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Propositions

1. Advanced improvement in domesticated potato in the future depends on investing
effort and resources into potato wild relatives —omics data now.
(this thesis)

2. Genomic studies in Solanum crops and wild relatives fall short in interpretation
without knowledge of chromosome biology.
(this thesis)

3. Although sequencing platforms and assembly algorithms are constantly improving,
even finished genome assemblies should be taken with a certain degree of scepticism.

4. Special protocols for the exchange of living plant material for research purposes
should be implemented to reduce costly and time-consuming bureaucracy, without
losing sight of safety and conservation of diversity.

5. If countries that are centres of diversity do not bridge the gap between generating
information about Crop Wild Relatives (CWRs) and using it, they will either lose
sovereignty over their germplasm or act as the dog in the manger.

6. The high demands in academia drive many researchers to give up their family life in
order to have a successful career.
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CHAPTER 1

General introduction



Chapter1

Potato is the third most important food crop after rice and wheat and the number one
vegetable crop (Birch et al. 2012; Jansky et al. 2013). Its production has increased dra-
matically in the developing world in the past few decades, acting as the staple or main
carbohydrate supplier (Bradshaw 2007a; Bradshaw and Bonierbale 2010; Ramsay and
Bryan 2011; Birch et al. 2012). It produces more dry matter, proteins and calories per
hectare and has a higher water productivity than any of the major cereal crops (Burton
1989; Birch et al. 2012). Fresh potato is virtually fat- and cholesterol-free, high in dietary
fibre and rich in antioxidants and vitamins (Bradshaw and Bonierbale 2010; Bradeen and
Haynes 2011; Birch et al. 2012). The crop is an important resource to fight malnutrition
because it provides significant amounts of proteins, minerals and micronutrients. It con-
tributes enormously to UN’s Millennium Development Goals of providing food security
and eradicating poverty (Bradshaw and Ramsay 2009; Ramsay and Bryan 2011).

Physiologically, potato has a very high harvest index (proportion of the plant’s dry-
weight which is harvestable tuber) of 0.80. Consequently, as long as its photosynthetic
apparatus is functional, a potato plant will efficiently transform energy into tubers.
Therefore, gains in yield will come mostly from extending functionality of the plant’s
aerial vegetative organs, by avoiding damage by pests and diseases, and avoiding or
tolerating abiotic stresses (Bradshaw 2007a; Bradshaw 2009; Kloosterman et al. 2013).
However, factors that increase biotic and abiotic stress combined with the negative ef-
fects of climate change jeopardize stable production, and so put a serious and constant
risk for food security (Bradshaw 2007b). As for other crops including potato, breeders
can resort to a rich pool of wild relatives that may become valuable sources of economi-
cally important genes if efficiently tackled (Jansky 2009).

Cultivated potato and its wild relatives represent a more diverse and accessible
germplasm resource than that of any other crop (Ross 1986; Hanneman 1989; Peloquin
et al. 1989; Hawkes 1990), whose diversity can be used to (re-)introduce specific traits.
This can be done by introgressive hybridization, in which chromatin carrying a gene of
interest from a wild relative is integrated into the genome of the crop by interspecific
hybridization. During the subsequent backcrossing generations, gene(s) of interest are
incorporated into the crop chromosomes by homeologous recombination. The offspring
are then selected for the desired trait while the original cultivated genetic background
is recovered by backcrossing and selection as far as possible. Potato wild relatives dis-
play various advantages over cultivated germplasm (Jansky and Peloquin 2005), such
as resistance to late blight, the main potato disease caused by Phytophthora infestans
and other diseases caused by bacteria and viruses (Jansky 2000; Simko et al. 2009), but
also confer tolerance to cold, frost and other environmental stresses. The efficient use of
wild relatives now requires extensive knowledge of their allelic variation and genomic
structure, including the screening for desirable traits. To minimize the occurrence of
linkage drag when introgressed chromatin still contains closely linked wild traits from
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General Introduction

the ancestral donor, knowledge on the genomic structure of crop and donor species is
indispensable (Ramsay and Bryan 2011).

Overcoming hybridization barriers with Solanum commersonii and S. chacoense

In spite of the widely available diversity in germplasm collections worldwide, only about
10 % of potato species have been explored for use in breeding programmes (Bradshaw
2007a). Some of the diploid species that have been used are Solanum chacoense and S.
commersonii. To cross them with cultivated potato, traditional methods to overcome
hybridization barriers have been used (reviewed by Janksy 2006 and Bradshaw and
Bonierbale 2010). Such methods involve ploidy manipulation and hybridization through
either somatic fusion or sexual hybridization (Ortiz 1998; Jansky 2006; Ortiz et al. 2009).
Somatic fusion circumvents sexual hybridization barriers and incompatibilities, but it
does not take advantage of the increased variability carried by gametes due to recombi-
nation and assortment during meiosis. Somatic hybrids with Solanum commersonii have
been used to introgress frost tolerance and cold adaptation (Cardi et al. 1993; Carputo et
al.1998) and to introgress resistance to tuber soft rot caused by Pectobaterium carotovo-
rum (Carputo et al. 2000b). Solanum chacoense was used to produce somatic hybrids with
potato to introduce resistance to bacterial wilt (Chen et al. 2013). Although the results
have been promising in terms of resistance and yield, researchers and breeders have
turned to sexual hybridization as source of variation and new allele combinations.

In the case of sexual hybridization, ploidy manipulation and bridge crosses are usu-
ally necessary. Endosperm balance number (EBN) is the most important post-zygotic
hybridization barrier in potaoes (Camadro et al. 2004). EBNs for the different potato
species were determined empirically by crossing with S. chacoense and evaluating the
success in the offspring (Johnston et al. 1980). Cultivated potato is a tetraploid with 4EBN
(Endosperm Balance Number), while S. commersonii and S. chacoense are diploids with
1EBN and 2EBN, respectively (Johnston et al. 1980). One possible solution is to lower the
ploidy level of cultivated potato by haploid production. Haploids which have the chro-
mosome number and EBN of the parental gamete can be obtained by parthenogenetic
development of the egg cells using pollination with particular clones of diploid group
Phureja (Upadhya and Cabello 1997; Panahandeh 2010; Murovec and Bohanec 2012) or
by gametophytic embryogenesis through in vitro anther culture (Veilleux 2005; Light-
bourn and Veilleux 2007; Rokka 2009; Germana 2011). These haploids have been crossed
directly with S. chacoense and their progenies were evaluated for agronomic and yield
traits (Bani-Aameur et al. 1993; Santini et al. 2000) and for tuber chipping quality traits
(Hamernik et al. 2009; Zhao et al. 2013). For S. commersonii, these dihaploids have been
used extensively in combination with an increase of the ploidy level of the wild donor
mitotically through somatic duplication (Carputo et al. 1995; Carputo et al. 1997). Their
progenies were evaluated for fertility and traits of interest (Cardi et al. 1993; Tucci et al.
1996; Carputo et al. 1998; Carputo 1999; Carputo et al. 2002; Carputo et al. 2003a; Carputo
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2003; Carputo et al. 2003b; Caruso et al. 2008; Carputo et al. 2009; lorizzo et al. 2011). To
maximize the genetic diversity captured from the wild species, its ploidy level can also
be increased meiotically by taking advantage of the production of unreduced 2n gam-
etes from several naturally occurring recessive meiotic mutations (den Nijs and Pelo-
quin 1977; Mendiburu and Peloquin 1977; Camadro and Peloquin 1980; Masuelli et al. 1992;
Carputo et al. 2000; Jansky 2009).

Unreduced gametes can be formed through different mechanisms, which will deter-
mine their genetic consequences. If they are formed by failures in the second meiotic
division such as parallel or tripolar spindles, the genetic consequences are equivalent
to first division restitution (FDR) (Mok and Peloquin 1975), retaining an average 80%
of the original heterozygosity present in the parent (Carputo et al. 2000a; Carputo and
Frusciante 2011). When 2n gametes are formed by improper anaphase II chromatid dis-
join or premature cytokinesis, genetic consequences are equivalent to second division
restitution (SDR) (Mok and Peloquin 1975), which means that in the situation of potato
an average of 40% of the parental diversity is retained (Carputo et al. 2000a; Carputo and
Frusciante 2011).

The significance of Solanum commersonii and S. chacoense for potato breeding

Solanum commersoniihas been crossed with potato with theaimto increase genetic diver-
sity and to introgress resistance to bacterial wilt (Galvan et al. 2006; Gonzalez 2010). The
hybridization success, viability and fertility of the hybrids previously obtained through
sexual polyploidization in these crosses have been reported in (Novy and Hanneman
1991; Masuelli and Camadro 1997). Despite the many efforts to cross this diploid species
with cultivated potato, little is known about what happens with the transmission and
homoeologous recombination of the alien chromosomes and chromatin after the hybrid-
ization. The success of such processes depends to a greater part on the differentiation of
genomes between the species that are involed in the introgressive hybridisation. Such a
genome differentiation between wild potato species does not seem to operate as a post-
zygotic isolating mechanism (Dvorak 1983; Camadro et al. 2004) and consequently lacks
particular scientific or commercial attention. For potato breeders, information about
homoeologous pairing and crossovers in the hybrids between wild and cultivated po-
tatoes is essential, as it determines germplasm accessibility for breeding purposes. In
order to introgress traits from a wild donor into tetraploid potato, an intermediate F1
triploid hybrid needs to be produced. In the meiosis of a created allotriploid, obtained
from a tetraploid potato and a diploid wild relative, analysis of homeologous pairing and
recombination can be derived from chromosome behaviour at meiotic prophase, where
preferential pairing between the homologous potato chromosomes competes with the
alien homeologue. If the chromosomes do form trivalents in the meiosis of triploids, then
introgression is possible (Jansky 2006). A few studies describe the cytological behav-
iour in the backcrosses of hybrids with S. commersonii (Carputo et al. 2003a; Carputo
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2003), both through cytological observations and molecular markers (Barone etal.1999;
Barone et al. 2001; lovene et al. 2004). However, most of them focused on the aneuploid
backcross progenies except for one which described allotriploid hybrids (Carputo et al.
1995). However, information on early stages of meiotic prophase | was not available, so it
is not known if there is complete or partial homoeologous pairing in these allotriploids.
Another crucial phenomenon that needs to be regarded is structural hybridity, caused
by chromosome rearrangements between related species that cause specific meiotic
problems of their interspecific hybrids leading to spore abortion and sterility. Such re-
arrangements between the homoeologues represent an important limitation in intro-
gressive breeding due to the unintended retention of large blocks of DNA surrounding
a gene of interest (Jacobsen and Schouten 2007). Their impact is even greater when re-
gions linked to the trait of interest have a negative effect on agronomic performance.
Although there are no reports of rearrangements among potato and its wild relatives,
there are detailed descriptions of such karyotype evolution processes among Solana-
ceous crops (Tang et al. 2008; lovene et al. 2008; Lou et al. 2010; Peters et al. 2012; Szinay
et al. 2012). Using multi-colour chromosome painting combining BAC FISH technology
and fluorescence microscopy it is possible to hybridize many probes in a single experi-
ment, reducing the examination of chromosome integrity to only a few experiments
(Tangetal.2009; Szinay et al. 2010). Under adapted conditions for the FISH, cross-species
painting of tomato or potato probes can be performed, in which homoeologous chromo-
somal positions in related Solanum species can be displayed. For potato, the RHPOTKEY
BAC library was developed for diploid clone RH89-039-16 (Borm 2008) and anchored to
AFLP markers in the ultrahigh density (UHD) genetic map (van Os et al. 2006). From this
library, 60 BACs were selected as a cytogenetic painting set in order to anchor the Ultra
High Density (UHD) linkage map to the pachytene karyotype, thus providing a useful,
yet underused tool to establish collinearity between potato and its wild relatives (Tang
et al. 2009; Achenbach et al. 2010; de Boer et al. 2011).

The available genetic and genomic knowledge on wild potatoes is relatively limited
compared to that of tomato wild relatives (Szinay et al. 2012; Aflitos et al 2014; Bolger et
al 2014). Genome divergence caused by repetitive sequences can be tested by analysing
the nature, abundance and dynamics of the repetitive fractions of their genomes. Diver-
gence in the repetitive fraction of the genome usually underlies divergence in genome
homology, expansion (considering the larger genomes in the tomato clade) and the oc-
currence and impact of structural rearrangements.

The use of a very large number of BAC FISH probes, together with information from
genetic and physical maps (restriction and optical maps) allowed for the correction of
misassemblies in the tomato genome, identifying scaffolds that were not in the correct
order or orientation (or both) (Shearer et al. 2014). The potato assembly was similarly
improved to achieve a reference genome at the level of pseudomolecules (equivalent to
chromosomes) (Sharma et al. 2013; Hardigan et al. 2016). The only potato wild relative
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that has such integration of technologies in its genome assembly is Solanum chacoense
(Leisner et al. 2018). In the case of Solanum commersonii assembly to the level of pseu-
domolecules was achieved by mapping against the reference potato genome (Aversano
et al. 2015). This approach does not cater for structural variation between the two spe-
cies. There are only a few studies that have utilized sufficient high-quality sequence
data needed to reveal fine-scale structural differences related to introgression barriers
(Peters et al. 2012; Aflitos et al. 2014; Aflitos et al. 2015; de Boer et al. 2015). Although
whole genome sequence data for S. chacoense and S. commersonii are available, the only
comparative analysis performed so far used DArT markers (Traini et al. 2013). In order
to use these genome assemblies as tools for gene discovery and to assess collinearity
between a potential donor and cultivated potato, breeders need reference level genomes
and comparative analyses.

Scope and outline of this thesis

The aim of this thesis was to broaden my knowledge in the use of potato wild relatives in
breeding by generating information on their genome organization that will assist breed-
ers in their choice of materials as donors. In order to do that, I have used a variety of
cytogenetic, genetic and genomic tools, ranging from conventional to cutting edge tech-
nologies.

In chapter 2 we review the state of the art in the use of cytogenetic, genetic and
genomic tools to trace past introgressions from wild relatives into cultivated potato
and to plan new introgressive hybridization schemes. We propose that although these
approaches are still expensive and difficult to apply to everyday introgressive hybridi-
zation breeding, at the current rate of technological advance, they may soon be imple-
mented routinely. Therefore, it seems possible to envision the fulfillment of the promises
of the use of potato wild relatives through new technological approaches that facilitate
their exploration and efficient exploitation.

In chapter 3 we looked at the suitability of Solanum commersonii, a diploid wild rela-
tive of potato, as a donor of resistance to biotic threats. We analysed homoeologous pair-
ing in male meiocytes of allotriploid hybrids obtained through spontaneous fertilization
of unreduced eggs from S. commersonii with reduced pollen from a diploid potato (S.
tuberosum Group Phureja). These hybrids behaved as near autotriploids, in the sense of
extensive homoeologous pairing and recombination. We also examined meiosis in pollen
mother cells (PMC) from the successive progenies resulting from backcrosses with tetra-
ploid potato (S. tuberosum Group Tuberosum). We used genome painting (Genomic in situ
hybridization or GISH) to distinguish the chromosomes or chromosome segments of the
wild donor species and to follow their fate in the successive backcrosses. This technique
could not discriminate the chromosomes coming from the different parental species,
indicating low divergence at the repetitive sequences level. Nevertheless, we identified
each chromosome with chromosome-specific BAC probes and showed that there were
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no specific chromosomes that failed in pairing with their homoeologues, which suggests
that there is high genome similarity between the homoeologues, rendering S. commerso-
nii as a promising species for introgressive hybridization breeding.

In chapter 4 we tested whether there was collinearity among the chromosomes of po-
tato and two of its diploid wild relatives, Solanum commersonii and S. chacoense. Firstly,
we described and compared their chromosome morphology and heterochromatin dis-
tribution at pachytene in PMC complements. We also performed cross-species BAC FISH
experiments using probes with known positions in the potato chromosomes and hybrid-
ized them on cell spreads of pollen mother cells at pachytene from the wild species. We
discovered that all BAC probes belonging to each linkage group in potato mapped to the
same chromosome in the wild species. They also showed the same order and very simi-
lar positions, indicating high collinearity at the chromosome level without large-scale
rearrangements. This high level of synteny has important implications in introgressive
hybridization breeding, because it suggests that, at least at large scale, linkage drag is
not expected.

Chapter 5 deals with genomic comparisons of various Solanum species, including the
two major crops potato and tomato and their wild relatives. From the comparison of
publicly available genomic information and that of our results, we concluded that ge-
nome differentiation in the sense of repeat composition and organisation worked differ-
ently between the tomato and the potato clades. In order to describe genome differentia-
tion at the repetitive sequences level among potato and its wild relatives, we compared
their genomes to those of tomato and its wild relatives, which are a well-studied sister
group. We compared the repetitive fractions from the genomes within each clade, using
low-pass next generation sequencing data and analysing it with the pipeline REPEATEX-
PLORER. We also wanted to know if repeats grouped Solanum etuberosum with the pota-
toes or the tomatoes. Results indicate that the repeat profiles of potatoes and tomatoes
differ in their relative abundance of repetitive element families and that S. etuberosum is
more similar to the potato clade according to the repetitive fraction of its genome.

Chapter 6 focuses on whole-genome structural comparative genomics among Sola-
num commersonii, S. chacoense and cultivated potato. To achieve such comparisons, a
high quality genome assembly was needed, so I performed a hybrid assembly of the S.
commersonii genome combining short and long read data. This hybrid assembly was then
anchored to a SNP-based genetic map. The resulting assembly at the pseudomolecule
level was suitable for pairwise genome comparisons which showed that although many
assembly artifacts impeded conclusive results on rearrangements, some microsynteny
breaks could be confirmed that should be further explored to assess their impact in in-
trogressive hybridization breeding.

In chapter 7 my attention shifts to the more methodological aspects of this thesis.
We described modifications made to a flow sorting protocol in order to obtain large
amounts of pure high molecular weight (HMW) DNA from different Solanum species.
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The HMW DNA isolated through this method is the most suitable for next generation se-
quencing and mapping strategies, including BIONANO® genome mapping. This technol-
ogy will allow us to close genome assemblies for various Solanum species and will enable
structural genome comparisons.

In Chapter 8 the results presented in this thesis are integrated and discussed in the
light of the progress made and of their usefulness in potato hybridization breeding. We
highlighted the most relevant findings that may become tools for breeders to make deci-
sions when using potato wild relatives in breeding and we mentioned the work which is
underway and the perspectives for future studies.
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Abstract

Potato is the third most important food crop in the world and is crucial to ensure food security.
However, increasing biotic and abiotic stresses jeopardize its stable production. Fortunately,
breeders count on a rich pool of wild relatives that provide sources for disease resistance
and tolerance to environmental stresses. To use such traits effectively, breeders require tools
that facilitate exploration and exploitation of the genetic diversity of potato wild relatives.
Introgression programs to incorporate alien chromatin into the crop have so far relied on cy-
togenetic and genetic studies to tap desired traits from these wild resources. The available ge-
netic and cytogenetic tools, supplemented with more recent genomic technologies, can assist
in the use of potato relatives in pre-breeding. This information can also facilitate cisgenesis
and genome editing to improve potato cultivars. Despite the abundant and rapidly growing
genomic information of potato, that of its wild relatives is still limited.

The use of wild relatives in potato breeding

Potato is one of the major crops in the world and is viewed as a key source to ensure
food security of its fast-growing population. The crop can produce high yields with lim-
ited inputs, and supplies at the same time a good source of energy and health-promoting
nutrients (Birch et al. 2012). However, increasing biotic and abiotic stresses represent a
serious and constant risk for food security and so jeopardize stable production (Brad-
shaw 2007a).

The genetic diversity of cultivated potato that may provide allelic resources for con-
trolling such stresses has been substantially reduced in the process of domestication
and selection. Only a few clones of tetraploid cultivated Solanum tuberosum from the
Andes were introduced to Europe and though they must have contained a lot of genetic
variation, the available biodiversity was only partially captured (Hawkes 1990; Spooner
et al. 2005; Rios et al. 2007; ].M. Bradeen and Haynes 2011; Ramsay and Bryan 2011; Birch
et al. 2012; Kloosterman et al. 2013). This limited genetic diversity was further reduced
due to genetic bottlenecks during photoperiod adaptation and losses resulting from vi-
ruses and the late blight epidemics of 1845-1846 (Bethke et al. 2017). However, cultivated
potato and its wild relatives signify a more diverse (Figure 1) and accessible germplasm
resource than that of any other crop (Ross 1986; Hanneman 1989; Peloquin et al. 1989;
Hawkes 1990). Their value as breeding material is given by their wide geographical dis-
tribution and great range of ecological adaptation (Figure 1) (Hawkes 1994), together
with their availability through the Inter-genebank Potato Database (IPD) (http://germ-
plasmdb.cip.cgiar.org) established by the CIP (International Potato Centre) and the As-
sociation for Potato Intergenebank Collaboration. To use potato wild relatives (WR) ef-
ficiently to expand its genetic base, breeders require tools that facilitate exploration and
exploitation of their genetic diversity.

This diversity coming from potato WR can transfer specific traits to potato by intro-
gressive hybridization. It involves the introduction of alien chromatin carrying a gene
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Introgression in potato

Figure 1. Diversity in flowers, fruits, tubers, plants and habitats of sympatric potato wild relatives. a)
Typical diploid Solanum commersonii, b) Triploid S. commersonii. c) Intermediate morphotype, possibly
a triploid hybrid between S. commersonii and S. chacoense, d) Typical diploid S. chacoense.

of interest from a wild relative to the crop genome. After the interspecific hybridization
and repeated backcrossings, the selected gene(s) of interest are incorporated into the
crop chromosomes by homoeologous recombination. The offspring are then selected for
the desired trait while the wild genetic background is removed by selection in consecu-
tive backcross generations as far as possible. Linkage drag may occur when the intro-
gressed chromatin still contains tightly linked wild traits from the ancestral donor that
cannot be removed by recombination (Ramsay and Bryan 2011).

An alternative approach is genetic base broadening (Bradshaw 2016), which favours
allelic variation besides incorporating genes of interest, and thus maximizes the het-
erozygosis and epistasis required for yield improvement (Mendoza and Haynes 1974),
but completely loses the genetic background of the original cultivar. Base broadening,
which is often the underlying objective of breeders (Bradshaw 2007b), uses the broad-
est possible starting material and depends on recombination between the parental ge-
nomes in the hybrid. It is then followed by weak selection in target environments but
requires enough time to produce advanced backcrosses of improved material that can
be crossed with elite germplasm without negative effects on yield and agronomic per-
formance. This process results in improved genotypes that can be used as parents in
breeding programs (Bradshaw 2016).
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Determining existing introgression events in potato cultivars

Several reports of natural hybrids suggest that potato WR readily hybridize in the wild
(Spooner and Hijmans 2001; Camadro 2012; Spooner et al. 2014). Examples of such events
include the triploid hybrids between Solanum commersonii and S. chacoense, or S. com-
mersonii and S. gourlayi (Masuelli and Camadro 1992; Ortiz 1998). When samples are col-
lected from natural populations, these may carry introgressions from other wild spe-
cies (Camadro 2012; Spooner et al. 2014; Bethke et al. 2017). Such introgressed segments
represent a source of variability through new allele combinations but also a challenge for
the ex situ conservation and utilization of potato WR.

Potato wild relatives like diploid Solanum bulbocastanum, S. stoloniferum and S.
chacoense or hexaploid S. demissum (Pavek and Corsini 2001) have been extensively used
in potato introgressive hybridization breeding (Hanneman 1989; Peloquin et al. 1989;
Watanabe et al. 1994; Jansky 2000; Pavek and Corsini 2001; Bradshaw et al. 2006; Brad-
shaw 2007a; Bradshaw 2007b; Bradshaw and Ramsay 2009; Jansky 2009; Bradshaw and
Bonierbale 2010; Ramsay and Bryan 2011). Such taxa not only display various advantages
over cultivated germplasm (Jansky and Peloquin 2005), such as resistance to the potato
late blight, caused by Phytophthora infestans and other diseases caused by bacteria and
viruses (Jansky 2000; Simko et al. 2009b), they also provide the genetic basis for toler-
ance to cold, frost and other environmental stresses. It is widely accepted that many
modern cultivars have wild species donors in their pedigrees (Love 1999). Andean farm-
ers allow wild populations of potato species to grow on their fields, so wild germplasm is
introduced into both diploid and tetraploid cultigens (Ugent 1970). Moreover, the use of
potato WR in introgressive hybridization breeding before the existence of common ped-
igree records implies that the original introgression events have not been documented
and that the sources of certain desirable traits are unknown (Love 1999; Leisner et al.
2018).

One of the direct methods to demonstrate introgressed alien chromatin in the crop
chromosomes is comparative chromosome painting by Fluorescent in situ Hybridization
(FISH), that establishes the structural and numerical comparisons of chromosome sets
between species of the genus Solanum (Tang et al. 2008; lovene et al. 2008; Szinay et al.
2008; Szinay et al. 2010; Lou et al. 2010; Verlaan et al. 2011; Szinay et al. 2012). Under low
stringency conditions, it is possible to use tomato or potato probes in these experiments
to perform cross-species chromosome painting and to display homoeologous chromo-
somal positions in related Solanum species. In this way, many hitherto unknown inver-
sions could be described (Tang et al. 2008; Lou et al. 2010; Szinay et al. 2010; Peters et al.
2012; Szinay et al. 2012). BAC-FISH also allowed the accurate mapping of the Ty-1 gene
introgressed from S. chilense into cultivated tomato and provided an explanation for ob-
served linkage drag resulting from suppression of recombination (Verlaan et al. 2011).
There are no such studies in potato cultivars, although there are many reports of intro-
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gressions based on molecular markers (Hosaka 1995; Bryan et al. 1999; Provan et al. 1999;
van der Voort et al. 1999; Gebhardt et al. 2004; Flis et al. 2005; Sokolova et al. 2011).
Resequencing studies in tomato have identified polymorphisms related to introgres-
sions (Causse et al. 2013; Aflitos et al. 2014), while in potato, these have been shown in
some diploid and tetraploid landraces as well as in cultivars (Hardigan et al. 2017). Bioin-
formatic tools like IBROWSER (Aflitos et al. 2015) have been developed to use SNPs identi-
fied from the increasing genome sequence data available to pinpoint past undescribed
introgressions from wild relatives in the genomes of cultivated Solanum species. These
approaches together with other modern technologies will also prove useful when de-
signing new introgressive hybridization schemes.

Tools for establishing introgressive hybridizations

In spite of the widely available diversity in germplasm collections worldwide, only 10
% of the potato species have been explored for use in breeding programs (Bradshaw
2007a). This is a rather low percentage, bearing in mind that by manipulation of ploidy
and other biotechnological interventions, virtually any potato species can be used in in-
trogressive hybridization breeding (Ortiz 1998; Jansky 2006; Ortiz et al. 2009). Moreover,
the few species that have been employed in breeding programs to provide specific traits
have not been investigated systematically.

Knowledge of genome organization and divergence between potato and its wild rela-
tives is most helpful to create new introgressive hybridization schemes. Before choosing
a wild relative as donor, it is important to know if there are inversions or transloca-
tions that will impede introgression or cause linkage drag (Figure 2). Another key as-
pect is to always take into account hybridization barriers that have been thoroughly
reviewed elsewhere (Camadro et al. 2004; Jansky 2009; Bethke et al. 2017). The great
potential recognized in these wild relatives encouraged scientists to develop strategies
for overcoming such barriers (Jansky 2006; Bradshaw and Bonierbale 2010; Bethke et
al. 2017). Once the crossing barriers are overcome, stabilizing the introgression in the
potato genotypes still represents a challenge due to its tetraploid inheritance. Addition-
ally, inbreeding depression forces breeders to use different genotypes as recurrent par-
ents for backcross progenies. Despite all these obstacles to recover a superior cultivated
background after hybridization with a wild species, the value of these potato WR makes
it worth the effort. A wide variety of cytogenetic, genetic and genomic tools can be used
to assistin these efforts.
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Classical cytogenetics tools

Classical cytogenetics should be the first tool to study potato WR to be used as donors
and their hybrids with potato. It helps to establish ploidy levels and Endosperm Balance
Number (EBN) of the interspecific hybrids (Peloquin et al. 1989; Jansky 2009; Ono and
Hosaka 2010) and to assess the effects of ploidy changes in the parental species and their
hybrids (Mok and Peloquin 1975; Adiwilaga and Brown 1991; Carputo et al. 1997; Ortiz
1998; Carputo et al. 2000; Jansky 2006; Lightbourn and Veilleux 2007; Jansky 2009; Ortiz
et al. 2009). Direct cytogenetic analysis is also the most direct approach to observe mei-
otic chromosome pairing behaviour in interspecific hybrids and their progenies (de Jong
et al. 1993; Carputo et al. 1995; Masuelli and Tanimoto 1995; Barone et al. 1999; Carputo
2003; Chen et al. 2004; Gaiero et al. 2017, chapter 3).

Genome differentiation between wild potato species is assumed to play a minor role
as an isolation mechanism (Dvorak 1983; Camadro et al. 2004). For potato and its rela-
tives, genomic formulas were proposed by Matsubayashi (1991) who distinguished five
genomes in Section Petota (A, B, C, D and P) through classical genome analysis of meiotic
behaviour and pollen fertility in interspecific hybrids. Genomes identified with different
letters show little or no pairing in the meiotic prophase I of their amphidiploid hybrids,
which display pollen sterility. The most common genome is type A, which presents dif-
ferent degrees of structural variants depending on the scale of the chromosomal rear-
rangements. Genome E is proposed for the closely related non-tuber-bearing species of
the Section Etuberosum. For potato breeders, homoeologous pairing and crossovers in
their hybrids with cultivated potatoes is of more interest than their phylogenetic rela-
tionships because it predicts their success for breeding via crossing. The most strin-
gent test for pairing between homoeologous chromosomes is the analysis of meiosis
of triploid hybrids. If the chromosomes form trivalents in the meiosis of triploids, then
introgression is possible (Jansky 2006). The chances of alien chromatin introgression
are greater as homoeologous pairings are more likely to occur in the triploid compared
to the meiotic pairing in tetraploids in which potentially there is always a homolog for
each chromosome which may pair preferentially (Sybenga 1996; Jansky 2006). Although
the factors that determine homeologous pairing are not clear yet, homology in repeti-
tive sequences seems to play an important role. Genome divergences caused by repeats
have been assessed within and between the potato and tomato clades, characterizing
the abundance and dynamics of the repetitive fractions of their genomes (Gaiero et al. in
prep, chapter 5). These can have significant consequences in genome homology, genome
expansion and in the occurrence and impact of structural rearrangements.

Molecular cytogenetics tools

Molecular cytogenetics has been one of the major instruments in tracing the course of
alien chromosomes in introgressive hybridization breeding. It has been applied for most
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major crop species (Benavente et al. 2008), including potato (Yeh and Peloquin 1965; Mok
et al. 1974; Pijnacker and Ferwerda 1984; Visser and Hoekstra 1988; Mohanty et al. 2004;
Gavrilenko 2007). It allows identification of whole chromosome sets or of specific chro-
mosome pairs and it also enables comparisons of the chromosomal positions of markers
or regions of interest across related species.

Genome painting or GISH (Genomic in situ hybridization) is a powerful FISH technique
used for tracing homoeologous chromosome pairing, recombination and transmission.
It consists in labelling genomic DNAs from one or both parental species as probe(s) to
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Figure 2 shows two simplified examples of structural chromosome rearrangements and the conse-
quences it may have for plant genetics and breeding. a) In the case of a (paracentric) inversion the
end of the long arm is inverted. In the hybrid in which one chromosome contains the inversion, the
end chromosomes fail to pair in this region or form a loop structure. Any crossover that may arise will
result in a sterile spore, so that this region remains non-recombinant in the next generation, a genetic
phenomenon known as linkage drag. b) In the case of a plant with a translocation complex, fragments
between two non-homologous chromosomes are swapped. In a meiotic division two cases can be con-
sidered: a balanced segregation in which the two normal (non-translocated) chromosomes and the two
translocated chromosomes go to opposite poles, resulting in balanced viable spores. In the second case
anormal chromosome and a translocated chromosome arrive in the same daughter cell, which is unbal-
anced and hence results in a sterile spore. In both cases partial sterility is the result.
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hybridize on chromosome slides of the interspecific hybrid and its progeny (Figure 3a).
If the genomes of the parental species (especially their dispersed and tandem repeats)
have diverged sufficiently, chromosomes of the two species can be easily discriminat-
ed in the hybrid nuclei through different fluorescent dyes. In nuclei from interspecific
(sexual or somatic) hybrids between potato (genome A) and non-tuber bearing relatives
(genomes E, B or P) GISH has been successful in discriminating chromosomes (Dong et
al. 1999; Dong et al. 2001; Gavrilenko et al. 2002; Gavrilenko et al. 2003; Dong et al. 2005).)
In wider hybrids such as S. nigrum (+) S. tuberosum and its backcrosses (Horsman et al.
2001), alien chromosomes are easily distinguishable. These studies provide further evi-
dence of genome differentiation, in the sense that genomes identified with different let-
ters not only do not pair in the meiosis of their hybrids but also can be discriminated by
GISH. When divergence is not so high, contrast in the hybridization differentiation can
be improved by adjusting washing stringency and proportion of blocking (unlabelled)
DNA in the FISH experiments (Jiang and Gill 1994). However, there is a technical limit
to what can be discriminated by GISH. As an example, the technology has not been suc-
cessful in studies of hybrids between potato and its closer A-genome tuber-bearing wild
relatives, with the exception of S. bulbocastanum, a diploid (1EBN, A® genome) Mexican
species (lovene et al. 2007). Hybrids between S. commersonii and S. tuberosum Group
Phureja behaved as near autopolyploids during male meiosis and it was not possible to
discriminate the chromosomes coming from each parental species through GISH (Gaiero
et al. 2017, chapter 3). These results suggest that repetitive sequences have not diverged
much among the genomes of cultivated and wild potatoes.

Chromosome rearrangements between related species can cause specific problems
at different meiotic stages of their interspecific hybrids (Figure 2). Typical examples
are heterozygosity for paracentric inversions which can cause anaphase I (and or II)
bridges and hence sterility or aneuploidy (Figure 2a) or reciprocal translocations, which
can lead to semi-sterility or aneuploidy (Figure 2b). Such rearrangements between the
homoeologues represent an important limitation in introgressive breeding due to the
unintended retention of large blocks of DNA surrounding a gene of interest (Figure 2a),
genetically described as linkage drag (Jacobsen and Schouten 2007). There are no re-
ports of large scale chromosome rearrangements in potato and its wild relatives, in con-
trast to some detailed descriptions of rearrangements among Solanaceous crops (lovene
et al. 2008; Tang et al. 2008; Lou et al. 2010; Peters et al. 2012; Szinay et al. 2012). Linkage
drag represents a limitation for introgressive hybridization breeding because blocks of
alien chromatin surrounding the gene of interest can be retained even after many gen-
erations of backcrossing. The impact of genetic drag is even greater when the linked
regions have a negative effect on agronomic performance (Figure 2a). Selection against
such undesired blocks can be simplified by marker-assisted breeding and genomic selec-
tion, but these approaches are still challenging (Warschefsky et al. 2014), especially in
autotetraploid genotypes. While the literature on comparative FISH analysis in Solanum
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is vast, there are only a few studies that have utilized sufficient high-quality sequence
data needed to reveal fine-scale structural differences related to introgression barriers
(Datema et al. 2008; Peters et al. 2012; Causse et al. 2013; Aflitos et al. 2014; Aflitos et al.
2015; de Boer et al. 2015).

