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Abstract: Potato is the most important non-cereal crop worldwide, and, yet, genetic gains in potato
have been traditionally delayed by the crop’s biology, mostly the genetic heterozygosity of au-
totetraploid cultivars and the intricacies of the reproductive system. Novel site-directed genetic
modification techniques provide opportunities for designing climate-smart cultivars, but they also
pose new possibilities (and challenges) for breeding potato. As potato species show a remarkable
reproductive diversity, and their ovules have a propensity to develop apomixis-like phenotypes,
tinkering with reproductive genes in potato is opening new frontiers in potato breeding. Developing
diploid varieties instead of tetraploid ones has been proposed as an alternative way to fill the gap in
genetic gain, that is being achieved by using gene-edited self-compatible genotypes and inbred lines
to exploit hybrid seed technology. In a similar way, modulating the formation of unreduced gametes
and synthesizing apomixis in diploid or tetraploid potatoes may help to reinforce the transition to
a diploid hybrid crop or enhance introgression schemes and fix highly heterozygous genotypes in
tetraploid varieties. In any case, the induction of apomixis-like phenotypes will shorten the time
and costs of developing new varieties by allowing the multi-generational propagation through true
seeds. In this review, we summarize the current knowledge on potato reproductive phenotypes and
underlying genes, discuss the advantages and disadvantages of using potato’s natural variability to
modulate reproductive steps during seed formation, and consider strategies to synthesize apomixis.
However, before we can fully modulate the reproductive phenotypes, we need to understand the
genetic basis of such diversity. Finally, we visualize an active, central role for genebanks in this
endeavor by phenotyping properly genotyped genebank accessions and new introductions to pro-
vide scientists and breeders with reliable data and resources for developing innovations to exploit
market opportunities.

Keywords: apomixis; apomeiosis; CRISP−Cas9; endosperm development; gametogenesis; genebanks;
gene editing; meiosis; parthenogenesis; Solanum sp.

1. Introduction

One of the challenges facing humanity is to maintain or improve crop yields and
cropping systems while climate conditions become less predictable and more extreme.
Therefore, there is a continuing need for climate-smart and disease-resistant varieties for
all major crops.

Solanum L. is a genus with over 1500 species, including several horticultural crops.
S. tuberosum, the potato, is the most important commercialized non-cereal crop in the
world [1]. The rich history of the domestication, breeding, and transition of the potato to
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become one of the world’s major food crops has been considered in several studies, such as
the recent book by Bradshaw [2].

Potato has a perfect multiplication system for cultivar development (sexual reproduc-
tion combined with vegetative propagation) and a long history of breeding and germplasm
collection. While potato breeding has become faster and more efficient since the 1990s,
linked to the development of new molecular markers and more powerful analytical tools,
the genetic yield progress in potato has been very slow compared to cereal crops [2–4]. A
consequence of this is that century-old potato varieties like ‘Russet Burbank’ and ‘Bintje’
are still cultivated. Furthermore, there is also a lack of adequate levels of disease resistance
in many commercial varieties even though resistant genotypes are available in potato
germplasm [3].

There are three main reasons for such a slow genetic yield gain. The first one stems
from the heterozygosity of the tetraploid potato genome (AAAA, 2n = 4x = 48), sterility
barriers, and inbreeding depression as a consequence of traditional breeding and selection
over thousands of years. Until now, breeding for quantitative traits in potato has been
carried out by sexual reproduction and intensive phenotypic selection in the resulting
clonal populations, representing genotypes with unique allelic combinations. Therefore,
unfavorable alleles, which have remained masked in the tetraploid genome, manifest
themselves and delay genetic gain at each breeding cycle. Moreover, genetic markers
associated with quantitative genes are commonly absent [5]. The second reason is related to
the conservatism of potato consumers who like old familiar varieties for use as vegetables
and for processing [2]. The last reason is associated with the current gaps between actual
and potential yields around the globe. As potatoes were taken to different countries
and selected to tuber in different climates, they reached potential yield plateaus [2]. The
potential yield is the estimated yield that the crop would produce when none of the abiotic
factors that define production is limited during growth [6,7]. However, despite farmers’
efforts, the actual yields in most countries lag behind the potential yields. Hence, in the
short term, reducing this yield gap appears easier than increasing the yield potential.

While the consumer´s choice is influenced by economic and societal factors, the other
two reasons for the slow genetic yield gain could be modulated through breeding. Until
recently, inducing specific genetic changes in a target plant was difficult using conventional
breeding and traditional methods of genetic modification (such as mutation breeding; [8]).
However, new technologies that allow site-directed genetic modifications offer an enormous
potential to bridge this gap between potential and actual yields. These techniques provide
an incremental improvement, enabling genetic gains in established varieties. For example,
the generation of single or multiple gene-edited genotypes tailored to consumer or industry
standards could produce a ‘Russet Burbank’ resistant to late blight and viruses and a ‘Bintje’
resistant to late blight and common scab, and, thus, drive yield progress.

Particularly interesting to breeders are genes that modify reproductive phenotypes, as
they expand the available breeding units or genotypes and provide new alternatives for
exploiting the diversity found in germplasm in the wild and in ex situ collections. Tradi-
tionally, the use of natural or mutant plants exhibiting alternative reproductive phenotypes
for targeted gene transfer or base broadening [9] have played an important role in potato
breeding. For instance, the exploitation of unreduced (2n) gametes has been central in
plant breeding for transferring genetic diversity to cultivated forms in many crops, includ-
ing potatoes [10]. Ploidy manipulations (mostly through 2n gametes) have been used to
overcome barriers to hybridization in interploidy crosses and to transfer genes from wild
potatoes to the cultivated tetraploid gene pool [11–13]. These approaches rely on species
that naturally display the exploited trait (e.g., 2n gametes) rather than genotypes genetically
engineered to develop a target phenotype. Although outcrossing schemes based on ploidy
bridging can be designed between species that naturally produce 2n gametes [13], het-
erozygosity transmitted to offspring is usually less than 100% [14] and outcrossing barriers
often leave out many species or invoke time and resource constraints, without necessarily
improving yields. For example, the introgression of genes for resistance to bacterial wilt
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(Ralstonia solanacearum) from the wild relative S. commersonii Poir. into commercial potato
varieties has produced progenies with a wide range of resistance, aneuploid number of
chromosomes, and lower yields among third-level backcross (BC3) individuals compared to
the female parent [15]. Other examples of reproductive phenotypes exploited for breeding
purposes, despite little knowledge about their genetic basis, are meiotic mutants, male
sterile plants, and self-compatible cytotypes (see, for example, [8,14]). In most (or all)
cases, the use of these reproductive alternatives has relied on plant genotypes naturally
displaying these traits.

With the new genetic modification technologies, genome resources, and analytical
tools [16,17], mining into the sequences of genes underlying specific reproductive phe-
notypes for targeted breeding is a flourishing research area in potato. This is shifting
traditional breeding schemes from being based on species naturally carrying a particular
trait of interest to schemes targeting any species of interest for de novo trait induction. A
good example of the deployment of such technology and resources is the manipulation
of genes determining self-incompatibility in diploid potatoes. The identification [18,19],
cloning [20,21], and use of the S-locus inhibitor (Sli) gene allowed the breakdown of self-
incompatibility and the selection of inbred lines for producing and trialing F1 hybrids.
Similar case studies involving alleles from the two S-locus genes, the S-locus RNase gene ex-
pressed in the style and the S-locus SLF (S-locus F-box) gene expressed in the pollen [22,23],
show that gene-editing technologies (particularly the CRISPR−Cas9 system) can knock-out
S-RNase alleles and overcome self-incompatibility in diploid potatoes.

