. The normalized number of reads aligning to 
each window were then tallied and averaged for each CpG density level and plotted. Ideal uniformity 
would be a horizontal line. Expansion in the 25-50 CpG density region occurs due to repetitive elements. 
(C) Read uniformity by G+C content. The human genome reference (hg19, GRC h37) was divided into 
kilobase windows and G+C content calculated and rounded to the thousandth. The normalized number of 
reads aligning to each window were then tallied and averaged for each G+C fraction and plotted. The 
typical PCR bias of reduced coverage at G+C extremes is observed. (D) Coverage uniformity across 
each strand. The percentage of the genome at corresponding levels of coverage is plotted. A slight 
decrease in coverage was observed in the ‘Crick’ (bottom) strand. 
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Figure B.2.3. PCR Comparisons. 
Six Tn5mC-seq libraries were generated using 100 ng starting genomic DNA as in methods and pooled 
prior to PCR. One sixth of the pool was used as template in PCR using one of the following polymerases: 
Nextera V1 (Epicentre, Illumina), Kapa 2G Robust Hot Start Ready Mix, Kapa Taq Hot Start Ready Mix, 
PfuTurboCx (Stratagene), Kapa HiFi U+ Hot Start Ready Mix, and Kapa HiFi U+ Hot Start comp. 
(individual components). With the exception of Kapa Robust and Kapa HiFI U+ comp., library 
amplification was extremely poor and limited numbers of reads were aligned to the reference resulting in 
significant noise. (A) Coverage of each library by CpG density is represented as in Supplemental Figure 
S2. With the exception of Kapa Robust and Kapa HiFI U+ comp., CpG coverage uniformity is extremely 
noisy. Kapa Robust and Kapa HiFi U+ comp. perform equivalently well with respect to coverage 
uniformity across CpG density windows. (B) Coverage with respect to G+C content is represented as in 
Supplemental Figure S2. Solid lines represent the moving average across 10 windows. Again, with the 
exception of Kapa Robust and Kapa HiFI U+ comp., G+C bias profiles are extremely noisy. Kapa HiFI U+ 
comp. provided the most uniform coverage with respect to G+C content. 
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Figure B.2.4. Tn5mC-seq 1.1 library characteristics. 

Duplicate libraries starting from 100 ng, 10 ng, and 1 ng were constructed using Tn5mC-seq 1.1 

(described in methods and Supplemental Figure S1) and amplified using either Kapa HiFi U+ Hot Start 

Ready Mix, or Kapa 2G Robust Hot Start Ready Mix (Kapa Biosystems) with barcode adaptors and 

sequenced on a single end 36 bp read plus 9 bp index read run on an Illumina GAIIx. Reads were filtered 

and aligned as previously described. (A) Coverage of each library by CpG density is represented as in 

Supplemental Figure S2. Kapa HiFi U+ provides a slightly more uniform amplification. Interestingly, 

libraries constructed from 10ng of starting material exhibited the most uniform coverage with respect to 

CpG density. Libraries constructed from 1 ng of starting material showed greatly reduced uniformity. (B) 

Coverage with respect to G+C content is represented as in Supplemental Figure B.2.2. Solid lines 

represent the moving average across 10 windows. For libraries constructed from 100 ng, Kapa HiFi U+ 

exhibits greater coverage at extremely A+T rich regions of the genome. For libraries constructed from 10 

ng and 1 ng amplification bias with respect to G+C content is comparable between the two PCR mixes 

tested. 
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Figure B.2.5. Tn5mC-Seq comparison to ligation chemistry based WGBS library preparation 

(LCmC). 

LCmC libraries were constructed as in Lister et. al. (2009) using 1,000 ng of starting genomic DNA (see 

methods) and sequenced on an Illumina MiSeq. After alignment the same number of aligned reads were 

randomly chosen from a Tn5mC-Seq 1.1 (Supplemental Figure B.2.1D) library constructed from 10 ng 

and used for comparison. (A) Coverage of each library by CpG density is represented as in Supplemental 

Figure B.2.2. (B) Coverage with respect to G+C content is represented as in Supplemental Figure B.2.2. 

Solid lines represent the moving average across 10 windows. As both PCRs were performed using Kapa 

2G Robust Hot Start Ready Mix, the G+C bias profiles are very similar. (C) Tetramer (left) and pentamer 

(right) normalized sub-sequence counts of aligned reads for LCmC (Y-axis) and Tn5mC-Seq 1.1 (X-axis). 

Distribution of sequence across these local contexts are highly similar between the two methods with R2 

values above 0.97. The outliers indicated by the black arrow are polyT with a single non-T for the Watson 

strand, and polyA with a single non-A for the Crick strand which are at slightly higher representations in 

the Tn5mC-Seq library. (D) Two dimensional scatterplot of methylation levels for CpG positions with a 

combined Watson and Crick strand depth of >=5× (left) and >=10× (right) in both LCmC (Y-axis) and 

Tn5mC-Seq (X-axis). The overall methylation levels are highly similar. Additional coverage for the LCmC 

would likely increase the R2 values based on the improved correlation observed when increasing the 

minimum coverage from >=5× to>=10× fold coverage.  
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Appendix C: Supplementary material for Chapter 5 

C.1 Supplementary methods for Chapter 5 

Library Construction: Genomic DNA was prepared using the QIAGEN Gentra Puregene Kit on 10 mg 
fresh liver (mus musculus, BL6) and 10 flies (Drosophila melanogaster, Canton S.) and analyzed on a 
pulsed field gel (Supplementary Fig. C.4.7). TC-Seq libraries for human were those used in Amini et. al. 
(2013, in review). For mouse and fly, TC-Seq libraries were prepared and sequenced using custom 
chemistry as described in Amini et. al. (2013, in review) with a slight modification to PCR template 
amounts for the fly sample to account for substantially decreased genome size (1, 2, or 3 pg inputs were 
used in each PCR reaction as opposed to 10 pg for Human and Mouse, Supplementary Fig. C.4.8). 

Fosmid libraries were previously generated for Adey et. al. (2013)
148

. Long fragment read (LFR) libraries 

were generated on CEU gDNA using methods outlined in Kaper et. al. (2013)
98

. 

Input Assemblies: The human, mouse, and fly input assemblies were the same input assemblies 

generated using ALLPATHS-LG as described in Burton et. al. (2013)
94

. For an additional human 

assembly of lower quality, we split the original assembly into individual contigs by splitting scaffolds at any 
N base (N50 437 → 47 kbp). Simulated input assemblies were generated by splitting the human 
reference sequence at regular intervals. 

Contig Scaffolding: Reads were aligned using BWA
149

 to references created from the input assemblies. 

The ends of contigs (1 kbp fosmid and LFR, 5-10 kbp TC-Seq) were then used as vertices and pools that 
had reads aligning to the vertices were called as hits. A histogram was then generated of the number of 
pools hitting each vertex and the highest and lowest 5% of vertices were removed (Supplementary Fig. 
C.4.9). Each vertex was then analyzed individually by calculating the fraction of pools that overlap with all 
other vertices (shared_pools / (total_vertex1_pools + total_vertex2_pools – shared_pools)) and 
subsequently calculating the mean and standard deviation for the vertex. P-value cutoff thresholds were 
then determined by finding the –log10(p-value) score that would result in a mean of 1 (conservative), 1.25 
(standard), 1.5 (less-conservative), or 3.25 (lenient / short input contigs) outliers per vertex. Vertices 
(vertex 1) that have an outlier vertex (vertex 2) where vertex 1 is also an outlier in vertex 2 were then 
considered as potential reciprocated links with an edge weight of the combined –log10(p-value) score of 
each outlier, and stored as an included edge if that weight was at least 2 (for standard and conservative 
modes) or 2.5 (lenient modes) times the –log10(p-value) cutoff score previously set. Vertices that were at 
the ends of the same input contig were automatically given an edge score beyond the maximum score 
cutoff to prevent input contig splitting. Connected components in the graph were then determined 
followed by identification of the Minimum Spanning Tree (MST) by implementing Prim’s algorithm. The 
longest path (trunk) was then determined by identifying every path between degree one vertices and 
taking the maximum length path. Non-trunk vertices (branches) were then placed by inserting the branch 
into the trunk at a position that allows for the maximum trunk path edge weight. 

fragScaff Parameters: fragScaff was run with varying parameters based on input assembly size and the 
desired output contiguity. The primary variable parameters are (i) end-node size, (ii) mean passing links 
per vertex, and (iii) link reciprocation factor (Supplementary Table C.3.1d); however a number of other 
options can be modified, including the use of a repeat-masking bed file to exclude reads in identified 
repeats. For the end-node size, the primary determining factor was the N90 of the input scaffolds. The 
end-node size was set to a minimum of 5 kbp with an optimal size at approximately ½ of the input N90, 
up to a maximum of 10 kbp. A small N50 generally requires an increase to the mean passing links per 
vertex. The default is 1.25, though that was increased to 1.4 (mouse), 3.25 (fly), and 4.0 (human, N50 = 
47 kbp). The reciprocation factor is the multiplier to the link score cutoff that the sum of the link and 
reciprocal link must meet to establish it as an edge. The default is 2, but 2.5 was used for smaller N50 
inputs where the mean passing links per vertex was elevated in order to recover stringency (2.5 for 
human N50 = 47 kbp, and fly). For the successive decrease in stringency on the human (input N50 = 437 
kbp), the mean passing links and reciprocation factors were set to 1 & 2, 1.25 & 2, 1.5 & 2.5, and 2 & 2.5 
in order of decreasing stringency. 
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fragScaff Accuracy Measurement: Join accuracy was assessed only at locations where consecutive 
joined input scaffolds are properly mapped back to the reference assembly and were considered an 
accurate join if the scaffolds were within 5 of one another in the ordered rank. Orientation accuracy was 
also only assessed for consecutive, reference aligned scaffolds and considered accurate if the correct 
ends of the input scaffolds were joined. The fraction of base pairs properly placed was assessed by 
totaling the amount of correctly joined sequence in all scaffolds and then totaling the amount of sequence 
in all scaffolds that did not belong to the dominant locus of that scaffold. For example, if 3.5 Mb of a 
scaffold was properly joined in correct order, and was fused with another set of properly joined scaffolds 
that was 2 Mb in length, we would consider the 2 Mb set of sequence as improperly placed bases. 
Scaffolds were considered fused if more than 10% of the sequence the scaffold was considered 
improperly placed. A graphical representation of accuracy measurements can be found in Supplementary 
Fig. C.4.2. 

Contig Anchoring: TC-Seq reads were aligned to the human reference assembly using BWA
149

 (to 

GRCh36, as GRCh37 contains a number of the sequences we were anchoring). Fragments were then 
called in each pool using an alignment-distance cutoff of 15 kbp (Amini 2013, in review) on reads with a 

mapping quality ≥10. Unaligned reads were then aligned using BWA
149

 to a reference of all of the 

unanchored contigs. Pools with at least one read aligned with a mapping quality ≥10 were then 
considered hits. Pools with fragments spanning windows of 1-5 kbp in the reference genome were then 
identified (Supplementary Fig. C.4.5). For each contig, the fraction of window pools shared with the contig 
pools and the fraction of contig pools shared with the window were calculated for each window, sorted 
and ranked. The window with the top combined rank was then assigned as the anchor position. 
Agreement with published loci was determined by checking if our anchoring position was within 1 Mb of 
the published position. 

Misassembly Detection: TC-Seq reads were aligned to the resulting fragScaff assembly using BWA
149

 to 

assign a pool set for every 5 kbp window (excluding N’s) in the assembly. The shared pool fraction for 
immediately adjacent windows as well as for windows one apart was calculated. Window junctions that 
had shared pool fractions in the bottom 5

th
 percentile for both immediately adjacent windows and windows 

one apart were flagged as suspicious. 
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C.2 Supplementary note for Chapter 5 

fragPhase algorithm description: 

1. Graph Definition: 

(a) The graph   (       ) contains a set of vertices   defined as all heterozygous sites, a set of 
edges   where     which are direct links between any two vertices by fragments    . Each 

fragment   has its own distinct graph   (     ) where the vertices    are present in  , but    

and    are distinct to each individual fragment where      and     . Each vertex       has 

an allele call:    
   if the call is the reference allele, or    

   if the call is the alternate allele. 

The weight   of each edge     is defined as: 
 

 ( )          
 
Isolated vertices are removed from the graph and the haplotype    is set to “ “ (undefined). 
 

2. Block Determination: 
 
(a) Each block   (        )    is a connected component subgraph of  . Each   is initiated at a 

vertex   and all other vertices   are added to    if a path exists between   and  .    is defined as all 

edges touching   . Each    are all fragment sets of edges in   where each fragment      . 
 

3. Block Phasing: for each block   (        )   : 
 
(a) Agree  (   ) and Disagree  (   ) scores are calculated for every edge    〈   〉       where: 

 

 (   )  {      ⟨     ⟩           
    

} 

 (   )  {      ⟨     ⟩           
    

} 

 

(b) Each block   is initiated at a vertex                  ( )     ( (  )) where       that 

contains all vertices that have been used to initiate a previous iteration and  ( ) is the connectivity 
of  : 
 

 ( )  {    〈     〉     } 

 
(c) The haplotype    is set to 0, where 0 designates the reference allele. For all other vertices     , 

     (undefined). 

 
(d) Each vertex           is then assigned a haplotype in genomic order of variants in the block 

     , where the initiating vertex position is   , assignment is carried out for vertices with order 

numbers {(    )     (    )    }. Haplotype is assigned to   by interrogating all connected 

vertices    in subgraph    (        ) where: 

 
           〈    〉     

 
which includes all vertices, edges, and fragments directly associated with vertex  : 
 

   

{
 
 

 
   ∑    (    )

     

 ∑   (    )

     

  ∑    (    )

     

 ∑   (    )

     

 



120 
 

 
Where: 
 

  (    )  {

 (    )      

 (    )      

       

  and   (    )  {

 (    )      

 (    )      

       

 

 
Since positions beyond those previously interrogated are connected to the current vertex, the 
haplotype       and therefore the score is 0. 

 
(e) After initialization a first phase of greedy improvement is performed where each vertex      has 

its fragment disagreement score  (  ) calculated for subgraph    (        ) where: 
 

          〈   〉     
 

which includes all vertices, edges, and fragments directly associated with vertex  : 
 

 (  )  ∑  ( )    
 and  ( )  {

  

(     )
      

  

(     )
       

 

 

   {                 } and    {                 } 

 
The haplotype is then reassigned for vertices     : 
 

    {
  (           )   (           )

  (           )   (           )
 

 
Which effectively switches the haplotype of vertex  . The new fragment disagreement score   (  ) 
is then calculated as above for  (  ), with the following exception: 
 

                         
                         

 
If   (  )   (  ) then the switch is made and incorporated into     This process is iterated until no 
switches are made during an iteration. 
 

(f) The haplotype assignment    after the first greedy improvement phase is then compared to 

previous iterations of initiation events. If    or  ̅  has previously been observed where for each 

vertex      the haplotype  ̅  is defined as: 
 

    {
      
      

 

 
Then assign the final haplotype of the block as    from the previously observed iteration and skip 
the second phase of improvement. 
 