A considerable body of literature on FISH applications for breeding is available for
tomato as reviewed by Szinay et al. (2010), with reports of many structural rearrange-
ments among tomato and its wild relatives that have significant impacts on breeding
(Anderson et al. 2010; Verlaan et al. 2011; Szinay et al. 2012). With multi-colour fluores-
cence microscopy it is possible to hybridize many probes each labelled with a different
fluorescent dye in a single experiment, reducing the examination of any chromosome set
to only a few experiments (Tang et al. 2009; Szinay et al. 2010). For potato, a set of chro-
mosome-specific cytogenetic DNA markers (CSCDM) made from DNA probes selected
from a S. bulbocastanum library was developed to associate all twelve linkage groups to
potato chromosomes and build a reference karyotype (Dong et al. 2000; Song et al. 2000).
The RHPOTKEY BAC library was developed for the diploid potato clone RH89-039-16
(Borm 2008). The positions of the BACs in this library were anchored to AFLP markers in
the ultrahigh density (UHD) genetic map (van Os et al. 2006). From this library, a set of 60
BACs with known positions in the Ultra High Density (UHD) linkage map were selected
for localization on pachytene chromosomes, thus providing a useful tool to study collin-
earity between potato and its wild relatives (Tang et al. 2009; Achenbach et al. 2010; de
Boer etal. 2011). Gaiero et al. (2016, chapter 4) used this BAC set to build cytogenetic maps
for S. commersonii and S. chacoense and to compare them to that of cultivated potato.
Their results indicate a high collinearity at the chromosomal scale between the three
species which makes them promising donors in introgressive hybridization schemes.
They also used them to identify specific chromosome pairs in triploid hybrids between
S. commersonii and S. tuberosum Group Phureja (Figure 3b).

Using a higher number of BAC probes which are located closer together in linkage
maps, high resolution cytogenetic mapping has been employed to describe rearrange-
ments in chromosome 6 coming from potato and tomato (lovene et al. 2008; Tang et al.
2008). Such fine mapping has also been useful to design strategies for the sequencing
projects of these crops (Potato Genome Sequencing Consortium. 2011; The Tomato Ge-
nome Consortium 2012). They have helped by identifying the boundaries between the
highly condensed heterochromatin and euchromatin, which is easier to sequence and
assemble (Szinay et al. 2008; Tang et al. 2009; Szinay 2010; Tang et al. 2014). Thus, the se-
quencing and assembly efforts could be better directed to the euchromatic regions. Be-
cause these crops were sequenced using BAC libraries, cytogenetic maps have also been
used to construct the backbone for sequence assembly of tomato (Szinay et al. 2008) and
potato (Visser et al. 2009). The seed BAC clones that were chosen to start the assembly
were confirmed through BAC-FISH, the BAC positions on genetic and physical maps were
verified and gaps in the assembly were identified and sized (lovene et al. 2008; Szinay et
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al. 2008; Tang et al. 2008; Tang et al. 2009). The use of a very large number of BAC-FISH
probes, coupled with information from physical maps (restriction and optical maps) al-
lowed for the correction of miss-assemblies in the tomato genome and identification of
scaffolds that were not in the correct order or orientation, or both (Shearer et al. 2014).
The potato assembly was similarly improved using information from physical and ge-
netic maps to achieve a reference genome at the level of pseudomolecules, which are
equivalent to chromosomes (Sharma et al. 2013; Hardigan et al. 2016). Such integration of
technologies has only been applied to date for S. chacoense among the potato WR (Leis-
ner et al. 2018).

Figure 3. Examples of the various technologies available to assist in introgressive hybridization breed-
ing. a) genome painting (GISH) with S. commersonii genomic DNA probe (green) on the chromosomes
of a triploid interpecific hybrid (S. commersonii x S. tuberosum Group Phureja) in a meiotic cell com-
plement. Notice that all chromosomes are hybridized with the probe. b) Chromosome identification
through BAC-FISH on the chromosomes of a triploid interpecific hybrid (S. commersonii x S. tuberosum
Group Phureja) in a meiotic cell complement. Three chromosomes from pair 1 are identified with a
yellow probe and three chromosomes from pair 2 are identified with a blue probe. c) High molecular
weight Solanum DNA molecules stained with YOYO (blue) and showing sequence-specific single strand
nicks (green), stretched by moving along a nanochannel array. Millions of such images are integrated
to build a consensus genome map. d) Dot-plot comparison of the genome assemblies of Solanum com-
mersonii and S. tuberosum (DM) obtained through the software MUMmer. It shows a high degree of
collinearity with a few small inversions (inverted stretches of dots across the diagonal).
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Mapping tools

The cutting edge technology of genome mapping through nanochannels (Lam et al. 2012;
Cao et al. 2014) is the ideal tool for completing genome assemblies and even identify-
ing, spanning and assembling repeated sequences. In addition to assisting in genome as-
sembly, genome mapping can assess structural variation among related species or geno-
types within a species (Cao et al 2014). This technology uses nicking enzymes to create
DNA sequence-specific nicks that are subsequently labelled by a fluorescent nucleotide
analogue (Xiao et al. 2007). The DNA is linearized by confinement in a nanochannel array
(Das et al. 2010) and then photographed (Figure 3c). The DNA loading and imaging cycle
can be automatically repeated many times, so data can be obtained at high throughput
and high resolution (Hastie et al. 2013). Genome mapping using nanochannels has been
used only recently for genome assembly in higher plants such as spinach ( Xu et al. 2017),
subterranean clover (Kaur et al. 2017), maize (Jiao et al. 2017), quinoa (Jarvis et al. 2017)
and bread wheat (Stankova et al. 2016). In the genus Solanum, the related method known
as optical mapping (Zhou et al. 2004) was used for whole genome analysis in tomato
(Shearer et al 2014) and also in other crops like rice (Zhou et al. 2007), maize (Zhou et
al. 2009) and for crop relatives such as Medicago truncatula (Young et al. 2011). One of
the limitations for its use in the higher plant genomics community, is the challenge of
obtaining sufficient amounts of high molecular weight nuclear DNA (HMW DNA) due to
the thick cell walls and cytoplasmic polyphenols and polysaccharides.

Moving from physical to genetic mapping, considerable effort has been put into map-
ping traits of interest on the genetic maps of the few potato WR that have been used in
potato breeding. Understandably, most attention has been devoted to mapping resist-
ance to late blight (Phytophthora infestans), the most important potato disease and re-
sponsible for the infamous Irish Potato Famine in 1845-46. The most remarkable source
for resistance to P. infestans is S. bulbocastanum (Naess et al. 2001; Lokossou et al. 2010).
Resistance to P. infestans was also mapped in Solanum demissum (Jo et al. 2011), S. ven-
turii (Pel et al. 2009), S. pinnatisectum (Kuhl et al. 2001), S. avilesii (Verzaux et al. 2011),
S. paucisectum (Villamon et al. 2005) and in S. phureja x S. stenotomum (Costanzo et al.
2005; Simko et al. 2006). Different alleles from a single locus on chromosome 8 from S.
bulbocastanum, which carries resistance to late blight, have been the subject of physical
mapping and positional cloning (Bradeen et al. 2003; Song et al. 2003; Van Der Vossen
et al. 2003). Resistance to important potato viruses like PVX and PVY has also been the
focus of mapping efforts (Cockerham 1970; Solomon-Blackburn and Barker 2001; Flis et
al. 2005; Y.-S. Song et al. 2005; Sato et al. 2006; Simko et al. 2009a), together with other
traits of interest (Anithakumari et al. 2011) and with pyramiding of resistance genes
(Tan 2008). Genome-wide association studies (GWAS) have been particularly useful for
complex traits in cultivated potato (Ewing et al. 2004; Gebhardt et al. 2004; Simko 2004;
Simko et al. 2004; Simko et al. 2006; Visser et al. 2015), but only one study includes the use
of wild relatives (Hardigan et al. 2017). All these efforts have allowed the use of tightly
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linked molecular markers to select resistant genotypes or to select against donor ge-
nome in backcross progenies from an introgression scheme, in the so-called marker-
assisted breeding (reviewed by Barone, 2004; Tiwari et al. 2013). Most literature on se-
lection against wild genome comes from studies on the introgression of S. commersonii
into a S. tuberosum tetraploid background (Barone et al. 2001; Carputo et al. 2002; Barone
2004; lovene et al. 2004). The greatest impact of these molecular breeding technologies
has been on pre-breeding and parental development (De Koeyer et al. 2011) and also on
the exploration of germplasm resource (Bamberg and del Rio 2013; Carputo et al. 2013;
Manrique-Carpintero et al. 2014; Warschefsky et al. 2014).

Genomics tools

The available genomic knowledge on wild potatoes is relatively limited compared to that
of tomato WR (Szinay et al. 2012; Aflitos etal 2014; Bolger et al 2014). The tendency now is
to slowly move to more sophisticated genomics of WR, elucidating the available diversity
and desirable traits (Bradeen and Haynes 2011; Ramsay and Bryan 2011). The increas-
ing number of molecular markers and DNA sequence data to be generated will allow
for faster progress in breeding by simultaneously selecting genes/QTLs while selecting
against wild species genome content (Bradshaw 2007b).

With the development of high-throughput DNA sequencing, genome assemblies for
tomato (The Tomato Genome Consortium 2012), potato (Potato Genome Sequencing Con-
sortium 2011) and several of their WR (Aflitos et al. 2014; Bolger et al. 2014; Aversano et al.
2015; Leisner et al. 2018) have become available. Concerted genomics and bioinformatics
efforts have improved genome assemblies (Sharma et al. 2013; Shearer et al. 2014; Hardi-
gan et al. 2016). However, only a few studies have utilized sufficient high-quality physical
maps needed to reveal structural differences (Figure 3d) related to introgression barri-
ers (Peters et al. 2012; Aflitos et al. 2014; Aflitos et al. 2015; de Boer et al. 2015). Although
sequence data for some wild species are available (e.g., S. chacoense, S. commersonii),
the only comparative structural analysis performed so far used DArT markers, finding
microscale genome sequence variation (Traini et al. 2013). A vast survey of genome-wide
sequence variation across a diversity panel of cultivated and wild potato species was
performed by Hardigan et al. (2017), finding more variation than in any other crop re-
sequencing project. In most cases of crop wild relatives (CWR) only a draft genome is
available and it is of limited use, depending on the quality of the assembly (Pérez-de-
Castro et al. 2012). Such is the case of the whole genome draft sequence available for
Solanum commersonii (Aversano et al. 2015). Assembly to the level of pseudomolecules is
achieved when mapping against the reference potato genome. This approach does not
cater for structural variation between the two species. In the case of S. chacoense, the
genotype that was sequenced (M6) was an inbred clone, so increased homozygosity fa-
cilitated genome assembly. The construction of pseudomolecules was achieved includ-
ing information from genetic maps using M6 as parent of the segregating population,
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so it does not assume collinearity with a reference genome (Leisner et al. 2018). Ide-
ally, breeders should count on fully assembled and well annotated reference genomes
for potato WR to assist in gene discovery and dissection of the genetic basis of a trait.

Making the most of biotechnological approaches through wild relatives

One might argue that resorting to potato WR as donors of desirable traits through in-
trogressive hybridization seems no longer necessary with modern technologies such as
cisgenesis or the CRISPR-Cas9 genome editing, as it allows researchers to transfer di-
rectly the gene of interest or to change the native sequence into a tailor-made version,
respectively. Nevertheless, it is first necessary to identify the original genes conferring
the trait of interest and to mine their allele diversity in order to isolate them, clone them
and accurately modify them or transfer them into targeted cultivars. This is possible
through newly developed genetic and genomic tools (Cardi 2016).

Knowledge on the physical position of the genes of interest is useful to isolate them
and transfer them to cultivated potato. The identification, mapping, cloning and the
techniques to use resistance genes against Phytophthora infestans coming from potato
WR was reviewed by Park et al. (2009). Most mapped and cloned genes come from S.
demissum (Jo et al.2011) or S. bulbocastanum (Naess et al. 2000; Naess et al. 2001; Bradeen
etal.2003; ]. Song et al. 2003; Lokossou et al. 2010), although using an interspecific candi-
date gene approach, Pel et al. (2009) were able to map and clone a dominant allele from an
alternative donor (S. venturii). These genes have already been used or are in the pipeline
for cisgenesis into cultivated potato backgrounds (Haverkort et al. 2008; Park et al. 2009;
Zhu et al. 2015) .

Recently, all known major R genes in potato have been sequenced and an ‘omics’ ap-
proach was used to recognize the genes responsible for late bight resistance (Van Wey-
mers et al. 2016). The previously developed SOLRGENE database provides easy access to
the sequences of R genes across Solanum section Petota, allowing the cloning of many
of those genes for downstream biotechnological uses (Vleeshouwers et al. 2011). New
sources of resistance have been identified and their genes cloned using the latest third
generation sequencing technologies. These new variants are now available for biotech-
nological applications (Witek et al. 2016). The genome sequence and transcriptomes of
potato WR like S. commersonii and S. chacoense have allowed the identification of path-
ogen-receptor genes and to describe non-acclimated and cold-acclimated gene expres-
sion as well as to get insights on tuberization and glycoalkaloid production (Narancio
et al. 2013; Aversano et al. 2015; Leisner et al. 2018). A large resequencing effort across
potato cultivars and landraces together with potato WR shed light on the kinds of traits
and genes that were under selection during the domestication process and provided a
useful catalogue of genomic variation within the potato genepool (Hardigan et al. 2017).
Microsatellite markers (SSR) transferred from potato to its wild relatives can be used to
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screen for genetic variability. An example of this is the evaluation of 10 accessions from
S. chacoense using 15 SSR markers developed for potato, which showed high levels of
heterozygosity in the collection (Haynes et al. 2017). Using sequence data, new SSR mark-
ers can be specifically devised for wild species, increasing their amplification success
and polymorphic information content. This is what happened for a diversity panel of S.
commersonii accessions and for a biparental population both screened with SSR markers
developed from short read sequence data (Sandro et al. 2016). Adding value to collected
samples in gene banks through all this genetic and genomic information and mining al-
lele variation from natural populations or ex situ collections will be critical for the ef-
ficient use of potato WR in the genomics era.

Breeders can use potato WR to introduce new genes in a commercial cultivar or to
select superior alleles to replace their cultivated counterparts through cisgenesis. They
can also use structural and functional genomic information on potato WR to adopt as
templates to target specific sites and edit gene sequences in elite cultivars. In the case of
genome editing, knowing the target genome sequence is essential to prevent targeting
of repeated sequences dispersed throughout the genome and to respond to regulatory
demands (Cardi 2016). However, most of the time breeders do not aim at transferring
only one gene of interest but to broaden the genetic base of a potato cultivar (Bradshaw
2007¢c; Bradshaw 2016) and to introduce adaptability and hardiness from potato WR usu-
ally growing in a wide variety of environments (Bethke et al. 2017). Such a time-consum-
ing process depends on many backcrosses to recover the cultivated background that was
lost with the initial hybridization. It is also claimed that the undesirable traits that come
from the potato WR are hard to remove, especially in a tetraploid potato background. An
idea thatis gaining popularity is the use of diploid inbred lines in potato breeding (Lind-
hout et al. 2011; Endelman and Jansky 2016; Jansky et al. 2016). These allow for easier
genetic mapping with increased resolution and simplify genetic analysis because of their
disomic inheritance (Endelman and Jansky 2016). In breeding, they can be used to create
F1hybrid seed with enhanced heterosis that can be propagated through true potato seed
(Lindhout et al. 2011; Jansky et al. 2016). Potato WR have a role to play both in the devel-
opment of diploid inbred lines and in their use as breeding material. One of the most
frequently used strategies to achieve diploid inbred lines is through the crossing with a
S. chacoense genotype carrying a dominant self-incompatibility inhibitor allele called SIi
(Hosaka and Hanneman, Jr. 1998; Phumichai et al. 2005; Lindhout et al. 2011; Jansky et al.
2016). After the diploid inbred lines are obtained, they can generally be crossed directly
with diploid potato WR facilitating introgression at the diploid level (Jansky 2006; Jan-
sky et al. 2016).

Many of the limitations in introgressive hybridization breeding can be overcome by
an efficient use of new genomic technologies and approaches. These will allow predic-
tion of homology and collinearity to anticipate the degree of pairing, recombination
and linkage drag expected in any interspecific cross, together with mining of existing
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variation in natural populations and optimal choice of the genotypes to start introgres-
sion schemes. Genomics will not only facilitate marker-assisted selection for the traits
of interest but also against the wild donor chromatin. To the question posed by Bethke
et al. (2017) in their review paper: Are we getting better at using Wild Potato Species
in Light of New Tools? The answer is clearly Yes, but the possibilities are still endless.
The approaches we are now developing may still seem expensive and difficult to ap-
ply to routine breeding; however, information is accumulating fast. At the current rate
of technological advance in the automation of data acquisition and analysis, it does not
seem impossible to envision the fulfillment of the promises of the use of PWR in the near
future, as long as we keep going in that direction.
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The word, defining, muzzles; the drawn line
Ousts mistier peers and thrives, murderous,
In establishments which imagined lines

Can only haunt. Sturdy as potatoes,
Stones, without conscience, word and line endure,
Given an inch. Not that they're gross (although

Afterthought often would have them alter
To delicacy, to poise) but that they
Shortchange me continuously: whether

More or other, they still dissatisfy.
Unpoemed, unpictured, the potato
Bunches its knobby browns on a vastly
Superior page; the blunt stone also.

Sylvia Plath
(“Poems, Potatoes”, 1958)
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Abstract

Wild potato relatives are rich sources of desirable traits for introgressive hybridization into
cultivated potato. One of them, Solanum commersonii (2n = 2x = 24, 1EBN, endosperm bal-
ance number), is an important species belonging to the potato tertiary genepool. It can be
used in potato breeding through bridge crosses and 2n gamete production. Triploid F, hybrids
between S. commersonii (through spontaneous 2n egg formation) and diploid 2EBN S. tubero-
sum Group Phureja were crossed with S. tuberosum Group Tuberosum, resulting in successive
backcross 1, 2 and 3 progenies. The main aim of this study was to determine if there are any
barriers to homoeologous pairing and recombination in the allotriploid (S. commersonii x po-
tato) hybrids and their backcrosses, and so to predict if S. commersonii chromosomes can be
transmitted to the next generation and introgressed into their recipient potato chromosomes.
Microscopic observations of spread pollen mother cells suggested no preferential pairing in
the triploid hybrids, while chromosome transmission and segregation in further meiotic stag-
es were fairly balanced. Fluorescent in situ hybridisation with BAC probes (BAC FISH) was used
to obtain markers to trace the meiotic behaviour of specific chromosome pairs. Moreover,
Genomic in situ Hybridisation (GISH) demonstrated no obvious differences in fluorescence sig-
nals between the homoeologues suggesting that repetitive sequences did not diverge much
between the parental species. As a consequence, we were not able to trace the course of the
S. commersonii chromosomes in the successive introgressive hybridisation backcross genera-
tions. Our results strongly point at a high genomic similarity between the homoeologous chro-
mosomes promising high suitability of S. commersonii in introgressive hybridisation breeding
of potato.

Abbreviation list

EBN Endosperm balance number Cy3 Cyanine 3-dUTP

BAC Bacterial artificial chromosome Cy3.5 Cyanine 3.5-dCTP

FISH Fluorescent in situ hybridisation Cys Cyanine 5-dUTP

GISH Genomic in situ hybridisation DEAC Diethylaminocoumarin-5-dUTP
BC Backcross DAPI 4',6-diamidino-2-phenylindole
PMC Pollen Mother Cells FITC Fluorescein isothiocyanate
Introduction

Cultivated and wild relatives of potato comprise a huge germplasm resource, more di-
verse and accessible than that of any other crop (Hawkes 1966; Ross 1986; Hanneman
1989; Peloquin et al. 1989; Hawkes 1990). The collection provides essential genetic traits
for many of the biotic and abiotic threats to the crop (Jansky 2000; Solomon-Blackburn
and Barker 2001; Jansky and Peloquin 2006; Hamernik et al. 2009), which can be trans-
ferred to selected cultivars by introgressive hybridisation. The rich gene pool also con-
tributes to allelic diversity for breeding programmes, and so determines the prospect
for selecting desired allele combination and maximizing heterozygosity, required for
yield improvements (Mendoza and Haynes 1974).
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However, crossing and zygotic barriers in the interspecific hybrids and backcross de-
rivatives, particularly in those belonging to the secondary and tertiary genepool (Brad-
shaw 2007), may impede the introgression programmes and thus, considerable efforts
have been devoted to overcoming such barriers (reviewed by Jansky 2006) by ploidy
manipulation (reviewed by Ortiz 1998; Ortiz et al. 2009) and/or bridge crosses (Jansky
and Hamernik 2009). The most prominent hybridisation barrier in the potato gene pool
is Endosperm Balance Number (EBN). The EBN hypothesis (Johnston et al. 1980) pro-
poses that each Solanum species has a specific empirical EBN and that for a cross to be
successful a 2:1 maternal to paternal EBN ratio is required in the hybrid endosperm.
EBN is not directly linked to ploidy level but ploidy manipulation helps overcome the
EBN hybridisation barrier (Johnston and Hanneman 1982). Crossability is then routinely
evaluated through pollen stainability, an indirect measurement of fertility in the hybrids
and backcrosses.

One important representative of the potato tertiary genepool is S. commersonii. This
species harbours resistances to various biotic stresses such as Phytophtora infestans
(Micheletto et al. 2000), Ralstonia solanacerum (Gonzalez et al. 2013) and other severe
potato pathogens, such as Pectobacterium, Verticillium, Alternaria, and X and Y viruses
(Laferriere et al.1999; Carputo et al. 2000). Additionally, S. commersonii has long received
attention because of its frost tolerance and cold acclimation capacity (Palta and Li 1979;
Palta and Simon 1993; Vega et al. 2000), and it is therefore an outstanding source for
broadening the genetic base of cold and drought adaptation (Chen et al. 1999). A few ac-
cessions of this species have been used in potato introgression breeding (Bamberg et al.
1994; Carputo et al. 1997; Laferriere et al. 1999; Chen et al. 1999; Carputo et al. 2000; Car-
puto et al. 2009). However, interactions at the cytogenetic level have not been described
and thus the efficiency of introgression is not completely understood.

A strategy based on the production of unreduced gametes was designed to starta hy-
bridisation programme to introgress resistance to Ralstonia solanacearum and broaden
the genetic base of the potatoes cultivated in Uruguay (Gonzalez 2010). This strategy dif-
fers from previous schemes such as the one presented by Carputo et al. (1997) in that it
makes use of the natural production of unreduced gametes in S. commersonii and in that
it takes advantage of the variability generated by meiosis, instead of using ploidy ma-
nipulations to overcome the EBN barrier (Figure 1). A diploid Solanum tuberosum Group
Phureja clone was used in the initial cross to overcome incongruity between the species.
The F, plants were used as female parents for backcross 1 (BC ) progenies, again through
spontaneous unreduced gametes and with a S. tuberosum Group Tuberosum clone as
male parent. Successive backcrosses with different S. tuberosum Group Tuberosum gen-
otypes produced advanced backcross progenies.

The degree of homoeologous pairing and recombination in interspecific hybrids
can be assessed directly by analysing pollen mother cells at diakinesis and later mei-
otic stages. When combined with Genomic in situ hybridization (GISH) to discriminate
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Solanum tuberosum

Solanum commersonii X Group Phureja
2n = 2x =24, 1EBN 2n = 2x = 24, 2EBN
2n eggs\ / Solanum tuberosum Figure 1. Introgressive hy-
F1 X Group Tuberosum bridisation breeding cross-
2n = 3x = 36, 2EBN 2n = 4x = 48, 4EBN ing scheme between So-

lanum commersonii and S.
2n eg\ / tuberosum Group Tubero-
Solanum tuberosum ¢,y \sing S, tuberosum

Group Tuberosum

on =5x+ = 61 - 65 4EBN o = 4x = 48, 4EBN Group Phureja as bridge

' cross species (Gonzalez

Solanum tuberosum n eggs\ / 2010). This crossing
Group Tuberosum BC2 scheme produced the F,

2n = 4x = 48, 4EBN 2n = 4x - 5x = 48-59, 4EBN BC, and BC, progenies ana-

lysed in this study.
re9%e \ /
BC3

2n = 4x+ = 47-53, 4EBN

parental genomes, pairing analysis allows tracing alien chromosomes in the recipient
background. This approach has been used in interspecific hybrids of various Solanum
species, showing the parental chromosomes in S. etuberosum (+) potato (Dong et al. 1999;
Gavrilenko et al. 2003), S. nigrum (+) potato (Horsman et al. 2001), S. bulbocastanum (+)
potato (lovene etal.2007) and S. brevidens (+) potato hybrids (Dong et al. 2001; Gavrilenko
et al. 2002; Dong et al. 2005) and chromosome substitution lines (Tek et al. 2004). Cross-
species BAC-FISH painting can be useful to apply chromosome-specific markers from
one species on the chromosomes of a relative (Dong et al. 2000). These markers have
proved useful to analyse the behaviour of the corresponding chromosomes or chromo-
some regions during mitosis and meiosis (Schubert et al. 2001; Lysak et al. 2003; McKee
2004). They also constitute a powerful tool for karyotyping in species with small chro-
mosomes or across related species (Dong et al. 2000) and to identify extra chromosomes
in aneuploids (Ji2014) or chromosomes responsible for resistance traits (Tek et al. 2004).
When GISH was combined with chromosome-specific molecular markers the transmis-
sion and segregation of individual chromosomes could be traced in potato (+) tomato fu-
sion hybrids (Jacobsen et al. 1995; Garriga-Calderé et al. 1997; Garriga-Calderé et al. 1998;
Garriga-Calderé et al. 1999) and wide potato hybrids (Ono et al. 2016). This approach was
also used to elucidate the genomic constitution of wild allopolyploid species (Pendinen
et al. 2008; Pendinen et al. 2012). The limitation of the GISH technology in discriminating
parental chromosomes in hybrids is that it depends on how much species-specific tan-
dem and dispersed repeats have diverged in the progenitors and this is still unknown for
S. commersonii, S. tuberosum Group Phureja and S. tuberosum Group Tuberosum.
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According to Matsubayashi (1991), many diploid species in the genome classifications
of section Petota share a common genome called A, based on regular meiosis and good
pollen fertility in diploid hybrids. Lack of genome differentiation has been proposed for
Solanum section Petota (Camadro et al. 2004), although some cryptic variants were de-
scribed by Matsubayashi (1991). These variants are not visible in the meiotic behaviour
of diploid hybrids and result in a more or less reduced pollen fertility. In amphiploids
frequent preferential pairing was observed. Definite structural variants were also de-
scribed, based on various meiotic irregularities in diploid hybrids and on low pollen
fertility, around 10 % (Matsubayashi 1991). The factors underlying the observed meiotic
behaviour and pollen fertility were not clarified with the approaches available at that
moment. Although he proposes that S. commersonii, S. tuberosum Group Phureja and S.
tuberosum Group Tuberosum share two A genomes, with two extra A, genomes in tetra-
ploid potato, itis not clear if there are cryptic or definite differences across these species
and to what extent they affect homoeologous pairing and recombination. If such variants
reflect quantitative or qualitative changes in the repetitive sequences it may be possible
to visualise such genomic differentiation through GISH.

In this study, we focused on whether there was evidence of restrictions to pairing
and recombination between the chromosomes of Solanum commersonii and S. tuberosum
(both Group Phureja and Group Tuberosum). We analysed the male meiosis of triploid
interspecific hybrids to test if there was preferential pairing between the two S. com-
mersonii genomes and exclusion of the S. tuberosum Group Phureja chromosomes. We
also attempted to follow the fate of specific chromosomes in these triploid hybrids and
successive introgressive hybridisation backcrosses both through BAC FISH markers and
genome painting (GISH).

Materials and Methods

Plant material and slide preparation

We described homoeologous pairing in the male meiosis of individuals from the intro-
gressive hybridisation breeding programme described in Figure 1, namely two allotrip-
loid interspecific hybrids code named 06.201.6 and 06.201.20 (2n = 3x = 36, 2EBN) to test
the scenario of preferential pairing and clones from the BC and BC, progenies (Table 1),
to look at pairing and follow the fate of alien chromosomes in the successive backcrosses.

For chromosome counts, root tips were pre-treated with 2 mM aqueous 8-hydroxy-
quinoline for 4 h at 202 C and 20 h at 4° C, and fixed in a 3:1 ethanol-acetic acid solution
for 48 h, followed by 70 % ethanol and stored them at 42 C. We performed digestion with
an enzyme mix containing 2 % pectinase (from Aspergillus niger, Sigma Aldrich, St. Louis,
MO, USA, P-4716) and 2 % cellulase RS (Yakult 203033, Yakult Pharmaceutical, Tokyo,
Japan) in 10 mM citrate buffer (pH 4.5) for 2 to 4 h at 37° C. Slides were prepared follow-
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Table 1. Overview of the plant material used in this study. Pedigree, ploidy, chromosome num-
ber, 18-35S and 5S rDNA sites and pollen stainability of the parental, F1 hybrid, backcross 1
(BC1) and BC2 genotypes analysed. Genotypes indicated in bold were selected as parents for
the following progenies.

Germplasm type Genotype Pedigree Ploidy and 18-355/5S  Pollen
chromosome  rDNA sites stainabil-
number ity (%)
Wild species 04.02.3 cmm 2n=2x=24 2/2 89
Cultivated 94212.2 phu 2n=2x=24 2/2 95
potatoes CIP 38228416 78A1-8 x G5264.1 2n=4x=48  4/4 82
8809.2 Cupids x Bulk CIP 2n=4x=48 4/4 80-90
Atlantic Wauseon x Lenape 2n=4x =48 4/4 19

F1 hybrids 06201.6 04.02.3x94212.2 2n=3x=36 3/3 15
06201.20 04.02.3x94212.2 2n=3x=36 3/3 18

Backcross 1 08301.1 06201.6 x 8416 2n=5x=63 4/6 40
08302.2 06201.20 x 8416 2n=5x=61 5/6 36
08302.4 06201.20 x 8416 2n =5x =65 6/6 39

Backcross 2 09.505.1 08302.2 x 8809.2 2n=4x-5x =54 5/4 20-30
09.505.3 08302.2 x 8809.2 2n=4x-5x =53 4/5 20-30
09.505.5 08302.2 x 8809.2 2n=4x-5x =55 4/6 20-30
09.509.1 08302.4 x 8809.2 2n=4x-5x =59 4/5 20-30
09509.2 08302.4 x 8809.2 2n=4x-5x =48 5/4 20-30
09509.6 08302.4 x 8809.2 2n=4x-5x =56 4/6 38
09.510.1 08.302.4 x BW 2n=4x-5x =52 nd 20-30

ing the squashing method in 45 % acetic acid and stained using with 5 ug.mL* DAPI. For
meiosis analyses, we harvested young flower buds in the morning (11-12 am) and fixed
them in 3:1 ethanol: acetic acid as described above. For the study of early meiotic stages,
we prepared spread preparations of pollen mother cell (PMC) complements following
the procedure described in Szinay et al. (2008) with minor modifications. For meiotic
cells at diakinesis and later stages, we used the squashing method. Briefly, anthers pre-
viously selected for these stages were digested for 2-4 h at 37° C in an enzyme mix of 1 %
pectolyase Y23 (pectolyase from Aspergillus japonicus, Sigma Aldrich, St. Louis, MO, USA,
P-3026), 1 % cellulase RS (Yakult 203033, Yakult Pharmaceutical, Tokyo, Japan) and 1 %
cytohelicase (cytohelicase from Helix pomatia, Sigma Aldrich, St. Louis, MO, USA, C8274)
diluted 1:5 in 1omM citrate buffer (pH 4.5). Individual anthers were transferred to 30-40
uL 60 % acetic acid and squeezed carefully with fine needles to release the PMC. 8-10 uL
of the cell suspension were dropped onto the clean slide and a 24 x 50 mm coverslip was
put on top. We alternated treatment at 55° C for 30-60 sec, with 10-20 sec at about 202 C.
This procedure was repeated as many times as necessary for about 10 min, adding 60 %
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acetic acid to avoid preparation from drying. The preparation was then firmly squashed
and the coverslip was removed after freezing in liquid nitrogen. Pollen stainability was
measured by shaking mature flowers on slides and staining the pollen with 1 % aceto-
carmine.

Probe and blocking DNA isolation and in situ Hybridisation

BAC clones used for FISH were obtained from the RHPOTKEY potato BAC library con-
structed from the RH clone RH89-039-16 and had previously been selected by Tang et
al. (2009) for each of the twelve potato linkage groups. BAC DNA was isolated using the
QIAGEN (Valencia, CA) plasmid minikit and amplified using the REPLI-g minikit (QIA-
GEN). Pools of BACs for each chromosome were either directly labelled with Cyanine
3-dUTP (Cy3, Enzo Life Sciences), Cyanine 3.5-dCTP (Cy3.5, GE Healthcare, Sweden) or
Diethylaminocoumarin-5-dUTP (DEAC, Perkin Elmer Inc), or indirectly labelled biotin-
16-UTP or digoxigenin-11-dUTP by standard nick translation reaction (Roche Diagnostic,
Indianapolis). Probes from the 5S rDNA from the pCT4.2 plasmid (Campell et al. 1992) and
18-35S rDNA from the pTa71 plasmid (Gerlach and Bedbrook 1979) were used as chromo-

A || B

Figure 2. Homoeologous pairing in pollen mother cells (PMC) from Solanum commersonii and S. tu-
berosum Group Phureja triploids. A. Pachytene complement with bivalents and trivalents and a loop
(see inset). B. Diakinesis showing five trivalents (lll), eight bivalents (Il) and eight univalents (l). C. Meta-
phase/early anaphase | complement showing precocious migration (arrows) and univalents and biva-
lents out of the metaphase plate (arrowhead). D. Tetrads and polyads (arrows), aceto-carmine stained
cells, bright field microscopy.
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some markers for pairs 1 and 2 respectively, and also as hybridisation controls. Genomic
DNA from the S. commersonii maternal genotype 04.02.3 (Figure 1) was isolated following
the protocol described by Jobes et al. (1995), starting from 5 g of ground leaf material to
obtain larger DNA quantities and concentration and increasing the buffer volumes ac-
cordingly. We labelled it with digoxigenin-11-dUTP by standard nick translation reaction
(Roche Diagnostic, Indianapolis). Additionally, we isolated genomic DNA from S. tubero-
sum cv Desirée also following Jobes et al. (1995) with the minor modifications described
and we used it as blocking DNA (100 times probe concentration). FISH and GISH experi-
ments were performed as described previously (Zhong et al. 1996), with the minor modi-
fications introduced by Gaiero et al. (2016), Chapter 4. Hybridisation was carried out over
three days to obtain enhanced signals. Hybridisation of the repetitive sequences in the
BAC DNA was suppressed by adding unlabelled C ,-100 (50 times probe concentration)
which was prepared from S. commersonii and S. tuberosum genomic DNA as described by
Tang et al. (2008). In GISH experiments, stringency was adjusted to 80-85 % by perform-
ing stringency washes with 50 % formamide/2 x SSC at 42° C for 15 min. Chromosomes
were counterstained with 5 ug.mL" 4',6-diamidino-2-phenylindole (DAPI) in Vectashield
anti-fade (Vector Laboratories).