A still unexplored but appealing topic of research in potato plant reproductive biology
uses multiple mutants to induce a phenotype able to mimic apomixis, i.e., the formation of
clonal botanical seeds. Because plant breeding seeks to maximize genetic gain and exploit
non-additive as well as additive genetic variance to improve yield [10], heterozygosity
is likely to play an important role in all crops (including highly heterozygous tetraploid
potato plants). Hence, maintaining heterozygosity levels in potatoes is crucial for a healthy
crop and to prevent yield losses through inbreeding depression [24]. Even though sexual
reproduction is a much-needed tool in breeding, it also uncouples high-yielding gene
combinations and increases homozygosity, which poses challenges to all breeding programs
and to the maintenance of the required phenotypic homogeneity in any cultivar, whether a
diploid F1 hybrid or tetraploid cultivar. Hence, the use of apomixis, to freeze the genetic
make-up of the plant in a clonal (botanical) seed, is a breeding technology of enormous
advantages [25] and definitively a topic underexplored in potato.

About 1500 natural species exploit the complex process of apomixis [26]. It involves
changes in reproductive genes at multiple stages and affects several reproductive traits.
Ovules of apomictic plants can develop extra somatic embryos which replace the zygotic em-
bryo in the seed (sporophytic apomixis) or a gametophyte bypassing meiosis (apomeiosis)
and fertilization (parthenogenesis) can create seeds carrying clonal embryos (gametophytic
apomixis) [27]. Apomeiosis includes alternative, species–specific developmental pathways,
which, in all cases, converge in the formation of unreduced female gametophytes, whose
egg-cells develop by parthenogenesis (without fertilization), but the central cell may or
may not require fertilization to develop the endosperm and, consequently, an intact seed.
Moreover, apomixis in plants occurs almost exclusively in polyploids, and its emergence
triggers the breakdown of self-incompatibility systems [28]. Although it depends on the
species, apomixis usually shows variable expressivity between individuals, and complete
penetrance in natural populations [29,30]. While much is known about developmental
pathways and reproductive changes, the mechanism underlying the emergence of apomixis
is complex and still unknown, but is expected to involve several genes that integrate bio-
logical pathways and networks [31]. Genes underlying apomixis have only recently been
found [32,33], but reproductive genes from sexual model plants that generate apomixis-like
mutant phenotypes (see Section 5) have been known for a while (reviewed in [34]).

Mimicking apomixis in potato would provide multiple benefits (see below), including
an alternative to sexuality for seed production, that would avoid costly hand-pollinations
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during the formation of diploid F1 hybrids for propagation through true potato seeds
(TPS), and would make tetraploid propagation by TPS feasible without losing high-yield
gene combinations.

Tinkering with reproductive genes to create potato genotypes with new phenotypic
traits that modify biological pathways towards the induction of synthetic apomixis will
provide novel plant phenotypes useful for breeding. For instance, phenotypes that bypass
meiotic segregation and produce fully non-recombinant 2n gametes, or that blur develop-
mental constraints imposed by the endosperm balance number (EBN), or the interploidy
blockade, could allow us to open a menu à la carte of distinct potato wild species and
landraces to be targeted in breeding programs. This article provides an overview of chal-
lenges imposed by the reproductive biology of potato species for the exploitation of potato
diversity, current technological advances, and advantages concerning its reproductive
manipulation. Possible target genes and available resources required for the induction
of synthetic apomixis in potato are discussed, pointing out conceivable spin-off mutant
phenotypes that could serve to expand breeding tools, as well as existing potato genetic
resources. We showcase new frontiers of the reproductive manipulation of potato that go
beyond sexual barriers towards the use of true botanical seeds.

2. The Needs: True (Clonal) Seeds and a Reproductively More Flexible Potato Crop

In principle, the plant material to produce potato tubers can be of various sources.
Commercially and traditionally most relevant is the propagation via sprouting normal-
sized (ca. 50 g) seed tubers. Alternatively, plants may develop from mini-tubers (ca. 15 g)
derived from micro-plants through in vitro axillary bud proliferation or from botanical
seeds, either produced by normal sexual reproduction or, in future, by apomixis. Thus,
the planting material traces back to either a micro-plant or a botanical seed. The closer the
planting material is, in clonal generations, to the micro-plant or botanical seed, the more
likely it is to be free of disease. Which planting material is best for farmers is still an open
question. However, while there is no clear answer to this question, and preferences may
manifest depending on local conditions, farmer economics, and technological facilities,
propagators should focus on securing and delivering cost-effective, clean (‘disease-free’)
planting material to farmers [24]. For the propagation from seed tubers, this is best achieved
through statutory seed certification schemes operating in areas where potatoes are grown
only for seed. However, potato growing in low-income countries is characterized by
informal seed systems with little use of certified seed [35], and in these circumstances
propagation from botanical seed (TPS) is an attractive proposition.

The disadvantages of propagation from seed tubers are those related to the higher
costs of handling large amounts of planting material (in terms of weight and size), including
micro-plants (lab-produced) and mini-tubers (nursery) [36], and, in the case of new varieties,
the time required to generate enough propagules for planting. Furthermore, tubers are
more likely to be infected by, and to transfer, tuber-borne diseases; and their physiological
age and condition determine the planting time [2]. Such challenges can easily be overcome
using propagation by TPS. Potatoes develop desiccation-tolerant botanical seeds that are
easily transported and stored. Seeds of wild potato species are long-lived with >96%
germination after 26 years of cold storage [37], whereas seeds of cultivated species are
predicted to have a medium-term storage period with 50% germination after 22 years [38]
and a higher dormancy level [39]. With a few exceptions, TPS do not carry viral, fungal
or bacterial pathogens, and planting time is flexible. In practice, TPS are established and
particularly useful for small-scale farmers in many tropical and subtropical lowland regions
around the world [40,41].

The disadvantages of TPS propagation for tetraploid potatoes, and the reason it is
not adopted by large-scale farmers, agribusinesses, and the industry, is the lack of genetic
uniformity in the ripening time and tuber traits that affect the yield and quality, and, in
some cases, the insufficient amounts of well-developed seeds. This is because TPS varieties
come from crossing heterozygous parent plants where the segregation and recombination
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of genes creates variation. When TPS are produced via diploid parents, including the
induction of tetraploid F1 hybrids, lower yields might be expected compared to tetraploid
potatoes that have been traditionally selected for tuber yield [3]. An alternative for the
future is the use of informed crossing strategies implementing genome-wide SNP and
structural variant data for the targeted development of complementary heterotic pools.
The concept of “heterotic haplotypes” was first described by Snowdon et al. [42], and
its potential to quickly generate effective, genetically distinct heterotic pools from non-
differentiated gene pools was demonstrated in winter oilseed rape by Krenzer et al. [43].
In combination with early genomic selection, such methods could help generate effective
heterotic pools, maintain and even improve the exploitation of heterosis, and develop
high-performing hybrids in tetraploid potatoes.

The production of diploid inbred lines, through several generations of self-pollination,
that have sufficient levels of homozygosity, vigor, and fertility for F1 hybrid breeding,
could solve the problem of genetically uniform cultivars from TPS [24,36]. However, self-
pollination is often hindered by the self-incompatibility in diploid species. Furthermore,
the advantages would be limited to the first TPS generation. This increases the interest of
potato breeders who can make a higher profit, but farmers would need to purchase new
seeds every season, as in maize and other hybrid crops.

Avoiding the genetic consequences of sexual reproduction during seed formation by in-
ducing synthetic apomixis in potato flowers would overcome the current challenges: (1) of
using TPS for propagating highly heterozygous tetraploid varieties, and (2) of hybrid
breeding, such as inbreeding, self-incompatibilities, and the development and maintenance
of inbred parental lines. Moreover, synthetic apomictic potato plants producing true clonal
seeds might reduce the time for the commercialization of new varieties to 1–2 years, if
molecular markers were used to select genotypes with fixed beneficial alleles (or lacking
large-effect deleterious alleles), compared with more than a decade through classical potato
breeding or the expected 3–6 years using diploid hybrid potato technology [44]. Thus
far, attempts to induce apomixis in other crops such as rice have shown steady progress,
and apomictic plant genotypes with a high-enough trait penetrance for commercialization
are already available (see, for example, [45]). In potato, however, experimental studies
to synthesize apomixis have not yet started. The induction of apomixis was seriously
considered a long time ago by Hermsen ([46], p. 604) who identified the ‘elements of
apomixis’ frequently present in potatoes and those missing. However, back then, very
little was known about the molecular control of the trait, and the technological tools for
DNA analysis were just beginning to be developed. Other researchers have experimented
with, and laterally discussed the implications of, such apomictic elements (i.e., 2n eggs or
parthenogenesis) in breeding and for the induction of apomixis [47,48].

