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General Introduction
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The application of next generation sequencing and other -omics technologies to crop
plants and their wild relatives have created high expectations for pinpointing and dis-
secting complex traits, as these methods allow for complete reading of genomes, tran-
scriptomes, proteomes and metabolomes. The utilization of wild relatives for their in-
valuable wealth of genetic diversity has become even more attractive for broadening
the genetic base of crops by introgressive hybridization breeding, additionally it also
helps to solve fundamental questions on genome evolution, especially on the genomic
mechanisms underlying domestication and long term selective breeding. In particular,
introgression breeding has proven an important tool by which plant breeders transfer
desirable traits from related (sub)species to their crops by interspecific hybridization
and repeated backcrossings. The selection of such favorable genotypes often takes many
years of consecutive crossings and selections, assuming that the traits of interest can be
integrated successfully into the recipient genome. However, a detailed comprehension of
such genetic processes, including the sequence-level mechanisms, is still largely lacking,
impeding efficient use of introgressions in breeding practices.

To speed up selection processes of elite breeding material, powerful tools and strate-
gies for fast and accurate genome sequence analyses in comparative genomics are now
being developed. However, such approaches require production of sequence resources of
entire clades, the proper assembly of reference genomes and a powerful bioinformatics
toolset to analyze the vast amount of genome information in light of fundamental and
applied research questions as addressed above.

In this thesis, I present a large genomic resource for tomato as well as new bioin-
formatics methods to mine and interpret this data. Below, I will first review the state-
of-the-art in tomato breeding, followed by an introduction to genome sequencing and
assembly and ending with an overview of the contributions of this thesis.

Tomato breeding

Plant Breeding

Since the start of farming, humans have practiced artificial selection. By selecting indi-
viduals from a segregating population for a superior trait, that trait is enriched. While
preferred traits have been selected for in several consecutive generations, unwanted
traits will gradually be removed from the population. Examples of desirable traits are
high starch, protein, sugar or fibres content, biomass volume, yield, pliability, size and
ease of handling, while examples of unwanted traits are poisonous substances, irritants,
undesirable flavours, precocious and unsynchronized maturation and early seed release
(Doebley et al., 2006; Vaughan et al., 2007; Gross and Olsen, 2010). However, strong selec-
tion can also bring unwanted side effects, such as loss of genetic diversity due to high
inbreeding rates. This process, also known as genetic erosion (van de Wouw et al., 2010;



General introduction

Zamir, 2001; Hammer and Teklu, 2008), is often found in domesticated species resulting
for instance in reduced (a)biotic stress tolerance. Current practices of large monocul-
tures for most cultivated crops consequently make food production and sustainability
extremely vulnerable (Jump and Penuelas, 2005; Nicotra et al., 2010; Garrett et al., 2006;
Matesanz et al., 2010).

Tomato

Tomato is an outstanding model for the Solanaceae family including several of its impor-
tant crops (tomato, potato, eggplant, pepper and tobacco) and ornamental plants (Petu-
nia, Datura). The extensive knowledge on the genome structure and genetic variation of
these species and that of their wild relatives makes these crops the favourite subject of
study for many geneticists, taxonomists and breeders all over the world.

Tomato (Solanum lycopersicum) is an economically and nutritionally important crop
with a worldwide production of over 161 million tonnes (http://faostat.fao.org/). Origi-
nally from South and Central America, tomato was brought to Europe in the 14th century
and since then has rapidly expanded to other regions. Nowadays it is grown on more
than 4.8 million hectares worldwide. In order to meet consumers’ demands and to adapt
to different growing systems, selection for tomato has concentrated on specific taste,
uniformity and shape, self-pruning, plant height and earliness, and (a)biotic stress toler-
ance (Rodriguez et al., 2011; Bauchet and Causse, 2012). Unfortunately and inadvertently,
these improvements came with the loss of genetic diversity and variation in the genetic
materials used today; a phenomenon that is considered a classic example of ‘domestica-
tion syndrome’ (Hammer, 1985; Doebley et al., 2006; Bai and Lindhout, 2007; Bauchet and
Causse, 2012). With the great advantages of introgressive hybridization in mind, breed-
ers are now eager to integrate other qualities, such as genes conferring resistance or tol-
erance to biotic and abiotic stress (to meet the challenges imposed by rapidly changing
climate conditions, diseases and pests) or adding unique taste and fragrance, traits that
breeders try to find in the repositories of wild relatives.

Tomato exemplifies the struggle of genetics and genomics in the understanding of
plant biology, as is well documented in a review entitled “Tomato paste: a concentrated
review of genetic highlights from the beginnings to the advent of molecular genetics’
(Rick, 1991). The history of its scientific discovery started with a detailed cytogenetic
characterization of tomato chromosomes using pachytene morphology (Ramanna and
Prakken, 1967) and deletion mapping (Khush and Rick, 1968). The firstlinkage map based
on morphological traits was derived from a segregating population of an S. lycopersicum
x S. pennellii cross (Khush and Rick, 1963; Rick, 1980) and later this map was supple-
mented with isozyme and molecular markers (Klein-Lankhorst et al., 1991; Tanksley et
al, 1992). In 2006, the Tomato Genome consortium was created, comprising institutions
from 14 countries in Europe, Asia and Latin America (www.solgenomics.net) and several
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papers were published covering various aspects of tomato biology (Arumuganathan and
Earle, 1991; Sherman et al,, 1995; Zhong et al., 1996; Xu and Earle, 1996; Peterson et al,
1996; Peterson et al., 1999; Areshchenkova and Ganal, 1999; Budiman et al., 2000; Muel-
ler et al., 2005; Wang et al., 2005; Wang et al., 2006; Peters et al., 2006; Kahlau et al., 2006;
Chang et al,, 2007; Barone et al., 2008; Todesco et al., 2008; Peters et al., 2009; Peters et al.,
2012), a genome status update (Mueller et al., 2009) and finally the reference genome of
tomato (Tomato Genome Consortium, 2012).

Genetics and breeding

With the advent of molecular biology plant breeders began to develop tools to study
relationships between traits of interest and underlying genetic elements (Giovannoni,
2001; Rodriguez et al,, 2011). Assessing the genome for such traits and their correspond-
ing genes is expected to improve both the specificity and speed of breeding programs.
Historically, some of the first molecular markers for breeding purposes were based on
restriction enzyme and / or PCR based fingerprinting technologies such as Restriction
Fragment Length Polymorphism (RFLP, Botstein et al., 1980), Randomly Amplified Poly-
morphic DNA (RAPD, Williams et al.,, 1990), and Amplified Fragment Length Polymor-
phism (AFLP, Vos et al.,, 1995). In general, such methods reveal DNA polymorphisms by
using the random distribution of particular restriction sites or PCR primer sequences,
followed by a systematic processing of isolated DNA and profiling DNA patterns in an
agarose gel. Some of the polymorphic gel bands of plants from a segregating population
can be correlated with a particular trait and hence can be used to trace its presence in
consecutive crossing generations, a method known as marker assisted selection (Rib-
aut and Hoisington, 1998; Collard and Mackill, 2007). Once a detailed genetic map with
large numbers of markers has been obtained, quantitative traits can then be mapped to
genetic map positions, a method that is referred to as Quantitative Trait Locus analysis
(QTL, reviewed by Miles and Wayne, 2008). A major step forward in the use of molecular
marker selections has been the development of nextgen sequencing technologies pro-
viding huge numbers of single nucleotide polymorphisms (SNPs) at relatively low cost.
The availability of a dense set of such markers in the genetic region of interest allows
the identification of the causal gene or set of genes linked to a particular trait. With this
information, PCR, that directly amplify the gene of interest can now be used in breeding
programs as a tool for extremely precise trait mapping.

A very recent approach to genetic mapping is Genotyping by Sequencing (GBS)
(Elshire et al.,, 2011; Deschamps et al., 2012), which combines the advantages of fast, un-
directed PCR fingerprinting with DNA sequence information and causal polymorphism
identification at only a fraction of the cost compared to other DNA marker technologies.
GBS works by fragmenting genomic DNA with restriction enzymes, size filtering and
sequencing the restriction sites to reveal polymorphisms. In this way, causal polymor-

10
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phisms can be identified without the need for whole genome sequencing or even a refer-
ence genome.

Bioinformatics for plant breeding

Genome sequencing

As outlined in the previous section genome sequencing and reconstruction is becoming
more and more important for developing new (sequence based) breeding approaches. At
present, the prominent role of genome sequencing is reflected by NCBI statistics, report-
ing the number of base pairs deposited in GenBank has doubled approximately every 18
months since 1982 (Figure 1). The same trend can be seen in using Google Ngram Viewer
(Figure 2), which reports the occurrence of ngrams (words, phrases) in the corpus of
books over the years. Not surprisingly, the same trend is also seen in the number of
patents associated with genome sequencing: 24,100 filed until the year 2000 and 348,000
new patents filed between the years 2001 and 2015 (Google patent search: www.google.
com/patents, May 2015). This growth in the amount of data being generated is mainly
caused by a drastic reduction in sequencing costs (Figures 3 and 4), made possible by the
advent of new sequencing technologies.

In the early days of automated sequencing, the inception of a genome sequenc-
ing project was the construction of a Bacterial Artificial Chromosomes (BAC) library.
Each BAC contained a genomic fragment of 150-350 Kbp which was then sequenced us-
ing Sanger/454 generating reads of 500-1000 bp. The assembly complexity was smaller
since each DNA pool would amount to 150-350 Kbp instead of the whole genome being se-
quenced. The high quality and long read length also facilitated the assembly. The draw-
backs of this approach were its high cost and laborious (often manual) methodology.
Whole Genome Shotgun sequencing and assembly, although already used for small ge-
nomes for decades (Staden, 1979), became more widely used in the mid-nineties with the
sequencing of Haemophilus influenzae (Fleischmann et al, 1995), and several eukary-
otic model species including Saccharomyces cerevisiae (Goffeau et al., 1996), Arabidopsis
(Meinke et al., 1998; Tabata et al.,, 2000; Bevan et al., 2001), Drosophila melanogaster (Ad-
ams et al., 2000) and the human genome in 2001 (Lander et al., 2001; Venter et al, 2001).
The human genome was initially sequenced using the BAC-by-BAC methodology in 1990
by a publically funded collaboration of twenty universities from six countries. In 1998,
the Celera Corporation started its own initiative to sequence the human genome using
whole genome shotgun and finished the sequencing in 2000, together with the public
initiative, at 10% of the cost, largely due to the new technologies it applied. In 2000 the
two initiatives were effectively merged and the genome was declared finished in 2003.
From this breakthrough, BAC-by-BAC sequencing started to fade in disuse while whole
genome shotgun sequencing took over as the preferred method. This was accompa-

11



Chapter1

12

Figure 1: Growth statistics for Whole Genome Sequencing (WGS) datasets and the GenBank datasets processed by the US National Center for Bio-

technology Information (NCBI), United States National Library of Medicine (NLM), a branch of the US National Institutes of Health (NIH). Available

at www.nchi.nlm.nih.gov/genbank/statistics, May 2015

nied with the replacement of
Sanger sequencing technol-
ogy by the first generation
of Next Generation Sequenc-
ing (NGS) technology, with
read lengths smaller than 50
bp, followed by the second
generation NGS, with read
lengths smaller than 150 bp,
and now with the third gen-
eration NGS technologies
with read lengths in the or-
der of a 10-50 Kbp.

First and second genera-
tion NGS technologies have
low cost as an advantage, but
their short reads have to be
uniquely placed in the context
of a whole genome containing
complex structures such as
repeats, duplications and low
complexity regions. Several
sequencing and assembly
strategies have been created
such as linked reads, where a
long insert, sized larger than
the read length, has its insert
ends sequenced so that two
linked reads are obtained
with a known spacing (al-
though without knowing the
actual sequence between the
reads ends). This allows for
less fragmented assemblies
than when using non-paired
or non-overlapping reads. As
NGS suffers from the inabil-
ity to assemble repeats larger
than twice its read lengths or
to link two sequences sepa-
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rated by such repeats, a technique
called “gap filling” has been de-
veloped, but its throughput and
the ability to close large repeats
is limited due to the need of sev-
eral PCRs and Sanger sequencing
rounds (Boetzer and Pirovano,
2012). Another approach to se-
quence and bridge repeats is the
use of jumping libraries (mate-
pair) to connect previously un-
linked sequencing fragments
(scaffolds) and to fill the space be-
tween the sequences with gaps of
(estimated) known size. Jumping
libraries are still limited in size
and can only span up to 20 Kbp.
Any repeatregion larger than that,
or containing low complexity se-
quences around the gap (prevent-
ing the anchoring of the jumping
libraries), cannot be merged with
the rest of the sequences if only
NGS data are available. In prac-
tice, the best methods for genome
completion still rely on BACs an-
chored to physical maps.

Current genome sequence
practice consists of isolating high-
ly purified DNA, fragmentation
and separation of the DNA mol-
ecules, followed by PCR amplifi-
cation (except for single molecule
sequencing), reading the base
pairs using a specialized sequenc-
ing platform and finally process-
ing the data. An overview of the

to 2008 with a smoothing of 3. Google Ngram shows the distribution of queried words/sentences over the years in the books deposited in Google

quantitative trait locus, amplified fragment length polymorphism, comparative genomics, genome-wide association studies” in English from 1982
books.

Figure 2: Google Ngram (books.google.com/ngrams/info) result for the case-insensitive search “genome sequencing, whole genome sequencing,
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Figure 3: Estimated cost per millions of base pairs sequence. Adapted from the National Human Ge-
nome Research Institute (Wetterstrand, 2015)

most common first generation sequencing and NGS methods and their characteristics is
given in Table 1 and Figure 4.

Many sample preparation methods and sequencing technologies exist and new ap-
proaches are being developed at a fast pace. Whatever technology is used for sequencing,
the data has to be computationally processed. This processing generally starts with the

interpretation of the signals acquired by the sequencing apparatus although, nowadays,
this process is mostly done automatically.

Genome assembly

Genome assembly makes use of algorithms that find overlaps between reads of DNA
fragments in order to reconstruct the original, large-scale molecules that existed before
DNA fragmentation. The ultimate goal is to generate the assembled DNA of complete
chromosomes (pseudo-molecules), or parts of it (scaffolds or super-contigs, contigs or
consensus sequences) as long as possible. For the assembly, all reads that are found in
the sample are described in terms of sequence, sequence quality, and length. Assemblers
then apply algorithms that use these sequence features such that identical segments
(overlaps) are identified, aligned, and reported. Methods for read overlap identification
can be roughly separated in those based on comparisons of full reads or comparisons of

14
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Figure 4: Summary of sequencing technologies. Each line shows the different chemistries, chips or run
types (Nederbragt, 2012).

k-mers, i.e. subsequences of length k. For first generation technology such as Sanger se-
quencing, which delivers high quality long reads, Overlap-Layout-Consensus and string
graphs (Li and Homer, 2010), were the preferred methods for full read comparison. To-
day, with NGS technologies that yield short reads, the most commonly used methods
are k-mer based, employing data structures such as the de Bruijn graph (Pevzner et al,
2001; Compeau et al., 2011), prefix tree (Warren et al., 2007) and suffix array. With the
advent of the third generation sequencing methods, which generates very long reads,
the Overlap-Layout-Consensus and string graph based methods are receiving renewed
interest. Nevertheless, the de Bruijn graph-based methods are still by far the most suc-
cessful ones, reflected by the fact of being used by six out of the nine contestants in the
latest Assemblathon 2 competition of genome assemblers and pipelines (Bradnam et al,,
2013). A summary of these methods can be found in Table 2.

The output of an assembler is a list of consensus sequences that the algorithm was
able to reconstruct. This consensus sequence is the closest to the original molecules
before sequencing and, ideally, the number of consensus sequences would equal the
number of chromosomes in the eukaryotic organism or the number of Bacterial Arti-
ficial Chromosome (BAC), plasmids or other vectors in prokaryotes. Although current

15
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Technology DNA Size Reading Fragment Size Error rate

amplification Selection Method
Sanger Y N F Up to 500 bp Very low
454 Y N F Up to 800 bp Very low
Illumina Y Y P1 170 bp—-700bp High

2 Kbp — 20 Kbp

PacBio N N P2 Up to 50 Kbp Very high
Nanopore N N H Up to 1 Mbp Extremely high

Table 1: An overview of the most common sequencing methods. Reading methods are classified as: F
= Modified nucleotides containing a fluorophore; P1 = Pyrosequencing with alternated cycles of DNA
polymerase and washing; P2 = Single molecule pyrosequencing; H = DNA Nano channels measuring pH
of each base pair; Error rates are classified as very low (less than 1 per million), high (less than 1 per
thousand), very high (approximately 1 per 10) and extremely high (less than 1 per 10)

short-read technology is far from delivering complete end-to-end chromosome length
sequences, we are able to assemble most of the single copy regions of genomes cheaply
and fast. Nevertheless, plant genomes can be very challenging to assemble due to their
large size and complexity, which usually is proportional to their repeat content, ploidy
level and heterozygosity. Repeats often are the main cause of our inability to assemble
complex regions in the genome, leading to fragmented and incomplete assemblies (Fran-
sz etal,2000; Hoskins et al., 2007; Szinay et al., 2008; Chang et al., 2008). This is due to the
limited length of short reads that do not span an entire repeat region. Such reads lack the
unique flanking sequences, needed to anchor them unambiguously on the genome. In de
assembly these repetitive reads will be stacked, leaving gaps in the assembly.

To resolve complex genome sequences that cannot be reconstructed with shortreads,
long read technology is applied. Nevertheless, long reads suffer from low base quality.
To improve the quality, short reads are mapped to long reads for error correction. The
error corrected long reads are subsequently used for a de novo assembly. Although the
use of long read sequencing technology like PacBio has proven advantageous for genome
reconstruction, overcoming many of the assembly problems that cannot be solved with
short reads, many reference genomes assembled with long reads are still incomplete
consisting of large sequence contigs that lack positional order and orientation. There-
fore, yet other technologies to properly order and orient contigs along the genome are
required.

Fluorescent /n situ Hybridization and Genetic Maps

One of the methods to position large sequencing segments on the chromosomes is Fluo-
rescence In situ Hybridization (FISH). It consists of hybridization of probe DNA obtained
from labelling single copy or repetitive DNA sequences in cell spreads containing nuclei
and chromosomes of the species under study. The DNA label is either a fluorescence dye,

16
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Read length Number of reads Technology

Overlap-Layout-Consensus Long Small Sanger, PacBio

String graph Long Small Sanger, PacBio

Prefix tree Short/Long  Large/Very large Illumina, PacBio

de Bruijn graph Short/Long Large/Very Iarge lllumina, PacBio
Table 2: Summary of assembly methods. Read lengths are classified as “short” (less than 500 base pairs)
or “long” (larger than 500 base pairs); Number of reads is classified as “small”, “large” or “very large”

(thousands, millions and billions of base pairs, respectively).

like FITC and Cy3, or a reporter molecule like digoxigenin or biotin that can be detected
by anti-dig and streptavidin detection systems. The fluorescent foci thus obtained on the
chromosomal targets allow to determine 1) the length of the fragment; 2) the chromo-
some identity; 3) the chromosomal position and 4) and its relative position to other frag-
ments. The major advantage of FISH is that assembled DNA sequences can be mapped on
the chromosomes irrespective of any problems posed by repeats. Many FISH studies use
probe DNA, like that of BACs, which contains markers that have been anchored to the ge-
netic map. The great advantage is that genetic and physical map position and distances
can be linked. In other words: by searching for the sequence of specific genes and mark-
ers in the sequenced genome, their relative genetic position, in centimorgans, can be
used to a certain extent to order the fragments of the assembly. If a correlation between
centimorgans and base pairs exists, gap sizes can be estimated accordingly (Chang et al.,
2007; Szinay et al., 2008).

Comparative Genomics

Once plant genomes have been elucidated, the next step for plant breeders is compara-
tive genomics. Until today the majority of genome-wide studies on collinearity of tomato
and wild relatives have been studied mostly with molecular genetic maps. However, the
limitations in comparative genetic study on the basis of linkage map comparisons are (1)
the need for mapping populations; (2) insufficient DNA polymorphisms for simple mark-
ers that are locus specific across species; (3) deviation between the genetic and physi-
cal chromosome maps and (4) the large pericentromere regions are genetically “blind”
due to lack of crossover recombination. These problems were significantly recognized
within the framework of tomato genome sequencing project (Szinay et al., 2008; Peters
et al., 2009). To avoid these limitations, comparative genetic studies are becoming more
and more genome sequence based, which is reviewed and well reflected in the definition
of comparative genomics provided by Touchman (2010):
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“Comparative genomics is a field of biological research in which the genome sequences
of different species - human, mouse, and a wide variety of other organisms from bacte-
ria to chimpanzees - are compared. By comparing the sequences of genomes of differ-
ent organisms, researchers can understand what, at the molecular level, distinguishes
different life forms from each other. Comparative genomics also provides a powerful
tool for studying evolutionary changes among organisms, helping to identify genes
that are conserved or common among species, as well as genes that give each organ-
ism its unique characteristics”

Through comparative genomics, several genomic features such as genes (e.g.: presence/
absence, sequence or order), regulatory elements, repetitive sequences, and number and
structure of chromosomes can be studied, allowing to trace the functional relationship
between DNA and corresponding traits. Causal polymorphisms in genes from differ-
ent species or genera can now be identified, and tracked in introgressed material in a
much faster and more targeted manner than ever before. Such introgressions can be
immortalized (made homozygous) by selfing each plant for 8-12 generations, creating
lines with donor fragments in the recipient plant, while at the same time the excess of
alien genomic DNA is eliminated. If the original parents are closely related and crossable
(like accessions or genotypes), and the chromosomes involved in meiotic recombination
are full homologues, they give rise to Recombinant Inbred Lines or RILs. If the parents
are from different (sub-)species, and the meiotic pairing partners are homeologues, the
resulting immortalized plants are called introgression lines or ILs. The use of RILs and
ILs is very powerful for establishing QTLs. By analyzing a large population of RILs or
ILs the trait of interest can be mapped on the linkage maps of all chromosomes and can
be correlated with the physical position on the chromosomes. In this way it is feasible
to narrow down the chromosomal segment(s) causal to the QTL phenotype (Eshed and
Zamir, 1995; Schauer et al., 2006; Fridman et al., 2004; Causse, et al., 2004; Zygier et al.,
2005; Lippman et al., 2007; Saliba-Colombani et al,, 2001; Causse et al., 2001). Nonetheless,
these QTLs domains often harbor hundreds of genes requiring additional analysis to
link a particular trait to (an) underlying gene(s).

Another method to link a genomic region to a trait of interest is the analysis of natural
populations by Genome Wide Association Studies (GWAS; reviewed by Bush and Moore,
2012), which applies mass sequencing and phenotyping of a set of wild relatives of the
species. From this dataset, DNA polymorphisms can be correlated to a particular phe-
notype. Although GWAS is less powerful than QTL analysis in RIL populations, it has the
advantage of correlating specific SNPs or haplotypes very accurately to the quantitative
trait (Keurentjes et al., 2011; Korte and Farlow, 2013).

At the chromosome level, comparative genomics can provide insight in synteny
(here defined as a set of genes found in the same order in different species), which is
of practical importance to plant breeding. A break in collinearity between genes by
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hom(e)ologous recombination during meiosis may lead to linkage drag, infertile gametes
and even embryo lethality. Linkage drag is a huge hurdle for breeders as it can signify
the impossibility of separating a gene of interest from other undesirable, linked genes.
The phenomenon is in general caused by a chromosome rearrangement (mostly an inver-
sion) containing the gene of interest and adjacent “wild” genes. Comparative genomics
can then be of assistance by identifying the closest relative that possesses the polymor-
phism of interest but without the chromosome rearrangement.

Contributions of this thesis

In this thesis I present tools and genomic datasets with the aim to better understand
the phylogenetic relationships, genomic diversity and chromosomal variation in the to-
mato clade and to support future sequencing projects. This thesis consists of a general
introduction (this chapter), three article chapters, one manuscript chapter and a general
discussion.

Chapter 2 of this thesis describes the whole genome shallow sequencing by NGS of 84
accessions of tomato from 13 different Solanum species and the deep sequencing, cou-
pled with de novo assembly, of three wild tomato species (Solanum arcanum LA2157, S.
habrochaites LYC4 and S. pennellii LA0716; Aflitos et al., 2014). With this project we aim to
get further insight in the diversity and phylogenetic relationships of tomato and related
wild species.

Chapter 3 of this thesis describes the development of a software package (Introgres-
sion Browser; Aflitos et al, 2015) for high-throughput visualization of sequence diver-
gence between species when compared to a common reference, as well as the visualiza-
tion of introgression borders and crossing barriers. Such a tool can be of great value
for the identification of introgressions, sequence differences between varieties and di-
versity resources in wild species. For this goal, we have shallow sequenced the donor
species S. pimpinellifolium CGN14498 and an F8 RIL population of 60 individuals with S.
lycopersicum cv. AllRound LA2463 (previously sequence and described in chapter 2) as
areceptor species.

Chapter 4 describes a new tool for k-mer based species identification, named CNIDAR-
1A, without the need for time and resource expensive genome assembly or reference
mapping. This tool is useful to sample identification in forensics, medicine and research.
Also, it can be used as quality control by sequencing facilities and to validate the data
received from sequencing providers.

Chapter 5 describes our efforts to identify unique regions in the tomato genome for
the development of primers, which can generate unique amplicons for PCR-FISH experi-
ments. Although BAC-FISH is an extremely powerful method, BAC libraries are costly
and laborious to create, therefore becoming less popular for sequencing projects. With
PCR-FISH we are able to extend the use of FISH for genome closure without the need
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for BAC, designing probes directly from the NGS data and amplifying it directly from
genomic DNA. PCR-FISH can be a valuable tool to finalize genome assemblies where
other techniques failed, allowing for the assembly of pseudo-molecules (chromosomes).

Chapter 6 gives a general discussion of the bioinformatics tools that were developed
during my PhD study which have a potential use in many areas of basic and applied
research for plants and animals. The datasets created in this thesis can serve as the
base for new research projects and help to obtain both better understanding and im-
provements of the tomato crop. In this respect I also work out some ideas regarding the
significance of this work for plant breeders and present an outlook for genomics and
bioinformatics.
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CHAPTER 2

Exploring genetic variation in the
tomato (Solanum section Lycopersicon)
clade by whole-genome sequencing

Aflitos, Saulo, Elio Schijlen, Hans Jong, Dick de Ridder, Sandra Smit, Richard
Finkers, Jun Wang et al., “Exploring genetic variation in the tomato (Solanum
section Lycopersicon) clade by whole-genome sequencing.” The Plant Journal
80, no. 1 (2014): 136-148. DOI: 10.1111/tpj.12616
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Summary

Genetic variation in the tomato clade was explored by sequencing a selection of 84 tomato
accessions and related wild species representative for the Lycopersicon, Arcanum, Eriopersicon,
and Neolycopersicon groups. We present a reconstruction of three new reference genomes
in support of our comparative genome analyses. Sequence diversity in commercial breeding
lines appears extremely low, indicating the dramatic genetic erosion of crop tomatoes. This is
reflected by the SNP count in wild species which can exceed 10 million i.e. 20 fold higher than
in crop accessions. Comparative sequence alignment reveals group, species, and accession
specific polymorphisms, which explain characteristic fruit traits and growth habits in tomato
accessions. Using gene models from the annotated Heinz reference genome, we observe a bias
in dN/dS ratio in fruit and growth diversification genes compared to a random set of genes,
which probably is the result of a positive selection. We detected highly divergent segments
in wild S. lycopersicum species, and footprints of introgressions in crop accessions originating
from a common donor accession. Phylogenetic relationships of fruit diversification and growth
specific genes from crop accessions show incomplete resolution and are dependent on the
introgression donor. In contrast, whole genome SNP information has sufficient power to resolve
the phylogenetic placement of each accession in the four main groups in the Lycopersicon clade
using Maximum Likelihood analyses. Phylogenetic relationships appear correlated with habitat
and mating type and point to the occurrence of geographical races within these groups and
thus are of practical importance for introgressive hybridization breeding. Our study illustrates
the need for multiple reference genomes in support of tomato comparative genomics and
Solanum genome evolution studies.

Introduction

The Solanaceae or Nightshade family consists of more than 3000 species covering a very
large diversity in terms of habit, habitat and morphology. Its species occur worldwide
growing as large forest trees in wet rain forests to annual herbs in deserts (Knapp, 2002).
Solanum is the largest genus in the family and includes tomato (Solanum lycopersicum)
and various other species of economic importance. Tomato breeding during the past
decades focused on higher productivity and adaption to different growing systems. Its
economic success is reflected by the fact that, on a global scale, tomato is one of the
most important vegetable crops with a worldwide production of 159 million tons cov-
ering some 4,700,000 ha (www.fao.org). Yet, domestication for tomato has been clearly
distinct from the species divergence by natural selection as a consequence of selecting
for a limited set of traits, including attractive red fruit color and size. As a result its ge-
netic basis was seriously narrowed, known as the ‘domestication syndrome’ (Hammer,
1985; Doebley et al.,, 2006; Bai and Lindhout, 2007; Bauchet et al.,, 2012). In more recent
times tomato was adapted to different growing systems involving a small number of
traits, including self-pruning, plant height, earliness, fruit morphology and non-red fruit
color (Bauchet et al, 2012). The relative small genetic variation became apparent in the
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face of rapidly changing environmental conditions, competing claims for arable lands
and new consumer requests. These challenges push tomato breeding efforts towards
better biotic and abiotic stress tolerance, higher productivity and increased sensory
and nutritional value. However, the reduced genetic variation that resulted from exten-
sive inbreeding has decelerated tomato crop improvement. To enlarge the genetic basis,
breeders now focus on introgression of desirable genes from the wild relatives into their
elite cultivars, which so far has been quite limited (Singh, 2007; Bai and Lindhout, 2007).

The first step of introgressive hybridization includes crosses of the cultivated to-
mato with its heirlooms, wild relatives or more distant species of the tomato clade. In-
trogression breeding is practicable as cultivated tomato and related wild species are
intracrossable, and most of the wild species are also intercrossable (Rick, 1979; 1986;
Spooner et al., 2005) despite the fact that diverse mating systems have evolved varying
from allogamous self-incompatible (SI) and facultative allogamous to autogamous self-
compatible (SC). Especially at the geographic margins of the distributions, interspecies
changes in incompatibility systems that promote inbreeding over outcrossing have been
documented (Peralta et al., 2008; Grandillo et al., 2011). Species boundaries and genetic
diversity have been extensively studied in tomato using a wide range of molecular data
(reviewed in Peralta et al.,, 2008 and Grandillo et al., 2011). For example, RFLP analysis
showed that genetic diversity for SI species far exceeds that of SC species, estimated at
75% vs. 7% (Miller and Tanksley, 1990). Furthermore, ‘within-accession’ genetic varia-
tion was estimated at 10% of the ‘between-accession’ variation, in contrast to the genetic
variation of the modern cultivars estimated at less than 5%. This further illustrates the
dramatic erosion of genetic diversity in cultivated tomato crops.

Selection of crossing parents for interspecific hybridization requires insight in phy-
logenetic relationships for the tomato clade, but their tree based on morphological and
molecular data has not been undisputed. Four informal species groups were proposed
for the tomato clade, Lycopersicon, Arcanum, Eriopersicon and Neolycopersicon (Per-
alta et al., 2008), which are supposed to have evolved from a most recent common ances-
tor approximately 7 million years ago (Nesbitt and Tanksley, 2002; Spooner et al., 2005;
Moyle, 2008, Peralta et al.,, 2008). In spite of these studies, evolutionary relationships
between the 13 species in the Lycopersicon clade are not fully resolved, considering the
dichotomy between Solanum pennellii and Solanum habrochaites (Spooner et al., 2005;
Peralta et al., 2005; 2008). The evolutionary history of Solanum genomes has also been
investigated from the perspective of chromosome organization. The study of Szinay et
al., (2012) on cross-species BAC FISH painting of Solanum species revealed few large re-
arrangements in the short arm euchromatin of chromosomes 6, 7 and 12, whereas An-
derson et al., (2010) demonstrated pairing loops, multivalents and kinetochore shifts in
synaptonemal complex spreads of hybrids between different members of the tomato
clade, hinting at paracentric and pericentric inversions and translocations between the
homeologous chromosomes. Furthermore, comparative genomics point to a Solanum ge-
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nome landscape in which chromosome evolution for the majority of the 12 chromosomes
has been far more dynamic than currently appreciated (Peters et al.,, 2012). Collectively,
these findings demonstrate that evolutionary relationships among the wild relatives
still have to be considered provisional (Peralta et al., 2008).

The availability of high-throughput sequencing technologies has provided unprec-
edented power to determine genome variation across entire clades, both at the struc-
tural and the genotype level. Initiatives such as the 1001 genomes project for Arabidopsis
thaliana, the Drosophila sequence project, and the 1000 genomes project for human have
been illustrative for the discovery of a vast amount of intraspecies specific polymorphic
sequence features like InDels, repeats and SNPs for hundreds of genes (Weigel and Mott,
2009; Mackay et al., 2012; The 1000 genomes project consortium, 2010), and have illus-
trated that there is no such thing as “the genome” for a particular species. Rather, the
range of physiological and developmental traits appears to be reflected in the tremen-
dous amount of sequence variants contributing to intraspecific variation. Considering
the overwhelming interspecies genetic variability, tomato germplasm collections repre-
sent a gene pool with unprecedented possibilities to address new breeding demands im-
posed by climate change, world population increase, and consumer needs. Here we aim
to reveal and study this genetic variation by genome-sequencing a selection of repre-
sentative tomato accessions, which has become attainable with the recent development
of the S. lycopersicum Heinz 1706 reference genome (The Tomato Genome Consortium,
2012). In addition to this reference genome for the Lycopersicon species, we present the
construction of reference genomes of three other related species representing the Ar-
canum, Eriopersicon and Neolycopersicon group, respectively, providing an expanded
resource for detailed comparative genomic studies in the near future. We also present
results on robust/high confidence detection and identification of sequence polymor-
phisms, heterozygosity levels, introgressions, and assess the genetic diversity within
the tomato clade from a phylogenetic and evolutionary perspective. This study provides
an invaluable dataset for advanced omics studies on sequence trait relationships, the
molecular mechanisms of tomato genome evolution as well as developing genotyping-
by-sequencing breeding approaches.

Results

Selection of tomato accessions

We have selected 84 accessions of the Solanum clade section Lycopersicum for shal-
low (36 fold coverage) whole genome sequencing. A first set of 54 accessions consists
of tomato landraces and heirloom cultivars of S. lycopersicum and S. lycopersicum var.
cerasiforme which have been selected from the EU-SOL tomato core collection (https://
www.eu-sol.wur.nl). The second set of 30 accessions comprises wild relatives of to-
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mato representing the full range of expected genetic variation around S. lycopersicum.
Their selection was based on previous usage in genetic research and previous utiliza-
tion of quality or (a)biotic stress traits (reviewed in Grandillo et al., 2011). We also chose
S. arcanum LA2157, S. habrochaites LYC4 and S. pennellii LA0716 for de novo sequencing
and whole genome reconstruction, aiming to have a reference genome available for each
of the four main phylogenetic groups in the tomato clade. An important selection crite-
rion was the self-compatibility of these accessions allowing inbreeding for several gen-
erations to minimize heterozygosity, and so reduce de novo genome assembly problems.
A complete list of the selected accessions used in this study can be found in table 1.

