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Unraveling the complete sequence of the human genome was a tremendous
achievement in the history of science which has dramatically changed the way we
perceive the inheritance of human traits and diseases (Human and Sequencing 2001;
Venter et al. 2001). The complete sequence of the human genome gave us a blueprint
of how biological functions and phenotypic traits are encoded. Today, advances in
sequencing technology allow us to obtain complete sequence of the human genome
faster and cheaper than ever before. Typically, this is done in the form of short readouts that have to be assembled together or aligned to the reference genome. The
clear advantage of having a high quality and complete reference genome is that
it provides a reliable scaffold to map such short fragments generated by various
genome sequencing techniques (International Hapmap Consortium 2005; 1000
Genome Project Consortium 2010; Zook et al. 2014; Walter et al. 2015). Current
sequence data allows us to map genetic variation, structural changes, methylation
patterns, chromatin structure, three-dimensional organization of the genome, levels
of gene transcription and disease susceptibility (Lander 2011).
The current version of the human genome reference (GRCh38) is the result of
continuous work and improvements by many scientists all around the world. Despite
this huge effort it is estimated that about 5-40Mb of euchromatic sequence is still
missing from the current version of the reference genome (Chaisson, Wilson, and
Eichler 2015). Moreover, many complex regions and repetitive sequences remain
unresolved due to the limitations of the current sequencing technologies. In addition,
the current human reference genome represents a ‘patchwork’ genome of multiple
individuals and as such underestimates human genome variation. As a result the
‘reference’ genome can be a source of bias concealing some of the true variability
of an individual’s genome during the alignment process. Most importantly, the
human reference genome as well as the data obtained from most genome sequencing
methods underestimate or completely disregard the diploid nature of the human
genome.
Diploid genomes consist of two haploid sets of homologous chromosomes
each inherited from one parent. Maternal and paternal copies of the genome are
highly homologous and differ only at number of sites, called genetic variants.
Different states of genetic variants are called alleles and range from single nucleotide
variants (SNVs), short indels to larger variation like deletions, duplications or even
inversions that change orientation of a piece of the genome. A contiguous set of
such alleles that resides on a single homologues chromosome is called a haplotype.
The process of assignment of alleles to the corresponding homologue is known as
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phasing which is important for various reasons.

Figure 1: Importance of phasing information for genetic studies.
Genetic information is stored inside chromosomes and for diploid organism there are two copies of each
chromosome, one inherited from the mother and from the father. Parental homologous chromosomes
are highly similar and differ only at a number of sites in the genomes called genetic variants. Many
technologies are able to locate the sites of such variants in the form of genotypes. However, genotypes
hold no information about the parental origin of any given allele. Phasing reconstructs spatial order
of alleles along each of the two parental homologous chromosomes. During meiosis homologous
chromosomes replicate their DNA and recombine their genetic information prior to random distribution
of a haploid genome into the gametes. In this hypothetical example two deleterious mutations in the
same gene are shown (red crosses). One copy of the gene is disrupted in both parents by a mutation
that occurred at different locations. Mutated copies of this gene will segregate to next generation with
a 25% chance that the child will inherit mutated copies of this gene from both parents. Knowledge
of the genotype alone provides no information about where the given mutations are on the child’s
homologues. Only haplotype information can answer the question whether the given mutations are
localized on a single or both homologues in the child, the later causing complete loss of function of the
gene product (compound heterozygosity).
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Knowledge of haplotypes has been successfully applied in many areas of
population and clinical genetics. Haplotypes have helped us to better understand
the relationship between genetic variants and diseases (Tewhey et al. 2011). This
relationship has been and still is extensively studied as a part of genome-wide
association studies which greatly benefit from haplotype information (Pasaniuc
et al. 2012; Liu, Zhang, and Zhao 2008). From a clinical perspective, haplotype
resolved personal genomes are important to assess the context of acquired mutations
as they appear on homologous chromosomes (cis – on the same homologue, trans –
on different homologues) and predict the effect of such potentially disease-causing
mutations (Fig.1) (Roach et al. 2010; Hoehe et al. 2014; Kitzman et al. 2011), to
determine parental origin of de novo mutations in the child (Browning and Browning
2011) and for HLA typing needed to predict outcomes of organ transplants (P. I.
