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Sommario

In questa Tesi viene presentato un lavoro svolto nell’ambito del sequenziamento
dei genomi. In particolare viene affrontato il problema legato alla creazione
di mappe fisiche dei genomi. Le mappe fisiche sono formate da un insieme di
informazioni genetiche la cui posizione sul genoma è nota. Queste informazioni
genetiche, dette marcatori, possono essere ad esempio geni legati alla manifes-
tazione di caratteri fenotipici. In ultima analisi, comunque, qualsiasi sequenza
di DNA può essere considerata un marcatore genetico. Le mappe genomiche
sono utlili nel sequenziamento di genomi di nuovi organismi in quanto forniscono
dei punti di riferimento per la ricostruzione della sequenza completa.

Questo lavoro presenta un nuovo metodo per produrre le mappe genomiche
sfruttando le grandi potenzialità offerte dai sequenziatori di nuova generazione.
L’idea centrale del metodo è quella di produrre dei profili di presenza e assenza
dei marcatori genetici. Questi profili vengono ottenuti sequenziando porzioni
di genoma che ne rappresentino al massimo il 40-50%. Per ottenere queste
porzioni di genoma viene utilizzata una libreria di cloni BAC. Riunendo un
certo numero di cloni selezionati da questa libreria è possibile produrre dei
pool di BAC che rappresentano la porzione desiderata di genoma. Tramite il
sequenziamento è quindi possibile identificare i marcatori genetici presenti in
ciascun pool di BAC producendo così i profili di presenza e assenza.

Le differenze tra questi profili sono indicative della distanza fisica tra i
diversi marcatori. Una volta prodotti questi profili è quindi possibile compararli
tra loro in modo da identificare i profili più simili. Profili simili staranno
ad indicare che due marcatori sono vicini sul genoma consentendo quindi di
posizionarli vicini in una mappa. Alla fine del processo si otterrà quindi una
mappa del genoma. Utilizzando i sequenziatori di nuova generazione è possibile
utilizzare qualsiasi sequenza si desideri come marcatore.

Questo progetto è stato sviluppato all’intero di un più ampio progetto di
sequenziamento del genoma dell’alga unicellulare Nannochloropsis gaditana. Il
genoma di questo organismo è stato infatti scelto come prova sul campo per
questo nuovo metodo.





Abstract

In this Thesis it is presented a new method to produce genome maps. Genome
maps are formed by a set of genetic markers whose sequences and positions
on the genome are known and defined. Genetic markers could be any kind of
DNA sequence, from genes to even smaller sequences. The entire ordered set
of genetic markers of a genome constitute its maps. The availability of a such
a map in a genome sequencing project could be very useful. In fact, it provides
landmarks along the entire target genome that could be used to produce the
final and complete sequence.

The aim of the new method proposed in this work is to produce physical
maps taking advantage of the next generation sequencing technology. With
the high throughput of sequencing that could be reached with these machines
any DNA sequence could be a genetic marker. The rationale of this method
is to produce profiles of presence and absence of the desired genetic markers.
These profiles are produced by sequencing several fractions of the genome,
each representing at least its 40-50%. Once these fractions are sequenced it is
possible to see, in each of them, which genetic markers are present obtaining
the profiles of presence and absence for all genetic marker.

The differences in these profiles give information about the distances on the
genome of the genetic markers. By comparing all the profiles one another it is
possible to see if two markers are close in the genome. In fact, if two profiles
are identical it will means that the two markers are physically close. These
information could be used to ordinate the markers on the genome producing
its complete map.

In this work this method is developed and applied. The organism chosen as
a test filed is the unicellular algae Nannochloropsis gaditana. Its genome size
(around 30 Mbp) was believed to have the right size to be suitable as a test for
this genome sequencing project. Moreover, the presence of a parallel project of
sequencing its genome offers the chance to compare such a new method with a
sequence produced in a classical way.
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Chapter 1

Introduction

Genomics is a branch of biology whose target is the study of genomes. A genome
is the complete set of the genetic information stored within an organism in
chromosomes and in any other DNA molecule. Uncover the final and complete
sequence of the genetic material of an organism is not an easy task. The
genome sequencing projects require several month or even many years to be
completed. The final product, the complete sequence of the genetic material,
gives access to an enormous amount of information. These information could
be useful to many branches of life sciences ranging from genetic engineering
to bio-remediation, from studies on human pathogens to studies on hereditary
diseases. The final and complete genome sequence of an organism is thus the
first step to open all these possibilities to life scientists. Many researchers, all
around the world, spend time and money in order to produce genome sequences.
Some of them spend their time and money in searching new possibilities and
new methods, aimed to produce high quality genome sequences. This Thesis
covers the story of some time and money spent to participate at this effort.
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Chapter 1. Introduction

1.1 A brief History of Genomics

Genome sequencing projects date back to 1970’s. In 1976 and 1977 two
bacteriophage genomes were sequeced: the first was the RNA virus MS2
sequenced by Fiers and collegues [1] and the second was the DNA sequence of
the phage φX174 published by Sanger et al. [2]. Few months later, another
pubblication by Frederick Sanger actually opened the way to DNA sequencing
projects: it was the DNA sequencing with chain terminators method [3].
However, it took many years to uncover the complete sequence of genomes
larger than those of virus. In the middle of 1990’s three organisms, one for
each domain of life, were sequenced: the bacterium Haemophilus influenzae [4],
the arachaeon Methanococcus jannaschii [5] and the eukaryote Saccharomyces
cerevisiae [6].

Within the following six years, many other genomes throughout the tree of
life have been published: the first animals were the model organisms Caenorhab-
ditis elegans and Drosophila melanogaster [7, 8]; many more eubacteria and
some archea, most of them with biomedical interest such as Eschericia coli and
Vibrio cholerae [9, 10]; and the plant model Arabidopsis thaliana [11]. However,
the most important goal for genomics was the sequencing of the Human genome.
Two independent groups published the draft sequence in 2001: the public one,
the Interantional Human Genome Sequencing Consortium [12] and the private
one headed by J. C. Venter at Celera Genomics [13].

Sequencing strategies

Two strategies were initally proposed for sequencing genomes: one is the original
shotgun sequencing and was applied to H. influenzae [4] ; and a second one
was designed to study larger genomes such those of S. cerevisiae and C. elegans
[6, 7] and is known as hierarchical shotgun.

The shutgun approach imply the random shearing of the target genome
in smaller picies of given size. These genomic DNA fragments are cloned in
recombinant plasmid vector and the resulting colonies are randomly selected
and sequenced. The production of the final complete sequence relies on the
possibility to find overlaps between the random sequences. Because of this
any given base should be sequenced many times. H. influenzae has a genome
size of 1.8 Mb and to complete the entire genome a 20× coverage of raw data
was produced [4]. The overlapping analysis of such a high number of random
sequences requires a lot of computational power. The presence of repeated
sequences could complicate this overlapping analysis. For this reason and for
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1.1. A brief History of Genomics

the infrastuctured required by a similar analysis on a large genome, it was
thought that this strategy would be more suitable for small genomes with low
presence of repeats, such as those of bacteria.

The hierarchical approach was thus designed for the study of eukarya
genomes that present many more repeats than bacteria genomes. This method
relies on the production of a great number of large insert clones, typically
BAC 1 clones, that span the entire genome and that are positioned along the
chormosomes. Each of these large fragments is then subcloned and shotgun
sequenced and assembled. The final complete sequence could be obtained
positioning this large sequences back to the map. By means of this process
the problem of analyzing random senquences is restricted to each large clone
instead than to the entire genome. Because of the procedure, this approach is
also known as map-based or clone by clone strategy.

Despite the strategy used for sequencing, the core of the assembly procedure
is performed by assembly softwares. These programs are based on algorithms
that identified shared portion by overlapping the produced sequences. In this
way they produce a consensus for the overlapping sequences. These contiguos
stretch of bases are called contigs.

To improve the assembly methods in TODO it was proposed the paired-end
method. This technique relies on the possibility to sequence both ends of the
insert of a proper recombinant vector. Once both extremities are sequenced, the
length of the insert gives the information about the physical distance between
the two reads. This method is useful for the assembly procedure because both
provides a physical constrain with the insert size and permits a to “jump”
between separate contigs to join them in scaffolds2.

It is possible to identify three main phases within a genome sequencing
project: the production of sequences, the assembly of sequences in contigs, and
the finishing of the genome. The production phase, despite the strategy chosen
for sequencing, largely depends on the throughput of the sequencing facilities.
The assembly step, as explained above, relies on the compute power available
to perform the overlapping algorithms and in part on the presence of dedicated
sequencing strategies such for example the paired-end reads.

The finishing phase can represent the hardest part of the work. This is
due to the need of obtaining a high quality complete sequence of the genome

1Bacterial Artificial Chromosomes, cloning vectors that could contain from 50 to 150 kb
or more of insert.

2A scaffold is an ordered sets of contigs and gaps between them. Contigs are joined by
means of evidences such as paired reads from both ends of a plasmid insert or mate-pair
from next generation sequencing.
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Chapter 1. Introduction

Figure 1.1: Sequencing strategies. (Left) The hierarchical shotgun strategy involves
the production of a tiling path of overlapping BAC clones covering the entire genome.
Each BAC is shotgun sequenced and reassembled, and then the sequences of adjacent
clones are merged. The advantage is that all contigs and scaffolds produced from a
shotgun sequencing a BAC belong to a single region that is already positioned on
genome. (Right) Whole-genome shotgun strategy involves the shotgun sequencing
on the entire genome and the subsequent reassembly of the produced reads. With
this method, each contig and scaffold is an independent component that must be
anchored to the genome. To do this, many scaffolds could need directed efforts.
Source: Waterston et al. PNAS 2002.

of interest. This step usually consist in join together contigs and scaffolds in
chromosomes by means of different evidences such as paired-end sequencing of
very large insert clones or the presence of maps of the genome. These maps
consist in a set of genetic evidences (such as genes for phenotypic traits) along
the genome whose position and sequence is known. For these characteristics
these information are called genetic markers. The availability of such a map
of the genome in study facilitate the finishing phase making more easy to place
contigs and scaffolds along the genome.

After the successful sequencing of H. influenzae, M. jannaschii and M.
genitalium with the shotgun strategy [4, 5, 14] Weber and Myers advanced
the hypothesis of a human whole-genome shotgun project [15]. They proposed
that with the creation of libraries of different insert sizes sequenced at both
extremities, and a proper computational power, the WGS approach could be
extended also to very complex genomes. At that time the Human Genome
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1.1. A brief History of Genomics

Project was already started with a hierarchical strategy and genetic and physical
maps was under production. Moreover, the hierarchical approach was considered
more reliable for the creation of a high quality final sequence of the human
genome [16].

However, the challenge lunched by Weber and Myers was taken by J.C.
Venter header of the three teams that published H. influenzae,M. jannaschii and
M. genitalium and also founder of Celera Genomics. In 2000 Celera published
the proof of concept of sequencing a large eukaryotic genome with the whole-
shotgun sequencing of the euchromatic portion of Drosophila melanogaster [8].
The following year it reached the objective with the publication of the human
genome [13].

1.1.1 Human genome sequencing projects

International Human Genome Sequencing Consortium

The Human genome sequencing project performed by the International Con-
sortium (HGP) took a decade to be accomplished and involved twenty centers
from six different countries all around the world.

The background of the project is very complex and covers many fields of
genomics. Many different studies such as genetic and physical maps, published
independently from the HGP paper, contributed in different ways to the final
result. However, the proper sequencing project started with production of
a large number of large insert clones by digesting the human genome with
different restriction enzymes to produce a final library coverage of 65× of the
human genome. A genome-wide scale physical map was created by BAC DNA
fingerprinting. BAC DNA were digested with a restriction enzyme to create
BAC fingerprints to produce fingerprint clone contigs3 in which BACs are
ordered and overlapped. This fingerprint contigs were then positionated on
the chromosomes using Sequence Tagged Sites (STS) from existing genetic
and physical maps. This mapping procedure was performed using probe
hybridization and, later on in the project, sequencing itself.

Selected fingerprint clones were then shotgun sequenced. The sequencing
strategies adopted by the different centers varied in terms of library insert
sizes, single-strand or double-strand sequencing and in production of paired
end sequences or one end sequences. Each center processed, assembled and
deposited data according to defined parameters. They produced a total of

3In genome assembly, contigs are contiguous blocks of sequence. Here the HGP authors
refer to contigs as a contiguos block of fingerprinted BAC.
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Chapter 1. Introduction

23 Gb of raw data starting from 29,298 total clones and resulting in a 7.5×
average genome coverage.

The assemblies deposited from single large clone sequencing were then
assembled in the final draft of the human genome. This process was performed
assigning each sequence to its proper fingerprint clone contigs. Then, the
fingerprint contigs were mapped on the genome using STS maps, human
radiation hybrid maps and genetic maps.

The final draft accounted for 942 fingerprint clone contigs with a N504 of
8,398 kb. The published data included both finished and draft sequences.

The actual strength of the project was the worldwide shearing of information:
all the genomic sequence data were released without restriction within 24 hours
of assembly. Thanks to this organization it was possible to proceed in many
different aspect of the project at the same time.

The Celera Human Genome Sequencing Project

The Human genome sequencing project performed at Celera genomics took
three years to be accomplished mainly performed in a single big sequencing
center at Celera producing in total 175,000 reads per day.

They constructed three libraries with different insert size: 2, 10 and 50 kbp.
Both ends of each insert were sequenced resulting in a total of 27,27 million of
reads of average length of 543 bp for a total genome coverage of 5.1×.

To realize their assembly they also used data produced by the HGP such
as the assembled sequences from BAC clone sequencing, and physical maps
information. The assembled data were virtually fragmented in a “synthetic
shotgun” data set for a total of 16.05 millions of “faux” reads 550-bp long for a
final 2.96× genome coverage.

They performed two different assembly strategies: a whole-genome assembly
(WGA) and a compartmentalized shotgun assembly (CSA). In the former the
entire set of reads, WGS and faux-WGS, were shotgun assembled without any
mapping information. In the latter the WGS data set was divided in subsets
by matching with the HGP assembled BAC sequences. After this process the
BAC sequences were reduced to “faux” reads and each subset were shotgun
assembled. The assemblies resulted in 2218 WGA scaffolds and 1717 CSA
scaffolds, for a total of 2.087 and 2.474 Gb.

The resulting scaffolds were then mapped to the genome using STSs physical
maps and BAC fingerprinting information produced by the HGP.

4The N50 length represents the length L at which the 50% of all assembled nucleotides
are contained in contig or scaffold of length L.
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1.1. A brief History of Genomics

Both papers concluded that the proposed sequences are a draft version of
the euchromatic portion of the human genome. The complete euchromatic
portion of the human genome was published by the HGp in 2004 with the
release of the Build-35 version [17].

Comparison between the two human genome sequencing projects

In ref. [18, 19] there is a detailed analysis about the human whole-genome
shotgun assemblies performed in the Celera paper. In particular they focused on
the intimate effects of using the sequences produced by the HGP as synthetic set
of whole-genome shotgun reads. They pointed out that the tiling approach used
to reproduce shotgun sequences from the HGP data [13] intimately conserved
its own original assembly information [18]. They concluded that the Celera
paper did not produced any evidence in supporting the possibility a WGS
approach to sequence complex genomes They rather believed that WGS is a
very good method to obtain good draft assemblies.

However, despite the discussed success of the whole-genome shotgun strategy
to sequence large genome, many more sequencing project started to use WGS
or a hybrid approach, like the one used in mouse [20], to sequence even large
eukaryotic genomes.

1.1.2 Sequencing technology improvement

The technology improvement to Sanger based sequencers driven by both Hu-
man genome sequencing projects made possible the sequencing of many more
organisms. Many model organisms and higher eukaryots were sequenced and
the number of genomes presents in the public databases rapidly increase. But
in 2005, 2006 and again in 2007, sequencing technology undergone an amazing
development that causes both a drop in cost and an impressive increase in
number of bases that could be produced with a single run [21].

The United States National Human Genome Research Institute (NHGRI)
periodically performs an analysis of the costs fo DNA sequencing. To exemplify
the revolution on sequencing technologies they perform a comparison between
sequencing cost and the Moore’s law [22], see figure 1.2. The Moore’s law
describes the trend of computer hardware development and its associated
costs, and predicts a doubling of compute power every two years. As it
can be seen in the graph, the sequencing development beats any possible
prediction. The impressive drop between 2007 and 2008 marks the transition of
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Chapter 1. Introduction

the big sequencing centers from Sanger based sequencers to the next generation
sequencing machines.

Figure 1.2: Comparison between sequencing costs (cyan line) and Moore’s law
(withe line). Note the logarithm scale on the y-axis.

During those years, in fact, a number of new sequencers became avaiable
to the scientific community. In 2005 454™ Corporation lunches the 454
pyrosequencer, in 2006 Illumina annouches its Genome Analyzer instrument
and in 2007-2008 Applied Biosystem commercializes the SOLiD™ system.
These new sequencers, and few others with minor commercial success, are
globally known as next-generation sequencing (NGS) platforms. The innovative
aspects of these machine covers many technology and molecular biology fileds
that can be summarized in the following three focal points: (i) each of them
adopts a different sequencing chemistry that escapes from the traditional Sanger
sequencing, (ii) each one cuts out any in vivo cloning steps, (iii) they are capable
of producing a huge amount of sequences with a single run. The drawback is
that the produced reads are shorter than the classic Sanger reads ranging from
75 with SOLiD™ system to 500 bp with 454™ . As an example of the high
throughput reached by these sequencers, SOLiD™ system could produce up to
3 Gb in 10 days.