De novo assembly of three wild tomato relatives and Heinz

Comparisons of molecular data have indicated relatively low DNA sequence diversity
between genetically related species within the phylogenetic groups of the tomato clade
(Miller and Tanksley, 1990). Furthermore, preliminary analysis indicated that SNP fre-
quencies for S. pimpinellifolium and S. pennellii compared to S. lycopersicum were 1% and
10% respectively. Considering that S. pimpinellifolium and S. pennellii phylogenetically
are among the closest and most distantly related species to tomato respectively, we as-
sumed the same range for the other species. Our strategy to determine the proportion of
polymorphic loci across the entire Lycopersicon clade was therefore targeted at de novo
sequencing and assembly of three new reference genomes, followed by shallow sequenc-
ing of the bulk of the accessions and subsequently mapping them to a reference genome.
For reference genome reconstruction we relied on massive parallel sequencing using
[llumina HiSeq 2000 and 454FLX technology. Two paired-end libraries with insert sizes
of 170 bp and 500 bp and one mate pair library of 2 kbp were sequenced using Illumina at
25, 25, and 30 fold coverage (assuming a genome size of 950 Mbp) respectively, and had
at least 80% of the bases with Q-value above 30 (error rate <= 1/1,000). For the 454FLX
sequencing, large insert size libraries of 8 kbp and 20kbp were created each at 0.6 cover-
age. S. pennellii LA0716 had an additional 8 kbp Illumina mate pair library at 0.4 fold. We
discarded unpaired reads resulting in 205 fold coverage. For de novo assembly we aimed
at maximizing short-range contiguity, long-range connectivity, completeness and qual-
ity by following the strategy as outlined by Gnerre et al., (2010). Our assembly statistics
show a total contig length for S. arcanum, S. habrochaites and S. pennellii reaching a pla-
teau of approximately 760 Mb (figure 1, table 2). The unique portion is comparable in size
in these genomes, which is consistent with widespread research including comparative
mapping studies revealing a high level of synteny among the species of the Solanaceae
(Paterson et al., 2000). However, previous estimates on DNA content and flow cytom-
etry analyses suggest a considerable variation in total genome size among species in the
tomato clade (reviewed by Grandillo et al., 2011). For example, the DNA content of culti-
vated tomato varies from 1.87 to 2.07 pg/2C indicating to a genome size of approximately
950 Mbp, whereas that of S. pennellii is substantially larger and corresponds to a DNA
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content of 2.47 to 2.77 pg/2C corresponding to 1,200 Mbp. Furthermore, we assume that
most of the estimated 35,000 genes reside on the ~220-250 Mb of DNA in the euchromatic
regions (http://www.rbgkew.org.uk/cval/; Arumuganathan and Earle, 1991; Van der
Hoeven et al., 2002; The Tomato Genome Sequencing Consortium, 2012). The increased
genome size of S. pennellii is likely to a greater part explained by an expansion of the
repetitive portion of the genome. Repeats are known to impede genome reconstruction
resulting in a more fragmented assembly and a lower N50 contig size. This is consist-
ent with the S. pennellii LA0716 assembly statistics (table 2). The re-assembled de novo
S. lycopersicum cv Heinz reaches the assembly size plateau more slowly and also appears
more fragmented than the published reference genome, which likely is due to the use of
older sequencing platforms and the BAC-by-BAC sequencing strategy that was used for
this species previously.

To determine the extent of sequence diversity, read pairs from de novo sequenced
genomes were mapped to the S. lycopersicum cv Heinz 1706 v2.40 reference genome. The
lowest number of unmapped reads (11%), which likely consists of low quality sequences
and increases for S. arcanum (17%), S. pennellii (22%) and S. habrochaites (25%), respec-
tively. Given the comparable sequence quality we assume an equal percentage of low
quality reads for the de novo sequenced genomes, while sequence diversity, introgres-
sions and genome expansion contribute to the remainder of the unmapped reads.

Sequencing and mapping of the 84 accessions and wild species

For the 84 accessions 2.9x1012 base pairs were sequenced equaling to an average cover-
age of 36.7+2.3 (32.5%2.1 with Q >= 30) fold per accession. All individuals were mapped
against S. lycopersicum cv Heinz 1706 v2.40 to assess the diversity in both crop and
wild-species, resulting in 96.4%+0.88% and 52.9%%2.93% of the reads correctly map-
ping for crops and wild species, respectively (figure 2). These numbers improved when
reads from wild species were mapped against a new reference genome from a closer
relative. For S. arcanum, S. habrochaites, and S. pennellii 72.87%7.87%, 78.74%%+15,63%,
and 55.37%%9.29% of the reads correctly mapped against the S. arcanum LA2157,
S. habrochaites LYC4, and S. pennellii LA0716 reference genome respectively. These re-
sults illustrate the large genetic erosion within the crop tomatoes and the large se-
quence diversity among the wild species. Moreover, it emphasizes the need for multiple
reference genomes to support interpretations of genetic variation consequences among
species in the tomato clade, which would otherwise be biased toward a single reference
genome that is genetically more distantly related to the wild species.

Whole genome sequence diversity

To further assess the sequence diversity in Solanum section Lycopersicon we quanti-
fied and classified the SNPs for each of the 84 accessions using read mappings against
Heinz. The SNP counts for tomato cultivars are relatively low and gradually increase for
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Table 1: List of selected accessions with names and culture collection IDs.

Short Name Ref Accession name Accession (LA/LYC/EA/PI/T/CGN/TR/V)
S.lyc LA4345 REF Heinz 1706 LA4345

S.lyc LA2706 RF_001  Moneymaker LA2706/EA00840/EA02936/EA05097/EA10006/P1262996
S.lyc LA2838A RF_002 Alisa Craig LA2838A/EA01101/EA00240/EA01101
S.lyc P1406760 RF_003  Gardeners delight EA06086/P1406760

S.lyc LA1090 RF_004  Rutgers LA1090/EA00465

S.lyc EA00325 RF_005 Galina EA00325

S.lyc EA00488 RF_006  Taxi EA00488

S.lyc EA00375 RF_007 Katinka Cherry EA00375

S.lyc EA00371 RF_008 John's big orange EA00371

S.lyc LA2463 RF_011  Allround LA2463/LYC1365/EA02617
S.lyc LYC1969 RF_012  Sonata LYC1969/EA02724

S.lyc LYC3897 RF_013  Cross Country LYC3897/EA03701

S.lyc LYC3476 RF_014  lidi LYC3476/EA03362

S.lyc TRO0003 RF_015 Momatero TR0O0003

S.lycLyCil RF_016  Rote Beere LYC11/EA01965/CGN15464
S.lyc LYC3340 RF_017 LYC3340/EA03306/T1039
S.lyc EA01155 RF_018 Dana EA01155

S.lyc EA01049 RF_019 Large Pink EA01049

S.lyc LYC3153 RF_020 LYC3153/EA03221

S.lyc EA03222 RF_021 LYC3155/LYC2513/EA03222/T828
S.lyc PI1129097 RF_022 PI1129097/EA04710

S.lyc PI272654 RF_023 PI1272654/EA05170

S.lyc EA00990 RF_024 lersey devil EA00990

S.cor LA0118 RF_025 S. corneliomulleri LA0118/EA03384/T1248
S.lyc EA00157 RF_026  Polish Joe EA00157

S.lyc EA02054 RF_027 CalJTm VF EA02054/CGN20815

S.lyc PI303721 RF_028  The Dutchman EA05581/P1303721

S.lyc LA4451 RF_029  Black Cherry LA4451(?)/EA00027

S.lyc V710029 RF_030 Anto EA01835/V710029

S.lyc PC11029 RF_031  Winter Tipe PC11029

S.lyc PI093302 RF_032  Changli EA04243/P193302

S.lyc EA00892 RF_033  Belmonte EA00892/5G16

S.lyc EA01088 RF_034  Tiffen Mennonite EA01088

S.lyc P1203232 RF_035  Wheatleys Frost Resistant EA04939/P1203232

S.lyc PI311117 RF_036 S. lycopersicum EA05701/PI311117

S.lyc LA1324 RF_037 S. lycopersicum LA1324/EA05891/PI365925
S.lyc P1158760 RF_038  Chih Mu Tao Se EA04828/P1158760

S.lyc LA0113 RF_039 . lycopersicum LAO0113/EA00526

S.lyc LYC1410 RF_040  ES 58 Heinz LYC1410/EA02655

S.lyc PI1169588 RF_041 S.lycopersicum Dolmalik EA04861/P1169588

S.lyc LYC2962 RF_042 S, lycopersicum LYC2962/EA03107/T556
S.lyc LYC2910 RF_043  S.lycopersicum LYC2910/EA03058/T115
S.pim LYC2798 RF_044 . pimpinellifolium LYC2798/EA02994

S.lyc LYC2740 RF_045 S. lycopersicum LYC2740/EA02960

S.pim LA1584 RF_046 S. pimpinellifolium LA1584/EA00676/P1407541
S.pim LA1578 RF_047 S. pimpinellifolium LA1578/EA00674

S.per LA1278 RF_049  S. peruvianum LA1278/PI365941/TR00005
S.chm LA2663 RF_051  S.chmielewskii LA2663/TR00007

S.chm LA2695 RF_052 S. chmielewskii LA2695/EA00759

S.che LA0483 RF_053 S. f-minor /S. LA0483/EA00581

S.lyc CGN15820 RF_054  S. lycopersicum x S. cheesmaniae CGN15820/TR00024

S.che LA1401 RF_055 S.ch: f-minor /S. LA1401/EA00652/P1 365897
S.neo LA2133 RF_056 S. neorickii LA2133/EA00729

S.neo LA0735 RF_057  S. neorickii LA0735/CGN24193/TR00025
S.arc LA2157 RF_058 S.arcanum LA2157/TR00008

S.arc LA2172 RF_059  S.arcanum LA2172/TR00009

S.per LA1954 RF_060 S. peruvianum LA1954/EA00713

S.hua LA1983 RF_062 S.huaylasense LA1983/TR00010

S.hua LA1365 RF_063  S. huaylasense LA1365/PI 365953/TR00011
S.chi CGN15532 RF_064 S. chilense CGN15532/TR00012

S.chi CGN15530 RF_065 . chilense CGN15530/TR00013

S.hab CGN15791 RF_066 S. habrochaites F glabratum P1 127827 (?)/CGN15791/TR00014
S.hab P1134418 RF_067 S. habrochaites F glabratum PI1134418/TR00015

S.hab CGN15792 RF_068 S. habrochaites F glabratum CGN15792/TR00016

S.hab LA1718 RF_069 S. habrochaites F glabratum LA1718/EA00699/PI 390663
S.hab LA1777 RF_070  S. habrochaites LA1777/EA00703

S.hab LA0407 RF_071 S. habrochaites LA0407/EA0558/PI 251304
S.hab LYC4 RF_072  S. habrochaites LYC4/TR00017

S.spp LA1272 RF_073 S.sp LA1272/LYC1831/PI 365970/EA02701
S.pen LAO716 RF_074 . pennellii LAO716/PI 246502/EA00585
S.hua LA1364 RF_075 S. huaylasense LA1364/TR00030

S.lyc TRO0018 RF_077 Large Red Cherry TRO0018

S.lyc EA00940 RF_078  Porter EA00940

S.lyc TRO0019 RF_088  Bloody Butcher TRO0019

S.lyc EA01019 RF_089 Brandywine EA01019

S.lyc TRO0020 RF_090  Dixie Golden Giant TR00020

S.lyc EA01037 RF_091  Giant Belgium EA01037

S.lyc TRO0021 RF_093  Kentucky Beefsteak TRO0021

S.lyc TRO0022 RF_094  Marmande TR00022/P1647486

S.lyc TR00023 RF_096  Thessaloniki TR00023

S.lyc EA01640 RF_097  Watermelon beefsteak EA01640

S.lyc LA4133 RF_102 . lycopersicum LA4133/TR00026

S.lyc LA1421 RF_103 . lycopersicum LA1421/TR00027

S.gal LA1044 RF_104 S. galapagense LA1044/TR00029

S.lyc LA1479 RF 105 S. Ivcoeersicum LA1479/TR00028
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Figure 1: Evaluation of genome assemblies. De novo assemblies for S. lycopersicum Heinz 1706 (pur-
ple), S. habrochaites LYC4 (blue), S. pennellii LAO716 (red) and S. arcanum LA2157 (orange) were gener-
ated with the ALLPATHS-LG assembler and scaffolded with SCARPA scaffolder using the 454 data. The
number of contigs (x-axis) is plotted against the cumulative contig size (y-axis) when contigs are ordered
by size, largest first. The gold standard assembly S. lycopersicum cv Heinz 1706 v2.40 is plotted in green.

S. galapagense, S. cheesmaniae and S. pimpinellifolium accessions. Specific members of
the Arcanum, Eriopersicon, and Neolycopersicon groups SNP numbers sharply increase
(figures 3 and 4), which correlates with their more distant position in the phylogenetic
tree in the tomato clade (Peralta et al,, 2008).

When compared to the Heinz annotated genome, in all accessions we consistently
observed a significant higher SNP frequency in intergenic regions than in genic regions.
Approximately, 89.47%%3.03% of the polymorphisms falls into intergenic regions, while
7.55%%2.19% maps to introns and 2.33%+*0.68% maps to exons (figure 5). Of the poly-
morphisms in exons, 55.17%*11.54% is synonymous while 44.83%*21.03% is non-synon-
ymous (figure 6).

The number of SNPs in wild species on average appears 20 times higher than in crop
tomatoes. These results are consistent with the notion that crop tomato genomes are
extensively genetically eroded compared to the large genetic diversity found among the
wild species. A striking trend is the genome wide ratio between synonymous and non-
synonymous SNPs (dN/dS). For crops, non-synonymous SNPs outnumber synonymous
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Figure 3: Strict consensus tree based on whole genome homozygous SNPs from 84 accessions with
overlaid bootstrap values obtained by Maximum-Likelihood analysis. Bars show the amount of SNPs (in
millions) of the different classes of polymorphisms per accession.
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SNPs while the opposite is generally
true for wild species (figure 6). Al-
though we currently have no clear ex-
planation for the higher dN frequency
in crop accessions, it might partly be
the result of the artificial selection
pressure imposed by breeding, main-
taining only a relatively small number
of SNPs under positive selection while
allowing the fixation of many non-syn-
onymous SNPs as has previously been
reported for tomato by comparative
transcriptomics (Koenig et al., 2013).

A ]Browse (Skinner et al, 2009;
Westesson et al., 2013) supported over-
view of the SNP and InDel variation in
the 84 accessions can be accessed in
the tomato 100+ variant browser that
is publicly accessible via http://www.
tomatogenome.net/VariantBrowsery/.

Heterozygosity and

sions

introgres-

For the lycopersicum accessions, high-
est heterozygosity levels were ob-
served for beef type accessions S. lyco-
persicum EA03222 and EAo01155 (Dana)
as shown in figure 3. With respect to
mating type, highestratios were found
for allogamous SI wild species, while
facultative SC wild species display
an intermediate heterozygosity ratio
(figure 7). On average autogamous SC
species have a slightly lower heterozy-
gosity level compared to facultative
SC species, of which the autogamous
SC wild species S. neorickii LAo735 has
the lowest (figure 7).

Surprisingly, some tomato acces-
sions display considerable high SNP
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Figure 5: Genome wide SNP ratio for 84 accessions. SNP classes are color coded as indicated. Accession IDs and SNPs percentage are indicated on

the x-axis and y-axis, respectively.

counts (figures 3 and 4) which might be
attributed to introgressions. Indeed, ad-
ditional footprints for interspecific in-
trogressions in 54 lycopersicum acces-
sions compared to Heinz were found by
testing the SNP distributions in 1 Mbp
sized bins along each of the 12 chromo-
somes. Bins with SNP counts deviating
significantly from the average (z-test p
< 0.05) were considered as either intro-
gressed in crop accessions or natural
highly divergent in wild S. lycopersicum
species after subtracting the number
of SNPs found when mapping Heinz
reads against itself and correcting for
chromosome position and species spe-
cific effects by median polish. Intro-
gressions appeared in 5.56%*7.98% of
the 767 1Mbp bins with S. lycopersicum
PC11029 having the smallest number
(013%), S. Iycopersicum LA0113 hav-
ing the highest number (31.42%), and
S. lycopersicum P1272654 with 0.91% of
its bins marked as introgression. Cher-
ry, giant and beef tomatoes have a high-
er number of introgressions among the
crops, while wild S. lycopersicum spe-
cies are even more divergent (figure 8).
The specific chromosome locations
of divergent SNP intervals are displayed
in figure 8. Here, similar patterns of
SNP concentrations can be observed
between crop accessions which most
likely are introgressions originating
from the same donor accessions. In
some cases the most likely source of in-
trogressions could be deduced from the
SNP identity and the phylogenetic dis-
tance inferred from the SNP alignment.
Indeed, when plotting the chromosomal
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SNP distribution, we found a 2.2 Mb
introgressed segment in the long arm
of chromosome 6 roughly between
Tomato-EXPEN2000 genetic mark-
ers C2_At4g10030 (44 cM) and TG365
(50 cM) for the accessions LA2838A
(Alisa Craig), LA2706 (MoneyMaker),
LA2463 (All Round) and CGN1582o0.
Phylogenetic distance analysis re-
veals a 2.2Mb segment in the heirloom
open pollinated tomato accession
MoneyMaker is most closesly related
to the wild species S. pimpinellifolium
LYC2798 (figure 9). Interestingly, the
Heinz ITAG 2.4 annotation of this seg-
ment points to several loci that have
been implicated in hormone induced
stress responses, fruit development,
flavonoid phytonutrient production,
and MAPK mediated production of
reactive oxygen species involved in
innate immunity to Phytophtera in-
festance induced late blight.

Sequence diversity and
phylogenetic relationships

SNPs in genes related to fruit and
growth diversification

To analyze diversity in specific genes
and loci which underlie a pheno-
typic effect on Fruit Diversification
and Plant Growth (FDPG), we deter-
mined the orthologs for ovate (Soly-
€02g085500), fwz.2 (Solyc02g090740),
Is (Solyco7g066250), og/beta (Soly-
€06g074240), Icy1 (Solyc04g040190),
Ify  (Solyco3g118160), rin  (Soly-
€05g012020), sp (Solyc06g074350), fer

edN/dS
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Figure 6: Non-synonymous (dN) and synonymous (dS) SNPs in tomato accessions and related wild species. The dN and dS percentage, and dN/dS
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Heterozygous / Homozygous SNP by mating type

——

=
o

Number of Individuals
=
w

Allogamous SI

Autogamous SC

Facultative SC

Number Indiv
+18
|-18

12
0.52
0.23

13
0.42
0.04
0.23

10
0.52
-0.04
0.24

0.40

0.20

0.00

Het/Hom SNP - Average * StdDev

u 0.38

Figure 7: Heterozygosity level by mating type. Bars heights indicate the number of assessed species
per mating type. Average ratios between homozygous and heterozygous SNPs are indicated by horizon-
tal line while its standard deviations are represented by vertical bars.

(Solyco6go51550), style (Solyc02g093580), psy1 (Solyco3g031860), lin5 (Solyco9g010080),
and for locus Ic (gb|JF284941). Based on the ITAG 2.4 annotation of the tomato reference
genome (The Tomato Sequencing Consortium, 2012), the polymorphisms in the orthologs
were classified as coding or non-coding, and as non-synonymous or synonymous (silent)
SNPs to compare intra- and interspecies sequence diversity and SNP effects among the
84 accessions. FDPG genes in many cases underlie a phenotypic trait that is determined
by a few SNPs or sometimes a single one (see below). While tomato breeding has primar-
ily been directed toward selection of these traits, it is conceivable that a SNP determin-
ing a single trait went through a positive selection, whereas the bulk of the genes were
subjected to a more relaxed selection. Non-synonymous SNP counts in FDPG genes from
wild species are consistently higher than observed for a randomly selected set of genes.
In contrast, synonymous SNP are consistently lower. Nevertheless, both counts are just
within 1 standard deviation away from the average (figure 10). Perhaps this observation
reflects a higher selection pressure in wild species than in crop accessions against del-
eterious mutations in FDPG genes.

Lycopersicon, Aracanum, Eriopersicon and Neolycopersicon specific SNPs

Several characteristic SNPs were found distinctive for the Lycopersicon, Arcanum, Erio-
persicon and Neolycopersicon section. For example, the red or orange to yellow fruited
Lycopersicon group accessions have a GTC codon in the og/beta gene of tomato chro-
mosome 6 for the Val23 amino acid in the chromoplast specific lycopene beta cyclase,
whereas the green-fruited Arcanum, Eriopersicon and Neolycopersicon species have a
non-synonymous TTC (Phe) substitution. The Icy1 gene on chromosome 4, which has
GAG codon for the Gln, residue of lycopene beta cyclase 1, has been substituted in all ac-
cessions in the Arcanum group. In particular, S. chmielewskii accessions have a GTG (Val),
while the S. neorickii and S. arcanum accessions have a CTG (Leu) codon.
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Accession Color Allele Chr Geneid Mutation Effect

Heinz 1706 red r 3 Psyl wt Lys389
Galina yellow ry 3 psyl G>del Lys389>Ser, stop
Taxi orange r 3 Psyl wt Lys389
lidi yellow ry 3 psyl G>del Lys389>Ser, stop
RF17 yellow ry 3 psyl G>del Lys389>Ser, stop
Black Cherry purple ogc 6 b A>del Lys35>Asn, fs

Figure 11: Accession specific fruit colour traits. Fruit colour, SNP position and coding change in the
Psyl and B gene underlying the fruit colour phenotype are listed accordingly.

Species specific SNPs

In addition to group specific polymorphisms, we also found species specific SNPs. For
example, further downstream in the og/beta orthologous gene of S. corneliomulleria GCT
(Ala, )>ACT (Thr) and a TTG (Leu,, )>TTT (Phe) SNP occur, whereas the AAA codon
for amino acid Lys, in tomato is substituted into an ATA (lle) for the S. chmielewskii
accessions. In the Ify gene orthologs, a synonymous SNP TTA (Leu, )>CTA is shared by
the S. huaylasense accessions, whereas a CCA (Pro_,)>CAA (GIn) nucleotide substitution,
is characteristic for S. chmiemlewskii accessions. In the fer gene S. peruvianum acces-
sions have a CGATGA insertion (AspAsp) downstream and adjacent to (Asp, ). S. arcanum
and S. chilense accessions share a GCC (Ala, )>GCA synonymous SNP in the ovate gene
ortholog, whereas we detected several intron SNPs that are specific for S. neorickii in
the sp orthologous gene. Finally, in the style gene of S. lycopersicum accessions a TTT
(Phe, )>TTC substitution is characteristic for S. chilense accessions.

Accession specific SNPs related to fruit traits

We also observed accession specific polymorphisms related to specific fruit traits. Black
Cherry has a single nucleotide deletion in the coding sequence of the chromosome 6 B
gene (figure 11). This specific deletion occurs in the old-gold-crimson (ogc) null allele
(Ronen et al.,, 2000). The resulting frame shift causes the loss of lycopene-f2-cyclase func-
tion underlying the accumulation of lycopene and dark red /purple appearance of tomato
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fruits, and thus is likely to be the cause for the characteristic dark red/purple flesh-
coloured fruits of Black Cherry. Galina, lidi and T1039 are yellow-skin cherry tomatoes,
and have a single nucleotide deletion resulting in a frame shift causing a Lys,, >Ser sub-
stitution and a premature TGA stop codon directly downstream that would result in a
truncated psy1 protein lacking the terminal 23 amino acids (figure 11). In this respect it
is interesting to note that the ry mutant allele, which encodes a phytoene synthase lack-
ing these terminal amino acids, underlies the yellow-coloured fruit skin phenotype in
tomato mutants (Fray and Grierson, 1993).

Fruit shape and size in tomato is influenced by locule number. Two QTLs, Ic and fas
have major effects on these traits and can act synergistically leading to extreme high
locule numbers (Cong et al., 2008; Munos et al., 2011). Fas is the major gene responsible
for increasing locule numbers from 2 to more than 6, while lc has a weaker effect increas-
ing locule numbers to 3 or 4. Two T>C and A>G SNPs are associated with the high locule
number allele (Ich), while an extreme high locule number caused by down regulation of
a YABBY-like transcription factor is associated with a 6-8kb insertion in the first intron
of the fas gene (Cong et al., 2008). Sequence analysis revealed that all bilocule accessions
have the low locule number allele (Icl), while accessions with 3 to 4 locules (except Cal
] TM VF and Dana) have the Ich allele. Pear-shaped tomato fruit is controlled by the
quantitative trait locus Ovate. The allelic interactions at the ovate locus have been de-
scribed as recessive but their expression depends on the genetic background (Ku et al,,
1999). Liu and co-workers (2002) showed that a GAA (Glu, .)>TAA non-sense mutation in
the second exon causes an early stop codon and a premature translation termination
resulting in a 75 amino acid truncated ovate protein (AAN___) leads to pear-shaped fruit
formation. All accessions with pear-shaped fruits have the premature stop codon, while
the mutational effect is less pronounced in the ovate-fruited accession ‘Porter’ (figure
12). Hereafter, we address sequence diversity in view of the intraspecies and interspecies
phylogenetic relationships.

Phylogenetic relationships

Cladistics based on molecular data resulted in the clear grouping of species within the
Solanum genus section Lycopersicon (Peralta et al., 2008). However, at the species level,
relationships are still unresolved. For example, while S. pennellii was placed in its own
group (Neolycopersicon) as a sister to the rest of the section Lycopersicon, it nonetheless
appeared as sister to S. habrochaites in the main trichotomy (Spooner et al,, 2005; Peralta
et al., 2008; Grandillo et al,, 2011). Our SNP analysis indicates that many polymorphisms
are distinct for habrochaites species, whereas S. pennellii LA0716 shares many SNPs with
accessions of the Arcanum and Eriopersicon groups. This point to a complicated phylo-
genetic relationship for S. pennellii and S. habrochaites.

We applied the vast amount of multilocus molecular data to shed more light on the
species and accession relationships in the tomato clade. First, we used a limited set of
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Accession Shape Allele Chr Geneid Mutation Effect
Heinz 1706 round Ovate 2 459212746 wt Glu279
Cross Country pear, ovate ovate 2 459212746 G>T Glu279>stop
lidi pear ovate 2 459212746 G>T Glu279>stop
Anto pear,ox ovate 2 459212746 G>T Glu279>stop
WEFR pear ovate 2 459212746 G>T Glu279>stop
RF36 pear ovate 2 459212746 G>T Glu279>stop
RF43 pear ovate 2 459212746 G>T Glu279>stop
Porter ovate ovate 2 459212746 G>T Glu279>stop

R
Figure 12: Accession specific fruit shape traits. Fruit shape, SNP position and coding change in the
Ovate gene orthologs underlying fruit shape phenotype are listed accordingly.

polymorphisms to assess the species boundaries and relationships within the toma-
toes and wild relatives. The strict consensus tree for ten concatenated genes (figure
13) revealed that all S. habrochaites species cluster into a monophyletic group, while
S. pennellii LA0716 is sister to S. habrochaites. The S. chilense accessions also group to-
gether and cluster with S. corneliomulleri and S. peruvianum accessions, which are rep-
resentatives of the former S. peruvianum ‘southern group’, and with accession LA2172.
The green-fruited self-compatible (SC) S. chmielewskii, and S. neorickii species, which
are representatives of the Arcanum group (Peralta et al., 2008), are resolved into two
monophyletic groups and cluster with two S. arcanum species into a larger clade. Fur-
thermore, all red or orange-fruited SC species of the Lycopersicon group (S. cheesmaniae,
S. galapagense, S. lycopersicum, S, pimpinellifolium) form a well-supported clade. In par-
ticular, the orange-fruited S. cheesmaniae and S. galapagense cluster into a subgroup 4
species. These relations are in agreement with previously presented phylogenetic stud-
ies (reviewed by Grandillo et al.,, 2011).
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Next we excluded heterozygous SNPs from the analysis, as they are arbitrarily con-
verted into a single nucleotide call for FASTA converted sequences thereby introducing
noise and a possible bias in the data. SNPs in introns were also excluded as they are
likely to be under less selective pressure than exon SNPs and probably carry less phylo-
genetic information and introduce more noise. Figure 14 shows the homozygous SNPs in
the FDPG genes have sufficient power to resolve the phylogenetic placement consistent
with the grouping at the sectional level as previously described (Peralta et al., 2008).
We noticed a slight increase in resolution when comparing the gene tree based on un-
filtered and filtered SNPS respectively (figures 13 and 14). Nevertheless, at the species
level the placement of lycopersicum, pimpinellifolium, galapagense and cheesmaniae
accessions appeared largely unresolved. In this analysis, S. pennellii is a sister species
from the Arcanum group. We therefore also assessed the clustering using genome wide
homozygous SNPs. The whole genome SNP cladogram in figure 3 shows a complete reso-
lution into separate branches with high bootstrap values for each of the Lycopersicon
accessions and wild species. Although phylogenetic relationships might be influenced
by SNPs that arise from introgressions, the genome wide SNP information generates
sufficient resolution power and enables the interspecies and intraspecies identification
of all 84 individuals in monophyletic groups. Based on our phylogenetic analysis and SNP
sequences we propose to type accession LYC2740 as an S. lycopersicum species instead of
a S. pimpinellifolium. We also observed several S. [ycopersicum accessions grouping with
S. pimpinellifolium, S. galapagense and S. cheesmaniae. Those S. lycopersicum accessions
likely are hybrids or carry substantial S. pimpinellifoulium introgressions.

Additional analysis should be performed to substantiate this hypothesis. In addition,
S. pennellii appears a sister species to S. habrochaites species group in the whole genome
SNP tree, suggesting S. pennellii can be considered an intermediate species between S.
habrochaites and S. arcanum which would coincide with its intermediate geographical
distribution.

Discussion

Multiple reference genomes and sequence diversity

Our study has yielded a huge amount of precious data on sequence diversity in wild spe-
cies of the tomato clade. The reads for S. habrochaites (78%), S. arcanum (73%) and S. pen-
nellii (53%) were mapped onto the corresponding species reference genome illustrating
the large interspecies sequence variation in the Lycopersicon clade. We also demonstrat-
ed dramatic genetic erosion in cultivated tomatoes. As there is an increasing demand
for broadening the genetic base of this crop we believe that our study provide pivotal
information for future tomato breeding programs. The Heinz reference genome is not
only partly representative for the genetic and structural information in the related wild
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Figure 13: Strict consensus tree based on 10
FDPG genes sequences from 84 accessions and
S. tuberosum as an outgroup with overlaid boot-
strap values obtained by Maximum-Likelihood
analysis. Species names are indicated and com-
bined with accession numbers.

species but it also emphasises the need to
reconstruct additional reference genom-
es. The three de novo sequenced genomes
presented here thus constitute a valuable
additional resource to the currently avail-
able genomic tools in support of studies on
evolution, domestication and genetic bas-
es underlying important traits like disease
resistance and abiotic stress tolerance.
Our sequencing and mapping strat-
egy effectively supports the detection and
identification of high-confidence sequence
polymorphisms and its application to ex-
plain the rich phenotypic diversity among
a large set of cultivated tomato accessions
and its wild relatives. We observed group,
species, and accession specific polymor-
phisms some of which can be attributed to
economically important fruit and growth
traits. Such information can easily be
translated into array or PCR based assays
to genotype genetic variants across exten-
sive populations as well as a population of
progeny. Provided that gene models from
the Heinz annotated reference genome are
also applicable for the other species, we
observe 8% to 10% of all sequence poly-
morphisms to be located in the genic por-
tion of the genome. Non-synonymous and
synonymous SNPs each occur at 1% of the
total number of SNPs. As a conserved es-
timate for wild species it would equal to
about 1x 105 of non-synonymous SNPs, but
little is known how much of the phenotypic
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Figure 14: Strict consensus tree based on ho-
mozygous SNPs of the exons of 10 FDPG genes
sequences from 84 accessions with overlaid boot-
strap values obtained by Maximum-Likelihood
analysis. Species names are indicated and com-
bined with accession numbers.

diversity can be attributed to this. Consid-
ering that traits like fruit colour and shape
are determined by a single SNP, the total
number of SNPs most likely represents a
wealth of diversity that waits exploration.
We are nevertheless at the beginning of
elucidating their biological relevance.

Relationships of tomatoes and wild
species relatives

The past few decades have seen the pub-
lication of several phylogenetic studies of
Solanum species in the Lycopersicon sec-
tion, but usage of phenotypic characters,
markers and sequencing data resulted in
dissimilar trees, with provisional species
groupings lacking fully resolved relation-
ships (Grandillo et al.,, 2011). In this study
we reconstructed intra and interspecies
relationships for a large number of tomato
accessions and related wild species, tak-
ing advantage of whole genome sequence
data to maximize tree resolution. Initial-
ly our phylogenetic analysis focused on
genes controlling economically important
traits that have been subject to interspe-
cific hybridization breeding. Since a subset

of these genes originated from wild spe-_|

cies, cladistics potentially may result in
skewed relationships. Yet, our Maximum
Likelihood consensus cladograms for the
targeted genes and for the whole genome
SNP sets show a comparable tree topology
down to the sub sectional (species group)
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level, suggesting that phylogenetic relationships between fruit and growth diversifica-
tion genes are not particularly biased. While, the strict consensus cladogram for the con-
catenated fruit and growth diversification genes displays unresolved relationships at
the species level for some of the cultivated tomato and S. peruvianum accessions, the use
of whole genome SNP data allowed increased tree resolution. Indeed, the whole genome
SNP set supports the placement of taxa into separate branches with high bootstrap val-
ues for each of the accessions and wild species, including corrected placement of several
previously putative typed accessions.

Ecological differences probably have resulted in dramatic genome evolutionary con-
sequences. Moreover, there is evidence that mating system shifts have a large impact
on complex multigene based traits such as floral and fruit development (Moyle, 2008),
which might further account for a large intraspecies variation. Large intraspecies varia-
tion trends have been observed for S. chilense, which have been grouped into geograph-
ic races that can be distinguished both morphologically and genetically (reviewed in
Grandillo et al.,, 2011). Other examples involve remarkable levels of morphological and
genetic diversity found in S. peruvianum populations (Rick, 1986; Stadler et al., 2005
and references therein), which might explain the distinct phylogenetic positions for
S. arcanum LA2157 and LA2172. Here, we placed both accessions into the Arcanum group
with northern species of the peruvianum complex. Accession LA2172, which is alloga-
mous SI, appears sister to the monophyletic S. neorickii clade, while LA2157 is facultative
SC and sister to the monophyletic S. chmielewskii clade. Furthermore, it is important to
note that AFLP cladistics previously resulted in the grouping of S. arcanum LA1984 with
southern S. peruvianum species, while the other S. arcanum accessions grouped with
S. huaylasense (Spooner et al., 2005). Interestingly, it has been speculated that accessions
such as LA1984 could represent a ‘crossing bridge’ between morphologically and geneti-
cally distinct populations (Rick, 1986; Grandillo et al., 2011).

Detection of introgressions in crop accessions and genome structure

While marker assisted introgressions focuses on the relations between traits and al-
lelic variants, it is mostly used for the indirect selection of genetic determinants for a
trait of interest and is restricted to alleles that can be diagnosed. Based on genome wide
SNP data, introgressions from S. pimpinellifolium into chromosomes 4, 9, 11 and 12 of
S. lycopersicum Heinz1706 were previously reported (The Tomato Genome Consortium,
2012). Following the same strategy, here the bulk of our introgression detection was
based on SNP distributions divergent from the reference genome targeting introgres-
sions not present in Heinz. Our approach shows that both location and size of intro-
gressed segments can be inferred from the SNP distribution. Furthermore, based on the
phylogenetic distance we assigned a closely related wild species S. pimpinellifolium as
the most close donor species among the 84 accessions that we have tested. These results
put a new perspective to future introgression hybridization breeding.
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The success of introgressive hybridization breeding depends, among others, on the
proper identification of colinear chromosome segments in donor and recipient genomes,
which in turn is dependent on the consistency and completeness of their assembled ge-
nomes. The genome structure of the parental species influence crossing success and a
difference in genomic colinearity has a direct effect on chromosome pairing at meiosis
and hence determines the rate of alien chromatin transfer into a recipient crop. However,
the proper ordering and orientation of contigs into megabase sized scaffolds depends on
the availability of genetic and physical maps, which are currently lacking for the three
de novo sequenced genomes. Furthermore, the N50 contig sizes for de novo assemblies of
S. arcanum, S. habrochaites and S. pennellii do not exceed 400kb. Although the advances
in next-generation sequencing technology for the use of extant germplasm resources
now allow relatively fast and cheap assembly of large numbers of complex genomes, it
does not yet allow a full genome reconstruction of the Solanaceae family and hence is yet
of limited use for introgression breeding. The identification of compatible genomes for
introgression breeding, the rearrangement phylogeny within the Solanaceae, and recon-
struction of the ancestral Solanum karyotype all require additional physical mapping
information on top of the genome sequence information to properly order contigs along
the chromosome arms. Therefore, we believe there is room, in the near future, to pursue
the integration of NGS and new technological platforms to advance the Solanum genome
reconstruction.

