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Chapter 1

Humans began to domesticate plants for food production around 12,000 years ago
(Larson et al.,, 2014). This technological innovation, at the core of the Neolithic
revolution, happened independently in many parts of the world. During this period,
groups of hunter-gatherers formed sedentary agrarian societies which ultimately
became the dominant form of human cultures (Olsson and Paik, 2016). Plant
domestication is the result of both deliberate as well as unconscious artificial selection
pressure set by early farmers on crop ancestors. This selection led to morphological
and physiological modifications distinguishing crops from their wild relatives
(Purugganan and Fuller, 2009). From Neolithic farmers to modern plant breeders, the
incremental adaptation of cultivated plants to human needs has been a continuous
process that is still ongoing. While the core principle of selecting superior individuals
within a variable population has remained constant, the rediscovery of Mendelian
genetics (Mendel, 1866) and the development of the infinitesimal model (Fisher, 1918)
in the early 20™ century has transformed the art of plant breeding into a science. In the
meantime, the focus of plant breeders has expanded beyond simplifying cultivation and
increasing yield to also include product quality and resistances to biotic and abiotic
stressors. The latter two targets will be crucial to safeguard food production in the
current context of climate change. Unfortunately, climate change is only one of the six
planetary boundaries known to be exceeded by humanity. In fact, our food production
systems contribute substantially to the transgressions of the biogeochemical flow (N
and P), land-system change, biosphere integrity, novel entities, and green water
boundaries (Persson et al., 2022; Steffen et al., 2015; Wang-Erlandsson et al., 2022).
Hence, contemporary plant breeders must develop crop varieties that enable resilient
food production while minimizing the impact of their cultivation on the biosphere.

To reach their goal, plant breeders may introgress valuable genes from crop wild
relatives. However, already within the domesticated gene pool much can be achieved
with the phenomena of transgressive segregation, whereby traits in the offspring fall
outside of the range of the parents, and heterosis, whereby a hybrid outperforms its
parents. Both phenomena are largely explained by the dispersal of favourable alleles
between parents, which in the case of heterosis must also show directional dominance
(Mackay et al., 2021). Thus, plant breeding boils down to reshuffling heritable variation
into superior combinations. Following technological developments, the identification of
superior allele combinations through phenotypical selection was supplemented by
marker-assisted selection and more recently by genomic selection. On the other hand,
the efficiency of reshuffling heritable variation was improved by gaining control over the
reproductive biology of crops. An example of this is the F; hybrid system which
facilitates the fixation of genetic gains through inbreeding and the exploitation of
heterosis through outcrossing. F1 hybrid breeding transformed maize production during



General introduction

the previous century and promises to revolutionize potato breeding in the current one
(Stokstad, 2019).

It is in this general context that this thesis was created. It aims to offer to breeders
more control over the reproductive biology of potato with the hope that this will
contribute to variety development with high yield in a variable climate while reducing
the impact of potato production on the environment. In the remainder of this chapter, |
will introduce the potato crop and highlight the limitations imposed by its reproductive
biology on current breeding strategies. Then, | will introduce elements of angiosperm
biology relevant to potato breeding with a focus on meiosis and mating systems. | will
conclude by presenting the scope and outline of this thesis.

Potato
The breeding history of the potato crop

Although the origin of the cultivated potato (Solanum tuberosum) remains debated it is
clear that potato was domesticated at least once in the Andes 8,000-10,000 years
ago (Spooner et al., 2005a, 2005b; Sukhotu and Hosaka, 2006). The production of
unreduced gametes by diploid potatoes (2n = 2x = 24) is arguably at the origin of the
Andean tetraploid landraces (2n = 4x = 48) (Watanabe and Peloquin, 1989) which
were introduced to the Canary Islands in 1567 (Hawkes and Francisco-Ortega, 1993).
After their introduction to Europe, potatoes admixed with Chilean landraces which
potentially contributed to their adaptation to long day conditions (Gutaker et al., 2019).
By the end of the 18™ century, potato had spread out from Europe and was cultivated in
most of the world temperate climate zones. Potato breeding gained momentum in
Europe and North America following the devastating late blight epidemics of the middle
of the 19" century (Jansky and Spooner, 2018). This period coincided with the
resurgence of Andean ancestry in historical European potato clones (Gutaker et al.,
2019). To this day, biotic resistance is one of the main drivers of potato breeding and
has resulted in a significant geneflow between potato wild-relatives and cultivars
during the latter part of the 20™ century (Vos et al., 2015). Overall, the potato genome
has been shaped by introgression breeding, which further contributed to its already
high level of heterozygosity (Hardigan et al., 2017; Hoopes et al., 2022). Today potato is
the 3 most important human food crop after wheat and rice and a staple food for 1.3
billion people worldwide (Stokstad, 2019). The potato market is divided in three
segments: the fresh segment for direct consumption, the processing segment for
French fries and crips and the industrial segment for starch and proteins extraction. For
all three commercial segments, the production is dominated by highly heterozygous
autotetraploid cultivars, vegetatively propagated through seed tubers.
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Despite the economical and nutritional importance of this crop, genetic gains in potato
have been limited compared to other major crops (Douches et al., 1996; Rijk et al.,
2013); a fact highlighted by the lasting popularity of century old cultivars such as Bintje
and Russet Burbank. This can be explained by 1) the fragmentation of the market which
requires to breed for different and sometimes opposite ideotypes and by 2) the
constrains set by potato reproductive biology on breeding strategies. Indeed, the
combination of allogamy, heterozygosity and tetrasomic inheritance makes it
challenging for breeders to reach fixation of favourable alleles and to remove
deleterious ones. Although tetraploid potatoes can be selfed, this is uncommon in
breeding programs due to the wish to combine traits from different parents and the fear
of inbreeding depression. Therefore, conventional breeding relies on crossing
heterozygous tetraploid parents to produce full-sib families. Because favourable alleles
are not fixed in those parents, the resulting progeny will display a wide range of
phenotypic segregants. Only a minor fraction of the offspring will display the desirable
levels for quality traits and yield potential necessary to become a new variety or a
progenitor clone. Importantly, the identification of those superior clones takes a
considerable amount of time and space due to vegetative propagation. Indeed, the low
multiplication rate of potato tubers combined with the destructive use of tubers for
phenotyping and the plot size needed for reliable yield estimation led to a clonal
selection cycle of 5-9 years (Gopal, 2015). With a single meiotic event per clonal
selection cycle, the amount of allelic rearrangement over time is much lower for potato
than for crops with an annual sexual reproduction. Consequently, some contemporary
potato varieties are only seven meiosis away from Rough Purple Chili, a clone
introduced to North America in 1851 and one of the founders of the contemporary
potato germplasm (Love, 1999; van Berloo et al., 2007).

Alternative potato breeding approaches

Recognizing the limitation of conventional potato breeding, Chase (1963) proposed an
alternative breeding approach based on ploidy manipulation. This so-called analytical
breeding consists of three major steps: 1) ploidy reduction, 2) breeding and
hybridisation with wild relatives at the diploid level and, 3) polyploidisation. To achieve
step 1, dihaploids (2n = 2x = 24) can be routinely produced by pollinating tetraploid
potatoes (2n = 4x = 48) with dihaploid inducer clones selected from diploid S.
tuberosum group Andigenum (formerly S. phureja) (Hermsen and Verdenius, 1973).
This is a laborious step and generally results in dihaploids exhibiting poor vigour and
fertility due to inbreeding depression (Hutten et al., 1994b). During step 2, dihaploids
can be crossed with wild relatives to improve their fertility and introgress traits of
interest such as disease resistances. Recurrent selection and genetic analysis can then
be performed more easily at the diploid level. Finally, during step 3, selected diploids
are brought back to the tetraploid level through somatic genome doubling or sexual
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polyploidisation. Since, increasing ploidy without adding new genetic variation does not
lead to superior cultivars (Aversano et al., 2015; Uijtewaal et al.,, 1987a), sexual
polyploidisation by means of unreduced gametes is preferred. Promising yields were
observed in tetraploid progenies derived from unilateral (4x x 2x) and bilateral (2x x 2x)
sexual polyploidisation (Hutten et al., 1994a; Kidane-Mariam and Peloquin, 1975;
Mendiburu and Peloquin, 1971). Although many progenitor clones and several varieties
such as Yukon Gold, Krantz, and Abbot were obtained through sexual polyploidisation,
the analytical breeding approach has not been widely adopted by commercial potato
breeders. This can be explained by the difficulty of obtaining fertile dihaploids, the
elusive genetic basis of unreduced pollen production and the cost of developing and
maintaining a diploid germplasm of agricultural value in addition to a tetraploid one
(Jansky and Spooner, 2018). Other alternative breeding approaches such as somatic
fusion of diploids (Wenzel et al., 1979) or the pursuit of apomixis (Hermsen, 1980)
similarly failed to deliver.

In the late seventies, early eighties, the usage of varieties grown from potato botanical
seeds, also known as true potato seeds (TPS), was advocated by the International
Potato Center (CIP) to facilitate both the multiplication and transport of starting
material, but also the management of diseases (Almekinders et al., 2009; Mendoza,
1985). This technology, (from now on termed CIP-TPS) was primarily targeted towards
Global South countries where seed tubers are either imported at high costs or
produced locally through informal systems which facilitate the accumulation of
diseases (Gildemacher et al., 2009; Thomas-Sharma et al., 2016). CIP-TPS varieties
were generally produced by intercrossing two tetraploid clones which resulted in a
progeny lacking uniformity. Alternatively, CIP-TPS varieties could be produced by
crossing a tetraploid female parent with a diploid male parent producing unreduced
gametes. This promising strategy was reported to improve the progeny uniformity
(Hutten et al.,, 1994a; Mendoza, 1985). Nonetheless, the limited agronomical
knowledge of TPS cultivation and the lack of uniformity of TPS varieties when
compared with seed tuber varieties limited the adoption of this technology.

Diploid F; hybrid breeding is another alternative potato breeding approach that has
gained popularity in recent years. This approach relies on the development of diploid
inbred lines and their subsequent hybridisation to produce uniform F hybrid varieties.
Those varieties can be propagated through TPS and benefit from aforementioned
advantages inherent to this technology without suffering from a lack of uniformity. In
addition, F4 hybrid breeding enables the fixation of genetic gains and the removal of
detrimental alleles during the inbreeding step. Inbreeding is enabled by the
identification of a dominant S-locus inhibitor gene (S/) conferring self-compatibility to
the normally self-incompatible diploid potatoes (Hosaka and Hanneman, 1998a,
1998b). Slii was used to generate the first diploid potato inbred lines via repeated

11 -



Chapter 1

selfing (Phumichai and Hosaka, 2006; Phumichai et al.,, 2006). The first proof of
concept that F1 hybrid breeding was feasible in potato came from the Netherlands a
few years later (Lindhout et al., 2011). The potential of F1 hybrid breeding was soon
recognized in China (Li et al.,, 2013) and in North American (Jansky et al., 2016),
starting a global effort to convert the highly heterozygous and tetraploid potato into an
inbred-line-based diploid crop. Inbreeding depression is a major obstacle to this
conversion and recent studies have highlighted the massive breeding and genomics
efforts needed to overcome this problem in only a few breeding lines (Zhang et al.,
2019; Zhang et al., 2021a).

In this thesis, | describe research that contributes ingredients to yet another breeding
method, Fixation-Restitution breeding, which aims to solve the limitations of
conventional potato breeding but also of F; hybrid breeding. To do so, this method
simply combines Chase analytical breeding with self-compatible diploid clones. As in
Fi hybrid breeding, self-compatible diploids clones are used in rapid backcrossing
schemes to accumulate favourable alleles. As in analytical breeding, those partial
inbred lines can be hybridised to produce superior diploids which can then transfer
their genetic make-up to the tetraploid level via sexual polyploidisation. Fixation-
Restitution breeding, circumvent the need to reach the genome wide homozygosity,
essential for F4 hybrid uniformity, and thus limit the burden of inbreeding depression. It
also bypasses the need to develop heterotic groups of diploid inbred lines by exploiting
the current tetraploid elite germplasm in interploidy crosses.

Aspects of angiosperm reproductive biology relevant
for potato breeding

Mating systems

Although most flowering plants are simultaneous hermaphrodites and could therefore
self-fertilize, nearly half of them (including diploid potato) are allogamous due to the
presence of self-incompatibility systems (Renner and Ricklefs, 1995). Self-
incompatibility is an intraspecific reproductive barrier that prevent self-fertilization by
allowing the pistil to discriminate between self- and non-self-pollen. This
discrimination is generally mediated by a male and a female determinant encoded at a
single genetic locus (S-locus) by multiallelic genes (Takayama and Isogai, 2005). In
diploid potato, like in other gametophytic self-incompatible species from the
Solanaceae, Rosaceae, and Plantaginaceae families, the female determinant encodes
for cytotoxic S-RNases that inhibit pollen tube growth in the style (Hua et al., 2008; Lee
et al., 1994; Murfett et al., 1994). The male determinant encodes for a combination of
S-locus F-box proteins (SLF) that can mediate the ubiquitination of some S-RNases
(Kubo et al., 2015; Sijacic et al., 2004). According to the collaborative non-self-
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recognition model (Kubo et al., 2010), the combined action of the SLFs encoded by one
S-haplotype results in the recognition and degradation of all S-RNases except of the
one encoded by their own haplotype. Hence, self-incompatibility occurs when the S-
haplotype of the pollen matches either of the two S-haplotypes of the style. This
elegant model also provides an explanation for the phenomenon of competitive
interaction that allows tetraploid potatoes to become self-compatible (Olsder and
Hermsen, 1976). When tetraploid clones produce diploid heteroallelic pollen that
expresses two complementary sets of S-locus F-box proteins (SLFs), all S-RNases are
ubiquitinated, which breaks down gametophytic self-incompatibility.

Recently, self-compatible diploid potato clones were engineered by a knock-out of the
gene encoding for the S-RNase (Enciso-Rodriguez et al.,, 2019; Ye et al., 2018).
Furthermore, a self-compatible diploid clone bearing a naturally weakly expressed S-
RNase was recently identified (Zhang et al., 2019). Other cases of self-compatibility
among S. tuberosum dihaploids were reported in earlier studies (De Jong and Rowe,
1971; Olsder and Hermsen, 1976), but the genetic and mechanistic basis of their self-
compatibility remained undetermined prior to this thesis. Despite those alternative
options, the most widely used source of self-compatibility is the dominant gene Sl/
originally identified from a S. chacoense accession and located on chromosome 72
(Hosaka and Hanneman, 1998a, 1998b). The causal gene behind S/ was recently
shown to encode for a pollen-expressed F-box protein functioning as a general S-
RNase inhibitor (Eggers et al., 2021; Ma et al., 2021).

Meiosis

Meiosis is a specialized cell division found in sexually reproducing organisms that
ultimately leads to the production of four haploid gametes out of a single diploid mother
cell. This is achieved via two successive divisions, meiosis | and meiosis Il, following a
single S-phase. During meiosis Il sister chromatids are separated in a division
resembling a haploid mitosis (Mercier et al., 2015). In contrast, meiosis | is
characterized by the formation of crossovers and the separation of homologous
chromosomes (Zickler and Kleckner, 2015). Meiosis is also responsible for the
reassortment of allelic variation over generations, making it a major source of genetic
diversity upon which both natural and artificial selection can act (Mercier et al., 2015).

Meiotic Recombination

The process of meiotic recombination is initiated during prophase | by the formation of
DNA double-strand breaks (DSBs). DSBs are induced by a complex of proteins that
includes the highly conserved SPO11 (de Massy, 2013). DSBs occur in large numbers
per mother cell (e.g. ~200 in Arabidopsis thaliana (Sun et al., 2012) and ~2000 in
wheat (Gardiner et al., 2019)) and need to be repaired to preserve genome integrity.
The repair mechanism starts with the resection of DNA strands resulting in 3’ single-
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strand overhangs (Neale et al., 2005). One of those overhangs may then invades a
sister or non-sister chromatid to form a D-loop (Lambing et al., 2017). Non-sister
chromatid invasion leads to the formation of recombination intermediates that can be
resolved either as crossovers (CO) or as non-crossovers (NCO) depending on the
pathways involved. In addition, COs can be sub-divided into two classes each
generated by their own pathways (Mercier et al., 2015). In the ZMM pathway (an
acronym for the Saccharomyces cerevisiae proteins Zip1-4, Msh4-5 and Mer3), double
Holliday junction intermediates are formed and resolved as class | COs. Class | COs
represent 75-85% of COs in A. thaliana and are sensitive to interference, meaning that
the occurrence of a CO inhibits the formation another CO nearby (Higgins et al., 2004;
Mercier et al., 2005). In the second pathway, dependant on the MUS81 protein,
unknown recombination intermediates are resolved to form class Il COs. Class Il COs
account for the remain 15-25% of COs and are interference insensitive (Berchowitz et
al., 2007). Finally, NCOs results from the dissolution of double Holliday junction and
MSU81 recombination intermates, and from a third pathway named synthesis
dependent strand annealing (SDSA). In the SDSA pathway, the strand invasion is
rejected, and the damaged chromosome is repaired via DNA synthesis using the non-
sister chromatid as template. Overall, only a minority of DSBs are repaired as COs
leading to 1-3 COs per bivalent in most eukaryotes (Mercier et al., 2015). The presence
of at least one CO per bivalent, known as obligate CO, is essential to guarantee that the
connexion between homologous chromosomes is maintained until anaphase I. This CO
provides a counterforce to the pole directed spindle forces ensuring the proper
positioning and segregation of chromosomes during meiosis | (Page and Hawley, 2003).

The ability to manipulate meiotic recombination is a breeder’s dream. On the one hand,
increasing the frequency of meiotic recombination can speed up plant breeding. With
several COs per chromosome, breeders could obtain in a single generation a
combination of multi-recombinant haplotypes that would otherwise take several
generations to create. On the other hand, decreasing the frequency of meiotic
recombination would allow breeders to preserve previously selected allelic
combinations. For example, the reverse breeding strategy relies on the reduction or the
elimination of COs to obtained gametes with non-recombinant parental chromosomes
from which doubled haploids can be regenerated (Calvo-Baltanas et al., 2020; Dirks et
al., 2009). Similarly, apomeiosis, a phenotype in which meiosis is replace by a mitosis-
like division, was engineering in A. thaliana and rice by eliminating recombination,
modifying chromatid segregation and supressing the second meiotic division (d’Erfurth
et al., 2009; Mieulet et al., 2016). This is regarded as an important step towards the
introduction of apomixis (i.e. clonal reproduction through seeds) in crops, a feat which
would revolutionize plant breeding and agriculture by allowing the fixation of heterosis
(Conner and Ozias-Akins, 2017). In potato, an utopian breeding scheme replacing
vegetative propagation with elements of apomixis was proposed to deliver uniform and
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vigorous TPS varieties (Hermsen, 1980; Hermsen et al., 1985). This scheme relies on
natural potato mutants with a reduced frequency of recombination, originally referred
to as desynaptic (Jongedijk and Ramanna, 1989, 1988). Lack of crossovers results in a
chaotic first meiotic division and the formation of unbalanced gametes. However, when
combined with another meiotic alteration that restitutes the first meiotic division, these
mutants can produce balanced unreduced gametes that preserve most of the parental
heterozygosity (Jongedijk et al., 1991a, 1991b).

Ploidy Reduction

One of the crucial roles of meiosis is to maintain ploidy level across generations. This is
achieved by halving the somatic humber of chromosomes during gamete production.
When fertilization occurs, the gametes fuse, restoring the original ploidy level in the
offspring. However, the production of unreduced gametes with a somatic (2n) rather
than a gametophytic (n) number of chromosomes has been observed in a wide variety
of plant species (Harlan and de Wet, 1975; Kreiner et al.,, 2017a; Ramanna and
Jacobsen, 2003). When those unreduced gametes participate in fertilization, polyploid
offspring are produced in a process known as sexual polyploidisation (Palumbo et al.,
2021). Unreduced gametes can result from a variety of cytological events that include
pre- or post-meiotic genome doubling and several meiotic restitution mechanisms (de
Storme and Geelen, 2013). Meiotic restitution mechanisms are caused by a
combination of environmental and genetic factors (de Storme and Geelen, 2014, 2013).
Depending on the mechanism at play, unreduced gametes can have a drastically
different genetic composition. Unreduced gametes that are composed of homologous
chromosomes preserve most of the parental heterozygosity and are genetically
equivalent to First Division Restitution (FDR). In contrast, unreduced gametes that are
composed of sister chromatids have a higher degree of homozygosity and are
genetically equivalent to Second Division Restitution (SDR) (Ramanna and Jacobsen,
2003). In species that undergo a simultaneous cytokinesis, the most common
mechanism of meiotic restitution is the mis-orientation of meiosis Il spindles
(Bretagnolle and Thompson, 1995). This mechanism brings the non-sister chromatids,
initially separated in Ml together, effectively equivalent to FDR. In A. thaliana, two genes,
AtPS7 (d’Erfurth et al., 2008) and At/AS (de Storme and Geelen, 2011; Erilova et al.,
2009), are known to specifically regulate the orientation of meiosis Il spindles.
Knocking out either of these genes results in the formation of FDR unreduced pollen.
On the other hand, the production of SDR unreduced gametes is generally associated
with a failure of entering meiosis Il. This phenotype is observed in A. thaliana loss-of-
function mutants of the cyclin TAM and of the protein OSD1 (d’Erfurth et al., 2010;
d’Erfurth et al., 2009).

Unreduced gametes are valuable to plant breeders, who use them to link germplasm of
different ploidy levels and to create new polyploids (Ramanna and Jacobsen 2003;
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Younis et al. 2014). Specifically, disease resistances have been transferred from
diploid wild-relatives of potato into tetraploid cultivars via unreduced gametes (Ortiz et
al. 1994; Capo et al. 2002). From a heterosis standpoint, potato breeders prefer FDR
unreduced gametes as they preserve ~80% of parental heterozygosity while SDR
unreduced gametes only retain ~40% (Douches and Quiros, 1988a, 1988b; Jongedijk
et al.,, 1991a; Peloquin et al.,, 2008). As a result, progenies derived from FDR
unreduced gametes show a significant yield increase compared to those derived from
SDR unreduced gametes (Hutten et al., 1994a; Kidane-Mariam and Peloquin, 1975;
Mendiburu and Peloquin, 1977). In potato three meiotic restitution mechanism leading
to unreduced gamete formations have been identified, one involving the mis-orientation
of meiosis Il spindles, and two involving premature cytokinesis (Mok and Peloquin,
1975a). Although all three mechanisms were initially described as independent
monogenic and recessively inherited traits (Mok and Peloquin, 1975b), the validity of
Mendelian interpretations of variable levels of unreduced gametes was questioned by
Hermsen et al. (1985) showing that the thresholds used for phenotypic classification
were ambiguous. Subsequent studies suggested a more complex genetic regulation of
unreduced pollen production in potato (Dongyu et al., 1995; Ortiz and Peloquin, 1992).

Scope and outline of the thesis

The main objective of this thesis was to investigate the components required to enable
the Fixation-Restitution breeding strategy. This strategy makes use of self-compatible
diploid clones that can produce unreduced pollen to combine the ease of fixating
genetic gains at the diploid level with the heterozygosity offered by tetraploidy. To
achieve this goal, this thesis focuses on unravelling the genetic basis of self-
compatibility, crossover reduction, and unreduced pollen production in potato.

In Chapter 2, we studied the inheritance of self-compatibility in two diploid potato bi-
parental populations. Using a k~~-mer based bulk segregant analysis, we mapped self-
compatibility on chromosome 72in both populations. We further used those k&-mers for
haplotype mining and realised that the self-compatible haplotype we identified was
indistinguishable from the S//haplotype, originally described in Solanum chacoense. To
our surprise, this haplotype was abundantly present among tetraploid S. tuberosum
cultivars where it was hiding in plain sight due to the breakdown of gametophytic self-
incompatibility at the tetraploid level. Finally, we developed a set of KASP markers
enabling marker-assisted selection of self-compatibility.

In Chapter 3, we skim-sequenced a large bi-parental diploid potato population and
used the resulting data to create high-density linkage maps. Those parental maps
highlighted differences in male and female recombination rate and exposed structural
variations, notably a 5.8 Mb inversion on chromosome 3. We then focussed on
transmission ratio distortion, a potential indicator of major deleterious mutations. We
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identified 10 loci subject to transmission ratio distortion and four pairs of loci involved
in non-independent assortment of alleles. Finally, we performed a QTL analysis for
seedling tuber yield in pots and for pollen shed. Tuber yield in pots was essentially
explained by a major-effect QTL colocalising with StCDF7. We also identified five
minor-effect QTLs epistatic to StCDF7 allelic combinations. For pollen shed, a crucial
element of male fertility, we identified a total of seven QTLs including a major-effect
locus located on chromosome 2.

In Chapter 4, we investigated the inheritance of desynapsis, a meiotic aberration in
which maintenance of homologous chromosome pairing is compromised due to a
strong reduction in crossover numbers. This results in few bivalents, many univalent
and unbalanced chromosome segregation during meiosis I. In this thesis we use the
historical term desynapsis to describe this phenomenon, albeit the term chiasmata
shortage may be less ambiguous. In modern literature desynapsis is more commonly
used to refer to the withdrawal of the synaptonemal complex during diplotene which is
part of the normal meiotic program (Dix et al., 1997; Guan et al., 2020). Exploiting the
segregation of both desynapsis and FDR unreduced pollen within the population
genotyped in Chapter 3, we used pollen microscopy to identify individuals with
unstainable haploid and stainable unreduced pollen to classify synaptic and desynaptic
individuals. Next, we ran a QTL analysis and identified a single causal locus on the
short arm of chromosome 8. Within this region, the most likely candidate gene was
StMSH4, an essential component of the class | crossover pathway. We discovered that
an exonic 7 bp insertion in StMSH4 was associated with desynapsis in our mapping
population. Mining the growing number of potato assemblies, we discovered another
allele with a 3820 bp exonic insertion and confirmed that both alleles cannot
complement each other. We subsequently showed that non-functional StMSH4 alleles
are present in many European cultivars and discuss the opportunities and limitations
offered by desynapsis in the context of potato breeding.

In Chapter 5, we studied the mechanism of formation and the inheritance of
unreduced pollen in three diploid potato bi-parental populations. In our three
populations, the level of unreduced pollen production segregated quantitatively, and
this variation was mainly due to genotypic effects. We identified three major-effect and
two minor-effect QTLs regulating this trait. Two major-effect QTLs colocalised with
genes showing homology to At/AS, a key regulator of meiosis Il spindles orientation in A.
thaliana. Those candidate genes were consistent with the cytological observations of
mis-oriented metaphase Il plates detected in some of the parental clones of our
populations. Finally, we identified sequence variants expected to affect the
functionality of those candidate genes, specifically an exonic transposon insertion in
the first candidate genes and an amino acid substitution within a highly conserved
domain in the second one. Overall, this chapter sheds light on the natural variation
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associated with unreduced pollen production and will facilitate interploidy breeding in
potato.

In Chapter 6, | discussed the main findings of this thesis in the context of potato
breeding. | exposed how the mutations identified in this thesis can be combined, in the
context of Fixation-Restitution breeding, to improve potato breeding efficiency. | argued
that this can be achieved without relying on fully homozygous inbred lines and thus
circumvent the challenges of inbreeding depression. | also reflected on the forward
genetic strategy employed throughout this thesis and proposed that adopting a
"translational genomics" approach could accelerate the identification of natural
mutations affecting potato sexual reproduction.
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Chapter 2

Abstract

Self-compatible (SC) diploid potatoes allow innovative potato breeding. Therefore, the
Sli gene, originally described in S. chacoense, has received much attention. In elite S.
tuberosum diploids, spontaneous berry set is occasionally observed. We aimed to
map SC from S. tuberosum origin. Two full-sib mapping populations from non-inbred
diploids were used. Bulks were composed based on both pollen tube growth and berry
set upon selfing. After DNA sequencing of the parents and bulks we generated &~-mer
tables. Set algebra and depth filtering was used to identify bulk-specific k-mers.
Coupling and repulsion phase k-mers, transmitted from the SC parent, mapped in both
populations to the distal end of chromosome 72. Intersection between the k&-mers from
both populations, in coupling phase with SC, exposed a shared haplotype of
approximately 1.5 Mb. Subsequently we screened read archives of potatoes and wild
relatives for ~~mers specific to this haplotype. The well-known SC clones US-W4 and
RH89-039-16, but surprisingly, also S. chacoense clone M6 were positives. Hence, the
S. tuberosum source of SC seems identical to S/i. Furthermore, the candidate region
drastically reduced to 333 kb. Haplotype specific KASP markers were designed and
validated on a panel of diploid clones including another renown SC dihaploid G254.
Interestingly, ~~-mers specific to the SC haplotype were common in tetraploid varieties.
Pedigree information suggests that the SC haplotype was introduced into tetraploid
varieties via the founder ‘Rough Purple Chili. We show that S/ is surprisingly
widespread and indigenous to the cultivated gene pool of potato.
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Introduction

Despite potato being a major food crop, genetic gains for yield has been insignificant
over the last century (Douches et al., 1996) while for maize yield increases of 1% per
year have been achieved (Duvick, 2005). This lack of progress in breeding is embodied
by century old varieties, such as Russet Burbank and Bintje, still widely grown today
(Lindhout et al., 2011). Sexual reproduction of potato is characterized by polyploidy,
tetrasomic inheritance of multiple alleles, and inbreeding depression upon selfing.
Tetraploids can be selfed, but in conventional breeding this is uncommon. Hence,
conventional potato breeding by crossing two highly heterozygous tetraploid clones is a
numbers game, and the probability to find progeny with many combinations of
beneficial alleles is small. Likewise, selection against mutational load in the
germplasm is hardly feasible because deleterious recessive alleles are rarely exposed.
Furthermore, clonal selection takes five to nine years (Gopal, 2015) due to the
destructive use of tubers for phenotyping and the modest tuber reproduction rate. More
importantly, with a single meiotic event per clonal selection cycle, the amount of allelic
rearrangement over time is much lower than for crops with annual sexual reproduction
(Jansky and Spooner, 2018). To overcome the limitations of conventional breeding,
alternatives breeding schemes have been proposed. Analytical breeding, proposed by
Chase (1963) involves ploidy reduction and breeding at the diploid level, followed by
resynthesis of tetraploids. Recently, F1 hybrid breeding at the diploid level has been
proposed (Jansky et al., 2016; Lindhout et al., 2011), where inbred lines allow fixation
of genetic gains and removal of unfavourable alleles. This requires self-compatible
diploid germplasm tolerating inbreeding depression. However, while tetraploid
potatoes are self-compatible, at the diploid level an S-RNase based gametophytic self-
incompatibility system prevents inbreeding (McClure et al., 2011; Nettancourt, 1997).

S-RNase-based self-incompatibility (Sl) is found among the Rosaceae, Plantaginaceae
and the Solanaceae (McClure et al., 2011; Nettancourt, 1997). It is controlled by a
single, highly polymorphic S-locus, encoding for a style specific S-RNase gene and
several pollen-specific Slocus F-box (SLF) genes (Kao and Tsukamoto, 2004).
Molecularly, Sl is due to the cytotoxic effect of S-RNases inhibiting pollen tube growth
in the style (Lee et al.,, 1994; Murfett et al., 1994). On the other hand, self-
compatibility (SC) result from the SLF mediated ubiquitination of style S-RNases (Kubo
et al., 2015; Sijacic et al., 2004). As predicted by the collaborative non self-recognition
model (Kubo et al.,, 2010), each SLF allelic variant can specifically mediate
ubiquitination of some of its non-self S-RNases and the combined action of the SLFs of
one S-haplotype mediates degradation of all except its own S-RNases (Sun et al.,
2018). Hence, Sl occurs when the S-haplotype of the pollen matches either of the two
S-haplotypes of the style. In potato, the S-locus is located on chromosome 7
(Gebhardt et al., 1991; Jacobs et al., 1995) within a region of low recombination,
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consistent with the hypothesis that Sl can only be maintained in the absence of
recombination between S-RNases and SLFs (Kubo et al., 2015). Tetraploids are SC
because their diploid pollen is heteroallelic. The expression of two different sets of
SLFs enables mutual weakening or competitive interaction (Kubo et al., 2010) resulting
in the ubiquitination of all S-RNases.

SC diploid clones can be engineered by the introduction of an extra SLF gene to induce
competitive interaction, or by knock-out of the S-RNase (Enciso-Rodriguez et al., 2019;
Ye et al., 2018) or other essential genes such as A7 (Kondo et al., 2002). Alternatively,
SC can be introgressed from natural mutants since SC clones have been spotted
among several Sl relatives of potato (Cipar et al.,, 1964). For instance Zhang et al.
(2019) recently described the S. stenotomum \landrace Huasa Amarilla (a.k.a. C151 or
CIP 705468) as SC. The most well-known source conferring SC is the dominant S/ (S
locus inhibitor) gene originally identified in chc 525-3, a clone of the typically self-
incompatible species S. chacoense (Hosaka and Hanneman, 1998a). Subsequent
hybridisation between chc 525-3 and S. phurejawas used to introduce SC in cultivated
potato (Phumichai et al., 2006). Seven generations of inbreeding of another Slibearing
S. chacoense clone lead to the selection of the highly homozygous clone M6
(previously known as chc 523-3) (Jansky et al., 2014). SC is also found in S. tuberosum
germplasm. So far, three clones have been described in the literature: US-W4 (de Jong
and Rowe, 1971) and G254 (Olsder and Hermsen, 1976), dihaploids extracted from
Minn. 20-20-34 and Gineke respectively, and the diploid clone RH89-039-16 (Peterson
et al., 2016). Interestingly, in three independent mapping studies the distal end of
chromosome 72 was associated with self-compatibility, or self-fertility: 1) the S//gene
of chc 525-3 (Hosaka and Hanneman, 1998b); 2) fruit set upon selfing in clone RH89-
039-16 (Peterson et al., 2016); and 3) a major QTL for SC using clone CD-320-20
(Gardner et al.,, 2019). Clone CD-320-20 is derived from US-W4 (personal
communication Dr. Walter S. De Jong, Cornell). Innovation of potato breeding would
benefit from broadening the gene pool of self-compatible germplasm with good
agronomical traits. In our diploid breeding program, we recoghised plants with
spontaneous berry set which could represent new sources of SC. Therefore, it seems
prudent to characterize these additional SC sources from potentially different genetic
backgrounds.