From a genetic and ecological viewpoint, potatoes show wide plasticity, with more
than 4000 varieties catalogued [49]. They grow in a wide range of climates and geographic
regions [50] and can rapidly be selected for adaptation to new local environmental condi-
tions. However, in the past, the development of adapted cultivars was not rapid. There
is now a need for new varieties with a resistance to pests and diseases, that tolerate the
adverse effects of temperatures and drought on tuberization, and use water and minerals
more efficiently, to provide environmental benefits, as well as meet consumer demands [5].
The production of such varieties can be difficult due to reproductive barriers and the
impossibility of combining the available variants into a suitable genomic background.
Hence, there is a need for a reproductively more flexible potato crop, free from pollen–pistil
incompatibility barriers and restraints to endosperm development.

The prospect of manipulating reproductive genes to enhance inbreeding tolerance
or facilitate targeted introgression looks promising. Turning potato into a reproductively
more flexible crop can be an alternative way to enhance genetic gains from existing natural
variability. Different studies have shown the occurrence of variation in the reproductive
steps for gamete and seed formation among potato species [51,52], and such a natural
variation has already been exploited in breeding programs with some success. This suggests
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that these reproductive alternatives are suitable for direct genetic manipulation if the target
genes can be identified, or confirmed, to provide a stable, inducible phenotype. The use
of gene editing based on CRISPR−Cas9 to break down self-incompatibility or increase
the frequency of unreduced gametes, among other reproductive features, can support
the pre-breeding and introgression of favorable alleles into elite domesticated potato
lines. Pre-breeding in crops like wheat, with relatively fewer wild relatives, are successful
examples in accelerating genetic gain through field selection, genotyping, and marker-
assisted breeding [53]. Gene editing targeting reproductive functions among wild potato
species (like self-compatibility and the Sli gene; see Section 4.1) may unlock hidden genetic
reservoirs for pre-breeding and trait transfer to intermediate plant materials that breeders
can use in breeding to develop new varieties and to achieve a faster genetic gain.

3. The Genome: Sequences of Opportunities

The release of the first potato genome sequence [16] marked the advent of more pow-
erful genome analyses. Scientists’ innovative thinking combined with the use of a unique
genetic stock have allowed haplotype-resolved assemblies of diploid [54] and tetraploid
potato varieties reporting a monoploid genome size of 0.775 GB and 38,214 genes [55].
Phased chromosome-scale assemblies of tetraploid cultivars are revealing the complexity
of the potato genome, holding extensive allelic diversity, preferential allele expression, and
structural variation with evidence of ancestral introgressions and the retention of dysfunc-
tional and deleterious alleles [17]. On this basis, relevant aspects of the demographic and
adaptive history of modern potato [56], as well as agronomically important genes [57] and
gene families [58], were identified, and site-directed mutants were generated to assign
functions to predicted genes [59].

In the meantime, the genome sequencing and genotyping of hundreds of wild and cul-
tivated accessions are becoming standard strategies for the genome-wide genetic variation
analysis of genetic diversity, e.g., for disease resistance genes; for the identification of genes
under selection, particularly during potato domestication (e.g., those involved in tuberiza-
tion or the loss of bitterness in tubers); for the shared genomic regions and loss of synteny
relevant for hybrid breeding; and to provide robust phylogenetic trees to understand the
evolution and expansion of potatoes [57,58,60]. These studies have permitted segregation
between the entire set of genes within a species (i.e., the so-called pan-genome) and those
genes shared between all individuals (i.e., genes of the core genome). Pan-genomes are
most relevant to capturing the complete genetic diversity (and reducing genetic bias in
single-genome analysis), as well as to discovering the linkage relationships and functional
effects of variants. In potatoes, the analysis of pan-genomes is assisting with the discovery
of many dispensable genes associated with stress tolerance or pathogen resistance [61],
and important biomolecules for disease control [62,63], as well as understanding disease
outbreaks in potato [64].

Thus, as expected, access to the information of genomic variability present in potato
has fostered functional genetic analyses, and newly discovered traits are being incorporated
into breeding programs [65]. In addition, genome editing using CRISPR−Cas technology is
already being used in potato to improve the food crop while enabling fundamental research
and industrial applications [66]. These new technological advances come at a critical time,
when potato breeders and technologists are required to create a range of environmentally
resilient varieties adapted to vast agro-ecological zones and regions in which potatoes are
produced to feed a growing population [2,24]. In this context, the modification of genes
involved in reproductive development is relevant to overcoming biological barriers and
enhancing and accelerating breeding progress.

4. The Genes: The Search for Key Changes in Reproductive Modules

Reproduction is a highly regulated process that starts with the induction of flowering in
a plant, and then goes through different developmental stages within the flower (Figure 1).
These are the commitment of mother cells in ovules and anthers to generate haploid
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recombinant spores, the development of female and male gametophytes, the delivery of
male gametes (sperm cells) to the female ones (egg cell and central cell), and, finally, the
fusion of the haploid egg and sperm cells, marking the formation of a zygote together
with a maternal-to-zygotic transition in gene regulation and the initiation of the embryonic
tissues of the seed. All of the processes are highly regulated and involve many genes [67,68].
The search for genes, and, hence, the genetic material, with crucial roles in development
and reproduction that could improve how the variability is reshuffled and exploited, is at
the center of any breeding program.

In potato, despite a great variety of phenotypes and the identification of several genes
with reproductive roles in pollen–pistil interactions, haploid development, and 2n gamete
formation (Table 1), very little is known about their genetic background and molecular
functions compared to other major crops, i.e., maize (Zea mays L.), rice (Oryza sativa L.), and
wheat (Triticum aestivum L.). The main reason for this is that potato is an autotetraploid in
which functional genetic studies are difficult due to tetrasomic inheritance and, therefore,
studies have mainly focused on identifying nutritional or pathogenic functions of more
direct use in marketing [24]. Now, however, the links between the reproductive phenotypes
of interest and their genetic basis are being studied. New technological advances have
provided genome-level sequence data which are unmasking an extraordinary number of
genes [55]. Furthermore, the possibility to manipulate individual genes is now leading to
new advances in molecular biology and potato breeding.

Table 1. Reproductive phenotypes and associated genes in potato.