(g) The next phase of greedy improvement is then carried out on vertices              
(   ) which examines long range switches. The fragment disagreement score  (  ) as 

described above is then calculated for subgraph    (        ) where: 
 

         (      (   (  )        (  )  (    ))    ) 
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Which includes all vertices and edges associated with all fragments that contain vertices at or 
before and at or after the vertex   being interrogated. The haplotype is then reassigned for 

vertices     : 
 

    {
  (            )   (             )

  (             )   (             )
 

 
Which effectively flips the haplotype assignment of all vertices to the right of vertex   and the new 
fragment disagreement score   (  ) is calculated. If   (  )   (  ) then haplotypes calls    are 

reassigned as for all     : 
 

   {
  (            )   (             )

  (             )   (             )
 

 
The next part of the second phase of greedy improvement involves the same approach as the 
first greedy improvement except instead of interrogating a single vertex, sets of sequential 
vertices from       are iterated through where   is the max number of sequential vertices in a 

set. For each set size in      , each vertex      is assigned to a set  , where: 

   {     (         (    ))}     

and the fragment disagreement score  (  ) for subgraph    (        ) where: 
 

          〈     〉 
 

Which includes all vertices, edges, and fragments directly associated with any vertex contained in 
 . The haplotype is then reassigned for vertices     : 
 

    {
  (          )   (          )

  (          )   (          )
 

 
Which effectively flips the haplotype assignment of all vertices contained in   and the new 
fragment disagreement score   (  ) is calculated. If   (  )   (  ) then haplotypes calls are 

flipped for all    . Both parts of the second improvement phase are iterated until no block 
switches or vertex set switches are made in an iteration. 
 

(h) After convergence is found, a similar version of the block switching improvement step is made 
where for each vertex              (   ), the fragment disagreement score  (  ) is 

then calculated for subgraph    (        ) where: 
 

        (      (   (  )        (  )  (    ))    ) 

 
Followed by haplotype reassignment: 
 

    {
  (            )   (             )

  (             )   (             )
 

 
And then calculation of the new fragment disagreement score   (  ). If  

 (  )   (  ) then the long 

range switch is equivalent and the block is split into two new blocks where each vertex      is 
assigned to its new block along with all associated edges and fragments by: 
 

     {
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(i) For each final block   print out the final haplotype assignment    as well as the second haplotype 

 ̅  where for each vertex      the haplotype  ̅  is defined as: 
 

    {
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C.3 Supplementary tables for Chapter 5 
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Table C.3.1. fragScaff assembly results 

a. Input assemblies prior to fragScaff assembly. Sequence used indicated the types of libraries included. 

S = shotgun, 3 kbp = 3 kbp mate pair sequencing, R = reference genome segmented into following contig 

sizes. (*indicates shotgun assembly that was created by fragmenting the larger human assembly) b. 

fragScaff assembly output and sequencing method used to perform scaffolding. Scaffold count includes 

scaffolds that were not joined to any other scaffolds during the fragScaff process. c. fragScaff assembly 

performance. Numbers in italics for included sequence indicates that a max of 100% is not possible due 

to the initial 10% node filtering that fragScaff implements, which translates to 10% of the assembly when 

all contigs are identical lengths. Also in simulated contigs a number are comprised solely of N bases in 

scaffolded regions of the human reference. Longest perfect refers to the longest scaffold that is not fused 

for which each successive input scaffold is properly placed in order. Additional accuracy description can 

be found in Figure C.4.1. d. Variable fragScaff parameters used. All other parameters were program 

defaults. 

 

Table C.3.2. CPM improvements when first using fragScaff 

a. Completeness and accuracy measurements for CPM scaffolding on various input assemblies. b. 

Completeness and accuracy measurements for CPM scaffolding after first scaffolding using TC-Seq and 

fragScaff on the same input assemblies. 

* Shotgun assembly generated by fragmenting the shotgun + 3 kbp mate-pair assembly at any N-base. 

** Fly accuracy measurements not possible due to the inability to uniquely align a large proportion of input 

contigs to the fly reference genome.  
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C.4 Supplementary figures for Chapter 5 

 

Figure C.4.1. Accuracy determination schematic 
The true alignment order of each scaffold is determined via BLAST alignments of the contigs to the 
reference genome. Alignments are retained if they contain at least 80% of the contig sequence, otherwise 
the order is not determined and denoted as an X. Join accuracy is only determined for sub-segments of 
scaffolds in which all successive contigs have a true alignment order (blue boxes) where the ordering is 
within 5 of the actual ordering (eg. Green double-arrow link is considered accurate, despite a jump of 2 in 
the ordering as opposed to 1) and the jump between 265-398 is considered an incorrect join (purple 
crossed link). A fused scaffold that is bridged by an unmapped contig is still included as a fused scaffold 
in the accuracy statistics (red crossed link). For the fused scaffold all bases belonging to the shorter sub-
segment of the scaffold would be considered  improperly placed. 

 

Figure C.4.2. Link placement and contig orientation scores 
a. Histogram of link quality scores for properly placed (blue) contigs and improperly placed (red) contigs 
for the stringent human assembly (input N50 = 437 kbp). Due to extensive filtering and pruning during the 
fragScaff, there is little discrimination between accurate and inaccurate links based on the score. b. 
Orientation quality score distribution for correctly oriented (blue) and incorrectly oriented (red) contigs. 
The score is 1 – (pool overlap fraction), resulting in completely overlapping end nodes sharing 100% of 
pools and thus an orientation score of 0 resulting in a 50/50 chance of proper assignment. 
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Figure C.4.3. Input assembly gap distribution and joining percentages 
a. Histogram of the number of gaps present at increasing sizes up to 35+ kbp for both human input 
assemblies. b. Percentage of joins made at each input assembly gap size for the stringent human 

assembly and the small input N50 human assembly. 
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Figure C.4.4. in vitro, de novo assembly of genomes 
First, shotgun paired-end reads are generated to high depth (blue pairs) and assembled into local 
sequence contigs (long blue lines).  Next, 3 kbp mate pair libraries (red pairs) can be used to generate 
mid-size scaffolds (long red lines). NCP can then be used (gray and purple lines) to increase scaffold 
sizes large enough so that the last phase (CPM) can be used. Finally CPM will cluster scaffolds into 
chromosomes and assemble into a complete reference. 
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Figure C.4.5. Contig anchoring scheme 
To anchor novel contigs to a reference genome (black line), we first aligned all NCP reads to the genome 
and called fragments (red, green, purple, blue, and orange lines). Next, the pools that contain fragments 
present in windows (gray dashed lines) tiling across the genome are identified (R, G, P, B, and O). 
Unaligned reads are then aligned to the contigs to identify which pools hit each contig. The window in the 
reference genome that has the largest fraction of shared pools (gray shading) is then identified as the 
most likely anchoring position. 
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Figure C.4.6. Misassembly detection with TC-Seq 
a. Misassemblies are detected using a sliding window approach and calculating the fraction of coinciding 
pools between immediately adjacent windows (blue) and windows one apart (green). Dips in both scores 
are called as misassembly candidates. b. Breakdown of candidate misassemblies. Just under 50% are 

accurately identified. 
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Figure C.4.7. Pulsed-field gel electrophoresis of TC-Seq input gDNA samples 
Pulsed field gel electrophoresis was run on a BioRad Pulsed Field Gel Electrophoresis system using a 
1% agarose TBE gel run at 170 V for 16 hours at 14°C with a switch time from 1 to 6 seconds. 
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Figure C.4.8. Drosophila melanogaster TC-Seq called fragment coverage 
96 pools for each input (PCR) mass are shown along with the total megabases of the genome that are 
covered by called fragments. The amount covered tracks well with the input mass, thus allowing method 
tailoring to reflect the genome size of the organism being assembled. 
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Figure C.4.9. End-node pool hit histogram 
Histogram of the pool hit count for contig ends for the human (N50 = 437 kbp) input assembly. The top 
and bottom 10% of node ends are automatically filtered out. The lower peak is due to node ends that 
contain a segment of N’s in the node end resulting in less alignable space. 
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Appendix D: Supplementary material for Chapter 6 

D.1 Supplementary methods for Chapter 6 

HeLa cell culture: HeLa cell cultures (HeLa ATCC, CCL-2 (laboratory stock); HeLa S3 ATCC, CCL-2.2 
(laboratory stock); Chang liver ATCC, CCL-13; L132 ATCC, CCL-5; KB ATCC, CCL-17; HEp-2 ATCC, 
CCL-23; WISH ATCC, CCL-25; Intestine 407 ATCC, CCL-6; FL ATCC, CCL-62; AV-3 ATCC, CCL-21) 
were maintained in DMEM F-12, HEPES (Gibco) media supplemented with fetal bovine serum (FBS) to 
10% and a 1× final concentration of pen-strep antibiotic (Gibco). 

Shotgun sequencing, alignment and variant calling: All shotgun libraries were constructed using standard 
ligation chemistry methods and sequenced on an Illumina HiSeq 2000. Reads were aligned to the human 

reference genome (hg19, GRCh37) using BWA
76

 followed by duplicate removal, quality score 

recalibration and local indel realignment using GATK
150

. SNVs were called using samtools
151

, indel 

variants were called using GATK
150

 and short tandem repeats (STRs) were called using LobSTR
152

 

(Supplementary Note D.2.1). Indel detection as a function of coverage was investigated further as 

described in Supplementary Note D.2.2. Gene ontology term analysis was carried out using DAVID
153

. 

Data sets used for each analysis are depicted as a flow chart in Supplementary Fig. D.4.48. 

Read depth copy number analysis: Shotgun reads for HeLa and Human Genome Diversity Project 

(HGDP) control genomes
106

 along with a similarly prepared control library with a matched G + C profile 

were aligned using mrsFAST
154

, processed as described previously
27

 to generate read depth-based copy 

number predictions within non-overlapping windows of singly unique nucleotide k-mers (SUNK windows; 
Supplementary Note D.2.3). Copy-number calling in HeLa was carried out at high (approximately 1.5 kbp) 
and low (approximately 77 kbp) resolution using an HMM (Supplementary Note D.2.4), and a recalibration 
process was then used to account for widespread aneuploidy (Supplementary Note D.2.5). Short 
amplifications and deletions were identified using a sliding-window approach (Supplementary Note D.2.6). 
Copy-number calling was also carried out on HeLa S3 at both high and low resolutions, as well as on the 
eight additional HeLa strains at low resolution, and profiles were compared between strains 
(Supplementary Note D.2.7). Regions of LOH were identified using a two-state HMM that used the 
fraction of homozygous SNVs in non-repetitive regions across low-resolution copy-number windows 
described above (Supplementary Note D.2.8). 

Mate-pair library construction, sequencing and analysis: Library construction for 40 kbp mate-pair libraries 
was carried out starting with fosmid clone DNA pooled within each original fosmid preparation, using a 

protocol similar to one described previously
92

 (Supplementary Note D.2.9). Libraries of approximately 3-

kbp inserts were constructed following protocols described previously
155

 (Supplementary Note D.2.9). 

After read trimming and alignment, reads were split into classes based on aligned orientation and insert 
size, and processed using sliding windows to identify regions of probable structural rearrangement 
(Supplementary Note D.2.10). 

Fosmid pool construction, sequencing and haplotype phasing: Three replicate fosmid libraries were 

prepared as described previously
61

, and then partitioned by limited dilution into 96 sub-libraries. This was 

followed by outgrowth, barcoded transposase-based library preparation
59

, sequencing and alignment 

(Supplementary Note D.2.11). Clone boundaries were inferred as described previously
61

, and base calls 

were made at all heterozygous variant positions as ascertained from whole-genome shotgun sequencing. 
Overlapping clones were merged to consensus haplotype blocks using an implementation of the ReFHap 

algorithm
100

 (Supplementary Note D.2.12). Within the majority of the HeLa genome in which haplotypes 

are unequally amplified, adjacent blocks were merged to create scaffolds, using an HMM that finds the 
most likely phase of neighbouring blocks given their shotgun allele frequencies of inherited variants 
(those found within the 1000 Genomes Project, Supplementary Note D.2.12). This produced a final set of 
haplotype scaffolds with an N50 size of 44.8 Mb, which was then used in conjunction with copy-number 
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calls to estimate haplotype-resolved copy number for HeLa (Supplementary Note D.2.13). Haplotype 
scaffolds were analysed for variant population frequencies to investigate the ancestral origin of phased 
blocks (Supplementary Note D.2.14). Finally, overall copy numbers were compared among all HeLa 
strains sequenced in this study (Supplementary Note D.2.15). 

Long-read phase validation: Genomic DNA from HeLa CCL-2 was mechanically sheared using a Covaris 
G-tube column and standard microcentrifuge following the manufacturer’s instructions, and this produced 
a mean fragment size of approximately 10 kbp. Single-molecule real-time sequencing libraries for the 
Pacific Biosciences RS sequencer were prepared using the Pacific Biosciences DNA Template Prep Kit 
(3–10 kbp), and the resulting library was sequenced across eight cells using a 90-min movie. Resulting 
base calls were aligned to the genome with BWASW (using parameters ‘-b5 -q2 -r1 -z1’). Reads that 
overlapped at least two phased SNPs were considered, excluding those within ±10 bp of an insertion or 
deletion in the alignment. 

Identification of putative post-aneuploidy mutations: We searched for candidate somatic post-aneuploidy 
mutations by taking the initial set of SNVs called from the shotgun sequencing data and filtering to 
remove probable germline variants. SNVs that were phased on a duplicated haplotype but that were 
polymorphic between the two duplicated copies were identified. Common polymorphisms and sequencing 
artefacts were removed by filtering against repeat annotations and control genomes (Supplementary Note 
D.2.16). 

HPV-18 insertion characterization: The HPV-18 integration locus was characterized by aligning all fosmid 
libraries to a modified genome that included the HPV-18 reference genome as an additional 
chromosome. Interchromosomal read pairs, fosmid-pool coverage profiles, and copy-number calls were 
used to determine the repeat structure of the chromosome 8q24.21–HPV-18 integration locus. 
Polymerase-chain-reaction primers were then designed to amplify the proposed breakpoints, and then 
sequencing for base-pair resolution was carried out (Supplementary Note D.2.17). 

ENCODE and RNA-seq phasing: Directional, PolyA+ RNA-seq data generated in-house on HeLa S3 
(Supplementary Note D.2.18) were analysed in parallel with publically available ENCODE epigenomics 
and transcriptomics data downloaded from the online data portal for HeLa S3, and RNA-seq data on 

HeLa CCL-2 (ref. 
105

) (Supplementary Note D.2.19). RNA-seq reads were aligned using TopHat
156

 and 

transcript quantification was carried out using Cufflinks
157

. Haplotype phasing was performed by 

genotyping aligned-sequence data for all phased SNVs and assigning haplotype contributions to either 
peaks (epigenomics data sets) or RPKM (RNA-seq data sets), and then carrying out copy-number 
normalization (Supplementary Note D.2.20). Reference bias was investigated in all tracks and removed in 
a subset to identify its impact on outlier calling (Supplementary Note D.2.21). Haplotype-specific peaks 
were then identified in all data tracks (Supplementary Note D.2.22). Finally, a meta-analysis of all data 
tracks was used to identify large regions of haplotype imbalance (Supplementary Note D.2.23). 
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D.2 Supplementary notes for Chapter 6 

D.2.1 Shotgun sequencing and variant calling 

Aim: To construct shotgun sequencing libraries for all HeLa strains for use in variant calling, and copy 

number analysis. 

Input: Cells from HeLa: ATCC, CCL-2 (lab stock); HeLa S3 (lab stock): ATCC, CCL-2.2 (lab stock); 
Chang Liver: ATCC, CCL-13; L132: ATCC, CCL-5; KB: ATCC, CCL-17; HEp-2: ATCC, CCL-23; WISH: 
ATCC, CCL-25; Intestine 407: ATCC, CCL-6; FL: ATCC, CCL-62 and AV-3: ATCC, CCL-21. 