As whole genome sequencing (WGS) becomes more affordable, mapping by DNA
sequencing of bulks has been applied successfully to identify the causal loci of various
traits of interest (Schneeberger et al., 2009; Tribhuvan et al., 2018; D. Wu et al., 2018).
The recently developed Comparative Subsequence Sets Analysis (CoSSA), based on
sub-reads (k-mers) and set algebra, has proven its efficiency and robustness to identify
haplotype specific SNPs linked to a potato wart resistance gene (Prodhomme et al.,
2019). The use of pedigree information allows to confirm haplotype specificity of
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sequence variants via clones identical-by-descent (IBD) and to trace back the origin of
specific haplotypes. In this study, we used the CoSSA workflow to map SC in two
segregating diploid potato populations. Subsequently, we developed haplotype specific
KASP markers for marker assisted breeding. Finally, sequencing data was used to
compare various SC clones and to traced back the origin of SC with the help of
pedigree information.

Materials and Methods

Plant material

Two diploid S. tuberosum mapping populations were developed: IVP16-587 and
IVP17-618, both segregating for SC (pedigree information shown in Suppl. Fig. 1).
During previous growing seasons, spontaneous berry set was observed on IVP11-389-
22, the female parent of population IVP16-587 and on IVP06-158-2 the male parent of
population IVP17-618. Both mapping populations were sown in July 2018, and 100
vigorous seedlings per population were transplanted in five litre pots in an open ground
greenhouse compartment with drip irrigation and wet pad-and-fan evaporative cooling
system.

Phenotypic observations

Phenotypic data were collected on pollen fertility, female fertility, pollen tube growth in
the style, berry set and seed set. Pollen fertility was examined by light microscopic
estimating the percentage of stainable pollen using 0.2% acid fuchsine (1% fuchsine
w/v glacial acetic acid 12.5%, 25% water, 67.5% glycerol). During a six weeks
flowering period, every other day, up to three flowers per plant were selfed, until at
least five up to 13 flowers were selfed. Other flowers were used to evaluate male and
female fertility with testcrosses using unrelated diploids with known male and female
fertility to distinguish infertility from self-incompatibility. The number of berries was
recorded after eight weeks. Seed set in ripened fruits was examined to rule out
parthenocarpic development. The amount of seed per berry was visually estimated on
an arbitrary scale from 1 (few) to 3 (many) by cutting three berries per plant.

Pollen tube growth in the style and pollen tube arrest was observed under UV
microscope with a DAPI filter (excitation filter 365 nm; dichroic mirror 425 nm;
emission filter 470 nm). In three replications styles were collected 48 hours after
selfing. The fixation and staining protocol followed Peterson et al. (2016). Images were
taken with the Zeiss Axiomcam 305 colour camera to record the amounts and growth
of pollen tubes in the style near the stigma and near the ovary (Fig. 1). This was scored
on an arbitrary scale from 0 to 3 as follows: no pollen tube, few pollen tubes (less than
20), some pollen tubes, many pollen tubes. Plants with few pollen tubes near the
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stigma, or inconsistent scores between biological replicates were excluded from
evaluation.

Figure 1:Pollen tube growth in style. a) Pollen tube growth from stigma to style. b) Ovary end of a self-
compatible clone with pollen tubes reaching the ovary. ¢) Ovary end of a self-incompatible clone without
pollen tubes reaching the ovary.

Kendall's Tau correlation (t) was calculated for the phenotypic observations described
above. Plants were regarded as SC when a substantial amount of pollen tubes reached
the ovaries and resulting in more than 75% berry set. SI was concluded when all (or
occasionally when almost all) tubes showed growth arrest in the style and none
reached the ovaries. This resulted in bulking 10 SC and 11 Sl plants for population
IVP16-587, and 12 SC and eight Sl plants for population IVP17-618.

Genotyping

To identify the SC locus we followed the Bulked Segregant Analysis method (BSA;
Michelmore et al., 1991). Vigorous offspring yielding berries with seeds and without
stylar pollen tube arrest were selected and pooled in the SC bulk. Offspring with stylar
arrest of pollen tube growth, berry drop upon selfing and berry set upon crossing with
fertile testers were pooled in the Sl bulk. This results in four DNA samples per mapping
population indicated as PSC and PSI representing the two parental lines and BSC and
BSI representing the bulks. The samples BSC and BSI were created by pooling equal
amounts of young leaf tissue. DNA was extracted with DNeasy 96 Plant Kit (QIAGEN,
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Venlo, NL) and from each sample, 25Gb of clean sequences (100 bp paired-end small
insert) were ordered from BGI (Copenhagen, DK) according to manufacturer’s
conditions. The sequencing data generated is available from the European Nucleotide
Archive (ENA) under the BioProject ID PRJEB36551.

Read archives of SC diploid clones RH89-039-16, M6 and US-W4, were retrieved from
the ENA (BioProject ID PRIEB2504, PRINA362370 and PRINA356643 respectively).
Pair-ends runs ERR033768, ERR033769, ERR033770, ERR033771, ERR033772 and
ERR033773 were used for RH89-039-16; SRR5264017, SRR5264021 and
SRR5264022 were used for M6; and SRR5090798 for US-W4. The read archive of
(Hardigan et al. 2017), describing DNA sequence diversity of wild tuber-bearing
Solanum species, landraces and American varieties, was retrieved from BioProject
PRINA378971. The Solanum phureja DM1-3 (DM) pseudomolecule DM v4.03 was
retrieved from Spud DB (http://solanaceae.plantbiology.msu.edu/).

Bulk specific k~-mers were identified with the CoSSA strategy (Prodhomme et al. 2019;
https://github.com/cprodhom/CoSSA-workflows). In short, sequence reads were
quality trimmed and adapter sequence where removed using Trimmomatic (v0.32)
(LEADING:3, TRAILING:3, SLDINGWINDOW:4:15 and MINLEN:70) (Bolger et al.,
2014). The Glistmaker program of the GenomeTester4 toolkit (Kaplinski et al., 2015)
was used to build 4-mer tables for each sample in this study. A &~mer size of 31
nucleotides was selected, compromising between sequence uniqueness and
sequence correctness. K-mers observed with a frequency of one were removed from
the dataset as they were likely caused by sequencing errors. The GlistCompare
program of GenomeTester4 was then used to perform set operations such as union,
intersection or differences.

K-mers in coupling and repulsion phase with SC were obtained using set operations, as
illustrated in Fig. 2 and the resulting volumes of &~-mers are reported in Suppl. Table 1.
Hereafter we use the A\B and AMNB notation to indicate the set difference (elements
specific to A) and the intersection of elements shared between the sets A and B.
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Figure 2: Set operations shown as Venn diagram. Intersections of ~-mers from the SC (orange oval) and SI
parent (red oval), and the SC (green oval) and Sl bulk (blue oval) result in identification of <-mers associated
with SC in coupling phase (green star) or re repulsion phase (blue star).

K-mers in coupling phase with a dominant SC locus must be specific to the SC-bulk
and transmitted from the SC-parent. They are obtained from the intersection between
SC-bulk specific and SC-parent specific <~-mers. Using set algebra notation, those
operations can be summarized as (BSC\BSI)(PSC\PSI)). Kmers in repulsion phase
with the SC locus must be specific to the Sl-bulk and transmitted from the SC-parent.
Assuming that the haplotype in repulsion phase with the SC locus in the SC-parent is
not shared with the Sl-parent, the &~-mers linked in repulsion phase are obtained via the
operation (BSI\BSC)N(PSC\PSI).

Tables of k~~-mer spectra (reported in Suppl. Table 2) were mapped to DM v4.03 using
BWA aln (v0.7.12) allowing 3 mismatches. The number of &mers per 1 Mb bins,
counted using bedtools (v2.25) (Quinlan and Hall, 2010), were plotted using Matplotlib
(Hunter, 2007).

K-mer analysis were performed independently for mapping populations IVP16-587 and
IVP17-618. The intersection between kmers in coupling phase with the SC locus of
IVP16-587 and IVP17-618 (IVP16/17SCcoup) to test if the two mapping populations
shared the same SC haplotype. The resulting table was depth refined, mapped and
plotted as described above.
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Comparison with reads archives

To investigate the origin of the SC haplotype, we used this IVP16/17SCcoup k-mer
table to assess the presence of the SC haplotype specific ~-mers in well-known SC
diploid clones M6, RH89-039-16, US-W4 and C151, and in a panel of potato varieties,
landraces and wild relatives (Hardigan et al.,, 2017). To do so we computed the
intersection between our IVP16/17SCcoup A-mers and the k-mers generated from
these read archives (Suppl. Table 3). The resulting k~~mers tables were depth refined
and mapped as described above. The number of &-mers per bins of 50kb was counted
and plotted using seaborn (Waskom et al., 2014). Alternatively, mapped k-mers were
directly visualised using Integrative Genome Viewer v.2.5.3 (IGV) (Robinson et al.,
2011). Finally, the online potato pedigree database (van Berloo et al., 2007) was used
for the familial interpretation of our data.

Estimation of genetic distances

Genetic distances between clones were estimated using the Mash algorithm version
2.2 (Ondov et al., 2016). Mash distances resemble Jaccard index between k-mers sets
and correlate well with the average nucleotide identity. Trimmed reads were used as
input with default sketches parameters and 31-mers. The distance matrix obtained
was used in a Principal Coordinate Analysis (PCoA) and plotted with Past version 3.26
(Hammer et al., 2001).

Results

Analysis of SC related phenotypic data and bulk composition

Out of the 100 plants grown in populations IVP16-587 and IVP17-618, 57 and 47
plants were excluded from analysis, respectively, because of poor vigour or because
less than nine flowers could be selfed. Phenotypic data on berry set, amounts of seed
set, pollen viability and amounts of pollen tube growth were collected on the remaining
plants (Suppl. Table 4).

Kendall’s Tau correlations between pollen stainability, amount of pollen tubes in the
style near the stigma, berry set, and seed set were weak and t never exceeded 31%. In
contrast, the amount of pollen tubes in the style near the ovary correlated strongly with
berry set (t = 0.64 and 0.69 in population IVP16-587 and IVP17-618, respectively).
Berry set correlated reasonably well with the amounts of seed per berry (t = 0.60 and
0.51). This is consistent with the observation that parthenocarpic fruit development
was not frequent and typically observed only when flower drop (no berry set) was
already high.

Among the 43 remaining plants of IVP16-587, 15 plants did not set any berry and were
considered SI, while 13 plants with more than 75% of berry set were considered SC.
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Hence fifteen plants were inconclusive based on berry set alone. Among the 53
remaining plants in IVP17-618, 14 plants did not set any berry and were considered Sl,
while 11 plants with more than 75% of berry set were considered SC, leaving 28 plants
inconclusive based on berry set alone. For both populations, we find no reason to reject
a 1:1 Mendelian segregation for SC or Sl, when inconclusive plants are ignored. We
used the assumption that SC inherits as a monogenic dominant trait, in our subsequent
strategy to bulk samples and to perform and analyse &~-mer operations.

In addition to this first classification based on berry set, we used pollen tube arrest as
an additional criterion, as well as a threshold of at least nine self-pollinated flowers.
Pollen tube arrest — recorded as a strong decrease of the amount of pollen tubes from
stigma to ovaries — resulted in berry drop. Likewise, unaffected amounts of pollen tubes
near the ovaries resulted in berry set. Finally, our interpretation of reproduction traits
resulted in the following bulks: BSC N=10 and, BSI N=11 plants for IVP16-587; and
BSC N=12 and, BSI N=8 plants for IVP17-618.

Comparative Subsequence Sets Analysis (CoSSA) to identify

haplotype specific SNPs associated with Self Compatibility

DNA sequencing of the SC and Sl parents and SC and Sl bulks (PSC, PSI, BSC, BSlI) of
both populations yielded between 27 and 29 Gb of sequence data for each sample
(reported in EMS2). Considering a haploid genome of 844 Mb, this represents a read
depth of ~34x per diploid parent or 17x per haploid genome. Assuming a uniform
sequence coverage, the expected depth of 31-mers per haploid genome is ~12x and
agreed well with observed k-mer spectra (reported in Suppl. Table 2). Hence, tables of
k-mers associated in coupling and repulsion phase with SC can be refined by selecting
for a depth between 6x and 23x. We followed CoSSA (Prodhomme et al, 2019) to
identify haplotype specific SNPs via set algebra.

In population IVP16-587, out of the 62,128,547 SC bulk specific <~-mers (BSC\BSI), 58%
were transmitted from the SC parent only ([BSC\BSIJN[PSC\PSI]). After depth filtering
we kept 20,972,831 unique k-mers assumed to be linked in coupling phase with a
dominant SC locus. Similarly, 81,326,597 k-mers were unique to the Sl bulk (BS\BSC)
out of which 40% were inherited from PSC only ([BS\BSC]N[PSC\PSI]), giving after
depth filtering 17,935,863 unique A~-mers assumed to be associated in repulsion phase
with SC. From the sets of A~-mers associated in repulsion and coupling phase with SC,
92% and 84% could be mapped to DM v4.03 respectively. In Fig. 3 the volumes of
unique k-mers are plotted to the potato chromosomes in 1 Mb intervals.
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Figure 3: Self-compatibility mapped to the distal end of chromosome 12 using density graphs of unique -
mers mapped in 1 Mb bins of the reference genome DM v4.03. K~mers associated in coupling phase (solid
blue line) or in repulsion phase with SC in population IVP16-587 (dashed orange line). K“mers in coupling
phase (solid green line) or repulsion phase (dashed red line) with SC in IVP17-618. Intersection of coupling
phase linked A~-mers shared by IVP16-587 and IVP17-618 (dashed-dotted purple line).

Strikingly, 39.8% of the &mers associated in coupling phase with SC mapped on a
series of overlapping peaks spanning most of chromosome 7, from the proximal end to
48 Mb. Besides of chromosome 7, the highest peak was identified on the distal end of
chromosome 72, from 53Mb to 60Mb, where 4.6% of the kmers associated in
coupling phase with SC mapped. Several smaller peaks of ~~-mers could be observed in
other genomic regions, notably on chromosomes 0, 1, 2 and 4. An elevated frequency
of k~~-mers linked in repulsion phase with SC was observed on the entire chromosome
72. The highest peak was located between 55 and 61 Mbp where 6.5% of the &~~-mers
mapped. Additionally, a smaller peak was observed on the first 4 Mb of chromosome 7.
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In population IVP17-618, out of the 87,512,765 SC bulk specific ~mers, 31% were
inherited from PSC only. After depth filtering, 11,289,401 unique A~-mers remained,
which are assumed to be linked in coupling phase with SC. Similarly, 53,170,315 4
mers were unique to the Sl bulk out of which 30% were inherited from PSC only. After
depth filtering, we kept 7,326,761 unique k-mers, assumed to be linked in repulsion
phase with SC. From the sets of k&~mers associated either in coupling or repulsion
phase with SC, 86% and 92% could be mapped to DM v4.03 respectively, also shown
in Fig. 3.

Again chromosome 72 shows high frequencies of ~-mers in coupling phase with a peak
between 58 and 61 Mbp where 3.9% of the ~mers mapped. Several smaller peaks
were observed on chromosomes 3, 4, 5, 6 and 8. Similarly, the high frequencies of &
mers associated in repulsion phase with SC were observed across chromosome 72.
The highest peak was identified on chromosome 72between 58 and 61 Mbp where 4.3%
of the k-mers mapped. Additionally, smaller peaks could be observed on
chromosomes 7, 8and 9.

Overall, the CoSSA suggest various chromosomal regions potentially associated with
SC. Interestingly, when comparing the distribution of ~mer peaks assumed to be linked
in coupling phase with SC with those in repulsion phase, only the peaks on
chromosome 72 overlapped. Moreover, the distal end of chromosome 72 was
supported by coupling and repulsion phase k-mer peaks in both populations. This
suggests that both populations may share the same haplotype involved in SC. To verify
this hypothesis an intersection was made between the kmers in coupling phase with
SC of population IVP16-587 and IVP17-618. After depth filtering, a set of 905,192
unique k-mers assumed to be in coupling phase the SC locus in both populations was
obtained. 84% of those A~~-mers could be mapped to potato reference genome. The only
peak observed was located on the distal end of chromosome 72 were 29.8% of the &
mers mapped (Fig. 3). Visualization of the same set of ~mers in IVG allowed a more
precise identification of the haplotype boundary shared by the two SC bulks, which ran
from 58.03 Mb to 59.36 Mb (Suppl. Fig. 2a).

Read archives expose the widespread presence of the haplotype

conferring Self-Compatibility

The identification of a locus involved in SC at the distal end of chromosome 72 is
reminiscent to the position of the S/ locus as described by Hosaka and Hanneman
(1998b), as well as the locus involved in self-fertility proposed by Peterson et al.
(2016). Therefore we compared our haplotype specific ~mers with &~-mers generated
from publicly available read archives of the diploid clones M6 (representing the S/
locus) and RH89-039-16 used by Peterson et al. (2016). This comparative study also
included other well-known diploid SC clones: US-W4 and C151, as well as a panel of
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varieties, landraces, and wild tuber-bearing Solanum species sequenced by Hardigan
etal., (2017). The ~~-mer volumes of the intersection between k-mers in coupling phase
with SC shared by population IVP16-587 and IVP17-618 (IVP16/17 SC coupling) and
these public read archives are visualized in Fig. 4a.
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Figure 4: a) Detection of high densities of specific <-mers associated with SC (mapped to 50 kb bins of DM
v4.03; columns) across various potato genotypes (rows) suggests the identification of one common
haplotype involved in SC at a distal locus on chromosome 72. Row 4 represents the Sl/locus of M6. This
suggests that one haplotype identical-by-state to S//is also present in potato varieties. Genomic sequences
from well-known SC diploids and varieties (Hardigan et al., 2017) were retrieved from public archives. b)
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Pedigree relationships between genotypes positive for the SC haplotype. Year of market release is shown
for varieties. The first (putative) SC ancestor of each clone was annotated together with the generation at
which it was found. Blue boxes: clone bearing a complete SC candidate region; teal box: clone bearing an
incomplete SC candidate region; white boxes: clones not tested in this study. Relatives are connected with
arrows. First generation relatives—solid arrows; 2nd generation relatives—dashed arrows; 3rd generation
relatives—dashed-dotted arrows; 6th generation relative—dotted arrow. Line with dot-node:
dihaploidisation.

Each row in Fig. 4a shows a plot of the density of SC-associated A~-mers in windows of
50kb, as identified in each specific potato sample. A clear differentiation can be made
between genotypes where the intersection identified high or low densities of shared &
mers. We observed that the SC clones RH89-039-16, M6 and US-W4, display high
shared A-mer densities. This observation supports identity-by-state (IBS) of the Sl/
locus of M6 with the SC haplotype of RH89-039-16 and US-W4, as well as with the
one of the SC parents of our mapping populations: IVP11-389-22 and IVP06-158-2.
Interestingly, the SC clone C151 does not share k~~-mers with this SC haplotype which is
in agreement with the different mechanism conferring SC in C151 (Zhang et al., 2019).

Fig. 4a shows the physical length of the SC (sub-)haplotypes as well as the positions of
recombination breakpoints. While our SC associated 4k-mers identified a long SC
haplotype in RH89-039-16, k&~-mers from bin 59.35-59.40 Mb were absent in US-W4
and M6 haplotype. Interestingly, most of them were found in PI498359, a S. kurtzianum
accession (Suppl. Fig. 3). More importantly, the 4mers mapping form 58Mb to
58.95Mb were virtually absent in M6, suggesting a recombination breakpoint and
allowing us to limit the Sl/ candidate region to seven bins of 50 kb, located from 58.95
Mb to 59.30 Mb. Direct visualisation of ~~-mer mapped using IGV allowed us to identify
recombination breakpoints at 58.945 Mb and 59.278 Mb pinpointing S//to a candidate
region of 333 kb (Suppl. Fig. 2b).

It was unexpected to recognize high densities of SC-associated k-mers in several
tetraploid varieties, while no significant amounts of SC-associated k~mers were found
in the landraces and wild species (Suppl. Fig. 3) sequenced by Hardigan et al. (2017). A
long SC haplotype was found in Garnet Chili, Irish Cobbler, Early Rose, Kennebec,
Russet Norkotah, Sierra Gold, Yukon Gold, Snowden, Atlantic and Mountain Rose. The
SC-associated &~mers found in Katahdin and Spunta as well as Rio Grande only
mapped to bins outside of the S/ candidate region (58Mb to 58.2Mb and 58.3Mb to
58.55Mb respectively). Interestingly, SC-associated &mers of Shepody and Purple
Majesty only mapped from 59Mb to 59.4Mb and 59.1Mb to 59.4Mb respectively,
suggesting a shorter haplotype due to recombination events within the SC haplotype in
those two clones.

When sequencing depth allows it, an estimation of S/ dosage can be deduced by
comparing the k-mer spectra of k~~-mers mapping to the S/ candidate region with the

-34-



Self-compatibility

total ~~-mer spectrum of a sample. The peak of haplotype specific Sli &-mers can either
coincide with the simplex peak of all ~mers or be shifted toward higher frequency. This
shift represents a higher allele dosage of Sli. The data presented in Suppl. Table 5
suggests that possibly Garnet Chili, Irish Cobbler, Early Rose and certainly Russet
Norkotah are duplex for the S/ allele. Elevated allele dosages are not unexpected given
the prevalence of the Slilocus and its distal position facilitating double reduction.

The widespread observation of a region involved in SC identical-by-state in old North
American varieties and contemporary diploid progenitor clones prompted the question
of how these potato genotypes relate to each other. A summary of the relatedness of
varieties with the SC haplotype is shown in Fig. 4b based on potato pedigree
information (van Berloo et al., 2007). The SC haplotype seems to have spread among
tetraploid varieties via the frequent use of Early Rose, Irish Cobbler and potentially
Earlaine as parents. Because all positive genotypes are closely related, we conclude
that the SC haplotype is identical-by-descent. The variety Rough Purple Chili,
introduced into the USA in 1851 by Goodrich (1863), is the origin of the SC haplotype.
Fig. 4b also shows that all SC diploids have US-W4 as common ancestor.
Subsequently, the SC haplotype spread in the breeding stock of Wageningen University
via the use of the (now lost) clone SUH 2293. US-W4 is a dihaploid extracted from
Minn. 20-20-34 a tetraploid progenitor with an unknown pedigree from the breeding
program of Frank Krantz in the 1920s. Therefore it is reasonable to assume that Minn.
20-20-34 is also derived from Rough Purple Chili.

Remarkably, high densities of SC-associated k-mers, signature of the SC haplotype
identified in this study, were also identified in clone S. chacoense M6. A shared
haplotype between a wild and cultivated potato clones can be explained by
introgression or coancestry. To test these hypothesis the genetic distance was
estimated between the clones used in this study and those sequenced by Hardigan et
al. (2017) using Mash (Ondov et al., 2016). As expected, S. chacoense accession PI-
275139 is most closely related clone to M6. However, while S. chacoense PI-275139
is genetically close to S. berthaultii, S. infundibuliforme, S. boliviense and various S.
brevicaule accessions; M6 shares a low Mash distance with several S. tuberosum
tetraploid varieties (Table 1). Moreover, when the pairwise distance matrix of all clones
was used in a PCoA (Fig. 5), M6 clustered between varieties and landraces and a
cluster of wild species. In addition, M6 seems to cluster with S. candolleanum sp.
multidissectum (Pl 210044) and S. tuberosum sp. stenotomum (Pl 195204), both
described as hybrids between cultivated landraces and wild species (Hardigan et al.,
2017). These results suggest that M6 is not a pure S. chacoense.
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Table 1: Top 10 genetically nearest clones of S. chacoense (Pl 275139) and M6 based on genetic distance
estimates using Mash software.

S. chacoense Mash distance Mé Mash distance
(P 275139)

M6 0.0235827 S. chacoense 2x 0.0235827
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Figure 5: Principal coordinate analysis (PCoA) between the Solanum clones based on Mash distance.
Symbol colours are based on clusters identified before by Hardigan et al. (2017; Fig. 1, data set 1). Wild
species outgroup (purple triangles), wild species (green triangles), wild subgroup diverging from the
cultivated lineage after most other species (gold triangles), landraces (teal triangles), tetraploid varieties
(navy triangles); with the addition of hybrid between wild species and landraces (orange triangles) and
diploid S. tuberosum (cornflower blue triangles). M6 is represented by a red dot and S. chacoense (Pl
275139) by a green dot.
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Haplotype specificity of ~~-mers

Only for IVP11-389-22 and IVP06-1582, the SC mapping parents of this study, it is
assumed that all SC-associated k-mers are haplotype specific and thus linked in
coupling phase. However, in the panel sequenced by Hardigan et al. (2017), k~-mers can
originate from homologous chromosomes and represent a blend of haplotypes. If
pedigree information is true and Early Rose is a direct descendant of Garnet Chili, then
k-mers mapping from bins 58.10 to 58.25 Mb and in bin 59.30 Mb, absent in Garnet
Chili, must originate from the pollinator chromosome(s). Subsequent recombination
must have brought those kmers in coupling phase in IVP11-389-22 and IVP06-158-2,
the parents of our mapping populations. Similarly, <~~-mers from Russet Norkotah which
could be mapped from 58 Mb to 58.15 Mb and 58.3 to 59.3 Mb might be on different
homologues. Two recombination events in bins 58.20 and 58.25 Mb is a less probable
explanation of this &~-mer pattern.

A striking feature shown in Fig. 4 is the similarity of the pattern of the pseudo-colours
which reflect variations in A~-mer densities among rows positive for the SC haplotype.
These variations reflect the genomic landscape of the reference genome where unique
or low-complexity DNA enabled mapping of many or few k-mers respectively. These
patterns contain no information on IBD. For instance, the low frequency of k&mers in
mapping between 58.65 Mb and 58.75 Mb as well as between 58.85 Mb and 58.95
Mb can be explained the 5000 bp gaps between DM scaffolds
PSGC0003DMB000000034 and PSGC0003DMB000000750 as well as between and
PSGC0003DMB000000750 and PSGC0003DMB000000114. Overall, IBD is
concluded on the basis of the congruence between the rows, but not on the shade of
the colour itself.

Validation of CoSSA results and development of MAS tools

To verify our /n silico result biologically, haplotype specific KASP markers were
designed both to verify the SC haplotype on chromosome 72 as well as to disprove
large k-mers identified in coupling phase with SC during CoSSA of IVP16-587 and
IVP17-618. We tested those markers on a set of 93 diploid clones hereafter referred to
as the validation panel. The validation panel was composed of the bulked and parental
clones of our two mapping populations, a subset of two parental lines and five
progenies from a full sib-population IVP16-560 and 37 distantly related diploids with
well-known SC or Sl phenotype or tested for seed set upon self-pollination. The results
are illustrated in Suppl. Table 6.

No association was observed with SC for the 27 KASP markers at the 10 population
specific k~-mers peaks beyond chromosome 72, confirming the tentative conclusion
that those other peaks observed were false positive. All 18 KASP markers designed
within the SC candidate region on chromosome 72 allowed a perfect prediction of SC
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in populations IVP16-587 and IVP17-618, albeit few missing values. Hence, CoSSA
results could be confirmed with KASP markers.

Another full sib-population IVP16-560, studied for self-fertility in prior unpublished
work, showed a seven self-infertile vs. 83 self-fertile segregation, severely deviating
from the expected 1:1 ratio. The five IVP16-560 offspring clones tested with KASP
(three infertile and two fertile clones) are heterozygous for all 18 KASP markers, and
the SC parent IVP92-030-14 is homozygous. Marker data explain the lack of
segregation for SI/SC in IVP16-560, because the SC parent IVP92-030-14 is
homozygous for the SC haplotype and thus generated a uniformly heterozygous SC
progeny. The seven self-infertile descendants observed in IVP16-560 did not set
berries, not because of SI, but rather because of poor fertility.

KASP genotyping of the rest of the validation panel, composed of unrelated clones from
our diploid collection, showed a correlation between the KASP markers and SC
phenotype for 30 out of 40 clones. Nine clones positive for SC specific KASP alleles did
not set berries due to lack of viable seeds after selfing or due to lack of fertility. One
clone yielded 25 seeds after selfing despite the absence of SC specific KASP alleles.
Contamination during pollination or DNA sampling/extraction errors may explain this
contradiction.

Interestingly, the validation panel included RH89-039-16, G254 and two SC clones
raised from S. chacoense seedlings: 07-2N100-1-5 and 07-2N104-2 (kindly provided
by Dr. Kazuyoshi Hosaka). KASP results for these four clones indicated the presence of
the SC haplotype, and confirms IBS for Sl from S. chacoense and the SC haplotype
observed in S. tuberosum clones. The SC of the dihaploid clone G254 (Hermsen,
1978), extracted from the tetraploid variety Gineke can now be explained, because
Gineke is a descendant of Early Rose (Fig. 5), so IBD is confirmed between the SC
haplotype of G254 and Rough Purple Chili.

Discussion

Pollen tube growth is most indicative for SC

Spontaneous berry set is rarely observed in diploid potato, but the lack of successful
sexual reproduction upon selfing has many reasons apart from self-incompatibility,
such as infertility of male or female gametes, lack of gamete fusion, embryo abortion,
etc. (reviewed by Johnson et al., 2019) Vegetative crops are subjected to low selection
pressure for fertility traits, and only a few tetraploid varieties are known for a high level
of spontaneous berry set such as Cara, Désirée and Gineke (see:
https://europotato.org/characters/view/Berries). In diploids, deleterious recessive
mutations are more easily exposed and thus ploidy reduction will aggravate fertility
problems. Nevertheless, it was commonly assumed that SC diploids are rare and Sl the
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major reason for the inability to self-fertilize diploids. Initially, our phenotypic
observations were also focussed on berry set, because this simple visual key allows
classifying descendants in a segregating population easily, provided that one parent is
renowned for spontaneous berries. However, berry set upon selfing is an observation
related to self-fertility rather than self-compatibility (Peterson et al., 2016). To avoid
mapping loci involved in fertility or parthenocarpy, we performed comprehensive
phenotyping of many reproductions related traits. We found low to moderate
correlations between these traits and the ability to set berries. The highest correlation
was observed between berry set and amount of pollen tube reaching the ovaries.
Gametophytic self-incompatibility is caused by S-RNase activity in stylar tissue and
therefore stylar observations should allow to distinguish SI/SC better than indirect or
confounding traits. However, in our experimental conditions, even the pollen tube
arrest phenotype shows quantitative variation. Based on current experience, we
recommend recording both pollen tube growth and berry set to unambiguously classify
SC and Sl plants.

Peterson et al. (2016) also started research on SC because several descendants of DM
x RH89-039-16 set berries upon selfing. Surprisingly, segregation for pollen tube arrest
could not be observed in their F; population. Peterson et al. (2016) focused on
phenotyping self-fertility upon inbreeding, and concluded that the south of
chromosome 72 was responsible for fruit set in self-fertile plants in the F1 generation,
whereas other genomic regions contributed to the ability of S3 plants to set fruit after
self-pollination. In this study, we proved that diploid clone RH89-039-16, bears Sl/at a
position which is in agreement with their map position at the distal end of chromosome
72. Hence, we argue Peterson et al. (2016) mapped self-compatiblity in the F; and
identified a valuable QTL associated with self-fertility and/or inbreeding tolerance in the
S3.

The benefits of k-mer based analyses

Several reasons support the Comparative Subsequence Sets Analysis of DNA
sequences (Prodhomme et al., 2019). In the first place because this approach does
not rely on a reference genome for variant calling. Previous mapping studies have
speculated on the molecular cause of SC. Olsder and Hermsen (1976) originally
favoured a translocation of the S-locus, which resulted in competitive interaction.
Subsequent results by Thompson et al. (1991) suggested a translocation of the pollen
part of the S-locus only, now known as SLFs genes (Kao and Tsukamoto, 2004).
Alternatively, an independent inhibitor allele active in the pollen only was also proposed
(Hosaka and Hanneman, 1998a; Thompson et al., 1991). Translocation events may
result in unreliable read mapping and also complicate the interpretation of mapping
studies due to pseudo linkage (Farré et al., 2011). As a result, reference free sequence
comparison method was favoured to map the locus involved in SC.
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A second reason to employ CoSSA is computational simplicity. Demanding
bioinformatics steps such as read mapping and variant calling could be omitted.
Instead, set algebra allows fast and stringent comparisons between samples to retain
small subsets of ~~mers.

Thirdly, the &~-mers identified by CoSSA (Prodhomme et al., 2019) represent haplotype
specific SNPs, associated in coupling phase or repulsion phase with SC. Initially, the
data from mapping population IVP16-587 identified a large nhumber of kmers that
mapped to chromosome /. This peak could be ruled out because k~mers associated in
repulsion phase with SC only confirmed the peak on chromosome 72. This a great
advantage of diploid organisms, where the accuracy of CoSSA greatly benefits from the
use of repulsion phased k-mers. This aspect was not mentioned in the original paper,
where tetraploids were used (Prodhomme et al.,, 2019). Haplotype specificity of
markers (k-mers), initially obtained by BSA, can be improved by subtracting kmers
from any other potato clone without the trait-specific haplotype.

Marker assisted breeding

The haplotype specific &-mers obtained with CoSSA were easily converted into KASP
marker assays following recommendations by Prodhomme et al. (2019). This allowed
validation of the candidate region on the distal end of chromosome 72and to disprove
the false positive k<~mer peaks, in particular the peak on chromosome 7. The KASP
markers are available for breeders and researchers to apply marker assisted selection
of SC. This will improve the efficiency of breeding programs, because time-consuming
phenotyping of SC and distinguishing it from self-fertility can now be circumvented.
Markers will be particularly beneficial for the selection of progenitors with the SC
haplotype, including tetraploid progenitors used for the extraction of SC diploids, during
the early stage of diploid breeding programs. Once breeding with SC diploids makes
progress, the value of marker assisted selection will reduce. Indeed, selfing SC clones
will result in 100% SC offspring, because only the pollen tubes bearing the Sl/gene will
be able to reach the ovary and produce offspring. This will result in a rapid fixation of St/
in homozygous state.

Is SC associated with lethality?

Interestingly, both Hermsen (1978) and Hosaka and Hanneman (1998a) reported a
recessive lethal allele linked to S/ inducing skewed segregation for the SC. Similarly,
distorted segregation of markers was observed on the distal end of chromosome 72in
RH89-039-16 derived populations (Endelman and Jansky, 2016; Peterson et al., 2016;
van Os et al., 2006; Zhang et al., 2019). Recently, Endelman et al. (2019) suggested
that the lethal allele linked to S//was also present in DM in the interval 57.2-57.8 Mb of
chromosome 72. The position of this region, about 1 Mb south of the S/ candidate
region identified in this study, is consistent with the hypothesis stating that Sl/is linked

-40 -



Self-compatibility

to a lethal allele. In our KASP validation panel, we identified seven putative S/
homozygous clones. The observation of homozygosity is not only based on KASP
markers. One of the homozygous clones, IVP92-030-14, who received one S/ allele
from G254 and the other from US-W4 (Fig. 5), only produced SC offspring. This
confirms that KASP marker data are reliable predictors of the genotype at the S//locus
and the resulting phenotype. Hemizygosity at the S// locus can be excluded as well.
Therefore, it seems that the lethal allele described above has recombined from Si/and
is not a limitation to reach homozygosity in this region. This is in agreement with
Marand et al. (2019) who did not identify recalcitrant heterozygosity in the distal end of
M6 chromosome 72.

