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Genomic-led potato breeding

Abstract

Most cultivated potatoes (Solanum tuberosum L.) are polyploids with tetrasomic
inheritance (2n = 4x = 48), which makes breeding for new improved cultivars more
complicated compared to diploid crops. In addition to this, the potato market is much
more fragmented compared to other staple crops such as maize or wheat, where yield
and dry matter are by far the most important traits. A conventional potato breeder
needs to consider a number of important breeding traits, including plant maturity,
tuber and cooking quality, host plant resistance to pests and pathogens, and starch
content. In the scope of this thesis, genomic-led breeding approaches for tetraploid
potato are explored using high throughput genotypic data acquired from single
nucleotide polymorphism (SNP) markers. Quantitative trait loci (QTL) for host plant
resistance to Alternaria solani are mapped to chromosomes 5 and 11 using a
segregating bi-parental crossing population. The application of genomic selection
(GS) is tested in a potato breeding program situated in Sweden by predicting
genomic estimated breeding values (GEBVS) for eight important breeding traits,
such as tuber yield and quality, and host plant resistance to Phytophthora infestans.
The predictive ability of GEBVs across clonal generations in the breeding program
is poor for most breeding traits, however, the approach of predicting GEBVs within
and across half-sib families results in higher predictive ability. Lastly, the genetic
diversity of the potato germplasm at the Nordic Genetic Resource Centre (NordGen)
is compared to newly bred clones in Sweden. These results suggest a close genetic
relationship between the accessions from NordGen (local farmer’s cultivars and
obsolete cultivars), and the modern breeding clones from the potato breeding
program based in Sweden.

Keywords: GEBV, genomic selection, linkage analysis, population structure potato
breeding, QTL, tetraploid

Author’s, address: Catja Selga, Swedish University of Agricultural Sciences,
Department of Plant Breeding, Alnarp, Sweden






Genomic-led potato breeding

Abstract

Den mesta av den odlade potatisen (Solanum tuberosum L.) &r polyploid med
tetrasomisk nedarvning (2n = 4x = 48), vilket bidrar till att foradling av nya
forbattrade sorter ar mer komplicerad an for diploida grodor. Forutom detta sa &r
marknaden for potatis mycket mer fragmenterad i jamforelse med andra basgrédor
sd som majs och vete, dar avkastning och torrvikt & de absolut viktigaste
egenskaperna. En konventionell potatisforadlare maste ta manga egenskaper i
beaktande, s& som mognadstid, kn6l- och kokkvalitéer, vardplantans resistens mot
skadedjur och sjukdomar, och starkelseinnehall. 1 denna avhandling utforskas
genomiskt baserade foradlingsmetoder for tetraploid potatis genom anvéndandet av
hogkapacitets genotypdata fran enbaspolymorfi (SNP) markorer. Kvantitativ
egenskaps loci (QTL) for plantans resistens mot Alternaria solani kartlaggs till
kromosomerna 5 och 11 genom anvdandandet av en segregerande
foradlingspopulation. Tillampandet av genomisk selektion (GS) testas i ett svenskt
potatisforadlingsprogram genom att berdkna genomiskt estimerade foradlingsvérden
(GEFVs) for atta viktiga foradlingsegenskaper, till exempel kndlskord och
knolkvalité, och vardplantans resistens mot Phytophthora infestans. Graden av
korrekt berdknade GEFVs over selektionsgenerationer i foradlingsprogrammet ar
lag for de flesta foradlingsegenskaper, dock verkar det bli hogre korrelation nar
GEFVs beréknas inom och dver familjer av halvsyskon. Slutligen underséks och
jamfors den genetiska diversiteten av potatisklonerna hos det Nordiska
Genresurscentret (NordGen) med nya forédlingskloner i Sverige. Dessa resultat
antyder att det genetiska avstandet mellan klonerna frdn genbanken och de nya
foradlingsklonerna fran det svenska foradlingsprogrammet ar mycket litet.

Nyckelord: tetraploid, potatisféradling, QTL, GEFV, populationsstruktur,
kopplingsanalys, genomisk selektion

Author’s address: Catja Selga, Swedish University of Agricultural Sciences,
Department of Plant Breeding, Alnarp, Sweden
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1. Introduction

The world food shortage is increasing and this negative trend has escalated
during the COVID-19 pandemic. Between 720 and 811 million people faced
hunger in 2020, which is an increase of as many as 161 million people just
from the year before (FAO et al., 2021). Ending world hunger and improving
nutrition for all people requires transformation of food systems on a global
level, and an important strategy includes improving agricultural technology
and delivering related innovations. Increasing crop yield and crop adaptation
to changing growth conditions is one of several means to ensure food
security. After wheat and rice, potato is the most important crop in human
diets worldwide, and is grown in all continents except Antarctica
(FAOSTAT, 2021). Plant breeders have an important role to play in ensuring
a sustainable potato production that meets consumer demands, by developing
new cultivars with increased host plant resistance to pathogens and increased
yields per hectare (Birch et al. 2012).

Producing enough food to ward off hunger has been an issue for humanity
for the last 12 000 years. Today, most fertile land is already cultivated, and
hence crop production will have to be improved by increasing crop yields
instead of expansion of new agricultural lands (Borlaug, 2002). Since the
agricultural revolution, deliberately or not, plant breeding has been practiced
by farmers through the maintenance of individual plants with favourable
traits for cultivation in the next season. After the rediscovery of Mendel’s
research on inheritance and the establishment of the understanding of
quantitative genetics in the beginning of the 20" century, the efficiency of
plant breeding has increased significantly (Bernardo, 2020). During the
second part of the 20" century, the launching of public sector research
programs and international agricultural research centres, led to the
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development of many modern cultivars of various crops. These new cultivars
were a huge part of the success of the so-called Green Revolution that
reduced the hunger in Asia and Latin America starting in the 1960s (Qaim,
2020). One of the successful breeding methods of the Green Revolution-era
was the introduction of dwarfing genes and other desirable traits (e.g.
daylength insensitivity or host plant resistance to target pests) by access to
large genetic stocks, particularly in cereals (Evenson and Gollin, 2003).

From the 1990s and onwards, genetics have come to play an increasing
important role in plant breeding by the introduction of DNA markers (Gupta
and Varshney, 2000) as indirect selection aids or to study genetic diversity.
Today, genomics-based plant breeding techniques such as marker-assisted
selection (MAS) and genomic selection (GS) are speeding up the genetic
gain for many of our most important food crops. Compared to the advances
in genetic gain in cereal crops, advances in genetic gain for potato is lagging
behind (Slater et al., 2016). The focus of this thesis is to explore how
genomics-based methods may aid potato breeding.
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2. Background

2.1 Solanum tuberosum

2.1.1 Origin and domestication

The cultivated potato (Figure 1), Solanum tuberosum (L.), originates from
the Andes in South America. The potato was domesticated in Peru around 8
000-10 000 years ago from wild relatives, and early selection characters
were large tubers, short stolons, low content of tuber glycoalkaloids based
on a bitter taste, tuber shape and colour. The origin of the cultivated potato
was most likely a diploid member of the Solanum brevicaule group (Spooner
et al. 2005).

The potato can reproduce either sexually, through pollination of its flowers
and the production of berries which set true seeds, or asexually through tuber
propagation. The plants originating from tuber propagation are clones of the
mother plant, while each seedling from a true seed is genetically unique. Both
these modes of reproduction are practiced by potato breeders today, and were
probably used in early domestication events as well (Bradshaw and Ramsay,
2009). The domestication of the potato probably proceeded quite slowly, as
the crops earliest farmers were primarily herders of llama and alpaca. The
Andean people most likely moved up and down the mountains with the
changing of seasons, and tuberous plants such as the potato were planted at
favoured sites and then harvested upon subsequent re-visits (Bradshaw and
Ramsay, 2009). The raw potato tuber is indigestible, but the Andean people
had several ways to prepare them. Just like today, boiling and roasting were
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Figure 1. Schematic figure of a cultivated potato plant Solanum tuberosum (L.).
Illustration: L. Selga

common practices. The preparation of chufio, an ancient method of freeze-
drying potatoes, allowed the Andean people to store the potato for later
consumption over an extended period. For ancient and modern people alike,
potato tubers were an important source of nutrients. The tubers are rich in
carbohydrates and provide important basic nutrients including, dietary fibre,
vitamins and minerals (Zaheer and Akhtar, 2016).

In the 16™ century, as the Spanish invaded South America, the potato was a
widespread crop in the Andean region (Bradshaw and Ramsey, 2009). The
Spanish brought the potato back with them to Europe, and the first recorded
cultivation was on the Canary Islands in the middle of the 16™ century
(Hawkes and Francisco-Ortega, 1993). From early on, several different
potato landraces were introduced to Europe, but eventually, landraces from
Chile became to be particularly favoured as they were already adapted to
long-day growth conditions as those found in European agriculture (Ames
and Spooner, 2008). At its introduction to Europe, potato was grown as a
medical plant and botanical curiosity (Burton, 1989). It was not until the end
of the 17" century that the potato transitioned to being a major food crop,
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when it was beginning to be cultivated in large scale on Ireland. The Irish
people subsequently became reliant on the potato as their staple food, until
the late blight (LB) epidemic in 1845, caused by the oomycete Phytophthora
infestans (Bradshaw and Ramsay, 2009; Yoshida et al. 2013). In many parts
of Europe, the cultivation of potato was introduced by military decree to
evade famine during the 18" century (Burton, 1989; Bradshaw and Ramsay,
2009).

The cultivated potato was introduced from Europe to North America and
some parts of western Asia early in the 17" century. Later, the potato crop
has also been introduced to other parts of Asia — including China and India
— Africa and Oceania (Bradshaw and Ramsay, 2009).