The sequencing improvement affects not only the actual chemistry and
the related technology but also the approaches to sequencing projects. Many
new genomics applications have been developed thanks to the presence of next
generation sequencing. For example, metagenomics emerged as the tool to

8



1.1. A brief History of Genomics

investigate microbial community at the genome level and many aspects once
reserved to microarray technology gradually moved into sequencing such as
transcriptome or epigenetic studies. NGS also opened the possibility to perform
re-sequencing projects to identify genomic variation between individuals or
related species such as single nucleotide polymorphisms (SNP) or genomic
rearrangements. For purpose of genome assemblies projects it was improved
the paired-end sequencing approach.

In the meanwhile, the whole-genome shotgun sequencing approach gradually
became an effective method to sequence even very large genomes. This change
was mainly due to the huge amount of work required to map clones in the
hierarchical approach. Furthermore, with the progress in computing power and
the advent of NGS platforms the whole genome shotgun became much more
feasible and tempting.

1.1.3 De novo assembly with NGS

The sequencing projects are now carried out mainly with next generation
sequencing technologies. The re-sequencing projects find their optimal tools in
NGS thanks to the high throughput of bases they could reach. In presence of a
reference genome the data analysis do not represent a big issue. On the other
hand, for de novo sequencing projects the analysis is much more complicated.
Despite those projects that take advantage of long 454™ reads, the short reads
could indeed represent a very big issue. Classic overlapping algorithms in fact,
could not computationally manage such a high number of short reads.

Many new genome assembler software, more suitable for assembly short
reads data, are based on de Bruijn graph. These programs work essentially in
a way that was firstly described by Pevzner et al. [23]. Reads are decomposed
in seed words named k -mer of given length k. Each k -mer is a node of the
graph and nodes are connected if their k -mer are present consecutively on one
or more reads. In ref. [24] there is a detailed overview about the different de
Bruijn graph based assemblers.

In 2010 Li et al. published a de novo assembly of two human genomes,
one from an asian individual and one from an african one, using short read
sequencing [25]. The sequencing was performed entirely with NGS technology.
The system chosen by the author was the Illumina Genome Analyzer. The
impressive depth of sequencing, however reported only for the asian genome,
was a total of 200 Gb divided in 72 Gb for a single-end library and 128 Gb for
paired-end libraries of many different size. In the paper they also presented
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Chapter 1. Introduction

SOAPdenovo the de Bruijn assembler software they actually used to assemble
the produced reads. The assemblies of the two genomes resulted in a N50 for
contig of 1050 and 886 and for scaffolds of 446,283 and 61,880 respectively for
the Asian and for the African genomes. It has to be pointed out that for the
african genome sequencing the paired-end libraries were smaller in respect to
those for the asian genome. To evaluate the goodness of the two assemblies
they performed a comparison with the reference human genome. They reported
a genome coverage of 87.4% for the asian assembly and of 85.4% for the african
one, and a gene coverage of 95.5% and 89.2% respectively.

This work represent the ultimate development of the original WGS strategy:
in fact, next-generation sequencing and assembly require no maps to be created
and rely essentially on a shotgun library preparation. Considering the obtained
results, this new method gave assemblies even if not entirely equal but at least
comparable to classically produced reference genomes.

Despite this success, in ref. [26] Alkan and co-workers deeply revised the
assemblies by Li et al. focusing on a comparison of the asian assembly with
the reference human genome. In particular they highlighted the shortness of
the asian assembly mainly due to mis-assembled sequences. For instance, they
identified 420.2 Mbp missing common repeat sequences such as LINE1 and Alu
and moreover, they evaluated that only the 56.3% of the genes in the assembly
had more than the 95% of their sequence. They concluded that it is critical for
comparative genomic studies that the published genomes must be high-quality
sequences. Moreover, they suggested that new hybrid approaches that couple
many different sequencing technology should be developed to fullfil this target.

1.1.4 Genome Mapping in NGS era

The same suggestion expressed by Alkan et al. about de novo sequencing
and assembly with NGS was already delineated by Lewin and O’Brien et
al. in 2009 [27]. Their concern regarded the possibility to perform valid
studies of comparative genomics in vertebrate: they argued that assemblies of
mammalian genomes performed without any physical maps information are
poorly useful for comparative genomics. This is because current short-reads
sequencing technologies and short-reads assemblers are not able to solve long
repetitive regions and chromosome rearrangements, that indeed occurred within
vertebrate genomes. They conclude that some efforts should be focused on the
production of new methods to produce high-quality physical maps in a rapid
and cost-effective way.
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1.2. My Method

In 2011 van Oeveren and collegues published a method, patent by Key-
gene N.V., to perform physical maps by whole genome profiling [28]. This
method coupled the physical consistency offered by BAC libraries with the high-
throughput of next-generation sequencing. Whole genome profiling relies on
the production and subsequent positioning of “tags” generated by endonuclease
digestion of BAC clones. The BAC clones are pooled in a 2 dimensional fashion,
row and column of each plate, resulting in a big number of super-samples. These
pools are digested and the produced sites recovered with ad hoc adapters and
then sequenced, each pool independently. A deconvolution step is performed
on raw sequences in order to obtain restriction sites originated from a single
BAC clone. In the 2-d pooling, in fact, each clone is present in two pools, a row
pool and a column pool. This indeed permits the identification of those unique
reads that derive from the digestion of a single BAC. The resulting sequences
or “tags” are used to construct a fingerprint map ordering restriction sites on
the genome according to fingerprint profiles of the BAC clones.

Some plant genome projects adopted this strategy to construct a physical
map, for instance the tomato genome consortium [29] and the wheat genome
[30]. This method has its major drawback in the 2-d pooling strategy because
it implies the production of a high number of pools that must be sequenced
independently.

1.2 My Method

Hereafter I will briefly overview the works and principles underlying the method
that I propose. Firstly I will present the linkage mapping technique that is the
classical approach to perform maps of genetic markers on the genome. Then it
follows a discussion about the methods that actually inspired my work: the
Radiation Hybrid and the Happy Mapping techniques [31, 32].

1.2.1 Linkage mapping

The principle underlying classical genetic linkage maps is that the probability
of recombination between alleles during meiosis could give an estimate about
genetic distance between given loci. Assuming an equal frequency of crossing
over along the entire chromosome and given for example two loci or genes
that lie at the extremities of a chromosome, then it will occur a great number
of recombination events between them. This means that a great number of
recombinants for those genes will be observed. With the Haldane function it is
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possible to convert the observed frequency of recombinants into an estimation
of the genetic distance between loci. For review see [33].

Linkage maps produce very good and robust results only in presence of single-
gene variable traits [33] and, moreover, they essentially give an information
about the order of the genes in the chromosomes and their associated genetic
distance. This kind of information could be very useful but in this way only
genes with clear phenotypic effects could be mapped and this genes could be
assent in wide genomic regions. Moreover, these phenotypic information are
usually available only for model organisms and not for “new” species. However,
one of the major drawbacks is the amount of time needed to perform cross test
between a big number of individuals with different genotypes.

1.2.2 Radiation Hybrid

The Radiation hybrid method allows the analysis of a single chromosome at a
time [31]. In brief, a single copy of the target chromosome is contained in a
rodent cell; the cell is then irradiated with an high dose of x-rays that cause the
breakage of all the chromosomes within it. Treated cell tend to die and so they
are rescued by fusion with non irradiated rodent cells. Some of the resulting
hybrids will contain fragments of the target chromosome. With southern
hybridization it is then possible to verify the presence of given markers in the
resulting hybrids. If two markers are present together this means that they are
localized on the same fragment of the target chromosome and so that they were
close enough to be not separated during x-rays irradiation. However, this is
true only in those cases in which only one fragment of the target chromosome
is incorporated in the resulting hybrid, otherwise the analysis is much more
difficult or even impossible because of the presence of a big number of markers
at a time.

Despite this, that was discussed in the original paper, radiation hybrid
presents two other major drawbacks. The first is the possibility to analyze
just one chromosome at a time with little possibility to implement for high
throughput studies. The second is that with x-rays the resulting fragments
are about 500 kb long and to obtain a higher density of markers in map, the
method needs to be coupled with pulsed field gel electrophoresis [31].

1.2.3 Happy Mapping

The happy mapping method is simpler than the radiation hybrid [32]. Briefly,
the genomic DNA is fragmented with γ-rays for long range mapping or by
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shearing for short range high resolution mapping. At this point aliquots are
taken from the pool of fragments in order to represent one haploid equivalent
of the genome. The exact amount of DNA is on the order of pico grams and
depends on the estimated size of the genome of interest. Aliquots undergo to
PCR to amplify the desired genetic markers and the results are analyzed with
gel electrophoresis. As for the radiation hybrid, if two markers lie close on the
genome, they will be always on the same random fragments and so they will
be detected in the same aliquots.

One of the major drawbacks to face in the happy mapping method is the
requirement of haploid equivalents of the genome. This in fact, implies not
only the selection of pico gram quantities of DNA but also the need of an
amplification step to detect the desired genetic markers.

An important feature that Radiation Hybrid and Happy Mapping share in
commom is the need of a priori information about the genomic sequence of
the organism in study. In fact, where in the former there is an hybridization
procedure to detect markers, in the latter there is a PCR step to amplify the
desired markers.

Next generation sequencers could offer the possibility to overcome this limi-
tation. The very high coverage achievable by means of short reads sequencing
could permit the development of mapping methods useful for de novo sequenc-
ing projects in which there is the absence of any previous genomic or genetic
information. Moreover, with the present cost per base offered by Illumina
Genome Analyzer or Life Technology SOLiD™ system, there is actually the
possibility to realize a cost effective and rapid method to perform genome maps.

1.2.4 Profiling of genetic markers

As explained above, classical linkage mapping takes advantage of meiotic events
to produce genome maps. Crossing over is the intimate tool to measure distance,
while segregation, that separates recombinant chromosomes in different gamets
giving rise to new genotypes, gives the possibility to detect recombination
events within chromosomes.

Radiation Hybrid and Happy Mapping methods developed different in vitro
analogues of these natural events. The crossing over is simulated through
a random mechanical fragmentation of the genome of interest, respectively
through irradiation with x-rays or γ-rays. In vitro segregation is accomplished
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with two different approaches. In radiation hybrid, in which a single chromosome
is analyzed at a time, the formation of the fusion cell separates chromosome
fragments. In happy mapping, segregation is obtained by selecting aliquots
from the DNA solution that represent one haploid equivalent of the genome.

Fragmentation and segregation are, thus, the core of these genome mapping
methods. These two concepts constitute, with slight modification, the basis of
the method proposed in this work.

The fragmentation of the genome forces genetic markers to co-segregate
within genomic fragments. A random breakage assures an even representation
of all the markers across the whole fragmented genome. Moreover, if many
molecule of the target genome are fragmented, any given marker will be present
in more than one random fragment.

Segregation can be easly obtained by producing aliquots of the fragmented
genome, as it happens with the Happy Mapping method. Only in presence
of 0.5 equivalents or lower of the genome it is possibile to see if two genetic
markers are present together because they are actually on the same fragments.
In fact, anlyzing the entire genome at a time, even if it is fragmented, the entire
set of genetic markers will be present, giving no more information than just
that they are on the same genome.

It should be pointed out that, for the purpose of this method, segregation
is accomplished in two steps:

• The co-segregation of genetic markers during the random fragmentation;

• The segregation of the produced fragments in the different aliquots of the
genome.

The new and focal aspect of this method is the procedure with which genetic
and physical distance are estimated. In presence of a random fragmentation of
the genome, genetic markers co-segregate depending on their physical distance
and on the size of the fragments. At this point, segregation it is crucial in order
to analyze several different fractions of the fragmented genome: by searching a
given marker in all these fractions it is possible to produce its peculiar profile
of presence and absence. If this process is performed for any desired markers,
each of them will have its proper profile of presence and absence across the
entire set of fractions.

If two genetic markers are close in the genome they will be present on the
same random fragments. This means that they will segregate in the same
fractions and thus, they will be always detected together. In light of this, their
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profiles of presence and absence will be exactly the same. This concept can be
extended to the analysis of all the markers of the genome: by comparing their
profiles it is thus possible to evaluate their distance on the genome. In fact,
differences in presence and absence will account for differences in co-segregation
and so in physical distance, see figure 1.3.
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Figure 1.3: This figure exemplifies the profiling of markers in fractions of the genome.
On the left of the cartoon, in ligth blue, there is the original genome. The three
geometric figures in red represent three different markers located in the same genomic
region but at different physical distances. On the rigth of the cartoon the six group
of colored lines represent six different fractions while the lines are different genomic
fragments. The table below indicates the results of hypothetic sequencing of the
different fractions to identify the presence of the three genetic markers. As can be
seen the diamond and the circle have much more evidence in common than with the
triangle. In fact, looking back to the genome cartoon we can see that diamond and
circle are much more close than each of them with the triangle. For this reason there
are few fractions with the triangle and any other markers.

Next generation BAC clone sequencing

To fulfill fragmentation and segregation it was decided to use a BAC library.
BAC libraries are produced through partial restriction digestion of the genome
of interest. This procedure ensures an acceptable random fragmentation of
genomic DNA. Moreover, the procedure of library preparation is customizable
in terms of fragment size and library coverage. The size of the DNA fragments
can be controlled by tuning the reaction conditions, whereas the high coverage
is obtained by producing an high number of clones. This latter aspect is
important in order to have many different fragments that come from different
portion of the same genomic region. This means that a given marker will be
present in many different BAC clones. At the end of the procedure, the actual
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average insert size could be estimated with a pulsed field gel electrophoresis on
a sub-sample of BAC clones.

Using the information about the average insert size and the estimatimated
genome size, it is possible to obtain the appropriate number of clones that
represent the desired fraction of the genome. For example, if the disired portion
is 12 Mbp and the average insert size of the library is 120 kbp, a hundered of
BACs should be selected to obtain this portion. At this point, a pool of BACs
could be created by randomly selecting the clones from the library. Iterating
this process, several pools can be produced in order to have many different
aliquots of genome. Each pool is then sequenced in order to detect any kind of
genetic marker. With a next generation sequencer, that produces high coverage
with short reads, any sequence could be a genetic marker without any previous
knowledge about the DNA sequences of the target markers.

1.2.5 Two sequencing approaches

A genome mapping method shuold be suitable by any genome sequencing
project. It is poorly useful for the genomic community a method that is ad hoc
designed just for one organism or its closely related species. With this vision
in mind two complementary methods were developed. These two methods are
developed starting from the same theoretical assumptions exposed above about
profiling of genetic markers. Both methods thus rely on the production of
several BAC pools to produce the final genome map.

The size of the target genome is the first point to be considered in designing
the proper approach for that the sequencing project should pursue. These two
approaches were designed to be suitable on sequencing projects of organisms
with different genome sizes. In presence of a relatively small genome the
proposed approach is based on the shotgun sequencing of the BAC pool DNA.
On the other hand, in the presence of large genome the proposed method
analyzes only the endonuclease restriction sites of the BAC pool DNA.

Shotgun sequencing and mapping

The first approach implies a fragment library preparation protocol for each
pool. The idea is to sequence all the inserts of the BAC clones within each
pool. The produced reads can give information about presence and absence of
any sequence chosen as genetic marker. For instance these markers could be
any sequences or contigs produced by an independent sequencing or assembly.
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Endonuclease restriction site mapping

In the second method the genetic markers used are the sequence of restriction
site and its flanking bases. After the production of the BAC pools the DNA is
digested with a single restriction enzyme that recognizes a site of four or six
bases depending on the predicted genome size. The digested sites are recovered
with a biotinilated custom adapter and then sequenced. This procedure allows
sequencing of both side of the restriction site.

Sequencing restriction sites could be useful in mapping large genomes
because they represent a fraction of all the possible genetic markers. This in
fact, could reduce the complexity during the presence and absence profiling
step because of the lower number of profiles to be analyzed.

The custom adapters were designed in order to be used in the SOLiD™ sys-
tem and contain the sequencing primer and a small barcode: this is a tag
sequence, four or eight bases long, useful to identify the produced reads that
belong to a given sample. The commercially avaiable kit for multiplex sample
preparation by Applied Biosystems™ has the barcodes in the amplification
primer and requires a dedicated sequencing reaction. A barcode within the
sequencing primer makes possible to mix together many different samples in
one super-sample starting from the beginning of the protocol. Moreover, the
barcodes will be sequenced within the main reaction. These advantages consid-
erably reduce both time and costs during sequencing and library preparation.
The drawback is that the bases of the barcodes are stolen from the proper
template but the four or eigth bases of the barcode do not affect a proper
alignment with a reference.

Figure 1.4: This cartoon illustrates the structure of the resulting construct after
ligation of both adapters to the DNA fragment. The barcode next to the amplification
primer is the commercial one while the one between sequencing primer and the DNA
fragment is the custom one. The blue portion in the DNA fragment marks the bases
that flank the endonuclease site in the genome. The red spot marks the position of
the biotin.

This approach was designed also to be used in genotyping projects based
on the original work published by Miller and collegues [34]. They proposed
a method, called RAD, to identify polymorphisms that are associated to
endonuclease restriction sites. The protocol implyed the digestion of the
genome with a single enzyme, the recovery of the digested sites and their
hybridization on a microarray. The hybridization made possible to identify
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SNPs and thus to simply genotype the organisms of interest.
A number of different works implemented RAD, or a similar method, with

next generation sequencing technologies [35, 36, 37, 38], but few of them take
advantage of SOLiD™ platform. In the presence of a reference genome, as in
the case of RAD-like genotyping project, the usage of short reads will not affect
the identification of polimorphisms. On the other hand, the very high coverage
reached by SOLiD™ system will rather improve the number of sites that could
be investigated.