Allele mining from read archives

Increasingly, the FAIR (Wilkinson et al., 2016) availability of nucleotide read archives
allows allele mining (van de Weg et al., 2004). Allele mining implies the identification of
alleles present in the gene pool where IBD is utilised to express the identity of specific
alleles in terms of alleles of founding cultivars. With set algebra, this study takes allele
mining to a next level, because we directly evaluated the intersection between our
haplotype specific k~-mers with kmers from potato varieties sequenced before.
Furthermore, this study demonstrates the scalability of this strategy because it
circumvents read mapping and variant calling. The large dataset generated by (Hardigan
et al., 2017) appeared to be very useful for mining of the S//allele. From the nucleotide
archive of clone M6 we could identify a recombinant haplotype and narrow the
candidate region of the S// locus from 1.5 Mb to 333kb. Interestingly, recombination
breakpoints within the SC candidate region were also identified in the haplotype of
Shepody and Purple Majesty. Fertile dihaploids derived from those varieties could be
used for recombinant analysis to fine map the S//locus. With the increasing amounts of
sequencing data submitted to online repositories, these k&-mer based set operations
will gain in relevance and power.

Rough Purple Chili as founder clone of SC germplasm

Rough Purple Chili, identified as the source of S/ in this study, was described by
Hawkes (1979) as one of the four introductions event establishing the genetic
foundation of all European and North American varieties. Rough Purple Chili can be
found in the pedigree of nearly all American (Plaisted and Hoopes, 1989) and European
varieties (Hawkes, 1979). Descendants of Rough Purple Chili, such as Garnet Chili,
Early Rose and Irish Cobbler are recognized as major contributing ancestors (Love,
1999). As they were positive for Sl it is clear that these varieties facilitated the spread
of Sliinto the American gene pool. Bradshaw et al. (Bradshaw et al., 2006) mentioned
that Early Rose was also widely used by European breeders. For instance, Early Rose
was the female parent of Abundance and Epicure, from the Scottish Plant Breeding
Station. Interestingly, the dihaploid B16 induced from the clone Black 4495, bred in the
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same station, was described as self-compatible by Olsder and Hermsen (1976). In the
meantime, Early Rose was also used as female parent in Germany to produce
Imperator, an ancestor of Gineke, from which the SC dihaploid G254 (Olsder and
Hermsen, 1976), found positive for S/ KASP markers in this study, is derived. Hence,
the Sl/ilocus may be surprisingly common in both American and European germplasm.

Thoughts on the origin of Sl/

The identification of a SC haplotype, indistinguishable between historical S. tuberosum
cultivars and S. chacoense clones is not easily understood. Interspecific gene flow
between cultivated and wild potato has been extensively reported (Celis et al., 2004;
Hardigan et al., 2017; Rabinowitz et al., 1990; Scurrah et al., 2008) and interploidy
genetic exchange is facilitated by the production of unreduced gamete in diploid potato
(Watanabe and Peloquin, 1989). S//may be another example of geneflow between wild
and cultivated potato germplasm. Based on our data, the direction and timeframe of a
putative introgression of S/ remain speculative. Hybridisation may have occurred
between the Chilean S. tuberosum ancestor of Rough Purple Chili and a wild S.
chacoense. Alternatively, a more recent hybridisation may have happened between SC
S. tuberosumdihaploids and the ancestor of M6.

A final example of the utility of ~mers was offered by the distance estimation software
Mash (Ondov et al., 2016). Because all ~~mer tables were already generated this
software allowed to explore the question on the origin of the Slilocus in S. chaocense
clone M6. Despite being an estimation, the genetic distances calculated by Mash with
k-mers agreed very well with the classification by Hardigan et al. (2017) who used read
mapping and variant calling. The wild outgroup, the wild potato species, the landraces
and tetraploid varieties are properly separated by Mash distance. Hardigan et al. (2017)
also identified a wild subgroup diverging from the cultivated lineage, composed of three
Peruvian species (S. medians, S. megistacrolobum, and S. raphanifolium). Based on
Mash distance, the separation of this sub-group from the wild species cluster is not
clear. Interestingly, the hybrids S. candolleanum sp. multidissectum (Pl 210044) and S.
tuberosum sp. stenotomum (Pl 195204) are clustering with M6 between landraces and
wild species in this study (Suppl. Fig. 4). This was also reported by Hardigan et al.
(2017) in Supplementary Figure 6.

Remarkably, M6 share a close Mash distance with Dakota Diamond and Snowden.
Those cultivars have 1/8 and 1/16 S. chacoense ancestry, respectively. However, in Fig.
5 Dakota Diamond and Snowden clearly cluster with the rest of the tetraploid varieties.
On the other end, M6 is localized between wild species and tetraploid varieties,
suggesting that despite its putative hybrid status, M6 present a much larger proportion
of S. chacoense ancestry than those clones. Recently genomic data on structural
variation was used to compare several landraces and M6 (Kyriakidou et al., 2020). The
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position of M6, clustering with the S. tuberosum landrace CIP 705053 once more
suggests that an ancestor of M6 hybridised with S. tuberosum. Although the Sl
haplotype was not observed in wild species and landraces in the panel of Hardigan et
al. (2017), and hybridisation with S. tuberosum may explain SC in M6 more easily, we
cannot exclude a second origin of Slifrom S. chacoense.

Candidate genes

Complex biological mechanisms such as gametophytic self-compatibility are usually
controlled by many different genes, coding for catalytic proteins of a metabolic route or
transcription factors for a signalling cascade. Because mutations in each component
could be anticipated, it is difficult to speculate on the identity of the S-locus inhibitor
gene(s) encode by the Siilocus. For example, in S. lycopersicum, breakdown of self-
incompatibility is associated with a loss of function mutation in both S-RNase and HT
genes (Kondo et al., 2002). No obvious candidate inhibitor genes or SLFs were found in
our candidate region. However, the annotation of the DM reference genome reveals the
presence of a Self-incompatibility S1 family protein (PGSC0003DMG400016877 at
58.968 Mb) and a cluster of four F-box proteins (PGSC0003DMG400016863,
PGSC0003DMG400016862, PGSC0003DMG400016861 and
PGSC0003DMG400046496 at 59.024-59.057 Mb) that could be proposed as
candidate genes.

Implications for diploid potato breeding

This study shows that Sl is widespread and that many clones can be used to breed SC
diploid potato, and removes the genetic bottleneck that could be experienced by
breeders in the early days of diploid inbreeding. We also show that many sources of SC
could be unified into a single locus known as Sli. Clone C151 described as SC due to a
low expression level of an S-allele (Zhang et al., 2019) is an alternative to S// based SC.
Additionally, two artificial SC clones were recently generated by mutation of the S-
RNase gene with CRISPR-Cas9 (Enciso-Rodriguez et al., 2019; Ye et al., 2018). Both
authors emphasize the necessity to engineer SC mutants because introgression of Sl/
in the cultivated germplasm would result in linkage drag of undesirable S. chacoense
traits such as long stolons or high tuber glycoalkaloid content. Because the S//locus
appears to be indigenous in cultivated potato germplasm, the use of genetically
engineered plants can be circumvented.

Zhang et al. (2019) proposed to introduce SC into S. tuberosum by crossing dihaploids
from selected tetraploid varieties with M6 and other wild sources to introduce SC.
Considering the widespread of the SC haplotypes among the tetraploid varieties, the
one selected for dihaploids induction should include S/ This suggests that the diploid
SC gene pool can be expanded easily without the need for subsequent Sliintrogression.
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With this study, the challenges in diploid potato breeding will shift. The need for SC
germplasm with agronomical value can be satisfied by screening genomes for specific
k-mers or with the use of KASP markers. The next challenge is to develop material
which remains highly fertile upon inbreeding. Male fertility appears as the next
limitation to overcome and was already identified as an impediment to breeding in the
early 20th century (Krantz, 1924). Tetraploids cultivars with renowned spontaneous
berry set should be excellent candidates for the induction of fertile dihaploids, but
fertile and SC dihaploids such as G254 can be expected only if their tetraploid parents
are Sli-bearing descendants from Rough Purple Chili.
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Suppl. Table 6 (ESM9): Conversion of k~mers into KASP markers and validation of
KASP marker predictions using a panel of diploid clones with known self-
compatibility/fertility phenotype.

Suppl. Fig. 10 (ESM10): Dendrogram of clones used in this study based on neighbour-
joining clustering of Mash distance. Colour used is based on Fig. 5.
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Abstract

The reinvention of potato, from a tetraploid clonal crop into a diploid seed-based hybrid
crop, requires insight in the mutational load, recombination landscape and the genetic
basis of fertility. Genomics based breeding and QTL discovery rely on efficient
genotyping strategies such as skim sequencing, to gather genotypic information. The
application of skim sequencing to full-sib population of non-inbred parents remains
challenging. Here, we report on an R implementation of the OutcrossSeq pipeline for
diploids. We applied this pipeline to a large diploid skim sequenced potato population.
We used the resulting bin-markers for the construction of high-density parent specific
linkage maps, highlighting variation in parental recombination rate and structural
variations. We subsequently explored transmission ratio distortion and non-
independent assortment of alleles, indicative of large-effect deleterious mutations.
Finally, we identified QTLs for seedling tuber yield in pots and pollen shed. This study
showcases the range of genetic analyses, from marker inference, identification of
transmission ratio distortion, linkage map construction to QTL mapping, resulting in
new insights that contribute to breeding diploid potato.
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Introduction

Potato (Solanum tuberosum) breeding programs are undergoing a drastic
transformation from the classical tetraploid system and clonal propagation to diploid F4
hybrid breeding system (Jansky et al., 2016; Lindhout et al., 2011). The generation of
diploid inbred lines is expected to bolster genetic gains in potato by circumventing the
complexity of tetrasomic inheritance and facilitating the fixation of beneficial alleles.
The original obstacle of self-incompatibility at the diploid level was recently overcome
with the identification of the widespread Sligene (Clot et al., 2020; Eggers et al., 2021;
Ma et al., 2021) or by using dysfunctional S-RNase alleles (Enciso-Rodriguez et al.,
2019; Zhang et al., 2019). The second obstacle encountered in this transformation is
inbreeding depression. Inbreeding at the diploid level results in the loss of vigour and
fertility within a few generations due to the exposure of recessive deleterious mutations.
Evaluation of 5377 dihaploids, extracted from tetraploid varieties and progenitor clones,
illustrates the problem of mutational load in potato germplasm. Only 60% of these
dihaploids set tubers, the majority show problems with flowering and fertility, and only
4% displayed good pollen stainability (Hutten et al., 1995). When the focus on clonal
reproduction is replaced by sexual reproduction, fertility issues will prompt for new
research projects to understand the genetic factors involved in flowering (Seibert et al.,
2020), anther development (Endelman and Jansky, 2016), pollen shed and pollen
viability. Despite some effort to identify QTLs regulating self-fertility (Peterson et al.,
2016; Phumichai and Hosaka, 2006) or pollen stainability (Zhang et al., 2019) the
genetic basis of fertility in potato remains elusive. In diploid offspring, large-effect
deleterious mutations will result in gametic or zygotic selection and can be identified by
studying transmission ratio distortion (TRD) (Zhang et al., 2019). The removal of large-
effect deleterious alleles identified via TRD is central to the strategy of hybrid potato
genome design proposed by (Zhang et al., 2021). This type of genetic analysis relies on
genotyping large segregating populations in a cost-effective way. With the low cost of
next-generation sequencing, genotyping-by-sequencing (GBS) strategies are an
interesting option. GBS strategies can include a step of genome complexity reduction
using restriction enzymes (Elshire et al., 2011), capture baits (Uitdewilligen et al.,
2013), or amplicon sequencing like potatoMASH (Leyva-Pérez et al., 2022). Owing to
the development of multiplex sequencing (Cronn et al.,, 2008), methods based on
whole genome sequencing at low depth, also known as skim sequencing, have become
increasingly popular. However, the low read depth makes robust genotyping
challenging for full-sib populations from non-inbred parents. The recently released
OutcrossSeq pipeline (Chen et al., 2021) is addressing this issue by local clustering of
incomplete sequence variant data to infer genetic markers.
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In this study, we implemented the core idea of the OutcrossSeq pipeline for diploids in
the R package OutcrossSeqgDiploidR and applied it to a skim sequenced diploid potato
population of 1536 individuals. We explored the minimal read depth necessary for
marker inference and used the resulting markers for the construction of high-density
parent specific linkage maps, highlighting variation in parental recombination rate and
structural variations on chromosome 3 and 70. Subsequently, we detected nine
gametic and one zygotic TRD, as well as four pairs of loci with non-independent
assortment of alleles. We identified a major QTL for tuber yield from seedlings in pots
co-localizing with the position of StCDF7 and 5 minor effect QTLs epistatic to StCDF7
allele combinations. Finally, we identified seven QTLs regulating pollen shed with the
largest one located on chromosome 2.

Materials and Methods

Plant materials

A population of 1536 diploid full-sib seedlings, descending from a cross between two
heterozygous potato clones C (USW5337.3) and E (77.2102.37), was sown the 3" of
July 2020. Before transplanting, about one quarter of the seedlings with a crumpled
phenotype (Jongedijk et al., 1990) was discarded from the mapping population. A few
crumpled seedlings were kept for further analysis of the phenotype. Plants were raised
in 19 cm pots in a greenhouse at ambient temperatures (~18 °C) and under natural
daylight (~16-13 h). This population is a backcross (clone C is the female parent of E)
with mixed ancestry of Solanum tuberosum Group Tuberosum and Phureja, and S.
vernel.

DNA extraction, library preparation and sequencing

Young leaf material from the 1536 CE-XW full-sibs were collected on ice in 96 deep
well plates and stored at -20 °C. Genomic DNA extraction was performed at VHL
Genetics (Wageningen, NL) and DNA concentration was normalized to 12.5 ng/pl.
Sequencing libraries were produced using RipTide DNA library prep kit (iGenomX,
Carlsbad, CA) following manufacturer instructions. Briefly, individual samples were
labelled in sixteen 96-well plates using well and plate specific barcoded random
primers. Once labelled, samples in each plate were pooled together and converted into
a NGS library in one single tube. Libraries of each plate were pooled together and
sequenced by Limes Innovations BV (https://limes-innovations.com) with 150bp
paired end reads using Illumina iSeq 100. The parental clones were sequenced at
BaseClear (Leiden, NL) with 100bp paired-ended reads using Illumina Hiseq2000. The
sequencing data generated are available from the European Nucleotide Archive (ENA)
under the BioProject ID PRJIEB56778.
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Demultiplexing, quality check and alignhment

DNA sequences were demultiplexed to individual descendants using the plate and
position barcodes with fghio version 1.4.0 (https://fulcrumgenomics.github.io/fgbio/).
Sequence reads of parents and offspring were quality trimmed using fastp version
0.19.5 (Chen et al., 2018) dropping reads with a complexity lower than 20% and a
length lower than 70bp (option -l 70 -y 20 -5 --cut_front_window_size 1 -3 --
cut_tail_window_size 1). Trimmed reads were aligned to the potato reference genome
DM v6.1 using BWA-MEM algorithm v.0.7.17 (Li and Durbin, 2009) with default
parameters. Alignment summary statistics were extracted with qualimap v.2.2.2
(Okonechnikov et al., 2015).

Variant calling

Variant calling was performed in the parental clones using bcftools v.1.13 (Danecek et
al., 2021) mpileup and call functions and filtered based on quality and depth (option -e
'%QUAL<20 || FORMAT/DP=40 || FORMAT/DP<10). Parental bcf files were merged and
indels removed using bcftools view to create a target SNP file with bcftools query
(option -f "% CHROM\t%POS\t%REF,%ALT\n'). This target file was used to constrain
variant calling in each offspring sample to these target coordinates and alleles using
bcftools call -T and -C options. Variant calling in the offspring was parallelised by
chromosome. Multiallelic sites were split into multiple rows using bcftools horm -m
and the resulting chromosomal bcf files were converted into chromosomal variant
matrices, filtering out variants with a missing rate above 0.5 using VCFtools v0.1.16
(Danecek et al., 2011) (options --max-missing 0.50 --012).

Clustering of adjacent sequence variants into robust marker

genotypes with OutcrossSeqDiploidR

The R package OutcrossSeqDiploidR (https://github.com/ccrclot/OutcrossSeqDiploidR)
was used to cluster offspring, which co-inherited the same heterozygous and private
sequence variants of either parent in windows of 0.1 Mb. Based on cluster membership,
genotypes were inferred resulting in potentially 7312 intervals of 0.1Mb for each parent
hereafter referred to as ‘bin-markers’. Our R package follows the core idea of the
OutcrossSeq pipeline for diploids (Chen et al., 2021), relying on a reference genome to
locally infer genotypes from a population kinship matrix. However, in this
implementation, female and male variants are clustered independently to estimate
uniparental genotypes rather than the integrated genotyping information produced by
the original pipeline. In addition, a quality check function was implemented allowing
users to flag bin-markers with aberrant recombination or transmission ratio values.
Recombination percentages above 50% allowed to bring all (initially randomly assigned)
bin-markers alleles from the same parental chromosome into linkage phase. All steps
are summarized in Fig. 1 and in the package vignette. Firstly, the function
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recodeParentMatList was used to 1) recode variant dosage into presence absence data,
since artefactual homozygous absence could be derived from low coverage information
on a heterozygous site, and 2) extract heterozygous variant privates to each parent (1x0
and 0x1) into separate female and male specific binary matrix. The following steps of
OutcrossSeqR pipeline were applied independently to chromosomal female and male
matrices. The function makeBins with parameter bin_size = 100000 was used to group
variants in physical bins of 100kb. Within each bin, the Euclidian distance between
individuals was calculated based on presence absence of variants with the function
getDist. The resulting kinship matrix was then used to cluster the individuals using the
ward.D2 method with the function clusterPop. The function getHap with parameter k =
2 was used to extract, from the clustering data, two groups of individuals per bin-
marker, corresponding to the two alleles that could be inherited form one parent. The
function qualCheck with default parameters was then used to flag noisy bin-markers
displaying 1) high recombination rates with adjacent bins (0.3 < r < 0.7) and 2)
deviations exceeding 0.15 points from the local transmission ratio, calculated with five
flanking markers at either side. Flagged bin-markers were removed. Bin-markers data
with r> 0.5 were swapped to phase adjacent bin-markers with the function phaseHap.
Phased bin-markers were visualized, and phasing was manually improved, when
necessary, with the function manualPhasing before being formatted for Smooth
Descent (Thérese Navarro et al., 2023) with the function formatSD.

-52-



Linkage mapping

multiplex skim sequencing

lwes~20x l

~1.3x
alignment and variant calling demultiplexing |, = alignment 2
- .|
- 1 3
2 m 3
T —— - IEEess——— ——

informed variant calling in offspring 2 l
| ——
I N | L1 1 |
clustering based on parents private variants I

\ \
h1 PRI )
AY
5\ bin3 |
C S ‘ ’
g/ } s g
| bing_ Ef
offspring } \\‘ ha |°
] \Y
’ N\ offspring
1 quality filtering and phasing l
1 errors correction l
chr01 female chr01 male

Figure 1: Graphical summary of the OutcrossSeqDiploidR pipeline

Correcting genotyping errors with Smooth Descent

The segregation data of bin-markers obtained with OutcrossSeqgDiploidR were
corrected for putatively erroneous data points with the algorithm Smooth Decent
following the package vignette (Théreése Navarro et al., 2023). Briefly, Smooth Decent
makes use of identity-by-descent probabilities, in our case based on the physical order
of bin-markers, to detect putative genotyping errors and impute the most probable
genotype given the data points of flanking markers. A total of seven iterative rounds of
data improvement with Smooth Descent were performed. The first five rounds were
based on a prediction interval of 1 Mb and the two final rounds on a prediction interval
of 5and 10 Mb.

Linkage map construction

The cleaned bin-marker data were used to generate independent male and female
linkage maps with polymapR version 1.1.2 (Bourke et al., 2018) following the package
vignette. Recombination frequencies were calculated for all pairs of bin-markers. Bin-
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markers were assigned to 12 chromosomal linkage groups of either parent, based on
their physical positions on DM v6.1 reference genome. Next, bin-markers were ordered
using MDSmap_from_Llist, a wrapper function around the estimate.map function from
MDSMap (Preedy and Hackett, 2016). During the mapping process, 47 outlying bin-
markers with a high nearest-neighbour fit score or an abnormal position in the principal
curve analysis were removed.

Chromosomal recombination rate and Marey map

The chromosomal recombination rate (cM/Mb) was calculated using the genetic length
of a linkage map and the physical length of the corresponding chromosomes of DM
v6.1 assembly. Similarly, Marey maps (Chakravarti, 1991) were derived from the
comparison between the physical and genetic position of each marker. Finally, the
positions of CENH3-binding domains on DM v6.1 were obtained from(Pham et al.,
2020).

Transmission ratio distortion and non-independent assortment of

alleles

Male and female bin-markers were tested for significant deviation from the expected
mendelian 1:1 ratio via a x? test with 1 degree of freedom and a p-value for significance
set at 0.01. Following the method used by Duki¢ and Bomblies (2022), we corrected
for multiple testing in 23 chromosome arms and utilized a significance threshold of a
=0.01/23 =0.0004 (x2 = 12.4, df = 1). A region with transmission ratio distortion (TRD)
was considered biologically meaningful when markers displayed significant TRD over at
least 2 Mb. Using the same threshold for significance, TRD due to zygotic rather than
gametic selection were detected with a x2 test based on a 2x2 contingency table where
the observed frequencies of one of the four possible haplotype combinations were
compared with the expected frequencies based on random assortment of the observed
parental haplotypes frequencies.

During the construction of the linkage map we detected associations of bin-markers
alleles located on different linkage groups. We decided to explore those deviations from
independent assortment of alleles between all marker pairs using the G-test option
implemented in the function linkage of ploymapR. Like the zygotic x2test, this option
calculates the G? statistic for independence based on a 2x2 contingency. Instead of
returning a G2 value, this function returned a LOD score of independence and defined
2
as 1og(G—100)' We considered that bin-markers pairs with a LOD of independence > 5 were
displaying biologically significant deviations from independent assortment.
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Phenotyping seedling yield in pots and pollen shed

Phenotypic data on flowering and pollen shed was collected from the seventh to the
tenth week of the growing season. The ability to produce at least one flower reaching
anthesis was recorded and resulted in a binary classification. A pollen sample
(extracted with an electric toothbrush from a freshly open flower at anthesis) was
collected for each flowering seedling. If the pollen extraction of the first collected
flower failed, the plant was resampled. When only a few pollen grains could be
extracted after resampling of four flowers on two different days the plant was classified
as a poor pollen shedder, resulting in a binary classification for pollen shed (poor vs.
good). After a growing cycle of 18 weeks, three quarter of the population had senesced
and tuber harvest started. Over a period of two weeks, tubers larger than 5 mm were
harvested in one paper bag per descendant. The fresh weight in gram was measured
with an electronic scale and used as yield per pot estimate.

QTL mapping

QTL mapping was performed using the package polyqgtlR version 0.0.6 (Bourke et al.,
2021). The function singleMarkerRegression was used to fit an additive model at each
marker position returning the -logio p-value of model fit per marker. The significance
thresholds for QTL detection were determined via permutation tests on the phenotypic
values with N = 1000 cycles and a = 0.05. QTL discovery was based on the separate
maternal and paternal maps, but at significant QTL positions we analysed the
phenotypic effects of the combined male and female haplotypes. This was done with a
one-way ANOVA with multi-comparison Tukey’s HSD post hoc test (a = 0.05). To
estimate the effects size of QTLs and their potential interactions, all significant QTLs,
and their interactions if significant, were used as factor in (generalized) linear models
predicting for the phenotype of interest. While a linear regression was used for tuber
yield, we used a logistic regression for the binary trait pollen shed and estimated effect
size with odds ratio.

Results

Analysis of sequencing data

The sequencing of the libraries comprising the 1536 seedlings yielded 3,364 gigabases
(Gb) which after demultiplexing resulted in 2,910 Gb. After trimming and quality
filtering we obtained 19,766,020,170 usable reads corresponding to a total of 2,562
Gb, which corresponds to an average of 1.7 Gb per seedling. A proportion of 93.6% of
reads could be mapped to DM v6.1 generating a median coverage per individual of
1.34x, or 0.67x per haploid genome (Suppl. Fig. 1). A total of 18 Gb and 22.6 Gb were
obtained for the parental clone C and E. After trimming and quality filtering we obtained
149,677,752 and 182,224,166 usable reads corresponding to a total of 14.8 Gb and
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18 Gb. A proportion of 98.7% and 98.6% of reads could be mapped to DM v6.1
generating a coverage of 18.72x for clone C and 22.47x for clone E or 9.36x and 11.24x
per haploid genome. After variant calling and quality filtering in the parents, we
obtained a total of 12,983,013 variants which were subsequently called in the
offspring. Only, a subset of 1,889,749 variant could be observed in more than 50% of
the offspring. Knowing that the low read-depth will yield erroneous dosage information,
we focused on heterozygous parent-private variant (1x0 and 0x1). A total of 554,806
and 902,714 were heterozygous and private to clone C and E respectively. The
distribution of heterozygous private variants was not uniform across parents and
chromosomes (Fig. 2a). For example, on chromosome 7the female parent C showed a
5-fold higher number of heterozygous parent-private variants than the male parent E.
For chromosomes 3, 6 and 717 the reverse was observed, where the male parent was
more polymorphic (Fig. 2b). Regions where parents differ in variant density tend to
coincide with the location of the pericentromeric heterochromatin (Suppl. Fig. 2). We
concluded that linkage map construction based on segregating sequence variants was
not possible. The low sequencing depth disallows dosage estimates to distinguish
between homozygous or heterozygous offspring. The presence of heterozygous parent-
private variants can be scored, but their absence can be bona fide (due to inheritance)
or the result of low coverage information. This motivated us to use the
presence/absence information of all co-inherited heterozygous parent-private variants
from a 0.1Mb interval to infer the genotype score of this interval as a so-called bin-
marker. As a result, we generated sparser but more robust genotyping data.
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Figure 2: Distribution of heterozygous parent-private sequence variant. a) Total humber of parent-private
variant per chromosome per parent. B) 5 Mb moving average of the number of heterozygous parent-private
variants across bins of 100 kb. Clone C data are displayed in orange and clone E in blue. The triangles
indicate regions with a low density of heterozygous parent-private variants disallowing the inference of bin-
markers.

Inference of bin-markers with OutcrossSeqDiploidR

The DM v6.1 reference genome was subdivided in 7312 bins of 100 kb to infer bin-
markers. The parent-private variants within these bins were used to cluster
descendants and to infer the segregating alleles of each bin-marker. Regions with a low
density of parent-private variants, in combination with the low sequencing depth,
lacked information to infer bin-marker genotypes. This resulted in larger chromosomal
intervals without genetic markers. The regions with low density of parent-private
variants are plotted in Fig. 2b, and the impact on bin-marker imputation and thus
genetic map coverage is shown in Table 1 and Fig. 3. We arrived at 7145 female and
7174 male bin-markers, which had at least one heterozygous parent-private variant.
After all subsequent cleaning steps (see Materials and methods), we obtained 4935
female and 4746 female bin-markers with genetically and biologically sound
characteristics. Although this represented a ~34% reduction of markers, this
predominantly affected marker coverage at pericentromeric regions.
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Smooth Descent improved genotyping data

Smooth Descent detected and imputed 1,075,417 erroneous datapoints,
corresponding to 7.2% our bin-marker dataset. Data inspection showed that Smooth
Descent was unable to clean noise in several plants because of a too unfavourable
signal to noise ratio due to low sequencing depths. To identify a threshold to reject such
plants we compared sequence coverage with the amount of noise. The expected
number of true genetic recombination events per plant is low. One erroneous data
point suggests two extra recombination events relative to the flanking markers. When
counting all ‘recombination events’ per plant from a noisy dataset we reached values,
shown in Suppl. Fig. 3, so much inflated by error (exceeding 500), that we can use the
number of ‘recombination events’ to indicate noise. Unsurprisingly, the amount of
recombination (noise) was not randomly distributed across individuals but increased
with decreasing genome coverage. Smooth Descent corrected more erroneous
datapoints in plants with low coverage, but this ability reached a tipping point and
started to decrease around an average diploid coverage of 0.3x (Suppl. Fig. 3). The 75
individuals with a coverage below 0.3x were removed. The remaining 1461 individuals
were used in subsequent analyses.

High density linkage maps

After filtering 47 outlying bin-markers during the mapping process, a total of 4894 male
and 4740 female bin-markers segregating across 1461 individuals could be mapped on
24 linkage groups. Those linkage groups corresponded to the 12 paternal and 12
maternal chromosomes (Table 1). On the female side, the average number of bin-
markers per linkage group was 408 ranging from 257 for chromosome 77 to 549 for
chromosome 7. On the male side the average of 395 bin-markers per linkage group was
comparable, with a minimum of 99 bin-markers for chromosome 7and a maximum of
523 for chromosome 9. The marker density and gaps (up to 16.9 cM) in the genetic
maps corresponded to chromosomal regions with a low density of parent-private
variants (Fig. 2b). In addition, extreme Transmission Ration Distortion (TRD) also
hampered to infer bin-markers, resulting in gaps on female and male chromosome 7 of
6.4 and 8.9 cM, respectively. Nonetheless, both parental maps were of high density
with an average interval between bin-markers of 0.3 cM on the female and 0.2 cM on
the male maps.
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Table 1: Overview of genetic lengths and marker densities per linkage group

female (C) male (E)
o | T g dence gmp | PR g e MO
(cM) (cM) (cM) (cM) (cM)
chro1 549 133.2 0.3 9.8 194 106.0 0.6 6.4
chr02 289 93.3 0.4 7.8 344 595! 0.2 4.1
chr03 332 107.1 0.3 5.6 474 72.5 0.2 9.1
chro4 552 109.6 0.3 4.9 540 69.3 0.2 1.9
chr05 402 92.3 0.3 8.3 426 57.7 0.2 2.9
chr06 275 87.2 0.3 5.3 390 63.3 0.2 6.6
chro7 399 87.9 0.2 9.8 99 68.5 0.7 16.9
chr08 454 80.7 0.2 4.2 410 69.7 0.2 7.3
chr09 525 971 0.3 4.4 523 65.4 0.1 2.9
chr10 365 81.2 0.3 10.6 493 47.7 0.1 3.5
chr11 257 81.3 0.3 2.9 404 49.8 0.1 1.3
chr12 495 107.3 0.4 5.0 443 54.3 0.1 7.0
all 4894 1158.2 0.3 10.6 4740 783.8 0.2 16.9

Structural variation and chromosomal recombination rate

variation

Comparing the physical bin-marker positions, using DM v6.1 reference genome, with
the genetic marker positions on parent specific linkage maps, we could estimate an
average genome wide recombination rate of 1.58 cM/Mb for the female clone C and of
1.07 cM/Mb for the male clone E, and this genome-wide difference was also true for
every chromosome (Table 2). In both parental maps, the lowest chromosomal
recombination rate per Mb was observed on chromosome 70 and the highest one on
the acrocentric chromosome 2 with values ranging from 1.33 cM/Mb to 2.02 cM/Mb
for clone C and, 0.78 to 1.29 for clone E. As expected, the recombination rate was far
from uniform along each chromosome with virtually no recombination in
pericentromeric regions as evidenced by the horizontal sections around the positions
of CENH3-binding domains, indicated with triangles, on the Marey maps (Fig. 2). In
addition, two euchromatic regions without recombination were observed in clone C.
On the south arm of chromosome 3 a segment of 5.8 Mb from 42.9 to 48.7 Mb was
found, and 6.3 Mb segment from 52.8 Mb to 59.1 on chromosome 70. In clone E, this
chromosome 3 segment was inverted relatively to DM suggesting the presence of a
homozygous inversion. In clone C this inversion must be heterozygous, explaining the
suppression of recombination. In addition, the north arms of chromosomes 3and 6 of
clone E displayed a strong reduction of recombination.
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Table 2: Estimated recombination rates for each linkage group

female (C) male (E)
LG Physical Genetic Rec. Rate Genetic Rec. Rate
length length (cM/Mb) length (cM/Mb)
chr01 88.6 133.2 1.50 106.0 1.20
chr02 46.1 93.3 2.02 59.5 1.29
chr03 60.7 107.1 1.76 72.5 1.19
chro4 69.2 109.6 1.58 69.3 1.00
chr05 55.6 92.3 1.66 57.7 1.04
chr06 59.1 87.2 1.47 63.3 1.07
chr07 57.6 87.9 1.52 68.5 1.19
chr08 59.2 80.7 1.36 69.7 1.18
chr09 67.6 971 1.44 65.4 0.97
chr10 61.0 81.2 1.33 47.7 0.78
chr11 46.8 81.3 1.74 49.8 1.06
chr12 59.7 107.3 1.80 54.3 0.91
all 731.3 1158.2 1.58 783.8 1.07
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Figure 3: Marey maps in which genetic distance (cM) is plotted over physical distance (Mb). Clone C data

are displayed in orange and clone E in blue. Triangles indicate the position of CENH3-binding domains on
DMve6.1.
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Transmission ratio distortion

We detected significant gametic TRD (a = 0.0004) at loci located on eight different
chromosomes (Fig. 4). On the female map four loci displayed significant TRD. The
locus with the largest deviation (~1:6) was identified on chromosome 7 (distortion
clone C chromosome 1, abbreviated as DC7), at 69.65 Mb. Loci with milder TRD were
identified on chromosomes 4 (DC4 at 58.65 Mb) and 72 (DC172 at 9.35 Mb). A locus
with weak but significant TRD was also detected in the pericentromeric region of
chromosome 5. On the male map, six loci displayed significant TRD. Again, the locus
with the largest deviation was detected on chromosome 7 (DET), but its localisation in
or near the pericentromeric heterochromatin is inaccurate due to the inability to infer
bin-markers. On chromosome 77 another extreme TRD locus (~9:1) was mapped at
6.55 Mb (DE77). Except for the last 10 Mb the entire chromosome 8 showed mild TDR.
This could be due to the presence of two TRD loci at either side of the pericentromeric
region as suggested by the mild local maxima observed on this chromosome (DE8a at
4.45 Mb and DE8b at 44.55 Mb). Finally, significant but weak TRD regions were
identified on chromosome 2 (32.05 to 34.45 Mb), the short arm of chromosome 4 and
the peri-centromeric regions of chromosome 9. The loci with strong TDR coincide with
previously described loci such as the Slocus and ar? for DE7 and DC7 on
chromosome 7 and /a7 for chromosome 8 (Jacobs et al. 1995; Zhang et al. 2019; see
discussion). We then investigated if those TRD could be caused by zygotic rather than
gametic selection. Only one case of zygotic selection was observed on chromosome 7
at locus DZ7 (distortion zygotic chromosome 7) located at 69.65Mb. DZ7 co-locates
with DC7 at 69.65Mb on the female map, but the localisation of the male counterpart
is blurry because the gametic selection in the pericentromeric region (DE7) adds to the
zygotic selection around 69.65Mb (Suppl. Fig. 4). We postulate that the near absence
of one male by female allele combination is the result of selection against about one
quarter of the seedlings with the crumpled phenotype (Suppl. Text 1), which were
excluded beforehand from analysis.
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Figure 4: Segregation ratio for haplotype h1 in C and h3 in E plotted over physical distances (Mb) for each
chromosome. Thresholds of significance (black dashed line) were determined with x?test with a = 0.0004.
For all panels, clone C data are displayed in orange and clone E in blue.