Experimental procedures

Selection of tomato accessions

We genotyped the 7000 accessions in the EU-SOL project (https://www.eu-sol.wur.nl)
on the basis of 20 traits and markers, followed by a denser genotyping of a subset of
1000 accessions using 384 SNP markers, and a final selection of 200 accessions covering
the full genetic diversity of the crop. We also included a set of old cultivars that were
selected on the basis of previously documented trait identifications of wild tomato rela-
tives (reviewed in Grandillo et al, 2011).

DNA isolation

Young leaves were collected from the first plant of each plot (self-compatible accessions)
or from the pollen acceptor (self-incompatible accessions) for DNA extraction. Approxi-
mately 100 mg frozen leaf material was grinded using the Retch Mixer Mill M300. Subse-
quently, genomic DNA was extracted with a standard DNA isolation protocol (Bernatzky
and Tanksley, 1986), using a nuclear lysis buffer with sarkosyl. The DNA was quantified
using the Qubit 2.0 Fluorometer (Invitrogen). Per accessions 1,5 - 2,0 ug DNA was used
for library construction.
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lllumina and 454 libraries sequencing and read mapping

Shallow sequencing of 500bp inserts was carried out using [llumina HiSeq 2000 to gen-
erate a 100bp paired end library at an average of 36 fold coverage. Bases with Q < 20
were trimmed before read mapping with Bwa (Li and Durbin, 2009, Li and Durbin, 2010)
against S. lycopersicum cv. Heinz v2.40 with a maximum insert size of 750bp (50% devia-
tion), reporting at most 30 hits and removing PCR duplicates. SAMTooLs (Li et al., 2009)
was used for variant calling without skipping InDels, a minimum gap distance of 5bp, a
minimum alignment quality of 20, a minimum depth of 4 and otherwise the default pa-
rameters. The same protocol was used to map the wild species to their closest de novo
version 1.0 assembled counterpart. Contamination with Escherichia coli, human, insects,
mouse, Phi X 174, yeast and phytoviral genomes (Adams and Antoniw, 2006) was checked
with BowTIE (LaNGMead et al., 2009).

De novo assembly of the three wild species genomes and Heinz

For de novo sequencing of S. arcanum LA2157, S. habrochaites LYC4 and S. pennellii LA0716
we sequenced an overlapping paired end library with 170bp insert size, at 93.2, 76.4 and
80.8 fold coverage; re-used the 500bp insert size paired end library at 35.7, 35.6 and 28.2
fold coverage, using 100bp [llumina HiSeq 2000 reads; and a mate pair library with 2kbp
insert size at 33.8, 38.0 and 31.2 fold coverage, respectively. Using 454 FLX a long mate
pair library of 8kbp insert size and an extra-long mate pairs library of 20kbp insert size
was sequenced at 0.55+0.10 and 0.47+0.07 fold coverage, respectively. For S. pennellii
LA0716 we sequenced an additional short mate pair library of 3kbp insert size at 0.4 fold
coverage. On average, reads produced from 454 libraries contained 35%*7% of adaptam-
ers. S. lycopersicum cv Heinz 1706 used a reduced set of its original set or reads with 14.78
fold 250 PE, 17.54 fold 300 PE, 37.42 fold 500 PE, 6.25 fold 2kb MP, 6.51 fold 3kb MP, 5.94 fold
4kb MP and 6.02 fold 5kb MP in a total of 69.74 fold coverage for PE libraries, 24.73 fold
coverage for MP libraries and 94.47 fold coverage overall.

The S. pennellii and S. habrochaites data were assembled with AllPaths-LG (assembly
version 2.0) according to Gnerre et al., (2010) with ploidy of 2, while S. arcanum was as-
sembled using CLC Genomics Workbench v7 (CLC Inc, Aarhus, Denmark) with a bubble
size of 300, a minimum contig length of 200 and a word size of 64 (assembly version
1.0). Subsequently, S. arcanum was assembled with Allpaths-LG (assembly version 2.0).
AllPaths-LG generated scaffolds were further scaffolded using the 454 FLX data in the
Scarpa scaffolder (Donmez and Brudno, 2013). Subsequently, the de novo assembly sta-
tistics were compared to the tomato reference genome S. lycopersicum cv. Heinz version
SL2.40 (table 2). The CLC, Allpaths-LG, and the AllPaths-LG plus Scarpa assembly is re-
ferred to as Version 1.0, 2.0 and 3.0, respectively. S. arcanum V1.0, S. habrochaites V2.0 and
S. pennellii V2.0 were used for the mapping of the 84 accessions. Version 3.0 was used to
assess genome sizes and rearrangements for all species.
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Sequence diversity and phylogenetic relationships of 84 accessions

To assess sequence diversity in domestication syndrome genes, orthologs in 84 acces-
sions were obtained from reciprocal best BLASTN hits of CLC assembled contigs and
tomato ITAG 2.4 annotated sequences (http://solgenomics.net/gbrowse/bin/gbrowse/
ITAG2.3_genomic) and aligned with CLUSTALW (Thompson et al., 1994). SNPs were then
called using the quality-based variant detection algorithm in CLC. Optimal substitution
models for ClustalW-aligned gene and concatenated gene sequences were calculated in
Megas.1 (Tamura et al., 2011). Maximum Likelihood trees for each individual gene as well
as concatenated gene sequences were inferred using a Neighbour-Joining initial tree (N])
followed by Nearest-Neighbour Interchange (NNI). Phylogenies were tested using 1000
random genes separated in 100 sets of 10 genes (figure 10). Finally, strict consensus trees
for individual genes and concatenated genes were calculated using a cut-off value of 50%.

For each species we used a concatenation of all homozygous non-unique SNPs (Van
Gent et al.,, 2011) with quality above 20, which were obtained from the VCF files gener-
ated by Bwa and SAMTooLs. Multiple Nucleotide Polymorphisms (MNP) and Insertion-
Deletion events (InDels) were disregarded due to their low frequency and the low alig-
ment speed. We used ITAG v2.3 gene models with the FASTTREE 2.1.7 software (Price et
al., 2010) for a heuristic neighbor-joining as input to the approximately-maximum-likeli-
hood algorithm, thus reducing the number of trees with a mix of nearest-neighbor inter-
change (NNIs) and subtree-prune-regraft. A Jukes-Cantor generalized time-reversible
model, bio neighbor joining (BioN]) weighted joins, 100 bootstrap resamples and gamma
fitting for reported likelihood were used in the analysis.

Annotation of SNP calls

All VCF files from the mapped individuals were processed using SNPEFF 3.4 (Cingolani et
al., 2012) base on ITAG 3.1 annotation and default parameters. SNPEFF annotates SNP in
the VCF files, based on their position and the reference annotation, with their effects and
reports statistics such as rates of synonymous and non-synonymous SNPs (figures 6 and
10), heterozygosity levels (figures 3 and 7), the number of SNPs per 1 Mbp bins (figure 8)
and location of the SNP (figure 5).

Introgression estimation in S. lycopersicum

To estimate the level of introgression in the S. lycopersicum species, we used the median
polish procedure (Mosteller and Tukey, 1977 and Xie et al., 2009) on the table of SNP count
for each accession per iMbp bin along each chromosome (figure 8, left panel) to remove
species and bin specific effects (species or bins naturally having a higher number of
SNPs). The residuals were tested using a z-test and bins from crop accessions with re-
siduals significantly different from the average (p < 0.05) were labeled as introgressions
(figure 8, right panel). Note that in wild S. lycopersicum we cannot discriminate between
natural variance or interspecific crossings.
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Variant browser

JBROWSE 1.10.12 (Skinner et al., 2009) was set-up to visualize the detected structural vari-
ants. The SL2.40 genome assembly and ITAG 2.31 genome annotation was loaded together
with the VCF files of the 84 accessions.

Sequence repository

Sequence reads and associated analyses are deposited at the European Nucleotide Ar-
chive (http://www.ebi.ac.uk/ena/) under PRJEB5226 (S. arcanum LA2157), PRJEB5227
(S. habrochaites LYC4), PREB5228 (S. pennellii LA0716), and PRJEB5235 (reseq accessions).
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Summary

Breeding by introgressive hybridization is a pivotal strategy to broaden the genetic basis of crops. Usu-
ally, the desired traits are monitored in consecutive crossing generations by marker-assisted selection,
but their analyses fail in chromosome regions where crossover recombinants are rare or not viable.
Here, we present the Introgression Browser (IBROWSER), a bioinformatics tool aimed at visualizing intro-
gressions at nucleotide or SNP accuracy. The software selects homozygous SNPs from Variant Call For-
mat (VCF) information and filters out heterozygous SNPs, Multi-Nucleotide Polymorphisms (MNPs) and
insertion-deletions (InDels). For data analysis IBROWSER makes use of sliding windows, but if needed it
can generate any desired fragmentation pattern through General Feature Format (GFF) information. In
an example of tomato (Solanum lycopersicum) accessions we visualize SNP patterns and elucidate both
position and boundaries of the introgressions. We also show that our tool is capable of identifying alien
DNA in a panel of the closely related S. pimpinellifolium by examining phylogenetic relationships of the
introgressed segments in tomato. In a third example, we demonstrate the power of the IBROWSER in a
panel of 597 Arabidopsis accessions, detecting the boundaries of a SNP-free region around a polymor-
phic 117 Mbp inverted segment on the short arm of chromosome 4. The architecture and functionality
of IBROWSER makes the software appropriate for a broad set of analyses including SNP mining, genome
structure analysis, and pedigree analysis. Its functionality, together with the capability to process large
data sets and efficient visualization of sequence variation, makes IBROWSER a valuable breeding tool.

Introduction

Plant breeders apply introgressive hybridization for incorporating valuable traits from
related species via interspecific hybridization and repeated backcrossings (Anderson,
1953). During meiotic prophase of these hybrids, crossover recombination may occur be-
tween the donor species and its homeologous counterpart of the recipient crop, thus cre-
ating novel allele combinations. Recombination usually involves the exchange of large
fragments (up to complete chromosome arms), and can therefore result in the introgres-
sion of additional unwanted genes besides the target gene (Zamir 2001; Qi et al., 2007).
Breeders aim at maintaining the chromosomal regions of interest while removing the
unwanted traits from the alien relative by recurrent backcrossing with the crop, fol-
lowed by trait selection. The detection of introgressed segments harboring genes associ-
ated with economically important traits, whether or not linked to potentially deleteri-
ous or unwanted genes / alleles from the donor species, is therefore of eminent interest
to breeders. Tracing of such introgressions in offspring families may also provide insight
into homeologous recombination leading to incorporation of the desired genes from the
alien donor into the recipient crop, while eventually losing genes controlling unwanted
traits.

Detection of introgressed regions has previously relied extensively on diverse mo-
lecular marker technologies including Simple Sequence Repeats (SSR), Restriction
Fragment Length Polymorphisms (RFLP), Amplified Fragment Length Polymorphisms
(AFLP) and DNA microarrays (Rieseberg and Ellstrand, 1993; Powell et al., 1996; Dekkers
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and Hospital, 2002; Viquez-Zamora et al., 2013). However, the power of marker-assisted
technologies to detect and delineate introgressions and chromosome rearrangements
is limited due to low marker placement accuracy and even lack of markers (Kumar et
al., 2012; Viquez-Zamora et al., 2013; Anderson et al, 2011). In addition, sequence dupli-
cations, heterozygosity, and discrepancies between genetic and physical maps can se-
riously hamper data interpretation. Such limitations can partly be overcome through
the use of in situ hybridization techniques such as Genomic in situ Hybridization (GISH)
and Fluorescent in situ Hybridization (FISH). GISH technology can be used to obtain in-
formation on the size and number of alien chromosomes or chromosome segments, in-
terspecific and intergeneric translocations resulting from homeologous recombination,
and the presence and approximate location of introgressed genes (Schwarzacher et al,
1992; Thomas et al., 1994; Chang and de Jong, 2005). In a combined chromosome painting
with GISH followed by FISH using BAC DNA as probes, Dong and coworkers (2001) even
revealed genetic identity of alien chromosomes and segments in potato breeding lines.
Such strategies, however, are not sufficient for unravelling complex rearrangements and
identification of chromosome breakpoints at nucleotide accuracy. To this end we intro-
duced the combined usage of BAC FISH, genetic markers and reference genome sequence
information to elucidate the complex topology of tomato and potato chromosomes as
well as detection of introgressed regions (Tang et al., 2008; Peters et al., 2009; Peters et
al., 2012; Aflitos et al., 2014).

Other methods for introgression detection include Restriction site Associated DNA
(RAD) and Genotyping by Sequencing (GBS), which both generate restriction fragments
that can be subsequently sequenced for posterior SNP calling (Baird et al,, 2008). GBS
allows high-throughput detection of thousands of SNPs along the genome, producing a
polymorphism density several orders of magnitude higher than genetic marker based
technologies, but is also two orders of magnitude less sensitive than next-generation
sequencing (NGS). Furthermore, the resolution depends on the occurrence of restric-
tion sites, which are not evenly distributed along chromosomes. Due to the dependency
on enzymatic activity, there is a high rate of non-calls and relatively low reproducibility
that makes GBS less suitable for introgression detection (Galvao et al., 2012).

The examination of Genome-wide Single Nucleotide Polymorphisms (SNPs) is an al-
ternative strategy that becomes increasingly attractive for disclosing genome organiza-
tion and topological context of target genes underlying agronomically important traits.
Several methods to visualize such whole-genome SNP (wgSNP) data have been present-
ed (Posada, 2002; Martin et al, 2011; Lechat et al.,, 2013; Kim et al., 2014) including soft-
ware packages such as VISRD (Strimmer et al, 2003), SHOREMAP (Schneeberger et al.,
2009), RECOMBINE (Anderson et al., 2011), NGM (Austin et al., 2011), PARTFINDER (Prasad
et al, 2013) and PHYLONET-HMM (Liu et al, 2014). SHOREMAP and NGM focus on identi-
fying causal SNPs for phenotypes in segregating populations. VISRD, PARTFINDER and
PHYLONET-HMM are based on a sliding window approach by mapping different genomes
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to areference genome and searching for inconsistent phylogenetic relationships that are
used as markers for introgressions. However, VISRD and RECOMBINE only handle rela-
tively small genomes, whereas SHOREMAP, NGL and PHYLONET-HMM are targeting in-
bred lines. PARTFINDER analyses several large genomes and creates global phylogenetic
trees, however, it does not identify introgressed segments. In this paper we present the
Introgression Browser (IBROWSER), a tool that delineates introgressed segments, identi-
fies donor parents, and is able to handle a large number of genomes with virtually no ge-
nome size limitation. We have separated the computationally intensive database calcu-
lations from the visualization and use open standards, allowing the reuse of the data and
data exchange with other supporting programs. IBROWSER fills the technological gap
between high-throughput sequencing and sequence-based introgression detection, and
is applicable for large or industrial scale introgression hybridization breeding programs.

Experimental procedures

IBROWSER consists of a back-end which calculates and stores SNPs in a database and
a front-end that enables the visualization of SNPs. IBROWSER takes SNP data from any
variant calling algorithm provided in VCF format, and can import distance matrix infor-
mation from multiple programs such as FASTTREE (Price et al,, 2010) or SnpPhylo (Lee
et al.,, 2014). This provides the user flexibility to operate and test combinations of pa-
rameters for proper visualization. IBROWSER is able to efficiently process and filter data
with excessive noise, although we do advise the use of high quality SNP calls and repeat
masking. The set of scripts and programs necessary to run the IBROWSER can either be
downloaded as a pre-configured virtualized disk bundle or can be installed directly in a
pre-existing system. A list of the accessions used in this study with supporting informa-
tion, can be found in supplementary tables 1 to 3.

Data Generation

To visualize introgressions in wild Solanum species and crop tomatoes, we created
three datasets “84-10k”, “84-50k” and “84-Genes” from the genome sequence information
produced for 84 tomato accessions (Aflitos et al., 2014). The 84-10k and 84-50k datasets
contain consecutive segments of 10 kbp and 50 Kbp, respectively. The 84-Genes dataset
consists of segments generated from the S. lycopersicum cv. Heinz v2.40 using gene coor-
dinates from the v2.31 annotation (Tomato Genome Consortium, 2012). Approximately 5
hours using a 20 core Intel(R) Xeon(R) CPU E7- 4840 @ 2.00GHz was required to generate
each set. The visualization takes up to 20 seconds for the largest dataset.

A dataset, hereafter referred as “60-IL" dataset, was created consisting of tomato,
Solanum lycopersicum cv. MoneyMaker LYC 1365, S. pimpinellifollium CGN14498, 60 off-
spring F6 Inbred Line (IL) individuals, and four S. pimpinellifolium related accessions
(LYC2798, LYC2740, LA1584 and LA1578). The tomato MoneyMaker parent, 60 ILs and
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the pimpinellifolium related accessions were obtained from Aflitos et al, (2014). The
S. pimpinellifollium CGN14498 parent was sequenced using a 500 bp paired-end library
with the Illumina HiSeq 2000 platform at 38 folds coverage (assuming a genome size of
950 Mbp). The 60 F6 IL individuals were likewise sequenced at 4.80+1.70 fold coverage.
S. pimpinellifollium CGN14498 and the 60 IL individuals were mapped against S. Iycoper-
sicum cv. Heinz 1706 v2.4 as described in (Aflitos et al.,, 2014) using BwA (Li et al., 2009a)
and SNPs were called using SAMTooLs (Li et al., 2009b). The raw data of the 60 RILs and
S. pimpinellifollium CGN14498 were deposited at The European Bioinformatics Institute
(http://www.ebi.ac.uk/) unde identification number PRJEB6659. The resulting VCF file
was split into non-overlapping 50 Kbp fragments.

The back-end

The back-end consists of a database creation tool that takes Variant Call Format (VCF)
files as input generated from samples that are mapped to a reference genome, and a
FASTA file containing the reference genome sequence. It converts VCF and FASTA data
into an intermediate file format containing the genotype for each coordinate per sample.
Alternatively, this can also be achieved by using snp-search (Al-Shahib and Underwood
, 2013). Coordinates are excluded if any of the following constraints are not satisfied; (i)
at least two individuals show polymorphism; (ii) any individual shows heterozygosity;
or (iii) any individual contains an InDel, a protocol modified from Lee and coworkers
(2014). We filter out InDels because they are difficult to align and score (Anderson et al.,
2011). The reason is that they are generally not fixed in the population and are usually
of little value for marker-assisted breeding. Furthermore, they cannot be expressed in
canonical FASTA format and most phylogeny programs do not accept [IUPAC codes for
ambiguous nucleotides. The filtering of polymorphisms usually reduces the input data
size up to 30-40%.

The remaining coordinates are then ordered and connected head to tail into consecu-
tive fragments. Alternatively, IBROWSER can operate in a sliding window mode where
each fragment overlaps with the previous. The latter operating mode allows for more
accurate introgression boundary detection. However, it will generate significantly more
data compared to the consecutive operating mode, and the overlapping mode therefore
should be used exclusively for a limited number of small segments.

Any General Feature Format (GFF) file containing segmentation information can be
used, such as coordinates of CDSs, genes, exons or QTLs. If no particular segmentation
pattern is specified, the reference genome FASTA file may be used to create a GFF file
containing a user-defined, evenly spaced, segmentation pattern (Huang et al., 2009; An-
derson et al., 2011; Prasad et al., 2013; Chen et al., 2014; Kim et al., 2014, Liu et al., 2014). The
resulting GFF is then used to split the VCF files into the desired segments, as consecutive
windows, sliding windows, or any arbitrary filtering from the annotation file of the ref-
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erence genome such as CDS, genes, exons, introns, etc. Finally, for each segment a column
is produced containing the polymorphism count for each sample.

All SNPs for each segment are then concatenated per species and stored as FASTA
files. Next, a Jukes-Cantor distance matrix and a NEwicK formatted Maximum Likeli-
hood phylogenetic Bio-Neighbor Joining tree are constructed per coordinate using
FASTTREE2 (Price et al., 2010). The distance matrices and NEwIcCK formatted phylogenet-
ic trees are then parsed and stored into a portable database. Alternatively, the process
of filtering, exporting and processing the VCF files can be performed using SNPPHYLO
(Lee etal., 2014).

In the case of Introgression Lines (ILs) we assume the genotype of an offspring indi-
vidual originates either from the donor or acceptor parent and, following this paradigm,
we therefore assign each SNP to either parent. To achieve this, we first calculate the
average number of SNPs per sample; subsequently test whether the number of SNPs is
above or below the average and then convert the sequence of the sample to the sequence
of the closest parent according to the method of Kim et al,, (2014) and Huang et al., (2009).
In this way miscalls due to low genomic coverage are repaired, resulting in improved
accuracy for delineated introgressed segments and a more reliable donor species iden-
tification.

Finally, we store the phylogenetic files (NEwICK tree and distance matrix) either as
a Python memory dump, which allows the information to be stored in RAM memory for
fast access and high request loads, or as an SQLITE database. The latter takes a few mil-
liseconds longer to serve the results, but has a smaller memory footprint. The database
file independently can be copied to any other computer running the front end.

The front-end

Using the project database, the front-end generates the Ul in the web browser. The re-
quired Python web server can run in any OS, which is able to run Python. It can be ac-
cessed locally through the intranet, or via the internet, depending on the configuration
of the host computer. As the front-end employs HTML5 technology to display the User
Interface (UI), no plugin installation is required. An optional user access control system
is available providing security at the login level.

For each fragment the IBROWSER Ul (figure 1) displays the pairwise distance values
between the reference and each query sample as colors in a heat map, composed of lines
and columns representing samples and genomic segments respectively. Any sample
from a panel of genomes can be selected as the query sample. The first line of the heat
map for each segment shows the number of SNPs using a contrasting color scale, giving
insight into the distance.

Using the project database, the front-end generates the Ul in the web browser. The
required Python web server can run in any OS, which is able to run Python. It can be
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and distances.
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Results

IBROWSER shows homeologous recombination sites in introgression lines

To analyse the chromosome structure of the 60 introgression lines (ILs) we aligned
the sequence reads to both the S. lycopersicum Moneymaker and the S. pimpinellifolium
CGN14498 parent and display the sequence distance to either parent in a heat map. Fig-
ure 2 displays the tomato chromosome 6 heat map for all ILs. Crossover sites denote
positions where chromosome origin changes from the donor (CGN14498) to the acceptor
parent (MoneyMaker). The change of chromosome origin is displayed by a color change
in the heat map. Clearly, about half of the individuals hardly differ from the MoneyMaker
parent across most of the chromosome (figure 2, red boxes), and hence have a high se-
quence similarity almost without any introgression from S. pimpinellifolium. One other
quarter shows a high distance (figure 2, green boxes) to MoneyMaker; the SNP pattern
suggests that almost the entire chromosome 6 was replaced by its homeologous part of
S. pimpinellifolium. The heat map using the S. pimpinellifolium parent as a reference (fig-
ure 2, panel C) confirms that regions with a high distance to MoneyMaker are identical to
the S. pimpinellifolium parent CGN14498, generating an almost inverted image compared
to the heat map of figure 2, panel A. These results illustrate the capability of IBROWSER
to delineate the size of introgressions.

We also determined the sequence distance of additional S. pimpinellifolium accessions
to assess their relationship with the CGN14498 and MoneyMaker parent. The sequence
distance between the parent S. pimpinellifolium CGN14498 and its S. pimpinellifolium rela-
tives (LYC2798 and LA1584 is very low, with LYC2798 having the closest distance (figure
2, panel C yellow box). LA1578 shows a high distance in the heatmap for a chromosome
6 segment between coordinates 4 and 24Mbp. The highest distance spanning almost
the entire chromosome region was observed for LYC2740 (figure 2, panel C), whereas
it shows a low distance to the MoneyMaker parent (figure 2, panel A), which together
with the observed distance pattern suggests that LYC274.0 is more closely related to the

Figure 2 (right): Heat maps for 60 RIL individuals, RIL parents and non-parental accessions. RILs have
been generated from a cross between S. lycopersicum cv. MoneyMaker LA2706 (LYC1365)and S. pimpi-
nellifolium CGN14498. The RILs, RIL parents, and non-parental S. pimpinellifolium accessions have been
mapped against S. lycopersicum cv. Heinz 1706 chromosome 6 (x-axis) labeled “ref”. Labels displayed
at the left y-axis in panel A correspond to accession identifiers and RIL numbers. RILs are indicated by
a 3 digit number. Panel A to C have the same order of RILs and accessions. Distances in the heatmaps
are displayed per 50 kbp window size. Panel A displays distances to S. lycopersicum cv. MoneyMaker
LA2706, panel B displays the same data as shown in panel A (though vertically compressed) using a RIL-
specific data filter, and panel C displays the distances to S. pimpinellifolium CGN14498. Red and green
boxes highlight RILs that have a large introgression from S. lycopersicum cv. MoneyMaker or S. pimpinel-
lifolium CGN14498, respectively. Distances for additional S. pimpinellifolium accessions are displayed
in rows highlighted by yellow boxes. Rows without highlighting display intermediate distances for RILs
with a low SNP coverage.
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Figure 3: Heat maps for tomato chromosome 6 (v2.40) between coordinates 36 Mbp and 40 Mpb, us-
ing S. lycopersicum cv. Heinz 1706 (panel A), S. lycopersicum cv. MoneyMaker LA2706 (panel B) and
S. pimpinellifolium LYC2798 (panel C) as a reference, respectively. S. lycopersicum accession IDs are
indicated at the left side in each panel. Introgressed segments in LA2706 (MoneyMaker) and LA2463
(AllRound) are highlighted by red boxes. A full length chromosome 6 heatmap for all accessions is shown
in figures 4 and 5.

MoneyMaker parent. Indeed, based on our previous phylogenetic and whole genome
SNP analyses (Aflitos et al., 2014), and the sequence distance presented here, we pro-
pose accession LYC2740 should be considered as a S. lycopersicum species rather than a
S. pimpinellifolium species. Although here breeding parents for the RIL individuals are
known, in general a heatmap to a single reference is not sufficient to identify the prob-
able source of an introgression from a panel of closely related species. In addition this re-
quires comparison of heat map distance patterns using also the other S. pimpinellifolium
species as a reference, or alternatively by a phylogenetic analysis (see below).

The remaining samples show intermediate distances to MoneyMaker (outside the
boxes). Most likely this is caused by the extremely low coverage of sequencing (on aver-
age 6x), yielding insufficient evidence for SNP calling. Normally, whenever lack of cover-
age occurs, the reference sequence is assumed. Because such cases hamper the detection
of introgressions (Canady et al., 2006; Anderson et al., 2011), we included a filter specifi-
cally designed to handle ILs with low coverage sequencing. It assumes that the genotype

Figure 4 (right): Heat maps for tomato chromosome 6 (v2.40) between coordinates 36 Mbp and 40
Mpb, using S. lycopersicum cv. Heinz 1706 (panel A), S. lycopersicum cv. MoneyMaker LA2706 (panel B)
and S. pimpinellifolium LYC2798 (panel C) as a reference, respectively. Rows are in the same order as for
figure 5 and 8. The introgressed segments in LA2706 and LA2463 are highlighted in red. The introgres-
sion in S. lycopersicum CGN15820 is highlighted in yellow. Highlighted in green is the segment from the
donor parent S. pimpinellifolium LYC2798 that is introgressed into LA2706, LA2463 and CGN15820 as
previously has been described in Aflitos et al., (2014).
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S——
Figure 5: Heat map for tomato chromosome 6 from 84 Solanum accessions using S. lycopersicum cv.
MoneyMaker LA2706 as reference. Highlighted in blue is the heatmap fragment displayed in figures 3
and 4. Green and red highlight boxes correspond to the donor segment in S. pimpinellifolium LYC2798,
and introgressed segments in MoneyMaker and S. lycopersicum cv. AllIRound LA2463, respectively. The
yellow highlight box corresponds to an introgression in S. lycopersicum CGN15820. Distances in the
heatmaps are displayed per 50 kbp window size.

of the offspring is identical to either the recipient or donor parent (see methods). Figure
2, panel B shows the result for the 60-IL dataset after such an IL-specific pre-treatment
of the data where each segment was assigned to either parent, without taking intermedi-
ate values. To delineate an introgression at base pair level accuracy, the SNP alignment

for the segment containing the crossover has to be analyzed in detail in order to identify
the crossover site.

IBROWSER reveals positions of alien introgressions

Previously we manually traced and established source identity of introgressions in
tomato (Solanum lycopersicum) crop accessions from related wild species (Aflitos et
al., 2014). Here we used the IBROWSER pipeline to test the automated detection and
identification of introgressions. Figures 3, 4 and 5 visualize the introgressions from
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Figure 6: Maximum Likelihood phylogenetic trees for 50 Kbp segments from a chromosome 6 introgres-
sion positioned at the left side (panel A), inside (panel B), and at the right side (panel C) of the intro-
gressed segment. Phylogenetic trees for 50 kbp segments correspond to heatmap coordinates indicated
at the top of each panel. The phylogenetic tree position of S. lycopersicum cv. MoneyMaker LA2706 and
S. lycopersicum cv. AllRound LA2463 among other S. lycopersicum group accessions are highlighted in
red and change their position to the closest relative donor species S. pimpinellifolium LYC2798 which is
highlighted in green. Positions for S. lycopersicum CGN15820 are highlighted in yellow. Trees have been
drawn using INTERACTIVE TREE OF LIFE v2.2.2 (Letunic and Bork, 2011).

S. pimpinellifolium LYC2798 in chromosome 6 of S. lycopersicum cv. MoneyMaker LA2706
and S. Iycopersicum cv. AllRound LA2463. The phylogenetic tree for at position 38.1 Mbp
in a 2.0 Mbp sized segment reveals the clustering of both Moneymaker and AllRound
with the S. pimpinellifolium clade (figure 6, panel B). Furthermore, the vast majority
of the 50kb blocks in the 2.0 Mbp segment display a phylogenetic position closest to
S. pimpinellifolium accession LYC2798, which can be considered the likely source
of the introgression. In contrast, Moneymaker and AllRound group with the other
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Figure 7: Heat maps for tomato chromosome 5 from 84 Solanum accessions with S. lycopersicum cv.
Heinz 1706 as reference, using the 84-50kb (panel A), 84-10kb (panel B) and 84-Genes (panel C) data-
sets, respectively. Labels displayed at the left side in panel A correspond to accession identifiers. Panel
A to C have the same order of accessions but panel B and C are vertically compressed. Highlighted in
red are cherry tomato varieties while S. pimpinellifolium accessions showing similar patterns are high-
lighted in green.
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S. lycopersicum accessions at position 36.75Mbp and 38.85 Mbp that flank the right and
left borders of the 2.0 Mbp segment (figure 6). This finding is consistent with our previ-
ous SNP analysis and phylogenetic results (Aflitos et al., 2014). Also other introgressions
events can be detected. For example S. lycopersicum CGN15820 shows a 10Mbp segment
located between chromosome 6 heatmap position 33Mbp to 43Mbp, spanning the 2.0Mbp
introgressed segment in MoneyMaker and AllRound (figures 4 and 5, yellow boxes). The
clustering suggests S. pimpinellifolium LYC2798 as the likely donor source and extends
to position 36.75 and 38.85 Mbp (figure 6, panel A to C) and probably beyond, suggest-
ing that a larger segment was introduced into CGN15820 by another introgression event.
These results illustrate the capability of IBROWSER to identify the most likely source of
an introgression from a panel of very closely related species.

The average gene size in tomato is approximately 3.7kb (Aoki et al, 2010), and the
number of SNPs in genes between tomato cultivars is generally smaller than that in 10
kbp or 50 kbp windows. The lower SNP content from genic sequences obtained by exome
capture nevertheless has been shown to contain sufficient information for solid phylo-
genetic analysis (Austin et al., 2011; Galvao et al., 2012). In addition, our previous findings
indicate that SNPs in coding sequences of Solanum accessions are under higher selective
pressure than SNPs in non-coding regions and contain more phylogenetic information
than non-coding SNPs (Aflitos et al., 2014). Figure 7 shows the analysis on the 84-10k,
84-50k and 84-Genes datasets for chromosome 5. The heatmaps display regions of con-
servation and introgressions from 50kbp to gene level resolution (figure 7, panel A to C)
that are shared exclusively between cherry varieties and S. pimpinellifolium accessions.
These results show that IBROWSER is able to detect accession specific introgressions that
can be used for pedigree analysis.

IBROWSER for revealing aberrant SNP landscapes in and around inversions

The short arm of Arabidopsis thaliana chromosome 4 in the Col-0 and few other acces-
sions contains a 1.17 Mb paracentric inversion (Fransz et al, 2000; Fransz et al., man-
uscript in prep). This chromosomal rearrangement coincides with almost a complete
absence of SNPs in Col-0 and other accessions that have the inversion. In contrast, syn-
tenic segments in Landsberg erecta (Ler) and most other accessions that do not have the
inversion, contain a large number of SNPs. This is shown by sequence analysis of 597
Arabidopsis thaliana accessions from the 1001 Arabidopsis database (Cao et al., 2011;
Schmitz et al., 2013; Wang et al., 2013a) and clearly illustrated by the heatmap of this seg-
ment in IBROWSER (Figures 8 and 9). Accession hybrids heterozygous for the inversion
will not produce viable gametes with recombinations in the inverted region and do not
display recombinants in the genetic map (Drouaud et al., 2006; Wang et al., 2013b). Ap-
parently, the genetic rearrangement in the top arm of chromosome 4 causes a reduced
cross-over frequency for the inversion and its flanking regions. Our SNP detection re-
sults are consistent with these previous observations and illustrate that the parallel vis-
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Figure 9: Heat map of chromosome 4 from 597 Arabidopsis thaliana accessions, obtained from the 1001
Arabidopsis consortium (http://1001genomes.org/), mapped against Col-0 TAIR v10 (ref) using a 50 Kbp
window size.
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ualization of introgression patterns along chromosomes in IBROWSER may help breeders
to identify regions which are problematic for introgression hybridization breeding.

Discussion

SNPs are becoming increasingly important in establishing source identity of introgres-
sions (Huang et al.,, 2009; Chen et al., 2014; Paraskevis et al., 2005; Anderson et al., 2011;
Austin et al, 2011; Viquez-Zamora et al.,, 2013; Prasad et al.,, 2013). Plant genomes, also
those of crop species, contain massive amounts of SNPs in their gene pools. Our study on
genetic variation shows the number of SNPs in tomato (S. lycopersicum) and related wild
species can exceed 10 million (Aflitos et al., 2014). Previously, we used genome-wide SNP
information and phylogenetic analyses to detect the source of introgressed segments in
crop tomato. However, open source software tools that integrate SNP detection, visuali-
zation and phylogenetic analysis in a single workflow aiming at delineation and source
identification of introgressed segments on a genome wide scale were lacking. Here, we
have developed IBROWSER that overcomes this challenge. The software requires only a
small memory and disk footprint, permitting it to run on any modern computer platform,
while its databases can be distributed easily. It is also highly portable and can be used in
stand-alone mode or over a network connection to facilitate project sharing. IBROWSER
can be accessed through its JavaScript Object Notation (JSON) Application Program-
ming Interface (API), allowing it to combine with programs such as MUMMERPLOT
(Kurtz et al., 2004) and (G/])BROWSE (Stein et al., 2002; Skinner et al., 2009). This opens
the possibility to integrate additional information on chromosome structure, which
can help to assist in breeding parent selection. The software is freely distributed at
www.ab.wur.nl/ibrowser. Processed data used in this study can be provided upon re-
quest.

We implemented a computational approach to process sequence information from
a large panel of genomes and retrieve information on the location, size, and source of
introgressed segments. We show that IBROWSER is capable of detecting characteristic
introgressions in cherry tomato accessions. In addition, by including the ITAG 2.31 anno-
tation data for tomato into IBROWSER, the genic content of introgressed segments can be
retrieved, which may help to find additional leads on gene traits relationships. Further-
more, this bioinformatics tool identified the most likely donor of a 2.0 Mbp introgressed
segment into the S. lycopersicum cv. Moneymaker recipient from a panel of closely re-
lated S. pimpinellifolium accessions. This functionality makes IBROWSER an applicable
tool for pedigree analysis.

