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isting contigs. C. Longer-read guided assembly. Longer reads are aligned
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Abstract

The common potato (Solanum tuberosum L.) is an important staple crop, with a highly
complex, heterozygous, tetraploid genome. It can grow in a wide range of altitudes from
sea level up to 4,700 meters above the sea level, contributing to its success as a crop. It
has its origins in South America, where potato has a large secondary gene pool consist-
ing of wild relatives of diverse ploidy levels. Genetic resources such as landraces and
wild relatives are increasingly crucial for developing climate change resilient cultivars
with biotic and abiotic stress tolerance. Significant efforts have previously been made to
sequence and construct a double monoploid (S. tuberosum Group Phureja — DM1-3) ref-
erence genome as well as two wild reference genomes (S. commersonii and S. chacoense
clone M6). However, it is uncertain how well the potato genome diversity is actually
captured in these three potato genomes, as the genetic riches of the South America taxa
are not represented. This doctoral dissertation focuses on the genomic analyses of se-
quenced data from twelve native South American potato genomes (ten taxa) of various
ploidy (2n — 5x): S. tuberosum subsp. goniocalyx (2n), S. stenotomum subsp. stenotomum
(2n), S. phureja (2n), S. xajanhuiri (2n), S. bukasovii (2n), S. chaucha (3x), S. juzepczukii (3x), S.
tuberosum subsp. andigena (4x), S. tuberosum subsp. tuberosum (4x) and S. curtilobum (5x).
Their comparisons with two reference genomes (DM1-3, M6) unraveled a great number
of copy number variation (CNV) impacted genes, including disease resistance and abi-
otic stress genes. Additionally, these genomes have been assembled de novo. The draft
genomes of the diploid S. stenotomum subsp. goniocalyx and of the tetraploid S. tuberoum
subsp. andigena have been assembled using Third Generation Sequencing data, while the
rest of the genomes were assembled using Next Generation Sequencing data. The diploid
potato genomes have been used for the construction of a diploid potato pan-genome se-
quence of nine genomes, including three publicly available reference genomes. Within
the pan-genome, there are self-incompatibility and disease resistant genes that are absent
from the DM1-3 genome. This work reflects only a part of the tremendous variability of

the South American potato taxa.



Abrégé

La pomme de terre (Solanum tuberosum L.) est une grande culture tres importante,
dotée d'un génome tétraploide extrémement complexe et hétérozygote. Il peut pousser
dans une large gamme d’altitudes allant du niveau de la mer jusqu’a 4 700 metres d’altitude,
contribuant ainsi a son succes en tant que culture. Elle a ses origines en Amérique du
Sud, ou la pomme de terre possede un important pool de génes secondaires constitué
de parents sauvages de divers niveaux de ploidie. Les ressources génétiques telles que
les races locales et les especes sauvages apparentées sont de plus en plus indispensables
au développement de cultivars résistants au changement climatique et tolérants au stress
biotique et abiotique. Des efforts importants ont déja été déployés pour séquencer et con-
struire un génome de référence double monoploide (S. tuberosum Group Phureja - DM1-3)
ainsi que deux génomes de référence sauvages (clone M6 de S. commersonii et de S. cha-
coense). Cependant, il est difficile de savoir dans quelle mesure la diversité du génome de
la pomme de terre est réellement capturée dans ces trois génomes de pomme de terre, car
la richesse génétique des taxons d’Amérique du Sud n’est pas représentée. Cette these de
doctorat porte sur les analyses génomiques de données séquencées de douze génomes de
pomme de terre indigenes d’Amérique du Sud (dix taxons) de diverses ploidies (2n — 5x):
S. tuberosum subsp. goniocalyx (2n), S. stenotomum subsp. stenotomum (2n), S. phureja (2n),
S. xajanhuiri (2n), S. bukasovii (2n), S. chaucha (3x), S. juzepczukii (3x), S. tuberosum subsp.
andigena (4x), S. tuberosum subsp. tuberosum (4x) et S. curtilobum (5x). Leurs compara-
isons avec deux génomes de référence (DM1-3, M6) ont révélé un grand nombre de génes
impactés par la variation du nombre de copies (VCN), y compris des genes de résistance
aux maladies et de stress abiotique. De plus, ces génomes ont été assemblés de novo. Les
génomes du diploide S. stenotomum subsp. goniocalyx et du tétraploide S. tuberoum subsp.
andigena ont été assemblés a I'aide de données de séquencgage de troisieme génération,
tandis que les autres génomes ont été assemblés a l'aide de données de séquengage de
nouvelle génération. Les génomes diploides de pomme de terre ont été utilisés pour

la construction d'une séquence pan-génomique diploide de pomme de terre de neuf



génomes, dont trois génomes de référence accessibles au public. Dans le pan-génome,
il existe des genes d’auto-incompatibilité et de résistance aux maladies qui sont absents
du génome de DM1-3. Ces travaux ne refletent qu'une partie de la trés grande variabilité

des taxons de pomme de terre sud-américains.
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Introduction

Sequencing plant genomes and discovering novel genes can potentially be used for
plant breeding programs. For instance, novel genes involved in stress tolerance (e.g. heat,
cold) can be used as a pool of potential genes for new breeding strategies to ensure food
security in a rapid growing global population and in climate change. Whole genome se-
quencing, gene expression profiling, sequence polymorphisms, and genome-association
studies will give a broader view of how multiple genes are working together, which is
crucial for the success of a breeding program, as many important agronomic traits are

polygenic (e.g. yield, height and nutrient content).

1.1 Potato Importance

Potato (Solanum tuberosum L.) is native to South America. Archeological evidence sug-
gests that it originated in the Peruvian Andean highlands, while others have hypothe-
sized that it originated in an area of Chile, Argentina and Bolivia in southern and central
South America (Bradeen et al., 2011). Potato consumption began about 12,000 years ago
(Rodr\"\iguez and Spooner, 2009).

Potato can grow at high altitudes and in conditions where many other crops cannot grow.
It is a short growing season plant and it does not require a lot of advanced agricultural
practises to be cultivated (Smith, 2012). According to International Potato Center’s/CIP’s
website (CIP, 2018), potatoes can grow from sea level up to 4,700 meters above the sea
level; from southern Chile to Greenland. Figure 1.1 shows a map of potato production
quantities per country in 2017, showing its widespread success as a crop (FAO, 2013), re-
trieved on November 29, 2019).

A medium sized potato contains around 100 calories and it is a good source of vitamins
C and B6 and of other minerals like iron, potassium and zinc. Its skin is a great source
of dietary fibre, it does not contain any cholesterol and it is low in sodium. Potato can

be stored for months under proper conditions and it is easily adaptable into a variety of
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dishes. In summary, potatoes are important for human consumption and for meeting the
challenges of world hunger, because of their nutritional content and high productivity
rates. However, potato crop improvement is an ongoing effort to create climate change
resilient cultivars. For example, since potato is a cool season crop it is crucial that breed-
ing efforts include resilience to heat stress, in the face the rising global temperatures. In
addition, potato production is growing rapidly worldwide, with the biggest expansions
in production in subtropical and tropical areas (Birch et al., 2012). Temperatures above
25°C delay the start of tuberization, leading to the enhanced development of the shoots,
decreasing the yield (Levy and Veilleux, 2007). Hence, to overcome this challenge wild
potatoes are introduced in breeding programs since they have a diverse range of habitats
as well as various levels of stress tolerance (Smillie et al., 1983). Some examples of wild
species that show heat tolerance and that have been used in breeding programs are: S.

berthaultii, S. chacoense, and S. stoloniferum (Reynolds and Ewing, 1989).

1.2 The potato genome

Potato, (Solanum tuberosum L.) belongs to the Solanaceae (nightshade) family. Different
potato species are naturally distributed from the southwestern United States to south-
central Chile and adjacent Argentina (Hijmans and Spooner, 2001). Cultivated potato
landraces are restricted to South America (from western Venezuela to south-central Chile)
(Gavrilenko et al., 2013). The most common cultivated potato cultivars are autotetraploids
(2n = 4x = 48), the basic chromosome number is 12, but other cultivated species can range
from diploids (2n = 2x = 24) to pentaploids (2n = 5x = 60) (Watanabe, 2015). Wild potato
species grown in the United States, Mexico and central America also include hexaploid
species (Lara-Cabrera and Spooner, 2004). The potato genome is characterized by a great
heterozygosity, which probably derives from the fact that most of the diploid potato
species are self-incompatible and outcrossing is reinforced (Bradshaw, 2007, Watanabe,
2015).

Since potato has an extremely large secondary gene pool consisting of related wild species,
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its taxonomy has been subject to study for many years (Machida-Hirano, 2015). Differ-
ent researchers have proposed different taxonomic classifications of wild and cultivated
potatoes and the debate is ongoing (Hijmans and Spooner, 2001; Huaman and Spooner,
2002; Ovchinnikova et al., 2011; Schmiediche et al., 1980). This difficulty of potato tax-
onomy is caused by introgression, interspecific hybridization, auto- or allopolyploidy,
sexual compatibility among many species, a mixture of sexual and asexual reproduc-
tion, recent species divergence, phenotypic plasticity and high morphological similarity
among species (Spooner, 2009; Spooner and Bamberg, 1994).

Potato is typically asexually (vegetatively) propagated through its tubers (Watanabe, 2015).
The cultivated landraces are genetically narrower than the wild ones in South America
as a result of the limited amount of introduced germplasm (Kloppenburg and Kleinman,
1987). Throughout history, there has been a need for introducing genetic variations into
the current cultivars as was demonstrated by the disastrous Irish potato famine. During
the mid-nineteenth century, the Irish cultivated potatoes were infected by the oomycete
Phytopthora infestans, the plant pathogen that causes late blight disease. This resulted
in a failed crop, million deaths and forced people to emigrate from Ireland in large num-
bers (Ristaino, 2002). Currently, climate change is threatening the potato by decreasing
diversity in South America (Machida-Hirano, 2015). The need is great to safeguard ge-
netic diversity in potato for current and future potato cultivars, but also for conserving
the wild potato genetic diversity in South America.

For over a century, wild potatoes have been used for disease resistance in breeding pro-
grams (Hawkes, 1958). Wild relatives and ancient cultivars of potato consist of a great
genetic resource for breeding programs for disease resistance, environmental tolerance
and other qualities of interest (Machida-Hirano, 2015). Currently, the breeding programs
are using recurrent parents to produce cultivars with desired traits, leading to inbreeding
depression (Bradshaw et al., 2006). Additionally, inbreeding programs are restricted be-
cause of the autotetraploidy, heterozygosity and the susceptibility of potato to pathogens
(Bradshaw et al., 2006; PGSC, 2011). Next generation sequencing (NGS) is a very power-

ful tool for breeding programs and for this reason the annotation of the potato genome
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is essential in order to better understand its complex genome and create better breeding
programs (PGSC, 2011). Transcriptomic analyses contributed to understanding of molec-
ular mechanism of white and purple potato development and uncovered genes involved
in anthocyanin biosynthesis (Liu et al., 2015). Moreover, other transcriptomic studies
revealed novel, candidate genes involved in photoperiodic tuberization in potato (Shan
et al., 2013) and also provided evidence for regulatory coordination of N sufficiency re-
sponses at the gene level in potato (Gélvez et al., 2016).

In 2011, the first potato genome was assembled and published by the (Potato Genome Se-
quencing Consortium) PGSC using a doubled monoploid homozygous potato S. tubero-
sum group Phureja DM1-3 516 R44 (referred as DM or DM1-3) (PGSC, 2011). The assem-
bly was performed using a whole-genome shotgun (WGS) approach and it is consisted
of 727 Mb. Non-gapped sequences made up 93.3% and repetitive content 62.2% (PGSC,
2011). By combining RNA-Sequencing (RNA-Seq) reads, ab initio gene prediction, pro-
tein and Expressed Sequence Tags (ESTs) alignments, 39,031 coding genes were identi-
fied, with 9875 alternatively spliced genes (PGSC, 2011). A couple of years after the first
potato genome assembly, an updated version was published, containing additional se-
quence data for a better reference genome: version 4.03 (Sharma et al., 2013). This version
contains 95% genome super scaffolds of which the 90% have been assigned to an absolute
or relative orientation with the pseudomolecules. The most up to date version (v4.04) of
the potato reference genome was released previously, in February 2016 (Hardigan et al.,
2016). The assembly was performed using additional data from the stem of a potato,
which was cloned from the original DM1-3 reference. This data added 55.7 Mb of novel
sequences in the form of > 200 bp contigs, including new genes that did not map to the
v4.03 reference genome. These contigs were concatenated into an unanchored pseudo-
molecule called “chUn”, which was also annotated (Hardigan et al., 2016).

Within the significant efforts for enriching the wild potato genomic resources, the genomes
of two wild species have been sequenced and assembled; Solanum commersonii (Aver-
sano et al., 2015) and Solanum chacoense (Leisner et al., 2018). S. commersonii is a diploid

tuber-bearing wild potato species, native to Central and South America. It is resistant
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to root knot nematode, soft rot and blackleg, bacterial verticillium wilt, Potato virus X,
tobacco etch virus, common scab, late blight and frost tolerance and good acclimation
capacity (GRUNDT et al., 2005; Hawkes and Others, 1990; Micheletto et al., 2000). Its
genome sequence was released earlier in 2015, it consists of 830 Mb and it contains
39,290 protein-coding genes (Aversano et al., 2015). S. chacoense is another closely related
tuber-bearing wild species with potential significant agronomic traits, such as high dry
matter, good chip-processing qualities, and resistance to cold-induced sweetening, (Leis-
ner et al., 2018). The genome assembly is 825 Mb long and it has 37,749 protein-coding
genes (Leisner et al., 2018). Recently, there has been a report that questions whether the

genome of the M6 clone is a pure S. chacoense (Corentin Clot, 2020).
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Hypotheses and Objectives

1.3 Hypothesis for Chapter 3

Genes in regions of structural variations in six diploid, two triploid, three tetraploid and
a pentaploid potato genomes are primarily involved in defense mechanisms and tuber

formation.

1.4 Objectives for Chapter 3

1. Tllumina PE reads of the potato genomes will be aligned to the two publicly avail-

able reference genomes (DM1-3 and S. chacoense (M6)).

2. The aligned sequences will be used to annotate genes and to perform structural

variation analyses to identify copy number variations (CNVs).

3. The regions discovered after the CNV analyses will be examined for gene content

and function.

1.5 Hypothesis for Chapter 4

Will having a diploid pan-genome for potato available reveal important genes that can

improve prospects for breeding cultivars with disease and climate change resilience.

1.6 Objectives for Chapter 4

1. Longer and Linked sequencing reads will be used to assemble de novo the genome

of the diploid landrace S. stenotomum subsp. goniocalyx.

2. A pan-genome will be assembled from five sequenced diploid potato landrace genomes,

three diploid wild potato genomes and the DM1-3 reference genome, and a presence-

absence variation analysis will be used to determine a core and accessory genome.
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3. The contigs that do not align to the DM1-3 reference genome will be identified and

annotated using related genomes and included in the pan-genome.
4. The contigs will be annotated to discover genes absent from the DM1-3.

5. The Illumina reads of the diploid genomes will be aligned to the pan-genome to

identify presence/absence variation.

1.7 Hypothesis for Chapter 5

Third Generation Sequencing Technology data will improve the de novo genome assem-

bly of the polyploid potato genomes.

1.8 Objectives for Chapter 5

1. Longer and Linked sequencing reads will be used to assemble de novo one of the

newly sequenced diploid genomes.

2. The tive newly sequenced diploid genomes will be assembled de novo with only

Illumina PE reads.

3. The de novo genome assemblies of the six potatoes will be compared.
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Preface to Chapter 2

Chapter 2 constitutes a literature review on complex plant genome sequence assem-
bly. It was published in Frontiers in Plant Science in November 2018 and has to date (17

months after publication) been cited 30 times.
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2.1 Abstract

Polyploidy or duplication of an entire genome occurs in the majority of angiosperms. The
understanding of polyploid genomes is important for the improvement of those crops,
which humans rely on for sustenance and basic nutrition. As climate change continues to
pose a potential threat to agricultural production, there will increasingly be a demand for
plant cultivars that can resist biotic and abiotic stresses and also provide needed and im-
proved nutrition. In the past decade, Next Generation Sequencing (NGS) has fundamen-
tally changed the genomics landscape by providing tools for the exploration of polyploid
genomes. Here, we review the challenges of the assembly of polyploid plant genomes,
and also present recent advances in genomic resources and functional tools in molecular
genetics and breeding. As genomes of diploid and less heterozygous progenitor species
are increasingly available, we discuss the lack of complexity of these currently available

reference genomes as they relate to polyploid crops. Finally, we review recent approaches
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of haplotyping by phasing and the impact of third generation technologies on polyploid

plant genome assembly.

2.2 Introduction to polyploidy

The fusion of two or more genomes within one nucleus results in polyploidy, resulting
in each cell containing more than two pairs of homologous chromosomes. Polyploidy
occurs in the majority of angiosperms and is important in agricultural crops that humans
depend on for survival. Examples of important polyploid plants used for human food
include, Triticum aestivum (wheat), Arachis hypogaea (peanut), Avena sativa (oat), Musa sp.
(banana), many agricultural Brassica species, Solanum tuberosum (potato), Fragaria ananassa
(strawberry), and Coffea arabica (coffee). Autopolyploidy results from whole genome
duplication, while an allopolyploid is characterized by interspecific or intergeneric hy-
bridizations followed by chromosome doubling (Chen, 2010; Doyle et al., 2008). Genome
duplication (autoployploidy) can be a source of genes with novel functions leading to
new phenotypes and novel mechanisms for adaptation (Crow and Wagner, 2005). Au-
topolyploids typically suffer from reduced fertility whereas allopolyploids have poten-
tial for heterosis or hybrid vigor (Ramsey and Schemske, 1998). Polyploidy generates
great genetic, genomic, and phenotypic novelty (Soltis et al., 2016); however, the higher
complexity between genotype and phenotype in polyploids compared to diploid plants
makes linking genotype to phenotype a challenging task. For example, allopolyploid
plant cells have complex regulatory mechanisms in order to unify gene expression be-
tween the homeologues and define their relative contributions to the final phenotype.
Hence, polyploidization is one of the major forces of plant evolution and is intimately
linked to speciation and diversity (Bento et al., 2011). It is estimated that around 80% of
all living plants are polyploids (Meyers and Levin, 2006), while many plant lineages in-
cluding monocots (i.e Oryza) and eudicots (Arabidopsis) have at least one paleo-polyploidy

event in their history.
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2.3 Overview of the sequencing techniques and their ap-

plications in polyploid plant genomes

Genome sequencing was initiated in the mid 1970’s with alternative methods to deter-
mine the composition of DNA in a target cell or organism (Maxam and Gilbert, 1977;
Sanger and Coulson, 1975) . The first whole genome to be sequenced was that of a bacte-
riophage PhiX (Sanger et al., 1977) with a genome size at 5.3Kb. However, the revolution
in sequencing technology came about when Sanger developed the chain termination or
dideoxy method (Sanger et al., 1977) . This technique, now known as Sanger sequencing,
was adopted by most molecular biology laboratories and was the primary method of se-
quencing for 30+ years allowing sequencing of fragments of approximately 800-1000bp.
It took over 20 years from the time the first genome of a bacteriophage was sequenced un-
til plant biologists had a draft genome of a flowering plant. First to be sequenced was the
genome of Arabidopsis thaliana, a small weedy plant (Initiative, 2000) . After the release
of the Arabidopsis genome sequence, economically important crops such as Oryza sativa
(rice), Carica papaya (papaya), and Zea mays (maize) were sequenced using Sanger se-
quencing (Ming et al., 2008,?; Sasaki and Project, 2005) . Yet, of these plant genomes, only
rice and Arabidopsis were sequenced using the Bacterial Artificial Chromosome (BAC)
approach, and thus, are more complete genomes, whereas the others are drafts in a less
completed stage (Ming et al., 2008) .

The diploidized tetraploid genome of Glycine max (soybean) was the first polyploid plant
genome released; publicly available in early 2008, (Schmutz et al., 2010), followed by the
tetraploid Arabidopsis lyrata (Ming et al., 2008) Table 2.1. The soybean project was very
costly, and the resulting assembly consisted of the largest published plant genome per-
formed using the Sanger Whole Genome Sequencing (WGS) method. In 2011, the genome
of Jatropha curcas (an oil-bearing tree) that has variable ploidy levels (Table 2.1), was also
sequenced using the Sanger method (Dart et al., 2004) . The assembly of the complex

tetraploid genome of cultivated cotton - Gossypium arboretum (Li et al., 2015) was fol-
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lowed by the reference genome of wheat, derived from the assembly of the large complex
genome of Aegilops tauschii, one of the three diploid progenitors of bread wheat (Zimin
etal., 2017) .

Next Generation Sequencing (NGS) technologies became commercially available in 2004
(Mardis, 2008) reducing sequencing costs and increasing massively sequencing through-
puts, but also expanding the complexity of fragment assembly due to its short-sequence
read output. NGS allows genome sequencing to be performed with lower DNA con-
centrations and thus, has applications in genome sequencing and re-sequencing, metage-
nomics, transcriptomics (RNA-sequencing) and even in personal genomics (personal medicine).
These techniques can reduce the gap between genotype and phenotype by combining for
example genomics and transcriptomics data. Some of the NGS platforms that have been
employed in recent years include: 454 or pyro-sequencing (by Roche, Basel, Switzerland,
with read lengths up to 700 bp), SOLiD (by Life Technologies, Carlsbad, California, 50 bp),
HiSeq (by Illumina, San Diego, California, 2 x 250 bp), MiSeq (by Illumina, 2 x 300 bp) and
Ion Torrent/Proton (by Life Technologies, 200 bp). NGS technologies are advantageous
because, unlike Sanger sequencing, DNA cloning is not required making the process sim-
pler, with greater adaption for a broad range of biological phenomena, and massive par-
allelization at decreased costs. However, NGS does suffer from some disadvantages: the
short sequence length requires unique assembly algorithms, base calling is less accurate
than Sanger sequencing, and the quality of NGS assemblies is lower than those made
from Sanger sequence (Claros et al., 2012) . Examples of polyploid plant genomes se-
quenced using Illumina technology are the first assembly of the hexaploid T. aestivum
(wheat) genome (Choulet et al., 2010) , and the genome of G. hirsutum (cotton) (Li et al.,
2015) . The genomes of Brassica oleracea (cabbage) and B. napus (rapeseed) (Chalhoub et al.,
2014) were sequenced with a combination of 454 and Illumina technologies. A genome
assembly service using only high-quality short Illumina reads is offered by NRGene’s De-
novoMAGIC platform (http://www.nrgene.com/technology/denovomagic/). The re-
cently annotated allohexaploid wheat genome was constructed using DenovoMAGIC2

(Pfeifer et al., 2014) . The latest version; DenovoMAGIC v 3.0 promises production of
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long, phased scaffolds using only NGS.

The emergence of the Third Generation Sequencing technologies consists of the most re-
cent genome sequencing approaches, characterized by long reads. These methods have
turther reduced sequencing costs, simplified preparatory and sequencing methods (Ap-
pels et al., 2018) , while providing longer read lengths, typically measured in kilo bases
(Kb) rather than bases (bp). While there are many upsides to this new technology, caveats
include high error rates and a requirement for very high-quality DNA. However, these
approaches currently look promising in meeting the challenges of sequencing and assem-
bling large, repetitive, and complex plant genomes by the production of large quantities
of long reads to help bridge difficult regions in the genome. There are currently two types
of technologies included in the Third-Generation sequencing approaches: long-read se-
quencing and long-range scaffolding technologies (Jiao and Schneeberger, 2017) .
Among the long-read sequencing technologies, the most widely used technology is the
Pacific Biosciences” Single Molecule Real-Time (SMRT), with an average read length 20
Kb. For the assembly of the Chenopodium quinoa genome, a read length of 12 Kb was
reported using this technology (Jarvis et al., 2017) . Additionally, Illumina introduced
another long-read technology, the Synthetic Long-Reads (SLR) from short-read sequenc-
ing data, with a median length of 8 — 10Kb (Table 2.2). However, a maximum length of
21 Kb was achieved in a sugarcane hybrid sequencing project (Riafio-Pachén and Mat-
tiello, 2017) . SLR can be used to resolve the haplotype of individuals, which is highly
desired in the case of polyploid plant genomes. Finally, Nanopore, introduced by Oxford
Nanopore Technologies, can generate a median length greater than 5 Kb, however a 12
Kb median length was reported while sequencing the wild Solanum pennellii genome
(Schmidt et al., 2017) .

Even with the rapid progress and improvement of long-read technologies, it is still not
possible to assemble a complete diploid plant genome using only NGS sequencing reads
(Jiao and Schneeberger, 2017) . Hence, long-range scaffolding technologies are essential
for improving the contiguity of an assembly, which requires the extension of the con-

tigs into scaffolds and eventually their alignment into chromosomes. Based on currently
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available sequencing technologies, additional genetic and physical maps are required. An
alternative approach is based on chromosome conformation capture sequencing (Hi-C)
provided by Dovetail Genomics (https://dovetailgenomics.com/) and PhaseGenomics
(https:/ /phasegenomics.com/), which creates long-range mate pair data for NGS (AU -
van Berkum et al., 2010; Lieberman-Aiden et al., 2009) . The generated data can be used
for phasing and scaffolding, which captures the entire eukaryotic chromosomes when
they are combined with high quality draft assemblies (Sedlazeck et al., 2018) . Genome
phasing is the identification of the alleles in each of the chromosomes. The most recent
announcement of the PhaseGenomics Biotechnology company is its collaboration with
Pacific Biosciences for the release of FALCON-Phase (Sedlazeck et al., 2018) . FALCON-
Phase tool promises to solve the haplotyping problem in diploids, by enabling the con-
struction of fully-phased chromosome-scale assemblies by combining SMRT long reads
and Hi-C data. The latest technology is from GemCode, introduced by 10X Genomics
in 2015 (www . 10xgenomics.com). This approach is similar to the SLR protocol of Illu-
mina, but it can process longer fragments and it does not require as much read depth as
the SLR. The average read length captured with this approach can be greater than 100 Kb
(Table 2.2).

34


www.10xgenomics.com

Table 2.2: Third Generation Sequencing Platforms

Technology Reads Drawbacks Plant assembly
PacBio Single molecule long- False insertions in the Chenopodium  quinoa
reads, average length raw reads, high error (Jarvisetal., 2017)
10-18 Kb rate. Error correction al-
gorithms are required
Oxford Single molecule long- Raw reads with false S. pennellii, A. thaliana,
Nanopore reads, average length deletions and  ho- O. coaectata (Mondal et
10 Kb, max 100Kb mopolymer errors. al., 2017; Schmidt et

[Nlumina Syn-

thetic Long
reads

10X Ge-
nomics
BioNano Ge-
nomics

Synthetic long-reads de-
rived from the short se-
quencing reads, average
length 100 Kb

Linked

reads derived

from  short-read se-

quences, average length
100 Kb*
of

Optical mapping

long, fluorescently la-
belled DNA fragments,

average length 250 Kb

Requirement for error
correction algorithms

High rate false indels
(insertions,  deletions).