All shotgun libraries were constructed using standard ligation chemistry methods from 1 μg of isolated 
genomic DNA (QIAGen Gentra PureGene kit). HeLa CCL-2 and HeLa S3 libraries were generated in 
duplicate at two different size ranges (2x 150-250 bp, and 2x 250-500 bp). All other HeLa isolate shotgun 
libraries were generated at a single size range (100-250 bp). All libraries were sequenced on an Illumina 
HiSeq 2000 with 13 lanes of paired-end 101 bp (PE101) reads for HeLa CCL-2 (six lanes required 
trimming read 2 to 40 bp due to an instrument solenoid valve failure on cycle 41 of read 2), 2 lanes of 
PE101 plus 2 lanes of PE51 for HeLa S3, and ½ lane of PE51 for all other HeLa isolates. For variant 

calling, reads were aligned to the human reference genome (hg19, GRCh37) using BWA (v0.5.9)
76

 with 

default parameters. Alignments of each library were merged and filtered to remove PCR duplicates 
followed by quality score recalibration and indel realignment using the Genome Analysis ToolKit (GATK 

v1.6)
150

. SNVs were called using Samtools (v0.0.18)
151

 due to its increased sensitivity for variants at low 

allele balances, and indels were called using GATK with a filter requiring a non-reference frequency of 
0.1, coverage of at least 5, and quality score of at least 500. 

D.2.2 Indel calling with respect to coverage 

Aim: To investigate the effects of copy number and sequencing depth on the ability to call indels in order 

to assess how comparable the number of indels in HeLa is to controls. 

Data Sources: Indel calls in HeLa CCL-2 (~88X coverage), HeLa CCL-2 (downsampled to ~35X 

coverage), HeLa S3 (~26X coverage), and HGDP controls
106

; ~30-45X coverage), and bam files used to 

generate them. 

Indel calling in HeLa resulted in markedly higher numbers than that of the HGDP controls (HeLa ≈ 4.2 x 
10

5
, HGDP average ≈ 3.3 x 10

5
). We initially thought this increased number of calls was simply due to 

increased coverage, so we downsampled the HeLa alignment to a comparable fold coverage (with 
respect to GRCh37) as the HGDP individuals (~35X) and re-called indels. This resulted in a markedly 
lower number of final calls (n ≈ 2.1 x10

5
), which was surprising until the aneuploidy of HeLa was taken 

into consideration. To investigate this further, we tallied indel and read depth in windows across the 
genome and plotted called indel counts with respect to sequencing depth, revealing comparable trends 
for HeLa and controls (Supplementary Fig. D.4.1). 

D.2.3 “SUNK” read depth determination 

Aim: To establish coverage scores for windows in the genome of uniquely mappable positions termed 

“SUNK” windows (uingly unique nucleotide k-mer) as in Sudmant et. al. (2010)
27

. 

Data Sources: Sequence reads in fastq format (Samples and controls) 

Reads were aligned using the mrsFAST
154

 read aligner which reports all possible alignments to a repeat-

masked reference genome. Alignments were then processed by retaining unique alignments to non-
overlapping windows each containing 50 uniquely mappable positions, or SUNK windows (singly unique 

nucleotide k-mers) as previously described in Sudmant et. al. (2010) 
27

. These unique read counts per 

SUNK window were then used for read depth copy number analysis. (high-resolution; ~1.5 kbp; 50 
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uniquely mappable positions) as well as for merged windows of 50 SUNK windows (low-resolution; ~77 
kbp; 2,500 uniquely mappable positions). 

D.2.4 Copy number state HMM 

Aim: To establish large-scale copy number states. Absolute copy number identification as well as 

identification of outlying copy number regions to be determined in later steps. 

Data sources: SUNK read depth (Samples and controls) 

SUNK window scores for HeLa CCL-2, HeLa S3, the 11 HGDP controls
106

 and a GC-matched control 

library were first normalized to a control constant to account for total read count differences. Scores for all 
samples were compared to one another to first identify windows of no coverage that may be population-
specific deletions. These windows in HeLa were set aside from HMM copy number calling. Window ratio 
scores for HeLa strains over the GC-matched diploid normal control were then generated and served as 
the input observations to a basic HMM. These ratios were plotted as a histogram to identify approximate 
copy number ratio scores and increments between copy number states (Supplementary Fig. D.4.5). 
Initiating ratios for copy number states were as follows: State ID = Ratio; 1 = 0.33, 2 = 0.66, 3 = 1.00, 4 = 
1.33, 5 = 1.66, 6 = 2.00, 7 = 2.33, 8 = 2.66, 9 = 3.00, 10 = 3.33. These scores fit the histogram and also fit 
a triploid numerator, as might be expected given that the majority of the HeLa genome is at copy number 

three based on previous karyotypes in Macville et. al. (1999))
104

. A maximum copy number of 10 was 

used, as nearly all of the HeLa genome falls below that copy number with the exception of small outliers 
that are determined via later steps. Emission scores for the HMM were determined by calculating the 
Gaussian probability for each of the state means using an initiating standard deviation of 0.1 for HeLa 
CCL-2 and 0.25 for HeLa S3: 
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where x = the ratio score for the window, μ = the mean ratio of each state, and σ = the standard deviation. 
Transition probabilities were initiated to 0.99999 within-state and 0.000001/N out of state (where N = the 
total number of other possible states). The low out-of-state transition probability was set so as to prevent 
overfitting of regions of fluctuating GC content. Additionally, each chromosome arm was segmented 
individually. One Viterbi iteration was deemed enough for convergence (as the initiating assumption of a 
triploid baseline, which was used in initializing the means, is extremely close to the aggregate ploidy of 
HeLa). 

D.2.5 Copy number recalibration and integer assignment 

Aim: To take into account aneuploidy to recalibrate copy number ration and assign absolute copy number 

states. 

Data sources: SUNK ratio scores segmented into states using an HMM. 

To account for the effects of different sequencing depths, SUNK window scores were normalized to an 
equal value for each sample. This results in the assumption that the case and control samples have 
equivalent masses of DNA in each cell, which is not true in the case of widespread aneuploidy such as in 
HeLa in comparison to control genomes from healthy individuals. To account for this, a recalibration 
process was implemented that exhaustively assigns integer copy numbers to the states previously 
segmented by the HMM, without any preconceived assumptions about the relation between SUNK score 
and absolute copy number. These integers are then summed and divided by 2N (where N is the total 
number of windows) to represent a diploid denominator resulting in a “Genetic Material Ratio” or GMR. 
The GMR is then applied as a recalibration constant to the SUNK windows and new state means are 
determined followed by comparison to the theoretical ratio scores expected under each copy number 
assignment hypothesis over a diploid control. The best-fitting hypothesis is then used and the states are 
assigned their respective absolute copy number values. This process is visually represented in 
Supplementary Fig. D.4.6. 
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D.2.6 Copy number outlier determination 

Aim: To identify outlier sets of windows that are not called during the HMM process due to the HMM’s 

stringent initial transition probabilities. 

Data sources: Recalibrated SUNK ratio scores with copy number calls. 

The HMM used to segment copy number states is designed to prevent overfitting that might occur due to 
local GC-content biases. As such, short regions of altered copy number are not segmented out and must 
be determined post-HMM. The outlier calling process utilized a sliding window approach that required 3 of 
5 SUNK window ratio scores to be a minimum of 3 standard deviations away from the state mean in the 
same direction. Window ratio scores in opposite directions within a set of 5 count against one another to 
mitigate effects of noise. Consecutive outlier windows were then merged, and a mean score for the 
outlying span was determined and assigned to an integer copy number based on theoretical ratio scores 
determined in the previous recalibration process (to a maximum copy number of 100). After outliers were 
called, standard deviations of each span were determined and if the standard deviation was > 0.5μ (μ = 
span mean), the window was split at various positions in which each new segment contained at least 5 
SUNK windows. The split windows then had their mean and standard deviations calculated and were 
reassigned to a copy number. If the split provided a more optimum fit to copy number states over that of 
the original combined window then the split was retained. The splitting process was iterated until no splits 
were retained. 

D.2.7 Copy number comparison of 8 additional HeLa strains 

Aim: To characterize the copy number profile of 8 additional HeLa strains and compare them to CCL-2 

and S3. 

Data Sources: Fastq files for shotgun sequencing libraries of 8 additional strains (Chang Liver: ATCC, 
CCL-13; L132: ATCC, CCL-5; KB: ATCC, CCL-17; HEp-2: ATCC, CCL-23; WISH: ATCC, CCL-25; 
Intestine 407: ATCC, CCL-6; FL: ATCC, CCL-62; AV-3: ATCC, CCL-21). 

Reads were aligned and processed in two methods: 1) alignment followed by copy number calling as in 

Supplementary Notes D.2.4 and D.2.5, or D.2.2) alignment with BWA (v0.5.9)
76

, followed by genotyping 

against all variants in HeLa CCL-2. For copy number profiling, integer copy number calls were for all 8 
strains (Supplementary Fig. D.4.25). The raw SUNK window scores (for low-resolution, 50 merged SUNK 
windows, ~77 kbp) were also compared in an all by all basis (Supplementary Fig. D.4.26). These 
comparisons revealed that while all strains have HeLa copy number characteristics, they all have their 
own unique copy number profiles. Due to the differences in library preparation, particularly size selection 
(which we have found to have significant effects on coverage profiles - unpublished data), between HeLa 
CCL-2 (Agarose size selection, 2 size ranges, 2 replicates each), HeLa S3 (PAGE size selection, 2 size 
ranges, 2 replicates each), and the additional 8 strains (PAGE size selection, 1 size range, 1 replicate), 
the direct comparisons between HeLa CCL-2 or HeLa S3 are notably noisier than between the additional 
8 strains. In order to determine potential lineage information, large-scale windows were utilized (600 
target SUNK windows, mean = 955,176 bp) and clustered using “pvclust” in R (Supplementary Fig. 
D.4.27). This method utilized bootstrapping (we performed 1000 iterations) to assign confidence to the 
clustering dendrogram. 

All 8 additional strains as well as S3 (DNA-seq and RNA-Seq) were also aligned using BWA (v0.5.9) 
76

 

and genotyped at HeLa CCL-2 sites. Positions with a coverage of at least 8X in both CCL-2 and the other 
strain being compared and were not within SegDups were analyzed for the presence of the CCL-2 variant 
(Supplementary Table D.3.15). The majority of strains and S3 RNA-Seq had 90-97% of interrogated 
positions showing evidence of the CCL-2 variant with the exception being protein-altering variants shared 
between CCL-2 and S3. To investigate this discrepancy, variants were split into bins of alternate allele 
coverage in CCL-2 and plotted for fraction of concordance. (Supplementary Fig. D.4.23). In general a 
lower fraction of HeLa CCL-2 sites have the alternate allele in HeLa S3 for bins of lower HeLa CCL-2 
alternate allele coverage. This trend is consistent between all private variants and private protein-altering 
variants with both approaching 1.0 for alternate allele coverage in HeLa CCL-2 > 70X. Vertical bars 
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represent a 95% binomial confidence interval. The decrease in concordance for protein-altering variants 
is likely caused by statistical noise or sequencing artifacts; however the possibility of a true excess of 
strain specific protein-altering variants cannot be conclusively ruled out. 

D.2.8 Loss-Of-Heterozygosity (LOH) region calling 

Aim: To determine regions in the HeLa genome that have undergone loss of heterozygosity. 

Data sources: SUNK window intervals; HeLa (CCL-2) shotgun SNV calls. 

Loss of heterozygosity (LOH) was called using the local density of heterozygous markers by designing a 
hidden Markov model (HMM) with two states: presence and absence of LOH. At each interval used for 
copy number estimation (SUNK windows), the model emitted counts of homozygous and heterozygous 
variants called within that interval.  To avoid falsely rejecting LOH due to the presence of spurious 
variants or somatic mutations, this analysis was restricted to SNVs from the shotgun data with VCF 
quality scores of at least 50 that overlapped with variants from the 1000 Genomes Project. Indels were 
excluded because their allele frequencies tended to be affected by reference mapping bias. 

In each window, the quantity of homozygous and heterozygous SNVs was tallied, and the likelihood of 
observing this number of homozygous and heterozygous SNVs, given LOH or no LOH, was calculated 
(Supplementary Fig. D.4.7). Each SNV was marked as being in or not in a repeat; SNVs were considered 
to be in repeat regions if they fell in any of the following UCSC Genome Browser tracks: “segdups.bed”, 
“repeat_masked.bed”, “interrupted_repeats.bed”, “simple_repeats.bed”, “microsat_repeats.bed”, and 
regions with wgEncodeCrgMapabilityAlign100mer ≤ 0.05.  It was assumed that SNVs in repeat regions 
would have a higher observed rate of heterozygosity due to mismapped reads.  Specifically, in regions 
with LOH, the heterozygosity rate was assumed to be 0.5% of variants not in repeats and 10% of variants 
in repeats; while in regions without LOH, the heterozygosity rate was assumed to be 50% of variants not 
in repeats and 70% of variants in repeat.  These round numbers were estimated from surveys of regions 
on chromosome 2 with clear signatures of LOH/non-LOH.  The likelihood of each window’s set of 
observations (the number of homozygous/heterozygous variants in/not in repeats) was calculated as the 
binomial probability of those observations assuming the region was in LOH or not: 
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To guard against the risk of specious results in individual windows arising from phenomena such as 
mapping artifacts and sudden small-scale changes in copy number, the minimum possible value of P, for 
any SUNK window and LOH state, was set at 10

-6
. The HMM was initialized with transition probabilities of 

10
-8

 between the two states and equal initiation probabilities of the two states. 

The HMM was run through a single iteration of Viterbi training, which was observed to be sufficient for 
convergence.  The Viterbi training yielded a best path through the model, which indicated a prediction of 
the LOH state of each interval.  Adjacent windows with LOH were merged, and the state of the most distal 
window on each chromosome arm was assumed to extend to the telomere.  The resulting LOH calls are 
shown in Supplementary Table D.3.9. 

D.2.9 Mate-pair library construction 

Aim: To construct mate-pair sequencing libraries of 3 kbp and 40 kbp. 

Input: Genomic DNA (3 kbp libraries), Pooled fosmid libraries (40 kbp) 

Library construction for 40-kilobase mate pair libraries was carried out similar to previously described 

methods in Gnerre et. al. (2011)
92

 starting with fosmid clone DNA pooled within each original fosmid 

preparation. Nicks introduced during clone DNA isolation were first repaired by incubating 10 μg pooled 
fosmid clone DNA with 10 units E. coli DNA Ligase I (NEB) in E. Coli DNA Ligase Reaction Buffer at 16ºC 
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for 60 min in a 50 μL reaction volume followed by denaturation at 65ºC for 20 min and AMPure SPRI-
bead cleanup (Agencourt). Introduction of nicks flanking the cloning site was performed by incubation at 
37ºC for 60 min with 25 units nicking restriction endonuclease Nb.BbvCI (NEB) in NEBuffer 2 and a 50 μL 
reaction volume and then denaturation at 80ºC for 20 min followed by placing reactions on ice. Nicks 
were translated into the insert by addition of 10 units E. coli DNA Polymerase I (NEB) directly to the 
previous reaction followed by incubation for 45 min on ice and immediate denaturation at 80ºC for 20 min 
then SPRI cleanup. Translated nicks were converted to double-stranded breaks by addition of T7 
Exonuclease (NEB) in NEBuffer 4 and a 50 μL volume then incubation at 25ºC for 2 hours, followed by 
SPRI cleanup and subsequent incubation with 0.2 μL S1 Nuclease (Fermentas) in S1 Nuclease Buffer at 
25ºC for 30 mins in a 30 μL reaction volume followed by addition of 2 μL 0.5M EDTA and heating to 80ºC 
for 20 min. Fragments were end-repaired (NEB End-Repair Module) and 100 ng was then treated with 5 
μL T4 DNA Ligase in a 500 μL reaction volume overnight at 25ºC to promote intramolecular 
circularization. The circularized mate-pair fragments were amplified and converted to Illumina sequencing 
libraries by PCR with primers complementary to the vector backbone, followed by gel size selection. 
Libraries were pooled for sequencing with paired 100 bp reads on an Illumina HiSeq2000. Libraries of ~3 

kilobase inserts were constructed following protocols described in Talkowski et. al. (2011)
155

. 