Image acquisition and processing

We examined the slides under a Zeiss Axioplan 2 imaging photomicroscope (http://
www.zeiss.com) with epifluorescence illumination and filter sets for 4',6-diamidino-
2-phenylindole (DAPI), DEAC (blue), FITC (green), Cy3 (orange), Cy3.5 (red), and Cys/
Alexa Fluor 647 (far-red) fluorescence. Selected images were captured using a Photo-
metrics Sensys 1305 X 1024 pixel CCD camera (Photometrics, http://www.photomet.
com). Image thresholding was performed using image analysis software. We performed
image adjustments with Adobe® Photoshop® software as follows: DAPI images were
displayed in light grey and sharpened using a 7 x 7 pixel Hi-Gauss high-pass spatial filter
to accentuate minor details and the heterochromatin morphology of the chromosomes.
The remaining fluorescence images were pseudo-coloured and overlaid in multichan-
nel mode. Brightness and contrast adjustments were performed using the Levels tool in
Adobe® Photoshop® affecting all pixels equally.

Results

Analysis of homoeologous pairing in 3x hybrids and backcrosses

All F hybrids were triploid (2n = 3x = 36), whereas all BC, have chromosome numbers
varying from 2n = 61 to 65. Their corresponding BC, progenies were 4x-aneuploid, rang-
ing from 4.8 to 59 chromosomes (Table 1).
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Detailed meiotic analysis was performed _ 30
on pollen mother cells (PMC). Frequent tri- ﬂn; 25
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In the F, allotriploids most chromosomes Number of trivalents per cell
form trivalents, with an average frequency

of 7.3 111, 4.9 11 and 4.3 I per cell in a total Figure 3. Distribution of the different numbers of
trivalents (lll) per cell in the male meiosis of the

of 61 cells (Figure 3). We observed chain, two F, triploid hybrids analysed together.

frying-pan and Y-shaped trivalents (Figure

2B), which are explained by combinations of homologous and homoeologous pairing
and crossing over. There were some rare cases of cell complements containing a ring
quadrivalent or quinquevalent, probably due to overlaps (data not shown). Later stages
demonstrated rare cases of chromosome irregularities (Table 2), including precocious
migration and chromosomes out of plate at metaphase I and early anaphase 1. We also
observed chromosome stickiness (bivalent interconnections) during diakinesis and
metaphase [. Anaphase I and Il were typical of odd ploidy genotypes with various unbal-
anced chromosome distributions (Figure 2C). We did not detect lagging chromosomes
at anaphase I/II and only few cases of anaphase bridges were observed, that apparently
resolved at later stages, as telophase [/I11 PMC did not contain micronuclei (Table 2). Due
to an atypical alignment of meiotic spindles, about half of the meiotic products were
polyads, while the other half produced tetrads (Figure 2D and Table 2). This, combined
with the typical unbalanced segregation found in odd ploidy genotypes, meant that pol-
len stainability was on average 17 % (Table 1) so the proportion of fertile pollen was low.

Total Normal Precocious/  Bridges Laggards Micronu- Polyads
Out of plate clei
Metaphase | 131 87(66%) 44(34%) - - - -
Early Anaphase | 178 53 (30%) 125 (70 %) - - - -
Late Anaphase | 15 1(73%) - 4(27 %) o - -
Telophase | 17 13(77%) - 4(23 %) o) - -
Anaphase Il 38 36(95%) 2(5%) o) [¢) - -
Telophase I 14 13(93%) - o) o) 1(7 %) -
Cytokinesis 20 9(45%) - - - - 11 (55 %)
Total 113 222 (54 %) 171(41 %) 8(2%) 0 1(0.2 %) 11 (2.8 %)

Table 2. Number and frequency of meiotic irregularities found in the later stages of the male meiosis of
Solanum commersonii x S. tuberosum Group Phureja triploid hybrids
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Meiotic analysis was also performed on some BC and BC, individuals. We observed a
high proportion of PMCs at pachytene with configuration involving three or more chro-
mosomes, and similar complex multivalents in cells at diakinesis (Figures 5C and D)
and the typical segregation for odd ploidy genotypes in cells at further stages (data not
shown). On average, we found 16.2 multivalents, 5.6 [l and 2.4 I in PMCs at diakinesis from
BC, individuals, while in BC, we found 12.9 multivalents, 4.3 Il and 1 I on average (data
not shown). The complexity of homoeologous pairing in these 4x- and 5x-aneuploids did
not allow for detailed descriptions of the composition and configurations of the multi-
valents. Pollen stainability values are higher in these more advanced backcrosses, with
an average of 38% stainable pollen. This pollen fertility was enough to use one of the BC,
genotypes as male parent for the BC, progeny.

Figure 4. A. Homoeologous pairing in pollen mother cells (PMC) from 3x hybrids between Solanum
commersonii and S. tuberosum Group Phureja hybridised with probes specific to chromosome pairs:
1 (yellow), 2 (blue), 3 (purple), 4 (red) and 6 (green) and B. 1 (yellow), 2 (blue), 3 (purple), 4 (red) and 7
(green). Chromosomes can be observed forming trivalents or bivalents/univalents. C and D. Genome
painting on pollen mother cells (PMC) from 3x hybrids between S. commersonii and S. tuberosum Group
Phureja using S. commersonii genomic DNA as probe (green), 18-35S rDNA (red) and 5S rDNA (yellow) as
hybridisation controls in diakinesis and metaphase I, respectively.
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Identification of meiotic chromosomes

We used chromosome-specific cytogenetic markers to follow the behaviour of the cor-
responding chromosomes during meiosis. We observed that all chromosomes identified
with BAC FISH or rDNA signals were involved in trivalents in most of the complements
assessed (Figures 4A and B). For example, chromosome pair 1 was forming a trivalent
in 7 cell complements out of 15, while chromosome pair 2 was involved in a trivalent in
13 cells and appeared as a univalent plus bivalent in 2 cells (data not shown). We did not
find any specific chromosomes that systematically failed to synapse with their homoeo-
logues in the 15 cells quantified i.e., all chromosome pairs were forming trivalents in at
least three of the 15 cells assessed, data not shown). Aneuploid individuals in the BC and
BC, show variable numbers of rDNA bearing chromosomes (Table 1), suggesting that im-
balances may involve different chromosome pairs in each individual.

Genomic in situ Hybridisation (GISH)

To identify S. commersonii chromosomes in F 3x hybrids and to follow their fate in the
successive backcrosses, we performed GISH using S. commersonii genomic DNA as probe
and highly stringent blocking with unlabelled cultivated potato genomic DNA. All chro-
mosomes show hybridisation with the S. commersonii genomic DNA probe, so it is not
possible to discriminate those that come from each parental species (Figures 4C and
D). The hybridisation signal shows the typical dispersed pattern of highly repetitive ge-
nome sequences and a stronger signal in the pericentromere region, coherent with the
high stringency used in the experiments. These results did not allow us to visualize re-
combination events or introgressed chromosome segments.

The alien (S. commersonii) chromosomes could not be followed in the successive
backcrosses through GISH in mitotic metaphases of BC and BC, genotypes (Figure 5A
and B). Although it could be argued that the pericentromere signal is stronger on some
of the chromosomes, these quantitative differences cannot be interpreted as qualitative
(presence/absence) differences and therefore do not allow to draw conclusions. Similar
results were obtained when we performed GISH painting on diakinesis complements
belonging to BC and BC_ genotypes (data not shown).

Discussion

The different approaches used here have allowed us to describe and quantify pairing be-
tween the chromosomes of Solanum commersonii and S. tuberosum (both Group Phureja
and Group Tuberosum) to find out the extent of homology/homoeology between their
genomes. We have not observed any barriers to the exchange of chromosomal segments
through the stringent test of homoeologous pairing and recombination in triploid hy-
brids. We have also described the underlying factors that determine crossing success be-
tween these species at the cytogenetic level. We observed a high frequency of trivalents
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Figure 5. GISH in the backcrosses. A. Genome painting on a mitotic metaphase complement from back-
cross 1 genotype 08.301.1 (2n = 5x + 3 = 63) and B. on a mitotic metaphase from backcross 2 genotype
09.509.6 (2n = 4x-5x = 56) using S. commersonii genomic DNA as probe (green) and 18-35S rDNA (red)
as hybridisation control. C. Homoeologous pairing in pollen mother cells (PMC) at diplotene/diakineses
from backcross 1 genotype 08.302.4 (2n = 5x + 5 = 65) using S. commersonii genomic DNA (green) and
18-35S rDNA (red) as probes and D. Homoeologous pairing in PMC at diakinesis from backcross 2 geno-
type 09.509.2 (2n = 4x = 48) using 18-35S rDNA (red) and 5S rDNA (yellow) as probes. In all cases the
identified chromosomes are forming multivalents. Arrow heads indicate 18-35S rDNA sites and arrows
indicate 5S rDNA sites.

per cell, which may allow us to discard preferential pairing between genomes coming
from S. commersonii and we did not find any evidence of exclusion of S. tuberosum Group
Phureja or S. tuberosum Group Tuberosum chromosomes.

We have confirmed that there is frequent homoeologous pairing between the chro-
mosomes of S. commersonii and S. tuberosum Group Phureja in the triploid hybrids. At
pachytene we observed trivalents formed by different chromosome pairs. There was
high degree of synapsis and some pairing breaks along the length of the trivalent, which
are randomly distributed (Gaiero et al. 2016, Chapter 4). In some cases, we observed small
loops (inset Figure 2A), which might represent small local rearrangements. However, a
previous study has shown that at the large-scale there is high collinearity between these
two species (Gaiero et al. 2016, Chapter 4). Although we have not analysed the female
meiosis in these hybrids, its recombination rate is generally higher than in the male mei-
osis in hermaphroditic plants (reviewed by Lenormand and Dutheil 2005and by Wijnker
and de Jong 2008). The recombination ratio between male and female meiosis ranged
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between 0.84 in hybrids between tomato and a wild relative (de Vicente and Tanksley
1991), and 0.73 between potato and a wild relative (Kreike and Stiekema 1997) and 0.72 in
a close wild relative, S. chacoense, (Rivard et al. 1996). Therefore it can be inferred that
the ratio might be similar in the hybrids studied here, and thus that homoeologous pair-
ing could be as frequent or even more frequent in the female meiosis.

At diakinesis, the pairing that was established in earlier stages was maintained and
there was high frequency of trivalents (average 7.3 111, 4.9 II and 4.3 I per cell), with a
range of 4III to 12III per cell (Figure 3). We could observe chiasmata, which confirm
previous homoeologous pairing. Although trivalent formation was already reported
for 4x S. commersonii x 2x S. tuberosum Group Tuberosum- Group Phureja allotriploids,
the authors could not describe or quantify it (Barone et al. 1999). Homoeologous pair-
ing frequencies found here are higher than those found for different allotriploid hybrids
between species from different series within section Petota (Lange and Wagenvoort
1973; Masuelli and Camadro 1992). Moreover, our results were the same as those found
for autotriploid S. tuberosum, with an average of 7.06 III (range 2-12 III) across different
autotriploid plants (Lange and Wagenvoort 1973). We frequently found trivalents in Y-
shaped or V-shaped configurations, with some frying pan and chain configurations as
well. These results suggest recombination among homoeologues in earlier stages. In the
case of Y-shaped and frying pan configurations, they point at low interference. These
configurations require two crossing over events in the same arm (Singh 2003). This im-
plies that the introgressed segments are smaller and therefore with lower linkage drag.
According to our BAC FISH results, no chromosomes failed to pair systematically (i.e. no
chromosomes appeared as a univalent plus a bivalent in all the cells assessed). These re-
sults coincide with the high structural collinearity found between S. commersonii and S.
tuberosum by Gaiero et al. (2016), Chapter 4. Homoeologous pairing was also observed in
PMC from the BC and BC, progenies, showing mostly multivalents (16 on average in the
BC1 and 13 in the BC2) with relatively few bivalents and very few univalents. It appears
to be higher than that observed by Barone et al. (1999) and Carputo (2003). Put together,
our chromosome pairing evidence indicates that the F triploid hybrids between S. com-
mersonii and S. tuberosum Group Phureja behave as autotriploids and that homoeologous
recombination can take place among all their chromosomes. We have developed a set of
S. commersonii-specific SSR markers (Sandro et al. 2016) and we are currently testing
them in the advanced backcross progenies to follow the fate of S. commersonii-specific
chromosomal segments and to find conclusive evidence for homoelogous recombination.

Chromosome segregation in further meiotic stages was fairly balanced, with fewer
irregularities than those observed in previous studies on triploid hybrids between po-
tato and wild relatives (Adiwilaga and Brown 1991; Masuelli and Camadro 1992; Carputo
et al. 1995). These authors found high frequency of cells with laggards in anaphase I and
II. In our case these events were absent, albeit the lower number of cells evaluated (Ta-
ble 2). The most common irregularities found here were precocious migration/bivalents
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out of plate, which is a common characteristic of anaphases in Solanum (Ramanna and
Hermsen 1979; de Jong et al. 1993; Larrosa et al. 2012). These few irregularities were re-
solved further on. At telophase I and Il most PMC did not contain micronuclei (Figure 2
and Table 2), while they were present in the 4x S. commersonii x 2x S. tuberosum Group
Tuberosum- Group Phureja analysed by Carputo et al. (1995) and were very common in
the S. commersonii x S. gourlayi allotriploids (Masuelli and Camadro 1992). According to
our results, meiotic products were approximately 50 % polyads and 50 % tetrads (Figure
2D and Table 2) which could carry unbalanced chromosome numbers. These results are
discouraging compared to those obtained by Carputo et al. (1995) and combined with
unbalanced segregation, meant that pollen stainability was on average low (17 %). In
the past, the only indication of crossability was pollen stainability. In such case, a highly
suitable wild donor as S. commersonii, would have been discarded without looking at
chromosome pairing. However, when pairing takes place, only a few successful crosses
are enough to introduce the wild germplasm into the cultivated potato background. In
our context this difficulty was overcome because these triploids were successfully used
as female parents for the BC, progenies, through 2n gametes. These BC and BC, prog-
enies produce higher percentages of stainable pollen (Table 1), as expected from their
more balanced genomic contributions.

Great variation in chromosome numbers was found in the BC (2n = 5x + = 61-65) and
BC, (2n = 4x- 5x = 48-59) progenies (Table 1). In our case BC, plants were aneuploid, while
Barone et al. (1999) found that most were exact allopentaploids. The cases of 5x-aneu-
ploids were explained in terms of occasional omission of chromosomes in the restitution
nuclei forming 2n eggs (Carputo 2003). The most important post zygotic barrier in pota-
toes is EBN. It is not clear yet what factors determine EBN or where they are mapped in
the potato genome. Aneuploid gametes with extra chromosomes bearing the EBN con-
trolling factors might be positively selected for compatible crosses and thus favor the
formation of genotypes with complements higher than the expected 2n = 5x = 60 (Car-
puto 1999; Henry etal. 2009). For the BC plants Carputo etal. (2003) observed a narrower
range of chromosome number variation, with a tendency towards tetraploid (2n = 4x =
48) numbers. In hybridisation programmes with S. tuberosum Group Tuberosum involv-
ing other species such as S. demissum, in pentaploid BC, progenies variations in chromo-
some number were directly related to the amount of wild germplasm in the BC, plant
because the genome from S. tuberosum was equally inherited to the progeny (Ono et al.
2016). However, the ranges found here point at random segregation of both homologous
and homoeologous chromosomes in the backcross progenies.

Genomic in situ hybridization (GISH) demonstrated hardly any differences in fluores-
cence signals between the homoeologues, so we were not able to discriminate chromo-
somes belonging to each species. GISH has been useful to discriminate potato chromo-
somes from those belonging to species from other Solanum sections like tomato (Jacob-
sen et al. 1995; Garriga-Calderé et al. 1997; Garriga-Calderé and Huigen 1998; Garriga-
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Calderé et al. 1999) or S. nigrum (Horsman et al. 2001). Within section Petota, it has been
successfully used for hybrids between S. tuberosum Group Tuberosum and non-tuber
bearing potato relatives carrying the E genome (Matsubayashi 1991), like S. brevidens
(Dong et al. 2001; Gavrilenko et al. 2002; Tek et al. 2004; Dong et al. 2005) or S. etuberosum
(Dong et al. 1999; Gavrilenko et al. 2003). No successful GISH results have been reported
for hybrids between potato and its closer A-genome tuber-bearing wild relatives, with
the exception of S. bulbocastanum, a diploid (1EBN, A" genome) Mexican species (lovene
etal. 2007). This suggests that repetitive sequences have not diverged much among their
genomes, in spite of the estimated 2.3 million years divergence between the species
(Aversano et al. 2015).

The low degree of genomic divergence among potato wild relatives contrasts with
the results reported for the species of another well studied clade within the same ge-
nus: tomato wild relatives. Variable homoeologous recombination rates have been found
through molecular markers and sequence data in introgression lines of S. lycopersicoides
(Canady et al. 2006) or S. pimpinellifolium (Demirci et al. 2016) with tomato. Significant
structural rearrangements have been described among species belonging to the tomato
clade (Anderson et al. 2010; Verlaan et al. 2011; Szinay et al. 2012). GISH has been success-
fully applied to tomato hybrids with S. peruvianum or S. lycopersicoides (Parokonny et al.
1997; Ji and Chetelat 2003; Ji et al. 2004). Results of GISH experiments like those reported
here show that the repetitive sequence fraction of the genome has low divergence among
potato wild relatives. This compositional difference of the repetitive fractions in the ge-
nomes in the potato and tomato clades may itself (through repetitive DNA dynamics)
underlie the mechanisms leading to different rates of molecular, pairing and structural
chromosome differentiation among potato, tomato and their respective wild relatives.
Analyses on the nature, abundance and dynamics of the repetitive fractions of their ge-
nomes are currently underway.

The results found in this study are evidence to reinforce the hypothesis of lack of
genome differentiation within the potato clade, most likely maintained by (or being a by-
product of) pre and post zygotic hybridisation barriers (Carputo et al. 1999; Camadro et
al. 2004). Genome similarity between S. commersonii and potato must be 85 % or higher,
because of the stringency used in GISH experiments and the high blocking conditions. To
what extent this is related to homoeologous pairing and recombination is still unclear.
A lot remains unknown about the mechanisms that guide homologous pairing (Bozza
and Pawlowski 2008), let alone interactions among homoeologues. Although some au-
thors give homology only indirect responsibility for initial pairing (Sybenga 1999), mei-
otic chromosome pairing is generally accepted to be based on DNA homology. However,
it also depends on spatial location (Bozza and Pawlowski 2008). Initial recognition is
related to simultaneous conformational changes in chromatin in both partners that can
only be triggered by interactions between true homologues, so that they can only pair if
they are in the same conformational state (Prieto et al. 2004). It also needs overcoming
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of compact heterochromatin regions that might be difficult to access and of the spurious
pairing that might be caused by repetitive sequences (Bozza and Pawlowski 2008). Simi-
lar heterochromatin distribution and condensation together with similar chromosome
structures were found between the genomes of S. commersonii and S. tuberosum Group
Phureja (Gaiero et al. 2016, Chapter 4). Therefore, the genome similarity found here be-
tween S. commersonii and S. tuberosum Group Tuberosum must be both at the local and
global chromosomal homology levels to ensure the observed pairing.

Our results have important implications for the use of Solanum commersonii in potato
introgressive hybridisation breeding. Allotriploids like the ones analysed here are the
most stringent test for homoeologous pairing and recombination between two species.
Our data show that homoeologous pairing is highly frequent and recombination can take
place, as would rather be expected in autotriploids, making introgression of the desired
traits possible. It was not possible to discriminate the chromosomes belonging to the
parental species or to pinpoint the introgressed chromosomal segments in complements
from advanced backcrosses, which would have been valuable tools to assist negative se-
lection for alien chromatin and to confirm introgression. On the other hand, the high ge-
nome similarity observed, together with the high collinearity between the two genomes,
suggest that introgression of S. commersonii chromosomal regions should be highly ef-
ficient and the potential of this species for potato breeding can be fully exploited.
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Chapter 4

Abstract:

Introgressive hybridization has been widely used in potato breeding to transfer biotic and
abotic resistances from wild relatives. A major bottleneck to this process is the lack of genome
collinearity between the donor (alien) genome and the recipient crop genome. Chromosom-
al structural differences may create unbalanced segregation of bivalents or multivalents or
cause unintended retention of large blocks of DNA surrounding the region of interest (a phe-
nomenon known as linkage drag). To assess large-scale collinearity between potato and two
of its wild relatives (Solanum commersonii and S. chacoense), we used multicolour BAC-FISH
mapping of markers with known positions on the RH potato chromosomes and anchored on
the ultrahigh density potato genetic map. BAC probes could successfully be hybridized to the
S. commersonii and S. chachoense pachytene chromosomes, confirming their correspondence
with linkage groups in RH potato. Our study shows that the order of BAC signals is conserved.
Distances between BAC signals were quantified and compared; some differences found sug-
gest either small-scale rearrangements or reduction/amplification of repetitive sequences.
We conclude that S. commersonii and S. chacoense are collinear with cultivated S. tuberosum
on the whole chromosome scale, making these amenable species for efficient introgressive
hybridization breeding.

Introduction
Potato (Solanum tuberosum L.) is the third most important food crop worldwide (af-
ter rice and wheat) and is number one among vegetables (Birch et al. 2012; Jansky et al.
2013). As with other crops, potato growers face severe yield losses by pests and diseases
(Haynes and Lu 2005), encouraging breeders to select for traits that confer specific re-
sistance and tolerance within the wild relative gene pool (Jansky 2000). Strategies have
been developed to overcome hybridization barriers and perform the necessary manipu-
lations to introgress such resistances into potato cultivars (Jansky 2000; Jansky 2006).
However, only few resistance genes have been successfully introgressed into cultivars,
leaving most wild resources to various pests and disease resistances untapped (Jansky
2000; Solomon-Blackburn and Barker 2001; Simko et al. 2009; Birch et al. 2012). One of the
reasons for this underutilization is lack of knowledge on the physical (co-)localization of
genetic loci between cultivated potato and its close relatives that are potential donors
for introgressive hybridization breeding initiatives. If there are physical differences
among the chromosomes of potato and its donor relatives they can hinder homoeolo-
gous recombination, cause problems in segregation during the meiosis of hybrids and/or
produce linkage drag (Young and Tanksley 1989). Such changes hamper introgression of
selected traits into the recipient crop rendering the ultimate aim unachievable (Verlaan
etal. 2011).

Genome-wide collinearity within Solanaceae has been established mostly by com-
parative genetic analysis using high-density molecular marker maps. More recently,
cytogenetic studies have explored the use of Fluorescence in situ Hybridisation (FISH)-
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Comparative cytogenetics BAC-FISH

based chromosome staining to establish structural and numerical comparisons of their
karyotypes (Tang et al. 2008; lovene et al. 2008; Szinay et al. 2008; Wu and Tanksley 2010;
Anderson et al. 2010; Szinay et al. 2010; Lou et al. 2010; Verlaan et al. 2011; Szinay et al.
2012). With the development of high-throughput DNA sequencing, genome assemblies for
tomato (The Tomato Genome Consortium 2012), potato (The Potato Genome Sequencing
Consortium 2011) and several of their wild relatives (Bolger et al. 2014; Aflitos et al. 2014;
Aversano et al. 2015) have become available. Concerted genomics and bioinformatics ef-
forts have improved genome assemblies (Sharma et al. 2013; Shearer et al. 2014). How-
ever, only a few studies have utilized sufficient high-quality physical maps needed to
reveal structural differences related to introgression barriers (Peters et al. 2012; Aflitos
et al. 2014; Aflitos et al. 2015; de Boer et al. 2015). Cytogenetic information obtained by
high-resolution FISH maps on extended chromosomes can provide important informa-
tion on structural rearrangements.

There is a long history to the study of potato chromosome morphology, with a start-
ing point being the detailed descriptions of gross morphology of pachytene bivalents by
Yeh and Peloquin (1965) and Ramanna and Wagenvoort (1976) for dihaploid clones de-
rived from different potato cultivars. Their studies enabled full identification of all chro-
mosome pairs through morphological features such as length, centromere positions and
heterochromatin patterns. The few discrepancies between their observations suggest
intraspecific variation among different Solanum tuberosum genotypes (Yeh and Peloquin
1965; Ramanna and Wagenvoort 1976). However, since these studies are extremely labo-
rious, such pachytene karyotypes are only available for one of the wild potato relatives,
namely Solanum clarum (Marks 1969). Other types of structural genomic information
for wild potato diploid species in Section Petota were initially obtained through meiotic
pairing and fertility studies of their F1 hybrids. They share a common haploid genome
(A), with the exception of species in series Etuberosa. Across most of the species, this
A genome is only differentiated by cryptic variations, which are so small that pairing
behaviour appears regular, or slightly more differentiated by definite structural differ-
ences, that are evidenced by meiotic irregularities (Matsubayashi 1991). More detailed
and higher resolution chromosomal studies are needed to look at the genomes of potato
wild relatives and assess whether these differences will have an effect on chromosome
pairing, recombination and segregation. Such data can be obtained using light micros-
copy of long pachytene chromosomes (Tang et al. 2008; Iovene et al. 2008; Lou et al. 2010;
Verlaan et al. 2011; Szinay et al. 2012), by electron microscopy of synaptonemal complexes
(Anderson et al.2010) or by comparative chromosomal painting.

Fluorescence In situ Hybridization with Bacterial Artificial Chromosomes as probes
(BAC-FISH) has proven to be a powerful diagnostic tool for high resolution genomic stud-
ies and introgression breeding (Verlaan et al. 2011). Various previously unknown inver-
sions could be described in the Solanum crops using BAC-FISH analyses (Tang et al. 2008;
Wu and Tanksley 2010; Szinay et al. 2010; Lou et al. 2010; Szinay et al. 2012). This strategy
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was also used to identify potato chromosomes using a set of 12 chromosome-specific
cytogenetic DNA markers (CSCDM) selected from a S. bulbocastanum library (Dong et
al. 2000) and also to explain the suppression of recombination of an introgressed seg-
ment harbouring resistance to TYLCV in tomato (Verlaan et al. 2011). Using multi-col-
our fluorescence microscopy it is possible to hybridize several probes in a single ex-
periment, simplifying the examination of any Solanum species chromosome set to only
a few experiments (Tang et al. 2009; Szinay et al. 2010). Moreover, hybridization under
lower stringency conditions allows cross-species painting of tomato or potato probes to
display homoeologous chromosomal positions in related Solanum species. For example,
the RHPOTKEY BAC library was developed for diploid potato clone RH89-039-16 (Borm
2008) and anchored to AFLP markers in the ultrahigh density (UHD) genetic map (van Os
et al. 2006). From this library, 60 BACs were selected as a cytogenetic painting set with
anchors for genetic map positions on the potato chromosomes, thus providing a useful
tool to study collinearity between potato and its wild relatives (Tang et al. 2009).

For our study we focus on the diploid Solanum commersonii and S. chacoense (2n = 2x
=24), two potato relatives adapted to a variety of environmental and climate conditions
(Hawkes 1990). Both are widely distributed in Brazil, Argentina and Uruguay, whereas S.
chacoenseis also distributed in Paraguay and Bolivia. Taxonomically they are included in
section Petota, which comprises all tuber-bearing species including cultivated potatoes
(Hawkes 1990). Solanum commersonii belongs to the potato tertiary gene pool, because it
can be hybridized to potato through unreduced gametes and bridge crosses, whereas S.
chacoense belongs to its secondary gene pool and can be directly crossed with tetraploid
potato through unreduced gametes (Jansky 2006). Both species are excellent resources
for potato breeding as they harbour resistances to many biotic stresses such as Phytoph-
tora infestans (agent of late blight, the most important potato disease) (Micheletto et al.
2000), Ralstonia solanacerum (agent of bacterial wilt, the second most important potato
disease) (Gonzalez et al. 2013) and other severe potato pathogens, such as Pectobacte-
rium, Verticillium, Alternaria, X and Y viruses (Laferriere et al. 1999). Additionally, they
have been described as good reservoirs for broadening the genetic base to improve ad-
aptation to cold and drought (Chen et al. 1999). A few accessions from these species have
been used in potato introgression breeding (Carputo et al. 1997; Laferriere et al. 1999;
Chen et al. 1999; Carputo et al. 2000; Chen et al. 2013; Gonzalez et al. 2013). However, their
full potential has not been realized due to lack of genetic and genomic information and
the potential for homeologous incorporation without linkage drag. Although the genome
sequence of S. commersonii has been published (Aversano et al. 2015), its fragmented as-
sembly does not allow robust structural comparisons with potato. The aim of this work
was to build a cytogenetic map of Solanum commersonii and S. chacoense with respect to
cultivated potato (Solanum tuberosum L.) to discover large-scale translocations and/or
inversions, if any, that could hamper introgressive breeding using these wild relatives as
donors and could assist in the assembly of their genome sequences.
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Materials and methods

Plant material and slides preparation

We used three clones of Solanum commersonii (02.04.1 from Rocha, southeast Uruguay,
04.02.3 from Colonia, southwest Uruguay and 05.05.2.4 from Canelones, southern Uru-
guay) and one clone of S. chacoense (07.01.7 from Salto, northwest Uruguay). In addition,
we studied two full-sib triploid interspecific hybrids (S. commersonii (2n) x S. tuberosum
Group Phureja (n)) developed by Gonzalez (2010). Flower buds containing anthers at mei-
otic prophase [ were collected in the morning (11-12 am), fixed in absolute ethanol: acetic

Figure 1: Representative images of

pachytene complements in S. comm-
ersonii (A) and S. chacoense (B) hybrid-
ized with BAC probes for chromosomes
5and 12 (chr 5 and chr 12). The green,
yellow, blue, purple and red signals
in A) correspond to BACs RH081B09,
RHO095108, RHO076008, RHO089A21,
RH044A21, respectively, from Link-
age group 5. The blue, red, purple,
yellow and green signals in B) corre-
spond to BACs RH106P06, RHO16HO06,
RH183102, RH043B17 and RH084C24,
respectively, from Linkage group 12.
The 45S rDNA (large blue signal) and
5S rDNA (large yellow signal) probes
were used as hybridization controls.
Note the dispersed blue signal on the
chromosomes in (A) indicating hy-
bridization of repetitive sequences not
blocked by COt-100. Scale bar = 10 um.

acid (3:1) for one day and then stored in 70 % ethanol at 42 C until further use. Pachytene
spreads preparation followed the procedure described in Szinay et al. (2008) with few
minor modifications.
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Probes, blocking and Fluorescence in situ Hybridization

We used the RHPOTKEY potato BAC library constructed from the RH clone RH89-039-16,
previously selected by Tang et al. (2009), for each of the twelve potato linkage groups.
BAC DNA was isolated with the QIAGEN (Valencia, CA) plasmid minikit and amplified
with the REPLI-g minikit (QIAGEN, Valencia, CA). For direct labelling we used Cyanine
3-dUTP (Enzo Life Sciences), Cyanine 3.5-dCTP (GE Healthcare, Sweden) or Diethylami-
nocoumarin-5-dUTP (Perkin Elmer Inc), and for indirect labelling biotin-16-UTP or di-
goxigenin-11-dUTP, all of them incorporated in the probe DNA by standard nick transla-
tion reaction (Roche Diagnostic, Indianapolis). Probes from the 45S rDNA from the pTa71
plasmid (Gerlach and Bedbrook 1979) and 5S rDNA from the pCT4.2 plasmid (Campell et
al. 1992) were used as hybridization controls. We performed FISH experiments as de-
scribed previously (Zhong et al. 1996) with minor modifications. We carried out incuba-
tions of more than three days to obtain better hybridization of the BAC probe DNA. Hy-
bridization of repetitive sequences in the BAC DNA was suppressed by adding unlabelled
C,100 (50x probe concentration) which was prepared from genomic S. commersonii and
S. tuberosum DNA as described by Tang et al. (2008). To enhance hybridization efficiency,
we carried out post-hybridization washes under low stringency conditions for 3 x 5 min
in 20% formamide, 2x SSC at 422 C. Chromosomes were counterstained with 5 pg.mL"
DAPI in Vectashield anti-fade (Vector Laboratories).

Image acquisition and processing

We examined slides under a Zeiss Axioplan 2 imaging photomicroscope (http://www.
zeiss.com/) with epifluorescence illumination and filter sets for 4',6-diamidino-2-phe-
nylindole (DAPI), DEAC (blue), FITC (green), Cy3 (orange), Cy3.5 (red), and Cys/Alexa
Fluor 647 (far-red) fluorescence. Only late pachytene complements were considered. Se-
lected images were captured using a Photometrics Sensys 1305 x 1024 pixel CCD camera
(Photometrics, http://www.photomet.com). Image thresholding was performed using
Genus image analysis software (Applied Imaging Corporation, http://www.aicorp.com).
We performed image adjustments with Adobe® Photoshop® software as follows: DAPI
images were displayed in light grey and sharpened using a 7 x 7 pixel Hi-Gauss high-
pass spatial filter to accentuate minor details and the heterochromatin morphology of
the chromosomes. The remaining fluorescence images were pseudo-coloured in blue
(DEAC), green (FITC), orange (Cy3), red (Cy3.5, Texas Red) and purple (Cys), and overlaid
in multichannel mode. Brightness and contrast adjustments were performed using the
Levels tool in Adobe Photoshop affecting all pixels equally.

Distance measurements and analysis

We straightened the images of late pachytene chromosomes using Image] (http://rsb.

info.nih.gov/ij/plugins/straighten.html) and the cubic spline interpolation straighten-
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ing plug-in of (Kocsis et al. 1991). We measured the total length of pachytene chromo-
somes, the centromere index (length of the short arm/total chromosome length) x 100
(Levan et al.1964), the size of the pericentromere heterochromatin, the size and position
of interstitial heterochromatin knobs and the relative position of BAC signals also us-
ing Image]. We used the chromosome numbering system employed by Tang et al. (2009),
which corresponded to the potato linkage groups based on the molecular markers as-
signed to the UHD genetic map (van Os et al. 2006). We also followed Tang et al. (2009) in
the alignment of chromosomes in the karyotype. For chromosome pairs 5, 7,10, 11 and 12,
we aligned the short arms to the south arms in the genetic map, contrary to the conven-
tion. We measured bivalents from different cell spreads and slides for each chromosome
pair. In the case of S. commersonii, we analysed bivalents coming from different individu-
als, to account for intraspecific variation. Average lengths and standard deviations were
calculated for all measurements.