They  require  good

trimming, correction
algorithms

Needs designed al-
gorithms and aligners,
poor resolution of locally
repetitive sequences.
Sparse sequencing

Not many algorithms
available for a reliable
alignment between the
optical map and the

genome assembly

al., 2017; Michael et al.,
2018)

Saccharum sp. (Riafio-
Pachon & Mattiello,

2017)

Capsicum annuum

(Hulse-Kemp et al,

2018)

Brassica juncea (Jinghua

Yang et al., 2016)
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Table 2.2 — Continued from previous page

Technology Reads Drawbacks Plant assembly

Hi-C Pairs short reads with an  Scattered  sequencing Triticum aestivum (1.
average length 100 bp, with variable genomic W. G. S. Consortium,
method originally devel- distance between pairs ~ 2014)

oped to study the 3D

folding of the genome

*10X Genomics is very similar to Illumina’s SLR, with the difference that 10X Ge-
nomics can process more and larger fragments and the assemble of the different frag-
ments does not necessarily depend on the sequencing coverage. Illumina’s SLR system
synthesizes the sequences of DNA fragment in contrast to 10x Genomics where the reads

show only a part of DNA fragments.

2.4 Challenges of polyploid genome assembly

A reference genome is a digital, linear nucleic acid sequence containing only a single set of
chromosomes plus any unanchored heterozygous contigs and/or scaffolds. A reference
genome is used to observe the variations across different individuals within a species, to
study evolution and to aid genome assembly. In the case of a polyploid genome, things
become more complicated. For an allopolyploid organism, a reference genome contains
the assembled DNA sequences of the ancestors” subgenomes (i.e F. ananassa, B. napus,
A. hypogaea, G. hirsutum and T. aestivum) in addition to any unanchored sequences that
are kept in additional pseudochromosome(s) (e.g., T. aestivim, S. tuberosum), and for an
autopolyploid organism the genome that went through the duplication event(s) (e.g., S
tuberosum in addition to any unanchored sequences. It does not represent any allelic vari-
ation present in the individuals. When high throughput sequencing reads are mapped

to a reference genome, alternate alleles can be retrieved from each genomic region, based
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on the sequencing coverage and diversity in the individual compared to the reference.
These alternate alleles for an organism can be detected and used for haplotype assembly
for each of the present haplotypes. Polyploid assembly is similar to the sum of a number
of problems of haplotype reconstruction (Sedlazeck et al., 2018) ; hence, the computa-
tional complexity increases with higher ploidy. This means that the genome assembly of
an n-ploid organism will result in the construction of n numbers of haplotypes. This is
not an easy task as the knowledge of one haplotype does not automatically determine
how to phase others (Sedlazeck et al., 2018) .

Whole-genome duplication events have also been associated with genome rearrange-
ment, atypical recombination, transposable element activation, meiotic/mitotic defects,
and intron expansions and DNA deletion (Sedlazeck et al., 2018) . The assembly of au-
topolyploid genomes is extremely challenging as fragments of a subgenome might be as-
signed to the wrong subgenome, which results in misassembled false genomes. Allopoly-
ploids may present the same challenge, but given the greater genetic distance, resolving
their subgenomes is likely less problematic during assembly. These events multiply the
regular challenges of plant genome sequence assembly, such as repeat content, transpos-
able elements, high heterozygosity, gene content and gene families of non-coding RNAs
due to their repetitiveness after duplication events and the fact that their detection is cru-
cial for proper genome annotation.

Polyploidization can lead to higher levels of heterozygosity, which can be confounded in
asexually propagated plants such as potato causing greater difficulties in the identifica-
tion of haplotypes. This is due to multiple alleles from the same locus being mistaken as
sequences from different loci (Huang et al., 2014) . This is especially problematic when
using short sequence reads for genotyping or genome assembly, because the results will
be highly fragmented assemblies with a total assembly size longer than expected. In
addition, contigs can break at polymorphic regions or misassemblies can occur between
large-scale duplications (Claros et al., 2012) . This assembly problem is not unique to
polyploid plants, however and can also occur in plants with segmental genome duplica-

tions.
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The ploidy level of the plant genome must be carefully considered when choosing the
appropriate assembly algorithm. The presence of two or more sets of genes within the
same nucleus can affect the accuracy of the assembly, making it difficult to differenti-
ate between homologues or homeologues (Claros et al., 2012) . (Glover et al., 2016) define
homeologues as pairs of genes or chromosomes in the same species, derived by speciation
but brought back to the same genome after a polyploidization event(s). Identifying func-
tionally conserved homeologues however, provides important genetic material for crop
improvement in many crops, including Musa acuminata (banana), S. tuberosum (potato),
Gossypium hirsutum (cotton) and T. aestivum (wheat) (Chen and Dubcovsky, 2012; Glover
et al., 2016) . Examples of how polyploids also confer emergent properties are seed oil
accumulation in Brassica napus (canola), spinnable fibers in cotton, and grain composition
in wheat (Michael and VanBuren, 2015) .

As mentioned above, several complex polyploid plant genomes have been sequenced.
The decreasing costs of NGS technologies led to the sequencing and assembly of a num-
ber of polyploid plant genomes using these technologies (Table 2.1). Based on NCBI
database (data retrieved on the 4th of July 2018: https://www.ncbi.nlm.nih.gov/
genome/browse/#!/overview/), 320 land plants, 47 of which are polyploid, have
been sequenced (as of 4th of July of 2018). Of the 72 assembled in 2017, 19 are poly-
ploid, and three were released in January 2018. Only 16 polyploid plant genomes have
been assembled into chromosomes, 26 assembled into scaffolds, and the rest (5) are still

contigs (Table 2.1).
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Figure 2.1: Approaches for reference - based genome assembly.

A. Shorter-read guided assembly. In this method, shorter reads are aligned against the ref-
erence genome, a consensus assembly is generated, and structural variations are detected.
It can also be used to detect contamination in the sequenced reads. this approach is used
when genomes are re- sequences to detect polymorphisms in individuals. B. Guided de
novo genome assembly of shorter reads. Previously de novo assembled shorter reads are
aligned against the reference or a closely related genome to extend the existing contigs.
C. Longer-read guided assembly. Longer reads are aligned against the reference genome,
a consensus genome assembly is constructed, and structural variations are detected. D.
Guided de novo genome assembly of longer reads. Longer reads are de novo assembled
into contigs, which are aligned against the reference or a closely related genome to be
extended.

39



Random short reads

Overlapping short reads

Resulting contig
consensus
sequences

Random long reads

Overlapping long reads

Longer and shorter reads i T T

Overlapping hybrid reads =

Resulting contig
consensus
sequence

D

Longer reads

Align the longer reads to
the de novo assembled e
contigs from shorter reads l

Extend the contigs

Figure 2.2: Approaches for de novo genome assembly.

A. Short read assembly. Genome assembly using only shorter read and any assembly
tool to construct contiguous sequences/contigs. B. Longer reads assembly. Contig (red)
assembly using longer reads (long, linked reads, optical maps) followed by scaffold as-
sembly and gap filling. C. Hybrid genome assembly. In this method, shorter reads can
be assembled into contigs and the longer reads can be used for error correction (errors
represented by Xs), then the corrected contigs can be assembled into scaffolds and the
gaps filled. D. Hybrid genome assembly using pre-assembled contigs. Longer reads are
aligned against de novo pre-assembled contigs from shorter reads, followed by contig
extension.



2.5 Technology-related challenges

There are two basic approaches to genome assembly. Comparative assembly is a refer-
ence guided method that uses the sequences of already assembled related organisms, a
reference genome, for guidance. De novo assembly targets organisms that have not been
sequenced before (Pop, 2009) , putting together the pieces without guidance from a prior
reference genome. The two approaches are not completely mutually exclusive, because
even in cases where reference genomes are available, regions that varied in the newly
sequenced target genome need to be assembled de novo. Different approaches of guided
and de novo genome assemblies can be found in Figure 2.1 and Figure 2.2. The refer-
ence guided comparative assembly approach (Figure 2.1) can be performed in two ways:
mapping short or long reads against the reference to construct a consensus (Figure 2.1A
and Figure 2.1C) or assembling the reads de novo and then use the reference genome
to orientate the resulting contigs or scaffolds in an alighment and identify misassembled
regions (Figure 2.1B and Figure 2.1D) (Lischer and Shimizu, 2017) .

The reference-based comparative assembly approach is usually used when genomes are
newly sequenced, or to correct misassemblies or extend existing contigs of already assem-
bled genomes (Figure 2.1B and Figure 2.1D), and also for variant detection (Figure 2.1A
and Figure 2.1C) and haplotype construction. An assembled genome sequence is used
as a reference and the sequenced reads are independently aligned against this sequence.
Dynamic programming is used to identify the optimal alignment for the candidate po-
sitions that match the best. Structural variations (such as insertions or deletions) in the
newly sequenced genome(s) tend to increase the complexity of the alignment. The re-
sulting alignment allows the extraction of the structural variants and construction of the
haplotypes.

The de novo genome assembly method is applied when a reference genome sequence does
not exist for a closely related species. In this case, the genome sequence is constructed
through overlapping sequenced reads, usually using graph-based algorithms. It is diffi-

cult to perform de novo genome assembly, especially when only shorter reads are avail-
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able. Both single end (SE) and paired-end (PE) reads are difficult to assemble de novo,
with SE reads being slightly more challenging (i.e Illumina, Figure 2.2A). Long range
reads can be used (Figure 2.2B), or a hybrid approach can be applied, where shorter and
longer reads can be used together for a better assembly (Figure 2.2C and Figure 2.2D).
As for the assessment, there are currently no unified assembly quality metrics to assess
the quality of the de novo generated assembly, although one value that is commonly used
is the N50. The value of N50 is a weighted median for when at least 50% of the assembly
is contained in contigs or scaffolds of equal or greater length.

In general, the comparative method requires less computation as the sequenced reads are
aligned to a reference genome. However, significant bias can occur in the comparative
genome approach, as divergent (duplicated) regions of the genome may not get recon-
structed properly, and thus, may completely miss the diversity present in the newly as-
sembled genome (Lischer and Shimizu, 2017) . In contrast, the de novo genome assembly
even for a diploid genome is classified as an “"NP-hard” (non-deterministic polynomial-
time) problem meaning it does not have an optimal, known solution. The genome as-
semblers must assemble a jigsaw puzzle of very small pieces. These pieces are the short
reads ( 75bp-300bp) and different assembly tools are used to resolve a best-fit assembly.
However, given that it is a NP-hard problem, most assemblies are likely only an approxi-
mation of the true genome order.

The assemblers also face the challenge of the repetitive nature of plant genomes along
with heterozygosity and haplotype ambiguity that frequently splits these regions into
multiple contigs. A number of algorithms are used for this computation. Some of the most
well-known are the overlap computation, the Greedy algorithm (Huson et al., 2002) , the
Eulerian path (Pevzner et al., 2001) , and two classes of assembly algorithms: Overlap-
Layout-Consensus (OLC) and de Brujin graph. The overlap computation within an as-
sembly tool requires a great deal of computational time, which can be easily reduced by
parallelizing the computations using multi-processor machines or servers (Pop, 2009) .
The complexity of the overlap computation is affected by the number of the input se-

quencing reads. Furthermore, the assemblers based on the Greedy algorithm give the
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simplest (Pop, 2009) , most intuitive solution to the assembly problem, yet it is harder to
prove the correctness of the algorithm even if the algorithm is correct (Pop, 2009) .

The OLC, which can effectively assemble very short reads, has been one of the most suc-
cessful assembly strategies. The Eulerian approach was proposed as an alternative to the
OLC for the assembly of Sanger data; however, because of its sensitivity to sequencing er-
rors it has not been extensively used (Pop, 2009) . Overall, the short sequence reads need
to be assembled into contigs, then the contigs need to be placed into bigger scaffolds, and
tinally chromosomes. Examples of tools that use the OLC algorithm in combination with
other techniques is MASURCA that uses de Brujin graphs to construct mega-reads for
a better assembly (Zimin et al., 2017) and BAUM that uses adaptive unique mapping to
reconstruct repetitive regions (Wang et al., 2018) .

De novo genome assembly is essential to capture the biological diversity within newly se-
quenced genomes. Yet, this task is near impossible without the use of mate-pairs, longer
reads, or linked reads to provide information that can bridge these difficult repetitive re-
gions. Currently, there is a lack of genome assembly and mapping algorithms specialized
for polyploid genomes. These would need to be optimized for using more computational
power (resources) to handle the challenge of the increased complexity and size of the data
sets. Polyploid genome assemblies made from only short reads fail to capture haplotyp-
ing variation and present only a single consensus sequence of several chromosome sets.
Better algorithms are necessary to minimize misassembly of paralogous and orthologous
regions in polyploid plant genomes.

Sequencing errors, read length, quality values, number of reads, and coverage are impor-
tant factors in assembling genomes and there is little difference in these factors/variables
between diploid and polyploid plant genomes. However, because of the complex na-
ture of polyploid genomes, there is not “a best fit” for the main assembling pipeline and
not every approach is reproducible for other polyploid plant genomes. Different results
can be obtained from the various algorithms used for alignment and assemblers and of-
ten genome assemblies are only an estimate of the true biological genome. It often takes

a decade or longer to make improvements and corrections to the original draft release.
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For example, the human genome released in 2000 has gone through multiple revisions
to correct errors. Furthermore, the metrics used to make comparisons tend to only focus
on size which does not capture contig quality nor accuracy, and thus, there are no com-
monly accepted standardized methods for validation of the assemblers, which means
most genomes are accepted as “draft” assemblies (Narzisi and Mishra, 2011) . BUSCO
(Siméo et al., 2015) and QUAST (Gurevich et al., 2013) are two examples of tools that

have been created in an attempt to validate the quality of an assembly.

2.6 How to estimate ploidy level in plants

The ploidy level in plants is normally estimated by measuring the C-value (amount of
DNA in the unreplicated gametic nucleus) using flow cytometry (Clarindo et al., 2008;
Dart et al., 2004; Eaton et al., 2004; GRUNDT et al., 2005; Harbaugh, 2008; Yang et al.,
2011) . For example, flow cytometry was used to estimate genome content and ploidy
in over 300 accessions of the Magnoliaceae family (Parris et al., 2010) , in six Olea euro-
pea (olive) subspecies (Besnard et al., 2007) , and in B. napus leaf tissue samples (Cousin
and Nelson, 2009) . Public databases exist to capture C-value and ploidy levels in plants
(e.g. http://data.kew.org/cvalues/). Recent tools have also been developed to
infer the ploidy level using NGS data, such as ploidyNGS (Augusto Corréa dos Santos
et al., 2017) , ConPADE (Margarido and Heckerman, 2015) , and a pipeline using single
nucleotide polymorphism (SNP) counts that was reported earlier by (Yoshida et al., 2013)
for the estimation of ploidy level in the plant pathogen Phytophthora infestans. A gen-
eral approach to estimate ploidy levels using NGS is by mapping the sequenced reads
to the reference genome and then counting the number of mapped reads, representing
the different alleles at each position. PloidyNGS (Augusto Corréa dos Santos et al., 2017)
was implemented by automating the process of observing the frequency of the alleles by
generating a histogram. It was tested on diploid and haploid Saccharomyces cerevisiae
datasets. ConPADE (Margarido and Heckerman, 2015) was specifically designed to esti-

mate the ploidy levels of highly polyploid plant genomes and has been tested on wheat.
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A weakness is its sensitivity to the quality of the mapping step as this can bias the ploidy
estimation (Augusto Corréa dos Santos et al., 2017) . Finally, the pipeline by (Yoshida
et al., 2013) is similar in the sense that the distribution of read counts at biallelic SNPs is
observed, which allowed the identification of diploid, triploid, and tetraploid P. infestans
strains. Another recent statistical tool for ploidy estimation is nQuire (Weifs et al., 2018) ,
which uses NGS data to distinguish between diploids, triploids and tetraploids.

Ploidy estimation tools have been reported such as EAGLE (Loh et al., 2016) and Read-
Sim (Schmid et al., 2006) . More recent tools for the haploid assembly consist of Hap-
Compass (Aguiar and Istrail, 2013) , HaploSim (Bastiaansen et al., 2012) , HapCut (Bansal
and Bafna, 2008) , and HapCUT2 (Edge et al., 2017) . Real and simulated data were ana-
lyzed with HapCUT2 (Edge et al., 2017) and it was shown that it is more accurate and can
use not only WGS, but also SMRT (www.pacb.com//smrt-science) and Hi-C data
(Lieberman-Aiden et al., 2009) for haplotype assembly. SWEEP (Clevenger and Ozias-
Akins, 2015) is a tool designed to filter SNPs detected in newly sequenced autopolyploid
and allopolyploid crops using NGS approaches. The detected SNPs can be further used
for the haplotype construction. Another NGS tool is HANDS (Mithani et al., 2013) , which
also can be used for auto- and allopolyploids and by aligning the sequenced reads to the
reference genome(s) it can detect the subgenomes in polyploids. Longranger software by
10X Genomics can be used for phasing. It can determine which barcodes are associated
with each heterozygous locus and while phasing, it can construct the organism’s haplo-
types. Simply, it aligns the raw reads to the sequence of both alleles to determine which

allele each read represents.
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2.7 How to “resolve” the ploidy issue (how to reduce the

complexity of the problem)

2.7.1 Genome-related approach

Several strategies have been adopted for the sequencing and assembly of large polyploid
genomes of crop plants (Bevan et al., 2017) . One approach involves the reduction of
genome complexity using a natural or in vitro generated haploid. An example is the se-
quencing of the potato genome by the Potato Genome Sequencing Consortium (PGSC,
2011) . This genome was produced from a doubled monoploid that was homozygous for
a single set of 12 chromosomes to generate a reference (PGSC, 2011) . A similar approach
was used for the genome assembly of the hexaploid bread wheat, T. aestivum. Aneuploid
bread wheat lines derived from double ditelosomic stocks of a hexaploid wheat culti-
var were used to sequence each individual chromosome arm (except 3B) using Illumina
short-reads technology (Pfeifer et al., 2014) . The chromosomes were assembled de novo,
which reduced the complexity of assembling this highly redundant genome, aiding the
differentiation of genes present in multiple copies and of highly conserved homologs.

A second approach involves sequencing a diploid progenitor species to aid in the assem-
bly of the cultivated form. Care must be taken to choose the diploid progenitors most
similar to the cultivated form. The diploid genomes of progenitor species can be used to
determine the origin and structure of contigs when assembling large polyploid genomes.
For example, strawberry (Fragaria x ananassa) is an octoploid (2n= 8x =56) whose origin
remains controversial. One theory suggests that it was formed from a natural hybridiza-
tion between two octoploids- F. virginiana and F. chiloensis (Darrow, 1966) . According to
(Davis et al., 2007) , F. vesca, F. nubicola, and F. orientalis are possible progenitors. To access
the genetic diversity of this valuable crop, one diploid variety of F. vesca (2n= 2x =14) (F.
vesca spp. vesca accession Hawaii 4) was sequenced (Shulaev et al., 2011) .

Oilseed rape or canola (B. napus) is an allopolyploid derived from two diploid species of

Brassica that are triplicated versions of an ancestral diploid. Genome assemblies of B. na-
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pus were assigned to these two subgenomes using sequence assemblies from each diploid
progenitor, but many sequence scaffolds showed ambiguous assignment to homeologous
groups, owing to homeologue exchange and frequent gene loss (Chalhoub et al., 2014) .
A similar strategy was used to characterize the allotetraploid genome of peanut (Arachis
hypogaea), which formed from two diploid species A. duranensis (A genome) and A. ipaen-
sis (B genome). Essentially complete assemblies of the genomes of the progenitor species
A. duranensis and A. ipaensis were generated and shown to directly align with the genetic
map of a cultivated tetraploid peanut (Bertioli et al., 2016) . In the same study, synthetic
long-read sequencing of the tetraploid peanut genome showed that it was 98-99% identi-
cal to the diploid genomes, with differences due to recombination of polyploid genomes
involved from the sequencing of DNA from purified chromosome arms (Bertioli et al.,
2016) . Some of the challenges in assembling the cultivated peanut genome have been
the high similarity between the two-progenitor species, a high number of transposable
elements, and recent evidence of tetrasomic recombination in this allotetraploid (Bertioli
et al., 2016) . Lastly, upland cotton (G. hirsutum) is an allotetraploid that formed 1-2 Myr
(million years) ago from two unknown diploid progenitor species. The genome complex-
ity of upland cotton was reduced by sequencing highly homozygous allohaploid lines to
a coverage depth of 245x with Illumina short-read sequencing reads (Li et al., 2015) . A
dense genetic map was used to align and correct scaffolds, which covered 96% of the esti-
mated 2.5 Gb genome, and fluorescence in situ hybridization (FISH) was used to confirm

a successful allotetraploid assembly.

2.7.2 Genome sequencing and algorithmic (pipeline) approach

There are several examples of successful de novo sequencing and assembly of large al-
lopolyploid genomes of crops that use long-range alignments of sequence scaffolds to
generate extended haplotypes to form distinctive homeologous pseudomolecules. To-
bacco (Nicotiana tabacum; 2n=4x=48) is an allotetraploid that is derived from the diploid

genomes of N. sylvestris and N. tomentosiformis. Whole-genome shotgun assemblies were
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aligned to physical maps to create longer super scaffolds that could be assigned directly
to the progenitor genomes (Sierro et al., 2013) . The polyploid genome of Indian mustard
(B. juncea) (Yang, 2016) has been assembled using a combination of Illumina short reads,
PacBio single molecule, real-time long sequence reads and optical maps from BioNano
Genomics. The short and long reads were aligned to the maps, which directly helped in
the determination of the individual molecules of tagged DNA, and dense genetic maps.
The genome was almost fully represented in the assembly, which was assigned to the A
genome (402 Megabase (Mb)) and the B genome (547 Mb).

Furthermore, an alternative approach to resolve polyploid complexity is by haplotyp-
ing. The process of assigning variants to a particular chromosome or defining which
alleles appear together (corresponding haplotypes), is called phasing and haplotyping,
respectively (Huang et al., 2014) . Haplotypes can provide more information than un-
phased genotypes in diverse fields, such as identifying genotype-phenotype associations
and exploring genetic resistance to plant diseases. An example of this approach is the
recent assembly of the hexaploid genome of sweetpotato (Ipomoea batatas). The authors
describe haplotype construction by applying a novel approach (Yang et al., 2017) where
paired reads and mate pairs were initially used for de novo assembly, then haplotypes
were phased. Overlapping haplotypes were merged into larger haplotypes, mapping all
the raw reads against the phased haplotypes. Finally, scaffolds were constructed based on
the haplotypes and a consensus sequence was generated (Yang et al., 2017) . This method,
called "Ranbow”, can be downloaded at https://www.molgen.mpg.de/ranbow. A
number of algorithms/tools to resolve the haplotype of polyploid genomes exist. Some
examples are HANDS (Mithani et al., 2013) , SDhaP (Das and Vikalo, 2015) , and HapTree
(Berger et al., 2014) . Haplotype construction depends on the read depth or coverage as it
is necessary to have a high coverage for each homologue (5-20x per homologue), as well
as an insert size of 600 — 800 bp (Motazedi et al., 2017) . It is also important to know the
nature of the plant genome and ploidy before performing haplotyping in order to select
the most appropriate tool. If available, it may be better to combine various individuals or

parental information for haplotyping analysis (Motazedi et al., 2017) . From an algorith-

48


https://www.molgen.mpg.de/ranbow

mic point of view, haplotyping requires a lot of memory and computation time.

Another solution is the construction of a pan-genome, which shows the variation and
commonality between individuals. A pan-genome includes “completeness” as it con-
tains the core genome shared by all the individuals sequenced, but also the genes that are
absent/present in some of the newly sequenced genomes. Generally, it is a very helpful
approach for breeding applications as it anchors all the known variations and pheno-
type information and can include wild relatives of the cultivated crop lines. It also aids
in the identification of novel genes from the available germplasm that are not found in
the reference genome (TCP-G., 2018) . Additionally, it represents the polyploid genomes
and in the case of the allopolyploids, it allows the quantification of allele dosage between
germplasm samples (TCP-G., 2018) . Pan-genome construction is even more computa-
tionally challenging in the case of polyploid plant genomes as the corresponding geno-
type needs to be determined by variant calling and identifying novel variants for all the
haploids. Previously, a pan-genome was constructed from 18 wheat cultivars and it was
shown that a large number of variable genes affected by presence/absence and varia-
tion between the genes could be associated with important agronomic traits (Montene-
gro et al., 2017) . NRGene’s (www.nrgene.com) PanMAGIC platform can be used for

pangenome analysis and was applied to analyze six maize genomes (Lu et al., 2015) .

2.8 Third Generation Genomic Technologies come to the

rescue

Genome assembly and scaffolding can be performed using shorter reads (Illumina data),
or longer reads from either PacBio (www.pacb.com) or Oxford Nanapore (https://
nanoporetech.com/), or a combination of both short and long reads. Another alterna-
tive is the assembly of linked reads from 10X genomics. Additionally, for higher conti-
guity, longer-range scaffolders from Dovetail (dovetailgenomics.com) and BioNano
Genomics (bionanogenomics.com) can be used for the construction of physical maps

using very large DNA fragments. A hybrid scaffolding approach can also be applied
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where longer reads are used to improve assemblies generated using short-reads or even
combined with longer-range scaffolding data.

Even though the hexaploid wheat genome was assembled from only short reads, it is
very challenging to assemble such a large and highly repetitive genome using this ap-
proach. A less complicated assembly strategy is to use long-reads to aid in the assembly
of difficult portions of the genome. The most widely used long-read sequencing technol-
ogy is Pacific Biosciences’ Single Molecule Real-Time (SMRT) sequencing. Recently, a few
polyploid plant genomes were assembled using PacBio long reads including three allote-
traploid plant genomes C. quinoa (quinoa) (Jarvis et al., 2017) , Eleusine coracana (finger
millet) (Hatakeyama et al., 2017) and Coffea arabica (Arabica coffee) (Cheng et al., 2017) .
As mentioned earlier, another solution to the read length issue is the ultra-long and real-
time data sequencing approach by Oxford Nanopore Technologies (www . nanoporetech.
com). Currently three plant genomes have been sequenced with Nanopore, a wild tomato
genome Solanum pennellii (Schmidt et al., 2017) , the genome of A. thaliana (Mondal et al.,
2017) , and most recently the genome of Oryza coarctata (Michael et al., 2018) . Illumina’s
SLR technology on the other hand, has already been applied for the estimation of the
haploid draft genome of the polyploid sugarcane hybrid SP80-3280 (Riafio-Pachén and
Mattiello, 2017) .