W. De Bakker et al. 2006; Petersdorf et al. 2007). Big promise holds noninvasive
prenatal testing by sequencing and haplotype assembly of fetal genomes from cellfree DNA fragments present in the maternal plasma (Fan et al. 2012; Kitzman et
al. 2012; Y. M. D. Lo et al. 2010). Furthermore, haplotypes have been successfully
applied to study allele specific phenomena like DNA methylation and gene expression
(Leung et al. 2015; Wang et al. 2014; Xie et al. 2011). Lastly, mapping of meiotic
recombination events (Wang et al. 2012; Hou et al. 2013; Kirkness et al. 2013) and
loss of heterozygosity in cancer samples have been mapped using haplotypes (Huang
et al. 2007).
While it is relatively easy to localize alleles in the form of genotypes along
the genome from sequence data, this type of data provides little or no information
about haplotypes. Due to the reasons mentioned above, haplotype resolved genomes
have always been a hot topic of scientific endeavor. To date, a number of phasing
methods have been developed that can be broadly divided into two main groups:
population-based haplotyping and direct haplotyping of individual genomes (Fig.
2). Population-based haplotype inference can be further distinguished into phasing
of unrelated and related individuals.
(i) Phasing of unrelated individuals searches for a collection of alleles
(SNVs) with strong linkage disequilibrium (LD) that propagates in a population as
a single haplotype block (1000 Genome Project Consortium 2012). Traditionally,
microarray based approaches are used to obtain genotype information across multiple
individuals and statistical inference is applied to find the most probable haplotype
structure in a given population. Population-based phasing of unrelated individuals,
while being relatively cheap and easily accessible, can provide accurate phasing
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only for common alleles (like SNVs) that are present at appreciable frequencies
in a population. Therefore, rare and de novo variants can not be phased, despite
being frequently the most interesting ones in terms of phenotypes and in order to
explain causes of genetic disorders. Moreover, only short haplotype blocks can
be reconstructed due to multiple alleles with low LD. Some improvements can be
achieved by using a group of closely related individuals.

Figure 2: Overview of fundamental phasing approaches.

(ii) Pedigree-based (genetic) haplotyping is based on the principles of
Mendelian segregation of alleles in pedigrees in order to deduce the phasing of
alleles observed by genotyping. In the simplest scenario, such as a family trio,
the child can be unambiguously phased providing that at least one parent carries a
homozygous genotype at a given site. The allele in the homozygous genotype must be
the inherited allele, and the remaining (not inherited) parental haplotypes can then be
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easily reconstructed for bi-allelic markers, such as most SNVs. The haplotype phase
cannot be deduced only at SNV positions for which both parents are heterozygous
(Browning and Browning 2011). In practice such genetic phasing can yield highly
accurate chromosome-length haplotypes in a child. However, as the locations of
recombination events are unknown, the inferred parental haplotypes will typically
have a phase error at each recombination site. These low-frequency phase errors
will have a limited effect on short-range haplotypes but will scramble chromosomelength haplotypes (Glusman, Cox, and Roach 2014). Moreover, genetic haplotyping
depends on the availability of family data and is unable to phase variants that arose
de novo in the last generation. In contrast, direct (molecular) phasing methods have
the potential to resolve diploid genome of any individual without the need to generate
sequencing data from family members or having large population dataset.
Direct (molecular) phasing methods chart the unique genetic makeup of an
individual’s genome by sequencing genomic DNA obtained from the bulk of cells or
quite recently using single cells sequencing techniques (Porubský et al. 2016; Fan et
al. 2011; Kirkness et al. 2013; Hou et al. 2013). The latest sequencing technologies
allow us to obtain nearly complete sets of genomic variation in a single experiment
relatively cheap and fast, making the direct phasing methods the preferred way to go
for the phasing of individual genomes. Direct phasing methods differ widely in terms
of completeness of haplotypes, length of phased haplotype segments, accuracy of
phasing and requirements for labor and costs. Direct phasing methods can further be
divided into two groups: (i) methods that uses computational algorithms to assemble
haplotypes directly from sequencing reads, also called as read-based phasing and (ii)
methods that use various experimental techniques to isolate separate homologues
chromosomes that are then sequenced as separate entities. Such methods are
designated as experimental phasing here.