We calculated the cytological position of each BAC clone as (S/T) x100, where S is the
distance (in um) from the FISH site to the end of the of the chromosome arm aligned to the
northand Tisthe totallength of the chromosome (in pm). Because no genetic map is avail-
able for either S. commersonii nor S. chacoense, we could not convert positions to fraction

RH106P06 jp.
RHO13K09

——
RH097G17

RH095G10

RHO84C24

Figure 2: Examples of bivalents from chromosome 4 of S. chacoense and chromosome 12 of S. com-
mersonii, with the colour scheme and the names of the five BAC clones used. Note the blue and yellow
signals from BACs RH097G17 and RHO13K09, respectively (yellow arrow) that always map together in
chr 4 of S. chacoense and the blue and pink signals (blue and pink arrows) on the pericentromeric het-
erochromatin of chr 4 and chr 12 of S. chacoense and S. commersonii respectively, indicating that BACs
RH097G17 and RH183102 contained repeats that could not be blocked by C_-100 during the hybridiza-
tion experiments. Scale bars = 10 um
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lengths (FL) for a direct comparison with the physical positions of BACs found in Tang et
al. (2009). Thus, we converted the data in their work to relative positions as stated above.

Table 1. Absolute and relative length (with respect to total complement lenght), estimated DNA con-
tent, centromere index and heterochromatin content of the 12 chromosomes of Solanum commersonii
(cmm) and S. chacoense (chc)

Chromosome ?

1 2 3 4 5 6
Absolute lenght (pm) cmm 75.8+12.1  52.618.5 56.5+12.3 61.8416.5 48.5£10.2 60.7£10.4
chc 58.8+9.3 44.0%6.2 61.3%7.2 55.0£10.6  43.4*7.9 66.5+12.7
Relative lenght (%) cmm  11.5%1.8 8.0+1.3 8.5%1.9 9.3%2.0 7.3+1.5 9.2%1.6
chc 9.8+1.6 7.3%1.0 10.2%1.2 9.1+1.8 7.2%1.3 11.0%2.1
DNA content (Mb)® cmm  95.2+15.2  66.1£10.6  71.0+15.5 77.6£20.8 60.9%+12.8 76.3+13.0

chc 60.119.6 45.1£6.3 62.7+7.4 56.3%10.9 44.548.1  68.1+13.0
Centromere index (%)° cmm  23.0%4.9 13.7+3.6 18.9+2.6  37.849.8  41.0£7.0  21.1%5.0
chc 27.8%8.4 14.6%3.1 23.8+1.1 28.5£6.3  43.4%8.6 27.8%7.0

Absolute pericentromere heterochromatin (um )

short arm cmm  17.815.7 4.2%1.4 9.312.3 10.6%+2.4  11.0%1.8 8.1+2.0

long arm 12.9%3.6 27.1%5.2 7.3%1.7 7.1%4.4 8.8%2.3 20.9%3.0
short arm chc 12.65.8 3.7£0.8 9.5+2.1 4.4%0.9 7.7%2.0 12.0+4.1
long arm 16.7£7.0 22.9%2.5 7.6%3.4 19.6%2.8 11.7%£2.3 15.9+6.7

Relative heterochromatin (%)  42.4*12.8 59.5+12.6 42.3+9.0 28.6%¥10.9 40.848.3 51.1+8.8
cmm

chc 49.84217  48.2+21.7 41.9%14.4 43.6%6.7  44.6£9.9 44.6*16.7

a) Chromosomes were ordered and numbered according to their corresponding linkage groups (van Os
et al. 2006).

b) Estimation of the DNA content of each chromosome was based on relative length and the assumption
that (1) the haploid genome size for potato is 840 Mb, for Solanum commersonii is 0.85 pg = 830 Mb
(Aversano et al., 2015) and for S. chacoense 0.63 pg = 617 Mb (Bennett et al., 1976); (2) the euchromatic
and heterochromatic regions contain equal amounts of DNA (Mb/um).

c) Centromere index was calculated as percentage of short arm/total chromosome length (Levan et al.
1964).
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Results

Morphology of pachytene chromosomes in S. commersonii and S. chacoense

For each chromosome we measured the lengths in 2 to 12 different cell complements from S.
commersonii and S. chacoense (see examples in Figure 1). Lengths ranged from 75.8+12.1 pm
(chromosome pair 1, chr 1) to 40.2+5.6 pm (chr 11) in S. commersonii and from 66.5+12.7 um
(chr 6) to 37.5+6.0 um (chr 10) in S. chacoense, from a total complement length of 660.9+116.0
um and 602.7£113.1 um, respectively (Table 1). Centromeres were unambiguously identified as
small and faintly DAPI fluorescing regions, flanked by brightly fluorescing heterochromatin on
both sides. According to their centromere indexes (i), most chromosome pairs in S. commerso-

7 8 9 10 11 12 Total
59.6+8.5 65.8+6.5 53.4%11.9 44.7%5.0 40.2%5.6 41.3+8.5 660.9+116.0
43.4%10.7 48.6%16.6 57.3%10.3 37.5+6.0 40.0%8.2 46.9%7.3 602.7+113.0
9.0+1.3 9.9+1.0 8.1+1.8 6.8+0.8 6.1£0.9 6.3%1.3 100

7.2%1.8 8.1+2.8 9.5+1.7 6.2£1.0 6.6x1.4 7.8%1.2 100
74.9%10.6 82.6+8.2 66.9+15.0 56.1£6.3 50.5%7.0 51.9+10.6 830
44.4%11.0 49.8%17.0 58.7+10.6 38.4%6.2 40.918.4 48.0%7.5 617
31.9%5.6 33.3%4.6 37.4%4.5 32.1%£7.6 49.6£6.9 44.3+10.2

34.2+7.1 30.2+8.8 39.5+6.0 28.3%6.1 50.9+8.4 52.5+8.2

12.0%2.9 8.6%1.3 9.9+2.1 9.9+2.4 14.0%1.8 13.0+3.2 128.4+28.3
10.7%5.4 7.6%2.4 13.8+2.3 14.5%¥1.9 8.9+1.7 9.7%£2.3 149.3%£36.2
9.111.6 7.7+3.4 8.31+2.8 7.310.3 11.9+2.9 15.2%2.9 109.4+29.6
9.5+2.2 13.1£4.2 17.2%3.8 13.5+3.1 8.312.5 8.0+1.8 164.0+42.3
40.2%14.3 34.1%6.4 44.1%8.4 54.6%£9.7 57.0£8.6 54.9%13.3 42.019.8
45.4*9.5 42.9%15.5 44.4%11.4 55.6+9.2 50.7%13.5  49.4*10.0  45.4*11.9

nii and S. chacoense were median (37.5<i<50) and submedian (25<i<37.5), with only pairs 2 and
3 having a subterminal (12.5<i<25) centromere position. DAPI counterstaining provided clear
distinction between the brightly fluorescing heterochromatin in the pericentromeres, NORs
and distal heterochromatin blocks, and the weaker fluorescence of euchromatin. The size of the
pericentromeres ranged from 16.2+3.7 pm (chr 8) to 31.3+6.7 um (chr 2) in S. commersonii and
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Table 2. Potato BACs used and their relative physical locations on Solanum commersonii (cmm) and
Solanum chacoense (chc) chromosomes.

chromo- BAC® Rel. Phys Location % (n) chromo- BAC® Rel. Phys Location %° (n)
some arm? cmm chc some arm? cmm che

1S RHo083J12 4.2%1.1 (4) 4.5+21 (5) | 7L RHo75019 7.3%¥2.1 (5) 6.4%1.6 (7)
1S RHo78E17 8.0+3.7 (4) 87%*3.4 (5) | 7L RHo78E15 17.1+2.6 (5) 14.4*1.4 (7)
1L RHo92C10 39.5+6.0 (4) 50.8+16.8(5) | 7L RH170Mo1 31.1+4.1 (5) 26.1£2.3 (7)
1L RH158N18 55.24.7 (4)  69.6%14.3(5) | 7L RH093G10 34.7x4.8 (5)  29.5¢2.3 (7)
1L RHo96H03 96.0+0.7 (4) 96.4*1.8 (5) | 7S RH186l02 98.2+0.5 (5) 97.1x0.9 (7)
2L RHo75No7 25.2+1.5 (6) 28.3+9.1 (3) | 8S RH122L16 3.7+1.2 (3) 6.5+1.3 (7)
2L RHo095G12 33.7+2.8 (6) 38.7+12.2(3) | 8S RHos5L21 11.0%1.4 (3) 13.6+2.2 (7)
2L RH174A15 44.0%3.3 (6) 54.8+8.0 (3) | 8L RH184Do7 59.6%8.2 (3) 47.0%1.9 (7)
2L RHo76]J19 75.9%3.5 (6) 83.3¥9.0 (3) | 8L RH122E19 76.0+8.3 (3) 65.6+3.2 (7)
2L RHos5P13 80.6%3.4 (6) 89.7#8.0 (3) | 8L RH127]02 92.5%2.9 (3) 86.6%2.7 (7)
3S RH078014 7.3¥4.2 (4) 9.6%1.9 (4) | 9S RH135122 4.3%1.8 (4) 4.2%1.0 (2)
3S RH159001 10.8+4.5 (4) 12.8#1.9 (4) | 9S RH061A13 22.1+3.8 (4) 28.6%1.6 (2)
3L RHo79E02 50.3+5.8 (4) 55.3%5.7 (4) | 9L RH101Nog 59.0%5.1 (4)  65.6%1.5 (2)
3L RHo74E07 66.0£6.1 (4) 64.846.9 (4) | 9L RH168F09 84.1+x0.7 (4) 76.8%+2.0 (2)
3L RHo55M19 92.6+3.7 (4) 94.4*1.0 (4) | 9L RHo079006 96.8+0.9 (4) 97.6+0.8 (2)
4S RHo13Ko09 4.9%0.4 (5) 5.6%+27 (12) | 10L RHo49]J10 5.2+1.3 (5) 4.8+0.6 (5)
4S RH162B09 14.3*+1.3 (5) 9.7+4.4 (12) | 10L RHo048F15 16.6+4.1 (5) 14.3*1.8 (5)
4S8 RHo097G17 26.6+2.7 (5) 17.9%+4.7 (12) | 10L RH184Doz2 23.2%4.9 (5) 21.9+1.8 (5)
4L RHo95G10 63.4%+4.5 (5) 72.9%4.7 (12) | 10S RH106M22 87.4%2.8 (5) 87.9%2.9 (5)
4L RH191L17 88.7+6.3 (5) 90.9+3.3 (12) | 10S RH178Ko7 94.7+¥1.9 (5) 95.2%1.0 (5)
5L RHo081Bog 4.3+¥0.6 (7) 4.9*1.0 (7) | 11L RH204G21 6.3+2.5 (6) 71*17 (11)
5L RHo95108 18.0%2.3 (7) 17.9+3.1 (7) 1L RHo97118 20.0%4.0 (6) 21.6%3.5 (11)
5L RHo076008 33.0%2.1 (7) 31.9+5.6 (7) | 1L RH162021 32.8%4.4 (6) 35.0%5.2 (11)
5S RH089A21 80.0+4.7 (7) 76.4%*3.4 (7) | 11S RHo58F17 82.6+4.9 (6) 79.6%2.4 (11)
5S RHo044A21 89.7+5.5 (7)  86.4*2.3 (7) | 11S RHo42C12 89.1+3.4 (6) 86.6+2.6 (11)
6S RH026H24 3.3#1.0 (6) 3.0x0.7 (5) | 12L RH106P06 2.5+1.0 (8) 2.8+¥11 (10)
6S RHo069B12 12.2#2.9 (6) 11.0+3.8 (5) | 12L RHo16Ho6 6.6£0.6 (8) 6.2x1.7 (10)
6L RHo75G13 49.6+4.5 (6) 53.4%6.8 (5) | 12L RH183l02 10.5%+1.0 (8) 10.7+1.7 (10)
6L RH194M18 67.24.6 (6) 74.7+9.8 (5) | 12L RHo043B17 23.8+2.9 (8) 24.1*¥2.5 (10)
6L RHo54L23 82.2#6.9 (6) 88.1#5.3 (5) | 12S RHo084C24 97.8+1.0 (8) 97.8+1.0 (10)

a) Arabic numerals, chromosome number; S and L, short and long arm of potato chromosomes. The
numbering system was according to corresponding linkage groups (van Os et al. 2006).

b) Selected by Tang et al (2009) according to their genetic position in the ultradense RH genetic map
(van Os et al. 2006).

c) Relative physical location was calculated as (S/T)x100, where S=the distance in um from the FISH
hybridization site to the north end of the chromosome, T=the total length of the chromosome in um.
d) The number of measurements.
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from 17.0£5.5 um (chr 3) to 29.3+12.8 um (chr
1) in S. chacoense. Short stretches of euchroma-
tin in the pericentromere heterochromatin were
always noticeable on the long arms of chromo-
some pairs 1, 3 and 8 in S. commersonii, as well
as interstitial heterochromatin knobs on the long
arms of chromosome 6 and chromosome 7 for
both species (Figure 3). The total area of hetero-
chromatin comprises 45.8+10 % of the genome
of S. commersonii and 46+14 % of the genome of
S. chacoense (Table 1). Large BAC signals were
observed on the pericentromere heterochromatin
of chromosome pair 1 (hybridization from BAC
RHIS58N18) pair 4 (hybridization from BAC
RHO097G17), pair 6 (hybridization from BAC
RHO069B12) and pair 12 (from BAC RH183102) in
both species, indicating the presence of repetitive
sequences in those BACs complementary to the
heterochromatin in those regions, whose hybridi-
zation was insufficiently suppressed by C, -100
DNA (Figure 2). Analysis of their sequences ob-
tained from GenBank (http://www.ncbinlm.
nih.gov/nuccore/168804211) or PGSC (http://
solanaceae.plantbiology.msu.edu /data/Sola-
num_tuberosum.RH.bacs.zip) using Geneious
R9 (http://www.geneious.com/, Kearse et al.

2012) revealed high content of repeats in these
BACs. Distal heterochromatin blocks in both
species were clearly distinguishable in all biva-
lents, showing brighter fluorescence and in most

Figure 3: Idiograms of the twelve pachytene bivalents
of S. tuberosum (RH89-039-16), S. commersonii and S.
chacoense hybridized with five BAC probes per link-
age group in multicolour BAC-FISH experiments. The
sizes and distances correspond to averages across
cell complements measured and the bars represent
the standard error for those measurements. The S.
tuberosum idiogram was built based on the data pre-
sented by Tang et al. (2009). Scale bar = 10 um.
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cases two separate dots, one for each of the homologs. The fluorescence was brighter in the
distal end of short arms.

Comparative cytogenetic mapping

All BACs in this cross-species FISH showed clear signals in both species at the selected
stringency level (see examples in Figures 1and 2). We first checked that all BACs from one
linkage group in potato hybridized to the same chromosome, meaning that each chro-
mosome pair from S. commersonii or S. chacoense corresponded to one linkage group in
potato and was equivalent to one of its chromosome pairs. We were also able to demon-
strate that the order of BAC positions in both wild species corresponds to the genetic
markers of the potato map (Table 2 and Figure 3). Chromosome pair 1 was found to har-
bour the 5S rDNA site on the short arm pericentromeric heterochromatin and chromo-
some pair 2 harbours the 45S rDNA cluster on the large satellite and NOR region in the
short arm. Some BACs hybridized on the boundaries between euchromatin and pericen-
tromere heterochromatin, such as BAC RH092C10 on chromosome 1 of S. commersonii and
BAC RH089A21 on chromosome 5 of S. chacoense (Figure 3), while BAC RH043B17 mapped

A ) =
. '_ L9 .. ' §

Figure 4: Examples of pachytene complements from two triploid interspecific hybrids (S. commersonii
(2n) x S. tuberosum Group Phureja (n)) hybridized with five BAC probes belonging to A) chromosome 2
(chr 2), B) chr 5, C) chr 10, D) chr 11. The images show breakpoints in homoeologous pairing (white ar-
rows) which have been quantified and are not correlated with any specific physical location. Scale bar
=10 um.
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on the boundary on the long arm of chromosome 12 for both species (see examples on
Figures 1and 2). BAC RH194M18 was located on the interstitial heterochromatic knob on
the long arm of chromosome 6 in both species (Figure 3). Itis worth noting that there is a
clear double hybridization signal on chromosome pair 4 in S. chacoense - the blue signal
from BAC RH097G17 is accompanied by a yellow signal from the distal BAC RHo13Ko09 in
all bivalents (Figure 2), pointing to the only rearrangement that may be observed in this
species. The latter signal was not observed for S. commersonii.

In the pachytene complements of the two full-sib triploid CCT F, hybrids (Solanum
commersonii X S. tuberosum Group Phureja) we observed that each BAC produced the ex-
pected hybridization signal on the same position of the S. commersonii homologues and
potato homoeologues (Figure 4), although sometimes homoeologous pairing was broken
and the two foci corresponding to the signals on the two homologs from S. commersonii
were observed separately from the single focus on the S. tuberosum chromosome, as-
suming that it is the homoeologous chromosome that is failing to pair. More frequently,
homoeologous pairing was discontinuous in between signals from contiguous BACs,
although these pairing discontinuities were found all over the chromosomes (data not
shown).

Physical distances and condensation patterns

Large variation was found in chromosome lengths across bivalents measured from dif-
ferent late pachytene complements (examples in Figure 2 and standard error bars in Fig-
ure 3). This variation was found both within and among individuals (from a variation of
11.2 % of the total chromosome length in chr 10 to 22.3 % in chr 9 in Solanum commersonii
and from 11.7 % of the total chromosome length in chr 3 to 34.1 % in chr 8 in S. chacoense,
see Table 1). Variation was also found in the relative position of the different markers
(from alower variation of 0.4 % in the position of BAC RH013K09 on chr 4 to a higher vari-
ation of 8.3 % in the position of BAC RH122E19 on chr 8 in S. commersonii and from a lower
variation of 0.6 % in the position of BAC RH049]J10 on chr 10 to a higher variation of + 16.8
% in the position of BAC RH092C10 on chr 1in S. chacoense, see Table 2). Even though we
expressed physical distances between BAC signals as relative distances, there were only
slight differences among the species (Figure 3).

Discussion

Chromosome morphology is similar between potato and two diploid wild relatives

The overall chromosome morphology of both S. commersonii and S. chacoense wild spe-
cies in late pachytene cells was found to be highly similar to potato. Observed lengths
varied considerably across observations in both species (see Table 1 and Figure 2). The
extent of length variation of each chromosome in our study was similar to that reported

85



Chapter 4

in other studies working with late pachytene chromosomes in potato (Yeh and Peloquin
1965; Ramanna and Wagenvoort 1976; lovene et al. 2008; Tang et al. 2009). The ordering of
chromosomes according to average lengths in both species differed from that reported
for potato (Tang et al. 2009), albeit the fact that the longest and shortest chromosomes in
S. commersonii corresponded to the same chromosome pairs as in potato (chr 1and chr1,
respectively). In S. chacoense, however, the longest and shortest on average correspond-
ed to chr 6 and chr 10, respectively (Table 1). Besides differences in condensation among
replicates and studies, we expect that dissimilarities in total chromosome or chromo-
some arm length among closely related species result from changes in specific repetitive
sequence distribution and abundance (Kubis et al. 1998; Sharma and Raina 2005).

The positions of the centromeres were very similar to those of potato (Yeh and Pelo-
quin 1965; Ramanna and Wagenvoort 1976; lovene et al. 2008; Tang et al. 2009) and the
tuber-bearing Solanum clarum (Marks 1969). The characteristic pericentromere hetero-
chromatin morphology in S. commersonii and S. chacoense (Figure 2 and Table 1) follows a
similar pattern to that of cultivated potato (Tang et al. 2009), S. clarum (Marks 1969) and
tomato (Chang et al. 2008). This brightly fluorescing pericentromere heterochromatin
has been shown to match the distribution of hybridization with labelled C_,-1000 in cul-
tivated potato (Tang et al. 2014) and labelled C -100 in tomato (Chang et al. 2008; Szinay
2010). Our measurements, however, indicate that there may be more heterochromatin
in most chromosome pairs of both wild species (except for pairs 5 and 8), which is also
seen in a higher relative heterochromatin percentage (Table 1) than in potato (Tang et
al. 2009). Such differences in heterochromatin may evolve rapidly among related species
and likely reflect large-scale variation in pericentromere-specific LTR retrotransposons
(Rokka et al. 1998; Tek et al. 2005; Wang et al. 2006; Hemleben et al. 2007; Chang et al.
2008; Kejnovsky et al. 2012, He et al. 2013; Tang et al. 2014). Differences in the abundance
of transposable elements causing intraspecific lack of collinearity in the pericentromere
region, have also been directly observed for the heterochromatin haplotypes of RH
(Group Tuberosum) and DM (Group Phureja) potato chromosome 5 in sequence based
studies (de Boer et al. 2015).

Pericentromere heterochromatin blocks were sometimes interrupted by short
stretches of euchromatin, as seen in the chromosomes 1, 3 and 8 for S. commersonii. Such
uncondensed regions were previously described in potato (Yeh and Peloquin 1965; Ra-
manna and Wagenvoort 1976), S. clarum (Marks 1969), and in chromosome 6 of tomato,
which may have resulted from an inversion event between tomato and potato involving
pericentromere heterochromatin and euchromatin (Iovene et al. 2008). A second, albeit
different heterochromatin pattern was the long arm interstitial knob observed in chro-
mosome 6 of both S. commersonii and S. chacoense. Comparable knobs in potato were
mentioned by Ramanna and Wagenvoort (1976) and lovene et al. (2008), but were absent
in the genotypes described by Yeh and Peloquin (1965) or Tang et al. (2008), suggest-
ing intraspecific variation between the cultivars. We also found such a knob in the long
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arm of chromosome 7 for both species, which so far was only reported for tuber-bearing
S. clarum (Marks 1969). The nature of these interstitial knobs has been thoroughly de-
scribed in tomato chromosome 7 as tandem arrays of the TGRI satellite repeat (Szinay
2010). Comparing the results of a BAC FISH and sequencing study, it was proposed that
such interstitial islands of satellite repeats originated from other short arm telomere as-
sociated repeat arrays through transposition of extrachromosomal circular DNA during
stages in which chromosomes are in the Rabl orientation. (Szinay 2010).

The distal ends of the S. commersonii and S. chacoense chromosomes follow the typical
morphology of compact telomere heterochromatin blocks as described for potato (Yeh
and Peloquin 1965; Ramanna and Wagenvoort 1976; Tang et al. 2009), and are in general
larger and more conspicuous at the short arms of the chromosomes. Sequence analysis
of their repeats revealed the REP3 repeat, which is a member of the PGR1 family and 99%
identical to the CL14 subtelomere repeat (Torres et al. 2011) and seems specific to species
of the potato clade (Tang et al. 2014). FISH of this REP3 probe on pachytene spreads from
S. commersonii and the 3x hybrids demonstrated fluorescent foci on the distal ends of all
short arms and a few of the long arms (data not shown), thus confirming the pattern in
potato as described by Tang et al. (2014).

The BACs in our study were selected for their position in repeat-poor euchromatin
regions in tomato and potato (Tang et al. 2009), yet some of them produced strong sig-
nals on the pericentromere heterochromatin in FISH experiments (Figure 1A, Figure 2).
It is likely that gypsy, copia and other LTR retrotransposable elements are highly dis-
persed among stretches of single copy sequences. Such a repeat signal can be blocked in
a FISH with excessive C ,-100 but also results in overall hybridization and hence smaller
/ weaker fluorescent foci.

Solanum commersonii and S. chacoense are highly collinear with potato

Our study revealed a clear correspondence between the chromosomes of Solanum com-
mersonii and S. chacoense to those in cultivated potato. Each chromosome pair from both
wild species matches the corresponding chromosomes and linkage groups in potato
and all BACs were in the same linear order (Figure 3). The distinct single foci with very
strong signals obtained with most of the BAC probes in our cross-species BAC-FISH ex-
periments, showed that genome differentiation among the three species at chromosomal
scale is negligible if not absent at all. This is in line with the notion that diploid species
in section Petota share a common genome A with only cryptic structural differences
among species (Matsubayashi 1991). However, when comparing potato to species which
are more distantly related such as tomato, eggplant or S. etuberosum, rearrangements
are more prevalent (Tang et al. 2008; lovene et al. 2008; Wu and Tanksley 2010; Lou et al.
2010; Szinay et al. 2012). In the tomato clade genome differentiation seems to work dif-
ferently, since many inversions have been described between cultivated tomato and its
close relatives (Seah et al. 2004; Van Der Knaap et al. 2004; Anderson et al. 2010; Verlaan
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et al. 2011; Szinay et al. 2012; Aflitos et al. 2014) and shifts in centromere positions of
homeologous bivalents have been observed in spread synaptonemal complexes of inter-
specific hybrids between tomato and wild relatives (Anderson et al. 2010).

Detection of smaller differences between homeologues are more difficult to demon-
strate unequivocally. The small dissimilarities in neighbour BAC distances and the occur-
rence of a duplicated signal on chromosome pair 4 in S. chacoense might represent minor
rearrangements or may pointatlocal repeat dynamics across species in the euchromatic
regions, where certain kinds of repetitive elements are more frequently located (Kidwell
and Lisch 2001; Lamb et al. 2007; Kejnovsky et al. 2012 and references therein). Both ex-
planations are congruent with the minor breaks in homeologous pairing observed in the
triploid hybrids with potato. Fine-scale analysis of these regions requires a denser set of
BAC probes (Tang et al. 2008; lovene et al. 2008; Szinay et al. 2008; Achenbach et al. 2010;
Verlaan et al. 2011), the use of smaller probes (Han et al. 2015; Aliyeva-Schnorr et al. 2016),
advanced FISH with enhanced resolution and sensitivity (Kirov et al. 2015; Romanov et
al. 2015; Khrustaleva et al. 2016) or comparative genomics including Mummer analyses
(e.g., Peters et al. 2012).

Implications for breeding and genome evolution in Solanum section Petota

We have established cytogenetic maps for Solanum commersonii and S. chacoense using
a reference set of five BACs per chromosome pair that had been selected and mapped
on cultivated potato (Tang et al. 2009). No major rearrangements have been found that
would be expected to hamper recombination and introgression or that could cause link-
age drag or missegregation of homoeologues during meiosis in hybrids. One possible
exception may be the duplicated signal on chromosome 4 in S. chacoense. However, in
general terms, our results support the interpretation that structural differences at the
large-scale chromosomal level do not seem to underlie genome evolution in species be-
longing to section Petota, while they appear to be important across sections in the genus
(Szinay et al. 2012) and within the tomato clade.

The correspondence found here supports the application of genetic tools like the UHD
genetic map of potato to analyse these wild species. The cytogenetic maps and descrip-
tion of the chromosome morphology developed here are valuable tools to assist in im-
provement of the genome sequences of Solanum commersonii and S. chacoense, thanks
to the identification of euchromatin and heterochromatin and other landmarks at the
cytological level and the establishment of the relative positions and distances of BACs
with known sequence.

The nature and extent of genome differentiation has not been an important bar-
rier for hybridization among tuber-bearing Solanum species (Camadro et al 2004)
making the vast potato secondary and tertiary genepool readily accessible for breed-
ing. The possible effects of the minor differentiation between S. commersonii and S.
chacoense suggested by our results will become evident when high-density genetic
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maps and genomic sequences become available for comparison in the near future.
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Every hour of every day, I'm learning more
The more I learn, the less [ know about before
The less I know, the more [ want to look around
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Abstract:

e Background and aims: The genus Solanum includes important vegetable crops and their
wild relatives. Introgressing their useful traits into elite cultivars requires effective recom-
bination between hom(e)ologues which is partially determined by genome sequence dif-
ferentiation. In this study we compared the repetitive genome fractions of wild and culti-
vated species of the potato and tomato clades in a phylogenetic context.

e Method: Genome skimming followed by a clustering approach was used as implemented
in the REPEATEXPLORER pipeline. Repeat classes were annotated and the sequences of their
main domains compared.

e Key results: Repeat abundance and genome size were correlated and the larger genomes of
species in the tomato clade contained a higher proportion of unclassified elements. Fami-
lies and lineages of repetitive elements were largely conserved between the clades, but
their relative proportions differed. The most abundant repeats are Ty3/Gypsy elements.
Striking differences in abundance were found in the highly dynamic Ty3/Gypsy Chromovi-
ruses and Ty1/Copia Tork elements. Within the potato clade, early branching S. cardiophyl-
lum showed a divergent repeat profile. There were also contrasts between cultivated and
wild potatoes, mostly due to satellite amplification in the cultivated species. Interspersed
repeat profiles were very similar among potatoes. The repeat profile of S. etuberosum was
more similar to that of the potato clade.

e Conclusions: The repeat profiles in Solanum seem to be very similar despite genome dif-
ferentiation at the level of collinearity. Removal of transposable elements by unequal re-
combination may have been responsible for structural rearrangements across the tomato
clade. Sequence variability in the tomato clade is congruent with clade-specific amplifica-
tion of repeats after its divergence from S. etuberosum and potatoes. The low differentia-
tion among potato and its wild relatives at the interspersed repeats level may explain the

difficulty in discriminating their genomes by GISH techniques.

Introduction
The genus Solanum includes various important vegetable crops, such as tomato and pota-
to, and wild relatives that contain useful traits for introgression into elite crop cultivars
(Bradshaw et al. 2006; Hajjar and Hodgkin 2007; Grandillo et al. 2011; Ramsay and Bryan
2011; Castafieda-Alvarez et al. 2016). However, genetic resources may not be directly us-
able due to limited crossability caused by pre- and post-zygotic hybridization barriers
(Camadro et al. 2004; Jansky 2009; Grandillo et al. 2011). Once these barriers have been
overcome and a fertile hybrid progeny obtained, the next challenge is that homoeologous
chromosomes pair and recombine. Even then, local loss of collinearity may cause linkage
drag, where undesirable alien traits remain completely linked with the traits of interest.
These difficulties are largely related to the degree of genome differentiation between
the crop and its wild relative, which means that the higher the differentiation, the harder
itis to introgress genes of interest from the donor to the recipient genome.

Divergence between two genomes can be explained in terms of large-scale structural
differences and of nucleotide-level differences, particularly of repetitive DNA sequences.
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Structural differentiation of genomes with chromosome rearrangements such as inver-
sions or translocations, may hinder recombination and increase linkage drag or cause
(semi-)sterility. In addition, rapid evolution of tandem and interspersed repetitive ele-
ments can be a major factor in reduced pairing between homoeologous chromosomes in
hybrids between related species (Dvorak 1983). Various aspects of genome differentia-
tion between related species do not necessarily go hand in hand with their phylogenetic
relationship.

Phylogenetic relationships within the genus Solanum have long been under debate. In
particular, the tomato and potato clades, which diverged 7-8 million years ago (mya), are
well-defined (Rodriguez et al. 2009; Sarkinen et al. 2013). The tomato clade started di-
versifying only 2 mya, while the potato clade did so 7 mya (Sarkinen et al. 2013). Solanum
etuberosum, which is frequently included in phylogenetic analyses of these groups, has a
debated position with respect to these two clades: originally it was included within Sec-
tion Petota (Hawkes 1990) but later it was included in section Etuberosum together with
other non-tuber bearing species (Spooner et al. 2014), a sister clade to both the tomato
and potato clades (Rodriguez et al. 2009).

Despite their relatedness, the genomes in the tomato and potato clade species have
evolved in different directions. Tomato and its close relatives exhibit more macro- and
micro- genomic rearrangements (Seah et al. 2004; Van Der Knaap et al. 2004; Tang et al.

Table 1. Taxa sampled including taxonomic classification, three-letter code, accession details, genome
size (http://data.kew.org/cvalues) and sequence data source.

Taxonomy Species Code Accession Genome Sequence data source
size (1C)
Subgenus Potatoe Solanum tuberosum phu DM 831 Mbp http://solanaceae.plantbiology.msu.eduy,
Section Petota Group Phureja
Series Tuberosa Solanum tuberosum tbr RH 860 Mbp http://solanaceae.plantbiology.msu.edu
Group Tuberosum
Series Commersoniana Solanum commersonii cmm 04.02.3 792 Mbp* Gaiero et al. unpublished
Solanum chacoense che 07.01.7 617 Mbp Gaiero et al. unpublished
Series Bulbocastana Solanum cardiophyllum cph 675Mbp* Biosystematics, WUR
Section Etuberosum Solanum etuberosum etu 763 Mbp Biosystematics, WUR
Section Lycopersicon Solanum lycopersicum lyc Heinz 1706 1002 Mbp www.tomatogenome.net
Solanum pimpinelllifolium pim LA1584 831 Mbp www.tomatogenome.net
Section Arcanum Solanum arcanum arc LA2157 1125 Mbp www.tomatogenome.net
Solanum neorickii neo LA2133 not determined ~www.tomatogenome.net
Section Neolycopersicon Solanum pennelli pen LAO716 1200 Mbp www.tomatogenome.net
Section Eriopersicon Solanum habrochaites hab Lyca 905 Mbp www.tomatogenome.net
Solanum peruvianum per LA1954 1125 Mbp www.tomatogenome.net

*genome size determined in this study.
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2008; Anderson et al. 2010; Szinay et al. 2010, 2012; Verlaan et al. 2011), whereas the pota-
toes and some of their wild relatives have maintained higher chromosome collinearity
(Lou et al. 2010; Gaiero et al. 2016; Chapter 4). Potato species are more syntenic with spe-
cies belonging to other sections in Solanum and other genera of the Solanaceae (Lou et al.
2010; Peters et al. 2012; Szinay et al. 2012), which suggests that the species in the tomato
clade present a more derived state of genome organization. Large scale chromosomal
and small scale DNA rearrangements are caused by active transposable elements (TEs),
which promote chromosomal breakages and subsequent rearrangements (McClintock
1946; Bennetzen 1996, 2000; Kidwell and Holyoake 2001; Raskina et al. 2008; Belyayev
2014; Bennetzen and Wang 2014), thus contributing to genome divergence. Their repeat
profiles can give information on the phylogenetic relations within and between clades.