Both this methods are covered in this Thesis. For both of them, a number of
BAC pools were processed and sequenced. However, a test should be performed
to validate the theoretical bases of the overall strategy. The unicellular algae
Nannochloropsis gaditana was chosen as a test on the field for this genome
mapping method. The genome size of this organism was predicted to be
around 30 Mbp so the approach used in order to bild its map was the shotgun
sequencing of BAC pools.

The Materials and Methods chapter will describe the laboratory procedures
to fulfill both the sequencing approaches. The Result and Discussion chapter
will describe the preliminary analysis of the sequences produced with both
methods but for the largest part discusses the efforts to develop the physical
maps method focusing on data obtained with the shotgun sequencing approach.
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Materials and Methods

2.1 The chosen organism

The organism chosen to develop and test this method was Nannochloropsis
gaditana. This is a unicellular algae that is very promising for the production
of biofuels. The sequencing project was included in a wider study focused on
the analysis of the conditions that could permit higher production of biofuels.
Moreover the availability of the genome sequence was required to permit genetic
engineering of target metabolic pathways. The genome sequencing project
started more than three years ago with the aim of producing a high quality
final sequence. Thus, the strategy chosen was a hybrid approach involving
different NGS platforms designed to obtain a high quality final sequence.

A whole-genome shotgun library were constructed and sequenced with
Roche 454™ FLX. Two SOLiD™ system mate-paired libraries were sequenced
with insert sizes: one 1.5-2 kbp and the other one 2-3 kbp. The 454 sequencing
produced an estimated average coverage of 20×. The reads were assembled
with Newbler 2.6 resulting in 5910 contigs for a total of 27.96 Mbp with a
N50 length of 40.85 kbp. The mate-pair libraries were used to join contigs in
order to bild scaffolds using a scaffolding custom program. The final assembly
resulted in a total 26.3 Mbp distributed in 58 chromosome scale scaffolds (N50
of 1,052 kbp) for the nuclear genome and a complete assembly for chloroplast
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and mitochondrion genomes. Results are in publication [39].
Beside this whole-genome shotgun approach, a BAC library was obtained in

order to have a physical reference to confirm possible controversial chromosomes
and scaffolds.

This organism and its genome sequencing project represented a great op-
portunity to develop the genome mapping method proposed in this Thesis.

2.2 BAC Library

The BAC library was purchased from Bio S&T in Montreal, Canada and
consists of 11,520 clones in 384 wells microtiter plates. This library was
constructed starting from agarose plugs of intact N. gaditana cells. According
to our purpose the high molecular weight DNA was partially digested with
HindIII endonuclease and cloned into pCC1BAC™ vector from Epicentre®.
The average insert size was attested by the supplier at 120,000 bp (data not
shown). The predicted library coverage was 45×.

The principal features of pCC1BAC™ vector are the oriV high copy origin
of replication, and the chloramphenicol resistance. Replication starting from
oriV requires the trfA gene product. The E. coli strain used for transformation
through electroporation was the Epicentre® TransforMax™ Epi300™. The
presence of the trfA gene in this strain, regulated by an inducible promoter,
allows the controlled high copy replication of pCC1BAC™. The inducible
solution (arabinose 2%) is added to the growth medium prior or shortly after
the bacteria inoculum to a final concentration of 0.01%.

The BAC library was stored at -80℃ upon arrival.

2.3 Bacterial cell growth and DNA Extraction

The first problem to face in a project that implies the use of a BAC library, is
the DNA extraction from many samples. The second problem is the production
of high quality DNA from each clone. Next generation sequencing ensure the
high throughput sequencing of sample, but even a small contamination in the
preparation will be sequenced with a high coverage. It is mandatory to obtain
samples as pure as possible in order to maximize the results.

This project of genome mapping implies the sequencing of a high number
of pools of BAC clones. The total number of BAC clones to be processed is
thus very high. For the genome of N. gadiatna the number of desired pools
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is 64 each one containing 96 different BAC clones. The pools will be used to
create proper profiles of presence and absence for the genetic markers. These
profiles should permit to discriminate between different markers. The number
of pools was decided in order to maximize this power of discrimination. If two
genetic markers have long profiles and these are equal, these two markers will
be certainly together on the genome. The number of BAC clones per pools
were decided on the basis of genome size and average insert size of the library
see below.

This method thus needs the producing a very high number of single BAC
DNA samples. Moreover, the DNA quantity for each sample should be suffi-
ciently high to ensure both trials and sequencing. To achieve high throughput
BAC DNA preparation and high quality and quantity of the DNA there was
the needs to develop an ad hoc method to extract DNA. This procedure was
develop by modifying a method previously published by Klein et al. [40].

To achieve the high throughput sample preparation the method was de-
signed to be performed on a robotic platform the liquid handling workstation
MICROLAB® STAR One from Hamilton Robotics. This robotic platform
ensures fast, robust, flexible, parallel and automated procedures on a high
number of both 384-well and 96-well microtiter plates as well as on single vials.
This robotic platform was ad hoc programmed to account to all the needs and
steps of this protocol.

2.3.1 Bacterial cell growth

Here follows the list of materials and solutions used to grow bacterial cells.

• Luria-Bertani medium, LB (1 L): 10 g of tryptone, 5 g of yeast extract,
10 g NaCl;

• Terrific Broth medium, TB (1 L): 12 g of tryptone, 24 g of yeast extract,
4 mL of glycerol;

• 384 wells Corning Costar plate: square bottom wells with a maximum
capacity of 110 µL;

• 96 deep-wells plate: round bottom wells with a maximum capacity of
1200 µL;

• 384 pin replicator tool V & P Scientific Inc;

• Inducible solution: arabinose 2%;
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• Chloramphenicol: 37.5 mg/mL, added to medium to allow selective
growth of E. coli cells carrying the BAC.

Sixteen 384 wells microtiter plates were selected from the BAC library
to be processed. These account for a total of 6,144 BAC clones, the total
number of clones required for the method. Plates were grown with the following
procedure. All liquid handling steps were performed with MICROLAB® STAR
One; volumes refer to quantities for each well.

1. 384 wells microtiter plates containing 80 µL of LB medium in each well
(plus chloramphenicol 18.7 µg/mL) were inoculated with frozen BAC
library cells using a replicator 384 pin tool;

2. Plates were covered with plastic lids and grown for 21 hours at 37℃ in
owen with orbital shaking at 900 rpm (Heidolph Titramax 1000 coupled
with Heidolph Inkubator 1000);

3. After growth, 384 wells microtiter plates were split in 96 deep-well plates,
one quadrant per 96-well plates. 6 µL of grown culture were inoculated in
300 µL of TB medium (plus chloramphenicol 18.7 µg/mL and arabinose
0.01%);

4. 96-well plates were covered with plastic lids and grown for 21 hours at
37℃ in owen with orbital shaking at 900 rpm.

2.3.2 DNA extraction

The actual DNA extraction procedure is a proper alkaline lysis method. The
lysis and recovery steps are designed to minimize DNA molecule breakage
during liquid handling steps and plates manipulations. All liquid handling steps
were performed with MICROLAB® STAR One; volumes refer to quantities for
each well.

1. After bacterial growth, deep-well plates were centrifuged at 2397 g-force
at 4℃ for 27 minutes in Eppendorf Centrifuge 5810R;

2. Plates were gently inverted to discard medium and gently tapped on
paper towels;

3. Plates were centrifuged at 2397 g-force at 4℃ for 5 minutes to remove
any residual medium;
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4. Plates were vigorously inverted to remove medium and gently tapped on
paper towels; 125 µL of cold Solution 1 (50 mM EDTA, 50 mM Tris-HCl,
at 4 C) was added to each well;

5. Pellets were resuspended using vortex for short time period;

6. 300 µL of Solution 2 (0.2 NaOH, 1% SDS) were added to each well;

7. Plates were gently shaken in circle and incubated at room temperature
for 4 minutes;

8. 225 µL of ice cold Solution 3 (3 M Potassium, 5M Acetate) were added
to each well;

9. Plates were then incubated on ice for 20 minutes;

10. Plates were centrifuged at 3202 g-force at room temperature for 30 minutes
in Eppendorf Centrifuge 5810;

11. 560 µL were recovered from each well and transferred into a new 96 wells
plate;

12. New plates were centrifuged at 3202 g-force at room temperature for 30
minutes;

13. 460 µL were recovered from each well and transferred into a new 96 wells
plate;

14. 460 µL of isopropanol were added to each well;

15. DNA was precipitated for at least 22 hours at -20℃;

16. DNA was pelletted at 2300 g-force at 4℃ for 40 minutes in Thermo
Scientific GR4-auto centrifuge;

17. Supernatant was discarded by vigorously inverting plates;

18. Pellets were washed with 600 µL of ethanol 80%;

19. Plates were centrifuged at 3202 g-force at room temperature for 40
minutes; supernatant discarded by vigorously inverting plates;

20. Pellets were washed with 400 µL of ethanol 80%;

21. Plates were centrifuged at 3202 g-force at room temperature for 40
minutes; supernatant discarded by vigorously inverting plates;
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22. Pellets were air dried on bench;

23. Pellets were resuspended in 50 µL of pure H2O from SIGMA®;

24. Plates were sealed with aluminum foil using ABGene ALPS-300;

25. Plates were incubated at room temperature in orbital shaking at speed 6
in Heidolph Titramax 101 overnight;

26. DNA Plates were then stored at -20℃ until use.

The high volume of the wells and the soft manipulation of plates during
lysis should ensure the precipitation of high molecular weight DNA removing
most of the E. coli genomic DNA form the preparation leaving intact the BAC
DNA in solution.

2.4 Pooling strategy

The focal point of the project is the pool: each pool should represent the
40-50% of the entire genome of interest or a lower fraction (see section 1.2.4).
The number of BAC to be mixed in each pool was estimated considering the
predicted size of the genome of N. gaditana (30Mb) and the average insert size
of the BAC library (see section 2.2). The proper number of BAC per pool was
estimated to be 96, in order to have on average 11,520,000 bases, that represent
indeed the 38% of the genome.

The pooling was performed with MICROLAB® STAR One collecting 10
µL of DNA solution form each well of a 96-well plate into a single vial. This
process was performed for 64 96-well plates resulting in a total of 64 pools.

2.5 DNA processing

Each pool was treated to remove as much as possible both E. coli genome and
RNA contaminants. E. coli genome was removed using Plasmid-Safe™ DNase
from Epicentre®. RNA was digested using RNase A form Sigma-Aldrich®.

2.5.1 Plasmid-Safe™ reaction

Plasmid-Safe™ DNase ensures the digestion of linear double stranded DNA:
genomic DNA in a BAC DNA preparation is fragmented as so it is a substrate
for this DNase. Genomic DNA is present in all BAC preparations. In a scenario
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in which the quantities of E. coli contaminants in any single DNA preparation
could be very high, in the resulting pool the quantities of any single BAC will
be very small compered to that of E. coli genome. For this reason the presence
of a very low quantity of E. coli DNA is mandatory for our method: otherwise
we will waste too many sequences during sequencing.

To evaluate the extent of E. coli genomic DNA contamination in the
preparations and its effective removal with Plasmid-Safe digestion, a comparison
was performed between treated and non treated samples. 16 out of 64 total
pools were not treated with Plasmid-Safe™ and the results were compared at
the sequencing level, see section 3.1.1. The reaction for the 48 remaining pools is
set up in: 33 mM Tris-acetate, 66 mM Potassium-acetate, 10 mM Magnesium-
acetate, 0.5 mM DTT, 1 mM ATP and 12 Units of Plasmid-Safe™ DNase.
Reactions incubated at 37℃ for 30 minutes in water bath and then incubated
at 70℃ for 30 minutes in water bath for Plasmid-Safe™ inactivation.

2.5.2 RNase A reaction

RNA digestion was performed with RNase A form Sigma-Aldrich® to a final
concentration of 12.5 µg/mL and incubated at 70℃ for 30 minutes in water
bath during the inactivation step of Plasmid-Safe™.

2.6 Shotgun sequencing library preparation

As explained in the introduction, in section 1.2.5 two sequencing approaches
were designed in order to achieve the production of a genome map. One method
impies the shotgun sequencing of the DNA BAC pools while the other implies
the sequencing of endonulcease digested sites from these DNA BAC pools.
Both these method were developed and carried out to the sequencing phase.
Of the two, the one chosen to develop the mapping procedure was the first one,
the shotgun project. The other one was developed as trial to test the whole
procedure of sequencing endonuclease sites.

This section describes the steps performed to prepare the shotgun li-
braries for 64 pools. These steps follow with slightly modification the 5500xl
SOLiD™ protocol for a fragment library preparation.
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2.6.1 DNA fragmentation

After RNA digestion each pool was fragmented with Covaris™ System with a
target size between 150 and 350 bp. DNA was not purified prior to fragmentation
for money, time and material saving. 1 µg of DNA was fragmented in microtubes
with AFA (Adaptive Focused Acoustics™) technology, low TE buffer (10 mM
Tris-HCl, 0.1 mM EDTA) from Applied Biosystem™ by Life Technologies™ was
added to samples up to a final volume of 130 µL. The instrument parameters
were set as follows: water bath temperature, 7℃; duty, 20%; intensity, 10;
cycle/burst, 1000; 10 cycle of 60 seconds each. DNA was then purified with XP
beads and eluted in 130 µL of low TE buffer, see below for DNA purification
protocol.

2.6.2 DNA purification

Samples were purified adding 1.5 volumes of Agencourt AMPure XP beads
by Beckman Coulter. After completely mixing samples and beads, binding
was carried out for a maximum of 7 minutes at room temperature. Reactions
were placed in magnetic rack for up to 5 minutes to separate beads from
solution, supernatant discarded. Off the magnet, at least 100 µL (or larger as
the initial volume of DNA sample) of ethanol 70% was added to wash beads,
thoroughly mixed. Samples were placed in magnetic rack until clearing of
solution, ethanol discarded. Wash was repeated once and beads were let to air
dry on the magnetic rack. DNA was eluted from beads by adding the desired
volume of low TE buffer, the solution was thoroughly mixed and incubated at
room temperature, off magnet, for up to 10 minutes. Reactions were placed in
magnetic rack until clearing of solution and supernatant recovered into new
tubes.

Hereafter I will refer to this protocol of DNA purification as “purification
with XP beads” indicating both beads quantity and volume of low TE used for
elution.

2.6.3 DNA quantification

DNA was quantified using Qubit® 1.0 Fluorometer from Invitrogen™ by Life
Technologies™ with the Qubit® High Sensitivity assay kit that ensures detection
of a DNA range from 0.2 ng to 100 ng. Hereafter I will refer to this protocol of
DNA quantification as Qubit quantification.
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2.6.4 DNA ends repair reaction

DNA was end repaired to allow subsequent blunt end ligation of the adapters.
This reaction was performed using the commercial “DNA end repair mix”
kit from Invitrogen™ by Life Technologies™. This contains a combination of
two enzymes T4 polynucleotide kinase and T4 DNA polymerase (respective
concentrations are not disclosed by the company) that ensure clonability of
mechanically broken DNA fragments, such as those produced by fragmentation
with Covaris™ System. The reaction was performed for 30 ng of XP beads
purified DNA in a final volume of 20 µL: 0.5 µL of Enzyme Mix, 50 mM
Tris-HCl (pH 7.5), 10 mM MgCl2, 10 mM DTT, 1 mM ATP, 0.4 mM dATP, 0.4
mM dCTP, 0.4 mM dGTP, 0.4 mM dTTP. Reaction was incubated at 37℃ for
30 min in thermal cycler and purified with 1.5 volumes of XP beads, DNA
eluted in 20 µL of low TE buffer.

2.6.5 Adapters ligation reaction

SOLiD™ specific sequencing adapters (called P1 and P2) were ligated to the
entire 20 µL repaired and purified DNA. Reaction was performed in a final
volume of 40 µL. Adapters were added in 80 fold excess compared to the
estimated number of extremities of DNA. Reaction was set up as follows:
50 mM Tris-HCl (pH 7.6), 10 mM MgCl2, 1 mM ATP, 1 mM DTT, 5%
polyethylene-glycol 8000, 35 U (Weiss) of T4 ligase, 50 µmol of P1, 50 µmol of
P2. Reaction was incubated at room temperature for 15 minutes and purified
with 1.5 volumes of XP beads, eluted in 25 µL of low TE.

For our application we used multiplex P2 adapters commercially available
from Applied Biosystem™ that contain bar code sequences to allow multiplexing
of different libraries. We used 16 of such P2 adapters.

2.6.6 DNA amplification

DNA samples were amplified with 7 cycles of PCR with Platinum® PCR
master mix from Applied Biosystem™ by Life Technologies™ prior to emulsion
PCR. Within this amplification cycle there is a nick repair step to ensure the
covalent binding of both strands of the adapters to the DNA ends. These few
cycles, that slightly increment the template amount, are also required to remove
the single stranded nick resulting from adapters ligation. The number of cycles
was experimentally determined (data not shown) and kept as lower as possible.
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PCR reaction: 10 µL of DNA sample, 1.5 µL of P1 (50 µM) and P2 (50
µM) PCR primers and 62 µL of Platinum® mix.

PCR cycle: nick translation step 72℃ for 20 minutes; initial denaturation
at 95℃ for 5 minutes; 7 cycles of 95℃ for 15 seconds, 62℃ for 15 seconds,
70℃ for 1 minute; and final extension at 70℃ for 5 minutes.