Nowadays, next-generation sequencing (NGS) provides the easiest way to
obtain a set of genetic variants of an individual genome. Current state-of-the-art
sequencing technologies generate sequence reads from genomic DNA. Sequencing
reads can vary widely in their length, from hundreds of bases to tens of kilobases.
Essentially, there are two types of sequencing protocols: single-end sequencing
protocols that read DNA fragments from only one end and paired-end protocols in
which DNA fragments are sequenced from both ends (Mardis 2008). Paired-end reads
are further defined by the size distribution of inserts which in turn depends on the
length of the sequenced DNA fragments. Every read or read-pair that encompasses
two or more heterozygous variants originates from a single DNA fragment and
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thus the relative position (phase) of such variants is known (representing a single
haplotype). Such haplotype informative reads can then be assembled into longer
phased contigs if they share overlapping alleles.
Over the past few years multiple algorithms have been developed that use
sequencing reads to solve the haplotype assembly problem (Geraci 2010; He et al.
2010). Assuming a diploid genome, the goal is to divide all input reads into two bins
representing two sets of alleles and thus two haplotypes. However, this approach is
complicated by errors in sequencing and genotyping. Therefore, in order to assemble
haplotypes directly from sequencing reads, efficient and robust algorithms have to be
employed. The most commonly used solution for the assembly of haplotypes from
error-prone sequencing reads is minimal error correction (MEC) (Cilibrasi et al. 2002;
Lippert et al. 2002). The optimal solution of the haplotype assembly problem then
represents the minimal number of error corrections in the input reads such that they
can be partitioned into two conflict-free sets representing the two haplotypes (Pirola
et al. 2015; Chen, Deng, and Wang 2013; Aguiar and Istrail 2012). An important
advantage of read-based phasing in comparison to population-based phasing is that
it can phase rare variants. Moreover, not only SNVs but also any variants that are
contained in a single sequencing read, like short indels, can be phased.
Currently, the most cost-efficient sequencing platform is provided by Illumina
which produces rather short ~ 150bp long reads (Mardis 2008). Short sequencing
reads is the main disadvantage of next-generation sequencing technologies. The
average span between two consecutive SNVs in the human genome is about 10001500bp which means that the majority of SNVs ‘neighbours’ cannot be spanned
by single-end reads. Thus, only pair-end reads with sufficiently long insert sizes
are useful for phasing using short-read technologies. Furthermore, while short reads
have proven to be efficient to sample SNVs and short indels, their application to
larger and more complex structural rearrangements is inefficient (Chaisson et al.
2015). This leaves an important portion of the human genome variation inaccessible
for phasing using short-read sequencing.
Many limitations of short-read sequencing can be overcome by using longread technologies like PacBio (Steinberg et al. 2014) or Oxford NanoPore (Ammar
et al. 2015). Long-read sequencing technologies (average read length more than
10kb) have greatly improved the analysis of genome structure and have brought
haplotype resolved genomes closer to practice. The advantage of longer reads is that
they span multiple alleles over long stretches of DNA which can be stitched together
to generate longer haplotypes than can be obtained by short-read technologies. In
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addition, longer reads can be used to span many repetitive or otherwise ambiguous
regions of the genome (Roberts, Carneiro, and Schatz 2013) and have improved
the analysis of many previously unknown insertions, deletions, inversions and other
large structural variants (SV) (Chaisson et al. 2015; Pendleton et al. 2015) owing
to their enhanced split-read mapping around SVs. Longer reads also benefit from a
lower sensitivity to GC bias in comparison to short reads. This results in decreased
coverage imbalances and a more uniform coverage along the genome (Ross et al.
2013). However, important limitation of long-read technologies is the relatively
high error rates (frequently in the range of 10 – 30%), predominantly represented
by random insertions and deletions. Such errors were shown to be random along the
genome, indicating that occurrence of the same error at the same position in multiple
reads is unlikely (Ross et al. 2013). Oxford NanoPore produces read lengths that
are similar to those produced by PacBio, but suffer from higher errors rates and
lower throughput. Nevertheless, current error correction algorithms can bring the
accuracy of PacBio and Oxford NanoPore reads up to 99.9% (Carvalho, Dupim, and
Goldstein 2016). An important consideration for PacBio sequencing is its relatively
high cost in comparison to next-generation (short-read) sequencing, which may
prevent its application in large re-sequencing projects. In this sense Oxford NanoPore
is a promising alternative to produce long reads cost-effectively. However, lower
throughput and high error rates require further improvements before this approach
can be used for robust detection of structural variants.