For evolutionary studies of the repetitive fractions of the genome, two strategies
can be used as proxy. One of them is the ability of Genomic in situ hybridization (GISH)
to discriminate parental genomes in hybrids, while the other is through differences in
genome size. GISH has been successfully applied to hybrids between cultivated tomato
and S. peruvianum or S. lycopersicoides (Parokonny et al. 1997; Ji and Chetelat 2003; Ji
et al. 2004). Among potatoes, this genome painting strategy permits the distinction of
parental chromosomes in interspecific hybrids between S. tuberosum Group Tuberosum
and non-tuber bearing potato relatives carrying the E genome (Matsubayashi 1991), like
S. brevidens (Dong et al. 2001, 2005; Gavrilenko et al. 2002; Tek et al. 2004) and S. etu-
berosum (Dong et al. 1999; Gavrilenko et al. 2003). GISH was not able to distinguish the
parental chromosomes in hybrids between potato, Solanum tuberosum Group Phureja
and its closer A-genome tuber-bearing wild relatives such as S. commersonii (Gaiero et
al. 2017; Chapter 3). The lack of GISH differentiation suggests that a major part of the
repetitive sequences among their genomes has not differentiated enough, in spite of the
estimated 7-million-year divergence in the potato clade (Sarkinen et al. 2013). The second
proxy for the evolution of repetitive sequences is genome size. Genome size values are
on average slightly higher for species in the tomato clade than in the potato clade (Table
1), although there is considerable variation among tomato species (Grandillo et al. 2011).
The processes of genome size increase and reduction can be largely explained in terms
of different dynamics of expansion/removal of repetitive elements (Feschotte et al. 2002;
Leitch and Leitch 2013; Belyayev 2014). These dynamics may differ among related clades
or individual species giving rise to variable degrees of divergence in the repeat composi-
tion of related genomes (Novak et al. 2014; Kelly et al. 2015; Macas et al. 2015).

The processes shaping the repeat composition of related plant genomes can be in-
ferred by conducting a detailed study of the repetitive DNA in various species within a
clade and across related clades. The availability of High Thoughput Sequencing (HTS)
data for tomato, potato and their wild relatives allows us to compare their repetitive
fractions. There are two classes of TEs: class I or retrotransposons with an RNA inter-
mediate and a ‘copy-and-paste’ mechanism and class Il or DNA transposons, with DNA
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as intermediate and with a ‘cut-and-paste’ transposition mechanism. Class I is divided
into two subclasses, those flanked by long terminal repeats (LTR retrotransposons) and
those without or with short terminal repeats (non-LTR retrotransposons) (Finnegan
1989). The classes and subclasses are further divided hierarchically into order, super-
family, family and subfamily (Wicker et al. 2007; Piégu et al. 2015). TEs can thus be an-
notated and their relative abundances in related genomes determined.

TE classification and abundances carry phylogenetic signal (Dodsworth, Chase, et al.
2015) and have successfully been used to answer phylogenetic questions in the tomato
clade (Dodsworth et al. 2016). From the structural point of view, the genome of Solanum
etuberosum shows many rearrangements with respect to both potato and tomato (Lou et
al. 2010; Szinay et al. 2012), but a recent analysis shows much greater genome collinearity
with the potato lineage than with the tomato lineage (ME Schranz, WUR, Wageningen,
The Netherlands, unpubl. res.). We expect TE analysis to provide further evidence of the
relationship of this species to the tomato and potato clades.

The aim of this study is to elucidate differentiation of major repetitive sequence
classes between and among species belonging to the tomato and potato clades of the
genus Solanum in terms of their dynamics and evolutionary processes. We compared the
classes of repetitive sequences of cultivated and wild species belonging to those clades
and we assessed whether the composition of this genome fraction in Solanum etubero-
sum is more similar to that found in the tomato or in the potato clade.

Materials and methods

Taxa sampled, genome size determinations, DNA isolation and sequencing

We included 13 taxa from three sections of the genus Solanum including seven taxa from
the tomato clade (section Lycopersicon), five from the potato clade (section Petota) and
S. etuberosum (section Etuberosum). For some of the taxa we obtained sequence data
from the 150 Tomato Genome ReSequencing project, www.tomatogenome.net (Aflitos et
al. 2014), or from various research groups (Table 1). Genomic DNA of S. commersonii and
S. chacoense was extracted from approximately 2.5 g of fresh etiolated leaf tissue sam-
ples using the nuclei enrichment protocol described by Bernatzky and Tanksley (1986),
slightly modified. Libraries were prepared using the Nextera Library Preparation Kit
(lumina) and were sequenced on an [llumina HiSeq2000 sequencer at Applied Bioin-
formatics, Wageningen University and Research for S. commersonii (100-bp paired-end
reads) and on an Illumina HiSeq4000 sequencer at The Beijing Genomics Institute (BGI)
for S. chacoense (150-bp paired-end reads). Nuclear DNA measurements were performed
according to DoleZel and Gohde (1995). Propidium iodide was used to stain nuclei (P],
50 mg.mL™) and tomato (2C=1.96; DoleZel et al. 1992) was used as an internal stand-
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ard. Three DNA estimations were carried out for each plant (5000 nuclei per analysis)
in three different days. Nuclear DNA content (2C value) was calculated as sample peak
mean/standard peak mean x 2C DNA content of the standard (pg).

Repeat identification from sequence data

We sampled the raw sequence data using the SEQTK command (https://github.com/1h3/
seqtk) with a seed of 10 to reduce the genome coverage to 0.1x for all species, and different
numbers of paired-end reads sampled depending on the genome size. All sequence reads
were then trimmed to the same length (75 bp) and filtered by quality with 95 % of bases
equal to or above the quality cut-off value of 10. We employed the similarity-based read
clustering method for reads from each species compared to themselves as described by
(Novak et al. 2010) as implemented in the REPEATEXPLORER pipeline (https://repeatex-
plorer-elixir.cerit-sc.cz/; (Novak et al. 2013). We used the pipeline default parameters and
included a database of Solanum repeats which was available at that moment from The
Plant Repeat Database (currently out of service; http://plantrepeats.plantbiology.msu.
edu/index.html). The clustering was performed using the default settings of 90% simi-
larity over 55% of the read length. This analysis resulted in the clustering of overlapping
reads, and these clusters represented different families of repetitive sequences. Reads
within individual clusters were also assembled to form contigs, representing sequence
variants of corresponding repeats. For the comparative analyses we performed an all-
to-all similarity comparison across all species following the same approach. Each set of
reads was downsampled to represent 1% of each genome (i.e., coverage of 0.01) based
on 1C values (Table 1). Samples from each species were identified with the three-letter
prefixes mentioned above (Table 1), and concatenated to produce datasets as input for
REPEATEXPLORER (Novak et al. 2013) for graph-based clustering. From these datasets,
the pipeline retrieved 5,757,692 reads.

Repeat classification

We performed basic repeat classification using a combined approach that involved
similarity searches with DNA and protein databases, as implemented in the REPEAT-
EXPLORER pipeline (Novak et al. 2013), and improved by including a custom Solanum re-
peats database. Clusters that were not classified in that way could be annotated by the
examination of cluster graph shape and by similarity searches using blastn and blastx
against public databases (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The detection of
subrepeats in assembled contigs was performed by similarity dot-plot analysis using a
sliding window of 100 bp and similarity cut-off of 40%. All these sources were combined
and used for final manual annotation and quantification of repeats from clusters that
represented at least 0.01% of the investigated genomes. Overall repeat composition was
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Figure 1. Correlation between repeat proportion and genome size in potato species (green dots), to-
mato species (red dots) and Solanum etuberosum (blue dot).

calculated excluding clusters of organelle DNA representing contamination of nuclear
DNA preparations by chloroplast and mitochondrial DNA.

Sequence conservation across repeats

We compared the relative abundance of the largest clusters and we also investigated the
graph representations of individual clusters with the SEQGRAPHER programme (Novak
etal. 2010) in order to identify protein domains and sequence variants derived from each
species or clades as parallel paths in the graph.

RESULTS

Repeat proportion across all species

We estimated repeat proportions in the genomes of all species through compara-
tive clustering in REPEATEXPLORER. Combined, the repeats identified for each spe-
cies represent between 22.24 % (S. cardiophyllum) and 45.12 % (S. arcanum) of the
total genome (Table 2). There is a high correlation (r?*= 0.84) between repeat pro-
portion and genome size (Figure 1). There is also a clear grouping of potato clade
species with lower genome sizes and tomato clade species with larger genomes.
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Table 2. Genome proportions of different repeat classes and superfamilies in Solanum species. Total
repeats refer to the proportion of reads clustered by RepeatExplorer. Percentages of different repeat
classes and superfamilies are calculated on annotated clusters with a genome proportion higher than
0.01%.

Repeats Lineage/class

LTR retroelements

Tyl/Copia
Maximus-SIRE
Angela
Tork
Ale
Ivana
Bianca
TAR
Total Tyl/Copia
Ty3/Gypsy
Chromoviruses
Ogre
Athila
Total Ty3/Gypsy
Other Caulimovirus (Pararetrovirus)
LINE
SINE
Helitron
DNA transposons
hAT
CACTA
Mutator
Harbinger
Total DNA transp
Tandem repeats rDNA
Satellites

Total tandem repeats
Annotated repetitive total
Unclassified repetitive

All repetitive total
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cph cmm chc phu tbr etu neo per arc pen pim  hab lyc

0.118 0.135 0.123  0.087 0.072 0.106 2127 1913 1.819 2.310 1.872 1.967  1.993
0.069 0.124 0.139 0.067 0.068 0.108 0.170 0.180 0.177 0.215 0.232 0.210 0.225
0.075 0.128 0123 0131 0.152 0.087 0.576 0.530 0.535 0.544 0.547 0.627  0.605
0.048 0.019 0.014 0.005 0.010 0.005 0.009 0.008 0.007 0.015 0.011 0.007 0.008
0.185 0.247 0248 0.175 0.231 0.190 1.153 1.261 1.188 1.004 0.983 1.077 1.104
0.177 0.152 0.172 0.186  0.209 0.080 0.156 0.137 0.158 0.167 0.149 0.141 0.155
0.014 0.017 0.010 0.011  0.010 0.021 0.115 0.092 0.090 0.101 0.125 0.097 0.107
0.201 0.274 0.250 0.114  0.181 0.244 0.600 0.588 0.512 0.646 0.686 0.688 0.708
0.647 0.871 0.772 0.526  0.609 0.676 1.253 1.166 1.166 1.044 1.273 1.264 1.229
1.416 1.834 1727 1.214 1.470 1.411 4.031 3.961 3.834 3.736 4.007 4.112 4.141
3.627 4.536 4.414 5.146 5.412 3.748 3.151 2.948 2.760 3.731 2733 3111 2.900
8.392 13.29 1345  16.22 17.02 1494 9558  16.34 12.48 1070 10.09 10.61  11.39
0.386 0.505 0.523 0.918 0.840 0.214 0.513 0.522 0.506 0.415 0.456 0.540 0.504
1.260 2922 3403 4412 4418 1.980 4746 3.946 4.846 4.099 3.397 4794  3.868
13.67 21.26 21.79 26.70  27.45 20.88 17.97 23.76 20.59 18.94 16.67 19.06 18.66
1.072 1.121 1.017 0170  0.190 1.991 0723 0484 0576 0794 0.727 0.529 0.514
0.168 0.552 0.458 0.888 1.130 0.033 0.496 0.469 0.394 0.577 0.382 0.440 0.432
0.016 0.027 0.020 0.051 0.030 0.016 0.013 0.010 0.011 0.008 0.014 0.012 0.011
<0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.021 0.024 0.019 0.031 0.015 0.025 0.017
0.353 0.390 0.370 0.180 0.160 0.306 0.252 0.265 0.266 0.336 0.393 0.317 0.308
0.200 0.237 0.238 0.107  0.109 0.051 0.121 0.130 0.119 0.144 0.175 0.159 0.143
0.134 0.121 0.103 0.098 0.106 0.055 0.091 0.089 0.074 0.109 0.099 0.088 0.092
0.039 0.030 0.032 0.012 0.009 0.022 0.093 0.091 0.090 0.135 0.135 0.106 0.131
0.022 0.029 0.022 0.013  0.016 0.016 0.036 0.043 0.036 0.029 0.052 0.022 0.040
0.747 0.807 0.765 0.411  0.399 0.450 0.593 0.618 0.585 0.753 0.854 0.691 0.714
3.342 0.602 1.837 2.712 2.705 0.892 3.891 1.982 3.090 2.448 1.864 2.476 2.458
1.255 1.056  1.143 5.104 3.741 1.928 5406 4.864 8.804 5682 2959 3.601 2.801
4.597 1.658 2.980 7.816 6.446 2.820 9.927 6.846 11.894 8.130 4.823 6.077 5.259
21.80 27.40 28.88 3733 3719 27.71  35.27 38.08 39.72 35.28 29.37 32.91 31.74
0.443 0.591 0.638 0.491  0.626 0.514 3.500 3.291 5.404 3.383 2.037 1.185 1.213
22.24 27.99 29.52 37.83 37.81 28.23 38.77 41.37 45.12 38.67 31.41 34.10 32.95
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Interspersed repeats
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Figure 2. All-to-all similarity comparison of sequence reads from Solanum species based on cluster com-
position across all 13 species included in this study. The bar plots show the size of the repetitive fraction
of the genome, represented as a percentage of each genome. Different colours represent different re-
peat families. a. Relative abundance of interspersed repeats. b. Relative abundance of tandem repeats.
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Figure 3. a. Sequence composition of the largest 17 clusters derived from the comparative analysis
across all 13 species of Solanum included in this study. The size of the rectangle is proportional to the
number of reads in a cluster for each species. Colours of the rectangles correspond to repeat type. b.
Relative abundance of clusters containing LTR elements of the Ty3/Gypsy type, arranged from the larg-
est to the smallest clusters in potato species (green bars) and tomato species (red bars).

Comparative analysis of major groups of interspersed repeats across and within
clades

The repetitive fractions of the genomes of all species are composed mainly of LTR ret-
rotransposons. A high proportion of these LTR elements remained unclassified in the
tomato clade. Among those that we could annotate, Ty3/Gypsy elements were the most
abundant (Figure 2a), mostly those belonging to the Chromovirus lineage (Table 2). Al-
though these elements are highly prolific in all species, they show significant variation
in abundance, with some species having as much as twice the relative content as the
others such as S. tuberosum Group Tuberosum vs. S. cardiophyllum (Table 2). In the case
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Figure 4. Repeat sequence differentiation across clades for LTR elements. a and c. Cluster graph layout
(Noviék et al. 2010) representation of a. Ty3/Gypsy Chromovirus cluster CLOO5 and c. of Ty1/Copia cluster
CLO25 from the comparative analysis across all species. Sequence reads are represented by nodes of the
graph and reads with identity of at least 90% with minimal overlap of 55 % are connected by lines. Reads
are coloured based on their similarity to conserved coding domains of LTR retrotransposons. b and d.
Nodes of the graph are coloured based on their species of origin in the comparative analysis across all
species. The parts of the graphs that represent the most variable sequence regions in b. the CL5 ele-
ment and c. the CL25 element, which can differentiate between clades, are indicated by black arrows.
These variants are evident as narrow parallel paths on the graph representation.

of tomato and its relatives, the most frequently observed were Jinling elements [Supple-
mentary information - Table St ], which were almost undetectable in the potato clade.

When analysing individual sequence clusters, some of the largest represent Ty3/Gyp-
sy elements, three of them belong to the Chromovirus lineage (Figure 3a). Several of the
most abundant LTR elements including Chromoviruses occur in higher numbers in the
potato than in the tomato clade; however several variants (clusters 8, 11 and 12) appear
only in the tomato clade (Figure 3a). We plotted the relative abundance of all clusters
annotated as Ty3/Gypsy in descending order from the largest to the smallest for potato
species compared to tomato and its wild relatives (Figure 3b). We found that in potato
species a higher proportion of Ty3/Gypsy repeats belong in a few large clusters, while in
the tomato clade repeat sequences are more evenly distributed among smaller clusters
(Figure 3b).

Some types of repeats are more variable among potato species, such as the Caulimo-
virus type of Pararetroviruses (Figure 2a). In terms of abundance Caulimoviruses rep-
resent only 0.17 and 0.19 % of the genome of cultivated S. tuberosum Group Phureja and
Tuberosum, respectively, but their occurrence is almost 10x more prevalent in the wild
potatoes (S. cardiophyllum, S. commersonii and S. chacoense, Figure 2a and Table 2). On the
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other hand, they show comparable levels of abundance ranging from 0.50 to 0.70 % of the
genome across all tomato species (Figure 2a and Table 2).

Comparative analysis of major groups of tandem repeats across and within clades

Wild potatoes have 3-6 times lower proportions of tandem repeats than the cultivated
potatoes (including satellites, rDNA and telomeric repeats). This discrepancy is mostly
caused by one satellite repeat that shows high homology with the satellite CL14 (Torres
et al. 2011) when compared to the Solanum repeats database. This satellite is virtually
absent in wild potatoes but it is conspicuously abundant in the tomato clade. The two
largest clusters in our comparative analysis represent variants of the satellite element
CL14 that are only present in the tomato clade (Figure 3a). Cluster 3 is a variant of the
rDNA 45S tandem repeats only present in the tomato clade. Satellite St18 is far more
abundant in cultivated potatoes than in the rest of the species (Figure 2b), while St3-58
has a much higher genomic proportion in tomatoes than in potatoes and notably absent
in S. etuberosum and S. cardiophyllum. We also found some lineage-specific tandem re-
peats, such as a 334 bp satellite that is only present among tomato and its wild relatives,
a 90 bp satellite that is more prevalent in wild potatoes and satellite element CL34 which
is present in the potato clade except for S. cardiophyllum and the outgroup species S. etu-
berosum (Figure 2b and Supplementary table S1).

The relative abundances and the patterns of presence/absence of different repeat el-
ements in the genome of S. etuberosum are more similar to those found in the potato
clade. However, S. etuberosum does show some species-specific elements, such as two
satellites with 163 bp and 260 bp repeat units representing 0.32 and 0.22 % of the total
genome respectively (Figure 2b and Supplementary table S1).

Taxon-specific repeats

We identified a total of 58 clusters present in the tomato but not in the potato clade
with a maximum genomic abundance of 4.2%. Among these, the single cluster classi-
fied as Helitron was only found among tomato species (Table 2). Tomato-clade specific
repeats include many Chromoviruses belonging to supercluster 7 and among the Ty1/Co-
pia, many Tork elements [ Supplementary information - Table S1]. Twelve clusters found
in the potato species could not be detected in tomato species; however, among these,
the maximum genomic abundance was only 0.8%. Solanum cardiophyllum lacked some
repeat types that were found in low abundances in other potato species. None of the spe-
cies-specific repeats identified among the rest of the potato species were significantly
abundant (Supplementary table S1).
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Sequence divergence of the repeats across clades

We compared the sequences appearing in the tomato and potato clades and S. etubero-
sum in two of the most abundant shared clusters for which we could identify coding do-
mains. Variants were evidenced by alternative paths in the cluster graph layouts (Novak
et al. 2010). Cluster 5 (Fig. 3a) was the largest Ty3/Gypsy Chromovirus cluster for which
we were able to identify the RT, RH and INT domains in the graph layout (Figure 4a).
These domains were conserved across clades; however, we observed alternative narrow
paths for the linking sequences in species belonging to the potato and tomato clades
(Figure 4b). For the largest Ty1/Copia cluster (CL25) we identified reads coding for the
RT and RH domains (Figure 4c), but no alternative clade-specific paths were observed
in this case (Figure 4d). In both cases, the paths observed in S. etuberosum (blue dots)
coincided with those of the potato species.

DISCUSSION

In this work we compared the classes, families and lineages of repetitive elements across
representative wild and cultivated species of the tomato and potato clades using con-
sistent sequence sampling strategies in order to generate equivalent datasets for each
taxon. The combined dataset allowed us to interpret the different evolutionary dynam-
ics that have shaped the present composition of the repetitive fraction of the genomes
of these groups of species in the current phylogenetic context. The lack of abundant spe-
cies-specific TEs among the potato species probably explains the difficulty to discrimi-
nate their genomes using genome painting techniques such as GISH (Gaiero et al. 2017;
Chapter 3); however, our analysis has identified unique clusters in some tandem repeats
across these clades which can be useful as cytogenetic markers.

Genome size variation and repeat content

The similarity between the genome sizes of species in the potato clade to the modal
value of 600 Mbp for angiosperms (Dodsworth, Leitch, et al. 2015) was in sharp contrast
with the values found in the tomato clade ranging from 905 to 1200 Mbp. The correlation
between repeat content and genome size shown in Figure 1 is comparable to correla-
tions published for other genera (Uozu et al. 1997; Piégu et al. 2006; Neumann et al. 2006;
Zedek et al. 2010), tribes like Fabae (Macas et al. 2015) and across the angiosperms (Kid-
well 2002; Vitte and Bennetzen 2006; Bainard and Gregory 2013; Lee and Kim 2014). The
observed differences in repeat proportions indicate that the genomes in the tomato and
potato clades must have reached a different balance between TE insertion and removal
processes since their divergence from their common ancestor.

Tomato species contain more degraded or truncated elements (like solo LTRs) that
were identified as LTRs without further classification or that remained simply unclassi-
fied. The resulting degraded repeats constitute what is sometimes called genomic ‘dark
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matter’ and are the result of sequence removal from full length elements by ectopic re-
combination (Lee and Schatz 2012). For the species that had been analysed previously (S.
arcanum, S. habrochaites and S. pennellii), Aflitos et al. (2014) suggested that the unique
portion of their genomes is roughly the same. Our results show that differentabundances
of some satellite repeats and a significantly higher proportion of unclassified elements
largely explain the rest of the genome size increase in the tomato species.

Interspersed repeats

The most abundant repeats in our study were the LTR type retrotransposons, par-
ticularly the Ty3/Gypsy elements. This higher abundance has already been reported
using very different approaches for potato and tomato BAC-end sequences (Datema
et al. 2008), tomato chromosome 6 (Peters et al. 2009) and the assembled genomes of
tomato (The Tomato Genome Consortium 2012), S. pennellii (Bolger et al. 2014), potato
(Potato Genome Sequencing Consortium 2011) S. commersonii (Aversano et al. 2015) and
S. chacoense (Leisner et al. 2018). Tomato and potato LTRs are hypothesized to be the
product of large-scale amplification events that took place about 2.8 mya (The Tomato
Genome Consortium 2012), possibly as a result a large-scale epigenetic change and mas-
sive bursts of transposable element activity (Belyayev 2014).

Ty3/Gypsy elements were, on average, more frequent in the potato species than in
the tomato species with the exception of the Jinling elements. These elements were the
most abundant classified Ty3/Gypsy found in tomatoes. The presence and distribution
of these TEs in tomatoes has already been described. Jinling elements are located in the
pericentromere heterochromatin where they are thought to have spread five mya (Wang
et al.2006), during the radiation of the tomato clade after its divergence from the potato
clade (Wang et al. 2006; Sarkinen et al. 2013). The largest clusters classified as Ty3/Gypsy
in potatoes were 30-50 % more prolific than in the tomato clade. In tomatoes, they were
more evenly distributed across sequence clusters than in potatoes. This higher sequence
divergence across Ty3/Gypsy elements in tomato species as a whole probably reflects
different dynamics of this type of TEs in the two clades and independent amplification
events of different sequence variants within each clade, as shown for Chromovirus CL5.

The Ty1/Copia elements were more abundant in tomato species than in potato spe-
cies. Manetti et al. (2009) proposed that the Copia element insertion frequency, but not
their abundance, may be correlated with the mating system. In the potato clade, diploid
species are self-incompatible (Hawkes 1958). Within the tomato clade, although we did
not find a clear relation between mating system and repeat content, selfing species like
S. lycopersicum, S. habrochaites or S. pimpinellifolium had the lowest repeat abundances
and consequently their genome sizes were the lowest among tomatoes and similar to
those of potatoes.

Our study used unassembled sequences because we focused on building deliberately
equivalent datasets for all the species analyzed to compare the relative abundance of
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repeats. For several of these species, information is available about repetitive sequence
distribution and insertion site preferences in those genomes that have been assembled
and thouroughly studied cytogenetically. In potato pachytene chromosome comple-
ments, there is a large number of chromomeres in the euchromatin, while in tomato,
euchromatin is relatively free of such chromomeres in most of the chromosomes (cf., Ra-
manna and Prakken 1967; Ramanna and Wagenvoort 1976; Wagenvoort 1988, own ober-
vations). Chromomeres correspond to repeat-rich regions in the genome assemblies of
potato (Potato Genome Sequencing Consortium 2011) and tomato (The Tomato Genome
Consortium 2012). In the tomato chromosome 6, Ty1/Copia elements are more abundant
in the gene-rich short-arm euchromatin and Ty3/Gypsy repeats are preferentially local-
ized in the heterochromatin, both in the pericentromere and in small-sized chromomer-
es (Peters et al. 2009).

Interspersed repeats may have caused chromosomal breakages leading to structural
rearrangements (Gaut et al. 2007; Belyayev 2014) in the genomes of the tomato clade. Our
approach did not allow us to associate chromosome rearrangements to repeat localiza-
tion; whereas large-scale changes followed by removal of repeats by unequal recombi-
nation (Gaut et al. 2007; Xu and Du 2014) in the tomato clade might have produced the
large amounts of truncated and unclassified LTR elements we found. Peters et al. (2012)
described such mobile elements at the synteny breakpoints with the potato and pepper
genomes. Rearrangements have occurred between chromosomal fragments located in
the pericentromere heterochromatin (Verlaan et al. 2011) and other repeat-rich regions
(Seah et al. 2004). Lineage specific transpositional bursts and ectopic recombination
might have been responsible for the chromosome rearrangements found among tomato
species which have not taken place in potatoes and their wild relatives.

Tandem repeats

Tandem repeats, including satellites, occurred in the tomato clade at a higher abundance
than in the potato clade (Figure 2b, Table 2). This class of repeats has been thorough-
ly described in both clades of Solanum, showing variation in location and abundance
(Rokka et al. 1998; Tek and Jiang 2004; Tek et al. 2005; Chang et al. 2008; Zhu et al. 2008;
Brasileiro-Vidal et al. 2009; Szinay 2010; Torres et al. 2011; Gong et al. 2012; He et al. 2013;
Sharma et al. 2013; Tang et al. 2014). The patterns of occurrence are more evident when
looking at the largest clusters, particularly satellite DNAs. The most abundant satellite
in the tomatoes, (CL14, Torres et al. 2011), was originally described for potato and its
relatives and has 99% sequence identity with the PGR1 repeat (Tang et al. 2014). In our
results, the CL14 elements were much more frequent in the tomato clade and displayed a
sequence variant that is not present in the potato clade. Although our analysis does not
reveal major dissimilarities in the types of tandem repeats described across clades, the
quantitative differences produced specific profiles for each clade consistent with the no-
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tion of an ancestral “library” of satellite sequences, which were differentially amplified
in each clade as proposed by (Fry and Salser 1977)

Phylogenetic context

Among potatoes, the distantly related S. cardiophyllum showed the most obvious diver-
gence within the potato clade, which is coherent with its position as an early branching
species in the 1EBN group. However, we found a sharp contrast between cultivated and
wild potatoes. The most striking difference is the overall much higher proportion of tan-
dem repeats in cultivated potatoes. Interspersed repeats also showed differences, with
5-6% more Ty3/Gypsy elements in cultivated potatoes and twice as much abundance of
Caulimoviruses in wild potatoes. Amplification of a certain type of repeat can happen
rapidly and even in a few marginal populations within a species (Belyayev 2014). It is
possible that Caulimoviruses underwent amplification after the divergence of cultivated
and wild potatoes, or that a selective bias against them (Kidwell and Lisch 2001) arose in
domesticated potatoes. It remains to be tested whether domestication processes them-
selves underlie these differences.

The repeat profile of S. etuberosum was more similar to that of potato than tomato
species although a few TE types show very unique patterns, particularly Caulimovi-
ruses. The ten fold higher abundance of this type of TEs in S. etuberosum and possible
sequence variants in other elements probably explain why GISH results have allowed
discrimination of S. tuberosum and S. etuberosum chromosomes in hybrids (Dong et al.
1999; Gavrilenko et al. 2003). In terms of structural genome differentiation, S. etuberosum
sometimes shares collinearity with potato species and sometimes with tomato species,
while certain chromosome arms are entirely rearranged with respect to both clades
(Lou et al. 2010; Szinay et al. 2012). Here we showed that the relative abundance and the
patterns of presence/absence of repeats in S. etuberosum were more similar to those
found in the potato than in the tomato clade. Moreover, S. etuberosum sequences were
also more similar to those of potato species in the analysed TE clusters. Given the phy-
logenetic relationships among these clades, sequence similarity between TEs in potato
and S. etuberosum is probably plesiomorphic. Tomato clade-specific sequence variants
may have propagated by independent transposition after its divergence from the com-
mon ancestor of both clades and S. etuberosum.

Our results are congruent with the current phylogenetic hypotheses for these
clades within the genus Solanum. At this point, one cannot establish causal relation-
ships between the constitution of the repetitive fraction of the genome and the dif-
ferent paths genome evolution has taken in the tomato and potato clades. In spite
of this, the patterns we observed and our current understanding support the no-
tion that the dynamics of repetitive elements may be related to the underlying
mechanisms that have driven tomato and potato genomes in different directions.

113



Chapters

Supplementary information

Supplementary Table St is too big for display and can be downloaded from https://www.
dropbox.com/s/4jboi83chkcr2lo/Supplementary%z2otable%201.x1sx?dl=0&m-=. It shows
the output from the annotation of all the repeat classes and lineages across all species in
the potato and tomato clade, plus Solanum etuberosum. The relative genome abundance
for each cluster was calculated and the length of the cluster (in Mbp) was estimated
where nuclear DNA content was known. All relative abundances for the same repeat type
were added up for further comparisons across species and clades.
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...to explore strange new worlds,
to seek out new life and new civilizations
to boldly go where no one has gone before.

Gene Roddenberry
(In: Opening monologue, Star Trek: the next generation, 1987).
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Chapter 6

Abstract

Comparative genomics can provide important information about syteny between the ge-
nomes of crop and related species and so assist in introgressive hybridization breeding. To
make significant comparisons, the genomes to be compared need to be highly contiguous and
complete. In order to do that, we have improved the genome assembly of wild potato relative
Solanum commersonii. We produced a hybrid assembly combining short lllumina reads and
long PacBio reads sequenced from a haploid clone which helped us eliminate heterozygosity.
We used the 3,645 scaffolds obtained to anchor on the 12 linkage groups that we produced
through mapping of 1,728 SNPs from a diploid biparental population. We managed to anchor
601 scaffolds into 12 pseudomolecules, at an anchor rate of 38.65 %. Their order was well
defined but the orientation of most scaffolds was random. We used this assembly to make
structural comparisons against the previously reported assemblies of DM potato and M6 S.
chacoense. Genomes were overall highly collinear but there were discontinuities around the
pericentromere heterochromatin and some inverted fragments. Most of these were assem-
bly artifacts, although there were some supported rearrangements. The structural variants
and copy number variants that we identified were mostly small and mostly located in the
pericentromere region, so they should not hinder introgression. However, it is necessary to
identify the coding sequences present in the rearranged segments and evaluate their pheno-
typic results. The high genome homology and collinearity found between S. commersonii and
cultivated potato encourages its use in introgressive breeding.

Introduction
Comparative genomics can provide significant insights into synteny between the ge-
nomes of crop and related species, and so has practical relevance to plant breeding.
When crossing related species in order to introgress traits from a donor wild relative
into a crop, collinearity breaks between their genomes may occur, that lead to linkage
drag and/or meiotic abnormalities that produce infertile gametes in the hybrids or back-
crosses. Comparative genomics can directly identify the alien chromosome regions of
the donor genome that possess polymorphism of DNA for the traits of interest. With this
focus in mind several crops and their wild relatives were sequenced de novo (Imelfort
and Edwards 2009; Abbott and Butcher 2012). Important examples are potato, tomato
(Potato Genome Sequencing Consortium 2011; The Tomato Genome Consortium 2012)
and some of their wild relatives (Bolger et al. 2014; Aflitos et al. 2014; Aversano et al.
2015), the Petunia hybrida progenitors (Istvanek et al. 2014; Bombarely et al. 2016), egg-
plant (Byrne et al. 2015), the peanut genome A donor (Chen et al. 2016), spinach (Xu et al.
2017) and coffee (Tran et al. 2018), among others. These studies have allowed to explore
their gene space and know about their functional genomics (Appels et al. 2015).
However, only a few genomes show high quality de novo assembling, with euchroma-
tin parts on the chromosome arms that are closed or nearly closed (Boetzer and Leiden
2013; Jiao et al. 2017a; Udall and Dawe 2017). Important efforts have been made to im-
prove such assemblies even more, including that of tomato (Shearer et al. 2014), potato
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(Sharma et al. 2013; Hardigan et al. 2016) and their wild relatives (Paajanen et al. 2017;
Schmidt et al. 2017; Leisner et al. 2018), maize (Jiao et al. 2017c), subterranean clover
(Kaur et al. 2017), quinoa (Jarvis et al. 2017), alfalfa (Tang et al. 2014) and turnip (Cai
et al. 2017), to name a few. The main limitations in closing the (super) contigs of such
genomes are posed by the nature of their sequence data. High-throughput sequencing
reads often are too short to bridge complex genomic regions such as repeats which is a
severe problem for the large-sized plant genomes in the Gb-range, while other genomic
sequences are hard to capture into a sequence library. More problems of plant genomes
may arise from polyploidy and high levels of heterozygosity. Resolving polyploids and
highly heterozygous genomes requires genome complexity reduction techniques such as
developing double haploids or the sequencing of inbred lines (Zhang et al. 2014). For the
subsequent anchoring of the genomes, the abundant pericentromere heterochromatin
in plant chromosomes poses extra challenges due to the lack of crossover recombina-
tion in these regions, which force researchers to find additional physical information to
connect contigs and scaffolds, such as genome mapping (Tang et al. 2015a; Chaney et al.
2016; Udall and Dawe 2017). Such difficulties imply that large-scale genome rearrange-
ments between related species across centromeres remain undetectable (Zapata et al.
2016; Paajanen et al. 2017). As a consequence, only few studies appeared with structural
comparisons (Chaney et al. 2016) among crop and their wild relatives or related species
(Hardigan et al. 2017; Montero-Pau et al. 2018).