Non-independent assortment of alleles

Following the detection of a zygotic TRD, resulting in non-independent assortment of
alleles at one locus, we investigated deviations from independent assortment between
all bin-marker pairs and observed biologically significant deviations (LOD of
independence =5) on three female and five male chromosomes. As expected, male
and female bin-marker alleles around 69.6 Mb to 70.7 Mb on chromosome 7 displayed
extreme deviation from independent assortment due to the zygotic TRD DZ7 (Fig. 5b). A
mild deviation from independent assortment was identified between marker pairs from
female chromosomes 4 and 72 around the position of DC4 and DC72 (Fig. 5c).
Another association of comparable significance was identified between most of male
chromosome 3 (from the low recombining north arm to the south arm inversion) and
the pericentromere of chromosome 9 already associated with DE9 (Fig. 5d). Finally,
two regions near DE77 on male chromosome 77 showed a highly significant deviation
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from independent assortment of alleles: one from 5.3 Mb to 6.6 Mb interacting with
most of male chromosome 3 and the other from 7.6 Mb to 8.2 Mb interacting with the
DEB8a region on male chromosome & (Fig. 5e). While close, the LOD-2 confidence
interval of those two regions on chromosome 77 did not overlap suggesting the
presence of two separate, albeit linked loci showing these associations.
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Figure 5: a) Overview of pairs of loci showing non-independent assortment of alleles. Ribbons link non-
independently associated chromosomal region (LOD-2 confidence interval). Pair-wise non-independent
assortments occurring between parents are depicted in green the one occurring within parent are depicted
in orange for C and in blue for E. b-e) Heatmap displaying the LOD of independence of chromosomes with
biological significant non-independent assortment of alleles (LOD =5) against physical position.

QTL mapping for seedling yield in pots

Phenotypic data for tuber yield in pots, defined as fresh weight of tubers larger than 5
mm, were collected on 1534 clones after a growing cycle of 18 weeks. Tuber yield
ranged from O g (no tubers above 5 mm) to 213.1 g with a mean value of 69.1 g (Fig. 6a).
Three significant QTLs were identified for tuber yield (TY): the minor QTL TYES (QTL for
tuber yield clone E chromosome 8) and the major QTLs TYC5 and TYE5 (Table 3, Fig. 6b).
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The LOD-1.5 confidence interval around the top marker of 7YC5and TYE5 overlap with
the position of the candidate gene StCDF7. In this population, alleles StCDF7.7 and
StCDF1.2 are known to segregate from clone C and alleles StCDF7.7 and StCDF1.3
from clone E (Kloosterman et al.,, 2013). Interestingly, the significance for QTL
discovery differs vastly between parents (7YES5 -logio(p-value)=118.7; TYC5 -logio(p-
value)=23.7), indicating a larger phenotypic effect on tuber yield by the StCDF7.3 allele.
This observation is better understood when the effects on tuber yield of the four
StCDFT1haplotype combinations are compared (Fig. 6¢). Both StCDF71.2and StDCF1.3
haplotypes contributed to TY, but with unequal effect (Tukey’s HSD post hoc test a =
005). The large-effect StCDF17.3 haplotype was dominant over the minor-effect
StCDF1.2 haplotype. The deviation from additivity was highly significant (p<0.001).
Overall, in this population 44.7% of variation in tuber yield can be explained by variation
in haplotype combination at the StCDF7 locus.
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Figure 6: a) Distribution of tuber yield (TY) (n=1459). b) Localisation of significant QTLs for tuber yield on
the male and female map of chromosome 5. The X axis represents physical position (Mb), the Y axis
represents -logio(p-value) and threshold of significance is indicated by the black dashed line. Clone C data
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are displayed in orange and clone E in blue. The triangle indicates the position of StCDF7 on DM v6.1. ¢)
Raincloud plots illustrating the effect of StCDF7 haplotype combinations on TY. The different letters and
colours indicate haplotype combinations with significantly different tuber yield (Tukey’s HSD post hoc test
a=0.05).

To cancel the overwhelming effect of the StCDF7 locus, we performed QTL discovery
for tuber yield within three subpopulations with equal maturity, corresponding to
cohorts of plants homozygous for StCDF1.1, the StCDF1.1/ StCDF1.2 heterozygotes,
and offspring with the StCDF7.3 allele. Now five minor-effect QTLs surfaced, two in
the low yielding StCDF1. 7 homozygotes, one in the medium yielding 1.2/1.1 cohort and
two in the high yielding cohort with StCDF7.3(Table 3; Suppl. Fig. 5). Interestingly, each
sub-population resulted in new QTL positions. For example, QTL 7YC7 explained 5% of
tuber yield variation in the 1.2/1.1 cohort but did not account for a significant difference
in the other two cohorts. Similarly, clone C chromosome 7 bears on each side of its
centromere QTLs 7YC7a and TYC7b specific to the 1.1/1.1 and -/1.3 cohort
respectively. These observations showed that tuber yield was not only controlled by
StCDF1 allelic combinations, but that these allelic combinations also epistatically
controlled how minor QTLs can exert their effects.

Table 3: Summary of QTLs identified for yield in pots in the entire population and in maturity sub-
populations.

QTLid panel chr parent I::?.\re R2adj mat(r)lfel:i(nl\:lb) LOI?I;;Ib)S ci
TYCS5 entire offspring chr05 C 23.7 0.07 4.35 4-4.8
TYE5S entire offspring chr05 E 118.7  0.31 4.55 4.4-46

TYE8a entire offspring chr08 E 4.6 0.01 40.85 0-45.5
TYE2 1.1/1.1 cohort chr02 E 4.2 0.04 34.75 31.5-40.9

TYC7a 1.1/1.1 cohort chr07 C 4.3 0.04 43.25 12.4-48.7
TYe1 1.2/1.1 cohort chr01 C 5.0 0.05 3.25 0.7-4.7

TYC7b -/1.3 cohort chr07 C 4.9 0.03 29.95 5.6-425

TYESD -/1.3 cohort chr08 E 4.9 0.03 42.15 11.4-45.7

QTL mapping for pollen shed

During the growing season most plants flowered profusely, except 57 offspring plants
that did not flower or dropped their buds. Using the ability to produce flowers as binary
trait, we could not identify any significant QTL regulating flower production. Out of the
remaining 1479 flowering plants, 134 were classified as poor pollen producers and
1345 as good pollen producers. Using this binary classification as a phenotype we
identified seven significant QTLs regulating pollen shed (Fig. 6a, Table 4). PSE2 (QTL
pollen shed clone E chromosome 2), a QTL with a LOD score of 14.6, was identified on
clone E chromosome 2 located at around 37.65 Mb. QTLs with LOD scores ranging
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from 4.5 to 7.7 were identified on C chromosomes 7, 5, 70, and 77 and on E
chromosomes 7 and 9 and are detailed in Table 4. The associations between pollen
shed and segregating marker alleles are presented as contingency tables visualised as
mosaic plots in Fig. 6b. Holding the effect of other QTLs constant, the odds of being a
low pollen shedder were 8.1 times higher for the plants bearing the detrimental allele
at PSEZ2. We therefore considered PSEZ2 as a major QTL controlling pollen shed in this
population.
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Figure 7: a) Location of significant QTLs for pollen shed (n=1406). The X axis represents physical position
(Mb), the Y axis represents -logio(p-value) and threshold of significance is indicated by the black dashed
line. Clone C data are displayed in orange and clone E in blue. b) Mosaic plots illustrate the effect of the
different haplotypes on the poor pollen shedder’s classification at QTL positions. Counts of poor pollen
shedders are displayed in red and counts of good pollen shedders in green.
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Table 4: Summary of QTL identified for pollen shed.

QTLid chr parent LOD score  Odds Ratio m;SIfel:i?h:lb) LOD-1.5 CI (Mb)
PSC1 chr01 C 5.0 2.2 0.85 0.2-2.7
PSET1 chr01 E 4.5 2.9 82.75 67.5-86.8
PSE2 chr02 E 14.6 8.1 37.65 33.6-38.1
PSC5 chr05 C 4.9 2.6 10.25 4.1-45.2
PSE9 chr09 E 6.6 2.7 1.95 0.1-9.0
PSC10 chr10 C 7.7 2.6 54.85 52.3-60.9
PSC11 chr11 C 7.3 3.0 6.55 0.4-9.1

Discussion

OutcrossSeqDiploidR bin-markers inference

This study explored the construction of linkage maps of skim sequenced offspring at a
very low depth. This resulted in elevated missing values at SNP loci which prohibited
linkage analysis. However, grouping of parent-private SNPs in windows of 0.1 Mb
allowed clustering of descendants to impute bin-markers. Performance of
OutcrossSeqDiploidR was hampered at specific regions with either high or low
sequence divergence. High sequence divergence of the parents relative to the DM
reference genome results in failure of read mapping. Low sequence divergence among
the parental alleles resulting in less than ~30 parent-private variant per bin of 100kb,
also excluded accurate imputation of bin-markers. Such regions were observed on
maternal (clone C) chromosomes 3, 6, and 77 and on paternal (clone E) chromosome
7. Bin-markers from such incongruent or nearly invariant regions were recognised as
inconsistent and removed by subsequent quality filters. The loss of one third of the
potential number of bin-markers may have little impact on our results, because most
markers were lost in the non-recombining heterochromatic regions and potentially in
truly homozygous regions. However, we occasionally noticed a small detrimental effect
on the precision of QTL mapping when bin-markers were lost in regions of absolute
TRD. Contrary to the original OutcrossSeq pipeline, we did not choose to replace the
flagged bin-makers with values of adjacent bin-markers, so it remains clear to users
where genotyping failed.

In this study we explored the minimal depth of skim sequencing to infer genetically
consistent bin-markers of 0.1Mb. We used the sum of recombination events between
physically adjacent marker-bins as a metric to monitor the performance of Smooth
Descent to correct spurious datapoints. We determined that our R package could not
generate genetically consistent bin-markers data when the diploid genome coverage
was below 0.3x. This agrees with the test results of the diploid outcrossing module of
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the original OutcrossSeq pipeline which also showed increasing error rates ranging
from 1.29% to 14.05% for decreasing coverage ranging from 4x to 0.5x. While agreeing
with Chen et al. (2021) who recommend a minimum coverage of 1x to ensure sufficient
genotyping power, we show that in a diploid potato population of 1536 individuals, a
coverage lower than 1x but higher than 0.3x can still be used for 100 kb bin-marker
inference by OutcrossSeqDiploiR, in combination with the algorithm Smooth Decent to
correct genotyping errors.

Comparison of genetic and physical maps

Bin-markers were used to construct separate maternal and paternal linkage maps. The
quality and specific features of these maps were evaluated by comparing the genetic
and physical bin-marker position with Marey maps. This allowed us to visualize an
approximately 5.8 Mb paracentric inversion on the long arm of E chromosome 3(42.9 -
48.7 Mb) relative to the DM reference genome. While parent E is homozygous for this
inversion, parent C must be heterozygous, because the same ~5.8 Mb interval did not
show recombination events. The same inversion was recently reported in a diploid
potato pan-genome study and validated by chromatin interaction (Tang et al., 2022b).
This inversion appears to be rather common and was observed in 12 out of 20 S.
tuberosum diploid landraces. A second region without recombination of 6.3 Mb length,
observed on the linkage map of clone C of chromosome 70, could be identical to the
inversion reported on chromosome 70 from 52.7 to 59.1Mb in S. tuberosum Group
Andigenum clone PG6244 (i.e. CIP 703509). Genetic map length, reflecting the
recombination frequency, of the maternal clone C is always higher than the one of the
paternal clone E. This agrees with Anithakumari et al. (2010) who reported genetic
maps length of 1012.4 cM for clone C and 774.6 for clone E. We cannot determine if
this difference in recombination rate is due to heterochiasmy or other factors because
the reciprocal cross never succeeded.

Transmission ratio distortion

Loci subject to TRD have been reported in almost every mapping study in diploid potato
(Manrique-Carpintero et al.,, 2016). The relevance of their identification to avoid
inbreeding depression was recently highlighted (Zhang et al., 2019; Zhang et al., 2021).
We reported three female, six male loci with gametic TDR and one locus showing
zygotic selection. Here, the underlying causes will be discussed. TRD locus DET,
located in the pericentromeric region of the paternal chromosome 7 is due to the S-
locus involved in gametophytic self-incompatibility (Gebhardt et al., 1991; Jacobs et al.,
1995). The zygotic TRD at locus DZ7 centred around at 69.65 Mb on chromosome 7in
our population coincides with the ar7 locus and candidate gene StSIEL identified in
clone E (i.e. PG2662) selfing population by Zhang et al. (2019). Their phenotypic
description of ar7 mutants, abnormal rooting and shoot differentiation, partially agrees
with the phenotype crumpled, as previously reported in CxE population by Jongedijk et
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al. (1990) and detailed in Suppl. Text 1. More generally, all of the paternal TRD
observed in our population coincide with TRD presented by Zhang et al. (2019) in E
selfing population. For instance, the gametic TRD at locus DE8ais identical to the locus
la1. Here we show that in addition to the previously reported zygotic selection against
homozygous (a7, the la7/ DE8aregion is also subject to gametic selection. Furthermore,
the strong gametic TRD at locus DE77 is identical to an unnamed but equally strong
zygotic TRD reported by the same authors. Those potentially conflicting observation on
the gametic or zygotic stage of TRD could be reconciled assuming that clone C is
homozygous for the allele causing zygotic TRD. In addition, most of the TRD loci
identified in maternal clone C overlap with previously identified TRD in selfing
population of S. tuberosum Group Phureja clones E86-69, C10-20 and PG6359 (Zhang
et al., 2021). However, overlapping TRD regions identified in different clones can be
due to a shared locus or to independent loci located in the same region. The TRD at
locus DC72overlaps with a TRD region observed in clone PG6359 selfings. The TRD at
locus DC4 overlaps with TRD regions observed in clone E86-69 and C10-20 selfings
that could not be linked with a visible phenotypic defect. In addition to TRD we
explored non-independent assortment of alleles between pairs of loci and to our
knowledge are the first to report their presence in a potato population. Most of the
associated pairs of loci overlap with regions displaying TRD such as DE8aand DE77 or
DC4 and DC172. Interestingly, this was not the case for the low recombining male
chromosome 3 involved in non-independent assortments of alleles with both
chromosome 9 and 77 without harbouring TRD. Non-independent assortment of
alleles between pairs of unliked loci can be explained by the presence of co-adapted
gene complexes (Clegg et al., 1972). Alternatively, such associations can be found in
interspecific crosses where they can be caused by Bateson-Dobzhansky—Muller
incompatibilities (Bateson, 1909; Dobzhansky, 1936; Muller, 1942) resulting in
selection against heterospecific allele combinations in hybrids. Some of the
associations observed in our population could be due to such incompatibilities since
the parental clones of our population present a mixed ancestry of S. tuberosum Group
Tuberosum and Phureja, and S. vernei. Overall, the identification of unliked loci having
alleles that positively or negatively associate with each other adds a new layer of
complexity to the understanding of inbreeding depression in potato. When designing
the genome of inbred potato, as proposed by Zhang et al., (2021), one should consider
that complementation and interaction are not only allelic phenomena but also inter-
locus ones, acting between different genomic regions.

Seedling tuber yield in pots

The identification of the StCDF7 locus as the major-effect QTL regulating yield in pots
in our population is consistent with previous mapping studies (Manrique-Carpintero et
al., 2015; Marand et al., 2019) and with the molecular function of StCDF7, which has
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been described as the master regulator of potato maturity (Kloosterman et al., 2013).
Maturity is observed by comparing the status of above-ground plant development
(foliage discolouration, prostrated stems, end of apical sprout and flowering activity) to
the maturity status of reference varieties. The maturity values predict the duration of
the life cycle of field grown cultivars, which varies between 80 and 140 days. Maturity
also predicts the dependency on daylength to trigger tuber development. The wild-type
allele StCDF1.7is commonly present in genotypes with a prolonged growing season
and dependency on short-day conditions for tuberization. StCDF17.2 and StCDF1.3
alleles are found in early maturing genotypes adapted to long-day conditions. Breeders
are exploiting the dosage dependent effect of StCDF7 alleles on maturity to breed
cultivars adapted to different growing condition and market segments. For example, the
very late maturing starch cultivars Altus and Avenger are quadruplex for StCDF17.7
(Hoopes et al.,, 2022) resulting in a prolonged growing season which maximize
accumulation of starch. While long growing seasons are usually associated with higher
yields in cultivars, our pot-grown seedlings show that early genotypes, bearing
StCDF1.2 or StCDF1.3 haplotypes yielded more than late genotypes homozygous for
StCDF1.1. This counter-intuitive outcome can be explained by the delayed tuberization
of genotypes homozygous for StCDF7.7. Our 1.1/1.1 cohort with delayed tuberization
is genetically different in comparison to commercial varieties, which are selected for
early tuber set, independent of maturity. Interestingly, in our population the positive
effect of StCDF7.3 on tuber yield was larger than the one of StCDF7.2. Similarly, a
stronger effect of StCDF7.3 over StCDF1.2 on early maturity was also estimated in the
offspring the tetraploid cultivars Altus and Columba (Hoopes et al., 2022). Those
results are consistent with the finding that StFLORE, the long non-coding RNA and
antisense transcript of StCDF1, is disrupted in StCDF7.3but not in StCDF17.2 (Ramirez
Gonzales et al., 2021). Disruption of StFLORE makes StCDF1.3 heterozygotes
theoretically less susceptible to translation inhibition than StCDF7.2 heterozygotes.
While the effect of maturity on yield is usually controlled with a co-factor, our large
population allowed us to perform independent QTL discovery within three maturity
cohorts and unravel minor effect QTLs specific to a given maturity class. With this
approach we identified five minor effect QTLs, all of them specific to a single cohort,
suggesting GxG interaction between StCDF7 allele combinations and those minor-
effect QTLs. Given the epistatic effect of StCDF7 allele combinations over the minor
effect QTLs identified, we argue that deciphering the genetic component(s) of yield
should be performed in fixed StCDF7 background. For example, non-StCDF7 factors
contributing to early tuberization might substantially contribute to yield in late maturing
genotypes, and must have been selected for in cultivars such as Altus and Avenger
(Hoopes et al., 2022), but their effects will be masked in early maturing genotypes
bearing StCDF1.2or StCDF17.3alleles. Because of the pleiotropic effect of maturity on
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starch content which later influence frying colour and cooking type, this argument may
also hold for other traits.

Candidate genes for pollen shed

While poor male fertility is a historical issue in potato breeding (Krantz, 1924), the
ongoing re-invention of potato into a diploid F; hybrid crop (Jansky et al., 2016;
Lindhout et al., 2011) is turning this trait into a major breeding target. Fertility starts
with the ability to produce flowers for which we could not find QTL in our population.
Male fertility is subsequently determined by the ability to produce and release pollen
for which we identified one major QTL PPE2 on chromosome 2 with a top bin-marker
located at 37.65 Mb and a LOD-1.5 confidence interval ranging from 33.6 Mb to 38.1
Mb. Studying TRD at the fruiting stage followed by a bulked segregant analysis for floral
bud abortion, Zhang et al., (2021) identified StDYT7 (Soltu.DM.02G019340) as a
regulator of stamen development and thus affecting fertility. StDYTT1 is located
approximately at 33.6 Mb on the chromosome 2 of DMv6.1 assembly, right at the
boundary of the LOD-1.5 confidence interval of QupEZ2 and could be considered as a
candidate gene. We identify two other candidate genes involved in anther development
more closely located to the top bin-marker of QupEZ: Soltu.DM.02G024440 and
Soltu.DM.02G023940. Soltu.DM.02G024440 is homologous to the S. lycopersicum
transcription factor Tomato MADS box gene 6 (TM6). TM6 RNAI lines and 7TM6
deletions mutant ms- 75 display homeotic defects primarily in stamen and are male
sterile (Cao et al., 2019; de Martino et al., 2006). Since carpelloid stamen were only
observed on a few clones out of the entire population, it is unlikely that a loss-of-
function allele of Soltu.DM.02G024440is segregating our population. However, altered
expression level of Soltu.DM.02G024440 resulting in aberrant anthers development
and subsequent poor pollen shed cannot be excluded. The second candidate gene,
Soltu.DM.02G023940, is homologous to the A. thalianahomeobox transcription factor
WUSCHEL (WUS). WUS is regulating stem cell activity in the organizing centre of floral
meristem and is implicated in floral patterning (lkeda et al., 2009). In addition, (Deyhle
et al., 2007) reported the involvement of WUS in anther development more particularly
in the differentiation of stomium cells. During normal development, stomium cells
undergo cell wall thickening and degenerate which leads to rupture of the anther and
pollen release. In wus mutants, this process is repressed resulting in indehiscent
anthers and no pollen release which resemble our poor pollen shed phenotype.

Data availability

The sequencing data are available from the ENA under the BioProject ID PRIEB56778.
The software OutcrossSeqDiploidR is available at

https://github.com/ccrclot/OutcrossSeqDiploidR. The phenotyping data, genotyping
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data and, all the R code to reproduce the results and figures of this article are available
at https://doi.org/10.6084/m9.figshare.21533004.v1.
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Suppl. Fig. 4: x2 value for zygotic transmission ratio distortion plotted over physical
distances (Mb) for each chromosome. Threshold of significance (black dashed line)
were determined with ¥ test with ot = 0.0004.
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Abstract

The balanced segregation of homologous chromosomes during meiosis is essential for
fertility and is mediated by crossovers. A strong reduction of crossovers leads to
desynapsis, a process in which pairing of homologous chromosomes is abolished
before metaphase I. This results in a random segregation of univalent and the
production of unbalanced and sterile gametes. However, if desynapsis is combined
with another meiotic alteration that restitutes the first meiotic division, then uniform
and balanced unreduced gametes, essentially composed of non-recombinant
homologs, are produced. This mitosis-like division is of interest to breeders because it
transmits most of the parental heterozygosity to the gametes. In potato, desynapsis is a
recessive trait that was tentatively mapped to chromosome 8. In this article, we have
fine-mapped the position of the desynapsis locus and identified StMSH4, an essential
component of the class | crossover pathway, as the most likely candidate gene. A seven
base-pair insertion in the second exon of StMSH4 was found to be associated with
desynapsis in our mapping population. We also identified a second allele with a 3820
base-pair insertion and confirmed that both alleles cannot complement each other.
Such non-functional alleles appeared to be common in potato cultivars. More than half
of the varieties we tested are carriers of mutational load at the StMSH4 locus. With this
new information, breeders can choose to remove desynaptic alleles from their
germplasm to improve fertility or to use them to produce highly uniform unreduced
gametes in alternative breeding schemes.
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Introduction

Meiosis is a specialized type of cellular division, essential for sexually reproducing
organisms, which generates four haploid spores out of a single diploid mother cell. This
is achieved via two successive divisions, meiosis | and I, following a single S-phase.
While meiosis Il resembles a haploid mitosis where sister chromatids are separated,
meiosis | is characterized by pairing and subsequent separation of homologous
chromosomes. During the prophase of meiosis |, homologous chromosomes pair with
each other in a process known as synapsis. The connexion between homologs is
maintained until anaphase | by crossovers which ensure their proper positioning and
segregation by providing a counterforce to the pole directed spindle forces (Page and
Hawley, 2003). Indeed, if chiasmata are not formed and synapsis cannot be
maintained, such as in asynaptic Arabidopsis thaliana asy7 mutants, univalents will
segregate randomly, ultimately producing aneuploid nonviable gametes (Armstrong et
al., 2002). Desynapsis indicates a condition with a similar gametic outcome and is
characterized by the failure to maintain synapsis between most homologs after a
seemingly initially normal pairing. Desynapsis can result from a drastic reduction in
crossover nhumbers, as observed in organisms with a mutation in the class | crossover
pathway (Lynn et al. 2007; Pyatnitskaya et al. 2019). This pathway, also known as ZMM
pathway (an acronym for Zip1-4, Msh4-5 and Mer3), is responsible for 75-85% of
crossovers in A. thaliana (Serrentino and Borde, 2012). In addition to their role in
chromosome segregation, crossovers are necessary for recombination events which
reshuffle parental chromosomes into unique genetic combinations. Although
recombination and segregation are essential for genetic diversity, they can pose
difficulties for breeders of heterozygous outcrossing crops, as it makes it challenging to
preserve previously chosen combinations of beneficial alleles. The highly heterozygous
autotetraploid potato (Solanum tuberosum) with its slow increase of genetic gains is
one embodiment of such a crop. To circumvent this challenge, the potato breeding
community is currently putting a lot of efforts in the conversion of the allogamous
tetraploid germplasm into a diploid self-compatible germplasm. This new germplasm,
compatible with inbreeding, should enable breeding strategies that preserve
cumulative genetic gains and delivers true potato seeds (TPS) F, varieties (de Vries et
al., 2023; Jansky et al., 2016; Lindhout et al., 2011; Zhang et al., 2021). Alternatively, if
recombination is supressed, as in the case of asynaptic StDMC7 RNAi mutants (Kumar
et al.,, 2023), the genetic makeup of the parents can be fixed and potentially
transmitted to their offspring. This makes it possible to produce TPS without the need
for extensive inbreeding. This concept was first explored about three decades ago using
desynaptic potato clones that produce unreduced gametes (Jongedijk, 1991).
Monogenic recessive desynaptic mutants were identified in dihaploids from variety
Chippewa and in S. tuberosum Group Tuberosum and Phureja hybrids. Those
mutations were proven to be allelic and unified under the locus name Ds-7 (Jongedijk
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and Ramanna, 1988). Locus Ds-7 was tentatively mapped to chromosome 8in the bi-
parental diploid population CE (Jacobs et al., 1995). Desynaptic mutants are
characterised by a 90% reduction in crossover nhumber affecting equally male and
female meiosis resulting in the formation of ~1 bivalent per meiocytes (Jongedijk and
Ramanna, 1989). Assuming that during meiosis | each univalent has an equal chance

of moving to either pole, the probability to obtain a gamete with a normal chromosomal
1
Zn—b

set up is with n being the haploid number of chromosomes and b being the
number of remaining bivalents. For a desynaptic diploid potato clone, we can estimate
that a single reduced gamete out of over 2000 will be balanced, which leads to sterility.
However, fertility can be rescued by a second meiotic alteration producing highly
uniform unreduced gametes by First Division Restitution (FDR) (Ramanna, 1983).
Those unreduced gametes, also known as 2n gametes (2nG), are formed when the
outcome of meiosis | is restituted by the mis-orientation of meiosis Il spindle such as in
ps1 and jason A. thaliana mutants (De Storme and Geelen, 2011; D’Erfurth et al.,
2008). Whether the first division was balanced or chaotic has no impact and meiosis Il
can progress with the equational division of the entire chromosomal complement. This
phenomenon was recently exploited to rescue male fertility in haploid A. thaliana
(Aboobucker et al. 2023). FDR 2n pollen production is not rare in potato and has been
reported in the parents of the population used to map Ds-7 (Mok and Peloquin, 1975b;
Ramanna, 1979).

In the current study, we exploit the joint segregation of desynapsis and FDR 2n pollen to
fine map the Ds-7 locus on the short arm of chromosome 8. We identified StMSH4 as
candidate gene and discovered a 7 bp insertion in the second exon of the allele
associated with desynapsis. Mining the growing number of potato assemblies, we
discovered another allele with a 3820 bp insertion at the same position and confirmed
that both alleles cannot complement each other. We subsequently found that non-
functional StMSH4 insertion alleles are prevalent in European cultivars. Finally, we
discuss the opportunities and limitations offered by desynapsis in the context of potato
breeding.

Materials and Methods

Plant materials

The diploid mapping population CE-XW comprising 1536 full-sibs descends from a
cross between two heterozygous potato clones named C (USW5337.3) and E
(77.2102.37) with mixed ancestry of Solanum tuberosum Group Tuberosum and
Phureja, and S. vernei. The seedlings were grown under standard greenhouse
conditions at Unifarm (Wageningen University and Research) in 2020 (Clot et al.,
2023b) and a subset of 500 individuals were grown from tubers the following year.
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Tubers were planted the 12" of April 2021 in five-litre pots and grown outdoors in a
screen cage equipped with sprinkler irrigation. The diploid populations CRH and ERH,
used for a complementation test, descend from crosses between the S. tuberosum
diploid clone RH89-039-16, used as male parent and clones C and E used as female
parents. Populations CRH and ERH were sown the 29" of March 2022. For CRH and
ERH populations, 100 seedlings were transplanted in 11x11 cm pots and grown in a
greenhouse at ambient temperatures and under 16 hours of light.

Phenotyping pollen stainability and desynapsis

During the flowering stage of the CE-XW population, which occurred between the
seventh and the tenth week post-sowing in 2020 and between the fourth and nineth
week post-planting in 2021, one pollen sample per flowering individual was collected.
Pollen samples were extracted from a freshly opened flower at anthesis using a
vibrator pin (modified electric toothbrush). Pollen was spread on a glass slide and
stained with a simplified version of Alexander staining (Peterson et al., 2010) and
observed under bright field using a Axiophot Zeiss microscope equipped with a
Neofluar 10x/0.30 lens. For each sample, four random field views containing
approximately 50 pollen grains each were used to visually estimate the proportion of
stained pollen relative to the unstained or shrivelled pollen grains. Within the fraction of
stained pollen, the proportion of 2n pollen, having a ~15% larger diameter, was
assessed. Combining those two observations, we identified desynaptic individuals. In a
wild-type background the effect of desynapsis on pollen stainability is
undistinguishable from other forms of sterility. In the presence of another meiotic
alteration, resulting in FDR, the unbalanced chromosome segregation of first meiotic
division is restored (Fig. 1a). This results in a variable proportion of stained balanced 2n
pollen grains next to the shrivelled, unstained, and unbalanced reduced pollen grains.
The dichotomous key shown in Fig. 1b allows a binary classification of pollen samples
into synaptic and desynaptic classes. Samples with a combination of large stained and
small unstained pollen grains were considered desynaptic. Samples with at least 5% of
stained pollen grains and including at least one small and stained pollen grain were
considered synaptic, irrespective of the level of 2n pollen production.

The same phenotyping protocol, with an increased stringency for synaptic classification
set at 5% of stainability of reduced pollen grains, was applied to the CRH and ERH
populations which flowered between the nineth and the eleventh week post-sowing.
When in doubt about pollen size, pictures were taken with the Zeiss Axiomcam ICc 5
colour camera and pollen diameter was measured with Zen 2.3 lite software. Pollen
grains with a diameter above 23 pm were consider as 2n pollen.
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Figure 1: a) Schematic representation of synaptic and desynaptic meiosis producing reduce and FDR 2n
pollen. b) Dichotomous key used to phenotype desynapsis in population CE-XW via pollen microscopy.
Scale baris 50 pm.
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Genetic analysis

Marker data and map construction of population CE-XW is detailed in Clot et al. (2023).
A total of 4894 female and 4740 male markers segregating across 1461 individuals
were used. QTL mapping was performed using the package polyqtlR version 0.0.6
(Bourke et al., 2018). The function singleMarkerRegression was used to fit an additive
model at each marker position returning the -logo p-value of model fit per marker. The
significance thresholds for QTL detection were determined via permutation tests on the
phenotypic values with N = 1000 cycles and a = 0.05. After an initial QTL discovery
using separate maternal and paternal markers, QTL discovery was performed at full
classification obtained by merging parental markers of identical physical map position.
This full classification was used for the recombinant analysis presented in Suppl. Table
1.

Candidate gene exploration

Potato orthologs of Arabidopsis thaliana ZMM genes (including AtMLH17 and AtMLHS3),
necessary for class | crossovers, were identified by blasting the A. thaliana protein
sequences against DM v6.1 Protein high confidence gene model on SpudDB
(http://spuddb.uga.edu/blast.shtml) with default parameters. Potato orthologs were
named according to the A. thaliana gene name prefixed by St (for Solanum tuberosum)
instead of At.

Retrieving haplotypes of the StMSH4 locus

Haplotypes of StMSH4 were mined from a collection of de novo assembled potato
genomes. A local blast database was build using Nucleotide-Nucleotide BLAST 2.8.1+
(Camacho et al., 2009) with a S. lycopersicum cv. Heinz 170 build SL5.0 genome
(Zhou et al., 2022) and 18 de-novo assembled potato genomes: M6 v.4.1 (Leisner et
al., 2018); DM v6.1 (Pham et al. 2020); Solyntus v.1.1 (van Lieshout et al., 2020a);
RH89-039-16 v.3 (Zhou et al. 2020); A6-26, E4-63, E86-69, PG5068, PG6359 and
PG0019 (Tang et al.,, 2022a); Atlantic v.2.0, Castle Russet v.2.0, Avenger, Altus,
Columba and, Spunta (Hoopes et al., 2022); Otava v.1 (Sun et al., 2022); C88 v.1 (Bao
et al., 2022). The genomic sequence of Soltu.DM.08G000640 (StMSH4 in DM v6.1)
was used as query and the results were manually curated to stitch together partial hits
within 5-kb of each other, assumed to be truncated by structural variations. Incomplete
hits matching with scaffold ends were removed from the analysis. Genic and 500 bp
upstream and downstream regions from those genome assemblies, homologous
Soltu.DM.08G000640, were collected for haplotype analysis. The StMSH4.f1
haplotype, associated with the desynapsis phenotype in our mapping population, was
constructed in Geneious Prime 2022.2.2 (https://www.geneious.com) using the
merged bam files (ENA BioProject ID PRJEB56778) of the 102 clones phenotyped as
desynaptic and genotyped with allelic combination h1h3 at 1.15 Mb on chromosome 8.
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Multiple sequences comparison

Multiple sequence comparison of StMSH4 alleles was performed in Geneious Prime
2022.2.2 using MUSCLE 3.8.425 (Edgar, 2004) with default parameters. The
dendrogram was generated using the neighbour-joining algorithm with default settings.