We also used IBROWSER to analyze a large panel of Introgression Lines. By applying a
specific filter we removed erroneous SNP calls that cannot be assigned to either breed-
ing parent. The filtering improves the distinctness and donor source identification of in-
trogressed segments even in genomes that have been sequenced at 4X coverage. This ca-
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pability provides an alternative perspective for molecular breeding and allows studying
genome features involved in crossover recombination in more detail. The information
on size and sequence of introgressed segments, and frequency of crossover recombina-
tion that can be inferred from the SNP distribution, may be used to search for signatures
that can either promote or prevent crossover recombination. Such features might also
include information on genome structure either promoting or preventing crossover re-
combination. Using a comparative analysis on a panel of 597 Arabidopsis accessions, we
could pinpointa1.17 Mb inverted segment in the top arm of chromosome 4S that has been
implicated in absence of crossover recombination in inversion heterozygotes (Fransz et
al., 2000). In addition to this large inversion, IBROWSER revealed many other segments
that were devoid of SNPs. It will be interesting to investigate the relationship between
the SNP distribution and topology of these segments. These results illustrate the ability
of IBROWSER as a tool to assist in comparative genomics studies.
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Supplementary Materials

Supplementary Table 1: List of species and RIL identifiers. The order of accession
names and color identifiers in the list correspond to the order of the accessions and high-
light color respectively as is displayed in figure 2.

Species Name/ID Color Used in Figure 1 Classification in Figure 1

ref Red S. lycopersivum cv. Heinz
(Reference)

S lycopersicum cv MoneyMaker Red MoneyMaker Parent
LYC1365
615 Red Mostly MoneyMaker
634 Red Mostly MoneyMaker
667 Red Mostly MoneyMaker
688 Red Mostly MoneyMaker
710 Red Mostly MoneyMaker
618 Red Mostly MoneyMaker
694 Red Mostly MoneyMaker
678 Red Mostly MoneyMaker
693 Red Mostly MoneyMaker
685 Red Mostly MoneyMaker
651 Red Mostly MoneyMaker
669 Red Mostly MoneyMaker
674 Red Mostly MoneyMaker
676 Red Mostly MoneyMaker
623 Red Mostly MoneyMaker
702 Red Mostly MoneyMaker
649 Red Mostly MoneyMaker
631 Red Mostly MoneyMaker
653 Red Mostly MoneyMaker
654 Red Mostly MoneyMaker
668 Red Mostly MoneyMaker
612 Red Mostly MoneyMaker
665 Red Mostly MoneyMaker
644 Red Mostly MoneyMaker
666
646
658
675
603
660
614
656
630
682 Green Mostly Pimpinnllifolium
684 Green Mostly Pimpinnllifolium
701 Green Mostly Pimpinnllifolium
679 Green Mostly Pimpinnllifolium
697 Green Mostly Pimpinnllifolium
696 Green Mostly Pimpinnllifolium
707 Green Mostly Pimpinnllifolium
622 Green Mostly Pimpinnllifolium
659 Green Mostly Pimpinnllifolium
711 Green Mostly Pimpinnllifolium
691 Green Mostly Pimpinnllifolium
706 Green Mostly Pimpinnllifolium
624 Green Mostly Pimpinnllifolium
639 Green Mostly Pimpinnllifolium
670 Green Mostly Pimpinnllifolium
626 Green Mostly Pimpinnllifolium
705 Green Mostly Pimpinnllifolium
625 Green Mostly Pimpinnllifolium
619 Green Mostly Pimpinnllifolium
692
609
648
608
601
611
610
643
S pimpinellifolium CGN14498 Yellow Pimpinellifolium Parent
S pimpinellifolium LYC2740 Yellow Pimpinellifolium Relative
S pimpinellifolium LA1584 Yellow Pimpinellifolium Relative
S pimpinellifolium LYC2798 Yellow Pimpinellifolium Relative
S pimpinellifolium LA1578 Yellow Pimpinellifolium Relative
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Supplementary Table 2: List of 84 Solanum sp. accessions. The order of accession
names and color identifier in the list correspond to the order of the accessions and high-
light color respectively as is displayed in figure 4, 5 and 8.

Accession Code Accession Name Figures Figure 7
4and 5
ref S. lycopersicum cv Heinz 1706
S.lyc P1158760 Chih-Mu-Tao-Se (038)
S.lyc P1169588 P1169588 (041)
S.lyc LA2838A Alisa Craig (002)
S.lyc TR00022 Marmande VFA (094)
S.lyc TR00023 Thessaloniki (096)
S.lyc LYC3897 Cross Country (013)
S.lyc LA1090 Rutgers (004)
S.lyc EA00371 John_s big orange (008)
S.lyc EA00892 Belmonte (033)
S.lyc EA0O0990 Jersey Devil (024)
S.lyc EA01037 Giant Belgium (091)
S.lyc EA00488 Taxi (006)
S.lyc LA2706 Moneymaker (001) RED
S.lyc TR00020 Dixy Golden Giant (090)
S.lyc PC11029 Winter Tipe (031)
S.lyc TR00018 Large Red Cherry (077)
S.lyc V710029 Anto (030)
S.lyc LA2463 All Round (011) RED
S.lyc LYC3153 Lycopersicon esculentum 825 (020)
S.lyc EA00157 Polish Joe (026)
S.lyc PI303721 The Dutchman (028)
S.lyc PI093302 Chag Li Lycopersicon esculentum (032)
S.lyc EA01155 Dana (018)
S.lyc EA01088 Tiffen Mennonite (034)
S.lyc EA01049 Large Pink (019)
S.lyc P1203232 Wheatley_s Frost Resistant (035)
S.lyc PI311117 PI311117 (036)
S.lyc EA00940 Porter (078)
S.lyc EA01019 Brandywine (089)
S.lyc LYC3476 Lidi (014)
S.lyc LYC1410 Heinz conver infiniens var pluriloculare (040)
S.lyc LYC2910 S pimpinellifolium unc (043)
S.lyc TR00019 Bloodt Butcher (088)
S.lyc TR00021 Kentucky Beefsteak (093)
S.lyc LA4133 TR00026 (102)
S.lyc EA01640 Watermelon Beefsteak (097)
S.lyc EA00325 Galina (005)
S.lyc LYC1969 Sonato (012)
S.lyc LA4451 Black Cherry (029) RED

S.lyc TRO0003
S.lyc P1406760
S.lyc EA02054
S.lyc PI272654
S.lyc LYC2740
S.lyc EA03222
S.lycLYC11

Momatero (015)

Gardeners Delight (003)

Cal J TM VF (027) RED
PI272654 (023)

S pimpinellifolium unc (045)

Lycopersicon esculentum 828 (021)

Trote Beere (016) RED
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70

S.lyc P1129097
S.lyc EA00375
S.lyc CGN15820
S.lyc LA1324
S.lyc LYC3340
S.lyc LA1421
S.lyc LA0113
S.lyc LA1479
S.lyc LYC2962
S.gal LA1044
S.che LA0483
S.che LA1401
S.pim LYC2798
S.pim LA1584
S.pim LA1578
S.hab LA1777
S.hab LYC4
S.hab LA0407
S.hab CGN15792
S.hab CGN15791
S.hab LA1718
S.hab P1134418
S.pen LA0716
S.spp LA1272
S.neo LA0735
S.neo LA2133
S.chm LA2695
S.chm LA2663
S.arc LA2157
S.arc LA2172
S.per LA1954
S.per LA1278
S.chi CGN15532
S.chi CGN15530
S.hua LA1364
S.hua LA1983
S.hua LA1365
S.cor LAO118

PI129097 (022)

Katinka Cherry (007)

S lycopersicum (054)

PI365925 (037)

T1039 (017)

TR00027 (103)

LA0113 (039)
TR00028_LA1479 (105)
Lycopersicon sp (042)

S galapagense (104)

S cheesemaniae (053)

S cheesemaniae (055)

S pimpinellifolium (044)

S pimpinellifolium (046)

S pimpinellifolium (047)

S habrochaites (070)

S habrochaites (072)

S habrochaites (071)

S habrochaites glabratum (068)
S habrochaites glabratum (066)
S habrochaites glabratum (069)
S habrochaites glabratum (067)
S pennellii (074)

S pennellii (073)

S neorickii (057)

S neorickii (056)

S chiemliewskii (052)

S chiemliewskii (051)

S arcanum (058)

S arcanum (059)

S peruvianum (060)

S peruvianum new (049)

S chilense (064)

S chilense (065)

S arcanum new (075)

S huaylasense (062)

S huaylasense (063)
Lycopersicon sp (025)

YELLOW

GREEN

RED

RED

RED

GREEN
GREEN
GREEN
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Supplementary Table 3: List of 597 Arabidopsis accessions. The order of accession
names correspond to the order of the accessions as is displayed in figure 9. The identi-
fiers for accessions in figure 7 are indicated in right most row of the list

Figure 9 Order

File Name

Presence Figure 8

Cem-0-IP
Fun-0-IP
Hum-2-1P
Lso-0-IP
Her-12-1P
Vis-0-IP
Vim-0-I1P
Gra-0-IP
Mar-1-IP
Rel-0-1P
Sne-0-IP
Ped-0
Alm-0-1P
MNF-Che-2
MNF-Pot-21
Mdn-1
SLSP-31
NOZ-6
RMX3.22
MNF-Pot-75
UKSWO06-333
DIR-9
Paw-26
UKID96
Mos-1-IP
Etna_2
Ey15-2
Rue3-1-31
Agu-1
Pra-6
Vie-0
Cdm-0
Nw_0
Hn_0
Fondi-1
ICE49
Qui-0
HKT2_4
Istisu-1
ICE50
Ove_0
ICE112
ICE98
ICE107
ICE91
ICE228
ICE73
Mz_0
ICE92
Nemrut-1
Vash-1
Lerik1-3
Xan-1
Bak-2
Bak-7
ICE169
ICE173

MPICWang2013_quality_variant_vcf_9533_TAIR10
MPICWang2013_quality_variant_vcf_9542_TAIR10
MPICWang2013_quality_variant_vcf_9549_TAIR10
MPICWang2013_quality_variant_vcf_9554_TAIR10
MPICWang2013_quality_variant_vcf_9545_TAIR10
MPICWang2013_quality_variant_vcf_9600_TAIR10
MPICWang2013_quality_variant_vcf_9598_TAIR10
MPICWang2013_quality_variant_vcf_9543_TAIR10
MPICWang2013_quality_variant_vcf_9555_TAIR10
MPICWang2013_quality_variant_vcf_9574_TAIR10
MPICWang2013_quality_variant_vcf_9583_TAIR10
MPICa02010_Ped-0_TAIR10_filtered_variant
MPICWang2013_quality_variant_vcf_9518_TAIR10
MPICWang2013_quality_variant_vcf_1925_TAIR10
MPICWang2013_quality_variant_vcf_1853_TAIR10
MPICWang2013_quality_variant_vcf_1829_TAIR10
MPICWang2013_quality_variant_vcf_2276_TAIR10
MPICWang2013_quality_variant_vcf_9932_TAIR10
MPICWang2013_quality_variant_vcf_8132_TAIR10
MPICWang2013_quality_variant_vcf_1872_TAIR10
MPICWang2013_quality_variant_vcf_4931_TAIR10
MPICWang2013_quality_variant_vcf_9920_TAIR10
MPICWang2013_quality_variant_vcf_2171_TAIR10
MPICWang2013_quality_variant_vcf_5800_TAIR10
MPICWang2013_quality_variant_vcf_9508_TAIR10
Salk_quality_variant_filtered_Etna_2
MPICa02010_Ey15-2_TAIR10_filtered_variant
MPICa02010_Rue3-1-31_TAIR10_filtered_variant
MPICa02010_Agu-1_TAIR10_filtered_variant
MPICa02010_Pra-6_TAIR10_filtered_variant
MPICa02010_Vie-0_TAIR10_filtered_variant
MPICa02010_Cdm-0_TAIR10_filtered_variant
Salk_quality_variant_filtered_Nw_0
Salk_quality_variant_filtered_Hn_0
MPICWang2013_quality_variant_vcf_9652_TAIR10
MPICa02010_ICE49_TAIR10_filtered_variant
MPICa02010_Qui-0_TAIR10_filtered_variant
MPICa02010_HKT2_4_TAIR10_filtered_variant
MPICa02010_lIstisu-1_TAIR10_filtered_variant
MPICa02010_ICES0_TAIR10_filtered_variant
Salk_quality_variant_filtered_Ove_0
MPICa02010_ICE112_TAIR10_filtered_variant
MPICa02010_ICE98_TAIR10_filtered_variant
MPICa02010_ICE107_TAIR10_filtered_variant
MPICa02010_ICE91_TAIR10_filtered_variant
MPICa02010_ICE228_TAIR10_filtered_variant
MPICa02010_ICE73_TAIR10_filtered_variant
Salk_quality_variant_filtered_Mz_0
MPICa02010_ICE92_TAIR10_filtered_variant
MPICa02010_Nemrut-1_TAIR10_filtered_variant
MPICa02010_Vash-1_TAIR10_filtered_variant
MPICa02010_Lerik1-3_TAIR10_filtered_variant
MPICa02010_Xan-1_TAIR10_filtered_variant
MPICa02010_Bak-2_TAIR10_filtered_variant
MPICa02010_Bak-7_TAIR10_filtered_variant
MPICa02010_ICE169_TAIR10 _filtered_variant
MPICa02010_ICE173_TAIR10_filtered_variant

Y

< < < =< =<
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ICE212 MPICa02010_ICE212_TAIR10_filtered_variant
ICE213 MPICa02010_ICE213_TAIR10_filtered_variant
ICE63 MPICa02010_ICE63_TAIR10_filtered_variant
ICE79 MPICa02010_ICE79_TAIR10_filtered_variant
Got_7 Salk_quality_variant_filtered_Got_7

Mer-6 MPICa02010_Mer-6_TAIR10_filtered_variant
Hs_0 Salk_quality_variant_filtered_Hs_0

Old_1 Salk_quality_variant_filtered_Old_1

El_O Salk_quality_variant_filtered_EI_O

KI_5 Salk_quality_variant_filtered_KI_5

Del-10 MPICa02010_Del-10_TAIR10_filtered_variant
ICE29 MPICa02010_ICE29_TAIR10_filtered_variant
ICE216 MPICa02010_ICE216_TAIR10_filtered_variant
TueSB30-3 MPICa02010_TueSB30-3_TAIR10_filtered_variant
Dog-4 MPICa02010_Dog-4_TAIR10_filtered_variant
WalhaesB4 MPICa02010_WalhaesB4_TAIR10_filtered_variant
ICE163 MPICa02010_ICE163_TAIR10_filtered_variant
Appt_1 Salk_quality_variant_filtered_Appt_1

Gie_0 Salk_quality_variant_filtered_Gie_0

Nok_3 Salk_quality_variant_filtered_Nok_3

Amel_1 Salk_quality_variant_filtered_Amel_1

Ven_1 Salk_quality_variant_filtered_Ven_1

Aa_0 Salk_quality_variant_filtered_Aa_0

Cal_0 Salk_guality_variant_filtered_Cal_0

Ty_0 Salk_quality_variant_filtered_Ty_O

Tha_1 Salk_quality_variant_filtered_Tha_1

Pro_0 Salk_quality_variant_filtered_Pro_0

Cerv_1 Salk_quality_variant_filtered_Cerv_1

Rhen_1 Salk_quality_variant_filtered_Rhen_1

Su_0 Salk_quality_variant_filtered_Su_0

Mnz_0 Salk_quality_variant_filtered_Mnz_0

Koch-1 MPICa02010_Koch-1_TAIR10_filtered_variant
We_1 Salk_quality_variant_filtered_Wc_1

Gel_1 Salk_quality_variant_filtered_Gel_1

Db_1 Salk_quality_variant_filtered_Db_1

Hey_1 Salk_quality_variant_filtered_Hey_1

Wt_5 Salk_quality_variant_filtered_Wt_5

Pt 0 Salk_quality_variant_filtered_Pt_0O

Rd_0 Salk_quality_variant_filtered_Rd_0

Rld_1 Salk_quality_variant_filtered_RId_1

Sg 1 Salk_quality_variant_filtered_Sg_1

Uk_1 Salk_quality_variant_filtered_Uk_1

ICE75 MPICa02010_ICE75_TAIR10_filtered_variant
Yeg-1 MPICa02010_Yeg-1_TAIR10_filtered_variant
ICE138 MPICa02010_ICE138_TAIR10_filtered_variant
ICE71 MPICa02010_ICE71_TAIR10_filtered_variant
Mc_0 Salk_quality_variant_filtered_Mc_0

Tamm_2 Salk_quality_variant_filtered_Tamm_2

La_0 Salk_quality_variant_filtered_La_0

Chat_1 Salk_quality_variant_filtered_Chat_1

8411 MPICWang2013_quality_variant_vcf_8411_TAIR10
Pla_0 Salk_quality_variant_filtered_Pla_0

Anz_0 Salk_quality_variant_filtered_Anz_0

Cnt_1 Salk_quality_variant_filtered_Cnt_1

Abd_0 Salk_quality_variant_filtered_Abd_0

Ema_1 Salk_quality_variant_filtered_Ema_1

Ber Salk_quality_variant_filtered_Ber

BI_1 Salk_quality_variant_filtered_BI_1

Vind_1 Salk_quality_variant_filtered_Vind_1

Durh_1 Salk_quality_variant_filtered_Durh_1

HR_5 Salk_quality_variant_filtered_HR_5

Es_O Salk_quality_variant_filtered_Es_0

Np_0 Salk_quality_variant_filtered_Np_0

Hau_0 Salk_quality_variant_filtered_Hau_0
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Bd_0
Wei_0
Sp_0
Com_1
Pog_0
Lm_2
Rou_0
WI_0
Utrecht
Br_0
Gy 0
Ang_0
Boot_1
Et 0
Hh_0
Bs_1
Knox_18
Anholt_1
Nc_1
Rennes_1
Ag_0
Ann_1
Bla_1
Er 0
Baa_1
Tu_0
Est
Krot_0
Tscha_1
Rubeznhoe_1
Chi_0
Ms_0
Westkar_4
Zal_1
Altai_5
Sorbo
Kz_9
Sus_1
Kas_1
Dja_1
Kondara
Kar_1
Neo_6
Bor_4
Ta_0
Ting_1
Per_1
In_0
Co_1
Se 0
Ts_1
Uod_1
J_3
Zdr_1
Gr_1
Di_G
Kyoto
Sei_0
Wa_1
Stw_0
Pu2_23
Pu2_7
Dal_12
Dra_0

Salk_quality_variant_filtered_Bd_0
Salk_quality_variant_filtered_Wei_0
Salk_quality_variant_filtered_Sp_0
Salk_quality_variant_filtered_Com_1
Salk_quality_variant_filtered_Pog_0
Salk_quality_variant_filtered_Lm_2
Salk_quality_variant_filtered_Rou_0
Salk_quality_variant_filtered_WI_0
Salk_quality_variant_filtered_Utrecht
Salk_quality_variant_filtered_Br_0
Salk_quality_variant_filtered_Gy_0
Salk_quality_variant_filtered_Ang_0
Salk_quality_variant_filtered_Boot_1
Salk_quality_variant_filtered_Et_0
Salk_quality_variant_filtered_Hh_0
Salk_quality_variant_filtered_Bs_1
Salk_quality_variant_filtered_Knox_18
Salk_quality_variant_filtered_Anholt_1
Salk_quality_variant_filtered_Nc_1
Salk_quality_variant_filtered_Rennes_1
Salk_quality_variant_filtered_Ag_0
Salk_quality_variant_filtered_Ann_1
Salk_quality_variant_filtered_Bla_1
Salk_quality_variant_filtered_Er_0
Salk_quality_variant_filtered_Baa_1
Salk_guality_variant_filtered_Tu_0
Salk_quality_variant_filtered_Est
Salk_quality_variant_filtered_Krot_0
Salk_quality_variant_filtered_Tscha_1
Salk_quality_variant_filtered_Rubeznhoe_1
Salk_quality_variant_filtered_Chi_0
Salk_quality_variant_filtered_Ms_0
Salk_quality_variant_filtered_Westkar_4
Salk_quality_variant_filtered_zal_1
Salk_quality_variant_filtered_Altai_5
Salk_quality_variant_filtered_Sorbo
Salk_quality_variant_filtered_Kz_9
Salk_quality_variant_filtered_Sus_1
Salk_quality_variant_filtered_Kas_1
Salk_quality_variant_filtered_Dja_1
Salk_quality_variant_filtered_Kondara
Salk_quality_variant_filtered_Kar_1
Salk_quality_variant_filtered_Neo_6
Salk_quality_variant_filtered_Bor_4
Salk_quality_variant_filtered_Ta_0
Salk_quality_variant_filtered_Ting_1
Salk_quality_variant_filtered_Per_1
Salk_quality_variant_filtered_In_0
Salk_quality_variant_filtered_Co_1
Salk_quality_variant_filtered_Se_0
Salk_quality_variant_filtered_Ts_1
Salk_quality_variant_filtered_Uod_1
Salk_quality_variant_filtered _JI_3
Salk_quality_variant_filtered_zdr_1
Salk_quality_variant_filtered_Gr_1
Salk_quality_variant_filtered_Di_G
Salk_quality_variant_filtered_Kyoto
Salk_quality_variant_filtered_Sei_0
Salk_quality_variant_filtered_Wa_1
Salk_quality_variant_filtered_Stw_0
Salk_quality_variant_filtered_Pu2_23
Salk_quality_variant_filtered_Pu2_7
Salk_quality_variant_filtered_Dal_12
Salk_quality_variant_filtered_Dra_0
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Je 0
Bor_1
Lp2_2
Jm_0
Litva
Ga 0
En_D
Pi_0O
Dr_0
Ko_2
Li_2:1
Rmx_A02
Kin_0
Seattle_0
Lan_0
Rome_1
ICE127
Sha
ICE70
ICE152
ICE150
ICE153
ICE61
ICE130
ICE134
ICE60
ICE72
Van_0
Lip_0
Ra_0
Benk_1
RRS_7
Is_0
Kil_o
An_1
Sq_8
Kelsterbach_4
Bu_0
Le 0
Bsch_0
Ei 2
Fi_0
Bch_1
Fr_2
Leo-1
ICE181
ICE226
ICE111
ICE106
ICE97
ICE21
ICE36
ICE1
ICE7
Lag2_2
ICE33
ICE120
Kastel-1
ICE119
ICE104
ICE102
ICE93
Yo O
Tol_O

Salk_quality_variant_filtered_Je_0
Salk_quality_variant_filtered_Bor_1
Salk_quality_variant_filtered_Lp2_2
Salk_quality_variant_filtered_Jm_0
Salk_quality_variant_filtered_Litva
Salk_quality_variant_filtered_Ga_0
Salk_quality_variant_filtered_En_D
Salk_quality_variant_filtered_Pi_0
Salk_quality_variant_filtered_Dr_0
Salk_quality_variant_filtered_Ko_2
Salk_quality_variant_filtered_Li_2:1
Salk_quality_variant_filtered_Rmx_A02
Salk_quality_variant_filtered_Kin_0
Salk_quality_variant_filtered_Seattle_0
Salk_quality_variant_filtered_Lan_0
Salk_guality_variant_filtered_Rome_1
MPICa02010_ICE127_TAIR10_filtered_variant
MPICa02010_Sha_TAIR10_filtered_variant
MPICa02010_ICE70_TAIR10_filtered_variant
MPICa02010_ICE152_TAIR10_filtered_variant
MPICa02010_ICE150_TAIR10_filtered_variant
MPICa02010_ICE153_TAIR10_filtered_variant
MPICa02010_ICE61_TAIR10_filtered_variant
MPICa02010_ICE130_TAIR10_filtered_variant
MPICa02010_ICE134_TAIR10_filtered_variant
MPICa02010_ICE60_TAIR10_filtered_variant
MPICa02010_ICE72_TAIR10_filtered_variant
Salk_quality_variant_filtered_Van_0
Salk_quality_variant_filtered_Lip_0
Salk_quality_variant_filtered_Ra_0
Salk_quality_variant_filtered_Benk_1
Salk_quality_variant_filtered_RRS_7
Salk_quality_variant_filtered_Is_0
Salk_quality_variant_filtered_Kil_0
Salk_quality_variant_filtered_An_1
Salk_quality_variant_filtered_Sq_8
Salk_quality_variant_filtered_Kelsterbach_4
Salk_quality_variant_filtered_Bu_0
Salk_quality_variant_filtered_Le 0
Salk_quality_variant_filtered_Bsch_0
Salk_quality_variant_filtered_Ei_2
Salk_quality_variant_filtered_Fi_0
Salk_quality_variant_filtered_Bch_1
Salk_quality_variant_filtered_Fr_2
MPICa02010_Leo-1_TAIR10_filtered_variant
MPICa02010_ICE181_TAIR10_filtered_variant
MPICa02010_ICE226_TAIR10_filtered_variant
MPICa02010_ICE111_TAIR10_filtered_variant
MPICa02010_ICE106_TAIR10_filtered_variant
MPICa02010_ICE97_TAIR10_filtered_variant
MPICa02010_ICE21_TAIR10_filtered_variant
MPICa02010_ICE36_TAIR10_filtered_variant
MPICa02010_ICE1_TAIR10_filtered_variant
MPICa02010_ICE7_TAIR10_filtered_variant
MPICa02010_Lag2_2_TAIR10_filtered_variant
MPICa02010_ICE33_TAIR10_filtered_variant
MPICa02010_ICE120_TAIR10_filtered_variant
MPICa02010_Kastel-1_TAIR10_filtered_variant
MPICa02010_ICE119_TAIR10_filtered_variant
MPICa02010_ICE104_TAIR10_filtered_variant
MPICa02010_ICE102_TAIR10_filtered_variant
MPICa02010_ICE93_TAIR10_filtered_variant
Salk_quality_variant_filtered_Yo_0
Salk_quality_variant_filtered_Tol_0
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Pna_17
Gifu_2
Gre_0
RRs_10
Tul_O
Ragl_1
Ws_2
Ob_0

Si_0

Ha_0
Ca 0
Gu_0
Mh_0
Ba_1
Ak_1

En_2
Do_0
Kro_0
Tuescha9
TueWal-2
Fei-0
TueV13
Niel-2
Star-8

Li-7

WAR
Cap-1-IP
Car-1-IP
UKNWO06-481
Hom-4-IP
Iso-4-1P
ENC-2-1
Ty-1
San-10-IP
LI-OF-065
KYC-33
PLY-20
Men-2-IP
ARR-17
MIC-31
UKNWO06-003
Ha-HBT1-2
Orb-10-IP
UKSE06-500
Rev-0-IP
Scm-0-IP
Pob-0-IP
Mur-0-IP
0so0-0-IP
Ber-0-IP
Pan-0-IP
Cal-0-IP
Cor-0-1P
Vaz-0-IP
Moa-0-IP
Nog-17-IP
Bis-0-IP
Ria-0-IP
Pal-0-IP
Vdm-0-IP
Coc-1-IP
Ses-0-IP
Tol-7-1P
11c1

Salk_quality_variant_filtered_Pna_17
Salk_quality_variant_filtered_Gifu_2
Salk_quality_variant_filtered_Gre_0
Salk_quality_variant_filtered_RRs_10
Salk_quality_variant_filtered_Tul_0
Salk_quality_variant_filtered_Ragl_1
Salk_quality_variant_filtered_Ws_2
Salk_quality_variant_filtered_Ob_0
Salk_quality_variant_filtered_Si_0
Salk_quality_variant_filtered_Ha_0
Salk_quality_variant_filtered_Ca_0
Salk_quality_variant_filtered_Gu_0
Salk_quality_variant_filtered_Mh_0
Salk_quality_variant_filtered_Ba_1
Salk_quality_variant_filtered_Ak_1
Salk_quality_variant_filtered_En_2
Salk_quality_variant_filtered_Do_0
Salk_quality_variant_filtered_Kro_0
MPICa02010_Tuescha9_TAIR10_filtered_variant
MPICa02010_TueWal-2_TAIR10_filtered_variant
MPICa02010_Fei-0_TAIR10_filtered_variant
MPICa02010_TueV13_TAIR10_filtered_variant
MPICa02010_Niel-2_TAIR10_filtered_variant
MPICa02010_Star-8_TAIR10_filtered_variant
MPICWang2013_quality_variant_vcf_7231_TAIR10
MPICWang2013_quality_variant_vcf_7477_TAIR10
MPICWang2013_quality_variant_vcf_9529_TAIR10
MPICWang2013_quality_variant_vcf_9530_TAIR10
MPICWang2013_quality_variant_vcf_5644_TAIR10
MPICWang2013_quality_variant_vcf_9546_TAIR10
MPICWang2013_quality_variant_vcf_9550_TAIR10
MPICWang2013_quality_variant_vcf_9907_TAIR10
MPICWang2013_quality_variant_vcf_5784_TAIR10
MPICWang2013_quality_variant_vcf_9579_TAIR10
MPICWang2013_quality_variant_vcf_630_TAIR10
MPICWang2013_quality_variant_vcf_801_TAIR10
MPICWang2013_quality_variant_vcf_9924_TAIR10
MPICWang2013_quality_variant_vcf_9556_TAIR10
MPICWang2013_quality_variant_vcf_9927_TAIR10
MPICWang2013_quality_variant_vcf_870_TAIR10
MPICWang2013_quality_variant_vcf_5353_TAIR10
MPICWang2013_quality_variant_vcf_9785_TAIR10
MPICWang2013_quality_variant_vcf_9565_TAIR10
MPICWang2013_quality_variant_vcf_5253_TAIR10
MPICWang2013_quality_variant_vcf_9576_TAIR10
MPICWang2013_quality_variant_vcf_9580_TAIR10
MPICWang2013_quality_variant_vcf_9570_TAIR10
MPICWang2013_quality_variant_vcf_9562_TAIR10
MPICWang2013_quality_variant_vcf_9566_TAIR10
MPICWang2013_quality_variant_vcf_9524_TAIR10
MPICWang2013_quality_variant_vcf_9568_TAIR10
MPICWang2013_quality_variant_vcf_9528_TAIR10
MPICWang2013_quality_variant_vcf_9536_TAIR10
MPICWang2013_quality_variant_vcf_9593_TAIR10
MPICWang2013_quality_variant_vcf_9557_TAIR10
MPICWang2013_quality_variant_vcf_9564_TAIR10
MPICWang2013_quality_variant_vcf_9525_TAIR10
MPICWang2013_quality_variant_vcf_9577_TAIR10
MPICWang2013_quality_variant_vcf_9567_TAIR10
MPICWang2013_quality_variant_vcf_9594_TAIR10
MPICWang2013_quality_variant_vcf_9535_TAIR10
MPICWang2013_quality_variant_vcf_9582_TAIR10
MPICWang2013_quality_variant_vcf_9588_TAIR10
MPICWang2013_quality_variant_vcf_9503_TAIR10
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LDV-18
LDV-46
PYL-6
Tu-PK-7
Alo-0-IP
PT2.21
Balan-1
SLSP-35
Schip-1
Vav-0-IP
Tu-KB-6
UKID63
Pro-0-1P
LIN-S-5
Set-1
Tu-KS-7
Tu-NK-12
PNA3.40
UKSW06-179
Gol-2
LP3413.41
Mun-0-IP
Vpa-1-IP
Fell3-7
Erg2-6
HE-1
Svi-0-1P
Ren-6-IP
Vig-1-IP
CHA-41
UKSWO06-226
SAUL-24
Ha-HBT3-11
Pigna-1
Mot-0-IP
Cum-1-IP
Gua-1-IP
Adm-0-IP
Rei-0-IP
TOU-A1-89
Bea-0-IP
Coa-0-IP
Ver-5-1P
Lagl-4
Lagl-2
Lagl-6
Ben-0-IP
Mon-5-IP
Ala-0-1P
Vid-1-1P
Vdt-0-1P
Deh-1-IP
Tu-B1-2
CON-7
UKSE06-470
Obh-13
Ha-S-B
UKID74
BEZ-9
MAR2-3
Vae-2-IP
Trs-0-IP
Ara-4-IP
Bach2-1

MPICWang2013_quality_variant_vcf_108_TAIR10

MPICWang2013_quality_variant_vcf_139_TAIR10

MPICWang2013_quality_variant_vcf_265_TAIR10

MPICWang2013_quality_variant_vcf_9783_TAIR10
MPICWang2013_quality_variant_vcf_9506_TAIR10
MPICWang2013_quality_variant_vcf_8077_TAIR10
MPICWang2013_quality_variant_vcf_9613_TAIR10
MPICWang2013_quality_variant_vcf_2278_TAIR10
MPICWang2013_quality_variant_vcf_9721_TAIR10
MPICWang2013_quality_variant_vcf_9511_TAIR10
MPICWang2013_quality_variant_vcf_9809_TAIR10
MPICWang2013_quality_variant_vcf_5768_TAIR10
MPICWang2013_quality_variant_vcf_9571_TAIR10
MPICWang2013_quality_variant_vcf_915_TAIR10

MPICWang2013_quality_variant_vcf_5772_TAIR10
MPICWang2013_quality_variant_vcf_9810_TAIR10
MPICWang2013_quality_variant_vcf_9811_TAIR10
MPICWang2013_quality_variant_vcf_7947_TAIR10
MPICWang2013_quality_variant_vcf_4779_TAIR10
MPICWang2013_quality_variant_vcf_9314_TAIR10
MPICWang2013_quality_variant_vcf_8472_TAIR10
MPICWang2013_quality_variant_vcf_9561_TAIR10
MPICWang2013_quality_variant_vcf_9602_TAIR10
MPICWang2013_quality_variant_vcf_9776_TAIR10
MPICWang2013_quality_variant_vcf_9784_TAIR10
MPICWang2013_quality_variant_vcf_9769_TAIR10
MPICWang2013_quality_variant_vcf_9585_TAIR10
MPICWang2013_quality_variant_vcf_9575_TAIR10
MPICWang2013_quality_variant_vcf_9597_TAIR10
MPICWang2013_quality_variant_vcf_932_TAIR10

MPICWang2013_quality_variant_vcf_4826_TAIR10
MPICWang2013_quality_variant_vcf_9918_TAIR10
MPICWang2013_quality_variant_vcf_9815_TAIR10
MPICWang2013_quality_variant_vcf_9659_TAIR10
MPICWang2013_quality_variant_vcf_9560_TAIR10
MPICWang2013_quality_variant_vcf_9537_TAIR10
MPICWang2013_quality_variant_vcf_9544_TAIR10
MPICWang2013_quality_variant_vcf_9514_TAIR10
MPICWang2013_quality_variant_vcf_9510_TAIR10
MPICWang2013_quality_variant_vcf_351_TAIR10

MPICWang2013_quality_variant_vcf_9522_TAIR10
MPICWang2013_quality_variant_vcf_9507_TAIR10
MPICWang2013_quality_variant_vcf_9596_TAIR10
MPICWang2013_quality_variant_vcf_9102_TAIR10
MPICWang2013_quality_variant_vcf_9100_TAIR10
MPICWang2013_quality_variant_vcf_9104_TAIR10
MPICWang2013_quality_variant_vcf_9523_TAIR10
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CHAPTER 4

CNIDARIA: fast, reference-free clustering
of raw and assembled genome
and transcriptome NGS data

Aflitos, Saulo Alves, Edouard Severing, Gabino Sanchez-Perez, Sander Peters,
Hans de Jong, Dick de Ridder. CNIDARIA fast, reference-free clustering of raw
and assembled genome and transcriptome NGS data, accepted for publica-
tion by BMC Bioinformatics
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Summary

Background: Identification of biological specimens is a major requirement for a range of applications.
Reference-free methods analyse unprocessed sequencing data without relying on prior knowledge, but
generally do not scale to arbitrarily large genomes and arbitrarily large phylogenetic distances.