Structural comparisons are important to study genome evolution and are helpful
to predict the success of introgressive hybridization in chromosome regions with ag-
ronomically important traits. Models of chromosomal change could be developed for
structural rearrangements among tomato, potato and pepper (Peters et al. 2012) or
among grass genomes (Cardone et al. 2015). The most remarkable variation within a crop
genepool was found for potato and wild relatives, both at the chromosomal level through
large Copy Number Variants (CNVs) that could be detected through Fluorescent in situ
hybridization (FISH) (lovene et al. 2013) and at the sequence level (de Boer et al. 2015;
Hardigan et al. 2017). Copy number variants (CNVs) were found to be prevalent among
potato cultivars, landraces and wild relatives (Hardigan et al. 2017), even among a panel
of 12 related double monoploid clones (Hardigan et al. 2016). It has been proposed that
this variability is partly caused by extended wild introgressions into potato cultivars,
which may have assisted the spread of potato by making it more suitable for coloniza-
tion of new environments through alleles conferring tolerance to new ecological factors
(Hardigan et al. 2017). Moreover, some important agronomic traits are directly caused by
structural variations which often have significant functional impact (Tang et al. 2015a).
It is also important to assess the degree of nucleotide variation through SNP analysis.
Comprehensive nucleotide variation studies have been performed for potato and wild
relatives (Kloosterman et al. 2015; Hardigan et al. 2016; Hardigan et al. 2017; Pham et al.
2017; Leisner et al. 2018), revealing a remarkable degree of diversity.
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Diploid wild relatives of potato of great potential for breeding have been sequenced
(Aversano et al. 2015; Paajanen et al. 2017; Leisner et al. 2018). The contiguity of the ge-
nome of Solanum verrucosum was improved by using long-range scaffolding technologies
such as Bionano genome mapping (Lam et al. 2012; Hastie et al. 2013) and Hi-C Dovetail
genomics (Belton et al. 2012; Reyes-Chin-Wo et al. 2017), increasing N50 by 6-fold with
Hi-C and 2-fold with Bionano and producing a 9-fold increase combining both (Paajanen
et al. 2017). However, the highly contiguous S. verrucosum assembly was not anchored
into chromosome-scale pseudomolecules (Paajanen et al. 2017). Recently, the inbred line
M6 (Jansky et al. 2014) S. chacoense was sequenced. Pseudomolecules were built inde-
pendently from the DM potato reference by anchoring on two genetic maps, including
the M6 genotype as parent, allowing structural comparisons (Leisner et al. 2018). The
current S. commersonii draft genome (Aversano et al. 2015) is too fragmented for a mean-
ingful genome comparison with cultivated potato or other wild relatives. A combination
of sequencing technologies, hybrid assembly algorithms, long-range scale scaffolding
technologies and anchoring on physical and genetic maps is necessary to support a com-
parative genomics study (Jiao et al. 2017b; Li and Harkess 2018) that can assess collinear-
ity at the sequence level.

At a higher level, there are chromosome-scale comparisons between potato and dip-
loid wild relatives, which are donors of traits of interest such as S. commersonii and S.
chacoense. These comparisons showed no large (chromosomal) scale rearrangements
(Gaiero etal. 2016, Chapter 4). However, when analyzing pachytene spreads of 3x hybrids
between S. commersonii and potato, small loops or pairing breaks were revealed (Gaiero
et al. 2017, Chapter 3). These pairing disruptions may be caused by small structural vari-
ations between homologous chromosomes in (F ) hybrids that can be confirmed only by
sequence comparisons and if they are surrounding the genes of interest, they may impair
their proper introgression into the potato background.

The aim of this study is to improve genome assembly and assess the structural rear-
rangements between S. commersonii and potato and S. commersonii and close relative
S. chacoense. Additionally, we aimed to evaluate sequence variation by detecting SNPs
between genotypes of S. commersonii and also CNVs between S. commersonii and related
species S. tuberosum and S. chacoense.

Materials and methods

Plant material, DNA purification and sequencing

We used a clone of Solanum commersonii (accession 04.02.3 from Colonia, southwest Uru-
guay). In order to avoid the pitfalls of heterozygosity for genome assembly, we gener-
ated a haploid clone from S. commersonii accession 04.02.3 through anther culture as
described in Castillo et al. (2016). Tissue culture plantlets were grown using axillary
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buds and apical shoots in MS media on light racks set to 16h/8h day/night photoperiod at
22 °C. Genomic DNA was extracted from approximately 2.5 g of fresh etiolated leaf tissue
using the nuclei enrichment protocol described by Bernatzky and Tanksley (1986), with
some modifications. Libraries were prepared using the Nextera Library Preparation Kit
(Mlumina). The insert size was 200-500 bp and the library was sequenced on one lane in
an lllumina HiSeq2000 sequencer (100-bp paired-end reads). Additionally, a large-insert
library (30 Kb) was prepared using the SMRTbell Template Prep Kit (Pacific Biosciences)
and 18 SMRT cells were sequenced in a PacBio RS Il sequencer with P4-C2 chemistry.
Sequencing was performed at Applied Bioinformatics, Wageningen University and Re-
search.

Genome assembly

We used the pipeline recommended by DBG20LC (Ye et al. 2016) to perform hybrid as-
semblies. In this pipeline, we used SPARC (Ye and Ma 2016) to perform De Bruijn graph
assembly on the [llumina reads assessed for quality and trimmed using FASTQC (v0.11.5)
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). We used DBG20LC to
align our PacBio reads to the De Bruijn graph assembly to produce a ‘backbone’, then, ac-
cording to the DBG20LC standard pipeline, we used the backbones to generate a consen-
sus using the program BLASR (Chaisson and Tesler 2012) and polished the assembly with
PBDAGCON (https://github.com/PacificBiosciences/pbdagcon).The assembly quality was
evaluated using the QUAST package (v4.3) (Gurevich et al. 2013).

Table 1. Metrics of libraries used for the de novo hybrid assembly of haploid S. commersonii 04.02.3
genome.

Library Type # input read Total bases Cover- Paired reads average read average

id. of library pairs age distance (nt) length (nt) fragment
size (bp)

lllumina Pairedend 210,642,856 29,792,017,695 35x 298 99 300

cmm

PacBio SMRT belt 235,221 3,214,000,000  9x n/a 13,857 30,000

cmm

Genetic mapping

A biparental mapping population with heterozygous contrasting diploid S. commersonii
genotypes as parents was used to anchor the scaffolds to the 12 linkage groups and to
construct pseudomolecules. For the linkage groups, we genotyped 190 individuals and
the two parents. DNA was isolated using the Quick-DNA Plant/Seed Miniprep Kit (Zymo
Research, cat. number D6020). Genotyping by sequencing (GBS) was performed follow-
ing the procedure described by Elshire et al. (2011). Briefly, 100 ng (10 ng/uL) of each
genomic DNA sample was added to lyophilized adapter mix. Adapter and DNA mixtures
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were subsequently digested using ApeKI (New England Biolabs) for 2 hours at 75°C in
a total volume of 20 pL. Digested DNA and Adapters were used in subsequent ligation
by T4DNA Ligase in a 50 pL reaction volume at 22°C for one hour followed by heat in-
activation at 65°C for 30 minutes. Sets of 96 digested DNA samples, each of them with a
different barcode adapter, were combined (10 pL each) and purified with Qiaquick PCR
Purification columns (Quiagen). Purified pooled DNA samples were eluted in a final vol-
ume of 10 pL. DNA Fragments were amplified in 50 puL volume reactions containing 2 pL
pooled DNA, 25 pL. KAPA HiFi HotStart Master Mix (Kapa Biosystems), and 2 pL of both
PCR primers (12.5 uM). PCR cycling consisted of 98°C for 30 seconds, followed by 18 cycles
0f 98°C for 30 seconds, 65°C for 30 seconds, 72°C for 30 seconds with a final extension for
5 minutes and kept at 4°C. Amplified libraries were purified as above but were eluted in
30 pL. Amplified library products were size selected using 2% agarose gel cassette on a
blue pippin system (Sage Science), removing fragments smaller than 300 bp. Eluted size
selected libraries were then purified by AmpureXP beads (Agencourt). Final libraries
were used for clustering on one Illumina Paired End flowcell using a cBot (Illumina).
Paired End sequencing (2*100nts) was performed on four flowcell lanes of an I[llumina
HiSeq2500 instrument at Applied Bioinformatics, Wageningen University and Research
(WUR). A quality control and filtering process was carried out to identify segregating
markers. SNPs were filtered in Tassel 5.0 (Bradbury et al. 2007) using our hybrid assem-
bly of Solanum commersonii as reference genome. From this filtering we obtained a VFC
file with 100,000 SNPs. Using R (v3.3) (R Core Team 2014) a marker matrix was ordered
and SNPs incoherent with the parental genotypes were labelled as missing data. SNPs
were then separated by the nucleotide variant according to the parental genotypes. On
the remaining 15,000 SNPs left, we performed another filtering removing all SNPs that
deviated 20 % from the expected segregation ratios, and also SNPs with more than 20
% missing data. A total of 2834 SNPs for 181 genotypes (including the parents) were pro-
duced as input for linkage mapping. For the genetic mapping we used the recently de-
veloped statistical software RABBIT (Reconstructing Ancestry Blocks BIT by bit), that
has been extended for genotype imputation and linkage map construction (Zheng et al
2018, Biometris, WUR, manuscript in preparation). The software is based on identity by
descent and Hidden Markov modelling algorithms.

Construction of pseudomolecules

Pseudomolecule construction was done using 1,728 SNPs from the cmm x cmm biparen-
tal population that matched to scaffold positions in the S. commersonii hybrid genome
assembly. Scaffolds were anchored, ordered and oriented using ALLMAPS (Tang et al.
2015¢). Final chromosome-scale pseudomolecules were constructed in ALLMAPS using
the unequal weights2 parameters for a single ALLMAPS run for the entire genome.
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Bioinformatics analyses

Comparison of the S. commersonii pseudomolecules was completed by performing whole
genome sequence alignment of the 12 pseudomolecules to the 12 DM1-3 chromosomes
(ver. 4.04) (Hardigan et al. 2016) with the NUCMER extension of the MUMMER package
(v3.23) (Kurtz et al. 2004), using default parameters, followed by DELTA FILTERING to fil-
ter out alignments smaller than 5 Kbp, 50% identity and 10% uniqueness. Dot-plots were
constructed using MUMMERPLOT, with the identification and orientation of the DM pseu-
domolecules as reference. This analysis was repeated against the Solanum chacoense M6
pseudomolecules (Leisner et al. 2018). We performed the same analysis for each pseu-
domolecule individually. The show-coords output was further analyzed to determine
match length, synteny breakpoints and scaffold identity, breakpoint sequence at syn-
teny breaks. Sequences at the breakpoints were then compared using BLAST against
a database of Solanum repeats (The Plant Repeat Database; currently out of service).
http://plantrepeats.plantbiology.msu.edu/index.html).

The hybrid assembly anchored scaffolds were aligned to the previous S. commersonii
assembly, DM pseudomolecules, and the M6 S. chacoense pseudomolecules using BWA
MEM (ver. 0.7.11r1034) and the alignments filtered with SAMTOOLS (v0.1.19) (Li et al., 2009)
retaining alignments that were properly paired and had a mapping quality (MAPQ) >
30. The BAM files were then sorted and duplicates marked with PicARD (v2.1.1) (Picard,
2017). Reads were realigned around insertions/deletions (InDels) using GATK INDEL-
REALIGNER (v3.7.0) (McKenna et al., 2010). Variant calling was performed using GATK IN-
DELREALIGNER (v3.7.0) (McKenna et al., 2010). VCFTOOLS (v0.1.12b) (Danecek et al., 2011)

Table 2. Assembly metrics of the de novo hybrid assembly of Was used to determine SNP counts

haploid S. commersonii 04.02.3 genome. and density, which was calculated

Estimated genome size (bp) 830,000,000 as the number of SNPs per Kbp in
GC content (%) 34 non-overlapping 200-Kbp windows.
# scaffolds 3,645 Coverage was calculated using
Total size of scaffolds (bp) 671,255,838 BepTOOLS and BEDTOO_LS (%ENOI\_/I_

ECOV (ver. 2.25.0) and visualized in
# scaffolds > 100 kbp 1,948 .

bedgraph format with IGv (v2.3)
# scaffolds > 1 Mbp 44 .

(Robinson et al. 2011). Copy num-
N50 scaffold length 294,347 ber variations (CNVs) evidenced by
NG50 scaffold length 199,127 increased read coverage (duplica-
Longest scaffold (bp) 3,210,436 tions) or decreased coverage (dele-
Shortest scaffold (bp) 2,854 tions) were identified using CNVNA-
Total anchored scaffold length 249,407,795 TOR (v3.02) (Abyzov et al. 2011).
Total unanchored scaffold length 395,868,123
# anchored scaffolds 601
# unanchored scaffolds 3,044
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Results

With the combination of sequencing approaches mentioned in Table 1, we achieved a cov-
erage of 35x for Illumina reads and 9x for PacBio reads, with a balance between read
length of 99 bp and almost 14 Kbp on average, respectively, and a base call quality that
enabled the construction of a hybrid assembly from a haploid genome. The hybrid ge-
nome assembly has an N50 of over 294 Kbp, with only 3645 scaffold of lengths ranging
from 3.2 Mbp to 2.8 Kbp (Table 2). Most scaffolds were above 100 Kbp (1948 out of 3645, 53
%) and 44 scaffolds were above 1 Mbp. The assembly covered 85 % of the total estimated
genome size of S. commersonii (792 Mbp, Gaiero et al, in press, Chapter 5). The contigu-
ity and completeness of this hybrid assembly allowed its improvement by integration
with other technologies such as anchoring on the genetic map developed in this study.
Although the anchoring rate is low (38.65 %), 249.6 Mbp of sequences belonging to 601
scaffolds were anchored onto the 12 pseudomolecules.

The size and genetic distances are reported for all 12 pseudomolecules and linkage
groups (Table 3). The parental maps for each linkage group were averaged. In total 1728
markers could be mapped on 12 linkage groups, with a maximum of 216 loci on LG1 and
a minimum of 99 loci on LG12. LG1 was also the linkage group with most anchored scaf-
folds (95) while LG10 had the fewest with only 30. Again, LG1 was the longest, with 137 cM
in genetic distance and forming a pseudomolecule of 34.4 Mbp in size. On the other end,
LG11 was the shortest linkage group (83 cM) while LG10 formed the shortest pseudomol-

Table 3. Summary of the S. commersonii genetic map generated from the 05.05.2.4 x 02.04.1 biparental
population and its anchoring of the hybrid genome assembly. Linkage groups (LGs) are numbered ac-
cording to homology with potato LGs.

LGs # loci # anchored pseudo- genetic dis- Maximum Minimum
scaffolds molecule tance (cM) scaffold size scaffold size
size (Mbp) (Mbp) (Mbp)
LG1 216 75 34.4 137 2.1 0.036
LG2 169 51 25.8 86 3.2 0.052
LG3 169 60 24.7 109 2.6 0.041
LG4 124 53 20.3 106 2.3 0.025
LG5 119 52 17.2 87 1.4 0.067
LG6 205 55 21.9 95 1.2 0.029
LG7 137 51 23.1 90 1.4 0.040
LG8 105 40 18.0 92 2.6 0.039
LGS 120 45 17.8 109 1.2 0.099
LG10 114 30 13.6 122 2.0 0.046
LG11 151 50 18.8 83 2.0 0.106
LG12 99 39 14.0 91 1.9 0.059
Total 1728 601 249.6 1207 2.0 0.053
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ecule with 13.6 Mbp. The total genetic distance of the map was 1207 cM with an average
length of anchored scaffolds ranging from 2 Mbp to 0.053 Mbp.

The SNP density on each LG allowed the anchoring with a good correspondence be-
tween the LGs and the pseudomolecules, although there are some discrepancies between
genetic and physical markers (Figure 1) represented by crosses between the green lines
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Figure 1. Anchoring of hybrid scaffolds on the linkage groups produced through genetic mapping with
RABBIT (Zheng et al. 2018 in prep). The pseudomolecules were built using ALLMAPS (Tang et al. 2015).
Each plot shows the matches (green lines) between the linkage group (left) and the pseudomolecule
(right), and a biplot between the pseudomolecule (X axis) and the linkage group (Y axis), with green dots
indicating anchored marker positions.

129



Chapter 6

that link the positions of both types of markers. The LGs and pseudomolecules are pre-
sented in this figure in the order that they were obtained, but this numbering was then
corrected to match the numbering of their homologous pseudomolecules in the DM pota-
to reference genome (Hardigan et al. 2016). In this anchored assembly, the order of scaf-
folds is well supported. However, for most scaffolds (72 %) the orientation is assigned at
random. This happens because many scaffolds are anchored with only one SNP marker
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or with many markers that are tightly linked.
Only 28 % scaffolds had an assigned orienta-
tion, which matched the order of the map in 15
% of scaffolds and was inverted with respect
to the map in 13 % of scaffolds.

A more detailed comparative analysis was
obtained at pseudomolecule level. Pseudomol-
ecules appear collinear in order but we ob-
served specific differences in orientation. For
pseudomolecule 1 as an example, we observed
many scaffolds placed in a reverse order (Fig-
ure 3). Yet, it is not possible to identify true in-
versions and discriminate them from anchor-
ing errors causing an aberrant scaffold orien-
tation. More inverted scaffolds were observed
comparing our assembly to the M6 assembly
(Figure 3b) than comparing to the DM potato
assembly (Figure 3a), suggesting accumulated
assembly artifacts. Analyzing the collinearity

Figure 2. Whole genome NUCmer sequence alignment
dot plots for the twelve pseudomolecules. Sequences
aligned in forward and reverse orientations are rep-
resented by blue and red lines, respectively. Scaffold
misplacements (or rearrangements) are shown as hori-
zontal or vertical shifts in parts of the aligned blocks.
a. Pseudomolecules of Solanum commersonii (plotted
on y-axis) compared to DM pseudomolecules (ver4.04,
plotted on x-axis). b. Pseudomolecules of S. commer-
sonii (plotted on y-axis) compared to M6 S. chacoense
(verd.1, plotted on x-axis). c. Pseudomolecules of DM
potato (verd.04, plotted on x-axis) compared to M6 S.
chacoense (verd.l, plotted on y-axis). S. commersonii
pseudomolecules were built by anchoring hybrid scaf-
folds on the genetic map. Genomes are plotted fol-
lowing the order and orientation of DM potato pseu-
domolecules.
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within each scaffold revealed inversions. We consider these structural variations to be
more supported rearrangements as the sequence order within scaffolds was confirmed
by NGS hybrid assembly and genetic markers. Correspondingly, the structural variations
(inversions) were marked (Figure 3) and appeared more abundant between S. comm-
ersonii and M6 S. chacoense than with DM potato. There were numerous cases of dupli-
cations, with one fragment on the diagonal and the other corresponding to fragments
outside the diagonal (boxes in Figure 3), whereas small discontinuities within scaffolds
suggest that sequences present in the reference are absent in the S. commersonii assem-
bly, which may indicate deletions in the latter. These were more frequent when DM was
used as reference. Pairwise comparisons with the three genomes across all twelve pseu-
domolecules show a similar scenario (Figure S1), with a clearly more broken assembly
around the pericentromere in smaller pseudomolecules containing more mismatches
when compared against the M6 S. chacoense pseudomolecules.

->/
-9

-

S. commersonii pseudomolecule 1
0
o

S. commersonii pseudomolecule 1
]
i

a DM potato pseudomolecule I b

Figure 3. Mummerplots of pseudomolecule 1 from Solanum commersonii (cmm) against its homolog in
DM potato (a) and M6 chacoense (b). The cmm pseudomolecule was built by anchoring hybrid scaffolds
to the genetic map using at least one SNP marker per scaffold that was mapped to a linkage group.
Scaffold order is coherent between pseudomolecules. Scaffold orientation in cmm is not conclusive, so
inversions involving the whole scaffold are not considered. Only rearrangements within scaffolds were
identified. Arrows indicate inversions, boxes indicate duplications and ovals indicate deletions.

We then examined the S. commersonii assembly and the reference DM potato genome
in order to discriminate between assembly artifacts and ambiguities and supported syn-
teny breaks, using pseudomolecule 2 as an example (Figure 4). First we ordered the scaf-
folds and produced bars of sizes proportional to the lengths obtained from the .coords
file output from MUMMER. The overall size of the total matching scaffolds in Solanum
commersonii is approximately 4x longer than in DM potato (data not shown). We repre-
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sented the corresponding pseudomolecules as bars of equal total length (Figure 4a). We
observed that many otherwise long scaffold alignments were broken and interrupted
by smaller alignments that correspond to other scaffolds (Figure 4a, shaded bars). Also,
small fragments from these long scaffolds were separated and mapped further away. We
then analyzed the length distribution of those aligned scaffolds and scaffold fragments
and found a noticeable gap in sequence lengths between approximately 10 and 100 Kbp
(Figure 4b). When these fragment alignments of less than 10 Kbp are singled out (black
dots in Figures 4b and 4c), there is an almost perfect matching between the DM reference
(x-axis) and the S. commersonii scaffolds (y-axis). These small fragments, that distort the
matching, may have resulted from assembly artifacts or ambiguous alignment. Further-
more, when these small fragments were removed, scaffold alignments were almost com-
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Figure 4. a. Schematic representation of all matching scaffolds from chromosome 2 in DM potato (top)
and Solanum commersonii (bottom). Differences in size and position can be observed. Complete scaf-
folds are represented in solid light grey and split scaffolds are represented by shaded blocks, same
pattern indicates same scaffold. b. Size distribution of the S. commersonii scaffolds and fragments rep-
resented in a. Scaffolds or fragments shorter than 10 kbp are shown as solid black dots. c. Dotplot of the
start positions of all scaffolds from chromosome 2. The same scaffolds or scaffold fragments shorter
than 10 kbp as in b are shown as black dots. d. Schematic representation of chromosome 2 in S. comm-
ersonii, after removing scaffold fragments that are <10 Kbp. Notice that some larger scaffolds that were
split are now joined together. Confirmed inversions with respect to DM potato are shaded in blue and
confirmed syntenic blocks are shaded in red.
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pletely contiguous (Figure 4d). We then looked at the scaffolds with supported orienta-
tion which were either inverted (Figure 4d, blue blocks) or in the same orientation as
the DM reference (Fig. 4d, red blocks). The first inverted (blue) block is formed by three
consecutive scaffolds with known position, supporting its inverted state. In the BWA
alignment of the hybrid assembly and the DM potato pseudomolecule 2, the correspond-
ing order was scaffold 633, spanning a region from 20759 Kbp to 20938 Kbp, followed
by scaffold 2004 running from 20943 to 21321 Kbp, and scaffold 891 mapping against the
region from 21330 to 21690 Kbp of DM pseudomolecule 2 (data not shown). Inspection of
the sequences of these inverted scaffolds revealed the presence of rDNA sequences in
scaffold 633, which is anchored at a terminal position close to the NOR on chromosome
2. There were repeats homologous to LTR/Jingling repeats and to centromere-specific
TGRIV and St3_58 and St3_238 satellite repeats in scaffolds 2004 and 891. For scaffold
144, which is present in the second inverted blue block and comprised within a red block
of confirmed forward orientation, there were repeats homologous to St3_58 and St3_238
satellite repeats close to the point where the alignment breaks. However, we could not
confirm the exact position nor link these repeats unequivocally to the synteny break-
points in any of these cases.

Some features of the chromosome morphology can be related to the sequence cover-
age, anchoring or SNP density (Figure 5). When comparing the cytogenetic BAC-FISH
map of S. commersonii chromosome 1 against its genome assembly and read coverage
(Figure 5a, b and c), there seems to be higher coverage in some regions of the euchroma-
tin and also in the pericentromere. The intraspecific SNP density distribution (compar-
ing against the previous assembly) shows the same pattern as the read coverage (Figure
5c and d). However, this pattern is different when comparing against the DM potato or
M6 S. chacoense pseudomolecule 1. There is a low SNP density along the whole chromo-
some when comparing with DM potato, with the exception of a small peak on the short
arm heterochromatin (Figure 5e). The SNP density along pseudomolecule 1is consistent-
ly lower when comparing against M6 S. chacoense, with only a few small peaks (Figure
5f). The distribution of SNP density along all pseudomolecules between both genome as-
semblies of S. commersonii accompanies read density (Supplementary Figure S2), while
the SNP distribution patterns along pseudomolecules from DM potato (Figure S3) and
M6 S. chacoense (Figure S4) are independent of read coverage and show a consistently
low SNP density along all the pseudomolecules, with only a few peaks presumably rep-
resenting high variation. The total number of SNPs and the number of SNPs per chromo-
some as well as the SNP rates reflect this, with a much higher SNP rate when comparing
different accessions within S. commersonii (4.77 on average) than when comparing our
genome against DM potato (1.22 on average) or M6 S. chacoense (average 0.47) (Table 4).
The chromosome with most intraspecific SNPs is chromosome 1, which has the highest
read coverage. However, the highest intraspecific SNP rate belongs to chromosome 5,
which shows a moderate read coverage compared to the rest of the chromosomes. In the
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Figure 5. Example of the integration of all the different sources of information used on this improved
version of the Solanum commersonii genome assembly for chromosome 1. a. Comparative cytogenetic
maps of Solanum tuberosum (tbr), S. commersonii(cmmm) and S. chacoense using five BACs (colour bands)
and 5S rDNA as FISH probes. The main features of the chromosome morphology are indicated. Light
grey circles at the ends: telomeres; light grey bands: heterochromatin; dark grey bands: euchromatin;
light grey constriction: centromere (Gaiero et al. 2016, Chapter 4). b. Anchoring of the pseudomolecule
1 (right) on the SNP-derived genetic map (left). Green lines indicate the corresponding position of each
SNP. Notice some discrepancies between the map and the assembly represented as diagonal crossing
lines. c. Read coverage (blue bars) of the S. commersonii pseudomolecule 1 assembly produced by map-
ping all the lllumina short reads on the assembled and anchored pseudomolecule. d. SNP density (red
bars) on S. commersonii pseudomolecule 1 compared to the previous genome assembly (Aversano et al.
2015). e. SNP density (green bars) on pseudomolecule 1 compared to the reference DM potato genome
assembly (Hardigan et al. 2017). f. SNP density (yellow bars) on pseudomolecule 1 compared to the M6
S. chacoense genome assembly (Leisner et al. 2018).

interspecific comparison, most SNPs fall on chromosome 1 when comparing to potato
and on chromosome 6 when comparing to M6 S. chacoense, while the highest interspe-
cific SNP rates are for chromosome 12 with DM potato and chromosome 6 with M6 S.
chacoense, albeit these values are relatively low (1.45 and 1.09 variants per Kbp, respec-
tively). CNVs showed the opposite pattern, with 10x more between our assembly and
M6 than between our assembly and DM potato (Table 4). The percentage of the genome
involved in CNVs was also higher for M6 (386 Mbp, 46.8 % of the assembly) than for DM
(57 Mbp, 7.8 % of the assembly). The size distribution of these CNVs was similar in both
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Table 4. Coverage and intra and interspecific Single Nucleotide Polymorphism (SNP) and Copy Number
Variation (CNV) per chromosome when comparing the S. commersonii sequence against the previous
assembly (cmm, Aversano et al. 2015), against the reference DM potato genome (tbr, Hardigan et al.
2016) and the M6 S. chacoense genome. SNP rate expressed as variants per Kbp on average along each
chromosome.

chr # mapped #SNPs SNP rate #SNPs SNP rate #CNVs #SNPs SNP rate #CNVs
reads cmm cmm tbr tbr tbr chc chc chc
1 8203188 179461 5.26 110201 1.24 110 26002 0.39 1150
2 4050515 93958 4.6 45524 0.94 64 14551  0.35 752
3 2814260 91860 3.6 70605 1.14 130 30097 0.64 867
4 2021543 85427 4.17 99190 1.37 81 20041 0.52 768
5 4328490 85289 6.65 67914 1.3 99 14780  0.35 767
6 6116082 106387 5.39 70056 1.18 45 45682 1.09 761
7 5908905 136403 5.8 61723 1.09 85 22919  0.55 791
8 2219945 65785 4.74 67561 1.19 77 14391  0.45 651
9 4164309 74229 5.2 77599 1.26 102 16062 0.45 809
10 1294546 53548 3.92 78120 1.31 46 9344 0.26 684
11 2152756 83868 4.21 55413 1.22 29 15710 0.41 763
12 1653004 53864 3.75 88790 1.45 75 10090 0.20 918
Total 44927543 1110079 4.77 892696  1.22 943 239669 0.47 9681

comparisons (Supplementary Figure S5), with similar medians of 21 Kbp, ranging from
1 Kbp to 632.8 Kbp in M6 (Suppl table 4) and from 0.4 Kbp to 782.6 Kbp in DM, but there
were proportionally more CNVs under 1 Kbp in the comparison with DM potato (Supple-
mentary table 3). When only CNVs less than 10 Kbp were considered, the medians differ
greatly, with 3.2 Kbp for CNVs with DM and 5.6 Kbp for CNVs with M6 (Suppl tables 3
and 4). Chromosomes 1, 3 and 9 had similarly high numbers of CNVs whereas they were
relatively lower in chromosomes 6, 10 and 11 (Table 4). Duplications were slightly more
abundant (5233) than deletions (4446) in the comparison with M6 (Suppl table 4), while
deletions were 2x more abundant (644) than duplications (298) when comparing against
DM potato (Suppl table 3).

Discussion

Advantages over previous assembly

The main focus of this work was on structural genomics between potato and wild rela-
tives S. commersonii and S. chacoense, so a stand-alone assembled and anchored refer-
ence genome of S. commersonii was essential to make structural comparisons with the
genomes of DM potato and M6 S. chacoense which had been improved to the reference
level (Sharma et al. 2013; Hardigan et al. 2016; Leisner et al. 2018). Although the gene
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space for S. commersonii had been well described previously (Aversano et al. 2015), this
draft assembly was highly fragmented and pseudomolecules were only achieved after
mapping against the reference potato genome. We presented here a S. commersonii de
novo reference genome that shows many improvements over the previous version (Aver-
sano et al. 2015). The main improvement was in the planning of the sequencing effort,
specifically in the choice of the genotype to be sequenced and the combination of librar-
ies and sequencing platforms that were used. By sequencing a haploid genotype devel-
oped during this project (Castillo et al. 2016), we could avoid problems caused by het-
erozygosity, thus increasing assembly contiguity. With limited number of sequencing
libraries and moderate sequence coverage, we managed to integrate high quality short
sequences from Illumina with the long PacBio reads, achieving a less fragmented and
more contiguous hybrid assembly (3,645 scaffolds vs 64,665; N50 294 Kb vs 44.3 Kb) with
a more complete genome (85%) compared to the previous assembly. Our results at this
stage are also comparable to the assembly metrics obtained in similar stages for the
diploid self-compatible wild potato relative S. verrucosum, although the approach taken
involved much higher coverage and combination of many more libraries and therefore
the best assemblies that were chosen to continue with the long-range scaffolding were
considerably more contiguous than our hybrid assembly. This hybrid assembly was fur-
ther improved by including genetic map information.

We constructed a 1207 cM linkage map that could be condensed into the 12 linkage
groups corresponding to the 12 chromosomes and some smaller groups. Not all the link-
age group identifications corresponded to the homoeologous linkage groups in potato
(Van Os et al. 2006), but they could be correctly identified following the potato ordering
because of their high homoeology. We used this linkage map to integrate genetic and
physical markers from the scaffolds, using a similar strategy as was chosen for potato
(Sharma et al. 2013) and S. chacoense (Leisner et al. 2018), but with a different approach
(Tang et al. 2015¢). A high number of scaffolds were lost in the anchoring process (3044
out of 3645) and with an anchoring rate of under 39 %, a lot of the genome coverage
was reduced. However, what remained was robust and reliable, and allowed us to build
12 pseudomolecules with scaffolds of confirmed order and mostly tentative orientation.
When compared to the estimated size for each chromosome (Gaiero et al. 2016, Chapter
4), these pseudomolecules represent from 24 to 39 % of their corresponding chromo-
somes, coherent with the anchoring rate obtained. Compared to the M6 S. chacoense as-
sembly (Leisner et al. 2018), the assembly presented here is less fragmented (3645 vs
8260 scaffolds) but covered less of the genome, had a lower N50 and showed lower an-
chor rate. Our S. commersonii reference genome was also less fragmented (3645 vs 66,254
scaffolds) than the DM potato reference (Sharma et al. 2013), had a similar coverage of
the genome but a lower N50 and anchor rate. Nevertheless, this contiguous and robust
assembly was sufficient to perform structural comparisons against potato and diploid
wild relative S. chacoense.
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Synteny and rearrangements among potato and wild relatives

As based on previously BAC-FISH study, there were no indications for large scale rear-
rangements among S. commersonii, S. chacoense and cultivated potato (Gaiero et al. 2016,
Chapter 4). Nevertheless, BAC-FISH resolution is low and these experiments used only
five markers per chromosome, leaving sufficient room for fine-scale structural varia-
tions that may involve traits of interest. The whole-genome level collinearity was con-
firmed indicating high homology across all three genomes. The whole-genome MUMmer
comparison between DM potato and M6 S. chacoense performed here showed more mis-
matches than the one presented in the M6 genome paper (Leisner et al. 2018), probably
due to differences in software parameters. It is highly likely that the higher contiguity of
the present S. commersonii assembly resulted in a more contiguous alignment than when
DM and M6 genomes were compared to each other.

It was expected to observe lack of contiguity in the pericentromeric heterochromatin
for all pseudomolecules in all comparisons, as the high repeat content in this chromo-
some feature hinders sequencing and assembly (Paajanen et al. 2017) as well as anchor-
ing on the linkage map due to reduced recombination so scaffolds remain unoriented or
unordered. This was found when comparing DM potato chromosome 11 with S. verruco-
sum, even after long-range scaffolding (Paajanen et al. 2017) and also even between hap-
lotypes of the exhaustively sequenced chromosome 5 homologues in potato (de Boer et
al. 2015). We observed that these contiguity problems around the pericentromere were
accentuated in smaller chromosomes, which is coherent with their higher proportion of
repeat-rich pericentromeric heterochromatin (Peters et al. 2009).

The structural variants observed at the pseudomolecule level are mostly inversions.
This was expected because these are the most common type of rearrangements between
related species. However, when these inversions involve complete scaffolds, they should
be divided into true and false positives, the latter caused by assembly artifacts resulting
in incorrect random orientation of scaffolds. Currently, we have no means to differenti-
ate these two types, but looking into scaffolds for pseudomolecule 2 into more detail, we
could detect both true and false positives. Although wrong orientation and misassem-
blies were frequent, we have identified a few supported inversions, suggesting that these
may be present on all pseudomolecules. Further integration of different sources of infor-
mation such as genome maps (English et al. 2015; Tang et al. 2015b) will be needed to de-
tect the full complement of rearrangements. Improvements on the assembly by anchor-
ing on the genome map (Jiao et al. 2017a) or by using chromatin conformation capture
(Udall and Dawe 2017; Li and Harkess 2018) will confirm putative structural variations.
Sequences at the breakpoints of inverted regions have been related to repeats (Gaut et
al. 2007; Belyayev 2014; Bennetzen and Wang 2014), and though repeats were found near
or flanking synteny breaks between tomato, potato and pepper (Peters et al. 2012), in
our case the repeats found could not be precisely mapped near the junctions. It still may
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be that repeats are involved in the processes leading to the rearrangements observed,
although further mapping is necessary to confirm their association.

Inversions or duplications within scaffolds can be regarded with more confidence.
Various examples of these rearrangements could be found between homoeologues of
pseudomolecule 1, which can be extended to the rest of the pseudomolecules. A detailed
inspection of the sequences harboured on these segments should be performed to an-
ticipate if they are going to represent an impediment to introgression and to shed light
on the processes that may have caused them. We detected more duplications/deletions
against the DM pseudomolecule than when comparing against the M6 pseudomolecule.
This might be related to the higher incidence of copy number variation (CNV) in asexu-
ally propagated potato than in wild potatoes. Wild potato relatives have a higher rate
of sexual reproduction and thus purge these variants through meiotic recombination
(Hardigan et al. 2016). It is also possible that sequence information is missing in the S.
commersonii pseudomolecule which is present in the DM homoeolog, and so appears as
a deletion. Conversely, the M6 pseudomolecule could be not as well constructed as the
DM pseudomolecule, showing more inverted regions due to misorientation of fragments.
Although considerable effort has been put into improving the quality of the reference DM
genome (Sharma et al. 2013; Hardigan et al. 2016), misassemblies, assembly artifacts and
errors in order and orientation tend to be frequent and they are hard to discriminate
from real structural variants.