The long-reads can also be combined with existing short-reads for genome assembly,
called hybrid genome assembly. The resulting genome assembly from short-reads needs
improvement in its contiguity because the contigs need to be assembled into scaffolds.
Initially, the contigs are ordered using alignments from paired-end reads, read pairs from
(Bacterial Artificial Chromosome) BAC or fosmid ends, which are powerful ways to in-
crease the contiguity and help bridge the repeats - the main reason generally for breaks in
the genome assemblies. In addition, genetic and physical maps are also essential for poly-
ploid plant genome assembly (i.e - a physical map was used in the case of the tetraploid
cotton genome). Optical mapping enables the fingerprinting of large genome fragments
and can be used to improve highly fragmented genome assemblies. This technology

promises the improvement of scaffolding and eventually lessens the need for genetic and
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physical mapping (Jiao and Schneeberger, 2017) .

Another new promising technology that can potentially be applied to complex, polyploid
plant genomes is the 10X genomics approach. There is only one scientific report on plant
research using this technology to date on a diploid pepper genome (Capsicum annuum)
(Hulse-Kemp et al., 2018) . The haplotype construction was generated to karyotype ane-
uploidy in a cancer study (Bell et al., 2017) and it was also used in the generation of a
protocol for haplotyping human genome (Porubsky et al., 2017) , making it a promising
technique for polyploidy genome data. Additional techniques used by polyploid plant
projects include Hi-C and chromosome-scale assembly. For example, a study is underway
to detect large chromosomal rearrangements in wheat genomes (Monat et al., 2019) and
another project uses chromosome scale scaffolding on the allotetraploid coffee genome

(Zimin et al., 2017) .

2.9 Advances in genomic resources and functional tools in

molecular genetics and breeding

The advance of NGS technologies has immensely impacted the field of plant genomics
in model and non-model crops alike, and it is continuously contributing to bridging
the gap between genotype and phenotype. The genotype can be linked to the pheno-
type by Genome Wide Association studies (GWAS) and the advent of NGS has revolu-
tionized genomic, as well as, transcriptomic (RNA-Sequencing) approaches to biology
including plant genomics in model and non-model crops. Modern breeding programs
combine various approaches for more efficient breeding, in parallel with the reduction of
the whole breeding period (Varshney et al., 2013) . These approaches include the tradi-
tional phenotype-based selection, marker-assisted selection, and genome-assisted breed-
ing (Varshney et al., 2013) . The continuous effort in improving major crops has resulted
in great genetic and genomic resources for crop traits. Some instances of databases that

host these resources can be found in 2.3.
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210 Lack of complexity of the currently available refer-

ence genomes of polyploid crops

High quality reference genomes, gene discovery, and comparative genomics depend on
the construction of a high quality de novo genome assembly. These assemblies are more
teasible, but still not perfect using haploid and inbred species. Despite their importance to
reflect the genetic information within an organism, most of the currently available poly-
ploid and diploid plant genome assemblies do not capture the heterozygosity present.
The majority of the currently available reference genomes, especially those of the poly-
ploids, lack variation and characteristics of other individuals that are not captured or
presented. This happens because the simpler genomes are sequenced first, but also due
to the sequencing of diploid and less heterozygous progenitor species for the reduction of
the intricacy of the polyploid assembly problem. In reality, the assembled genome is a flat
DNA sequence, which shows neither the variation between homologous chromosomes,
nor allelic variations, or structural variations. The resulting “model” reference genome is
more distant than the majority of the other individuals in a species. Furthermore, genes
may be missing or not annotated. A solution to this problem is the construction of pan-
genomes (as described above), which show the core and the variable regions of a genome
between individuals. An example of a pan-genome application is in the hexaploid bread
wheat (Montenegro et al., 2017) .

Even in the case of the smaller, “simpler” bacterial genomes, the submitted genomes are
not complete. Despite the exponential generation of NGS data, the majority of the submit-
ted genomes represent only draft or in scaffold format, incomplete genomes. The higher
ploidy levels of the polyploid plant genomes make the situation even more difficult to
handle. This leads to highly fragmented genome assemblies, with disconnected contigs
of repetitive sequences. As discussed, better tools are needed that allow automatic contig
assembly of (plant) genomes with many repeats and that are sensitive to ploidy levels and

can handle haplotype construction. Also, to date allopolyploid plant genomes cannot be
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represented in an integrated assembly, rather the subgenomes are found in separate as-

semblies.

2.11 Conclusions

Improving genome sequencing and assembly of polyploid plant crops will have a funda-
mental impact on genetic research and on plant breeding by better understanding the
genomes, identifying genomic variants and relating them to economic, physiological,
and morphological agronomic traits, such as higher yield, abiotic/biotic tolerance, root
structure etc. Better polyploid plant genome assemblies will also aid in the study of the
genotype-phenotype-environment relationship. For this, more plant polyploid-oriented
algorithmic and technological (sequencing) advances are necessary. High quality refer-
ence subgenomes in polyploid crops in addition to multiple reference genomes or a pan-
genome per crop species are necessary to capture variation and to better understand these

economically important genomes.
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Preface to Chapter 3

As presented in Chapter 2, de novo genome assembly of polyploid plant genomes
is challenging due to the complexity of the genome to be sequenced, the technologies
used and the algorithms for the assembly of the sequence reads. In Chapter 3, a multi-
reference-based genome comparison of potato genomes of various ploidy levels is pre-
sented. The potato species used represent the old potato taxonomy (eleven landraces and
one wild potato genomes). The results give an idea of how different these genomes are
compared to the potato reference genome and give more information about their traits.
Finally, the importance of the availability of multiple reference genomes for diversity ex-
ploration is highlighted. These results are important for the exploration of the potato
genome. This manuscript is currently in review for Theoretical and Applied Genetics.
Since there was a limit on the number of figures and tables for this journal, we selected
a number of them for the body of the manuscript, the rest of them are found in the Ap-
pendices and for this reason, this section is extended. The genomes have been sequenced
using Illumina PE technology and the resulting data were used for the analysis of this
chapter. The genomes of S. stenotomum subsp. goniocalyx 1 and S. tuberosum subsp.
andigena 1 have been sequenced with long PacBio and linked 10X Genomics technolo-
gies, in addition to Illumina PE compared to the rest of the genomes. However, the long

and linked data were not used for the analysis in this chapter.
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3.1 Abstract

Polyploidy or duplication of an entire genome occurs in the majority of angiosperms. The
understanding of polyploid genomes is important for the improvement of those crops,
which humans rely on for sustenance and basic nutrition. As climate change continues to
pose a potential threat to agricultural production, there will increasingly be a demand for
plant cultivars that can resist biotic and abiotic stresses and also provide needed and im-
proved nutrition. In the past decade, Next Generation Sequencing (NGS) has fundamen-
tally changed the genomics landscape by providing tools for the exploration of polyploid
genomes. Here, we review the challenges of the assembly of polyploid plant genomes,
and also present recent advances in genomic resources and functional tools in molecular
genetics and breeding. As genomes of diploid and less heterozygous progenitor species
are increasingly available, we discuss the lack of complexity of these currently available

reference genomes as they relate to polyploid crops. Finally, we review recent approaches
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of haplotyping by phasing and the impact of third generation technologies on polyploid

plant genome assembly.

3.2 Introduction

Cultivated potato (Solanum tuberosum L.) originated in the Andean highlands of southern
Peru. Whereas potato was not cultivated in Europe and other parts of the world until the
16th century, archeological evidence suggests that the potato has been used for human
consumption in Peru for at least 10,000 years (Engel, 1970) . Since ancient times, potato
has been adopted into the human diet and is today the third most important food crop
for direct human consumption globally (FAO, 2013) .

This worldwide success of potato as a crop is in part due to the tubers being highly nu-
tritious and providing a good source of fiber, minerals, proteins and vitamins C and B6.
Important in the adoption of potato as a human food is its wide adaptability to varying
environmental conditions and climates — it is grown from the Americas, to Africa, Eurasia
and Oceania, and in a broad range of conditions (Bradeen et al., 2011) . However, genetic
improvement of existing cultivars is necessary to meet the global food and nutritional de-
mands from a changing climate and the growing human population. The great diversity
in potato species and landraces, in particular the South American potato taxa, which are
a hugely rich source of valuable agronomic traits, offers insights into the genetic diver-
sity behind the adaptability of the common cultivated potato. Insights into the genomic
variation of the diversity of cultivated potato taxa is crucial to crop improvement to help
combat future famines and ensure food security.

A significant amount of baseline work has previously been done to aid the advance of
potato genomics, reviewed by (Galvez Helen H., Barkley, Noelle A., Gardner, Kyle, Ellis,
David, Stromvik, Martina V., José Héctor, 2017) . The first publicly available potato refer-
ence genome was derived from a doubled monoploid clone of S. tuberosum group Phureja
(DM1-3), which was sequenced and assembled by the Potato Genome Sequencing Con-

sortium (PGSC, 2011) . The DM1-3 genome assembly consists of 12 pseudomolecules
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with a total assembly length of 844 Mb. DM1-3 was soon followed by the reference
genome of a S. chacoense clone, M6 (Leisner et al., 2018) . Additionally, a gene expres-
sion atlas of 32 developmental and stress conditions of DM1-3 is available (Massa et al.,
2013, 2011) as are several studies on transcriptomes (Barandalla et al., 2018; Fogelman
et al., 2019; Galvez et al., 2016; Moon et al., 2004) . The availability of the two potato
reference genomes, along with expression data, has facilitated genetic profiling of dif-
ferent potato varieties, particularly in the identification of structural variatants such as
single nucleotide polymorphisms (SNPs) and larger copy number variations (CNVs). A
comparison of 12 monoploid and doubled monoploid clones derived from S. tuberosum
accessions, to the DM1-3 reference genome, showed great heterogeneity in the genomes
and that a large portion of their genomes are affected by CNVs (Hardigan et al., 2016) .
Potato genome studies have revealed that CNVs play a major role in developing or con-
tributing to adaptive traits (Hardigan et al., 2016, 2017; Iovene et al., 2013; Pham et al.,
2017) . This is in agreement with studies in other crop plants, e.g. the response to stress in
Oryza species (Bai et al., 2016) ; and disease resistance in maize (Bel6 et al., 2009) , sorghum
(Zheng et al., 2011) and soybean (McHale et al., 2012) . Furthermore, a SNP analysis of
six potato cultivars showed that large allelic variation correlated with preferential allele
expression, was significantly associated with evolutionary conserved genes (Pham et al.,
2017) .

Solanum commersonii is a diploid tuber-bearing wild potato species native to Central
and South America, is thought to be the first wild potato collected on a scientific expedi-
tion (Hawkes and Others, 1990) and is phylogenetically distinct from cultivated potato
(S. tuberosum) (Rodr\"\iguez and Spooner, 2009) . S. commersonii has desirable agricul-
tural traits not commonly found in the cultivated potato, such as resistance to root knot
nematode, soft rot and blackleg, bacterial and verticillium wilt, Potato virus X, tobacco
etch virus, common scab and late blight as well as frost tolerance and good capacity for
cold acclimation (Bamberg et al., 1986; Hawkes and Others, 1990; Micheletto et al., 2000)
. Breeders have overcome the sexual incompatibility of S. commersonii and S. tuberosum

(Johnston and Hanneman, 1980) yet unfortunately with no significant new varieties have
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yet to be released (Bamberg et al., 1986; Cardi et al., 1993; Carputo et al., 1997) . The 2015
genome assembly of S. commersonii consists of 830 Mb, with 39,290 protein-coding genes,
including 126 cold-related genes without orthologs in S. tuberosum (Aversano et al., 2015)
. The heterozygosity in S. commersonii reaches 1.5% based on aligning the raw reads to
its genome assembly and estimating the heterozygosity by estimating the total number
of heterozygous calls over the total number of callable reads (Aversano et al., 2015) , in
contrast to the S. tuberosum, where the present heterozygosity was estimating with only
6,373 SNP markers measured against the DM1-3 and resulted in a measure of 53 — 59%
heterozygosity (Hirsch et al., 2014a) .

S. chacoense is another closely related tuber-bearing wild species with desirable breeding
traits — e.g. disease resistance and resistance to cold-induced sweetening (Leisner et al.,
2018) . Its high levels of toxic steroidal glycoalkaloids in the tubers, however, is a great
disadvantage and further breeding is required to reduce the glycoalkaloid levels (McCue,
2009) . The inbred M6 S. chacoense clone, developed in 2014 (Jansky et al., 2014) , is highly
heterozygous and is associated with important agronomic traits like high dry mater, good
chip-processing qualities and disease resistance. M6 has also been sequenced and assem-
bled (Leisner et al., 2018) resulting in a genome assembly of 825 Mb, of which, 508 Mb
has been anchored into 12 pseudomolecules with an estimated 37,740 genes.

In the present study, we carried out comparisons of 12 potato genomes, of which 10 rep-
resent native Peruvian landraces, one a wild species and another one represents a native
Chilean landrace. The S. chacoense M6 clone and S. commersonii public genomes (Aversano
et al., 2015; Leisner et al., 2018) were included in the study to explore and identify impor-
tant potential agronomic traits for the future of potato from closely related tuber-bearing
potato species. All genomes were compared to the DM1-3 and S. chacoense M6 clone to
highlight the variation in our 11 landraces and one close wild relative genome.
Significant work has been previously done to show the CNV — impact on potato (Hardi-
gan et al., 2016) . The current study provides further evidence for the importance of CNVs
underlying the potato genome sequence and advances the genome comparison to those

that do not belong only to the Phureja and Stenotomum groups, including ploidy levels
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(2X, 3X, 4X and 5X). Moreover, since some of the species analyzed are sexually compatible
with the reference genomes and important traits can therefore be transferred to the cul-
tivated potato through introgression, this study is also interesting to breeders and grow-
ers. Finally, this is the first report investigating structural variation and polymorphism in

potato using more than one reference genome.

3.3 Materials and Methods

3.3.1 Plant Materials and Sequencing

The germplasm of eleven Peruvian potato accessions and one Chilean accession (TBR),
namely S. stenotomum subsp goniocalyx (GON1 - CIP 702472 DOI: 10.18730/9DM?*), S.
stenotomum subsp goniocalyx (GON2 - CIP 704393 DOI: 10.18730/ AGCS$), S. phureja (PHU
- CIP 703654 DOI: 10.18730/9W7]), S. xajanhuiri (AJH - CIP 703810 DOI: 10.18730/A0]9),
Solanum stenotomum subsp. stenotomum (STN - CIP 705834 DOI: 10.18730/BTDA), S.
bukasovii (BUK - CIP 761748 DOI: 10.18730/E3AC), S. tuberosum subsp. andigena (ADGI -
CIP 700921 DOI: 10.18730/91RP), S. tuberosum subsp. andigena (ADG2 - CIP 702853 DOI:
10.18730/9GB8), Solanum curtilobum (CUR — CIP 702937 DOI: 10.18730/9H1Y), S. tubero-
sum subsp. tuberosum (TBR — CIP 705053 DOI: 10.18730/B3MN)), S. juzepczukii (JUZ — CIP
706050 DOI: 10.18730/C09D) and S. chaucha (CHA — CIP 707129 DOI: 10.18730/CS5%),
are part of the in vitro potato collection at the International Potato Center (CIP) in Lima,
Peru. Genomic DNA was extracted from the leaves of the in vitro plants using E.Z.N.A.
Plant DNA Kit (Omega Bio-tek, Inc.), following the manufacturer’s instructions. The
DNA quality assessment was followed by library preparation and DNA sequencing by
Novogene™ Corporation (Beijing, China). Genomic DNA libraries were prepared using
the TruSeq Library Construction Kit (Illumina, Inc.) following the manufacturer’s instruc-
tions. After the libraries were size-selected and purified, they were sequenced using an
[Nlumina HiSeq sequencer (Illumina, Inc.) in paired-end mode (2 x 150 bp). The genomes
of GON1 and ADG1 was also sequenced with PacBio’s Single Molecule RS II system

technology (https://www.pacb.com/)and with 10X Genomics” GemCode technology
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(https://www.l0xgenomics.com/). The lllumina paired-end DNA sequencing reads
of S. commersonii (COM) were obtained from NCBI Sequence Read Archive (SRA) with
the SRP050408 identifier, and the Illumina paired-end reads for S. chacoense (M6) with the
SRP097632 identifier. The data is available in NCBI, under the BioProject PRJNA556263;
the SRA accessions for the diploid genomes are SRR10244436 — SRR10244441 and those
for the polyploid genomes are SRR10248510 — SRR10248515.

3.3.2 Alignment against the potato reference genome

The two publicly available potato reference genomes DM1-3 (PGSC, 2011) and M6 (Leis-
ner et al.,, 2018) were used for the detection of Copy Number Variation events (both
deletions and duplications) across the 12 accessions. Version 4.04 of the DM1-3 and the
v4.1 of M6 reference genomes were retrieved from SpudDB — Potato Genomics Resource
database (http://solanaceae.plantbiology.msu.edu/). The pseudomolecules
were indexed using BWA MEM v 0.7.17 (Li, 2013) . The sequencing reads were trimmed
using Trimmomatic v0.36 (Bolger et al., 2014) using the following parameters: TruSeq3-
PE.fa 2:30:10 LEADING:20 TRAILING:20 SLIDINGWINDOW:5:20 MINLEN:50. The re-
sulting alignments were manipulated using SAMTOOLS v1.9 (Li et al., 2009). Duplicates
were marked using Picard v 2.18.9 (Pic, 2019) and only the properly oriented reads were

kept for the structural variation (5V) analyses.

3.3.3 Single Nucleotide Polymorphism (SNP) Analysis

SNPs were detected /called from the processed alignments using Freebayes v1.2.0-2 (Gar-
rison and Marth, 2012) with the following criteria: requiring minimum 4x coverage in
diploids, 6x coverage in the triploids, 8x coverage in the tetraploids and 10x coverage in
the pentaploid genomes. Furthermore, SNPs with mapping quality < 20, MQM < 20,
MQMR < 20 and SAF && SAR < 0 were removed. The SNPs were annotated with snpEff
tool (Cingolani et al., 2012) .
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3.3.4 Copy Number Variation (CNV) Analysis

Genome-wide CNVs were calculated by comparison of median read coverage in 100 bp
windows using CNVnator v0.3.3 (Abyzov et al., 2011) . The resulting raw CNV calls were
filtered in order to keep only the SVs larger than 1000 bp, with a cutoff p-value of 0.01
and only reads with q0 quality < 0.5. Significant CNVs were annotated with intansv
v1.12.0 (Yao, 2018) package in R v3.3.3 (R Core Team, 2018) , using the GFF file with the
annotation of the DM1-3 and M6 reference genomes, respectively, to identify which genes

were affected by deletions and duplications.

3.3.5 Significantly Enriched Gene Clusters

Genes with 50% or more of the gene body affected by CNVs were compared to the DM1-3
and M6 reference genomes. CNV gene enriched clusters were identified by dividing the
two reference genomes into overlapping 200 kb bins with an intermediate step size of 10
kb (Hardigan et al., 2016) . The number of genes affected by CNVs was calculated in each
bin using overlapping bins produced by BEDTOOLS v2.26.0 (Quinlan and Hall, 2010) .
Significant bins were determined using a minimum threshold based on the mean of all
genomic windows with addition to three standard deviations ((Hardigan et al., 2016) .

The clusters with the highest number of genes affected by CNVs were further analyzed.

3.3.6 Principal Component Analysis of CNV-status

CNV affected genes as defined above were used for clustering analysis. A tertiary matrix
with 39,028 genes compared to the DM1-3 was generated along with the genes affected
and not affected by CNVs in each of the twelve genomes (3 for duplications, 2 for dele-
tions and 1 for non-CNV impacted genes). A Principal Component Analysis (PCA) plot
was generated using R (R Core Team, 2018) , based on Euclidean distance. Additionally,
based on the CNV status of the genes in each of the genomes, two phylogenetic trees were

built using PHYLIP v.3.695 (Felsenstein, 1993) using the PARS algorithm, which accepts
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multi-state input was used for the construction of the phylogenetic tree.

3.4 Results

3.4.1 Alignment of 12 potato landrace and wild genomes against two
reference genomes shows greater overall match with DM1-3 than

with M6

To detect structural variation in the genomes of potato landraces from the genebank at the
International Potato Center (CIP, 2018) , genomic-DNA was sequenced from a panel of
12 accessions. These accessions were chosen to include representative individuals from
each of the seven species, nine taxa, proposed by (Hawkes and Others, 1990) . Six are
diploids: Solanum stenotomum subsp. goniocalyx (GON1), S. stenotomum subsp. goniocalyx
(GON2), S. phureja (PHU), S. xajanhuiri (AJH), S. stenotomum subsp. stenotomum (STN), S.
bukasovii (BUK); two triploids: S. juzepczukii (JUZ), S. chaucha (CHA); three tetraploids: S.
tuberosum subsp. andigenum (ADG1), S. tuberosum subsp. andigenum (ADG2), S. tubero-
sum subsp. tuberosum (TBR); and one pentaploid: S. curtilobum (CUR). The genomic
DNA reads from the twelve genomes were aligned against the DM1-3 potato reference
genome v.4.04 (Hardigan et al., 2016) and against the pseudomolecules of the S. chacoense
M6 potato reference genome (Leisner et al., 2018). DNA reads from S. chacoense (M6) and
S. commersonii (retrieved from NCBI SRA: SRP097632 and SRP050408, respectively) were
also aligned against the DM1-3, and DNA reads from S. commersonii (Aversano et al., 2015)
were aligned against M6. The S. commersonii genome was not used as a reference as the
scaffolds were not long enough. Unaligned, unpaired reads and aligned positions with
low quality scores were removed. Overall, more reads aligned with DM1-3 than with M6
(only pseudomolecules were used for the alignment), with the average reference genome
covered being 643 Mb and 436 Mb for the DM1-3 and M6 genomes, respectively 3.1.

The genome alignments against DM1-3 and M6 were used for the identification of sequence-
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level variations such as SNPs and structural variations, like CNV. The average read depths
for each genome ranged from 35.6X (in BUK) up to 50.3X (in GON2). The percentage of
the reference genome covered by each of the sequenced genomes is shown in Figure 3
1. The panel of 12 sequenced genomes covered at minimum 604 Mb and 416 Mb of the
DM1-3 and the M6 reference genomes, respectively. Within the 604 Mb of the DM1-3
genome covered, there are 37,395 genes (97% of the total number of genes). Between the
newly sequenced genomes, an average size of 328 Mb in the diploids and 285 Mb in the
polyploids were aligned in common to the DM1-3. When compared to M6 genome, the
average genome body alignment was reduced to 119 Mb in the diploids and to 107 Mb in

the polyploids.
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Figure 3.1: Total amount of the reference genomes: DM1-3 (left) and M6 (right) covered
by the aligned reads of 14 potato genomes.

The genomes of 12 potato landraces were sequenced and the reads were aligned against
the pseudomolecules of two potato reference genomes, DM1-3 (884 Mb) (Hardigan et al.,
2016) and M6 (508 Mb) (Leisner et al., 2018) to show the coverage of each. The sequence
reads from the published Solanum commersonii (Aversano et al., 2015) were also used
in the analysis. GON1 — S. stenotomum subsp goniocalyx; GON2 - S. stenotomum subsp
goniocalyx; PHU - S. phureja; AJH - S. xajanhuiri; STN - S. stenotomum subsp. stenotomum;
BUK - S. bukasovii; ADG1 - S. tuberosum subsp. andigena; ADG2 - S. tuberosum subsp.
andigena; CUR - S. curtilobum; TBR - S. tuberosum subsp. tuberosum; JUZ - S. juzepczukii;
CHA - S. chaucha; COM - S. commersonii; and M6 — S. chacoense.



High levels of CNVs are observed in the 12 sequenced genomes. Some of the regions
of CNVs are identical, this, conserved among these genomes, sharing identical regions.
The comparison of the diploids to the DM1-3 showed that in the majority of the diploids
(with AJH and BUK and in addition to the publicly available COM and M6 genomes being
the exceptions), the number of genes impacted by deletions is greater than the number of
genes impacted by duplications Supplementary Figure 8.1 (Appendix 1). Interestingly,
in AJH, BUK, COM and M6 the number of deletions is greater than the duplications, but
the duplications were larger, and thus impacting a higher number of genes. Additionally,
the polyploids also have fewer, but larger duplications resulting in more genes impacted
by duplications than by deletions Supplementary Supplementary Figure 8.1 (Appendix
1). Furthermore, the comparison of the diploids and the polyploids with the M6, showed
that the number of deletions and duplications are similar in number, but the duplications
were again found to be larger, resulting in more genes impacted by duplications Sup-
plementary Figure 8.1 (Appendix 1). Not unexpected, the number of genes impacted
by duplications is greater in the polyploids than the diploids. In general, both refer-
ence genome comparisons show that the majority of the deletions occur in the intergenic
regions and thus duplications impact more genes than the deletions (CNVs were more
common in the intergenic regions). Finally, there are many more SNPs in the 12 genomes
compared to the DM1-3 than compared with the M6, probably because a smaller portion
of the M6 genome was available for alignment. Overall, 275 (109 and 166 impacted by
duplication and deletion, respectively) CNV impacted genes were in common across the
panel of 12 sequenced genomes.

The average size of the genomic regions impacted by CNVs in the diploids is approxi-
mately 311 Mb and 314 Mb compared to DM1-3 and M6, respectively. AJH and BUK have
the largest CNV-impacted genome region when compared to DM1-3, however when com-
pared to M6, AJH and PHU have the two largest CNV-impacted regions. For the poly-
ploid genomes, an average of 378 Mb and 333 Mb of CNV-impacted regions are observed
when compared to DM1-3 and M6, respectively. JUZ had the largest CNV-impacted re-
gion when compared to DM1-3, followed by CUR. When compared to M6, CUR has the
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largest CN'V-impacted region, followed by JUZ.

The average size of the reference genomes that was aligned to the diploids is 328 Mb and
119 Mb when compared to DM1-3 and M6, respectively. Due to the higher heterozygos-
ity of the polyploids, the average aligned reference genome size is 285 Mb and 107 Mb
compared to DM1-3 and M6, respectively.

The % heterozygosity of each of the genomes was estimated in percent using the trimmed
[Nlumina reads. As it is shown in Table 3 1, the heterozygosity of the diploids ranges be-
tween 1.73 % (in GON2) and 4.48 % (in AJH). The heterozygosity of the polyploids ranges
between 3.52 % (in ADG1) and 12.02 % (in CUR) (Table 3 1). This indicates that the higher
the ploidy, the higher the heterozygosity and that the heterozygosity is greater outside

the Stenotomum and Phureja potato groups.

