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ABSTRACT

Genomic analyses are at the center of contemporary biology. These
studies heavily rely on reference genome assemblies, yet those are
typically highly fragmented. Having accurate representations of
complex genomes, or parts thereof, is crucial to study human and
primate evolution and disease. Here, we develop and apply new
sequencing strategies and technologies to improve reference
assemblies. We first explore the combinatorial potential of different
datasets to generate a highly improved reference for the chimpanzee, a
crucial species for the study of human origins. We are able to close
77% of the over 159.000 remaining gaps in the previous iteration of
this species’ assembly and increase continuity by more than 750%. We
then go on to develop a workflow to assemble the first human Y
chromosome of African ancestry, using native flow-sorted
chromosomes sequenced on a Nanopore device. We are able to
assemble the Y chromosome to a reference grade quality and achieve
unprecedented sequence resolution across structurally complex
regions. These results open new avenues for comparative studies

including the chimpanzee genome or human Y chromosomes.
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RESUM

Els analisis genomics sén el centre de la biologia contemporania.
Aquests estudis depenen molt de T'assemblatge de genomes de
referéncia, tot 1 que aquets en general estan molt fragmentats. Tenir
representacions precises de genomes complexos, o parts d’aquests, és
crucial per estudiar les malalties i 'evolucié en humans i primats. En
els estudis segiients, desenvolupem 1 apliquem noves estratégies i
tecnologies de seqiienciacié per millorar els assemblatges de referéncia.
En primer lloc, explorem el potencial de combinar diferents conjunts
de dades per generar una referéncia substancialment millorada per al
ximpanzé, una especie crucial per a 'estudi dels origens humans. Som
capagos de tancar el 77% dels més de 159,000 buits que hi havia a la
iteraci6 previa de lassemblatge d'aquesta especie, i augmentar la
continuitat en més del 750%. A continuacié, desenvolupem un
protocol per assemblar el primer cromosoma Y huma d’ascendéncia
africana, utilitzant cromosomes nadius aillats per citometria de flux i
sequenciats mitjancant un dispositiu Nanopore. D’aquesta manera,
aconseguim assemblar el cromosoma Y a una qualitat de referéncia i
una resoluci6 de sequéncies sense precedents en regions
estructuralment complexes. Aquests resultats obren noves vies per a
estudis comparatius que inclouen el genoma del ximpanzé o els

cromosomes Y humans.
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Preface

Recent advances in genome sequencing technologies and the ongoing
reduction of their cost have taken genome assembly projects from the
realm of large international consortia and given them into the hand of
individual labs. The methods and strategies for these are being
developed at an ever-increasing pace, greatly benefiting biological
research. Here, I present results regarding the improvement of the
chimpanzee genome assembly on the one hand, and new strategies to

assemble human Y chromosomes on the othet.
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1 INTRODUCTION

Deoxyribonucleic acid (DNA) is the hereditary molecule that contains
all necessary information to sustain and reproduce any extant life form
known to date. It can be thought of as a string, or a sequence, composed
of 4 letters called nucleotides: A, C, T and G. In a cell, these strings
occur paired to another, complementary string in which A pairs with T
and C pairs with G to form a so-called double helix (Watson and Crick
1953; Franklin and Gosling 1953; Wilkins, Stokes, and Wilson 1953).
We have known these facts for almost 70 years now, yet it has not
been until recently that we have developed an adequate methodology
to read and analyze DNA at scale. This much-hailed advent of the
genomics era has profoundly transformed the way biological questions
may be asked and answered. Since its onset, biology has become
unimaginable without the analysis of genomes (Goodwin, McPherson,
and McCombie 20106).

Much of my work over the last years has focused on how to generate
some of the resources upon which biology relies these days, that is:
how to appropriately apply current methods, and develop new ones,
to reconstruct genomes of its parts as accurately as possible. The emphasis
here is important! Given sufficient funds, we now have access to a
plethora of methods to read genomes, many of which produce results
that are a highly accurate picture of reality. Nevertheless: for humans,
and almost all other species, there is still not a single genomic
representation that is free of some kind of error. It might come as a
surprise to some, but it was not even until earlier this year (2019) that

the first complete and uninterrupted sequence of a human



chromosome has been announced, whose sequence was resolved from
one tip to another (Miga et al. 2019). Although this one too is not
devoid of errors. It is important to bear in mind that all assemblies, no
matter how accurate, are always just a model of the underlying
genome.

It was only during my Ph.D. that the generation of whole-genome
assemblies from non-model organisms by individual labs has become
routine. Since then, the pace at which they were created seemed to
steadily increase, and oftentimes the technologies that were chosen at
the conception of a project seemed almost dated upon publication of
the results. In the following, I will try to provide a summary of some

of these methods and their applications.



1.1 A brief overview of genome assembly the

human genome

A canonical diploid human genome in a somatic cell is comprised of
46 chromosomes. There are 22 pairs of autosomes as well as two sex
chromosomes, which are typically distributed as two X chromosomes
in females and one X and one Y chromosome in males. The
approximate size of a haploid human genome — that is, taking only
into consideration non-redundant chromosomes — is around 3.2
Gigabases (Gb) with individual chromosomal size ranging from ~249
Megabases (Mb) in chromosome 1 to ~57 Mb in chromosome Y
(International Human Genome Sequencing Consortium 2001). These
chromosomes contain all information necessary to maintain and
propagate life. A large part of this information is stored in genes, the
ill-defined subunits of DNA that code for a molecule that exhibits
some kind of function, for example, a protein. These protein-coding
genes make up ~2% of the human genome and most recent estimates
place the total number of coding genes in humans at around 20,000
(International Human Genome Sequencing Consortium 2004).
Despite not coding for proteins, the remaining 98% of non-coding
DNA is not devoid of function. This includes regions that are
transcribed into functional RNA such as transfer RNA or ribosomal
RNA. There are furthermore several functional DNA elements that
are not transcribed, such as regulatory elements, including promotors
and enhancers.

Approximately 50% of the human genome is made up of repetitive

elements (Treangen and Salzberg 2012). These elements come in a



variety of shapes, sizes, and origins, and can be interspersed in the
genome, arranged in tandem next to one another, or even be nested
within other elements. They are fundamental to understand the
makeup of a genome and the challenges in analyzing it. Repeat
subunits can be as small as a single base pair in simple repeat
sequences and range up to 1 Mb in large segmental duplications,
which are recent duplications in the genome that exhibit >90%
identity to one another over at least 1 Kb of sequence (Eichler 2001).
The most prominent elements in terms of the number of repeat units
and proportion of the genome are long interspersed nuclear elements
(LINES) and short interspersed nuclear elements (SINES) (Treangen
and Salzberg 2012). These two classes alone make up ~36% of the
genome and contain the two most numerous repeats in the human
genome: Alu and L1 elements. A human genome has well over 1
million copies of Alu elements making it the single most abundant
one. Many of them share high identity with each other. They are
primate-specific mobile elements of around 300 bp in size whose
activity peaked in early primate evolution, but some are still active in
the human lineage (Deininger 2011).

L1 elements are another type of repeat that is still active in the human
lineage. They occupy around 17% of the human genome, which is the
largest proportion of bases of any single repeat element. A single L1
element is around 6000 bp in size (Treangen and Salzberg 2012).
Repeats such as L1 and Alu by themselves do little more than create
and insert copies of themselves. However, the insertions and their
locations can have broad evolutionary and functional implications by
affecting gene structures, disrupting coding sequences or altering

expression patterns. Ultimately, these insertions can be responsible for



a series of diseases, such as muscular dystrophy, thalassemia, macular
degeneration, hemophilia, and several cancers, among many others
(Deininger 2011; Hancks and Kazazian 2016; Kazazian and Moran
2017). Having accurate reconstructions of genomes, including proper
repeat resolution, is therefore key to understand many biological

processes and their impact.
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Repetitive elements are at the center of the computational and
analytical challenges of genome sequence analysis, as contemporary
biological studies fundamental require the availability of accurate
genomic sequences. There is currently not a single platform that is
capable of reading the sequences of full nuclear chromosomes on a
practical level. As we shall see different platforms impose different
size limits on the DNA fragments they can detect — the so-called reads.
Therefore, to analyze the sequences these reads are derived from, they
need to be assembled to a reference genome. Consequently, the central
problem genome assembly deals with is the reconstruction of genomic
sequences from fragments — reads — which are several orders of
magnitude shorter. We shall explore some of the issues associated with
this central problem, and how genomics has provided computational
and molecular solutions to them.

Assembling a reference genome is usually at the beginning of genomic
analyses. If such a reference assembly already exists, a study might opt
to resequence more individuals to study the differences between them or
their variation. In this case, reads may be mapped to determine their
position relative to the reference and detect the variants. The majority
of genomics studies does precisely this, as it is much cheaper to detect
variants in a resequencing experiment relative to a reference than to
construct a de-novo reference itself. The former usually requires a
simple upfront preparation of the DNA and can be sequenced on
cost-effective machines, while the latter usually greatly benefits from
more complex preparations of the DNA before ideally reading it on
less cost-effective machines. The initial assembly of a reference human
genome sequence that was released in 2001 took 10 years to create and

had a price tag of ~2.7 billion USD, which adjusted for inflation is



almost 4 billion USD in 2019. Generating the equivalent amount of
data today takes a couple of hours and usually costs less than 1000
USD. Of course, the resulting data of these two numbers are not
comparable as we have just established. But even today generating an
assembly of comparable quality to the human reference genome with
state-of-the-art methods will usually cost ~100 times more than just
resequencing (Rice and Green 2019).

As mentioned above, a haploid human genome is approximately 3.2
Gb (that is 3,200,000,000 bases) long. I believe it is important not to
lose sight of the scale of this number. We might know certain reads
are this long, and a given chromosome has roughly that size, but it is
hard to get an intuition for the absolute and relative scale of genomic
distances. Imagine the following: If we lay out all chromosomes of a
haploid human genome tip to tip, it would span around 2 meters at an
average nucleotide length of ~6:10° meters. Now, let us scale that
length to the distance between Barcelona and Vienna (or Barcelona to
London, if you are more familiar with that route - the results are
roughly the same) (Peona, Weissensteiner, and Suh 2018). The two
cities are 1350 km apart which equates to around a two-hour flight. At
that distance, a single nucleotide would weigh in at around 4 mm in
length. The average Illumina read (100 b) would measure around two
2-euro coins back to back. Picture that for a second! If a genome
measures the distance between Barcelona and Vienna, we are
predominantly reading it with units the size of just two 2-euro coins! A
typical PacBio read (10 Kb) would measure the size of a car, and a
typical Nanopore read would be around the size of a Bus. Optical- and
Hi-C maps would span half the length of a Barcelona metro train. All

these objects are of course almost negligibly small when regarded in



the context of the scale we are looking at, yet it is the jump in scale
from two 2-euro coins to a bus that made the recent dramatic
improvement in genome assembly quality possible. It is important not
to forget that the scale of units with which we analyze and reconstruct
genomes is 4-7 orders of magnitude — that is between 10,000 to

10,000,000 times smaller than the actual size of the genome itself.



1.2 Sequencing methods

The dramatic developments in sequence assembly over the last decade
are intimately tied to technological advances in genome sequencing,
and it is not possible to understand the first without talking about the
latter. I will discuss some key platforms that have propelled this
progress, each with their own set of advantages and disadvantages, be
they technological or economical. The possibilities and limitations of
each platform directly translate to the resulting assemblies’ quality in
most cases. This is either because of direct effects — i.e. the raw data
quality and read-length that is produced by the machine, or indirect
effects such as necessary or possible types of library preparation

associated with the platform (see Figure 2).
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Figure 2: From Rice and Green, 2019. Overview of libraries, typical output,

and typical assembly continuity for Illumina, PacBio and Nanopore.



1.2.1 The first generation: The Sanger era

The early days of genome sequencing were dominated by di-deoxy
chain termination sequencing, better known as Sanger sequencing.
Originally developed in the 1970ies, it was the most widespread
sequencing platform and used almost exclusively for around 40 years
(Sanger, Nicklen, and Coulson 1977). Briefly, the Sanger method
works by elongating a template strand of DNA with a mixture of
ordinary deoxynucleotides (dNTPs) and labeled dideoxynucleotides
(ddNTPs) into the elongating DNA chain. The ddNTPSs are readily
incorporated into the novel strand by a polymerase but terminate the
reaction thereafter as they block any further nucleotides from
participating in the reaction. The different elongated DNA strands are
then separated by size. As the initial concentrations were chosen in
such a way that each position of the template DNA will terminate the
reaction, the detection of labeled ddNTPs is then used to reconstruct
the original sequence. The Sanger method was originally developed
with radioactive ddNTPs to be run on gels where the sequences would
correspond to bands after electrophoresis. The key to its success,
however, was the possibility to automate the process through the
development of Sanger capillary sequencing machines and
fluorescently labeled ddNTPs. It was on those machines that the first
genomes of multicellular eukaryotes were sequenced, starting with C.
elegans and the fruit fly as test cases, and leading to the emblematic first
mammalian assemblies of human and mouse (The C. elegans

Sequencing Consortium 1998; Adams et al. 2000; Mouse Genome
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Sequencing Consortium et al. 2002; International Human Genome
Sequencing Consortium 2001).

From today’s perspective, these early genomic representations were
special in that they used comparatively short templates of around 200
Kb that were cloned and propagated in bacteria (bacterial artificial
chromosomes, or BACs) in a process called “BAC hierarchical
shotgun”. To this end, BAC libraries that cover the whole genome
were generated, and individual BACs that cover the specific region of
interest were identified, pulled out, sequenced and assembled. Due to
the high repeat content of mammalian genomes, the assembly of
individual BACs is much easier than trying to reconstruct the whole
genome at once, as regions that might be repetitive in the context of
the whole genome are more likely to be unique in the context of the
BAC. The BAC hierarchical shotgun or clone-by-clone approach is
laborious and therefore expensive as such. At the time of the initial
sequencing of the human genome, automated and parallelized Sanger
capillary sequencing of a megabase of DNA took over a day and had a
cost estimate of ~1500 USD, which was responsible for the extremely
high price tag of the project. Nevertheless, it yielded an assembly that
is of stellar quality even by today’s standards.

The decision to apply a clone-by-clone strategy was debated at the
time of sequencing the human genome with a whole-genome shotgun
(WGS) strategy as the alternative (Weber and Myers 1997; P. Green
1997). This approach seeks to sequence and assemble the whole
genome at once without prior subdivision. While abundant repetitive
elements will lead to a much more fragmented assembly, this strategy
was shown to, at least in theory, produce a workable genome

assembly. Crucially, it implies a massive cost cut compared to the
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clone-by-clone approach, which was the main argument of its
proponents. Several further mammalian genome assemblies based
mainly on Sanger whole genome shotgun data followed over the next
years, among them horse, dog, rat, orang-utan, rhesus macaque and
gibbon (Rat Genome Sequencing Project Consortium 2004; Lindblad-
Toh et al. 2005; Gibbs et al. 2007; Wade et al. 2009; Locke et al. 2011;
Carbone et al. 2014). Crucially, among the first Sanger whole-genome
shotgun assemblies, and the first non-human primate to be sequenced,
was the initial reference of the chimpanzee (The Chimpanzee
Sequencing and Analysis Consortium 2005).

The Sanger sequencing machines produced reads between 400-800 bp
long, and their assemblies are generally characterized by high base-
level accuracy. Given the increased cost of sequencing, the coverage
for typical mammalian genomes was around 5-10-fold, which usually
resulted in fragmented assemblies. Until today, human and mouse are
the only mammals with assemblies based on a BAC hierarchical

shotgun.