2.1.2 Tetraploid genetics

There are several levels of ploidy naturally occurring in wild potato species,
but Andean farmers have (unintentionally) favoured tetraploid types.
Presumably, the tetraploid types were favoured over diploid types due to
them being superior in tuber productivity and other traits (Bradshaw and
Ramsay, 2009). Wild tetraploid and hexaploid species often follow a diploid
inheritance pattern. The cultivated tetraploid potato, however, exhibits a
tetrasomic pattern of inheritance (2n = 4x = 48). A tetrasomic pattern of
inheritance entails that all four sets of chromosomes are entirely homologous
so that meiotic pairing within each group of the four homologues occurs
completely at random (Figure 2). There are three ways in which tetrasomic
inheritance differs from disomic inheritance; (1) double reduction, (2) the
gametes are diploid (n = 2x), and (3) the deviation from the Hardy-Weinberg
equilibrium following random mating. Double reduction is a phenomenon
where chromosomes may associate in a quadrivalent instead of a bivalent.
As a result of this, at the end of meiosis, sister chromatids may end up in the
same gamete. The gametes being diploid allow for dominance and
inbreeding effects to be passed on from parent to offspring. The deviation
from Hardy-Weinberg is caused by the fact that the single locus equilibrium
of genotype frequency is not achieved by one generation of random mating,
and random mating will not remove the effects of inbreeding in a single
generation (Bradshaw, 2007; Bradshaw, 2021).
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Figure 2. Chromosome pairing of four homologous chromosomes and reduction to gametes during
meiosis in a tetraploid species with tetrasomic inheritance, assuming chromosomal segregation.

In addition to this, performing genetic analyses in an organism with
tetrasomic inheritance means that there is less available software to use. Most
software is developed with diploid organisms in mind, and the additional
allelic states required is often an issue. It is also important to keep in mind
the possible dominance and additive effects of the alleles at each individual
locus. Researchers have sometimes solved this problem by “diplodizing”
their data; i.e., reducing the format of five possible allelic states at each locus
(AAAA, AAAO, AAOO, AOOO and OO0O) to three allelic states (AA, AO
and OO). The practice of diploidizing data may, however, result in loss of
vital information (Piepho and Koch, 2000).
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For potato breeders, tetrasomic inheritance leads to favourable alleles often
not being fixed in parental lines (homozygous), and a tremendous amount of
segregation is observed in the offspring. This limits the genetic gain, as only
a small number of the offspring will outperform the parents for all breeding
traits (Vos, 2016).

2.1.3 Commercial production

Today, potatoes are grown in over 100 countries worldwide and in numerous
environmental conditions including temperate, subtropical and tropical
zones (Figure 3A) (Hijmans, 2001). China is the world’s leading potato
producing country (Figure 3B) accounting for about a quarter of the world
total potatoes in 2019 (FAOSTAT, 2021). In Europe, the top producing
country is Ukraine, producing on average 21.8 million tonnes per year
(2009-2019). In contrast, Sweden produces on average 0.8 million tonnes
per year (FAOSTAT, 2021).
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Figure 3. Potato production (2009-2019): average tonnes per yearworldwide (A) and
top 10 producing countries (B). Source: FAOSTAT, 2021.
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In lowland temperate regions such as Sweden, potato is grown as a summer
crop. In some areas of mainland China, parts of equatorial South America,
and East Africa, potatoes are grown around the year, while in other part of
the world it is grown as a winter, autumn or spring crop. Some countries,
such as Japan, practises a double cropping system in spring and autumn
(Bradshaw, 2021). The length of the cropping season, as well as temperature
and day-length, determines the potential yield of the potato plant. To
accommodate the various growing conditions worldwide, different maturity
types of potato are used, from late cultivars that need to utilise large quantity
of light to early cultivars that display more efficient use of resources
(Haverkort and Struik, 2015). The average cropping season for potato is 90—
120 days long, but may be as short as 75 days in lowland subtropics and up
to 180 days in the high Andes (Bradshaw, 2021). In Sweden, which is a
relatively long country going from 69°N to 55°N, the cropping season may
be up to 120 days in the south, and 90 days in the North (Ortiz et al.
submitted).

The main component of the dry matter in potato tubers is starch, which
provide a popular source of carbohydrates around the world. However, the
tubers are also quite rich in proteins, with a good composition of amino acids
and contain many vitamins and minerals. Potatoes are produced for a variety
of different markets, for example, food products such as crisps, chips, canned
potato, or industrial products such as starch production towards paper, textile
and biodegradable plastics (Bradshaw and Ramsay, 2009).

2.2 Potato breeding

The potato market differs in a number of ways from the market of other major
crops such as wheat, rice, maize and sugar beet. For major staple crops, the
yield per hectare is the most important trait. Several additional traits — mainly
tuber quality traits — are of importance in potato. In addition to this, there are
several different markets segments for potato, such as the starch industry,
crisp industry, chips industry and fresh potato consumption. All this adds up
to that in a potato breeding program, many more traits have to be considered
compared to the other major crops.
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2.2.1 Historic breeding methods

During the 18" century, named cultivars from South America were
introduced to Europe and North America (Bradshaw, 2021). However,
directed potato breeding, through hybridization between cultivars, is first
reported at the beginning of the 19" century (Knight, 1807). Up until then,
the crop was improved through pollination by insects, and the subsequent
plantings of the genetically unique seeds which arose from these natural
crossings. The crosses were then maintained through clonal propagation of
tubers, and the cultivars could be maintained. During the second part of the
19" century, the first successful cultivars from directed crosses were released
from England. One of the first cultivars to be released was ‘Magnum Bonum’
(Bradshaw, 2021).

Genetic hybridization — the practise of breeding individuals from genetically
distinct populations — was applied as a breeding method during the 19%
century, and germplasm exchanges between North America and Europe
occurred. Seedlings from berries derived from open pollination were
commonly planted, and some very popular cultivars resulted from this
practise, ‘Burbank’ (the source of the cultivar ‘Russet Burbank’) being one
example (Ortiz, 2001).

With the rediscovery of Mendel’s work on inheritance in the early 20™
century, breeders could apply this knowledge when making crosses.
Applications of this work proved difficult for potato though, as it was
discovered to be tetraploid with tetrasomic inheritance during the 1930s and
1940s (Cadman, 1942; Bradshaw, 2021).

2.2.2 Current breeding methods

Since the beginning of the 20" century, many new breeding methods have
been implemented by potato breeders. Today, most conventional breeding
programs consist of a number of cycles of selections usually up to eight,
which herein will be denoted as T; where i is the i:th cycle of selection. It has
been estimated that on average it takes 11 years from the initial cycle of
selection to commercialisation of selected potato clones (Milbourne et al.
2007). The cycles start with the crossing of two parents, breeding clones or
cultivars, often with complementing characteristics, and the subsequent
production of seeds. The seeds are planted in greenhouses and small tubers,
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sometimes referred to as tuberlings, are produced, one tuber per plant. These
tubers, which makes up T are planted and the plants and their subsequent
tuber yield are scored for a number of traits. The harvested tubers are kept
for planting next year, and hence the number of replicates for each breeding
clone will be increased for each passing T; while the number of clones is
reduced through the breeder’s selection. In the 1960s, it was theorized that
the number of seedlings in T1 should be about 100,000, produced from 200
to 300 crosses (Bradshaw, 2009: Bradshaw, 2017). Though some breeders
still operate their breeding programmes according to this idea, assessing
100,000 plants each year visually is time-intensive and has been deemed to
be ineffective. To rationalize the selections in T1, progeny testing may be
carried out, to select among full-sib families in greenhouse conditions before
the field assessments are to be carried out (Mackay, 2003; Bradshaw, 2017).

Wild potato species are sometimes used for introgression breeding of certain
traits, as well as base broadening to increase the breeding germplasms’
genetic diversity. In the 1980s, the use of haploids (individuals which have
the same number of chromosome sets as a gamete) was proven to be an
effective method of transferring genetic diversity and introduction of traits.
The offspring of haploids may be tetraploid through sexual polyploidisation
(Hermundstad and Peloquin, 1987; Ortiz et al. 2009). Breeding potatoes as
adiploid, inbred-line based crop would make introgression from wild species
more manageable (Jansky et al. 2016), and currently research on diploid
potato breeding advanced greatly with the introduction of the dominant S-
locus inhibitor (Sli) gene which leads to self-compatibility (Eggers et al.
2021). The transition of breeding potatoes as diploid, inbred lines has revived
the interest in propagating plants from true potato seeds (TPS), which is the
seed produced from a sexual cross, in contrast with vegetative tuber
propagation (Jansky et al. 2016). Propagating plants from TPS was first
researched as a mean of producing offspring free from tuber-borne diseases.
Furthermore, the seeds were easier to store and handle, as TPS are much
smaller than seed tubers and are less limited by physiological aging factors
affecting tubers in storage. Despite these advantages, breeding for TPS
cultivars has not become widespread due to the lack of offspring uniformity
(Simmonds, 1997) and the difficulty to convince farmers to change their
potato cropping systems (Chujoy and Cabello, 2007). However, with the
current research on diploid potato breeding, TPS has gained interest again as
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a means of maintaining the hybrid lines produced by diploid breeding
(Jansky et al. 2016).

Just as for other crops, genetic modification and gene editing for crop
improvement has been explored in potato, with several successful cases such
as resistance to LB (Jo et al. 2014), increased resistance to potato viruses
(Chung et al. 2013), altered glycoalkaloids content (Nakayasu et al. 2018)
and modified starch properties (Andersson et al. 2017; Zhao et al. 2021).
Other molecular based breeding methods, such as MAS and GS, are
implemented in potato breeding to a limited extent, and will be covered in
later sections of this thesis (2.5 and 2.6).

2.3 Potato breeding in Sweden

By 1658, potato was introduced to Sweden as a medical curiosity in the
botanical garden in Uppsala, where it was given the name ‘Peruvian
nightshade’ (translated from ‘Peruviansk nattskatta’) (Burton, 1989; Erjefilt,
2001). The spread of the ‘Peruvian nightshade’ (or ‘Tartuffel’ as it was also
known as) in Sweden was slow, up until agricultural pioneer Jonas Alstrémer
started advocating for the nutritional benefits of the crop in 1724. Alstromer
adopted the English word for the crop, and called the plant ‘Potatoes’ (from
which the Swedish word ‘potatis’ is derived) in publications used for
convincing government authorities of the tubers’ excellent properties.
Despite the major efforts to popularize potato as a staple crop by the Swedish
Academy of Science and the government, the introduction of cultivating
potato for food was slow in Sweden during the 18th century. It was not until
1800 that potato cultivation became widespread among the Swedish people.
The government handed out free seed to farmers, arranged harvest contests
and promoted the benefits of replacing cereal with potato by printing a
calendar (2" most popular book in Sweden at the time) with information on
how to use the tubers, one of which was the production of vodka (Erjefélt,
2001).