Results: We present CNIDARIA, a practical tool for clustering genomic and transcriptomic data with
no limitation on genome size or phylogenetic distances. We successfully simultaneously clustered 169
genomic and transcriptomic datasets from 4 kingdoms, achieving 100% identification accuracy at su-
pra-species level and 78% accuracy for species level.

Discussion: CNIDARIA allows for fast, resource-efficient comparison and identification of both raw and
assembled genome and transcriptome data. This can help answer both fundamental (e.g. in phylogeny,
ecological diversity analysis) and practical questions (e.g. sequencing quality control, primer design).

Background

Unequivocal identification of biological specimens is a major requirement for reliable
and reproducible (bio)medical research, control of intellectual property by biological
patent holders, regulating the flow of biological specimen across national borders, en-
forcing the Nagoya protocol (Diversity, 2010) and verifying the authenticity of claims of
the biological source of products by customs authority.

Several methods for species identification have been developed based on DNA anal-
ysis, that can be classified as probe-based and nucleotide sequencing based methods.
Probe-based technologies include microarrays, PCR probes, DNA fingerprinting and
immunoassays involving the hybridization of DNA samples with predetermined sets of
probes or primers. Such methods are cheap and allow precise identification, but may fail
in cases where target DNA is not precisely matched by the probes or primers. Alterna-
tively, nucleotide sequencing methods have been developed to increase accuracy, flex-
ibility and throughput. These can be separated into complete or targeted approaches.
Targeted identification of short and highly variable genomic regions by exome capture,
Expressed Sequence Tag (EST), DNA barcoding and ribosomal DNA (rDNA) sequenc-
ing has been used for many years. Targeted DNA sequencing can be done iteratively for
taxonomic identification at subspecies, accession and cultivar levels. Whole Genome
Sequencing (WGS) and RNA-seq using Next Generation Sequencing (NGS) technology,
examples of complete sequencing methods, have the highest information content of all
methods, although its high cost has prevented it from being adopted massively. However,
with the recent reduction of costs and increase in throughput, NGS starts to become
more prevalent, making it a feasible alternative method for species identification. This
calls for the creation of a new a set of tools to comprehensively analyse the deluge of data.
Methods for species identification based on NGS data can be separated into two main
classes: reference-based and reference-free methods (reviewed in Pettengill et al., 2014).
Reference-based methods usually map the sequence reads to the genome of a close rel-
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ative and infer the phylogeny by aligning the observed polymorphisms. This technol-
ogy requires quality control (cleaning) of the data, mapping the data to the genomic
sequence of a close relative, and detection and comparison of polymorphisms (Bertels
et al., 2014). In contrast, reference-free methods (RFMs) are designed to analyse unpro-
cessed sequencing data without any previous knowledge of its identity. The data can
be compared against other datasets of unknown samples, in the case of metagenomics
comparing population structures (Chan et al.,, 2008a; Chan et al., 2008b; Diaz et al., 2009;
Greenblum et al., 2015; Hurwitz et al., 2014; McHardy and Rigoutsos, 2007; Schloissnig et
al., 2013; Smits et al., 2014; Wood and Salzberg, 2014; Yang et al,, 2010) or against a panel
of known species. In the latter case, it can identify previously unknown samples, giving
it an approximate position relative to the known species.

RFM methods can be based on the Discrete Fourier Transform (DFT), compression
and k-mers. DFT methods, such as in (Hoang et al., 2015), transform nucleotide sequenc-
es into frequency statistics and compare these for species classification. Although re-
markably fast, this method is not able to store the differences between the genomes
for further enquiry, yielding no insight into sequence composition. Compression based
methods calculate the distance between pairs of sequences by analysing the reduction
in computer memory usage when both sequences are compressed together (Tran and
Chen, 2014). However, compression-based methods are time and resource intensive for
large genomes or large datasets. K-mer based methods split the nucleotide sequence
information in the form of NGS reads (.fastq files) or assembled data (.fasta files) into
all its constituent substrings of size k, which are then used to calculate the similarity
between the sequences of the samples. Several implementations of k-mer based RFMs
exists, such as FFP (Sims et al., 2009), Co-PHYLOG (Yi and Jin 2013), NEXTABP (Roychowd-
hury et al., 2013), MULTIALIGNFREE (Ren et al., 2013), KSNP (Gardner and Hall, 2013) and
SpACED WoRDS/KMACS (Horwege et al., 2014). Although their underlying principles are
generally useful for the analysis of large data collections, most implementations are de-
signed for either analysis of a limited portion of the data, such as organelles or ribosomal
DNA, or analysis of closely related species (such as bacteria, in metagenomics applica-
tions). As a consequence, it is not feasible to apply these tools on large amounts of whole-
genome sequencing data or to analyse data that spans large phylogenetic distances. One
exception is the tool proposed in (Cannon et al,, 2010) that is able to find polymorphisms
shared by subsets of the data by counting and merging sets of k-mers. This tool was suc-
cessfully used in (Kua et al., 2012) to compare 174 chloroplast genomes and has a similar
approach to ours.

Here we present CNIDARIA, an algorithm that employs a novel RFM strategy for spe-
cies identification based on k-mer counting, designed from the ground up to allow analy-
sis of very large collections of genome, transcriptome and raw NGS data using minimal
resources. CNIDARIA improves over previous methods and overcomes their limitations
on size and phylogenetic distance by allowing fast analysis of complete NGS data. To this
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end, it can exporta database with pre-processed data so that new samples can be quickly
compared against a large database of references, without the need to re-process all the
data. In contrast to the method used by REFERENCEFREE (Cannon et al,, 2010), CNIDARIA
is much faster, produces smaller files, is able to produce phylogenetic trees and uses the
popular and fast k-mer count software JELLYFISH (Marcais and Kingsford, 2011), allow-
ing for easy integration in existing NGS quality checking pipelines. We demonstrate the
performance and capabilities of CNIDARIA by analysing 169 samples, achieving excellent
identification accuracy.

Implementation

CNIDARIA works with both raw sequencing data and assembled data, both from WGS and
RNA-seq sources, in any combination. It uses k-mers extracted by JELLYFISH (Marcais
and Kingsford, 2011), a fast k-mer counting tool that produces a database of all k-mers
present in a query sequence. The advantage of JELLYFISH over comparable software is
its ability to create a sparse, compressed database in which the k-mers are ordered ac-
cording to a deterministic hashing algorithm, thus allowing for the parallel and efficient
merging/processing of the databases once all k-mers are in the same predictable order
across different databases.

After creating a database containing all k-mers in each sample by running JELLYFISH,
CNIDARIA efficiently merges these databases and extracts the number of k-mers shared
between the samples. CNIDARIA then converts this data into a matrix containing the
number of k-mers shared between each pair of samples. This information is then used
to calculate the Jaccard distance, as in Co-PHYLOG (Yi and Jin, 2013), between samples:

D - 1— Vab
Jaccard Va + Vb _ Vab

Here, V  is the number of k-mers shared by both samples A and B, Va is the number
of valid k-mers in sample A and Vb is the number of valid k-mers in sample B. When A is
equal to B, the distance is 0. The resulting Jaccard distance matrix is then processed by
PYCOGENT v.1.5.3 (Knight et al, 2007), which clusters the data using Neighbour-Joining
and creates a phylogenetic tree in NEwWICK format, aiding in the identification of the un-
known samples in the dataset. For easy visualization of the data, the summary database
can also be converted to a standalone HTML page for (dynamic) display of the phylo-
genetic tree and plotting any statistics of the analysis directly in the tree. A graphical
representation of these steps can be found in Figure 1.

CNIDARIA can be run in two modes: Database Creation Mode and Sample Analysis
Mode. The latter is an order of magnitude faster than the former, generating only a
CNIDARIA Summary Database (CSD); Database Creation Mode takes longer to run as it
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Figure 1: CNIDARIA analysis summary. The JELLYFISH software reads each of the source sequence
files (in Fasta or Fastq formats), extracts their k-mers (k = 3 in this example), canonizes them (by generat-
ing the reverse complement of each k-mer and storing only the k-mer which appears first lexicographi-
cally), orders them according to a deterministic hashing algorithm (in this example, alphabetically) and
then saves each dataset in a separated database file (.jf). CNIDARIA subsequently reads these databases
and compares them, side-by-side, by counting the total number of k-mers (white circles), the number
of valid k-mers (k-mers shared by at least two samples, black circles) and the number of shared k-mers
for each pair of samples as a matrix. Those values are exported to a CNIDARIA Summary Database (CSD,
a .json file) that is then used to construct a matrix of Jaccard distances between the samples (Formula
1). This dissimilarity matrix is then used for clustering by Neighbour-Joining and exported as a NEwICK
tree. Alternatively, CNIDARIA can export a CNIDARIA Complete Database (CCD, a .cne file) containing all
k-mers and a linked list describing their presence/absence in the samples. This second database can be
used as an input dataset together with other .cne or .jf files.

exports both a CSD file and a CNIDARIA Complete Database (CCD). The CSD contains the
total number of k-mers for each sample, the number of k-mers shared by at least two
samples (valid k-mers), and the pairwise number of shared k-mers. The CCD file contains
all k-mers present in the datasets analysed, stored in the database using two bits per
nucleotide encoding, and their respective presence/absence list describing which set of
samples contains each k-mer. The CCD can be used as an input to CNIDARIA itself, allow-
ing new samples to be directly compared against a pre-calculated larger dataset, speed-
ing up the analysis significantly since the speed of CNIDARIA is directly correlated to the
number and size of the input files. Hence, the software permits a shorter run time for
the comparison of a new sample, using Sample Analysis Mode, against a large reference
panel stored in a single CCD file.

Besides the source code, a precompiled version of CNIDARIA is available that runs
on most 64-bit Linux distributions. To use this, NGS and genome files should first be
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converted to a JELLYFISH database using JELLYFISH (a precompiled version 2.13 is also
included with CNIDARIA, along with auxiliary scripts to facilitate the conversion). Then,
CNIDARIA should be run on as many CCD databases as needed, either in Database Crea-
tion Mode (producing both a CSD and CCD file) or in Sample Analysis Mode (producing
only a CSD file). Either way, an auxiliary python script can be run on the CSD file to gen-
erate a k-mer count matrix in CSV format, a Jaccard distance matrix in CSV format and a
phylogenetic tree in NEwICK format. Helper scripts are available to visualize the NEwICK
tree as a PNG file.

Results and Discussion
Data set

To validate the performance of CNIDARIA, we gathered a collection of 135 genomic, tran-
scriptomic and raw NGS datasets covering a wide range of organisms. 84 samples were
of tomatoes, part of a large dataset recently published (Aflitos et al.,, 2014). A list of all
samples can be found in Supplementary Table 1. All datasets were analysed using JELLY-
FISH counting canonized k-mers. Canonization is the process of only storing the lexico-
graphically smallest between a k-mer and its reverse complement. This step is required
as both molecules are technically the same: the existence of one implies the existence of
the other on the complementary DNA strand. The datasets were then split in 50 pieces
and divided over 20 threads on an 80 core Intel(R) Xeon(R) CPU E7- 4850 @ 2.00 GHz
machine, speeding up the analysis approximately 40 times compared to single-thread
analysis on the same CPU. We then created a CNIDARIA Complete Database (CCD) con-
taining all 135 samples.

Influence of k-mer size

To investigate the influence of the k-mer size in the accuracy of the phylogenetic infer-
ence of CNIDARIA, we analysed the panel of 135 samples with k = 11, 15, 17, 21 and 31 (pre-
defined hash sizes of 128 million, 256 million, 512 million, 1 billion and 4 billion, respec-
tively). The resulting statistics can also be found in Supplementary Table 1.

Due to the low complexity of 11-mers, all possible k-mer of this size were found in the
datasets and all k-mers were shared between at least two samples (Table 1). This carries
little clustering information and generates many zero distances (minimum dissimilar-
ity) as shown in Figures 2, 3 and 4. Phylogenetic distances increase with k-mer size and
31-mers have most distances equal to 1, i.e. maximum dissimilarity (except for highly
related species), which does not allow clustering of distant species.

Identification accuracy

To classify samples, we used the 1-nearest neighbour algorithm on 30 samples for supra-
species level analysis (8 genus, 7 families, 7 orders, 4 phylum and 3 kingdoms, summa-
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Table 1: Summary of search space per k-mer size and number of k-mers found in datasets. The second
column contains the total number of possible k-mers, calculated as (4™ size / 2), where the division by
two is due to canonization. The third column is the median and the Median Absolute Deviation (MAD)
of the total number of k-mers found in the samples divided by the number of possible k-mers (second
column), showing the percentage of combinations actually found and, consequently, the saturation
of the search space; the fourth column gives the median and MAD of the percentage of valid k-mers
(shared between at least two samples).

k -mer # C:::::'cal % of k-mers found per sample % of k-mers Ss:ar::elzy at least two
stze combinations Median MAD Median MAD
11-mer 2.1x10% 100.00% 1.58% 100.00% 0.00%
15-mer 5.4x10% 53.59% 17.07% 100.00% 0.00%
17-mer 8.6x10% 8.90% 4.03% 98.37% 0.99%
21-mer 2.2x10" 0.05% 0.03% 81.45% 20.55%
31-mer 2.3x10% 0.000000061%  0.000000032% 67.05% 24.14%

rized in Table 2) and on 33 samples for species level analysis (11 species of the Solanum

clade, described in Supplementary Tables 2 and 3, summarized in Table 2). The 1-near-
est neighbour classifier assigns to each sample, for each phylogenetic level (species, ge-
nus, family, order, phylum and kingdom), the phylogenetic class of the sample with the

smallest distance. We report the percentage of samples correctly classified. 15-mers and

17-mers yielded accuracy above 70% and 90%, respectively, at the supra-species level

but accuracy below 75% at the species level. Both 21- and 31-mers allowed us to cor-
rectly classify 100% of the samples at the supra-species level and 78% of the samples

at the species level (Figure 5). The lower accuracy for species level classification in the

tomato clade can be attributed to introgressions and sympatric speciation in tomato,
which is reflected in the clustering distance data (Figure 6) and is in agreement with

the clustering obtained by (Aflitos et al., 2014) which used whole genome SNP analysis

to construct trees. The 31-mers dataset, when compared to the 21-mers dataset, resulted

in an increased run time and disk usage without giving a discernible higher discrimina-
tive power (Figures 2,3 and 4). This suggests 21is a good k-mer size for general purpose
clustering. Conversely, 31-mers are frequently used for NGS data quality checking (re-
viewed in Leggett et al.,, 2013) and the same JELLYFISH database can be used for species
identification.

Table 2: Percentage of correct classification for each k-mer size and each taxonomic level. Sample
names are found in Supplementary Tables 2 and 3.

K-mer size Species Genus Family Order Phylum Kingdom
11-mer 0% 57% 63% 63% 77% 77%
15-mer 55% 73% 80% 80% 80% 80%
17-mer 73% 93% 97% 97% 97% 97%
21-mer 79% 100% 100% 100% 100% 100%
31-mer 79% 100% 100% 100% 100% 100%
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Figure 2: Histogram of Jaccard distances for each k-mer size of the 135 samples. A distance of 0 means
identity while a distance of 1 means no similarity. Using 11-mers most samples are identical to each
other. For 31-mers, most samples share no similarity with any other sample except for phylogenetically
closely related samples. 17 and 21-mers show higher similarity between groups.
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Figure 3: Heatmaps of Jaccard distance of 135 samples using 11-, 15-, 17-, 21- and 31-mers are shown
in graphs A, B, C, D and E, respectively. Here, 0 (red) means identity between samples while 1 (blue)
means no identity. Generally, closely related species show high similarity with closely related species
and no similarity with outgroups. This leads to strong clustering inside groups but loose coupling be-
tween groups.
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Figure 4: Phylogenetic trees from 135 samples. 11-, 15-, 17-, 21- and 31-mers are shown in graphs A,

B, C, D and E, respectively. I) tree with phylogenetic distances; Il) tree without phylogenetic distances,
showing the clustering more clearly; trees plotted using ITOL (Letunic and Bork, 2007).
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Figure 5: 1-nearest-neighbour analysis for the supra-species level and species level. Top shows supra-
species level analysis of 30 samples, 8 genus, 7 families, 7 orders, 4 phylum and 3 kingdoms. Bottom
shows species level analysis of 33 samples from 11 species of the Solanum clade. Classification reports
the Leave-One-Out Cross-Validation error estimate (LOOCV), showing the improvement in accuracy
with increased k-mer size and flattening of precision for k-mers above 21. Sample names and classes can
be found in supplementary tables 3 and 4, respectively.

% of Correct Matches

Speedup by subsampling

To test the influence of data set size (and possibility of speedup) and since 21-mers
showed the best trade-off between speed and discriminating power (consistent with
Cannon et al,, 2010), we sampled 2% of the dataset by analysing just 1 of the 50 pieces
the data was originally split into. Figure 7 shows the phylogenetic placement of species
in the trees constructed using this dataset. The tree is indistinguishable from the one
generated on the full dataset, illustrating the ability of CNIDARIA to correctly classify
samples even at very low sequencing coverage. This suggests that CNIDARIA should be
able to correctly cluster and identify samples using small and affordable NGS sequencing
technology such as [llumina MiSeq nano runs (500 Mbp in 2x250bp reads, lllumina, 2015).
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Joint analysis of DNA and rna-seq data

Next, we expanded the 135 sample dataset (built using Database Creation Mode) with 34
extra samples, 26 genomic and 8 RNA-seq (Supplementary Table 1), using 21-mers and the
faster Sample Analysis Mode. RNA-seq samples were added to verify whether transcrip-
tome data would cluster with their genomic NGS counterparts, despite their small cover-
age of the genome length. Results are shown in Figure 8. The clustering of the original
135 samples is not changed and new samples cluster correctly according to their phylog-
eny. The consistent clustering observed for the RNA-seq dataset illustrates the ability of
CNIDARIA to use such data for accurate species identification.

Comparison with REFERENCEFREE

To demonstrate the advantages of CNIDARIA, we compare it to a state-of-the-art alterna-
tive tool, proposed in (Cannon et al., 2010). The latest version of the software introduced
(version 1.1.3, hereafter referred to simply as REFERENCEFREE) was downloaded and run
in conjunction with ABYSS (Simpson et al., 2009). We used ABYSS version 1.3.3 rather
than the latest version (1.9.0) since that was the last version tested with REFERENCEFREE.
REFERENCEFREE was run single threaded on an Intel(R) Xeon(R) CPU E7- 4850 @ 2.00
GHz with a k-mer size of 21, a minimum frequency of o (i.e. using all k-mers appearing 1
or more times), no complexity filter and no sampling of k-mers. The list of shared k-mers
generated was then parsed using the CNIDARIA scripts in order to generate the phyloge-
netic tree.

Using a subset of our data (41 assembled genomes, Supplementary Table 1) containing
40 Gbp and 20 billion k-mers, REFERENCEFREE (Supplementary Table 1) and JELLYFISH
have a comparable speed for k-mer counting, taking 4 hours to count 445 million k-mers
(2% of the total). REFERENCEFREE then took 60% more time than CNIDARIA in single
threaded Sample Analysis Mode for merging and summarizing the results (70 hours vs.
44 hours, respectively). Note that the databases created by CNIDARIA can be re-used in
subsequent comparisons, whereas REFERENCEFREE requires all the k-mer count files to
be merged again when re-run. Moreover, CNIDARIA has the important advantage of being
highly parallelizable while REFERENCEFREE can only be run single threaded. The phylo-
genetic tree created by REFERENCEFREE can be found in figure 9.

Besides speed, CNIDARIA (and JELLYFISH) use significantly less space, due to their bi-
nary formats. They generate files which are smaller than the equivalent files created
by REFERENCEFREE with median sizes of 9.2 Gb vs. 42.2 Gb (MADs of 2.5 Gb and 11.0 Gb,
respectively) for the k-mer count file and 227 Gb vs. 2.1 Tb for the merged k-mer count file,
despite the merged k-mer count file created by REFERENCEFREE contain only 2% of the
total number of k-mers.
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6A

Solanum arcanum denovo fasta APLG

Figure 6: Phylogenetic tress with and without branch lengths of 98 Solanum taxa from 13 species.
The Lycopersicon group (comprised of Solanum lycopersicum, S. pimpinellifolium, S. cheesmaniae and
S. galapagense) clusters as a monophyletic group. Sometimes the non-S. lycopersicum species cluster
inside the S. lycopersicum clade. We speculate these are S. lycopersicum varieties containing intro-
gression clustering with the donor species, consistently with the findings of Aflitos et al. (2014). The
Arcanum group (comprised of S. arcanum, S. chmielewskii and S. neorikii) also clusters monophyleti-
cally, closer to the Eriopersicon group, its sister group. The North Eriopersicon group (comprised of
S. huaylasense, S. chilense, S. peruvianum and S. corneliomulleri) groups with the South Eriopersicon
group (comprised of S. habrochaites, its only member) and its sister group, Neolycopersicon (comprised
of S. pennelli, its only member). S. tuberosum and S. nicotiana were added as outgroups. Sample names
ending in RAW are raw genomic data; names ending in APLG and CLC are assembled genomes. A) tree
with phylogenetic distances; B) tree withtout phylogenetic distances, showing the clustering more
clearly; Trees were plotted using ITOL (Letunic and Bork, 2007).
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7A

Figure 7: Results for 2% of the 21-mer dataset. A) phylogenetic tree with distance; B) phylogenetic tree
without distance; C) heatmap of phylogenetic distances showing low inter-group similarity and high
intra-group similarity; D) histogram of Jaccard distances showing the same feature of low inter-group
similarity and high intra-group similarity. Trees were plotted using ITOL (Letunic and Bork, 2007).
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Figure 8: Results for the 21-mer dataset of 169 individuals using Jaccard distance and Neighbour-Join-
ing. A) phylogenetic tree with distance; B) phylogenetic tree without distance (tree branch length); C)
heatmap of phylogenetic distances showing low inter-group similarity and high intra-group similarity;
D) histogram of Jaccard distances showing the same feature of low inter-group similarity and high intra-
group similarity. Sample names ending in RAW are raw genomic data; names ending in APLG and CLC
are assembled genomes; names ending in RNA, RNAseq and mRNA are RNA-seq datasets. Trees were
plotted using ITOL (Letunic and Bork, 2007).
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Figure 9: Phylogenetic tree created using REFERENCEFREE for 41 genomes. Due to filtering and sam-

pling performed by REFERENCEFREE, clustering is impaired and inconsistent as exemplified by the
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Conclusion

We have introduced CNIDARIA, a tool to quickly and reliably analyse WGS and RNA-seq
samples from both assembled and unassembled NGS data, offering significant advan-
tages in terms of time and space requirements compared to a state-of-the-art tool. By
clustering in total 169 eukaryotic samples from 78 species (42 genus, 32 families, 27 or-
ders, 5 phyla, 6 divisions and 3 kingdoms from the Eukaryota superkingdom) we have
demonstrated that CNIDARIA can handle a large number of samples from very distant
phylogenetic origins, producing a reliable tree with up to 100% classification accuracy
at the supra species level and 78% accuracy at the species level, the later value being low
mostly due to interspecific crossings. As CNIDARIA is also able to analyse RNA-seq data,
researchers can acquire, besides the species information, physiological state informa-
tion such as pathogenicity and stress response of the sample for downstream analysis.

A database created in Database Creation Mode allows querying directly for k-mers
shared by a specified set of samples, enabling comparisons useful in several applications.
Examples include identifying and quantifying polymorphisms between closely related
samples, quantifying sequence diversity in the setup phase of large sequencing projects
for sample selection, and ecological diversity analysis. In addition, k-mers shared ex-
clusively by a set of samples can be used for diagnostic primer design, supporting the
detection of target genes. Furthermore, mismatching k-mers between a sample and a
close relative can be used to identify the source of contamination or introgressions, as
performed by (Byrd et al.,, 2014).

Availability and requirements

Project name: CNIDARIA

Project home page: http://www.ab.wur.nl/cnidaria

Operating system(s): 64-bit Linux

Programming language: C++ x11and Python 2.7

Other requirements: None to run; GCC 4.8 or higher for compiling
License: MIT

Restrictions to use by

non-academics: No

List of Abbreviations Used

CCD = CNIDARIA Complete Database
CSD = CNIDARIA Summary Database
CSv = Comma-Separated Values
DFT = Discrete Fourier Transform
EST Expressed Sequence Tag

K-mer Substring of size k

MAD = Median Absolute Deviation
NGS = Next Generation Sequencing
PNG = Portable Network Graphics
rDNA =ribosomal DNA

RFM = Reference-Free Methods
RNA-seq = RNA sequencing
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WGS = Whole Genome Sequencing
fastq = Raw assembly file

fasta = Assembled sequence
.NEWICK Phylogenetic tree file format

HTML

HyperText Markup Language

Read = Contiguous sequence outputted by sequencing machine
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Supplementary materials

Supplementary Table 1: Sample description. Intermediate headers show database
size and analysis time running with 1 thread (1x) or 20 threads (20x) for each CNIDARIA
database group. Each line contains a list of the names of the samples used, sequence
ID, source type, source name, reference, size of JELLYFISH database, size of input data,
GC content, percentage of Ns, number of sequences in the input data and presence/ab-
sence list of a sample in the REFERENCEFREE analysis. For each k-mer size (11, 15, 17, 21
and 31bp): number of distinct k-mers, total number of k-mers, number of k-mers occur-
ring only once, number of shared k-mers, percentage of k-mers shared. Input data is in
the form of assembled genome (genomic - fasta files), raw genomic data (raw - fastq or
BAM)), filtered genomic data (raw filtered - BAM) or RNA-seq. Samples with values in the
“shared” column are used for analysis. The 34 samples of the extended dataset were used
exclusively against the 21-mer dataset. Analysis time and database sizes are calculated
to the analysis of the dataset and do not correspond to the sum of the partial times.
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?al::‘pl::: ;’:::; C:::t g,(:::: Species Name RefSeq/ID Source Type Source
Animals
1 1 1 1 Bos taurus UMD_3.1 GCF_000003055.4 Genomic NCBI
1 2 2 2 Canis lupus familiaris 3.1 GCF_000002285.3 Genomic NCBI
1 3 3 3 Equus caballus 2.0 GCF_000002305.2 Genomic NCBI
1 4 4 4 Gorilla gorilla 3.1 GCF_000151905.1 Genomic NCBI
1 5 5 5 Homo sapiens GRCh38 GCF_000001405.26 Genomic NCBI
1 6 6 6 Macaca fascicularis 5.0 GCF_000364345.1 Genomic NCBI
1 7 7 7 Macaca mulatta 051212 GCF_000002255.3 Genomic NCBI
1 8 8 8 Mus musculus GRCm38.p2 GCF_000001635.22 Genomic NCBI
1 9 9 9 Pan troglodytes 2.1.4 GCF_000001515.6 Genomic NCBI
1 10 10 10 Rattus norvegicus 6.0 GCF_000001895.5 Genomic NCBI
Fungi
1 1 11 11 Aspergillus fumigatus Af293 ASM265v1 GCF_000002655.1 Genomic NCBI
1 2 12 12 Aspergillus nidulans FGSC A4 GCF_000149205.1 Genomic NCBI
1 3 13 13 Aspergillus niger CBS 513.88 GCF_000002855.3 Genomic NCBI
1 4 14 14 Aspergillus oryzae RIB40 GCF_000184455.1 Genomic NCBI
1 5 15 15 Candida albicans SC5314 GCF_000182965.2 Genomic NCBI
1 6 16 16 Candida dubliniensis CD36 GCF_000026945.1 Genomic NCBI
1 7 17 17 Candida glabrata CBS 138 GCF_000002545.3 Genomic NCBI
1 8 18 18 Cryptococcus gattii WM276 GCF_000185945.1 Genomic NCBI
1 9 19 19 Cryptococcus neoformans var. neoformans JEC21 GCF_000091045.1 Genomic NCBI
1 10 20 20 Kluyveromyces lactis NRRL Y-114 GCF_000002515.2 Genomic NCBI
1 11 21 21 Neurospora crassa OR74A GCF_000182925.1 Genomic NCBI
1 12 22 22 Saccharomyces cerevisiae S288c GCF_000146045.2 Genomic NCBI
1 13 23 23 Schizosaccharomyces pombe 972h- GCF_000002945.1 Genomic NCBI
1 14 24 24 Yarrowia lipolytica CLIB122 GCF_000002525.2 Genomic NCBI
1 15 25 25 Zygosaccharomyces rouxii CBS 732 GCF_000026365.1 Genomic NCBI
Plants
1 1 26 26 Arabidopsis lyrata GCF_000004255.1 Genomic NCBI
1 2 27 27 Arabidopsis thaliana 10 Genomic solgenomics.net
1 3 28 28 Citrus sinensis cv valencia GCF_000317415.1 Genomic NCBI
1 4 29 29 Glycine max w82 GCF_000004515.3 Genomic NCBI
1 5 30 30 Malus domestica GCF_000148775.1 Genomic NCBI
1 6 31 31 Nicotiana benthamiana Niben.v0.4.4 Genomic solgenomics.net
1 7 32 32 Nicotiana tabacum 2008 Genomic solgenomics.net
1 8 33 33 Oryza brachyantha GCF_000231095.1 Genomic NCBI
1 9 34 34 Oryza sativa 5.0 5 Genomic solgenomics.net
1 10 35 35 Populus trichocarpa GCF_000002775.3 Genomic NCBI
1 11 36 36 Solanum arcanum LA2157 PRJEB5226 Genomic EBI
1 12 37 37 Raw Filter
1 13 38 38 Genomic
1 14 39 39 Solanum habrochaites LYC4 PRJEB5227 Genomic EBI
1 15 40 40 Raw Filter
1 16 41 41 Solanum lycopersicum 2.40 Genomic NCBI
1 17 42 42 Genomic
1 18 43 43 Raw Filter
1 19 44 44 Solanum pennellii LA716 PRJEB5228 Genomic EBI
1 20 45 45 Raw Filter
1 21 46 46 Solanum peruvianum de novo transc Genomic solgenomics.net
1 22 47 47 Solanum pimpinellifolium A-1.0 Genomic solgenomics.net
1 23 48 48 Solanum pimpinellifolium CGN14498 PRIEB6659 Raw Filter EBI
1 24 49 49 Solanum tuberosum PGSC DM v3 Genomic solgenomics.net
1 25 50 50 Vitis vinifera 12x Genomic solgenomics.net
1 26 51 51 Zea mays GCF_000005005.1 Genomic NCBI
84 110 135 135 84 tomatoes reseq PRJEB5235 Raw EBI
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Species Name

Analysis Time

Reference d:hh:mm (1x/20x)

2d:01:20 / 3:25

Bos taurus UMD_3.1

Zimin et al., 2009

Canis lupus familiaris 3.1

Lindblad-Toh et al., 2005

Equus caballus 2.0

Wade et al., 2009

Gorilla gorilla 3.1

Scally et al., 2012

Homo sapiens GRCh38

Lander et al., 2001

Macaca fascicularis 5.0

Ebeling et al., 2011

Macaca mulatta 051212

Gibbs et al., 2007

Mus musculus GRCm38.p2

Church et al., 2009

Pan troglodytes 2.1.4

The Chimpanzee Sequencing and Analysis Consortium, 2005

Rattus norvegicus 6.0

Gibbs et al., 2004

15:03 / 1:36

Aspergillus fumigatus Af293 ASM265v1

Nierman et al., 2005

Aspergillus nidulans FGSC A4

Galagan et al., 2005

Aspergillus niger CBS 513.88

Pel et al., 2007

Aspergillus oryzae RIB40

Machida et al., 2005

Candida albicans SC5314

Chibana et al., 2005

Candida dubliniensis CD36

Jackson et al., 2009

Candida glabrata CBS 138

Dujon et al., 2004

Cryptococcus gattii WM276

D'Souza et al., 2011

Cryptococcus neoformans var. neoformans JEC21

Loftus et al., 2005

Kluyveromyces lactis NRRL Y-114

Dujon et al., 2004

Neurospora crassa OR74A

Galagan et al., 2003

Saccharomyces cerevisiae 5288c

Goffeau et al., 1996

Schizosaccharomyces pombe 972h-

Wood et al., 2002

Yarrowia lipolytica CLIB122

Dujon et al., 2004

Zygosaccharomyces rouxii CBS 732

Souciet et al., 2009

19d:08:51 / 1d:07:00

Arabidopsis lyrata Hu etal., 2011
Arabidopsis thaliana 10 Tabata et al., 2000
Citrus sinensis cv valencia Xu etal., 2013

Glycine max w82

Schmutz et al., 2010

Malus domestica

Velasco et al., 2010

Nicotiana benthamiana

Bombarely et al., 2012

Nicotiana tabacum

Sierro et al., 2014

Oryza brachyantha

Chen et al., 2013

Oryza sativa 5.0

Yamamoto et at., 2010

Populus trichocarpa

Tuskan et al., 2006

Solanum arcanum LA2157

Aflitos et al., 2014

Solanum habrochaites LYC4

Aflitos et al., 2014

Solanum lycopersicum 2.40

Tomato genome Consortium, 2012

Solanum pennellii LA716

Aflitos et al., 2014

Solanum peruvianum

Park et al., 2012

Solanum pimpinellifolium

Ware et al., unpublished, 2011

Solanum pimpinellifolium CGN14498

Aflitos et al., 2015

Solanum tuberosum

Xu et al., 2011

Vitis vinifera

Jaillon et al., 2007

Zea mays

Schnable et al., 2009

84 tomatoes reseq

Aflitos et al., 2014

6d:06:30 / 23:02
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Species Name D.atabase Data Size GC% N% Count ReferenceF
Size (Gb) sequences ree
181.0
Bos taurus UMD_3.1 19.0 2.7 Gbp 41.50 0.78 33K y
Canis lupus familiaris 3.1 19.0 2.4 Gbp 40.99 0.76 33K y
Equus caballus 2.0 19.0 2.5 Gbp 40.73 1.86 9.6 K y
Gorilla gorilla 3.1 20.0 3.0 Gbp 37.77 6.81 50.2 K y
Homo sapiens GRCh38 21.0 3.2 Gbp 38.95 4.98 455 y
Macaca fascicularis 5.0 21.0 2.9 Gbp 38.92 4.85 7.6K y
Macaca mulatta 051212 21.0 3.1 Gbp 37.88 7.31 122.1K y
Mus musculus GRCm38.p2 19.0 2.8 Gbp 40.54 2.83 179 y
Pan troglodytes 2.1.4 21.0 3.3 Gbp 35.59 12.67 24.1K y
Rattus norvegicus 6.0 20.0 2.9 Gbp 39.88 4.89 955 y
2.8
Aspergillus fumigatus Af293 ASM265v1 0.2 29.4 Mbp 48.82 1.96 8 y
Aspergillus nidulans FGSC A4 0.2 29.7 Mbp 50.08 0.59 17 y
Aspergillus niger CBS 513.88 0.3 34.0 Mbp 50.28 0.13 20 y
Aspergillus oryzae RIB40 0.3 37.1 Mbp 48.26 0.00 27 y
Candida albicans SC5314 0.0 949.6 Kbp 33.51 0.00 1 y
Candida dubliniensis CD36 0.1 14.6 Mbp 33.25 0.00 8 y
Candida glabrata CBS 138 0.1 12.3 Mbp 38.62 0.00 14 y
Cryptococcus gattii WM276 0.1 18.4 Mbp 47.85 0.07 14 y
Cryptococcus neoformans var. neoformans JEC21 0.2 19.1 Mbp 48.54 0.01 14 y
Kluyveromyces lactis NRRL Y-114 0.1 10.7 Mbp 38.72 0.00 7 y
Neurospora crassa OR74A 0.3 38.0 Mbp 49.87 0.00 822 y
Saccharomyces cerevisiae S288c 0.1 12.2 Mbp 38.15 0.00 17 y
Schizosaccharomyces pombe 972h- 0.1 12.6 Mbp 36.05 0.00 4 y
Yarrowia lipolytica CLIB122 0.2 20.6 Mbp 48.99 0.01 7 y
Zygosaccharomyces rouxii CBS 732 0.1 9.8 Mbp 39.13 0.01 7 y
1393.8
Arabidopsis lyrata 1.3 206.7 Mbp 32.07 11.11 695 y
Arabidopsis thaliana 10 0.9 119.7 Mbp 36.00 0.16 7 y
Citrus sinensis cv valencia 2.0 327.8 Mbp 31.30 8.11 4.8K y
Glycine max w82 5.7 973.8 Mbp 34.10 1.88 1.1K y
Malus domestica 2.3 524.3 Mbp 27.75 26.48 18 y
Nicotiana benthamiana 17.0 2.6 Gbp 35.64 6.26 140.9 K y
Nicotiana tabacum 2.5 382.0 Mbp 36.45 0.00 300.2 K y
Oryza brachyantha 2.0 259.9 Mbp 37.75 6.71 2.5K y
Oryza sativa 5.0 2.5 382.8 Mbp 42.43 2.61 12 y
Populus trichocarpa 2.3 307.8 Mbp 30.74 7.66 19 y
Solanum arcanum LA2157 5.1 665.1 Mbp 33.55 0.00 46.6 K
31.0 96.3 Gbp 34.81 0.02
5.5  832.5Mbp 30.89 9.63 290.1 K
Solanum habrochaites LYC4 5.5 724.2 Mbp 33.61 0.00 43.0K
27.0 92.3 Gbp 34.95 0.01
Solanum lycopersicum 2.40 5.3 781.7 Mbp 32.13 5.63 13 y
4.7 599.7 Mbp 33.87 0.00 56.7 K
18.0 29.4 Gbp 36.41 0.13
Solanum pennellii LA716 5.4 720.4 Mbp 34.00 0.00 57.2K
76.2 Gbp 35.07 0.00
Solanum peruvianum 0.2 24.5 Mbp 41.22 0.00 13.8K y
Solanum pimpinellifolium 5.1 688.9 Mbp 33.75 0.00 309.7 K y
Solanum pimpinellifolium CGN14498 6.4 11.1 Gbp 34.25 0.00
Solanum tuberosum 4.6 727.4 Mbp 32.66 6.15 66.3 K y
Vitis vinifera 3.2 485.2 Mbp 33.48 3.09 2.1K y
Zea mays 6.9 2.1 Gbp 46.59 0.63 523 y
84 tomatoes reseq 1298.0 2784.1 G 36.1+0.6 0.01+0.02 0
2355.2
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Species Name 11-mers 15-mers
Distinct Total Unique Distinct Total Unique