DNA was purified with 1.6 volumes of XP beads, eluted in 70 µL of low
TE and quantified with Qubit HS.

2.6.7 Sequencing library preparation

Four different sequencing libraries were prepared each containing 16 different
libraries (each library is a single BAC pools) in equal amount. Each one of these
4 super-libraries was processed for sequencing according to 5500 SOLiD™ library
E80 protocol. The workflow can be summarized as follows: emulsion PCR
reaction set up; emulsion PCR amplification; positive beads enrichment. The
emulsion is prepared by properly mixing aqueous phase (PCR reagents, beads,
DNA library) and oil phase to create a highly homogenous emulsion. The
emulsion is then transferred in a special pouch and amplified in a modified
thermal cycler. During this step the template DNA will covers the sequencing
beads. At the end, amplified emulsion is broken within a peculiar machine
that selects and purifies positive beads. Positive beads are those beads that
succesfully go into amplification of a template DNA molecule; these beads can
be identified thanks to the presence of the P2 adapter. At this point beads are
almost ready to be sequenced: DNA that covers the beads need to be modify
at 3’-end in order to bind the glass surface of the flowchip. After a couple
of washes the beads are ready to be loaded in the flowchip and then in the
sequencer.

These four libraries were loaded each one in a single lane of a 5500xl
SOLiD™ flowchip.

2.7 Endonuclease digested library preparation

In this section is described the protocol performed to produce the samples to
be sequenced with the endonuclease digestion method. The starting samples
for this method are the same BAC pools prepared for the shotgun sequencing
(see sections from 2.3 to 2.5).

The focal point of this method is the recovery of the digested sites. After
the digestion of the template with the endonuclease the DNA is still bigger
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than the desired size for sequencing. For instance an enzyme with a recognition
site four bases long produces fragments with an average size of TODO bp. On
the other hand the desired size of template DNA for NGS library preparation
is around 150-300 bp. For this reason the digested DNA should be processed
as well as not digested DNA. During this process however it could be difficult
to preserve the digested sites.

In order to achieve this task the sites should be recovered as soon as possible
to ensure their actual sequencing. This issue was resolved in this method with
the aim of biotinilated adapters to bind to the digested sites. Biotinilated DNA
molecules could be recovered with proper magnetic beads. Moreover, to reduce
material loss the steps following the recovery were designed to be performed
directly on the beads.

Of the 64 BAC pools sixteen were randomly chosen in order to be processed
with this protocol.

2.7.1 Custom adapters design

Eight different custom adapters were designed. These adapters contain the
sequence of the P1 primer, that is the sequencing primer, and a four bases long
barcode located at the 3’ of the P1. These adapters present no overhang at the
extremities. At the 5’ end of the P1 primer sequence a biotin was attached to
allow recovery of ligated sites. Both extremities of the adapter were dephospho-
rilated. The adapters were obtained by hybridization of two complementary
oligo purchased from Invitrogen™. The hybridization was performed in pure
water in thermal cycler for thirty minutes: from 95℃ to 1℃ with -1℃ steps
every 30 seconds.

The barcode sequences were carefully designed on the basis of their cor-
responding color-space sequences. SOLiD™ system produces sequences in
color-space and thus the barcodes were designed in order to have a color-space
sequence as different as possible one each other. In table 2.1 are reported
base-space and color-space sequences for each barcodes.

The reliability of identification of these P1 barcoded custom adapters was
tested by pairing each of them with a different multiplex P2 barcode adapter
from Applied Biosystem™.

2.7.2 Enzymatic digestion

1.5 µg of DNA treated with both Plasmid-Safe™ and RNase A were purified with
XP beads and digested with Sau3AI endonuclease from New England Biolabs®.
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Base Space Color Space

P1(T)-CGGT T-2301
P1(T)-AGTT T-3210
P1(T)-TGAT T-0123
P1(T)-GGCT T-1032
P1(T)-GAAT T-1203
P1(T)-TACT T-0312
P1(T)-AAGT T-3021
P1(T)-CATT T-2130

Table 2.1: Barcodes seqeuences. In the left column P1 indicate the sequence and
the position of the P1 primer its sequence is omitted because patented. The T in
parenthesis is the last base of the P1 primer and is fondamental for conversion from
base space to color space. In the rigth are reported the color-space sequences of each
barcode, the T is the same as in left column.

Reaction conditions: 6 units of Sau3AI, 10 mM Bis-Tris-Propane-HCl, 10 mM
MgCl2, 1 mM DTT (NEB Buffer 1), BSA 1 ng/µL, incubated at 37℃ in water
bath for 2 hours. Enzyme was inactivated at 65℃ for 20 minutes. DNA was
purified with 1.5 volumes of XP beads and eluted in 60 µL of low TE buffer.

The 5’ protruding extremities of digested sites could affect sequencing
because of the peculiar chemistry of SOLiD™ System. The 5’ protruding
extremities were digested with Mung Bean nuclease from Takara Bio creating
blunt ends in double-stranded DNA fragments. Reaction condition: 45 units of
enzyme, 30 mM sodium acetate (pH 5.0), 100 mM NaCl, 1 mM zinc acetate,
5% glycerol, incubated at 37℃ for 20 minutes. DNA was purified with 1.5
volumes of XP beads and eluted in 30 µL of low TE buffer.

2.7.3 Ligation of P1 custom barcode adapters

The P1 custom barcoded adapters are conjugated at one 5’ end with a biotin.
This biotin is necessary at the end of the protocol to recover digested over the
mechanically fragmented sites. These latter sites will be more abundant in
respect to the digested sites. P1 adapters were added in 80 fold excess with
respect to the estimated number of 5’ ends. Reaction condition: 50 mM Tris-
HCl (pH 7.6), 10 mM MgCl2, 1 mM ATP, 1 mM DTT, 5% polyethylene-glycol
8000, 25 units (Weiss) of T4 DNA ligase and 1.52 µL of P1 50 µM, in a final
volume of 50 µL. Incubated at room temperature for 20 minutes. DNA purified
with 1.6 volumes of XP beads and eluted in 25 µL of low TE buffer.
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2.7.4 Mechanical Fragmentation

Samples were then fragmented with Covaris™ System in order to obtain frag-
ments ranging form 150 to 350 bp. Samples fragmented in microtubes with AFA
(Adaptive Focused Acoustics™ ) technology, low TE buffer (10 mM Tris-HCl,
0.1 mM EDTA) from Applied Biosystem™ was added to samples up to a final
volume of 130 µL. DNA purified with 1.6 volumes of XP beads and eluted in
20 µL of low TE buffer.

2.7.5 DNA ends repair reaction

DNA was end repaired to allow ligation of P2 adapters. The reaction was
performed using the commercial “DNA end repair mix” kit from Invitrogen™ by
Life Technologies™. Reaction was performed as reported above (see paragraph
2.6.4) and DNA was purified with 1.6 volumes of XP beads and eluted in 15
µL of low TE buffer.

2.7.6 Ligation of multiplex P2 adapters

Ligation of P2 multiplex adapters was performed with an 80 fold excess of
adapter compared to the entire set of extremities, both P1 ends and fragmented
ends. Reaction condition was the same as those of P1 ligation (see paragraph
2.7.3) with a final volume of 30 µL and incubated at room temperature for 20
minutes. DNA was purified with 1.6 volumes of XP beads and eluted in 20 µL
of low TE.

2.7.7 Biotin capturing

After the ligation of the P2 adapters, it is likely that the most abundant
fragments are those carrying the P2 at both ends (P2-P2 fragments). But the
fragments needed for sequencing are those carrying the P1 at one end and the P2
at the opposite. These are indeed the digested sites. To overcame this problem
the strategy is to take advantage of the biotin on the P1 custom adapters to
selectively capture the correct costruct (P1-P2) by using the streptavidin coated
magnetic beads, Dynabeads® MyOne™ Streptoavidin C1 from Invitrogen™ by
Life Technologies™. Binding and washing (B&W) buffer composition 2x: 10
mM Tris-HCl (pH 7.5), 1 mM EDTA, 2 M NaCl.

10 µL of beads were prepared for biotin binding as follows:

• Magnetize until clearing of solution, supernatant removed;
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• Resuspend beads in 50 µL of 2x B&W buffer, magnetize until clearing
and discard;

• Repeat wash;

• Resuspend beads in 50 µL of 10 ng/µL BSA, magnetize until clearing
and discard;

• Resuspend beads in 50 µL of 2x B&W buffer, change tube and magnetize
until clearing and discard;

• Resuspend beads in 20 µL of 2x B&W buffer.

Beads are now ready to bind DNA:

• Add 20 µL of DNA sample to binding beads;

• Incubate at room temperatures on rotor for 30 minutes;

• Magnetize until clearing and remove supernatant;

• Wash with 50 µL of 1x B&W buffer;

• Wash with 50 µL of E1 buffer (10 mM Tris-HCl, pH 8.5) from Invitrogen™ ;

• Resuspend beads in 15 µL of E1 buffer.

Beads can now be used as template for subsequent application.

2.7.8 DNA amplification

To recover DNA, beads were amplified with Platinum® PCR master mix
from Applied Biosystem™ by Life Technologies™. Also in this case during
amplification there is a step of nick repair to ligate both strand of the adapters
to the DNA ends.

PCR reaction: 15 µL of beads, 1.2 µL of P1 (50 µM) and P2 (50 µM) PCR
primers and 45.6 µL of Platinum® mix.

PCR cycle: nick translation step 72℃ for 20 minutes; denaturation at
95℃ for 5 minutes; 9 cycles of 95℃ for 15 seconds, 62℃ for 15 seconds,
70℃ for 1 minute; and a final extension at 70℃ for 5 minutes.

PCRs were then magnetized to remove MyOne™ C1 beads prior to DNA
purification with 1.6 volumes of XP beads, DNA was eluted in 40 µL of low
TE and quantified with Qubit® HS.
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2.7.9 Library preparation

Two different libraries were prepared, each containing 8 digested BAC pools
in equal amount. Each one of these 2 libraries or super-pools was processed
for sequencing according to 5500 SOLiD™ library E80 protocol, see paragraph
2.6.7.

2.8 Reads alignment

The sequences of the 64 pools shotgun sequenced were aligned with PASS [41],
a program to align short reads on a reference. A unique file containing all the
reads from the sixty-four pools was created, reads from each single pool were
marked. All analysis were performed considering only reads uniquely mapped
with no gap opening allowed.

One alignment was performed against a database containing the draft
assembly of the genome produced on 454™ reads, the reference genome of E.
coli and the sequence of the BAC vector. This alignment was performed in
order to filter contaminant reads coming from E. coli and BAC vector and to
produce preliminary statistics.

A second alignment was performed to construct the distance scoring matrix
(see section 3.2.3): the database in this case contains the virtually fragmented
454™ contigs, the E. coli reference sequence and the BAC vector. To create
these fragments two different average sizes were used: 5000 and 2500. The
virtual fragmentation was performed in order to obtain consecutive fragments
from all the contigs. In this process no information about connections among
contigs were considered nor preserved. The actual length of the resulting
fragments depends also on the length of the fragmented contig. Despite the
average length the fragments from a given contig have minimal differences in
length. These virtual smaller contigs are colled smaltigs. This alignment was
used for subsequent mapping programs.

A third alignment was performed against contigs genereted starting from
mate-pair reads (see section 2.9). This alignment was used for subsequent
mapping programs.

2.9 Short reads assembly

A short-reads assembly was perform on reads obtained from one of the mate
pair libraries produced for the genome sequencing project of N. gaditana. The
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insert size was from 1.5 to 2 kb. The library was sequenced with SOLiD™ 3plus
version. The produced sequences are 50 base long. A first assembly was
performed without considering the information of insert size. This means
that the two mate reads of a single DNA fragment were considered and used
independently, as it happend for reads from fragment sequencing. Reads were
assembled with Velvet [42], a short reads assembly program based on de Brujin
graphs [23]. The last 5 bases at the 3’ end of each sequence were removed
because of low quality score of the final bases. The k-mer size used to build
the graph was 21 bp. These paramenters of trimming and k-mer size were
decided on the basis of a trial assembly on a sub-set of reads, see section 5.2.
The assembly resulted in 55556 contigs with a N50 of 727 bases.

2.10 Custom programs and scripts

Several scripts were produced to manage and analyze data. These scripts were
self written in Python language (www.python.org).

The DOT language was used to construct user friendly visualization for
map-scaffolds results see section ?? and 3.3.

The main algorithms to count reads aligning in contigs, produce matrixes
and analyze distances between profiles were developed in intimate collaboration
with professor Giorgio Valle. These programs because of computing power
and the complexity of the algorithm they were written in C language by prof.
Giorgio Valle.
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Results and Discussion

3.1 Preliminary analysis

In this Thesis are presented the results for both the strategies of mapping
genomes explained in section 1.2.5. The two projects rely on the sequencing of
several pools of BAC clones. One project is based on the shotgun sequencing
of the DNA of each pool. The second project is based on the sequencing of
the endonuclease restriction sites obtained from the DNA of each pool. The
number of pools processed with the two methods is different: for the former 64
DNA BAC pools were sequenced, while for the latter 16 digested DNA BAC
pools were sequenced.

A total of six sequencing reactions were performed each one within a single
lane of SOLiD™ system 5500 xl flow-chip. Each run ensured the independent
sequencing of several pools by means of commercial barcodes sequences (see
section 2.6.5). Each run was thus performed on a single multiplex library. Runs
1 and 2 were performed on pools processed with the “endonuclease protocol”
while runs from 3 to 6 were performed on pools shotgun sequenced. Table 3.1
summarize the reads produced by each run.

The lower numbers of pools in sequencing reaction 1 and 2 is due to the
number of custom barcodes. In fact, because the barcodes are four bases long
only eight different barcodes were designed among all the possible 4 bases
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Run Pools Sequences

1 8 112,198,801
2 8 140,865,340
3 16 99,552,241
4 16 113,666,328
5 16 117,264,515
6 16 108,660,500

Table 3.1: Runs summary. Column “Pool” indicates the number of single BAC pools
sequenced within each run by means of multiplex sequencing. Column “Sequences”
indicates the total number of sequences produced within each run.

sequences, see section 2.7.1. Runs 3 to 6 were performed on a higher number
of pools by means of the commercial barcoding kit. This offers the possibility
to sequence up to 96 different samples in a single library. Sixteen pools were
sequenced within each run to ensure a sufficient throughput of sequencing for
each pool. The reads were 75 bases long, accounting for a total of 51.9 Gbp.

The “shotgun sequenced” pools were actually used for the development of
the genome mapping method presented in this Thesis. For this purpose an
high number of pools was sequenced. The “endonuclease digested sequenced”
pools were preliminary analyzed in order to verify the goodness of the custom
barcodes.

3.1.1 Alignment results for shotgun sequencing project

For the genome mapping project sixty-four DNA BAC pools were sequenced
in four different sequencing reactions. A total of 439.1 millions of reads were
produced. The reads were aligned against a database containing N. gaditana
draft assembly, E. coli reference genome and pCC1-BAC vector sequence.
During the alignment, the program filters low quality reads: on the total
reads more than 47 millions were removed. Of the remaining reads the 74.12%
presented an unique alignment. The results of this alignment are summarized
in table 3.2, detailed results for all pools are reported in table 5.1.

The remarkably high number of reads aligning on the BAC vector sequence
was expected. A single pool is composed by 96 BAC clones. Each BAC sequence
is formed by the vector and the insert. The insert accounts for the larger part of
the BAC (on average 120 kbp) while the vector accounts fo a minor part of this
sequence (around 8 kbp). In a single pool the insert is different for each BAC
but the vector is always the same. This implies that the sequence coverage
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Run Produced
seq. Aligned seq. E. coli seq. BAC seq. N. gaditana

seq.

3
6,222,015 3,969,535

(64.54)
39,933
(1.01)

439,179
(11.35)

3,490,423
(87.64)

± 969,373 ± 802,902
(12.82)

± 20,887
(0.51)

± 90,263
(2.47)

± 748,409
(2.71)

4
7,104,146 4,758,573

(67.17)
27,038
(0.55)

497,330
(10.55)

4,234,205
(88.89)

± 2,330,236 ± 1,623,181
(5.98)

± 18,461
(0.26)

± 155,992
(0.90)

± 1,458,606
(0.89)

5
7,329,032 4,953,694

(67.57)
42,466
(0.84)

414,033
(8.42)

4,497,195
(90.74)

± 1,187,326 ± 833,740
(3.73)

± 38,968
(0.70)

± 57,944
(0.61)

± 762,630
(0.81)

6
6,791,281 4,470,426

(65.82)
41,675
(0.93)

387,679
(8.69)

4,041,071
(90.39)

± 394,003 ± 299,819
(1.99)

± 31,658
(0.68)

± 44,138
(0.96)

± 285,219
(1.36)

Table 3.2: In this table are summarized the results of sequencing reactions and
reads alignments. Seq. = sequences. The sequencing reactions are indicated on the
first column. Each run was performed on sixteen pools thus each raw indicates the
average values for a single pool in each reaction. Values marked with ± indicate the
standard deviation from the relative mean. Columns E. coli seq., BAC seq. and
N. gaditana seq. indicate the average values of aligned reads on the corresponding
reference. Values in parenthesis indicate the percentages. In column “Aligned seq.”
the percentages refer to the total number of produced sequences, while in columns E.
coli seq., BAC seq. and N. gaditana seq. the percentages refer to the corresponding
number of aligned sequences.

of the vector will be very high. A possible strategy to eliminate the vector
sequence from a BAC DNA preparation could be the endonuclease digestion
with a rare cutter enzyme, i.e. NotI whose recognition sites are placed at the
two ends of the poly-cloning site. In this way the insert will be “released” from
the vector. With a size selection in agarose gel it is then possible to select the
insert. However, this strategy was not viable for this project because of the high
number of samples to be processed. Anyway, within a single SOLiD™ system
lane it is possible to produce a very high number of reads. Given this very
high throughput, the reads that will be lost in sequencing the vector will not
compromise the production of a high coverage for the desired reads covering
the insert sequences.
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As it happens for the vector, also the E. coli genome is present in all BAC
DNA preparation and so its relative amount increases during BAC pooling. In
contrast with the vector sequence, the E. coli genome is pretty much bigger.
Thus it is mandatory to eliminate as much as possible this genome from the DNA
preparations. In order to achieve this task the BAC DNA was extracted taking
into account peculiar strategies in order to reduce E. coli genome abundance
in the purified DNA. Moreover a treatment with Plasmid-Safe™ exonuclease
was performed on purified DNA to further remove E. coli genome, see 2.5.1.