Mutant Mechanism Involved Phenotype Gene(s) 1 References 2

ps Spindle orientation
FDR, 2n gametes, avr. 80%
parental heterozygosity
transmission

Parallel Spindles Like
loci (PSL1-3)? [69]

pc/os Cell division progression
SDR, 2n gametes, avr. 40%
parental heterozygosity
transmission

unknown [70,71]

Sy-1/4 Chromosome pairing Asynapsis, reduced fertility,
2n gametes unknown [72]

Ds-1 Chromosome pairing Desynapsis, reduced fertility,
2n gametes unknown [73]

DMC1 Crossing over Asynapsis, reduced
pollen viability StDMC1 [74]

MSH4 Crossing over Desynapsis, sterility,
2n gametes StMSH4 [75]

Hi3
Pseudogametic
parthenogenesis Haploid induction unknown [76,77]

Ms Plasmon factors Male sterility 4 unknown [78]

Rf Inhibits expression of
Ms genes Male fertility restorer RFL-PPR [79,80]

S-locus Gametophytic
self-incompatibility system

Self-incompatibility
breakdown

S-RNase5, SLF6 (and HT
modifier genes)

[22,23]

Sli Self-incompatibility
inhibition Self-compatible plants S-locus inhibitor [18,19]

EBN Genome dosage Aberrant endosperm
development unknown [81]

FDR: first division restitution; SDR: second division restitution; 1 with an identified sequence; 2 only representative
references are listed; 3 a mutant name for this phenotype in potato has not been defined—here, we arbitrarily
took the first initials of the phenotype (Hi); 4 indehiscence, shrivelled microspores, sporad formation, anther-style
fusion, ventral-styled anthers, and thin anthers; 5 for female specificity; 6 for male specificity.
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Figure 1. During sexual seed development, the diploid megaspore mother cell undergoes meiosis. 
Briefly, after disintegration of the nuclear envelope and condensation of chromosomes, homologs 
pair and exchange DNA segments (crossing-overs, in prophase I). Then, the bivalents attach to the 
spindle and align at the equatorial plate (metaphase I), and the homologous chromosomes move to 
opposite poles (anaphase I). At the end, spindle fibers disintegrate, and two nuclear envelopes are 
rebuilt (telophase I) while a cell wall is formed in between to generate two non-identical haploid 
daughter cells (carrying sister chromatids). Meiosis II progresses through a brief interphase and 
prophase II (without a DNA synthesis phase). The chromosomes attached to the spindle (metaphase 
II) segregate sister chromatids to the poles (anaphase II), the nuclear envelope is rebuilt (telophase 

Figure 1. During sexual seed development, the diploid megaspore mother cell undergoes meiosis.
Briefly, after disintegration of the nuclear envelope and condensation of chromosomes, homologs
pair and exchange DNA segments (crossing-overs, in prophase I). Then, the bivalents attach to the
spindle and align at the equatorial plate (metaphase I), and the homologous chromosomes move to
opposite poles (anaphase I). At the end, spindle fibers disintegrate, and two nuclear envelopes are
rebuilt (telophase I) while a cell wall is formed in between to generate two non-identical haploid
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daughter cells (carrying sister chromatids). Meiosis II progresses through a brief interphase
and prophase II (without a DNA synthesis phase). The chromosomes attached to the spindle
(metaphase II) segregate sister chromatids to the poles (anaphase II), the nuclear envelope is rebuilt
(telophase II), and a cell wall is formed that generates four genetically recombinant haploid spores.
In the female side, three of these spores (called megaspores) degenerate by apoptosis and the surviv-
ing megaspore undergoes three mitotic divisions (mitosis I–III) that produce a seven-celled/eight-
nucleate gametophyte (Polygonum type) carrying the female gametes, i.e., the central cell with a
homodiploid nuclei, and the egg cell. In the male side, the gametophyte develops synchronously
and each of the four spores of meiosis (called microspores) divides through an asymmetrical mitosis
that forms one large vegetative cell and a small generative cell that undergoes a second mitosis to
generate two sperms. During sexual reproduction, the sperm cells are delivered, one to the egg cell
and another one to the central cell, during fertilization and form a seed with a diploid recombinant
embryo and a triploid endosperm. Failures in the first and second division restitution (FDR and
SDR) result in the formation of un-reduced gametes with variable levels of genetic recombination
and the formation of polyploid offspring. During asexual seed formation, the main meiosis steps of
recombination and ploidy reduction are bypassed during apomeiosis, and consequently the female
gametophyte has the same ploidy and genetic constitution as the mother plant. Clonal embryos
develop from the unreduced egg-cell in such gametophytes through parthenogenesis, while the
endosperm may develop autonomously or after fertilization of the unreduced central cell.

4.1. Genes Modifying Pollen–Pistil Interaction

A gametophytic self-incompatibility (GSI) system prevents successful self-pollination
in most diploid potatoes which comprise potato wild relatives, cultivated landraces, and
dihaploids derived from tetraploid cultivars [82,83]. It is controlled by a multiallelic S-locus
on chromosome 1 [84,85]. Genetically, pollen is rejected when there is a match between the
single S-haplotype in the haploid pollen and either of the two S-haplotypes in the diploid
pistil which are both expressed. Thus, the cross S1S2 × S3S4 produces S1S3, S1S4, S2S3,
and S2S4 offspring, whereas the cross S1S2 × S1S3 produces just S1S3 and S2S3 offspring
and the cross (or self) S1S2 × S1S2 produces no offspring (self-incompatible). By 2011, it
was known that the S-locus in Solanaceae, Rosaceae, and Plantaginaceae comprised at
least two tightly linked loci [86]. S-RNase encodes S-RNases (ribonucleases with RNA
degradation activity) that determine the specificity of pollen rejection in the pistil (style)
and SLF/SFB encodes S-locus F-box proteins that fulfil this function in pollen. At the
molecular level, self-incompatibility (SI) occurs when the S-RNases inhibit (self) pollen
tube growth in the style [87,88], whereas pollen compatibility requires the S-RNases to
be targeted for ubiquitination through the action of F-box proteins [89–92]. In simplistic
terms, a plant with genotype S1S2 will produce S1- and S2-RNase in the style that can
inhibit the pollen tube growth of S1 and S2 pollen, respectively, but not pollen with other
S alleles, of which there are many. These are able to produce F-box proteins that stop S1-
and S2-RNase activity [21,90,93]. In short, functional S-RNase alleles are required in the
style to inhibit the growth of incompatible pollen tubes, by targeting their RNA, and, hence,
prevent fertilization. Failure to secure the berry and seed set can be due to additional
fertility problems. We now know that S-RNases are helped by other components such
as HT proteins [94–96]. The GSI system breaks down in autotetraploids, at least when
two different alleles are present in the pollen [97,98]. As a result, the pollen contains two
different SLF/SFB genes which results in mutual weakening or competitive interaction and
the degradation of all S-RNases [90]. Hence, tetraploid S. tuberosum can be self-pollinated.

The advent of diploid F1 hybrid breeding stimulated interest in self-compatibility (SC)
in potato [3]. Two different ways have been used to achieve SC in potatoes, one based on
the S-RNase gene and the other on the S-locus inhibitor (Sli) gene, as reviewed by Kardile
et al. [99]. The first way either introduces dysfunctional S-RNase alleles from wild species
or produces them from functional alleles by gene editing [22,23]. Ye et al. [22], for example,
created self-compatible diploid potatoes by using the CRISPR−Cas9 system to knock out
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conserved regions of the S-RNase gene (loss-of-function) in a S. tuberosum Group Phureja
clone. They were also able to produce selfed families containing self-compatible plants that
lacked the Cas9 cassette and, hence, any exogenous DNA. The second way of achieving
self-compatibility (SC) uses the Sli gene which was first discovered in self-fertile plants of
the wild diploid (EBN = 2) potato species Solanum chacoense Bitt. [100], and, subsequently,
mapped to the distal end of chromosome 12 [18,19,21]. A further understanding of the SC
is emerging now that the candidate gene for Sli has been found, shown to be specifically
expressed in the pollen, and to have a 533 bp transposon inserted at its promoter [20,21].
Furthermore, it has been shown that Sli functions like SLF to produce an F-box protein,
PP2-B10, that destroys S-RNases during pollen tube development [21]. Hence, a name
change to non-S-locus F-box protein (NSF) has been suggested [21]. Kardile et al. [99]
mention in their review that SC could be achieved by the addition to SI genotypes of an
extra SLF gene that can degrade all S-RNases.