Bos taurus UMD_3.1 2.1M 426.1M 103.0 331.2M 226G 90.2 M
Canis lupus familiaris 3.1 21M 426.5M 52.0 3353 M 22G 90.7 M
Equus caballus 2.0 2.1M 448.9 M 24.0 3549 M 23G 94.0M
Gorilla gorilla 3.1 2.1M 427.5M 240.0 330.8 M 2.4G 84.6 M
Homo sapiens GRCh38 2.1M 4347 M 186.0 3342 M 26G 83.7M
Macaca fascicularis 5.0 2.1M 4313 M 171.0 337.4M 256G 87.8M
Macaca mulatta 051212 2.1M 432.7M 124.0 337.0M 256G 87.0M
Mus musculus GRCm38.p2 2.1M 4244 M 322.0 330.1M 24G 85.0M
Pan troglodytes 2.1.4 2.1M 430.8 M 159.0 333.9M 25G 85.3 M
Rattus norvegicus 6.0 2.1M 446.7 M 20.0 349.5 M 25G 88.5M
Aspergillus fumigatus Af293 ASM265v1 21M 28.8M 13.4K 269M 28.8M 25.6 M
Aspergillus nidulans FGSC A4 2.1M 29.5M 7.7K 27.8M 29.5M 26.6 M
Aspergillus niger CBS 513.88 2.1M 339M 5.6 K 32.0M 339M 304 M
Aspergillus oryzae RIB40 21M 37.0M 19K 349 M 371 M 33.1M
Candida albicans SC5314 528.3K 948.5 K 334.5K 915.4K 949.6 K 890.1K
Candida dubliniensis CD36 16 M 144 M 339.9K 123 M 14.5M 11.0M
Candida glabrata CBS 138 19M 123 M 291.6K 116 M 123 M 11.1M
Cryptococcus gattii WM276 2.1M 18.4M 73.0K 17.0M 184 M 16.3 M
Cryptococcus neoformans var. neoformans JEC21 21M 19.0M 67.9K 17.5M 19.0M 16.6 M
Kluyveromyces lactis NRRL Y-114 1.8M 10.7 M 316.2 K 102 M 107 M 9.8 M
Neurospora crassa OR74A 21M 37.8M 6.1K 341M 38.0M 316 M
Saccharomyces cerevisiae S288c 19M 121 M 301.7 K 11.0M 122M 10.4 M
Schizosaccharomyces pombe 972h- 1.8M 126 M 311.8K 11.5M 126 M 108 M
Yarrowia lipolytica CLIB122 21M 20.5M 79.7 K 19.0M 205M 18.1M
Zygosaccharomyces rouxii CBS 732 1.8M 9.8M 343.5K 9.3 M 9.8 M 89 M
Arabidopsis lyrata 21M 151.0M 11.6 K 87.6 M 1819 M 58.4M
Arabidopsis thaliana 10 21M 108.3 M 21.5K 759M 119.2M 55.9M
Citrus sinensis cv valencia 21M 203.4M 3.0K 115.1M 296.0 M 67.6 M
Glycine max w82 21M 336.6 M 232.0 1946 M 845.7 M 86.3 M
Malus domestica 21M 247.7M 409.0 137.1M 3483 M 79.1M
Nicotiana benthamiana 21M 493.9M 0.0 337.6 M 236G 105.0M
Nicotiana tabacum 21M 2499 M 62.0 138.7M 364.7M 77.3 M
Oryza brachyantha 21M 202.6 M 13.0 136.0 M 239.4M 93.8M
Oryza sativa 5.0 2.1M 277.8 M 1.0 159.7 M 362.3M 101.2M
Populus trichocarpa 21M 1928 M 6.4 K 1242 M 278.4M 75.5M
Solanum arcanum LA2157 21M 297.1M 1.7K 182.7M 650.2 M 88.7M

2.1M 534.6 M 0.0 394.5M 34.9G 82.9M

21M 313.0M 1.1K 183.0 M 720.5M 89.2M
Solanum habrochaites LYC4 21M 306.1 M 1.7K 186.9 M 704.8 M 88.9M

21M 534.5M 0.0 380.0 M 339G 84.7M
Solanum lycopersicum 2.40 21M 308.2M 12K 185.8 M 703.9M 89.0M

2.1M 287.4M 2.1K 178.8 M 589.2 M 89.0 M

21M 533.8M 0.0 362.0 M 17.7G 91.8 M
Solanum pennellii LA716 21M 3073 M 13K 187.9M 699.6 M 89.8 M

2.1M 534.5M 0.0 379.7M 30.4G 84.3M
Solanum peruvianum 20M 244M 157.2K 225M 243 M 21.0M
Solanum pimpinellifolium 21M 302.1M 23K 1840 M 6729 M 87.5M
Solanum pimpinellifolium CGN14498 2.1M 517.0M 59.0 209.7M 736G 25.6 M
Solanum tuberosum 21M 309.4 M 16K 1758 M 661.2 M 84.8M
Vitis vinifera 21M 255.5M 3.7K 1453 M 455.0 M 77.5M
Zea mays 21M 488.3 M 0.0 262.4M 14G 119.9M
84 tomatoes reseq 533.1 M+426.6 K 0.1#0.5 315.4 M#33.5M 16.7 G£916.7 M  73.9 M+8.7 M106.0 M+201.8 M
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17-mers 21-mers
Species Name
Distinct Total Unique Distinct Total Unique

Bos taurus UMD_3.1 13G 236G 904.2 M 2.0G 23G 19G
Canis lupus familiaris 3.1 136G 22G 929.3 M 20G 23G 1.9G
Equus caballus 2.0 14G 23G 979.2 M 21G 24G 2.0G
Gorilla gorilla 3.1 1.4G 2.5G 903.7 M 2.2G 266G 2.0G
Homo sapiens GRCh38 14G 2.7G 919.4 M 23G 2.8G 2.1G
Macaca fascicularis 5.0 14G 2.5G 950.8 M 22G 266G 2.1G
Macaca mulatta 051212 14G 2.5G 936.9 M 226G 266G 2.1G
Mus musculus GRCm38.p2 136 24G 917.4M 2.0G 25G 19G
Pan troglodytes 2.1.4 14G 26G 923.7M 22G 27G 21G
Rattus norvegicus 6.0 14G 2.5G 947.4 M 2.1G 26G 1.9G
Aspergillus fumigatus Af293 ASM265v1 28.0M 28.8M 27.6 M 282 M 28.8 M 27.9M
Aspergillus nidulans FGSC A4 28.9M 29.5M 28.6 M 29.0 M 29.5M 28.8 M
Aspergillus niger CBS 513.88 335M 339M 333M 33.7M 339M 33.7M
Aspergillus oryzae RIB40 36.6 M 371 M 36.3M 36.8M 37.1M 36.6 M
Candida albicans SC5314 928.2 K 949.6 K 911.7K 934.7K 949.6 K 922.0K
Candida dubliniensis CD36 13.5M 146 M 13.1M 13.9M 146 M 13.6 M
Candida glabrata CBS 138 12.1M 123 M 11.9M 121 M 123 M 12.0M
Cryptococcus gattii WM276 17.5M 18.4M 17.3 M 17.6 M 18.4M 17.5M
Cryptococcus neoformans var. neoformans JEC21 18.1 M 19.0M 17.7M 18.2M 19.0M 179M
Kluyveromyces lactis NRRL Y-114 10.5M 10.7 M 104 M 10.6 M 10.7 M 10.5M
Neurospora crassa OR74A 36.7M 38.0M 359M 373 M 38.0M 37.0M
Saccharomyces cerevisiae S288c 114 M 122 M 112M 11.5M 122 M 113 M
Schizosaccharomyces pombe 972h- 121 M 126 M 119M 122M 126 M 12.0M
Yarrowia lipolytica CLIB122 19.9M 20.5M 19.6 M 20.0 M 20.5M 19.9M
Zygosaccharomyces rouxii CBS 732 9.6 M 9.8 M 9.5M 9.6 M 9.8 M 9.6 M
Arabidopsis lyrata 122.4M 182.5M 103.5M 1353 M 183.0M 1213 M
Arabidopsis thaliana 10 101.4 M 119.3 M 927 M 108.8 M 119.4 M 104.4 M
Citrus sinensis cv valencia 1822 M 297.9M 1443 M 2143 M 299.1M 184.1M
Glycine max w82 419.0 M 868.5M 3023 M 581.6 M 888.2 M 505.1 M
Malus domestica 213.7M 348.1M 170.7M 246.7 M 345.4M 2150M
Nicotiana benthamiana 971.6 M 236G 644.7 M 1.5G 2.4G 136G
Nicotiana tabacum 226.0M 365.2M 176.7M 266.4M 364.4M 2296 M
Oryza brachyantha 194.2 M 240.4 M 175.2M 2153 M 2411 M 205.5 M
Oryza sativa 5.0 239.4M 364.9M 206.5M 2717 M 367.5M 249.9 M
Populus trichocarpa 204.5M 281.7M 1729 M 2448 M 2832 M 2280M
Solanum arcanum LA2157 388.9M 656.2 M 301.6 M 524.6 M 659.9 M 479.9 M
15G 57.2G 796.3 M 276G 63.8G 2.06G

405.2 M 729.4M 309.4 M 553.1M 736.4 M 499.6 M

Solanum habrochaites LYC4 406.0 M 712.4M 311.1M 555.9 M 717.5M 505.4 M
14G 54.8G 721.7M 24G 60.8 G 1.7G

Solanum lycopersicum 2.40 398.7M 713.0M 306.5 M 5413 M 721.4 M 491.4 M
373.1M 593.3M 295.6 M 493.1M 595.8 M 457.9 M

116G 20.6 G 600.4 M 176G 20.7G 116G

Solanum pennellii LA716 403.6 M 707.6 M 310.3 M 549.4 M 713.4M 498.7 M
14G 45.9 G 704.3 M 246G 50.2G 1.6G

Solanum peruvianum 24.1M 243 M 23.8M 242 M 242 M 242 M
Solanum pimpinellifolium 3942 M 678.0 M 301.0M 531.6 M 680.6 M 479.7 M
Solanum pimpinellifolium CGN14498 465.6 M 796G 80.9M 642.9 M 796G 129.5M
Solanum tuberosum 350.9 M 669.0 M 2642 M 461.8 M 674.8 M 401.0M
Vitis vinifera 262.4M 461.4 M 207.4M 3283 M 465.2 M 290.3 M
Zea mays 478.7 M 15G 350.1 M 611.4 M 1.6G 488.9 M
84 tomatoes reseq 20.3G+1.3G104.7 M+143.8M 1.4 G+382.9M 21.0G+1.4G'79.8 M#353.1M 1.8 G+457.3 M
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Species Name 31-mers
Distinct Total Unique

Bos taurus UMD_3.1 22G 2.5G 21G
Canis lupus familiaris 3.1 22G 23G 21G
Equus caballus 2.0 23G 24G 22G
Gorilla gorilla 3.1 24G 2.7G 236G
Homo sapiens GRCh38 2.5G 29G 24G
Macaca fascicularis 5.0 256G 276G 246G
Macaca mulatta 051212 2.5G 2.7G 24G
Mus musculus GRCm38.p2 226G 2.6G 2.1G
Pan troglodytes 2.1.4 25G 2.8G 24G
Rattus norvegicus 6.0 23G 2.6G 2.1G
Aspergillus fumigatus Af293 ASM265v1 283 M 28.8M 28.1M
Aspergillus nidulans FGSC A4 29.1M 29.5M 289 M
Aspergillus niger CBS 513.88 33.8M 33.9M 33.7M
Aspergillus oryzae RIB40 36.8 M 371 M 36.7 M
Candida albicans SC5314 939.3 K 949.6 K 929.9 K
Candida dubliniensis CD36 14.1M 14.6 M 13.9M
Candida glabrata CBS 138 122M 123 M 12.1M
Cryptococcus gattii WM276 17.7M 18.4 M 17.5M
Cryptococcus neoformans var. neoformans JEC21 183 M 19.0 M 18.0 M
Kluyveromyces lactis NRRL Y-114 10.6 M 10.7 M 10.6 M
Neurospora crassa OR74A 37.7M 38.0M 37.5M
Saccharomyces cerevisiae S288c 11.6 M 122 M 114 M
Schizosaccharomyces pombe 972h- 122M 126 M 12.0M
Yarrowia lipolytica CLIB122 20.1 M 20.5M 20.0M
Zygosaccharomyces rouxii CBS 732 9.7 M 9.8 M 9.6 M
Arabidopsis lyrata 143.4M 183.4M 130.8 M
Arabidopsis thaliana 10 111.9M 119.5M 108.6 M
Citrus sinensis cv valencia 2346 M 299.8 M 206.3 M
Glycine max w82 677.5M 915.7 M 621.3 M
Malus domestica 269.3 M 336.3M 2449 M
Nicotiana benthamiana 196G 246G 1.8G
Nicotiana tabacum 293.8 M 360.7 M 264.0 M
Oryza brachyantha 227.4M 241.5M 221.0M
Oryza sativa 5.0 296.6 M 3703 M 278.6 M
Populus trichocarpa 262.6 M 283.7 M 251.6 M
Solanum arcanum LA2157 601.4 M 661.5 M 576.2 M
3.7G 61.7G 2.8G

646.0 M 740.1 M 612.1M

Solanum habrochaites LYC4 644.8 M 7202 M 6152 M
3.2G 59.1G 24G

Solanum lycopersicum 2.40 627.4 M 730.7 M 595.3 M
555.8 M 596.3 M 538.4M

21G 18.4 G 1.4G

Solanum pennellii LA716 642.1 M 716.2 M 612.4 M
3.1G 48.7 G 23G

Solanum peruvianum 241 M 24.1M 24.1M
Solanum pimpinellifolium 608.0 M 679.4 M 574.7 M
Solanum pimpinellifolium CGN14498 762.0 M 7.1G 173.9M
Solanum tuberosum 546.6 M 677.7M 498.6 M
Vitis vinifera 372.6 M 467.8 M 342.4M
Zea mays 813.8 M 1.7G 675.8 M
84 tomatoes reseq 20.0G+1.4G 1.1G*427.2M 1.0+0.0

125



Chapter 4

126

:Tpl:: ::::; C:::t ('I:'ZI::It Species Name RefSeq/ID Source Type Source
Fast Comparison Dataset

1 1 1 136 Anas platyrhynchos GCF_000355885.1 Genomic NCBI

1 2 2 137 Gallus gallus 4.0 GCF_000002315.3 Genomic NCBI

1 3 3 138 Columba livia GCF_000337935.1 Genomic  NCBI

1 4 4 139 Corvus brachyrhynchos GCF_000691975.1 Genomic NCBI

1 5 5 140 Corvus cornix cornix GCF_000738735.1 Genomic NCBI

1 6 6 141 Drosophila ananassae dana_r1.3_FB2014_03 Genomic FlyBase

1 7 7 142 Drosophila erecta dere_r1.3_FB2014_03 Genomic FlyBase

1 8 8 143 Drosophila grimshawi dgri_r1.3 FB2014 03  Genomic FlyBase

1 9 9 144 Drosophila melanogaster GCF_000001215.4 Genomic NCBI

1 10 10 145 Drosophila mojavensis dmoj_r1.3_FB2014_03 Genomic FlyBase

1 11 11 146 Drosophila persimilis dper_r1.3_FB2014_03 Genomic FlyBase

1 12 12 147 Drosophila pseudoobscura dpse_r3.2_FB2014_04 Genomic FlyBase

1 13 13 148 Drosophila sechellia dsec_r1.3_FB2014_03 Genomic FlyBase

1 14 14 149 Drosophila simulans dsim_r1.4_FB2014 03 Genomic FlyBase

1 15 15 150 Drosophila virilis dvir_r1.2_FB2014 03  Genomic FlyBase

1 16 16 151 Drosophila willistoni dwil_r1.3_FB2014_03 Genomic FlyBase

1 17 17 152 Drosophila yakuba dyak_r1.3_FB2014_03 Genomic FlyBase

1 18 18 153 Falco cherrug GCF_000337975.1 Genomic NCBI

1 19 19 154 Falco peregrinus GCF_000337955.1 Genomic NCBI

1 20 20 155 Geospiza fortis GCF_000277835.1 Genomic NCBI

1 21 21 156 Meleagris gallopavo GCF_000146605.2 Genomic NCBI

1 22 22 157 Melopsittacus undulatus GCF_000238935.1 Genomic NCBI

1 23 23 158 Nasonia vitripennis GCF_000002325.3 Genomic NCBI

1 24 24 159 Serinus canaria GCF_000534875.1 Genomic NCBI

1 25 25 160 Struthio camelus australis GCF_000698965.1 Genomic NCBI

1 26 26 161 Tribolium castaneum GCF_000002335.2 Genomic NCBI

Transcriptome

1 1 27 162 Bos mutus PRINA221623 mRNA NCBI

1 2 28 163 Nicotiana benthamiana 2008_08_25 mRNA solgenomics.net
1 3 29 164 Nicotiana sylvestris 2008_08_25 mRNA solgenomics.net
1 4 30 165 Nicotiana tabacum 2008 _07_14 mRNA solgenomics.net
1 5 31 166 Nicotiana tabacum 2008_07_14 mRNA solgenomics.net
1 6 32 167 solanum lycopersicum 2008_10_21 mRNA solgenomics.net
1 7 33 168 Solanum peruvianum CSH transc. mRNA solgenomics.net
1 8 34 169 tomato species 2008_10_21 mRNA solgenomics.net

All
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Species Name

Reference

Analysis Time
d:hh:mm (1x/20x)

3:30 / 0:20

Anas platyrhynchos

Huang et al., 2013

Gallus gallus 4.0

International Chicken Genome Sequencing Consortium, 2005

Columba livia

Shapido et al., 2013

Corvus brachyrhynchos

Zhang and Li, unpublished, 2014

Corvus cornix cornix

Poelstra et al., 2014

Drosophila ananassae

Clark et al., 2007; St Pierre et al., 2014

Drosophila erecta

Clark et al., 2007; St Pierre et al., 2014

Drosophila grimshawi

Clark et al., 2007; St Pierre et al., 2014

Drosophila melanogaster

Celniker, 2002

Drosophila mojavensis

Clark et al., 2007; St Pierre et al., 2014

Drosophila persimilis

Clark et al., 2007; St Pierre et al., 2014

Drosophila pseudoobscura

Clark et al., 2007; St Pierre et al., 2014

Drosophila sechellia

Clark et al., 2007; St Pierre et al., 2014

Drosophila simulans

Clark et al., 2007; St Pierre et al., 2014

Drosophila virilis

Clark et al., 2007; St Pierre et al., 2014

Drosophila willistoni

Clark et al., 2007; St Pierre et al., 2014

Drosophila yakuba

Clark et al., 2007; St Pierre et al., 2014

Falco cherrug

Zhan et al., 2013

Falco peregrinus

Zhan et al., 2013

Geospiza fortis

Zhang G, unpublished, 2010

Meleagris gallopavo

Dalloul et at., 2010

Melopsittacus undulatus

Jarvis et al., unpublished, 2011

Nasonia vitripennis

Werren et al., 2010

Serinus canaria

Frankl et al., unpublished, 2013

Struthio camelus australis

Zhang and Li, unpublished, 2014

Tribolium castaneum

Richards et al., 2008

1d:01:07 / 2:58

Bos mutus

Qiu etal., 2012

Nicotiana benthamiana

Nicotiana sylvestris

Nicotiana tabacum

Nicotiana tabacum

solanum lycopersicum

Solanum peruvianum

Park et al., 2012

tomato species

6d:10:00 / 23:22
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Species Name D‘atabase Data Size GC% N% Count ReferenceF
Size (Gb) sequences ree

0.0
Anas platyrhynchos 0.7 1.1Gbp  39.693264 3.17452147 78.5 K
Gallus gallus 4.0 8.3 1.0 Gbp 41.2698016 1.34462292 159K
Columba livia 0.7 1.1 Gbp 40.6835306 1.90106002 14.9K
Corvus brachyrhynchos 0.6 1.1 Gbp 40.3299598 3.6223274 10.5K
Corvus cornix cornix 0.6 1.0 Gbp 40.4454388 2.61908937 1.3K
Drosophila ananassae 0.1 231.0Mbp 38.8632237 7.39165001 13.7 K
Drosophila erecta 0.1 152.7 Mbp 40.1542739 4.99509797 5.1K
Drosophila grimshawi 0.1 200.5Mbp 35.2531201 7.17179948 17.4K
Drosophila melanogaster 1.1 149.5 Mbp 40.7422127 2.90279696 2.5K
Drosophila mojavensis 0.1 193.8 Mbp 36.7051738 7.02612509 6.8 K
Drosophila persimilis 0.1 188.4Mbp 41.8908118 6.78995914 12.8K
Drosophila pseudoobscura 0.1 152.7 Mbp 44.1143217 2.40298094 4.8 K
Drosophila sechellia 0.1 166.6 Mbp 39.731609 5.60615323 14.7 K
Drosophila simulans 0.1 137.8Mbp 39.2199213 7.68326684 10.0K
Drosophila virilis 0.1 206.0 Mbp 36.7200101 8.16439532 13.5K
Drosophila willistoni 0.1 235.5Mbp 35.3634211 5.05541127 14.8K
Drosophila yakuba 0.1 165.7 Mbp 41.4874403 1.87820501 8.1K
Falco cherrug 0.7 1.2 Gbp 40.8600885 2.02738411 5.9K
Falco peregrinus 0.7 1.2 Gbp 41.1044409 1.58445233 7.0K
Geospiza fortis 0.6 1.1 Gbp 40.6648067 2.25348054 27.2K
Meleagris gallopavo 0.6 1.0 Gbp 35.6272877 11.8243463 33
Melopsittacus undulatus 0.7 1.1Gbp 40.1111804 2.75282182 25.2 K
Nasonia vitripennis 0.1 295.8 Mbp 33.6501375 19.3266605 6.1 K
Serinus canaria 0.7 1.2 Gbp 41.540296 2.15828334 304.4 K
Struthio camelus australis 0.7 1.2Gbp 39.698985 3.28590438 6.9 K
Tribolium castaneum 0.1 210.3 Mbp 24.3695347 28.0277322 2.2K

1.8
Bos mutus 0.3 53.3 Mbp 51.07 0.04 25.7K
Nicotiana benthamiana 0.1 31.8 Mbp 42.89 0.18 55.0 K
Nicotiana sylvestris 0.0 2.7 Mbp 43.40 0.58 7.9K
Nicotiana tabacum 0.1 148.8 Mbp 42.10 0.05 239.8K
Nicotiana tabacum 0.6 10.2 Mbp 41.21 0.01 16.1 K
solanum lycopersicum 0.3 130.4 Mbp 41.10 0.03 223.4K
Solanum peruvianum 0.2 47.6 Mbp 41.91 0.15 31.3K
tomato species 0.3 139.2 Mbp 41.02 0.03 239.6 K

2355.2




Cnidaria - supplementary materials

Species Name 11-mers 15-mers
Distinct Total Unique Distinct Total Unique
Anas platyrhynchos 2.1M 360.4 M 1.1K 270.8 M 1.1G 94.1 M
Gallus gallus 4.0 21M 359.5 M 803.0 264.8 M 1.0G 943 M
Columba livia 21M 365.5M 678.0 2755 M 116G 96.8 M
Corvus brachyrhynchos 2.1M 3411 M 3.6 K 253.7 M 1.0G 85.6 M
Corvus cornix cornix 21 M 3345M 5.1K 249.4M 1.0G 843 M
Drosophila ananassae 21M 168.4 M 86.0 983 M 197.4 M 73.3 M
Drosophila erecta 21M 128.5M 250.0 91.6 M 139.1 M 72.0 M
Drosophila grimshawi 21M 133.8 M 3.0K 88.6 M 158.8 M 62.8 M
Drosophila melanogaster 2.1M 132.0 M 320.0 89.1M 1433 M 69.1 M
Drosophila mojavensis 21M 141.6 M 1.4 K 93.8 M 168.6 M 69.4 M
Drosophila persimilis 21M 154.5 M 81.0 96.3 M 169.0 M 73.2M
Drosophila pseudoobscura 21M 136.2 M 88.0 95.8 M 147.0 M 733 M
Drosophila sechellia 21 M 137.5M 272.0 89.7M 150.0 M 69.0 M
Drosophila simulans 21M 117.4 M 404.0 86.1 M 1254 M 67.8 M
Drosophila virilis 21 M 149.1 M 491.0 98.4 M 175.2M 72.7M
Drosophila willistoni 2.1M 168.4 M 1.2K 98.7 M 213.9M 68.3 M
Drosophila yakuba 21M 145.4 M 192.0 94.1M 159.0 M 68.6 M
Falco cherrug 21 M 369.1 M 984.0 281.8 M 116G 95.0 M
Falco peregrinus 21M 369.8 M 925.0 2822 M 11G 95.2 M
Geospiza fortis 21M 3254 M 6.9 K 239.9M 106G 782 M
Meleagris gallopavo 21M 333.5M 3.0K 2479 M 904.8 M 90.3 M
Melopsittacus undulatus 2.1M 334.4M 4.6 K 252.0 M 1.1G 81.7 M
Nasonia vitripennis 2.1M 197.7 M 19.0 1289 M 2340 M 90.6 M
Serinus canaria 21M 3341 M 3.8K 240.8 M 116G 77.5M
Struthio camelus australis 2.1M 389.6 M 111.0 300.6 M 1.2G 103.3 M
Tribolium castaneum 2.1M 118.4 M 1.2K 81.7M 149.7 M 59.8 M
Bos mutus 21M 52.7M 67.1K 353M 52.9M 258 M
Nicotiana benthamiana 19M 29.6 M 145.4K 10.2 M 29.6 M 4.4M
Nicotiana sylvestris 1.1M 2.5M 482.6 K 20M 24M 1.7M
Nicotiana tabacum 21M 136.9M 13.8K 513 M 143.7M 293 M
Nicotiana tabacum 1.7M 10.1M 321.8K 7.2M 10.0M 54M
solanum lycopersicum 2.0M 116.9 M 58.3K 27.0M 1241 M 114 M
Solanum peruvianum 20M 449 M 55.8K 258M 441 M 10.6 M
tomato species 20M 123.7M 54.6 K 282 M 132.5M 11.9M
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17-mers 21-mers
Species Name
Distinct Total Unique Distinct Total Unique
Anas platyrhynchos 793.8 M 1.1G 632.2 M 1.0G 1.1G 994.0 M
Gallus gallus 4.0 754.6 M 1.0G 605.8 M 1.0G 11G 1.0G
Columba livia 808.7M 116G 648.6 M 1.0G 1.0G 985.6 M
Corvus brachyrhynchos 772.5M 1.0G 609.7 M 985.6 M 1.0G 974.1 M
Corvus cornix cornix 760.9 M 106G 604.1 M 142.1M 201.4M 133.0 M
Drosophila ananassae 129.3 M 199.1 M 116.2 M 1223 M 1402 M 118.8 M
Drosophila erecta 115.9 M 139.6 M 109.1 M 134.5M 162.7 M 124.5M
Drosophila grimshawi 121.7 M 160.5 M 106.6 M 1193 M 1440 M 1141 M
Drosophila melanogaster 113.0 M 143.6 M 104.8 M 143.8 M 172.5M 138.2 M
Drosophila mojavensis 128.8 M 170.5 M 117.5M 132.5M 170.6 M 125.5 M
Drosophila persimilis 1234 M 169.8 M 112.8 M 131.7 M 148.1 M 126.0 M
Drosophila pseudoobscura 1229 M 147.6 M 113.2 M 120.0 M 151.5 M 113.8 M
Drosophila sechellia 113.6 M 150.6 M 104.4 M 113.9M 125.8 M 110.4 M
Drosophila simulans 108.3 M 125.6 M 101.6 M 147.7 M 1789 M 142.0 M
Drosophila virilis 1343 M 176.8 M 123.1 M 162.9 M 218.1 M 152.4 M
Drosophila willistoni 143.2 M 2159 M 1254 M 1289 M 159.9 M 117.5M
Drosophila yakuba 120.8 M 159.4 M 106.2 M 1.1G 1.1G 116G
Falco cherrug 863.6 M 1.1G 685.6 M 11G 1.2G 116G
Falco peregrinus 865.2 M 1.1G 686.9 M 983.0 M 1.0G 953.2 M
Geospiza fortis 745.6 M 1.0G 5745 M 883.9M 911.2 M 8746 M
Meleagris gallopavo 701.1 M 908.5 M 5719 M 1.0G 1.1G 992.6 M
Melopsittacus undulatus 785.8 M 1.1G 617.9 M 1.0G 1.1G 992.6 M
Nasonia vitripennis 181.0 M 234.8 M 163.6 M 198.0 M 235.8 M 188.2 M
Serinus canaria 756.5 M 116G 580.1 M 1.0G 116G 9744 M
Struthio camelus australis 902.9 M 12G 7243 M 1.2G 12G 1.1G
Tribolium castaneum 116.0 M 150.2 M 103.5 M 131.7 M 150.6 M 125.8 M
Bos mutus 39.5M 52.8M 31.8M 40.1 M 52.7M 328M
Nicotiana benthamiana 10.7M 29.5M 4.8M 11.0M 29.3 M 5.1M
Nicotiana sylvestris 2.0M 24M 1.7M 2.0M 24M 1.7M
Nicotiana tabacum 59.7M 143.3 M 38.9M 629 M 142.4 M 42.4M
Nicotiana tabacum 7.4M 10.0 M 5.8 M 7.5M 9.9 M 5.9 M
solanum lycopersicum 299M 123.9M 13.9M 313 M 1232 M 15.4 M
Solanum peruvianum 277 M 437 M 12.5M 279M 429 M 13.3M
tomato species 31.5M 132.2M 147 M 33.2M 131.5M 16.4M
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Species Name 31-mers
Distinct Total Unique
Anas platyrhynchos 1.0G 1.1G 1.0G
Gallus gallus 4.0 1.1G 11G 1.0G
Columba livia 1.0G 1.0G 1.0G
Corvus brachyrhynchos 1.0G 1.0G 995.7 M
Corvus cornix cornix 151.6 M 205.0 M 142.1 M
Drosophila ananassae 125.5M 1413 M 1221 M
Drosophila erecta 1403 M 166.4 M 1313 M
Drosophila grimshawi 121.8 M 144.4M 116.1 M
Drosophila melanogaster 150.9 M 174.7 M 146.3 M
Drosophila mojavensis 138.1 M 171.6 M 1312 M
Drosophila persimilis 1359 M 148.6 M 131.1M
Drosophila pseudoobscura 123.2M 153.1 M 116.6 M
Drosophila sechellia 115.8 M 126.0 M 112.7 M
Drosophila simulans 155.1 M 181.3 M 149.7 M
Drosophila virilis 1739 M 220.4 M 163.8 M
Drosophila willistoni 133.7 M 160.6 M 122.8 M
Drosophila yakuba 1.1G 1.1G 1.1G
Falco cherrug 1.1G 1.2G 1.1G
Falco peregrinus 1.0G 1.0G 978.6 M
Geospiza fortis 901.0 M 911.7 M 897.0 M
Meleagris gallopavo 1.0G 1.1G 1.0G
Melopsittacus undulatus 1.0G 1.1G 1.0G
Nasonia vitripennis 208.7 M 236.8 M 200.4 M
Serinus canaria 1.0G 116G 106G
Struthio camelus australis 1.2G 1.2G 1.2G
Tribolium castaneum 138.2 M 150.8 M 133.8 M
Bos mutus 40.2 M 52.5M 33.1M
Nicotiana benthamiana 114 M 288 M 5.6 M
Nicotiana sylvestris 19M 22M 1.7M
Nicotiana tabacum 66.1 M 139.8 M 46.3 M
Nicotiana tabacum 7.6 M 9.8M 6.1M
solanum lycopersicum 333M 1211 M 17.6 M
Solanum peruvianum 27.6 M 41.0 M 143 M
tomato species 355M 1293 M 189 M
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List of samples used for the 1-nearest-neighbour analysis for

Supplementary Table 2

supra-species classification, including supra-species taxonomy.

ejAydoydens so|eue|os oeadeue|og wnuejos €A INQ wnso1agn} wnuejos

eyfydoydang so|eue|os aeadeue|og wnuejos mel geyy LNOD wnijojijduidwid wnuejog

ejhydoydens so|eue|os oeadeue|og wnuejos wnuejaniad wnuejog

ejhydoydens sojeue|os oeadeue|og wnuejos Mel 9120V lljjduuad wnuejog

oejueldipuiA  ejyhydoydens sojeue|os oeadeue|og wnuejos €€12V1 INj210sU wnuejos

aejueidipuiA  ejyhydoydens sojeue|os aeadeue|og wnuejos Mel Qp'ZA ZUIdH A3 windisiadook| wnuejog

aejuedipulA  ejhydojdeng sojeue|os oeadeue|og wnuejos €861V @suasejfeny wnuejog

aejuedipulA  ejhydoydeng so|eue|os oeadeue|og wnuejos Mmel yOAT Sa)leysoigey wnuejos

aejue|dipuip ejAydoidang sajeue|os aeaoeue|os wnuejosg ¥¥01LV1 9suabedejeb wnuejog

aejueidipuin  ejhydoydens sajeue|os aeadeue|os wnuejos 81 L0V 1H3]|anwol|3u10d wnuejos

oejueldipulpn  ejhydoydens so|eue|os aeadeue|og wnuejos €992V IN{SM3|alwyd wnuejog

aejueidipuin  ejhydoydens sa|eue|os 2aeadeue|os wnuejos ZESSLNDD 3sus|Iys wnuejog

oejueldipuln  ejhydoydens so|eue|og oeadeue|og wnuejos LOVLV] @eluewsaayd wnuejog

eyfydoydang so|eue|os 2aeaoeue|os wnuejos Mel /GLZV] Wnuedle wnuejog

ejAydoydang sajeod aeaodeod ezAlQ 00°GA eAnes ezAiQ

ejAydoidang sajeod aeaodeod ezAlQ eyjuelyoeuq ezhipg

eylydoydang so|eue|os oeadeue|og BUEB[OJIN 099e(0} WNdkeqe)} eueljodIN

eylydoydang so|eue|os oeadeue|os BUEB[0JIN "% 0A US(QIN BUBlWEYIUS] BUBIODIN

eylydoydang so|eoisselg oeaoeoisselg  sisdopiqely 014IV1 euejjey) sisdopiqely

ejAydoydang saleolsselg oeaoeolsselg  sisdopigely ejeuf| sisdopiqely

eozejs|\ ejepioyd sajewld aeploayydoale) eoeoep eje|nw esedep

eozejs|\ ejepioy) sajewid aeploayydoslad eoeoe slie|noiosey edede

16ung ejooAwolpiseg so|e|jpwal] oeade||aWwal ] 86901PIN L.ZD3r JEA SUBWIOJ03U SN22020)dA1)

16ung ejooAwolpiseg sa|e|jpwal] oeade|jawal]  e|[aIpIseqoliy 9/ZINM 113eb sn220203)dA1)

16ung B)00AW0osy  sajejedAwoleyooes  aeadejedAwolieqaq epipue) 6598EPIN 9£@D sisualulignp epipue)

16ung e)00AW0osy  sa|ejeoAwoleydoes  aeaoejedAwoliegaq epipue) G007 LPIN suesiq|e epipue)

16ung ©]02AWO0oSY sajenjoiny oeaoe|ibiadsy  sn|biadsy G/18ZpPIN opgly dezhio sn|jibiadsy

16ung ©]02AWO0oSY sajenjoingy sn|jiBiadsy €9Z61PIN 88 €16 S99 J1961u sn|jibiadsy

16ung B]02AWO0oSY sajenoiny sn|jiBiadsy 196ELPIN p¥ DSO4 suenpiu snjjibiadsy

16ung B)02AWO0oSY sajenoingy oeaoe|ibiadsy  sn|ibiadsy €00¥LPIN snjeBiwny snjjibiadsy
wopbury wnjAyd 19pJI0 Apwe4q shuag ajdwesg

132



Cnidaria - supplementary materials

Supplementary Table 3: List of samples used for the 1-nearest-neighbour analysis for
species classification, including species taxonomy.