12



1.2.2 The second generation: Massively parallel

sequencing

In 2005 the technological basis for the first commercially available and
viable alternative to Sanger sequencing was introduced: 454
pyrosequencing (Margulies et al. 2005). This platform was
subsequently used to sequence a personal genome in 2 months for
around 1/100™ of the cost of Sanger sequencing (Wheeler et al. 2008).
Shortly thereafter, Solexa - the company that developed the
technology used today in Illumina sequencers - published the
sequencing of an individual human genome to comparatively high
coverage (Bentley et al. 2008). Neither of the previous two examples
were proper genome assemblies but instead relied on the already
produced reference genome to map the reads and detect variants in a
process termed resequencing. Nevertheless, they prove the technical
feasibility and technological advantage of massively parallel sequencing
(MPS) for genome analysis. Illumina reads were initially an order of
magnitude shorter than those produced by Sanger platforms - 36 bp
compared to almost 1 Kb. The initial difference in size led several
people to question the computational feasibility of genome assembly
from very short reads. The genome assembly of the giant panda was
the first to dismiss these critics and showed it was possible to do so
(R. Li, Fan, et al. 2010). This assembly was produced based purely on
Illumina data and reached similar continuity to other Sanger WGS
assemblies of mammalian genomes, albeit at much deeper coverage. It
was the first step towards the democratization of genome assembly

over the coming years, as plummeting sequencing costs suddenly
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brought non-model organism assemblies into the reach of “ordinary”
research groups. This resulted in a considerable increase in available
reference sequences. The read length has increased since then,
currently producing between 150-300 bp reads. Nevertheless, despite
the massively increased throughput, short read sequencing aggravated
the main issue with genome assemblies: trying to accurately
reconstruct repetitive genomic sequences from fragments several
orders of magnitude shorter than the sequence of interest (Alkan,
Sajjadian, and Eichler 2011). As a consequence, despite the increase in
available assemblies, their quality drastically dropped as they often
consisted of tens to hundreds of thousands of individual fragments,
whose relative order and orientation remained unknown. While even
fragmented assemblies can yield valuable insights, they are often
limiting factors for certain types of analyses, such as long-range cis-
regulation, runs of homozygosity, the study of recombination, genetic
association studies or chromosomal evolution (Rice and Green 2019).
Fragmented gene models might also conflate analysis regarding, for
example, gene number or ortholog detection (Denton et al. 2014)

Despite producing fragmented assemblies, the per-base quality of
Illumina is comparatively high, although the platform exhibits a GC-
dependent coverage bias (Minoche, Dohm, and Himmelbauer 2011).
Single base substitutions are the main error type. To this day, it is far

and beyond the most widely used platform.
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1.2.3 The third generation: Long-read

sequencing

In 2009 Pacific Biosciences (PacBio) introduced the technological
foundation of a new platform that allowed the sequencing of over a
thousand continuous bases at a time (Eid et al. 2009). This method
works by filming the released fluorophores of labeled nucleotides that
are synthesized from a template strand by an immobilized polymerase
in a nanochannel called a gero-mode wavegnide. While the read lengths
were initially restricted to a couple of thousand base pairs, further
development of the platform resulted in an increase currently yielding
average read lengths of around 30 Kb. In 2015, the first human
genome was sequenced with this platform in a resequencing study,
showing large scale structural variation that has been previously
inaccessible (Chaisson et al. 2015). Despite producing long reads, this
platform showed error rates of up to 17% that consist mainly of small
insertions and deletion (Koren and Phillippy 2015). Nevertheless, a
first workable assembly of the same data was produced the same year,
which showed not only very high continuity but also high accuracy
(Berlin et al. 2015). This was achieved by taking advantage of the
random distribution of those errors, meaning that sufficiently high
coverage can overcome them. Several high-quality assemblies followed
in the last years, including all the great apes (Gordon et al. 2016;
Kronenberg et al. 2018). The long reads make it possible to span
most common repeat elements in vertebrate genomes thus rendering

many sites that lead to breaks in assemblies with Illumina trivial to

15



reconstruct. PacBio has since gone on to become the “industry
standard” for high-quality assemblies.

More recently, a commercial implementation for nanopore sequencing
by Oxford Nanopore Technologies (ONT) has become available and
is rapidly evolving. In contrast to most other platforms, these
machines do not rely on a polymerase for sequencing. Additionally,
they do not require an optical detection system, which usually is the
most expensive aspect of a sequencer (Niedringhaus et al. 2011). ONT
reads sequences by pulling single-stranded DNA (ssDNA) through an
engineered protein nanopore that is embedded in a lipid bilayer and
measuring voltage changes across the membrane. To this end, the
double-stranded DNA (dsDNA) is placed on one side of the
membrane and unwound to form ssDNA. The diameter of the pore
only allows for ssDNA to pass through. Once the ssDNA is within
the pore, it blocks the ion flow creating characteristic voltage patterns
that can be interpreted into nucleotide sequences. Since its
introduction nanopore has gone on to produce the longest read
lengths of any platform (Payne et al. 2019). There does not seem to be
in inherent upper read length limit, as with all other platforms, but
rather that the limitation is imposed by the integrity of the loaded
DNA. Current average read accuracies are still below PacBio, but
more recent estimates go as low as 12% (Rice and Green 2019). These
errors are not random but exhibit a certain bias dependent on the GC
content of the sequence in question. Nevertheless, the platform is
rapidly gaining popularity and the technological and algorithmic
ecosystem surrounding it is under intensive and constant
development. Recently, the most continuous whole-genome shotgun

assembly for human was produced on it with the aid of so-called ultra-
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long reads, which regularly exceed 100 Kb (Jain, Koren, et al. 2018).
Currently, the longest recorded read is > 2 Mb long (Payne et al.
2019). ONT makes certain repeat structures resolvable that were
inaccessible with other platforms, such as the first fully resolved
human centromere (Jain, Olsen, et al. 2018). Lastly, a combination of
different long-read platforms, including both PacBio and Nanopore, is
currently being used to produce complete, tip-to-tip assemblies of all

human chromosomes (Miga et al. 2019).
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1.2.4 Transitional hybrid assemblies

Although we have treated the different sequencing platforms as
discrete assembly entities, several transitional hybrid assemblies
between the first and second, and the second and third generation
have been reported. One example is the combination of Illumina data
to assemble all parts of the genome that are accessible to this platform,
and then use low coverage long read data to address the remaining
bits. This approach is a tradeoff between the price point a pure long
read assembly would provide, and the hindered repeat resolution of a
pure short read assembly, and has been applied to several species such
as the Mouse Lemur or the Rhesus Macaque (Larsen et al. 2017).
Another example is the Olive Baboon for which a previous iteration
generated both Sanger and Roche-454 data. Both datasets were
recycled for the latest iteration, which additionally included Illumina
and PacBio data (Rogers et al. 2019). However, not all hybrid
assemblies seek the balance between second and third-generation
sequencing. For example, the Tarsier and the Bottlenose Dolphin were
assembled with a combination of both Sanger and Illumina data, likely
as the project was underway when the latter data type became available
(Schmitz et al. 2016).

We will see later on that there are several different steps to an
assembly, not all of which deal with the reconstruction of the
sequences, but also with their relative order and orientation. To this
end, different library types may be created, that can be sequenced on
different platforms. Furthermore, current long read assemblies often

rely on orthogonal short read data to “polish” remaining systematic
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errors that hard to overcome. In this sense, there are currently very
few assemblies that rely solely on a single platform from start to finish,
meaning that most contemporary assemblies are hybrids of different
datatypes, from either different sequencing platforms or different

library generation types (Chaisson, Wilson, and Eichler 2015).
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1.3 The structure of a genome assembly

We have previously established that the fundamental problem in
genome assembly is the reconstruction of contiguous sequences from
fragments that are orders of magnitude shorter. These contiguous
sequences called contigs are at the center of a genome assembly. In an
ideal world, a genome assembly would produce one contig per
chromosome. That, however, is not possible for most organisms as
the contig assembly poses a veritable computational challenge in itself.
Additionally, the problem is further aggravated by technical limitations
and biology: Reads can be error-prone, genomes can be highly
repetitive and may have additional allelic diversity of several types,
such as single nucleotide variants, short tandem repeats or structural
variants that further obscure the reconstruction. We will briefly ignore
errors and allelic diversity and focus purely on the fundamental
problem of assembly algorithms: how to deal with repetitive regions in

the genome.
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1.3.1 Contig assembly

Imagine that we would like to read Chatles Dickens's “A Tale of Two
Cities” '. This book starts with the sentence: “It was the best of times,
it was the worst of times, it was the age of wisdom, it was the age of
foolishness [...]”. For whatever reason it has been shredded line by

line into small pieces of 5 words each:

It was the best of
times, it was the wotst
of times, it was the
age of wisdom, it was

the age of foolishness |[...]

To be able to read the book, we need to find a way to reconstruct the
original order of each 5-word fragment or reads. Having only one
shredded copy of the book reveals the first problem: Without any
overlaps between the fragments (ignoring language semantics for a
second) there is no way for us to know which of them originally
occurred adjacent to each other. Luckily, we don’t have 1 but 5
shredded copies with 5-word fragments starting at random positions,
so we’ll be able to obsetve each individual word 5 times, as it will be
covered that many times. The complete 5-word fragments we’ll observe

are:

! This is a well know teaching example in the context of genome assembly, that has

been developed by Michael Schatz at Cold Spring Harbor.
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was the age of wisdom,
the age of wisdom, it
times, it was the age

of times, it was the

it was the worst of

was the age of foolishness

It was the best of
the best of times, it
of wisdom, it was the

of times, it was the

times, it was the wotst
was the best of times,
was the worst of times,
best of times, it was
the worst of times, it

it was the age of

age of wisdom, it was
worst of times, it was

it was the age of

wisdom, it was the age

Now that we have bridging information between the different

fragments and can look for overlaps between them. The simples, most

naive approach is to ‘greedily’ compare the first fragment with all

other ones, retain the longest possible overlap to merge the two

fragments. This can be done iteratively for all fragments until all

possible overlaps are “used

It was the best of

was the best of times,

the best of times, it

best of times, it was
of times, it was the
of times, it was the
times, it was the worst

times, it was the age
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The above example quickly demonstrates some limitations of this
approach: Ambiguous overlaps due to repeats make it impossible to
find the true original sequence and break the next overlap generation.
In the above case, the 5-word read “of times, it was the” constitutes a
repeat that is not unambiguously resolvable. Furthermore, with this
algorithm, it is not possible to know the actual number of repeats, as
we don’t know if we are observing a given 5-word read because it
occurred more than once in the underlying sequences, or because the
same region has been sampled more than once by chance. However,
the greedy genome assembly algorithm was widely used in the
production of the initial human genome (International Human
Genome Sequencing Consortium 2001). This was possible because of
the clone-by-clone approach the project deployed. Imagine that
instead of needing to reconstruct the whole example above, you can
first extract sub-sentences of 12 words that you know belong together,
e.g.: “It was the best of times, it was the worst of times”. If you
sample 5-word reads from this sub-sentence there is no single
repeated one that would make a greedy reconstruction ambiguous. A
read that was repetitive in the context of the whole sentence is now

unique in the context of the sub-sentence:
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It was the best of
was the best of times,
the best of times, it
best of times, it was
of times, it was the
times, it was the wotst
it was the worst of

was the worst of times

Similarly, sequences that are repetitive in the context of the whole
genome might become unique in the context of a BAC.

The above example is intuitive, but simplistic and ignores much of the
technical and biological complexities that assemblers need to take into
consideration. We saw that in order to reconstruct the sequences, we
need to sample a certain position more than once. The amount of
times a given position is sampled is called coverage and is a key factor
for assembly, as it will determine both the assembly quality, and the
cost of data generation. If we assume no biases, the probability of
sampling any given position of the genome is quite low and given
reads that are far smaller than the genome a large number of them is
needed to cover the whole genome. Disregarding biases, this sampling
roughly follows a Poisson distribution. If we would like to sequence a
genome, we can exploit this fact to calculate the probability of
covering a certain proportion of the genome to make sure sufficient
data is generated to assemble or analyze it. For a coverage c, the
probability of any given base not being covered is P(X=0)=e"
Conversely, the probability of a given base being covered is

P(X>0)=1-¢*. So, if we would like to cover at least ~99% of our
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genome of interest, we would need to sequence it to an average of 4.6-
fold coverage with ideal data. In practice, the number should be
slightly higher to account for sequencing biases, but it is roughly what
most Sanger WGS assemblies choose (Z. Li et al. 2012). This
calculation also disregards the required overlaps we might need for
assembly and assumes perfect data generated from a repeat free
genome. To achieve the ~5 X we require to cover ~99% of the
genome at least 1 time, we need to produce around 20,000,000 reads
of 800 bp. Lander and Waterman provided a mathematical framework
which allowed a back of the envelope calculation to estimate the
approximate number of fragments a contig assembly would yield
(Lander and Waterman 1988). Assuming a coverage C=N*L/G, with
N representing the number of reads, L the read length and G the
genome size, the estimated number of contigs can be calculated as
Eeonig==N*e“. For the 20,000,000 reads mentioned above needed for
approximately 5X coverage at 800 bp reads, this results in an
estimated ~135,000 contigs. This number is in good agreement with
the empirically observed ones from Sanger WGS assemblies, many of
which chose similar parameters.

Greedy reconstructions quickly reach their limitations in the context
of whole-genome shotgun assemblies, and different approaches were
needed. Two main algorithmic approaches were developed to this end:
The Overlap-Layout-Consensus (OLC), and de Bruijn graphs (DBG)
(Nagarajan and Pop 2013). Both approaches deal with the issues
surrounding repeats encountered above by essentially leaving them out
of the resulting assemblies by breaking them into individual contigs if
they are not resolvable. OLC and DBG have a common underlying

mathematical framework: they model the assembly problem as a
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graph. This framework deals with nodes, or vertices, that are related
by edges, which can be thought of as the reads and their overlaps in
this context.

The OLC approach starts by computing overlaps between reads by
comparing all against all reads to generate the overlap graph
mentioned above, in which a node is generated for each input read
and an edge between two nodes corresponds to an overlap. The
overlaps can be computed in a number of different ways, and this step
is generally very computationally intensive: imagine having to compare
all >20,000,000 reads (an absolute bare minimum) mentioned above
to each other. The need to compare all-versus-all also means that the
burden increases quadratically with the number of input reads.
Assemblers usually apply some clever approaches to ease this burden,
but it remains challenging regardless. The following step, the graph
layout, simplifies this graph by removing all transitively inferable
edges, therefore generating what will be the final contigs of the
assembly. This means that the graph is “thinned out” and its traversal
to emit the contigs is computationally easier. Lastly, a consensus step
chooses the most likely base to wash out the remaining errors in the
assembly.

The OLC paradigm was developed in the face of relatively low
coverage datasets, such as early Sanger assemblies. With the
introduction of MPS, these algorithms faced a new obstacle: coverage
was not a limiting factor anymore as sequencing became much
cheaper. But as read lengths decreased and coverage increased, the
absolute number of reads exploded. To assemble a 60X human
genome with 36 bp reads, > 5,000,000,000 reads where needed, and

constructing an overlap graph for each pair of reads became
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computationally impractical. To mitigate this issue, the de-Bruijn
graph was developed. This assembly paradigm starts counterintuitively
by deconstructing the reads into pieces of length k, called A&-wers.
These k-mers are used to populate a graph in which each node is
occupied by a k-mer and an edge indicates that two adjacent nodes
differ by exactly k-1 letters. Taking the example from above: The read
“It_was_the_best_of” can be deconstructed into its constituting 3-
mers “It_was_the”, “was_the_best”, and “the_best_of’. The
expensive overlap computation can then be replaced by exact
matchings of adjacent k-mers in the graph, meaning that reads are not
compared all to one another, and the computational burden scales
linearly with the amount of input data, as opposed to quadratically.
This also implies that the input data for DBG assemblers must have a
very low error rate, as the matchings would otherwise fail.
Decomposing the input reads into k-mer also implies that the ability
to resolve repeats longer than k is initially lost (see figure 3).
Furthermore, heuristics to deal with allelic diversity must be
implemented as well. It is important to note that the vast majority of
assemblers currently produce a haploid representation of the genome,
which often chooses one allele at random. This implies that the
haplotypes represented within assemblies are not necessarily
biologically meaningful. Finally, to emit contigs from the graph, it is
traversed trying to visit each node once and breaking the contigs at
bifurcations in the graph.