Reads were trimmed to 50 bp for the 40 kbp libraries (to reduce the amount of reads which extend 
through the nick translation portion, through the ligation junction, and into the opposite segment) and to 
25 bp for the 3 kbp libraries (as the restriction enzyme utilized in the protocol cuts 25 bp away from the 
center ligation segment, thus only allowing 25 bp of genomic DNA), and then aligned to the human 

reference genome (hg19, GRCh37) using BWA (v0.5.9)
76

, filtered for phred-scale mapping quality >= 10 , 

and filtered to remove PCR duplicates. For 40 kbp libraries, a subset of read pairs with very short insert 
sizes (possibly resulting from translation of one but not both nicks) were suppressed, as were clusters of 
read pairs with nearly equal outer mapping coordinates. Insert size distributions can be found in 
Supplementary Fig. D.4.8. 

D.2.10 Identification of structural rearrangements 

Aim: Identification of deletions, inversions, and translocations from mate-pair data. 

Data Sources: Aligned sequence reads from 3 kbp and 40 kbp mate-pair libraries. 

Each alignment file was processed to sort potential rearrangement-spanning read pairs into one of five  
classifications: 1) concordant (expected read pair orientation, insert size: 3 kbp: 1,200 bp <= X < 5,000 
bp; 40 kbp: 20,000 bp <= X < 60,000 bp), 2) short-pair (expected read pair orientation, insert size: 3 kbp: 
X <= 1,000 bp; 40 kbp: X <= 1,500 bp), 3) deletion (expected read pair orientation, insert size: 3 kbp: X 
>= 5,000 bp; 40 kbp: X >= 80,000 bp), 4) inversions (same chromosome, opposite read pair orientations, 
any insert size), and 5) translocations (different chromosome, any orientation). 

Deletion, inversion, and translocation classifications for each library type were then subjected to a sliding 
window approach of 1 kbp windows by 500 bp and the numbers of reads with start coordinates within 
each window were tallied. Windows with read counts in the top 5% had the respective read pairs 
investigated as to whether or not they fell into other top 5% ranking windows and the fraction of reads in 
the window falling into each of the other top 5% windows. For deletions and inversions a cutoff was set to 
make a call where at least 80% of the read pairs within the window link to the same alternate window, 
whereas translocations were set to require a 50% cutoff. Resulting calls were then merged to account for 
the overlapping nature of the sliding window approach followed by trimming the edges of the windows 
down to the first read pair identified that spans the link. Example calls can be found in Supplementary 
Figs. D.4.9-11. 

D.2.11 Fosmid construction and sequencing 

Aim: To construct and align fosmid dilution pools for purposes of haplotype phasing. 

Input: HeLa (CCL-2) genomic DNA. 
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Three replicate fosmid libraries were prepared using the Epicentre CopyControl Fosmid Library 

Production Kit as previously described in Kitzman et. al. (2011)
61

 except for the use of a vector (GenBank 

Accession: EU140751.1) that was modified to contain Nb.BbvCI restriction enzyme sites at the ends of 
the vector to allow nicking to facilitate fosmid jumping library construction. Each fosmid library was then 
partitioned by limiting dilution into 96 sub-libraries which were then outgrown and converted into barcoded 

DNA-seq libraries by transposase-mediated tagging and fragmentation
59

 and pooled for sequencing on a 

single lane of PE101 on a HiSeq 2000 for each fosmid set. Reads were aligned using BWA (v0.5.9)
76

 with 

default parameters and filtering for a mapping quality phred score of 10. 

D.2.12 Haplotype phasing  

Aim: To phase germline variants ascertained by shotgun sequencing onto haplotypes using fosmid clone 

pool sequencing and allele ratios. 

Data sources: HeLa (CCL-2) whole-genome shotgun variants (SNV and indel calls); HeLa (CCL-2) fosmid 

clone dilution pool shotgun reads.  

Deep whole-genome shotgun sequencing was used for discovery of SNVs and indels. Sub-genomic 
pools of long insert clones were sequenced in order to determine the haplotype phase for inherited 
(germline) variants. Because each pool sampled only a small fraction of the genome (median = 1697 
clones/pool, or ~2.0% of the haploid genome, given a median insert size of 33 kbp), overlaps between 
clones within a given pool were expected to be rare, and the reads corresponding to a given clone could 
be assumed to derive entirely from one germline haplotype or another. 

Clone inserts were mapped by a sliding window read depth approach, essentially as previously described 

in Kitzman et. al. (2011)
61

.  For each pool, reads with mapping quality ≥ 20 were counted within 1 kbp 

non-overlapping windows across the genome.  Windows with low “mappability”, defined as those having 
fewer than 300 SUNKs (30mers unique within the genome), were excluded. A candidate clone location 
was recorded where, within a run of 20 to 45 consecutive mappable windows, at least 60% of the 
windows had read depth above the background level (defined as the 95

th
 percentile of windowed read 

depths for the equivalent number of read mapping positions drawn at random from the genome). To map 
the boundaries of each clone insert, overlapping candidates were grouped, and the candidate was 
selected that maximized the score: 
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Regions with predicted LOH are haplotype-resolved with respect to germline variants by virtue of their 
hemizygosity, and were excluded from further analysis. Clones within non-LOH regions were intersected 
with heterozygous single-base and indel variants from the whole-genome shotgun data, limiting to likely 
germline variants (those found among individuals in the 1000 Genomes Project). Within each pool, 
variants at which clone-derived reads had discordant genotypes (indicative of overlapping clones or 
sequencing errors) were excluded, as were variants called in only a single read on the clone. 

To merge individual clones into longer haplotype blocks, we used a custom implementation of the 

ReFHap algorithm
100

, which determines consensus haplotypes from the genotypes of overlapping haploid 

fragments (clones). Briefly, this algorithm creates a graph in which the nodes represent individual clones 
and the edges connecting them represent overlaps between the clones. Two clones ca, cb are considered 
to overlap if there are one or more variants covered by both clones. The edge representing this overlap is 
assigned a weight as follows: 
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An estimated minimum cut is then calculated for the graph using iterations of the “GreedyInit” and 

“GreedyImprovement” steps, as in Duitama et. al. (2012)
100

. The minimum cut determines the set of 

edges with the lowest possible total weight that can be removed in order to divide the graph into two 
disjoint subgraphs. The subgraphs represent the two germline haplotypes, and each clone was assigned 
to a haplotype based upon which subgraph it was in, although determination of the major (“A”) and minor 
(“B”) haplotypes was not made until the scaffolding process, described below. Within each haplotype-
representing subgraph, the clone phases were converted to variant phases.  For each variant – including  

variants not present in 1000 Genomes – the set of all calls made by all clones at the variant 
wasconsidered, taking the clones’ phases into account.  If a majority of calls supported one phase over 
the other, that phase was taken as the correct phase of the variant; if there was an exact tie, the variant 
was not phased.  For the vast majority of variants, the calls unanimously implied the same phase 
(Supplementary Table D.3.12). 

Next, haplotype blocks were further combined into longer “haplotype scaffolds” in regions of uneven copy 
number (i.e., where one germline haplotype was present at greater copy than the other Supplementary 
Fig. D.4.13). The principle is that, if a large genomic region has a consistent copy number such as 2:1 
(i.e., haplotype A is duplicated and haplotype B is not) then the variants from each haplotype should have 
distinct allele frequencies among the whole-genome shotgun reads – in this example, alleles on 
haplotype A should have shotgun read frequencies centered on 2/3 and alleles on haplotype B should 
have frequencies centered on 1/3. By convention, A and B are the haplotypes with more and fewer 
copies, respectively.  

An HMM was used to combine all haplotype blocks within each contiguous interval of consistent, uneven 
copy number. The model contained three states: (1) haplotype A, (2) haplotype B, and (3) gaps between 
haplotype blocks. Each observation was a single variant that had been phased into haplotype blocks; 
each gap between adjacent haplotype blocks was also considered an observation. The transition 
probability between states A and B was initialized to 10

-8
, and transitions from the gap state into states A 

and B were equally likely (reflecting the lack of a priori knowledge of the relative phase of the haplotype 
blocks). At each variant, the HMM emitted the observed counts of whole-genome shotgun reads matching 
the alleles phased on each haplotype. The emission probability for each variant was then calculated as 
the likelihood of these read counts under a binomial distribution, parameterized by the total number of 
shotgun reads at each site and the predicted copy number of each haplotype: 
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The HMM was run through a single iteration of Viterbi training which was observed to be sufficient for 
convergence. The Viterbi training yielded a best path through the model, which indicated a prediction of 
the relative phase of all variants. 

In addition to connecting adjacent haplotype blocks into longer scaffolds, these results assigned the “A” 
and “B” labels, indicating which haplotype was of higher copy. In addition, this model introduced switches 
within blocks between 0.19% of adjacent phased sites. These switches reflect likely errors on the part of 
fosmid-based phasing which were corrected by the signal of allelic imbalance among whole-genome 
shotgun reads. 

D.2.13 Calling Haplotype-Resolved Copy Numbers (HRCNs) 

Aim: To create a genome-wide profile of HRCN – that is, the distinct copy numbers of each haplotype. 

Data sources: HeLa (CCL-2) genome-wide copy-number and LOH calls; HeLa (CCL-2) haplotype 

scaffolds of phased variants. 

HRCNs were called at all haplotype scaffolds, including unscaffolded blocks.  First, the haplotype 
blocks/scaffolds were split at sites where the total copy number is predicted to change, and for each 
resulting interval, the most likely HRCN was determined according to the following process: 
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Haplotype-resolved copy numbers (HRCNs) are written here as [total copies]:[copies haplotype A]:[copies 
haplotype B].  For instance, regions at normal autosomal copy without LOH would be 2:1:1. Intervals 
coinciding with LOH regions were assigned an HRCN of CNtotal:CNtotal:0. Blocks/scaffolds in triploid 
regions without LOH are labeled as 3:2:1. Blocks/scaffolds in non-LOH regions of copy number 4 or more 
required special attention because more than one HRCN was possible; for instance, 4:3:1 and 4:2:2. For 
these cases, the alternate allele frequencies (AAFs) of all SNVs in the block/scaffold were tallied up, and 
each SNV’s AAF was rounded to the nearest 1/CNtotal. For N in the range 1…(CNtotal-1), each AAF 
rounded to N/CNtotal was counted as evidence in favor of an CNtotal:N:CNtotal-N split (or CNtotal:CNtotal-N:N, 
if N < CNtotal/2) split. A value of N was called as the “correct” value if at least 10 SNVs, totaling at least 2/3 
of the total number of SNVs, support it; otherwise, the evidence was considered inconclusive and no 
HRCN call was made. The total set of HRCN calls is shown in Supplementary Table D.3.8. To interrogate 
potential selection on private protein-altering variants in HeLa CCL-2 we investigated the number of 
protein-altering variants that occur on the haplotype at a greater copy number than the wildtype. This 
resulted in 50.77% of private protein-altering SNVs and 43.64% of private protein-altering indels occurring 
on the amplified haplotype suggesting, at least globally, that there is no such correlation. 

The breakpoints of HRCN spans were plotted as positions on chromosome ideograms to provide 
positional information that was used to generate blocks of contiguous haplotype of appropriate phase and 
copy number. This was then used along with marker chromosome descriptions from Macville et. al. 

(1999)
104

 as well as mate-pair structural calls to identify marker chromosomes and large-scale 

rearrangements likely present within the HeLa CCL-2 strain resulting in Figure 6.1a. 

D.2.14 Ancestry-based analysis of HeLa haplotype phasing 

Aim: To analyze our scaffolds of phased variants by comparing them to expectations arising from the 

assumption of mixed European and West African ancestry in the HeLa genome. 

Data sources: HeLa (CCL-2) haplotype scaffolds of phased variants; 1000 Genomes Project (CEU & YRI) 

variants with population frequencies. 

The set of 60 CEU individuals and 59 YRI individuals from the 1000 Genomes Project was used as a 
reference panel.  Each haplotype scaffold was partitioned into fixed windows of 1000 SNVs present in the 
reference panel, resulting in 1,161 windows across the genome.  For both haplotypes on each window, a 

score     
  (net similarity of a haplotype to CEU) score was calculated, as the relative log-likelihood of the 

variants on that haplotype occurring in a CEU individual compared to a YRI individual: 
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where     (  ) is the frequency of variant    in population    .  For variants appearing in one of the 
CEU, YRI populations but not the other, the frequency of the variant in the other population was set to a 
pseudocount value of 1/120 (i.e., the equivalent of one occurrence in one haplotype among that 

population’s reference panel.) 

The values of     
  across all haplotypes in all windows form a clearly bimodal Gaussian distribution 

(Supplementary Fig. D.4.18a). There is also a consistent negative correlation between     
  and the 

number of non-1000 Genomes Project variants present on a haplotype, consistent with a commonly 
observed enrichment of previously unknown variants on African haplotypes (Supplementary Fig. 
D.4.18b). The haplotype blocks were called as either “CEU-like” or “YRI-like” based on thresholds of 

    
       and     

       , respectively.  These calls allowed both haplotypes of the entire HeLa 
genome, outside of LOH regions, to be “painted” as either CEU-like or YRI-like (Supplementary Fig. 
D.4.19). 
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D.2.15 Haplotype analysis of 8 additional HeLa strains 

Aim: To explore the haplotype patterns of the 8 HeLa strains sequenced to low coverage by comparing 

their haplotypes with that of HeLa CCL-2. 

Data sources: HeLa (CCL-2) haplotype scaffolds of phased variants; HeLa (CCL-5,6,13,17,21,23,25,62) 

shotgun SNV calls with low read coverage. 

The read coverage on the 8 HeLa strains is too low for ab initio LOH analysis, but it can be compared 
with the result of the variant phasing on HeLa strain CCL-2. The following analysis was performed on all 8 
of the HeLa strains but is illustrated for CCL-13 only in Supplementary Figs. D.4.28 and D.4.29. 

The genome was divided into large SUNK windows of ~800 kbp each. In each window, the set of all 
variants phased in CCL-2 was inspected, and the coverage of these variant positions in reads from CCL-
13 was tabulated. Each CCL-13 read covering one of these variant positions was phased as “A” or “B” 
according to the CCL-2 haplotype containing the allele seen in the CCL-13 read; then a total fraction of “A 
coverage” / “B coverage”, or “A/B ratio”, was calculated for the window. 

Supplementary Fig. D.4.28 shows the A/B ratios for the entire genome (excluding windows in which HeLa 
CCL-2 is in LOH and thus contains no phased variants.) The A/B ratio is expected to be close to the allele 
balance of the CCL-2 haplotypes in CCL-13.Hence, in regions where the A/B ratio is close to 1 or 0, one 
of the CCL-2 haplotypes is likely absent in CCL-13. This can be seen in chr4q, chr9p, and chr18p.  Also 
note regions in which the A/B ratio fluctuates rapidly between high and low numbers, such as chr4. These 
are areas in which CCL-2 has a balanced copy number, thus the haplotype blocks could not be combined 
into large-scale scaffolds, and the concept of haplotypes “A” and “B” is not expected to be consistent 
across the chromosome. Supplementary Fig. D.4.29 shows the A/B ratio and the copy number profile 
across chromosome 9 of HeLa CCL-13. CCL-13 has a similar copy number profile on chromosome 9 as 
CCL-2 (Figure 6.1b), except that the p arm is diploid rather than triploid. Notably, the A/B ratio is very 
close to 1 on all of chromosome 9p, implying that CCL-2 haplotype B is not present in CCL-13. These two 
lines of evidence strongly suggest that CCL-13 has lost its sole copy of the B haplotype of chromosome 
9q, changing from a triploid 3:2:1 state to a diploid 2:2:0 state with LOH. 