Sample

Species

Solanum arcanum LA2157

Solanum arcanum LA2172

Solanum arcanum LA2157 denovo fasta APLG
Solanum arcanum LA2157 raw

Solanum cheesmaniae LA0483

Solanum cheesmaniae LA1401

Solanum chilense CGN15530

Solanum chilense CGN15532

Solanum chmielewskii LA2663

Solanum chmielewskii LA2695

Solanum habrochaites CGN15791 F glabratum
Solanum habrochaites LA0407

Solanum habrochaites LYC4 denovo fasta APLG
Solanum habrochaites LYC4 raw

Solanum huaylasense LA1364

Solanum huaylasense LA1365

Solanum huaylasense LA1983

Solanum lycopersicum cv Heinz v2.40
Solanum lycopersicum LA2463 Allround
Solanum lycopersicum LA2706 Moneymaker
Solanum lycopersicum cv Heinz raw
Solanum neorickii LA0735

Solanum neorickii LA2133

Solanum pennellii LA0716

Solanum pennellii LA0716 raw

Solanum peruvianum LA1278

Solanum peruvianum LA1954

Solanum peruvianum

Solanum pimpinellifolium LA1578

Solanum pimpinellifolium LA1584

Solanum pimpinellifolium LYC2798
Solanum pimpinellifolium

Solanum pimpinelifolium CGN14498 raw

Solanum arcanum
Solanum arcanum
Solanum arcanum
Solanum arcanum
Solanum cheesmaniae
Solanum cheesmaniae
Solanum chilense
Solanum chilense
Solanum chmielewskii
Solanum chmielewskii
Solanum habrochaites
Solanum habrochaites
Solanum habrochaites
Solanum habrochaites
Solanum huaylasense
Solanum huaylasense
Solanum huaylasense
Solanum lycopersicum
Solanum lycopersicum
Solanum lycopersicum
Solanum lycopersicum
Solanum neorickii
Solanum neorickii
Solanum pennellii
Solanum pennellii
Solanum peruvianum
Solanum peruvianum
Solanum peruvianum
Solanum pimpinellifolium
Solanum pimpinellifolium
Solanum pimpinellifolium
Solanum pimpinellifolium
Solanum pimpinellifolium
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REFERENCEFREE datasets. Datasets used in the REFERENCE-

Supplementary Table 4

FREE analysis with the respective number of sequences, number of k-mers, number of

valid k-mers (presentin at least two samples) and percentage of k-mers considered valid

for each dataset. On average, 0.016% * 0.023% of the data is used.
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CHAPTER §

Detection of PCR amplified single copy
tomato sequences on chromosomal targets
by Fluorescent in situ Hybridization

Saulo Alves Aflitos, José van de Belt, Sander Peters, Hans de Jong. Will be
published in a chromosome research oriented journal.
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Abstract

Fluorescent in situ Hybridization (FISH) is one of the physical mapping strategies to validate the quality
of genome sequence assembly in tomato. Long stretches of genomic DNA in Bacterial Artificial Chro-
mosomes (BACs) are used as probes for hybridization on the long and well-differentiated pachytene
chromosomes. This so called BAC FISH painting is a multistep, time consuming technology, in which
the presence of repetitive sequences in the probes often complicate straightforward interpretation
of the cytogenetic mapping. However, with the greater part of the tomato genome being assembled,
we are now able to select short single copy DNA sequences from the tomato genome database. In this
study we show how bioinformatics filtering of non-repetitive chromosome region in chromosome 12
can be used to select single copy sequences for PCR amplification. To this end we selected four scaffolds
(4,057; 4,878; 5,380 and 5,611) from chromosome 12 of Solanum lycopersicum cv Heinz v2.40 genome
database. The sequences were first filtered for exact repeated sequences (using k-mers) and then fil-
tered for non-exact matches, followed by a gapped alignment check. Based on the remaining sequences,
we designed flanking primers for short (< 5 Kbp) amplicons that were obtained from PCR on genomic
and BAC DNA templates. Subsequently we tested the PCR products on agarose gel electrophoresis and
in FISH experiments under standard conditions without blocking of repeats. The single copy DNA from
PCR on BAC templates produced the expected small fluorescent targets on chromosome 12. However,
the PCR products amplified from genomic DNA produced various DNA bands on gel, and FISH demon-
strated multiple fluorescent foci on chromosomes, suggesting that different amplicons were formed.
In such cases we used gel extracted DNA for an additional nested PCR, whose probes indeed produce
single fluorescent signals on the tomato chromosomes. Finally, we discuss the potential of PCR-FISH
technology in support of genome assembly projects and compare with the recently developed oligo-
based chromosome painting technologies.

Introduction

One of the biggest challenges in current genomics is the complete sequencing of the nu-
clear DNA and assembly into contigs, ultimately generating a number of pseudo-chro-
mosomes that equals the haploid number of chromosomes in a cell complement (Koren
and Phillippy, 2015). The obstacles for proper reconstruction into pseudo-chromosomes
are intrinsically connected with the complex structure of the chromosome itself, which
features islands of single copy sequences embedded in long stretches of tandem and dis-
persed repetitive sequences, including transposons, retroelements and tandem repeats.
Most of such repeats are in large heterochromatin domains located in the centromeres,
pericentromeres and nucleolar organizer regions (NORs), whereas several eukaryotes
also have heterochromatic blocks at distal and interstitial locations of the chromosomes.
Several plant and animal species display a very clear differentiation of euchromatin and
heterochromatin (Stack et al, 1974; de Jong et al.,, 1999, Bennetzen, 2000; Fransz et al.,
2003), whereas other eukaryotes have dispersed or gradual patterns of heterochroma-
tin. This pattern of genome organization in the chromosome is highly indicative for the
repeat organization and presents problems for the sequencing and assembly of its ge-
nome.
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In this study we focus on tomato, which is one of the best-studied plant model species.
Its genome size is 1.03 pg (1007 MB, slightly more than the generally accepted 980 MB). It
has a detailed genetic map and its 12 chromosomes are highly differentiated with clear
patterns of euchromatin blocks (de Jong, 1999). The genome sequencing and assembly of
tomato started with the BAC-by-BAC sequencing technology (Mueller et al., 2005; 2009),
in which seed BACs anchored on the genetic map were positioned on the chromosomes,
whereas extension BACs with a minimal tiling path were selected to cover as much as
possible the euchromatic parts of the chromosomes (Szinay et al., 2008). In spite of its ac-
curacy and robustness, the strategy was extremely time consuming and laborious. This
forced the participating laboratories to resort to the alternative short read shotgun se-
quencing technology, which allowed lowering per-base cost at the expense of read length
(The Tomato Genome consortium, 2012). The fragmented assemblies thus obtained pro-
duced large numbers of smaller contigs interrupted by an equally high number of gaps,
most of which are likely filled with stretches of repetitive motifs that are almost impos-
sible to assemble (Peters et al., 2009).

In support of the genome assemblies of BACs and larger contigs, high-resolution Fluo-
rescent in situ Hybridization is being used to map BAC sequences on acetic acid - etha-
nol fixed pachytene chromosomes (Chang et al,, 2007; de Jong et al.,, 1999, Szinay et al,
2008). Pachytene chromosomes are about 10 times longer than their mitotic metaphase
counterparts and have well differentiated heterochromatin banding (de Jong et al., 1999).
An alternative technology for high-resolution BAC-FISH painting in tomato is the use of
synaptonemal complex (SC) spread preparations obtained from hypotonically burst mi-
crosporocytes at pachytene, fixed at alkaline formaldehyde (Chang et al., 2007, Stack et
al., 2009, Shearer et al., 2014). The lengths of the SCs thus obtained are two times shorter
than their corresponding acetic acid fixed pachytene used and the heterochromatin less
pronounced, but the SC complements show less overlap and are more suitable for high-
throughput BAC-FISH mapping.

As many of the BACs and contigs contain variable amounts of repetitive sequences
in their DNA, hybridization of their probes may produce multiple fluorescing foci on the
chromosome complements, which hampers unequivocal cytogenetic mapping of the sin-
gle copy sequences. However, a pool of repeats can be isolated from genomic DNA using
a Cot reannealing of denatured genomic DNA. This method has been tested and applied
extensively on tomato by Peterson et al, (1995), Chang et al, (2008) and Szinay et al.,
(2008) showing that the Cot100 fraction of the genome has all the repetitive sequences to
paint the heterochromatin regions of all chromosomes. Complementary to this is the use
of the same pool of repeats for effectively blocking off these repeats in the BAC probes,
preventing hybridization to the chromosomes when single copy sequences have to be
positioned on the chromosomes (Szinay et al., 2008).

With the completion of the tomato genome (http://solgenomics.net/, Solanum
lycopersicum cv Heinz v2.40), we reasoned that complicated BAC FISH painting with
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Cot100 blocking can now effectively be circumvented using the sequence information
as a source for directly selecting single copy sequence stretches and producing its DNA
by PCR amplification using the primers that flank the selected regions. Here we propose
the use of short (less than 5 Kbp) labeled amplicons as bases for FISH probes produced
from BAC or genomic templates to analyze chromosomal organization and features.
Compared to a large sized genomic template, a relatively small sized BAC template is
less complex and has less chance of producing amplicons resulting from aspecific PCR
primer amplification. As the amplicon usually has a smaller size than the BAC itself, this
method allows for a higher resolution. The advantage is that PCR amplicons can be pro-
duced relatively fast and cheap in a high throughput setting. The disadvantage when
using a BAC template is that this method requires a BAC library and the identification
of BACs anchored to the region of interest. The most important aspect for FISH is the
sensitivity and specificity of the PCR probe. Detection of smaller labeled PCR amplicons
in general is less sensitive compared to a larger labeled BAC probe and therefore will be
more difficult to visualize in the microscope. Furthermore, unique primer sequences in
a whole genome template or BAC template background are required in order to produce
a specific PCR amplicon.

Over the last decade there has been an increasing interest in alternative strategies
for FISH studies using synthetic oligo sequences as probes. Zhong et al., (2001) used Roll-
ing Circle Amplification (RCA) as a surface-anchored DNA replication reaction that can
be exploited to visualize single target DNA sequences as small as 50 bp in peripheral
blood lymphocytes or in stretched DNA fibers. The specificity of the RCA method was
high enough to use allele-discriminating oligonucleotide probes for distinguishing be-
tween wildtype and mutant alleles. Beliveau et al,, (2012) developed an oligo-painting
technology. The oligonucleotide probes are renewable and highly efficient, and are able
to robustly label chromosomes in cell culture, fixed tissues, and metaphase spreads. In
Beliveau et al., (2015) two advances in FISH microscopy were further exploited for the
in situ visualization of single-copy regions of the genome using two single-molecule su-
per-resolution methodologies. The developed system was robust and reliable enough to
detect single-nucleotide polymorphisms (SNPs) that distinguish the maternal and pa-
ternal homologous chromosomes in mammalian and insect systems. This technology is
enabled by computationally designed, oligonucleotide-based oligopaint probes, which is,
in contrast to classical FISH probes, produced from segments of purified genomic DNA
amplified in bacterial vectors or PCR reactions. Oligopaints belong to a new generation
of probes that are derived entirely from synthetic DNA oligonucleotides. As such probes
have their sequences chosen computationally; they can be made for any organism whose
genome has been sequenced. Bienko et al., (2012) described a cost-effective genome-scale
PCR-based method for high-definition DNA FISH, using human and mouse genomic li-
braries of PCR primer pairs with optimal thermodynamic features, delimiting amplicons
200-220 nucleotides (nt) in length. After filtering out primer pairs that amplify multiple
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targets and cross-hybridizing amplicons, databases of 4,823,784 and 4,387,601 unique
primer pairs were created for the human and mouse genome, respectively.

Han et al, (2015) developed an oligonucleotide (oligo)-based chromosome paint-
ing technique in cucumber (Cucumis sativus) that is specific to a single chromosome of
the crop. In the first step all repetitive sequences were filtered using REPEATMASKER
(http://www.repeatmasker.org, Smit et al., 2013). Oligos were identified using a newly
developed bioinformatic pipeline called Chorus, which includes discarding oligos with
homopolymers, removing remaining repetitive oligos and hairpin sequences, and mas-
sively synthesizing the remaining oligos de novo. These oligos were finally amplified
and labeled as single stranded end-labeled probes for use in FISH. The specificity of the
probes was high enough to differentially painting homeologues in interspecific Cucumis
hybrids, and so can follow the process of meiotic chromosome pairing and recombina-
tion in detail. The potential of this technology is unprecedented, as it can be applied for
any crop or model species whose genomes have been fully sequenced.

Our strategy can best be compared with the repeat-free sequence PCR that are am-
plified from four non-overlapping barley BACs (Ma et al.,, 2010). For repeat masking, a
Mathematically Defined Repeat (MDR) analysis was carried out. The barley sequences
were chopped into overlapping 20-mers, and each 20-mer was assessed for its frequency
in the barley MDR index generated from a 574 Mb Illumina/Solexa genomic database. As
an extra control, the regions identified as unique based on the MDR plots were blasted
additionally against the TIGR Gramineae repeats database. Poursarebani et al, (2014)
further refined this strategy, using repeat-free FISH probes corresponding to 8 previ-
ously anchored BAC contigs that were specifically allocated to barley chromosome 2H.
We have created a two tier repeat detection system for the detection of unique regions.
The genomic sequence was first filtered for exact repeated sequences (using k-mers)
and then filtered for non-exact matches, followed by a gapped alignment check. This ap-
proach significantly reduces the analysis run time compared to doing a full genome map-
ping as well as the identification of inexact matches. The unique regions detected where
then used to PCR amplification the and PCR product the used as FISH probe to identify
their physical position in the genome.

Materials and Methods

Single copy DNA sequence selection

A modified Mathematically Defined Repeats (MDR) method (Wang et al,, 2002) was used
to define suitable regions for DNA amplification consisting of three steps: exact k-mer
matching, inexact k-mer matching and gapped amplicon matching. Canonical k-mers
of length 23 (a suitable size according to Cannon et al., 2010) were extracted from the
whole genome using JELLYFISH (Marcais et al., 2011) and the unique k-mers were saved in
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PCR single copy DNA FISH

(ii) average coverage index as close as possible to 1; (iii) at least 1 Kbp from the border of
the scaffold, but as close as possible to it; (iv) at least 1 Kbp away from any intra-scaffold
contig border; and (v) not containing gaps (denoted as stretches of “N”s in the FASTA file,
Figures 1and 2). All selected regions were BLASTed (Altschul et al., 1997) against the S. Iy-
copersicum cv Heinz v2.40 genome without soft- or dust-masking of repeats and return-
ing at most 100 matches for the elimination of gapped inexact repeats. The segments con-
taining the lowest number of gapped matches elsewhere in the genome are considered
candidates, which are then used for primer design with PRIMER-BLAST (Ye et al., 2012).
We selected the primer pairs with unique PCR products against all Solanum (NCBI taxid:
4107) genomes and with an amplicon length greater than 800 bp. The primers (cloning
primers HPLC, HPLC purified) were obtained from Fisher Scientific NL (Tables 1 and 2).

DNA isolation

Genomic DNA was isolated following the
protocol of Rogers and Bendich (1988) with
a few modifications. Leaves of young Heinz Table 2: Primers names and sequences.
1706 tomato plants were collected, snap “primer Name Primer Sequence
frozen and stored immediately at -80°C ch12-sc02-1f CCCTTGTTAGTGGGTATGTTGGC

until use. More than 5 grams of frozen ch12-sc02-1r AGTGGCTTGTTGGGTGGTTAG
ch12-sc02-2f AGAACTCTCTTCGGGTGGAG

leaves per aliquot were transferred to a .45 c000.9r cacearaceaTercecTTTATGE
pre-cooled mortar, filled with liquid nitro- ch12-sc02-3f ACCCTCAATACAAACATGAAAGTCAC

gen and ground with a pestle until a light ch12-sc02-3r TTGGAAGTTCAATAGGGAATCCAC
ch12-sc03-1f AGGAAGCAAAGGTAGTTTGGGATG

green powder was obtained. Then 5 grams 45 0034y rcarreccrancerescerte
of the ground leaves were put into a pre- ch12-sc03-2f ACCTGTCCCTTCCATACCTAAGTC
cooled 5omL tube to which 5 mL hot (65°C) ch12-sc03-2r AGTGCTGTAACCAAGTTCATAGTTC

ch12-sc03-3f GCTCCCATGATTGTAGAGCATCC
0, i -
2% CTAB extraction buffer was added. Af ch12-sc03-3r AGATAGGTGCCATCAAATCTCCAG

ter shaking, the mixture was incubated for ch12-sc03-4f TGGCTAACCCAATCGGAAACC

1 hour in a 65°C water bath. An equal vol- ¢h12-sc03-4r GAACAGTGATGGGCTCTTAATGC
ch12-sc03-5f GAGTCCGACAAGCCCTGAATG
ch12-sc03-5r GCACCATTTGTTTAGAGGCAGC
(24:1) was added after which the mixture ch12-sc09-1f AGTTGGACAGTGATTGGTGGG
was rotated at 20°C for 20 minutes. After ©h12-sc09-1r AGTGAGGAAGTAGCTCTGAAGTG
ch12-sc09-2f TTGCTGAGCTGGACAACAGAG
ch12-sc09-2r TTGGTGGGCCATGCTATTCAC
aqueous upper phase was pipetted to a ch12-sc09-4f ACGCTCGCCTTCTTCATTACC

conical 50 mL tube and 0.1 x volume (ap_ ch12-sc09-4r GTGTCCCGAAGGCTAAGCAC

0 ch12-sc10-1f ATGAGCTGCGTGGAGTCTTG
prox. 600 pL) of hot 10% CTAB was added ch12-sc10-1r ACCACCTCCGGTCTACCATC

and mixed. Then a second chloroform/ ch12-sc10-2f GGGGGARAGAGCATGAAAGAAAG
isoamylalcohol 24:1 purification was ap- ch12-sc10-2r TTTTGAGATGGGCTGCTCCG
ch12-sc10-3f TGAGACAGGAGGAGAAGACGAG
ch12-sc10-3r GTGGGTCTGCACGCTATACTC

a new 50 mL tube to which now an equal ¢h12-sc10-4f TCTTCTAATTTCAGCATCCAGCTAC

amount of 1% CTAB precipitation buffer ¢ch12-sc10-4r AAGTACATGGTGTGTAACATCCTC

ume of (10 mL) chloroform/ isoamylalcohol

centrifugation at 3600 rpm for 30 min the

plied and the aqueous layer transferred to
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was added. The tube was slowly inverted a few times and then spun down for 3 min at
3600 rpm at 20°C. The pellet was re-suspended in 1.5 mL High-Salt-TE buffer in a 65°C
water bath for 20 minutes. After a 2x volume of ice-cold 96% ethanol was added, the mix
was spun down and the pellet washed in 3 mL 80% ethanol and spun down again. After
discarding the supernatant, the pellet was dried at 20°C and then resuspended in 500
pL TE buffer, to which 1 pL. RNAse (10 mg/mL) was added for a 1 hr incubation at 65°C.
Finally, DNA concentration and quality check was performed with the NanoDrop micro-
volume system (Thermo Fisher Scientific).

PCR amplification

The PCR mix (20 pL reaction) for the genomic DNA contained 1) Sterile Milli-water 10.2 pL,
2) 5x Phire Hotstart reaction buffer 4 pL, 3) 10 mM dNTP’s 0,4 puL, 4) forward and reverse
primers (5 uM) 1 or 2 pL each, 5) template DNA (100x diluted) 1 pL, 6) Phire Hotstart DNA
polymerase 0.4 pL and 7) optional: DMSO (3% of total reaction volume) 0.6 pL. The PCR
mix (20 pL reaction) for the BAC template contained 1) Sterile MQ 10.2 pL, 2) 5x Phire
Hotstartreaction buffer 4 puL, 3) 10 mM dNTP’s 0.4 uL, 4) forward and reverse primers (5
uM) 1 or 2 pL, each, 5) template DNA (glycerol stock) tooth stick, 6) Phire Hotstart DNA
polymerase 0.4 pL, 7) optional: DMSO (3% of total reaction volume) 0.6 pL. PCR cycling
conditions are 1) 98°C for 2’, 2) 98°C for 10”, 3) 67°C for 20” and 30-35%, 4) 72°C for 20", 5)
75°C for 5" and 6) finally keep at 4°C. For checking the PCR products we made 1% agarose
gel (0.4 gram agarose, 40 mL TBE, 2 pL ethidium bromide), for which we applied 2 pL of
1 Kb marker and 1 pL of DNA sample with 1 pL 6x loading buffer. The PCR product was
purified with the Invitrogen PureLink® PCR purification Kit (K3100-01) and DNA con-
centration was quantified with the NanoDrop system. Finally 30 pL of the purified PCR
samples were labeled with the Nick Translation kit (Roche) following the instructions of
the manufacturer. For indirect labeling we used biotin-16-dUTP or digoxigenin-11-dUTP,
and visualized the probe using streptavidin Cys and anti-digoxigenin-FITC detection
protocols (Chang et al.,, 2008), respectively. For direct labeling in the multi-color FISH, we
labeled BAC DNA with dUTP-Cy3 (Amersham, http://wwws.amershambiosciences.com)
and dCTP-Cy3.5 (Amersham).

Slide preparation and Fluorescent in situ Hybridization

Fast growing flower buds were collected in the late morning and transferred directly
into freshly prepared ethanol 96%: glacial acetic acid (3:1) fixative. If not processed di-
rectly the material was transferred to 70% ethanol and stored at +4°C until use. On the
day of slide preparation we put a couple of flower buds in Petri dish filled with water.
Buds were staged by dissecting a single anther, squashing it in a drop of 1% aceto-car-
mine and staining under an 18x18 mm coverslip. If the anther contains pollen mother
cells at pachytene we transferred the remaining anthers of that bud to a 1.5 mL Eppen-
dorf tube in the fridge until use. Prior to enzymatic digestion the anthers were rinsed
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in 10 mM sodium citric Buffer (pH 4.5) 2 times for 5 minutes. We incubated the material
in a small tube with the pectolytic enzyme mix containing 1% pectolyase Y23 (Sigma
P-3026), 1% cellulase RS (Yakult 203033, Yakult Pharmaceutical, Tokyo, Japan) and 1%
cytohelicase (Bio Sepra 24970-014) in the sodium citrate buffer for 2-3 h at 37°C. After
the enzymatic digestion anthers were carefully rinsed in MQ water and kept on ice until
use to prevent further digestion. For each slide we used only a single anther, which was
put in a small Eppendorf tube to which 20 pL 60% acetic acid was added. The cell mix-
ture was sucked with a pipet few times to release the cells from the anther tissues. Then
the 8-10 pL of the anther cells were dropped onto a wet and grease-free slide on a 55°C
hotplate for 2 minutes while adding 2-3 drops of 60% acetic acid. Finally a few drops of
freshly prepared ethanol acetic acid (3:1) next and on top of the cell mixture improves
the quality of the chromatin contrast and the spreading of the cells on the slide. After
air-drying we checked each slide under the phase contrast microscope. Only slides with
well spread pachytene complements, hardly any cytoplasm, and well-differentiated het-
erochromatin were selected for FISH.

Slides were incubated with 1 uL RNaseA (1omg/mL) in 100 pL of 2xSSC (1:100) at 37°C
for 1th. In the case of slides that still contain remnants of cytoplasm on the chromosomes
we continued with a pepsin treatment (1 uL Pepsin (500 pg/mL) in 100 pL of 0.01 M HCL
(1:100) for 10 minutes at 37°C (times were adjusted if needed), followed by a 2 min. wash
in MQ for 2 min., two times in 2xSSC for 5 min. and a post-fixation in 1% formaldehyde in
PBS, pH 6.8. We then washed the slides in 2xSSC, dehydrated them through an ethanol
series 70%-90%-100% for 3 min of finally let them air dry. The hybridization mixture
(20 pL per slide, containing 50% formamide, 2xSSC, 10% sodium dextran sulfate, 50 mM
phosphate buffer pH 7.0, 1-2 ng/uL probe DNA and 50-100 ng/puL salmon sperm DNA) was
added onto the pretreated chromosome preparations and heated to 80°C for 2 minutes
to denature the probe DNA and the chromosomal DNA. The hybridization on the slide
was allowed to proceed at 37°C overnight, followed by post hybridization washes for
3x5 minutes in 50% formamide, 2xSSC pH 7.0 at 42°C, 5 minutes in 2xSSC at room tem-
perature, 3x5 minutes in 0.1xSSC at 56°C and 5 minutes in 2xSSC at room temperature.
Detection and amplification was according to the manufacturers protocols (Boehringer
Mannheim). Digoxigenin-labeled probes were detected with anti-digoxigenin-fluoresce-
in and amplified with rabbit-anti-sheep-fluorescein (F135, Nordic). Biotin-labeled probes
were detected with Streptavidin Cys and amplified with Biotinylated Anti-Streptavidin
and Streptavidin Cys.

FISH chromosomes were counterstained in 5 pg/mL DAPI in Vectashield anti-fade
(Vector Laboratories, http://www.vectorlabs.com). Slides were examined under a
Zeiss Axioplan 2 imaging photomicroscope (http://www.zeiss.com) equipped with
epifluorescence illumination, and appropriate small band filters for all fluorescence
dyes used in this study. Selected images were captured using a Photometrics Sensys
1305%1024 pixel CCD camera (Photometrics, http://www.photomet.com). Image process-
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Primer Name

Sequence

ch12-sc02-1f

ch12-sc02-1r

ch12-sc02-2f

ch12-sc02-2r

CAACTAACCTTCTGGCTNGTGCTTTCTCCTCCCCTCAGTCTTTTGGTGCTTTTATTGCAGTTGCAAGATATNCAAGTGCC
ACTCCCATGCCACCATCCATACTCAGCCGTGGCGTAGGTTGGCAGGTAAACAGATGCTGCCCCCCTGTAAACTCCCCTCC
CTAGCCCAACTTTCTAATACAATGACTTGAAAGGGAAAACGCAAACTTTTTTGTTATTTTATTGAATTTGAACGCAGAAT
CAAATACATAGGGTGGTTTGAAAGGTTTATATGGAGAGTCATGACATTGTTTTCAGTCTTCCCAGATTAGCCTTTTCCAC
CAGAAGATTTCTTCAGCTCATACCCCAAAAGTTCTTCAGCTAGTACCCCAAGTCTGTCACATACATGCCTCTGTTTTTAT
TTATTTAGGGGAGGTGGGTGGGGGTGGGGTGTATATGGGCATATATGGAAAGACAATTAATTTGGAATTCTCAGTTTGAT
TCACGAGAAGAATGATTGTTCTTGCACTTCCTCATTCCGGTCTGTTACCAACATGCTCCATTATTATCATCATATGACGA
ACCTTTTTGCTGTATTTACTTTCCAAATTCTTGTTATGTCAGGGAATTGGCATTTTACTGTCGGGTTTGTTCGGCACCGG
GAATGGATCTTCTGTATCTGTGTAAGTACAGGCGAAATCTTCTTCAGCACAATAGGATGGTAGAAATTAGTTATCTAAGA
CGAATTAACTCTCTTCATACACATGCAGTGAARATGCTGGTCTTTTAGCACTAACACGTGTTGGCAGCCGAAGAGTTGTT
CAGATATCAGCAGGGTTTATGATTNNCTTTNCAATTCTTGGTAATTTNCCTGTCCAAGTATTTNGTNGAGTAAATTNNCT
TGATTTNCGCTGATATTTAATCCCTCCCCCANCTCCCTCTTNNGCATGTTATNNATCTAAATGCACNTTGGTNTCTTTCA
GGAAAAATTNGGGNGCCGNCTTNGCTTCGATTCCANCACCCATNGTAGGNGCCCCCTATNGCCTATTCNTTNGGCTTATG
TAGGNNNCNTAAANATANNAANGGNAANCCCTGNNGTNANGAT
ATGCGACTAGGAACCAAAGTTGCTATATTNCNACTCAAATTCACATATCCATGAATTTACAACAGAAAAACAATTTACTA
AGTAACTTCAAAATGGTCAGACTAGTTATACTTTCCTTTCTTTTGCATACATATAAAAGAAAATATGTGTAGCAGAAGTG
AGGCCCCAATGAAGAATTCATTGACAAGGGGTTTTATCGTGTATGAACCGTTTTGTTTTGTTCCTCAATATGATCTCATA
CTGACGGGAAATACTTGTTGAGATTGAACGGAAGAGAGTAGAATTCCTCACTTCTTGTGTCACTCTTGAAGGACCGGAAC
TTGTTCCACCACGGCTTGCCTCTGTCTTTCTTTGTCGAACTCTCCTTTTTGTGCATTGTATTGTCCAGGAAATAAGCCAA
TATGCCAGCAACAAAAGCTTCTGATGAGAAGGGCACGTTCACCATGTCGTTGAACTGAAGAATAACAACAAAGCACAAGT
AACTCTTTTCAGCCACCTCTCAAAAATGAAAATGTTAGACATGTATTAAGCTAGTGTTAATTATTGCTATACCCATCGTC
CATGTGTGTGAACAGGTCCGTAACCAGCAATCACAGTGTATTCATTGAAGTACTGCGGTACTGATAAACCCAAAAAGATT
GAAAAACCTAATATAAACTTGTTACGGAAACTATTAAGATTGCAGAACTGAAGAAAGCTTAAGCCTCCAACCCCTACAAA
CAAAGAGAACAAGTAATCACTAACTCCTCATAACGTGAACCACATATTGGTAATGATCATCACACAGGGCTTCCCTTGTA
TATTTACGTACCTACATAAGCAAAGAATAGGCAATAGAGAGCGCCTACAATGGGTGCTGGAATCGAAGCAAAGACGGCAC
CAAATTTNCCTGAAAAAGAAACAAAAGNGCATTTAGATAAATAACATGCAAAAGAGGAGCTGGGGAGGGATAAAATATCA
NCGAAAATCAAGAAAATTNACTCAACAAAATACTNGGACCGGGAAAATTACCNNNAATNGNAAAGAAANTCNTAAACCCN
GCTGANTNTGNACNANTCTTCGGGNNGGCCAACACGNGTTN
CACTAANCTTCTTGGCTNGTGCTTTCTCCTGCCCTCAGTCTTTTGGTGCTTTTATTGCAGTTGCAAGATATGCAAGTGCC
ACTCCCATGCCACCATCCATACTCAGCCGTGGCGTAGGTTGGCAGGTAAACAGATGCTGCCCCCCTGTAAACTCCCCTCC
CTAGCCCAACTTTCTAATACAATGACTTGAAAGGGAAAACGCAAACTTTTTTGTTATTTTATTGAATTTGAACGCAGAAT
CAAATACATAGGGTGGTTTGAAAGGTTTATATGGAGAGTCATGACATTGTTTTCAGTCTTCCCAGATTAGCCTTTTCCAC
CAGAAGATTTCTTCAGCTCATACCCCAAAAGTTCTTCAGCTAGTACCCCAAGTCTGTCACATACATGCCTCTGTTTTTAT
TTATTTAGGGGAGGTGGGTGGGGGTGGGGTGTATATGGGCATATATGGAAAGACAATTAATTTGGAATTCTCAGTTTGAT
TCACGAGAAGAATGATTGTTCTTGCACTTCCTCATTCCGGTCTGTTACCAACATGCTCCATTATTATCATCATATGACGA
ACCTTTTTGCTGTATTTACTTTCCAAATTCTTGTTATGTCAGGGAATTGGCATTTTACTGTCGGGTTTGTTCGGCACCGG
GAATGGATCTTCTGTATCTGTGTAAGTACAGGCGAAATCTTCTTCAGCACAATAGGATGGTAGAAATTAGTTATCTAAGA
CGAATTAACTCTCTTCATACACATGCAGTGAARAATGCTGGTCTTTTAGCACTAACACGTGTTGGCAGCCGAAGAGTTGTT
CAGATATCAGCAGGGTTTATGATTTTCTTTTCAATTCTTGGTAATTTTCCTGTCCAAGTATTTTGTTGAGTAAATTTNCT
TGATTNNCGCTGATATTTNATCCCTCCCCANNTCCTCTTTNGNATGTNATTTAATCTAAATGCACTNGTTTCTTTNCAGG
AAAATNNGGTGNCGNCTTGGNTTCGATTCCANCACCCATNGTAGGGGCNCTCTATN
ATGCGACTAGGAACCAAAGTTGCTATATTGCCCACTCAAATTTTCNATATCCATGAATTTACAACAGAAAAATNCTTTAC
TAAGTAACTTCAAAATGGTCAGACTAGTTATACTTTCCTTTCTTTTGCATACATATAAAAGAAAATATGTGTAGCAGAAG
TGAGGCCCCAATGAAGAATTCATTGACAAGGGGTTTTATCGTGTATGAACCGTTTTGTTTTGTTCCTCAATATGATCTCA
TACTGACGGGAAATACTTGTTGAGATTGAACGGAAGAGAGTAGAATTCCTCACTTCTTGTGTCACTCTTGAAGGACCGGA
ACTTGTTCCACCACGGCTTGCCTCTGTCTTTCTTTGTCGAACTCTCCTTTTTGTGCATTGTATTGTCCAGGAAATAAGCC
AATATGCCAGCAACAAAAGCTTCTGATGAGAAGGGCACGTTCACCATGTCGTTGAACTGAAGAATAACAACAAAGCACAA
GTAACTCTTTTCAGCCACCTCTCAAAAATGAAAATGTTAGACATGTATTAAGCTAGTGTTAATTATTGCTATACCCATCG
TCCATGTGTGTGAACAGGTCCGTAACCAGCAATCACAGTGTATTCATTGAAGTACTGCGGTACTGATAAACCCAAAAAGA
TTGAAAAACCTAATATAAACTTGTTACGGAAACTATTAAGATTGCAGAACTGAAGAAAGCTTAAGCCTCCAACCCCTACA
AACAAAGAGAACAAGTAATCACTAACTCCTCATAACGTGAACCACATATTGGTAATGATCATCACACAGGGCTTCCCTTG
GTATATTTACGTACCTACATAAGCAAAGAATAGGCAATAGAGAGCGCCTACAATGGGTGCTGGAATCGAAGCAAAGACGG
CACCAAATTTCCTGAAAAGAAACAAAGTGCATTTAGATAAATAACATGCAAAAGAGGAGCTGGGGAGGGATAAAATATCA
NCGAAAATCAGAAAATTTACTCCANCAAAAATACTGGGACNGGAAAATTNCCCNGAATTGGANAGAAAATCNTT

Table 4: Sequenced amplicons and primer names.

ble 3 describes which FISH condition was used to hybridize the primer pairs. From the
six primer pairs developed, only two showed unique FISH signals in both BAC templates
and genomic templates (with and without nested PCR). The amplicons from some of the
primer pairs were sequenced using Sanger and random primers (Table 4).