An alternative to sequencing of long DNA fragments is dilution-based
haplotyping using short-read technologies such as provided by Illumina. This
haplotyping technique is based on the dilution of high molecular weight (HMW)
DNA into separate compartments such that each compartment contains a subhaploid pool of DNA molecules (Raymond et al. 2005; C. Lo et al. 2013; Kitzman
et al. 2012; Suk et al. 2011; Duitama et al. 2012). The number of molecules in each
pool is kept small in order to decrease the chance that two molecules from the
same genomic region but from different homologues end up in the same pool. Each
haploid molecule is converted into a sequencing library and barcoded/indexed such
that multiple pools can be sequenced together. Each sequencing read corresponds to
a single HMW DNA fragment and will map to a defined genomic region. As a result,
each read can effectively be treated as a single synthetic read such that all observed
alleles belong to the same haplotype. The length of the assembled haplotype blocks
is limited by the length of captured HMW DNA molecules, although overlapping
block of reads originating from different DNA molecules can be merged together
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and thereby increasing the length of final haplotypes. Commercialization of dilution
based methods includes, among others, Illumina TruSeq (Moleculo) (Kuleshov
et al. 2014), Complete Genomics ‘long fragment read’ (Peters et al. 2012) or 10x
Genomics (Zheng et al. 2016) that have reported robust phasing for haplotype blocks
longer than 1Mb. Illumina TruSeq technology uses barcoding of PCR amplified
DNA fragments that are then sequenced using short reads. Barcoded DNA fragments
are sequenced at high coverage and are subsequently assembled into long reads that
are about 10kb long. A disadvantage of this technique is that the maximal length
of assembled long reads is limited by the maximal length of the PCR-amplified
fragments (~ 10kb) (Kuleshov et al. 2014). In contrast, the latest technologies such
as the 10x Genomics (Chromium system) are conceptually very similar to TruSeq,
but unlike TruSeq, 10x Chromium uses the droplet system to separate HMW DNA
fragments (> 100kb) into large number of independent reactions where each library
is prepared and is assigned a unique barcode per droplet. Barcoded and amplified
DNA fragments are then sequenced using short reads at very low coverage (less then
1x). Due to the low coverage, original size DNA fragments cannot be reconstructed
from short reads, but instead clouds of reads, distinguished by their barcode are
produced and distributed around the genome. Such barcoded clouds of reads can
be used to connect contigs (scaffolding step) during de novo genome assembly
(Weisenfeld et al. 2016) to resolve large and complex SVs as well as phase variants
in megabase sized regions (Zheng et al. 2016). Yet another method that aims to
preserve contiguity of long HMW DNA fragment, presented by Amini et al. (2014)
is called contiguity-preserving transposition sequencing (CPT-seq). In brief, CPTseq exploits an important property of the Tn5 transposase that remains tightly bound
to target HMW DNA upon transposition (also called ‘tagmentation’), a process that
uses indexed adaptor sequences such that contiguity between alleles that co-occur on
the same HMW fragment, and thus on the same haplotype, is preserved.
Despite all the progress in algorithmic and sequencing approaches, one of
the core problems of read-based phasing remains: the measured phase information
in the form of sequencing reads is local and the desired global phasing can only be
obtained by piecing together such locally phased genome segments. As a consequence,
the probability of phasing two heterozygous variants correctly deteriorates with
increasing physical distances between such alleles. While read-based phasing can
achieve high density of phased variants, it has a trouble to connect locally phased
haplotype segments across long distances. Typically, read-based phasing can yield
haplotypes that are hundreds of kilobases to several megabases in length (Snyder
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et al. 2015), depending on the length of the measured phasing information in the
form of sequencing reads. As a result final haplotypes are typically disconnected
due to the presence of extended low complexity and homozygosity regions in the
genome. To be able to phase such regions correctly, very long reads or specialized
experimental procedures that can reconstruct haplotypes over entire chromosomes
are needed.