A Intergenic Ir B Interg E

1.5=107"

1.0=107"

W GoN1

I GONz = aon
" B PHU
= L sTN B PHU
= AJH I sTN
r~ B AJH
I BUK
= cOomM B BUK
= M6 & com
E B TBR & TBR
5 B Juz o guz
@D “| CHA I CHA

e | R

5.0 x10"°- I ADG2 J
I cur [ cur
R anome " ARARASRARAER A i arame | AR

Figure 3.2: Summary of the total number of small variants (SNPs, indels) identified in
13 potato genomes in intergenic, exonic and intronic regions compared to the A) DM1-
3 and B) M6 reference genomes.

Overall, more SNPs are present in the intergenic regions of the landrace genomes com-
pared with the both reference genomes (DM1-3 on the left and M6 on the right of the
tigure). Not surprisingly, there are fewest SNPs in exonic regions, and most SNPs are
found in the intergenic region.
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3.4.2 Distribution of Single Nucleotide Polymorphisms detected in the
genomes compared to the DM1-3 and M6 reference genomes

The number of SNPs detected compared to the DM1-3 genome ranges from 3.8 million
in diploid PHU to 12.9 million in the pentaploid CUR genome Table 3.1. The largest
number of SNPs detected in the diploids was found in BUK - a wild potato genome - with
7 million SNPs. In the triploids, 6.6 million SNPs were detected in CHA and 10.5 million
in JUZ, while the number of SNPs detected in the tetraploids ranged between 7.9 million
in ADG1 (7.7 million in ADG2) to 7.1 million in TBR. Moreover, in the comparison to M6
the number of SNPs varies between 3.8 million in the diploid PHU up to 8.8 million in the
pentaploid CUR. The largest number of SNPs identified in the diploids compared to M6
was 5.6 million in BUK, in the triploids 8.6 million in JUZ and finally in the tetraploids
7.9 million in ADG1. In summary, the number of SNPs varies between 3.8 million to
10.5 million when compared with DM1-3, and between 3.8 million and 8.6 million when

compared with M6 Figure 3.2.

Table 3.1: Potato genomes sequenced for this study. The table shows their ploidy level
and the number of SNPs identified when they were compared to the two reference
genomes.

SNPs 1 variant SNPs 1 variant
Genome| Ploidy VS per xbases VS per xbases 9, Heterozygosity

DM1-3 M6
GON1 | 2x 4,452,845 133 4,259,520 95 1.75
GON2 | 2x 4,637,259 126 4,960,736 80 1.73
PHU 2x 3,885,936 152 3,862,547 104 1.84
STN 2x 5,366,637 110 4,607,143 88 2.06
AJH 2x 6,738,160 87 5,503,098 73 4.48
BUK 2x 6,962,470 83 5,695,484 71 3.06
Juz 3x 10,584,983 48 8,631,219 46 3.52
CHA 3x 6,614,894 83 5,350,001 76 7.75
ADG1 | 4x 10,488,244 49 7,978,402 50 8.43
ADG2 | 4x 9,998,123 52 7,763,459 51 7.3
TBR 4x 9,089,933 58 7,188,156 56 3.7
CUR 5x 12,968,439 37 8,873,871 45 12.02

88



A total of 96,690 and 373,932 small polymorphisms (SNPs and indels) were found in
common between the panel of the 12 genomes: diploids and the polyploids, respectively,
while 32,959 are shared among all the ploidy levels. From these, about 65% were in the
conserved genome, which was not impacted by any CNVs, and the rest of them in the
CNV-impacted genome.

The identified SNPs were annotated with snpEff (Cingolani et al., 2012) and Figure 3.2
shows the total number of small structural variations (SNPs, indels) in the intergenic,
exonic and intronic regions, respectively. Based on the results of both reference genome
comparisons, the majority of the SNPs are found in the intergenic regions representing
44% of the SNPs (about 22% upstream and 22% downstream). As for mutations, about
51% and 48% of the SNPs consist of missense and silent mutations, respectively, while
the remaining 2% were nonsense mutations. The number of indels is smaller than the
number of SNPs, with a larger amount of smaller deletions than small insertions in both
comparisons.

To identify the most heterozygous regions, biallelic loci were identified in the diploid
genomes. Sites that had one or more alternate alleles compared to the reference genome
were counted as heterozygous sites. Supplementary Table 9.1 (Appendix 2) shows that
the heterozygosity in the genomes is not spread evenly over the genomes, and that some
chromosomes are more heterozygous than others based on alternate allele frequency. The
most heterozygous regions in the M6 genome compared to the DM1-3 are found on chro-
mosomes 4, 8 and 9 (Leisner et al., 2018), which was also found in our analysis. This
confirms the validity of the pipeline used in the present study (assaying a total of 589
Mb in contrast to the 298 Mb that was previously used). When the landrace genomes are
compared to DM1-3, most heterozygous regions are found on chromosomes 1 (an average
of 11% heterozygous SNPs) (not in M6) and 4 (an average of 10% heterozygous SNPs),
even though some genomes also contained heterozygous regions on chromosomes 3, 6,
8,9, 10 and 12 Supplementary Table 9.1 (Appendix 2). Specifically, GON1, GON2 and
PHU are highly heterozygous in chromosome 9, while AJH and M6 in chromosome 4.

Chromosome 1 is the most heterozygous for the polyploids.

89



The same approach was also used for the identification of the highly heterozygous re-
gions in the genomes compared to the M6 genome. Chromosomes 1 and 12 are consis-
tently the most heterozygous for all the genomes regardless of ploidy level Supplemen-
tary Table 9.1. Additionally, GON1, GON2, PHU and CHA were highly heterozygous on
chromosome 6, while AJH, ADG1, TBR and CUR in chromosome 5, then BUK and JUZ
in chromosome 3, STN and COM in chromosome 11 and finally, ADG2 in chromosome 7
Supplementary Table 9.1. The highly heterozygous SNPs (compared to both reference
genomes) are found predominantly in the intergenic regions based on the annotation by
snpEff (Cingolani et al., 2012).

The majority of the SNPs identified across both the diploid and polyploid genomes against
both reference genomes are biallelic, with the largest proportion in the ADG1 and CUR
genomes (98%). Moreover, most of the biallelic SNPs are of type B (biallelic sites with at
least one reference allele and at least one alternate allele). Type B constituted up to 97%

of the biallelic alleles in the ADG1 and CUR genomes.

3.4.3 Distribution of Structural Variations in the landrace genomes com-
pared to the DM1-3 and M6 references shows both polymorphism

and synergy

3.4.4.1 Size of the CNVs detected.

The length of the CNVs detected in the genomes, compared to both DM1-3 and M6 ref-
erence genomes, varied in size. However, in general, when compared to the M6 genome,
the CNVs were larger than those detected against the DM1-3 genome. For the DM1-3,
the average median CNV size is larger in the polyploids compared to the diploids Sup-
plementary Tables 10.1 10.2 . The comparison against the M6 follows a similar pattern,
although the size of the CNVs are much larger than the one detected when compared to
the DM1-3 Supplementary Tables 11.1 11.2.

Duplications are generally larger than deletions for both diploids and polyploids against

both the reference genomes. However, the largest CNVs detected in the genomes com-
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pared to DM1-3 are deletions, even though in general the duplications tended to be larger
Supplementary Tables 10.1 10.2. In contrast, when the genomes were compared to M6,

the largest CNVs detected are duplications Supplementary Tables 11.1 11.2.

3.4.3.2 Significant gene CNV clusters compared to DM1-3 and M6 reference genomes.

To investigate whether large gene clusters were affected with CN'Vs, the reference genome
was split into overlapping bins of 200 kb with a step size of 10 kb, as per (Hardigan et al.,
2016). The top three CNV-bins identified per genome Supplementary Tables 12.1 13.1
are not all the same. They involve both duplications and deletions and generally affected
disease resistance genes, including those coding for the nucleotide binding site leucine-
rich repeat (NBS-LRR) disease resistance proteins. Other CNV-enriched loci contain genes
encoding for auxin-induced SAURs (small auxin-up RNA), endo-1,4-3-mannosidase and

genes of unknown function.

3.4.3.3 Significant gene CNV clusters in the diploids compared to DM1-3.

When compared to the DM1-3 reference genome, the CNV-impacted regions in common
between the diploid genomes were mostly impacted by deletions (Supplementary Table
3- 6; Appendix 7). Genes coding for proteins of unknown function were found across the
regions impacted in common by CNVs. Deletions on chromosome 1 affect genes such
as methylketone synthase enzyme, involved in the biosynthesis of the methylketones,
produced as plant defense against various herbivorous insects by the trichome glands
of wild tomato species (Antonious, 2001; Fridman et al., 2005; WILLIAMS et al., 1980).
Additionally, disease resistance genes impacted by deletions are found in chromosomes
4 and 11 Supplementary Tables 12.1 14.1. The region in chromosome 4 contains the R2
gene, responsible for the resistance against the pathogen Phytophthora infestans, (Geb-
hardt and Valkonen, 2001). A cluster of genes coding for Leucine Rich Repeat (NBS-LRR)
disease resistance protein, along with others coding for Tobacco Mosaic Virus (TMV) pro-
tein are impacted by deletions in chromosome 11 Supplementary Table 14.1. Finally,

genes responsible for biotic and abiotic tolerance are impacted by deletions in chromo-
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somes 9 and 12 Supplementary Tables 12.1 14.1. Within these genes, some of them code
for UDP-glycosyltransferase that glycosylate phytormones and metabolites as a response
to biotic and abiotic stresses (Rehman et al., 2018). In tobacco they found to play a signif-
icant role during the TMV infection (Chong et al., 2002; Le Roy et al., 2016) and resistance
against Potato Virus Y (PVY) in tobacco (Matros and Mock, 2004). In chromosome 12,
deletions impact genes coding for important immunity proteins, such as ubiquitin conju-

gating enzyme, RN{5, fiber protein Fb34 and others.

3.4.3.6 Significant gene CNV clusters in the diploids compared to Mé.

Similar to the results from the comparison of the diploid genomes to DM1-3, the chromo-
somes CNV impacted genes in common between all the diploid genomes against the M6
genome are chromosomes 1, 4, 9 and 11 Supplementary Table 14.1. Though, the major-
ity of the CNV-impacted genes in common are impacted by duplications. Genes involved
in stress tolerance are found to be duplicated in chromosomes 1, 4, and 9 Supplementary
Table 14.1. In Arabidopsis, Major Facilitator Superfamily (MFS) protein is responsible
for drought tolerance (Remy et al., 2013). The gene coding for this protein is duplicated
in all the diploids when compared to the M6 reference. Similarly, the DNAJ genes are
duplicated in the diploids, suggesting a possible abiotic tolerance as it was previously
found to enhance heat tolerance in transgenic tomatoes (Wang et al., 2019) and in pepper,
they are involved in growth development, and also induced by heat stress (Fan et al.,
2017). Moreover, genes coding for pentatricopeptide repeat proteins (PPR) are duplicated
in the diploid genomes. Previously in petunia, it was found that the PPRs have various
functions, including the restorage of fertility to cytoplasmatic male sterility (CMS) lines
(Bentolila et al., 2002) and in Arabidopsis they are involved in salt and drought stress tol-
erance (Lv et al., 2014; Zhu et al., 2014, 2012). Duplications in genes coding for serine pro-
tease inhibitor (SERPIN) may indicate a defense against insect pests (Jamal et al., 2013).
Finally, genes coding for various plant metabolic functions; like 2-Oxogluterate/FE (II)

dependent oxygenase proteins (20GDs) (Kawai et al., 2014) and others involved in auxin
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signaling (SAUR genes) (Ren and Gray, 2015) are duplicated compared to M6 Supple-
mentary Table 14.1.

3.4.3.7 Significant gene CNV clusters in the polyploids compared to DM1-3.

The top CNV-enriched gene clusters in the polyploids also included genes coding for
SAURs as well as clusters of genes for tolerance to abiotic stress Supplementary Ta-
bles 13.1. Moreover, significant CNV gene clusters in common between the polyploid
genomes against the DM1-3 genome were identified Supplementary Tables 15.1. Within
these genes, there were found genes with unknown function, as it was found before
in the diploid comparison. Interestingly, significant CNV-gene clusters were found in
common between the tetraploid genomes only in chromosome 1 and 9 Supplementary
Tables 15.1. In the tetraploid genomes, the regions on chromosome 1 coding for S2
self-incompatibility locus 3.2 protein and F-box protein are duplicated. In addition, on
chromosome 1 in all the polyploid genomes, genes coding for male sterility proteins are
impacted by duplications compared to DM1-3 Supplementary Tables 15.1. Genes cod-
ing for heat shock protein, verticillium wilt resistance protein, and TMV resistance protein

are also duplicated in the polyploids.

3.4.3.8 Significant gene CNV clusters in the polyploids compared to M6

Significantly CNV-enriched gene clusters were detected across all the genomes compared
to M6 on chromosomes 1 (64.64 — 64.82 Mb), chromosome 9 (29.23 — 29.46 Mb) and chro-
mosome 11 (0.88 — 1.11 Mb) Supplementary Figures 17.1 18.1 19.1. Two of the three
regions (those on chromosome 1 and 11; Supplementary Figures 17.1 19.1 contain SAUR
gene clusters. The region on chromosome 9 contains 30 genes coding for 2-oxyglutarate
(20G) and Fe (II) dependent oxygenase superfamily Supplementary Figure 18.1. All the
genomes have at least 21 of these genes duplicated, with almost all of them (29) being

duplicated in the pentaploid CUR genome.
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3.4.3.9 CNV-based classification of 14 potato genomes

To investigate whether the CNVs have an actual impact on the distance or relatedness of
the panel of 12 genomes, M6 and COM, a principal component analysis using the CNV-
status (duplicated, deleted or non-affected) genes was performed. Figure 3.3 captures
that three clusters and two outliers are apparent: ADG1, ADG2, PHU, GON1, GON2.
STN and CHA cluster close together, M6 and TBR make one cluster and AJH, CUR and
JUZ, the bitter potatoes, cluster together, while the two wild species, COM and BUK,
are outliers on opposite sides of the graph as expected. Since this largely reflects current
taxonomy views, and since a SNP-based phylogenetic analysis was not trivial (because of
ploidy and heterozygosity), a phylogenetic analysis was performed with the same CNV-
affected gene data as was used for the PCA. Figure 3.4C shows the CNV-status-based
phylogenetic tree constructed with discrete characters indicating the three statuses of the
genes (copy number deleted, duplicated and not impacted). As with the PCA, the GON,
PHU, STN and ADG genomes cluster together with CHA close. The BUK and COM are
the outliers yet interesting that they map between the bitter genomes (AJH, JUZ, CUR),

and the other cultivated taxa.
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Figure 3.3: Principal Component Analysis (PCA) based on the CNV impacted
genes found in the 14 potato genomes compared to the DM1-3 genome, based on
Czekanowski genetic distance (also known as Manhattan).
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Figure 3.4: Species taxonomy based on A) (Hawkes, 1990) and B) Spooner et al. (2007)
classifications. C) Shows the genomes’ distances based on the CNV-status of the genes
(this study, the same data used for the PCA). Similarly, as the PCA plot, we CUR, JUZ
and AJH genomes cluster closer and they cluster closer to the wild COM genome com-
pared to the other genomes. Moreover, the other wild genome; BUK is more distant than
the other genomes. M6 and TBR genomes are close, while CHA is close to the GONI,
GON?2, PHU, STN ADG1 and ADG?2 cluster.

96



3.5 Discussion

The results from the current study describe structural variation of 12 potato (Solanum
sp.) genomes of varying ploidy levels compared with three published reference genomes,
DM1-3, M6 and S. commersonii. There is a great variation across the landraces and the
wild genomes, not captured in the reference assembly. The copy number variation of the

genomes was used to classify them.

3.5.1 Comparison of the analysis with previous studies

Overall, the panel of 12 genomes matches better with the DM1-3 reference than with the
M6 reference genome. The 12 sequenced genomes from this study have more deletions
than duplications when compared to the two reference genomes. However, the duplica-
tions span larger regions than do the deletions, which was also previously observed in
a double monoploid potato panel (Hardigan et al., 2016). The number of deleted genes
is greater than the duplicated ones (with the exceptions of AJH, COM, JUZ and CUR)
when compared to the DM1-3. This was also found in a previous study of six autote-
traploid cultivated potato genomes (Pham et al., 2017). On the contrary, this was not the
case when the genomes are compared to the M6 reference, where either the number of
duplicated and deleted genes was similar, or duplicated genes were more numerous. In
general, the genomes from the wild species (BUK, COM) and bitter cultivated species
(AJH, JUZ, CUR) had more genes impacted by duplications than by deletions. The ma-
jority of the CNVs impact intergenic regions and 45%-50% of the CNV-impacted genes
are of unknown function. The top CNV clusters include genes related to disease resis-
tance, response to stimuli, and stress tolerance (heat, frost), which are all important traits

in breeding programs.

3.5.2 Genome comparisons

Potato taxonomy is a topic of active discussion, and the current study makes no claim of

authority on that topic. However, of note is that our analyses partially support both major
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schools of thought (Hawkes and Spooner). In our PCA cluster analysis (Figure 3.3), the
ADG1, ADG2, PHU, GON1, GON2, STN and CHA cluster support the view that these
genomes belong be lumped into a single taxon such as a S. tuberosum Andigenum group
(Spooner et al., 2007). However, in this cluster CHA could be an outlier and could very
well be seen as a different species, as has been suggested (Hawkes, 1990). The TBR, clas-
sified as its own species, is distant from the ADG, PHU, GON, STN and CHA genomes,
which is in agreement with previous literature (Hardigan et al., 2017). The TBR is joined
by M6 (S. chacoense) in an unusual cluster. After studying wild and cultivated potato,
it was previously reported that the genetic distances between cultivated tetraploids and
other wild species are smaller than their diploid progenitors due to unequal wild intro-
gression (Hardigan et al., 2017). This might explain the pairing of TBR and M6. Also
observed is that the three bitter species AJH, CUR and JUZ are clustered together more
distantly from the other genomes. BUK and COM, the two wild species, interestingly do
not cluster with each other or anyone else. COM however is closer to the bitter species,
than to any of the others.

Based on the PCA results, the AJH, CUR and JUZ genomes form one cluster. It was ex-
pected that STN and AJH would be closer together as AJH is considered a hybrid between
S. megistacrolobum and S. stenotomum (Johns et al., 1987) and the cultivated S. x ajanhuiri
is closer to S. stenotomum than to the wild S x. ajanhuiri (Johns et al., 1987). However, the
AJH accession used in our study clustered with JUZ and CUR, which could be explained
by these species being in the bitter potato group and are frost resistant(Johns et al., 1987;
Schmiediche et al., 1980). Specifically, JUZ and CUR species are called "papas amargas”
or “bitter potatoes” and the bitter taste is due to the high concentrations of particular com-
bination of glycoalkaloids (Schmiediche et al., 1980). The JUZ and CUR species are also
resistant to some potato cyst-nematode pathotypes (Christiansen, 1977; Dunnett, 1957),
and CUR is also resistant to bacterial wilt (Martin and French, 1977). These genomes have
similar characteristics and group together, but do not overlap, which is in agreement with
both taxonomic treatments (Hawkes and Others, 1990) and (Spooner et al., 2007).

The wild BUK and COM place at opposite ends in the graph, and away from the rest of
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the genomes. This is not surprising as COM is phylogenetically distant from cultivated
potato (Rodr\"\iguez and Spooner, 2009). BUK on the other hand, is a potential potato
landrace progenitor (Hardigan et al., 2015; Spooner et al., 2014; Hosaka, 1995).

TBR and M6 form a cluster in the PCA analysis. Since TBR is a tetraploid, one would have
expected it to be closer to the rest of the tetraploids (ADG) along with the other genomes
that belong to the Andigenum Group. However, it has been previously reported that the
genetic distances between the cultivated tetraploids and the wild species are lower than
their diploid progenitors due to unequal introgression (Hardigan et al., 2017).

Using two reference genomes instead of one facilitated the CNV analysis of the remark-
able genetic diversity of potato. The CNV-based clustering analyses picture this diver-
sity, the relatedness, and the uniqueness of these genomes. Specifically, the two public
genomes COM, and M6 appear in two distinguishable clusters, underlining their differ-
ences. They add natural diversity and additional genomic regions, not present in the
DM1-3, to the panel, which increases the proof of genetic diversity in this study com-
pared to previous studies on structural variation in potato (Hardigan et al., 2016; Pham

etal., 2017).

3.5.3 A SNP analysis uncovers regions of heterozygosity

The whole genome sequence analysis using trimmed reads showed that the genomes
inside of the Phureja and Stenotomum groups have the lowest level of heterozygosity
(Table 3.1), and our whole-genome SNP analysis unraveled an increasing number of vari-
ations and greater heterozygosity with increasing ploidy levels, in agreement with pre-
vious studies (Hardigan et al., 2017; Hirsch et al., 2013; Pham et al., 2017). The landrace
genomes are highly heterozygous and contain specific regions of higher heterozygosity
quite unique to the North American doubled monoploids DM1-3. A non-even distribu-
tion of heterozygous regions in potato is supported by previous research (Leisner et al.,
2018). Additionally, while around 51% of the SNPs cause missense mutations in both
comparisons to DM1-3 and M6, 47% are silent and around 1.2% are nonsense mutations.

Similar numbers were previously reported (Pham et al., 2017). Also, in the comparison
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with the M6 genome, we identified fewer small variations likely due to the fact that the
pseudomolecules used in the analysis constitutes only 60% of the genome.

A SNP analysis of six autotetraploid potato cultivars (Atlantic, Kalkaska, Missaukee, Rus-
set Norkotah, Snowden and Superior) identified about 8.4 million SNPs compared to
the DM1-3 reference genome (Pham et al., 2017). The number of the SNPs identified in
the three newly sequenced tetraploid genomes in our study (TBR, ADG1, ADG2) ranged
slightly higher, from 9 to 10.4 million SNPs, probably because the six commercial cultivars
are inbred, while TBR, ADG1, ADG2 in the present study are landraces and are therefore
more likely to be heterozygous, and because a larger region of the genome was used in
our analysis. Additionally, the ADG taxa has the greatest admixture (CIP’s marker data
unpublished) Furthermore, the SNPs in our diploid genomes ranged between 3.8 up to
6.9 million in the wild BUK genome, while a SNP analysis on a doubled monoploid panel

had a lower range, from 0.8 up to 4.7 million (Hardigan et al., 2016)s.

3.54 Several CNV-affected gene clusters are common among potato
genomes

In the genomes studied, the number of intergenic CNV events was greater than the in-
tragenic ones. This is consistent with previous CNV studies in other organisms. In the
human genome for example, it was shown that CNVs are mostly located outside of gene
coding sequences and often affect important regulatory elements (Redon et al., 2006).
Comparing the genomes to both potato reference genomes, in addition to identifying
CNVs affecting functionally annotated genes, many CNV-affected genes were hypotheti-
cal or conserved hypothetical proteins. This is a common find based on previous popula-
tion sequencing studies (Cao et al., 2011; Xu et al., 2011), where it was found that a great

number of genes affected by CNVs code for hypothetical or unknown proteins.
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3.5.5 SAUR gene clusters are affected by CNV events in all genomes

studied

The most enriched CNV-impacted gene clusters in all genomes compared were those con-
taining auxin-induced SAURs (small auxin-up RNA). These are located on chromosomes
1 ( 86.97-87.17 Mb), 4 ( 54.17-54.37 Mb), 6 ( 56.29-56.49 Mb) and 11 ( 0.87-1.11 Mb) in
the DM1-3 genome and on chromosomes 1 ( 64.64-64.82 Mb) and 11 ( 0.88-1.14 Mb) in
the M6 genome. In our study, the SAUR genes in comparison to both reference genomes
were impacted mostly by duplications (i.e. the SAUR genes are duplicated compared to
the SAURs in the reference genomes). The SAURs are a family of auxin responsive genes
that are involved in auxin signaling pathways, regulating a wide range of cellular and
developmental processes in plants (Ren and Gray, 2015). Various genomic studies have
revealed that SAURs are commonly found in clusters or tandem arrays and that there
are 134 SAURs in potato, 99 SAURs in tomato, 81 SAURs in Arabidopsis and 79 in maize
(Chen et al., 2014; Hagen and Guilfoyle, 2002; Wu et al., 2012). Interestingly, the study
on monoploid potato species also found highly CNV enriched regions on chromosome 1
and 11 containing SAURs ((Hardigan et al., 2016). A phylogenetic analysis has revealed
that CNVs play an important role in SAUR gene family expansion in closely related pop-
ulations of cultivated potato (Hardigan et al., 2016). SAURs are also involved in abiotic
stress response and it has been shown that auxin signaling transduction interacts with

other stress signaling pathways in rice (Jain and Khurana, 2009).

3.5.6 Disease Resistance gene clusters

Disease resistance genes are another category of genes highly enriched by CNVs com-
pared to both eference genomes. In comparison to DM1-3, all landrace genomes except
JUZ have disease resistance genes impacted by deletions on chromosome 4 ( 4.6-4.8 Mb).
This region contains a gene cluster of R2, late blight resistance genes (Li et al., 1998), which
was directly affected by deletions. Furthermore, the genomes contained CNVs impacting

genes coding for nucleotide binding site leucine-rich repeat (NBS - LRR) disease resis-
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tance proteins on chromosomes 8 ( 47.66-47.86 Mb), 11 ( 42.72-42. 92 Mb) and 12 ( 0.6-0.8
Mb). The region on chromosome 11 was previously identified and shown to be impacted
by CNVs in a panel of 12 doubled-monoploid potato genomes (Hardigan et al., 2016). Re-
gions with disease resistance gene clusters in the 14-genome panel compared to the M6
genome were found on chromosome 1 ( 0.39-0.59 Mb), 2 (41.24-41.44 Mb) and 5 (0.2-0.22
Mb). These regions contain NBS - LRR genes. Disease resistance genes are known to be
found in clusters in the genomes of many plant species, hence they are known to undergo
rapid evolution as a result of local structural variations (Bergelson et al., 2001) and have

been also selected during domestication.