In this manuscript we analyze in depth these two scaffolds, SL2.40sc04878 and
SL2.40sco05611. Scaffold SL2.40sc04878 is a 5.7 Mbp long scaffold starting at position 22.5
Mbp of chromosome 12 with a median k-mer coverage of 0.348 * 0.356, of which 12.67% of
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annealing temp 61

Figure 3: Agarose gels of amplicons obtained from PCR
with primers from the selected scaffolds on genomic
Heinz 1706 genomic DNA (see table 1). a) First PCR from
1 pL non-purified PCR product. b) Second PCR obtained
after stringency adjustment by increasing the anneal-
ing temperature to 61, 64 and 67 °C, respectively. c)
PCR with primers on BAC DNA clearly shows single DNA
bands. See also Table 1.

its positions are unique (i.e. have a k-mer cov-
erage equal to 1). The median uniqueness for
the region selected for primer design is 1.000
+ 0.097, with 61.49% of the coordinates 100%
unique. Scaffold SL2.40sco5611 is 1.2 Mbp long,
starting at position 63.3 Mbp also of chromo-
some 12 with median k-mer coverage of 0.957
+ 0.320 and 44.20% of the coordinates 100%
unique. The median uniqueness index for the
region selected for primer design is 1.000 *
0.022 with 85.10% of the positions unique. The
high uniqueness measures of the regions se-
lected for primer design demonstrate success-
ful selection for unique regions in the scaffolds.
Regions selected for primer design had a me-
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dian size of 2,604 bp + 119 bp since Table 5: Nested PCR primers designed to reduce smear.

the theoretical minimum size de- Primer Name Primer Sequence

tectable by FISH is around 2 Kbp ‘ch12-sc02-4f ACAATTTCCCTTGTTAGTGGGTATGTTGGC
(Lamb, et al, 2006)_ Amplicons ch12-sc02-4r GTGCTGGAATCGAAGCAAAGACGGCAC
for scaffolds SL2.40sc04878 and ch12-sc02-5f ACGTTTCCCCTCACAAGCATAGAATTTCC
) ch12-sc02-5r CCATATAGTTCTCGCCCGTTCGGC
SL2.40sc05611 were, respectively, on10.5c02-5f TGCACAACCCTCAATACAAACATGAAAGTC
1,848 bp and 3,543 bp long. ch12-sc02-5r TGAACAAAAAGTGCAGTACGATTGGAAGCC
Genomic DNA obtained from ¢€h12-sc03-6f AGGAAGCAAAGGTAGTTTGGGATGAGTAGG
ch12-sc03-6r TCCCTTGTACCTTGTCTTCAAACCTCTTC
ch12-sc03-7f AGAAAGCTCCCATGATTGTAGAGCATCC
1% and 2% agarose gels. High- ch12-sc03-7r acccTerTTAGTTTTCTGATAGTCCACCC
quality genomic DNA appeared as ch12-sc09-5f GTTGGACAGTGATTGGTGGGCAACGG
ch12-sc09-5r TGCCCTACCAGTTCATTCAGACTTGCATCC
. ch12-sc09-6f TGCTGAGCTGGACAACAGAGCTACTATGC
smear. All genomic DNA samples  12.500-6r  TCCTGAGGCACTAAAGAAAGCTCARAACG
gave 260/280 ratios of 1.9 and ch12-sc10-5f ACTGATTTCTATCCTGAAGCAGCAGAGTGC
260/230 of 2.2. Scaffolds and prim- ch12-sc10-5r  CTCATGCTTTTCCTGCTAATGTTTCACCTG
ch12-sc10-6f AATTTCACATGCTGGTGTACTGATGAGAGC
ch12-sc10-6r GCTTGAGCCTTGACATTGCGGAGGAG

Heinz leaves was first tested on

distinct bands at 10-20 kb without

ers that are used in the experi-

ments are described in Tables 1
and 2. In the first series of PCR reactions, we tested various primers from different scaf-
folds on genomic DNA and set the annealing temperature at 55 °C. Gel electrophoresis of
the PCR products showed multiple DNA bands, suggesting that different amplicons were
formed (Figure 3a). When increasing PCR stringency with the annealing temperature
elevated up to 67 °C, respectively, we obtained the same number of multiple bands on the
gel (Figure 3b). In a second series of PCR amplifications we used the corresponding BAC
DNA as target for the PCR reaction. The BACs have been selected to contain the ampli-
fied DNA sequences in the corresponding PCR reaction (Table 1). The PCR products now
obtained show single bands on agarose gels with sizes corresponding to the expected
amplicon size (Figure 3c, Table 1).

Hybridization of the probes on chromosomes gives clear fluorescent foci on the chro-
mosomes with little or no background signals. Amplicons obtained from PCR on genomic
DNA revealed multiple foci in several experiments with FISH on pachytene complements
in cell spreads of Heinz 1706 tomato pollen mother cells (Figures 4a) and correspond to
the multiple DNA bands seen on gel (Figure 3a). Even raising the annealing temperature
up to 67°C did not result in the expected single foci on the chromosomes.

Under similar conditions, we also extracted DNA from single bands in the gel and
probed the DNA biotin and digoxigenin and detected them with streptavidin - FITC and
anti-digoxigenin - Cys. Figure 4b shows a detail of a pachytene complement in which a
strong reduction of foci is apparent. In a next step we continued with gel extracted DNA,
which was used for an additional nested PCR (Table 5). The green fluorescent FITC sig-
nals were obtained from labeled SC2-1 amplicons. The red Cy3.5 is from the control BAC
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Figure 4: FISH of PCR amplicons on Heinz 1706 pollen mother cells at pachytene. a) Hybridization of
pooled PCR amplicons from primers SC2-1, SC2-2 and SC2-3 (Cy5, purple fluorescence) and from prim-
ers SC3-1, SC3-2, SC3-3, SC3-4 and SC3-5 (FITC, green fluorescence) on genomic Heinz 1706 genomic
DNAs. The amplicons were obtained by PCR at high stringency with annealing temperature of 672C,
giving multiple DNA bands on the agarose gel. b) Same hybridization, but DNA was gel extracted. FITC
foci from primers SC2-1, Cy5 foci from primers SC9-4. The Cy3.5 signal from BAC Mbo_011_A16 is used
as an internal control for chromosome 12. c) Same hybridization, but probe DNA was obtained from gel
extracted and nested PCR. See materials and methods for details. The green fluorescent FITC signals
come from SC2-1. The red Cy3.5 is from the control BAC Mbo_011_A16.
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S$C9-1,2,3

M5 .:— £
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RS_03_106

Figure 5: PCR-FISH painting on tomato pollen mother cells at pachytene. The probes were obtained
from PCR amplicons with single copy primer sequences on their corresponding BAC templates of chro-
mosome 12 (see Table 1). The purple foci denote the Cy5 labeled amplicons of SC9-1, SC9-2 and SC9-3,
the green FITC foci are hybridizations of the amplicons SC10-2 and SC10-4, the orange fluorescent probe
is from BAC RS_063_106, which unexpectedly hybridizes with the complete nucleolar organizer region
of chromosome 2. The red fluorescent Cy3.5 signal is from BAC Mbo_011_A16 and is used as a control
for chromosome 12. The two insets show the same pattern of the three amplified scaffolds from two
other pollen mother cell spreads at pachytene.

Mbo_o011_A16. The yellow Cy3 of the second reference BAC (RS_063_106) unexpectedly
painted the NOR and was not used in further experiments.

Description of PCR amplicons with single copy primer sequences on their corre-
sponding BAC templates of chromosome 12 is shown in Table 1. The purple foci denote the
Cys labeled amplicons of SC9-1, SC9-2 and SC9-3, the green FITC foci are hybridizations of
the amplicons SC10-2 and SC10-4, the orange fluorescent probe is from BAC RS_063_106,
which unexpectedly hybridizes with the complete NOR of chromosome 2. The red fluo-
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rescing Cy3.5 signal is from BAC Mbo_o011_A16 and is used as a control for chromosome
12. The two insets show the same pattern of the three amplified scaffolds from two other
pollen mother cell spreads at pachytene.

Discussion

In this study we have shown that selection of single copy sequences in the assembled
genome of tomato enables production of amplicons that can be labeled as probes for mi-
croscopic detection of such sequences on a chromosomal target. The method is relatively
fast, simple and provides a powerful alternative to the BAC FISH painting technique we
used previously in similar studies. The major drawback of the technique is that ampli-
cons obtained from PCR on genomic DNA templates produce multiple PCR fragments
on gel and, as expected, exhibit various fluorescent foci on different chromosomes in
the cell complement. In contrast, if BAC DNA was used as a PCR template, the expected
single chromosomal foci was observed. An explanation for the multiple bands obtained
from PCR on total genomic DNA is that some smaller parts of the tomato genome, espe-
cially the satellite and nucleolar organizer region of chromosome 2, are simply not com-
plete enough and hence may contain DNA sequences that were not deleted during the
computational filtering. The possibility of such unknown small undetected repetitive
sequences in the amplicons may be higher in the larger PCR products of several kb that
we have used for our painting study.

Furthermore, considering that the assembled reference genome sequence is still in-
complete, missing approximately 200 to 250 Mb (20-30% of the total length) of highly
complex unassembled sequence, a false non-repetitive assignment to k-mers, especially
for those k-mers that are mapped to inherently problematic regions such as contig ends,
is possible to occur. However, due to the incompleteness and assembly errors in the ref-
erence genome such errors cannot be completely avoided at the moment. Although we
did not test it, an alternative approach might be assessing the k-mer frequencies from
sequence read data instead of the assembled genome sequence as well as using a more
robust method for calculating the uniqueness index. Ma et al., (2010) Finger Printed (FP)
contig-associated genomic sequences were analyzed for k-mer sequence statistics, lead-
ing to repeat identification and subsequent masking called Kmasker (Schmutzer et al,
2014) for the development of unique FISH probes using k-mers, a tool which claims to
have a 98.7% success rate which differed from ours by targeting exclusively genic re-
gions, which requires a genome annotation but seems to be an effective approach for
avoiding repeats.

One of the most striking results was the fact that one of the scaffolds (RS_063_106,
Figure 5) shows a full staining of the NOR region of chromosome 2. The short arm of
chromosome 2 is almost completely missing from the genome assembly of tomato and
can be responsible for the large fraction of the genome size discrepancy mentioned ear-
lier and the relative large size of the chromosome o, the collection of un-scaffolded con-
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tigs. This led us to believe that the short arm of chromosome 2, and specifically the NOR
region in it, might contain representatives of several classes of repeats, including those
found in our scaffold.

In conclusion, our method successfully selected unique regions in the scaffolds of
interest, but its success rate in the hybridization shows that our method was not suf-
ficient to ensure uniqueness relative to the unknown parts of the genome (unsequenced
or collapsed repeats) but the probes that did work were able to be amplified directly
from gDNA without the need for BAC templates. It is our belief that with the improved
bioinformatics methods now available it is possible to create unique probes for genome
scaffolding completely without BAC libraries using exclusively NGS-WGS assembled se-
quences.
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Chapter 6

This thesis encompasses the generation of a large dataset of tomato genomes which will
serve the plant science and breeding communities to better understand this crop, fleshy
fruits, and other plants in general. In order to analyse this data many pipelines, compu-
tational methods were developed and reported upon. While the work presented in this
thesis can help researchers and breeders to understand and study plant diversity and
improve plants by breeding, in order to arrive at true “breeding by design” a number
of technological and methodological innovations will be needed. Specifically, improve-
ments are possible in the technology we employ to measure the natural genetic and
structural variation in genomes and the computational methods that we use to process,
analyse and interpret the large amounts of data that this technology produces. Below, I
will discuss these potential improvements in more depth.

Importance of plant breeding and natural variation information

Plant breeders face many challenges in their line of work. Among those is the constant
need to innovate. New customer preferences, higher nutritional value, the need for re-
sistant crops and increased (a)biotic stress tolerance are some of the reasons for the
need to develop innovative crops with new traits. Here the knowledge of the natural
variation and the exploitation of the genetic diversity of available germplasm is the most
powerful tool at the disposition of breeders. Even directed genetic modification (cis-,
and specially trans-genesis) requires information from natural diversity.

Until recently, information on the genomic diversity of plants was restricted to a few
model species. This changed with new technological developments achieved in the last
decade, permitting high-throughput sequencing at a fraction of the costs of traditional
Sanger sequencing. Today it is possible to sequence many varieties of a species in search
of all available diversity. Having a genome sequence, combined with phenotypical infor-
mation, permits the development of molecular markers associated to traits. Such mark-
ers are indispensable in modern plant breeding where a simple and inexpensive set of
PCRs in young plantlets is sufficient to identify the underlying genes of a trait without
the need to grow the plant to maturity.

The high SNP density in a dataset of common genetic variants created through Whole
Genome Sequencing (WGS) by Next Generation Sequencing (NGS-WGS) will increase the
resolution of statistical methods created to analyse sparse sets of genetic markers cre-
ated by technologies such as Genotyping by Sequencing (GBS). These powerful statisti-
cal methods, when allied to high density SNP maps, can help in the identification of hot
and cold spots of recombination with high accuracy. This information can help in the
development of more efficient breeding strategies, reducing the time and cost of such
efforts. Nevertheless, fuelled by the recently NGS-based technological advances made
and similar advances expected in the near future, whole genome re-sequencing is a com-
petitive alternative and eventually will outcompete approaches like GBS. Moreover, non-
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targeted NGS approaches are much more suited for comparative studies involving large-
scale sampling of non-model species than targeted, labour intensive, approaches such as
GBS (Rossetto and Henry, 2014).

A special group of challenging organisms are the polyploid species, which despite
their economic importance, cannot be studied with most of the tools that are used for
diploid organisms due to their added genomic complexity. With the very long read tech-
nologies becoming available and more affordable, it becomes possible to generate large
haplotypes, increasing our capacity to study and understand polyploidy, creating a de-
mand for new tools which can process and visualize more complex genome structures.

Analysis of epigenetics faces similar problems, lacking high throughput biochemical/
biophysical methods of sequencing. Because of the small number of available datasets,
there is a proportionally low number of programs to analyse this type of data. Fourth
generation sequencing techniques (such as Oxford Nanopore) promise to change the
data acquisition problem by reporting the nucleotide sequence and its methylation state
at the same time and, with this, data analysis tools should be developed to accommodate
this extra level of information.

With the spreading usage of NGS for routine genotyping in breeding programs, the
use of specifically designed immortal populations should decline as GWAS statistical
methods could be used to identify new QTLs and causal SNPs in regular F1 populations
due to the high number of individuals being sequenced and the diminished problems
caused by heterozygosity by the usage of longer, higher quality, reads. When this dense
genotyping data is associated with mass haplotyping and phenotyping, functional un-
derstanding of SNPs will extend to explain epistatic interactions and heterosis at un-
precedented levels; crucial to a true breeding-by-design program in which all necessary
breeding steps (parental, intermediate and final genotypes) can be defined prior to the
start of the breeding program.

For this to happen, high throughput methods of phenotyping have to be created to
measure the large amount of parameters important to the final product. Allied to meas-
urement devices, ontologies will have to be created to standardize the comparison of
measured features among experiments and institutions. New algorithms have to be de-
veloped to convert all available data into information and to convert this information
into a hypothesis which can be tested to validate the mathematical model.

Chromosome structure

Knowledge on the chromosome structure of a species, its morphological variations and
potential de novo rearrangements is essential for a successful breeding program. There
are several methods to identify structural differences between genomes such as genome
and Bacterial Artificial Chromosome (BAC) FISH painting, and study of chromosome
pairing in interspecific hybrids. In the context of genome sequencing, BAC FISH is the
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most useful since the same library can be used for sequencing and for FISH, facilitating
the combination of both sources of information. Once a BAC library is created, BACs are
hybridized against the genome in a process called minimum tiling path (Cvikova et al.,
2015) which tries to determine the minimum set of BACs which can cover most of the
genome having some overlap between them. Once such a set of BACs are chosen, they
are either individually sequenced (BAC-by-BAC sequencing) or have their 3’ and 5’ ends
sequenced (BAC-end sequencing).

However, BAC-by-BAC sequencing has fallen into disuse due to its costs. BAC-end se-
quencing is also decreasing in use because the costs of creating and maintaining a BAC
library can be as large as the cost of sequencing. Recently, Hi-C has been presented as
an alternative to BAC-end sequencing for scaffolding genomes (Burton et al., 2013). It
is based on cross-linking the genome, trimming the free DNA and sequencing the re-
maining DNA. This remaining DNA represents the parts of the genome that are bound
together by proteins at the time of crosslinking. By performing a statistical analysis of
the set of segments that are sequenced together, it is possible to infer the proximity be-
tween these segments in the genome. When mapping such segments to the unfinished
genome assembly, this information can be used to further order the scaffolds into super
scaffolds. Hi-C does not exactly provide scaffold orientation and, in the absence of physi-
cal markers, it is not able to identify centromeres, Nucleolus Organizer Regions (NORs)
or telomeres, all important chromosomal features for breeding.

A finer grained scaffolding method which is able to identify chromosomal structure
is PCR-FISH on pachytene chromosomes, which is able to give order and orientation to
scaffolds without the need for a BAC library. As a bridge between sequencing and BAC-
FISH, we have developed a PCR-FISH method for tomato in which labelled amplicons are
hybridized against the nuclear DNA. We designed unique PCR primers at the borders of
assembly scaffolds, subsequently label the unique PCR product with fluorophores and
then visualize them on chromosome preparations with FISH. Furthermore, markers for
centromere, Nucleolar Regions and telomeres can be added and visualized by FISH, cre-
ating a more complete understanding of the genome organization.

With the recent advent of extra-long reads (PacBio, Eid et al.,, 2019; [llumina TruSeq,
Liet al., 2015; and Oxford Nanopore, Eisenstein, 2012) and genome mapping technologies
such as Bionano genome mapping (Levy-Sakin and Ebenstein, 2013), the number of scaf-
fold breaks can be reduced drastically (Faino et al.,, 2015). This more manageable number
of discontinuities can be ordered and oriented in relation to each other (and to the chro-
mosome features) using simple primers without the added cost of a BAC library. By using
an assembly strategy that aims to create pseudo-molecules with a combination of long
reads, genome mapping, Hi-C and PCR-FISH, it is possible to envision the routine crea-
tion of high quality assemblies with completeness comparable to what is considered a
reference genome. Combined with methylation analysis and single cell sequencing, this

160



General Discussion

will generate a deeper understanding on chromosome structure variation between cells,
organs, organisms, species and cancerous tissues.

Genome analysis tools

The high throughput generation of data brings challenges both in data analysis and data
visualization. Data analysis has to be adapted to the constraints of computational re-
sources and time. Data visualization has to be adapted to relay the result of the analysis
while allowing the comparison of a large number of samples and dimensions at once.

Data analysis has experienced a revival with programs being re-written to yield a
higher throughput, such as NCBI which released a faster version of its BLAST software
suit (BLAST+, Camacho et al.,, 2009). At the same time, efficient storage methods have
been developed specifically for biological data. One of such methods is the CRAM file
format (Fritz et. al., 2011) created to store mapped NGS data with up to 60% compression
rate. This trend is expected to grow but, more importantly, programs will need to be de-
signed with high and diverse parallelization methods available, able to take advantage of
several computer cores as well as several computer nodes (Cochrane et al.,, 2012).

With the increase of the data volume, the time and costs of data transfer has grown
to be an important factor in project design. Some research groups and governments are
already attempting to solve this problem by moving both data and computation to the
cloud (Stein et al., 2015). Although the concept of sharing computer power is not a new
one, shared data repositories were problematic due to the privacy and secrecy needed to
the projects before publication. The solution is to create fine grained permission for data
access for authorized personnel. As the data is co-located with the data centre, some-
times placed there directly by the sequencing facility, access to the data becomes quicker,
less redundant and cheaper. After publication, the data can also be made available with-
out need to transport it between organisations, saving time and resources. Even private
cloud computing companies are already making public biological data available within
their data centres to facilitate the usage by clients such as Amazon Web Services, one of
the largest cloud computing companies, making the 1000 human genomes available to its
clients (1000 Genomes Project and AWS, 2015). In the future we will see that shared, fed-
erated, computer power and storage becomes more ubiquitous, while reducing the time
to large analysis by using a large pool of computational resources. The Netherlands have
already created a network of computer clusters and storage accessible to public and pri-
vate entities (SURFsara, 2015) and such services should increase, merge and interlink to
create a large network of collaboration.

Moreover, visualization has not caught up with the increase in the amount of data
generated. The substantial size of the data and the large number of samples requires
summarization of the data in biologically meaningful ways, allowing for a general view
of the data as well as for the inspection of details, preferably in a single tool. A prob-
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lem with such a dynamic visualization program is the difficulty of translating all those
visualizations to a bi-dimensional paper for publishing and sharing, limiting its usability
(Gehlenborg and Wong, 2012).

Based on this principle of data reduction IBROWSER was created (described in chap-
ter 3), which, instead of showing SNPs across the genome, it creates a phylogenetic tree
for each consecutive block along a chromosome, displaying a heatmap summarizing the
distances encountered from each sample to a reference.

The natural progression of visualization of high dimensional data, such as genomic
information, will likely bring a heterogeneous approach where data exploration can be
done in three dimensions with multi-depth visualizations interlinked, allowing the user
to switch seamlessly between them and to extract meaning. For reporting of the find-
ings the user would have to reduce this data to two dimensions with auxiliary graphics
showing all ancillary data side-by-side for small, selected genomic areas. This would
allow faster analysis while not hampering science communication.

As for scientific communication, several journals are now allowing for the embed-
ding of dynamic content such as movies and hyperlinks, impractical to be converted to
a print media. This trend can be expanded to allow interactive graphics, enabling the
reader to explore the data instead of reading the authors interpretation of it. And, as web
services become more ubiquitous, the language of the internet is becoming the language
of reporting scientific findings. More programs will be adapted to be used in the web
browser and their reports web friendly. This would allow for the long sought platform-
independent distribution of programs with built-in, feature rich, reporting.

Sample comparison and identification

The exponential growth of NGS projects creates a logistic problem. If not accompanied
by automation, the manual handling of hundreds of biological samples, from the green-
house/environment until they reach the bioinformatician, may lead to sample swaps.
Added to that, different plant collections have different database formats, identification
codes, nomenclature standards and in some cases lack updates in case of nomenclature
changes. Wild species provide us with the added problem of gene flow in sympatric spe-
ciation (Lin et al, 2014), which complicates species identification.

Reference-free methods with powerful statistics have been developed which are
able to identify introgressions out of the raw sequencing data, which can be pipelined
with cheap and high throughput sequencing apparatus for quick species identification.
It is also possible to identify pathogens from samples without growing them separately,
which is crucial for several fields. For medicine it can be used to identify diseases while
it can be used in plant research to identify insects and pathogens. Also, governmental
customs can use such methods in an attempt to diminish illegal entering of forbidden,
contaminated or infected species. Programs such as CNIDARIA are viable tools to be used
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as a first step in the identification of the genus of a species found, while a more specific,
reference based method and databases can be used for sub-species/strain identification.
The new CNIDARIA tool which is able to cluster and identify genome and transcriptome
data from raw and assembled data is able to cluster at genus level with 100% accuracy
and at species level at 78% accuracy even when handling data as phylogenetic distant as
fungi, animals and plants in a single analysis.

With the commoditization of sequencing, and even the possible portability of se-
quencing devices, reference free methods promises the ability of gathering meaningful
information for any sample, regardless of whether there is a close relative gold standard.
This can possible allow us to sequence organisms from all phylogenetic branches, includ-
ing never seen ones.

Even for organisms having references to compare with, reference-free methods can
serve to speed the comparison and for quick verification of known traits such as the
presence of SNPs. This can allow machines to sample, analyse and automatically take
pre-determined actions according to the genotype of the sample, all without ever going
to the lab or requiring large computer hardware and complicated software pipelines to
analyse the data.

Conclusion

What has become apparent in this study and from large genome sequencing projects
and cancer-genomics projects is that there is no such thing as ‘the genome’ for a par-
ticular species or organism. Given the technological advances, genome sequencing and
determining genetic variation across entire populations and clades using economically
feasible, non-targeted NGS sequencing approaches will become a reality in the very near
future. When we take this enormous genetic diversity into account many challenges lie
ahead of us. From a data production and data processing point of view we will have to
come up with new bioinformatic concepts to deal with the vast amount of information it
contains. Methods will also have to be developed to provide biological explanations for
key biological processes in plant breeding, such as for example the transfer of hereditary
traits via meiotic recombination. This phenomenon, which we know exist already from
the time of Darwin and Mendel and even before that, when men started to select from
wild populations, we still do not fully understand. Genomics provides only one level of
understanding with which we try to explain the biological processes on a species level
and to a lesser extent on the population level.

Several layers of information, such as coming from the epigenetics level, molecular
biology, metabolomics and proteomics, combined with population genetics, mathemat-
ics and statistics, and information technology need to be integrated in order to explain
and fully appreciate the diversity of life as we know it. Not only the integration itself, but
also the communication and understanding between different fields of expertise that
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bioinformatics encompasses, has been problematic already from the time that bioinfor-
matics started to emerge, and still is a problem today. This puts a new perspective to
how we should translate and communicate information between fields of expertise, edu-
cate and train young bioinformaticians in order to tackle the scientific, economic, and
societal challenges that lie ahead of us.
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English

Knowledge of natural variation of crops and wild varieties is of pivotal importance for
plant genetics and breeding. Due to the high costs associated with genomics, this data
could, until recently, only be obtained in small numbers on a case-by-case basis. With
the advent of NGS and the rapid decrease in sequencing costs in recent years, it is now
possible to sample a large number of varieties and have their genomes sequenced. The
emerging sequencing technologies and increased data production power poses both new
genome bioinformatics possibilities and challenges. Due to the need of high sequencing
coverage in NGS experiments, the volume of data created can be overwhelming to sys-
tems not designed for big data analysis. Also, some methodologies applied for the analy-
sis of a few samples are not able to scale up with the increased volume of data generated
by NGS.

Tomato is a commercially important crop and it is a model species for fleshy fruit
plants and the important nightshade clade. With the availability of the tomato and po-
tato genomes, breeders became aware of the need to expand their skills, bioinformatics
tools, and understanding of the genetic variation in their collection of cultivars, heir-
looms, landraces and subspecies. In my comparative genomics study (Chapter 2) I de-
scribed the results of such an inventory by mapping 81 shallow sequenced tomato ge-
nomes and assembling de novo the genomes of 3 deep sequenced wild tomato species,
namely, Solanum arcanum, S. habrochaites and S. pennellii.

After sequencing and mapping the 84 Solanum genomes to the golden reference
Solanum lycopersicum cv Heinz 1706, we needed a tool to analyse such dataset for in-
trogressions. Although there are tools available that can visualise SNPs or find intro-
gressions, there was no software available to efficiently analyse such a large number of
samples simultaneously. To that end I developed the Introgression Browser, a tool that
allows for the first time to analyse a large number of samples in parallel for signs of
introgression. With this bioinformatics tool I was able to identify and visualize an intro-
gression from S. pimpinellifolium into three crop tomatoes as well as SNP poor regions in
Arabidopsis thaliana that is indicative of a known inversion in chromosome 4. This tool
enables insight in the consequences of introgressive hybridization breeding using NGS
data, without being dependent on time consuming and less accurate marker dependent
analysis methods. As such, the Introgression Browser shows how bioinformatics can as-
sist in making breeding more targeted.

During the analysis of the data created in Chapter 2, it became clear that some sam-
ples were mislabelled. This prompted me to create a program, called CNIDARIA (Chapter
4), which is able to identify species based on raw NGS data. Although this tool was only
fully developed by the end of my thesis it could have been implemented in the large scale
comparative genomics study previously addressed. For now [ demonstrated how it is
possible to correct the label of several samples described in the comparative genomics
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study as well as classifying 164 samples ranging from fungi and plants to humans as a
proof of concept.

Despite all the information made available by genome mapping, de novo assembly and
introgression analysis, one of the arguably more important question about chromosome
structure and assembly correctness is frequently overseen in current genomics projects.
Originally, genome sequencing projects would create Bacterial/Yeast Artificial Chromo-
somes in order to link sequenced data to their chromosome molecules. This practice is
prohibitively expensive and new methods such as Optical Mapping, Genome Mapping
and PCR Fluorescence in situ Hybridization (FISH) have been developed to replace B/YAC
libraries. For PCR-FISH, it is imperative to generate sets of unique primer pairs which
produce amplicons not containing repetitive sequences. The third application of bioin-
formatics in my thesis (Chapter 5) involves the improvement of the existing Mathemati-
cally Defined Repeats (MDR) method to aid the chromosomal visualization of selected
DNA sequences from the assembled tomato genome. The reason for this approach is the
need of positioning contigs of fragmented genomes that could not be properly assembled
even after expensive and low throughput post-sequencing manual correction and scaf-
folding. MDR have been used in the past for this purpose and we expanded this method
with extra verifications of uniqueness of the amplicons in order to create short, unique
probes which amplify directly from genomic DNA without the need for B/YAC libraries.

In this thesis | have created a large dataset of 82 resequenced varieties from 14 Sola-
num species, 3 new de novo Solanum genomes and 3 new programs for assisting in new
genomic initiatives. From introgression analysis, species identification and assembly
closure, the body of work presented in this thesis should serve the genomics research
community, and especially those involved in plant breeding, to improve their workflow
and reduce analysis time.

Keywords: comparative genomics; genomics; NGS; Whole Genome Sequencing; FISH;
tomato
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Dutch

Kennis ten aan zien van de (genetische) diversiteit van voedsel gewassen en wilde ver-
wante soorten op basis van genoom sequentie informatie is van belang voor de plant-
engenetica en plantenveredeling. Mede door hoge kosten was de productie van sequen-
tie data tot voor kort beperkt. Door de ontwikkeling van ‘Next Generation Sequencing’
technologie is daarin verandering gekomen. We zijn steeds beter in staat om de genoom
sequentie van soorten te ontsluiten. De enorme berg aan sequentie informatie opent
nieuwe mogelijkheden voor de genoom bioinformatica, maar is tegelijkertijd een uitdag-
ing als het gaat om de verwerking, interpretatie en visualisatie ervan. Om aan de groe-
iende berg informatie het hoofd te kunnen blijven bieden moeten er nieuwe methoden
worden ontwikkeld.

In dit proefschrift beschrijf ik het onderzoek aan tomaat dat samen met aardappel,
economisch gezien, de belangrijkste vertegenwoordiger is van de nachtschade familie.
Het beschikbaar komen van de tomaat en aardappel genoom sequentie was een belan-
grijke mijlpaal voor de vergelijkede genomica en luidde in veel opzichten de start in voor
de ontwikkeling van nieuwe tools en inzichten. De veredeling en de genoom bioinfor-
matica zag zich niet alleen geconfronteerd met een enorme berg aan data, maar was ook
genoodzaakt om nieuwe gereedschappen te ontwikkelen om de genetische diversiteit in
kaart te kunnen brengen. In hoofdstuk 2 beschrijf ik de reconstructie van 3 referentie
genomen, te weten Solanum arcanum, S. habrochaites en S. pennellii en een vergelijkende
genoom studie van 81 verschillende tomaat accessies. Na het sequeneren en het karteren
van 84 Solanum accessies tegen het referentie genoom van S. lycopersicum cv Heinz 1706,
was het doel om introgressies in de accessies te analyseren. Hoewel er software beschik-
baar was om introgressies op basis van SNPs te detecteren, waren deze tools niet ges-
chikt om een groot aantal genomen tegelijkertijd te screenen. Deze functionaliteit is met
de constructie van IBROWSER nu beschikbaar gekomen. De IBROWSER applicatie maakt
het mogelijk om op basis van SNP patronen introgressies te detecteren en die te visualis-
eren met behulp van een reguliere web browser functionaliteit. Introgressies afkomstig
van S. pimpinellifolium in drie verschillende tomaat accessies, alsook een inversie in de
korte arm van chromosoom 4 in Arabidopsis, konden met behulp van IBROWSER worden
gedetecteerd. Met IBROWSER is de detectie van introgressies accurater en minder af-
hankelijk geworden van tijdrovende genetische merker analyse methoden. IBROWSER
is daarmee een waardevol toepassing voor de intogressieve hybridisatie veredeling ge-
worden.

Tijdens de data analyse werd de foutieve identiteit van een aantal accessies in het
150 tomaat genoom project aangetoond. Dit was de start voor de constructie van een
nieuwe tool, CNIDARIA, dat op basis van ruwe NGS sequenties soorten alsook accessies
kan identificeren, hetgeen ik beschrijf is hoofdstuk 4 van dit proefschrift. In dit hoofd-
stuk beschrijf ik de functionaliteit van CNIDARIA en demonstreer ik de classificatie van
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164 soorten variérend van schimmels, planten, tot aan mens toe, alsook de gecorrigeerde
identiteit van een aantal foutief gemerkte samples.

Ondanks alle kennis die de de novo assemblage, genoom kartering en introgressie
analyse heeft opgeleverd, wordt er slechts relatief weinig aandacht besteed aan de veri-
ficatie van genoom assemblages en chromosoom structuur. Oorspronkelijk werd in ge-
noom projecten gebruik gemaakt van het sequeneren van BAC of YAC kloons die werden
verankerd aan een genetische kaart. Na het karteren van de BAC kloons werd op ba-
sis van overlap en insertie lengte criteria de meest optimale set aan BAC/YAC klonen
geselecteerd, die vervolgens werden gesequeneerd om de genoom sequentie te kunnen
reconstrueren. Deze methode is relatief duur en tegenwoordig zijn nieuwe methoden
beschikbaar om sequenties te karteren, zoals Optisch Karteren (Optical Mapping) en
PCR FISH. Bij PCR FISH is het noodzakelijk om van unieke primer paren gebruik te kun-
nen maken. Daarmee kunnen gelabelde amplicons worden geproduceerd die vrij zijn van
repetitieve sequenties. Met behulp van FISH leveren deze amplicons een uniek signaal en
een unieke positie op het chromosoom op dat gebruikt kan worden om de juiste volgorde
van genoom sequenties te ontrafelen. De derde applicatie beschrijf ik in hoofdstuk 5 van
mijn proefschrift en betreft een verbeterde methode om repetitieve sequenties te de-
tecteren. De verbeterde MDR (Mathematically Defined Repeats) methode is erop gericht
repetitieve sequenties te detecteren in een geassembleerde genoom, zoals bijvoorbeeld
het tomaat referentie genoom. Voorheen was het verankeren van contigs die repetitieve
sequenties bevatten, zelfs na opnieuw sequeneren en handmatige filtering van complexe
sequenties, problematisch gebleken. Met behulp van de verbeterde MDR methode kan
met grotere zekerheid de uniciteit van amplicon sequenties worden voorspeld uit een
geassembleerde genoom sequentie. Uiteindelijk leverde dit verbeterde FISH merkers
op, die direct van het genomisch DNA geamplificeerd kunnen worden zonder BAC/YAC
klonen.

In dit proefschrift beschrijf ik een sequentie data set van 82 tomaat accessies ver-
deeld over 14 Solanum soorten, waarvan er 3 de novo zijn gesequeneerd alsmede 3 nieu-
we applicaties ter ondersteuning van genoom assemblage, introgressie analyse en soort
identificatie. Dit resultaat komt ten goede aan een verbeterde verwerking, interpretatie
en visualisatie van genoom sequenties en de karakteristieke eigenschappen ervan en
dient zowel de genomica alsook het veredeling onderzoek.
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