There are various methods that can resolve haplotypes at much longer
distance than population-based or read-based methods. However, the number
of alleles that can be phased limits these approaches as they leave an important
portion of variants uncovered. In order to assemble haplotypes across longer
distances various experimental procedures have been applied prior to sequencing
of genomic DNA. Such techniques vary in the maximal length of haplotype that
can be assembled with few methods that are able to provide the longest haplotypes
possible, ‘chromosome-length haplotypes’. Global phasing can be achieved by
physical separation of the haploid genomes (individual chromosomes) by means
of microdissection (Ma et al. 2010), fluorescence-activated cell sorting (FACS)
(Yang et al. 2011) or microfluidics (Fan et al. 2011). For example, Ma et al. (2010)
demonstrated sparse haplotyping by laser capture microdissection of individual
chromosomes in metaphase spreads, followed by multiple displacement aplification
(MDA) and microarray-based genome-wide genotyping. Yang et al. (2011) used
FACS to deposit individual chromosomes into wells of a 96-well plate, followed
by MDA and NGS. Lastly, Fan et al. (2011) used a microfluidics device to separate
and amplify individual or small pools of chromosomes from a single metaphase cell
and genotype amplification products using either microarrays or NGS. A practical
limitation of all of these methods is the requirement for intact mitotic cells as well
as the need for specialized laboratory equipment and skilled laboratory technicians.
Alternatively, chromosome-length haplotypes can be achieved by sequencing of
isolated sperm cells (Kirkness et al. 2013), hydatidiform moles (Steinberg et al. 2014)
or oocytes (Hou et al. 2013), although application of such techniques is restricted to
germline or embryonic samples.
The aforementioned techniques are, however, labor intensive and time
consuming and have not been widely adopted in the scientific community. In
this thesis we introduce a novel phasing approach using Strand-seq, a single cell
sequencing technique able to identify parental DNA template strands inherited
by daughter cells after mitosis. This is achieved by selective removal of newly
synthesized DNA strands after one round of replication. Resulting DNA template
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strands can then be distinguished based on the directionality of the single stranded
DNA as either Crick (C; forward, or plus strand) or Watson (W; reverse, or minus
strand). Removal of nascent DNA strands is ensured by incorporation of the
thymidine analogue 5-Bromo-2’-Deoxyuridine (BrdU) during the DNA replication.
This leaves template DNA strands intact and hemi-substituted nascent DNA strands
are selectively removed before library preparation and sequencing (Falconer et al.
2012). In a diploid cell, each parental homologue (M, maternal; P, paternal) contains
one W and one C strand and following cell division the template strands for any
given parental chromosome will segregate into daughter cells as either WW, CC,
or WC. Any change in template strand orientation is then a reflection of a genomic
rearrangement such as, for instance, a sister chromatid exchange (SCE) event, which
represents a somatic rearrangement that arises during DNA replication, for example
when a double-strand break is repaired by homologous recombination. Such changes
in template strands can be rigorously mapped using the methods developed in
Chapter 2. The important advantage of Strand-seq technique is that we can directly
observe parental haplotypes for approximately half of the chromosomes for which
the Watson strand was inherited from the paternal homologue and the Crick strand
from the maternal one (or vice versa). Combining the sequencing data across several
single cells allowed us to reconstruct a haploid structure of an individual’s genome
(see Chapters 3 and 4). Even with a limited number of single cell libraries, these data
can be used to compile long-range haplotypes that can serve as a scaffold for other
sequencing platforms. We predict that this new single cell sequencing technique will
greatly advance the future studies of the haploid genome architecture (see Chapter
5).
Despite the considerable progress in sequencing technologies, computational
and experimental haplotyping approaches, it is becoming apparent that a single
technology is unlikely to resolve the complexity of the human genome in a phased
fashion. While different technologies clearly have complementary strengths and
weaknesses, the task of computationally combining such data is challenging and
requires considerable effort in algorithm development. Therefore, several groups
ventured the idea of combining more than one phasing technique in order to assemble
more complete and longer haplotypes. Hybrid approaches that utilize experimental
methods to provide global phase information along with effective phasing algorithms
represent a promising direction to overcome genome phasing problem. For instance,
Kitzman et al. (2011) and Suk et al. (2011) used a combination of fosmid clones
with next generation sequencing to phase alleles over long distances. Suk et al.