The GSI system is also associated with the prevention of interspecific pollinations [94,101].
The growth of both self and interspecific pollen tubes is inhibited in the style, thus prevent-
ing fertilization. Consequently, interspecific crosses often display unilateral incompatibility
(UI) in which a female SI parent prevents both self-pollination and cross-pollination by a
self-compatible (SC) species, whereas a female SC parent allows cross-pollination by a SI
species as well as self-pollination. Fertilization in SC × SI but not in SI × SC hybridizations
was a rule proposed by Lewis and Crowe [102] that has proven to be an oversimplifica-
tion because genetic differences can occur in the gene presence and function between SC
species [96]. Three examples where SC is primarily the result of dysfunctional S-RNase alle-
les are as follows: the domesticated tomato (S. lycopersicum L.), which is a self-compatible
diploid but has wild relatives which are self-incompatible [103]; the potato wild relative
S. verrucosum Schlechtendal, which is unusual in being a self-compatible diploid 2EBN
species; and cultivated diploid potatoes, in which the S-RNase gene is dysfunctional as a
result of gene editing.

Hermsen, back in 1977, reported that S. verrucosum could be successfully crossed
as the female parent with three SI species, diploid S. tuberosum Phureja Group (2EBN),
S. pinnatisectum Dunal (1EBN), and S. bulbocastanum Dunal (1EBN), but not when it was
the male parent [104]. It was, therefore, seen to be of value as a bridging species for the
introgression of genes for disease and pest resistance from the self-incompatible diploid
1EBN species. Much more recently, Behling and Douches [96] have pointed out that, while
S. verrucosum lacks a functional S-RNase protein, it is not known if the alleles of the S-RNase
gene are missing, non-functional, or inhibited in some way, or if other genes such as HT are
involved. They investigated the crosses between S. verrucosum as the female parent and
four 1EBN species as the male parent, S. bulbocastanum, S. commersonii, S. jamesii Torr., and
S. pinnatisectum. They did not observe any significant stylar barriers to pollen tube growth,
and hybrid progeny was secured with S. bulbocastanum and S. commersonii. They then
repeated the experiment with independent and dual CRISPR−Cas9 knockouts of the genes
S-RNase and HT-B in a diploid S. tuberosum clone (DRH195). The results were variable but
the pollen tubes of the S-RNase knockouts of S. bulbocastanum and S. pinnatisectum grew
further down the styles than the controls, unlike the knockouts of HT-B alone. However, the
overall interpretation of the results was complicated because HT-A had not been knocked
out and was functional and active in the style, and possibly providing some inhibition of
the pollen tube growth. Some of these complexities may be resolved now that the genomes
of both S. commersonii and S. verrucosum have been sequenced [105,106].

4.2. Genes Modifying the Formation of Gametes and Associated Apomixis Traits

Most potato species develop a normal male gametophyte and a female gametophyte
of the Polygonum type [48], which is present in about 70% of angiosperms. Such gameto-
phytes are genetically reduced (haploid) and recombinant (Figure 1), and they fuse during
the formation of sexual potato seeds. Some potato species can develop genetically unre-
duced (diploid) and recombinant gametes, which has a relevant role in breeding [107,108].
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The ability to induce the de novo formation of unreduced (2n) gametes in potato species
that lack this capacity, or, alternatively, to increase the rates of 2n gamete formation in
potato species displaying such an ability (most diploid species), will increase the number
of wild species and resources available for breeding. As the 2n gamete formation shows an
incomplete penetrance and variable expressivity among genotypes [14], its rate could be
modulated by modifying the underlying meiotic genes. The gene-directed production of
potato species producing 2n gametes will enhance the current use of breeding schemes and
ploidy manipulation strategies (e.g., [12]). This requires both gaining novel information
and exploiting the current knowledge on the molecular control of 2n gamete formation.

Two approaches can be envisioned here: first, targeting potato genes, either newly
identified and functionally characterized, underlying mutant phenotypes or known to
have a relevant role during meiosis and 2n gamete formation (see details in Table 1); and,
second, targeting potato homologs of reproductive genes functionally described in other
plant systems, and identified using a sequence-homology-based strategy. A blend of these
two approaches could help breeders obtain a better understanding of the molecular basis
and distribution of a certain gene variant among potatoes, and then to engineer desired
phenotypes in potato species lacking 2n gametes or increase their expressivity in species
producing 2n gametes.

In the first case, phenotypes, such as parallel spindle (ps) and premature cytokine-
sis/omission second division (pc/os), responsible for the segregation of non-sister chro-
matids or sister chromatids to the same nuclei during 2n gametes formation (FDR- and
SDR-like mechanisms, respectively) have been identified. Despite these phenotypes be-
ing known for a long time [70,109] and used in potato to introgress beneficial traits into
commercial varieties, it is only recently that their molecular mechanisms have started to
be uncovered. Cigliano et al. [69] identified three Parallel Spindles Like (PSL1-3) loci in
diploid potato based on sequence homology to the Arabidopsis thaliana gene Parallel Spindle1
(AtPS1), known to control the spindle orientation in the second meiotic division and whose
defect induces 2n pollen. Yet, the functional characterization of PSL genes in potato is
awaited (but see [110]).

Less is known about the molecular control of the premature cytokinesis/omission
second division phenotype in potato. In Arabidopsis, at least two essential genes for cell
cycle progression show mutant phenotypes that are like those in potatoes. The genes
TARDY ASYNCHRONOUS MEIOSIS (TAM, also known as CYCA1;2) and OMISSION OF
SECOND DIVISION (OSD1) are involved in the prophase/meiosis I transition and the
meiosis I/meiosis II transition, and their failure leads to the production of unreduced
spores and gametes due to a premature exit from meiosis, either after prophase I or after
meiosis I [111]. TAML or OSDL genes in potato have not yet been identified.

The identification and in silico analysis of potato genes involved in ovule and seed
developments is now much easier and focused on available bioinformatic tools. Strategies
used in other crops or in potato for certain gene families (like the YABBY family; [112]),
can be implemented for recognizing reproductive genes in potato. They retrieve sequences
from different databases and use genomic and gene analyses tools for gene identification
(e.g., Phytozome, the PLAZA genome database, Uniprot).

Besides the unusual spindle orientation and defects in cytokinesis and cell cycle progres-
sion, the molecular mechanism and cytology of FDR and SDR also involve changes in chro-
matid cohesion, meiotic recombination, and abnormal chromosomal segregation [113,114].
From a breeder´s view, the most interesting mutants in plants are those that interfere with
the process of pairing and genetic recombination during the development of 2n gametes
(Figure 1). The more recombination is suppressed, the more heterozygosity is fixed and
transmitted unaltered to the offspring. Most diploid potato clones produce 2n eggs through
SDR (by omission of the second division) or 2n sperms through FDR (by parallel spin-
dles) and transmit about 40% or 80% parental heterozygosity, respectively [72,115,116].
Therefore, breeders may prefer inducing FDR as they transmit more heterozygosity to
the offspring, and clonal families derived from FDR crosses outyield those from SDR and
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tetrasomic inheritance [117]. Yet, compared to apomixis, these phenotypes show partial
effects on the levels of meiotic recombination (see below).

Apomixis and genes producing apomeiosis-like phenotypes are already known in
potato and its family. Six species within Solanaceae are recorded as apomictic [26]. Most
have a type of apomixis that develops extra somatic embryos in the growing ovules, and,
in one Solanum species, S. nigrum L., diplospory has been recorded [118]. Diplospory is a
specific type of apomixis in which meiosis progresses through a restitutional first division
in the strict sense (strict FDR; [119]), meaning that homologous chromosomes fail to pair
and form the synaptonemal complex (asynapsis), thus preventing recombination (Figure 1).
Unlike in apomicts, in most sexual species including Solanum, the mechanisms of FDR
usually go through variable degrees of asynapsis (broad FDR) or desynapsis (in which
homologous chromosomes pair but fail to maintain pairing), and a low proportion of
crossing-overs is expected [12,120]. The main consequences of these meiotic abnormalities
are a shift in the levels of transmission of parental heterozygosity to the offspring. While
heterozygous diploid parents cannot transmit heterozygosity by standard n gametes, they
transmit about 80% of their heterozygosity by (broad) FDR 2n gametes and 40% by SDR 2n
gametes during the formation of tetraploid offspring [14]. In apomictic species, apomeiotic
(strict) FDR 2n gametes can transmit 100% of the parental heterozygosity [119].