Around the year 1900, the cultivation of the first named potato cultivars
started in Sweden. Among the first cultivars to be grown were ‘Early Rose’,
‘Magnum Bonum’, ‘Bintje’ and ‘King Edward VII’. Up until then, most
potatoes were farmer’s cultivars with descriptive names such as ‘Light red
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long’, ‘Blue potato’ and ‘Giant potato’ (translated from ‘Ljusréd lang’,
‘Blépotatis’ and ‘Jittepotatis’, respectively).

Targeted potato breeding began in 1903 by the Swedish Seed Association
(Svalof) situated in Svalov. Their breeding targets where the same as those
in place in the breeding program today: to produce high yielding cultivars
with early maturity, consumption quality and resistance to pests and
pathogens — especially host plant resistance to LB. In 1911, another company
situated close to Svalév in Landskrona, W. Weibulls began breeding
potatoes. Up until the 1940s, the two potato breeding companies co-existed,
until Weibulls terminated their Swedish potato breeding program. During the
1960s-1980s, the potato breeding enterprises at Svalof were thriving. In the
late 1950s, the breeding material was expanded with germplasm form
Denmark, and from 1963 the company had 100 000 first year clones each
year. During the 1970s, breeding material was further expanded with
material from the International Potato Centre (CIP) in Peru. Many of these
expansions were possible through major public and private investments. In
1993, the two companies Svaléf and Weibull merged, which included the
potato breeding activities from Weibulls in the Netherlands. In 2006, the
company decided to terminate the potato breeding program for the Swedish
market, and the material was transferred to the Swedish University of
Agricultural Sciences (SLU) in Alnarp (Erjefélt, 2001; Eriksson et al. 2016).

2.3.1 The SLU breeding program: methods

The potato breeding program at SLU follows a traditional breeding approach,
where selections are based on the breeder’s eye and scores for a number of
breeding traits. No kind of high throughput phenotyping methods, MAS or
GS are practised in the programme. All breeding material is tetraploid, and
the breeding parents are either released cultivars with desirable traits, or elite
breeding lines from within the SLU program. The approximated number of
clones, replicates and field sites for each clonal generation is presented in
Table 1. The seed tubers in the first clonal generation (T1) are produced in
greenhouse from plants produced from seeds. From T3 and onwards, seed
tubers are produced in fields in Umed in northern Sweden, to limit tuber
borne pests. The breeding program uses three field sites for scoring plants in
generations T1 to Tg. Two field sites are located in Southern Sweden,
Mosslunda (approximately, 55°98’N, 14°10’E) and Helgegarden
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(approximately, 56°02°’N 14°07°E) and one in Northern Sweden, Umeé
(approximately, 63°84’N 20°26°E). In Mosslunda, all generations are
planted and scored for traits of interest. Helgegarden and Umeé hosts plants
from T, and onwards. Fungicides are only applied in the field in
Helgegarden. In the fields situated in Mosslunda and Umea, only insecticides
are applied (personal communication by Fredrik Reslow, practical breeder at
the SLU potato breeding program).

Table 1. Summary of each clonal generation in the SLU potato breeding program with
number of accessions, number of field sites and number of replicates (Fredrik Reslow,
personal communication).

Clonal Number of ~ Number of Number of replicates
generation (T,) clones field sites
T 8000-9000 0 (1 plant)

1

250-300 0 (1 plot of 10 plants)
50-60 2 (2 plots of 10 plants)
25 2 (2 plots of 10 plants)

1
) 1
1
3
10 3 2 (2 plots of 10 plants)
3
3
3

w

(3]

5-7 2 (2 plots of 10 plants)
2-3 2 (2 plots of 10 plants)
1-2 2 (2 plots of 10 plants)

- 4 4 - 4 -

©

2.3.2 The SLU breeding program: target traits

The target market for the SLU breeding program is fresh potatoes. A number
of traits are scored and weighted against each other when selections are made
(personal communication by Fredrik Reslow, practical breeder at the SLU
potato breeding program).

Tuber yield

Yield is one of the most important traits for any plant breeder. Potato tuber
yield can be measured using different components including per plant, or
plot, tuber weight (TW) and tuber number (TN) or as tuber weight per
hectare in larger trials. Yield is a quantitative trait, and is highly affected by
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the environment as well as the genotype (Bradshaw, 2021). At the SLU
breeding program, tuber yield is studied from T, and onwards.

Tuber quality

For the fresh potato market, it is important to consider traits such as tuber
size, shape, uniformity of size and shape, tuber eye depth, skin colour, flesh
colour and scab infections. Tuber size, shape and eye depth are scored in Ty
as an overall assessment at harvest in field. Skin and flesh colour are both
qualitative traits (Bradshaw, 2021), and the desired colours for the Swedish
market are yellow to pink skin, and yellow to light yellow flesh. The
desired tuber finish is round to slightly oval, smaller tubers and with
shallow set eyes (personal communication by Fredrik Reslow, practical
breeder at the SLU potato breeding program). Scab is visually determined
at SLU, and the breeder does not distinguish between different pathogens —
which may be caused by either fungi or bacteria (Burton, 1989).

Cooking qualities

As the main end use for the fresh potato market is cooking through boiling,
the tuber quality after cooking is tested in the breeding program from Ts
and onwards. The desired tuber is neither too mealy, where the tuber falls
apart, nor too firm. The breeder also excludes accessions that exhibit post-
cooking blackening. This blue-greyish discolouration may occur as
chlorogenic acid combines with iron to form a complex which oxidizes
when cooling to the coloured ferri-dichlorogenic acid (Bradshaw, 2021).
The flavour and texture of the tubers are also scored after boiling.

Starch content

Specific gravity (SG) is used as a non-destructive way of assessing tuber
dry matter content. The major component of tuber dry matter is starch.
Starch will affect the texture of cooked potatoes, and may give an
indication to if the accession might be targeted for the starch production
market. Dry matter content is a quantitative trait and is affected by both
genotype and environment (Bradshaw, 2021). SG is scored from T, and
onwards.

Glycoalkaloid content
Glycoalkaloids are present in all potato cultivars and are considered to be
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toxic compounds. High concentrations of glycoalkaloids results in a bitter-
tasting tuber, and concentrations above 20 mg 100 g* fresh weight are
considered unsafe for human consumption. Introgression breeding with
wild Solanum relatives often results in higher concentrations of
glycoalkaloids (Bradshaw, 2021). At SLU, the glycoalkaloid content is
scored in individuals in Tsg.

Plant maturity

The growth season in Sweden is short, with long days, and therefore it is
desirable to develop cultivars which can utilize these conditions with early
maturity (Eriksson et al. 2016). At the SLU breeding programme, plant
maturity is scored as humber of days until flowering. Scoring takes place in
T, and onwards. Early maturity is especially desirable in northern Sweden,
where the growing period is short.

Late blight

The oomycete Phytopthora infestans is the causal agent of late blight,
which may affect potato foliage, stems and tubers (Henfling, 1987). The
disease is potentially the most serious one in potatoes worldwide, and the
pathogen can spread in fields very quickly if left uncontrolled. As spraying
is expensive, and the new populations of P. infestans often are resistant to
the conventional fungicides, there is a need for resistant cultivars
(Bradshaw, 2021). A correlation between foliar and tuber LB has been
found in some germplasm (Stewart et al. 1994), however this is not true for
all germplasm (Bradshaw, 2021). At SLU, foliar LB is scored from T, and
onwards in Mosslunda and Umea, where the disease is allowed to spread
naturally. Tuber LB is scored for T4 and Ts in a laboratory setting through
the inoculation of tubers with P. infestans. Several genes conferring
resistance against LB have been found in wild Solanum relatives. Host
plant resistance to LB is quantitative and controlled by several major QTL
(Bradshaw, 2021).

Early blight

The fungus Alternaria solani is the causal agent of the potato disease early
blight (EB). EB is a serious disease for potatoes grown in warm climates,
and might be increasing in Europe and Sweden (Kapsa and Ozowski, 2012;
Runno-Paurson et al. 2015). Just like LB, EB may affect both foliage and
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tubers. EB is not scored for at the SLU potato breeding program, as the first
symptoms usually occur at the end of the growth season and do not
seriously affect the yield for table potato in Sweden (personal
communication by Professor Erland Liljeroth, Department of Plant
Protection Biology, SLU).

2.4 Genotyping methods for potato

Genotypic data from plants has become more accessible to plant breeders as
the development of new DNA marker systems have advanced over the last
three decades. DNA markers are defined as a nucleotide sequence where a
polymorphism can be detected between different individuals. Below, a
selection of DNA marker systems are discussed.

The first DNA marker technique developed was restriction fragment length
polymorphism (RFLP). The principle of RFLP makers is that genomic DNA
from different individuals is digested into DNA fragments of varying size by
restriction enzymes. The size of the DNA fragment can be used as a means
of distinguishing differences between individuals at specific loci, due to
mutations in the enzyme restriction site. This method was applied when
developing the first DNA-based genetic linkage map (Sambrook et al. 1975;
Yang et al. 2013).

Random amplified polymorphic DNA (RAPD) is a marker system that is
based on the polymerase chain reaction (PCR) technique. The RAPD
markers depend on short primers where mutations within the target sites are
visualised in a stained agarose gel (Williams et al. 1990; Welsh and
McClelland 1990). Amplified fragment length polymorphism (AFLP) is
another PCR-based marker system, and a continuation of the RFLP and
RAPD techniques that is less labour intensive and more robust compared to
its precursors (Zabeau and Vos, 1993; Vos et al. 1995).

With the increasing availability of DNA sequencing data —a technique which
can identify the individual nucleotide bases and the order thereof-
sequenced-based marker systems has been an increasingly popular
genotyping method (Shendure et al. 2017).
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Single nucleotide polymorphism (SNP) markers take advantage of the
millions of single base pair changes present in a genome within species
(Lander, 1996). There are several methods for genotyping using SNP
markers, such as chip-based next generation sequencing (NGS) and
genotyping by sequencing (GBS). There are several different NGS
techniques, but they are all based on a similar methodology. DNA libraries
are prepared, and randomly cut fragments of DNA are ligated with universal
adapters at both ends. The sequencing is performed continuously where one
or more nucleotides are incorporated which results in a release of signal that
can be detected by the sequencer (Metzker, 2010). The predetermined set of
SNP markers included in each chip-based NGS method, have a physical
position that maps to the reference genome. The most current available SNP
chip for potato contains 20 000 SNP markers (Vos et al. 2015). GBS is a
NGS technique where SNPs are discovered at any site of the genome by the
utilization of restriction enzymes, and this can be used to produce a set of
SNP markers specific for the collection of individuals included in the study
(Elshire et al. 2011).