3.5.7 2-Oxogluterate/ Fe (II) dependent oxygenase superfamily proteins
(20GDs)

The cluster of genes coding for 20GD type proteins was affected by duplication events in
the 12 genome panel compared to the M6 reference. The 29.22-29.46 Mb region of chro-
mosome 9 contains a 30-gene cluster coding for 20GDs. All the potato genomes regard-
less of ploidy level had at least 11 (GON2, COM) or maximum 21 (JUZ) of these genes
impacted by duplications. Proteins in this gene family catalyze various oxidative reac-
tions in plant metabolism, for example DNA repair, biosynthesis of gibberellins (GA),
flavonoids, histone demethylation, biosynthesis of plant hormones, and various other
metabolites (Kawai et al., 2014). Gibberellins are important for many growth and devel-
opmental processes in plants and biosynthesis of GAs include several 20G dependent
reaction steps (Kawai et al., 2014). Flavonoids have diverse functions in plants ranging
from plant coloration, protection against UV-B irradiation, nitrogen fixation, and adapta-
tion to environmental conditions during periods of abiotic stresses where the biosynthesis
of different flavonoid subclasses are catalyzed by various 20GDs (Farrow and Facchini,

2014).
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3.5.8 Genes involved in metabolite biosynthesis

After comparing the 12-genome panel to the M6 reference genome, multiple regions con-
taining genes impacting metabolite biosynthesis were identified as impacted by CNV
events. Other highly enriched regions present on chromosome 1, 3 and 11 contain CNV
affected genes that are involved in terpene synthase, C2H2 & C2HC zinc finger family
proteins and tetraspanins respectively. The plant terpene synthases are responsible for the
synthesis of terpene molecules such as isoprenes (tolerance against heat flecks), monoter-
penes, sesquiterpenes, and diterpenes (Chen et al., 2011). C2H2 and C2HC are the zinc
tinger domains that are reported to be involved with disease resistance (Thomas and
Emerson, 2009). Comparative analysis of nine crops revealed zinc finger domains along
with NBS-LRR domains in R proteins (Gupta et al., 2012). Tetraspanins are transmem-
brane proteins that interact with other membrane proteins to form tetraspanin-enriched
microdomains, which are involved in various cellular and biological processes that play
major roles in pathogenesis and immune response (Wang et al., 2012).

The 32.12 Mb-32.37 Mb region of chromosome 3 contains a 35 gene cluster, of which 34
genes are affected by CNVs in S. bukasovii and 28 in S. stenotomum subsp. stenotomum. GO
enrichment analysis has revealed these genes to be involved in the molecular function
“transmembrane transporter activity”. Similarly, enrichment analysis of CNV affected
genes in the 1.24 Mb-1.44 Mb region of chromosome 10, revealed genes associated with
endoribonuclease activity and protein binding and that the 40.54 Mb- 40.74 Mb region of
chromosome 12 has CNV-affected genes associated with NADH dehydrogenase activity.

3.6 Conclusion

The genomes of a selected set of 12 potato species covering past and current cultivated
potato taxa, plus two selected wild species, were studied for structural variation. Simi-
larly, to previous studies in other plants, and potato in particular, genes coding for SAUR,
methylketones, mannan endo-1,4 — 3 — mannosidase, resistance against Phytopthora in-

festans, NBS-LRR and others of unknown function were found to be impacted by CNVs.
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However, unlike previous potato studies, we identified other genes, such as those coding
for fiber proteins and those involved in self-incompatibility, to be impacted by CNVs in
our panel. Genetic diversity through cross hybridization, polyploidization and speciation
makes potato a challenging, but exciting group of species to study. The CNVs represent a
source of natural variation that can be tapped for genetic improvement of potato. An im-
portant aspect for utilizing CNVs in breeding will be an understanding of the functional
impacts of varying copy numbers and an ability to quantify copy numbers with preci-
sion and accuracy in high throughput assays. There is increasing availability of resources
for detection of CNVs that will facilitate development of applications for selection and
breeding.

This study contains a very diverse genome panel that was not used before for the ex-
ploration of CNV in the potato genome. Specifically, a previous comprehensive study of
CNV in potato (Hardigan et al., 2016) consisted of significant work in the era, although
the panel used was not diverse enough to capture the diversity among different potato
taxa. In addition, some of the genomes in the present study are sexually compatible with
the cultivated species, and so can be used to introduce new desirable traits. Finally, this
is the first study in potato exploring CNVs using more than one reference genome. This
highlighted the diversity across this panel of potato genomes and identified CNVs in

genes implicated in disease resistance and stress tolerance among others.
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Preface to Chapter 4

In Chapter 3, the genomes of a selected set of 12 potato species representing past
(Hawkes and Others, 1990) and current (Spooner et al., 2014) cultivated potato taxonomy
along with two publicly available wild species were studied for structural variation. In
general, the duplications are greater than deletions in all 12 genomes. Disease resistance
NBS-LRRs, SAURs, and others, are particularly variable in numbers also in the studied
set of genomes. Here, in Chapter 4, a deep genome comparison of the eight diploid potato
genomes to the DM1-3 reference genome is presented, through a draft genome assembly
of S. stenotomum subsp. goniocalyx, and a pan-genome assembly showing the core and
accessory genes. Newly predicted coding genes, not found in the reference genome, are
also presented. The manuscript is under revision to be resubmitted to Theoretical and

Applied Genetics (March 2020).
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4.1 Abstract

Climate change and the need for higher crop yield to satisfy the growing world pop-
ulation demand cultivars resistant to biotic and abiotic stresses, while also providing
needed and improved nutrition. Potato diploids (Solanum sp.) are a rich source of ge-
netic diversity, and recent developments in diploid F1 hybrid breeding are promising.
Expansion of available genomic resources is however necessary to explore novel traits for
potato improvement. The current study used genomic sequencing data from four diploid
potato landraces and one wild species together with previously published diploid potato
genomes to construct a basic pan-genome for potato. The pan-genome has a total of 28,208
core genes and 11,543 accessory genes for a total of 39,751 genes. This includes 723 newly
annotated genes, involved in adaptive traits such as self-incompatibility and defense. The
study also presents a first draft genome of a cultivated diploid potato landrace, S. steno-
tomum subsp. goniocalyx.

Keywords: Solanum sp., pan-genome, self-incompatibility
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4.2 Introduction

A reference genome is a digital nucleic acid sequence that contains a single set of chro-
mosomes along with any unanchored heterozygous contigs and/or scaffolds (Kyriaki-
dou et al., 2018). The potato reference genome from a homozygous double-monoploid
potato clone (DM1-3) was sequences and assembled by the International Potato Genome
Sequencing Consortium (PGSC) (PGSC, 2011). The reference genome has been an impor-
tant resource in understanding genes underlying potato traits and advancing tools for
potato breeding (Gélvez et al., 2016). To date the genomes of two diploid tuber-bearing
wild potato species native to Central and South America have also been sequenced: M6,
which is an inbred clone of Solanum chacoense (Leisner et al., 2018), and S. commersonii,
(Aversano et al., 2015). Despite great improvement on genetic resources for potato, there
is still a need for genomic resources that can represent various taxa, contain the genetic
diversity responsible for different agronomic traits, and can enable comparison between
different accessions.

There are roughly 4,500 different kinds of cultivatable potatoes with differing agronomic
traits (https://cipotato.org/crops/potato/). Ancient and wild taxa consist of
numerous genes for important traits including nutrient content, resistance to diseases
and pests, and tolerance to stress (Bethke et al., 2019). It is impossible to capture this
level of diversity in a single reference genome and the information is better retained in
a pan-genome (Tettelin et al., 2005). A pan-genome can be divided into two parts - the
core genome, which contains the basic biology genes shared by all the individuals inves-
tigated, and the accessory genome, which contains genes shared by subsets of individuals
and which can encode specialized biochemical pathways and functions related to adapta-
tion (Vernikos et al., 2015). Several pan-genomic analyses have been published for plants
including rice (Schatz et al., 2014; Yao et al., 2015; Zhao et al., 2018), soybean (Li et al.,
2014), maize (Hirsch et al., 2014a), species of Brassica oleracea (Golicz et al., 2016) and sun-
flower (Hiibner et al., 2019). These studies show that the core genome is greater than the

accessory one, although the latter is more variable. Consistently, several genes involved
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in important traits such as flowering time and disease resistance are found in the acces-
sory genomes but not found in the respective reference genomes.

Native South American potato taxa are highly diverse and are a rich source of genes
for potato breeding that are unique compared to the North American and European
germplasm (Bethke et al., 2019). Many of the tuber-bearing South American Solanum
species are diploids compared to the tetraploid S. tuberosum, which is the most widely cul-
tivated species globally. Recently developments in diploid F1 hybrid breeding for potato
increase the potential for introgression of diploid Solanum with S. tuberosum (Jansky et al.,
2016; Lindhout et al., 2011).

The International Potato Center (CIP) in Lima, Peru maintains one of the largest potato
germplasm collections in the world, with more than 7,500 accessions of native landraces,
wild species, and improved varieties. Previously we have performed a structural vari-
ation study on 12 genomes of various ploidy from the CIP collection. In the present
study, we have used the four cultivated diploid landraces S. stenotomum subsp. gonioca-
lyx (2 accessions), S. phureja, S. xajanhuiri, S. stenotomum subsp. stenotomum, and the wild
species S. bukasovii (Hawkes and Others, 1990) to construct the first diploid pan-genome
for potato. A core genome was identified, as well as an accessory genome, containing
several genes of importance to crop improvement. In addition, we are presenting a draft

genome of the diploid S. stenotomum subsp. goniocalyx, a first for a cultivated landrace.

4.3 Materials and Methods

4.3.1 Plant materials and genome sequencing

Genomic DNA from germplasm of Potato Research Center (CIP), Lima Peru, accessions
Solanum stenotomum subsp. goniocalyx, (GON1 - CIP702472), Solanum stenotomum subsp.
goniocalyx (GON2 - CIP 704393), Solanum phureja (PHU - CIP703654), Solanum xajanhuiri
(AJH - CIP703810), Solanum stenotomum subsp. stenotomum (STN - CIP705834) and Solanum
bukasovii (BUK - CIP761748) was extracted and sequenced as described in (Kyriakidou

et al., 2020a). Specifically, genomic DNA was extracted from the leaves of the in vitro
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plants using E.Z.N.A. Plant DNA Kit (Omega Bio-tek, Inc.), following the manufacturer’s
instructions. The DNA quality assessment was followed by library preparation and DNA
sequencing by Novogene™ Corporation (Beijing, China). Genomic DNA libraries were
prepared using the TruSeq Library Construction Kit (Illumina, Inc.) following the man-
ufacturer’s instructions. After the libraries were size-selected and purified, they were
sequenced using an Illumina HiSeq sequencer (Illumina, Inc.) in paired-end mode (2 x
150 bp). The sequencing data are available through SRA on NCBI, under the BioProject
PRJNA556263.

4.3.2 De novo genome assemblies

4.3.2.1 GON1 Genome Assembly

M assembler (Weisenfeld

10X Genomics Linked data were assembled using Supernova'
et al., 2017) v2.0.0 to produce pseudohap assembly outputs. The first pseudo haplotype
assembly was used for the following analysis. Simultaneously, PacBio Long Reads were
assembled with the Canu assembler v1.5 (Koren et al., 2017). Tigmint (Jackman et al.,
2018) v0.9 was used to correct misassemblies from the PacBio assembly with the aid of
10X Linked Reads. ARCS v1.0.2 (Yeo et al., 2017) was used for assembling the contigs into
scaffolds, which were further assembled, and the gaps filled using RAILS v1.4.1 (Warren,
2016). Prior to the scaffolding step, Tigmint v0.9 (Jackman et al., 2018) was used to correct
any mis-assemblies, then Arcs v1.0.2 (Yeo et al., 2017) was used for the initial scaffold-
ing step which was followed by the final scaffolding step with RAILS v5.2.22 (Warren,
2016). The gap — filling of the assembly was performed with Cobbler.pl within the RAILS
package. As it was previously described. The final genome assembly was evaluated by
aligning to the public potato reference genome DM1-3 (PGSC, 2011) using nucmer from
MUMmer v4 (Kurtz et al., 2004). The final assembly was used for anchoring pseudo-
molecules with chromosomer v0.1.3 (Tamazian et al., 2016), based on the DM1-3 refer-

ence genome. To evaluate the resulting pseudomolecules, we used BUSCO v3.2.0 (Simédo

et al., 2015) to observe the gene content. For the best assembly, multiple approaches were
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applied by combining different assembly algorithms and data produced (Supplementary
Table 21.1), but the conclusion was that this approach was the best for the data qual-
ity and for the nature of the GON1 genome. Transposable elements and repeats were

detected in the GON1 genome using RepeatModeler v1.0.11 (Smit and Hubley, 2019).

4.3.2.2 Genome assembly of the GON2, PHU, STN, AJH and BUK genomes

The Illumina reads of the genomes (besides those of GON1, COM and M6) were assem-
bled de novo using MaSuRCA assembler v 3.2.4 (Zimin et al., 2013) with default settings.
From the final assemblies, contigs shorter than 200 bp were removed as per NCBI's stan-
dards.

The de novo assemblies resulted from both Second and Third Generation technologies
were assessed using BUSCO v3.0.2 (Simédo et al., 2015) and QUAST v5.0.0 (Gurevich et al.,
2013) to estimate the gene distribution and the assembly statistics, respectively for the as-

semblies of the six genomes: GON1, GON2, PHU, STN, AJH and BUK.

4.3.3 Estimating the percentage of whole genome heterozygosity

The trimmed Illumina sequencing data of the eight genomes (GON1, GON2, PHU, STN,
AJH, BUK, COM and M6) were used for the estimation of the % heterozygosity in the
genomes. Jellyfish v2.2.10 (Marcais and Kingsford, 2011) was firstly used to compute the
histogram of the k-mer frequencies and the final k-mer count histogram per genome was
used within the GenomeScope 2.0 online tool (Ranallo-Benavidez et al., 2020). Each of the

genome sizes was also estimated.

4.3.4 Pan-Genome construction and annotation

The pan-genome was constructed using the “map-to-pan” approach (Wang et al., 2018).
The newly de novo assembled genomes, along with the assemblies of S. commersonii (COM)
(Aversano et al., 2015) and S. chacoense (M6) (Leisner et al., 2018), were aligned sepa-
rately using nucmer aligner against the DM1-3 v 4.04 potato reference genome (Hardigan

etal., 2016), along with the chloroplast and mitochondrial genomes of S. tuberosum Group
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Phureja and S. tuberosum Group Tuberosum (retrieved from http: /solanaceae.plantbiology.
msu.edu/pgsc_download.shtml). The unaligned contigs from all the genomes were
extracted and concatenated into a single FASTA file. Any heterozygous contigs present
were removed using CD-HIT (Fu et al., 2012; Li and Godzik, 2006) with identity 90%.
Any contaminant contigs (matching any other genome than green plants) were identi-
fied using BLAST+ v2.7.1 (Camacho et al., 2009) (-qcov_hsp_perc 80 -perc_identity 90) and
removed from the rest of the contigs. The unaligned contigs were aligned against the
UniVec database (Kitts et al., 2016) to remove other potential contaminants. The final,
cleaned, non-redundant contigs were concatenated into a single FASTA file and added to
the DM1-3 v4.04 reference genome and all of them consisted of our pan-genome.
MAKER v.2.31.10 (Campbell et al., 2014) was used for the pan-genome annotation and
repeat masking. To train the gene models, RNA-Sequencing data from young leaves of
GONT1, GON2, PHU, STN and AJH were used, along with the S. lycopersicum and S. pen-
nellii genome annotation. RNA Seq data from BUK was not usable. The RNA-Seq data
of the five genomes can be found at GEO database, under the accession GSE137781. The
RNA-Seq reads were trimmed and assembled using Trans-ABySS (Robertson et al., 2010).
The gene functions were retrieved by downloading the Swissprot database for all green
plants (Viridiplantae; retrieved on the 2nd of July 2019). Ab initio gene prediction was
performed using Augustus (Stanke et al., 2006) and SNAP (Korf, 2004). The “tomato”
model was selected for Augustus prediction, and SNAP was trained twice based on the
RNA-Seq evidence, according to MAKER’s manual. Finally, a set of high confidence, sup-
ported by transcript and/or protein evidence gene models were generated by MAKER.
Supplementary Figure 27.1 (Appendix 20) shows in summary the overall pipeline from

the de novo genome assembly of the diploid genomes until the pan-genome construction.

4.3.5 Gene presence/absence variation analysis

Gene presence/absence variation was performed by aligning the trimmed PE Illumina
reads of all the genomes separately against the pan-genome using BWA MEM (Li, 2013)

v0.7.15 and only reads mapping in proper pairs were kept. Furthermore, the coverage
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of each of the contigs was obtained and the coordinates with the coverage were kept in
a .BED file. Using the pan-genome covered by each genome along with its annotation,
we calculated the gene body and CDS coverage for each gene. Finally, the PAV was es-
timated based on the gene body and CDS coverages. We followed the approach by (Sun
et al., 2016); hence genes with gene body coverage > 80% and CDS coverage > 95% were

considered to be present in the genome.

4.3.6 Phylogenetic analysis

For the phylogenetic analysis, the genetic distances were estimated from PAV (gene sta-
tus; present or absent from each genome) using PARS program within PHYLIP (http:
/evolution.genetics.washington.edu/phylip/programs.html). The tree was

plotted with FigTree v1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/).

4.3.7 Data availability

All the raw genome sequencing data are stored in the Sequence Read Archive (SRA) un-
der BioProject PRINA556263. The list of all the accession numbers is found in Supple-
mentary Table 20.1. The final genome assemblies are deposited into NCBI GenBank
database under the following Accession Numbers: WBHWO00000000, WBHX00000000,
WBHY00000000, WBHZ00000000, WBIA00000000 and WBIB00000000. The RNA-Sequencing
data used for the pan-genome annotation have been deposited in GEO database, under
the accession GSE137781. The data submitted at GEO databases will be available after the

manuscript’s publication.

4.4 Results

4.4.1 Genome assembly of GON1

A draft genome assembly of the S. stenotomum subsp. goniocalyx genome — GON1 (CIP

702472) was generated using a hybrid technology approach of 10X Genomics Linked and
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PacBio Long Reads data (Supplementary 20.1; Appendix 13; sequencing technologies
used). The Linked Reads were assembled in order to get a pseudohaplotype genome.
The Long Reads were assembled and corrected with the Linked Reads to a final scaffold
assembly of 855.80 Mb, consisting of 6,424 scaffolds and an N50 of 326,785 bp (Table 4.1).
The genome size 892.83 Mb was estimated by a 10X Genomics Chromium library. The
completeness of the assembly was evaluated with BUSCO (Simdo et al., 2015). The re-
sults show that 93.6% of the BUSCO core Plantae ortholog genes are represented in the
assembly and another 2.9% are present as partial sequences (C:93.6% [S:82.8%, D:10.8%],
F:2.9%, M:3.5%, n:1375).

To evaluate the hybrid assembly of PacBio and 10X Genomics data, it was used as a ref-
erence to which short Illumina PE, Linked 10X Genomics and Long PacBio reads of the
GONT1 genome were aligned. Most of the Illumina reads, 96.94%, aligned to the assem-
bled genome, with 92.30% of the reads being properly paired. Furthermore, 97.02% of the
Linked and 95.03% of the Long reads were aligned to the final assembly.

Table 4.1: Genome Assembly metrics of the Solanum tuberosum subsp. goniocalyx -
GONT1 (CIP 702472) genome.

Quality Metric GONT1 assembly
Total scaffold size 855,795,280 bp
No. of scaffolds 6,424

N50 scaffold size 326,785 bp

NG50 scaffold size 307,273 bp
Maximum length of 9,325,854 bp
scaffolds

Minimum length of 913 bp
scaffolds

Average scaffold size 133,218 bp
Total anchored scaf- 468,652,731 bp
fold length

Total unanchored scaf- 387,432,960 bp
fold length
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4.4.2 Construction of the GON1 pseudomolecules

Pseudomolecules were constructed for GON1 using Chromosomer (Tamazian et al., 2016)
to align the GONT1 scaffolds to the doubled monoploid reference genome DM1-3 (PGSC,
2011). Based on the results, 469 Mb, or 54.8%, out of the assembled 856 Mb of GON1
were placed in 12 pseudomolecules. Overall, the sizes of the GON1 pseudomolecules
are smaller than those of DM1-3, but they are comparable to the M6 pseudomolecules
Supplementary Table 22.1 (Appendix 15). The pseudomolecule construction was eval-
uated with BUSCO (Siméo et al., 2015) and within these 12 newly constructed pseudo-
molecules (54.8% of the genome), 56.1% of the BUSCO core Plantae ortholog genes were
represented as full length and another 5.2% were present as partial sequences (C:56.1%
[S:54.1%, D:2.0%], F:5.2%, M:38.7%, n:1375).

Figure 4.1 shows the alignment of the newly constructed pseudomolecule 1 (GON1.v01ch01)
against pseudomolecule 1 (5T4.03ch01) of the DM1-3 reference genome, the S. chacoense
M6 clone, the S. lycopersicum (SL v2.4; tomato) (Consortium, T.G., 2012) and S. pennellii
(Spenn v1) (Bolger et al., 2014). The best alignment is against the ST4.03ch01 (pseudo-
molecule 1 of DM1-3). In the alignment against the M6v4.1chr(1, inversions appear along
the pseudomolecule, and in the alignments against chromosome 1 of S. lycopersicum and
S. pennellii, the best alignment is in the beginning (around 0 — 5,000,000 bp) and in the end
(around 80,000,000 — 90,000,000 bp). Overall, the alignments of the 12 pseudomolecules
of the GON1 genome showed concordance with the 12 chromosomes of DM1-3 and the
12 pseudomolecules of M6. The alignments against the S. lycopersicum and to the close
wild relative of tomato, S. pennellii, were less in concordance, but still very close. The
alignments for the rest of the pseudomolecules are found in the Supplementary Material
(Supplementary Figures 28.1 — 38.1; Appendix 21 - 31). Classes of repetitive elements
were identified in GON1 through a repeat library generated from the scaffolds with Re-
peatModeler (Smit and Hubley, 2019) and repeat masked assembly was constructed with
RepeatMasker v4.0.7 (Smit et al., 2015). In total, 60.2% of the genome was masked. Sup-
plementary 23.1 (Appendix 16) shows the repeat content of GON1 genome. the majority
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of the repeats (28.4%) are unclassified, while LRT elements are most abundant (27.3%) of

the element types.
A oo B oo
" - ,-_-‘:'J'? - . s V".
C’t 3000000¢ . o - . ;"J;;J’: . . §_.
: ,/J/,./ : | | [C R .
...... S
—~ E
Ve ul
5T4.03ch01 . ) Mbvd, 1ehr0l R
c £0000000 / D 60000000 o f
............ - f‘" 10000 : - /‘ .
™ anAaa0A 0 ! / = 400C ! . . ‘ .-
£ it 5 . s
§ — i § ........... ha "
Z z
9, B 20000000 -
(L (9 20000000 )
/ NYES

SL2.40ch01 Spenn-ch01
+ .

*

Figure 4.1: Alignment of Chromosome 1 from S. stenotumum subsp. goniocalyx with
Chromosome 1 from other Solanum sp. Filtered nucmer (aligner for standard DNA se-
quence alignment) pairwise alignments extracted for Chromosome 01 of Solanum steno-
tomum subsp goniocalyx - GON1 are shown for alignment lengths of greater than 100
base pairs at greater than 90% sequence similarity against the chromosome 1 of the fol-
lowing: A. S. tuberosum/DM1-3 (5T4.03ch01), B. S. chacoense (M6v4.1chr01), C. S. lycop-
ersicum (SL2.40ch01) and D. S. pennellii (Spenn-ch01). The purple lines show forward
matches, while reverse matches (inversions) are shown in blue. The best match is found
in the comparison of the GON1 with the DM1-3. The alignment with S. chacoense contains
inversions between 10 — 60 Mb. Overall, the alignments between the ST4.03ch01 and S.
chacoense showed concordance against both chromosomes, even though there are more
inversions in the alignment with S. chacoense. On the other hand, there is agreement in
the alignments between GON1 and S. lycopersicum (between 50 — 90Mb) and GON1 and
S. pennellii (between 60 — 110 Mb) towards the end of the two chromosomes.
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4.4.3 Genome assemblies of GON2, PHU, STN AJH and BUK

Five additional genomes - S. stenotomum subsp. goniocalyx (GON2), S. phureja (PHU), S.
xajanhuiri (AJH), S. stenotomum subsp. stenotomum (STN), and S. bukasovii (BUK) - were
sequenced (Illumina PE) and assembled into contigs. Due to the high heterozygosity of
the sequenced diploid genomes, the assemblies generated using MaSuRCA v3.1.3 (Zimin
et al., 2013), were larger than the reference genome Supplementary Table 24.1 (Appendix
17). CD-HIT (Fu et al., 2012; Li and Godzik, 2006) was therefore used to remove the
heterozygous contigs from the assemblies in order to keep only unique contigs. Table
4.2 shows the quality metrics of the de novo genome assemblies of the additional five
sequenced genomes after removing the redundant contigs, along with BUSCO results
with the portion of the present gene content. The size of the assembled genomes reached
up to 1.6 times the size of the DM1-3 reference genome (Supplementary Table 4.1; AJH).
STN (945 Mb) genome has the largest size, while GON2 (771 Mb) the smallest among
the five genomes. The GC % content of the genomes as it was expected, it is consistent
before and after the removal of the redundant contigs, reaching up to 35.76% (Table 4 2,

Supplementary 24.1; Appendix 17).

4.4.4 Comparison of the GON1 against the GON2, PHU, STN, AJH and
BUK genome assemblies

The genome assembly of the GON1 potato consists of almost 34 times fewer contigs
than the other assemblies, and reached an N50 of 0.32 Mb compared with a maximum
N50 of 0.09 Mb for the other genomes (which were assembled with only Illumina PE
sequences) (Supplementary Table 20.1; Appendix 13, 4.1). The GON2 genome assem-
bly has the smallest N50, the most contigs, and contains the smallest percentage (%) of
BUSCO present genes at 45.7% (Table 4.1). Between the GON2, PHU, STN, AJH and
BUK genomes, PHU had the biggest % of BUSCO present genes: 74.1%, while from all
the assemblies, GON1 had the most BUSCO present genes; 93.6% (Table 4.2).
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Table 4.2: Quality metric of the de novo genome assemblies after removing redundant
contigs. * For GON1 genome it refers to the number of the scaffolds.