D.2.16 Identification of putative post-aneuploidy mutations 

Aim: To identify somatic mutations in HeLa that are very likely to have arisen after duplications in their 
region. 

Data sources: HeLa (CCL-2) genome-wide LOH and haplotype-resolved copy number (HRCN) profiles; 
HeLa (CCL-2) haplotype scaffolds of phased variants. 

We searched for candidate somatic mutations, starting from the set of all biallelic single-nucleotide 
variants ascertained by whole-genome shotgun sequencing (n=3,994,385), followed by removal of 
homozygous sites (41.4% of sites with zero high-quality reads matching the reference allele). Of the 
remaining sites (n=2,339,608), those present among the 1000 Genomes Project (86.7%) were taken as 
likely to be inherited rather than somatic variants, and were discarded. The remaining sites (n=311,847) 
included true somatic mutations, rare or private inherited variants not observed within the 1000 Genomes 
Project dataset, and spurious calls corresponding to sequencing or mapping errors.  To stringently 
exclude false positive mutations at sites of systematic error (e.g. artifacts occurring near repeat tracts or 
due to unannotated paralogs), we removed sites at which any one of the 11 control genomes’ alignments 
contained the mutant allele (at a frequency of at least 10%), or where at least one of the control genomes 
had missing coverage (fewer than 10 reads). Additionally, we removed sites within annotated segmental 
duplications. After application of these filters, 66,829 sites remained.  

We then selected sites that were polymorphic between duplicated copies of the same germline haplotype 
and are therefore de facto somatic mutations occurring after the haplotypes’ duplication (Supplementary 
Fig. D.4.20). To find such sites, we searched dilution pools for clones derived from the same germline 
haplotype but with differing genotypes at the candidate site. Clones derived from the opposite germline 
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haplotype were required to match the reference allele (except for in LOH regions, where only one 
germline haplotype remains). We excluded sites at which haplotype-resolved copy number was 
ambiguous (either uncalled, or where calls based upon low- and high-resolution windows were 
discordant), as well as sites lacking coverage from any phased clones. In sum, this confirmed 8,165 
somatic mutations (Supplementary Table D.3.14), throughout the genome (Supplementary Fig. D.4.22) 

Requiring observation of both the mutant and wild-type alleles on distinct clones from the same germline 
haplotype is a stringent filter, but it rejects true mutations in cases where not enough clones are sampled 
to observe both the mutant and wild-type alleles on the same germline haplotype. To estimate the 
proportion of true somatic mutation sites lost by undersampling, we considered the expected number of 
cases in which our method would fail to sample enough clones to observe both alleles among sites 
containing true variants (sites shared between the HeLa genome and the 1000 Genomes Project). We 
started with 1,203,938 phased, heterozygous sites present within HRCN=3:2:1 regions. At the 21.5% of 
sites covered by zero or one clones from the duplicated haplotype, it would have been impossible to 
observe both alleles in separate clones. For sites with at least two clones from the duplicated haplotype, 
we computed the expected number of sites for which both wild-type and mutant clones would have been 
observed under the assumption that each are sampled with equal likelihood: 

   [                                                      ] 

The expected number of sites with j clones derived from duplicated haplotype, where at least one wild-

type and one mutant clone are observed is: 

     (        ) 

The overall expected sensitivity is: 

∑   
 
   

∑   
 
   

 

By this measure, the expected sensitivity for validation of somatic sites discovered by shotgun 
sequencing is 0.611. Extrapolating from HRCN=3:2:1 regions provides a conservative (low) estimate for 
sensitivity, because clone sampling depth is greater within more heavily duplicated regions (that is, those 
for which the duplicated haplotype is present at more than two copies), increasing the likelihood of 
sampling enough clones to observing both alleles. Therefore, the expected true number of somatic 

mutations is no more than [      (     )]  = 13,364.  

For a large majority of the clone-confirmed somatic mutations, the shotgun allele frequencies 
(Supplementary Fig. D.4.21) are consistent with the idea that the mutations occurred after all duplications 
have taken place and the cell line has reached stable copy, although these allele frequencies were not 
used as a criterion for selecting the mutations (other than to exclude invariant sites - those with allele 
frequency equal to zero or one).  Among regions with HRCN=3:2:1, 3,919 sites (94.9%) and among 3:3:0 
regions, 1,334 sites (92.8%) had shotgun allele frequencies less than 50%, over which range presence 
on only one copy of duplicated haplotype A is more likely than presence among both. Among HRCN 
4:2:2, 4:3:1, and 4:4:0 regions, the respective counts and proportions of sites consistent with mutation 
strictly after duplication, and therefore presence on only one copy (that is, sites with allele frequency <= 
37.5%), were 231 (80.5%), 153 (70.8%), and 809 (90.8%).  The 3% of the genome with higher copy 
number is omitted from this analysis, because of the potential for bias against the variants at low shotgun 
allele frequencies. 

D.2.17 HPV-18 integration site assembly 

Aim: To assemble the complex repetitive structure of the HPV-18 integration site on chromosome 

8q24.21. 

Data sources: Fosmid clone dilution pool reads; Final copy number calls; Raw shotgun reads and read 

depth; PCR assays. 
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In order to first identify potential locations of HPV-18 integration in the genome, the whole-genome 
shotgun and fosmid clone dilution pool reads were aligned to a modified reference that contained the 
HPV-18 genome sequence as well as the sequence of the fosmid vector backbone (for clone end 
determination). Clone pools were then sorted based on coverage with respect to the HPV-18 genome and 
read pairs flagged as interchromosomal between HPV-18 and a human chromosome were used to 
determine the site of integration in the human reference sequence. This region was constrained 
exclusively to chromosome 8q24.21 and therefore all pools with coverage spanning chromosome 
8q24.21 were also pulled for further analysis. Potential breakpoints were then determined using the 
breakpoint-spanning read pairs in the fosmid pools as well as the shotgun read pairs. These breakpoints 
were then confirmed by breakpoint PCR of all possible primer pair combinations for each breakpoint, 
followed by the construction of shotgun libraries of the amplicons using transposase-based library 

preparation
59

 and then sequencing on a MiSeq (Supplementary Fig. D.4.31). Coverage profiles were then 

generated for clone pools with coverage of HPV-18 and/or chromosome 8q24.21 (Supplementary Fig. 
D.4.30). These coverage profiles of a fixed expected length were then used in conjunction with shotgun 
read depth as well as copy number calls to determine the exact repetitive structure of the integration 
locus (Figure 6.2). 

D.2.18 Directional PolyA
+
 RNA-Seq library construction 

Aim: To generate high-depth in-house directional, PolyA RNA-Seq libraries in order to better assess 

effects of copy number and transcription. 

Input: HeLa S3 cell culture. 

HeLa S3 was chosen over HeLa CCL-2 due to the clonality of the strain. However, copy number 
heterogeneity has been observed in HeLa S3, it is notably less than that of HeLa CCL-2. Total RNA was 
isolated using the RNeasy mini kit (QIAGEN) followed by quiantification using a NanoDrop 8000 
spectrometer. 1 μg of total RNA was then used for mRNA isolation using the NEBNext Poly(A) mRNA 
Magentic Isolation Module (NEB) followed by directional RNA-Seq library preparation using the NEBNext 
Ultra Directional RNA Library Prep Kit for Illumina (NEB). All kit protocols were carried out according to 
manufacturer instructions. The library was then sequenced on one lane of HiSeq 2000 using paired-end 
51 bp reads. 

D.2.19 RNA-Seq in-depth computational analysis 

Aim: To provide additional RNA-Seq depth of the HeLa S3 strain. 

Data Sources: HeLa S3 RNA-Seq fastq files (from Nagaraj et. al. (2011)
105

, ENCODE CSHL Long PolyA 

Cell, and in-house directional RNA-Seq). 

Reads were aligned to GRCh37 as well as haplotype-specific HeLa reference for haplotype A and 

haplotype B (Supplementary Note D.2.21) with TopHat (v2.0.6)
156

 using the RefGene “gtf” file 

downloaded from the UCSC genome browser. The GRCh37 alignment was then used for transcript 

quantification using Cufflinks (v2.0.2)
157

. For the in-house RNA-Seq, quantification was also performed on 

each haplotype alignment resulting in minimal differences (Supplementary Note D.2.21, Supplementary 
Fig. D.4.37). Transcripts with RPKM scores greater than or equal to 1 were used for further comparisons 
to mitigate noise associated with inactive transcripts. Correlations were performed using the “cor.test” 
function in R for both Pearson and Spearman tests. Additionally, a correlation between in-house RNA-
Seq and ENCODE (CSHL, Cell, Long, PolyA) RNA-Seq was also performed (Spearman = 0.646, 
Pearson, 0.363; Supplementary Fig. D.4.33). Lastly, reads unaligned to the human genome were aligned 
to the HPV-18 reference to investigate transcription levels iof the integrated viral genome (Supplementary 
Fig. D.4.32). 

Global transcription levels by copy number were assessed by using genes in regions of constant copy 
number between CCL-2 and S3 and split by underlying copy number. This resulted in an increasing trend 
with a p-value of 0.075 according to a permutation analysis by which copy number identities are shuffled 
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at each iteration (to a total of 100,000 iterations), yet retaining the total number of genes in each copy 
number bin (Figure 6.3a). Scores were then normalized to underlying copy number and the test 
performed again which resulted in a p-value of 0.485 according to the previously described permutation 
analysis (Figure 6.3b). While the increasing trend is not significant enough to definitively claim increased 
expression by copy number, the comparison to the copy number normalized p-value which is extremely 

near the null hypothesis is convincing nonetheless. 

D.2.20 ENCODE epigenome and RNA-Seq phasing 

Aim: To assign haplotype phase to transcripts and epigenomic data tracks generated on HeLa. 

Data Sources: In-house generated directional, PolyA RNA-Seq on HeLa (CCL-2) and HeLa (S3) as 

aligned bam files, downloaded HeLa (CCL-2) RNA-Seq from Nagaraj et. al. (2011)
105

 as aligned bam 

files, and downloaded ENCODE data sets on HeLa (S3) comprised of: DNase (UW), FAIRE-Seq (UNC, 2 
tracks), Histone modifications (Broad, 13 tracks), Histone modifications (UW, 3 tracks), Repli-Seq (UW, 6 
tracks), RNA-Seq (CSHL, 9 tracks), RNA-Seq (CalTech, 4 tracks), Transcription factor binding (Hudson-
Alpha, 4 tracks), Transcription factor binding (Stanford, Yale, Duke, Harvard, 48 tracks) as aligned bam 
files and with called peaks where appropriate. 

For all RNA-Seq, RPKM (Reads Per Kilobase per Million) scores for global levels of transcription were 
generated by tallying the number of reads per kilobase window of the genome.  RPKM scores were also 

generated by a gene-model based approach using Cufflinks (v2.0.2)
157

. All bam files were then genotyped 

for all phased variants, and the fractional contribution of each haplotype to each RPKM or peak score was 
calculated. Copy number normalization was then performed by dividing the haplotype-specific score by 
the underlying copy number of that haplotype to find the haplotype contribution per copy. A global view of 
these tracks can be found in Supplementary Fig. D.4.34. 

D.2.21 Reference bias assessment and removal 

Aim: To identify the contribution of reference bias in alignment and subsequent allele balance calculation. 

Data Sources: Raw fastq sequence read files, homozygous and phased heterozygous SNVs in HeLa, 

peaks called for corresponding sequence tracks. 

Reference bias in allele balance at informative sites was determined by calculating the haplotype A / 
(haplotype A + haplotype B) ratio at each HRCN classification split by sites where the reference allele is 
either haplotype A or haplotype B. This resulted in globally lower ratios for positions where haplotype B is 
the reference allele and is summarized for all regulatory peaks in HRCN 3:2:1 regions in Supplementary 
Figs. D.4.36 and D.4.38. To remove this bias, two new reference genomes were generated with all 
homozygous SNVs as well as either haplotype A or haplotype B heterozygous SNVs (referred to as 
HAPREF) followed by alignment of raw reads for a subset of the ENCODE data sets as well as in-house 
RNA-Seq to each reference and tallying counts for respective heterozygous calls for each haplotype. This 
process effectively removed the reference bias, as shown in Supplementary Fig. D.4.38. We next 
assessed the effect of reference bias on haplotype-specific peak calling (Supplementary Note D.2.22) by 
comparing results from the GRCh37 and HAPREF data sets revealing only a very minor shift in the 
number of called outliers (Supplementary Fig. D.4.44). For the in-house RNA-Seq of HeLa S3, gene 
transcript quantifications were made on the GRCh37 alignment as well as for each individual haplotype 
reference and compared (Supplementary Fig. D.4.37) resulting in 0.54% of transcripts with a difference in 
RPKM score ≥10% between haplotype A and haplotype B references with 0.63% and 0.64% of transcripts 
showing a ≥10% difference for haplotype A and haplotype B references respectively when compared to 
GRCh37. 

D.2.22 Identifying haplotype-specific peaks in ENCODE data 

Aim: To identify peaks originating almost exclusively from a single haplotype. 

Data Sources: Phase-resolved peaks from epigenetic data tracks. 
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In order to quantitatively asses the number of haplotype specific peaks for ENCODE data tracks, a 
scoring metric was derived that takes into account both the statistical significance of the peak allele 
balance differing from the null hypothesis of the HRCN theoretical allele balance as well as quantifying is 
the bias of the allele balance away from the null hypothesis of the HRCN mean allele balance. The first 
score was calculated using the following probability mass function: 

 (         )   (
  

  (   ) 
) (

  
  

)
 

(  
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where   = the total coverage at the position,   = the number of bases supporting the haplotype A allele, 

and      = the copy number for haplotype A or haplotype B at the position. The resulting score is a p-

value corresponding to the significance that the alleles observed at the peak are different from the null 
hypothesis. This metric only provides a p-value against the null hypothesis. In order to quantify the 

difference in allele balance, a second normalized Gaussian score was applied: 
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where   = the haplotype A / (haplotype A + haplotype B) ratio at the position,   = the standard deviation 
of haplotype A / (haplotype A + haplotype B) ratios for the entire HRCN state, and   = the mean of 
haplotype A / (haplotype A + haplotype B) ratios for the entire HRCN state. This score (shown for CTCF 
binding peaks in Supplementary Fig. D.4.41) is then normalized across all HRCN classifications. These 
two scores can then be used with a cutoff to identify peaks of extreme haplotype imbalance 
(Supplementary Figs. D.4.42 and D.4.43). 

D.2.23 Haplotype imbalance identification 

Aim: To identify regions of excessive haplotype imbalance. 

Data Sources: Phased epigenomic and transcriptomic data sets. 

Regions of excessive haplotype imbalance were identified using a sliding window approach (1.5 Mb 
sliding by 0.5 Mb) which took into account the ranking of the peak weight within each respective data set 
with a cap set at the top 50th percentile (i.e. smallest score of 0.5 and decreasing out to 1.0 as the 
smallest peak, so as not to over-weight excessively high peaks) as well as the haplotype imbalance score 
for the dominating haplotype (positive score for A, negative score for B) based on coverage at haplotype-
resolved heterozygous variants and normalized for their underlying haplotype copy number which was set 
to a maximum ratio of 10 for haplotype A and -10 for haplotype B in order to minimize noise. The score 
for each track was calculated by dividing the haplotype imbalance score by the peak weighting score to 
produce maximums of 20 for haplotype A and -20 for haplotype B. The absolute values for all tracks 
within the window were then summed to produce the final window score. Several iterations of the capping 
values were implemented to highly similar results; these final values were used as they mitigated noise 
caused by single, dominating peaks and tended to favor windows containing multiple haplotype 
imbalanced data sources. Windows were then ranked and filtered to remove regions of LOH followed by 
combining like-windows in the top set of hits and rescoring merged windows (Supplementary Fig. D.4.45). 
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D.3 Supplementary tables for Chapter 6 
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Table D.3.1. Sequence data obtained. 
Six major types of sequence data were obtained.  a. Shotgun sequencing data obtained for HeLa (CCL-2) 
and HeLa S3. b. Haplotype specific fosmid clone pool sequencing. c. Mate pair sequencing for both 3 kbp 
jumping libraries as well as fosmid based 40 kbp jumping libraries. d. Directional PolyA RNA-Seq library 
for HeLa S3 generated in house. e. Shotgun sequencing of 8 additional HeLa strains. f. PacBio RS long 
read sequencing of HeLa CCL-2 for haplotype phasing validation. 
 