Diversity array technology (DAtT) markers are becoming increasingly
popular. DArT can detect variations in DNA bases without the need for
sequence information (Wenzl et al. 2004), and microarrays containing DArT
markers are highly reproducible for any species this technique is applied to.

Older marker systems, such as RFLP, RAPD and AFLP do not offer uniform
distribution of markers across the genome, even at higher marker density
(Table 2). This, together with the older marker systems often requiring
intensive laboratory work and are time consuming and expensive has pushed
more plant breeding researchers to utilize newer techniques such as SNP
chips, and SNP discovery by GBS or DArT for applications in molecular
breeding methods (Agarwal et al. 2008; Yang et al. 2013; Nadeem et al.
2018).
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Table 2. Comparison of important characteristics of a selection of molecular markers
commonly used for plant breeding research. After Nadeem et al. 2018.

Characteristics RFLP RAPD AFLP SNP DArT
Co-dominant/Dominant Co-Dominant Dominant Dominant  Co-Dominant Dominant
Reproducibility High High Intermediate High High
Polymorphism level Medium Very high  High High High
Required DNA quantity High Medium Low Low Low
Marker index Low High Medium High High

Cost High Less High Variable Cheapest
Sequencing Yes No No Yes Yes

PCR requirement No Yes Yes Yes No
Visualization Radioactive Agarose gel Agarose gel SNP-VISTA Microarray

2.5 Marker assisted selection and QTL mapping for
potato

A potential method to speed up the process of plant breeding is through the
application of molecular techniques. The use of diagnostic DNA markers,
which associate genotype with phenotype, allows for more efficient
screening of a large number of accessions at earlier stages of the breeding
process. Genetically elite accessions can be identified, while accessions with
undesired alleles can be discarded, even before a phenotype can be observed.
Such a selection process is called marker-assisted selection (MAS), and has
the potential to significantly reduce the amount of time and money required
in conventional plant breeding.

Fixation of desired alleles is slow in potato breeding due to the nature of
tetrasomic inheritance, and even slower when considering several unlinked
QTL (Bradshaw, 2021). Hence, the implementation of MAS in potato
breeding has been quite limited. However, there are a few examples of traits
where MAS has been applied, such as resistance to potato virus Y and potato
cyst nematode (Ortega and Lopez-Vizcon, 2012), resistance to P. infestans
and potato virus X (Mori et al. 2015), tuber chip colour, tuber starch content
and starch yield (Li et al. 2013). The first traits to be mapped were
monogenic traits, such as flower colour (van Eck et al. 1993) and tuber skin
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colour (van Eck et al. 1994). However, as these traits are easy to score
phenotypically, the application of MAS for them is seldom pursued. In the
early 1990s, resistance genes to major pathogens were mapped, for example
P. infestans (El-Kharbotly et al. 1994), the root cyst nematode Globodera
rostochiensis (Gebhardt et al. 1993) and the potato cyst nematode Globodera
pallida (Rouppe van der Voort et al. 2000). To map the traits in the research
previously mentioned, diploid potato crosses were used. Using diploid plants
to construct genetic maps is a way to avoid complex analysis, and allows
application of a larger number of software. Mapping traits using tetraploid
potato started a bit later with resistance genes against potato virus Y (Brigneti
et al. 1997), P. infestans (Li et al. 1998) and G. pallida (Bryan et al. 2002).

For a genetic marker to be of use in MAS, it is crucial that the marker has a
significant association with a QTL for the trait of interest. First however, the
QTL has to be identified. Since the 1980s the utilization of markers for
guantitative traits has been ministered through the advances in genotyping
methods and statistical methods for detecting QTL. Linkage analysis is a
method widely used for detecting QTL, and is available for tetraploid potato
through software such as TetraploidMap (Hackett and Luo, 2003),
PERGOLA (Grandke et al. 2017) and Polymapr (Bourke et al. 2018).
Linkage analysis requires biparental mapping populations, and is hence
limited to the variation available therein. Genome-wide association studies
(GWAS) is an alternative statistical method for QTL mapping. GWAS
utilizes the association between markers and phenotypic traits, which arise
from linkage disequilibrium across a diverse panel of individuals. Compared
to linkage analysis, GWAS offers increased high-resolution mapping as
historical recombination events and natural diversity may be exploited as
compared to the limited recombination available in a single cross (Zhu et al.
2008). GWAS for tetraploid potato is available through the software
GWASpoly (Rosyara et al. 2016).

Once a QTL has been mapped, it has to be verified in other independent
populations to make sure that the QTL is still effective for individuals with
different genetic backgrounds to where the QTL was identified.
Subsequently, candidate DNA markers in close proximity to the QTL has to
be identified, to ensure that the marker and QTL are inherited together and
limit the number of individuals with recombination between marker and
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QTL. To confirm that the selected marker is tightly linked to the QTL, the
marker has to be tested in independent populations with genetic backgrounds
different to where the QTL and marker was identified. (Collard and Mackill,
2008).

2.6 Genomic selection for potato

GS is a form of MAS where genome-wide marker effects are simultaneously
estimated to predict breeding values of individuals (Meuwissen et al. 2001).
In contrary to MAS, GS can be applied to traits with a complex genetic
background, where many minor QTL affects the trait, and it has been
estimated to accelerate breeding cycles and thus increasing the genetic gain
per unit of time (Desta and Ortiz, 2014). In theory, GS has the potential to
capture all the underlying information to explain the genetic variation of a
trait, as it is assumed that all QTL are in linkage disequilibrium with at least
one marker. The genome-wide marker effects are estimated through the
regression of a trait of interest (phenotype) on all markers (genotype) in a set
of individuals included in a so-called training population. This multiple
regression analysis gives rise to a computational problem, as the number of
markers (p) often far exceeds the number of individuals (n). The problem
that arises is that the variance of the estimator (marker effect) increases with
the increase of p > n. This computational problem of GS methods can be
solved either by reducing the number of variables, or by shrinkage
estimations, or a combination of both. By shrinking the estimates toward a
fixed point, the variance of the estimator will decrease, however at the same
time the estimator bias may increase. There are several procedures for
shrinkage estimation, the most common types are penalized and Bayesian
methods. Bayesian ridge regression (BRR) is a model that is a popular
method for estimating marker effects. The BRR method uses a Gaussian
prior and performs a homogenous shrinkage across all markers, which might
not be optimal when, in reality, some markers will be linked to QTL while
others are not. Other models use other priors that make them more flexible,
and model optimization has to be performed to ensure the selection of a
model that fits both the genetic background of the trait of interest and
individuals included in the study (de los Campos et al. 2013). Model
optimisation is explored by the inclusion of a so-called testing population.
For the testing population, each individual is assigned a genomic estimated
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breeding value (GEBV) based on their genotype and the marker effects
which were estimated in the training population. The individuals in the
testing population can either be a set of individuals from a different
population than the training population, or a randomly drawn subset of
individuals from the training population as is used in the case of cross-
validation approaches. The accuracy of the model is evaluated by calculating
the correlation of the phenotypes to the GEBVs, which yields model
predictive ability. Sometimes the calculation of predictive ability also
includes dividing the correlation value with the square root of the trait
narrow-sense heritability. The model predictive ability will however also
depend on a number of other variables, such as the genetic background of
the trait studied, the relative size of the testing population compared to the
training population and the population structure of the individuals. (Habier
et al. 2007).

To use GS in a breeding approach, selections are made based on the
individual’s GEBV, without the necessity to phenotype an entire breeding
population at all cycles of selection (Figure 4). GS was first implemented as
a breeding method for dairy cattle (Hayes et al. 2009), and a number of
studies have reported promising results for breeding of other animal and
plant species, for example, pig (Knol et al. 2016), sheep (Daetwyler et al.
2012), wheat and maize (Crossa et al. 2010), soybean (Jarquin et al. 2014)
or eucalyptus (Resende, 2012). For potato, GS is still in its infancy
(Bradshaw, 2017; Bradshaw, 2021). Habyarimana et al. (2017) were the first
to explore the GS method for potato breeding in practise. They studied the
predictive ability of a number of breeding traits including tuber yield, tuber
flesh colour and tuber dry matter content. For genotyping their selection of
190 potato cultivars and breeding clones, they used approximately 50 000
SNPs obtained from a DArT marker system. Habyarimana et al. (2017)
concluded that it is possible to use GEBVs as a method for potato breeding
based on their results. Since 2017, a relatively small number of papers on GS
for potato breeding has been published. Sverrisdottir et al. (2017) concluded
that the GBS marker system works for estimating GEBVs in potato for
selections in tuber starch content and chipping quality. The material in this
publication further investigated by the inclusion of two other populations,
where one was a distinct collection of cultivars and breeding clones from the
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Figure 4. Genomic selection for plant breeding. Individuals comprising a training population are genotyped
(with SNP markers) and scored for a phenotypic trait (e.g. plant height). A prediction model is constructed
based on associations between SNPs and phenotype with estimated effects of each molecular marker. A
separate set of individuals, for which only genotypic data is available, makes up the testing population. For
each individual in the testing population, a genomic estimated breeding value (GEBV) is estimated based
on the predicted marker effects from the model. Selections can subsequently be made to select individuals
with the best performing GEBVs, and the population mean (1) will move towards the selected mean (LLs).

United Kingdom (Sverrisdéttir et al. 2018). Here, the authors studied the
model predictive ability of tuber dry matter content and chipping quality
across and within populations, and concluded that predictions across
breeding populations are unreliable, but that an expansion of individuals
included in the training population may increase model predictive ability.
Stich and Van Inghelandt (2018), Enciso-Rodriguez et al. (2018) and
Endelman et al. (2018) all used SNP markers from NGS chips for genotyping
the populations in their GS research. Stich and Van Ingheland (2018)
investigated GS as a breeding approach for selections in a number of
breeding traits including resistance to late blight, plant maturity and tuber
yield using a number of different models. They noted that the inclusion of
diagnostic markers should be modelled as fixed effects, and that traits with a
complex genetic background benefits from the use of models which accounts
for additive and dominance effects (i.e., using another prior than the one used
in BRR). Enciso-Rodriguez et al. (2018) also examined resistance to late
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blight and common scab and found that some increases of model predictive
ability might be achieved by using a model that accounts for additive as well
as dominance effects. Endelman et al. (2018) used a different approach
compared to the other GS research mentioned above, by using genomic
covariance matrices in a mixed model instead of prediction of marker effects,
for prediction of GEBVs for their traits of interest (specific gravity, fry
colour and tuber yield). Genomic covariances matrices accounting for
additive, digenic dominant and additive x additive epistatic effects were
calculated and the predictive abilities among the models were compared.
This study also included a comparison of using a relationship matrix from
pedigree data, which were found to be as effective as the covariance matrices
in the prediction of GEBVs for specific gravity. Recently, GS research on
potato has continued to explore possible dominance effects on prediction of
breeding traits and found that these models are not superior to models limited
to additive effects regarding the model predictive ability (Amadeu et al.
2020).