With the discovery of synaptic and desynaptic mutant phenotypes, potato researchers
have tried to develop genotypes that maximize the transfer of heterozygosity from parental
diploids to the tetraploid offspring [121]. The combination of synaptic 3 mutant with
‘parallel spindles’ (sy-3, ps) was used with relative success to produce FDR 2n gametes
without crossing over (FDR-NCO) and transmitting 100% heterozygosity [122]. Because
of the lack of pairing during diplotene and pachytene, the chromosomal segregation in
the mutant was irregular and euploid, and balanced dyads were partially recovered by
the parallel spindle mechanism [122]. In a similar way, the desynaptic 1 mutant (ds-1)
reduces substantially the frequency of chiasma which destabilizes the balanced segregation
of chromosomes, and the few viable 2n gametes may transfer ca. 95% of the parental
heterozygosity [73,120].

Recent studies have disclosed both asynapsis and desynapsis genes in potato. The
meiotic gene DMC1 plays a central role in DNA recombination through crossing over and
transformants using an RNAi construct were able to knock down StDMC1 and substantially
reduce pollen viability, plausibly through asynapsis [74]. The gene StMSH4 is an essential
component of the class I crossover pathway that causes desynapsis in potato and its
mutant allele leads to either highly uniform unreduced pollen or sterility [75]. The level of
transmitted heterozygosity in species forming 2n gametes will depend upon the rates of
functional crossovers during the restitution division.

A concept for fixing and transmitting the genetic makeup of parents to offspring for
TPS production using unreduced desynaptic gametes was explored many years ago by
Jongedijk et al. [73], but it is only now that gene-editing technologies are making their
ideas feasible. While the relevance of 2n gametes is already known for Solanum breeding
programs, it may become important for the transmission of full heterozygosity and for
fixing genotypes of interest through the development of synthetic apomixis.

5. Breeding Strategies and Challenges to Using Apomixis in Potato

Apomictic plants skip chromosome pairing and recombination through apomeiosis to
produce unreduced gametes, and create seeds carrying clonal embryos through partheno-
genesis and endosperm development. Inducing apomixis in potato, or any other clonal or
hybrid crop, would be a groundbreaking technology and a major boost in breeding. The
fact that potato species already show evidence of the occurrence of two major components
required for apomictic reproduction, i.e., apomeiotic-like unreduced gamete formation and
parthenogenesis, clearly represents an advantage. Understanding the molecular basis and
control of these two mechanisms that alter sexual reproduction in potatoes will then be
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fundamental, and their possible manipulation would be a breakthrough, which would
have substantial implications for potato breeding, genetic improvement, and innovation.

5.1. Synthetic Apomixis

In addition, genes responsible for meiosis progression and fertilization in model plants
have been used for mimicking apomixis in sexual plants, including crops (see details below),
and could be targeted in potato. Synthetic apomixis is now being induced in different crops
like rice, lettuce (Lactuca sativa L.), and tomato (Solanum lycopersicum), through the combi-
nation of multiple mutants using gene-editing technologies [34]. Yet, a recurrent problem
with many of these mutants is that fertility is inevitably compromised and restoring fertility
to a level comparable to that of sexual/wild type plants that can be used commercially is
an important issue. Despite the predicted challenges for trait penetrance and expressivity
in natural (neoapomicts) and synthetic apomicts [123], substantial improvements have
recently been obtained [45,124] for trait deployment in crops. The strategies used so far
focus on annulling key meiotic steps to produce gametes with a somatic number of non-
recombinant chromosomes (mimicking apomeiosis), and then to develop the unreduced
egg cell without male fertilization (mimicking parthenogenesis). Knocking out multiple
genes simultaneously using CRISPR−Cas9 has produced site-specific mutant phenotypes
in different plant species without side effects, both by exploiting reproductive-cell- or
tissue-specific features [125,126], and by generating specific reproductive plant phenotypes
such as a male-sterile Eucalyptus [127] or a hybrid rice producing clonal seeds [128]. In
potato, the prospect for using similar approaches to create specific reproductive phenotypes
is promising.

5.1.1. Mimicking Apomeiosis

Despite the progress in understanding the genetics underlying apomixis in plants,
apomeiotic genes responsible for clonal gametes have not yet been identified [31,129].
Thus, the focus is on manipulating meiotic genes to engineer apomeiosis de novo in sexual
species. Researchers have been using alternative mutants and combinations of genes that
abolish sister chromatid cohesion and the recombination and segregation of homologous
chromosomes during meiosis to produce unreduced spores able to develop into a ga-
metophyte. Genes which can be mutated to generate unreduced clonal gametes include
SWITCH1/DYAD (SWI1) in Arabidopsis, AMEIOTIC in maize responsible for maintaining
cohesion complexes during the meiotic prophase [130,131], and the nonreduction in female4
(nrf4) mutant of maize [132], a gene that leads to both FDR and SDR 2n gametes and
about 30% of gametes generated through a mitosis-like division [133]. Mutants for ARG-
ONAUTE proteins (e.g., AGO9 and AGO104) and DNA methyltransferases (e.g., DMT102
and DMT103) involved in siRNAs biogenesis, chromatin condensation, and silencing have
been found to produce phenotypes resembling apomeiotic pathways (reviewed in [31]).

Alternatively, a combination of different genes has been used to create unreduced
clonal gametes (reviewed in [31,134]). For example, a triple mutant Spo11–1 + Rec8 + Osd1
has been used to build the so-called MiMe phenotype that turns meiosis into mitosis [134].
Spo11-1 is a gene required for the initiation of meiotic recombination through double-
strand brake formation (a critical step in meiosis responsible for recombination) [135]. Rec8
encodes a component of the cohesion complex essential in plants for sister chromatids
cohesion during meiosis and its failure disrupts homologous pairing and allows sister
chromatid segregation [136]. OSD1 regulates the anaphase-promoting complex/cyclosome
(APC/C) and osd1 mutants show a premature exit from meiosis that skips meiosis II [111].
Thus, the MiMe mutant abolishes the meiotic recombination during meiosis I while the
separation of sister chromatids and the exit from meiosis after the first division creates a
mitosis-like division resulting in cells carrying a clonal nucleus. MiMe-like mutants can
be designed for any species by targeting a combination of ortholog genes with similar
functions, such as spo11-2, prd1, prd2, prd3/pair1, DFO, mTOPVIB for meiotic recombination,
or TAM1/Cyclin CYCA1;2 for meiosis exit; see, for example, [134,137].
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Meiosis genes are evolutionarily conserved at the sequence level among distant eu-
caryotes [138] and several of these genes have been identified and their conserved function
has been evaluated in genera of divergent families (in particular, Brassicaceae and Poaceae)
other than Solanaceae. Implementing such a strategy in potato would require evaluating
the most suitable combination of genes, including allelic variants and paralogs, indepen-
dently of the level of conservatism, and considering available genus-specific alternatives.
For instance, the development of dihaploids by pseudogametic parthenogenesis after inter-
specific 4x × 2x crosses [14,76], or after a post-meiotic restitution mechanism that produces
2n-eggs [77,139], points to alternative mechanisms and genes worth exploring in the gene
pool of potatoes.

5.1.2. Mimicking Parthenogenesis

The identification and use of genes for parthenogenesis show a high potential for
application in plant breeding methods [140]. For initiating the development of the embryo
in an egg-cell without fertilization and egg-sperm fusion, two genes recently identified in
apomictic plants are being used to induce parthenogenesis in sexual targets. The first one,
in the grass Cenchrus squamulatus (Fresen.) Morrone (sub Pennisetum squamulatum), is the
APOSPORY SPECIFIC GENOMIC REGION–BABY BOOM–LIKE (PsASGR-BBML) gene [32].
This gene is an ortholog of the BBM gene in the clade APETALA 2 of highly conserved
transcription factors whose ectopic expression induces embryo formation in Brassica and
Arabidopsis [141]. The regulatory element in PsASGR-BBML is still to be proven, although
it triggers parthenogenesis at a low frequency in tetraploid tobacco, but not in diploid
Arabidopsis [142,143].