Quality metric GON2 PHU STN AJH BUK

# of contigs 284,724 229,366 250,113 239,686 134,715
Contigs > 1000 bp 218,574 184,167 209,411 171,898 121,820
Length of assem- 771 Mb 873 Mb 945 Mb 829 Mb 799 Mb
bly

GC % 34.66 35.19 35.04 35.76 34.61
Largest contig 42 156 164 133.2 183.7
length (Kb)

Contig N50 3,929 6,439 5,839 6,475 9,511
Contig L50 59,367 33,133 40,704 30,770 21,379
% BUSCO present 45.7 74.1 61.2 59.8 67.5
genes

% BUSCO partial 21.6 10.8 13.8 16.7 15.4
genes

% BUSCO dupli- 5.1 8.8 10 14.1 16.5

cated genes

4.4.5 Pan-Genome Construction

The diploid Solanum pan-genome was built using a hybrid assembly approach or “map-
to-pan” approach (Wang et al., 2018), including both reference-based and de novo genome
assembly approaches (Supplementary Figure 20.1; Appendix 20). In this approach, the
contigs from the genome assemblies (GON1, GON2, PHU, STN, AJH, BUK, COM, M6
— 4.5Gb total in length) were first aligned to the DM1-3 reference genome. Those that
did not align with the reference genome were concatenated and redundancies (heterozy-
gous contigs), and contaminants (Univec database NCBI, 2016; human and microbial se-
quences) were removed. The final sequences (37.3Mb in total length) were masked, an-
notated and added to the DM1-3 reference genome to build the pan-genome. That is,
the pan-genome is the sum of the concatenated DM1-3 pseudomolecules and the non-
redundant contigs of the eight genomes that did not align with the DM1-3 reference.
While the DM1-3 genome contains 39,028 genes (which we consider the reference genes or
gene models) and the M6 genome contains 37,740 genes, the diploid potato pan-genome

proves to contain 39,751 genes (Table 4.3). The number of genes present in the pan-
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Table 4.3: Genome size and gene number comparison between the DM1-3, M6 refer-
ence genomes and the diploid pan-genome. *Including ST4.03ch00 and ST4.03chUn

DM1-3 (v4.04) M6 Diploid Pan-

Genome
Genome size (Mb) 884,108,296* 825,767,562 921,447,870
Number of genes 39,028 37,740 39,751

genome may be underestimated due to the lack of diverse RNA-Seq libraries to fully
annotate all the genomes.

A presence/absence variation (PAV) analysis was carried out to identify the core and ac-
cessory genomes within the pan-genome. The core genome was determined to contain
a total number of 28,208 genes (or 71% of the pan-genome) that are present in all of the
genomes. The remaining 11,543 genes (29 % of the pan-genome, 10,881 of the DM1-3
reference genes) constitutes the accessory genome, including 723 newly annotated genes
that are not present in the DM1-3 reference, 555 genes that are present only in the DM1-3,
and an additional 547 genes that are genome specific, i.e. only present in one genome or
another (other than DM1-3). Figure 4.2 represents a heatmap of the of the PAV genes,
explaining the concept of the pan-genome. The core genes are found at the upper part of
the graph while the variable genes are found in the bottom.

A phylogeny analysis based on the PAV resulted in four distinct genome clusters. Figure
4.2 shows the unrooted phylogenetic tree of the eight genomes used for the pan-genome
construction. The figure contains four clusters where the wild S. chacoense and S. commer-
sonii are clustered together, more distant from the cultivated species. Moreover, S. bukaso-
vii, which is another wild potato genome and a potential landrace progenitor consist of
another cluster. The bitter S. xajanhuiri is also by itself, opposite of S. bukasovii. Finally,
the cultivated species S. stenotomum subsp. stenotomum, S. phureja, S. stenotomum subsp.
goniocalyx 1 and 2 are clustered together. Modeling the pan-genome size by iteratively
randomly sampling genomes, suggests a restricted pan-genome with a finite number of
core and pan genes (Supplementary Figure 39.1). While the size of the pan-genome is

increasing, the core genome size is decreasing.
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Figure 4.2: Relationship of the pan-genome species. A. Heatmap of the Pres-
ence/Absence Variable (PAV) genes in the diploid potato pan-genome. Genes present
in all the genomes consist of the core genome while those that are absent from some or
all is the accessory genome. The core and the accessory genome together consist of the
pan-genome. In y-axis, the genes in grey are present in all the genomes, while the genes in
maroon are absent from some of the genomes. The x-axis shows the genomes used in this
study; S. xajanhuiri (AJH), S. bukasovii (BUK), S. commersonii (COM), S. stenotomum subsp.
goniocalyx (GON1), S. stenotomum subsp. goniocalyx (GON2), S. chacoense (M6), S. phureja
(PHU), S. stenotomum subsp. stenotomum (STN) and S. tuberosum Group Phureja (DM1-3).
B. Unrooted Phylogenetic Tree of eight genomes used for the potato pan-genome con-
struction, based on PAV. There are four distinct clusters; one with the wild S. chacoense —
S. commersonii potatoes, another with S. bukasovii; another wild species, potential landrace
progenitor, the bitter S. xajanhuiri makes a cluster itself and finally, the four S. stenotomum
subsp. stenotomum, S. phureja and S. stenotomum subsp goniocalyx 1 and 2 consist of the
final cluster.
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4.4.6 Functional analysis of the variable genes

Protein families and domains were predicted using Interproscan (Quevillon et al., 2005)
within MAKER (Campbell et al., 2014) for a functional analysis of the accessory genome.
This uncovered gene families involved in disease resistance, e.g. Leucine Rich Repeats
(LRR), putative late blight resistance proteins, NL27 protein, Hcr9-NLOD protein (from
S. lycopersicum), Her2-p7.8 (from the wild S. pimpinellifolium). Genes coding for proteins
associated with plant defense, including defensins, germ-like protein superfamily 1 mem-
ber 17 (from Nicotiana tobacum), ankyrin repeat-containing protein (from N. attenuata),
transcription repressor MYB6-like, putative deacetoxyvindoline 4-hydroxylase-like and
others were also found. Additionally, genes involved in biosynthetic processes were iden-
tified, such as riboflavin biosynthesis protein RibA, putative 2-oxoglutarate-dependent
oxygenase AOP1-like protein coding gene (involved in glucosinolate biosynthesis), 3-
isopropylmalate dehydrogenase (involved in glucosinolate biosynthesis), deacetylvindo-
line O-acetyltransferase — like coding genes (involved in alkaloid biosynthesis), NADH-
dependent glutamate synthase, and ribulose-phosphate 3-epimerase. Moreover, genes
coding for the putative transcription repressor (Ovate Family Protein) OFP1-like pro-
tein were found, and twenty-five genes that code for putative ovule protein - an un-
characterized protein. A Gene Ontology (GO) analysis show that the genes of the ac-
cessory genome are involved in various biological functions, including tRNA processing,
oxidation-reduction process, response to biotic stimulus, gluconeogenesis and photosyn-
thesis (light reaction) as well as recognition of pollen and response to wounding Supple-
mentary Table 25.1 (Appendix 18).

The 723 newly identified non-reference genes include various disease resistance and stress-
associated genes, and genes involved in tricarboxyl acid cycle and histidine biosynthetic
processes. As shown in Figure 4.3, genes involved in self-incompatibility, such as those
coding for S19-locus linked F-box proteins (Figure 4.3A) and flowering locus T (Figure
4.3B) were found in the newly identified genes. Based on the PAV analysis, the gene cod-
ing for S19-locus linked F-box proteins (PPAN_00000620) is only present in the AJH and
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M6 genomes (Figure 4.3A), whereas the gene for flowering locus T (PPAN_00001393) is
only present in the BUK genome. Several related genes, such as those coding for flow-
ering promoting factor 1-like and S-locus were also found in this group (Supplementary
Table 25.1). Interestingly, 57.2% (413) of the newly predicted protein-coding genes code
for uncharacterized proteins mostly identified in other Solanaceae species such as Nico-
tiana sylvestris, N. tabacum, S. demissum, S. lycopersicum, N. attenuata, Capsicum annuum, C.
baccatum, and C. chinense, but also in species from other families such as Daucus carota,
Triticum aestivum, Coffea canephora and others. The number of newly identified genes con-
tributed by each genome in the pan-genome differs from genome to genome, with GON2
contributing the most (366 genes) (Figure 4.4).

An analysis of transposable element density shows the majority of the repeats to be un-
classified (56.7%). The most abundant class found was the retrotransposons (17.73 % LTR
elements and 0.75% LINEs), while the DNA elements reached only the 0.01%. A total of
58.7% of the bases (21,918,247 bp) of the unaligned sequences used for the pan-genome

was masked.
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Figure 4.3: Self-incompatibility related genes are part of newly discovered genes in
the accessory genome of the diploid potato pan-genome. A. The genomic variation of
the newly predicted PPAN_00000620 gene, coding for S19-locus linked F-box protein. It
is matched to the ajh_contig140419 (400 — 1,578 bp) of the pan-genome. Based on the
PAV analysis, this gene is present only in the AJH and M6 genomes. The conserved do-
main identified is the F-box associated ( 322 — 1,010 bp). B. The genomic variation of the
newly predicted PPAN_00001393 gene, coding for Flowering Locus T. It is located on the
buk_contig6862 (24 — 263 bp) of the pan-genome. Based on the PAV analysis, this gene
is present only on the BUK genome. The conserved domain identified is Phosphatidyl
Ethanolamine-Binding Protein (PEBP) domain ( 5 - 237). S. xajanhuiri (AJH), S. bukaso-
vii (BUK), S. commersonii (COM), S. stenotomum subsp. goniocalyx (GON1), S. stenotomum
subsp. goniocalyx (GON2), S. chacoense (M6), S. phureja (PHU), and S. stenotomum subsp.
stenotomum (STN).
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Figure 4.4: Number of newly identified genes, per genome in the pan-genome. The
bar plot shows the number of genes identified per genome and contributed to the final
newly predicted protein-coding genes. GON2 contributed the most with a total number
of 366 genes, while GON1 was analyzed in the end, hence it is shown that it contributed
no genes, S. stenotomum subsp. goniocalyx (GON2), S. commersonii (COM), S. xajanhuiri
(AJH), S. stenotomum subsp. stenotomum (STN), S. phureja (PHU), S. chacoense (M6), S.
bukasovii (BUK) and S. stenotomum subsp. goniocalyx (GON1).
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4.5 Discussion

In this study, we have assembled six diploid potato genomes representing various taxo-
nomical groups. One genome was further placed into pseudomolecules with the help of
Linked and Long reads making it comparable to previously published genomes of wild
diploid potato (Aversano et al., 2015; Leisner et al., 2018), and making it the first cultivated
diploid potato draft genome. To gain a better view of potato core - and accessory genes,
we built a pan-genome from these six genomes together with three publicly available

potato genomes and analyzed the contents.

4.5.1 Diploid potato genome and pan-genome assemblies

The genomes of S. stenotomum subsp. goniocalyx (GON1 and GON2), S. phureja (PHU),
S. xajanhuiri (AJH), S. stenotomum subsp. stenotomum (STN), and S. bukasovii (BUK) used
in this study are highly heterozygous (taxonomy based on Spooner et al., 2014). The as-
semblies using only Illumina PE reads (all except GON1) are therefore more fragmented
and redundant, though still similar in size to other publicly available sequenced potato
genomes (Aversano et al., 2015; Leisner et al., 2018; PGSC, 2011).

The availability of 10X Genomics Linked and PacBio Long reads significantly aided the
construction of a less fragmented genome of 856Mb for S. stenotomum subsp. goniocalyx
GONT1. The combination of the data from these technologies was a powerful tool for the
construction of the GON1 genome, as demonstrated by the BUSCO analysis and from the
alignment to other Solanum species. About 60% of the GON1 genome is repetitive and
55% (469 Mb) of the genome assembly was placed into 12 pseudomolecules based on the
alignment to the DM1-3 genome.

In our pan-genome assembly, 70% (28,208) of the pan-genome genes constitute the core
genome and are shared by all the genomes. This is close to the tomato pan-genome, which
had 74.2% core genes based on a construction using 725 wild and cultivated tomatoes
(Gao et al., 2019). The Brassica oleracea pan-genome contains the highest core gene con-

tent described to date: 81.3% (Golicz et al., 2016), followed by the sunflower pan-genome
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with 72.7% of core genes (Hiibner et al., 2019), Arabidopsis thaliana 70% (Contreras-Moreira
et al., 2017), B. napus 62% (Hurgobin et al., 2018), hexaploidy bread wheat 64.3% (Mon-
tenegro et al., 2017), rice 54% (Wang et al., 2018b), wild soybean 49% (Li et al., 2014) and
Brachypodium distachyon with 35% (Gordon et al., 2017).

4.5.2 Functional analysis of the variable genes

4.5.2.1 Self-incompatibility — related genes

Genes coding for proteins involved in self-fertility were found to be variable genes (not
found in the core genome). Self-incompatibility (SI) in the Solanum species and other
Solanaceae genomes is the S-RNase-based, gametophyic type, where S-specificity is de-
termined by S-RNases in the pistil (McClure et al., 1989) and by S-locus F-box proteins
(SLFs) in the pollen (Sijacic et al., 2004). SI prevents self-fertilization and reduces inbreed-
ing. The F-box proteins are components of the SCF (Skp1-Cullinl-F-box) type ubiquitin
E3 ligases, which targets specific proteins for degeneration by the 26S proteasome (Zheng
et al., 2002; Moon et al., 2004). Transitions to self-compatibility (SC) occur frequently in
plants (Goldberg and Igi¢, 2012; Igic et al., 2008). These genes are of a great importance for
the future of potato breeding as the majority of the diploid tuber bearing potato species

is gametophytically self-incompatible.

4.5.2.2 Ovate Family Proteins (OFP)

The OVATE gene was identified as the cause of pear-shaped tomato and fruit elongation
(Liu et al., 2002). Moreover, OVATE is mainly expressed in reproductive organs and it
is a negative regulator of plant growth as its over-expression reduces the size of floral
organs. As for Arabidopsis, a study (Hackbusch et al., 2005) showed that the OFP1 gene
is crucial for male gamete and pollen function. Between others, the banana OFP1 was
found responsible for the fruit’s ripening ((Liu et al., 2015). An OVATE family member
also controls tuber shape (Wu et al., 2018). The results suggest that the OVATE genes

contribute to the wide variation in tuber shapes among cultivated landraces.
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4.5.2.3 FLOWERING LOCUS T genes

FLOWERING LOCUS T has a central role in regulating floral timing in plants (Pin &
Nilsson, 2012). Plants carry extensive duplication of FLOWERING LOCUS T genes, which
contributed to the evolution of multiple functions including tuberization in potato (Navarro
etal., 2011). The adaptation of potato tuberization from short to long- days enabled potato
production in North America and Europe and is associated with variation in the CY-
CLING DOF FACTOR 1 (StCDF1) gene that controls the expression of the potato FLOW-
ERING LOCUS T homolog StSP6A (Gutaker et al., 2019; Kloosterman et al., 2013). Fur-
thermore, StSP6A was also found to be involved in heat and nutrient regulation of tuber-
ization demonstrating the important role it plays in adaptation of potato to the environ-
ment (Lehretz et al., 2019; Gélvez et al., 2016). The presence of FLOWERING LOCUS T
in the accessory genome concurs with the diversification in the function of this gene and

points to a role for the accessory genome in environmental adaption of potato.

4.5.2.4 Disease resistant and plant defense genes

Not surprising was the finding of disease resistance genes in the accessory genome. Pre-
vious pan genome studies showed also that disease resistance genes are found in the
accessory genome: S. lycopersicum ((Gao et al., 2019), sunflower (Hiibner et al., 2019), rice
(Zhao et al., 2018) and B. oleracea (Golicz et al., 2016). These are key genes for potato
breeding. Introduction of new disease resistance mechanisms will be of benefit for the
modern cultivars.

Genes coding for hero resistance proteins are necessary for the resistance of Solanum
species against parasitic nematodes. It has been reported that the Hero gene is a potato
cyst nematode (two are attacking the potatoes: Globodera pallida and G. rostochiensis) re-
sistance gene and it is the only member of the NBS-LRR genes with unusual amino acid
repeat in the LRR region (Ernst et al., 2002). As both nematode species are causing con-
siderable economic losses in potato fields ((FAO, 2013), it is crucial to breed to protect
modern cultivars with resistance genes such as this. Xylanase inhibitor proteins (XIP)

were firstly discovered in wheat (T. aestivum) and genes for these were also found in the
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accessory genome. Specifically, wheat XIP inhibits the expression of family 10 and 11

xylanases of Aspergillus nidulans and A. niger (FLATMAN et al., 2002).

4.6 Conclusion

In this study, we present a first draft genome of a cultivated diploid landrace potato, S.
stenotomum subsp. goniocalyx, and a first diploid potato pan-genome constructed as a re-
source for potato genomics and breeding. A total of nine diverse taxa are included: five
Andean landraces (S. stenotomum subsp. goniocalyx (two accessions), S. phureja, S. xajan-
huiri, S. stenotomum subsp. stenotomum) an Andean wild species (S. bukasovii), and three
potato genomes previously available (DM1-3/S. tuberosum Group Phureja, S. commersonii,
and M6/S. chacoense). The pan-genome consists of 39,751 predicted genes of which 723
are newly identified and include key genes for adaptive processes, such as fertility, flow-
ering timing, fruit and tuber development and shape, and pest and pathogen defense.

This resource is a crucial step for potato improvement in the face of climate change.
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Preface to Chapter 5

In chapter 4, a pan-genome model for diploid potato was presented, including six
newly sequenced and three previously published diploid potato genomes. Chapter 5
focuses on genome assembly in polyploids and presents the de novo genome assembly
of two triploid, three tetraploid and one pentaploid potato genomes. For the de novo
construction of the tetraploid ADG1 genome, Third Generation Sequencing Technologies
are used (long and linked reads). For the rest of the genomes, only Illumina PE reads
were used. The findings show that indeed the availability of longer reads helps the big
problem of the de novo genome assembly of polyploid plants, however, it is concluded
that there is a need for new sequencing technologies and new assembly algorithms. The

manuscript was published in Nature Scientific Data .
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5.1 Abstract

Genome assembly of polyploid plant genomes is a laborious task as they contain more
than two copies of the genome, are often highly heterozygous with a high level of repet-
itive DNA. Next Generation genome sequencing data representing one Chilean and five
Peruvian polyploid potato (Solanum spp.) landrace genomes was used to construct genome
assemblies comprising five taxa. Third Generation sequencing data (Linked and Long-
read data) was used to improve the assembly for one of the genomes. Native landraces
are valuable genetic resources for traits such as disease and pest resistance, environmental
tolerance and other qualities of interest such as nutrition and fiber for breeding programs.
The need for conservation and enhanced understanding of genetic diversity of cultivated
potato from South America is also crucial to North American and European cultivars.
Here, we report draft genomes from six polyploid potato landraces representing five taxa,

illustrating how Third Generation Sequencing can aid in assembling polyploid genomes.
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5.2 Introduction

Native potato species are distributed from the southwestern United States to Argentina
(Hijmans and Spooner, 2001). The most commonly cultivated potato varieties are au-
totetraploids (2n=4x=48) with a base chromosome number of 12. However, cultivated
potato landraces can range from diploids (2n=2x=24) to pentaploids (2n=5x=60) (Watan-
abe, 2015) and wild potato species from the United States, Mexico and central America
also include hexaploid species (Lara-Cabrera and Spooner, 2004). The potato genome is
characterized by great heterozygosity, due likely to the fact that most of the diploid potato
species are self-incompatible (Bradshaw, 2007; Watanabe, 2015).

A significant amount of work has previously been performed to aid the advance of potato
genomics (Gélvez Helen H., Barkley, Noelle A., Gardner, Kyle, Ellis, David, Stromvik,
Martina V., José Héctor, 2017). Currently, the publicly available potato reference genomes
are from the doubled monoploid Solanum tuberosum Group phureja DM1-3 (PGSC, 2011),
the wild diploid S. commersonii (Aversano et al., 2015) and the diploid, inbred clone of S.
chacoense - M6 (Leisner et al., 2018). S. tuberosum is an autotetraploid, and evidence sug-
gests the polyploid nature resulted through duplication events. Hence, a single reference
genome cannot capture the great diversity found across different potato genomes, espe-
cially in the case of polyploids since they are more heterozygous than the diploids (Hirsch
et al., 2014b). Improvement of current algorithms and of current sequencing technologies
are fundamental to improving the assembly of polyploid genomes such as those found
in diverse potato species (Kyriakidou et al., 2018). Next Generation Sequencing (NGS)
made a revolution in approaches to genome sequencing, due to reduced costs and faster
sequencing compared with Sanger sequencing technology. However, NGS does have
drawbacks, especially when sequencing polyploid genomes, where their short length can
lead to misassemblies and extremely fragmented genome assemblies. The most recent
evolution in the era of genome sequencing is the Third Generation (or Long-read) Se-
quencing (TGS) technologies, which can produce high quality genome assemblies with

high resolution due to the longer length of the reads. TGS technologies can reduce the
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problem of assembling polyploid plant genomes (Kyriakidou et al., 2018). Various com-
plicated polyploid plant genomes have been sequenced with TGS technologies includ-
ing Chenopodium quinoa (3x) (Jarvis et al., 2017) and Saccharum sp (varying ploidy levels)
(Riafio-Pachon and Mattiello, 2017), Fragaria x ananassa (8x) ((Edger et al., 2017) and oth-
ers.

Twelve potato genomes of various ploidy levels were recently sequenced (Kyriakidou
et al., 2020a). These genomes, which were selected based on the Hawkes taxonomy
(Hawkes and Others, 1990), in addition to the S. commersonii genome (Aversano et al.,
2015) were compared to the two publicly available reference genomes S. tuberosum Group
Phureja (DM1-3) (PGSC, 2011) and S. chacoense M6 clone (Leisner et al., 2018) for copy
number variation (CNV) and SNP analyses. The study showed the great diversity across
this panel of potato genomes and identified a number of CNVs in genes implicated in
disease resistance and stress, among other processes.

In the present study, we have focused on assembling the reads for the six polyploid
genomes from the previously sequenced cultivated potato landraces covering five taxa
(based on (Hawkes and Others, 1990) (Kyriakidou et al., 2020a): Solanum chaucha (3x:
CHA), S. juzepczukii (3x: JUZ), two genomes of S. tuberosum subsp. andigena (4x: ADG1
and ADG?2), S. tuberosum subsp. tuberosum (4x: TBR) and S. curtilobum (5x: CUR). One
of the genomes, ADG1 - a tetraploid, is assembled with TGS and has therefore a higher

quality assembly, while NGS data is used for the others.

5.3 Materials and Methods

5.3.1 Genomic Data

S. chaucha (CHA - CIP 707129 doi:10.18730/CS5%), S. juzepczukii (3x: JUZ — CIP 706050
doi:10.18730/C09D), two genomes of S. tuberosum subsp. andigena (4x: ADG1 - CIP 700921
doi:10.18730/91RP; ADG2 - CIP 702853 do0i:10.18730/9GBS), S. tuberosum subsp. tubero-
sum (4x: TBR — CIP 705053 d0i:10.18730/B3MN) and S. curtilobum (5x: CUR — CIP 702937

doi:10.18730/9H1Y), from the in vitro potato germplasm collection at the International
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Potato Center (CIP) in Lima, Peru (Kyriakidou et al., 2020a). Genomic DNA was ex-
tracted and sequenced using an Illumina HiSeq sequencer (Illumina, Inc.) in paired-end
mode (2 x 150 bp) as described (Kyriakidou et al., 2020a). The genome of ADGI1 was
also sequenced ( 50 X) with PacBio’s Single Molecule RS II system technology (Eid et al.,
2009) and with 10X Genomics” GemCode technology ( 134 X) (Weisenfeld et al., 2017) by

Novogene™.

5.3.2 Determining the whole genome heterozygosity

Trimmed sequencing reads were used for the calculation of the percentage of heterozy-
gosity in the genomes (Kyriakidou et al., 2020a). For this, jellyfish v2.2.10 (Margais and
Kingsford, 2011) was first used to compute the histogram of the k-mer frequencies. The
final k-mer count histogram per genome was used within the GenomeScope 2.0 online

platform (Ranallo-Benavidez et al., 2020).

5.3.3 De novo genome assemblies

5.3.3.1 ADG1 assembly

Because of the availability of Linked and Long Reads, the genome of ADG1 genome was
assembled following a hybrid-read method. Multiple approaches were tried but the best
assembly possible was obtained using a combination of Long and Linked Reads with
Canu (Koren et al., 2017) and Supernova™ assemblers (Weisenfeld et al., 2017). For the
following analyses, pseudohapl was used as suggested in the genome assembly of Cap-
sicum annuum (Hulse-Kemp et al., 2018) with 10X Genomics reads. Moreover, the Long
Reads from PacBio were assembled with Canu v1.5 assembler (Koren et al., 2017), then
Tigmint v0.9 (Jackman et al., 2018) was used to correct PacBio misassemblies using the
parameters from 10X Genomics. The contigs were assembled into scaffolds with ARCS
v1.0.2 (Yeo et al.,, 2017). The final genome assembly was aligned to the DM1-3 v4.04
(Hardigan et al., 2016), and BUSCO v3.2.0 (Sim&o et al., 2015) and QUAST (Gurevich

et al., 2013) v5.0.0 were used for the evaluation of the assembly. Transposable elements
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and repeat masking was performed with RepeatModeler v1.0.11 (Smit and Hubley, 2019)
and RepeatMasker v4.0.7 (Smit et al., 2015).

5.3.3.2 CHA, JUZ, ADG2, TBR and CUR assemblies

The Illumina PE reads of the CHA, JUZ, ADG2, TBR, and CUR genomes were assembled
using MaSuRCA v3.2.4 (Zimin et al., 2013). Redundant contigs were removed from the
assembly using CD-HIT v4.8.1 (Fu et al., 2012; Li and Godzik, 2006) with identity > 90%.
The resulting assemblies were evaluated using BUSCO v3.2.0 (Simdo et al., 2015) and
QUAST (Gurevich et al., 2013) v5.0.0. From all the genome assemblies (ADG1, ADG2,
TBR, JUZ, CHA and CUR), any mitochondrial and chloroplast genome has been removed,
along with the contigs with length smaller than 200 bp.

5.3.4 Data Records

The reads data is available as BioProject PRINA556263 (SRA accessions SRR10237766,
SRR10242927, SRR10248510 — SRR10248515) at NCBI. The final genome assemblies are de-

posited into NCBI Assembly database under the following Accession Numbers: GCA_009849705.1,
GCA_009849725.1, GCA_009849745.1, GCA_009849685.1, GCA_009849625.1, and GCA _009849645.1
(NCBI Assembly GCA_009849705.1, GCA_009849725.1, GCA _009849745.1, GCA _009849685.1,
GCA_009849625.1, GCA_009849645.1).

5.4 Results

5.4.1 Quality of the sequenced genomes — Whole genome heterozygos-
ity

The read coverage ranged between 36 X in the pentaploid CUR and 44.4 X in the triploid

CHA for the [llumina reads (Table 5.1). The read coverage for the ADG1 genome was

calculated with linked and long reads and it had an average read coverage of 50 X (Table

5.1). The k-mer frequencies were calculated for each of the genomes (Appendix 33-38:
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Supplementary Figure 40.1 — 45.1). In general, there is a tendency towards bimodal
distributions. In addition, the heterozygosity of the genomes ranges between 3.52 % (in
ADGI1) and 12.02 % (in CUR) (Table 5.1). The heterozygosity is confirmed by the k-
mer frequency of the genomes and the bimodal distributions, which has previously been

reported for polyploid genomes (Ranallo-Benavidez et al., 2020).