The above descriptions are highly simplified. Many sophisticated
algorithmic details are implemented in real life assembler to deal with
repeats, error correction or data storage. Crucially though, most

assemblers are built around certain data types to be able to deal with
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the specificities of the platforms. Generally speaking, greedy
assemblers were predominantly used for the assembly of BACs. They
are not widely used anymore due to their inherently local results.
Prominent examples include PHRAP and Tigr (Bastide and
McCombie 2007; Sutton et al. 1995). DBG assemblers are designed
for short reads with high accuracy, i.e. MPS data such as Illumina or
Roche-454. DBG assemblers have completely dominated the analysis
of this data type, and thus genome assembly in general in the last
years, until the rise of low accuracy long-read platforms. The first
assembler to introduce DBG was Euler (Pevzner and Tang 2001).
Several others followed, and notable examples include Velvet,
SOAPdenovo, Allpaths and Discovar (Zerbino and Birney 2008; R. Li,
Zhu, et al. 2010; Butler et al. 2008; Weisenfeld et al. 2014). Lastly,
OLC assemblers were initially developed for WGS assembly of low-
coverage, high identity Sanger data. The most prominent OLC
assembler is the Celera-assembler, originally developed to assemble
the WGS human data from the private consortium (Myers et al. 2000,
Venter et al. 2001). The same pipeline has been adapted to deal with
data from Roche-454 and PacBio and has recently been rewritten and
further developed into Canu, a general-purpose long-read assembler
(Miller et al. 2008; Berlin et al. 2015; Koren et al. 2017). OLC
approaches are at the core of modern long-read assemblers, as DBG
cannot deal with the noise inherent to 3! generation data types. These
different approaches mainly differ by their overlapping algorithms that
deal with error-prone long reads, and the way they deal with repeats.
Further recent examples include Falcon or Flye (Chin et al. 2013;

Kolmogorov et al. 2019).
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There is no “one size fits all” optimal solution for contig assembly.
The assemblers are usually data specific and their choice depends on
what genome to assemble with what data. Ultimately, depending on
the data type and assembler used a contig assembly usually produces
between several 100 to 100,000 fragments. Their relative order and

orientation must be determined with additional data.

Short Read Assembly Long Read Assembly
(read length < repeat length) (read length > repeat length)
AR 5 EEETCUEEE AR s R
— — — — S W S—— —— — —

Figure 3: From Lee et al, 2014. Comparison of resulting assembly graphs for
toy genome consisting of 3 unique regions (A,B,C) and 3 copies of the repeat
R. If the genome is sequenced with reads shorter than the repeat unit (left)
the resulting assembly graph is branching and can therefore not be
unambiguously resolved. The resulting assembly will be fragmented. If the
read length is longer than the repeat unit the resulting graph is linear and a

single contig can be emitted.
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1.3.2 Scaffold assembly

Scaffolds are sets of ordered an oriented contigs with gaps of
approximate size between them. These gaps are usually represented by
a series of “N” in an assembly, the IUPAC code for an unknown
nucleotide. As the contig assembly produces fragments whose lengths
are usually substantially smaller than the chromosomes, some kind of
long-range information is needed to stich them together. Traditionally,
approaches to creating genetic maps were used such as linkage
mapping or radiation hybrid (RH) mapping. Both methods take
advantage of the fact that markers that are physically close on a
chromosome will co-segregate more often than distant markers. The
co-segregation was determined either as the result of recombination
for linkage mappings or chromosomal breaks due to radioactivity for
RH mapping. The resulting contigs could then be linked to
chromosomes via Fluorescent In-Situ Hybridization (FISH). This
method anchors fluorescently labeled probes to chromosomes to be
detected under a microscope (Rice and Green 2019).

One of the most widely used methods to link contigs together was the
possibility to sequence both ends of a fragment of DNA, a process
called paired-end sequencing (Kelley et al. 1999). This method was
exploited early on, as Sanger sequencing traditionally required the
clonal amplification of fragments to be sequenced. To this end,
plasmid libraries with insert sizes of several Kb were generated, the
extremities of which were sequenced as so-called mate-pairs. BAC-end
sequencing was also common for species that had libraries available.

These early assemblies greatly benefited from the additional data
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source that was available for a minor additional cost. Second-
generation sequencing did not require these kinds of preparation for
sequencing, so creating mate libraries constitutes an additional
investment. Nevertheless, creating several different libraries with
varying insert sizes was a common strategy to overcome ambiguities in
the assembly due to repeats, and to create scaffolds. As an example,
the popular DBG assembler Allpaths-LG was designed around a
combination of specific libraries, or a “recipe” (Gnerre et al. 2011).
This strategy has the benefit of being able to make implicit
assumptions for assembly. Specifically, the program was designed
around 4 different library types: A fragment library with a 180 bp
insert at ~45X and a “short jump” library with an insert of 3 Kb at
~45X. Additionally, a “long jump” library with an insert of ~6 Kb and
a “fosmid jump” library with an insert of ~40 Kb could be included at
5 & 1X, respectively. This interplay between experimental and
algorithmic design has arguably been very successful (Earl et al. 2011,
Salzberg et al. 2012).

One scaffolding strategy that has become increasingly popular is based
on proximity ligation and chromosomal conformation capture with a
method called Hi-C (Lieberman-Aiden et al. 2009). DNA in a cell
needs to be folded to be stored, and this method captures the spatial
interactions of this storage process. It takes advantage of the fact that
regions that are close to each other in the DNA sequence tend to
physically interact more often with each other. Furthermore,
sequences that are on the same chromosome interact more frequently
with each other than those on different chromosomes, which even
holds true for megabase-scale interactions. A Hi-C experiment

produces a paired-end sequencing dataset in which each read
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corresponds to a region of the genome that interacts in space. These
facts can be exploited to arrange contigs into chromosome-scale
scaffolds. One of the major benefits of chromosomal conformation
capture for scaffolding is the comparatively low price point and a
broad range of interactions that can be captured. Several experimental
and algorithmic solutions, both academic and commercial, are based
on these principles (Burton et al. 2013; Putnam et al. 2016; Ghurye et
al. 2017).

Another method that is becoming increasingly popular for both contig
assembly and scaffolding are linked reads (Weisenfeld et al. 2017).
These are short reads that have been barcoded to denote their DNA
fragment of origin. One commercial solution is the 10x Genomics
chromium system. Here, gel-beads containing around 5 molecules of
DNA of around 100 Kb and a specific barcode are created. The DNA
is fragmented and the barcode attached. After sequencing, two reads
belonging to the original bead can be identified by their common
barcode. The idea is analogous to a BAC, where a local complexity
reduction eases the assembly problem by removing many possible
repetitive overlaps. Similarly, as the DNA molecule of input is ~100
Kb, this long-range information can be exploited for scaffolding.
There are also scaffolding solutions that are not based on sequencing,
namely optical maps that mark specific sequence patterns with
fluorescent dyes. The distance of these patterns together with their
identification on the contigs can be used to arrange them. Finally,
synteny based scaffolding can be used. To this end, the assembly of a
different species is used to anchor the contigs. This praxis was
originally applied to the great ape genomes to order them into

chromosomes despite poor contig contiguity using the human genome
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as an anchor. It has the advantage of not requiring the production of
additional data but can be confounded by large scale intraspecies

structural diversity or karyotypic differences (Rice and Green 2019).
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1.3.3 Gaps

Gaps are still an integral part of genome assemblies, and it is
important to understand why they occur. In the following, I will
summarize the most common reasons for unresolved sequences in
assemblies (see figure 4).
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Figure 4: Overview of different types of genome assembly gaps. Regions in
colors other than blue represent repetitive elements. From Chaisson et al,

2015

Initially, a common reason for gaps was a lack of sequencing coverage.
In the Sanger days, this was mainly because of shallow sequencing
coverage. As we have mentioned above, at around 5X sequencing, we
expect to find around 130,000 gaps in an assembly, a calculation that is
in hand with empirical observations (The Chimpanzee Sequencing and
Analysis Consortium 2005). For MPS data, however, sequencing gaps
due to lack of coverage is unlikely. Rather, regions with very high or
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low GC content are underrepresented in this data, which exhibits a
GC-dependent coverage bias  (Minoche, Dohm, and Himmelbauer
2011; Benjamini and Speed 2012). Contrary to Sanger sequencing
gaps, these are hardly mitigable with increased coverage but remain an
inherent limitation for platforms like Illumina. The main reason for
gaps, however, are different kinds of repeats. The contig assembly
strategies we have outlined above usually break contigs at ambiguous
positions of the assembly graph and do not necessarily output the
corresponding number of repeats as contigs. After scaffolding, the
missing sequence between two contigs therefore often corresponds to
a common repetitive element, such as a SINE or LINE (Gnerre et al.
2011). While common repeats are not an issue for long-read
assemblies, other types of repetitive elements are. Segmental
duplications amount to around 3% of the human genome. They are
often several Kb in size and copies have a high identity (>95%) to
each other, making them particularity difficult to assemble regardless
of the underlying technology (Alkan, Sajjadian, and FEichler 2011,
Huddleston et al. 2014; Chaisson et al. 2015). Large segmental
duplications are wusually unresolved in whole-genome shotgun
assemblies, with different copies being compressed into a single
representation. Similarly, more than 1/3 of the 540 remaining
euchromatic gaps in the most recent iteration of the human genome
(GRCh38) are flanked by large segmental duplications (Chaisson,
Wilson, and Eichler 2015). Another source of gaps is short tandem
repeats, microsatellites or centromeres. These regions are composed
of a short sequence motif that is repeated over and over again,
sometimes up to several Mb. When comparing short read to long-read

assemblies, up 80% of the closed gaps consisted of long stretches (5-
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10 Kb) of STRs (Chaisson et al. 2015; Chaisson, Wilson, and Eichler
2015; Gordon et al. 2016). Centromeres, on the other hand, are very
long stretches of higher-order repeats. It was not until this year (2019)
that the first centromere of a human chromosome was fully sequence
resolved (Jain, Olsen, et al. 2018).

As we have seen above, genome assemblies are usually a haploid
representation (or haploid compressions) of a diploid genome.
Variation in genomes is a continuum that ranges from single base
substitution to Mb scale structural differences. These structural
variants might be interpreted as repeats by the assembler and broken
apart, such as for example the HLA region (Raymond et al. 2005). In
certain regions, these differences may lead to haploid assembly
representations that are biologically meaningless, as the reconstructed
haplotype is a mosaic of the two. In this case, the reconstruction is not
broken apart, but rather appears to contain no gap when in reality
sequence is missing. This situation is called a muted gap (Chaisson,

Wilson, and Eichler 2015).
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1.3.4 Measures of completeness and quality

Given the lack of a ground truth set, measuring the quality and
completeness of an assembly is a tricky undertaking. One of the most
frequently reported statistics regards the contiguity of the assembly:
the weighted fragment length or N50. This number describes the
hypothetical length of a sequence such that 50% of the assembly is
contained in sequences of at least that size (International Human
Genome Sequencing Consortium 2001). It can be reported for contigs
or scaffolds. A major limitation of the N50 is that it is not comparable
across assemblies, as the assembly length will be specific to each of
them. If the genome size of an organism is known, the NG5O0 statistic
reports the analogous sequence length taking into consideration the
genome size, instead of the assembly size. While these are useful
metrics, they just measure the connectivity of the assembly and don’t
necessarily make any statement about its quality or error rate. The
latter two are particularly hard to assess in the face of genetic variation,
as it can be hard to discern an assembly error from a natural variant.
Often, structural consistencies, for example, detected based on
discordant paired-end sequencing, are curated by hand.

Several algorithms to use sequencing data to “polish assemblies” have
been developed, and they are usually part of a standard assembly
pipeline. These include platform-specific such as quiver or arrow for
PacBio or nanopolish for nanopore (Chin et al. 2013; Simpson et al.
2017). Common tools for polishing with Illumina data are pilon, and
a platform-agnostic one is racon (Walker et al. 2014; Vaser et al. 2017).

After they are run, the proportion of homozygous alternative high
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confidence variant calls can serve as a proxy to estimate the base
substitution error rate.

One approach to measure the genome quality is to annotate its genes
and look at how many of those that are observed commonly in other
species, and may, therefore, be considered universal, are present.
Tools like CEGMA or BUSCO deal with this issue (Parra, Bradnam,
and Korf 2007; Simao et al. 2015). Finally, orthogonal validation by a
different data type or source has often been used as a proxy for an
assembly’s quality. For example, a comparison to finished BAC
sequences which can be regarded as a gold standard. A plethora of
orthogonal datasets has been created for NA12878, the “standard”
genome which is widely used for benchmarking purpose (Zook et al.
2014). Finally, hydatidiform moles, such as the CHM1 cell line offer
an opportunity to remove allelic variation and therefore a major
potential pitfall in assessing errors. This fact has been exploited in
recent benchmarking studies as well as for assemblies (Huddleston et

al. 2014; H. Li et al. 2018)
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1.4 The study of primate genomes

Among the primary motivations to study primate genomes is the wish
to better understand the origins of our own species (Varki,
Geschwind, and Eichler 2008). Cataloging and classifying the genetic
differences that make us human requires a comprehensive detection
and discovery of all kinds of genetic variants. Initially, genome projects
of more distantly related species, such as mouse, focused on aspects of
the genome that are conserved across long evolutionary distances by
comparing them to human. Primates on the other hand, and hominins
particularly, open up the opportunity to study not only what is
conserved and shared, but also what differs between them and
humans and is specific to either lineage. Among those genetic
differences lay the changes that distinguish us from the rest of apes.
This qualitative difference in analyses also requires a stronger focus on
the assembly’s quality to better distinguish a difference from an artifact
(Marques-Bonet, Ryder, and Eichler 2009).

Chimpanzees as our closest extant evolutionary relative have been a
particular center of attention in this context. The initial sequence of
the chimpanzee genome was reported in 2005 (The Chimpanzee
Sequencing and Analysis Consortium 2005). Its analysis showed that
the average genome-wide divergence rate between the two species was
only ~1.06%, albeit with regional differences between chromosomes
and variation dependent on sequence context and chromosomal
position. This implies that almost 99% of the two species genomes are
identical. However, this number only regarded single nucleotide

differences, which only constitute a single kind of genetic variation.
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Taking into consideration insertions and deletions as well, around
1.5% of either genome was determined to be specific for each lineage.
In this context, it is important to note that the chimp was originally
assembled with low coverage Sanger data averaging 3.6 X on
autosomes, which was estimated to cover around 94% of the genome.
While subsequent improvements included several finished BACs and
increased the coverage, and thus the quality of the assembly, its
fragmentation and lack of representation of certain regions hindered
several analyses, especially those assessing variation beyond SNVs.
The initial assembly indubitably provided several important insights
regarding human-chimpanzee divergence, adaptive substitution rates,
or difference in mobile element dynamics. However, several potential
key differences fall into regions of rapid structural genomic change,
many of which were therefore missed in the initial comparisons,
partially owing to the assembly’s quality. These include examples of
major regulatory changes affecting, among others, human neural
development (McLean et al. 2011; Boyd et al. 2015). Additionally,
several human specific genes with roles in brain morphology, neuronal
count and synapse densities lay within regions of segmental
duplications, which are usually inaccessible through draft assemblies
(Dennis et al. 2012; Charrier et al. 2012; Florio et al. 2015; Ju et al.
2016, 1). These examples underline the importance of high-quality
genomic resources, especially for the chimpanzee which has proved an
invaluable resource to many aspects of genomic analysis. Beyond the
above importance for the study of human biology and evolution with
implications for biomedical research, the chimpanzee genome has also
been extensively used as an outgroup for human population genetics

and the study of human origins (The 1000 Genomes Project
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Consortium 2015; Mallick et al. 2016; R. E. Green et al. 2010; Meyer et
al. 2012).