The second one, in the dicot Taraxacum officinale, sensu lato, is the PARTHENOGENSIS
(PAR) gene. PAR encodes a K2-2 zinc finger–EAR domain protein, with the predicted DNA-
binding and transcriptional repressor activity [33]. Using CRISPR−Cas9-mediated muta-
genesis, these candidate genes were knocked-out and the LOSS OF PARTHENOGENESIS
(LOP) mutants, identified from an earlier deletion mapping study, were resynthesized [144].
LOP mutants can produce viable seed only if pollinated. A PAR construct carrying an
Arabidopsis egg-cell-specific promoter (EC1.1::PAR) was tested in the related sexual species
Lactuca sativa and its expression induced embryo-like structures without fertilization [33].

In addition, as apomixis involves the formation of a seed carrying a clonal embryo,
irrespective of the developmental origin of such embryo, two other alternatives to partheno-
genesis are possible. One implies targeting genes that are involved in the development
of extra (adventitious) embryos in the ovule. Somatic embryogenesis can be induced in
different plant tissues by reprogramming cells to an embryogenic pathway by stimuli (heat,
hormones, and epigenetic factors) and by the modulation of transcriptional regulators
such as BBM, LEAFY COTYLEDON, or somatic embryogenesis-related genes [145]. The
recent identification of an RWP gene, carrying a miniature inverted-repeat transposable
element (MITE) inserted into the promoter region controlling sporophytic apomixis in
citrus (citRWP) [145], makes it a suitable target for gene modulation using CRISPR. The
RWP-RK domain-containing (RKD) family is plant-specific and its genes are responsible
for maintaining the egg-cell identity [146]. The ectopic expression of RWP genes promotes
somatic embryogenesis [147].

The other alternative implies the use of haploid inducer genes that provoke the
elimination of paternal chromosomes after egg-cell fertilization. Chromosome elimination
can be induced by altered centromere-specific histone 3 (CENH3) [148]. Using cenh3
mutants as a male parent in crosses to MiMe plants results in significant sterility due to
aneuploidy, but also in a small proportion of clonal seeds [149]. Another mutant enabling
haploid induction is the phospholipase A gene MATRILINEAL (MTL) identified in maize
(also known as NOT LIKE DAD or PHOSPHOLIPASE A1; [150–152]). Likewise, MTL rice
and wheat orthologs were shown to induce haploid seeds [153,154]. By knocking out
MiMe and MTL genes simultaneously in rice, scientists were able to obtain low levels of
clonal seeds and synthesize de novo apomixis, but not without a substantial reduction in
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fertility [128]. Fertility gains and improvements in clonal seed efficiency have been obtained
by applying a similar MiMe + MTL approach to a panel of different rice varieties [45].

5.2. Endosperm Formation

Another crucial step in the formation of a viable seed is the endosperm. The exploita-
tion of 2n gametes has already produced good results in potato breeding and will continue
to provide breeders alternatives to cope with market demands. However, 2n gametes are
not the only challenge to consider in introgressive hybridization. The endosperm balance
number (EBN) is also a critical, but not limiting, factor during homoploid or interploid
interspecific crosses. The EBN is a dosage system used to predict endosperm function in
crosses between Solanum species and cytotypes [81]. Each species holds an EBN defined on
crossability [155], and a 2:1 maternal to paternal genome dosage is needed for normal en-
dosperm development. While such a 2:1 genome dosage is ubiquitous for almost all sexual
plants and associated with the ploidy, in Solanum spp., Avena spp., and Ipomoea spp. [156],
the dosage is independent of the plant ploidy.

In apomictic plants, the endosperm may develop autonomously (without fertilization)
or by pseudogamy after the fertilization of the central cell without the restrictions of the
2:1 parental dosage observed in sexual plants [157,158]. A recently identified ORIGIN OF
RECOGNITION COMPLEX 3 (ORC3) gene, with differentially expressed isogenic forms
in an apomictic grass, seems to be behind the tolerance of the maternal excess genome
ratio during seed development in interploidy crosses [159]. In model sexual species such
as Arabidopsis, the loss-of-function mutants of the Polycomb group complex 2 (PRC2),
whose wild-type alleles repress endosperm formation and seed development in the absence
of fertilization, cause apomixis-like phenotypes [160]. While much information has been
gathered about the EBN of each Solanum species due to its relevance for a proper germplasm
transfer during introgressive hybridization breeding approaches [161,162], much less is
known about the molecular basis.

The EBN in Solanum species is controlled by a few major genes with additive effects
and many minor genes [163,164]. Introgressive hybridization breeding schemes often
produce few or no hybrids as a result of differences in EBN, and the few generated are
difficult or need several generations of backcrossing for the elimination of aneuploids. Nev-
ertheless, potato breeders have found ways to manipulate EBN in hybridizations between
S. tuberosum and its wild relatives. Hybridization barriers can be overcome by manipulating
ploidies and halving EBN through haploidization or doubling it with colchicine or through
2n gametes, and using special techniques such as embryo rescue [2,12,165–168]. Despite the
huge potential of manipulating and converting 1EBN genomes of wild potatoes to parity
with a target species (e.g., cultivated S. tuberosum), and of avoiding seed size variation and
developmental problems in crosses where EBN are dissimilar, breeders lack genetic-level
data. Recent studies indicate the existence of complex, genome-wide genetic mechanisms
that govern the effective ploidy between species within an EBN category, but, thus far,
attempts to identify genetic variation for effective ploidy in intra-EBN interspecific crosses
have been unsuccessful [169]. Whether ORC3-like orthologs occur in Solanum is unknown.
Perhaps more challenging from a breeding perspective are reproductive problems such as
male (or female) sterility associated with cytoplasm types and specific nuclear genes [170].
Diploid potato landraces (e.g., S. tuberosum Phureja group) and their wild relatives are not
yet as well-characterized reproductively as in other major crops (see for example, [171]),
offering enormous potential for better understanding the remaining conundrums of potato
reproductive biology and their exploitation in biotechnological applications. Future anal-
yses and studies focusing on evaluating the molecular basis of this dosage system, and
its probable links to genomic imprinting mechanisms, will pave the way to overcoming
breeding barriers in potato improvement caused by endosperm malfunction and aberrant
seed development.
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6. Genebanks—An Active, Central Role in Next-Generation Breeding

In every crop, wild species have a central role in the formation and shaping of new
cultivars and landraces. In potatoes, gene flow occurs in the Andes between native lan-
drace varieties and surrounding wild Solanum species, both through pollen exchange and
accidental collection of tubers from wild species [12,172]. Hence, potatoes are regarded as a
large, plastic gene pool [173] and the potato genome as a reservoir of genetic variability to
be exploited with targeted gene editing.