The success of the DNA extraction procedure by itself in removing the E.
coli genome was evaluated with an experiment performed on libraries of run
3 and 4. These two libraries were sequenced prior to the others. The sixteen
pools of run 3 were not treated with Plasmid-Safe™ enzyme while the sixteen
pools of library 4 were treated with this enzyme. These pools in fact were
processed for sequencing with the same procedure extraction procedure except
that for the Plasmid-Safe™ reaction.

The percentages of reads aligning on E. coli genome in the sixteen treated
pools were compared with those of non treated pools. The results are summa-
rized in the box-plot in figure 3.1. The treatment with Plasmid-Safe™ enzyme
significantly reduces the amount of genomic DNA. However, the low fraction of
genomic DNA in non treated pools indicates that the BAC DNA preparation
method developed in this work is useful by itself to reduce genomic contamina-
tion. The remaining 32 pools were treated with Plasmid-Safe™ to ensure the
highest removal of E. coli genome.

The low numbers of reads aligning on the E. coli reference genome in all
the pools (the total percentage of reads aligning on E. coli genome is 0.83%)
confirms the overall success of the DNA preparation strategy developed.

3.1.2 Analysis of custom P1 barcodes

The endonuclease restriction mapping project were performed on sixteen pools
that were sequenced in two SOLiD™ system sequencing lanes. As reported
in section 2.7.1 eight custom barcodes four bases long were designed; of all
the possible combinations were chosen those that imply the highest number of
sequencing errors to became one of the other barcodes.

In order to test the reliability of these custom barcodes they were coupled
with the commercial kit from Applied Biosystem™ to produce multiplex library
sequencing. This system assigns sequences to each library reading the barcode
sequences prior to start the sequencing run. At the end, it produces different
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Figure 3.1: These box plots indicate the distribution of the percentage of E. coli
sequences in pools of run 3, containing untreated pools, and run 4, containing treated
pools. The percentages refer to the total number of aligning reads.

files containing the reads belonging to each library. The initial assumption in
this test is that the commercial system is assumed to be free or errors. This
means that it will not assign a wrong barcode to a given sequence and so a
sequence to the wrong library. It has to be pointed out that to our knowledge
the sequencer does not provide any information about the rejected sequences,
those sequences that do not match with any of the assigned barcodes.

At the end of the sequencing reactions the reads are divided according to
their proper commercial barcode. Is that possible to see if the custom barcodes
could work as well as the commercial ones? Given that each custom barcode
was coupled with a commercial one there should be no discrepancy between
the two. To evaluate if the custom barcodes are useful to discriminate between
different libraries a simple strategy is to look at the first four bases within
each sequences of the sixteen different pools. If there are no errors in the
custom barcodes, within each pool there will be only the elected barcode at
the beginning of each read.

By looking at the reads produced from all the 16 pools, the majority of these
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sequences presents the proper barcode in the starting position but unfortunately
a considerably high amount have a different sequence. These sequences present
one to four errors in respect to the proper barcode, see table 3.3. These
differences could be due to errors occurred during both sequencing or synthesis
of the barcodes. Unfortunately, many of these sequences with errors actually
have the sequence of another barcodes.

Total sequences 251,270,552

No errors 224,018,078
One error 17,506,856
Two errors 5,473,007
Three errors 2,432,757
Four errors 1,839,854

Total sequences
with errors 27,252,474

Cross called 2,269,682

Table 3.3: Number of sequences with errors within barcode sequence. Here
is summarized the number of sequences for the sixteen digested pools that have zero
or one to four errors in the first four bases. The number of total sequences refers to
the sum of useful sequences produced within each pool (useful are those sequences
that do not present one or more gap, the lack of a base, within the first four positions).
The number of errors refers to the number of wrong bases in a given sequence in
respect to its proper barcodes. “Total sequences” with errors refers to sequences
that present at least one error in the barcode. “Cross called” refers to those wrong
sequences that specify for another barcode, independently from the number of errors.

DNA sequencers give a quality score for each base they call within a read.
These scorese give informations about the fidelity with which the sequencer
assign a base (or a color in case of SOLiD) to a given position. The higher the
score the lowest is the probability that a base call is an error. In light of this,
sequencing errors should have low quality scores whereas synthesis errors should
have high quality scores. This is because errors occurred prior to sequencing,
for example during oligo synthesis or during PCR template amplification, could
not be identified by the sequencer that indeed reads “what is written”. The
four bases of the wrong barcodes could then be analyzed by looking at their
quality scores, in order to see if they are sequencing errors o synthesis errors.
Figure 3.2 shows the distribution of qualities scores for the four bases of the
barcodes. The sequences were divided in five different classes according to their
errors in barcode sequence: sequences with no errors; sequences with one error
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Figure 3.2: Base quality distributions for the four bases that compose the barcodes
in the custom adapters. Base quality values range from 0 to 31 where 31 expresses a
very high quality of a given base. In the graphs the curves indicate sequences that
present none, one, two, three and four errors according to legend. In the graph on
the left are shown also the distribution for those sequences that does not present any
error. In the graph on the right the no-errors sequences are removed in order to make
more clear visible the distributions of wrong sequences.

(class 1); sequences with two errors (class 2); sequences with three errors (class
3); and sequences with four errors (class 4).

As it can be seen in the graphs the vast majority of the bases that present
no errors has the maximum quality score, 31. The bases of the class 1 have
low quality scores, indicating that the presence of one error in the barcode is
mainly due to sequencing errors. The same is true also for class 2 although
the density of the curve is higher in high values indicating that many error
occurred during barcode synthesis.

The cross called sequences those that actually can be confused with a right
barcode, result only from class 3 and 4. As it can be seen in the graph the
quality scores for these two class of errors are mainly distributed on high values.
This is especially true for class 4 rather than for class 3 where in fact the quality
values are almost equally distributed between 14 and 31.

These results indicate that a barcode four bases long could not be enough to
ensure a proper discrimination of sequences in a multiplex library. It has to be
pointed out that the commercial barcodes have a much more longer sequence
that could permits a proper call of the barcodes. In order to eliminate the
fraction of cross-called sequences the number of bases within these custom
barcodes should be increased. With a longer barcode it could be also possible
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to correctly assign also sequences that present one error within the barcode
allowing the recovery of much more sequences.

3.2 Genome mapping project development

The genome mapping project was developed analyzing the reads produced with
the shotgun sequencing of the 64 BAC pools, see section 3.1.1. Thus all the
following analysis refer to data obtained from sequencing runs 3, 4, 5 and 6.

3.2.1 Genome fraction in pools

Considering reads length and the number of reads aligning on the N. gaditana
draft assembly see table 3.2, each pool accounts for an average of 304 million
bases sequenced. Each pool represents a fraction of the genome, so this total
number of bases should represent only a portion of the draft assembly, in theory
the 38% (see section 2.4). However, the real amount of target DNA within
each pool could be different from this prediction. The genome portion present
in each pool can be estimated by the coverage per base on the draft assembly.
With self written Python scripts the amount of bases covered at least once was
calculated. This threshold was decided because one reads is sufficient to give
information about the presence of a sequence.

On average the 25% of the genome is covered at least once in each pool.
However some pools covers even lower fractions of genome. For instance pool
35 covers the 16% of the assembly and pools 12 and 9 each covers only the
17%. On the other hand, some pools account for higher fractions such as the
32% of pool 12 or even the 30% (pools 44 and 48).

These percentages are lower than the 38% a priori decided during pooling
process. A first explanation to this is that the draft assembly accounts for 27.9
million bases, lower than the predicted size of 30 Mb. In fact, the number of
BAC per pools was calculated according to the predicted size of the genome
not to the total bases assembled. This could indicates that some genomic
regions are present in the BAC library but are absent in the draft assembly.
Even assuming a reliable genome size prediction, this could be true only for
a small number of these “lost fractions”. In fact, the whole-genome shotgun
strategy whit next generation sequencing adopted for the production of the
draft assembly does not suffer of any cloning biases. On the contrary, some
genomic regions could be toxic for E. coli and get lost during cloning.

There are two other possible explanations for this lower representation of
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the genome in the BAC pools. (i) Some systematic errors could occur during
pooling process. Some BAC clones could be lost during automated DNA
extraction or they could be present in very low quantity in BAC DNA pools.
(ii) Another possible explanation is that the average insert size of the BAC
library could be lower than expected. The latter should account for the largest
part of these “lost fractions”. This hypothesis is suggested by the fraction
of reads aligning on the draft genome in respect to the produced reads. For
instance the worst pool, the 35, has a total number of reads of 5,710,940 and
2,920,695 of these align on the assembly accounting for a 16% of the genome.
On the other hand pools such as 6, 22 and 31 have a lower number of reads
aligned but these represent the 25% of the genome. Moreover the systematic
errors should be distributed in all the preparations whereas there are only a
number of pools that has a very low fraction.

Another possibility is that the genome could be larger than predicted but
published draft genome of Nannochloropsis species have comparable genome
sizes [43, 44].

3.2.2 Creation of profiles of presence and absence

Despite the problems during pooling, each pool actually contains a fraction
of the target genome. In light of this, is that possible to obtain, by looking
at the pools, an information about presence and absence of a desired genetic
markers? Is it possible to produce profiles of presence and absence of these
genetic markers? And moreover, what kind of markers could be used in this
strategy?

In a shotgun sequencing approach any produced sequences could be used as
genetic marker. The sole restriction is that this sequence should be unique on
the genome. A repeated sequence will give little information about genomic
position given that it accounts for multiple regions that may not be physically
connected. Thus, genetic markers could be a set of unique sequences of a given
length, for example 21 bases. These sequences could be searched in the reads
produced from each pool to see how many times and in which pool they are
present. At the end of the process same sequences will be discarded because
they are present in all the pools or, on the other hand, they are never present.
But some reads will present a profile in which it is possible to see when that
sequence is present. All the sequences with similar profiles are hypothetically
close on the genome. Although this strategy is viable, it was not used during
this work due to the informatics resources and knowledge required to perform
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such a kind of analysis.
Another strategy is to use contigs from an independent assembly, if present,

and to profile these contig along the whole set of pools. This strategy is simpler
than the previous one because requires only the alignment of the reads of each
pool on the assembly. The results can give information about presence and
absence of each contig. This was the strategy actually used to develop the
genome mapping method.

The draft assembly of the N. gaditana genome produced in our laboratory
contains very large contigs that indeed account for large genomic regions. These
large genomic regions could be covered by many different BACs that could
be randomly sorted in different pools. This can compromise the presence and
absence analysis because larger contigs will have spurious profiles. Trying to
eliminate this problem the pool-reads alignments on contigs were counted in
windows of given size. But this approach gave some problems in managing
those reads that align at the edge of two windows. To reduce this problem the
reads were aligned against fragments of the assembled contigs, called smaltigs.
In this way only the best unique match is considered as useful information for
the presence of that smaltigs.

Is this alignment information a viable method to produce profiles of presence
and absence of the smaltigs?

To answer this question let’s take a look at figure 3.3. In this matrix each
raw corresponds to a single smaltigs whereas the columns correspond to pools
from 1 to 39. The numbers within the matrix indicate the number of reads
for a given pool aligning on a given smaltigs. The smaltigs in the picture are
5000 bases long and are created from contig00001. They are ordered from the
beginning to the end of the contig, homogeneously covering its entire sequence.

As it can be seen in the picture, smaltigs that lie close on the genome (i.e.
that are next to each other on the contig), share similar number of reads counts
in the same pools. This is due to the presence of single BAC clones that cover
a portion of the genome. Once sequenced these clones give information about
the physical connection of two close sequences.

With these evidences four initial assumptions can be confirmed:

Figure 3.3: Figure on next page. Matrix of reads counts for smaltigs belonging
to contig00001. In raws there are the smaltigs from 1 to 82 of the contig00001.
Contig00001 is more than 500,000 bases long. In columns there are the 39 BAC pools,
only 39 pools are displayed because of space. The numbers represent the total reads
that for the pool in column aligning on the smaltigs in raw.
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Figure 3.3: Caption for this image is on previous page.
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• BAC pool sequencing gives the possibility to produce fractions of a target
genome;

• Reads produced from BAC pools sequencing and aligned on a given
sequence actually gives information about its presence in a given pool (i.e.
in that pool there is a BAC clone covering the relative genomic region);

• A profile of presence and absence for a given sequence can be created by
looking at its number of aligned reads in each pool;

• Sequences that lie close on the genome have comparable profiles of reads
count across the whole set of pools.

Estimate profile distances

The situation presented in figure 3.3 derives form the profile analysis of a large
region of the genome already assembled. In such a picture it is quite easy to
see profiles that look similar because they are already close one to the other.
But is it possible to do this backward? In other words, is it possible to place
smaltigs one next to the other by looking only at their profiles? Is it possible
to develop a method able to estimate distances between profiles?

To answer this question all the contigs of the draft assembly were fragmented
to smaltigs of an average decided length. Reads from all the pools were aligned
on these database of smaltigs in order to produce profiles of each of them along
the whole set of pools. The reads counts of each smaltig in each pool went
through a double normalization step.

A first normalization take into account the length of each smaltigs. The
length of the smaltigs depends also on the length of the native contig. The
virtual fragmentation step was tuned in order to reduce differences in length
between smaltigs coming from the same contig. However, contigs that are
shorter than the chosen smaltig length will have smaller size. The number
of reads aligning on a sequence is directly correlated with the length of that
sequence – i.e. a longer sequence will have an higher number of sequences on
it. To eliminate this bias the reads counts for each smaltig were normalized on
its length.

A second normalization take into account the total number of reads obtained
in sequencing each pool. In fact, the sequencing reaction of one pool could
performed better than the one of another pool, resulting in a higher total number
of reads (see table 5.1). This could compromise the comparison between profiles.
In order to prevent a possible bias caused by the highly variable number of
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total reads produced per pool (see standard deviations in table 3.2) reads count
per pool were normalized on the total number of reads produced by that pool.

On the other hand for an analysis of presence and absence one may wonder
if it is really useful to know the actual number of reads aligning on a given
sequence instead of just knowing that same align on it and therefore manage
only a sort of “Yes” or “Not” information. The advantage of analyzing the
actual number of reads aligning on a fragment come from the fact that BAC
clones from the same pool are present in different quantities. This can be
seen in figure 3.3 where some regions of some pools, for example pool 13, are
uniformly covered but with different “intensity”. This indicate that two BACs
have a different representation in the pool, probably due to its different DNA
concentrations within the pool.

Is it possible to estimate differences between profiles taking into account
also differences on reads counts due to BAC concentration? BACs with different
concentrations in a pool will produce different amounts of reads. The method
to perform the profiles comparisons should be able to manage this kind of data.
In this way the it will be possible to see the smaltigs that are present actually
on the same BAC clone and not just those that are in the same pool.

The initial strategy was to perform a clustering analysis of the profiles
using Pearson Correlation index. This strategy is largely used to analyze gene
expression data in microarray experiments. It permits to cluster together genes
that have similar pattern of up-regulation and down-regulation despite their
absolute values of expression. This kind of data are similar to those of reads
counts for smaltig except for the absence of negative data. The results of
these analysis (data not shown) actually permitted to cluster together smaltigs
belonging to a portion of their native contigs but does not go further than this.
In other word, it does not permit to produce anything more than small clusters
of very similar profiles, almost identical. Moreover, the Pearson index does
not give a proper estimation of differences among profiles but an indication of
correlation among profiles.

3.2.3 Matrix development

Pearson correlation index clusters together counts profiles that are very similar.
But only smaltigs that are close on the genome will have identical profiles. On
the contrary, smaltigs that are distant on the genome would share some reads
counts in common in different pools. The profiles of these distant smaltigs
will be similar not identical and their similarity will decrease with increasing
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distance. The most interesting information in a genome mapping view are
actually those about genomic regions that are physically distant on the genome.
If the method to compare profiles is not able to manage these differences most
of the information will be lost. Is it possible to develop a method to compare
these profiles that could be able to give information about their distances more
than just about their similarity?

Figure 3.4: In this figure are reported the read counts for some smaltigs of the
contig00001 in the pools P01 on the left and P08 on the right. For convenience
smaltigs are indicated with the number of the native contig dot a progressive number
according to its original position on the native contig.

In any column of figure 3.3 it can be seen that some regions are uniformly
and continuously covered – look for example at pools P01 and P08 highlighted
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in figure 3.4. Recall that smaltigs are ordered along the native contig, so they
represent the continuous sequence of contig 1. Thus, those regions homoge-
neously covered indicate the presence of a single BAC clone for that genomic
region. A BAC clone is a physical indication of the proximity of two sequences.
This concept could be extended to all the pool and to all the other contigs.
So is it possible to use the physical information provided by BAC clones that
cover large contig, to infer something about the physical distance?