Assembly-independent variants: SNPs and CNVs

Nucleotide variants, small indels (collectively identified as SNPs) and copy number vari-
ants (CNVs) were called by mapping the short [llumina reads for S. commersonii against
the other assembled genomes so these variants do not depend on the quality of our as-
sembly. Although there are still technical challenges in read alignments in repetitive or
highly diverged regions of the genome, difficulties in read mapping do not seem to be
causing the differences in SNP rate and SNP densities observed. Nevertheless, the in-
traspecific nucleotide diversity rate found here is more similar to the rate found among
wild diploid species diversity panel (3.8%) while interspecific SNP rates were more simi-
lar to those found across diploid landraces (1.8%) (Hardigan et al. 2017). A population-
wide SNP analysis within S. commersonii and comparing its diversity to S. chacoense
would verify this higher intraspecific variability. A diverse collection from the distribu-
tion areas of these two species has been assembled and its analysis with SSR markers is
underway, a genotyping by sequencing approach such as GBS (Elshire et al. 2011) could
be implemented to confirm this hypothesis.

The incidence of Copy Number Variants (CNVs) was lower between our S. commer-
sonii sequence and DM potato (7.8%) than what was reported for intraspecific CNVs in
a panel of related double monoploids (30.2%) (Hardigan et al. 2016). Both the DM panel
and our sequenced clone passed the haploid sieve through anther culture. Our haploid
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clone survived both in vitro and ex vitro and even produced flowers (Castillo et al. 2016),
so the CNVs that it carries are not lethal. It was not our aim to assess whether these CNVs
fall in intergenic regions or on genes, but it seems safe to claim that they are part of the
dispensable genome (Hardigan et al. 2016). These authors propose that asexually propa-
gated plants have a higher rate of CNVs while wild potato relatives, which have a higher
proportion of sexual reproduction should have CNVs purged through meiotic recombi-
nation events (Hardigan et al. 2016). However, this explanation does not reflect the high
CNV proportion (46.8%) observed between S. commersonii and M6 S. chacoense, both
wild diploids. This proportion is also higher than what was found among wild potatoes
for gene-level CNVs (Hardigan et al. 2017). It is possible that inbreeding for many genera-
tions (Leisner et al. 2018) has fixed CNVs that are different from those in outcrossing S.
commersonii. It is also possible that S. chacoense has more CNVs with respect to its rela-
tives. In the DM panel, clone DM13 had similar numbers of CNVs (10532) and it is known
that this clone has 50 % S. chacoense ancestry (Hardigan et al. 2016). Although most CNVs
were short, with medians similar to those found within potato (3.0 Kbp) (Hardigan et
al. 2016), the size range observed here was wider. Small CNVs can be explained by non-
allelic homologous recombination in regions which contain segmental homology (Lu et
al. 2012) or regions with low-copy repeats, even by transposition of repetitive elements
(Morgante et al. 2007). Large CNVs (> 100 Kbp) are mostly duplications and mostly lo-
cated in the pericentromere (Suppl tables 3 and 4), which is coherent with what has been
found in potato diversity panels (Hardigan et al. 2016; Hardigan et al. 2017) and even
between homologues in the same potato genotypes (de Boer et al. 2015). Although some
large CNVs detectable through FISH were widespread in the euchromatin of potato cul-
tivars (Iovene et al. 2013), the pericentromeric CNVs detected here are likely not to carry
traits of interest and thus should not impair introgression.

Implications for breeding in Solanum

Overall, the genome assembly of the haploid genotype from wild potato species S. com-
mersonii provides a high-quality representation of the estimated 792-Mb genome, with
scaffolds anchored into 12 pseudomolecules. This improved version can assist explo-
ration of traits, marker development and can guide decisions in introgressive hybridi-
zation schemes. However, for this assembly to achieve its full usefulness, it should be
improved in its contiguity, as was done for wild relative S. verrucosum (Paajanen et al.
2017). An optimal combination of resources invested in long-range scaffolding technolo-
gies will see its contiguity increased enormously.

The high genome homology and collinearity found between S. commersonii and culti-
vated potato encourages its use in introgressive breeding. The structural variants and
copy number variants that we could identify were mostly small (of the 100 Kbp order)
and mostly located in the pericentromere region, so they should not hamper introgres-
sion of desirable traits. Nevertheless, more careful inspection of these structural vari-
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ants is necessary to identify the coding sequences present and evaluate their phenotypic
results. Crossing over (CO) rates should be evaluated in interspecific backcross lines to
elucidate if there is reduced CO in particular domains that can be attributed to structur-
al variants (Demirci et al. 2017) and thus assess the impact of both aspects in breeding.
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Figure S1. a. Mummerplots of each pseudomolecule from Solanum commersonii (cmmm) against its ho-
molog in DM potato. Each cmm pseudomolecule was built by anchoring hybrid scaffolds to the genetic
map using at least one SNP marker per scaffold that was mapped to a linkage group. Identification
of linkage groups and corresponding pseudomolecules was corrected following homology with DM
pseudomolecules. The orientation of each pseudomolecule followed that of DM. Each scaffold within
a cmm pseudomolecule was oriented using two or more SNP markers. When only one SNP marker was
present, orientation is ambiguous.
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Figure S1. b. Mummerplots of each pseudomolecule from Solanum commersonii (cmm) against its
homolog in M6 S. chacoense. Each cmm pseudomolecule was built by anchoring hybrid scaffolds to
the genetic map using at least one SNP marker per scaffold that was mapped to a linkage group. Iden-
tification of linkage groups and corresponding pseudomolecules was corrected following homology
with DM pseudomolecules. The orientation of each pseudomolecule followed that of DM. Each scaf-
fold within a cmm pseudomolecule was oriented using two or more SNP markers. When only one SNP
marker was present, orientation is ambiguous.

145



Chapter 6

chr1 . . chr2

chi7 /// . . chrs

// o chri1

chr1o

Figure S1. c. Mummerplots of each published pseudomolecule from M6 Solanum chacoense against
its homolog in reference DM potato genome, using the same NUCmer parameters as in the previous

comparisons.

146



Supplementary information

R,
Hi

b
& :
== ==
2=t ===
= ==
= yr— ==
& ==
Exh ==
e ==
£=1 2=
amam B bt
EER ==
== e
= =
B= e
= ==
2 =
s=L =i
=g =c=
S S g,
£58 s
== ==
= ==
E=h =
EZ=K ==
S ]
- E
= S
= ==
e E— mm
===
== T
EEE== =
| ey
==
e
=
E
=
=
| ™
EERE
=
==
oo o P
] = ookl ‘F
o | Pt -
== == 221
== == ==
== g2 ) g
e == e
== == ==
punes == ==
e — == 5
== == e,
ot —y o ik
i e |
pecterd == i
e == S
o - == == m
==k - =3
== = == ==
e ] EEE
= = e
e ] B
e e =
= E= e
P B .
== == et
=] (e s
= ==
= = I
o e ]
ez i e i,
e == =g
s == e
e g2 ==
= == ==
— ==t
—— = ==
o g== =R
=] == =
i === ——
e === E
sl Eemh o
= | e

15

7 =t
| ==
e froy
== s=1
s R
== ==k
== || -
i, o) o i)
== |
== ==1
i im.-\
| =0
== E=m
——| ==F
= ==L
== ==
| BEx
== ==
BES
| ==
o o
== BE=
— E=
= BE=
= ==
== ==
== =
== =25
(o i
fmm s
== =
== e
= ==
G i o
= e
== 22
== e
== ==
= ==
—— ==
s ) e
— ] .
= E ==
= ==
= a ==
e ==
= ==
= ==
= ==
= B=

I

A
BEd

| Lol n innkel Lo ""l'l'l""'F'l"Tllll"IllH"'

Figure S2. Read coverage (blue bars) of the twelve S. commersonii pseudomolecules produced by map-
ping all the Illlumina short reads on the assembled and anchored pseudomolecules. SNP density (red
bars) over 200-Kbp windows on S. commersonii pseudomolecules compared to the previous genome
assembly (Aversano et al. 2015). Distances along the pseudomolecules are expressed in bp, maximum
frequency of reads is 14000 and maximum SNP density is 8000 SNPs.
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Figure S3. Read coverage (blue bars) of the twelve DM potato pseudomolecules assembly produced by
mapping against the S. commersonii assembled and anchored pseudomolecules. SNP density (green
bars) over 200-Kbp windows on the twelve reference DM potato pseudomolecules (Hardigan et al.
2016) compared to the S. commersonii genome assembly. Distances along the pseudomolecules are
expressed in bp, maximum frequency of reads is 14000 and maximum SNP density is 4000 SNPs
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Figure S4. Read coverage (blue bars) of the twelve M6 S. chacoense pseudomolecules assembly pro-
duced by mapping against the S. commersonii assembled and anchored pseudomolecules. SNP density
(yellow bars) over 200-Kbp windows on the twelve reference M6 S. chacoense pseudomolecules (Leis-
ner et al. 2018) compared to the S. commersonii genome assembly. Distances along the pseudomol-
ecules are expressed in bp, maximum frequency of reads is 14000 and maximum SNP density is 4000
SNPs.
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Abstract:

Next-generation genome mapping through nanochannels (Bionano optical mapping) of plant

genomes brings genome assemblies to the ‘nearly-finished’ level for reliable detailed gene

annotations and assessment of structural variations. Despite the recent progress in its de-
velopment, researchers face the technical challenges of obtaining sufficient high molecular
weight nuclear (HMW) DNA due to cell walls which are difficult to disrupt and to the presence
of cytoplasmic polyphenols and polysaccharides that co-precipitate or are covalently bound
to DNA and might cause oxidation and/or affect the access of nicking enzymes to DNA, pre-
venting downstream applications. Here we describe important improvements for obtaining

HMW DNA that we tested on Solanum crops and wild relatives. The methods that we further

elaborated and refined focus on

e improving flexibility of using different tissues as source materials, like fast-growing root
tips and young leaves from seedlings or in vitro plantlets.

e obtaining nuclei suspensions through either lab homogenizers or by chopping.

e increasing flow sorting efficiency using DAPI (4’,6-diamidino-2-phenylindole) and PI (pro-
pidium iodide) DNA stains, with different lasers (UV or 488nm) and sorting platforms such
as the FACSAria and FACSVantage flow sorters, thus making it appropriate for more labo-
ratories working on plant genomics.

The obtained nuclei are embedded into agarose plugs for processing and isolating uncon-

taminated HMW DNA, which is a prerequisite for nanochannel-based next-generation optical

mapping strategies.

seeds,

seedlings, g embedding nuclei in
(in vitro) L 5 agarose plugs
leaves S ; -
Eo i . quality control by
> g = RE digests
homogenized E ° Proteinase K / PFGE
or ‘ b 1]
chopped nuclei R M
suspension - -
BioNano
DAPI or PI S i
i G1-S GZ' nuclei Optical
i sorting R
quality control mapping

Graphical abstract. Nuclei sorting and High Molecular Weight (HMW) DNA isolation work-
flow. Nuclei suspensions are prepared by homogenization or chopping of root tips from ger-
minated seeds or leaves from seedlings or plants, either potted or in vitro. Nuclei are sorted
by selecting the G1-S-G2 populations through a FACS Aria or FACS Vantage flow sorter. Flow
sorted nuclei are embedded in agarose plugs and HMW DNA is purified with proteinase K and
RNAse A and then isolated. Pulsed-field gel electrophoresis (PFGE) is used for DNA quality con-
trol. HMW DNA is subsequently labelled and analyzed on the Irys platform. Optical mapping
(OM) data are then processed for de novo OM and hybrid assemblies.
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Method details

1. Plant material and preparation of nuclei suspensions (for two plugs with 500,000
nuclei each)

The whole workflow for this method is summarized in the graphical abstract. The meth-
od follows Simkova et al. (2003) with the following modifications. First of all, we intro-
duced variations in the starting material types. For tomato (Solanum lycopersicum), we
used root tips, for S. commersonii young leaves from in vitro plantlets and for S. etubero-

sum young leaves from plants grown in pots. Second, we tested different options to ob-

tain nuclei suspensions, namely homogenizing with a Polytron or chopping with a razor
blade. The protocol for tomato root tips is as follows:

1.1.1 Germinate about 200 seeds on humidified filter paper in Petri dishes for about
4 days.

1.2.1 Add 1.1 pL B-mercaptoethanol per 1 mL of 1.5x isolation buffer (IB [1]: 15 mM Tris,
10 mM EDTA, 130 mM KCl, 20 mM NacCl, 1 mM spermine, 1 mM spermidine and 0.1
% Triton X-100, pH 9.4) just before use.

1.3.1 Transfer the seedlings to a 2 % formaldehyde solution (from stock solution 36.5-
38 % in H20, SIGMA F8775) in Tris buffer (10 mM Tris, 10 mM EDTA, 100 mM NaCl,
0.1% v/v Triton X-100, pH 7.5). Incubate in a water bath at 4° for 20 min and wash
three times in Tris buffer at 4° for 5 min.

1.4.1 Dissect 1-2 cm of the root tips on a glass Petri dish, divide the material be-
tween two 5 mL polystyrene tubes containing 1 mL ice-cold 1.5x IB with
-mercaptoethanol and keep on ice.

1.5.1 Homogenize samples using a Polytron PT1200 homogenizer at 15,000 rpm for 13
s (time and speed adjustable according to species).

The alternative protocol for S. commersonii and S. etuberosum young plant leaves is
as follows:

1.1.2 Fix whole in vitro grown plantlets or detached leaves from potted plants in for-
maldehyde solution as described above.

1.2.2 After rinsing, place 0.5-1 g of leaves in a glass Petri dish with 1 mL of 1.5x IB buffer

1.3.2 Chop the tissues using a sharp razor blade until a soft homogenate is obtained.
This should be formed by very small pieces of leaves in a green suspension. Con-
tinue from step 1.6.

1.6 Filter the crude homogenates through a 50 um nylon mesh into a new polystyrene
tube and a 25 pm nylon mesh (Silk & Progress, 130T EXTRA, www.silkandpro-
gress.cz), respectively. Alternatively, samples can be filtered through a Falcon®
40 pum cell strainer (Corning Life Sciences, Oneonta, New York, Product #352340).
Collect the filtered nuclei suspensions aliquots up to a volume of ~4 mL.
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1.7 Add DAPI to a final concentration of 2 pg.mL-1. Check nuclei integrity and concen-
tration under the fluorescence microscope equipped with appropriate excita-
tion and emission filters. Nuclei should be round-shaped, not broken and at a
density of 150-200 nuclei per mm2 (at 10x magnification).

1.8 Keep samples on ice until flow cytometric analysis and sorting.

2. Nuclei flow sorting

For flow sorting, we adjusted the protocols of Simkova et al. (2003) and Vrana et al. (2012)
to allow the use of either the FACS Aria or the FACS Vantage flow sorters. We introduced
the following modifications:
2.1.1 Stain the nuclei with DAPI (final concentration: 2 pg.mL-1)
2.2.1 Sort DAPI-stained nuclei using a FACSAria Il SORP (BD Biosciences, Santa Clara,
USA) with the following settings:
a) Solid-state laser in the UV range (355 nm, 100 mW); b) 70 pm nozzle, 70 psi; c)
sorting speed: 300 events/s.
We performed data acquisition and analysis with the BD FACSDiva software
(BD Bioscences, Santa José, CA, USA)
2.3.1 Select the G1, S and G2 nuclei for sorting using DAPI-A vs DAPI-W dot plots (Fig-
ure 1a).
In order to use the FACS Vantage (BD Biosciences, Santa Clara, USA), the following
protocol for staining with Pl was used:

rajce-Tube_001

(108098, 100129)

Figure 1: a. Dotplot of DAPI- A (x axis) vs DAPI-W (y axis), framed dot clouds are Solanum nuclei in G1 +
S + G2 to be sorted. b. DAPI or Pl stained Solanum nuclei from samples throughout the workflow under
epifluorescence microscope: i. nuclei suspension after flow sorting, ii. pelleted nuclei after centrifuga-
tion at 500 g for 30 minutes, iii. pellet mixed with LMP agarose, iv. slice from a plug with nuclei already
embedded. Scale bars represent 100 um and apply to all panels in the figure.
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2.1.2 Stain the nuclei with Propidium lodide (PI, Sigma Aldrich, P4170) (final concen-
tration: 50 pg.mL-1) in the dark for at least 10 min prior to the flow cytometry
measurements.

2.2.2 Sort Pl-stained nuclei using a FACSVantage cytometer operated with these set-
tings:

a) Argon-ion Innova 304 Laser (Coherent, USA) (488 nm, 100 mW); b) 70 pm noz-
zle; ) sorting speed 500 events/s in counter sort mode.

We performed data acquisition and analysis with the CellQuest software (BD Bioscenc-
es, Santa Clara, USA)
2.3.2 Select Pl-stained G1, S and G2 nuclei populations for sorting using PI-A vs PI-W
dot plots, avoiding the inclusion of debris (Figure 1a).
In both sorting platforms, use a 50 mM NaCl solution in MQ (milli-Q, Millipore Corpo-
ration) water as sheath fluid. Collection tubes for the sorted nuclei contain 400-
500 pL of ice-cold 1.5x IB. This volume should be equal to the volume that comes
with the sorted fraction and depends on the sorted-droplet volume and number
of sorted nuclei. Keep the samples as well as collection tubes at 4° C during sort-
ing using a precision refrigeration unit (+ 0.2° C) connected to the flow sorter.

3. Agarose plugs preparation and quality controls

Plug preparation was performed following Simkova et al. (2003). We modified the cen-
trifugation steps (speed and time) to make them more efficient to recover Solanum nu-
clei.

3.1 Pellet nuclei (400,000-500,000 per tube) at 500 g and 4° for 30 min.

3.2 Two fluorescence microscopic checkpoints can be optionally introduced, before
and after pelleting, for nuclei integrity and concentration after staining with 2
pg.mL-1 DAPI or 50 pg.mL-1 PI (Figure 1b).

3.3 Discard supernatant keeping 15 pL in the tube with the pellet. Gently resuspend
pelleted nuclei in the leftover supernatant.

3.4 Warm the nuclei suspension and keep at 52° for 3-5 min

3.5 Mix with 8.5 pL 2 % low-melting point (LMP) agarose (Bio-Rad, 1613111) dissolved
in1x IB.

3.6 Keep the mixture at 52°C for another 5 min and then slowly pour the mixture us-
ing a wide bore pipette tip in pre-warmed plug molds (Bio-Rad, 1703713).

3.7 Solidify the plugs at 4°C for 10 min

3.8 Push the plugs into a polystyrene tube with 500 pL per plug of lysis buffer C (0.5
M EDTA, 1 % N-lauroyl-sarcosine (Sigma Aldrich, L5000)). Add freshly prepared
proteinase K (Sigma Aldrich, P6556) to reach a final concentration of 0.3 mg/mL
(30 pL of stock solution per 1 mL). For the two washes, prepare 62 pL of stock
solution per 1 mL of buffer. Weigh 62 pg and dilute in 62 pL of MQ (milli-Q, Mil-
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lipore Corporation) water. Before weighing, let the proteinase K adapt to room
temperature to avoid condensation on the powder. Add 30 pL for the first wash
and keep the rest at 4° C for the second wash.

3.9 Incubate at 37° C for 24 h under gentle shaking (50 rpm) in an almost horizontal
position.

3.10 Change for lysis buffer B (0.5 M EDTA, 1 % N-lauroyl-sarcosine (Sigma Aldrich,
L5000), 0.3 mg.mL-1 proteinase K (Sigma Aldrich, P6556, pH 8.0) and incubate
plugs for another 24 h under the same conditions.

3.11 After the proteinase K treatment, rinse and store agarose plugs in ET buffer (1
mM Tris, 50 mM EDTA, pH 8.0) at 4° C.

3.12 Check DNA quality using pulsed field gel electrophoresis (e.g. CHEF-DR II sys-
tem, Bio-Rad or BluePippin, Sage Science) (Figure 2a and b).

The plugs obtained were ready for RNAse treatment, DNA release and labeling follow-
ing the standard protocol recommended by the genome mapping platform manufacturer
(BioNano Genomics).

Assessment of DNA quality

We included various quality checkpoints throughout the workflow. The integrity of nu-
clei was checked before and after flow sorting. Fluorescence microscopy revealed intact
nuclei, with regular shape and a suitable density for isolating DNA, evenly distributed
with about 1500-2000 nuclei per mm? at 10x magnification (Figure 1b, i and ii).

Following nuclei embedding in agarose plugs we checked nuclei features again (Figure
1b, iii and iv). High density of round, regular shaped nuclei was obtained. DNA quality
and size after the proteinase K treatment was checked through Pulsed-Field Gel Elec-
trophoresis (PFGE) (Figure 2a). DNA was protein-free (no fluorescence in the slots) and

A T A YC Control Hind Il EcoRI s

Figure 2: a. Quality check of So-
lanum lycopersicum HMW DNA
810 EES (h) by PFGE. A - Lambda Ladder,
P Unit size 48.6 kb. b. PFGE of re-
striction enzyme digestion of So-
lanum commersonii HMW DNA
285 Kbp for accessibility test (cropped
225 Kbp image). YC- yeast chromosomes,
Control - HMW DNA, 20 min at
37° C in digestion buffer without
restriction enzymes, Hindlll and
EcoRl, 2 U for 20 min at 37° C.

825 Kbp
— 800 Kbp

— 600 Kbp
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with molecule size equal to or larger than 800 Kbp. DNA accessibility for enzymes was
checked by digestion with restriction enzymes (HindIIl and EcoR], 2 U in Digestion buff-
er (DB, 1x enzyme buffer, imM DTT, 4 mM spermidine, 0.39 mg BSA) for 20 min at 37° C).
DNA was readily accessible for restriction enzyme digestion even at low concentrations,
confirming its suitability for physical mapping (Figure 2b).

Plugs with highly quality DNA were RNAse treated and DNA was released from the
plugs and labelled following the standard protocol recommended by BioNano Genomics.
The labeled DNA was imaged on the Irys platform (Figure 3a and b). Taking tomato cv
Heinz 1706 as an example, we found single molecule N5o0 lengths of 290 kb and DNA qual-
ity allowing a labeling density of 7.7 sites per 100 Kbp from 12 sites per 100 Kbp predicted
in silico. Additionally, there was no clogging of the chips, thus allowing a throughput of
1.3 Gbp per scan (size-filtered molecules > 150 Kbp) (Figure 3a and b).

Data collection — nuclei
Single molecule N50: 290 kb
Average label density: 7.7/100 kb
Throughput 1.3 Gb/scan

1
11!

'
i
i4
i i | '
1 i F
Screencast-O-Matic.com {

Figure 3: a. Snapshot of linearized labelled DNA fragments running in nanochannels for Solanum lyco-
persicum. b. Size distribution of molecules and N50 stat for S. lycopersicum. The white box highlights a
tandem repeat of approximately 200 kbp.

Advantages over comparable methods

Production of HMW DNA of superior quality, i.e., molecules of several hundred kilobases,
has been identified as the bottleneck in nanochannel-based genome mapping technolo-
gies (BioNano Genomics). Our method yields the longest DNA molecules on average (290
kbp, compared to the 160 Kbp molecules and 7.5 sites per 100 Kbp obtained through other
methods, unpublished results). Run costs become lower, as longer molecules mean that
less coverage is needed when doing genome mapping. Moreover, longer molecules with
proper labeling frequency imply higher N5o0 in the consensus genome map. Complex re-
gions in the genome can be spanned and resolved better, which contributes to the conti-
guity of the assembly.

Contamination by cytosol inclusions in different plant cell types represents anoth-
er important impediment to the use of optical mapping. Such cytoplasmic compounds,
mostly phenolic compounds, polysaccharides and other secondary metabolites co-pre-
cipitate with DNA and interfere with enzymes used in DNA labeling. When nuclei are
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flow-sorted, the contamination with such substances is minimized, and so ultimately
leads to fewer false negatives in optical mapping. Purity also reduces clogging of nano-
channels, thus allowing for higher throughput since it extends chip lifetime. In terms of
cytoplasmic contaminants, flow sorting yields HMW DNA of much higher purity com-
pared to other methods, without cell debris and very low amounts of chloroplast and mi-
tochondria contamination [5], which could represent a problem because in large leaves
the amount of chloroplast DNA is often much higher than that of nuclear DNA [6].

The yield of pure, HMW DNA from the tomato cv Heinz 1706 material (genome size
950 Mbp) amounted about 1.6 x 106 nuclei in four agarose miniplugs, which was enough
to produce 73 Gbp of size-filtered data with single molecule N50 of 290 Kbp on the Irys
platform. We obtained this sample of nuclei in 3 hours of sorting in a FACSAria or 6 hours
of sorting in a FACSVantage flow cytometer. These results confirm the excellent quality
of nuclear plant DNA obtained through flow sorting which is similar to the quality ob-
tained from mammalian cell cultures. Moreover, molecule size distribution was on par
with human samples (personal communication, BioNano Genomics).

Implications for research and breeding

Flow sorted nuclei provide a good starting point for mapping and sequencing technolo-
gies where high purity and megabase-sized DNA is required. The protocol [1] that we
modified was originally developed for construction of BAC libraries, but is equally suit-
able for optical mapping. We applied our optimized method to Solanum crops and wild
relatives, in order to further improve the quality of genome sequencing and assembly,
and for comparative structural genomics including related crops and wild relatives. We
introduced relevant modifications that enhanced both efficiency and versatility of this
method. The main adjustments are related to the use of different source materials (root
tips or young leaves from seedlings or in vitro plantlets), different methods to obtain
nuclei suspensions (homogenization or chopping), two DNA-specific fluorescence dyes
(DAPI and PI) with their corresponding lasers (UV and 488 nm or 514 nm) and both clas-
sic and modern sorting platforms (FACS Vantage or Aria). With these modifications, we
expect that the method is also successful in different sorting platforms and laser con-
figurations, meaning that laboratories without access to the latest flow sorting tech-
nology still can have access to next-generation mapping. One point of extra attention
when following this protocol using sorting platforms is that only standard UV lasers and
DAPI can be used, as the formaldehyde in the fixed nuclei interferes with PI fluorescence.
However, the histograms obtained in this work were clear and well defined, and had low
CVs (coefficients of variation - ratio of the standard deviation to the mean) of DNA peaks.
The possibility to use either mechanical homogenization or manual chopping allows for
flexibility depending on the plant species. For example, nuclei from S. commersoniileaves
better preserve their integrity and carry less debris when obtained by chopping with a
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razor blade than using a Polytron whereas this kind of homogenizer is ideal for tomato
root material.

In the case of elite or proprietary breeding material, seed propagation is often not
possible or it is necessary to preserve the genotype to be analyzed so the only way to
obtain enough material is through vegetative propagation. It would not be possible to
isolate HMW DNA from this kind of materials from embryonic root tips. The modifica-
tions included in this method allow for isolation of nuclei from young leaf material, thus
enabling the use of genome mapping for breeding lines that are propagated vegetatively.

In conclusion, the workflow proposed here involving the coupling of flow sorting
with nanochannel-based mapping will allow this genome mapping technology to fulfill
its potential in plant genomics and genomics-based breeding.
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High-throughput NGS technologies have enabled the de novo sequencing of an increas-
ing number of plant species. However, nearly-finished well-assembled genomes are not
easy to obtain. Issues related to order and orientation of contigs and distribution of
repetitive sequences remain major challenges [7]. Genome sequences from non-model
species, orphan crops or even main crops with larger or more complex genomes are still
far from finished. Genome studies are lacking structural comparisons, since the focus of
most resequencing efforts has been on SNP variation and, at best, on microsynteny [8].
Among several developments that aim to facilitate genome assembly (such as chromatin
conformation capture or Hi-C [9] or Chicago libraries by Dovetail Genomics [10]), the new
next-generation genome mapping technologies (BioNano Genomics Irys) [11,12] have pro-
vided significant improvements across a broad range of organisms. They can improve
assembly metrics such as N50 or percentage of whole genome assembled, by sizing and/
or closing gaps, scaffolding, joining scaffolds, correcting assembly errors and even iden-
tifying, spanning and assembling repeated sequences. In addition, genome mapping can
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in its own right provide a comprehensive assay system for defining structural variation
among related species or genotypes within a species [12].

The nanochannel-based genome mapping technology has been described extensively
[11,12]. This technology uses nicking enzymes to create single strand DNA sequence-spe-
cific cuts that are subsequently labelled by a fluorescent nucleotide analog upon repair
of the nicks by a DNA polymerase [13]. The nick-labeled DNA is stained with the inter-
calating dye YOYO-1, loaded onto the nanofluidic chip by an electric field, and imaged
with high N.A. optics and a CCD camera. The DNA is linearized by confinement in a na-
nochannel array [14], resulting in uniform linearization and allowing precise and accu-
rate measurement of the distance between nick-labels on DNA molecules comprising a
signature pattern. Also, the DNA loading and imaging cycle can be repeated many times
in a completely automated fashion; data can be obtained at high throughput and high
resolution [15]. It builds on the earlier optical mapping technologies overcoming many
of their limitations, particularly in terms of throughput, resolution and precision of dis-
tance measurements [15,16].

Despite all these advantages, nanochannel-based genome mapping has been used
only recently for the assembly of DNA in higher plants such as spinach [17], subterranean
clover [18], maize [19], quinoa [20] and bread wheat [21], with HMW DNA isolation in most
cases as the bottleneck for its application. Previously, a related method called optical
mapping [22,23] was used for whole genome analysis in crops like rice [24], maize [25]
and tomato [7] and for crop relatives such as Medicago truncatula [26,27]. It has also been
applied to validate assembly of a 2.1-Mb prolamin gene family region from the genome
of Aegilops tauschii [15] and more recently to evaluate the quality of the whole genome
hybrid assembly from this wheat progenitor [28].

Setting aside issues of genome size and complexity and computational limitations,
one of the main bottlenecks for the application of nanochannel-based genome next-gen-
eration mapping to plant genomes is the requirement of high quality HMW DNA. Such
DNA is easier to obtain from mammalian cells than from plant cells, because of many
important differences in their composition. The rigid cell walls in plant cells demand for
mechanical methods to disrupt them, which can cause shearing of the DNA. There are
various contaminants in plants that are not found in mammalian cells, such as chloro-
plasts and a range of secondary metabolites which contaminate the DNA sample during
the precipitation process [29]. Sometimes plants rich in secondary metabolites are the
most interesting from the point of view of breeding, since these metabolites might be
the breeding target and/or confer resistance to pests and diseases [29]. It was reported
previously that nuclei and chromosomes purified by flow cytometric sorting provide
quality HMW DNA even in species rich in secondary metabolites [1,30]. Finally, the higher
prevalence of polyploidy in plants affects DNA yield.
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Chapter 8

In my thesis [ have presented an overview of genetic, cytogenetic and genomic charac-
teristics of Solanum commersonii or Commerson’s wild potato, a close relative of potato
and native to Uruguay and neighbouring countries. The work reflects a true evolution in
scientific approaches making use of the progressive development of genomic technolo-
gies during the last decade. The basic idea is to create scientific tools to distinguish the
genomes of S. commersonii and S. tuberosum (cultivated potato), along with S. chacoense,
and trace their genomes in introgressive hybridization breeding programmes. In the
following paragraphs I will highlight the main achievements in my search for genetic,
cytogenetic, and genomic instruments in this fast evolving and exciting field of biology.
The first step involved the test for suitability of introgressive hybridization schemes
in F1 hybrids. To this end a combination of strategies was used to overcome hybridiza-
tion barriers and incongruities between S. commersonii and potato. While diploid S. com-
mersonii has an Endosperm Balance Number (EBN) of 1, tetraploid cultivated potato has
4 EBN (Johnston et al. 1980). Prior to my work, a bridge cross strategy was used to hy-
bridize S. commersonii clone 04.02.3 from south-west Uruguay to a diploid S. tuberosum
from Group Phureja, which has 2EBN. Clone 04.02.3 was selected because of its moderate
resistance to bacterial wilt caused by Ralstonia solanacearum and its ability to produce
unreduced (2n) gametes. It was used as female parent to produce F1 hybrids with dip-
loid S. tuberosum Group Phureja. Because of the EBN barrier, the only viable seeds are
those produced through fertilization of a 2n egg cell from S. commersonii (2n = 2x = 24,
1EBN) and reduced pollen from a diploid from Group Phureja (n = x =12, 1EBN) (Gonzalez
2010). The resulting F1 hybrid progeny, though not numerous, is certain to have retained
the maximum diversity possible, coming from the fertilization of two meiotic products.
These F1 hybrids are obviously triploid, with two chromosome sets coming from the
wild S. commersonii and one chromosome set from S. tuberosum Group Phureja (Gaiero
et al. 2017, Chapter 3). In the first backcross, triploid hybrids that retained the ability to
produce unreduced eggs (2n = 3x = 36, 2EBN) were used as female parents, producing
viable seed with tetraploid potato (n = 2x = 24, 2EBN). The resulting 5x offspring were
backcrossed to different tetraploid potato genotypes to avoid inbreeding depression.
The backcross progenies then obtained were screened and selected for their resistance
to bacterial wilt together with other agronomic and yield traits (Andino et al. in prep.).

The fate and pairing behaviour of alien chromosomes in a potato background.

Although the barriers to interspecific hybridization were overcome, the advanced lines
derived from it have to recover the euploid condition bearing only the wild chromatin
with the desirable traits. This can only be accomplished if homoeologous recombination
is possible in the regions of interest. As loss of wild parent chromosomes was expected
in the backcrossing process, | was ignorant as to the fate of these chromosomes in the
subsequent generations. To this end, I presented in Chapter 3 the chromosome count-
ings of offspring individuals and meiotic analyses, showing random pairing of the ho-
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moeologous S. commersonii genomes and S. tuberosum Group Phureja chromosomes in
the triploid hybrids, while chromosome transmission and segregation in further meiotic
stages were fairly balanced. I also followed the fate of specific chromosomes in these
hybrids and backcross derivatives with a combination of BAC FISH and genome painting
(GISH). There were no obvious differences in fluorescence signals between the homoeo-
logues suggesting that repetitive sequences did not diverge much between the parental
species, and hence, I could not provide tools to select against wild chromatin in the ad-
vanced materials to be used as breeding lines nor pinpoint the chromosomal exchanges
between homoeologues. However, the result did point at the low degree of genomic di-
vergence between the species involved in terms of repetitive sequences and therefore
on their potential for homoeologous pairing. Knowing that their chromosome pairing
is saturated, I looked at the factors that potentially determine this chromosome pair-
ing, namely homology in repetitive sequences and homology in chromosome structure.