It is complicated to make any comparisons between research available
through the literature on GS as a breeding method for potato since several
aspects differ among them, for example population structure, genotyping and
phenotyping methods, and estimation of model predictive ability. However,
all research indicate that GS is a promising tool for making potato breeding
a more effective endeavour.

2.7 Potato germplasm potential: landraces and gene
banks

The diversity of the cultivated potato is vast. The centre of origin, the Andes
in South America, are home to 3000 of the 5000 known potato cultivars.
Most of these cultivars belong to the species S. tuberosum, but other Solanum
species are also cultivated (Burlingame et al. 2009; Zaheer and Akhtar,
2016). Many of these cultivars are landraces, which have been domesticated
and adapted to the local climate over a long time-span through traditional
agricultural practises. Alongside the cultivated potato species, 199 wild
potato species are known, which grow on both of the American continents
(Hijmans and Spooner, 2001). Both landraces and wild species are important
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sources of genetic diversity for potato breeders. For example, many genes
for resistance against P. infestans have been identified in wild potato species,
and landraces have been actively used in potato breeding to improve genetic
gain since the middle of the 19" century (Ortiz, 2001; van der VVossen et al.
2003; Bradshaw and Ramsay, 2005; Bradshaw et al. 2006; Foster et al. 2009;
Bernal-Galeano et al. 2020).

Collections of potato landraces and wild relatives are kept in genebanks all
over the world. The genebank at CIP in Peru hosts the largest collection of
cultivars (from 2x to 5x), but there are many large collections of potato
accessions at genebanks in other parts of the world as well (Ortiz, 2001). In
Sweden and the other Nordic countries, the Nordic Genetic Resource Centre
(NordGen) maintains collected potato germplasm. In addition to accessions
of landraces and wild potato relatives, genebanks may also host cultivars
released from breeding enterprises that are not used in agricultural practise
anymore, and farmer’s cultivars. A farmer’s cultivar is an accession which
have been grown and adapted to local growth conditions using traditional
agricultural methods. The role of genebanks for species conservation and as
a source of germplasm for crop improvement is well recognized, and the
collections are often used as material in potato research (Hijmans et al. 2000;
Bradshaw and Ramsey, 2005). Recently, potato genebank materials have
been included in genetic diversity research using high throughput marker
systems in CIP, Japan, China and USA (Ellis et al. 2018; Igarashi et al. 2019;
Wang et al. 2019; Pandey et al. 2021). The knowledge accumulated from
their research are important to potato breeders worldwide.
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3. Thesis aims

Genetic gain, which can be defined as an increase of the target or desired
trait per year, is limited in potato compared to other major crops (Rijk et al.
2013). There are two main reasons behind this limitation of genetic gain in
potato: 1) the genetics of the species — potato is a highly heterozygous
outcrossing crop displaying a tetrasomic pattern of inheritance — and 2) the
potato market which is highly fragmented and requires consideration of
many traits in addition to yield. There have been many research efforts to
investigate how to improve the genetic gain in potato. In this thesis, the
potential of genomic-led methods to aid potato breeding in Sweden is
explored. The specific aims of this thesis were:

- To map the genetic background of host plant resistance to EB in
foliage and tubers and identify novel QTL (Paper I)
- Toexplore the potential of GEBVs for selection of potato breeding
traits such as tuber yield, tuber quality and host plant resistance to
LB (Paper II)
o Through genomic predictions across clonal generations
(Paper 1)
o Through genomic predictions across and within full-sib
families (Paper 1)
- Toexplore the genetic structure of the NordGen potato germplasm
as a population for potential genetic hybridization of the SLU
potato breeding material (Paper I11)
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4. Methods

4.1 Plant material and genotyping

For mapping resistance to EB (paper 1), a cross between a susceptible cultivar
(‘Matilda’) and resistant cultivar (‘Magnum Bonum’) was made for
maximum segregation of QTL. This resulted in a bi-parental crossing
population containing 80 tetraploid offspring exhibiting widespread
infection patterns to EB. Neither ‘Matilda’ nor ‘Magnum Bonum’ are
frequently used as parents at the SLU potato breeding program. ‘Matilda’ is
a cultivar of Swedish origin released in 1986 and primarily used for the fresh
potato market (Hutten and Berloo, 2001). ‘Magnum Bonum’ is an old
cultivar released in 1876 in Great Britain, which was a very popular fresh
potato cultivar until the 1980s, when it was found that this cultivar had high
amounts of glycoalkaloids (Branzell and Hellends, 1999). The breeding
germplasm in paper Il and 111 were collected from the SLU potato breeding
program. The breeding population in paper Il contains accessions from all
clonal generations of selection present in the program at the time (year 2018);
i.e., T:—Ts. However, the T1 generation is reduced in size and limited to only
five bi-parental offspring. The parents of these five hybrid offspring were
selected due to exhibiting high resistance to late blight, possibly from
different R-gene sources. Some of these parents (and grandparents) are also
deployed as parents for accessions in later clonal generations (T»—Tg). They
were, among others, ‘Sarpo Mira’, ‘Bionica’, ’93-1015" and ‘C081169°. *93-
1015 and ‘CO8II69’ are both breeding clones generated at the breeding
program, while ‘Sarpo Mira’ and ‘Bionica’ are cultivars released in the
2000s from European breeding programs (Hutten and Berloo, 2001). In
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paper Il individuals from T, to Ts are included and their genetic diversity of
was compared with germplasm from the in vitro potato collections from the
Nordic Genetic Resource Centre (NordGen).

The plant material was genotyped using SNP chips, containing 10 000 SNP
markers (paper 1) or 20 000 SNP makers (papers Il and I11). Genotypic data
from SNP chips is commonly used in research such as that of papers I and
I1, as this method is easily available and user friendly with a low frequency
of missing genotypes compared to GBS. Even though SNP chips are often
deployed for gene discovery studies such as paper I, the method may be less
suitable for these types of studies due to ascertainment bias. This bias arises
due to the SNP chip being developed using SNPs from a specific gene pool
and subsequently applied to other, separate gene pools. This results in a limit
in the variation that can be discovered when the gene pool used for
developing the SNP chip does not match the experimental material
(Lachance and Tishkoff, 2013).

DNA extraction, genotyping and allele scoring were conducted by the
breeding company HZPC, Joure, The Netherlands (Paper 1) and
TraitGenetics GmbH, Gatersleben, Germany (Paper 11 & 111). The genotypic
data obtained was of high quality (no individuals had to be discarded due to
a high degree of missing marker information) and marker reduction could be
conducted following standard protocol of removing markers with a high
degree of missing scores (< 10%) and removal of monomorphic makers
(minor allele frequency > 0.5). Genotypic data were that of a tetraploid,
exhibiting all five allelic states (AAAA, AAAO, AAOO, AOOO and
0000).

4.2 Phenotyping

Data for several breeding traits was collected for the studies included in this
thesis. All traits were collected from plants grown at field sites in Sweden.
Yield is often considered the most important trait for plant breeders. Yield
was measured at harvest using three different components — tuber weight
(kg) per plant (TW), tuber number per plant (TN) and average weight (kg)
per tuber (ATW). For the fresh potato market, tuber uniformity traits for traits
such as shape, size and eye depth are of great importance. These traits were
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measured using a discrete scale ranging from 1 (uniform) to 9 (non-uniform).
Cooking-related quality traits were evaluated as tuber specific gravity (SG)
and percent dry matter content. SG was recorded as the weight of tubers
divided by the weight of tubers in water. Tuber dry weight was measured
after water has been removed from the tuber, and the percentage of dry matter
content was calculated as dry weight divided by fresh weight multiplied by
100 (Norell et al. 2016). Estimates of SG and percent dry matter content are
known to be correlated, and SG was converted to percent dry matter content
as described by Mosley and Chase (1993) for comparisons between SLU and
NordGen material for paper Il1. Foliar resistance to early blight (EB) and late
blight (LB) were measured in field throughout the growing period. EB and
LB scores were calculated from the area under disease progress curve
(AUDPC). AUDPC estimates the disease intensity over time and can thus
summarise the possible polycyclic nature of the diseases (Forbes et al. 2014).
Defoliation was scored along-side EB using the same scale. Both EB and LB
can also affect potato tubers. Resistance to tuber EB was measured post-
harvest through inoculation with the pathogen under controlled conditions,
and scored as the volume of infected tuber tissue.

4.3 Linkage analysis

The 80 offspring from a bi-parental cross were scored for three traits:
resistance to foliar EB, resistance to tuber EB and defoliation (Paper I). To
identify QTL associated with these traits, TetraploidMap for Windows was
used (Hackett et al. 2007). TetraploidMap (Hackett and Luo, 2003) and its
successors TetraploidMap for Windows and TetraploidSNPMap (Hackett et
al. 2017) are some of the most widely used software for linkage mapping and
QTL identification in tetraploid potato. TetraploidMap has been used to map
QTL for traits such as drought tolerance (Schumacher et al. 2021), chip
colour (Rak et al. 2017) and yield (Bradshaw et al. 2008). TetraploidMap for
Windows was developed before NGS technologies made SNP markers the
most used genotyping method. The software was developed for genotypic
data from AFLP and simple sequence repeat (SSR) markers, but can also be
applied to SNP marker data. The crossing population used to map EB was
genotyped using SNP markers. Two types of segregating markers were kept
for linkage analysis, simplex (AOOO x OOO0O) and duplex (AAOO x
0O0O0O0) markers. Marker segregation was estimated in the offspring, where
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a simplex marker is expected to appear at a 1:1 ratio and duplex marker in a
5:1 ratio, with no double reduction (Hackett et al. 2001). In the next step,
linkage maps for the two parents were constructed through cluster analysis,
where the distance related to recombination frequencies is calculated. In each
linkage group, the markers are then phased over the four copies of the
chromosomes. After the development of ordered linkage maps, the QTL
interval mapping for the three traits was carried out considering alleles
inherited from each parent separately. The probability of a QTL at any
location was expressed as the logarithm of odds ratio (LOD) score, which is
the logio of the ratio of the likelihood of the data given a QTL at this point to
the likelihood of no QTL at this point. The significance of the QTL was
determined through a 100-run permutation test. QTL were detected using a
full model, where all QTL genotypes are considered, or one of several
simpler models. For the simpler models, the QTL is controlled by a simplex
or dominant duplex allele and the QTL genotypes are Qg and QQ or Qq
respectively (Hackett et al. 2007). For simplex and dominant duplex models,
it is possible to determine the QTL main effect, by calculating the mean
phenotypic value of the offspring sharing the QTL genotype with the parent
from which the marker was inherited.