A single BAC clone in a given pool gives a comparable number of reads
counts to all the smaltigs that it covers. This means that those smaltigs could
be identified as close on the genome by looking at their read counts. But in
presence of many BAC pools each with many BAC clones, looking at single
numbers of counts will be difficult and probably meaningless. A more useful
tool could be the estimation of the probability that two sequences that share
the same number of reads in a given pool, do it because they are actually close
on the genome and not just for chance.

The read count values in a pool for smaltigs belonging to the same contig
change when a BAC begins or finishes whereas in the middle they are more or
less constant. Looking at these increases and drops of counts it is possible to
see the number of times that a BAC clone starts or ends within a contig. On
the other hand, if the count values do not change too much, it could means
that the two smaltigs are on the same BAC, thus, that they are close on the
genome. In order to reduce the small differences between counts, that can be
observed within BAC clones, a viable strategy is to use classes of counts, like
for example those in table 3.4.

By looking at the whole draft assembly in terms of smaltigs belonging to
the same contig, it is possible to estimate the number of times that a variation
in counts values occurs in any pools. In this way it is possible to produce a
matrix of observed occurrences of each possible transition from one class to
another one like the one shown in table 3.5.

With these observed occurrences it is possible to estimate their frequency
in respect to the total of occurrences. This total occurrences refers to the
total number of changes from one class to another one. The frequency values
could be useful to calculate the expected occurrences for each class transitions.
Expected occurrences are thus calculated by multiplying the total occurrences
for each class per each frequency of transition. In table 3.6 are reported the
expected values calculated from matrix in table 3.5.

At this point it is possible to produce a scoring system that represent
the probability to change from a given number of counts to another one for
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Class Lower
limit

Upper
limit

0 0 1
1 2 3
2 4 7
3 8 15
4 16 31
5 32 63
6 64 127
7 128 255
8 256 511
9 512 1023
10 1024 2047
11 2048 ∞

Table 3.4: Classes of read counts.

fragments that are close on the genome. The scores for each class transitions
are calculated with the logarithm of the ratio between observed and expected
multiplied for a constant k. Note that values for a transition and for the opposite
one are different both in observed and expected matrixes. To eliminate this
bias a symmetric scoring matrix is obtained by calculating the media between
scores for the same class transitions, see table 3.7.

Some of the classes used for the construction of the scoring matrix covers
a wide range of values. To create smooth intervals between classes the final
scoring matrix is interpolated in order to create many more classes with their
relative scores, mainly for high numbers of reads count. The interpolated
matrix is not shown here for problems of space.

Scoring matrix validation

The scores indicated in this matrix represent the probabilities to observe a
given transition in reads count between two fragments that are close on the
genome. With this scoring matrix it could be possibile to compare the profiles
of two smaltigs. The profiles are compared by looking at one pool at a time:
for each pool the two values, each belonging to one smaltig, are compared and
a score is assigned according to the matrix. At the end, the comparison of the
two profiles will have as many scores as the total number of pools, in this case
sixty-four. A global score for the comparison is obtained from the sum of any
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Class 0 1 2 3 4 5 6 7 8 9 10 11
0 12475 5497 5403 2430 410 58 36 28 50 49 78 125
1 5551 3975 4986 2930 562 84 30 24 29 40 52 103
2 5263 5088 8456 7080 1950 201 47 51 39 85 96 169
3 2387 2909 6995 10808 5492 683 81 58 53 81 109 181
4 447 583 1986 5372 7534 2354 169 61 40 40 66 140
5 53 58 213 695 2351 3514 779 62 35 25 41 91
6 30 34 52 74 165 802 1576 402 53 24 39 47
7 34 18 44 57 61 50 404 1585 568 99 51 62
8 39 34 71 49 61 23 61 550 2738 896 145 110
9 43 43 65 92 60 24 29 81 908 4654 1645 358

10 66 53 87 99 67 36 31 34 166 1645 9223 3092
11 128 84 179 179 145 67 34 62 128 381 3037 46399

Table 3.5: Matrix of observed occurrences.

Class 0 1 2 3 4 5 6 7 8 9 10 11
0 3308 2281 3543 3706 2334 983 409 376 593 993 1813 6312
1 2281 1572 2442 2555 1609 677 282 259 409 685 1250 4352
2 3543 2442 3793 3968 2499 1053 438 403 635 1064 1941 6759
3 3706 2555 3968 4151 2614 1101 458 421 664 1113 2031 7070
4 2334 1609 2499 2614 1646 693 288 265 418 701 1279 4453
5 983 677 1053 1101 693 292 121 111 176 295 538 1876
6 409 282 438 458 288 121 50 46 73 123 224 781
7 376 259 403 421 265 111 46 42 67 113 206 718
8 593 409 635 664 418 176 73 67 106 178 325 1132
9 993 685 1064 1113 701 295 123 113 178 298 544 1896

10 1813 1250 1941 2031 1279 538 224 206 325 544 993 3459
11 6312 4352 6759 7070 4453 1876 781 718 1132 1896 3459 12043

Table 3.6: Matrix of expected occurrences.

single score. This global score should represent the physical distance between
the two smaltigs.

Given this scoring system, the global scores for profiles of smaltigs that
are very close on the genome will have high positive values. On the other
hand, smaltigs that are very distant on the genome or even unrelated (i.e. in
different chromosomes) will have a negative global score. In the middle all the
positive scores could indicate a physical relation between the relative smaltigs.
Does this method of scoring system works as predicted? Is it true that by
comparing profiles with this method, smaltigs that are distant on the genome
have negative scores? On the other hand smaltigs that are physically close
have actually high values?

In figure 3.5 are displayed the distribution of the scores for the comparison
of the real profiles of the smaltigs and for a set of random profiles for the same
smaltigs (the scoring matrix is constructed using the real profiles). The random
profiles are created starting from the real profiles, by randomly mixing all the
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Class 0 1 2 3 4 5 6 7 8 9 10 11
0 53 35 16 -17 -67 -115 -100 -99 -104 -122 -129 -156
1 35 37 28 5 -41 -90 -87 -100 -103 -112 -127 -153
2 16 28 32 22 -9 -65 -87 -85 -97 -106 -122 -146
3 -17 5 22 38 29 -18 -71 -79 -102 -102 -118 -146
4 -67 -41 -9 29 60 48 -21 -58 -84 -105 -118 -137
5 -115 -90 -65 -18 48 99 75 -27 -72 -100 -106 -126
6 -100 -87 -87 -71 -21 75 138 86 -9 -62 -74 -118
7 -99 -100 -85 -79 -58 -27 86 145 84 -9 -63 -97
8 -104 -103 -97 -102 -84 -72 -9 84 130 64 -29 -90
9 -122 -112 -106 -102 -105 -100 -62 -9 64 109 44 -65

10 -129 -127 -122 -118 -118 -106 -74 -63 -29 44 89 -4
11 -156 -153 -146 -146 -137 -126 -118 -97 -90 -65 -4 53

Table 3.7: Matrix of symmetric scores for transition from a reads count class to
another one.

reads count of all the smaltigs. These profiles lose all the physical information
because smaltigs that are originally close will not share any reads count in
common.

As it can be seen in the graphs the scores for the random profiles have all
negative values. On the contrary, the scores for the real profiles display a wide
distribution of values with many negative values but with a considerably high
fraction of positive values in respect to that of random profiles.

These graphs indicate that there are meaningful differences between dis-
tances for random profiles and for real profiles. Could this indicate that the real
profiles actually carry information about physical distance? Are the positive
scores a useful indication for the proximity of smaltigs? Each smaltig can be
compared against all the others in order to obtain a huge list of scores, both
positives and negatives. Within this list, will the neighboring smaltigs have
the higher positive scores? In other words, does this scoring method works
properly in joining together smaltigs that are actually close on the genome?

Each smaltig created from the draft assembly can present a profiles of read
counts as a result of the alignment of the 64 pools. These profiles can be
compared with the scoring system presented above and the result is a set of
lists, one for each smaltig. Each of these lists indicates a set of candidate
neighbor smaltigs with their relative scores. Look for example at table 3.8
in which are reported the two lists of neighbors for the two first smaltigs of
contig00001.

In these two lists are indicated only the smaltigs with positive scores, those
that are indeed candidate neighbors. The highest score in each list is the result
of the comparison of the query profile against itself (here, query is intended as
the smaltig that has been searched for neighbors). It can be seen that many
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Figure 3.5: Distribution of scores for random profiles and real profiles for smaltigs of
5000 bp. The graph on the left shows the complete distribution of the two population
of scores, the graph on the right shows only positive scores. The small peak of positive
values in the random distribution indicates the scores of each query profile against
itself.

of the candidates are themselves part of the contig00001. Moreover, many of
these smaltigs belonging to contig00001 are those that actually lie next to the
two query smaltigs (recall that the three numbers after the dot in the smaltig
code indicate the position on the native contig, see figure 3.4).

However, these two lists present some smaltigs belonging to contigs different
from the contig of the query smaltigs. This could be embarrassing because
it could mean that the scoring system does not work properly. If this would
be the case, the presence of some smaltigs from the same contig of the query
smaltig could be given just by chance. But what about smaltigs that lie in the
middle of a large contig? If the scoring system actually works their candidate
neighbors would be only smaltigs from one side or the other one of the contig.
Otherwise, if some foreign smaltigs are present the scoring system should be
revised.

However, in this case another possibility could be considered. In fact, contigs
are generated by whole-genome shotgun assembly programs, which are not free
of errors. For this reason a contig could be misassembled, producing a chimera
that indeed could cause the calling by our system of foreign contigs even from
its middle. But the assembly has been produced by Newbler staring from long
454 reads: the creation of chimera with this software is quite unusual. Moreover,
there are other independent evidences that confirm that the assembly is a high
quality draft assembly (i.e.: SOLiD mate-pair mapping into the contigs).
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Neighbors of smaltig
00001.001 Scores

00001.001 7146
00421.001 5964
00084.011 5904
00084.010 5711
00001.002 5672
00421.002 5424
00759.001 5256
00084.009 4896
00084.008 4325
00001.003 3502
00001.005 3081
00001.006 2832
00001.007 2809
00084.007 2538
00084.006 2339
00001.004 2174
00084.005 1889
00001.008 1764
00001.013 714
00001.012 669
00001.009 600
00001.010 472
00001.014 91

Neighbors of smaltig
00001.002 Scores

00001.002 7000
00001.001 5672
00084.011 5554
00421.001 5466
00759.001 5387
00421.002 5384
00084.010 5218
00084.009 4328
00084.008 3655
00001.003 3592
00001.006 3072
00001.005 2914
00001.007 2883
00001.004 2466
00084.007 2254
00001.008 1977
00084.006 1884
00084.005 1801
00001.012 1223
00001.009 823
00001.013 711
00001.010 170
00001.011 92

Table 3.8: Candidate neighbors for smaltigs 00001.001 and 00001.002. These two
smaltigs lie at one extremity of the contig00001. In light blue are indicated the
smaltigs that belong to contigs different from contig00001.

In table 3.9 are listed the neighbors for the two smaltigs that are at the
middle of contig00001.

As it can be seen in these two lists, the smaltigs that are identified as
possible neighbors in the middle of contig00001 that is more than 500 kb long,
are only smaltigs of the same native contig. Moreover, the candidate neighbor
smaltigs are not far away from the middle of the contig.

A similar situation should happen also in other large contigs. The contig
length threshold for this analysis depends on the number of smaltigs per contig
that indeed depends on the length of the smaltigs, see section 2.8. In fact, if the
contigs are large enough the lists of neighbors of a smaltig placed in the middle
will present only smaltigs of the same contig, whereas, in smaller contigs the
“middle smaltig” will link also to foreign contigs. Given that each list has on
average 20 neighbor candidates this analysis can be carried out in contigs that
are larger than 120 kb. In fact with an average smaltigs size of 5000 bases a
contig of 120 kb has 24 different smaltigs.

In the draft assembly there are 29 contigs larger than 120 kb. By looking
at the three middle smaltigs of each of these large contigs only in four out of
87 lists there are some foreign contigs. In the 95.4% of the middle smaltigs
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Neighbors of smaltig
00001.050 Scores

00001.050 7436
00001.051 5358
00001.047 4504
00001.048 4432
00001.046 4398
00001.049 4079
00001.043 3271
00001.044 3107
00001.040 3107
00001.042 3096
00001.058 2585
00001.045 2558
00001.052 2505
00001.054 2422
00001.057 2171
00001.039 2022
00001.053 1986
00001.041 1918
00001.055 1711
00001.059 1583
00001.056 934
00001.033 592
00001.061 536
00001.035 510
00001.037 389
00001.060 292
00001.062 184
00001.034 44

Neighbors of smaltig
00001.051 Scores

00001.051 7344
00001.050 5358
00001.048 4803
00001.046 4543
00001.049 4266
00001.047 4128
00001.052 3335
00001.042 3049
00001.043 2937
00001.040 2888
00001.058 2809
00001.045 2676
00001.059 2619
00001.044 2581
00001.055 2502
00001.053 2446
00001.054 2272
00001.057 2186
00001.041 1781
00001.039 1548
00001.060 1274
00001.056 1038
00001.061 959
00001.062 300

Table 3.9: Candidate neighbors for two smaltigs at the middle of contig00001.

the candidate neighbors are smaltigs from the same contig. The smaltigs in
which there are some foreign contigs are the 00023.016, 00028.011, 00028.012
and 00029.014. However it has to be pointed out that the lengths of their
native contigs, c00023 c00028 and c00029, are close to the threshold value and
moreover, the foreign smaltigs have very low scores.

For reasons of space in these examples are shown results obtained with
smaltigs of an average length of 5,000 bases. Also analyzing smaltigs of smaller
size, 2,500 bases on average, the results completely agree with those presented
here. Even in this case the 95.4% of the middle smaltigs present as candidate
neighbors only smaltigs of the same native contig. Those that call foreign
contigs are the central smaltigs of contigs c00023 c00028 and c00029.

With these evidences the specificity of the scoring system seems to be
confirmed. So, what is going on at the extremities of the contig? Given that
the scoring system seems to work properly, the foreign contigs called at the
beginning of contig00001 should be close to it on the genome. And what about
the opposite extremity? Is this event present also there?
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Table 3.10 shows the lists for the two smaltigs that lie at the other extremity
of contig00001.

Neighbors of smaltig
00001.099 Scores

00001.099 7248
00001.100 5737
00018.002 5446
00018.003 5223
00018.001 5069
00001.097 5013
00018.004 4936
00001.096 4908
00001.098 4893
00001.094 4101
00001.095 3914
00001.093 3781
00018.006 3036
00018.005 2877
00001.092 2673
00018.007 1985
00001.090 999
00018.008 960
00001.091 878
00001.086 271
00001.087 85
00001.088 61
00018.009 57
00001.089 7

Neighbors of smaltig
00001.100 Scores

00001.100 6990
00001.099 5737
00018.002 5510
00018.003 5424
00018.001 5310
00018.004 5140
00001.098 5035
00001.097 4840
00001.096 4802
00001.095 4032
00001.094 3949
00001.093 3946
00018.006 3227
00018.005 3141
00001.092 2767
00018.007 2420
00018.008 1276
00001.090 1184
00001.091 831
00001.086 333
00001.087 153
00001.088 53

Table 3.10: Candidate neighbors for the two final smaltigs of contig00001. In light
blue are indicated the smaltigs that belong to contigs different from contig00001.

Even at this extremity some foreign smaltigs are identified as candidate
neighbors together with smaltigs that are known to be close to the query ones.
If these contigs called from the extremities are true positives, they should
indicate that the scoring system is able to join not only smaltigs that are
already close on the assembly but also smaltigs that are on different contigs.
This may mean that the system developed to estimate distances could actually
join together different contigs on a physical bases.

The team that worked on the N. gaditana genome sequencing project
moved on from the draft assembly of 454 reads to a final draft of the whole
genome. The project was carried out independently from the work presented
in this Thesis. Beside the 454 shotgun sequencing efforts, the production of the
final draft took advantage of two mate-pair libraries, a number of BAC-ends
sequences and several transcriptome experimental data [39].

In this Thesis the inferences about connection between contigs are based
only on the distances between profiles of presence and absence obtained with
the scoring system presented above. The data used as genetic markers are
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only the smaltigs obtained from all the contigs of the assembly: there are
no information about connections among contigs. Given this, a comparison
between the final draft and the connection inferred with the profile distances
could be made without any bias. Moreover, the two assemblies, the one in
publication and the one proposed in this Thesis, could confirm each other.

Thus, this final draft could be useful to confirm that the foreign smaltigs
called at the extremities of contig00001 are true positive but also to confirm
that the method works also in joining different contigs. To do this the final
draft could be simply searched for the desired contigs. If these contigs are on
the same scaffold or even better on the same chromosome, this will means that
there two independent evidences that confirm the same genome structure.

Table 3.11 shows the position on the final draft of the four contigs identified
by searching similar profiles to some smaltigs of contig00001. In particular,
smaltigs of contig00018 are called at one extremity of contig00001 by smaltigs
00001.099 and 00001.100. At the opposite extremity smaltigs 00001.001 and
00001.002 call smaltigs that belong to contigs c00421, c00759 and c00084.