In the context of primates, the study of great apes beyond
chimpanzees is also particularly relevant to understand human
evolution. Orangutan was the third ape whose genome was released,
showing lower rates of structural genome evolution and mobile
element insertion (Locke et al. 2011). The gorilla genome followed
shortly thereafter, thus providing genomic representations for
members of all 4 extant hominid genera (Scally et al. 2012). Its analysis
challenged the simplistic view of great ape speciation, by showing that
that along 30% of the genome the human is closer to gorilla than to
the chimpanzee. Finally, the Bonobo was the last great ape species
have its genome sequenced (Priifer et al. 2012).

Beyond great apes, a set of key primates to be sequenced was
identified in the last decade (Marques-Bonet, Ryder, and Eichler 2009).
These include species of either biomedical relevance as animal models
or at key evolutionary splits. The rhesus macaque was the first primate
after the chimp to have its genome sequenced (Gibbs et al. 2007). Its
phylogenetic position is at the split between old world monkeys and
apes. Additionally, it is of key biomedical importance as an animal
model for several diseases such as HIV, Arteriosclerosis or COPD
(Phillips et al. 2014). At the split between old-world primates and new
world monkey, the marmoset was chosen, which also serves as a
primate model for the study of neurodegenerative diseases such as
Parkinson, or autism (The Marmoset Genome Sequencing and
Analysis Consortium et al. 2014; Zhao, Jiang, and Zhang 2018).
Several other species have been included in this “first wave” of

primate genome, and new ones are being produced at an ever-
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increasing rate thanks to the democratization of the assembly process
(Warren et al. 2015; Schmitz et al. 2016; Larsen et al. 2017). It is also
important to note that several of the aforementioned limitations with
respect to assembly’s quality have been tackled for some species.
Namely gorilla, chimpanzee, orangutan, and macaque all now have
high-quality long read assemblies available which constitute a
substantial improvement for the resolution of genomic analysis,
particularly for structurally challenging regions, facilitating their
assessment (Gordon et al. 2016; Kronenberg et al. 2018; He et al.
2019).

While the primary focus and justification to invest in primate genome
sequencing have been the study of human evolution and potential
biomedical applications, there are important reasons beyond that to
study their genetics. Currently, ~60% of the ~500 recognized species
are threatened with extinction and ~70% have dwindling population
sizes. This situation has been created almost exclusively due to habitat
loss because of anthropogenic pressures such as deforestation for
agriculture and farming (Estrada et al. 2017). The species survival of
all great apes is threatened with varying degrees, with some being
among the most threatened of all primates. The partially extremely
small population sizes have also left a clear genomic footprint in some
of these species (Xue et al. 2015; Nater et al. 2017; Valk et al. 2019). It
is  furthermore becoming increasingly clear that potential
conservational interventions such as genetic rescues should not be
undertaken without prior knowledge of the genetic makeup of the
population in question (Supple and Shapiro 2018; Robinson et al.
2019). Given the current levels of extinction risk the genetic analysis

of primates is particularly pressing. Beyond the satisfaction of our
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intellectual curiosity and our drive to improve the human condition
through research, we humans also hold a unique and clear
responsibility towards these animals whose livelihood we are pushing
to the verge of extinction - or beyond - through the actions of our

own species.
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1.5 Peculiarities of Y chromosomes

Primates harbor an X-Y genetic sex-determination system, in which
the male is the heterogametic sex’. This means that apart from the
diploid set of autosomes, females harbor two X chromosomes, and
males one X and one Y chromosome. The latter contains the “genetic
master-switch” to determine the biological sex of an individual
(Sinclair et al. 1990). Sex chromosomes such as X-Y emerged several
times independently in animals, and the Y chromosome in primates
originated at the root of eutherian mammals (Cortez et al. 2014). In
humans, the Y chromosome is the only nuclear chromosome that
does not recombine at all over the majority of its length, the so-called
male-specific region of the Y chromosome (MSY). Additionally, it
only has 2 the effective population size of autosomes and is
transmitted exclusively via males. The absence of recombination
implies that all loci in the MSY region are in linkage with one another,
which means that selection acting upon a single locus will affect the
whole chromosome. All these circumstances lead to evolutionary
peculiarities (Bachtrog 2013).

The X and Y chromosomes evolved from a pair of ordinary
autosomes roughly 200-300 million years ago (Lahn and Page 1999).
The process was initiated by a series of large-scale inversion that led to

recombinational arrest between the chromosome pairs. Subsequently,

2 Sex chromosomes have evolved independently many times over in animals, as have
X-Y sex determination systems in general. In this chapter, I will talk about primate Y

chromosomes as Y chromosomes, without specifying this at each occasion.
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the chromosomes diverged, but the common ancestry is still
recognizable in their sequence in which the inversions are marked by
the presence of distinct evolutionary “strata”. Theory predicts that in
the absence of recombination Y chromosomes would degenerate
(Chatlesworth and Charlesworth 2000). This process implies the
chromosome-wide decay of functional genes over time, which has
even led to the complete loss of the chromosomes in some species
(Castillo, Marti, and Bidau 2010). As a result of Y chromosome
degeneration, it harbors a small number of genes and a large
proportion of repetitive DNA. Despite the considerable gene loss, a
core set of essential genes has been conserved in mammals, several of
which play ubiquitous “housekeeping” functions (Bellott et al. 2014).
The human Y chromosome was initially assembled and released in
2001 (Skaletsky et al. 2003). Its release showed that it is approximately
52 Mb in size, of which ~23 Mb correspond to resolved euchromatic
sequences, which harbor 78 protein-coding genes. For comparison:
the ancient homolog of the Y chromosome, the X chromosome, is
comprised of around 150 Mb of euchromatic sequence that contains
~800 genes (Ross et al. 2005). A substantial proportion of the few
genes left on the Y have functions related exclusively to male biology,
and are predominantly transcribed in testis (Lahn and Page 1997).

The initial analysis of the Y chromosomes sequence showed that it is
composed of a set of discrete euchromatic sequence classes, each with
their own evolutionary history (see figure 5). The X-degenerate region
is the reminiscent of the shared ancestry between the X and the Y
chromosome. It contains the ubiquitously transcribed single-copy
genes of the Y chromosome, and only one single testis-specific gene:

The sex-determining master-switch SRY. The X-degenerate region
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holds most of the single copy genes that are ancestral to mammals and
retain wide expression throughout tissues beyond testes. These genes
are dosage sensitive and their homologs escape X-inactivation in
females (Bellott et al. 2014).

The X-transposed region is the result of a massive transposition from
the X onto the Y chromosome that happened around 3-4 million ago
(i.e. after the split between humans and chimpanzees). It is ~3.4 Mb
long and shares ~99% identity with its counterpart on the X
chromosome and is therefore considered a segmental duplication.
After the transpositions, it was subsequently split up into two
discontinuous blocks by an inversion and harbors the lowest gene

density of the Y chromosomal sequence classes.
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Figure 5: Overview of the structure of the human Y chromosome. Taken from

Jobling and Smith, 2017.
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The third euchromatic sequence classes are the ampliconic regions.
These regions take up over 10 Mb of the MSY and consist of several
massive segmental duplications that exhibit > 99.9% identity between
their copies. The ampliconic regions are made up of 7 discrete
segments and their most pronounced structural feature are 8 massive
palindromes, or inverted repeats. Both arms of the palindromes
exhibit exceptionally large identity to each other and are between 9 Kb
and 1.45 Mb in length. The ampliconic regions are the most gene
dense on the Y chromosome, and most of the genes within them
show testis-specific expression. Ampliconic genes exhibit high inter-
species divergence. In the face of Y chromosomal degeneration, the
palindromic structure has been proposed as a solution to maintain
identity of the genes laying within them through a process called gene
conversion, a non-reciprocal exchange of DNA from one copy to
another (Skaletsky et al. 2003). Additionally they show ample evidence
of copy number variation in human populations (Skov, Consortium,
and Schierup 2017; Lucotte et al. 2018; Vegesna et al. 2019).

Lastly, the pseudo-autosomal regions at the extremities of the Y
chromosomes are regions that share homology to the extremities of
the X chromosome and are needed for proper chromosomal
segregation. These regions of the sex chromosomes behave like
autosomes, in that they undergo recombination between the X and the
Y chromosome.

The human Y chromosome also harbors massive proportions of
heterochromatic sequence. The majority of the long arm is composed
of a large heterochromatic expansion whose sequence is unresolved.

This heterochromatic sequence amounts to around half the total size
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of the Y chromosome altogether and is elusive to current sequencing
strategies.

The X-degenerate region can be considered “well-behaved” in the
context of genome assembly. It is among the parts that would usually
assemble well and is also accessible to resequencing experiments (see
figure 5) (Jobling and Tyler-Smith 2017). Ampliconic regions, on the
other hand, are among the most complex regions of the human
genome to reconstruct, as assemblies will usually fail on these large
segmental  duplications. Additionally, sequencing coverage is
proportional to the copy number of the DNA, which led many early
sequencing projects to choose female samples to at least get sufficient
coverage for the X chromosome (Jobling and Tyler-Smith 2017). For
those reasons, very few Y chromosome assemblies for primates (and
mammals in general) exist to date. In 2010, the chimpanzee Y
chromosome was released (Hughes et al. 2010). Comparisons to the
human one showed they are remarkably different, more so than any
other chromosome. Their ampliconic regions are 44% larger than
humans and contain 19 palindromes, only seven of which are also
found in humans. Around 30% of the chimpanzees' MSY region has
no counterpart that can be aligned in humans. Despite the ~1%
autosomal divergence between the two species, the chimpanzee Y
chromosome contains only 2/3 as many functional gene families on
the Y chromosome. In 2012, the thesus Y chromosome was released
(Hughes et al. 2012). It is markedly smaller than either human or
chimp, with the euchromatic portion accounting for only 11 Mb. The
majority of it (9.5 Mb) is taken up by X-degenerate sequences, and
only ~500 Kb are ampliconic. This assembly showed that, despite the

degeneration of the Y chromosome since its formation, the bulk of
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genes were lost early on and the overall gene content stayed
remarkably stable since.

The human, chimp, and rhesus Y chromosome assemblies were
produced with a process called single haplotype iterative mapping and
sequencing, or SHIMS. Analogous to BAC hierarchical shotguns,
SHIMS is a clone by clone approach that yields a very high-quality
assembly. However, given the need for iterative rounds of detection of
overlaps between BACs, it is also very time and labor-intensive, and
thus expensive. Several other strategies to mitigate the assembly
problem for the Y chromosome have been proposed. As mentioned,
strategies using whole genome shotgun data usually tend to
underrepresent the Y chromosome, or completely omit them by
sequencing female samples. (Tomaszkiewicz, Medvedev, and Makova
2017). One possible solution to identify Y chromosomal strategies is
to sequence both female and male samples. In this way, a reduction of
the sequences that present in the female sample and the male sample
aid the identification of Y chromosomal sequences (Cortez et al.
2014). A conceptually different approach is the physical isolation of Y
chromosomes prior to sequencing. This not only makes it easier to
identify Y chromosomal sequences, but also drastically reduces the
number of potential overlaps to the rest of the genome, thus rendering
the assembly process far less complex. The isolation can be achieved
by flow cytometry, also called flow sorting. In a nutshell, this method
works the following way (Dolezel et al. 2012): Condensed
chromosomes are saturated with intercalating dies that are
incorporated into the DNA in amounts that are proportional to the
size and GC content of the chromosome. The chromosomes are then

suspended in droplets, which can be assessed by an array of lasers.
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The intercalants lead to specific absorption spectra, which in theory
allow the physical separation of droplets containing the desired
chromosomes by a charge, given that they differ sufficiently in size
and GC composition from other chromosomes. The separated
chromosomes can then be sequenced. This idea has successfully been
applied to assemble the gorilla Y chromosome, which revealed that its
gene repertoire is more similar to humans than that of the chimp,
despite the larger evolutionary distance (Tomaszkiewicz et al. 2016).
Flow sorting has also been used in the context of other Y
chromosomes, such as Pig and Chimp (Skinner et al. 2016; Hughes et
al. 2010). Additionally, the now broad availability of long-read
sequencing offers additional avenues to reconstruct complex regions
of the genome or chromosome. However, all methods mentioned
above still result in fragmented chromosomal representations. Their
exact biases are hard to assess given that large structural complexities
of the Y chromosome, and not least because they are usually applied

to species with previously uncharacterized genomes.
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2 OBJECTIVES

1)

2)

3)

4)

Create an improved, high-quality reference assembly for the
chimpanzee

Explore the different contributions of a set of diverse
sequencing strategies and library preparation methods to the
quality of a new genomic representation for the chimpanzee
Establish a workflow to sequence unamplified, flow-sorted
chromosomes on a Nanopore sequencing device

Apply this workflow to assemble the first high quality genomic

representation of a human Y chromosome of African origin.
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3 RESULTS

3.1 A 3-Way Hybrid Approach to Generate a
New High-Quality Chimpanzee Reference
Genome (Pan_tro_3.0)

Kuderna, Lukas F. K., Chad Tomlinson, L.aDeana W. Hillier,
Annabel Tran, Ian T. Fiddes, Joel Armstrong, Hafid
Laayouni, et al. 2017. “A 3-Way Hybrid Approach to
Generate a New High-Quality Chimpanzee Reference
Genome (Pan_tro_3.0).” GigaScience 6 (11).
https://doi.org/10.1093/gigascience/gix098.
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The chimpanzee is arguably the most important species for the study of human origins. A key resource for these studies is
a high-quality reference genome assembly; however, as with most mammalian genomes, the current iteration of the
chimpanzee reference genome assembly is highly fragmented. In the current iteration of the chimpanzee reference genome
assembly (Pan-tro_2.1.4), the sequence is scattered across more then 183 000 contigs, incorporating more than 159 000 gaps,
with a genome-wide contig N50 of 51 Kbp. In this work, we produce an extensive and diverse array of sequencing datasets
to rapidly assemble a new chimpanzee reference that surpasses previous iterations in bases represented and organized in
large scaffolds. To this end, we show substantial improvements over the current release of the chimpanzee genome
(Pan_tro_2.1.4) by several metrics, such as increased contiguity by >750% and 300% on contigs and scaffolds, respectively,
and closure of 77% of gaps in the Pan_tro_2.1.4 assembly gaps spanning >850 Kbp of the novel coding sequence based on
RNASeq data. We further report more than 2700 genes that had putatively erroneous frame-shift predictions to human in
Pan_tro_2.1.4 and show a substantial increase in the annotation of repetitive elements. We apply a simple 3-way hybrid
approach to considerably improve the reference genome assembly for the chimpanzee, providing a valuable resource for
the study of human origins. Furthermore, we produce extensive sequencing datasets that are all derived from the same cell

line, generating a broad non-human benchmark dataset.