 
Table D.3.2. HGDP control genomes. 
Sequencing data summary for 11 HGDP control individuals from Rohland, N. and Reich, D (2012).  
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Table D.3.3. Summary of variants and regions of homozygosity for HeLa and control genomes. 

Variants with a minimum of 8X coverage were annotated as protein-altering using the SeattleSeq 

annotation server. Private protein-altering (“PPA”) variants were those not observed among the 1000 

Genomes Project (“1kG”) or the Exome Sequencing Project 6500 call set, and found outside regions 

annotated for excessive sequence depth (HiSeq top 5%ile coverage track from the UCSC genome 

browser). For comparison to COSMIC database, the variant allele was required to match exactly.  

Comparison to CGP used gene-level overlap. * HeLa CCL-2 has an increased indel call rate due to 

higher depth of coverage. 
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Table D.3.4 Genes altered by private, protein-altering SNVs in HeLa 

  

Gene Class

ADAM18 stop-gained

AKAP2,PALM2-AKAP2 stop-gained

ANKRD35 stop-gained

ASXL3 stop-gained

BHLHE22 stop-gained

C10orf68 frameshift

C1orf162 frameshift

CELF2 isplice-5

COL5A2 stop-gained

COL9A2 isplice-3

CTBP2 frameshift

ELMO1 frameshift

EPPK1 stop-gained

FAM20C frameshift

FREM3 stop-gained

GBA2 stop-gained

GSDMD frameshift

IL1RAP frameshift

ING1 frameshift

KRT4 frameshift

LRP2 stop-gained

MAGEC3 frameshift

MMRN1 stop-gained

MYOM2 frameshift

OR1Q1 frameshift

QTRT1 stop-gained

RPS29 stop-gained

SAMD4B isplice-5

SEMA4G,MRPL43 splice-5

STK36 stop-gained

SULT2B1 frameshift

TBXAS1 stop-gained

TINAG stop-gained

USP28 isplice-5

XRN2 frameshift
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Table D.3.5 Genes altered by private-protein altering Indels in HeLa 

 

 
 

Table D.3.6. HeLa CCL-2 private protein-altering SNVs/indels overlapping COSMIC or SCGC. 

Variant alleles listed were called in HeLa CCL-2 and found in the Catalogue of Somatic Mutations in 

Cancer (COSMIC) database. Also shown for each gene is overlap with the Sanger Cancer Gene Census 

(SCGC). 

  

Positon Mutation ID Gene Class

chr1:40768483 T>TGGAG dbSNP_107 COL9A2 splice-3

chr1:112020370 A>AG none C1orf162 frameshift

chr3:190326934 TC>T none IL1RAP frameshift

chr7:286468 G>GC none FAM20C frameshift

chr7:36895197 TG>T none ELMO1 frameshift

chr8:2054156 TGA>T none MYOM2 frameshift

chr8:144644488 TC>T none GSDMD frameshift

chr9:125377175 AC>A dbSNP_132 OR1Q1 frameshift

chr10:33136818 TAA>T none C10orf68 frameshift

chr10:126727614 CA>C dbSNP_134 CTBP2 frameshift

chr12:53207583 C>CCACCAAAGCCACCAGTGCCGAAACC dbSNP_120 KRT4 frameshift

chr13:111368115 T>TC none ING1 frameshift

chr19:49079289 AC>A none SULT2B1 frameshift

chr20:21319715 AAG>A none XRN2 frameshift

chrX:140967154 GCTACACCCTTTCCCTTC>G dbSNP_130 MAGEC3 frameshift

chr10:11374574 CTCCAGTCTTCCTCTTCGGCATGCCCTGGAAGCTTCT>C dbSNP_134 CELF2 splice-5

chr11:113675391 TTAC>T none USP28 splice-5

chr19:39843014 G>GGTA none SAMD4B splice-5
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Table D.3.7. High-resolution copy number calls in HeLa CCL-2 

 
Table D.3.8. Haplotype-Resolved Copy Number (HRCN) profile of HeLa CCL-2. 

Proportion of the genome (UCSC hg19/GRCh37, excluding assembly gaps and segmental duplications) 

at each haplotype-resolved copy number (HRCN) state. 
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BP1 Chr BP1 Start BP1 End BP2 Chr BP2 Start BP2 End Supp. Chr BP1 Start BP1 End BP2 Start BP2 End Size (bp)

chr2 3930448 3935237 chr12 124494444 124,500,974 100 chr2 117,788,943 117,791,805 117,795,872 117,800,947 4,067

chr2 11948918 11954246 chr21 18143482 18,149,316 104 chr4 88,847,496 88,850,544 88,856,950 88,862,945 6,406

chr3 73158440 73162742 chr17 41379324 41384937 80 chr4 188,866,434 188,869,296 188,873,075 188,878,354 3,779

chr3 73158440 73162742 chr17 41397704 41,403,894 132 chr5 6,344,556 6,351,102 6,352,996 6,358,295 1,894

chr3 75985574 75999286 chr20 26198677 26,213,907 271 chr7 112,769,507 112,772,567 112,774,843 112,778,107 2,276

chr3 97545352 97548214 chr20 51820873 51826137 54 chr10 37,391,949 37,395,530 37,400,024 37,403,895 4,494

chr3 111271573 111275045 chr8 128529232 128,538,779 138 chr11 307,347 310,209 316,100 321,191 5,891

chr5 45603558 45620710 chr22 39709007 39715736 64 chr22 39,608,077 39,612,118 39,614,886 39,618,298 2,768

chr7 81789161 81794473 chr10 60900343 60904922 66

chr7 100936524 100940377 chr11 114417947 114425186 45

chr7 111050826 111056166 chr12 108199590 108203183 55

chr8 28431852 28436443 chr17 79758758 79762966 51

chr9 12624450 12627475 chr22 29065133 29067995 11

chr9 96381359 96386424 chr13 19645775 19650874 29

chr9 101473886 101479887 chr22 32575696 32579748 67

chr9 109772276 109777707 chr20 29873930 29878940 70

chr9 121298728 121305690 chr11 11980608 12002075 178

chr12 56987510 56991801 chr15 39995972 39999958 25

chr13 55877158 55882393 chr19 12896441 12904258 72

chr13 63618669 63624153 chr17 21666588 21670266 115

Interchromosomal Inversions
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Chr Start End Type GenBank ID Gene Name ENSEMBL ID Description
In 

CGC?

Hom/H

et
Repeat

Exon

ic?
HGDP

chr1 1223434 1225577 DEL,60 NM_006625 FUSIP1
ENSG00000188529|EN

SG00000215699

FUS interacting protein 

(serine/arginine-rich) 1
no Hemi Simple No Yes

chr1 106016763 106023133 DEL,76 NM_001005221 OR4F29

ENSG00000177799|EN

SG00000183127|ENSG

00000185097

Olfactory receptor, family 4, 

subfamily F, member 29
no Hemi None No Yes

chr1 108733240 108737139 DEL,53 NM_013386 SLC25A24 ENSG00000085491

Solute carrier family 25 

(mitochondrial carrier; phosphate 

carrier), member 24

no Hemi None Yes Yes

chr1 116229439 116232523 DEL,117 NM_138959 VANGL1 ENSG00000173218 Vang-like 1 (van gogh, Drosophila) no Hemi None No Yes

chr1 145093102 145096826 DEL,405 NM_004892 SEC22B N/A
SEC22 vesicle trafficking protein 

homolog B (S. cerevisiae)
no

chr1 145093102 145096826 DEL,405 NM_178230 PPIAL4

ENSG00000198161|EN

SG00000198360|ENSG

00000198936

Peptidylprolyl isomerase A 

(cyclophilin A)-like 4
no

chr1 152555480 152590169 AMP_RD NM_178433 LCE3B ENSG00000187238 Late cornified envelope 3B no

chr1 152555480 152590169 AMP_RD NM_178434 LCE3C ENSG00000187225 Late cornified envelope 3C no

chr1 155182045 155190755 AMP_RD NM_002455 MTX1 ENSG00000164418 Metaxin 1 no Amp SegDup Yes Yes

chr1 179455462 179457941 DEL,75 NM_144696 C1orf125 ENSG00000162779
Chromosome 1 open reading 

frame 125
no Hemi None No No

chr1 184814613 184820856 DEL,93 NM_052966 FAM129A ENSG00000135842
Family with sequence similarity 

129, member A
no Hemi None No Yes

chr2 1101967 1104548 DEL,79 NM_018968 SNTG2 ENSG00000172554 Syntrophin, gamma 2 no Hemi SegDup No Yes

chr2 11948918 11954246
chr21:18143482-

18149316,104
NM_145693 LPIN1 ENSG00000134324 Lipin 1 no Inter None No N/a

chr2 183090568 183091068 DEL_RD NM_001003683 PDE1A ENSG00000115252
Phosphodiesterase 1A, calmodulin-

dependent
no Hom None No No

chr2 202146622 202149209 DEL,140 NM_001080124 CASP8 ENSG00000064012
Caspase 8, apoptosis-related 

cysteine peptidase
no Hemi Yes No Yes

chr3 17540852 17545150 DEL,108 NM_014744 TBC1D5 ENSG00000131374 TBC1 domain family, member 5 no Hemi None No No

chr3 60555218 60658452 DEL,53 NM_002012 FHIT ENSG00000189283 Fragile histidine triad gene YES Hom None No No

chr3 97545352 97548214
chr20:51820873-

51826137,54
NM_153605

DKFZp667G211

0
ENSG00000080200

Hypothetical protein 

DKFZp667G2110
no Inter None No N/A

chr3 120161334 120164909 DEL,76 NM_007085 FSTL1 ENSG00000163430 Follistatin-like 1 no Hom None No No

chr3 136020961 136025873 DEL,87 NM_000532 PCCB N/A
Propionyl Coenzyme A 

carboxylase, beta polypeptide
no Hom None No Yes

chr4 115174662 115182912 DEL,101 NM_001005217 FRG2 ENSG00000205097 FSHD region gene 2 no

chr4 115174662 115182912 DEL,101 NM_033178 DUX4 ENSG00000178067 Double homeobox, 4 YES

chr4 115928682 115931788 DEL,79 NM_022569 NDST4 ENSG00000138653
N-deacetylase/N-sulfotransferase 

(heparan glucosaminyl) 4
no Hemi Yes No Yes

chr4 119125371 119129611 DEL,66 NM_004784 NDST3 ENSG00000164100
N-deacetylase/N-sulfotransferase 

(heparan glucosaminyl) 3
no Hemi None No Yes

chr4 166002454 166004638 DEL,54 NM_001100389 TMEM192 ENSG00000170088 Transmembrane protein 192 no Hom None No Yes

chr4 186441598 186443309 DEL,95 NM_014476 PDLIM3 ENSG00000154553 PDZ and LIM domain 3 no Hom None No Yes

chr5 37670470 37692616 AMP_RD NM_018034 WDR70 ENSG00000082068 WD repeat domain 70 no Amp Yes No N/A

chr5 45603558 45620710
chr22:39709007-

39715736,64
NM_021072 HCN1 ENSG00000164588

Hyperpolarization activated cyclic 

nucleotide-gated potassium 

channel 1

no Inter Yes No N/A

chr5 147553050 147553908 DEL_RD NM_001001325 SPINK5L2 ENSG00000196800
Kazal type serine protease inhibitor 

5-like 2
no Hom None Yes Yes

chr5 176387450 176390002 DEL,133 NM_016290 UIMC1 ENSG00000087206
Ubiquitin interaction motif 

containing 1
no Hemi Yes No Yes

chr6 57286376 57289240 DEL,118 NM_000947 PRIM2 ENSG00000146143
Primase, DNA, polypeptide 2 

(58kDa)
no Hemi None No Yes

chr6 70014091 70018028 DEL,178 NM_001704 BAI3 ENSG00000135298
Brain-specific angiogenesis 

inhibitor 3
no Hom None No No

chr6 126183221 126187093 DEL,97 NM_181782 NCOA7 ENSG00000111912 Nuclear receptor coactivator 7 no Hom None No Yes

chr7 81789161 81794473
chr10:60900343-

60904922,66
NM_000722 CACNA2D1 ENSG00000153956

Calcium channel, voltage-

dependent, alpha 2/delta subunit 1
no Inter None No N/A

chr7 111050826 111056166
chr12:108199590-

108203183,55
NM_032549 IMMP2L ENSG00000184903

IMP2 inner mitochondrial 

membrane peptidase-like (S. 

cerevisiae)

no Inter None No N/A

chr7 143309234 143402897 AMP_RD NM_173678 FAM139A
ENSG00000159860|EN

SG00000170379

Family with sequence similarity 

139, member A
no Amp SegDup No Yes

chr7 148072808 148076022 DEL,72 NM_014141 CNTNAP2 ENSG00000174469 Contactin associated protein-like 2 no Hemi None No Yes

chr8 25066854 25070450 DEL_RD NM_024940 DOCK5 ENSG00000147459 Dedicator of cytokinesis 5 no Hom None No Yes

chr8 68156524 68161879 DEL,62 NM_006421 ARFGEF1 ENSG00000066777

ADP-ribosylation factor guanine 

nucleotide-exchange factor 

1(brefeldin A-inhibited)

no Hemi None No Yes

chr8 131201216 131210164 DEL,141 NM_018482 DDEF1 ENSG00000153317
Development and differentiation 

enhancing factor 1
no Hemi None No No

chr9 96381359 96386424
chr13:19645775-

19650874,29
NM_005392 PHF2 ENSG00000197724 PHD finger protein 2 no Inter

Near 

SegDup
No N/A

chr9 109772276 109777707
chr20:29873930-

29878940,70
NM_021224 ZNF462 ENSG00000148143 Zinc finger protein 462 no Inter None Yes N/A

chr9 140253150 140255891 DEL,253 NM_017820 FLJ20433 ENSG00000187609 Hypothetical protein FLJ20433 no Hom None No Yes

chr10 54015508 54017817 DEL,71 NM_001098512 PRKG1 ENSG00000185532
Protein kinase, cGMP-dependent, 

type I
no Hemi None No Yes

chr10 99034833 99036936 DEL,83 NM_032900 ARHGAP19 N/A Rho GTPase activating protein 19 no Hom Yes No Yes

chr11 11980608 12002075
chr9:121298728-

121305690,178
NM_001018057 DKK3 ENSG00000050165

Dickkopf homolog 3 (Xenopus 

laevis)
no

chr11 11980608 12002075
chr9:121298728-

121305690,178
NM_017944 USP47 ENSG00000170242 Ubiquitin specific peptidase 47 no

chr11 48367484 48373427 DEL,52 NM_001005513 OR4C45 ENSG00000197161
Olfactory receptor, family 4, 

subfamily C, member 45
no Hemi Yes No Yes

chr11 65933592 65939273 DEL,209 NM_018026 PACS1 ENSG00000175115
Phosphofurin acidic cluster sorting 

protein 1
no Hom None No No

chr11 114417947 114425186
chr7:100936524-

100940377,45
NM_152315 FAM55D N/A

Family with sequence similarity 55, 

member D
no Inter None No N/A

Yes

Amp None Yes No

Hemi None Yes

Hemi None No Yes

Inter None No N/A
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Table D.3.11. Genes affected by rearrangements in HeLa CCL-2  

Chr Start End Type GenBank ID Gene Name ENSEMBL ID Description
In 

CGC?