Chromosome Start End Contig Contig length

NG-chr08 197887 376143 contig00018 178257
NG-chr08 376244 377096 contig02446 853
NG-chr08 377197 378099 contig02362 903
NG-chr08 378200 880455 contig00001 502256
NG-chr08 880556 892541 contig00421 11986
NG-chr08 892642 898689 contig00759 6048
NG-chr08 898790 955919 contig00084 57130

Table 3.11: Genomic region for the contigs identified as neighbors of the contig00001
as in the final draft of the N. gaditana genome. NG-chr stays for Nannochloropsis
gaditana chromosome. Start and End columns indicate the position of the contigs
within the chromosome.

In the table it can be seen that in chromosome 8 contig00018 is placed before
contig00001 that at the other end it is next to contigs c00421, c00759 and c00084.
Given that the foreign contigs called at the extremities of contig00001 are
confirmed, even the foreign contigs called from the middle smaltigs 00023.016,
00028.011, 00028.012 and 00029.014 could be real positive neighbors. In
particular, smaltig 00023.016 calls contigs c00528 and c00126, the two smaltigs
of contig00028 both call contig00042 and smaltig 00029.014 calls contig00152.

In table 3.12 are reported the regions of the final draft for these contigs: it
can be seen that also the contigs that are called from smaltigs placed in the
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Chromosome Start End Contig Contig length

NG-chr03 147155 243751 contig00042 96597
NG-chr03 243852 371429 contig00028 127578

NG-chr03 476462 602473 contig00029 126012
NG-chr03 440347 476361 contig00152 36015

NG-scf01 356457 513530 contig00023 157074
NG-scf01 513631 522525 contig00528 8895
NG-scf01 522626 565816 contig00126 43191

Table 3.12: Genomic regions for the contigs identified as neighbors of the contigs
c00023, c00028 and 00029 as n the final draft of the N. gaditana genome. NG-chr stays
for Nannochloropsis gaditana chromosome whereas scf stays for scaffold. Start and
End columns indicate the position of the contig within the chromosome or scaffold.

middle of these contigs are confirmed as neighbors of the query contigs.
All these evidences suggest that the method developed to estimate distances

between profiles of read counts works properly. In fact, with this method it
is possible to identify real differences between profiles. The scores assigned to
each comparison actually give information about the physical distance between
profiles. Moreover, these scores are useful not only in reconstructing contigs
starting from their constituent smaltigs, but also in joining together different
contigs by looking at their smaltigs. Finally these candidate neighbor contigs
are confirmed to be together by independent evidences.

3.2.4 Building map-scaffolds

The lists of neighbors for each smaltig actually indicate physical proximity. In
light of this, is that possible to perform a map of the genome? Is that possible
to place smaltigs one next to the other on a long range scale by looking at their
scores?

Two strategies can be pursuit to reach this target. The first one, denoted
as mini-scaffolds strategy, it is designed to produce several scaffolds, one for
each smaltig. The second one called global scaffold strategy aims to produce
the largest possible scaffolds.

The mini-scaffolds strategy focus on a single smaltig at a time. It consists
in ordinating the different candidate neighbors of the list on the right side or
left side in respect to the query smaltig. The idea is that the candidates with
the lower scores are likely to be far away from the query smaltig. So if two of
these lower-score candidates are selected, it is possible that one will be on a

58



3.2. Genome mapping project development

side of the query and one on the opposite side. These lower-score candidates
that fall on opposite sides are called attractors. Each one of the attractors
has its own list of candidate neighbors. If the two attractors actually fall on
opposite sides, they will share only some smaltigs or, in an ideal situation, only
the original query smaltig because they are very distant one from the other. If
this analysis is performed for a number of lower-score candidates it is possible
to place the candidate neighbors of the original query smaltig on one side or
on the other according to their presence in the neighbor lists of the attractors.

With this strategy each smaltig has its own mini-scaffold that represents an
ordinated boundary around the query smaltig. However, it could be difficult
to join each of them together in a bigger scaffold because in some cases mini-
scaffolds could disagree on the order of the smaltigs. A possible strategy would
be the creation of a consensus for overlapping mini-scaffolds. The data for
this strategy are very preliminary and are not shown in this Thesis. At the
moment of writing it is possible to produce only the mini-scaffolds because of
the difficulties to develop a overlapping-like algorithm.

The global scaffold strategy aims to directly produce large scaffolds of the
genome. This method focuses on identifying connections between different
smaltigs. It starts from an arbitrary smaltig and looks at its neighbors list.
Within this list the system selects the neighbor with the highest score – the
score of the query smaltig against itself is not considered. The selected smaltig
it is likely to be the closest to the query one and thus a connection between the
two is made. The system now moves to the smaltig just called and repeats the
procedure. If a neighbor list presents smaltigs that have been already called
they are not considered in the selection of the highest score. In this way the
scaffold could be extended until there are smaltigs that can be positioned. Once
a scaffold could not be extended any more, an uncalled smaltig is selected as
new starting point for a new scaffold.

The advantage of this method compared to the previous one is that this looks
at the possible connection between different smaltigs, whereas the mini-scaffolds
strategy produces many ordinated regions but that remain unconnected, at
least at the moment. A drawback of the global scaffold it is that it could not
produce a consensus for the order of the smaltigs along the scaffolds.

Testing global scaffold approach

A test of the global scaffold approach can be perfomed on smaltigs of 2,500
bp. This size is more suitable than 5,000 bp because it could allow a better
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resolution.
Once the reads of each pool are aligned on these smaltigs the profiles of

read counts can be created. Then each profile is compared against all the
others. A score is assigned to all the comparisons and the positive ones are
selected to create neighbors lists. Within these lists are searched the possible
connections with the global scaffold method described above. Each set of
connections between smaltigs proposed with the global scaffold approach is
called a map-scaffold. A total of the 77 map-scaffolds are produced, 53 of these
have more than 13 smaltigs. The remaining ones are formed by isolated couples
or little groups of smaltigs.

These map-scaffolds can be compared with the final assembly of the genome
of N. gaditana. This comparison can be useful to identify if the proposed
map-scaffolds of smaltigs are consistent with the final assembly in terms of
chromosomes or scaffolds or contigs. To allow a faster representation, each
smaltigs name is coupled with its relative chromosome or scaffold. An easy
representation of the connections identified by this method is the graph shown
in figure 3.6 obtained with Graphviz software.

In the figure it can be seen that different contigs are joined together, for
instance smaltigs of contig00016 are connected to smaltigs of contigs c01263,
c00490, c00488 and some others. These connection are confirmed by the fact
that each of these contigs are actually part of the same chromosome, the
NG-chr12 as indicated in the figure. Despite the ramifications, that will be
discussed below, this example shows that this global scaffold approach could
permit a visual representation of the connections between contigs.

Another example is the contig00001 discussed above. This contig is con-
tained in two separate large map-scaffolds. The map-scaffold 1 contains almost
every smaltigs of c00001, one portion of map-scaffold 1 is shown in figure 3.7.
The portion shown here includes the extremity of contig00001 connected with
contig c00421, c00759 and c00084 as previous seen in table 3.11. By looking at
the figure it seems that the map-scaffold starts form the first smaltig of c00001
and procedes in two separate ways (the blue path). This is actually an artifact
generated by the algorithm of global scaffolding.

The procedure, in fact, chooses the first available uncalled smaltig as starting
point for a new map-scaffold. From here, it then looks for possible neighbors
and starts building the map-scaffold. For this reason the start smaltig can
be anywhere in respect to the resulting map-scaffold. In figure 3.7 in fact,
the connections highlighted in blue show the longest path across map-scaffold
1 indicating that the contig00001 should belong to the central portion of a
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Figure 3.6: In this figure is shown the end portion of map-scaffold 17. Each oval is a
single smaltig. Their names are coded with the following criteria: for instance c00016
indicates the native contig, f074 indicates the fragment within the native contig and
NG-chr12 represents the relative chromosome in the final assembly. The numbers at
the connections represent the scores of that comparison.

chromosome. This is coherent with table 3.11.

Most of contig00001 belong to map-scaffold 1, while the remaining portion of
c00001 belongs to map-scaffold 2. As shown above, in table 3.11, this extremity
should be connected at least to contig00018. Figure 3.8 shows the upper part
of this map-scaffold. Curiously, only few smaltigs of c00001, those that are
connected with c00018 are contained in this scaffold.

In some map-scaffolds the situation looks more clear. In fact, many regions
present few ramifications and the path looks more linear. Figure 3.9 shows an
example for these situations in chromosome one around the contigs c00096 and
c00115.

However, in some of these cases in which the path is linear, the order of
some smaltigs that are close on the genome is not strictly respected. For
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Figure 3.7: Initial portion of Scaffold 1. The blue connections indicate the longest
path across the scaffold.
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Figure 3.8: Initial portion of Scaffold 2.

example, smaltigs that lie one next to the other on the native contig (those
that have consecutive numbers as for example c00096f014 and c00096f013)
may be erroneously placed on the map-scaffold. In the figure, for instance,
smaltig c00096f013 is placed after smaltigs c00096f014 and c00096f015. The
same thing could happen also for different contigs that indeed lie one next
to the other on the genome. In the figure, in fact, some smaltigs of contig
c00115 are placed within smaltigs of contig c00096. This could indicate that
the two native contigs are very close one to the other. In fact, by looking at
the assembly of chromosome 1 the two contigs are actually close, see table 3.13.

Chromosome Start End Contig Contig length

NG-chr01 1236070 1290247 contig00096 54178
NG-chr01 1290348 1337214 contig00115 46867

Table 3.13: Genomic region for chromosome 1 in the final assembly. The 100 bases
of difference between the end of contig00096 and the beginning of contig00115 for
convenience are N so there are no other contigs between them in the assembly.
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Figure 3.9: Central portion of Scaffold 4. Here are shown connections between
smaltigs belonging to contig00096 and contig000115.

These examples show that the proposed connection obtained with the global
scaffold approach are confirmed in the final assembly of the genome. Moreover,
in some other map-scaffolds there are new connections that are not present
in the final assembly. This happend especially for isolated small contigs but
even for same scaffolds. For example, 101 out of 625 isolated contigs in the
final assembly are placed within map-scaffolds obtained with this approach,
together with larger scaffolds or even chromosomes.

On the other hand, several chromosomes or scaffolds are divided in different
map-scaffolds. Chromosome 1, for example, is split in map-scaffold 4 that
accounts for the 77% of the contigs of the chromosome, and scaffold 65 that
contains a minor fraction of the entire chromosome. Another example is
chromosome 8 that, as seen above, is split in two very large map-scaffolds at
contig00001.
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Considerations

Some consideration should be done about these results of the global scaffold
approach.

The fact that the contig00001 is split in two different map-scaffolds, one
for each extremity, is probably due to the fact that the global scaffold method
considers only the highest value within a list and marks that one as a connec-
tion. Moreover, when a smaltig is called it can not be called again. Further
investigation should be done on this kind of splitting because the few smaltigs
of contig00001 that are present in map-scaffold 2 are actually called by some
smaltigs of the map-scaffold 1 as neighbors, but any connections is done between
them.

The ramifications that can be seen in the scaffolds are created during a
secondary analysis. Within this step the system traces back all the neighbors
lists of the smaltigs assigned to a scaffold to find not called neighbors. When
one not called neighbor is found, it is attached in that position. In this way it
could happen that some smaltigs are not perfectly positioned. However, the
ramifications within these scaffolds involve regions that are close in the genome,
especially smaltigs that are one next to the other in the native contig or in
final assembly, like for example c00096 and c00115 shown above.

The system presents some problems in assigning the correct order to smaltigs
that are very close on the native contig or on the genome. This problem it is
probably due to the resolution of the method strictly connected to the usage of
a BAC library. It is not possible that every single base of the genome becomes
the starting point of BAC inserts: inserts will be different for at least some
contiguos nucleotides. In this way, these portions of the genome will never
belong to different BAC inserts and so they will always be together. This
implies that the genetic markers of these undivided regions will have identical
profiles. Thus, in comparing the profiles of smaltigs from these regions with
other smaltigs the former will obtain the same scores making impossible to
place them in any order.

In has to be pointed out that, even if the entire assembly is not reconstructed
with this method, there is no map-scaffold that proposes a connection between
different chromosomes of the assembly.
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3.3 Test on mate-pair assembly

Given these results in analyzing smaltigs from the assembly of 454 reads, is
that possible to produce map-scaffolds starting from a different assembly?

As described in Materials and Methods the genome sequencing project of N.
gaditana implies also the sequencing of mate-pair libraries with SOLiD™ system.
In sections 2.9 and 5.2 are described the efforts in producing an assembly from
these reads using a short reads assembler. The assembly results in more than
55,000 contigs with an N50 of 727 bases. Is that possible to analyze the contigs
obtained from this assembly, hereafter called veltigs, with the mapping method
proposed in this Thesis?

To perform this preliminary test the reads form the 64 pools can be aligned
on the veltigs to create profiles of read counts, as well as with the smaltigs.
However, with the veltigs it is not possible to produce the scoring matrix. This
is because the matrix is constructed using the informations about variation
of reads count classes between smaltigs belonging to the same contig. The
veltigs are single contigs so it is not possible to know which of them are close
on the genome and thus looking at variations in read counts. The solution is to
use a matrix constructed on smaltigs. The matrix used in this test is the one
constructed with smaltigs 2,500 bases long, the same used for the map-scaffolds
reported above.

The number of veltigs is very high and could complicate the profiling analysis.
Moreover, the majority of them presents very few reads in very few pools or
even no reads in any pools. These are thus filtered resulting in 19,690 usable
veltigs. The profiles of these veltigs can be compared according to the scoring
matrix in order to identify possible neighbors. Given that these scores are
based on a matrix builded on a different set of counts, there is the need to
evaluate if the scores could be informative about physical distances. A useful
indication could come from the comparison to scores obtained from random
profiles. The two distributions are shown in figure 3.10.

The graphs show that there are a considerably large fraction of comparisons
with positive scores suggesting that also for this assembly the scoring system
could work in identifying physically related veltigs.

These scores can thus be analyzed with the global scaffold approach in
order to build map-scaffolds of veltigs. The analysis produces a total of 73
map-scaffolds but only 46 of them has more than 19 veltigs. This threshold
is chosen because the map-scaffolds with less than 19 veltigs could represent
regions very small in the genome. Moreover, of these excluded map-scaffolds
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Score abundances for random profiles and true profiles
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Figure 3.10: Distribution of scores for random profiles and real profiles for veltigs
comparisons. The graph on the left shows the complete distribution of the two
population of scores, y-axis values indicate millions of comparisons. The graph on
the right shows only positive scores. The small peak at positive values in the random
distribution indicates the scores of each profile against itself.

only five have more than 4 veltigs.
The map-scaffolds obtained on these veltigs are a little more branched than

those obtained on the smaltigs. However, there are some regions in which the
path is linear as for example those shown in figure 3.11.

Each one of the veltigs has its proper position inside a larger 454 contig.
These position on the draft assembly can be assigned with a BLAST alignment
(see section 5.2) and could be useful to evaluate if the scoring system worked
properly also for this assembly. In fact, the path of the veltigs in the map-
scaffolds should at least respect their positions inside the larger contigs. Table
3.14 shows the relative positions of the veltigs in figure 3.11 inside the draft
assembly.

The order of the veltigs in the two tables is the same that they have on
figure 3.11. In the table of scaffold 2 all the veltigs belong to the same contig
but their positions in the map-scaffold do not respect their actual positions
in the relative contig. This is actually the same problem faced with smaltigs
belonging to the same native contig: the scores can not discriminate between
regions that are relatively close on the genome.

The left side table shows the positions of veltigs of scaffold 1 in the draft
assembly. As it can be seen, some of them belongs to different contigs. These
connections indicate that these 454 contigs could be close in the genome. To
confirm this suggestion it can be looked at the final assembly of the genome.
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Figure 3.11: Here are shown two part of two different map-scaffolds builded on
veltigs. The path on the left is a part of the scaffold 1 while the path on the right is
the final portion of scaffold 2. The codes within the ovals indicate the number of the
veltig.

These contigs are inserted in one large chromosome, the chromosome 3. Table
3.15 shows the region of this chromosome containing these contigs.

This table indicates that the positions of the veltigs suggested in the map-
scaffold reflect the actual position of the contigs in the chromosome. In fact,
despite the already discussed problem in positioning very close portions of the
genome, the order of the identified contigs is the same. The absence of the
contigs in the middle could be due to a bad assembly of those contigs.
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Veltig Contig Start End

c073089 00443 2341 2669
c056012 00443 1910 2344
c028495 00443 4896 5373
c002021 00443 1921 1371
c040009 00443 6102 5385
c003303 00575 5338 4637
c016525 00575 5377 6209
c021130 00575 764 1921
c011399 00443 37 854
c018013 00851 986 1860
c005840 00585 4947 4032
c025680 00585 6135 4960
c042380 00851 1869 3173
c037451 00373 8449 7115
c004239 00373 2590 1760
c036363 00373 6648 5962

Veltig Contig Start End

c024795 00004 106374 108075
c001512 00004 97922 101016
c006063 00004 54593 50700
c005111 00004 60541 58311
c017455 00004 73192 71422
c015713 00004 47419 48862
c017946 00004 55527 56884
c014074 00004 75759 74583
c026291 00004 66735 67582
c010969 00004 54789 55538
c012872 00004 68541 67594
c015956 00004 50241 49126

Table 3.14: These two tables illustrate the position on 454 contigs of the veltigs
shown in figure 3.11. On the left there are the veltigs of scaffold 1 and on the right
the veltigs of scaffold 2. Columns “start” and “end” indicate the relative starting and
ending positions of the veltigs inside the 454 contigs.

The results about the mapping of these contigs generated by short-reads
assembly are very preliminary. A better assembly focused on reducing the small
contigs and the possible chimera would result in more useful map-scaffolds.