Keywords: chimpanzee reference genome; assembly, genomics

To test the potentially combinatorial power of varied sequencing
and mapping strategies, we created several different datasets
on different platforms to try to leverage the advantages of each,
as the shortcomings of 1 sequencing strategy might be compen-
sated for by another [1]. All datasets are derived from a single
male western chimpanzee (“Clint,” Coriell identifier S006007),
the same individual used to generate the current Chimpanzee
genome assembly. We produced ~120-fold sequence coverage
of overlapping 250-bp reads (~450-bp fragment) on the Illumina
HiSeq 2500 platform, offering high accuracy and throughput,
but comparatively short reads; ~9-fold sequence coverage
from 43 Pacific Biosciences SMRT-Cells with P5-C3 chemistry
on the RSII instrument, offering long reads at lower accuracy;
Illumina TruSeq Synthetic long reads at around 2-fold coverage,
offering long-range information derived from local assemblies
of ~10-Kb fragments [2]; 1 lane of in vitro proximity ligation read
pairs (prepared as a Chicago library by Dovetail Genomics) [3]
sequenced on the Illumina HiSeq 2000 platform, offering spatial
contact information of the chromatin, that can be exploited for
scaffolding.

These diverse datasets complement the resources that were
already available for the same cell line, namely 6-fold coverage
of ABI Sanger capillary reads used for the initial chimpanzee
genome assembly, a 100-bp paired Illumina HiSeq data, a fosmid
library at 6-fold physical coverage with available end sequences,
a Bacterial Artificial Chromosome (BAC) library at 3-fold physi-
cal coverage with available end sequences and around 700 fin-
ished BACs [4]. Altogether, these data constitute an extensive
non-human and non-model organism benchmarking dataset for
different sequencing strategies.

We generated a complete de novo assembly for the chimpanzee
with a combination of the datasets. At each step of our assembly,
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we measured increase in contiguity by means of the N50 statis-
tic, which is defined as the length of a contig or scaffold such
that 50% of the assembly bases are contained in contigs or scaf-
folds of at least that length. The starting point of our assembly
scaffolding efforts are contigs generated with DISCOVAR de novo
[5] from 250 bp of paired-end reads. These reads are derived from
a 450-bp library, resulting in pairs that overlap over a ~50-bp re-
gion, a feature that is exploited by the assembler. While based on
Illumina sequencing, these libraries have recently been shown
to produce assemblies superior in contiguity when compared
to assemblies derived from conventional Illumina libraries [6].
The DISCOVAR base assembly had a contig N50 of 87 Kbp, and
was then scaffolded using proximity ligation read-pairs gener-
ated by the Chicago method [3] and sequenced on the Illumina
platform. These data increased the scaffold N50 to 26 Mbp. No-
tably, individual scaffolds exceed lengths of 75 Mbp, and there-
fore already reach the order of magnitude of full chromosomal
arms. We sought to take advantage of these highly contiguous
scaffolds and attempt closure of remaining gaps with long-
read single-molecule sequences by PacBio using PBJelly (PBJelly,
RRID:SCR.012091) [7]. By this means, we filled over 38 000 gaps
(or 55%) among all scaffolds, and in so doing increased the con-
tig N50 by over 320% to 283 Kbp when compared to the DISCO-
VAR base assembly (see Table 1). While we went on to further
improve the assembly with additional data (see below), these
statistics give an approximation of the contiguity that can be ex-
pected for de novo assemblies of previously unsequenced species
using our 3-way hybrid approach: contigs derived from over-
lapping 250-bp paired-end reads to scaffold with in vitro HiC,
and fill remaining gaps with PacBio data. When the contiguity
metrics of this intermediate assembly are compared to other
representative non-human primate genomes (as annotated by
NCBI Refseq category, July 1, 2016; see the Supplementary Data),
we observed superior contiguity in contig structure within our
assembly compared to all others. The only exception is the go-
rilla genome, recently assembled from deep (~75-fold) long-read
sequences [8]. However, our stepwise method offers an approach
that is considerably cheaper.
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Table 1: Assembly statistics comparing the previous chimpanzee assembly, our intermediary assembly based on the 3-way hybrid and the

finished assembly Pan_tro_3.0

Pan_tro.2.1.4
Scaffold N50, bp 8925874
Contig N50, bp 50 665
Contig N90, bp 7231
Assembly length, bp 3309577 923
Assembly length w/o Ns, bp 2902 338 968
Scaffolds 24129
Contigs 183 827
Gaps 159 698

3-way hybrid (intermediary) Pan_tro_3.0
26 681610 26 972 556
282774 384 816
41655 53112

2992 696 208
2990712612

3231154112
3132603 062

45 000 44 448
76 674 72226
31674 26715

In this context, we defined gaps at stretches of at least 10 consecutive “Ns” in the assembly. Contigs are defined as contiguous stretches of sequence without gaps.

For the final release of the chimpanzee assembly, we created
a reference assembly that leveraged previous resources gener-
ated from the same individual [4]. First, we merged in regions
from Pan_tro_2.1.4 that were derived from Clint and gapped in
our assembly. It is known that Pan_tro_2.1.4 contains sequences
from different chimpanzees. To do so, we extracted flanking
sequence regions of gaps in our assembly and mapped all to
Pan_tro.2.1.4, keeping only unique and concordant mappings
that do not span any gaps within Pan_tro_2.1.4, and merged the
spanned Pan_tro_2.1.4 sequence in.

To ensure that accuracy was not sacrificed for continuity
gains, we utilized various methods to measure error. Given that
our assembly likely contained some erroneous links between
contigs or misassembled contigs as a result of de novo assem-
bly, conformational mapping, or merging mistakes, we first used
discordant mapping of fosmid end sequences (~40-Kbp insert
size) to identify any large misassemblies. We identified 17 such
scaffold errors and manually broke apart each. We also sought
to correct any remaining single base substitutions or small in-
dels (<6 bp) with a series of custom mapping and base integra-
tion programs (see the Supplementary Data). With the same II-
lumina data used to generate the DISCOVAR base assembly, we
corrected more than 500 000 single base or indel errors. Most
of these residual errors are presumably derived from regions
where PacBio data were incorporated into the assembly, as this
platform is known to have an elevated error rate. As another
measure of quality, we produced whole-genome alignments to
Pan_tro_2.1.4 and found that our assembly aligns with, on aver-
age, 99.9% identity, and the magnitude of remaining differences
can thus be reasonably explained by the allelic diversity of west-
ern chimpanzees [9].

For our final assembly, named Pan_tro_3.0, we integrated pre-
viously available finished clone sequences derived from Clint
where possible. Pan_tro-3.0 spans 2.95 Gbp in ordered and
oriented chromosomal sequences. An additional 140 Mbp of
sequence is assigned to chromosomes, but their order and
orientation are unknown, and 123 Mbp remain of unknown
chromosomal origin. Pan_tro_3.0 has a genome-wide contig and
scaffold N50 of 385 Kbp and 27 Mbp, respectively, constitut-
ing an improvement in contiguity over Pan_tro2.1.4 of 760%
and 300%, respectively (see Fig. 1A and Table 1). We observed
this increase across all non-finished chromosomes, with the
most pronounced effect on the X chromosome (see Fig. 1B).
This chromosome shows the highest degree of fragmentation
in Pan_tro_2.1.4, likely due to the fact that the effective sequence
coverage on the sex chromosomes is only half that of the auto-
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somes, namely around 3-fold in the original assembly. We in-
creased the contig N50 on the X chromosome by 3250% from
13 Kbp to 422 Kbp, thus bringing its contiguity to the range ob-
served on autosomes.

Overall, we decreased the number of contigs by more than
60%, from 183 860 to 72 226, and the number of gaps by 83%, from
156 857 to 26 715. As gap structures between the assemblies
may not correspond, we identified filled gaps from Pan_tro.2.1.4
by extracting their flanking regions and mapping them onto
Pan_tro_3.0. By keeping only unique and concordant mappings
that do not span any gaps in Pan_tro_3.0, we estimate the se-
quences of 122 943 (77%) gaps to be filled, amounting to 60.3 Mbp
of sequence. The majority of these fill sequences are comparably
short (see Fig. 1C) and significantly enriched in interspersed ge-
nomic repeats, with 58% of them (P < .0001, feature permutation
test) intersecting with repeats. Of these, around 16 Mbp are fully
embedded within fill sequences, corresponding to, amongst oth-
ers, more than 29 650 novel short interspersed nuclear element
(SINE) annotations and 20 888 novel long interspersed nuclear
elements (LINE) annotations.

Large genomic repeats constitute a major confounding factor
in genome assembly and are therefore one of the main rea-
sons for their fragmentation, and thus the assembly repeat rep-
resentation can be a proxy of its quality. To assess the repeat
resolution of interspersed repeats, we masked Pan_tro_3.0 using
RepeatMasker (RepeatMasker, RRID:SCR_012954) [10], selecting
chimpanzee-specific repeats, resulting in 1.64 Gbp (52.2%) being
annotated as repeats. The proportion of repetitive elements is
similar in Pan_tro_2.1.4 (50.9%); however, given the large amount
of newly resolved sequences, this translates into a substan-
tial increase in annotated repeats. Specifically, we annotate 164
Mbp of novel repeats in Pan_tro_3.0, comprising around 10% of
the whole repeat annotation. We observe this increase consis-
tently across all families of interspersed repeats (see Fig. 1D).
The increases range as high as 300% for satellite sequences,
corresponding to an additional 68.2 Mbp of newly resolved se-
quence in this category. We also increased the amount of an-
notated SINE by 27.9 Mbp, including 83 637 additional resolved
copies of Alu elements. We find the increase in annotations to
be negatively correlated with age for Alu elements, and thus
find the highest increase (8.8%) for the youngest and least diver-
gent subfamily (AluY), suggesting that common high-identity re-
peats are now better resolved. We furthermore added 38.2 Mbp
of sequence annotated as LINEs to the assembly. We also ob-
served a noteworthy increase in annotated long terminal re-
peats, adding 15.9 Mbp to this repeat category, corresponding to
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Figure 1: (A) Genome-wide distribution of contig lengths between Pan._tro.2.1.4 and Pan_tro_3.0. The peak for Pan_tro_3.0 is shifted to higher values by an order of
magnitude. (B) Increase in contig N50 for all chromosomes that were not finished with clones in Pan_tro_2.1.4 or Pan_tro_3.0. (C) Length distribution of filled gaps in
Pan_tro_3. Negative values constitute wrongly separated overlapping contig ends in Pan_tro_2.1.4. (D) Increase in annotated interspersed repeats separated by repeat

family.

30 574 additional annotations of endogenous retroviruses in the
genome. When comparing all types of interspersed repeats be-
tween Pan_tro_2.1.4 and Pan_tro_3.0, we find a median increase
of 4.7% of sequence, highlighting that repeat resolution is much
improved in Pan_tro_3.0 (see Supplementray Table S4).

Representation of segmental duplications

To analyze the representation of segmental duplications in
Pan_tro.3.0, we applied 2 alternative approaches. First, we
performed a whole-genome assembly comparison (WGAC) to
compare repeat-free sequences of the assembly to itself [11].
This method identifies duplicated sequence in blocks of at least
1 Kbp with 90% identity or higher. Excluding unplaced contigs,
we found 140 Mbp of non-redundant duplicated sequence in
Pan._tro_3.0 chromosomes, or 4.46% of the non-gap bases in the
assembly, results that are consistent with previous read-depth
estimates for chimpanzee [12] and analyses of high-quality, fin-
ished human genome assemblies (see Supplementary Data S3).
Second, we identified duplications by whole-genome shotgun
sequence detection (WSSD), which identifies duplications at
least 10 Kbp long with over 94% identity by detecting regions of
increased read depth compared to known unique regions [13].
We used 31 366 275 Sanger capillary reads derived from Clint,
and found 51 Mbp of duplicated sequence meeting these crite-
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ria on placed chromosomes, compared to 68 Mbp detected by
WGAC.

Genome wide, we discovered 178 245 redundant pairwise
alignments corresponding to 388 Mbp of non-redundant se-
quence greater than 1 Kbp in length and 90% identity (12.39%
of the genome sequence excluding gaps) by WGAC, and 63 Mbp
of duplicated sequence by WSSD (compared to 284 Mbp WGAC
>10 Kbp, >94% identity). We then compared Pant_tro_3.0 to the
human reference genome assembly GRCh38, an assembly that
is based on a BAC hierarchical shotgun assembly strategy and
may therefore be considered the gold standard with respect
to representation of segmental duplications. We note similar
proportions of bases in segmental duplications on chromoso-
mal scaffolds (4.46% in Pan_tro_3.0 vs 5.56% in GRCh38); however,
we note an elevated genome-wide rate of bases in duplications
when including unplaced and unlocalized scaffolds. This sug-
gests that our assembly includes false-positive paralogous re-
gions (see Supplementary Table S1).

Gene annotation

We produced a new gene annotation based on projections from
all human transcripts in the GENCODE annotation V24 set com-
bined with RNA-seq data derived from the brain, heart, liver,
and testis from 3 different individuals [14]. To quantify the ef-
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fect of the underlying sequence on the annotation, we annotated
Pan_tro.2.1.4. with the same data. We observed improvements
in gene annotation in Pan_tro_3.0 in all considered metrics. We
increased the number of recovered consensus gene models for
protein coding transcripts by 2.7% and are now able to project
and annotate 89.5% of the GENCODE human coding transcripts
onto the new assembly. The average coverage of these tran-
scripts within the genome is 98.9%, a gain of 2%. We also observe
an increase of 6.6% in transcripts with multiple mappings. We
checked for newly resolved exonic sequences in filled gaps with
respect to Pan_tro_2.1.4, and find 17 818 exons, amounting to 851
Kbp of non-overlapping sequence, to be fully embedded within
them. Altogether, we retrieved models for 77 858 coding tran-
scripts, corresponding to the isoforms of 20 373 coding genes.

We find 5039 human coding transcripts corresponding to
2660 genes with predicted frameshift mutations in Pan_tro.2.1.4
to human, but not in Pan_tro_3.0. Conversely, we find 674 genes
with predicted frameshift mutations to human that are present
in Pan_tro_3, but not in Pan_tro_2.1.4. Given that both assemblies
are mainly based on data from the same individual (with the
exception of chromosome 21 and around 28% of chromosome 7
in Pan_tro_2.1.4, which were derived from a different individual),
the majority of these predictions constitute either allelic varia-
tion or putative sequence errors in Pan_tro_2.1.4.

In summary, we describe a hybrid assembly approach to ob-
tain a more complete de novo chimpanzee reference genome
assembly, substantially increasing contiguity metrics within it.
Our proposed assembly method should be easily applicable to
different organisms of similar genomic architecture.

We have corrected several orientation errors in the sequences
described in this article. The corrected sequences can be found
in the associated Gigascience Database.