4.4 Genomic prediction models

To test if GS could be applied as a method of selection for potato breeding,
GEBVs were estimated from genomic prediction models for eight breeding
traits for 200669 potato accessions from the SLU breeding program. To
estimate GEBVs the BRR model was fit:

y=lu+Xp+e, 1)

where y is a vector of phenotypes, u is the mean, X is a matrix of the markers
used for genotyping, #is a vector of marker effects and e is a vector of normal
deviates with mean 0. The modelling was performed using the package
‘BGLR’ in R 3.6.2 (Pérez and de los Campos, 2014; R Core Team 2021).
‘BGLR’ is by far the most widely used software for studies on GS in
tetraploid potato (Habyarimana et al. 2017; Sverrisdottir et al. 2017; Enciso-
Rodriguez et al. 2018; Stich and Van Inghelandt, 2018; Sverrisdottir et al.
2018; Caruana et al. 2019; Amadeu et al. 2020; Byrne et al. 2020) as it is
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possible to apply to tetraploid genotypic data and includes a range of models
for genomic prediction. The potato breeding population was partitioned into
training and testing sets based on two criteria: (a) clonal generation of
selection or (b) full-sib family. In the first approach (a) accessions which had
undergone at least one cycle of selection (T2 or Ts+, depending on phenotypic
data availability) were used as a training population to estimate marker
effects. This population was used to estimate GEBVs for the testing
population comprised by unselected individuals (T1 or T, depending on the
trait of interest). For each partitioning, model 1 was fit. To estimate model
predictive ability, the Pearson’s correlation coefficient between observed and
predicted values was calculated as:

r (GEBV : ). 2

For the second approach (b) two full-sib families from Ti were used as
training and testing populations respectively. Cross-validations within each
family were also conducted, where the family was randomly partitioned
using five-fold schemes, where one group acts as training and one as testing
and the process was repeated until all individuals had a GEBV. The same
cross-validation approach was tested on the whole breeding population
(n=200-669, depending on phenotypic data availability) to allow for
comparison with other GS research results. The model fit (1) and method to
calculate model predictive ability (2) was the same for all methods.

4.5 Population structure estimates

Genetic markers have become a very popular tool to estimate population
structure (Patterson et al. 2006). To estimate the population structure among
the germplasms from the SLU potato breeding program and genebank
material from NordGen several methods for population structure analysis
was used. Principal coordinate analysis (PCoA) is a multivariate analysis
which reduces the dimensions of the data while preserving the covariance
among the samples. Unlike principal component analysis (PCA), which is
also often applied when examining population structure, PCoA is based on a
distance matrix. The PCoA is most often applied to variables with a
quantitative or discrete scale, such as SNP markers. The data is reduced to a
smaller set of principal coordinates (PCs) which each describe a portion of
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the sample variation. The genotypes are projected in the space between the
PCs, which is often reduced to maximum three PCs when visualized. For
visualization, the most common method is a scatter plot, where the distance
between genotype samples is considered to reflect the relationship among the
individuals just like a PCA (Patterson et al. 2006). For calculating the
distance between individuals, two methods were used — the Euclidian
distance (paper IT) and Nei’s genetic distance (paper Il1).

To further study the population structure among the accessions from SLU
and NordGen (paper Ill), two additional methods were used on the whole
dataset. First, a heatmap based on Nei’s genetic distance was generated.
Secondly, the population structure was determined with the software
‘STRUCTURE’ (Pritchard et al. 2000) using an admixture model.
‘STRUCTURE’ is based on repeated cluster analyses where the log
likelihood of K is estimated. The K value is the expected number of
populations, or clusters, in your data (Pritchard et al. 2000; Evanno et al.
2005). ‘STRUCTURE’ allows for a more formal test of population structure
compared the other methods used in this study.

The genetic relationship among NordGen accessions was also studied
through a hierarchical cluster analysis based the Euclidian distance among
the samples and visualised as a dendrogram. This method was not applied to
the whole dataset, as the resulting dendrogram was too large for
visualization.
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5. Results and Discussion

5.1 Quantitative trait loci for resistance to early blight

A. solani causes EB in both potato foliage and tubers, and the occurance of
the disease seem to be increasing in Europe (Kapsa and Ozowski, 2012;
Runno-Paurson et al. 2015). Different potato cultivars exhibit different levels
of resistance to EB, and it has been shown that late maturing cultivars have
higher levels of resistance (Boiteux et al. 1995). However, as late maturing
plants require an extended period of time in the field, the chance of other
biotic and abiotic stresses affecting tuber yield and quality increases (Devaux
et al. 2014; Kawar et al. 2018). Hence, breeding for host plant resistance
would be one of the most effective ways to control EB in potato. Paper |
includes the first QTL mapping of EB in tetraploid potato, and the QTL for
foliar and tuber EB mapped could be used in developing markers for MAS
of resistant cultivars.

Linkage maps were constructed for each of the two parents ‘Matilda’ and
‘Magnum Bonum’ using the 80 offspring. A majority of the 12 potato
chromosomes were mapped over more than one linkage group. None of the
31 linkage groups for ‘Matilda’ or 36 groups for ‘Magnum Bonum’ mixed
chromosomes, which could be confirmed by the physical positions of the
SNP markers from the GGPv 3.0 SNP chip (Vos et al. 2015). The QTL
analysis included three breeding traits: resistance to tuber EB, resistance to
foliar EB and defoliation. Defoliation was studied to distinguish QTL
controlling late maturity from QTL associated to foliar EB, as a strong
correlation between the traits was identified in the crossing population
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(Figure 5), and has previously been reported (Boiteux et al. 1995; Zhang,
2004). Since two parental linkage maps were used, it is not possible to
distinguish if all QTL were unique, e.g. the two QTL for foliar EB on
chromosome 12 might be the same QTL since they were found using both
parental linkage maps (Table 3). The issue of developing separate linkage
maps for the two parents could have been avoided if the software
TetraploidSNPmap had been used in the analysis, where dosages from both
parents can be estimated simultaneously (Hackett et al. 2017). The use of
TetraploidSNPmap would also have allowed for usage of a higher number
of markers for linkage mapping, and might have yielded a linkage map with
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Figure 5. The association between (A) host plant resistance to foliar early blight (rAUDPC
infection) and defoliation (rAUDPC defoliation), and (B) host plant resistance to foliar early
blight (rAUDPC infection) and host plant resistance to tuber early blight (VIA). Correlations are
estimated using Pearson’s correlation coefficient. Reproduced from Odilbekov et al. 2020.

higher resolution.

In total, 33 significant QTL were detected for the three traits (Table 2): 11
for resistance to tuber EB, 11 for resistance to foliar EB, and 11 for
defoliation. Out of the 11 QTL for resistance to foliar EB, two could be
determined as independent from defoliation QTL. The QTL were detected
using three different models: full, dominant duplex and simplex. For marker
development for MAS, it is crucial that the SNP in closest proximity to the
QTL is either dominant duplex or simplex, as the genotype of the QTL can
be determined in these cases. Out of these two models, the simplex model is
the most appropriate for marker development, as it only requires the
introgression of a single copy of the allele. One of the two QTL for foliar
resistance to EB was mapped to chromosome 5 using the simplex model, and
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could be a candidate for marker development towards MAS. This QTL was
found to have a positive effect on the offspring compared to the mapping
parent, and is a good candidate for the search of genes conferring resistance
to EB using transcriptomic analysis. Several of the QTL for tuber resistance
to EB were found using a duplex dominant or simplex model. Host plant
resistance to tuber EB has not been as intensely studied as foliar EB, but as
there does not seem to be a correlation between the traits (Pearson’s
correlation coefficient (r) = 0.06, P = 0.35), it is of interest to study the
genetic architecture of this trait separately. QTL for tuber EB were found on
chromosomes 1, 2, 3, 4, 5, 8, 11 and 12, thereby suggesting that the trait is
controlled by several QTL with small effects.
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Table 3. The significant quantitative trait loci (QTL) found for three traits — tuber and
foliar resistance to early blight (EB) caused by A. solani and defoliation. Mapping parent
is the parent used to construct the linkage map the QTL was found in on chromosome
(Chr) 1-12. The QTL interval position in centimorgan (cM) is estimated from the area of
the linkage group where the genetic signal reached the significance threshold using. The
physical size in base pairs (bp) is the estimated QTL interval using the flanking markers.
QTL were deemed significant using a logarithm of the odds ratio (LOD) above 2. %PVE:
percent phenotypic variance explained. The main Q effect was calculated using the SNP
immediate to the QTL peak effect on the offspring phenotype compared to parent with
corresponding genotype. Only significant effects (p<0.05) with greater (1) and lower (|)
trait values in offspring are included; "-" indicates that no significant effect was detected
in the offspring. Bold text identifies the foliar resistance to EB and defoliation QTL
which were found to be independent from one another. After Odilbekov et al. 2020.