KASP marker analysis

Leaf samples of complementation test populations CRH and ERH were sent to Bejo
(Warmenhuizen, The Netherlands) for Kompetitive allele-specific PCR (KASP) marker
analysis (LGC Genomics GmbH, Berlin, Germany) following to manufacturer protocols.
KASP markers distinguishing between putatively functional and non-functional StMSH4
alleles were developed. Primers are listed in Suppl. Table 2. KASP assay results were
visualized using SNPviewer (lgcgroup.com/products/genotyping-software/snpviewer)
to confirm correct segregation and genotype calling.

K-mer based exploration of StMSH4 insertion alleles in

commercial germplasm

A k-mer based method was used to investigate the presence of StMSH4 insertion
alleles in commercial tetraploid germplasm. Whole genome sequencing reads (150bp
pair-ends) of 134 tetraploid potato varieties (unpublished data) were k-merized into
31-mers using KMC v.3.1.0 (Kokot et al. 2017) with default parameters and option -k31.
Five additional kmer sets (MSH4_777:T, MSH4_777:C, StMSH4.t1/t2_start,
StMSH4.t1/t2_end and, StMSH4.f1 shown in Suppl. Table 3) were generated by &-
merizing sequences of 39 nucleotides overlapping with the T/C polymorphism of KASP
marker MSH4_777, sequences of 60 nucleotides centred around both insertion
boundaries of the transposon insertion of StMSHA4.t7 as well as a sequence of 67
nucleotides centred around the 7 bp footprint of StMSH4.71. Those five k-mer sets
were intersected with the A-mer sets of 134 varieties. K-mers lacking specificity,
present in virtually all varieties, were remove from the analysis which resulted in final
sets of 9 k-mers specific to MSH4_777:C, 9 k-mers specific to MSH4_777:T, 31 k
mers specific to the footprint, 22 4-mers specific to the transposon start and, 23 &
mers specific to the transposon end. The absence/presence of k-mers in varieties,
along with specific k-mers frequencies, were used to infer the distribution of specific
StMSH4 haplotypes in commercial germplasm. The dosage of MSH4 777:C was
estimated by dividing the 4-mer frequencies of MSH4_777:C with the sum of
MSH4_777:C and MSH4_777:T k-mer frequencies.
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Results

Desynapsis is controlled by a single locus on chromosome &8
Stained pollen samples from 1345 seedlings of the CE-XW population were observed
under a microscope and classified according to the dichotomous key presented in Fig.
1b. These microscope observations allowed classification of 134 individuals as
desynaptic and 912 as synaptic while 299 offspring remained unclassified due to either
low pollen stainability, low proportion of 2n pollen or uncertainty about pollen ploidy.
To validate this classification, a subset of 500 individuals were regrown from tubers the
following year, from which 470 pollen samples could be collected. In 107 desynaptic
and 333 synaptic clones we observed the same phenotype in both years. Five
desynaptic clones were classified as normal in the 2™ year and 25 clones with normal
synapsis were classified as desynaptic in the 2" year. These 30 conflicting
classifications (6.3%) were specifically related to individuals with low pollen shed and
were discarded from further analysis. Ultimately, we mapped the Ds-7 locus using 106
desynaptic and 857 synaptic individuals. While the classification of the desynaptic
individuals was based on two years data, this was not the case of all synaptic
individuals. Nonetheless, we decided to use all genotyped individuals classified as
synaptic based on a single year observation, considering that the increase in power
offered by a larger cohort will compensate for putative misclassification.

Using this binary phenotypic classification in a single marker regression with female
and male markers, we mapped the Ds-7 locus to the north arm of chromosome 8 at
1.15 Mb both on the female and the male physical map. Merging parental markers of
identical physical map positions, resulting in full classification, also localised Ds-7 at
1.15 Mb. (Fig. 2a-b). A recessive inheritance of desynapsis implies that the recessive
phenotype will match only with one of the allele combinations h1h3, h1h4, h2h3 and
h2h4. Indeed, three marker classes accurately predict synaptic plants where h1h4,
h2h3 and h2h4 are associated with the ds-7/Ds-17, Ds-1/ds-1 and Ds-1/Ds-1 synaptic
genotypes respectively, with only one or two phenotypic misclassifications, as shown
in the mosaic plot (Fig. 2c). The allele combination h1h3 however, indicative of the ds-
1/ds-7 desynaptic genotypes showed 102 true positive and 79 false negative
classifications. These false negatives suggest a second 1:1 segregating locus
compensating the ds-7/ds-7 mutants. However, a new QTL analysis for desynapsis
within the cohort of individuals with the allelic combination h1h3 at 1.15 Mb on
chromosome & did not identify such a compensatory locus (Suppl. Fig. 1). Upon
microscopic re-examination of the slides of 20 random false positive clones, five are
better classified as ambiguous due to a low pollen shed, one was confirmed synaptic
and 14 were reclassified as desynaptic. Those 14 clones show a stainability above 50%
with more than 95% of stained pollen grain being 2n. The occasional observation of a
few small and stained pollen grains in those clones were in retrospect also visible in 10
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randomly re-examined true positive desynaptic clones. This suggests that desynaptic
plants can produce up to 3% of stained small pollen grains, assumed to be haploid or
aneuploid cells with a stainable cytoplasm. Overall, false positives were essentially
explained by erroneous phenotypic classifications due to a too mild threshold to
classify a pollen sample as synaptic based on a single stained small pollen grain, or the
potential misidentification of 2n pollen as n pollen in desynaptic clones with elevated
levels of 2n pollen production. Finally, after a recombinant analysis in the subset of
individuals curated for false positives and with unambiguous recombination
breakpoints, we identified the first 1.9 Mb of chromosome 8 as candidate region for
desynapsis (Suppl. Table 1).

a
40
=
)
3 30
®
T
a 20
N
=]
D
o 10
T
0
0 255075 02040 02040600 204060 0 2040 0 2040600 2040600 2040600 204060 0 2040600 2040 0 204060
physical position (Mb)
b c bin-marker chr08:1.15 Mb
h1h3 h1h4 h2h3 h2h4
—_
[ 86
= 82 | 68
< 100 2 ]
T @ NA 261 1
g
g) 50 E
T 3 199 371 208
T yes 102
PN 15 S N R R R A S e ., S
0 5 10 15 20 25 30 35 40 45 50 55 60 no 79

physical position (Mb)

Figure 2: a-b) Significance of the association between markers and the phenotypic classification of
desynapsis (n=963). The X axis represents the physical position (Mb), the Y axis represents -logio(,o-value)
and, the threshold of significance is indicated by the black dashed line. In panel a), clone C marker data are
displayed in orange and clone E in blue while in panel b) the integrated marker allele combination h1h3 is
displayed in pink and the candidate region for Ds-7 is highlighted in grey ¢) Mosaic plots illustrating the
goodness of fit between phenotypic and genotypic observations for the markers at 1.15Mb on chromosome
8. Individuals phenotyped as synaptic or desynaptic are displayed in green and pink respectively, and
phenotypically unclassified individuals in grey.

Candidate genes in the ZMM pathway
Low amounts of stained n pollen in desynaptic CE material were explained by Jongedijk
and Ramanna (1989) with cytological observations. They showed a 90% reduction of
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crossovers in meiocytes of desynaptic CE plants resulting in unbalanced chromosomal
segregation. Class | crossovers, resulting from the ZMM pathway, were shown to
represent 75-85% of the crossovers in A. thaliana (Serrentino and Borde, 2012).
Therefore, a gene involved in the ZMM pathway may explain desynapsis in our material.
We collected the physical positions of the potato orthologs of A. thaliana ZMM genes,
including AtMLH1 and AtMLHS, and report their names and positions as found on the
potato reference genome DM v6.1 in Table 1. All A. thaliana genes were associated
with a single ortholog apart from the duplicated genes AtZYP7a and AtZYP171b which
matched a single gene in DM v6.1 (Soltu.DM.04G029680) and AtMSH5 and AtMLH3
whose orthologs in DM were annotated as four consecutive genes
(Soltu.DM. 10G007760/70/80/90 and Soltu.DM.04G0165170/20/30/40). Strikingly,
Soltu.DM.08G000640 the ortholog of AtMSH4, from now on referred to as StMSH4, is
located around 1.14 Mb on chromosome &, in the middle of the candidate region for
the Ds-7 locus. In A. thaliana, AtMSH4 mutants exhibit a severe reduction in fertility
due to an 85% reduction in chiasmata frequency at metaphase | leading to univalents
and unbalanced chromosomal segregation (Higgins et al., 2004). This phenotypic
description is identical to the phenotype observed in our material.

Table 1: Identification of S. tuberosum orthologs of the A. thaliana ZMM genes including AtMLH1/3 and
their positions on the potato reference genome (DM v6.1).

A. thaliana S. tuberosum (DM v6.1)
gene gene ID Gl ortholog ID position references
name name
AtZYP1a/ chr04:61,021,784 - (Higgins et al.,
b AT1G22260  StZYP1  Soltu.DM.04G029680 61,029,101 2005)

AtHEI10 AT1G53490 StHEITO  Solt.DM.08G006360 C'T08:%,024,306 - (Chelyshevaetal,

9,028,660 2012)
AtMSH4  AT4G17380  StMSH4  Soltu.DM.08G000640 Chroﬁ' 11 A;?Szégos - (H'gi'ggj)t al.,
AtMSHS ~ AT3G20475  StMSH5 Soltu.f;\;./;?)fgo00776‘0 chr110(:)')lé)656,7232,(;90 - (ngglggse)t al.,

AtZIP4  AT5G48390  StZIP4  Soltu.DM.09G015170 Chro;é?’;égf 1’265 - (Chelyzgg‘;f’; etal,

AtSHOC1 AT5G52290 StSHOCT Soltu.DM.03G017560 °hr0431:‘,"; 4’12,351 é%% - (Macazigg‘;;’t al,

AtPTD  AT1G12790  StPTD  Soltu.DM.06G021190 Chrof;‘g éi?é?s - (Wije;a;gg)et al,

chr02:44,748,723 - (Chen et al. 2005;
44,756,970 Mercier et al. 2005)
Soltu.DM.04G016570 chr04:33,317,255 -
/20/30/40 33,354,788

chr02:36,320,407 — (Jackson et al.,
AtMLH3 AT4G35520  StMLH3  Soltu.DM.02G022580 36,351,765 2006)

AtMER3 AT3G27730  StMER3  Soltu.DM.02G033190

AtMLH1  AT4G09140  StMLHT (Dion et al., 2007)
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Natural diversity of StMSH4 haplotypes in potato germplasm
Sequence data of StMSH4, being a plausible candidate gene for the Ds-7 locus, were
retrieved with BLAST from 18 de novo assembled genomes. This resulted in the
identification of at least 19 unique haplotypes. We aligned these sequences with the
haplotype of CE-XW desynaptic individuals and calculated a neighbor-joining tree of
the haplotypes and rooted the tree using the haplotype from S. lycopersicum as
outgroup (Fig. 3a). The most common haplotype, StMSH4.1, was identified in six
different clones: DM, RH, Atlantic, PG6359, Otava and, C88. The mutant haplotype
associated with desynapsis in our mapping population was identical to the second
most common haplotype, named StMSH4.f7 where the f indicates a footprint. This
footprint haplotype was found in Colomba, Otava and C88 and is characterized by a
seven bp insertion within the second exon of StMSH4 as annotated in DM v6.1.
Strikingly, much longer insertions of 3820 and 3819 bp are observed at the exact same
position in haplotypes named StMSH4.t1 and StMSH4.t2, where the t indicates a
transposon insertion (Fig. 3b). These transposon insertion mutants were found in
clones RH89-039-16 and Spunta, respectively, and are 99.9% identical with only 10
SNPs and one indel observed within the insertion. Albeit the different insertions
observed in haplotypes StMSHA4.t1, StMSH4.t2 and StMSHA4.f1, the remainder of the
haplotypes are identical to each other (Suppl. File 1). We submitted the StMSH4.t7
insert sequence to BLASTn against the RepetDB database (Amselem et al., 2019)
“Solanum_tuberosum consensus from ReptDB v2” with defaults parameters. The best
hit, with 93% sequence identity, returned the consensus sequence Stub_TedenovoGr-
B-G5183-Map16. This sequence is classified as a Class Il TIR transposon and is
present in 294 copies and 342 fragments in DM v4.03 and amounts for a cumulative
genome coverage of 335,463 bp. In conclusion, we identified StMSH4 as a candidate
gene, and we assume that haplotypes with a premature stop codon due to a
transposon insertion or footprint are associated with desynapsis.
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(RH89-039-16)
(C, E, Colomba, Otava, C88)
(Altus)
StMSH4.4  (Solyntus)
StMSH4.3  (E86-69, E4-63)
StMSH4.1 (DM, RH89-039-16, PG6359, Atlantic, Otava, C88)
StMSH4.6  (Altus)
StMSH4.5 (Spunta)

StMSH4.2 (Otava, Castle Russet)

ScnMSH4.1 (PG5068)

ScnMSH4.2  (PG5068)

StMSH4.7  (C88)

StMSH4.8  (Avenger)

SchMSH4.1  (M6)

StMSH4.9  (Colomba)
StMSH4.10 (Atlantic)

StMSH4.11  (Otava)

SeMSH4.1  (PG0019)

SIMSH4.1
(Heinz 170)
0.007
3820 bp
GAGTCTCACA ACTGGCTGAC
F 7 bp
GAGTCTCACA ACTGGCTGAC

Figure 3: a) Phylogenetic dendrogram of StMSH4 haplotypes retrieved from de novo assemblies. Clone
from which the various haplotypes were identified are indicated in between brackets. Haplotypes with
insertions in the second exon of StMSH4 are indicates in pink and red. b) Haplotypes StMSH4.t1 and
StMSHA4.f1 show insertions of 3820 bp and 7bp in the second exon of candidate gene StMSH4.
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Complementation test

The evidence that the Ds-7 locus is equal to StMSH4 is only based on a positional co-
localisation and phenotypical similarity with Atmsh4 mutants. To validate our
positional evidence with molecular evidence we designed a genetic complementation
assay using different insertion mutant versions of StMSH4 as found in different potato
clones. We crossed clones C and E, both heterozygous for StMSHA4.f1, with clone
RH89-039-16, heterozygous for StMSH4.t1, generating populations CRH and ERH.
KASP marker MSH4_777 and MSH4_168, both tagging StMSHA4.t7 and StMSHA4.f1,
were used to follow the segregation of either haplotype in the progenies of CRH and
ERH. As expected, in both populations the KASP markers segregated in a 1:2:1 fashion
and about one quarter of offspring, homozygous for the KASP alleles associated with
the insertion alleles are assumed to carry the haplotype combination
StMSHA4.t1/ StMSHA4.f1. We phenotyped population CRH and ERH for desynapsis
without prior knowledge on the seedling genotypes. Out of CRH 99 seedlings, 47 plants
did not flower or shed sufficient pollen for microscopic observation and 3 plants
displayed insufficient pollen stainability. Among the remaining 49 plants, 8 were
classified as desynaptic and 41 as synaptic. Similarly, for the 100 seedlings of ERH, 49
plants did not flower or shed sufficient pollen for microscopic observation and 3 plants
displayed insufficient pollen stainability. Among the remaining 48 plants, 7 plants were
classified as desynaptic and 41 plants as synaptic. We observed a perfect correlation
between the desynapsis classification and the two KASP markers distinguishing
StMSHA4.t7 and StMSHA4.f7 from the functional haplotypes (Fig. 4). Al phenotyped
plants bearing the haplotype combination StMSH4.t7/StMSH4.f7 were classified as
desynaptic indicating that StMSH4.t7 and StMSH4.f7 alleles cannot complement each
other and are non-functional. From now on, those non-functional alleles can be
referred to under the unified notation Stmsh4.

CRH ERH
ds-1/ds-1 Ds-1/ds-1 Ds-1/Ds-1 ds-1/ds-1 Ds-1/ds-1 Ds-1/Ds-1

72}
Q
©
c
>
%)
[0}
©

yes 8 10 yes 7 2

no no

Figure 4: Mosaic plots illustrating the agreement between desynapsis phenotype and genotypes obtained
with KASP markers tagging StMSH4 haplotypes in two complementation studies. CRH and ERH indicate the
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offspring from a cross between clone C or E with clone RH89-039-16. Ds-1 indicates StMSH4 alleles with
no insertion and ds-1 stand for either StMSH4.f1 or StMSH4.t1. Individuals phenotyped as synaptic or
desynaptic are displayed in green and pink respectively, and phenotypically unclassified individuals in grey.

Occurrence of StMSH4 insertion mutants in commercial

tetraploid varieties

To assess the occurrence of Stmsh4 alleles in commercial germplasm, we intersected
the k-mer sets of 134 re-sequenced tetraploid varieties with the &~-mer sets uniquely
tagging the KASP marker allele MSH4_777:C, the footprint region of StMSHA4.f7 and the
junctions at both ends of StMSHA4.t7 transposon insertion site (Suppl. Table 3).
Surprisingly, we observed at least one of the mutant haplotypes StMSH4.t7 or
StMSH4.t2in 70 out of the 134 varieties, because in these varieties all k-mers unique
to the junctions of both insertion ends were present. Furthermore, the footprint-
specific k-mers were identified in 21 varieties including 14 varieties already positive for
the transposon insertion. Two more varieties, Royal and Summer Delight, were found
positive for only two k-mers specific for the StMSH4.f71 footprint haplotype. After
retrieving reads from these clones containing those two k-mers and aligning them to
DM v6.1, we identified in Royal had a 4 bp footprint instead of the 7 bp insertion found
in StMSH4.f1, indicating a new haplotype called StMSH4.f2 (Suppl. Fig. 2a). More
strikingly Summer Delight retrieved reads mapped partially to the footprint location and
partially to another region 28,460 bp downstream. This suggests that the transposon
excision event caused a structural rearrangement producing another more complex
footprint haplotype (StMSH4.f3) (Suppl. Fig. 2b). Whether the StMSH4.f2 and
StMSHA4.f3 alleles are also non-function remains to be demonstrated. Finally, we
observed a perfect correlation between the 79 varieties positive for A~-mers tagging
MSH4_777:C and varieties positive for either StMSH4 insertion mutants. This
observation confirms that our KASP marker MSH4_777 accurately predicts the
insertion alleles and can be used to estimate their combined dosage. We estimated
that a total of 55 varieties were nulliplex for MSH4_777:C, while 45 were simplex, 26
were duplex and 8 were triplex. Hence, with a minor allele frequency (MAF) estimated
at 22.6%, deleterious StMSH4 insertion mutants are abundantly present in commercial
germplasm.

Discussion

Phenotypic classification of desynapsis via pollen microscopy

Rather than relying on laborious cytological observations of male meiocytes to
phenotype desynapsis, we exploited the combination of desynapsis and FDR 2n pollen
in our population to phenotype this trait through pollen microscopy. Either method has
its advantages, where meiocyte observations would allow to capture the reduced
chromosome pairing, while pollen observations allow a quick and dirty classification of
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a large population. A disadvantage of this latter approach is that desynapsis could only
be positively classified, and distinguished from other causes of male sterility, when
combined with FDR 2n pollen production. This requirement for 2n pollen resulted in
261 unclassified ds-7/ds-7 individuals (59.0%), compared to 236 unclassified Ds-
7/—individuals (23.2%). Classification of synaptic offspring was highly accurate with
only four misclassifications (0.5%), allowing a high mapping accuracy despite 79
misclassifications (43.6%) of desynaptic offspring. We learned that those
misclassifications were predominantly caused by two misleading phenotypic
observations: 1) almost all stainable pollen grains were unreduced and we lacked
small sized pollen grains to see that, and 2) we observed a few stainable small pollen
grains while this possibility was not expected in desynaptic clones (initial threshold
0%). Stainability of small pollen grains in a desynaptic individual suggests that
balanced segregation may occur by chance alone or that despite an unbalanced
genome the cytoplasm is still stainable. This led to a new threshold (<5%), which was
successfully applied during the phenotypic classification of the complementation test
populations.

From candidate region to candidate gene

In our mapping experiment, desynapsis was clearly associated with the allelic
combination h1h3 on the north arm of chromosome 8. However, the combined effect
of phenotypic misclassification and noisy skim-sequencing data limited our fine
mapping resolution. Nonetheless, we performed a recombinant analysis on a curated
set of individuals with consistent phenotypic and genotypic data and identified the first
1.9 Mb of chromosome & as candidate region for Ds-7. Based on DM v6.1 annotation,
this region contains 129 genes among which 7, including StMSH4, are putatively
involved in reproduction. Articulating the genetic and cytological descriptions of
desynapsis in potato (Jongedijk and Ramanna 1989; Jongedijk et al. 1991) with the
more recently uncovered function of the ZMM proteins in A. thaliana (Pyatnitskaya et al.
2019), we could focus on StMSH4 as candidate gene for desynapsis. This exemplifies
how knowledge obtained from model organism can facilitate discoveries in crops, at
least for conserved process such as meiosis.

Different StIMSH4 insertions alleles

In this study we identified a variety of StMSH4 alleles, including non-functional alleles
due to a transposon insertion in the second exon of this gene or to a 7bp footprint at a
position coinciding with the transposon insertion site. Among them, the transposons
insertion alleles StMSH4.t7 and StMSH4.t2, indistinguishable based on our A-mer
based analysis, were the most widespread (Suppl. Table 3). The low sequence
divergence between StMSH4.t7 and StMSHA4.t2, limited to 10 SNPs and a 1 bp indel
within the insertion sequence, can be explained in three ways. Either those two alleles
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are bona fide and result from 1) independent transposition events at the same location
in the same ancestral allele (very unlikely), or 2) from a single transposon insertion
event and subsequent divergency restrained to the transposon sequence, or 3) these
differences are artifacts caused by the challenge of assembling repetitive sequences
present in high copy number in the genome. StMSH4.f1, the 7 bp footprint allele
causing desynapsis in our mapping population, was also relatively common among
tetraploid varieties. However, we could also identify two rarer footprint alleles (Suppl.
Fig. 2) and cannot exclude the future discovery of more footprints resulting from
independent excision events of the widespread transposon alleles.

MSH4 and meiotic adaptation to polyploidy

In allotetraploid Brassica napus, a reduction in the number of functional copies of
MSH4 to a single copy prevents crossovers between homeologous chromosomes
without affecting the total number of crossovers (Gonzalo et al., 2019). In this context,
reducing MSH4 dosage seems to help stabilising allopolyploid meiosis by favouring
homologous chromosomes as recombination partner. Contrary to allopolyploids, the
stabilization of meiosis in autopolyploids, such as S. tuberosum, does not rely on
recombination partner choice but on avoiding multivalent formation, in particular the
combination of trivalent and univalent (Bomblies, 2022). This can be mediated by
increasing crossover interference strength and ultimately decreasing crossovers
number to a minimum of one per pair (Morgan et al. 2021). Interestingly, a direct
partner of MSH4, the ZMM protein and synaptonemal complex central element ZIP1
harbour signature of selection for meiotic stabilization in autotetraploid Arabidopsis
arenosa (Yant et al., 2013). Recent cytological investigation of tetraploid potato
cultivars revealed that clone Sante display significantly less multivalent than clones
Maris Peers and Cara (Choudhary et al. 2020). Remarkably, Maris Peer and Cara are
quadruplex for functional StMSH4 alleles (Suppl. Table 3) and Sante appears to bear
one copy of StMSH4.t7 (S. Oome (HZPC), personal communication). Whether reducing
the number of functional MSH4 alleles is an adaptation to auto/allo-polyploidy in
potato (i.e to minimize multivalents in autotetraploid S. tuberosum or homeologous
crossovers in allotetraploid wild relatives such as S. stoloniferum) remains speculative
but could be simply investigated with functional experiments.

Desynapsis: a double edge-sword for breeders

At a first glance, the production of sterile n gametes due to desynapsis appears to be a
detrimental phenotype that should be removed from potato breeding programs.
Suboptimal fertility has always been an issue for potato breeders (Krantz, 1924) and
maintaining fertility upon inbreeding is central to the reinvention of potato as a diploid
inbred line-based crop. With a MAF estimated at 22.6% in tetraploid varieties, Strmsh4
alleles are contributing to the notorious fertility problems of dihaploids induced from
cultivars. Ignoring double reduction, the probability to induce a dihaploid with a given
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number of Stmsh4 copies can be calculated using equation (1) with p being the ploidy
of the parent P, P(P,) being the probability of parent P to bear n of copies of Stmsh4
and, P(Gy) being the probability of a gamete G (future dihaploid) to bear k copies of
Stmsh4.

x CP
(1) P(Gy) = ZP(Pn) x#

p/2

Extrapolating from the estimated dosages of Stmsh4 in commercial varieties (Suppl.
Table 3), we can estimate that 6.4% of all induced dihaploids will be homozygous for
Stmsh4 and 33.5% of them will be heterozygous. While these dihaploids are often
used to introduce quality and resistance traits to the diploid gene pool, they will also
introduce Stmsh4 alleles, thus hampering future inbreeding efforts. Indeed, one quarter
of the S1 population obtained by selfing a clone heterozygous for Strmsh4 will be
desynaptic. Desynapsis will only be observed and selected against when attempting to
produce an S2, hereby wasting labour and greenhouse space. We therefore
recommend to breeders that aim at developing fertile diploid inbred lines to remove
StMSHA4.f7 and StMSHA4.t17/t2 haplotypes from their germplasm.

Looking at desynapsis from another angle, one could envisage to combine it with
another meiotic mutation, FDR unreduced gametes (FDR 2nG), and exploit these highly
heterozygous and highly uniform unreduced gametes to create tetraploid varieties via
sexual polyploidisation. Interploidy breeding schemes exploiting the simplicity of
diploid breeding and the heterozygosity offered by tetraploids have long been proposed
in potato (Chase, 1963; Hutten, 1994). In those schemes, tetraploid varieties are
produced by unilateral (4x x 2x) or bilateral (2x x 2x) sexual polyploidisation with
diploid clones producing 2nG. However, not all 2nG are made equal with FDR 2nG
retaining ~80% of parental heterozygosity compared with ~40% for 2nG formed by a
second division restitution (SDR) (Douches and Quiros, 1988a, 1988b; Jongedijk et al.,
1991a; Peloquin et al., 2008). This higher heterozygosity of FDR 2nG has been linked
with a significant yield increase in progenies when compared with SDR 2nG (Hutten et
al., 1994a; Kidane-Mariam and Peloquin, 1975; Mendiburu and Peloquin, 1977). In
desynaptic clones, the significant reduction in crossover number boosts the
heterozygosity of FDR 2nG to 94.1% (Jongedijk et al., 1991a) and thus, could
contribute to an even higher heterosis in the tetraploid progeny. Moreover, the
increased uniformity of these 2nG will also be instrumental to the development of
uniform tetraploid varieties grown from true seeds (TPS varieties), without the
necessity to develop inbred parents. Practically, the breeders can generate diploid
progenitor material which are heterozygous for Stmsh4. These progenitor clones can be
used as recurrent parent at the diploid level, but after one generation of selfing the
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desynaptic descendants producing FDR 2nG can be used for commercial true seed
production. Likewise, desynaptic descendants can also be obtained in hybrid progeny
descending from a cross between diploid parents that both carry an Stmsh4 allele.

Despite being less common than FDR 2n pollen production, the formation of FDR 2n
megaspores has been reported in desynaptic potato clones by Jongedijk et al (1991).
Those authors also discussed the potential use of such mutants to produce
heterozygous and uniform tetraploid TPS varieties via bilateral sexual polyploidisation.
While being facilitated by the potential of marker assisted selection for desynapsis,
further research on the genetic regulation of FDR 2nG production both on the male and
the female side remains essential to efficiently exploit desynapsis. Importantly, the
genetic regulation of FDR 2nG production is expected to be more complex on the
female than on the male side because of the successive type of cytokinesis of female
meiosis. FDR 2n pollen could be achieved with a single mutation as in the cases of
Atps1 and Atjason mutants (de Storme and Geelen, 2011; d’Erfurth et al., 2008). On
the other hand, a combination of mutations leading to the loss of cohesion between
sister-chromatids during meiosis | and the omission of the second meiotic division
should be associated with desynapsis to obtain both male and female near non-
recombinant unreduced gametes.
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Suppl. Fig. 1: Significance of the association between parental markers and the
phenotypic classification of desynapsis within the cohort of individuals with the allelic
combination h1h3 at 1.15 Mb on chromosome & (n=181). The X axis represents the
physical position (Mb), the Y axis represents -log10(p-value) and, the threshold of
significance is indicated by the black dashed line.

Suppl. Fig. 2: Reads containing footprint specific <~~-mers extracted from a) Roya and b)
Summer Delight aligned to DM v6.1.

Suppl. Table 1: Recombinant analysis in the first 5 Mb of chromosome & for a curated
set of genotypes with markers as column and genotypes as row. The second column
represent the desynapsis classification and the first row indicates the -log10(p-value)
of marker association with the desynapsis classification in the entire cohort. Haplotype
combination h1h3 is represented by a 1 while any other haplotype combination is
represented by a 0.

Suppl. Table 2: KASP primers used to follow the segregation of StMSH4.t7 and
StMSH4.f7in population CRH and ERH.

Suppl. Table 3: Correlation of &~-mers specific to the C allele of KASP MSH4_777 and
k-mers specific to either the transposon insertion in StMSH4.t7 and StMSH4.t2 or the 7
bp insertion of StMSH4.f1. K-mers are shown in rows and varieties in columns.
Numbers indicate k&~-mers frequencies in a given variety.

Suppl. File 1: Multiple sequence alignment of MSH4 genomic sequences and
Soltu.DM.08G000640. 7 cDNA.
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Abstract

In diploid potato the production of unreduced gametes with a diploid (2n) rather than a
haploid (n) number of chromosomes has been widely reported. Besides of their
evolutionary important role in sexual polyploidisation, unreduced gametes also have
practical value for potato breeding as bridge between diploid and tetraploid germplasm.
Although early articles argued for a monogenic recessive inheritance, the genetic basis
of unreduced pollen production in potato has remained elusive. Here, three diploid full-
sib populations were genotyped with an amplicon sequencing approach and
phenotyped for unreduced pollen production across two growing seasons. We
identified two minor-effect and three major-effect QTLs regulating this trait. The two
QTLs with the largest effect displayed a recessive inheritance and an additive
interaction. Both QTLs colocalised with genes encoding for putative A/4S homologs, a
key regulator of meiosis Il spindle orientation in Arabidopsis thaliana. The function of
these candidate genes is consistent with the cytological phenotype of mis-oriented
metaphase Il plates observed in the parental clones. The alleles associated with
elevated level of unreduced pollen showed deleterious mutation events: an exonic
transposon insert causing a premature stop, and an amino acid change within a highly
conserved domain. Taken together, our findings shed light on the natural variation
underlying unreduced pollen production in potato and will facilitate interploidy breeding
by enabling marker assisted selection for this trait.
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Introduction

Unreduced gametes, also known as 2n gametes, are gametes with a diploid (2n) rather
than a haploid (n) number of chromosomes. Sexual polyploidisation through unreduced
gametes is proposed as a major route to polyploid formation (Ramsey and Schemske,
1998; Tayalé and Parisod, 2013). Polyploids are common among flowering plants and
overrepresented in crops (Otto and Whitton 2000; Salman-Minkov et al. 2016). It is
suggested that polyploids were selected pre- or post-domestication because of their
greater phenotypical plasticity, larger organ size and reproductive isolation from wild-
relatives (Bretagnolle and Thompson, 1995; Dempewolf et al., 2012; Sattler et al.,
2016). Unreduced gametes are also an important tool for plant breeders who used
them to link germplasm of different ploidy levels and for the induction of new
polyploids (Ramanna and Jacobsen 2003; Younis et al. 2014). Unreduced gametes
generally result from an altered meiotic process affecting either chromosomal
segregation or cell division. The most reported mechanism of male meiotic restitution
is the misorientation of metaphase Il (Mll) plate and spindles also known as parallel
spindles (Bretagnolle and Thompson, 1995). In some species, simultaneous
cytokinesis, the misorientation of MIl plate can lead to the production of unreduced
gametes that contain homologous chromosomes and are genetically equivalent to a
First Division Restitution (FDR). Alternatively, unreduced gametes obtained from an
omission of the second division are composed of sister chromatids and are genetically
equivalent to a Second Division Restitution (SDR). Those restitution mechanisms can
be caused by a combination of environmental and genetic factors (de Storme and
Geelen, 2014, 2013).

Here we are interested in the genetic basis of unreduced pollen production in potato
(Solanum tuberosum). The production of unreduced pollen via misorientation of Ml
plates and spindles has been commonly recorded among tuber-bearing Solanum
species (Watanabe and Peloquin, 1989). The inheritance of this meiotic restitution
mechanism and two independent types of premature cytokinesis were described as
independent monogenic recessively inherited traits (Mok and Peloquin, 1975b, 1975a).
The subsequent re-investigation of those cytological mechanisms by Ramanna (1979)
drew a more complex picture of the situation where the co-occurrence of various
restitution mechanisms in a single clone could not be excluded. Likewise, analysis of
the genetic control of unreduced pollen formation during cycles of recurrent selection
and in diallel crosses suggested a more complex polygenic inheritance (Dongyu et al.,
1995; Ortiz and Peloquin, 1992). While unreduced gametes have been successfully
used to introgress resistance genes from diploid wild relatives of potato to tetraploid
cultivars (Ortiz et al. 1994; Capo et al. 2002), genetic loci involved in their production
have never been identified. Meanwhile, the study of Arabidopsis thaliana mutants
uncovered several meiotic pathways regulating unreduced gamete formation (de
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Storme and Geelen, 2013). Key players in those pathways include AtPS7 (A. thaliana
Parallel Spindle 7) and At/AS (A. thaliana JASON) which are known to regulate the
orientation of the Ml plate and spindle. Knock-out of either of those genes results in
the formation of FDR unreduced pollen (de Storme and Geelen, 2011; d’Erfurth et al.,
2008). On the other hand, loss of function of 7AM (TARDY ASYNCHRONOUS MEIOSIS)
or OSD1 (OMISSION OF SECOND DIVISION) leads to the failure of entering meiosis I
and to the production of SDR dyads (d’Erfurth et al., 2010, 2009).

Through a comprehensive study spanning multiple years and several populations, we
discovered a total of five QTLs regulating unreduced pollen production diploid potato.
Two major-effect QTLs co-localised with genes sharing homology with AZ/AS. We also
identified deleterious sequence variants in those genes, namely a transposon insertion
within an exon and an amino acid substitution within a domain that is highly conserved
across vascular plants. Besides facilitating interploidy breeding for potato, our findings
provide the first examples of natural genetic variation associated with unreduced pollen
production.