Supporting data are available through the GigaDB database
(GigaDB, RRID:SCR.004002) [15]. This whole-genome shotgun
project has been deposited at DDBJ/ENA/GenBank under the
accession AACZ00000000. The version described in this paper
is version AACZ04000000. The assembly is available at https://
www.ncbi.nlm.nih.gov/assembly/GCF_000001515.7 and at the
UCSC genome browser under the identifier panTro5. The as-
sembly denominated Pan-tro_2.1.4 in the manuscript refers to
Pan_troglodytes-2.1.4 with the RefSeq assembly accession num-
ber GCF_000001515.6.
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bp: base pairs; Kbp: kilo base pairs; Mbp: mega base pairs;
indel: insertion-deletion; SINE: short interspersed nuclear ele-
ment; LINE: long interspersed nuclear element; LTR: long termi-
nal repeat; ERV: endogenous retrovirus; WGAC: whole-genome
assembly comparison; WSSD: whole-genome shotgun sequence
detection.
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Selective single molecule sequencing and assembly
of a human Y chromosome of African origin
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Mammalian Y chromosomes are often neglected from genomic analysis. Due to their
inherent assembly difficulties, high repeat content, and large ampliconic regions, only a
handful of species have their Y chromosome properly characterized. To date, just a single
human reference quality Y chromosome, of European ancestry, is available due to a lack of
accessible methodology. To facilitate the assembly of such complicated genomic territory, we
developed a novel strategy to sequence native, unamplified flow sorted DNA on a MinlON
nanopore sequencing device. Our approach yields a highly continuous assembly of the first
human Y chromosome of African origin. It constitutes a significant improvement over
comparable previous methods, increasing continuity by more than 800%. Sequencing native
DNA also allows to take advantage of the nanopore signal data to detect epigenetic mod-
ifications in situ. This approach is in theory generalizable to any species simplifying the
assembly of extremely large and repetitive genomes.
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ecombinational arrest in the common ancestor of the X and

Y chromosomes led to the degeneration and accumulation

of large amounts of repetitive DNA on the Y chromosome
along its evolutionary trajectory!. Furthermore, many sequencing
efforts have traditionally chosen female samples, as the hemi-
zygous nature of the sex chromosomes leads to half the effective
sequencing coverage on both of them in a male, resulting in
inferior genome assemblies®3. Together, these causes have led to
an underrepresentation of Y chromosomes in genomic studies
and proper characterization of the Y chromosome in only a
handful of mammalian species through a time- and labor-
intensive clone by clone approach?-7. One strategy to reduce the
complexity of the assembly problem for the Y chromosome is to
isolate it by flow cytometry, thus dramatically reducing the
potential amount of overlaps of repetitive regions in the context
of the whole genome>. Notwithstanding previous efforts, which
sought to do this have faced some drawbacks, as the material has
been heavily amplified post sorting to increase yield®. Whole-
genome amplification (WGA) introduces biases that are detri-
mental to genome assembly, such as unequal sequence coverage
and chimera formation, as well as limited fragment length’.
Moreover, these methods lead to the loss of epigenetic mod-
ifications that can now be directly determined from the signal
data from nanopore sequencers!'?. Additionally, previous efforts

a
60,000
3
<
g Count
=}
@ 10,000
§ 40,000 =
Q
wn
®
e 100
el
&
@
% 20,000 .1
2
o
9]
o
T
0
0 20,000 40,000 60,000
Chromomycin-A3 457-550/50 (A.U.)
c run_1 || run_2 |
3000
2000
1000
P 0
€
3 run_3 [ run_4
(]
3000
2000
1000
0 .‘ @i,
N L L N N N N N
S 090 090 KRS Qgc Qgc
N KO N O

Read length (bases)

to assemble the Y chromosome purely from flow-sorted material
did so using the gorilla8, a species with a previously unchar-
acterized Y chromosome, meaning that potential biases in the
assembly cannot be detected without a gold standard reference to
compare with, such as human. Integrating single-molecule
sequencing has been shown to produce far superior whole-
genome shotgun (WGS) assemblies than sequencing by synthesis
platforms!!-14, Furthermore, the MinION sequencing platform
from Oxford Nanopore Technologies has recently been used to
create the most contiguous human WGS assembly to date!® and
to resolve the structure of the human Y-chromosome cen-
tromerel®. To take advantage of these benefits, we developed a
protocol to sequence native, unamplified flow-sorted DNA on the
MinION sequencing device.

Results

Flow sorting and sequencing. We sorted approximately 9,000,000
individual Y chromosomes from a lymphoblastoid cell line
(HG02982) from the 1000 Genomes Project, whose haplogroup
(AO) represents one of the deepest known splits in humans!” (see
Fig. 1a). Given the large volume in which the chromosomes were
sorted, and potential issues with residual dyes that are necessary for
the sorting process, we devised a purification protocol to bring the
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Fig. 1 Flow-sorting and sequencing specificity. a Flow-karyogram of a human genome. The different clusters correspond to different chromosomes. The red
circle delimits the cluster corresponding to the Y chromosome used for this project. b Enrichment specificity of the sequencing data. Sequences on the Y
chromosome are ~110-fold enriched compared with WGS sequencing. Chromosome 22 partially co-sorts with Y. All other chromosomes are depleted.
¢ Read length (log10 scale) distribution of the four runs. d N50 values for all four runs and the combined dataset. Colors in panels € and d correspond to the

different runs. Source data are provided as a Source Data file
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The size of each rectangle corresponds to the size of a contig within each of
c Repeat landscape of common, interspersed repeats annotated equally in

GRCh38 and HG02982. Common repeats—including very recent ones—are well resolved in HG02982. The exception are satellite sequences, and a
population of somewhat divergent (- 20%) LTR elements, which are absent in HG02982 (see supplementary Figures 7-9). Source data are provided as

a Source Data file

DNA into conditions suitable for sequencing. We ran four Oxford
Nanopore MinION flowcells to generate 305,528 reads summing
to over 2.3 Gb of data. The yields per flowcell varied considerably
from 897.6Mb to 163.8 Mb (see Fig. lc and Supplementary
Table 2). Sequencing yields were on the lower end of the reported
spectrum (75 Mb-5.5 Gb per flowcell in!?), but read N50 surpassed
most of them, ranging from 16.8 to 23.8 kb!> (see Fig. 1d, sup-
plementary Figures 1-2). Additionally, for the same flow-sorted
material we ran an Illumina MiSeq lane for 2 x 300 cycles but
including four rounds of PCR amplification. To check the
enrichment specificity, we aligned the reads to the human refer-
ence genome (GRCh38) and calculated the normalized coverage
on each chromosome. Taking into account the size of the Y
chromosome and its haploid nature, we find it to be over 110-fold
enriched compared with a random sampling from the human
genome (see Fig. 1b, Supplementary Figures 3-5, Supplementary
Note 2 and Supplementary Data 1-2).

Y-chromosome assembly and comparison with GRCh38. We
used the Nanopore data to construct a de novo assembly using

NATURE COMMUNICATIONS | (2019)10:4|https://doi.orgﬂoﬂ038/541467-018-078%—5www,nature.com/naturecommunications

Canu!8. We performed a self-correction by aligning the reads
used for assembly and called consensus using Nanopolish!?,
correcting a total of 127,809 positions. Finally, the Illumina
library served to polish residual errors within the assembly using
pilon!®. By this means, we corrected a further 101,723 single-
nucleotide positions and introduced 105,640 small insertions and
6983 small deletions. We also explored further polishing options
and found that running one additional round of error correction
with racon?® potentially resolves several remaining errors, despite
also introducing additional discordances (see Supplementary
Table 4, Supplementary Notes 1,3 and Supplementary Figures 10—
13). The final assembly is comprised of 35 contigs, with an N50 of
1.46 Mb amounting to 21.5 Mb of total sequence, in contrast to a
contig N50 of 6.91 Mb of the GRCh38 Y-chromosome assembly.
Compared with the gorilla Y-chromosome assembly with a contig
N50 of 17.95kbS, our assembly is two orders of magnitude more
contiguous (see Fig. 2b).

The Y chromosome is comprised of a set of discrete sequence
classes. To check the completeness of our assembly, we assessed
how well each of them is represented. After retaining only single
best placements, we were able to align 21.1 Mb, or 98.4% of its
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Table 1 Assembly statistics overview

Seq. class Aln. HG02982 HGO02982 ID HGO02982 ID SNP Rec. HG02982 AlIn. NA24385 Rec. in Len. w/o gaps
(b) SNP (%) + InDel(%) (%) (b) NA24385 (%) (b)

Ampliconic 6,146,087 99.91 99.67 62.67 5,242,461 53.46 9,807,089
Heterochromatic 543,005 99.66 99.31 32.77 171,045 10.32 1,656,797
Others 295,160 99.47 99.18 385.59 63,973 83.57 76,547
Pseudo-autosomal 2,219,743 99.58 99.13 78.02 17,626 413 2,844,939
X-degenerate 8,537,493 99.95 99.81 98.94 8,238,733 95.48 8,628,904
X-transposed 3,374,011 99.94 99.81 99.21 1,474,610 4336 3,400,750

chromosome of GRCh38, the vast majority of which belongs to heterochromatin on the g arm

Summary of sequence class coverage of HG02982 versus GRCh38, as well as the contigs from NA23385 identified as derived from the Y chromosome. The proportion of recovered sequences and %
identity are calculated over the resolved sequences in GRCh38, excluding gaps. There are currently 30.8 Mb of unresolved sequence (represented by the ambiguous base N) in the reference Y

Aln.: aligned bases to GRCh38, ID.: percent identical bases in GRCh38, Rec.: recovered proportion from GRCh38, Len.: length in GRCh38

total length, with 99.9% of identical bases on average (see Fig. 2a).
We recovered the full-length (~99% of the annotated length in
GRCh38) reconstructions of both the X-transposed and the X-
degenerate regions. Although the X-degenerate region can be
considered a single-copy region due its distant common ancestry
with the X chromosome, the X-transposed region emerged only
after the split between humans and chimpanzees2!. The largest
sequence class on the Y chromosome is comprised of ampliconic
regions, which amount to around 30% of the euchromatic portion
and sum to 9.93 Mb. These regions contain eight massive,
segmentally duplicated palindromes, all of which share >99.9%
identity between their two copies, with the largest one spanning
over 2.90 Mb. We find this region to be the most challenging to
reconstruct, with fragmented and collapsed sequences, but are
nevertheless able to recover 6.14 Mb, or 62.7% of its length in
GRCh38. Surprisingly, we recover only 78% of the pseudo-
autosomal regions (PARs). We observed a rather steep drop-off in
coverage coinciding with the PAR-1 boundary on GRCh38. As we
are sequencing native, unamplified DNA, the genomic coverage is
directly proportional to the number of copies of the underlying
sequenced region?2. We compared the mapped coverage of our
raw data on GRCh38 and find that PAR-1 exhibits only around
72% of the average coverage of the whole chromosome (19.8-fold
versus 27.3-fold). We observe the drop-off in coverage to coincide
sharply with the PAR-1 boundary (see Supplementary Figure 6).
Finally, of the remaining sequence classes, we are able to recover
around 32.8% of the resolved heterochromatic regions, and
multiple instances of the remaining unclassified sequences
(referred to as other; see Table 1 and Supplementary Data 3).

To contrast our approach to a long-read WGS assembly, we
assembled the publicly available PacBio dataset from the
Ashkenazim son from the Genome in a Bottle Consortium?3,
which has a sequencing depth comparable to ours on the sex
chromosomes (~ 30X). We identified 193 contigs mapping to the
Y chromosome, with an N50 of 213 kb, covering 15.3 Mb, or
around 28% less than by our approach. The WGS fails to
assemble roughly 56.6% of the X-transposed region and 47% of
the ampliconic regions (see Table 1).

Comparative gene annotation. We performed a comparative
annotation to check the completeness of our assembly at the gene
level. To this end, we projected all Gencode (v. 27, GRCh38)
annotations on the Y chromosome onto our assembly and
annotated them there. Due to its peculiar evolutionary trajectory,
the gene-space on the Y chromosome is degenerated, and any
remaining genes can generally be classified into two categories: on
one hand there are single-copy genes, which are broadly expressed
beyond the testis. On the other, there are multi-copy genes within
the ampliconic regions, which are mainly involved in spermato-
genesis?. We recover the complete gene set of the genes in the

male-specific region of the Y chromosome (MSY) region and are
therefore able to annotate all single-copy genes. Furthermore, we
are able to retrieve at least one member of all multi-copy gene
families. For four out of nine of these gene families, we are
additionally able to resolve further copies within our assembly
(see Supplementary Data 4-5). We also note that four genes
(ASMTL, IL3R, P2RY, SLC25) from a comparatively short syntenic
block of around 200 kb are partially missing from our assembly
due to the aforementioned technical challenges in the PAR-1
region. Mapping the raw data onto GRCh38 show that this is an
artifact, presumably due to insufficient coverage in this region.

Structural variants. We produced a stringent call set of structural
variants (SVs) derived from alignments to GRCh38 using
Assemblytics?>. We detect 347 SVs at least 50 bp in size (931
variants at least 10 bp in size) of which 82 are at least 500-bp long
(see Fig. 2c, Supplementary Figures 14-15, Supplementary
Table 3). The cumulative length of these variants sums to 184 kb.
We observe a 4.8-fold excess number of deletions versus number
of insertions, amounting to a twofold excess of bases in deletions
versus bases in insertions. Although a deletion bias for nanopore-
based assemblies had previously been reported!®, we find the
strength of this bias to be decreasing in our analysis, probably
reflecting improvements in base-calling accuracy. To check the
presence of large-scale copy number variation in multi-copy
genes, we additionally determined the chromosome-wide copy
number based on a read depth approach using the Illumina data.
We find extensive genic copy number variation, with expansions
in five of the nine multi-copy genes, when compared with the
reference individual. Among these, we find expansions in RBMY,
PRY, BPY2, and DAZ, all members of the AZFc region locus with
implications for male fertility. Although these expansions are to
some degree represented in our assembly, the precise genomic
architecture remains challenging to reconstruct. Due to the high
degree of similarity between copies, several of them will be col-
lapsed in the assembly specially in the AZFc region. Finally, to
assess concordance with previous studies, we compared our SV
calls with those generated by the 1000 Genomes Project, which
contains the same cell line used for this study?. We manually
confirm the presence of all structural three variants called in
HGO02982 in the 1000 Genomes Project in our data by checking
the overlap of calls produced by orthogonal approaches (see
Supplementary Figures 16-18).

CpG methylation status. Finally, we called the methylation status
of 5-methylcytosines (5-mC) at CpG positions from the Nano-
pore signal data using a recently developed model implemented
in Nanopolish!0. To assess potential biases on the CpG methy-
lation status introduced by our workflow, we also produced
whole-genome bisulfite sequencing data (WGBS) for the same cell
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line. We calculated the methylation frequency (i.e., the proportion
of reads supporting 5-mc at a given CpG) for both datasets. For
positions where both datasets have at least 10-fold coverage (n =
4654), we observe a good concordance in the methylation fre-
quency with a Pearson’s r of 0.816 (see Supplementary Figure 19
and Supplementary Table 5). Remaining differences might be
attributable to differences in sensitivity, variation in the methy-
lation state, or alternative modifications such as 5-hydro-
xymethylation, which cannot be distinguished from 5-mC by
WGBS!0. Additionally, detecting the 5-mC status on the Y
chromosome from long reads in our methodology has the
advantage of allowing to interrogate regions that are not acces-
sible to WGBS with short reads, namely the PAR, the X-
transposed region, and to some degree the Ampliconic regions.
We interrogated the methylation state of CpG 200-bp upstream
of the transcription start site (TSS) in protein-coding genes falling
within the different sequence classes of the Y chromosome. Genes
from the PAR, X-degenerate, and X-transposed regions are
expressed throughout the body, whereas Ampliconic genes have
testis specific expression?%. In agreement with these patterns, we
find the genes within PAR, X-degenerate, and X-transposed
regions to show low degrees of CpG methylation at TSS. Within
the Ampliconic regions, the distribution of methylation fre-
quencies of CpGs at TSS shows an overall high degree of
methylation and is therefore consistent with the expected
downregulation of these genes in lymphoblastoid cells (see Sup-
plementary Figures 20-21). Nevertheless, single-copy resolution
is not possible due to potential mapping ambiguities.