QTL
. . . QTL  Marker closest to .
Trait Mapping Chr lnte_ryal P_hy5|cal LOD PVE% genetic  proposed QTL Homologous Main Q
parent position  size (bp) o chr effect
oM model position
1 56-60 50031365 2.492 8.19  full model
M 5 57-62 2451341 3264 2212  full model
BZ%Z%" 8  6.6-3¢ 46485633 3.687 50.6  duplex  snp_c2 28580 Q12 -
® 11 19.5-39.7 2035814 3.215 48.70  full model
s 12 33.3-39.5 6007028 3.140 17.58  full model
ko 2 159-16 2504010 3.652 46.51  full model
£ 3 252-34.7 11438315 2524 1282  simplex PotVar0120608 c3 1
% ) 4 23-19.9 46382019 4.367 19.39  full model
Matilda | o 55368 6532090 2816 2052  duplex  Potvar0063945 Q13 !
11 154-204 1143780 3.045 30.23 duplex  PotVar0008448 Q23 1
11 11.7-18 3641233 3.069 35.96 duplex  snp_c2_49316 Q14 -
1 0264 65672744 2439 13.06 duplex  PotVar0098794 Q14 !
5  0-169 7341418 2077 1160 simplex PotVar0026113 C1 1
Magnum| 5 7.8-8.7 3035817 3.014 46.51  full model
g | Boum | g 0-28 3252350 9.857 43.36  simplex PotVar0079374 c1 !
é 7 0-5.9 5308369 2744  9.93  full model
8 12 7.7-85 1254555 2134 3581 duplex  PotVar0052987 Q13 -
S 5 19.8-20 13052157 2.717 17.16  full model
o
= 6 49.1-50 6406355 2.371 21.42  simplex PotVar0087396 c2 -
Matilda | 19 0'6'7?;010‘9‘ 33204844 3.093 1568  duplex PotVar0108340 Q24 !
11  34-144 1549203 3271 51.96 full model
12 21.4-29 32470228 3.017 15.12 duplex  snp_c2 17613 Q34 1
1 123-16.1 48738162 3.961 29.93 full model
1 17.2-288 49687204 2.700 29.88 duplex  PotVar0044984 Q23 !
3 0-2.1 17205892 3.327 4261 full model
3 29.8-30.1 9970508 2.932 2825  duplex PotVar0094921 Q34 -
< |Magnum
.% Bonum | 5  7.9-81 3035817 4.094 51.29 full model
s 5 0-28 3252350 8.104 36.87  simplex PotVar0079374 c1 !
a 7 0-22 2135154 3.063 11.21  full model
8 215-30 45302690 4.803 47.71  full model
12 22.6-26.8 49762620 4.765 52.92  full model
] 6  49.8-50 6406355 2.789 33.49  full model
Matilda | 1 155063 433252 2443 12.42 duplex  PotVar0108340 Q24 !
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5.2 Introducing genomic selection to a potato breeding
program

In a conventional potato breeding program, the least robust phenotypic
scores are obtained in the early clonal generations, where the number of
individual breeding clones is very high, while the number of replicates for
each clone is low (Gopal et al. 1992). To circumvent this issue, GEBVS may
be applied for selection. GS models were generated with BRR for prediction
of eight important breeding traits — TW, TN, ATW, LB, SG, and uniformity
of tuber shape, size and eye depth — in early clonal generations (Paper II).
The GEBVs were estimated by applying genomic prediction models in two
distinct training populations: later clonal generations, or unselected full-sib
families. The predictive ability of traits was low both for predictions across
clonal generations (Table 3) and across full-sib families (Table 4), with
exceptions for SG and LB. Both SG and LB have previously been reported
to have moderate to high heritability (Ruttencutter et al. 1979; Haynes et al.
1995; Pajerowska-Mukhtar et al. 2009; Solano et al. 2014; Enciso-Rodriguez
et al. 2018).

Table 4. Prediction ability (Spearman’s correlation coefficient between observed and
predicted phenotypes) for seven breeding traits; per plant tuber weight (TW), per plant
tuber number (TN), average weight per tuber (ATW), specific gravity (SG) and
uniformity of tuber size and shape and tuber eye depth. The model was validated either
by training and testing populations divided by cycle of selection, or by randomly
partitioned five-fold cross validations. *For the cross validation the total population

divided into 80-20 fractions with accessions parted at random, mean prediction
accuracies over 100 model runs. (Source: Selga et al. in press)

Training  Testing Breeding trait
population population

TW TN ATW SG Size  Shape Eye

Taz T: 0.05 0.05 0.04
Taz T2 007 004 018 043 016 003 0.15
80%* 20%* 075 072 039 062 017 0.045 0.15
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This observation is in line with other research, as there is a correlation
between highly heritable traits and prediction accuracy of GEBVs (Zhang et
al. 2017). However, there is not a one-to-one relationship between trait
predictive ability and trait heritability, and model prediction accuracies are
mostly considerably lower than trait heritability (Kim et al. 2017). The
broad-sense heritability estimates (H?) for the SLU breeding population
(Paper I1) were calculated on a limited set of individuals (n = 38) for which
data were available from all three field sites. H? for the yield traits TW, TN
and ATW were found to be very high (0.64, 0.668 and 0.692, respectively)
which is not in line with what have been previously found for potato. Yield
is estimated to have low to medium narrow-sense heritability (Ortiz and
Golmirzaie 2002; Schonhals et al., 2017), and is a classic example of a
guantitative trait controlled by several minor loci (Bradshaw, 2021). Hence,
the H? for these traits in our research may be overestimated, as it also includes
non-additive effects.

Table 5. Prediction ability (Spearman’s correlation coefficient between observed and
predicted phenotypes) for four breeding traits; per plant tuber weight (TW), per plant
tuber number (TN), average weight per tuber (ATW) and host plant resistance to late
blight (LB). The model was validated by dividing accessions based on full-sib family or
by randomly partitioned fivefold cross validation within each full-sib family. Cases with
negative correlation; i.e., model not being able to predict trait are denoted with the
symbol ‘-’. *For cross validation within the full-sib family, the accessions were divided

at random and mean prediction abilities were estimated over 100 model runs. (Source:
Selga et al. in press)

Training Testing Breeding trait
population  population
™ TN ATW LB
T:-C T:-D 0.088 - 0.101 0.29
T1-D T:-C 0.069 - 0.080 0.31
T1-C* 0.130 0.070 0.337 0.25
T:-D* 0.300 0.260 0.182 0.16

The limited predictive ability across clonal generations could very well be a
result of the high degree of population structure among the different
populations (Figure 6). From the PCoA it became clear that the genetic
overlap between T, and T,z was very limited. The T, consisted of five half-
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sib families, derived from a small set of parents, which makes the effective
population size of T1 smaller than later clonal generations, where the number
of breeding parents are larger. The overlap between the five full-sib families
was also remarkably small, possibly contributing to the low predictive ability
across full-sib families seen for some traits (Table 4). For predictions across
clonal generation, T1 was used as testing population when predicting TW,
TN and ATW. For predictions of SG, Eye, Shape and Size T, acted as testing
population. The predictive ability for Eye, Shape and Size are also poor even
though the population structure among later clonal generations was weak

(Table 3).
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Figure 6. Principal coordinate analysis using principal coordinates (PCs) one and two based on the
Euclidian genetic distance between 669 potato accession from the SLU breeding program. Cycles of
selections (Ti) are grouped based on colours, T; — Ts—. Five full-sib families of the T, are also separated
by colour. (Source: Selga et al. in press)
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A great problem when using later clonal generations from a crossbreeding
program as a training population is that this population will naturally be
smaller than the targeted testing population, since the number of breeding
clones in each clonal generation is greatly reduced each year. Previous
research on GS for potato, where training-testing populations were used, had
a maximum of 30% of the total number of individuals as a testing set. In our
study on predictions across clonal generations, these divisions are reversed,
with the targeted testing population being far larger than the training
population, e.g. the number of individuals in T; is 465 (our testing
population), while the number of individuals in T, is 200 (our training
population). This could be a problem, as the number of individuals over time
in later cycles of selection will accumulate over time with the inclusion of
historical data. The highest predictive abilities from this study were obtained
from the within full-sib family predictions (Table 4). This approach could
be implemented as a means of GS in early clonal generations were only a
fraction of all individuals would be phenotyped and GEBVs can be acquired
and used as a means of selection among the unphenotyped individuals of the
same full-sib family.

5.3 Discovering the potential diversity of the potato
germplasm in the Nordic genebank

For a plant breeder, knowledge of the diversity of their breeding germplasm
is a fundamental tool for making informed decisions when breeding.
Genebanks collects material such as landraces, farmer’s cultivars, obsolete
cultivars and breeding clones, and may provide accessions for broadening
the genetic base of the breeding material. In paper I, the genotypic diversity
of elite breeding material from SLU (breeding clones from Ts and onwards)
and germplasm from NordGen were examined for population structure
together with a selection of cultivars grown today. The genotypes were
grouped based on three of different criteria 1) the previously mentioned
source of the accession (NordGen, SLU or other), 2) clonal type; i.e.,
farmer’s cultivar, released cultivar, or breeding clone, and 3) country of
origin.
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No clear population structure was revealed based on the SNP marker data.
The PCoA (Figure 7A-C) revealed a tendency of grouping among the earlier
generations (Tz and T4) of breeding clones from SLU (Figure 7B), and hence
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Figure 7. The genetic diversity of 133 accessions from SLU and NordGen. The principal component analysis uses the
first two using principal coordinates (PCs) based on Nei’s genetic distance of SNP markers among accessions. Coloured
groupings are based on (A) country of origin for accessions from NordGen, (B) cycle of selection (T3 —T6+) for SLU
breeding clones, and (C) clonal type. (Source: Paper IlI)

a tendency of breeding clones to cluster separately from the two other groups
(Figure 7C). This grouping of SLU breeding material separately from the
rest of the studied material was also visible in the results from STRUCTURE
and in a heatmap visualisation (Figure 8A-C). According to STRUCTURE,
the K with the maximum likelihood was 2, thereby suggesting two
subpopulations among the genotypes included the study. However, the
population structure found by STRUCTURE still suggests low population
structure, as all individuals were an admixture of both subpopulations
(Figure 8A, Figure 8C). According to the STRUCTURE results, farmer’s
cultivars clustered separately to the other clonal types, when this approach
of grouping was used (Figure 8A). This clustering was visible in the heatmap
(Figure 8B), but not detectable in the PCoA (Figure 7C). Similarly, data
from a study on Chinese potatoes found farmer’s cultivars clustering
separately (Wang et al. 2019).