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(2011) were able to phase 99% of SNVs, and the phased blocks had N50 length of
1Mb (that is, 50% of phased segments are located within a block of at least 1Mb in
length). Kitzman et al. (2011) reported slightly lower coverage of SNVs phased into
blocks (94%) with N50 length of ~ 400kb. A disadvantage of these approaches is
that, although large chromosomal segments can be phased, the segments can not be
accurately stitched together, owing to missing phase information across homozygous
or centromeric regions that exceed the typical fosmid size (~ 40kb) (Kitzman et al.
2011; Suk et al. 2011). An improvement can be achieved by combination of Strandseq with read-based phasing methods. In Chapter 5 we discuss that with the help
from Strand-seq global phasing, we can stitch together short haplotype segments
originating from sequencing reads, while at the same time increase the completeness
of final haplotypes.
Other groups have taken a different approach by combining populationbased phasing with read-based phasing in order to improve both the accuracy and
completeness of the final haplotypes (Kuleshov et al. 2014; Delaneau et al. 2013;
Zhang and Zhi 2013; Yang et al. 2013; Amini et al. 2014). Briefly, these authors
exploit the fact that long-range haplotype information (obtained from populationbased phasing) can be used to link together short but more dense haplotype segments.
However, such hybrid approaches depend on the availability of reasonably large
population-specific haplotype-reference panels. In addition, an important caveat of
filling missing variants using haplotype-reference panels is that such variants will be
biased towards more common variants present in the population (Snyder et al. 2015).
An alternative to long-range phasing information obtained from population
based phasing represents genome scaffolding techniques like optical mapping
(BioNano), jumping libraries or contact matrices obtained from genome-wide
chromatin conformation data (Hi-C). Hi-C was originally developed to study the
spatial organization and chromatin interactions of the genome in the nucleus. Hi-C
is based on cross-linking of DNA by bringing distal parts of the genome in close
proximity, which is then used to create paired-end reads that are able to span hundreds
of kilobases (Burton et al. 2013). As homologous chromosomes predominantly
occupy distinct chromosomal territories, the probability of intra-homologue
interactions is much higher than that of inter-homologue interactions. Selveraj et
al. (2013) described the assembly of sparse chromosome-length haplotypes derived
from chromatin contact Hi-C data which initially covered only 22% of all variants.
They subsequently used such sparse long linkage information to seed the statistical
haplotype inference using BEAGLE software (Browning and Browning 2007),
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ultimately increasing the number of globally phased variants to 81%. However,
like the other sparse methods that capture chromosome-length haplotypes, Hi-C
requires the availability of intact cells or nuclei. This limitation might be overcome
by emerging technologies for reconstituting chromatin in vitro (Putnam et al.
2016). Recently, an improved Hi-C protocol called cHicago has been released. This
approach cross-links DNA within artificial constructs and consequently long-range
or inter-chromosomal interactions are limited (Putnam et al. 2016).
Similarly to Hi-C, jumping libraries represent and adaptation of mate-pair
sequencing with large insert sizes (few kilobases). However, this method is still
sensitive to density and distribution of variants and has a difficulty to map genomic
loci that are even further apart. Nevertheless, this approach was successfully
applied to assemble haplotype resolved genomes with a contig size N50 value of
~ 490kb (Cao et al. 2015). The latest semiconductor-based nanotechnologies from
BioNano Genomics can be applied to map distribution of DNA motifs in separate
DNA molecules. BioNano Genomics, labels DNA using nicking endonucleases
and fluorescently labeled nucleotides, then visualize single molecules in linearized
nanochanels in order to derive long haplotype information. Application of such long
mapping techniques in combination with other phasing approaches is still to be
explored.
To date, the haplotyping community has not settled on an obviously superior
and cost-effective technology to phase diploid genome across the whole length
of all chromosomes while capturing as much heterozygous alleles as possible.
Currently available haplotyping methods make trade-offs between costs, contiguity,
accuracy and completeness. Usually, direct experimental haplotyping will be the
most accurate method across long distances. Genetic haplotyping is very accurate
but can be incomplete due to de novo mutations and depends on the availability
of parental information. Population-based phasing works well for common variants
and offers a good-quality phasing when other information is unavailable (Glusman,
Cox, and Roach 2014). Clearly, a combination of various phasing methods promises
to generate the most complete and dense haplotypes. However, as the long-read
technologies continue to mature, we expect to see more of a shift towards de novo
assembly of haplotype resolved genomes in the future.
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