Discussion

Here, we report the first successful sequencing and assembly of
native, flow-sorted DNA on an Oxford Nanopore sequencing
device, without previous amplification. We apply our methodol-
ogy to assemble the first human Y chromosome of African origin
to benchmark our approach. This is arguably the most challen-
ging human chromosome to assemble due to its high repeat and
segmental duplication content, and hence a good test-case to
explore the possibilities and limitations of this approach. With the
exception of bacterial artificial chromosome-based assemblies, we
are able to reconstruct the Y chromosome to unprecedented
quality in terms of contiguity and sequence class representation.
We show that we not only outperform previous efforts that
sought to achieve a similar goal of reconstructing Y chromo-
somes®, but also accomplish a better reconstruction on all
sequence classes than the Y chromosomal sequences derived from
a long-read WGS assembly. Additionally, our method is orders of
magnitude cheaper than reconstructions from WGS data too,
especially considering that twice the desired Y chromosomal
target coverage is needed on the autosomes. Given the current
developments in sequencing throughput, a single-MinION flow-
cell should now be sufficient to assemble a whole human Y
chromosome. Furthermore, it is becoming clear that the upper
read length boundary is only delimited by the integrity of the
DNA, suggesting the possibility that complete Y-chromosome
assemblies, including full resolution of amplicons, might be
possible in the near future. Notwithstanding, some challenges to
obtain ultra-long reads from flow-sorted chromosomes are still to
be overcome, as sorting sufficient material for this protocol is a
substantial endeavor. It also is worth noting that our efforts to
sequence the same input material on Pacific Biosciences Sequel
platform have been fruitless, presumably due to interference of
residual dyes with the sequencers optical detection system.
Despite the technical challenges of flow-sorting single chromo-
somes, the method described here offers the opportunity to take
advantage of the benefits of long-range data together with local

complexity reduction. Given different chromosomes that are
sufficiently distinguishable in terms of size and GC content,
immediate applications are either very complex chromosomes,
such as the human Y, or extremely large genomes with a very
high degree of common repeats, which have long challenged
traditional WGS approaches, such as wheat, the loblolly pine, or
the axolot]?7-30,

Methods

Chromosome preparation for flow karyotyping. Mitotic chromosomes in sus-
pension were prepared as follows (adapted from?!' with some modifications): the
lymphoblastoid cell line HG02982 (purchased from Coriell, cat. no. HG02982)
were cultured in RPMI-1640 medium supplemented with 2mM L-glutamine
(Invitrogen, ref. 21875-034), 15% fetal bovine serum and antibiotics (penicillin and
streptomycin (Invitrogen, ref. 15140-122)) at initial concentration no <150,000
viable cells per ml. Near confluence, cells were subcultured to 50%. After 24 h,
the cells were blocked in mitosis by adding Colcemid to the culture (10 pgml~!
demecolcine solution (Gibco, ref. 15210-040)) to a final concentration of 0.1 pg ml~!
and incubated for an additional 6-7 h. To swell and stabilize mitotic cells, they were
centrifuged 5 min at 300 x g at room temperature. The pellet was slowly resuspended
in 10 ml hypotonic solution (Hypotonic solution: 75 mM KCl, 10 mM MgSO,,
0.2mM spermine, 0.5mM spermidine. pH 8.0), incubated for 10 min at room
temperature. After the incubation in the hypotonic solution, the swollen cells were
centrifuged at 300 x g for 5 min. The cell pellet was resuspended in 1.5 ml of ice-cold
polyamine isolation buffer (PAB: 15 mM Tris, 2 mM EDTA, 0.5 mM EGTA, 80 mM
KCl, 3 mM dithiothreitol, 0.25% Triton X-100, 0.2 mM spermine, 0.5 mM spermi-
dine. pH 8.0) for 20 min to release the chromosomes.

To ensure the integrity of the chromosomes, their morphology was checked
before staining them. To this end, the pellet was vigorously vortexed for 30's to
liberate the chromosomes from the mitotic cells. The suspension was filtered
through a 35 um mesh filter and stored at 4 °C until its sorting.

Finally, chromosomes were stained with chromomycin-A3 (Sigma, ref. C2659)
and Hoechst 33,258 (Invitrogen, ref. H3569) at a final concentration of 40 pug ml~!
and 5 pg ml~ 1, respectively, in presence of divalent cations (10 mM MgSO, (Sigma,
ref. 60142)). Staining was performed for at least 8 h at 4 °C, to allow the dyes to
equilibrate. Before the sample analysis on a cell sorter, potassium citrate was added
to a final concentration of 10 mM (Sigma, ref. 89306) to enhance peak resolution in
the flow karyotype.

Chromosome sorting. Flow karyotyping for chromosome sorting was performed
on BD Influx cell sorter (Becton Dickinson, San Jose, CA), a jet-in-air cell sorter
that was selected for its relatively easy manual daily fine-tuning and high-resolution
capabilities. Of the five available lasers, only the blue (488 nm laser at 200 mW),
deep-blue (457 nm laser at 300 mW), and ultraviolet (355 nm laser at 100 mW)
ones were used for flow karyotyping. The setup and performance were optimized
using standard 8-peaks Rainbow beads (Sphero™ Rainbow Calibration Particles
3.0-3.4 um, BD Biosciences, ref. 559123), 1-peak UV beads for UV laser alignment
(Alignflow™ Flow Cytometry Alignment 2.7 ym, Molecular Probes, ref. A16502),
and 1-peak 457 nm for deep-blue laser alignment (Fluoresbrite™ Plain YG
Microspheres 1.0 um, Polysciences, Inc. ref. 17154) were, respectively, used for 488-
blue, 355-UV, and 457-deep-blue optimal laser alignment and instrument fine
tuning to obtain the highest resolution of chromosome detection and sorting.

The threshold for chromosome sorting was set triggering in chromomycin-A3
fluorescence on 457 nm laser as primary excitation line and set at approximately
1800 a.u. Then, chromomycin-A3 fluorescence was used as primary fluorescence
reference through a light line of 500 LP filter and collected by a 550/50 nm band-
pass filter. Hoechst was excited with the UV laser and its fluorescence was collected
through a light line of 400 LP filter and by 460/50 BP. All parameters were collected
in lineal mode and analyzed with the BD FACS™ Software (v. 1.0.0.0.650, Becton
Dickinson, San Jose, CA).

We chose a 100 um nozzle because we found it to have the best piezoelectric
frequency/electronic-noise ratio. The piezoelectric frequency was adjusted at
38.7 KHz. The sample flow rate for chromosome sorting was adjusted at up to 6000
events s~1. The gating strategy for chromosome sorting was simple because only a
bi-parametrical dot-plot Hoechst versus chromomycin-A3 fluorescence was used
(see Fig. 1a).

Purification and concentration of flow-sorted Y chromosomes. For each of the
two rounds of purification, the fractions corresponding to approximately 4.5 M Y
chromosomes (~ 500 ng of DNA per aliquot) were divided into 1 ml aliquots with
an estimated chromosome count of 400,000, corresponding to a DNA con-
centration of approximately 0.04 ng ul~1. The approximate total volume per round
of purification was around 22.5 ml. Each tube containing the flow-sorted DNA was
treated overnight with 10 pl of proteinase K (20 mg ml~1) at 50 °C. After treatment,
the buffer was exchanged, and proteinase K, as well as chromomycin-A3 and
Hoechst 33,258 removed by dialysis against 1 liter of TE buffer using a Pur-A-
Lyzer™ Maxi Dialysis column with a molecular weight cut-off of 50 kDa (Sigma-
Aldrich). Dialysis was carried out for 48 h exchanging the buffer every 10-16 h. To
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reduce the volume after buffer exchange, DNA was transferred into 1.5 ml tubes
and concentrated by evaporation in a miVac DNA concentrator (Barnstead Gen-
eVac, Ipswich, UK) up to a volume of approximately 5-10 ul. A final purification
step was performed by pooling the concentrated DNA into two tubes and sub-
jecting it to a solid-phase reversible immobilisation (SPRI) bead purification with a
2X ratio (SPRI beads/sample). DNA was eluted in 9 pl of low TE buffer and pooled
into one tube. Concentrations were determined by absorbance at 260 nm with a
NanoDrop 2000 (Thermo Scientific) and by fluorometric assay with the Qubit 2.0
using the Qubit dsDNA HS kit (Invitrogen) (see Supplementary Table 1).

Sequencing the flow-sorted chromosomes. The purified DNA was prepared for
sequencing following the protocol in the Rapid Sequencing kit SQK-RAD002
(ONT, Oxford, UK). Briefly, approximately 200 ng of purified DNA was tagmented
for 1 min at 75 °C with the Fragmentation Mix (ONT, Oxford, UK). The Rapid
Adapters (ONT, Oxford, UK) were added along with Blunt/TA Ligase Master Mix
(NEB, Beverly, MA) and incubated for 30 min at room temperature. The resulting
library was combined with Running Buffer with Fuel (ONT, Oxford, UK) and
Library Loading Beads (ONT, Oxford, UK) and loaded onto a primed R9.4 Spot-
On Flow cell (FLO-MIN106). Sequencing and initial base calling was performed
with a MinION Mk1B MinKNOW v1.7.10 software package running for 48 h.
Estimates for DNA quantification were based on chromosomal counts with cor-
responding quantification values from Gribble et al.3l. The uncertainties in
quantification with Qubit 2.0 or NanoDrop are presumed to be due to residual
intercalating dyes present within the sample, which interfere with the quantifica-
tion platforms detection systems, with competition of additional intercalants
leading to underestimation on the Qubit 2.0, and the additional presence of aro-
matic groups leading to overestimation on the NanoDrop.

A total estimated amount of 100 ng of Y chromosome was fragmented on a
Covaris ultrasonicator with settings targeting fragments of 450 bp. The library was
prepared using NEBNext Ultra II DNA Library Prep Kit (New England BioLabs)
following the manufacturer’s instructions, including four cycles of PCR
amplification. Agilent BioAnalyzer High-Sensitivity DNA Kit was used to determine
the size distribution and molarity. The library was sequenced on an Illumina MiSeq
using the v3 kit and 600 cycles resulting in 300-bp paired-end reads.

Assembly, error correction, and polishing. The initial base-calls (MinKNOW
1.7.10 using Albacore 1.1) from the Nanopore data were assembled with Canu (v
1.6)!8 without previous read separation of reads deriving from different chromo-
somes and assuming a chromosome size of 52 Mb. The following parameters were
used:

canu -p HG02982 -d HG02982_canu genomeSize=52
moverlapper=mhap utgReAlign=true -nanopore-
raw raw_data/HG02982/all.joint.fastq

The 2.3 Gb of input data resulted in 25X of error corrected reads for assembly,
assuming a chromosome size of 52 Mb. The data assembled into 35 contigs, which
where self-corrected using the Nanopore input reads. To this end, we re-performed
base calling from the fast5 files using Albacore (v 2.1, available from the nanopore
user community) to be used for variant calling with Nanopolish (v. 0.8.4, https://
github.com/jts/nanopolish, 11 December 2017).

read_fast5_basecaller.py -f FLO-MIN106 -k
SQK-RADOO02 -i input_folder -s outout_folder -t 8
-o fastqg,fast5 -q 10000000 -n 100000 --disable_
pings

We indexed the reads to be used with Nanopolish:

nanopolish index -f fast5.fofn reads.joint.
fastq

The reads were mapped onto the raw assembly using bwa mem (v. 0.7.120)32
with the additional flag -x ont2d and the mappings merged and sorted with
samtools (v. 1.5):

bwa mem -x ont2d HG02982_canu.uncorrected.
fastareads.joint.fastq | samtools sort -o
reads.joint.mappings.bam-T tmp -

The mappings were fed to Nanopolish and corrected in chunks of 50 kb using
the helper script “nanopolish_makerange.py” included in the Nanopolish package.
Variants were called using “nanopolish variants —consensus” with the optional flag
“--min-candidate-frequency 0.1”.

nanopolish_makerange.py HG02982_canu.
uncorrected.fasta | xargs -i echo nanopolish
variants --consensus selfcorrected.{}.fa-w{}
-r reads.joint.fastqg -b reads.joint.mappings.
bam -g HG02982_canu.uncorrected.fasta-t 4
--min-candidate-frequency 0.1 | sh

By this means, we corrected 127,801 positions in the initial assembly. The self-
corrected assembly was further polished with the Illumina library. To this end, we
trimmed the Illumina reads to get rid of any adapters in the sequences using
trimgalore (v 3.7, https:/github.com/FelixKrueger/TrimGalore).

trim galore --fastgc --paired --retain_
unpaired gzip pairl.fastgpair2.fastq

The trimmed reads were mapped with BWA mem (v.0.7.12)32 in paired-end
mode and the mappings converted to a sorted bam files using samtools sort. PCR
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duplicates were removed with Picardtools (v. 2.8.2, https://broadinstitute.github.io/
picard/).

bwa mem HG02982_canu.selfcorrected.fasta
reads.pl.fastqreads.p2.fastqg | samtools sort
-oreads.paired.mappings.bam —T tmp -;

java -jar plcard jar MaIkDupllcates I=reads.
paired.mappings.bamO=reads.paired.mappings.
markdup.bam M=reads.paired.mappings.markdup.
bam

Polishing was performed with Pilon (v 1.22)'%, resulting in 132,336 residual
errors being corrected.

java -Xmx96G -jar pilon-1.22.jar --threads 12
--genome HG02982_canu.selfcorrected.fasta
--frags reads.paired.mappings.markdup.bam
--output HG02982_canu.selfcorrected.pileon
--outdir pilon_ corrections —--changes --vcf
--tracks --fix all

To run racon (v 1.3.1, see Supplementary Table 4), we mapped the Illumina
reads onto the polished reference with bwa, sorted the alignments with samtools
and removed duplicates as described above. The resulting alignments were
provided to racon as an input:

racon -u -t 12 reads.fastgmappings.sam
HG02982_chrY_vl.fasta

Variant calls. For variant calls, the Illumina data were mapped onto the GRCh38
or the HG02982 assembly, respectively, and processed the same way as detailed
above. Variants were called using GATKs Haplotype Caller with the following
optional flags: “--genotyping-mode DISCOVERY f—sample—ploidy 17.

java -jar gatk-package-4.0.0.0-local.jar
HaplotypeCaller -Rreference.fa -I mappings.
bam --genotyping-mode DISCOVERY -O variants.
vcf

Repeat annotations. Repeat annotations were performed using RepeatMasker (v.
4.0.7) with rmblastn v. 2.6.0+ as the engine. To be comparable, the annotations for
both the HG02982, as well as the GRCh38 assembly were performed the same way.
We used the RepBase-20170127 as the repeatmasker database, and Homo sapiens
as the query species. Divergence of the repeat annotations to their consensus was
calculated using the “calcDivergenceFromAlign.pl” utility included in the Repeat-
Masker package.
RepeatMasker —e ncbi -pa 12 -s -species human

-no_is-noisy-dir ./outDir —a—-gff —ureference.
fa

Whole-genome alignments. Whole-genome alignments to GRCh38 were pro-
duced using last (v. 914) with the following parameters as suggested by the
developer for highly similar genomes for indexing and alignments:

lastdb —uNEAR -RO1 index reference.fa

lastal -e25 -v -g3 -j4 index query.fa>
mappings.maf

Single best placements of query sequences were retained using the “last-split”
script included in the last alignment package. Alignments were filtered for a
maximum mismap probability of 10e-5. The alignments were converted to psl
format for further processing.