5.4.2 Genome assembly of ADG1

A draft genome assembly of the S. tuberosum subsp. andigena (CIP 700921 DOI: 10.18730/91RP)
— ADG1 was generated using a hybrid assembly approach of Third Generation Sequenc-
ing Data: Linked and Long reads (Table 5.1). This methodology was applied as it was
previously tested in the group and was found to be the best approach for the data avail-
able. The initial assembly contains 87,194 contigs, with an N50 of 62,124 bp (Table 5.2).
The final assembly, after removing redundancy, consists of 35,961 scaffolds and an N50 of
122,016 bp (Table 5.2). The genome size was estimated with a 10X Genomics Chromium
library at 896.84 Mb, which is close to the size of other potato genomes (Aversano et al.,
2015; Leisner et al., 2018; PGSC, 2011). The size of the assembly including only scaffolds
longer than 10 kb, reaches 713.51 Mb. For the evaluation of the genome completeness
of ADG1, BUSCO (Simaéo et al., 2015) was used, finding 85.8% of BUSCQO’s core Plantae
ortholog genes present in the assembly and another 8.5% present as partial sequences
(C:85.8% [S:76.3% ,D:9.5%], F:8.5%, M:5.7%, n:1375).

To identify and mask the repetitive elements in the ADG1 assembly, RepeatModeler (Smit
and Hubley, 2019) was used to construct a repetitive library, followed by RepeatMasker
(Smit et al., 2015). About 60% of the assembly was masked. Table 5.3 shows the repetitive

content of the ADGI genome.
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Table 5.3: Repeat Content of the ADG1 assembly. Data generated with RepeatMasker

(Smit et al., 2015)

Element Number of Length Percentage

Elements = Occupied  of se-

(bp) quence

LINEs 43,676 18,473,203 1.7
LTR elements 219,424 261,037,853 23.98
DNA elements 28,736 14,413,138 1.32
Simple repeats 171,025 9,049,100 0.83
Low complexity 36,517 2,254,450 0.21
Unclassified 1,109,924 333,262,813 30.61
Total bases masked 515,341,644 60.2

BUSCO Assessment Results

. Complete (C) and single-copy (S) . Complete (C) and duplicated (D)

[ Missing ()

Fragmented (F)

S.chaucha , D:57], F:339, M:

S.curtilobum 6, D:81], F:522, M:256, n:

S.juzepczukii

1711, D:95], F:374,

S.tuberosum.subsp.andigena.l

S.tuberosum.subsp.andigena.2

S.tuberosum.subsp.tuberosum 627, n:1375

| | | | |
0 20 40 60 80 100

%BUSCOs

Figure 5.1: Bar chart with BUSCO’s summary assessment results for the assembled
six polyploid genomes. Light blue shows the % of complete and single copy genes, the
darker blue the % of complete and the duplicated genes, the yellow the % of fragmented
genes and finally the red shows the % of missing genes in the assemblies.
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5.4.3 Genome assembly of CHA, JUZ, ADG2, TBR and CUR genomes

The initial genome assemblies were longer than the size of other reported potato genomes
(Aversano et al., 2015; Leisner et al., 2018; PGSC, 2011) (Table 5.2). For instance, the
CUR genome assembly was about 2.4 times longer than the potato reference genomes,
which had genome sizes equal to 884.1 Mb (DM1-3), 830 Mb (S. commersonii) and 825.7 Mb
(S. chacoense). The JUZ, ADG2, TBR genome assemblies were at least double the length
the reference genomes, while CHA was shorter than the rest of the polyploid genomes
(Table 5.2). These differences are likely due to the high heterozygosity in these polyploid
genomes. Therefore CD-HIT ((Fu et al., 2012; Li and Godzik, 2006) was used to remove
the redundant contigs that were present in each of the assemblies. After removing the
redundant contigs from the genomes, the final contig number was reduced to almost a
third of the initial number, while the genome size is 0.66% smaller compared to the initial
assembly (Table 5.2). The assembly statistics improved after removing the redundant
contigs.

Even though the removal of the redundant contigs improved the genome assemblies, the
assemblies are still very heterozygous and very fragmented (Table 5.2). Based on the
gene content, the TBR assembly is the most fragmented. Figure 5.1 shows that presence
of BUSCO'’s core Plantae ortholog genes in TBR almost reached 18.8%, while the majority
(35.6%) are partial genes. For the rest of the genomes, the amount of orthologous genes
did not exceed 58.6% (Figure 5.1, Table 5.2; JUZ), with an average amount of fragmented
genes at 27.7%. The quality of the Illumina PE genome assemblies was similar among the

genomes, with TBR being the exception.

5.4.4 Comparison of the genome assemblies of ADG1 and ADG2

Table 5.2 shows that the genome assembly of ADG1 using Linked and Long reads yielded
35,961 contigs, compared with the ADG2 assembly using only Illumina reads that yielded
310,723 contigs — almost one order of magnitude difference. Moreover, almost all the

contigs of ADG1 are greater than 1,000 bp in length, while only 248,064 contigs ( 80%) of
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the ADG2 have lengths greater than 1,000 bp. The N50 for ADG1 is 25.8 times larger than
that of ADG2. Finally, in ADG1 85.8% of the BUSCO genes were present, in contrast to
ADG?2, where only 53% of BUSCO genes were detected. The GC% content was very close
for both genomes; 34.83% and 34.84% for ADG1 and ADG2, respectively.

5.4.5 Comparison of the genome assemblies of ADG1 and ADG2, TBR,
JUZ, CHA and CUR

As shown in Table 5.2, the largest genome assembly is that of the pentaploid CUR
genome (1.2 Gb), while the shortest is the triploid CHA genome (790.4 Mb). The TBR as-
sembly was the most fragmented (1,272,956 contigs) compared to the rest of the genomes.
Additionally, in TBR, only 21.3% (271,542) of the total number of contigs have length more
than 1,000 bp, while 78.16% (194,864) of the JUZ’s contigs and all the contigs of ADG1 are
larger than 1,000 bp. The GC% content ranged between 34.83% (in ADG1) and 36.27% (in
CUR). ADGI had the largest contig ( 3.4Mb), followed by CUR (117.7 kb) and JUZ (112
kb). The N50 is dramatically improved in the ADG1 compared to the others. TBR has the
smallest N50 (1,193), showing once again the very fragmented assembly due to the high
heterozygosity of this genome. Finally, all the genomes had more than 43% of BUSCO’s
genes present, except TBR, in which only 18.8% of the total BUSCO genes were found.

5.5 Discussion

5.5.1 Highly fragmented genome assemblies due to the heterozygous
nature of the polyploid potato genomes

The high ploidy level can lead to higher heterozygosity, causing difficulties in haplo-
type identification in assemblies without Long range or Long read data (Kyriakidou
et al., 2018). In the current study, the CHA, JUZ, TBR, and CUR assembled polyploid
genomes are highly fragmented, while the ADG1 assembly, which included Long Range

data, resulted in the construction of a less fragmented genome, less redundant and with
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fewer contigs. This demonstrates the benefit and need for Long range data for complex
genomes. Additionally, there has been innovation in novel assembly algorithms and
new assembly strategies using Long range data for the genome assembly of polyploid
genomes (Kyriakidou et al., 2018). Moreover, the repetitiveness of the potato genome
makes its assembly even more difficult. It appears that 60.2% of the ADG1 genome ac-
counts for repetitive sequences, which is also in agreement with previous contents of
repetitive sequences in other potato species; 62.2% in the S. tuberosum DM1-3 genome
and 60.7% in the M6 clone of the S. chacoense (Leisner et al., 2018).

Among the six assembled genomes, the triploid CHA is the shortest. In previous studies
using copy number variation analysis and SNP detection analysis of this genome (com-
pared to the DM1-3 genome), it appears less heterozygous than JUZ, which is also a
triploid, but also less heterozygous than the rest of the polyploids (Ellis et al., 2018; Kyr-
iakidou et al., 2020a). The most challenging genome to assemble was the tetraploid TBR
and not the pentaploid CUR, as would have been expected. It may be that the greater
heterozygosity in TBR lead to it being the most fragmented genome assembly. This is
supported by a previous study using the Infinium 12K V2 Potato Array in a subset of the
CIP potato collection — TBR were among the species with the highest amount of admixture
(Ellis et al., 2018). Even in relation to other tetraploids, TBR appears to be the most het-
erozygous when compared to the DM1-3 v4.04 reference (Kyriakidou et al., 2020a). High
levels of heterozygosity were observed from the sequencing data of the cultivated clones
in the study. The clonal propagation of potato over thousands of years limited genetic re-
combination and led to high levels of heterozygosity. Polyploidy and self-incompatibility

may also have contributed.

5.6 Conclusion

The genome assembly of plant genomes, and especially polyploid plant genomes, is very
complex and challenging. The genome assemblies of two triploid (3x), three tetraploid

(4x) and one pentaploid (5x) potato were constructed. Even though the majority of the
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assemblies are fragmented, these genomes provide a great resource to enhance potato
breeding. It is known that the polyploid genomes contain more genes, hence these potato
genomes can be explored for their genetic content. Moreover, as predicted, the availability

of Third Generation Sequencing data greatly reduces the genome assembly problem.
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Contribution to knowledge

6.1 Contributions from Chapter 2

This was the first published review summarizing the current available strategies/approaches
for genome sequence assembly of polyploid plant genomes. First it gives an overview of
the sequencing techniques used in polyploid plant genomes, mentioning all the polyploid
plant genomes sequenced until November 2018. Then, it goes through the challenges of
polyploid genome assembly, it describes approaches on how to estimate ploidy levels and

mentions advances in genomic resources and functional tools.

6.2 Contributions from Chapter 3

The hypothesis for Chapter 3 was that the genes in regions of structural variations (SVs)
in six diploid, two triploid, three tetraploid and a pentaploid potato genomes are pri-
marily involved in defense mechanisms and tuber formation and the genomic regions of
variation and higher heterozygosity are conserved between genomes. Regarding the first
part of the hypothesis, hypothesis, we found genes with unknown function, and genes
involved in disease resistance and abiotic stress tolerance in regions of SVs. Moreover,
some potato genomes contain genes impacted with SVs that are involved in Self Incom-
patibility. As for the 2nd part of the hypothesis,, we found that several genomes share
numerous of genes in common that are impacted by SVs and some of the genomes show
greater heterozygosity in the same chromosomes; i.e. chromosomes 1 and 12. This study
used 12 selected potato accessions from CGIAR'’s potato germplasm collection at the In-
ternational Potato Center (CIP) in Lima, Peru, to represent the two principal views on
potato taxonomy. The structural variation of these eleven native Peruvian and one na-
tive Chilean landraces was detected when compared to the two publicly available potato
reference genomes; DM1-3 and Mé6. The ploidy in these genomes varies and previously

no study of this nature was reported in potatoes of various ploidy levels. A phylogeny
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was performed using the CNV status of the genes, and the results support both older
and more recent potato taxonomy classifications. Moreover, specific CNV —impacted re-
gions with high gene density were identified. Among others, abiotic stress and disease
resistance genes are located in these conserved CNV-impacted regions across the twelve

potato genomes.

6.3 Contribution from Chapter 4

For Chapter 4, we hypothesized that a complete diploid potato pan-genome available
will reveal disease important genes to improve prospects for breeding cultivars with dis-
ease and climate change resistance. When examining our 1st hypothesis, we found that
Long and Link sequencing data improved dramatically the de novo genome assembly of
the GON1 genome, that has an N50 3.5 times bigger than the genomes assembled only
with shorter Illumina reads and it contains 34 times fewer contigs than the other assem-
blies. Furthermore, regarding the 2nd hypothesis, we uncovered a diploid potato genome
that consists of 39,751 genes, of which the 723 are newly identified and they are absent
from the current DM1-3 genome annotation. Within these genes, we discovered a core
genome of 28,208 genes and an accessory genome of 11,543 genes. Finally, for the 3rd hy-
pothesis, we found genes with important agronomically important traits displaying pres-
ence/absence variation. These genes are involved in disease resistance, biotic and abiotic
tolerance, self-incompatibility, tuber shape, secondary metabolite biosynthesis, tuberiza-
tion and others.

The tuber-producing Solanum clade is large and there is incredible depth in the variation
that can be tapped for genetic improvement of potato, which is of increasing importance
in the face of climate change. Potato genomes are complicated due to high heterozygosity
and autopolyploidy in many species, which is why most work has been carried out in
lab clones. This manuscript describes the de novo sequencing and pan-genome assem-
bly of diploid potato genomes from five cultivated landraces and a wild species that are

part of the landrace collection at the genebank in the International Potato Research Cen-
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ter (CIP) in Lima, Peru. The study describes the genomes of taxonomically diverse, real
world potato landraces/species and by so doing can circumvent important shortcomings
of previous studies/reference genome, such as important genes not included in reference
genomes. The study is the first to describe a draft genome of a cultivated diploid potato
(S. stenotomum subsp. goniocalyx) and the first to apply a pan-genome assembly in potato.
This is an important advance for potato genomics. The pan-genome assembly enabled
a genome-wide comparative analysis between diploid, cultivated, tuber-bearing species
and wild relatives. The assembly of the accessory genome led to identification of sig-
nificant variation in genomic regions carrying key genes controlling self-incompatibility,
biotic stress resistance, secondary metabolite biosynthesis, tuberization, and flowering
and tuber shape, all functions of high interest to potato breeding programs. The current
study has taken potato genomics beyond the single reference genome for the first time
and demonstrated the power of the pan-genome in uncovering novel regions of variation

in critical genes of interest to researchers and breeders.

6.4 Contribution from Chapter 5

Finally, for Chapter 5 we hypothesized that the Third Generation Sequencing technology
data will improve the de novo genome assembly of the polyploid potato genomes. We
found that indeed the availability of longer sequencing data improves the genome assem-
bly in the tetraploid ADG1 genome, where the N50 is 16.5 times larger than the best as-
sembled genome with only shorter Illumina reads and that the percentage of fragmented
genes is at least 3 times smaller than the other genomes. This manuscript describes the
sequencing and genome assembly of six taxonomically diverse polyploid potato genomes
from the genebank at the International Potato Research Center (CIP) in Lima, Peru. Genome
assemblies of six potato genomes of various ploidy (two triploids, three tetraploids and a
pentaploid genome) were constructed. For one of the genomes, (ADG1), Long and Linked
information data was used. This study shows how complicated the polyploid genome

assembly problem is with highly heterozygous species and how the availability of Third
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Generation Sequencing data aids the process. These genomes have not been previously
sequenced, although the S. tuberosum is intensely studied (sequencing is underway). The
study concludes that these technologies are not enough, and that new polyploid-specific

algorithms and new technologies are needed.
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Future Research Directions

7.1 Conclusions

The genome comparison of the diploid and polyploid genomes uncovered conserved re-
gions with variation (CNVs) related to plant defense and disease resistance, as well as
variation in other important traits. The diploid pan-genome construction unraveled a
core and an accessory genome, including genes absent from the DM1-3 reference genome.
These genes are key to important breeding traits such as disease resistance and defense,
organ development, and fertility. The long and linked reads improved the de novo genome
assembly of one of the polyploids compared to the ones assembled with only short reads
(Ilumina PE). There is nonetheless a major need for improved sequencing technologies

and algorithms.

The following directions could be taken to go further with the research reported in

this thesis:

7.2 Chapter 3

The results of the copy number variation analysis revealed the CNV-impacted genes in
all the genomes compared to the DM1-3 and M6 genomes. Previous studies have shown
that CNV events can alter gene expression, for example, they result in nematode resis-
tance in soybean (Cook et al., 2014), in maize they confer tolerance to aluminium (Maron
etal., 2013) and they can have an impact on the growth and development of potato plants
(Iovene et al., 2013). Based on the findings in this chapter, it would be interesting to study
the effects of CNV on transcript abundance, how the CNVs affect gene expression in these

native South American and whether the top CNV-impacted gene clusters have altered
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gene expression. Moreover, a great heterozygosity was observed in the genomes com-
pared to the references, which also causes differential allele expression. Preferential allele
expression (PAE) can cause phenotypic variations. Previously, PAE has been detected in
barley in relation to developmental variation and drought stress (Von Korff et al., 2009), a
genome-dependent allele-specific expression detected in rice genes (Song et al., 2013) and
in maize (Springer and Stupar, 2007). Hence, taking this great heterozygosity found in the
twelve genomes analyzed in this study into account, it would be of a great importance to

study if there is any preferential allele expression and what are the potential phenotypes.

7.3 Chapter 4

A main problem in eukaryotic pan-genome studies is the lack of visualization tools. Al-
though many of them have been developed for prokaryotes (Clarke et al., 2018; Ding
et al., 2017; Peng et al., 2018), there are no eukaryote pan-genome visualization tools to
date. A tool for plants is necessary as it can aid evolutionary studies, but also the com-
parison not only between different species, but also between different haplotypes of the
same genome. Additionally, it would also be interesting to add genomes of higher ploidy

levels in the pan-genome to observe the gene repertoire.

7.4 Chapter 5

For this chapter, the genomes of six polyploid genomes were assembled. However, only
one of the assemblies, ADGI1, was sufficiently assembled to map to pseudomolecules, as
this was the only one for which we had Linked and Long sequencing reads. The remain-
ing five genomes could be potentially sequenced using even newer technologies, such as
longer scaffolders for the construction of physical maps, using very large DNA fragments

for higher contiguity. Hopefully this will reduce the polyploidy problem.
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Appendix 1
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Figure 8.1: Duplications and deletions relative to duplicated and deleted genes in 14
potato genomes. A. The number of genes (of which equal or more than 50% of the gene
body was) affected by deletions (red) and duplications (blue) across the 14 genomes,
along with the total number of deletions (green) and duplications (purple) against the
DM1-3 reference genome. In diploids in general, the number of deleted genes was greater
than those affected by duplications with AJH and BUK being the exceptions. In contrast,
in the polyploid genomes the number of duplicated genes was greater than the deleted
ones, with an exception in ADG2 genome. B. The number of the genes affected by dele-
tions (red) and duplications (blue) across the 13 genomes (M6 was not analyzed against
M6), along with the total number of deletions (green) and duplications (purple) against
the M6 reference genome.
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Appendix 5

Supplementary Table 12.1: Top 3 gene enriched CNV bins in the 8 diploid genomes
against the DM1-3 and the M6 reference genomes.

Genome

Top 3 CNV bins VS DM1-3

Top 3 CNV bins VS M6

GON1

e ST4.03ch12%: mannan - endo - 1,4,

- f mannosidase genes (del)

e ST4.03ch04: disease resistance

genes (del + dup)

e S5T4.03ch05: receptor kinase, wall
associate kinase coding genes etc.

(del)

e M6_v4.1ch01*: Auxin — induced

SAUR gene cluster (dup)

e M6.v4.1ch05%: genes coding for
proteins of unknown function,
NB-ARC coding genes, chaperone

subunit etc. (dup)

e M6.v4.1ch09: 2 - oxoglutarate

genes, bHLH etc. (dup)

e M6.v4.1ch09: 2 - oxoglutarate

genes, bHLH etc. (dup)

Continued on next page
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Supplementary Table 12.1 — Continued from previous page

Genome

Top 3 CNV bins VS DM1-3

Top 3 CNV bins VS M6

GON2

PHU

e ST4.03ch12%: mannan —endo — 1,4,

- f mannosidase genes (del)

e ST4.03ch00: genes of various func-
tions ie matrix metalloprotease

coding gene, MYC1 (dup)

e ST4.03ch08: disease resistance
genes, R2 (del)

e ST4.03chl1: disease resistance

gene cluster, R2 (del + dup)

e 5T4.03ch02: conserved gene clus-

ter of unknown function (dup)

e 5T4.03ch04: Auxin - induced
SAUR gene cluster (dup)

e M6.v4.1ch05: genes coding for
flavin — binding proteins, NAD(P),

terpenesythase etc. (dup)

e M6_v4.1ch07: various genes; in-
cluding D - mannose binding
lectin coding gene, cytochrome

P450, etc. (del + dup)

e M6.v4.1ch01: Auxin — induced
SAUR gene cluster (dup)

e M6.v4.1chl1l: Auxin - induced
SAUR gene cluster (del + dup)

e M6.v4.1ch01: Auxin — induced
SAUR gene cluster (dup)

e M6_v4.1ch05": genes coding
for hypothetical protein, Ru-
bisco methyltransferase, NB-AC

domain containing etc. (dup)

Continued on next page
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Supplementary Table 12.1 — Continued from previous page

Genome

Top 3 CNV bins VS DM1-3

Top 3 CNV bins VS M6

STN

AJH

e ST4.03ch11: disease resistance

gene cluster (del)

e ST4.03ch04: genes coding for LRR
containing proteins, R2 (del +

dup)

e ST4.03ch12: genes of various func-

tions (del + dup)

e ST4.03ch02: genes involved in
the carbohydrate metabolic pro-

cess (dup)

e 5T4.03ch05: flavonol 4° — sul-
fotransferase coding gene, late

blight resistance etc. (dup)

e 5T4.03ch06: male sterility MS5,
nodulin — 26, auxin regulated cod-

ing gene etc. (dup)

e M6_v4.1ch01*: Auxin — induced
SAUR gene cluster (dup)

e M6.v4.1ch07: genes coding for
gibberellin 3 — oxidase, pyridox-
ine biosynthesis, a—f —hydrolases,
lectin protein kinase family etc.

(dup)

e M6.v4.1ch1l:  Auxin induced
SAUR gene cluster, F-box etc.

(dup)

e M6 v4.1ch11: Auxin - induced
SAUR gene cluster (dup)

e M6.v4.1ch01*: Auxin — induced
SAUR gene cluster (dup)

e M6.v4.1ch01: genes coding for
NB-ARC, LRR, flavin — binding
kelch repeat, F-box etc. (del)

Continued on next page
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Supplementary Table 12.1 — Continued from previous page

Genome

Top 3 CNV bins VS DM1-3

Top 3 CNV bins VS M6

BUK

e ST4.03ch03: flavonol synthase/
flavone 3 — hydroxylase coding

genesetc (dup)

e ST4.03ch04: genes coding for
alcohol dehydroxygenase ADH,
auxin responsive family protein,

lysine/histidine transporter etc.

(dup)

e ST4.03ch10: non-structural main-
tenance of chromosome element,
conserved gene of unknown func-

tion etc. (dup)

e M6_v4.1chl1l': Auxin - induced
SAUR gene cluster (del + dup)

e M6.v4.1ch01: genes coding for
NB-ARC, hypothetical proteins,
bHLH, LRR, F-box etc. (dup)

e M6 _v4.1ch01*: Auxin - induced
SAUR gene cluster (dup)

Continued on next page
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Supplementary Table 12.1 — Continued from previous page

Genome

Top 3 CNV bins VS DM1-3

Top 3 CNV bins VS M6

COM

Me

e ST4.03ch01*: Auxin — induced

SAUR gene cluster (dup)

e 5T4.03ch11:
SAUR gene cluster (dup)

Auxin - induced

e ST4.03ch06: Auxin - induced

SAUR gene cluster (dup)

e ST4.03ch01*: Auxin — induced

SAUR gene cluster (dup)

e S5T4.03ch04: genes coding for lipid
binding protein, transducing fam-

ily protein etc. (dup)

e S5T4.03ch04: conserved genes of
unknown function, ethylene — in-
ducing xylanase, 1,4 — a — glucan

branching etc. (dup)

e M6_v4.1ch01: genes coding for NB
- ARC domain, LRR, 3 - flavin -

binding protein etc. (del)

e M6 v4.1ch05%: genes coding for
EXC family protein, Rubisco, dis-

ease resistance, LRR etc. (dup)

e M6_v4.1chl2: genes coding for
bHLH, fatty acid hydroxylase,

tetraspanins, knotted-1 like etc.
(dup)

Continued on next page
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Supplementary Table 12.1 — Continued from previous page

Genome | Top 3 CNV bins VS DM1-3 Top 3 CNV bins VS M6

*,$, ! These regions are the same in the genomes where the according symbol is found.
dup - duplication event

del — deletion event
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Appendix 6

Supplementary Table 13.1: Top 3 gene enriched CNV bins in the 6 polyploid genomes
against the DM1-3 and the M6 reference genomes. *, $, ! These regions are the same in
the genomes where the according symbol is found. dup — duplication event

del — deletion event

Genome

Top 3 CNV bins VS DM1-3

Top 3 CNV bins VS M6

ADG1

e ST4.03ch12%: genes coding for ex-
tension Extl, stress — associated

proteins etc. (dup)

e 5T4.03ch04*: genes coding for late
blight resistance protein, retroele-
ment, ribulose — 1.5 bisphosphate,

carboxylase/oxygenase etc. (dup)

e ST4.03ch12: genes coding for
thioredoxin domain — containing

protein, fertility restorer etc. (dup)

e M6_v4.1ch01¥: Auxin — induced

SAUR gene cluster (dup)

e M6.v4.1chll*: Auxin - induced
SAUR gene cluster, F-box domain

coding genes, etc. (del + dup)

e M6._v4.1ch02: SINE3-like coding
gene, RING/U — box, peroxidase,

transferases etc. (dup)

Continued on next page
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Supplementary Table 13.1 — Continued from previous page

Genome

Top 3 CNV bins VS DM1-3

Top 3 CNV bins VS M6

ADG2

e 5T4.03ch07: geranyl geranyl py-
rophosphate synthase, conserved

gene of unknown function etc.

(dup)

e ST4.03ch07: ATNMNAT, RNA -
binding protein, zinic transporter

etc. (dup)

e ST4.03ch03: genes coding for LRR,
F-box, TPR domains, genes of un-
known functions, pentatricopep-

tide, etc. (dup)

e M6.v4.1ch05": Auxin - induced
SAUR gene cluster (dup)

e M6.v4.1ch1ll: Auxin — induced

SAUR gene cluster (dup)

e M6.v4.1ch01¥: Auxin — induced

SAUR gene cluster (dup)

Continued on next page
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Supplementary Table 13.1 — Continued from previous page

Genome

Top 3 CNV bins VS DM1-3 Top 3 CNV bins VS M6

TBR

e ST4.03ch11®: Auxin - induced e M6.v4.1ch01¥: Auxin — induced

SAUR gene cluster (dup)

e 5T4.03ch05*: ribulose — 1,5 bispho-

sphate, carboxylase/oxygenase,

conserved genes of unknown o

function etc. (dup)

e ST4.03ch05:signal transducer,
nodulin family, glycine - rich

cell wall structural protein 1, etc.