Comparative repetitive sequences analysis between the potato and the tomato
clades

In chapter 5 1 looked at the repetitive fraction of the genomes of potato and its wild rela-
tives compared to tomato and its wild relatives. Many reasons motivated this approach.
There were studies with conspicuous differentiation of GISH painting in hybrids between
tomato and relatives (Parokonny et al. 1997; Ji and Chetelat 2003; Ji et al. 2004), whereas
various reports claim structural variation between tomato and wild species (Seah et
al. 2004; Van Der Knaap et al. 2004; Anderson et al. 2010; Verlaan et al. 2011). Meanwhile,
there are no data of such rearrangements between potato and its relatives (Lou et al.
2010; Gaiero et al. 2016, Chapter 4), suggesting different patterns of genome differentia-
tion in these groups of species. To elucidate if the differences in genome differentiation
observed among the tomato and potato clades of genus Solanum can be correlated to
different dynamics in repetitive elements, my colleagues and I decided to compare the
repetitive fractions of cultivated and wild species belonging to those clades, including
the outgroup Solanum etuberosum. Short read sequence data were available for various

species within both clades (http://www.tomatogenome.net, Aflitos et al. 2014; http://
solanaceae.plantbiology.msu.edu/pgsc_download.shtml, Potato Genome Sequencing

Consortium 2011), that supplemented our sequence data for diploid potato relatives as
well as for S. etuberosum. Representatives from both clades were chosen and their se-
quence data subsampled proportionally to genome sizes to emulate shallow sequencing.
Using a clustering approach, we found that the classes, families and lineages of repeti-
tive elements across the clades are largely conserved, but their abundances are different
and the repeat profiles allowed us to discriminate the two clades. We also found that the
repeat content of S. etuberosum is more similar overall to the potato clade. We observed
that repeats are correlated to genome size and we could find preliminary evidence that
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they are shaping genome differentiation in the tomato clade through a clade-specific bal-
ance of processes responsible for the amplification or removal of transposable elements.
The identified taxa-specific repeats are likely constituting a great portion of sequences
that allowed GISH to discriminate between parental species in the hybrids. All these
tools provide information about possible crossability among these species in terms of
their genome similarity. It remained to be clarified whether the chromosome structure
was collinear between potato and its wild relatives.

Collinearity of S. commersonii and S. chacoense with respect to the cytogenetic
map of S. tuberosum

Once it was clear that homoeologous chromosomal exchange was possible between po-
tato and the wild relatives under study, the next question was whether introgression
of specific regions of interest could take place with as little chromatin belonging to the
wild species as possible. Addressing this issue in chapter 4 helped us to anticipate the
existence of either suppression of recombination (Verlaan et al. 2011) or linkage drag
(Jacobsen and Schouten 2007), which could hamper the introgression of only the desir-
able traits into a potato background and thus render the ultimate aim unachievable, un-
less the material linked to the desirable traits has neutral effects in the phenotypes of
the offspring. I found that S. commersonii and S. chacoense are collinear with cultivated
S. tuberosum on the whole chromosome scale. This study revealed a clear correspond-
ence between the chromosomes of S. commersonii and S. chacoense to those in cultivated
potato. BAC probes could successfully be hybridized to the S. commersonii and S. chach-
oense pachytene chromosomes, confirming their correspondence with linkage groups in
RH potato. All BACs were in the same linear order. Microscopic distances between the
BAC signals on the chromosomes were quantified and compared; some differences found
suggest either small-scale rearrangements or reduction/amplification of repetitive se-
quences. No major rearrangements have been found that would be expected to hamper
recombination and introgression or that could cause linkage drag or erratic segregation
of homoeologues during meiosis in hybrids, making these amenable species for efficient
introgressive hybridization breeding. However, the small-scale differences that were
suspected from both distances between BAC signals and in from the pairing breakpoints
in the pachytene trivalents of triploid F1 hybrids suggested that it was necessary to look
at synteny at the sequence level. With the need to assess collinearity at a fine scale there
was also a need to acquire expertise in analysing genome sequences and to move from
cytogenetics into genomics.
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Comparative genome homology/divergence at the sequence level between S. com-
mersonii, S. tuberosum and S. chacoense

Microsynteny and small-scale rearrangements between potato and its wild relatives can
only be detected at the sequence level (Peters et al. 2012) and their results can help to
predict the success of such related species for their use in introgressive hybridization.
It will also allow the use of molecular markers that have been developed for potato in
their study and exploration (Milbourne et al. 1998; Ghislain et al. 2004; Feingold et al.
2005; Ghislain et al. 2009; Pérez-de-Castro et al. 2012; Warschefsky et al. 2014; Bethke
et al. 2017; Gaiero et al. 2018, Chapter 2). The main challenge to be addressed in chapter
6 is the sequencing and assembly of a highly heterozygous (though fortunately diploid)
plant, without relying on the other Solanum reference genomes for assembly, otherwise
the chance for structural comparison will be cancelled. A strategy to solve this is to se-
quence haploid (or doubled-haploid) genotypes obtained through in vitro culture of mi-
crospores. [ already had those haploid genotypes available (Castillo et al. 2016), derived
from one of the resistant S. commersonii plants selected for introgressive hybridization
breeding (Gonzalez 2010). [ had to compromise between the financial resources avail-
able and the sequencing platforms that could be used, in order to get the best possible
coverage and read length to make the assembly easier and of sufficient quality for com-
parative genome analyses. As platforms evolved and became cheaper, | was able to add
long-read sequence data. However, it became necessary to integrate other sources of
information to achieve a better assembly. Firstly, a genetic map was developed using SNP
data generated through GBS from a biparental segregating population built by cross-
ing contrasting genotypes for the traits to be introgressed. The genotyping data was
integrated using RABBIT (Reconstructing Ancestry Blocks BIT by bit, Zheng et al. 2018,
Biometris, WUR, ms in preparation) software. The genetic map thus obtained will be
useful also to determine the genetic location of desirable traits found in S. commersonii.
Then ALLMAPS (Tang et al. 2015b) was used, which is a bioinformatics tool developed to
anchor assemblies to linkage maps. Using this combination of tools, [ have achieved a far
more contiguous assembly than the existing one (Aversano et al. 2015), anchored into 12
pseudomolecules built independently from any reference. The initial hybrid assembly
presented in this thesis represented 85 % of the total genome of S. commersonii, with a
modal size of scaffolds (N50) of 294 Kbp, ranging from 3.2 Mbp to 2.8 Kbp. These assem-
bly metrics indicate that it is suitable for further improvement via integration of differ-
ent sources of information such as genetic, cytogenetic and genome mapping data. With
the use of anchoring techniques, my colleagues and I managed to integrate 601 scaffolds
into the 12 pseudomolecules, with an anchor rate of only 38.65 %. This anchor rate will
soon be further improved by using Bionano genome mapping (Lam et al. 2012; Hastie et
al. 2013) and/or chromatin conformation capture technologies such as Hi-C (Belton et al.
2012) or Chicago libraries as implemented by Dovetail Genomics (Putnam et al. 2016) in
the near future. Nevertheless, our anchored assembly was validated by abundant cover-
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Figure 1. Flowchart of the decision-making process for the exploration and use of potato wild relatives
(PWR) in breeding. GISH = Genomic in situ hybridization; BAC-FISH = Fluorescent in situ hybridization
using Bacterial Artificial Chromosomes as probes.
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age of the original reads and allowed me to perform preliminary structural comparisons
with previously published genome assemblies.

The 12 pseudomolecules obtained for haploid S. commersonii showed high overall ho-
mology with the DM potato and M6 S. chacoense pseudomolecules. In some cases, the
orientation of the whole pseudomolecule had to be corrected and in other cases the num-
bering of the linkage groups and corresponding pseudomolecules had to be changed to
match the order assigned for the DM potato reference. When comparing the three genom-
es after these corrections, they show a high degree of collinearity at the whole genome
level. Comparing each pseudomolecule separately, it is clear that the order of scaffolds is
homologous among the three species. However, contiguity is lost in the pericentromere
region, where scaffolds could not be anchored on the map because the genetic map had
fewer markers to due to reduced recombination. Also in this region Solanum chromo-
somes display heterochromatin, which is repeat-rich and hinders assembly (Peters et
al. 2009). Therefore, lack of collinearity is observed here. Small-scale rearrangements
could not be conclusively distinguished from assembly or anchoring artifacts, with a few
exceptions. In general terms, there is need for further improvement of contiguity and
curation of the orientation of scaffolds in order to unequivocally detect rearrangements
at the microsynteny scale.

Present views and future perspectives on the genomic relatedness between potato
and PWR

We now know that there are a few microscale rearrangements between potato and its
wild relatives, and that with a more contiguous stand-alone assembly we will be able
to confirm or reject putative rearrangements identified so far. Once synteny breaks
are confirmed, we need to find out if there are any coding sequences in the rearranged
regions and if these can cause linkage drag around the traits of interest. In order to
improve the assembly that we have obtained, we plan to integrate different sources of
information (Tang et al. 2015a; Jiao et al. 2017; Udall and Dawe 2017). One of them is next-
generation genome mapping through nanochannels (Bionano optical mapping (Lam et
al. 2012; Hastie et al. 2013; Tang et al. 2015a). In order to use this platform, we need suffi-
cient High Molecular Weight (HMW) nuclear DNA that is intact and pure. To achieve that,
we developed important improvements to pre-existing methods (Simkova et al. 2003)
to isolate HMW DNA from flow-sorted nuclei and we tested them on Solanum crops and
wild relatives, as described in chapter 7. Using this workflow that we proposed involving
the coupling of flow sorting with nanochannel-based mapping, complex regions in the
genome can be spanned and resolved better, which contributes to the contiguity of the
assembly (Udall and Dawe 2017). With high quality DNA and further resources, we will
be able to apply genome mapping and to produce Chicago libraries to close the genome
assembly of Solanum commersonii and finally answer the question of whether there are
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Chapter 8

small-scale rearrangements that may impede full introgression of desirable traits into
potato.

The approach discussed here can be summarized in the decision-making process
represented in Figure 1. This flowchart can guide anyone attempting to explore the use
of a potato wild relative to decide what kind of information is necessary and what kind of
tools can be used to obtain it or to achieve the successful transfer of traits into cultivated
potato. The results that I obtained in my thesis represent important responses to the
doubts that potato pre-breeders have had for decades and that have slowed down and
even discouraged the use of S. commersonii and S. chacoense in introgressive hybridiza-
tion breeding. Firstly, these species readily cross with diploid potato producing scant
but viable offspring that can be used in backcrosses with cultivated potato. Secondly,
wild chromosomes pair and recombine with their cultivated homoeologues, making in-
trogression possible. Thirdly, for as far as I know, these species are highly collinear at
the large and small scale and their genomes have not diverged much both at the level of
repetitive sequences and at the level of synteny. All in all, these species are particularly
promising for potato pre-breeding, not only because of their various traits of interest,
their wide variability and their adaptability and hardiness, but also because of their high
similarity with potato from the genetic, cytogenetic and genomic points of view.
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So close, no m
atter how far
Couldn’t be much more from the heart
Forever trusting who we are
And nothing else matters

Trust I seek and I find in you
Every day for us something new
Open mind for a different view
And nothing else matters
Metallica
(In: Nothing else matters, Metallica - The black album, 1992)
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Summary

Cultivated potato and its wild relatives represent a more diverse and accessible germplasm
resource than that of any other crop. Diversity coming from wild relatives can be used to in-
troduce specific traits into the cultivated genetic background. Breeders have long been using
introgressive hybridizations, in which chromatin carrying genes of interest from a wild relative
is integrated into the genome of the crop by interspecific hybridization. During the subsequent
backcrossing generations, genes of interest are incorporated into the crop chromosomes by
homeologous recombination. Offspring plants with the desired traits are then selected, while
the original cultivated genetic background is recovered by backcrossing and selection as far
as possible. The efficient use of wild relatives now requires extensive knowledge of their al-
lelic variation and genomic structure, including the screening for desirable traits. To minimize
the occurrence of linkage drag when introgressed chromatin still contains closely linked wild
traits from the ancestral donor, knowledge on the genomic structure of crop and donor spe-
cies is indispensable. In this thesis, | have presented an overview of genetic, cytogenetic and
genomic characteristics of Solanum commersonii, a South American wild relative of potato.
The main aim was to create scientific tools to distinguish the genomes of S. commersonii and
S. tuberosum (cultivated potato), along with related S. chacoense, and trace their genomes in
introgressive hybridization breeding programmes. The application of these tools to pinpoint
past introgressions into cultivated potato and to plan introgressive hybridization schemes is
reviewed in Chapter 2, with emphasis on the need to make these technologies part of the
routine toolkit for pre-breeding in order to exploit potato wild relatives at their fullest. Vari-
ous questions related to the use of particular potato wild relatives in introgressions are ad-
dressed using different cytogenetic and genomic technologies. In Chapter 3 pairing of the
homoeologous S. commersonii genomes and S. tuberosum Group Phureja chromosomes in
F1 interspecific triploid hybrids was analyzed, observing an almost autotriploid behaviour.
Genome painting was used to follow the fate of specific chromosomes in these hybrids and
backcross derivatives. Homoeologues could not be distinguished by fluorescence labels in the
genome painting, so this approach did not provide tools to select against wild chromatin in
the advanced materials nor was it possible to pinpoint chromosomal exchanges between the
homoeologues. However, the results suggest a low degree of genomic divergence between
the species involved in terms of repetitive sequences and highlight their potential for homoe-
ologous pairing. A comparative cytogenetic mapping analysis was performed in Chapter 4, to
test collinearity among genomes of the different species and thus anticipate the existence of
either suppression of recombination or linkage drag. Solanum commersonii and S. chacoense
are collinear with cultivated S. tuberosum on the whole chromosome scale. Some differences
observed in microscopic distances between the fluorescent foci suggest either small-scale re-
arrangements or reduction/amplification of repetitive sequences. No major rearrangements
have been found, making these amenable species for efficient introgressive hybridization
breeding. In Chapter 5 we looked at the repetitive fraction of the genomes of potato and its
wild relatives compared to tomato and its wild relatives, in order to elucidate if differences in
genome structures observed among the clades can be correlated with specific dynamics in re-
petitive elements. Using a statistical clustering approach with short read data, we found that
the classes of repetitive elements across the clades are largely conserved, while their abun-
dances are dissimilar so that repeat profiles allowed us to discriminate the two clades. We also
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found that the repeat content of S. etuberosum is more similar overall to the potato clade. All
these tools provide information about possible crossability among these species in terms of
their genome similarity and collinearity in chromosome structure. However, the possibility of
small-scale differences required a look at synteny at the sequence level. The main challenge
to be addressed in Chapter 6 was to achieve a contiguous de novo assembly that would allow
for structural comparison, from the genome of a highly heterozygous species. This was solved
by sequencing a haploid clone obtained through in vitro culture of microspores and by taking
a hybrid approach to the assembly, integrating short Illumina reads with much longer PacBio
sequence data. A genetic map was developed using SNP data generated through Genotype
by sequencing (GBS) from a biparental segregating population. Then the hybrid assembly was
anchored to the linkage map into 12 pseudomolecules that were built independently from any
reference genome. The 12 pseudomolecules showed high overall homology with the DM po-
tato and M6 S. chacoense pseudomolecules, with homologous scaffolds of the three species
in the same order. However, contiguity in the pericentromeres was lost and so collinearity in
these regions could not be established. Small-scale rearrangements could not be conclusively
distinguished from assembly or anchoring artifacts, with a few exceptions. In general terms,
there is need for further improvement of contiguity and manual correction of the orientation
of scaffolds in order to unequivocally detect rearrangements at the microsynteny scale. This
can be achieved by using Bionano genome mapping and/or chromatin conformation capture
technologies in the near future. To apply these technologies, extremely pure High Molecular
Weight (HMW) DNA is necessary, so in Chapter 7 we adapted a pre-existing isolation protocol
to optimize it for Solanum species. The results presented here and discussed in Chapter 8
address the doubts that have discouraged potato pre-breeders to use S. commersonii and S.
chacoense in introgressive hybridization breeding. These species can be crossed with diploid
potato producing viable offspring that can be used in backcrosses with cultivated potato. Wild
chromosomes are able to pair and recombine with their cultivated homoeologues, making
introgression possible. These species are highly collinear at the large and small scale and their
genomes have not diverged much both at the level of repetitive sequences and at the level of
synteny. With the advent of diploid potato breeding, these species are particularly promising
because of their traits, diversity and their adaptability and hardiness, but also because of their
high similarity with potato from the genetic, cytogenetic and genomic points of view.
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Samenvatting

De gecultiveerde aardappel en haar wilde verwanten vertegenwoordigen een meer gevarieerd
en toegankelijk kiemplasma dan welk ander gewas ook. Diversiteit dat van wilde verwanten
komt kan gebruikt worden om specifieke eigenschappen toe te voegen aan het cultiveerde
erfgoed. Veredelaars hebben sinds lang de introgressieve hybridisatie gebruikt, waarbij chro-
matine dat belangrijke genen bevatten van een wilde verwant kunnen overdragen naar het
genoom van het cultuurgewas door middel van soortskruisingen. Gedurende de opeenvol-
gende terugkruisingsgeneraties worden de gewenste genen ingebouwd in de chromosomen
van het gewas door middel van homoeologe recombinatie. In het nakomelingschap worden
dan individuale planten met de gewenste eigenschappen geselecteerd terwijl de oorspron-
kelijke genetische informatie van het cultuurgewas zoveel mogelijk wordt behouden. Het ef-
ficiente gebruik van wilde verwanten vereist diepgaande kennis van hun allelenvariatie en ge-
noomstructuur, inclusief de screening van de gewenste eigenschappen. Om het optreden van
meegekomen ongewenste eigenschappen (“linkage drag”) van de wilde verwant, die genetisch
gekoppeld zijn aan het geselecteerde gen, is kennis van de genoomstructuur van gewas en
wilde verwant onontbeerlijk. In dit proefschrift heb ik een overzicht gegeven van genetische,
cytogenetische en genomische kenmerken van Solanum commersonii, een Zuid-Amerikaanse
wilde verwant van de aardappel. Het belangrijkste doel was om wetenschappelijke gereed-
schappen te creeren, die onderscheid kunnen maken tussen de genomen van S. commersonii
en S. tuberosum (de cultuuraardappel, samen met de verwante S. chacoense, en het lot van
hun genomen te volgen in introgressieve hybridisatie programma’s. Het literatuuroverzicht
over het gebruik van dergelijke gereedschappen ter vaststelling van vroegere introgressies
in cultuuraardappel en om introgressive hybridisatieschema’s te plannen is beschreven in
Hoofdstuk 2. De nadruk lag vooral op het nut van deze technologieén als onderdeel van ger-
eedschappen die in het voortraject van een veredelingsprogramma kunnen worden ingezet.
Diverse vragen over het gebruik van bepaalde wilde verwanten voor introgressie programma’s
voor de aardappel kunnen nu gesteld worden in het licht van cytogenetische en genomische
technologieén. De analyse in Hoofdstuk 3 van meiotische paring tussen de homoeologe chro-
mosomen in F1 hybriden van S. commersonii en S. tuberosum groep Phureja laat een vrijwel
autotriploid gedrag zien. Genoompainting werd vervolgens gebruikt om het lot van bepaalde
chromosomen in deze soortshybride en haar terugkruisingsgeneraties te bepalen. De fluo-
rescente labels in de genoompainting gaven geen verschillen tussen de homoeologe chromo-
somen, waardoor deze benadering niet geschikt is om het lot van het soortsvreemde chro-
matine te volgen, noch om de crossovers tussen de homoeologen aan te wijzen. De resultaten
suggereerden echter wel een lage graad van genomische divergentie tussen de betreffende
soorten in de zin van repetitieve sequenctie verschillen en de mogelijkheden van homoeologe
paring. Een vergelijkbare cytogenetische kaartanalyse werd beschreven in hoofdstuk 4, waar-
bij de co-lineariteit tussen de genomen van de verschillende soorten centraal staat en dus
vooruitloopt op het bestaan van onderdrukking van meiotische recombinatie of linkage drag.
Op chromosoomniveau blijkt dat S. commersonii en S. chacoense co-lineair zijn ten opzichte
van S. tuberosum. Wel zijn er kleine verschillen in de afstanden tussen de fluorescente foci, die
het bestaan van kleine herrangschikkingen of reductie/amplificatie van repetitieve sequenties
suggereren. Omdat er geen grote herrangschikkingen konden worden aangetoond lijken deze
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soorten geschikt voor introgressive hybridisatie voor de veredeling. In hoofdstuk 5 vergeleken
we de repetitieve genoomfracties van aardappel samen met verwante soorten met die van
de tomaat en verwante soorten. Het doel was helder te krijgen of genoomverschillen tussen
beide claden gecorreleerd kunnen worden met de betreffende dynamiek van hun repetitieve
elementen. Gebruikmakend van een clustering benadering met short read data vonden we
dat de klassen van repetitieve elementen over beide claden grotendeels geconserveerd zijn,
maar hun abundanties zijn anders terwijl de repeat profielen ons in staat stellen om de twee
claden te onderscheiden. Al deze werktuigen bieden informatie over mogelijke kruisbaarheid
tussen deze soorten in de zin van genoomgelijkheid en co-lineariteit van de chromosomen.
Echter de mogelijkheid van kleinschalige verschillen vereisen een studie naar de syntenie op
sequentieniveau. De grote uitdaging wordt nader beschreven in Hoofdstuk 6, waarbij het ons
ging om een aaneengesloten de novo montage van het genoom van een heterozygote S. com-
mersonii te verkrijgen, waarmee dan structurele vergelijkingen met andere soorten konden
worden gemaakt. Hiervoor gebruikte we een haploide kloon verkregen gebruik makend van
in vitro cultuur van microsporen. Voor de sequentie montage maakte we gebruik van een hy-
bride benadering, waarbij korte lllumina reads en veel langere PacBio sequentie data worden
gecombineerd. Voor de genetische kaart gebruikte we SNP data die door GBS (Genotyping
by sequencing) van een biparentale segregerende populatie werden verkregen. Door combi-
natie van beide data sets konden de fysieke data verankerd worden aan de koppelingskaart
waarmee 12 pseudomoleculen konden worden verkregen die onafhankelijk zijn van elke refe-
rentiegenoom. De 12 pseudomoleculen vertoonden een hoge mate van homologie met de
pseudomoleculen van de DM aardappel en de M6 S. chacoense pseudomoleculen, inclusief
de volgorde van de homologe scaffolds van de drie soorten. In de pericentromeres was de
aaneengeslotenheid van de sequenties niet mogelijk en dus kon geen co-lineariteit in die
gebieden worden vastgesteld. Afgezien van een paar kleinschalige herrangschikkingen waren
we onzeker over de co-lineariteit tussen de soorten door mogelijke artefacten in de sequen-
tiemontage of verankering met de genetische kaart. In algemene zin is het nodig om de se-
quentiemontage verder te verbeteren, terwijl handmatige correcties van de oriéntaties van
scaffolds nodig zijn om herrangschikkingen op microsyntenie schaal ondubbelzinnig te kunnen
vaststellen. Dit kan in de toekomst verkregen worden door gebruik te maken van Bionano
genoom mapping en/of chromatin conformation capture technologieén. Voor het gebruik van
deze technieken is extreem zuiver hoogmoleculair DNA nodig. In Hoofdstuk 7 presenteren
we een aanpassing van een bestaande techniek, nu geoptimaliseerd voor Solanum soorten.
In Hoofdstuk 8 richt ik mij op de twijfels van aardappelveredelaars op het gebruik van So-
lanum commersonii en S. chacoense als donor in introgressieve hybridizatie programma’s.
Deze soorten kunnen met diploid aardappel worden gekruist en produceren levensvatbaar
nakomelingschap op dat kan worden ingezet voor terugkruisingen met cultuur aardappel. De
chromosomen van de wilde verwanten kunnen paren en recombineren met hun homoeologe
aardappel chromosomen en dus maken introgressie mogelijk. In feite zijn deze soorten in hoge
mate co-lineair, terwijl de hun genomen weinig zijn gedivergeerd zowel in de zin van repeti-
tieve sequenties als syntenie. Met de opkomst van diploide potato veredeling, zijn S. commer-
sonii en S. chacoense buitengewoon veelbelovend vanwege hun eigenschappen, diversiteit,
aanpasbaarheid en hardheid, maar ook vanwege hun sterke gelijkheid met de aardappel in de
zin van genetische, cytogenetische and genomische aspecten.
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Resumen

La papa cultivada y sus parientes silvestres representan una fuente de germoplasma mas di-
versa y accessible que la de cualquier otro cultivo. La diversidad proveniente de parientes
silvestres se puede usar para introducir caracteristicas especificas de los parientes silvestres
en un contexto cultivado. Los mejoradores han usado por mucho tiempo la hibridacién intro-
gresiva, en la cual la cromatina que Ileva un gen de interés proveniente de un pariente silves-
tre se integra en el genoma del cultivo por hibridacién interespecifica. Durante las genera-
ciones de retrocruza subsecuentes, los genes de interés se incorporan a los cromosomas de la
especie cultivada por recombinacién homedloga. La progenie es luego seleccionada usando
la caracteristica deseable como criterio, mientras que el contexto genético cultivado original
se recupera en la medida de lo posible mediante retrocruzas y seleccion. El uso eficiente de
los parientes silvestres requiere en la actualidad de un extenso conocimiento de su variacién
alélicay estructura gendmica, incluyendo el tamizaje por caracteres deseables. Para minimizar
la ocurrencia de arrastre por ligamiento cuando la cromatina introgresada aun contiene carac-
teres silvestres cercanamente ligados provenientes del donante ancestral, el conocimiento de
la estructura gendmica de las especies cultivada y donante es indispensable. En este trabajo
he presentado una vista general de las caracteristicas genéticas, citogenéticas y gendmicas
de Solanum commersonii, un pariente silvestre sudamericano de la papa cultivada. El objetivo
general fue crear herramientas cientificas para distinguir los genomios de S. commersoniiy S.
tuberosum (papa cultivada), junto con S. chacoense, y seguir sus genomios en programas de
mejoramiento por hibridacion introgresiva. El Capitulo 2 es una revision de la aplicacién de
estas herramientas para localizar introgresiones pasadas en la papa cultivada y para planificar
nuevos esquemas de hibridacion introgresiva, con un énfasis en la necesidad de hacer de estas
tecnologias parte de la “caja de herramientas” de rutina del premejoramiento de manera de
explotar al maximo a los parientes silvestres de la papa. Una variedad de preguntas relativas
al uso de ciertos parientes silvestres de la papa en introgresion son abordadas en este trabajo
usando diferentes tecnologias citogenéticas y gendmicas. En el Capitulo 3 se analizé el apar-
eamiento gendmico de los cromosomas homedlogos de S. commersoniiy S. tuberosum Grupo
Phureja en hibridos interespecificos F1 triploides, observdndose un comportamiento meidtico
practicamente autotriploide. Se utilizd pintura gendmica para seguir cromosomas especificos
en estos hibridos y sus derivados por retrocruza. Los homedlogos no se pudieron distinguir
por fluorescencia, por lo tanto este enfoque no aportd herramientas para seleccionar en con-
tra de cromatina silvestre en los materiales avanzados ni para localizar los intercambios cro-
mosdmicos entre homedlogos. Sin embargo, estos resultados sugieren que hay un bajo grado
de divergencia gendmica en términos de secuencias repetidas entre las especies involucradas
y destacan su potencial para el apareamiento homedlogo. Un andlisis de mapeo citogenético
comparativo fue llevado a cabo en el Capitulo 4, para evaluar colinealidad entre los genomas
de las especies y asi anticipar la existencia ya sea de supresion de la recombinacion o arrastre
por ligamiento. Solanum commersonii y S. chacoense son colineares con la papa cultivada S.
tuberosum a nivel de todo el cromosoma. Algunas diferencias que fueron encontradas en las
distancias microscépicas entre sefales sugieren o bien rearreglos cromosdémicos a pequefia
escala o reduccion/amplificacion de secuencias repetidas. No se observaron rearreglos impor-
tantes, lo que hace que estas especies se presten para una hibridacién introgresiva eficiente.
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En el Capitulo 5 examinamos la fraccion repetitiva de los genomas de la papa y sus parientes
silvestres en comparacion con la de los genomas del tomate y sus parientes silvestres, con el
fin de elucidar si las distintas diferenciaciones gendmicas observadas entre los clados pueden
correlacionarse con distintas dindmicas de elementos repetidos. Usando un enfoque de agru-
pamiento con datos de lecturas cortas de secuencia, encontramos que las clases de los el-
ementos repetidos estdn mayormente conservadas a través de los clados, pero que sus abun-
dancias son diferentes y por tanto los perfiles de repetidos nos permitieron discriminar los dos
clados. También hallamos que el contenido de repetidos en S. etuberosum es globalmente mas
similar al del clado de las papas. Todas estas herramientas proporcionan informacidn sobre
la posible capacidad de cruzamiento entre estas especies en términos de similitud gendmi-
ca y colinealidad en la estructura cromosdmica. No obstante, la posibilidad de diferencias a
pequefia escala requirié una mirada a la sintenia a nivel de secuencias. El principal desafio a
encarar en el Capitulo 6 fue el de obtener un ensamblado de novo contiguo que permitiera
comparaciones estructurales, a partir del genoma de una planta altamente heterocigota. Esto
se resolvio al secuenciar un clon haploide obtenido a través de cultivo in vitro de microsporas
y al optar por un abordaje hibrido del ensamblado, integrando lecturas cortas de Illumina con
datos de secuencia mucho mas largos de PacBio. Un mapa genético fue desarrollado usando
datos de SNPs generados mediante GBS a partir de una poblacidn segregante biparental. Lue-
go el ensamblado hibrido fue anclado en el mapa de ligamiento formando 12 pseudomoléculas
construidas con independencia de cualquier genoma de referencia. Las 12 pseudomoléculas
mostraron una gran homologia global con las de la papa DM y M6 S. chacoense, con un or-
den homologo de los scaffolds entre las tres especies. Sin embargo, la contigliidad se pierde
en la region pericentromérica y por tanto, no se pudo evaluar la colinealidad. Los rearreglos
a pequefia escala no se pudieron distinguir concluyentemente de los artefactos del ensam-
blado o el anclaje, con unas pocas excepciones. En términos generales, se necesitan mayores
mejorias en la contiguidad y correccién manual de la orientacién de los scaffolds de manera
de detectar de forma inequivoca los rearreglos a escala de microsintenia. Esto puede ser lo-
grado usando mapeo gendémico de Bionano y/o tecnologias de captura de la conformacién
de la cromatina en un futuro cercano. Para aplicar estas tecnologias, es necesario obtener
ADN de alto peso molecular extremadamente puro, por lo que en el Capitulo 7 adaptamos un
protocolo preexistente de extraccién de ADN de alto peso molecular para optimizarlo para
especies del género Solanum. Los resultados presentados en este trabajo y discutidos en el
Capitulo 8 abordan las dudas que han desalentado a los premejoradores de papa de usar
a Solanum commersonii y S. chacoense en mejoramiento por hibridacion introgresiva. Estas
especies pueden ser cruzadas con papas diploides produciendo progenie viable que puede
ser usada en retrocruzas con papa cultivada. Los cromosomas silvestres se aparean y recom-
binan con sus homedlogos cultivados, lo que hace posible la introgresion. Estas especies son
altamente colineales a gran y pequefia escala y sus genomas no han divergido en gran manera
tanto a nivel de secuencias repetidas como de sintenia. Con el surgimiento del mejoramiento
de papa a nivel diploide, estas especies se vuelven particularmente prometedoras debido a
sus caracteres de interés, su diversidad y su adaptabilidad y rusticidad, pero también debido
a su gran similitud con la papa cultivada del punto de vista genético, citogenético y gendmico.
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23-24 Sep 2014

Poster: XXIII International Plant & Animal Genome

10-14 Jan 2015

Poster: Plant Genomics Congress

11-12 May 2015

"Poster: 18th Triennial Meeting of the EAPR Section ‘Breeding and Varietal Assessment’
and the EUCARPIA Section
‘Potatoes’, Vico Equense, Italia"

15-19 Nov 2015

Poster: XXIV International Plant and Animal Genome Conference

09-13 Jan 2016

Flash Presentation: All-inclusive Breeding - Integrating high-throughput science

16 Oct 2014

Talk: 11l Meeting of the Uruguayan Society of Genetics

07-08 May 2014

Talk: 19th Triennial Conference European Association of Potato Research

07-11Jul 2014

Talk: The Potato-Ralstonia Solanacearum Pathosys- 22 Oct 2015
tem - Advances in Breeding for Resistance
Talk: XVI Latin American Genetics Congress Oct 2016

e |ABinterview

e  Excursions

Subtotal Scientific Exposure

25.1 credits*

e EPS courses or other PhD courses

Systems biology: statistical analysis of -omics data

10-14 Dec 2012

NCBI advanced course: de novo assembly of NGS data

08-09 Jan 2013

Bioinformatics: a user's approach

04-08 Mar 2013

Next generation sequencing (NGS) data analysis

28-30 Aug 2013
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Mixed model based genetic analysis in GenStat: from QTL map-
ping and association mapping to genomic prediction

02-04 Sep 2013

Introduccién a la Bioinformatica: aplicaciones en proyectos genémicos de mejoramiento
genético Introduction to Bioinformatics: applications in breeding genomic projects

17-21 Mar 2014

e Journal club

e Individual research training

Research internship, Centre of Plant Structural and Functional Genomics, Institute of Ex-
perimental Botany, Olomouc, Czech Republic. Training in flow sorting. Supervisor: Jaroslav

14-18 Jul 2014

Dolezel

Subtotal In-Depth Studies 6.3 credits*
4) Personal development
e  Skill training courses
Competence Assessment 22 Jan & 27

Feb 2013

EPS Career Day 'ExPectationS': Creativity and Inspiration in Science, Wageningen, the Neth- 01 Feb 2013
erlands
Library Symposium: How to write a world-class paper, Wageningen, the Netherlands 17 Oct 2013

Project and Time Management

Sept-Oct 2013

Data Management

2014

Information Literacy including EndNote Introduction

2014

Social Dutch 1

Feb-Apr 2013

Library courses - EndNote demonstration 14 Feb 2013

Library courses - Mendeley demonstration 26 Feb 2013

Authors' Seminar - Elsevier LatinAmerica 25 Nov 2015

e Organisation of PhD students day, course or conference

Collaboration in the organization of the XVI Latin American Genetics Congress Sep 2015-
Sep 2016

e  Membership of Board, Committee or PhD council

Editorial committee of the Plant Biology Department newsletter, Faculty of Agronomy,
Montevideo, Uruguay

Aug 2015-Dec 2015

Subtotal Personal Development

6.3 credits*

TOTAL NUMBER OF CREDIT POINTS*

Herewith the Graduate School declares that the PhD candidate has com-
plied with the educational requirements set by the Educational Commit-
tee of EPS which comprises of a minimum total of 30 ECTS credits.

* A credit represents a normative study load of 28 hours of study.
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