Comparison with WGS PacBio data. The PacBio data from the Ashkenazim Son
(Coriel ID NA24385) produced by the genome in a bottle consortium was also
assembled using Canu (v. 1.6) using default assembly parameters and assuming a
genome size of 3.2 Gb:

canu -p NA24385 -d NA24385_canu genomeSize=3.
2g -pacbio-raw data/fastq/*fastq.gz
gridOptionsExecutive='--mem-per-cpu=16g
--cpus-per-task=2"’

After genome assembly, we performed a whole-genome alignment to GRChg38
and retained single best placements as mentioned above. To identify contigs
belonging to the Y chromosome, we performed the following filtering steps: for
contigs, which have local best placements on a chromosome different than the Y,
we filtered out those whose proportion of mapped bases is higher on a sequence
from the reference assembly different from the Y chromosome. Additionally, we
filtered out any alignments with a mismap probability higher than 10e-5. By this
means, we retained 184 contigs mapping 15,308,468 base pairs on the Y
chromosome (see Supplementary Data 6)

SV calls. SVs were called with assemblytics?’. To this end, we produced whole-
genome alignments using nucmer from the Mummer package (v. 3.22)33. The
resulting delta file was passed to assemblytics, with the required unique anchor
length set to 10000 bp.

nucmer —-maxmatch -1 100 -c 500 GRCh38.chrY.fa
HG02982_chrY_vl.fasta -prefix HG02982_vs_HG38
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Assemblytics HG02982_vs_HG38_.delta
HG02982_chrY vl1.vs.hg38_1l0kanchor.50kmax
10000 bin/Assemblytics/

Read depth duplication detection. We estimated absolute copy number with a
depth of coverage approach using the Illumina data?2. We masked all common
repeats as identified by RepeatMasker (see above) and tandem repeat finder. We
created non-overlapping 36-mers of the raw reads, which were mapped onto the
assembly using GEM (v 2)** allowing for a divergence of up to 5%. The read depth
was calculated in non-overlapping windows of 1kb of non-repetitive sequence.
After correcting for GC content using mrCanavar (v. 0.51), we normalized by the
mean read depth. To assign a copy number to each gene, we calculated the median
copy number of all windows intersecting a gene. For the hg38 Y chromosome, a set
of custom single-copy regions needed to be provided to the CN caller as calibra-
tion. These regions were inferred by subtracting the reference WGAC (whole-
genome assembly comparison, UCSC track genomic superdups) segmental dupli-
cation track from the whole Y chromosome and keeping only stretches of single-
copy sequence longer than 2 kb.

Gene annotation. The annotation of the HG02982 assembly was performed by
trying to assign the genes present in the Y-chromosome annotation of GRCh38
gencode version 27. For this purpose, we downloaded the gff3, the transcript
sequences and the protein sequences that corresponded to the Y-chromosome
annotation and performed transcript and protein mappings with GMAP (v.
201703173°) and exonerate (v. 2.2.0%), respectively. Additionally, a numeric index
was assigned to each gene in the HG38 Y chromosome according to the order in
the chromosome. Next, we combined all the data (transcript mappings, protein
mappings and gene synteny) with an in-house script (available at https://doi.org/
10.6084/m9.figshare.7359065.v1) to locate each gene in our assembly and assign
parts of the assembly to their corresponding region in the Y chromosome of
GRCh38. After following the strategy mentioned above for all the genes, we took a
closer look to the protein-coding genes, by manually checking some of the map-
pings in order to determine possible errors in the sequence caused by the Nanopore
reads that could introduce frameshifts or internal stop codons in the aminoacidic
sequence.

Illumina WGBS sequencing and methylation calls. Two micrograms of genomic
DNA from a lymphoblastoid cell line (HG02982) were spiked with unmethylated
bacteriophage A DNA (5 ng of A DNA per microgram of genomic DNA; Promega)
and with methylated T7 phage DNA (5 ng of T7 DNA per microgram of genomic
DNA). The DNA was sheared to 50-500 bp in size using Covaris LE220 ultra-
sonicator, and fragments of 150-300 bp were size-selected using AMPure XP beads
(Agencourt Bioscience). The libraries were constructed using the KAPA Library
Preparation Kit with no PCR Library Amplification/Illumina series (Roche-Kapa
Biosystems) together with the NEXTFLEX® Bisulfite-Seq Barcodes (Perkin Elmer).
After adaptor ligation, the DNA was treated with sodium bisulfite using the Epi-
Tect Bisulfite kit (Qiagen) following the manufacturer's instructions. Enrichment
for adaptor-ligated DNA was carried out through seven PCR cycles using KAPA
HiFi HotStart Uracil4+-ReadyMix PCR 2x Kit (Roche-Kapa Biosystems). Library
quality was monitored using the Agilent 2100 Bioanalyzer DNA 7500 assay, and
the library concentration was estimated using quantitative PCR using the KAPA
Library Quantification Kit for Illumina® Platforms, v1.14 (Roche-Kapa
Biosystems).

Paired-end DNA sequencing (2x101 bp) of the converted libraries was
performed using the HiSeq 2500 (Illumina) following the manufacturer’s protocol
with HiSeq Control Software (HCS) 2.2.68. Primary data analysis, image analysis,
base calling, and quality scoring of the run, was processed using the manufacturer’s
software Real Time Analysis (RTA 1.18.66.3) and followed by generation of
FASTQ sequence files by CASAVA.

We used the gemBS pipeline’ using the default parameters to perform the
analysis. The reference genome used for the alignment was GRCh38. Methylated
and unmethylated cytosine conversion rates were determined from spiked-in
bacteriophage DNA (fully methylated phage T7 and unmethylated phage lambda).
The under and over conversion rates for the sample were <1 and ~ 5%, respectively.
Only uniquely mapping reads were retained for downstream analysis. The
comparison with the Nanopore calls was performed for all canonical CpG sites on
the Y chromosome where there was sequencing data available from both
experiments. The comparison took account of the variable precision of the
methylation estimates due to variation in sequencing coverage between sites so that
low-coverage sites did not affect the comparison.

Nanopore methylation calls. The methylation status was called using Nanopol-
ish'0 as suggested by the developers. To this end, we aligned the Nanopore reads to
GRCh38 with minimap238 and sorted with samtools (v 1.5). The calls were per-
formed in 200 kb windows.

minimap2 -a -x map-ont chrY.fa joint_reads.
fastq | samtools sort -T tmp -0 joint_reads.
mappings.bam

samtools index joint_reads.mappings.bam

nanopolish call-methylation -v —--progress -t
8 -r joint_reads.fastg-b joint_reads.
mappings.bam-g chrY.fa -w"chrY:$start-$stop"
>methylation_calls.tsv

Finally, we calculated the methylation frequency and log-likelihood ratios of
methylation at each position:

calculate_methylation frequency.py -i
methylation_calls.tsv

We filtered out any position with <10 reads in either the WGBS or the
Nanopore data. Additionally, any position with a log-likelihood ratio of <2.5 in the
Nanopore data were also excluded.

Code availability. The custom script used for the gene annotation has been
deposited at Figshare at https://doi.org/10.6084/m9.figshare.7359065.v1.

Data availability

All raw sequencing data for this study have been deposited at the European
Nucleotide Archive (ENA) under the study accession PRJEB28143. The assembly is
deposited at the ENA under the accession ULGL01000000. The WGS assembly for
the NA24385 individual, the repeat masker tracks for the GRCh38 chrY and
HG02982 assemblies, and the methylation calls from the Illumina WGBS

and the Nanopore data are deposited at Figshare at https://doi.org/10.6084/m9.
figshare.7358480.v1. The source data underlying Figs. 1a-d and 2a-c are provided
as a Source Data File. A Reporting Summary for this Article is available as a
Supplementary Information file. All other relevant data are available upon request.
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4 DISCUSSION

The constant development of sequencing technologies and ongoing
fall of their prices have enabled their application by ‘“ordinary”
research groups. The incredible pace with which methods for
reference assemblies are being developed also implies that approaches
that might have been state of the art when I started my Ph.D. are
dated by now, as the appropriate choice of methods seems to be

quickly changing for a given budget.

We have produced a substantially improved reference assembly for the
chimpanzee, a key species also for human genetics. We have done so
by incorporating diverse sequencing strategies, namely high coverage
short reads, low coverage long reads and chromosomal conformation
maps, among others. By doing so, we’ve substantially increased
continuity, repeat resolution and improved the gene annotation. We
have furthermore improved the representation of segmental
duplications compared to previous iterations. We have shown the
combinatorial power of short and long reads, with specific benefits of
each data type. Our assembly has been rendered obsolete not long
after its release by the publication of pure long read assemblies for all
great apes, which offer a greatly improved overall sequence
representation (Kronenberg et al. 2018). Although long read
assemblies offer far superior quality, they come at a cost that might be
prohibitive for some groups. In this context, our 3-way hybrid offers a
potential alternative at a much lower price point. However, methods

like 10X-genomics have enabled relatively high continuity for short
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read assemblies for a comparatively low price tag, and offer additional
phasing information (Marks et al. 2019). Additionally, the per base
cost of Nanopore sequence production is approaching that of

Illumina, making long read assemblies more accessible.

Despite the broadened accessibility of genome assemblies, there is still
a lack of primates for which these resources are available. Its increase,
specifically for high quality assemblies, will allow plenty new insights
into their phylogenetic relationship, chromosomal evolution, lineage
specific adaptations and the overall role of structural variation in
primate evolution. Currently, large scale consortia such as Genome
10K and the Earth BioGenome Project are underway to create
genomic resources for a vast number of species which will allow to
answer these questions (Koepfli, Paten, and O’Brien 2015; Lewin et al.
2018). However, there are still further limitations to the current way
assemblies are approached beyond having a reference for a given
species. In my opinion, among the biggest current shortcomings is
their haploid, linear representation. Traditionally, assemblies have been
presented as haploid compressions of (in the case of human and other
primates) diploid genomes. This representation usually chooses one of
the two alleles at random for each position, which might lead to
biologically meaningless haplotypes in several cases. This issue is
further aggravated by the fact, that the human reference genome is a
mosaic of several different individuals. In the case of single nucleotide
variants, their detection might not be strongly influenced by the
haplotype represented in the reference. However, there are plenty
regions of rampant structural diversity in the human genome in which

the inclusion of one haplotype will prevent the detection of others
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(Chaisson, Wilson, and Eichler 2015). The most recent iteration of the
human reference assembly includes several so-called alternative
haplotypes in regions of complex structural diversity, such as the
MHC, KIR or the 17q21.31 region. These alternative haplotypes,
however, exist free from genomic context as parallel, linear
representations to the reference haplotype. There is furthermore a
glaring lack of tools to deal with them, which in practice has led to low
usage rates because of a lack of adaption by the community. Genomic
research is limiting itself in this context, as assessable genomic regions
heavily rely on accurate reference representation. As long as the
genomics community is stuck to linear haploid reference
representations of a single — or like in the case of the human genome
“pseudosingle” — individual. Given the quality of assemblies that are
possible today, the clear way forward is the assembly of a rich panel of
several human individuals with diverse ancestry to include and
represent human diversity and variation on all levels in a reference

graph, rather than a single reference assembly.

Flow sorting chromosomes for is not a new idea, and the technique
has been available for several decades now (Gray et al. 1975).
Subsequently, it has been applied to several genomics projects. For
example, the initial human Y chromosome assembly used BAC
libraries that were derived from DNA enriched in Y chromosomes by
flow sorting. The wheat genome has an estimated size of 17 Gb, and
its initial assembly was also derived from flow sorted material (The
International Wheat Genome Sequencing Consortium (IWGSC)
2014). Lastly, the Gorilla Y chromosome has also recently been

assembled based on flow sorted DNA. Of the three examples, the
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Gorilla Y chromosome project is the only one that also created a long-
read sequencing dataset. Crucially though, our work is the first to
sequence native DNA. All the aforementioned works have either used
their material to create clone libraries, or amplified it post sorting.
Excluding amplification avoids biases such as uneven coverage,
chimeras, or restricted read length due to restricted fragment size from
the amplified material. It is therefore arguably the first work in which
we can fully take advantage of long read sequencing and isolation by
flow sorting. The read lengths we are able to achieve are certainly
lower than what is currently possible with Nanopore, especially in the
context of ultra-long reads (Jain, Koren, et al. 2018). This might be
due to many handling steps in the preparation. As the read length only
depends on the integrity of the DNA, forcing it through a pressurized
system such as a flow cytometer might not be beneficial. They have,
however, proven greatly useful to generate a high-quality assembly and
with a read N50 of around 18 Kb are clearly above what the restricted
fragment lengths of amplified DNA can achieve. Additionally, the
Nanopore signal data can not only be used to detect canonical bases,
but rather all kinds of covalent modifications od the DNA as long as
training datasets exists. Currently models for 5-methylcytosine (5mC)
and No6-methyladenosine (6mA) have been published (Simpson et al.
2017; Liu et al. 2019).

We know surprisingly (maybe even embarrassingly) little about
structural evolution of Y chromosomes in the primate lineage. This is
clearly owed to technical limitations in assembling them, and our
efforts have provided a solution to mitigate this situation. With the

currently ongoing advancements in genome assembly, particularly
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surrounding the developments of long reads, I could foresee the
physical isolation becoming obsolete in the future, however, at the
state of the art we do show that there is vastly better sequences class
representation in our approach than in an assembly based on whole-
genome shotgun data. It is also worth mentioning, that these insights
were only possible because we used a human Y chromosome to
benchmark this method, allowing a comparison to a reference
assembly of gold-standard quality. It is quite possible to imagine that
whole-genome shotgun assemblies will surpass the quality of our
isolation assemblies, and the price tag for sequencing the whole
genome becomes so low that the upfront cost for running the flow
cytometer does not make economic sense. However, there are plenty
of animals and plants with genome sizes well beyond those typically
observed in primates, for which no genomic resources are available.
For example, the genome of the Axolotl was recently assembled
(Nowoshilow et al. 2018). It has an estimated size of 32 Gb, or 10
times that of human. Despite being a pure PacBio assembly, the very
high repeat content of the genome led the assembly to have a contig
N50 of only 216 Kb, while human assemblies based on the same data
type typically exhibit contig N50 in the double digit megabase range.
Plants and animal genomes of up to 130 Gb have been reported, and
their assembly will certainly constitute a veritable computational
challenge (Pellicer, Fay, and Leitch 2010; Metcalfe et al. 2012). For
these cases, isolation by flow sorting with subsequent long read
sequencing is likely to yield substantial benefits for genome assembly.
However, genome assembly is probably going to remain a quickly
moving target for some time, so any kind of prediction should be

taken with precaution.
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The ampliconic regions remain a major challenge for Y chromosome
analysis, as do many other, smaller, segmental duplications. Structural
variation of several ampliconic genes is associated with some cases of
diseases, mainly in the context of male fertility (Hughes and Page
2015). There is also widespread copy number variation of ampliconic
genes that stratify by different human populations, and the incidence
of these events is high (Lucotte et al. 2018; Teitz et al. 2018). The
functional impact of these variants is not yet fully clear, with evidence
showing that for a given gene, copy number variation does not heavily
influence gene expressions, but genes with high levels of copy number
variation generally show higher overall expression levels (Lucotte et al.
2018; Vegesna et al. 2019). Additionally, there might be selection for
the reference ampliconic haplotype (Teitz et al. 2018). Crucially
though, all studies mentioned above are based on indirect
observations of the variants, based on the reference haplotype. They
use a read depth approach to infer the copy number of a given regions
but have no way of deducing the structure of the chromosome.
Sequencing reference panels of individuals from different populations
to create structural variant calls with long reads has proved invaluable
by greatly increasing their detection rate (Audano et al. 2019).
Additionally, there is ongoing developments to characterize large
segmental duplications from these datasets (Vollger et al. 2019).
Ultimately, the direct comparison of sequence resolved assemblies will

be the gold-standard method to answer these questions.
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