Hom/H

et
Repeat

Exon

ic?
HGDP

chr12 56987510 56991801
chr15:39995972-

39999958,25
NM_002898 RBMS2 ENSG00000076067

RNA binding motif, single stranded 

interacting protein 2
no

chr12 56987510 56991801
chr15:39995972-

39999958,25
NM_013449 BAZ2A ENSG00000076108

Bromodomain adjacent to zinc 

finger domain, 2A
no

chr12 96340325 96342567 DEL,70 NM_152435 AMDHD1 ENSG00000139344
Amidohydrolase domain containing 

1
no Hemi None No Yes

chr13 66893486 66898191 DEL,51 NM_020403 PCDH9 ENSG00000005073 Protocadherin 9 no Hom None No No

chr13 93009159 93018571 DEL,66 NM_004466 GPC5 ENSG00000179399 Glypican 5 no Hom None No No

chr13 114848975 114852049 DEL,52 NM_007368 RASA3 ENSG00000185989 RAS p21 protein activator 3 no Hemi None No Yes

chr15 39995972 39999958
chr12:56987510-

56991801,25
NM_152597 FSIP1 ENSG00000150667 Fibrous sheath interacting protein 1 no Inter None No N/A

chr15 68425988 68428866 DEL,224 NM_016166 PIAS1
ENSG00000033800|EN

SG00000070756

Protein inhibitor of activated STAT, 

1
no Hom Yes No Yes

chr15 86056986 86058863 DEL,51 NM_006738 AKAP13 ENSG00000170776 A kinase (PRKA) anchor protein 13 no Hemi None No Yes

chr16 78371592 78385046 DEL,138 NM_016373 WWOX ENSG00000186153
WW domain containing 

oxidoreductase
no Hemi None No Yes

chr17 79758758 79762966
chr8:28431852-

28436443,51
NM_000160 GCGR ENSG00000215644 Glucagon receptor no Inter None No N/A

chr18 23747743 23751607 DEL,114 NM_001025096 PSMA8 N/A
Proteasome (prosome, macropain) 

subunit, alpha type, 8
no hemi SegDup No Yes

chr18 47694933 47696990 DEL,79 NM_001080467 ACAA2 ENSG00000167315

Acetyl-Coenzyme A 

acyltransferase 2 (mitochondrial 3-

oxoacyl-Coenzyme A thiolase)

no Hemi None No Yes

chr18 64219986 64220948 DEL_RD NM_021153 CDH19 ENSG00000071991 Cadherin 19, type 2 no Hom None No Yes

chr19 1194824 1219594 DEL,88 NM_000455 STK11 N/A Serine/threonine kinase 11 YES

chr19 1194824 1219594 DEL,88 NM_001080770 KIR2DL4 ENSG00000189013

Killer cell immunoglobulin-like 

receptor, two domains, long 

cytoplasmic tail, 4

no

chr19 12896441 12904258
chr13:55877158-

55882393,72
NM_002229 JUNB ENSG00000171223 Jun B proto-oncogene no Inter None Yes N/A

chr19 52132546 52149113 DEL,59 NM_001098612 SIGLEC5 ENSG00000105501 Sialic acid binding Ig-like lectin 5 no Hemi SegDup Yes Yes

chr19 53689152 53691864 DEL,71 NM_024733 ZNF665 ENSG00000197497 Zinc finger protein 665 no Hom Yes No Yes

chr19 54558395 54560049 DEL_RD NM_198481 VSTM1 ENSG00000189068
V-set and transmembrane domain 

containing 1
no Hom None No Yes

chr20 1560991 1593998 DEL,84 NM_001083910 SIRPB1 ENSG00000101307 Signal-regulatory protein beta 1 no Hom SegDup Yes Yes

chr20 42271498 42273921 DEL,81 NM_016004 IFT52 ENSG00000101052
Intraflagellar transport 52 homolog 

(Chlamydomonas)
no Hom None No Yes

chr20 51820873 51826137
chr3:97545352-

97548214,54
NM_173485 TSHZ2 ENSG00000182463 Teashirt zinc finger homeobox 2 no Inter None No N/A

chr21 44970317 44972908 DEL,125 NM_007031 HSF2BP
ENSG00000160207|EN

SG00000180251

Heat shock transcription factor 2 

binding protein
no Hom None No Yes

chr22 18057628 18060280 DEL,177 NM_031481 SLC25A18 ENSG00000182902
Solute carrier family 25 

(mitochondrial carrier), member 18
no Hom None No Yes

chr22 39709007 39715736
chr5:45603558-

45620710,64
NM_000967 RPL3 ENSG00000185507 Ribosomal protein L3 no Inter

Ribosom

al Protein
Yes N/A

chrX 118873929 118876324 DEL,52 NM_002186 IL9R ENSG00000124334 Interleukin 9 receptor no

chrX 118873929 118876324 DEL,52 NM_005638 SYBL1 ENSG00000124333 Synaptobrevin-like 1 no

chrX 118873929 118876324 DEL,52 NM_005840 SPRY3 ENSG00000168939 Sprouty homolog 3 (Drosophila) no

Inter None Yes N/A

Hom None Yes No

Hom None No Yes
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Table D.3.12. Phasing status of heterozygous SNVs in HeLa CCL-2. 

Counts of heterozygous SNVs are shown by phasing status (phased or unphased, and reason) and 

overlap with 1000 Genomes Project data and genomic repeats (segmental duplications or regions 

identified by Repeat Masker).  For unphased variants, the reason for lack of phase assignment is 

indicated (does not appear among clones, or alleles are inconsistent among phased clones).  Phased 

variants are separated by the degree of support among clone data (both alleles observed with no 

inconsistency between clones, or only one allele observed with no inconsistency between clones, or  

inconsistencies between clones resolved by majority rule). 
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Table D.3.13. Haplotype-resolved copy number calls for HeLa CCL-2  
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Table D.3.14. Clone-confirmed somatic mutation frequency. 

Counts and frequencies of somatic mutations in the HeLa CCL-2 genome.  The total number of bases in 

the genome at each haplotype-resolved copy number (HRCN) state (total copies:haplotype A 

copies:haplotype B copies) are listed, as well as the number of somatic mutations observed and 

confirmed by clone pool sequencing. Mutations occurring on duplicated haplotypes could arise on any of 

the haplotype copies, so mutation rate is taken as (# sites in given C.N.) / ( [total bases within reference 

at C.N.] x [copies of duplicated haplotype(s)]). Shaded rows indicate regions of LOH (haplotype B copies 

= 0). *In these regions, both haplotypes are duplicated, so mutations on either were considered; in all 

other cases, only mutations occurring on the major haplotype were counted. 

 
 

Table D.3.15. Variants shared between HeLa strains. 

HeLa S3 shotgun reads, HeLa S3 RNA-Seq reads, and shotgun reads from 8 additional HeLa strains 

were genotyped at HeLa CCL-2 variant sites for the presence or absence of the HeLa CCL-2 variant 

allele. Positions were only included if both HeLa CCL-2 and the data set have a coverage of at least 8x, 

and are not in segmental duplications or at 1000 Genomes Project sites.  
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D.4 Supplementary figures for Chapter 6 
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Figure D.4.1. Indel calling by coverage. 
a. Counts of indels called is plotted versus read depth at each indel for HeLa and 11 HGDP controls. 
Shotgun reads from HeLa CCL-2 as well as HeLa S3 were randomly downsampled in order to study the 
effects of lower coverage upon indel counts in each genome.  Mean coverage was HeLa CCL-2 full 
dataset: ("HELA_HIGH"), ~88X; HeLa CCL-2, subsampled ("HELA_LOW"), ~35X; HeLa S3 full dataset 
("S3_HIGH"), ~26X; HeLa S3 subsampled ("S3_LOW"), ~12X; 11 HGDP controls, ~30-45X.  Each point 
represents one of the low resolution SUNK windows (mean size, 77 kbp), and for each window, mean 
read depth and total number of indel calls per kilobase were determined. In all genomes analyzed, there 
is a strong correlation between number of calls by read depth. b. Indel calls in HeLa (88X) for points as in 
a but shown as a 2d density contour plot, split by underlying copy number. As the mean coverage 
increases with the copy number so does the ability to call indels, resulting in a higher call count per 
kilobase at higher copy numbers. 
 

 
 

Figure D.4.2. STR profiling with lobSTR. 
Short Tandem Repeats (STRs) were identified using lobSTR (Gymrek, M, et. al. (2012)) for HeLa as well 
as eight of the diversity panel control individuals (Rohland, N; Reich, D (2012)). Repeats with a coverage 
of at least 10 are represented above as a histogram of counts for the length difference in base pairs of 
called STRs from the reference. While more calls above the coverage threshold are called for HeLa, likely 
due to having 88X coverage compared to ~30-45X for the control samples, the profile of lengths are 
comparable between all samples. 
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Figure D.4.3. Gene ontology enrichment analysis for genes with protein-altering variants in Hela 
CCL-2 and 11 HGDP controls.  
For HeLa CCL-2 and the 11 control genomes, a list of genes with protein-altering SNVs, indels, structural 
rearrangements, or copy number alterations (copy-number <1 or >9) was analyzed by DAVID (Huang et. 
al. (2009)). Gene Ontology terms (GO-terms) were then filtered to retain only those with a p-value <= 0.05 
and plotted in the left panel where color indicates the genome (HeLa or control) and shading represents 
significance. The right panel shows, for each term, the number of genomes with significant enrichment for 
protein-altering variants in the associated genes. With the exception of the “Startle response” GO-term, all 
of the terms in HeLa with a p-value <= 0.01 occur in at least one of the control genomes. 
 
 

 
 
 
Figure D.4.4. Hela CCL-2 high resolution copy number calls. 
Copy number ratios versus control genomes are plotted within high-resolution SUNK windows (green 
dots, each window size ~1.5 kbp), with predicted copy number state overlaid (black dots). 
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Figure D.4.5. HeLa over GC-matched control ratio histogram. 
SUNK window (500 unique 30mer) resolution ratio scores plotted as a histogram. Distinct peaks are 
observed at approximately 0.33, 0.66, 1.0, 1.33, consistent with an approximately triploid numerator 
sample (HeLa) over a diploid denominator sample (GC-matched control). Inferred copy numbers are 
indicated by arrows. 
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Figue D.4.6. Copy number recalibration strategy. 
a. Schematic of steps involved in the recalibration process. In order to adjust for differences in total read 
depth between genomes, window scores are normalized to a constant. Ratios are then taken between a 
G+C profile matched normal control and states are segmented using an HMM. Resulting ratios are not 
directly relatable to absolute copy number when the two genomes' chromosomal complements are of 
unequal size (e.g., one is triploid and the other diploid). Assignments of copy numbers to HMM states 
("hypotheses") are exhaustively generated; windowed copy number values then summed to generate a 
“genetic material ratio” which is used as the normalization constant. The mean across windows from each 
HMM state is recalculated, and ratios to the diploid control genome are taken, after which the per-state . 
The hypothesis which minimizes the mean difference between observed and expected per-state ratios is 
chosen. b. HeLa copy number state scores are shown before and after recalibration (black and blue, 
respectively), with theoretical values shown as open circles. 
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Figure D.4.7. HeLa CCL-2 and S3 copy number and LOH profiles. 
a, Top - Low resolution SUNK window ratio scores (green or purple points) and copy number state calls 
(black lines) for HeLa CCL-2. Bottom – Loss of heterozygosity scores measured by the fraction of 
heterozygous variants in each window. b, As in a. but for HeLa S3. Red arrows indicate notable changes 
in copy number or LoH. 
 
 
 
 
 
 
 
 

 
 
Figure D.4.8. Mate pair insert size distributions. 
a, Insert size distributions of concordant pairs for the two "3 kbp" mate-pair libraries constructed using in 
vitro circularization (Talkowski et. al. (2011)). b, Insert size distributions of concordant pairs for the three 
"40 kbp" mate-pair libraries constructed using fosmid cloning. 
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Figure D.4.9. Examples of deletions in HeLa CCL-2. 
Three examples of deletions called using a sliding window approach shown in the IGV genome browser.  
Blue bars denote regions of coverage from supporting 3 kbp mate-paired reads (green ticks). Shotgun 
sequence coverage (gray bars) are plotted beneath each event. 
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Figure D.4.10. Examples of inter-chromosomal rearrangements in HeLa CCL-2. 
Two examples of inter-chromosomal rearrangements detected by a sliding window approach from 
discordantly-mapping 3 kbp mate-pair reads. The upper example is one of the rearrangements within 
marker chromosome M14. 
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Figure D.4.11. Called inversion examples in HeLa CCL-2. 
Two examples of inversions detected by a sliding window approach from discordantly-mapping 3 kbp 
mate-pair reads. Both inversions are supported by fosmid sequence  coverage profiles (blue tracks 
shown below chromosome ideograms), with overlapping clones showing discontinuous patterns of 
coverage near each inversion breakpoint. 
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Figure D.4.12. Histogram of clone coverage. 
Histogram of the physical coverage by fosmid clone inserts. Overall, 3.5% of the genome is not covered 
(coverage=0, excluding chromosome Y and assembly gaps). 
 

 
Figure D.4.13. Schematic of haplotype scaffolding approach using allele imbalance. 
Consecutive haplotype blocks in regions containing imbalanced copy numbers (green boxes) between 
haplotypes can be merged using an HMM to form a haplotype scaffold based on the allele frequencies of 
phased variants within the blocks (histograms of with (haplotype A) and blue (haplotype B) distributions 
representing allele frequencies for the respective haplotypes). For haplotype blocks in regions of 
imbalanced haplotype these histograms are distinct (histograms on bottom of figure), whereas haplotype 
blocks in regions of even copy number overlap and can not be distinguished (histograms at the top of the 
figure). 
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Figure D.4.14. Gaussian mixture model of AAFs in non-LOH copy number 3 regions. 
A histogram of alternate allele frequencies among shotgun reads is shown for all heterozygous variants 
present in regions of copy number 3 in which one haplotype is at copy number 2 and the other at copy 
number 1. A two-component Gaussian mixture model was fit to this distribution, and the centers of each 
component (red and green lines) were at 0.324 and 0.651, near the expected values of 1/3 and 2/3. 
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Figure D.4.15. HeLa allele balance by read depth for HRCN regions. 
For each low resolution SUNK window (~77 kbp), the average minor allele frequency of all heterozygous 
variants was plotted against those sites' average read depth. Each point was shaded by the window's 
predicted HRCN (total copy number : haplotype A copy number : haplotype B copy number). Overlaid 
ellipses represent 95% confidence intervals for each HRCN grouping. 
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Figure D.4.16. Long-range haplotype validation. 
Haplotype phase validation by single molecule long-read sequencing. An example alignment from one 
read spanning 4.96 kbp is shown.  a. Upper track: phased variants in HeLa CCL-2 are shown for each 
inherited haplotype (A and B), with gray ticks indicating the reference allele and colors representing the 
alternate allele. Lower track: the aligned read spans 98 phased heterozygous sites, of which 19 sites are 
more than 10 bp from the nearest alignment indel.  Of those, all 19 sites match the allele predicted on 
haplotype A. b. Detail showing aligned positions matching haplotype A or rejected due to overlapping or 
nearby indel errors. 
 