No clustering based on the country of origin of the accessions was detectable

(Figure 7A). A dendrogram limited to only NordGen accessions also did not
reveal clustering according to origin (Figure 9A). However, some clustering
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according to clonal type occurred within the accessions from NordGen
(Figure 9B).
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Figure 8. Population structure among the 133 accessions based on SNP markers (A and C) revealed by STRUCTURE
and (B) heatmap with dendrogram showing the genetic diversity based on Nei’s genetic distance. The two proposed
subpopulations are separated by colour, grey or red. Three subpopulations were assumed: (A) cultivar, farmer’s cultivar
and breeding clone, and (C) cultivar grown today in Sweden, NordGen and SLU. The arrows to the heatmap (B) denotes
the clusters corresponds to the subpopulations (majority of grey individuals in each assumed subpopulation) proposed by
STRUCUTRE . (Source: Paper I11)

Deploying a SNP chip for studying diversity may lead to ascertainment bias,
as a panel of accessions were used when selecting the SNP markers included
on the chip (Nielsen 2004; Albrechtsen et al. 2010; Heslot et al. 2013; Geibel
et al. 2021). The limitation of accessions included in the chip development
limits the heterozygosity of the loci and results in an underrepresentation of
SNPs with extreme allele frequency. The SNP chip used in this study was
developed using 569 unique genotypes selected from all over the world, with
an emphasis on European cultivars (Vos et al. 2015). Some of the cultivars
included in this study are represented among these European genotypes.
These cultivars are often used as breeding parents in the SLU potato breeding
program, and hence the genetic diversity of the SLU breeding germplasm
should be captured by the array. However, only one of the accessions kept at
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NordGen was included in the development of the chip. Hence some of the
genetic diversity present in the NordGen accessions may be overlooked.
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Figure 9. The Euclidian distance based on SNP markers among the 75 accessions from NordGen
visualised as a dendrogram. Coloured groupings are based on (A) country of origin or (B) clonal type.
(Source: Paper 1)
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In general, the genetic diversity among the 133 genotypes investigated was
limited, which is expected since European cultivars originate from a very
narrow genetic base (Glendinning 1983; Srivastava et al. 2016). The results
from paper Il suggest that for broadening the genetic base of the SLU
breeding program, germplasm from genebanks outside the Nordic region
should be sought out.
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6. Conclusions

Applying genomic-led breeding methods, such as GS or MAS, may aid
potato breeding by reducing the number of selection cycles, and by
improving the selection accuracy in early clonal generations where the low
number of replicates make phenotypic data unreliable for certain traits. The
application of GS to a small potato breeding program was tested in the scope
of this thesis. The results indicate that, although it is not possible to predict
GEBVs using later clonal generations as training populations, predictions
within and across full-sib families of unselected material may be possible.
The application of this approach would limit the number of individuals to
phenotype in the first clonal generation, thus reducing the size of the field
experiment in Ty, with the possibility of saving time and money.

Though the application of MAS for potato breeding has been limited, there
are successful examples. EB is a potato disease that in warm climates limits
the potato yield. In Europe, the problem with EB may increase due to effects
caused by climate change, such as increased temperatures and humidity. To
limit the application of pesticides, development of resistant potato cultivars
is central. We mapped resistance to EB in a tetraploid potato, and were able
to find QTL independent from plant maturity. The mapping of these QTL
may contribute towards finding molecular markers for MAS towards disease
resistance in the future.

The study of the genetic diversity of breeding material and germplasm
collections at genebanks is of interest to plant breeders when considering
base broadening of breeding germplasm. Our results, based on molecular
markers, suggest that the investigated potato germplasm from the breeding
program at SLU and the accessions kept at NordGen are closely related. This
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suggests that this particular germplasm is not useful for base broadening at
the SLU breeding program, as the groups seem to have similar genetic
backgrounds. However, a potential phenotypic diversity of the germplasm
was not studied in the scope of this thesis, which may prove useful for
introduction of specific traits such as resistance to pests or pathogens, or
tuber and cooking qualities.

The limitations of available arable lands and the growth of human
populations require increased crop yields, and an important tool for crop
yield improvement is the development of new cultivars through plant
breeding. Research on plant genetics, as well as to develop new breeding
methods for future implementation, such as the research included in this
thesis, may aid plant breeders in making informed decisions in their breeding
programs.



7. Outlook

The discipline of plant breeding is ever evolving, and has benefited and will
continue to benefit greatly from research on plant genetics. Genetic gain has
been limited in potato compared to other crops, and Bradshaw (2017)
identified the visual selection in early clonal generations to be one of the
greatest bottlenecks in potato breeding. Genomic-led breeding, such as
MAS, GS and identification of genetic structure in the breeding germplasm
may aid potato breeders in making informed decisions for selection and for
parental crossings, thus making potato breeding more efficient. Selections
based on GEBVs for multiple traits in T, could potentially remove the need
for phenotyping altogether in the first stage of potato breeding. However, the
results from paper Il suggest that advanced breeding material from the
breeding program should not solely relied upon to train the GS models. More
research on training population optimization is needed, but one suggestion
could be a panel of advanced breeding clones and cultivars, often used as
breeding parents in the program. For training population optimization, it will
be vital to keep the genetic distance short to the clones where GEBVs will
be predicted, while still including clones with a range of high to low
phenotypic performance. This will require marker data as well as robust
phenotypic data from a large number of accessions, but with the aims that
this population will be able to predict many future breeding clones from
within the same program, and with the possibility of updating the training
population with more information each year from breeding clones from later
Ti:s. The addition of high-throughput phenotypic methods may be valuable
when scoring the phenotypic data for the training population, as the number
of individuals might have to be large. Slater et al. (2016) suggested that the
size of the training population to range between 500 to 4000 individuals,
depending on heritability of the traits, but noted that with the inclusion of
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breeding parents and relevant historic breeding material the size could be
reduced.

Using MAS for potato breeding has been limited, possibly due to the
complicated pattern of tetrasomic inheritance and additional levels of
heterozygosity compared to diploid species. Hence, before implementing
MAS in a breeding program, it is important to decide for which traits it
should be applied. MAS will work efficiently when considering traits
controlled by a small number of major QTL, which is often the case for host
plant resistance to pathogens and pests. In paper I, QTL for resistance to EB
were mapped. Linkage or genome-wide association analysis is the initial step
towards developing markers for MAS. These findings will have to be
validated in more environments and different populations, and further
analysis applying transcriptomic methods to identify putative genes behind
the QTL would be beneficial. Nevertheless, knowing the location of a
resistance gene is also beneficial for other applicable plant breeding methods,
namely gene modification or editing which also has a great potential to speed
up the time of plant breeding.

To study the genomic-led breeding approaches in this thesis, tetraploid
potato accessions have been used. However, with the recent advances in
diploid potato breeding, there among the introduction of the Sli gene to allow
for producing inbred lines (Eggers et al. 2021), the positive effects of
applying these methods may speed up the process of potato breeding and
hence increase the genetic gain for potato even further.
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Popular science summary

The adhesive agent in the glue that holds together the pages of this book may
very well be produced from potato starch. Adhesive agents are just one of a
number of end uses of potato, which unsurprisingly to most of us, also
includes some of the world’s most popular foods such as curries, gratins,
chips or crisps. This multitude of end use markets, together with the potato’s
complex genome, makes potato breeding a time consuming and difficult
endeavour.

Potato breeding is the art and science of producing new and improved
cultivars of potato with traits sought after by farmers and consumers.
Genomic-led breeding methods are based on DNA markers and may aid
plant breeders in making better-informed decisions for improvement of their
breeding material and speed up the process of cultivar development. In this
thesis, resistance to the important potato disease early blight is mapped to the
potato genome, which in the future may help develop specific DNA markers
to be used as an aid in selections towards potato cultivars with increased
resistance to early blight. We have also studied the implementation of a
breeding method called genomic selection, which has successfully been
applied for breeding of some animals and crops, for potato breeding. The
results show that although genomic selection may be used to predict the
performance of potato plants, using it across cycles of selection in a breeding
program may prove difficult. Lastly, we explored the genetic diversity of
potato cultivars stored at the Nordic genebank. When the potatoes from the
gene bank are compared to the breeding clones of the potato breeding
program at SLU, it becomes apparent that the material is very closely related
and that Nordic potatoes, just like European potatoes in general, seem to stem
from a very narrow genetic base.
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Popularvetenskaplig sammanfattning

En av ingredienserna i limmet som haller samman sidorna av denna bok kan
mycket vl vara stérkelse utvunnet ur potatis. Starkelse for limproduktion &r
bara en av flera slutgiltiga anvandningsmal for potatis, som foga férvanande
for de flesta av oss, dven inkluderar nagra av varldens mest populara maltider
som currys, gratdnger, pommes frites och chips. Denna stora mangd av
potentiella anvandningsmal, samt potatisens komplexa arvsmassa, bidrar till
att potatisforadling ar en tidskravande och svar uppgift.

Potatisféradling ar konsten och vetenskapen bakom framtagandet av nya,
forbattrade potatissorter med egenskaper som ar eftertraktade av odlare och
konsumenter. Genomiskt baserade foradlingsmetoder, som baseras pa
anvandandet av. DNA-markdrer, kan hjalpa vaxtforadlare att ta battre
informerade beslut angaende forbéttring av foradlingsmaterial och skynda pa
framtagande av nya sorter. | denna avhandling presenteras den genetiska
kartlaggningen av resistens mot potatissjukdomen torrflackssjuka, vilket i
framtiden kan bidra till att utveckla specifika DNA-markorer som kan
anvéndas som hjalpmedel nér urval av nya sorter med 6kad resistens mot
denna sjukdom ska tas fram. Vi har dven studerat om en féradlingsmetod
som Kkallas genomisk selektion, vilken tidigare framgangsrikt kunnat
implementeras vid viss djuravel och foradling av andra véaxter, kan
implementeras i potatisforadling. Vara resultat pekar mot att d&ven om
genomisk selektion kan anvéndas for att forutspa potatisplantans egenskaper
sa ar det svart att anvanda den som selektionsmetod &ver flera
foradlingsgenerationer. Slutligen har vi studerat den genetiska diversiteten
bland potatissorter som forvaras hos den nordiska genbanken. Nar potatisen
fran genbanken jamfors med foradlingsmaterialet frdn  SLUs
potatisforadlingsprogram blir det uppenbart att materialen & mycket nara
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besléktade och att de, precis som Europeiska potatissorter i allménhet, verkar
stamma fran en mycket begransad genetisk bakgrund.
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