(dup) °

SAUR gene cluster, PPR, calcium
binding EF- hand coding genes
etc. (dup)

M6_v4.1ch07:  late embryoge-
nesis abundant (LEA) coding
gene, methylotransferase family
protein, lectin protein kinase,

gibberellin 3 -oxidase etc. (dup)

M6_v4.1ch09: genes coding for 2
— oxoglutarate, bHLH, nodulin
MtN21/EaMA like transporter

family, etc. (dup)

Continued on next page
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Supplementary Table 13.1 — Continued from previous page

Genome

Top 3 CNV bins VS DM1-3

Top 3 CNV bins VS M6

Juz

e ST4.03ch01: Auxin - induced

SAUR gene cluster (dup)

e 5T4.03ch03:  conserved genes

of unknown function,

HVA22, etc. (dup)

protein

e ST4.03ch05*: ribulose — 1,5 bispho-
sphate, carboxylase/oxygenase,
conserved genes of unkown

function etc. (dup)

e M6.v4.1chll™: Auxin — induced
SAUR gene cluster, F- box, TPR,

oxidoreductase etc. (el + dup)

e M6 v4.1ch01¥: Auxin - induced
SAUR gene cluster, calcium -
binding, methyl adenosine nucle-

oside etc. (dup)

e M6._v4.1ch05: genes coding for F-
box domain containing proteins,
LAGI1 longevity assurance ho-
molog, ECA1l gametogenesis re-
lated, FAD/NAD(P) — binding ox-
idoreductase family protein, etc.

(dup)

Continued on next page
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Supplementary Table 13.1 — Continued from previous page

Genome

Top 3 CNV bins VS DM1-3

Top 3 CNV bins VS M6

CHA

CUR

e ST4.03ch05*:
SAUR gene cluster (dup)

Auxin - induced

e ST4.03ch11%:
SAUR gene cluster (del + dup)

Auxin induced

e S5T4.03ch12: genes coding for zinic
tinger, CYP82C4, ubiquitin carrier,

gens of unknown functions, etc.

(dup)

e ST4.03ch11%:
SAUR gene cluster(dup)

Auxin - induced

e S5T4.03ch06: genes coding for male
sterility MS5, nodulin 26, endo 1,4

beta xylanase (xylA), etc. (dup)

e ST4.03ch05*: Auxin - induced

SAUR gene cluster (dup)

e M6_v4.1ch01%:
SAUR gene cluster, PPr, CCHC -

Auxin - induced

type zinc finger, etc. (dup)

e M6 v4.1chll™: Auxin — induced

gene cluster (del + dup)

e M6_v4.1ch02: genes coding
for TPX2 (targeting protein for
Xklp2), hydrolases, glucose — 6

— phosphate-dehydrogenase, etc.
(dup)

e M6.v4.1ch11*: Auxin — induced
SAUR gene cluster, F-box coding

genes, etc. (dup)
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Appendix 7

Supplementary Table 14.1: Significant CNV gene clusters in common between the
diploid genomes when compared to DM1—3 and M6 reference genomes along with
the variation status; duplicated or deleted.

Compared to the DM1-3

Compared to the M6

Chr 01

85 — 85.21 Mb - mostly impacted by

deletions

Cluster of 18 genes coding for

methylketone synthase enzyme.

54.44 — 54.64 MDb — mostly impacted by

duplications

A 55 — gene cluster, including genes
coding for Major Facilitator Superfam-
ily (MFS) protein of membrane trans-
port secondary carriers, for argirine-
rich cyclin, chitin elicitor receptor ki-
nase, for DNA]J heat shock N terminal
domain-containing protein and for the
pentatricopeptide repeat (PPR) super-

family protein.

Continued on next page
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Supplementary Table 14.1 — Continued from previous page

Compared to the DM1-3

TCompared to the M6

Chr 04

4.6 — 4.8 Mb — impacted by deletions
(in GON1, GON2, PHU and STN),
impacted by duplications (in AJH,
BUK, COM and Me6)

Cluster of 32 genes, specifically disease

resistance genes, including R2 gene.

35.41 - 35.61 Mb — mostly impacted by

deletions

A cluster of 33 genes coding for serine
protease inhibitor (SERPIN), for UDP-
Glycotransferase superfamily proteins,
MFS proteins and disease resistance

ADGI1- like proteins.

36.47 — 36.67 Mb — mostly impacted by

duplications

A cluster of 32 genes coding for ribonu-
cleases, leucine carboxyl methyltrans-
ferases, mannose-binding lectin family
protein, PPRs and a NmrA-like neg-
ative transcriptional regulator family

protein.

Continued on next page
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Supplementary Table 14.1 — Continued from previous page

Compared to the DM1-3

TCompared to the M6

Chr 09

Chr 11

59.86 — 60.06 Mb — mostly impacted by

deletions

A cluster of 26 genes, including those
coding for glycotransferase, cembra-
trienol synthase, a gene coding for a
xyloglucan endotrabskycosylase, a hy-
pothetical salt-inducible protein, an-
other for F-box protein, Cytochrome
P450 and other conserved genes of un-

known function.

1.33 -1.53 Mb — impacted by deletions

(duplications in M6)

A cluster of 17 genes, including genes
coding for Leucine Rich Repeat family

proteins, TMV resistance protein N.

29.23 - 29.46 Mb — mostly impacted by

duplications

A cluster of 43 genes; 30 of these
code for 2-oxoglutarate (20G) and FE
(II)-dependent oxygenase superfamily
protein, in addition to others cod-
ing for a nodulin MtN21/EamA-like
transporter family protein, an electron
transfer flavoprotein, bHLH, and the

UDP-glycosyltrasnferase superfamily.

0.89 — 1.11 Mb - mostly impacted by
deletions (except AJH)

A 54 gene cluster, including 32 genes
coding for SAUR-like auxin responsive
protein family, along with ethylene-

responsive element coding genes.

Continued on next page
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Supplementary Table 14.1 — Continued from previous page

Compared to the DM1-3

TCompared to the M6

Chr 12

0.6 — 0.8 Mb - impacted by deletions
(PHU and COM did not show CV)

A 29 — gene cluster, including 7 man-
nan endo-1,3-beta-mannosidase 1 cod-
ing genes, others coding for impor-
tant plant immunity proteins, such as
Ubiquitin conjugating enzyme, Rnf5
and stress tolerance, like Fiber protein

Fb34, metallothionein.

No significant CNV gene clusters in

common between the diploids.
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Supplementary Table 15.1: Significant gene clusters in common between the poly-
ploids against the DM1-3 and M6 genomes along with the variation status.

Compared to the DM1-3

Compared to the M6

Chr 01

44 - 5.38 Mb - duplicated only in the
tetraploids, no CNV-impacted genes in
other genomes Cluster of 18 genes coding

for methylketone synthase enzyme.

54.44 — 54.64 Mb — mostly impacted by du-
plications A 66-gene cluster of unknown
function, others coding for Cyt. P450, S2
SI locus-linked pollen 3.2 protein, mannan
endo-1,4-beta-mannosidase 4, F-box family

protein and ethylene-responsive TF.

75.8 — 85 Mb - impacted by duplica-
tions Various genes; like FIONA coding for
FRIGIDA and Type I MADS box TF, others
coding for male sterility protein, low tem-
perature and salt responsive protein, heat
shock proteins sugar transporters, verticil-
lium wilt disease resistance protein, gly-
cosyl transferase, auxin response protein,

TMV resistance protein N.

86.98 — 87.2 Mb —impacted by duplications
but no CNV-impacted genes in ADG1 A

43-gene cluster, including 17 auxin induced

SAUR genes.

35.41 - 35.61 Mb - mostly im-

pacted by deletions

A cluster of 33 genes coding for
serine protease inhibitor (SER-
PIN), for UDP-Glycotransferase
superfamily proteins, MFS pro-
resistance

teins and disease

ADGT1- like proteins.

36.47 — 36.67 Mb - mostly im-

pacted by duplications

A cluster of 32 genes coding for
ribonucleases, leucine carboxyl
methyltransferases, mannose-
binding lectin family protein,
PPRs and a NmrA-like negative
transcriptional regulator family

protein.

64.64 — 64.82 Mb - mostly im-

pacted by duplications

A SAUR-auxin induced coding

gene cluster.

Continz% on next page




Supplementary Table 15.1 — Continued from previous page

Compared to the DM1-3

Compared to the M6

Chr 03

Chr 05

No significant CNV gene clusters in com-

mon between the polyploids.

0 - 0.21 Mb — mostly impacted by duplica-

tions

A 33 disease resistance gene cluster as well

as other genes involved in cell metabolic

processes.

41.32 - 41.53 Mb - mostly im-

pacted by duplications

A 35-gene cluster of genes cod-
ing for tetraspanin8, tetraspaninl2
and a calcium-dependent phos-

photriesterase protein.

No significant CNV gene clusters
in common between the poly-

ploids.

Continued on next page
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Supplementary Table 15.1 — Continued from previous page

Compared to the DM1-3

Compared to the M6

Chr 07

Chr 09

55.36 — 55.57 Mb - duplications in all
polyploids but no CN'V-impacted genes in
ADG1

A cluster of 186 genes coding for enoyl-
CoA hydratase, mitochondrial, zinic trans-
porter, lipid binding protein and a fascilin-

like arbinogalactan protein 10.

594 - 61 Mb - deleted in ADGI,
ADG?2, duplicated only in TBR, no CNV-

impacted genes in other genomes

A 61-gene cluster containing Tospovirus re-

sistance genes.

32.12 - 32.37 Mb - mostly im-

pacted by duplications

A cluster of 43 genes coding for

gibberellin 3-oxidase, TPR HCO3

29.2 - 29.46 Mb — mostly impacted

by duplications

A cluster of 43 genes, 30 of which
code for 20GD

Continued on next page
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Supplementary Table 15.1 — Continued from previous page

Compared to the DM1-3

Compared to the M6

Chr 10

Chr 11

Chr 12

No significant CNV gene clusters in

common between the polyploids.

No significant CNV gene clusters in com-

mon between the polyploids.

58.12 — 58.34 Mb - impacted by duplica-

tions

A 34 gene cluster involved in cellular

metabolic processes.

1.24 - 1.44 Mb - only impacted by

duplications

A cluster of 40 genes involved in
various functions, like metabolic
processes and response to stimu-

lus.

0.88 — 1.14 Mb — mostly impacted

by duplications

A SAUR-auxin induced gene clus-

ter.

40.54 - 40.74 Mb - mostly im-

pacted by duplications

A cluster of 28 genes, 18 of which

code for hypothetical proteins.
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Appendix 9

Distribution of genes impacted by CNVs compared to DM1-3 — ST4.03ch04: 4.6 — 4.8 Mb
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Supplementary Figure 16.1: Overview of CNVs over fourteen potato genomes com-
pared with the DM1-3 reference genome, in chromosome 4; 4.6 — 4.8 Mb. Distribution
of genes of which 50% or more of their gene body was affected by CNVs: with pink the
genes impacted by deletions, green with duplications and blue the gene distribution of
the DM1-3 in this region.

227



Appendix 10

Distribution of genes impacted by CNVs compared to M6 — Chr01: 64.64 — 64.82 Mb
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Supplementary Figure 17.1: A): Overview of CNVs over fourteen potato genomes com-
pared with the M6 reference genome, in chromosome 01: 64.64 — 64.82 Mb. Distribution
of genes of which 50% or more of their gene body was affected by CNVs: with pink the
genes impacted by deletions, blue with duplications and green the gene distribution of
the DM1-3 in this region.
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Appendix 11

Distribution of genes impacted by CNVs compared to M6 — Chr09: 29.23 — 29.46 Mb
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Supplementary Figure 18.1: B): Overview of CN'Vs over fourteen potato genomes com-
pared with the M6 reference genome, in chromosome 09: 29.23 —29.46 Mb. Distribution
of genes of which 50% or more of their gene body was affected by CNVs: with pink the
genes impacted by deletions, blue with duplications and green the gene distribution of
the DM1-3 in this region.
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Appendix 12

Distribution of genes impacted by CNVs compared to M6 — Chr11: 0.88 — 1.11 Mb
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Supplementary Figure 19.1: B) Overview of CN'Vs over fourteen potato genomes com-
pared with the M6 reference genome, in chromosome: 11: 0.88 — 1.11 Mb. Distribution
of genes of which 50% or more of their gene body was affected by CNVs: with pink the
genes impacted by deletions, blue with duplications and green the gene distribution of
the DM1-3 in this region.
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Appendix 15

Supplementary Table 22.1: Lengths (bp) of the newly generated pseudomolecules of
the GON1 genome compared to those of DM1-3 and M6 reference genomes.

GON1 DM1-3 Meé
Pseudomolecule 1 55,497,550 88,663,952 66,849,660
Pseudomolecule 2 30,369,252 48,614,681 42,376,642
Pseudomolecule 3 39,977,587 62,290,286 47,120,749
Pseudomolecule 4 49,211,853 72,208,621 38,708,216
Pseudomolecule 5 31,032,647 52,070,158 42,711,019
Pseudomolecule 6 40,549,446 59,532,096 41,715,865
Pseudomolecule 7 36,469,541 56,760,843 41,467,633
Pseudomolecule 8 38,732,972 56,938,457 31,643,503
Pseudomolecule 9 41,688,201 61,540,751 35,384,898
Pseudomolecule 10 43,340,457 59,756,223 35,706,090
Pseudomolecule 11 25,574,028 45,475,667 38,261,750
Pseudomolecule 12 36,209,197 61,165,649 49,944,156

233



Appendix 16

Supplementary Table 23.1: Repeats identified in GON1 genome.

Element Number of Length Occupied (bp) Percentage of sequence
Elements
LINEs 34,304 16,929,511 1.98
LTR elements 182,602 233,716,809 27.3
DNA elements 22,158 12,722,938 1.49
Simple repeats 152,453 10,546,496 1.23
Low complexity 30,772 1,762,467 0.21
Unclassified 785,690 243,142,892 28.4
Total bases masked 515,341,644 60.2
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Appendix 17

Supplementary Table 24.1: Quality metrics of the de novo genome assemblies before
removing redundant contigs.

Quality GON1 GONZ2 PHU STN AJH BUK
metric

# of con- 6,490% 625,456 352,009 393,883 478,866 379,875
tigs

Contigs 6,426 348,952 223,503 260,925 287,261 256,278
> 1000

bp

Length 856 1014 994 1100 1200 1300
of as-

sembly

(Mb)

GC % 34.88 35.12 34.66 35.28 36.02 35.03
Largest 9.3 Mb 42 156 163 133 183.7
contig

length

(Kb)

Contig 326,785 2,872 5,500 4,933 4,699 6,600
N50

Contig 531 110,819 42,907 53,919 59,125 47,514
L50

* For GON1 genome it refers to the number of the scaffolds.
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Appendix 18

Supplementary Table 25.1: Significant GO terms of the 11,542 accessory genome.

GO.ID Term Annotated Significant
GO:0008033 tRNA processing 71 49
GO:0055114 oxidation-reduction process 1402 308
GO:0009607 response to biotic stimulus 74 31
GO:0006468 protein phosphorylation 791 148
GO:0007165 signal transduction 218 48
GO:0006094 gluconeogenesis 4 3
GO:0045040 protein import into mitochondrial outer membrane 4 3
GO:0009664 plant-type cell wall organization 8 4
GO:0019684 photosynthesis, light reaction 10 4
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Appendix 19

Supplementary Table 26.1: Significant GO terms of newly predicted protein-coding
gene found in the pan-genome.

GO.ID Term Annotated  Significant

GO:0006952 defense response 9 7

GO:0006099 tricarboxylic acid cycle 2 2

GO:0000105 histidine biosynthetic pro- 4 2
cess

GO:0000160 phosphorelay signal trans- 35 3
duction system

GO:0015986 ATP synthesis coupled 12 2
proton transport

GO:0000413 protein peptidyl-prolyl iso- 1 1
merization

GO:0000723 telomere maintenance 1 1

GO:0002100 tRNA wobble adenosine to 1 1
inosine editing

GO:0006537 glutamate biosynthetic 1 1
process

GO:0009772 photosynthetic  electron 1 1
transport in pho...

GO:0008610 lipid biosynthetic process 39 2

GO:0006400 tRNA modification 3 2

GO:0006450 regulation of translational 2 1
fidelity

GO:0016579 protein deubiquitination 2 1

GO:0006779 porphyrin-containing com- 4 1
pound biosynthet...

GO:0016226 iron-sulfur cluster assem- 5 1
bly

GO:0015074 DNA integration 14 1

GO:0034220 ion transmembrane trans- 57 3

port

237



Appendix 20

Alignment of the assemblies to
Reference
MUMmer v4.0 (Kuriz et al, 2004)

Assembled genomes GONI,
GON2, PHU, STN, AJlI, BUK,

Alignment of the reads to
COM, M6

Reference
BWA MEM v0.7.15 (H. Li, 2013)

!

Unaligned PAV estimation
contigs Genes with gene body coverage
> 80% and CDS coverage >
95% were considered to be

present in the genome (Sunetal.,

Cleaned, non-redundant unaligned
contigs (723 protein coding genes)
+

DM1-3 (39,028 protein coding genes)

Contamination removal and
sequences clustering 1
BLAST+v2.7.1 (Camache ci al . 200%)
UniVee database (NCBL 2016)
CD-HIT (W. Li & Godzik, 2006; Fuct al.,
2012)

Accessory
Genome
(11,543

Core
Genome
(28,208
genes)

Present in
some
genomes
(10,441

genes)

Gene annotation
MAKER (Campbsll t al., 2014)

Supplementary Figure 27.1: Diploid pan-genome pipeline followed. A) The genome as-
semblies of the GON1, PHU, STN, AJH, BUK, COM and M6 genomes were aligned to the
DM1-3, mitochondrial and chloroplast genomes. From the unaligned contigs, any con-
taminants and the overlapping sequences were removed to avoid redundancy. The final,
cleaned, unaligned contigs were annotated. B) The cleaned, non-redundant unaligned
contigs along with the DM1-3 pseudomolecules consist of the pan-genome, which con-
tains the 723 newly predicted coding genes and the 39,028 protein coding genes find in
the DM1-3. The sequencing reads of the eight genomes were aligned to the pan-genome
(unaligned contigs and DM1-3 pseudomolecules) for the presence/absence (pav) analy-
sis. Based on the results, the core genome (genes found in the eight genomes) consist of
28,208 genes, while the accessory genome (genes found in some of the genomes, or not at
all) consists of 11,543 genes. Within the accessory genome, there are 555 genes found only
in the DM1-3 and not in the rest of the genomes, 547 genome-specific genes, and 10,441
genes present in some genomes and absent from the others.
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Appendix 21
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Supplementary Figure 28.1: Alignment of the chromosome 2 from the S. stenotomum
subsp. goniocalyx with chromosome 2 from other Solanum sp. Filtered nucmer (aligner
for standard DNA sequence alignment) pairwise alignments extracted for Chromosome
02 of Solanum stenotomum subsp goniocalyx - GON1 against the chromosome 2 of the
following: A. S. tuberosum /DM1-3 (5T4.03ch02), B. S. chacoense (M6v4.1chr02), C. S. lycop-
ersicum (SL2.40ch02) and D. S. pennellii (Spenn-ch02).
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Appendix 22
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Supplementary Figure 29.1: Alignment of the chromosome 3 from the S. stenotomum
subsp. goniocalyx with chromosome 3 from other Solanum sp. Filtered nucmer (aligner
for standard DNA sequence alignment) pairwise alignments extracted for Chromosome
03 of Solanum stenotomum subsp goniocalyx - GON1 against the chromosome 3 of the
following: A. S. tuberosum /DM1-3 (5T4.03ch03), B. S. chacoense (M6v4.1chr03), C. S. lycop-

ersicum (SL2.40ch03) and D. S. pennellii (Spenn-ch03).
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Appendix 23
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Supplementary Figure 30.1: Alignment of the chromosome 4 from the S. stenotomum
subsp. goniocalyx with chromosome 4 from other Solanum sp. Filtered nucmer (aligner
for standard DNA sequence alignment) pairwise alignments extracted for Chromosome
04 of Solanum stenotomum subsp goniocalyx - GON1 against the chromosome 4 of the
following: A. S. tuberosum/DM1-3 (5ST4.03ch04), B. S. chacoense (M6v4.1chr04), C. S. lycop-
ersicum (SL2.40ch04) and D. S. pennellii (Spenn-ch04).
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Supplementary Figure 31.1: Alignment of the chromosome 5 from the S. stenotomum
subsp. goniocalyx with chromosome 5 from other Solanum sp. Filtered nucmer (aligner
for standard DNA sequence alignment) pairwise alignments extracted for Chromosome
05 of Solanum stenotomum subsp goniocalyx - GON1 against the chromosome 5 of the
tollowing: A. S. tuberosum/DM1-3 (5ST4.03ch05), B. S. chacoense (M6v4.1chr05), C. S. lycop-
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Supplementary Figure 32.1: Alignment of the chromosome 6 from the S. stenotomum
subsp. goniocalyx with chromosome 6 from other Solanum sp. Filtered nucmer (aligner
for standard DNA sequence alignment) pairwise alignments extracted for Chromosome
05 of Solanum stenotomum subsp goniocalyx - GON1 against the chromosome 6 of the
tollowing: A. S. tuberosum/DM1-3 (5ST4.03ch06), B. S. chacoense (M6v4.1chr06), C. S. lycop-
ersicum (SL2.40ch06) and D. S. pennellii (Spenn-ch06).
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Supplementary Figure 33.1: Alignment of the chromosome 7 from the S. stenotomum
subsp. goniocalyx with chromosome 7 from other Solanum sp. Filtered nucmer (aligner
for standard DNA sequence alignment) pairwise alignments extracted for Chromosome
07 of Solanum stenotomum subsp goniocalyx - GON1 against the chromosome 7 of the
following: A. S. tuberosum /DM1-3 (5T4.03ch07), B. S. chacoense (M6v4.1chr07), C. S. lycop-
ersicum (SL2.40ch07) and D. S. pennellii (Spenn-ch07).
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Supplementary Figure 34.1: Alignment of the chromosome 8 from the S. stenotomum
subsp. goniocalyx with chromosome 8 from other Solanum sp. Filtered nucmer (aligner
for standard DNA sequence alignment) pairwise alignments extracted for Chromosome
08 of Solanum stenotomum subsp goniocalyx - GON1 against the chromosome 8 of the
following: A. S. tuberosum/DM1-3 (ST4.03ch08), B. S. chacoense (M6v4.1chr08), C. S. lycop-
ersicum (SL2.40ch08) and D. S. pennellii (Spenn-ch08).
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Supplementary Figure 35.1: Alignment of the chromosome 9 from the S. stenotomum
subsp. goniocalyx with chromosome 9 from other Solanum sp. Filtered nucmer (aligner
for standard DNA sequence alighment) pairwise alignments extracted for Chromosome
09 of Solanum stenotomum subsp goniocalyx - GON1 against the chromosome 9 of the
following: A. S. tuberosum /DM1-3 (5T4.03ch09), B. S. chacoense (M6v4.1chr09), C. S. lycop-
ersicum (SL2.40ch09) and D. S. pennellii (Spenn-ch09).
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Supplementary Figure 36.1: Alignment of the chromosome 9 from the S. stenotomum
subsp. goniocalyx with chromosome 10 from other Solanum sp. Filtered nucmer (aligner
for standard DNA sequence alignment) pairwise alignments extracted for Chromosome
10 of Solanum stenotomum subsp goniocalyx - GON1 against the chromosome 10 of the
following: A. S. tuberosum/DM1-3 (5ST4.03ch10), B. S. chacoense (M6v4.1chr10), C. S. Iycop-
ersicum (SL2.40ch10) and D. S. pennellii (Spenn-ch10).
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Supplementary Figure 37.1: Alignment of the chromosome 9 from the S. stenotomum
subsp. goniocalyx with chromosome 11 from other Solanum sp. Filtered nucmer (aligner
for standard DNA sequence alighment) pairwise alignments extracted for Chromosome
11 of Solanum stenotomum subsp goniocalyx - GON1 against the chromosome 11 of the
following: A. S. tuberosum /DM1-3 (5T4.03ch11), B. S. chacoense (M6v4.1chr11), C. S. lycop-
ersicum (SL2.40ch11) and D. S. pennellii (Spenn-ch11).
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Supplementary Figure 38.1: Alignment of the chromosome 9 from the S. stenotomum
subsp. goniocalyx with chromosome 12 from other Solanum sp. Filtered nucmer (aligner
for standard DNA sequence alignment) pairwise alignments extracted for Chromosome
12 of Solanum stenotomum subsp goniocalyx - GON1 against the chromosome 12 of the
following: A. S. tuberosum/DM1-3 (5ST4.03ch12), B. S. chacoense (M6v4.1chr12), C. S. lycop-
ersicum (SL2.40ch12) and D. S. pennellii (Spenn-ch12).
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Modeling the pan-genome
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Supplementary Figure 39.1: Modeling the size of the potato pan-genome and core
genome. While the size of the pan-genome is increasing, the core genome size is de-
creasing. The pan-genome consists of a total of 39,751 genes. 100 random combinations
of the eight genomes were used for the modeling. Upper and lower blue and pink solid
lines correspond to the maximum and minimum number of genes, respectively. The pan-
genome increases when we add more genomes. While the core genome decreases, the
accessory genome (the difference between the pan and core) increases.
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K-mer frequency of the CHA genome
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Supplementary Figure 40.1: The k-mer frequency of the CHA genome. The increased

heterozygosity of the genome is validated by the tendency towards bimodal distribution
of the k-mer frequency.
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K-mer frequency of the JUZ genome
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Supplementary Figure 41.1: The k-mer frequency of the JUZ genome. The increased

heterozygosity of the genome is validated by the tendency towards bimodal distribution
of the k-mer frequency.
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K-mer frequency of the ADG1 genome
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Supplementary Figure 42.1: The k-mer frequency of the ADG1 genome. The increased

heterozygosity of the genome is validated by the tendency towards bimodal distribution
of the k-mer frequency.
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K-mer frequency of the ADG2 genome
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Supplementary Figure 43.1: The k-mer frequency of the ADG2 genome. The increased

heterozygosity of the genome is validated by the tendency towards bimodal distribution
of the k-mer frequency.
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K-mer frequency of the TBR genome
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Supplementary Figure 44.1: The k-mer frequency of the TBR genome. The increased

heterozygosity of the genome is validated by the tendency towards bimodal distribution
of the k-mer frequency.
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K-mer frequency of the CUR genome
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Supplementary Figure 45.1: The k-mer frequency of the CUR genome. The increased

heterozygosity of the genome is validated by the tendency towards bimodal distribution
of the k-mer frequency.
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