 
 
Figure D.4.17. Allelic state across LOH event specific to HeLa S3. 
Allele frequencies among HeLa S3 shotgun reads are shown for all heterozygous and phased variants 
from HeLa CCL-2, across 78.1 Mbp of chromosome 18. Allele frequencies in S3 are plotted on the y-axis, 
with points' direction and color indicating whether each CCL-2 allele is phased on haplotype A (red, 
upward) or haplotype B (blue, downward).  In HeLa CCL-2, chromosome 18 is triploid without LOH, but in 
HeLa S3 it is observed to have a large (47.3 Mbp) distal region that is diploid with LOH.  Nearly all 
(99.7%) of the variants with allele balance >0.9 within this region (in S3) correspond to haplotype A from 
HeLa CCL-2. 
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Figure D.4.18. Population-based haplotype analysis. 
a. Histogram of windowed scores based based upon phased sites' popluation allele frequencies in CEU 
vs YRI individuals (from the 1000 Genomes Project). Red and green lines indicate density from a two-
component mixture model fit.  b. Randomization test.  Histogram of windowed scores, identical to a, 
except that the phase is randomized between each successive pair of 1000 Genomes variants. c. Counts 
of novel variants (non-1000 Genomes Project) for windows ranked as in a. (windows with more CEU-like 
alleles to the left, more YRI-like alleles to the right). More highly YRI-like haplotype blocks on average 
contain more novel variants. d. Randomization test.  Counts of novel variants in each window, identical to 
c, except that the phase is randomized as in b. 
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Figure D.4.19. Haplotype-based local inference of genetic ancestry. 
a. Predicted genetic ancestry is shown for haplotype windows, using scores of allele frequency to CEU or 
YRI populations and colored by the ancestry similarity (Blue = CEU, Red = YRI). Windows in LOH 
regions, in haplotype scaffolds with insufficient numbers of phased variants (fewer than 1,000 variants 
1000 Genomes Project variants), are not shown. Regions of balanced copy number shown by black 
boxes were excluded because haplotype imbalance could not be used to create long scaffolds. b. 
Randomization test. Windows are painted as in a, except that the phase is randomized between each 
successive pair of 1000 Genomes variants. 
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Figure D.4.20. Post-aneuploidy mutation analysis. 
Schematic of validation process for somatic, post-aneuploidy mutations by large insert clone pool 
sequencing.  Mutations arising after duplication of a germline haplotype (blue) are confirmed by the 
presence of both the mutant allele (yellow, “G”) as well as the reference allele (T) in separate clones 
derived from the duplicated haplotype. 
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Figure D.4.21. Somatic mutation allele frequencies. 
Histograms of allele frequency within shotgun data of clone-validated somatic mutations, split by 
haplotype-resolved copy number (HRCN) state. Regions with HRCN of 5:3:2 and 6:4:2 were omitted 
because there were few sites (each <= 10). 
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Figure D.4.22. Somatic mutation counts. 
Count of somatic mutations per 5 Mbp window along each chromosome. 
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Figure D.4.23. Private alleles shared between HeLa CCL-2 and S3. 

The fraction of private SNVs (not found in the 1000 Genomes Project) from HeLa CCL-2 that are also 

observed in S3 is shown, binned by the number of reads supporting the alternate allele in CCL-2.  The 

fraction of shared alleles is shown for different categories of sites: all private sites in CCL-2 (Red, “ALL”), 

private protein-altering variants in CCL-2 (Blue, “PPA”) and private coding synonymous variants in CCL-2 

(Green, “PSN”). Variant alleles supported by >100 reads in CCL-2 were grouped into the “100+” bin. 
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Figure D.4.24. HeLa S3 high resolution copy number calls. 

Copy number ratios versus control genomes are plotted within high-resolution SUNK windows (green 

dots, each window size ~1.5 kbp), with predicted copy number state overlaid (black dots). 
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Figure D.4.25. Copy number profile for 10 HeLa strains. 

Copy number ratios versus control genomes are plotted within high-resolution SUNK windows for HeLa 

CCL-2, HeLa S3, and eight additional HeLa strains (green and purple dots, alternating by chromosome, 

window contains 500 unique 30mers), with predicted copy number state overlaid (black dots). 
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Figure D.4.26. Comparison of read depth profiles in HeLa strains. 

Copy number differences across low-resolution SUNK windows relative to HeLa CCL-13 were plotted for 

HeLa CCL-2, S3, and 7 additional strains. Note: Increased values indicate increased copy number in 

CCL-13 compared to alternate strain. 
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Figure D.4.27. Clustergram of 10 HeLa strains based on copy number profile similiarity. 

Copy number scores were averaged within large windows (~1 Mbp) for 10 HeLa strains as well as an 

outgroup control genome (HGDP00927).  Scores were clustered in (R package 'pvclust') with 1000 

bootstrap iterations. “au” values correspond to “Approximately Unbiased” scoring that is computed by 

multiscale bootstrap resampling while the “bp” value corresponds to “Bootstrap Probability”, or standard 

bootstrap scoring. Due to batch differences in library preparation, comparison with HeLa CCL-2, HeLa S3 

and the HGDP outgroup is much less reliable. It is important to note that this dendrogram is not 

necessarily the actual phylogeny and simply represents the similarity between marker chromosome / copy 

number subsets for the individual strains. 
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Figure D.4.28. Regions of LOH in HeLa CCL-13 by comparison to CCL-2 haplotypes. 

Shown in windows (mean ~800 kbp) across each chromosome are the fraction of reads matching the 

allele phased to haplotype A in HeLa CCL-2. LOH in CCL-13 (but not CCL-2) manifests as long stretches 

where shotgun reads from CCL-13 (mean depth 4.0X) exclusively match CCL-2 haplotype A (y value = 1) 

or haplotype B (y value=0).  A total of NNN Mbp of LOH regions were detected in CCL-13 (highlighted by 

shaded bars).  Regions lacking haplotype scaffolds in CCL-2 (e.g., in LOH or in regions of balanced copy 

number in CCL-2) were omitted. Black boxes indicate predicted regions of LOH. 
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Figure D.4.29. Copy-number loss and LOH on chromosome 9 in HeLa CCL-13. 

a. LOH on chromosome 9 in HeLa-CCL13, as detected by a shift towards CCL-2 haplotype A alleles was 

accompanied by reduction of copy number to 2 in CCL-13 in the affected region shown in b. relative to 

copy in HeLa CCL-2 shown in c. (Black = total copy number, Red = haplotype A copy number, Blue = 

haplotype B copy number). 
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Figure D.4.30. Structure of the HPV-18 integration locus. 

a. Heat maps showing coverage from fosmid clone pools across the insertion site flanking region (upper) 

or the HPV-18 partial sequence (lower). Circled numbers correspond to breakpoints in which discordantly 

mapping read pairs were found that link the HPV-18 and chromosome 8 references. b. Diagrams of 

individual clones' coverage across the integration site and HPV-18. Yellow bars indicate coverage in the 

region, double black lines parallel to the reference indicate all read pairs are concordant across the 

breakpoint; single black links with a single line parallel to the reference indicate some read pairs are 

concordant across the breakpoint and others correspond to the link; double black links indicate that all 

read pairs support the link; links to a circled “V” indicate that read pairs are present at that location that 

link to the backbone vector sequence and therefore mark the end of a clone’s coverage. c. Proposed 

structure of repeat units based on fosmid coverage profiles. Repeat R1 has a minimum of 2 copies, as 

breakpoint 2b-5 is never observed in fosmids containing breakpoint 3-6. The observed coverage profile 

over repeat 1 indicates a maximum of ~5 copies. Repeat R2 has a minimum of 5 tandem repeats, as the 

HPV region from breakpoint 5 to breakpoint 6 is never observed in clones entering the repeat from the 

centromeric end of the region, and a maximum of 7 due to never observing fosmids solely containing the 

chromosome 8 region from breakpoint 1 to 2b and HPV region from breakpoint 4 to breakpoint 5. 
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Figure D.4.31. Assembly and sequencing of the HPV-18 integration site. 

a. Proposed structure of the chromosome 8 locus containing the HPV-18 integration. b. Priming sites 

used to generate amplicons for breakpoint confirmation and assembly. Connecting black arrows indicate 

successful PCR amplicons and assembled breakpoints, gray arrows indicate additional primer sites that 

were tested which did not yield products. c, Assembled breakpoints performed via shotgun sequencing 

and assembly of gel-based size selected amplicons. Purple corresponds to human sequence and green 

to viral sequence, black nucleotides without an underline indicate sequence that share no homology with 

human or HPV-18 sequence, black nucleotides with double underline indicate sequence micro-homology 

with both human and HPV-18 sequence, underlined regions in color are the primer sequences used to 

generate amplicons. 
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Figure D.4.32. HPV-18 RNA-Seq coverage. 
Area chart (bottom panel) represents RNA-Seq level of coverage that reaches nearly 6,000 fold. Above 
the chart is the diagram of the HPV-18 portion of the integration locus on chromosome 8q24.21 from 
Figure 6.2 for reference. 
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Figure D.4.33. Correlation between RNA-Seq data sets. 

HeLa S3 transcript abundances (reads per kilobase per million reads, RPKM) from ENCODE RNA-Seq 

(Cold Spring Harbor – Cell long PolyA) were plotted against those our own RNA–Seq data.  Each point 

represents one RefGene-annotated transcript (for transcripts with >= 1 RPKM). Red line is y=x. 
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Figure D.4.34. Phased ENCODE data sets. 

Per-haplotype enrichment scores for (A: red, B: blue) ENCODE HeLa S3 dataset. Height of each point 

indicates the degree of bias towards towards each haplotype after normalizing for its underlying copy 

number. 
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Figure D.4.35. Correlations between haplotype-specific signals for ENCODE HeLa datasets. 

Copy number normalized haplotype B-specific signals are plotted against haplotype A-specific signals for 

ENCODE HeLa S3 datasets.  Each point represents the mean haplotype-specific scores for called peaks 

(ChIP-seq and DNase-seq) or annotated transcripts (RNA-Seq). Peaks residing near the HPV integration 

site on chromosome 8q21.24 are represented by red points. 
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Figure D.4.36. Reference bias in ENCODE features. 

Average degree of reference biases in ENCODE peaks within HRCN 3:2:1 regions are shown as box-

and-whisker plots. Red bars represent the haplotype A fractional contribution when the haplotype A allele 

is the reference base. Blue bars represent haplotype A fractional contribution where the haplotype B 

allele is the reference base. 
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Figure D.4.37. Minimal impact of reference bias upon transcript quantitation. 

HeLa S3 RNA-Seq reads (this study) were aligned using TopHat (Trapnell et. al. (2009)) to the reference 

genome ("hg19" (GRCh37)), as well as to HeLa haplotype-specific reference genomes ("HeLa Haplotype 

A" and "HeLa Haplotype B"). Transcript abundances were estimated against RefGene annotations using 

Cufflinks (Roberts et. al. (2011)) then compared for all transcripts with an RPKM score >=1. a. 

Comparison between HeLa Haplotype A reference (x-axis) and HeLa Haplotype B reference (y-axis). b. 

Comparison between hg19 (GRCh37) and HeLa Haplotype A reference (y-axis). c. Comparison between 

hg19 (GRCh37) and HeLa Haplotype B reference (y-axis). 
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Figure D.4.38. Reference bias removal. 

Reference haplotype imbalance for different HRCN classifications for in HeLa when aligning to a HeLa 

haplotype-resolved reference (left) or hg19 (GRCh37, right). a. Reference bias in ChIP-seq peaks. b. 

Reference bias in RNA-Seq. Red bars represent the haplotype A fractional contribution where the 

haplotype A allele is the reference base. Blue bars represent haplotype A fractional contribution where 

the haplotype B allele is the reference base. The use of a haplotype-resolved HeLa reference greatly 

reduced the reference associated bias. 
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Figure D.4.39. Haplotype contributions of phased ENCODE data (windows). 

Haplotype ratios for a variety of ENCODE data tracks for haplotype A over haplotype B in 1.5 Mb sliding 

windows. Each window is color coded by the haplotype A to haplotype B ratio. Dimmed panels indicate 

data sets with very insufficient numbers of peaks for windowed analysis. 
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Figure D.4.40. Haplotype contributions of phased ENCODE data (box plots). 

Haplotype ratios for a variety of ENCODE data tracks for haplotype A over haplotype B in 1.5 Mb sliding 

windows shown as box-and-whisker plots. Shaded out panels indicate data sets with very low peak 

counts and thus can not be reliably analyzed. 
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Figure D.4.41. Normalized haplotype imbalance scores by copy number. 

Normalized haplotype imbalance scores were calculated and split by the underlying HRCN (total CN : 

hapA CN : hapB CN). The majority of the HeLa genome has a higher haplotype A copy number (as per 

naming conventions) and therefore expected allele balances of haplotype A over total are shifted closer to 

1 (except in haplotype-balanced regions, ie 2:1:1 and 4:2:2). This results in a reduced ability to call 

outliers of excessive haplotype A contribution due to the reduced range of allele balance from the null 

hypothesis to 1 (eg. for HRCN 3:2:1, the range for haplotype B to be considered an excessive contributor 

is 0.33<B<=1 whereas the range for haplotype A is 0.66<A<=1). 
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Figure D.4.42. Haplotype imbalanced ENCODE peak percentages. 

Percentages of peaks within each ENCODE enrichment data set called as outliers at three thresholds (a. 

P<1e-6, b. P<1e-5, and c. P<1e-4) with respect to normalized Gaussian haplotype imbalance score. The 

dashed box in b. represents the scoring threshold used of a p-value of 1e-5 and normalized imbalance 

score of 0.25. 
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Figure D.4.43. ENCODE peak haplotype imbalance scoring. 
For each peak with an ENCODE data track, the normalized haplotype imbalance score is plotted against 
the –log10 p-value (the degree of significance against the null hypothesis of haplotype-balanced signal). 
Gray boxes with red points represent peaks called as outliers at a P<1e-5 and normalized haplotype 
imbalance score of <=0.25. Blue dots represent peaks near the HPV-18 / MYC locus. 
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Figure D.4.44. ENCODE peak reference bias effects on outlier calling. 
The use of a HeLa-specific haplotype-resolved reference eliminates the reference bias, but does not 
substantially change the set of peaks called as outliers. a. Haplotype imbalance scores when aligning to a 
haplotype-resolved HeLa reference (top) or hg19 (GRCh37, bottom). b. Percentage of peaks called as 
outliers with P<1e-5 and an imbalance score cutoff of  0.25. Using HeLa haplotype-specific reference 
sequences changes the set of outliers called by only 0.606% 0.005%, and 0.081% for Pol2 ChIP-seq, 
CTCF ChIP-seq, and DNaseHS-seq, respectively. 
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Figure D.4.45. Phased ENCODE outlier analysis. 
a. Ranked sliding window scores for ENCODE outliers. The window containing the HPV-18 integration 
and MYC loci is highlighted in red. b. Closer investigation of the top 50 scores from a. c. Top 30 outlying 
windows after being condensed for overlapping regions. Columns represent haplotype imbalance scores 
for haplotype A (red) and haplotype B (blue) for the ENCODE tracks across each region. 
 
 

 
 
 
Figure D.4.46. ENCODE haplotype imbalances for HPV-18 and MYC. 
Red peaks indicate haplotype A imbalance, blue peaks represent haplotype B for copy number 
normalized haplotype imbalance scores. Letters represent regions corresponding to items in the 
schematic presented in Figure 6.4a. 
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Figure D.4.47. Long-range interaction with MYC from 5C and ChIA-PET data. 
a. ENCODE 5C chromatin interaction data (available only for the GM12878 cell line) demonstrates long-
range interactions between MYC and distal upstream sites. The highlighted region includes the site of 
HPV-18 integration (into the HeLa but not GM12878 genome). b. Spanning reads from ENCODE ChIA-
PET data in HeLa S3 cells indicate long range integration between the HPV-18 interaction and site and 
MYC locus. Teal profile represents Pol2 signal and contains peaks at the HPV-18 and MYC loci. 
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Figure S.4.48. Datasets and analyses for HeLa CCL-2 and HeLa S3. 
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