However, the regions like those shown here, in which the path through the
veltigs reflects the real situation on the genome, suggest that the method to
estimate distances works also on different assemblies.

This pilot test on short reads assembly suggests that also the reads from
the pools could be used as “markers” to build the map-scaffolds. The reads
from the pools could be assembled as well as the mate-pair reads – these reads
were in fact assembled without using the insert size information. Assembling
independently the reads from the pool it is possible to produce several pools of
contigs. These contigs will represent a fraction of the genome but some of them
will be redundant because a given region will be present in many different pools.
Because a pool contains only a fraction of the genome it could be possible to
take the chance to solve possible repeated regions. In fact, in a given pool a
repeated region could be present just once offering the opportunity to solve
it. In these cases the resulting contigs could represent unique portion of the
genome. The subsequent analysis of the profile distances on these contigs could
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Chromosome Start End Contig Contig length

NG-chr03 1191960 1203172 contig00443 11213
NG-chr03 1203273 1209055 contig00780 5783
NG-chr03 1209156 1209451 contig04544 296
NG-chr03 1209552 1210060 contig03336 509
NG-chr03 1210161 1211002 contig02472 842
NG-chr03 1211103 1219215 contig00575 8113
NG-chr03 1219316 1220149 contig02484 834
NG-chr03 1220250 1225316 contig00851 5067
NG-chr03 1225417 1225739 contig04319 323
NG-chr03 1225840 1233777 contig00585 7938
NG-chr03 1233878 1235713 contig01720 1836
NG-chr03 1235814 1236548 contig02680 735
NG-chr03 1236649 1238166 contig01852 1518
NG-chr03 1238267 1251699 contig00373 13433

Table 3.15: Genomic region for chromosome 3 in the final assembly. The 100 bases
of difference between the end of a contig and the begin of the next one for convenience
are N so there is no other contigs between them in the assembly.

make much more easy to map them on the genome even if they have repeat.
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Conclusions

With the advent of next generation sequencing technologies, physical maps
were somewhat neglected in favor of faster and cheaper whole-genome shotgun
projects. Somehow, the improvements in sequencing technology does not
stimulate improvements in physical mapping methods. However, they still
remain an extremely useful method to produce high quality and complete
genome sequences. The work presented in this Thesis is proposed as a new
method aimed to produce physical maps of genomes taking advantage of next
generation sequencing technology.

The rationale of the project is the creation of profiles of presence and
absence for a set of genetic markers. To produce these profiles the method
relies on the sequencing of several genome fractions. These fractions of the
genome are created by pooling together a given number of BAC clones in order
that the sum of their average insert size represents the desired fraction of the
genome. These BACs are chosen randomly from a BAC library that should
presents same peculiar characteristics: (i) it has to be produced by a random
fragmentation of the genome, (ii) the average insert size should be around
100 kbp and (iii) its genome coverage should be higher enough to ensure the
presence of a given portion of the genome in many different BAC clones, for
instance a 30× library.

Once the sequencing of the BAC pools is completed it is possible to produce
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the profiles of presence and absence for the desired genetic markers. These
profiles are obtained by aligning the reads coming from the sequencing of the
pools on the genetic markers. The working hypothesis of this method is that by
looking at these profiles it is possible to estimate the distances of the genetic
markers or at least their positions on the genome.

Two approaches for sequencing the BAC pools were developed: one based
on shotgun sequencing and a second one based on sequencing endonuclease
digested sites. Both the methods were confirmed to be viable and are proposed
as complementary strategies for genome mapping respectively in small and
large genome.

Nannochloropsis gaditana was chosen as test for this mapping method.
The genome of this unicellular algae was believed to be the proper size to
permit both the development and the application of this mapping method.
Thus, sixty-four BAC DNA pools were shotgun sequenced in order to bild the
genome map. The parallel and independent project for sequencing the genome
of Nannochloropsis gaditana represented a good opportunity to perform the
comparison of this mapping method with a standard sequencing approach.

The results shown in this Thesis suggest that the proposed method could
be a viable strategy to produce genome maps with next generation sequencing.
The initial assumptions, at the basis of the method were confirmed. (I) With
the BAC pooling procedure many fractions of the genome could be created. (II)
By sequencing these BAC DNA pools it is possible to obtain profiles of presence
and absence of desired genetic markers. (III) These profiles are expressed in
terms of reads aligning on given target sequences. (IV) The test on smaltigs,
the little virtual fragments obtained from the contigs of the draft assembly,
clearly showed that the profiles of presence and absence are similar for regions
that lie one next to the other on the genome.

During this work it was also developed a scoring system aimed to compare
these profiles of presence and absence. The developed scoring matrix is based
on the observed profiles and expresses the probability to see a given difference
between read counts in two near DNA fragments. The profiles of read counts of
all the smaltigs was compared according to this scoring matrix and the positive
scores were analyzed. The positive scores actually gave indication about the
physical proximity of the compared smaltigs.

Using these scores it was developed a preliminary mapping procedure to
place smaltigs on scaffold-like maps. The map-scaffolds obtained with this
method were confirmed by the independent assembly produced during the N.
gaditana genome sequencing project. With the same scoring system and the
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same mapping procedure it was possible to place contigs from an independent
assembly (the one obtained with short reads assembly on mate-pair sequences)
in a comparable order. However some regions remain unsolved in both these
“maps”. But it is here demonstrated the effectiveness of the scoring system and
the mapping procedure.

The whole results shown in this Thesis are very promising and suggest
that the method could actually produce a good genome map. However, some
aspects should be improved in order to achieve a better system. The scoring
system will move to data simulation instead of considering observed versus
expected scores. The genetic markers that are profiled will move from smaltigs
to unique sequences obtained directly from the sequencing of the BAC pools.
The mapping procedure, now based on the global scaffold approach will likely
move to a mixed approach between global scaffold and mini-scaffold approach,
in order to propose more strong connections.

Some efforts will be spent in order to move away form the need of a BAC
library to produce fraction of the genome. This aspect is very important because
the BAC library requires time and money to be produced and processed. Some
new ideas will be pursuit to overcome this limitation. A possible strategy will
be the production of gel slices from pulsed filed gel electrophoresis of the entire
genome. Another strategy could be the implementation of strategies similar to
exome capturing to select portions of the genome of interest.

However it has to be pointed out that the method proposed here is intended
to be a genome mapping method. It is not proposed as an alternative approach
to sequence genomes but as a complementary strategy to classical sequencing
project in the aim of obtaining high quality final genome sequences.
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Supplementary Informations

5.1 Reads alignment

Table 5.1 reports the results of the alignment of the pools against the draft
assembly of the algae genome, the E. coli reference genome and the vector
sequence. The pools were sequenced in four different sequencing reactions.
Each pool was produced pooling together DNA BAC clones from a single
96-well plate.

5.2 Trial assembly of mate pair reads

The mate pair reads were assembled with Velvet [42]. SOLiD™ mate-pair
sequencing has a peculiar chemistry: the two reads are sequenced from the
same DNA strand and so they have the same orientation. On contrary, Velvet

Table 5.1: In this table are shown the results of the alignment of each pool on the
complete draft assembly of N. gaditana. Seq. = sequences. In column “Aligned seq.”
in parenthesis are indicated the percentages of aligned reads in respect to the total
number of produced reads. In columns E. coli seq., BAC seq. and N. gaditana seq.,
values in parenthesis indicate percenteges of aligned reads in respect to total aligned
reads for that pool.
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Pool Produced seq. Aligned seq. E. coli seq. BAC seq. N. gaditana
seq.

1 5,153,404 3,765,057 (73.06) 100,808 (2.68) 498,228 (13.23) 3,166,021 (84.09)
2 6,060,838 4,247,473 (70.08) 60,926 (1.43) 519,566 (12.23) 3,666,981 (86.33)
3 6,396,583 4,574,972 (71.52) 62,937 (1.38) 637,353 (13.93) 3,874,682 (84.69)
4 5,866,065 4,440,241 (75.69) 36,193 (0.82) 553,182 (12.46) 3,850,866 (86.73)
5 5,686,692 4,219,313 (74.2) 28,893 (0.68) 414,790 (9.83) 3,775,630 (89.48)
6 4,053,779 2,525,155 (62.29) 18,275 (0.72) 313,156 (12.4) 2,193,724 (86.87)
7 7,022,680 4,807,037 (68.45) 31,714 (0.66) 490,327 (10.2) 4,284,996 (89.14)
8 5,589,364 4,093,616 (73.24) 28,987 (0.71) 384,650 (9.4) 3,679,979 (89.9)
9 8,348,319 3,587,527 (42.97) 42,221 (1.18) 376,545 (10.5) 3,168,761 (88.33)
10 6,788,846 4,622,658 (68.09) 48,843 (1.06) 398,787 (8.63) 4,175,028 (90.32)
11 6,685,681 3,786,205 (56.63) 34,062 (0.9) 513,195 (13.55) 3,238,948 (85.55)
12 6,249,073 1,901,463 (30.43) 19,229 (1.01) 339,245 (17.84) 1,542,989 (81.15)
13 6,368,872 4,476,860 (70.29) 40,419 (0.9) 427,944 (9.56) 4,008,497 (89.54)
14 5,551,909 3,669,192 (66.09) 25,024 (0.68) 344,782 (9.4) 3,299,386 (89.92)
15 7,303,934 3,898,118 (53.37) 22,574 (0.58) 353,381 (9.07) 3,522,163 (90.36)
16 6,426,202 4,897,680 (76.21) 37,827 (0.77) 461,738 (9.43) 4,398,115 (89.8)

17 12,273,325 8,445,791 (68.81) 63,153 (0.75) 801,498 (9.49) 7,581,140 (89.76)
18 7,128,011 3,928,494 (55.11) 16,418 (0.42) 427,057 (10.87) 3,485,019 (88.71)
19 9,053,379 4,750,915 (52.48) 13,098 (0.28) 526,357 (11.08) 4,211,460 (88.65)
20 10,551,048 7,667,649 (72.67) 72,137 (0.94) 774,723 (10.1) 6,820,789 (88.96)
21 6,250,758 4,089,226 (65.42) 18,865 (0.46) 394,769 (9.65) 3,675,592 (89.88)
22 4,940,590 3,108,390 (62.92) 13,215 (0.43) 383,582 (12.34) 2,711,593 (87.23)
23 6,789,006 4,754,966 (70.04) 27,479 (0.58) 456,574 (9.6) 4,270,913 (89.82)
24 5,643,770 3,884,112 (68.82) 17,155 (0.44) 337,088 (8.68) 3,529,869 (90.88)
25 6,052,821 4,496,820 (74.29) 10,044 (0.22) 468,235 (10.41) 4,018,541 (89.36)
26 5,895,847 4,227,774 (71.71) 11,464 (0.27) 466,389 (11.03) 3,749,921 (88.7)
27 11,066,515 7,535,374 (68.09) 24,247 (0.32) 816,888 (10.84) 6,694,239 (88.84)
28 5,427,068 3,654,671 (67.34) 18,572 (0.51) 425,858 (11.65) 3,210,241 (87.84)
29 5,891,135 4,110,006 (69.77) 47,234 (1.15) 429,900 (10.46) 3,632,872 (88.39)
30 5,879,919 3,911,625 (66.53) 22,245 (0.57) 418,374 (10.7) 3,471,006 (88.74)
31 4,509,038 3,272,334 (72.57) 22,960 (0.7) 362,117 (11.07) 2,887,257 (88.23)
32 6,314,098 4,299,016 (68.09) 34,316 (0.8) 467,878 (10.88) 3,796,822 (88.32)

33 5,982,633 3,812,537 (63.73) 29,373 (0.77) 337,440 (8.85) 3,445,724 (90.38)
34 6,437,061 4,588,472 (71.28) 25,561 (0.56) 365,903 (7.97) 4,197,008 (91.47)
35 5,710,940 3,304,680 (57.87) 75,295 (2.28) 308,690 (9.34) 2,920,695 (88.38)
36 6,736,499 4,729,285 (70.2) 18,580 (0.39) 398,075 (8.42) 4,312,630 (91.19)
37 8,181,057 5,522,853 (67.51) 29,088 (0.53) 464,638 (8.41) 5,029,127 (91.06)
38 7,109,679 5,033,218 (70.79) 29,846 (0.59) 423,295 (8.41) 4,580,077 (91)
39 6,457,548 4,492,918 (69.58) 22,929 (0.51) 418,454 (9.31) 4,051,535 (90.18)
40 7,693,833 5,105,335 (66.36) 19,174 (0.38) 440,753 (8.63) 4,645,408 (90.99)
41 6,000,501 4,191,534 (69.85) 10,746 (0.26) 380,815 (9.09) 3,799,973 (90.66)
42 6,827,101 4,679,166 (68.54) 11,154 (0.24) 403,677 (8.63) 4,264,335 (91.13)
43 7,357,093 5,081,943 (69.08) 14,215 (0.28) 408,877 (8.05) 4,658,851 (91.67)
44 7,520,440 5,414,103 (71.99) 7,282 (0.13) 458,991 (8.48) 4,947,830 (91.39)
45 10,005,254 6,776,957 (67.73) 142,671 (2.11) 551,610 (8.14) 6,082,676 (89.76)
46 7,547,618 4,983,573 (66.03) 77,819 (1.56) 367,372 (7.37) 4,538,382 (91.07)
47 8,750,735 6,005,060 (68.62) 103,259 (1.72) 428,204 (7.13) 5,473,597 (91.15)
48 8,946,523 5,537,477 (61.9) 62,465 (1.13) 467,735 (8.45) 5,007,277 (90.43)

49 7,275,643 4,807,421 (66.08) 29,161 (0.61) 397,046 (8.26) 4,381,214 (91.13)
50 7,514,601 5,109,649 (68) 31,469 (0.62) 382,631 (7.49) 4,695,549 (91.9)
51 6,778,551 4,588,525 (67.69) 32,726 (0.71) 362,615 (7.9) 4,193,184 (91.38)
52 6,564,339 4,510,053 (68.71) 26,092 (0.58) 418,437 (9.28) 4,065,524 (90.14)
53 7,311,455 4,625,215 (63.26) 66,051 (1.43) 448,565 (9.7) 4,110,599 (88.87)
54 6,808,873 4,666,225 (68.53) 32,829 (0.7) 367,480 (7.88) 4,265,916 (91.42)
55 6,713,417 4,367,494 (65.06) 45,011 (1.03) 481,321 (11.02) 3,841,162 (87.95)
56 5,991,530 3,873,174 (64.64) 24,719 (0.64) 336,566 (8.69) 3,511,889 (90.67)
57 6,365,897 4,074,486 (64) 17,850 (0.44) 313,972 (7.71) 3,742,664 (91.86)
58 6,993,851 4,606,441 (65.86) 15,735 (0.34) 399,999 (8.68) 4,190,707 (90.97)
59 6,588,937 4,399,183 (66.77) 15,444 (0.35) 377,500 (8.58) 4,006,239 (91.07)
60 6,455,427 4,146,757 (64.24) 13,784 (0.33) 351,190 (8.47) 3,781,783 (91.2)
61 7,139,646 4,672,784 (65.45) 140,035 (3) 415,955 (8.9) 4,116,794 (88.1)
62 6,474,591 4,410,644 (68.12) 50,447 (1.14) 353,317 (8.01) 4,006,880 (90.85)
63 6,836,270 4,249,431 (62.16) 70,912 (1.67) 435,682 (10.25) 3,742,837 (88.08)
64 6,847,472 4,419,327 (64.54) 54,540 (1.23) 360,586 (8.16) 4,004,201 (90.61)

Table 5.1: Caption for this table is on page...76



5.2. Trial assembly of mate pair reads

requires paired-end reads that came from opposite strands and face each other.
Moreover, SOLiD™ produces reads in color space and reversing and translating
one read is not an easy task.

For these resons, and given the very high coverage of the mate-pair libraries,
it was decided to start using these reads as shotgun fragment reads. To evaluate
the best parameters to perform the assembly several test was performed on a
subset of these reads.

The parameters considered were: the k-mer length and the trimming of
the reads in 3’. The k-mer is the “nucleotide word” with which the graph is
constructed. The k-mer sizes considered were odd1 values strating from 21 to
33. The size of the k-mer should be lower than the size of the reads in order
to allow the bilding of the graph. Otherwise there will be as many different
k-mers as the total number of reads making impossible to find a path between
reads.

The trimming at the 3’ end of the read is due to the quality values drops at
the end of the read. Mate-pair reads were 50 bp long so the tests was performed
with 0, 5, 10 and 15 bases removed at the 3’.

Figure 5.1 summarize the results of this test assembly in terms of total
bases present in the assembly, numer of contigs produced and N50.

Looking at number of bases assembled, N50 length and to the number of
contigs, the better assembly seemed to be the one with reads trimmed of the
last 5 bases and with k-mer size of 21.

To decide the proper parameters for the assembly the N50 size should be as
higher as possible and the same is true also for the total number of assembled
bases. On the contrary, the number of contigs should be relatively low.

Short reads assembly is a complex task. To verify that the resulting contigs
are not chimera and that actually represent portions of the genome, they were
aligned using BLAST against the contigs of the drat genome assembly of N.
gaditana. Results are displayed in figure 5.2.

In this graph it is plotted only the longer alignments for each “velvet contig”.
The distribution shows that the majority of the produced contigs aligns for
their entire length on the reference assembly confirming the goodness of the
short reads assembly.

1In Velvet the k-mer must be an odd value to avoid confusion with the relative reverse
complement [42].
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MatePair F3 reads − N50
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Figure 5.1: Assembled bases, produced contigs and N50
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5.2. Trial assembly of mate pair reads
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