Materials and Methods

Plant material

In this study, we used three diploid S. tuberosum mapping populations: FRW19-112,
IVP16-560, and CE-XW, which resulted from the crosses IVP92-057-3 x [VP92-030-
14, RH89-039-16 x IVP10-281-1, and C (USW 5337.3) x E (77.2102.37), respectively.
Detailed information on these clones and their related pedigrees is provided in Fig. 1. In
previous growing seasons the parental clones RH89-039-18, IVP92-057-3, C, and E
produced unreduced pollen, which was confirmed to be functional through successful
4x x 2x crosses (Hutten et al., 1994a; Park et al., 2007).The three mapping populations
have a shared ancestry, as C is a grand-parent of RH89-039-16 and both C and E are
grand-parents of IVP92-057-3. In 2020, 94 descendants from population FRW19-112
were grow from true potato seeds in five litre pots and under 16 hours of light in an
open ground greenhouse compartment with drip irrigation and an evaporative cooling
system. In 2019, 124 descendants from population IVP16-560 were grown from seed
tubers in the same greenhouse conditions. In 2020, this population was extended to
191 clones grown from seed tubers in a single row field (51°57'05.7"N; 5°38'02.5"E)
planted the 17th of April. In 2020, 225 CE-XW seedlings grown under greenhouse
conditions as described in (Clot et al., 2023b), were phenotyped for unreduced pollen
production. In 2022, this population was extended to 268 clones grown from seed
tubers in 19 cm pots at ambient temperatures and under 16 hours of light.
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Analysis of male meiosis

To observe the male meiosis progression and chromosomal behaviour of the parental
clones of population FRW19-112 and IVP16-560, we fixed floral buds of 3 to 4 mm
parental clones in Carnoy solution (3:1 EtOH (99.8%): glacial acetic acid). We
refreshed the Carnoy solution during the harvest day and kept overnight at 4 ©C. Next,
we washed the buds twice with 70% EtOH and stored them at 4° C and followed the
chromosome spread technique described by Jones and Heslop-Harrison (1996). After
rinsing the fixated buds in water, we dissected the anthers and washed them a second
time in water. The anthers were then incubated at 37 °C for 1.2h in a 1:1 mixture of
pectolytic enzymes and 10 mM citrate buffer (pH 4.39). After enzymatic digestion, we
macerated a single anther on a slide in a small drop of 60% acetic acid and stirred it
gently on a hotplate at 55 °C for 1 min. We then flooded the slide with freshly made
Carnoy solution and dried it on a hotplate for 2 min. Finally, we stained the slides with
12 mL of DAPI diluted in Vectashield (300ng/pL) and mounted them with a coverslip.
We kept the slides 4 °C until we observed them using a Axio Imager Z2 microscope
equipped with an external light source (X-cite series 120 EXFO), a 120W high pressure
metal halide lamp, a DAPI reflector and an Axiocam 506 camera. We conducted a
comparative analysis of progression of meiosis by examining five anthers per clone
spanning stages from pachytene to tetrad. For each anther, we recorded the meiotic
stage of at least 200 and up to 250 meiocytes. Similarly, we compared the proportion
of different Ml plate orientations based on at least three and up to five anthers per
clone. For each anther, 20 to 70 meiocytes at metaphase Il were observed and
classified as having normal, parallel or fused Ml plates following Ramanna (1979). For
each orientation, we performed a statistical comparison of clone specific medians
using the nonparametric Kruskal-Wallis test and the Conover-lnman post hoc test (a =
0.05) corrected for multiple comparison with Holm procedure (Conover and Iman,
1979; Holm, 1979).

Phenotyping unreduced pollen production

For each growing season, we collected up to four pollen samples per clone on different
days throughout the flowering period. The samples were composed of bulked pollen
extracted using a vibrator pin (modified electric toothbrush) from two flowers at
anthesis with freshly opened anther pores. We stained the pollen samples using a
simplified version of Alexander staining (Peterson et al., 2010), and examined them
under bright field using a Axiophot Zeiss microscope equipped with a Neofluar
10x/0.30 lens. For each pollen sample, we photographed four field views using a Zeiss
Axiomcam ICc 5 colour camera and Zen 2.3 lite software. We considered these four
images as a single observation and analysed them using Fiji (Schindelin et al., 2012)
and a modified version of the macro developed by Tello et al. (2018) (Suppl. file 1) to
determine pollen diameter. For each full-sib population, we delimited a symmetrical
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interval of +/- 3 pm centred around the lowest mode of the pollen diameter across the
entire offspring. Pollen falling within this interval was classified as reduced, while larger
pollen was classified as unreduced. Smaller pollen was considered malformed and
removed from the dataset. We then used this pollen classification to calculate the
proportion of unreduced pollen for each observation. To ensure the reliability of this
proportion, we excluded samples containing less than 50 pollen grains. We also
excluded the observations of two triploid individuals identified in population FRW19-
112 and one identified in population IVP16-560. Furthermore, we removed
observations from 48 previously characterized desynaptic individuals from population
CE-XW (Clot et al.,, 2023a). After these exclusions, we obtained a total of 81
phenotyped FRW12-112 individuals, 187 phenotyped IVP16-560 individuals (119 in
2019 and 175 in 2020) and 247 phenotyped CE-XW individuals (165 in 2020 and 218
in 2022).

BLUPs and heritability estimation

We used Generalized Linear Mixed Models (GLMM), allowing for a binomial distribution
and random effects, to analyse the level of unreduced pollen production in all three
populations. We fitted the model described by equation (1) to population IVP16-560
and CE-XW and the simplified model described by equation (2) to population FRW19-
112. In both models, logit is the link function between the linear predictors 1; ;. (or 1;)
and the observations 1;, (or ;) of the &-th record of the ~th genotype in the /th year,
s the population mean, (G;) is the random effect of genotype / ¥} is the fixed effect
of year jand (GY;;) is the genotype /by year jinteraction. Models were fitted with the R
package glmmTMB version 1.1.2.3 (Brooks et al., 2017). We used likelihood ratio tests
to assess the significance of random effects via the chi-square statistic. We tested the
significance of the fixed effect of year with the Wald’s test and the t-as-z-approach
implemented in glmmTMB. Finally, we extracted predictions for the random genotype
effects (BLUPs) for single year and multiyear models and used them as phenotypes in
the subsequent QTL analyses.

(1) logit(m; ) = nijie = n+ (G) +Y; + (GY;))
(2) logit(my) = Ny = 1 + (G;)

We estimated broad-sense heritability was using equation (3) (Piepho and Mdéhring
2007) where agz is the genotypic variance estimated using the GLMM equations

described above and EfoE is the mean variance of a difference of two genotypic
BLUEs estimated using the same equations but considering G; as the fixed effect of
genotype /.
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Whole genome sequencing of parental clones

In a previous study (Clot et al., 2023b), we sequenced clone C and E with paired-end
reads, quality trimmed those reads with fastp version 0.19.5 (Chen et al., 2018),
aligned them to DM v6.1 with BWA-MEM v.0.7.17 (Li and Durbin, 2009) and called
variants with bcftools v.1.13 (Danecek et al., 2021). Here, we sequenced the parental
clones of population IVP16-560 with 150bp paired-end reads using BGISEQ-500 and
retrieved sequencing reads of RH89-039-16 and IVP10-281-1 from BioProject ID
PRJEB2504 and PRJEB36551 respectively. Following the alignment pipeline of (Clot et
al., 2023b), we obtained a mean haploid coverage of 10.5x, 16.9x, 24.7x and 23.9x for
clone RH89-039-16, IVP10-281-1, IVP92-057-3 and IVP92-030-14 respectively. We
then visualised those alighments in candidate gene regions using IGV (Robinson et al.,
2011). Finally, we extract variants identified in the vicinity of Soltu.DM.07G0174730 (+/-
500bp) and annotated them using snpEff v4.3 (Cingolani et al., 2012).

Genotyping by amplicon sequencing and linkage map construction
We generated marker data for all three populations using the amplicon sequencing
strategy potatoMASH (Leyva-Pérez et al., 2022). DNA extraction, library preparation
and bioinformatic processing of sequencing reads to obtain marker dosages were
performed according to Leyva-Pérez et al. (2022), with the exception that we aligned
short-reads to DM v6.1 (Pham et al., 2020) instead of DM v4.03. Unique amplicon
alleles, referred to as haplotags, were used as genetic markers. We obtained a total of
890, 822 and 873 segregating markers for population FRW19-112, IVP16-560 and CE-
XW respectively. Next, we used polymapR version 1.1.2 (Bourke et al., 2018) and
followed the package vignette to automate the linkage map construction in all three
populations. First, we removed uninformative markers with high missing rates (>20%)
or strongly distorted transmission ratios and manually imputed missing parental
dosages based on offspring segregation, when possible. We also removed poorly
genotyped individuals missing more than 20% of markers. Next, we calculated
recombination frequencies for all marker-pairs, clustered the markers into 12
chromosomal groups and ordered them via multidimensional scaling (Preedy and
Hackett, 2016). Finally, we phased the markers into parental homologues using
PolyoriginR version 0.0.3 (Zheng et al., 2021) with a recombination rate set at 1.25
cM/Mb. The final phased linkage maps were composed of 755, 655 and 737 markers
segregating across 91, 186 and 233 individuals for populations FRW19-112, IVP16-
560 and CE-XW respectively (Table 1). Using Marey maps (Chakravarti, 1991) (Suppl.
Fig. 2-4), we confirmed that the genetic order of our linkage maps follow the expected
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physical order of potatoMASH amplicons on DM v6.1 except for a previously described
paracentric inversion on the long arm of chromosome 3(Tang et al., 2022a).

QTL mapping

We combined BLUPs and phased linkage maps in polyqt(R version 0.0.9 (Bourke et al.,
2021) to perform a QTL analysis following the package vignette. We estimated offspring
Identity-by-descent (IBD) probabilities using a Hidden Markov Model with a prior error
ranging from 0.01 to 0.05 per chromosome. We then performed an IBD-based QTL
analysis with the QTLscan function by regressing genotypic BLUPs on the parental
homologue probabilities. LOD significance thresholds were determined via permutation
tests on the BLUPs values with N = 1000 cycles and a = 0.05. Next, we identified
markers significantly associated with unreduced pollen production and examined the
effect of marker dosage on unreduced pollen production using the nonparametric
Kruskal-Wallis test and the Conover-Inman post hoc test (a = 0.05) corrected for
multiple comparison with Holm procedure.

Candidate genes exploration

We delimitated a LOD minus 1.5 confidence interval around each QTL peak and
extracted the physical position of makers flanking this interval. When those flanking
markers corresponded to the first or last marker of the linkage group, the physical
confidence interval was extended to the most distal coordinates of the chromosome.
We then narrowed the candidate region for each major-effect QTL by intersecting
confidence intervals across years and populations. Next, we combined the high
confidence gene model annotation of DM v6.1 with their GOSlim annotations and
descriptions based on their best hit with the A. thaliana proteome TAIR10. We then
retrieved all DM v6.1 annotated genes within our candidate regions and filtered them by
GOSlim terms for reproduction (GO:0000003) or cell cycle (GO:0007049). Finally, we
manually reviewed the TAIR10 curator summary and computational description of
those short-listed genes to identify candidate genes for unreduced pollen production.

Sequence variation in genes encoding for JASON-RELATED

proteins

To retrieve StJR7 alleles from DM v6.1 and Otava (Sun et al., 2022), we constructed a
local blast database with these two assemblies using Nucleotide-Nucleotide BLAST
2.8.1+ (Camacho et al., 2009). We queried against this database the genomic
sequence of Solyc07g0450170.3.1, the JRT allele of S. lycopersicum cv. Heinz 1706
SL4.0 genome (Su et al., 2021), with default parameters. We manually curated the
results by stitching together partial hits within 5-kb of each other and extracted genic
and 500 bp upstream and downstream regions homologous to Solyc07g0450170.3.1.
We performed a multiple sequence alignment of St/R7 alleles and
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Solyc07g045070.3.7 coding sequence in  Geneious Prime 2022.2.2
(https://www.geneious.com) using MUSCLE 3.8.425 (Edgar, 2004). Based on this
alignment we translated JR7 exons using the build-in translate function of Geneious
Prime 2022.2.2. To investigate allelic variation in St/R2, we blasted on EnsemblPlants
(Yates et al., 2022) with default parameters the amplicon allele associated with high
level of unreduced pollen on chromosome 72 against RH89-039-16 v3 (Zhou et al.,
2020). We then retrieved the protein sequence the St/RZ2 alleles in coupling and
repulsion phase with this amplicon. We aligned those protein sequence, together with
a set of JASON-RELATED proteins from the panel of plants used by Erilova et al. (2009)
using MUSCLE 3.8.425.

Results

Misorientation of metaphase Il plate observed in parental clones
Mok and Peloquin (1975a) and Ramanna (1979) studied the meiosis of the historical
clones C (USW5337.3) and E (77.2102.37), the parents of our CE-XW population.
Both studies report the presence of parallel and fused metaphase Il (Mll) spindles and,
more generally, the misorientation of MIl plate causing the formation of unreduced
pollen. It is also known that the unreduced pollen produced by RH89-039-16 are
genetically equivalent to FDR (Park et al.,, 2007), a typical outcome of MIl plate
misorientation. Although we suspected that MIl plate misorientation was also the
cause of unreduced pollen production in clones RH89-039-16 and IVP92-057-3 due to
their shared ancestry with clones C and E, we opted to validate this assumption
through cytological observations. We used the chromosome spread technique to
examine the meiotic progression and chromosomal behaviour of clones RH89-039-16
and IVP92-057-3 known to produce unreduced pollen, and of clones IVP10-281-1 and
IVP92-030-14 that are not able to do so. As expected, clones RH89-039-16 and
IVP92-057-3 produced a mixture of tetrads (50% and 30%), dyads (45% and 62%),
and triads (3% and 7%), and clones IVP10-281-1 and IVP92-030-14 essentially
produced tetrads (98% and 99%) (Suppl. Fig. 2a). For clones RH89-039-16 and
IVP92-057-3, we also occasionally observed the presence of nuclear fusion during
telophase Il resulting in 2% and 1% of unbalanced products (Suppl. Fig. 2d). The
meiotic progression of clone IVP92-057-3 was asynchronous, with early meiotic
stages such as pachytene and diakinesis occasionally observed next to dyads, which
could suggest occasional omission of the second meiotic division. This was not the
case for the three other clones where only consecutive meiotic stages could be
observed simultaneously (Suppl. Fig. 2).

After this general outlook on the progression of meiosis, we focused our attention on
MIl. During this stage, the chromosomal behaviour of the two clones producing
unreduced pollen differ from the other two clones. Roughly 80% of the meiocytes of
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clones IVP10-281-1 and IVP92-030-14 showed the expected perpendicular
orientation of Ml plates, while the remaining ~20% displayed a parallel orientation. In
contrast, for the unreduced pollen producing clones RH89-039-16 and IVP92-057-3,
only ~50% of meiocytes had normally oriented Ml plates, with the other half of the
meiocytes displayed either parallel or fused MIl plates. Approximately 35% of their
meiocytes exhibited parallel MIl plates, which correspond to 1.75 fold increase when
compared with the ~20% reported for IVP10-281-1 and IVP92-030-14. We observed
an even more striking increase in proportion for the meiocytes with fused Ml plates,
which represented ~15% of RH89-039-16 and IVP92-057-3 meiocytes, while this
phenotype was virtually absent in clones IVP10-281-1 and IVP92-030-14 (Fig. 1).
Overall, misorientation of MIl plates appears to be the main meiotic restitution
mechanism of RH89-039-16 and IVP92-057-3. Nonetheless, the presence of
additional restitution mechanisms such as partial omission of meiosis Il and fusion of
nuclei cannot be excluded.

normal parallel fused

d
(d) a a
& 075-
b=
8_ b b
o
S.050- ¢ be
@ b b
gf a ab
g 0.25-
= a a

0.00-

\/\ /\b( /\@ A Pial R N /,\b& /,\Q:) A piel R N /,\V /\b A Piol
,tb S ‘bQ’ Q‘c > oS ’bQ’ Q% D oS “:;Q’ S’J
< S S q/ A S q < PN S a9
Q'\ Q‘L Q:Q QQ\ Q'\ Q'L %0_3 QO_a Q’\ Q‘L q)o_; QQ;
Q \4‘2 Q_\Z‘ Q \4‘2 Q_*Z‘ Q Q \AQ Q;?‘ Q
Clones

Figure 1: Distinctive metaphase Il orientation phenotypes in parental clones. (a-c) DAPI-stained
chromosome spreads of male meiocytes at metaphase Il. (a) normal and (b) parallel orientation of
metaphase Il plates, (c) fused metaphase Il plates. (d) Proportion of meiocytes with normally oriented (left),
parallel (middle) or fused metaphase Il plates (right) for the parental clones of population FRW19-112 in
pink and IVP16-560 in blue. Median values per orientation and per clone are indicated by vertical bars.
Significantly different median values between clones for a given orientation are indicated by different
letters. Scale bars = 10 pm.
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Proportion of unreduced pollen production is a heritable

quantitative trait

Such detailed cytological observations are not scalable to entire populations. Therefore,
we exploited the correlation between pollen size and ploidy level to phenotype
unreduced pollen production using microscopic image analysis of pollen grains (Fig.1a-
b). In the CE-XW population, the distribution of pollen diameter was bimodal (Fig. 1g),
with the first mode corresponding to reduced pollen and the second mode to
unreduced pollen. However, in populations FW19-112 and IVP16-560, the low level of
unreduced pollen did not result in a visible second mode (Fig. 1c,e). The mode of
reduced pollen diameter showed mild variation across populations, with values
approximately centred around 19 um, 20 pm, and 20.5 um for CE-XW, IVP16-560, and
FRW19-112, respectively. Taking this into consideration, we defined a symmetrical
interval of +/- 3 um around the mode of reduced pollen diameter in each population.
Pollen falling within this interval was classified as reduced, while larger pollen was
classified as unreduced. Next, we calculated the proportion of unreduced pollen for
each observation and plotted the distribution of mean unreduced pollen production per
clone for the three populations (Fig. 1d,f,h). Interestingly, all three distributions were
skewed toward the left with 54%, 63% and 33% of the offspring in populations
FRW19-112, IVP16-560 and CE-XW producing less than 5% of unreduced pollen. The
highest levels of unreduced pollen production were observed in population CE-XW,
with 26% of clones producing over 50% of unreduced pollen. Such levels of unreduced
pollen were virtually absent in the other two populations. Overall, the three populations
displayed a continuous distribution for the proportion of unreduced pollen produced.
As it was challenging to define a threshold to classify descendant with or without
unreduced pollen, we chose to treat the proportion of unreduced pollen as a
quantitative trait.
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Figure 2: Microscope pictures of (a) normal reduced pollen, and (b) a mixture of reduce and unreduced
pollen. The scale-bar represents 50 pum. Distribution of pollen diameter (c, e, g) and proportion of
unreduced pollen (d, f, h) are shown in pink for population FRW19-112, in blue for IVP16-560, and in green
for CE-XW. The vertical dashed lined represents the 3pm symmetrical interval centred around the mode of
reduce pollen diameter indicated by the full vertical line. For each population, maternal and paternal mean
unreduced pollen proportion are indicated by a circle and a triangle respectively. Scale bars = 50 pm.

As expected with discrete proportions, our data violated the linear model assumptions
of normality and homoscedasticity of residuals. Indeed, the variance between repeated
observations in time and across growing seasons was higher for clones producing over
10% of unreduced pollen than for those producing less (Fig. S6-S8). We therefore used
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the GLMM Eq (1) (which is simplified to Eq (2) for FRW19-112) with a logit link and a
binomial distribution to fit our data. In all three populations, the variable genotype
explained most of the variance. Inclusion of the genotype by year interaction improved
model accuracy for populations IVP16-560 and CE-XW (Table 1). The fixed effect of
year was also significant for those two populations, particularly for population IVP16-
560. Consistent with the visual examination of the data (Fig. 7), population IVP16-560
showed a higher intercept for the field trial of 2020 compared with the greenhouse one
of 2019. We then extracted genotypic BLUPs for subsequent QTL analysis and
estimated broad-sense heritability using the genetic variance (Gé) and the mean

variance of difference between BLUEs (Vf.].“UE) as part of Eq (3). We treated genotypes
as random effect while extracting genotypic BLUPs and estimating cé. On the other

hand, we treated them as fixed effect while estimating VAB‘]TUE, which measures the
precision of pairwise comparisons. We obtained a high broad-sense heritability in all
three populations with estimates of 0.971 for FRW19-112, 0.896 for IVP16-560, and
0.923 for CE-XW, indicating a strong influence of the genotype on the level of
unreduced pollen production.

Table 1: Partitioning of variance components and broad-sense heritability estimates for unreduced pollen
production in the three mapping populations

FRW19-112 IVP16-560 CE-XW
Random Variance Std Variance Std Variance Std
Effect Component Dev Component Dev Component Dev
genotypes 2.672 1.635 1.236** 1.112 4.239** 2.059
Kk
genotypes NA NA 0.429* 0.655 1.293* 1.137
year
Fixed Effect Estimate Std Estimate Std Estimate Std
Error Error Error
Intercept -3.341 0.184 -4.023 0.111 -1.816 0.166
2" year NA NA 0.818** 0.094 -0.229* 0.136
VoLUE 0.158 0.286 0.714
Hiepho 0.971 0.896 0.923

** Significant with p-value < 0.001; * Significant with p-value < 0.05

Several QTLs regulate unreduced pollen production, two co-
localise with A/AS homologs

We used an amplicon sequencing approach to genotype our three populations and
generate phased linkage maps (Suppl. Table 1). We then identified QTLs for unreduced
pollen production by regressing previously extracted genotypic BLUPs against parental
homolog probabilities. Seven QTLs were identified: one in population FRW19-112, four
in population IVP16-560, and two in population CE-XW (Table 2, Suppl. Fig. 9). Notably,
we detected a large-effect QTL on the long arm of chromosome 72 in all three
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populations (Fig. 2a), which explained 25.1%, 26.2%, and 29.0% of BLUPs variance in
FRW19-112, IVP16-560, and CE-XW, respectively. Additionally, we identified two
population-specific large-effect QTLs: g2nP_IVP_5 (for QTL 2n pollen IVP16-560
chromosome %) and q2nP_CE_7 (for QTL 2n pollen CE-XW chromosome 7), which
explained 19.0% and 38.9% of BLUPs variance, respectively. All those QTLs were
consistently detected across years in populations IVP16-560 and CE-XW. In
population IVP16-560, we also found two lesser-effect QTLs on chromosome 9and 77,
each explaining less than 10% of BLUPs variance.

Our amplicon sequencing method results in marker loci with multiple alleles (or
haplotags). In all three populations, the haplotag representing the sequence of the DM
reference genome, located at ~53.8 Mb on DM v6.1 chromosome 72 was associated
with a high proportion of unreduced gametes. Individuals homozygous for this DM allele
had the highest level of unreduced pollen with median value of 13.0% for FRW19-112,
42.2% for CE-XW and 7.5% for IVP16-560 (Fig. 2b-d). In the later population,
individuals heterozygous or without the DM alleles how a similarly low proportion of
unreduced pollen with median values of 2.7% and 2.4%, respectively, suggesting a
recessive mode of inheritance. However, this could not be confirmed in population
FRW19-112, where the inheritance appears to fit a dominant model despite the
median being 2.5-fold higher for DM homozygotes than for heterozygotes. This
discrepancy could be due to the smaller population size of FRW19-112 (n=77) and the
transmission ratio distortion observed against the DM allele (Fig. 2b). We observed that
FRW19-112 and IVP16-560 parents are heterozygous for the DM allele and therefore
that g2nP_FRW _ 12 and q2nP_IVP_12 segregate from both parents. In contrast, in
population CE-XW, g2nP_CE_12 segregates from clone E only while clone C is
homozygous for the DM allele suggesting that g2nP CE 12 is contributing to the
formation of unreduced pollen of clone C. For g2nP_CE_7, the haplotag associated
with elevated unreduced pollen production was also identical to DM and located at
~44.3 Mb on chromosome /. We observed a 10-fold increase in unreduced pollen
production between individuals homozygous and heterozygous for the DM haplotag,
indicating compatibility with a recessive model of inheritance (Fig. 2f). This QTL
segregates from clone C only while clone E is homozygous for the DM allele suggesting
that g2nP_CE_7is contributing to unreduced pollen production in clone E. In contrast,
g2nP_IVP_5 segregates from both parents and appears to follow an additive model (Fig.
2e). Finally, we analysed dosage variation at g2nP CE 7 and @g2nP CE 12
simultaneously (Fig. 2g). Individuals heterozygous at for the DM haplotag at both loci
produce the lowest proportion of unreduced pollen (median of 2.4%), while individuals
homozygous for the DM haplotag at either locus produce a significantly higher
proportion of unreduced pollen (median of 23.7% for qZ2nP_CE_7 and 15.2% for
g2nP_CE_12). Hence, taken independently, the effect of g2nP_CE_ 72was of the same
order of magnitude as g2nP_FRW 12 and q2ZnP_IVP_12. Remarkably, individuals
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homozygous for both QTLs produced a median level of unreduced pollen of 69.6%, a
value 29-fold higher than that of double heterozygotes, suggesting at least additivity
and potentially synergistic interaction between g2nP_CE_7and q2nP_CE_12.

To identify candidate genes associated with unreduced pollen production, we used a
LOD minus 1.5 confidence interval around the major effect QTLs (Table 2) and
narrowed three candidate gene regions by intersecting overlapping intervals. This
resulted in a 4.5 Mb region on chromosome 5 (from ~51.1 Mb to ~55.6 Mb), a 2.8 Mb
region on chromosome 7 (from ~43.4 Mb to ~46.2 Mb), and a 1.9 Mb region on
chromosome 72 (from ~52.8 Mb to ~54.7 Mb). We then extracted DM v6.1 annotated
genes in these regions and selected the ones predicted to be involved in cell cycle or
reproduction based on homology with A. thaliana genes (Suppl. Table 2). We identified
454 genes within the candidate region on chromosome 5, including 36 involved in cell
cycle or reproduction. Among them, we found no genes with a direct link to unreduced
gametes. However, we identified three genes worth noting: Soltu.DM.05G022860 with
homology to AtPORinvolved in tubulin complex assembly and cytokinesis (Mayer et al.,
1999), Soltu.DM.05G023410 with homology to AfRGLZ involved in gibberellic acid
signalling and, Soltu.DM.05G023970 with homology to AtRAD50 involved in meiotic
double strand break repair (Gallego et al., 2001). The candidate region on chromosome
7 contained 166 genes including 13 involved in cell cycle or reproduction. Among them
we identified Soltu.DM.07G074730 as the most likely candidate gene due to its
homology with the meiotic regulator At/AS whose mutants are known to produced
unreduced pollen by restitution of the first division (de Storme and Geelen, 2011).
Finally, in the candidate region on chromosome 72 we found 167 genes including 16
involved in cell cycle or reproduction. Strikingly, another gene, Soltu.DM.12G023840,
with homology At/AS was found. Following the naming convention of Cabout et al.
(2017), we will refer to Soltu.DM.07G014730 and Soltu.DM. 12G023840 as alleles of
St/R7and St/R2 (for S. tuberosum JASON-RELATED 17 and 2), respectively.
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Table 2: Summary of QTLs for unreduced pollen production identified in the three mapping populations

pos?

. s
QTLID population size year LOD chr (€M)

PVE:  CI*(Mb)

q2nP_FRW 12 FRW19-112 78 2020 4.9 12 61.4 25.1% 51.4-59.5
q2nP_IVP_19_5 IVP16-560 113 2019 6.9 5 58.2 24.6% 51.1-555
q2nP_IVP_19_11 IVP16-560 113 2019 3.5 11 12.3 13.4% 0-41.3
q2nP_IVP_19_12 IVP16-560 113 2019 6.2 12 440 22.2% 10.2-55.5
q2nP_IVP_20_5 IVP16-560 170 2020 7.5 5 58.2 18.3% 50.2-55.5
g2nP_IVP_20_9 IVP16-560 170 2020 4.7 9 6.8 11.9% 0-3.7
q2nP_IVP_20_11 IVP16-560 170 2020 4.8 11 401 12.3% 10.8-43.1
q2nP_IVP_20_12 IVP16-560 170 2020 5.5 12 427 13.9% 50.2-54.7

q2nP_IVP_5 IVP16-560 180 combined 7.5 5 58.2 19.0% 51.1-55.5
q2nP_IVP_9 IVP16-560 180 combined 4.7 9 6.8 9.0% 0-64.6
g2nP_IVP_11 IVP16-560 180 combined 4.8 11 40.1 9.5% 10.0-46.8
g2nP_IVP_12 IVP16-560 180 combined 5.5 12 427 16.2% 10.2-55.5
g2nP_CE 20 7 CE-XW 117 2020 10.7 7 42.6 34.2% 43.4-46.2
g2nP_CE_20 12 CE-XW 117 2020 5.6 12 61.1 19.9% 52.8-58.5
g2nP _CE 22 7 CE-XW 171 2022 17.2 7 43.6 37.1% 43.4-46.2
q2nP_CE 22 12 CE-XW 171 2022 13.0 12 61.1 29.6% 52.8-56.2
q2nP_CE_7 CE-XW 187 combined 19.6 7 426 38.4% 43.4-46.2
q2nP_CE_12 CE-XW 187 combined 13.9 12 61.1 29.0% 52.8-55.5

'Size refers to the effective population size tested across years; 2 Pos refers to the genetic position of
QTLs; ®PVE refers to the proportion of variance explained by the QTLs; * Cl refers to the LOD minus 1.5
physical confidence interval around QTLs

-112-



Unreduced pollen

(a) q2nP_IVP_5
G2nPIVP 79 5
q2nP VP 20_5
5 [ITTTTTTTTII [TTTIITITD
1 10 20 30 40 50
StUR1
q2nP_CE 7
q2nP_CE 22 7
| q2nP_CE_20_7
7!IIIIIIIII - - IMI)IIIIIIIIIISLIIIIIIII
StJR2qznP,E,12
q2nP_CE_22_12
q2nP_CE_20_12
q2nP IVP 20 12
q2nP_IVP_12
q2nP VP 79_12
q2nP_FRW_12
12 [TTTT TTTTT] [MTTTITTT
1 10 20 30 40 50
(b) (c) (d) b,
&
B 075 0.75 0.751 %e]8°
Q. = —
=
N ®e
c A
S 050 b b 0.50 b 0.501 0 2%
9] ‘ —
Q. ° e o
o .o
S 0.25 ° 0.251 had 2N 0.254 o
c o o O8°
3 gt
£ HERY
0.00 0.00 o 0.001 s
0 1 2 0 1 2 1 2
q2nP_FRW_12 q2nP_IVP_12 q2nP_CE_12
(e) () b (9) b b c
0o o ° &
§ oo |, ° L?
3075 0.75 ° P 0.751 3
Q % oY% Y
=
N % o ° °.
c ® oo, °°
S 0.50 b c 0.501 TS 0.50 3o
= e % e s
Q. ° ° °
o ®
8025 1 0.25 °s 0.251
c °
© .
(] o ™
£ e = K ‘-,'-#. 3T W N
0.00 n=98 n=45 0.001 n=73 0.001 n=43  n=33  n=40
0 1 2 1 2 11 12 21 2
q2nP_IVP_5 q2nP_CE_7 q2nP_CE_7 xq2nP_CE_12

Figure 3: Position and effect of three major effect QTL involved in unreduced pollen production (a)
Horizontal bars present the physical length of a potato chromosome (in Mb) including the marker positions
in euchromatic chromosome arms as vertical lines. The LOD minus 1.5 confidence intervals around major-
effect QTLs in population FRW19-112, IVP16-560 and CE-XW are shown in pink, blue and green
respectively. (b-g) Dosage effect of haplotags associated with unreduced pollen production for each major-
effect QTL. Each points represent the average level of unreduced pollen production of one clone.
Significantly different medians trait values between haplotag dosage groups (a = 0.05) are indicated with
different letters and colour shades.

Sequence variation across St/R7 and St/R2 alleles suggest

functional defects
Sequence variation in the candidate genes St/R7 and St/R2 was examined to identify
variants with putative effect on the functionality of the JASON-RELATED proteins. Upon
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closer inspection of the annotation of the reference genome DM v6.1 in the St/R7
region, we noticed that two neighbouring genes separated by 2,109 bp,
Soltu.DM.07G014730 and Soltu.DM.07G014740, were annotated as At/AShomologs.
The structure of those two genes, each with five exons, differed from the JR7 gene
structure having seven exons in A. thaliana, S. lycopersicum and in other potato clones
such as the Otava. Once Soltu.DM.07G014730 and Soltu.DM.07G074740 were
aligned with the corresponding genomic regions in Otava and with the coding sequence
of the tomato JR7 gene Solyc07g045070.3. 1., we realized that the annotation in DM
v6.1 was affected by a 16 bp deletion and a 2,103 bp insertion in the 5" exon of St/R7
resulting in two partial JR7 genes. We queried this insertion against the RepetDB
database (Amselem et al., 2019) which classified it as a Class | LINE transposon.
Hence, we will from now on refer to the DM allele of St/R7 as St/R1.t7 where t stands
for transposon. /n silico translation of the disrupted 5™ exon of St/R7.t7 led to a
premature stop codon (Fig. 4a). The visual examination of clones C and E short reads
aligned to DM v6.1 confirmed that clone E is homozygous for the St/R7.t7 while clone
C is heterozygous (Suppl. Fig. 10). Next, we retrieved from the genome assembly of
RH89-039-16, the maternal clone of population FRW19-112, St/R2 alleles in coupling
and repulsion phase with the chromosome 72 haplotag associated with high level of
unreduced pollen. Assuming that St/R2 is the causal gene behind g2nP FRW19-
772_12, the allele in repulsion phase with this haplotag (RHC12H2G0793.2, from now
on St/R2.7) must be wild-type while the allele in coupling phase (RHC712H1G0690.2,
from now on St/R2.2) must be mutant. We noted 18 amino acid changes between the
StJR2.1 and StJR2.2 proteins one of which, the conversion of glutamine to an alanine
(Glu=Ala) at position 432, was located within the highly conserved C-terminal domain
of JASON-RELATED proteins (Fig. 4b) (Erilova et al., 2009). This Glu>Ala conversion is
due to a T=G missense mutation on the second last nucleotide of St/R2 5" exon,
located at 53,693,790 bp on DMv6.1, and annotated by snpEff as having a moderate
effect on StJR2. Changing a polar Glu by a nonpolar Ala in such a conserved region is
likely to affect the function of this protein. Consistently with the identification of QTLs
for unreduced pollen production in this region of chromosome 72in our three mapping
populations, we found back the T=G SNP in a heterozygous condition in the six parental
clones our three mapping populations (Suppl. Fig. 11). While this is explaining the bi-
parental segregation observed for g2nP_FRW 12and g2nP_[VP_12, it is insufficient to
account for the uniparental segregation observed for g2nP_CE_ 72 and would therefore
suggest that clone C is heterozygous for St/R2.2 and yet another putative mutant allele.
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(a) . 2103 bp

StJR1
_7ﬂ##4————**"————— /

StJR1.t1  NPVDRASQLKDLSDEDSYSITTTTTTTTQ#* 4

SLJR1.1  NPVDRASQLKDLSDEDSFSIENSNSRLWSSTMTEPGERPNEASFSSEVG ’
StJR1.1  NPVDRAPQLKDLSDEDSYSIENSNSRLWSSNMTESGERPNEASFSSELG

(b)
StJR2 T>G

] H — .

StJR2.2 RISPKWWDGNGIPNSTNKYKADQKVSWHATPFEERLEKALSEE ~

StJR2.1 RISPKWWDGNGIPNSTNKYKEDQKVSWHATPFEERLEKALSEE
AtJAS EISPKMWDGNGIPNSTTKYKEDQKVSWHATPFEVRLEKALSEE
AtJL QISPKWWDGNGIPNSTNKYKEDQKVSWHATPFEERLEKALSEE
RcJR QISPKWWDGNGIPNSTNKYKEDQKVSWHATPFEERLEKALSEE
PtJR RISPKWWDGNGIPNSTNKYKEDQKVSWHATPFEERLEKALSEE
0sJR TFTPKWWDGNGIPNSTNKYKEDQKVSWHATPFEERLEKALSDE
ZmJR NFTSKWWDGNGIPNSTNKYKEDQKVSWHATPFEERLEKALSEE
SmJR DATPKLWDGQGIPNTTRKYKEDQRVTWHSTPFEVRIDKALSSS

Figure 4: Functional and mutant St/R7 and St/R7alleles (a) Diagram of the exon intron structure of S/R1.
The position of the deletion identified in St/R7.t7 is highlighted by a green stripe and the position of the
insertion by a green triangle. The sequence of JR proteins overlapping with the indel site is displayed for the
DM allele (St/R1.t7), the tomato Solyc07g0450170.3.17 allele (SUR7.17) and the Otava St2-St07G406640
allele (St/R17.7). (b) Diagram of the exon intron structure of St/R2. The position of the missense mutation
associated with high level of unreduced gamete production in RH89-039-16 is highlighted by a pink stripe.
The C-terminal sequence of a set of JASON-RELATED proteins overlapping with the missense mutation is
displayed. Amino acid residues with 100% sequence conservation are highlighted in grey. At: Arabidopsis
thaliana, Rc: Ricinus communis, Pt. Populus trichocarpa, Os: Oryza sativa, Zm: Zea mays, Sm: Selaginella
moellendorffii.

Discussion

The intricate layers of complexity of unreduced pollen production

in potato

Production of unreduced gamete is undeniably a complex trait, influenced both by
environmental and genetic factors (de Storme and Geelen, 2014, 2013). In this study,
the main cause of variation was genetic as indicated by the high broad sense heritability
observed in our three-mapping population. However, even when environmental
influence is accounted for, the genetic basis of unreduced pollen in potato remains
complex and layered. The first layer of complexity is a mechanistic one. Unreduced
pollen can result from various meiotic restitution mechanisms. While in mutagenized A.
thaliana such mutants can be studied independently or in controlled combinations, in
potato clones several meiotic alterations can co-occur (Ramanna, 1979). We aimed to
reduce this variability by working with parental clones sharing ancestry with the
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historical clones C and E, known to produced unreduced pollen via misorientation of
MIl plates and spindles (Mok and Peloquin, 1975a; Ramanna, 1979). We confirmed
with cytological observations that clone RH89-039-16 and IVP92-057-3 indeed
displayed this restitution mechanism. However, we also observed the co-occurrence
of additional meiotic aberrations such as partial omission of the second division and
nuclear fusion. The second layer of complexity is linked with the quantitative
phenotype of unreduced pollen production. In all three populations variation in
unreduced pollen production was continuous. Therefore, simple classification into
producers and non-producers of unreduced pollen depends on an arbitrarily threshold.
This has happened in earlier work, notably with inconsistent threshold values across
studies (lwanaga and Peloquin, 1982; Mok and Peloquin, 1975b, 1975a). This
threshold based classification endorsed the conclusion that unreduced pollen
production in potato was under the control of independent monogenic and recessive
mutations, one affecting spindle orientation and two affecting cytokinesis (Mok and
Peloquin, 1975b). In contrast, we adopted a quantitative approach, as previously
advocated by Dongyu et al. (1995), and identified two minor-effect and three major-
effect QTLs involve in unreduced pollen production. We also expect additional QTLs
underlying MIl plates and spindle orientation, but not segregating in our populations.
Indeed, clones RH89-039-16 and IVP92-057-3 were both heterozygous at all QTLs
positions while producing about 38% and 51% unreduced pollen, respectively. Overall,
the involvement of at least 5 loci in unreduced pollen production follows the multiple
mechanism of meiotic restitution and the involvement of several genes for each
mechanism. The third layer of complexity is allelic heterogeneity. For any given QTL and
the underlying candidate gene, more than one haplotype can be mutant, based on
different sequence variants. This seems to be the case of g2n_CE_ 72 for which both
alleles of clone C contribute to unreduced pollen production, while this clone is
heterozygous for the T>G missense mutation in St/R2.2, suggesting the presence of a
second non-functional allele. Taken together, those layers of complexity explain why,
prior to this study, the genetic regulation of unreduced pollen in potato has remained
elusive for more than 50 years after the descriptions of an allegedly monogenic
mendelian inheritance.

At/JAS homologs as candidate genes

The misorientation of MIl plates and spindles is the most frequently reported
mechanism of male meiotic restitution in plants (Bretagnolle and Thompson, 1995; de
Storme and Geelen, 2013). Nonetheless, only three genes, AtPS7 (d’Erfurth et al.,
2008), At/AS (de Storme and Geelen, 2011) and AFH74 (Li et al. 2010), are known to
be involved Ml spindle and plate orientation. While AFH74 regulates microtubule and
microfilament arrays, At/AS and AtPS7 form a mini regulatory network controlling Mll
spindle orientation. Although similar in gametic outcome, the loss-of-function
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phenotype of Atjas7 differs from Atps7 in the unique loss of the MIl organelle band
required to prevent spindles interaction (Brownfield et al., 2015). In A. thaliana two
forms of AtJAS are produced: a long version with an N-terminal Golgi localization signal
and a short version localizing to the plasma membrane (Cabout et al., 2017). The short
version of AtJAS is upregulated during meiosis and therefore assumed to be the one
responsible for the organelle band maintenance. Another protein, AtlL (for A. thaliana
JASON-Llike), present a high degree of sequence similarity with AtJAS, notably within the
conserved C-terminal domain, but lack the N-terminal Golgi extension (Cabout et al.,
2017; Erilova et al., 2009). Although AtJL function is unknown, its predominant
expression during reproductive development and its localisation to the plasma
membrane suggest a meiotic function similar to At/AS.

In this study, we identified the misorientation of Ml plates as the principal meiotic
restitution mechanism in the parents of our mapping populations. This phenotype fits
well to our candidate genes in potato with homology to At/AS: St/R7 located within the
candidate region of g2nP_CE_7 and St/R2 located within the shared candidate region
of g2nP_FRW 12, g2nP_IVP_12 and, g2nP_CE_12. Candidate gene St/R7 present the
typical N-terminal extension of A#/AS and is therefore its putative ortholog.
Mutagenized At/AS alleles with a premature stop codon prior to the conserved C-
terminal domain, in the 3™ or 5" exon, lead to the formation of unreduced pollen in A.
thaliana (Erilova et al., 2009). Similarly, the transposon insertion in St/R7.t7, leading to
a premature stop, is located upstream of this conserved C-terminal domain and is
likely the causal polymorphism behind g2nP_CE_ 7. On the other hand, candidate gene
St/R2is lacking the N-terminal Golgi localization signal and is therefore a putative At/L
ortholog. At/AS, At/L and their homologs in other plant species share a highly
conserved C-terminal domain (Erilova et al., 2009). Although the function of this C-
terminal domain is yet unknown, its conservation throughout vascular plants suggests
its importance. In our three mapping populations, a Glu=Ala substitution within this
conserved domain was associated with unreduced pollen production, but molecular
validation is needed to demonstrate that this amino acid replacement is the causal
mutation behind g2nP_FRW 12, g2nP_IVP 12 and, g2nP_CE_12. More generally, this
would indicate that JR1 and JR2 proteins are equally important for proper Mll plates
and spindles orientation. Indeed, in single mutants one functional JR protein seems to
partially compensate for loss of the other JR protein while in double mutants the
severity of the phenotype drastically increases.

Interploidy breeding with unreduced gametes

Unreduced gametes have been successfully used in potato breeding program to
introduce resistance genes to various pathogens from diploid wild relatives of potato to
tetraploid landraces and cultivars (Ortiz et al. 1994; Capo et al. 2002). An interploidy
breeding scheme combining the ease of diploid breeding and the heterozygosity of
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tetraploids was proposed 60 years ago (Chase, 1963; Hutten et al., 1994a). However,
such a breeding scheme has not been adopted widely, partly due to the lack
understanding of the genetic control of unreduced gamete production (Dongyu et al.,
1995; Ortiz and Peloquin, 1992). The identification of major-effect QTLs and candidate
genes underlying unreduced pollen production enables, for the first time, marker
assisted selection (MAS) for this trait. In addition, a dominant gene conferring self-
compatibility to diploid potato was identified (Clot et al., 2020; Eggers et al., 2021;
Hosaka and Hanneman, 1998a; Ma et al., 2021), prompting the potato breeding
community towards a transition from tetraploid clonal selection to a diploid F; hybrid
breeding system (Bethke et al., 2022; Jansky et al., 2016; Lindhout et al., 2016). F4
hybrid breeding is still in its early stages, and large-scale breeding efforts are required
to overcome inbreeding depression due to a high genetic load (Zhang et al., 2019,
2021). In this context, MAS for unreduced pollen production provides the opportunity
to cross improved diploids with tetraploid elite material, allowing breeders to select
clonally propagated tetraploid varieties, while the diploid Fi hybrid system matures.
MAS for unreduced pollen can also be combined with MAS for reduced meiotic
recombinations (previously referred to as desynapsis) (Clot et al., 2023a; Jongedijk and
Ramanna, 1989) to facilitate to the creation of diploid clones producing near non-
recombinant FDR male gametes. These relatively uniform and heterozygous gametes
could be used to produce relatively uniform tetraploid varieties grown from true seeds,
by crossing a heterozygous diploid clone with a partially inbred tetraploid clone. Finally,
the additivity of g2nP_CE_7 and q2nP_CE_12 offers breeders the ability to fine-tune
the level of unreduced pollen production in their clones. Although, the optimal level of
unreduced pollen needed to simultaneously allow high seed set at the diploid and
tetraploid level is currently unknown. Unpublished data from the crossing booklets of
the Wageningen University potato breeding program indicate that for interploidy
crosses, as little as 5% of stainable unreduced pollen is sufficient to induce a seed set
comparable to a normal tetraploid cross. Similar observations have been made in Rosa
hybrida (Gao et al., 2019) and could be explained by the competitiveness of unreduced
pollen during certation associated with the masking of gametophytic mutational load
(Husband, 2016). In this scenario, breeders interested in interploidy breeding may
benefit from selecting clones bearing a single QTL for unreduced pollen production
allowing for interploidy crosses while maintaining fertility at the diploid level.

Evolutionary relevance of unreduced gametes

Before being a useful breeding tool, unreduced gametes are precursor to significant
evolutionary innovations such as polyploidy and apomixis (Bicknell and Koltunow,
2004; Tayalé and Parisod, 2013). Although the role of genetic mutations on unreduced
pollen formation were demonstrated in A. thaliana (de Storme and Geelen, 2013), little
is known about the natural genetic variation underlying this trait (Kreiner et al., 2017a).
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To our knowledge, the candidate alleles St/R7.t7 and St/R2.2 are the first natural
alleles known to be associated with unreduced pollen production. Kreiner et al. (2017b)
extensively studied the rate of unreduced pollen formation across natural populations
of Brassicaceae species and noticed the presence of rare individuals with elevated
unreduced pollen production. Their rare occurrence and elevated level of unreduced
pollen could be explained by the additivity of recessive mutations such as g2nP_CE_7
and gZ2nP_CE_ 712identified in our mapping population. Mutations leading to unreduced
pollen formation can be considered disadvantageous as they are expected to reduce
male fitness in natural diploid population. As such, they are likely maintained in a
dynamic equilibrium between the rate of mutation and the efficacy of purifying
selection (Kreiner et al. 2017b). In vegetatively propagated species, purifying selection
on sexual process is relaxed and can allow the maintenance of unreduced pollen
mutations at a higher rate (Kreiner et al. 2017a). The ubiquity of unreduced pollen in
tuber-bearing Solanum, as reported by Watanabe and Peloquin (1989), may be
explained by this phenomenon. Those unreduced gametes have played a major role in
shaping the tetraploid genome of cultivated potato. Firstly, because tetraploid cultivar
are likely derived from the sexual polyploidization of early diploid landraces (Hardigan
et al., 2017). Secondly, because they facilitate interploidy and interspecific gene flow
and can therefore account for the prevalent wild Solanum introgression in tetraploid
cultivars (Hardigan et al., 2017; Hoopes et al., 2022).
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Suppl. Fig. 1: Pedigrees of three bi-parental diploid potato populations. Parental
clones of populations FRW19-112, IVP16-560 and CE-XW are highlighted in pink, blue
and green respectively. Bold arrows represent dihaploidisation.

Suppl. Fig. 2: Marey maps in which genetic distance (cM) is plotted over physical
distance (Mb). RH89-039-16 markers are displayed in blue, IVP10-281-1 markers in
yellow and shared markers in black. Triangles indicate the position of CENH3-binding
domains on DM v6.1.

Suppl. Fig. 3: Marey maps in which genetic distance (cM) is plotted over physical
distance (Mb). IVP92-057-3 markers are displayed in pink, IVP92-030-14 markers in
green and shared markers in black. Triangles indicate the position of CENH3-binding
domains on DM v6.1.

Suppl. Fig. 4: Marey maps in which genetic distance (cM) is plotted over physical
distance (Mb). C markers are displayed in orange, E markers in purple and shared
markers in black. Triangles indicate the position of CENH3-binding domains on DM
v6.1.

Suppl. Fig. 5: (a) Number of meiocytes at giving meiotic stage observed in the parental
clones of population FRW19-119 (in shades of pink) and IVP16-560 (in shades of blue).
Each row represents the meiocytes observed in a single anther. (b-e) DAPI-stained
chromosome spreads of male meiocytes: tetrad (b), triad (c), dyad (d), nuclei fusion (e).
Scale bars =10 pum.

Suppl. Fig. 6: Distribution of the proportion of 2n pollen production across the clones
of population FRW19-112.

Suppl. Fig. 7: Distribution of the proportion of 2n pollen production across the clones
of population [VP16-560. Observations from 2019 and 2020 are shown in red and blue
respectively.

Suppl. Fig. 8: Distribution of the proportion of 2n pollen production across the clones
of population CE-XW. Observations from 2020 and 2022 are shown in red and blue
respectively.

Suppl. Fig. 9: LOD profiles of QTL scan for genotypic BLUPs in FRW19-112 (a), IVP16-
560 (b) and CE-XW (c). Significance thresholds, as determined by permutation tests (N
= 1000, o = 0.05), are shown as dashed red lines (data were re-scaled so that these
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overlap). For IVP16-560 (b) and CE-XW (c), data collected the first and second year
are shown in red and blue respectively while the combined year data are shown in
purple.

Suppl. Fig. 10: IGV view of the short reads of clone C and E aligned against the
reference genome DM v6.1 in the region of StJR1.t1. StJR1.t1 is annotated as two
genes due to a 2,103 bp insertion. While clone E is homozygous for StJR1.t1, clone Cis
heterozygous and display pair-end reads coloured in red with an insert size of more
than 2,000 bp.

Suppl. Fig. 11: IGV view of the short reads of clone RH89-039-16, IVP10-281-1,
IVP92-057-3, IVP92-030-14, C and E aligned against the reference genome DM v6.1.
This view focus on the 5th exon of StJR2 where a T>G missense mutation leading to a
Glu>Ala substitution in the highly conserved C-terminal domain of StJR2 is found in all
6 clones.

Suppl. Table 1: Overview of genetic lengths and marker densities per linkage group in
the three mapping populations.

Suppl. Table 2: List of candidate genes predicted to be involved in cell cycle or
reproduction within three QTLs candidate regions for unreduced pollen production.

Suppl. File 1: ImageJ) macro pollen diameter extraction derived from Tello et al. (2018).
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Despite the economic and nutritional importance of the potato crop, its genetic
improvement lagged behind that of other major food crops. This limitation is primarily
attributed to the difficulty of breeding an allogamous, heterozygous, and tetraploid crop.
In this thesis, the objective was to explore the genetic basis of naturally occurring
alterations of potato reproductive biology that can be combined to enhance the
efficiency of potato breeding. | focused on three major targets: self-compatibility,
crossover reduction and unreduced pollen production, and investigated their
inheritance using a forward genetics strategy. In the first section of this final chapter, |
will provide a reflection on the methods and resources used throughout this thesis. |
will begin by discussing the advantages and limitations offered by forward genetics in
comparison to reverse genetics within the context of this. Recognizing the increasing
amounts of FAIR-ly available genomic data, | will argue that “translational genomics”
could speed up the discovery of valuable natural mutants in potato. In the second
section of this chapter, | will begin by emphasizing how the knowledge gain on the Self-
incompatibility locus Sl has facilitated the development of self-compatible diploid
germplasm. | will then proceed to discuss the challenges associated with inbreeding
depression that must be overcome to generate inbred lines out of heterozygous Sl
bearing clones. In the third section, acknowledging the difficulty of this task, | will take a
step back and question whether the breeding advantages associated with inbred lines
are dependent on genome-wide homozygosity. | will then argue that, in the context of
Fixation-Restitution breeding, both incremental improvement of progenitor clones and
exploitation of heterosis can be achieved without relying on highly homozygous inbred
lines. In the fourth section of this chapter, | will emphasize fundamental differences
between the different potato breeding strategies proposed thus far. | will highlight how
Fixation-Restitution breeding encompasses multiple advantages and show how its
characteristics can position it as a "bridging approach" between different breeding
strategies. | will conclude this section by providing practical recommendations
regarding the reproductive mutations identified in this thesis. Additionally, | will
highlight some of the remaining questions that need to be addressed to ensure the
viability of innovative potato breeding strategies. Finally, in the last section of this
chapter | will provide an outlook on reproductive biology research in potato, with a
particular focus on the identification of deleterious sequence variants that contribute to
male sterility.

Reflections on the methods and resources employed
in this thesis

Was forward genetics the most appropriate strategy?
In this thesis, we employed a forward genetics strategy, specifically a ~~mer based
bulk-segregant analysis in Chapter 2 and QTL mapping approaches in Chapter 3-5, to
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identify loci that regulate reproductive traits relevant to potato breeding. Our choice of
forward genetics, as well as these methods and target traits, reflects the history and
expertise of Plant Breeding at Wageningen University & Research where this thesis was
produced. Firstly, the reproductive biology of potato has been a topic of interest for
Plant Breeding for over 50 years (Hermsen and Verdenius, 1973). In this context,
diploid potato clones exhibiting self-compatibility (Olsder and Hermsen, 1976),
crossovers shortage (Jongedijk and Ramanna, 1989) and unreduced gamete production
(Ramanna, 1979) have been well characterized. Although some of those traits have
already been exploited in breeding programs (Hutten, 1994; Lindhout et al., 2011) their
inheritance remained poorly understood. Secondly, Plant Breeding has an expertise in
forward genetics, as demonstrated by the development of genetic association and
mapping tools (Bourke et al., 2018; Prodhomme et al., 2019; Stam, 1993; van Eck et
al.,, 2017; van Os et al., 2005) and by the identification of natural allelic diversity
causing variation in major breeding targets in potato such as foliage maturity and tuber
shape and flesh colour. High resolution mapping of those traits facilitated the cloning of
StCDF7 (Kloosterman et al., 2013) Zep (Wolters et al.,, 2010) and StOFP20
respectively (van Eck et al., 2022; Wu et al., 2018).

In this thesis research, as in those earlier studies, forward genetics proved to be an
effective approach. We successfully developed KASP markers predicting self-
compatibility (Chapter 2) and crossovers shortage (Chapter 4) and identified major-
effect QTLs regulating pollen shed (Chapter 3) and unreduced pollen production
(Chapter 5). However, forward genetics is a phenotyping-intensive and therefore time-
consuming approach. This is exemplified by Chapter 5 where we phenotyped three bi-
parental populations across multiple growing seasons. The combination of lengthy
forward genetics with the multitude of phenotypes investigated during this thesis
project was at the expense of fine mapping and functional validation of the candidate
genes we identified. Instead, we focused on discovering sequence variants with
predictive power that enables marker assisted selection (MAS) of these phenotypic
traits in breeding programs.

Could we have used reverse genetics instead? Knowing that the genetic basis of
reproductive traits is extensively studied in model organism, we could have used
reverse genetics to obtain comparable results, potentially within a shorter timeframe.
For instance, the CRISPR-Cas9 system was used to generate self-compatible diploid
potato clones by knocking out the S-RNase gene responsible for self- incompatibility
(Enciso-Rodriguez et al., 2019; Ye et al., 2018). Leveraging the knowledge of meiosis
from A. thaliana, we could have attempted to engineer diploid potato clones producing
non-recombinant First Division Restitution (FDR) unreduced pollen via genome editing.
For example, knocking-out the potato homolog of AtSPO77-7 (Grelon et al., 2001)
would have likely produced clones lacking meiotic recombinations. Likewise, knocking-
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out the potato homologs of AZ/AS (de Storme and Geelen, 2011) or AtPS7 (Erilova et al.,
2009) would have likely generated clones producing FDR unreduced pollen.
Alternatively, transiently repressing the expression of those meiotic genes using virus-
induced gene silencing could also have also been a viable option (Calvo-Baltanas et al.,
2022; Calvo-Baltanas et al., 2020). Such reverse genetics approaches have the
advantage of demonstrating (with stronger evidence than our genetic mapping
approaches) the involvement of a specific gene in a phenotype. However, these
methods would not have allowed us to investigate the natural allelic diversity
underlying our target phenotypes. Concretely, we would have missed the prevalence of
Sli (Chapter 2) and StMSH4 mutant alleles (Chapter 4) in potato tetraploid germplasm
and overlooked the polygenic basis of unreduced pollen production (Chapter 5).
Moreover, the current EU regulation considers genome-edited organism as GMOs in the
sense of Directive 2001/18/EC and as such their release into the environment is bound
to many regulatory permits and considerations (van der Meer et al., 2023).

The potato genomics revolution facilitates allele mining

Due to the challenges of assembling heterozygous and polyploid genomes, the potato
genetics community relied for about decade on the genome assembly of the double
monohaploid clone DM derived from a S. tuberosum group Andigenum (formerly S.
phureja) accession (PSGC, 2011). Although the DM reference genome was improved
over time (Pham et al., 2020; Sharma et al., 2013; Yang et al., 2023), it remained a
single-haplotype assembly of an unimproved clone which is insufficient to capture the
genomic diversity of cultivated potato. In recent years, the development of long-read
sequencing and long-range information technologies, coupled with algorithmic
advancement, has accelerated the process of genome assembly (Pucker et al., 2022).
In addition, the phasing of sequence reads into heterozygous assemblies was
facilitated by several strategies exploiting information derived from the parental
genomes or derived from gametes and offspring genomes (Koren et al., 2018; Shi et al.,
2019; Zhou et al., 2020). These methodological advancements resulted in the release
of two new diploid potato assemblies in 2020, one heterozygous and one homozygous
(van Lieshout et al., 2020b; Zhou et al., 2020), and of eight phased tetraploid genome
assemblies in 2022 (Bao et al., 2022; Hoopes et al., 2022; Sun et al., 2022). Taken
together, those assemblies represent a set of 36 haplotypes per chromosome which
offer a better glimpse into the allelic diversity of S. tuberosum.

Throughout this thesis, we have increasingly used those assemblies to explore
sequence variation in the various candidate genes we identified. In Chapter 4, this
strategy allowed us to identify StMSH4.f7 and StMSHA4.t7, two mutant alleles of
StMSH4 harbouring insertions of different lengths both located at the same position in
second exon of this gene. Originally, we only identified StMSH4.f7 in our mapping
population. However, the in silico discovery of StMSH4.t7 allowed us to confirm the
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association of both mutant alleles with crossover shortage via a complementation test.
Likewise in Chapter 5, we exploited the phased genome assembly of clone RH89-039-
16, the parent of our mapping population FRW19-112, to extract the mutant allele of
the candidate gene St/R2 associated with unreduced pollen production. We could also
easily compare different alleles of the other candidate gene St/R7 and highlight the
presence of an exonic transposon insertion both in the DM assembly and in our
mapping population CE-XW. More generally, the availability of several refence genomes
limits the effect of reference bias which can be as drastic as presence-absence
variation (PAV) of the causal gene. This was the case for the StOFP20 gene regulating
tuber shape which can be found in the assemblies of clones M6 and RH89-039-16 but
is absent in the assembly of DM (van Eck et al., 2022; Wu et al., 2018; Zhou et al.,
2020).

Returning to the previous section where | discussed reverse and forward genetics, |
want to highlight that the growing number of high-quality ggnome assemblies enables a
different kind of reverse genetics strategy based on gene annotation and allele mining.
This strategy broadly defined as “translational genomics” (Kang et al., 2016) relies on
the conservation of gene order and sequence homology across closely related species
to transfer gene annotation from one species to another. Based on this annotation,
researchers can identify genes susceptible to regulate a trait of interest. Sequence
variants predicted to disrupt the function of such genes can then be identified with
prediction tools such as snpEff (Cingolani et al., 2012) and subjected to phenotypical
inquiry. For instance, entire genome annotation can be transferred between assemblies
of closely related species such as tomato and potato using Liftoff (Shumate and
Salzberg, 2021). Homologous genes identified between assemblies can then be
compared to detect PAV and sequence variants using LiftoffTools (Shumate and
Salzberg, 2022). This strategy can also be applied when causal genes for a given
phenotype are unknown, but QTLs and candidate genes are reported in the literature
(Pancaldi et al., 2023, 2022). In retrospect, this approach would have identified the
mutant alleles StMSHA4.f1, StMSHA4. 1 (Chapter 4) and St/R7.t7 (Chapter 5), based on
their homology with the well described A. thaliana genes AtMSH4 (Higgins et al., 2004)
and At/AS (Erilova et al., 2009) and their insertion polymorphisms resulting in
premature stop codons. In that way, the lengthy forward genetics approach could have
been circumvented and it would have been possible to directly set up
complementation tests and functional validation experiments. Last but not least, this
strategy relies on natural genetic variation and is therefore not affected by the
regulation set on genome-edited crops. Ironically, in this context, the high genetic load
of potato is advantageous as it increases the likelihood of finding non-functional
mutants of interest. However, as we will see in the subsequent sections, this genetic
load poses significant limitations to inbreeding efforts in potato.
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Converting an outbreeder into a selfer

The genetic basis of self-compatibility in potato

While self-compatible diploid S. tuberosum has been reported occasionally in the 70s
(de Jong and Rowe, 1971; Olsder and Hermsen, 1976), it is the identification of the S//
locus in a S. chacoense accession in the late 90s (Hosaka and Hanneman, 1998a,
1998b) that truly marked the beginning of a long journey toward the development of
diploid potato inbred lines. Although S/ could be introgressed from S. chacoenseto S.
tuberosum (Lindhout et al., 2011; Phumichai et al., 2006), its usage in breeding
programs was limited by the high levels of tuber glycoalkaloids and the long stolons
associated with S. chacoense linkage drag (Enciso-Rodriguez et al., 2019; Leisner et al.,
2018). Meanwhile, the lack of knowledge regarding the genetic basis of self-
compatibility of S. tuberosum origin limited its practical utilisation. In Chapter 2, we
discovered that the S//haplotype was prevalent in the tetraploid cultivated germplasm.
In retrospect, this finding could explain the earlier reports of self-compatible dihaploids
potato clones. Recognizing that breeders would rather introgress Slifrom S. tuberosum
clones than from S. chacoense accessions, we developed and published KASP
markers specific to the S/ haplotype. Those markers were quickly adopted by the
potato genetics community (Kaiser et al., 2021; Song and Endelman, 2022). It was
subsequently shown, both in S. chacoense and S. tuberosum clones, that the S//gene
encodes for a pollen-expressed F-box protein functioning as a general S-RNase
inhibitor (Eggers et al., 2021; Ma et al., 2021). The knowledge gained on Sl/identity and
on its prevalence in S. tuberosum germplasm facilitated the development of self-
compatible diploid potato clones with agronomical value (Alsahlany et al., 2021; Kaiser
et al., 2021; Song and Endelman, 2022).

Selfing of diploids results in the loss of vigour and fertility

Once self-incompatibility was overcome, potato breeders and geneticists realised that
poor fertility and inbreeding depression were the next obstacles on the road to the
development of diploids suitable for inbreeding and repetitive backcrossing. Inbreeding
depression is characterized by a decrease of vigour and fertility due to an increase in
homozygosity. This phenomenon can be largely explained by the presence of recessive
deleterious mutations whose detrimental effects on phenotype are exposed through
inbreeding (Charlesworth and Willis, 2009). Expanding this model to multiple loci, the
two homologous chromosomes (homologs) of a heterozygous individual will contain
different sets of deleterious and beneficial alleles. Most of the deleterious alleles of
one homolog will be masked by the beneficial alleles of the other. Upon inbreeding,
some deleterious alleles will reach fixations and their unmasking in the inbreds will
contribute to a loss of vigour and fertility. In potato, severe inbreeding depression
affecting vigour, yield and fertility has been long reported in tetraploid and diploid inbred
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populations (de Jong and Rowe, 1971; Golmirzaie et al., 1998; Krantz, 1924;
Phumichai and Hosaka, 2006) as well as in dihaploids (Hutten et al., 1995; Manrique-
Carpintero et al., 2018). This is commonly explained as the result of the accumulation
of deleterious mutations which remain masked more easily in tetraploids. Furthermore,
purifying selection of sexual offspring is limited due to vegetative propagation and long
generation time (Mirzaghaderi and Hoérandl, 2016; Otto, 2007). Prediction of
deleterious mutation based on resequencing data have highlighted the severity of the
mutational load in potato and the correlation between the number of deleterious
alleles and the overall level of heterozygosity (Achakkagari et al., 2022; Zhang et al.,
2019, 2021).

Each of those mutations can have different effect size and inbreeding depression can
result from the exposure of a few highly deleterious alleles as well as from the
combined effect of many slightly deleterious mutations (Charlesworth and Willis,
2009). In breeding programs, the identification and removal of large-effect deleterious
mutation can be facilitated by studying Transmission Ratio Distortion (TRD) (Zhang et
al., 2019, 2021). This strategy was applied to three diploid potato selfing populations
resulting in identification of 15 TRD loci associated with deleterious phenotypes
including the abnormal development of crumpled offspring and chlorophyl deficiency in
yellow margin offspring (Zhang et al., 2019). In Chapter 3, we used a similar approach
in a backcross population and identified nine gametic and one zygotic TRD confirming
the prevalence of large-effect deleterious mutations in potato. When those large-effect
deleterious mutations are dispersed across the genome, they can be removed in
populations of moderate size through phenotypical and marker assisted selection.
However, when two large-effect deleterious mutations are tightly linked in repulsion
phase, large segregating populations are needed to identify the rare recombinants
containing the two favourable alleles on the same haplotype. This so-called Hill-
Robertson effect (Hill and Robertson, 1966) is exemplified in potato by the detrimental
recessive alleles ws7 and pa7 which remained linked in repulsion phase in a diploid F
population of 880 individuals and could only be recombined in an additional population
of 1,200 descendants (Zhou et al., 2020).

Assuming that such efforts become routine and that large-effect deleterious mutations
are ultimately removed from the potato inbreeding germplasm, other complications
may arise. For example, in Chapter 3, we identified four pairs of loci displaying non-
independent assortment of alleles. This type of genetic signal can be explained by
various phenomena including Bateson-Dobzhansky—Muller incompatibilities (Bateson,
1909; Dobzhansky, 1936; Muller, 1942) and epistatic interactions between deleterious
mutations. From a breeding point of view, the non-independent assortment of alleles
will limit the diversity of inbred lines that can be generated. Moreover, at this moment it
seems that only a few lineages can reach a high degree of homozygosity. If indeed the
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ability to sustain several rounds of selfing can only be established in a few clones with a
specific genetic background, this would cause considerable genetic erosion. The
genetic bottleneck, experienced by the first generations of potato inbred lines, could
explain the limited heterosis recently reported in a large panel of about 800
experimental F; hybrid potatoes (Adams et al., 2022). Another point of concern is that
the removal of large-effect deleterious mutations does not eliminate inbreeding
depression as a whole. Low vigour can also result from the cumulative effect of many
mildly deleterious alleles (Charlesworth and Willis, 2009; Wu et al., 2023; Zhang et al.,
2021). The challenge of identifying and removing such minor-effect deleterious
mutations is comparable to the challenge of identifying and combining the multitude of
minor-effect QTLs underlying complex quantitative traits. According to genetic models
that describe purging through inbreeding, mildly harmful alleles can take hundreds or
even thousands of generations to be eliminated by natural selection (Wang et al., 1999).

Fixation-Restitution breeding alleviates the need for

genome-wide homozygosity

From the previous section, it is evident that inbreeding with the goal to reach genome
wide homozygosity is a challenging task. Although potato breeders can rely on
genomic-assisted inbreeding, success is by no means guarantied. Therefore, it is worth
reconsidering whether the creation of inbred lines is a necessary step for accelerating
the fixation of genetic gains in potato breeding. The advantages of using inbred lines in
breeding are twofold. Firstly, inbred lines can be incrementally improved throughout
introgression and subsequent fixation of beneficial alleles. Secondly, inbred lines can
be crossed to generate F, hybrids which facilitate the systematic exploitation of hybrid
vigour. Importantly, neither of these aspects is inherently dependent on genome-wide
homozygosity which is only a prerequisite to produce uniform F; hybrid varieties. The
Fixation-Restitution breeding strategy proposes an alternative approach to achieve
these goals without the need for full homozygosity. Incremental improvement can be
achieved through repeated backcrossing using self-compatible diploid clones as
recurrent parents. Hybrid vigour can be achieved to some extend by crossing diploids,
but interploidy crosses offer more potential for specific combining abilities between up
to four different alleles at the tetraploid level. These two aspects of incremental
improvement and hybrid vigour as embodied in the steps of Fixation and Restitution will
be further discussed in this section.

Accumulation of beneficial alleles in self-compatible recurrent

parents
Backcross breeding is an effective method used to introgress one locus or a few loci
controlling trait(s) of interest from an often wild or unimproved individual called the
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donor parent, to an elite individual with agronomical value called the recurrent (or
recipient) parent. After an initial cross between the donor and the recurrent parent,
descendants are repetitively backcrossed with the recurrent parent. With each
backcross generation, the proportion of the donor genome is halved. Once most of the
donor genome is eliminated, the introgressed segment(s) can be fixed via one round of
selfing. When an inbred line is used as recurrent parent, backcross breeding results in
the formation of a Near Isogenic Line (NIL). This process allows breeders to introduce
valuable traits into an elite germplasm without altering its overall genetic composition.

In this context, the value of self-compatible diploids, that can tolerate a certain level of
inbreeding and can be utilized as recurrent parents, is beyond dispute. However,
recurrent parents do not necessarily have to be inbred lines. Self-compatible clones
that are heterozygous or partially inbred can also be used for backcrossing. In this
modified backcrossing scheme, the proportion of the donor genome will also be halved
every generation. However, only half of the heterozygous recurrent parent genome will
remain heterozygous, while the other half will be homozygous for either haplotype of
the recurrent parent. Therefore, after a few backcrosses most of the donor parent
alleles will be replaced by the elite alleles of the recurrent parent and the level of
homozygosity will theoretically reach 50%. Finally, one final round of selfing (BC.S+) or
full-sib mating (BC.F1) between advanced backcross individuals will allow the fixation
of the introgressed donor locus. Depending on the strategy used, the theoretical
homozygosity level is expected to reach 75% for BC,S: and 60% for BC,Fi. The
resulting improved descendants can serve once again as recurrent parent for a new
cycle of introgression. With every introgression cycle, the recurrent parent will gradually
increase in homozygosity at each introgressed locus and at locus that can be fixed
without affecting vigour and fertility.

The potential increase in mutational load due to increased homozygosity in backcross
breeding is a valid concern. It is challenging to provide a definitive answer to whether
this will lead to a dead end (fertility loss). However, insights can be gained from the
expanding body of literature on inbred diploid potato. For instance, it is clear that
phenotypic selection for vigour and fertility between generations of inbreeding maintain
a higher level of heterozygosity than theoretical estimates (Leisner et al.,, 2018;
Peterson et al., 2016; Phumichai et al., 2006; Song and Endelman, 2022; van Lieshout
et al., 2020b). Likewise, selection of the most vigorous and fertile descendant during
backcross breeding should maintain a level of heterozygosity relatively close to the one
of the recurrent parent and thus limit the extent of inbreeding depression. Genomic
regions with negligible impact on vigour and fertility could reach fixation while other
regions with deleterious mutations in repulsion phase will remain heterozygous.
Moreover, if a genome-wide marker system is used to facilitate the removal of the
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donor genome during backcrossing, it can also be used to maintain high level of
heterozygosity in the recovered recipient genome.

The main drawback of using non-inbred clones as recurrent parents is that backcross
breeding cannot be done blindly. Breeders must ensure that each BC,F; has
maintained the desired agronomic characteristics of the original recurrent parent. This
can be achieved by implementing a step of clonal selection at the conclusion of
backcross breeding. Selection can be based on phenotype but can also be assisted by
markers if the genetic basis of the desired traits is known. However, the need for this
time-consuming clonal selection step can be minimized by employing partially inbred
recurrent parents that have been previously fixed for beneficial alleles.

Recurrent parents are preferably the result of a diploid breeding program that is
composed of elite diploids with good agronomical and quality traits. Interestingly, many
domestication traits are associated with recessively inherited loss-of-function
mutations (Dwivedi et al., 2023). If recessive inheritance also applies to quality traits
(such as glycoalkaloid content, oxidative browning, and stolon dispersal), it implies the
absence of dominant alleles for poor quality in a recurrent parent. Although recurrent
parents may be fixed for recessive alleles that contribute to good quality, these alleles
may not be identical-by-descent, and therefore, may not result in an elevated level of
homozygosity. In summary, self-compatibility and moderate inbreeding tolerance,
rather than genome-wide homozygosity, can be used to transform potato breeding from
a historically slow and non-accumulative method into a rapid and incremental process.

Restitution of heterozygosity at the tetraploid level

Recurrent parents can be intercrossed to further accumulate desirable traits. For
instance, resistance (AR) genes that are linked in repulsion phase and cannot be fixed
within a single genotype can be combined in hybrids derived from crosses between
recurrent parents possessing complementary sets of Agenes. The resulting hybrids are
solely intended to be used as progenitor clones in interploidy crosses, because alleles
at heterozygous loci will segregate in their haploid gametes, but their diploid FDR
gametes will maintain most of parental heterozygosity. This brings forward the second
element of Fixation-Restitution breeding: the use of FDR unreduced pollen for
interploidy crosses. Except for a few distal loci affected by recombination, most
beneficial alleles of the diploid progenitor will be transmitted to tetraploid offspring,
among which superior descendants can be identified via clonal selection and
vegetatively propagated as uniform clonal varieties.

In F1 hybrid breeding heterosis must be maximized at the diploid level and relies on the
identification of heterotic pools. This aspect is still in an early stage of development
(Adams et al., 2022) and requires laborious testing of many inbred lines for general and
specific combining ability (GCA and SCA). On the other hand, the level of heterosis in
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Fixation-Restitution diploid hybrids is only marginally relevant since these clones are
not varieties but rather progenitors of future tetraploid varieties. The true contribution to
heterosis come from the interploidy cross. This 4x x 2x cross is an implicit SCA
experiment where the male FDR gametes of the diploid parent are combined with the
many unique allele combinations found in the female gametes of the tetraploid parent.
Earlier studies have already reported that heterotic responses were striking in 4x x 2x
progenies (Hutten et al., 1994a; Mendiburu and Peloquin, 1977, 1971). Therefore, it
seems evident that heterosis can be effectively harnessed without the need to develop
potato inbred lines.

How to desigh a more efficient potato breeding
strategy?

A variety of proposed potato breeding strategies

In Chapter 1 | introduced conventional potato breeding along with a variety of potential
alternative breeding strategies. In this section, | would like to highlight the defining
characteristics of the different breeding schemes and evaluate their merits. The
conventional breeding strategy, which is still producing most modern cultivars, is
based on clonal selection of progenies obtained by intercrossing highly heterozygous
tetraploids. The first alternative is the analytical breeding strategy (Chase, 1963)
which makes use of diploids to facilitate genetic studies and selection, before returning
to the tetraploid level through interploidy crosses. As in conventional breeding, clonal
selection is applied. Another alternative aims to breed for true potato seed (TPS)
varieties. It was adopted by CIP (International Potato Centre) to solve logistic and
phytosanitary issues of vegetative propagation in countries without a formal seed tuber
system. | refer to this as the CIP-TPS breeding strategy. CIP-TPS varieties can be
obtained from tetraploids, as well as from interploidy crosses as in analytical breeding.
The more recently proposed diploid F; hybrid breeding aim to convert an obligate
outbreeding species into a selfer (Jansky et al., 2016; Lindhout et al.,, 2011). In
outbreeders the parental alleles are dispersed through meiosis across a segregating
offspring, without the ability to reach fixation of genetic gains. The use of self-
compatible diploid inbreds allows to fixe and accumulate beneficial alleles while
removing detrimental ones. Subsequently, two inbred lines can be crosses to produce
a uniform diploid F, hybrid variety that is released to the market as TPS. Finally, the
Fixation-Restitution breeding strategy proposes to exploit self-compatible diploid
clones as recurrent parents in repetitive backcrossing scheme to facilitate the
accumulation of beneficial alleles. Making use of unreduced pollen, the resulting
improved diploids can be crossed with elite tetraploid cultivars to generate heterotic
tetraploid progenies. Depending on their uniformity, these progenies can become TPS
varieties (Fixation-Restitution TPS) as in CIP-TPS breeding or be subject to clonal
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selection (Fixation-Restitution clonal) to identify superior individuals which can
become vegetatively propagated varieties.

Key differences between breeding strategies

Except classical breeding, all the above mentioned strategies are enabled by at least
one and up to three alterations of potato reproductive biology (self-compatibility,
crossover reduction, unreduced pollen) whose genetic bases were uncovered in
Chapters 2, 4 and 5. Key differences between those breeding strategies are
summarized in Table 1 and include genetic aspects and aspects related to the nature of
the propagule (TPS or seed tubers). In this discussion, | do not wish to dive into the
detailed agronomical, physiological, phytosanitary and logistic considerations
associated with formal seed systems or TPS technology (Lindhout and Struik, 2023;
van Dijk et al., 2022, 2021). Instead, | will focus on the genetic advantages and
limitations offered by the different breeding approaches.

Table 1: Summary of key differences between potato breeding strategies

reproductive parents variety recurrent inbreeding ropagule uniformit
alterations' ploidy ploidy parents depression propag v
claSS|f:al 4x 4x no none tubers high
breeding
analyt!cal 2nP 4x, 2x 4x no none tubers high
breeding
CIP-TPS (2nP, dsds) 4x, 2x 4x no limited TPS limited
diploid F1 . .
hybrid SC 2x 2x yes high TPS high
Fi-Res o0 onp (dsds) 4x,2x  4x yes limited tubers high
clonal
Fix-Res TPS SC, 2nP, (dsds) 4x, 2x 4x yes limited TPS limited

' Reproductive alterations exploited in each breeding strategy. SC indicates self-compatibility, 2nP
indicates 2n (unreduced) pollen, dsds indicates desynapsis (crossover reduction). Optional alterations are
denotated in between parenthesis. Fix-Res stands for Fixation-Restitution.

The fundamental distinction between these breeding strategies lies in their ability to
enable fixation of beneficial alleles and incremental improvement of progenitor clones.
Although using inbred lines can facilitate this process, as discussed is the previous
section, genome-wide homozygosity is not an absolute requirement. Incremental
improvement can also be achieved by using self-compatible heterozygous clones as
recurrent parents in modified backcrossing schemes. Therefore, both Fi hybrid
breeding and Fixation-Restitution breeding strategies have the potential to significantly
enhance potato breeding efficiency by facilitating the fixation of genetic gains.

Another important distinction lies in the homozygosity requirement imposed on
progenitor clones. While the uniformity of clonal variety is ensured by vegetative
propagation, the uniformity of TPS varieties relies on a minimal allelic segregation in the
parental gametes. In diploid Fi hybrid breeding, the uniformity of TPS varieties is
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achieved via highly homozygous inbred parents. However, as mentioned earlier, high
homozygosity in potato is accompanied by severe inbreeding depression. On the other
hand, the uniformity expected from tetraploid TPS varieties has historically been set at
a lower level and may not necessitate a similarly high level of homozygosity. Relatively
uniform tetraploid progenies have been obtained in CIP-TPS and can be obtained via
Fixation-Restitution TPS breeding by 1) fixating DUS (Distinctness Uniformity Stability)
traits in the tetraploid female parent and 2) ensuring that the diploid male progenitor is
homozygous for mutant Stmsh4 and Stjir7 or Stjr2 alleles and thus produces near non-
recombinant unreduced male gametes. Although homozygosity is not required for
uniformity in Fixation-Restitution breeding, the diploid recurrent parents used in this
breeding strategy must possess a moderate level of inbreeding tolerance to be
incrementally improved via repeated backcrossing. These partially inbred clones can be
fixated in genomic regions associated with agronomical value while other parts of the
genome can remain heterozygous to minimize inbreeding depression.

Finally, the ploidy level by itself has important implications for gaining genetic
knowledge and for breeding efforts. On the one hand, breeding at the diploid level is
advantageous, because the distribution of trait values has more extreme values and is
less balanced as compared with observations in tetraploids. This is due to a greater
buffering of recessive alleles and a greater variation in allelic dosages at the tetraploid
level. Besides of this phenotypical aspect, the fixation of beneficial alleles and the
exposure and removal of recessive detrimental ones is more easily achieved in diploids
(Haldane 1930). Moreover, and despite the constant improvement of software
dedicated to polyploids (Rosyara et al. 2016; Bourke et al. 2018, 2021; Amadeu et al.
2021; Zheng et al. 2021), genetic studies in diploids are more straightforward than their
tetraploid equivalent because of a simpler inheritance and a lower level of allelic
interactions. For instance, in diploid populations complex traits such as yield can be
precisely dissected with two-dimensional QTL scans including epistatic interactions
between all pairs of loci (Marand et al. 2019). Conversely, the computational
complexity of the equivalent analysis at the tetraploid level is prohibitive. Due to the
genetic simplicity of diploids, several genes regulating important traits for potato
breeding, such as tuber shape (van Eck et al. 1994), flesh colour (Wolters et al. 2010)
and foliage maturity (Kloosterman et al. 2013), have been successfully fine mapped
and ultimately cloned in diploid populations. Likewise, all the genetic analysis
presented in this thesis were performed at the diploid level and tetraploid panels were
only used for allele mining.

On the other hand, breeding for tetraploid varieties also has beneficial aspects. Firstly,
the presence of four copies of each chromosome offers more space to combine
beneficial alleles linked in repulsion phase. This is of particular interest for R genes
which many reside in only a limited number of R gene clusters. For example, the wart
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disease resistance genes Sen7 and Sen3 (Prodhomme et al., 2019), the late blight
resistance gene Rpi-cap1, the PVY resistance Ny,s0 (van Eck et al., 2017) and the
root-knot nematode resistance Rmqr-%, (Draaistra, 2006) are located in Rgene cluster(s)
on the north arm of chromosome 77. The challenge of combining all those genes in a
single cultivar can be alleviated by bringing them on the different homologs of a
tetraploid variety. Secondly, the four homologs of a tetraploid provide a better buffering
against deleterious recessive mutations. Recent resequencing studies have revealed
that tetraploid cultivars exhibit a higher number of deleterious mutations compared to
diploid clones (Lian et al.,, 2019). However, they also exhibit a lower level of
homozygous deleterious mutations (or expressed burden) due to inter-homolog
complementation (Wu et al.,, 2023). Those findings agree with the often-reported
correlation between heterozygosity and good field performances in potato (Mendoza
and Haynes, 1974). An elegant demonstration of this phenomenon is provided by
studies comparing the performance of tetraploid progenies derived from FDR and SDR
unreduced gametes. FDR unreduced gametes are composed of homologous
chromosomes and thus are estimated to transmit ~80% of the parental heterozygosity
while this value drops to ~40% for SDR unreduced gametes, which are composed of
siter-chromatids (Douches and Quiros, 1988a, 1988b; Jongedijk et al., 1991a;
Peloquin et al., 2008). The increased transmission of heterozygosity permitted by FDR
unreduced gametes has been demonstrated to enhance the yield and tuber size of
progenies (Hutten et al., 1994a; Mendiburu and Peloquin, 1977, 1971). Although the
correlation between heterozygosity and yield in potato is undeniable, there could be a
threshold beyond which heterozygosity increase does not translate to higher yield
(Sanford and Hanneman, 1982). It is yet to be determined whether heterozygous
diploid clones can reliably offer sufficient buffering against deleterious mutations to
maximize yield, or if a greater number of homologs are required for this purpose. Thirdly,
tetraploid cultivars may benefit from the phenomenon of progressive heterosis whereby
heterosis in double-cross tetraploid hybrids goes beyond the level seen in their single-
cross parents, even though the ratio of positive and negative alleles has not been
altered (Washburn et al., 2019; Washburn and Birchler, 2014). This phenomenon,
unique to polyploid hybrids, remains poorly understood, and should be further
investigated by potato geneticists considering its potential application in breeding.
Finally, tetraploidy is associated with a larger cell and organ size which has been shown
to increase biomass in A. thaliana (Corneillie et al., 2019) and in potato (Uijtewaal et al.,
1987hb).

The flexibility of Fixation-Restitution breeding

Taking all those differences into account, | believe that Fixation-Restitution breeding is
a highly promising strategy that combines advantages of diploid and tetraploid breeding.
Importantly, | do not see Fixation-Restitution breeding as opposed to other breeding
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strategies but rather as a flexible system which, depending on the breeding goals and
the evolution of the germplasm, can morph into analytical, CIP-TPS or diploid F, hybrid
breeding (Fig. 1).
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Figure 1: Fixation-Restitution breeding scheme may morph into F1 hybrid breeding. Fixation-Restitution
breeding begins with self-compatible diploid elite material selected for excellent fertility and agronomical
value. In this germplasm mutations are selected or introduced at the S/, St/R7, St/R2 and StMSH4 locus.
This results in self-compatible recurrent parents with normal synapsis, a moderate proportion of FDR
pollen. The diagonal box in the top indicates variable levels of homozygosity of diploids, where in the
extreme left Fixation-Restitution may use heterozygous recurrent parents, and in the extreme right the
uniformity of F1 hybrids demands high homozygosity. Those recurrent parents (RP) can be incrementally
improved by introgression of valuable alleles from a donor clone (D*) and selection against the unwanted
donor background during backcrosses. Improved recurrent parents (RP*) can be reintegrated in the
recurrent selection pool but can also be hybridised with other recurrent parents to create hybrid progenitor
clones (HP*). Depending on the level of heterozygosity (het) of the recurrent parents and the heterotic
response observed, uniform progenies with agronomical potential can be commercialised as diploid F1
hybrid TPS varieties. Alternatively, RP* and HP* clones can be used as male parents in interploidy crosses
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with female tetraploid parents (TP). Again, depending on the heterozygosity of the tetraploid parent (het +/-
), promising uniform progenies could be commercialised as tetraploid TPS varieties. In every case superior
descendants can be selected and commercialised as clonally propagated tetraploid variety. To enable
sexual polyploidisation, recurrent parents must be fixed for least one major-effect QTL for unreduced pollen
production (2nP). Additionally, the uniformity of unreduced pollen (and of the resulting tetraploid progenies)
can be improved by a reducing the number of crossovers. This can be achieved by selecting diploid fertile
recurrent parent heterozygous for a recessive mutation in StMSH4 (Dsd’s). By intercrossing two recurrent
parents, one quarter of the progeny will be homozygous (dsds) and thus sterile at the diploid level but able
to produce near non-recombinant unreduced pollen.

Within the context of Fixation-Restitution breeding, potato breeders can initiate the
development of self-compatible and moderately inbreeding tolerant clones, which can
be incrementally improved when used as recurrent parent. Once inbreeding depression
is overcome and heterotic pools are defined, two highly homozygous and
complementary diploid clones can be crossed to produce TPS propagated diploid F4
hybrid varieties. Otherwise, as long as inbreeding depression remains a challenge and
heterosis is lacking at the diploid level, superior diploid hybrid clones can be clonally
selected from progenies lacking uniformity. By ensuring that the recurrent parents are
fixed for Stjr7 and heterozygous for Stjr2 mutant alleles or vice versa (Chapter 5), these
superior diploid hybrid clones can be used as male progenitors in interploidy crosses.
Subsequent clonal selection within the resulting tetraploid progenies will identify
descendants with variety potential that combined tetraploid heterozygosity with the
beneficial alleles stacked in their diploid ancestors. Moreover, if TPS is preferred,
tetraploid progenies with increase uniformity can be produced by fixating DUS traits in
the tetraploid female parent and ensuring that the diploid male progenitor is
homozygous for mutant Stmsh4 alleles (Chapter 4).

Overall, Fixation-Restitution breeding lowers the homozygosity requirement necessary
for using diploid self-compatible clones in breeding schemes of commercial potential.
By connecting the historical tetraploid germplasm with the self-compatible elite diploid
germplasm under development, Fixation-Restitution breeding has the potential to play
a crucial bridging role in the ongoing potato breeding revolution. Once diploid F; hybrid
breeding fulfils its promises, it may eventually render Fixation-Restitution breeding
obsolete. However, if the advantages of tetraploidy and challenges associated with
inbreeding depression prove to be too formidable, the recurrent parents and interploidy
crosses of Fixation-Restitution breeding could deliver most of tomorrow’s potato
cultivars.

Remaining questions and practical recommendations

Many practical questions remain to be answered to assess the viability and commercial
relevance of innovative potato breeding schemes. Some of these questions are shared
between the Fixation-Restitution breeding and the diploid F; hybrid breeding strategies
(de Vries et al., 2023) and include: “How to broaden and subdivide the diploid inbred
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germplasm into heterotic and market class specific groups?”, “What kind of marker
system must be used to follow inbreeding and introgressions?” and “At which stage,
with which intensity and in which environment selection for simple and complex traits
must be applied?”. Some questions are specific to the targeted propagule such as
“How to develop a male sterility system facilitating TPS production?”. Other questions
are more specific to Fixation-Restitution breeding, for example: “How will vigour and
fertility be transmitted along with quality traits during repetitive backcrossing using non-
inbred recurrent parents that gradually increase in homozygosity?” or “How does
mutational load, allelic diversity and gene dosages relate to heterosis at the diploid and
the tetraploid level?”.

To conclude, | would like to provide a few practical recommendations regarding the
exploitation of the reproductive mutations identified in this thesis. Starting with self-
compatibility, breeders can use the KASP markers developed in Chapter 2 to assess
the presence of S/ in their diploid germplasm. If this germplasm is composed of
dihaploids, breeders can reasonably expect to identify S// bearing clones. Otherwise, |
recommend to introgress Sl from publicly available S. tuberosum clones such as
RH89-039-16 rather than from the S. chacoense clones such as M6. Another
important remark is that S//is active gametophytically therefore only S//bearing pollen
will participate in self-fertilization and therefore self-compatibility will never be lost
upon selfing. Regarding the Stmsh4 mutants identified in Chapter 4, recommendations
will depend on the targeted breeding strategy. Breeders only interested in diploid F4
hybrid breeding should remove Stmsh4 mutant alleles from their germplasm because
homozygous plants are sterile. On the other hand, breeders interested in tetraploid TPS
production would benefit from the increased level of heterozygosity and uniformity that
reduced recombination provides to FDR unreduced pollen. Therefore, they are advised
to maintain Stmsh4 mutant alleles in a heterozygous condition in their diploid
germplasm (using the KASP markers developed in Chapter 4) until fixation is required
for interploidy crosses. Finally, regarding the major-effect QTLs regulating unreduced
pollen production identified in Chapter 5, | would suggest focusing on QTLs
g2nP_CE_7and g2nP_CE 12 and on their respective candidate genes St/R7 and St/R2
due to their association with FDR. One important aspect to keep in mind is that
although unreduced pollen production is necessary for interploidy crosses, viable
haploid pollen is also necessary to maintain fertility for crosses between diploids. By
leveraging the recessive inheritance and additivity of the two QTLs identified, breeders
have the opportunity to fine tune the level of unreduced pollen produced at different
stages of their breeding program by fixating one or both QTLs. For example, different
recurrent parents could be fixed for one QTL while the other QTL is kept in a
heterozygous condition. Upon hybridisation of recurrent parents having complementary
fixed QTLs, progenitor clones that are fixed for both QTLs and thus produce mostly
unreduced pollen could be selected for interploidy crosses.
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Chapter 6

Outlook on reproductive biology research in potato

In this thesis, | addressed questions related to the genetic basis of reproductive traits in
potato. While my work did not specifically focus of male fertility, this topic surfaced in
all four experimental chapters, and deserves further attention. Poor male fertility is a
historical problem in potato breeding (Krantz 1924) and the need to address it has only
increased with the development of breeding schemes exploiting self-compatible
diploids. Low male fertility can be caused by two distinct genetic phenomena:
cytoplasmic male sterility (CMS) which is due to cytoplasmic nuclear interactions, and
nuclear male sterility which is due to detrimental variants in nuclear genes.

CMS is observed in interspecific crosses between cultivated potato and some of their
wild relatives such as S. stoloniferum, S. demission and S. verrucosum (Sanetomo and
Gebhardt, 2015). A few years ago, a short anther phenotype associated with the
interaction of a S. tuberosum group Andigenum cytoplasm and a S. chacoense nuclear
genomic region was reported (Endelman and Jansky, 2016). More recently, a
mitochondrial region associated with tetrad sterility in S. stoloniferum was identified
(Sanetomo et al., 2022) Overall, research on CMS in potato seems to be gaining
momentum due to its potential breeding and agronomical applications. Indeed, TPS
production using CMS maternal lines can reduce hybrid seed production costs,
because emasculation is not required and unintended release of the maternal inbred
line can be prevented (Anisimova and Gavrilenko, 2017; de Vries et al., 2023).
Moreover, the yield potential of diploid F; hybrids can be compromised by high berry
production (Zhang et al., 2021) and the volunteer plants developing from true seeds
can diminish the effect of crop rotation. Generating CMS F; hybrids would prevent both
phenomena.

However, in this section, | think that it is more relevant to address nuclear male sterility
because it will facilitate the maintenance of fertility upon inbreeding which is important
for both the recurrent parents of Fixation-Restitution breeding and the inbred lines of
diploid F; hybrid breeding. Successful male reproduction depends on a series of
complex biological events that include specification of the stamen identity, anther cell
division and differentiation, male meiosis, pollen grain development, anther dehiscence,
pollen grain germination, pollen tube growth and double fertilisation (Gémez et al.,
2015; Ma, 2005). Genetic mutations disrupting any link in this chain of tightly regulated
events will compromise male fertility. The identification and removal of such major-
effect mutations from the potato germplasm would facilitate innovative breeding
approaches. This could be achieved using forward genetics as demonstrated by the
identification of Stmsh4 mutant alleles causing haploid pollen sterility in Chapter 4,
QTLs for pollen shed in Chapter 3, and QTLs for unreduced pollen production (which
imply a reduced proportion of haploid pollen) in Chapter 5. Other examples can be
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General discussion

found in the literature such as the identification via bulk segregant analysis of a mutant
allele of StDYTT resulting in flower abortion in diploid potato (Zhang et al., 2021).
However, as suggested in the earlier paragraphs of this chapter, it could be more
efficient to adopt a “translational genomics” approach. Male fertility has been widely
investigated in A. thaliana and in crops dependant on fertilisation for their harvested
product (Liu et al., 2021; Ma, 2005; Wan et al., 2020; Wilson and Zhang, 2009).
Moreover, pathways regulating floral organ identity, meiosis, tapetum and pollen grain
development appear to be largely conserved across angiosperm (Gémez et al., 2015;
Lei and Liu, 2020; Mercier and Grelon, 2008; Zheng et al., 2020). Based on the
expectation that male fertility knowledge can be successfully translated from well-
studied species to potato, a list of genes predicted to be involved in male fertility could
be extracted from the annotation of a potato refence genome (preferably derived from a
fertile inbred clone). After alignment of potato resequencing data to this reference
genome and subsequent variant calling, the effect of sequence variants on gene
expression and protein function involved in male fertility could be predicted. Taking the
mutational load of potato into account, one can expect to identify many deleterious
mutations. A strategy to prioritise their investigation and facilitate their removal from
the germplasm will be necessary. Priority criteria could be based on their prevalence in
the germplasm and/or on the predicted severity of their deleterious effect.

Interestingly, a by-product of this approach would be the identification of new
reproductive mutants which could further contribute to innovative potato breeding
strategies. For example, a hon-functioning allele of the potato ortholog of AtSPO77-1,
responsible for meiotic double strand-break formation, would more effectively abolish
crossovers than Stmsh4 alleles and thus contribute to the formation of non-
recombinant unreduced gametes. In addition, some of the fertility mutations identified
could underly the different mechanisms of unreduced megaspores formation reported
in potato which include pseudohomotypic first meiotic division (Jongedijk et al., 1991b),
omission of the second meiotic division (Werner and Peloquin, 1990) and post-meiotic
genome doubling (Bastiaanssen et al., 1998). Gaining control over unreduced
megaspore formation would open prospects for routine bilateral sexual polyploidisation
in potato breeding.
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Summary

Summary

A major aspect of plant breeding relies on gaining control over the reproductive biology
of crop species to accelerate their improvement. Potato (Solanum tuberosum) is the 3™
most important food crop after wheat and rice and a staple food for 1.3 billion people
worldwide. Despite the economic and nutritional importance of potato, its genetic
improvement showed less progression compared to other major food crops. In part,
this is due to restrictive reproductive characteristics such as allogamy and tetraploidy
which limit potato breeding. The main objective of this thesis was to explore the genetic
basis of naturally occurring variations in potato sexual reproduction. In combinations
these variants can be used to increase potato breeding efficiency. The focus was set on
self-compatibility which facilitates the fixation of genetic gains, crossover reduction
which limits allele dispersal during meiosis, and unreduced pollen production which
enables interploidy crosses.

Chapter 2 describes the genetic basis and prevalence of self-compatibility in S.
tuberosum germplasm. In this chapter, we began by investigating the inheritance of
self-compatibility in two diploid potato bi-parental populations. In both populations,
we mapped self-compatibility on chromosome 72 using a ~~-mer based bulk segregant
analysis. | further used those k-mers for haplotype mining and realised that the self-
compatible haplotype we identified was indistinguishable from the Si/ haplotype,
originally described in S. chacoense. To our surprise, this haplotype was rather
prevalent among tetraploid S. tuberosum cultivars where its effect was masked by the
breakdown of gametophytic self-incompatibility at the tetraploid level. Finally, we
developed a set of KASP markers enabling marker-assisted selection of self-
compatibility.

Chapter 3 exemplifies the range of genetic analyses, from marker inference,
identification of transmission ratio distortion, linkage map construction to QTL mapping,
which can be used to generate new insights in diploid potato genetics. In this chapter,
we skim-sequenced a large bi-parental diploid potato population and used the
obtained data to create high-density linkage maps. The parental maps showed different
recombination rates between the maternal and paternal parent, along with structural
variations, notably a 5.8 Mb inversion on chromosome 3. Our focus then shifted to
transmission ratio distortion, which can serve as a potential indicator of significant
deleterious mutations. We discovered 10 loci that showed transmission ratio distortion
and we identified four pairs of loci involved in non-independent assortment of alleles.
Moving forward, we conducted a QTL analysis for seedling tuber yield in pots and
pollen shed. The tuber yield in pots was primarily influenced by a major-effect QTL that
colocalized with StCDF7. Additionally, we identified five minor-effect QTLs that
interacted with different StCDF7 allele combinations. As for pollen shed, a critical
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factor for male fertility, we found a total of seven QTLs, including a major-effect locus
situated on chromosome 2.

Chapter 4 describes the genetic basis of meiotic crossover reduction, a phenotype
historically referred to as desynapsis, in the population genotyped in the earlier chapter.
Crossovers are essential for the maintenance of homologous chromosomes pairing. A
drastic reduction of their frequency leads to a chaotic first meiotic division and to the
formation of unbalanced haploid gametes. However, if desynapsis is combined with
another meiotic mutation that restitutes the first division, then balanced unreduced
gametes are produced. Using pollen microscopy, we classified descendants with
stainable haploid pollen as synaptic while descendants with unstainable haploid and
stainable unreduced pollen were considered desynaptic. Next, we conducted a QTL
analysis and found a single causal locus located on the short arm of chromosome 8.
Within this region, the most promising candidate gene was StMSH4, a crucial
component of the class | crossover pathway. We further discovered that a 7 bp
insertion in the exonic region of StMSH4 was associated with desynapsis in our
mapping population. Using allele mining, we found another mutant allele featuring a
larger exonic insertion of 3820 bp, and we confirmed that both alleles were unable to
complement each other. Subsequently, we showed with a ~-mer based approach the
prevalence of non-functional StMSH4 alleles in the European tetraploid germplasm.

Chapter 5 investigates the mechanisms of formation and the mode of inheritance of
unreduced pollen production in three diploid potato bi-parental populations.
Unreduced pollen production is a valuable trait for potato breeders which allow them
to link diploid and tetraploid germplasms via interploidy crosses. In all three
phenotyped populations, variation in the level of unreduced pollen production was
primarily attributed to genotypic effects and this trait segregated quantitatively. We then
showed that five QTLs regulated this trait, one of which was shared by all three
populations. The two QTLs with the largest effect displayed a recessive inheritance and
an additive interaction. Notably, both QTLs colocalised with genes that showed
homology to At/AS, a key regulator of meiosis Il spindle orientation in Arabidopsis
thaliana. The function of these candidate genes is consistent with the cytological
phenotype of mis-oriented metaphase Il plates we observed in some of the parental
clones. Furthermore, the alleles associated with an elevated level of unreduced pollen
displayed deleterious mutations, specifically an exonic transposon insert causing a
premature stop, and an amino acid change within a highly conserved domain. Overall,
the knowledge acquired in this chapter offers new insights into the natural allelic
variation underlying unreduced pollen production in potato. Using markers it will now
be possible to select breeding clones with a desirable level of unreduced pollen
production, allowing diploid crosses with haploid pollen and interploidy crosses with
diploid pollen.
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Summary

Chapter 6 offers a discussion on the main findings of this thesis in the context of
potato breeding. In this last chapter, | highlighted the advantages and limitations of
several potato breeding strategies with a particular emphasis on the challenges posed
by inbreeding depression. | argue that Fixation-Restitution breeding, an approach
leveraging self-compatibility, crossover reduction, and unreduced pollen production,
can improve potato breeding efficiency without relying on highly homozygous inbred
lines. In this chapter, | also reflect on the forward genetic strategy employed throughout
this thesis. | argue that adopting a “translational genomics” approach could speed up
the discovery of sequence variants affecting potato sexual reproduction.
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merci. Je tiens tout particulierement a remercier mes parents, Francis Clot et Joélle
Clot. Papa, maman, merci pour tout ce que vous avez fait pour moi. Merci de m'avoir
transmis votre amour pour la nature et votre fierté pour le travail bien accompli. Merci
de m'avoir encouragé a suivre mes réves scientifiques, méme si cela m'a éloigné
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un jour je deviens moi aussi parent, j'espere étre a la hauteur de votre exemple. Un
grand merci également a ma sceur, Maélys Clot, pour sa contribution a la fois
technique et artistique a ce livre, ainsi que pour son soutien précieux, notamment
durant les derniers mois de rédaction. Maé&, merci d'avoir toujours été la pour moi
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- To travel from town to town, mastery of craft | shall find.

[-]
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you to listen to Cocanha’s version by scanning the QR code.
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Co(en\’}n
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Lo companhon de l'Avairon

- Aici la vida es plan tranquila, per de que quitas ton chantier ? (bis)
- Me'n cal anar de vila en vila, me rafinar dins lo mestier.

- Te cal d'argent per lo voiatge, tant de camin te costara ! (bis)
- Vau a pé porti mon bagatge, e mon mestier me noirira.
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- Ai un pistolet dins las bragas, e mon baston de codonhier.
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- Ela Rosa que tant t'agrada, s'anava trobar lo temps long ? (bis)
- A mon retorn s'es maridada, me'n tornarai pel camin grand.

- Te tendriam pas quand siessem mila ! Adieu pensa a ton vielh cloquier, (bis)
- Adieu ! me‘n vau de vila en vila, me rafinar dins lo mestier.
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