Genebanks are central to the next-generation breeding revolution, not only as direct
providers of genetic resources, genetic variants, and novel collections, but also as active part-
ners by producing data on collections and pre-breeding tests. Worldwide, 89 national and
4 international/regional centers, located in 59 countries, hold a collection of 82,293 potato
accessions [174]. About 20% and 23% of the collections are wild species and Andean lan-
draces, respectively, often classified into the 235 species in the taxonomy of Hawkes [175],
despite the existence of a newer taxonomy [176]. Genebanks that maintain large collections
of Andean landraces and wild potato species include the International Potato Center in
Peru (CIP; 2596 accessions of wild species; 4468 Andean landraces), the US Potato Genebank
of the US Department of Agriculture (USDA; 4044 accessions of wild species; 1177 lan-
draces), the N.I. Vavilov All-Russian Institute of Plant Genetic Resources in Russia (VIR;
1990 accessions of wild species; 3200 landraces), the Leibniz Institute of Plant Genetics and
Crop Plant Research in Germany (IPK; 1357 accessions of wild species; 2270 landraces), and
the Centre for Genetic Resource, the Netherlands (CGN; 1302 accessions of wild species;
298 landraces). Most genebanks maintain accessions of wild species as TPS and store dupli-
cates at 4 ◦C, 50–65% relative humidity in the short to medium term, and at −10 to −20 ◦C
in the long term [174]. Under these conditions, TPS are considered viable for long storage
periods, i.e., 92% of the S. demissum Lindl. seeds, 100% of S. hjertingii Hawkes seeds, and
>96% of S. tuberosum groups Andigenum and Phureja seeds germinated after more than
26 years [37]. Due to the better availability of propagules and lower phytosanitary risks,
TPS can often be distributed more easily than clonal plant material.

Genebanks can provide materials for prospection analyses and the continuation
of earlier studies [177]. For example, the frequency and distribution of FDR and SDR
2n gametes can continue to be mapped, for the former in species such as S. tuberosum,
S. spegazzini Bitter, and S. infundibuliforme Phil. [120,178], and for the latter in species
such as S. tuberosum, S. chacoense, S. kurtzianum Bitt. et Witt., S. phureja Juz. et Buk., and
S. tarijense Hawkes [72,179]. Furthermore, Hermsen [46] suggested the creation of a poly-
ploid complex of intermating diploid and tetraploid Solanum species, previously treated
by mutagens, as the starting material for the large-scale testing of apomixis. Genebanks
can provide information on important reproductive traits and accessions (i.e., biologic
materials) to create such an experimental polyploid complex. These species might in-
clude the well-tuberizing clones from (self-incompatible) diploid cultivated species such
as S. phureja Juz. & Bukasov, S. stenotomum Juz. & Bukasov, S. ajanhuiri Juz. & Bukasov,
dihaploids from complex tetraploid hybrids, and wild species such as S. chacoense, S. vernei
Bitter & Wittm., and S. microdontum Bitter. Among the tetraploids, Hermsen [46] suggested
including known genotypes of Andigena, Neotuberosum (long-day-adapted Andigena),
and Tuberosum potatoes, and selected allotetraploid wild species like S. sucrense Hawkes.
While this germplasm could still be useful, there are other genetic resources available that
are well-suited to investigating and exploiting reproductive features and might prove easier
for reproductive modulation and the induction of apomixis-like phenotypes.

Globally, only 37% of wild species and 43% of the landraces are accessible and provided
by large genebanks such as the CIP, USDA, IPK, and CGN. The limitations in accessibil-
ity are due to not enough or poor-quality seeds/plants, inadequate plant health status,
insufficient procedures for propagation and distribution, and the lack of phytosanitary
certificates or required documents. In addition, some species are present in genebanks with
a limited number of accessions and represent a gap in the collection; e.g., only 98 accessions
of the diploid Solanum ajanhuiri Juz. & Bukasov are known to be stored in a few of the
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89 centers, in most genebanks with <10 accessions (Table 2). More accessions would require
collecting missions that are often challenged by the financial and political situation in
South American countries. Other species are represented with a higher number of acces-
sions, but identification may be hampered by the different taxonomic systems used in the
potato community. Although the classification in genebanks often follows Hawkes [175],
valuable morphological descriptions are also provided by Correll [180] and Dodds [181].
However, the most recent but also most debated classification follows Spooner et al. [176].
To resolve this issue, genome sequences and genetic marker information could provide a
powerful tool, as well as for selection and molecular breeding. However, thus far, genetic
information about accessions is hardly available. Although some collections have been
intensively genotyped, the data are not systematically provided. Nevertheless, genotyping
efforts by different institutions have been summarized by Ellis et al. [182], and others are
findable in the database Spud DB (http://spuddb.uga.edu/) and have proven useful for
resolving phylogenetic discrepancies. A forthcoming project by the CIP genebank, aimed
at genotyping a substantial number of wild and cultivated potato accessions [182], will
also provide useful data for identifying duplicates, misclassified accessions, and a more
consistent taxonomy among potatoes.

Table 2. Availability of selected wild potato species and taxonomic classification of species present
in all 89 genebanks listed at Nagel et al. [174]. For the largest genebanks, the International Potato
Center (CIP) in Peru, the US Potato Genebank of the US Department of Agriculture (USDA), the
N.I. Vavilov All-Russian Institute of Plant Genetic Resources (VIR) in Russia, the Leibniz Institute of
Plant Genetics and Crop Plant Research (IPK) in Germany, and the Centre for Genetic Resource, the
Netherlands (CGN), numbers are provided separately. EBN, endosperm balance number.

Species Sensu
Hawkes [175]

Taxonomy Accepted by
Spooner et al. [176] Ploidy CIP USDA VIR IPK CGN All Genebanks

S. ajanhuiri Solanum ajanhuiri
Juz. & Bukasov 2x (2EBN) 14 1 9 8 98

S. chacoense Solanum chacoense Bitter 2x (2EBN),
3x 18 167 212 111 72 717

S. infundibuliforme Solanum infundibuliforme
Phil. 2x (2EBN) 9 127 60 4 41 262

S. kurtzianum Solanum kurtzianum
Bitter & Wittm. 2x (2EBN) 3 94 117 13 34 290

S. microdontum Solanum microdontum Bitter 2x (2EBN),
3x 14 114 34 44 41 307

S. phureja S. tuberosum ‘Andigenum
group’ diploids 2x (2EBN) 197 88 1 350

S. spegazzini Solanum brevicaule Bitter
2x (2EBN),
4x (4EBN),
6x (4EBN)

3 n.a. 74 57 40 195

S. stenotomum S. tuberosum ‘Andigenum
group’ diploids 2x (2EBN) 110 n.a. 108 14 454

S. sucrense Solanum brevicaule Bitter
2x (2EBN),
4x (4EBN),
6x (4EBN)

13 n.a. 26 10 41 101

S. tarijense Solanum berthaultii Hawkes 2x (2EBN) 18 n.a. 95 19 27 186

S. vernei Solanum vernei
Bitter & Wittm. 2x (2EBN) 10 35 36 24 22 192

n.a.: not available.

The current genotyping gap among genebank accessions is also associated with a much
larger gap in phenotyping, including reproductive phenotypes of interest for breeding, and
for the induction of apomixis or apomixis-like phenotypes. Reproductive phenotyping
requires skilled scientists able to identify meiotic steps and categorize abnormalities, and,
therefore, has been restricted to specific studies and plant materials. Targeting the collection
of phenotypic data associated with available genebank accessions or new introductions

http://spuddb.uga.edu/
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that incorporate variability is a desirable strategy to provide breeders with reliable data to
plan breeding schemes and develop innovations to exploit market opportunities.

Overall, the identification of apomixis-like phenotypes poses some difficulties that
will need to be resolved, to provide breeders with phylogenetically relevant information
and assistance, when deciding on alternative approaches and technologies to induce and
exploit 2n gametes or induce a more complex reproductive phenotype such as apomixis in
a target species.

7. The Technology: Advances and Applications

As mentioned above, tetraploid potato varieties are based on a unique, highly heterozy-
gous combination of alleles with a very low probability of replication again by crossing
parental genotypes. Thus, modern potato breeding relies on the crossing of parental lines
based on their phenotypic characteristics, and the production of several thousands of
F1 plants, followed by subsequent selection processes. The improvement of established
varieties (incremental breeding) was not feasible until the advent of genetic-engineering
technologies such as trans/cis genesis and, more recently, genome-editing techniques.

Potato was one of the first crops for which transgenic plants were developed. There is
a variety of methods for potato genome modification via genetic transformation. While
many involve integrating genes of interest into the nuclear genome, plastid transformation
protocols are also available [183]. The delivery and integration of genes can be achieved by
particle bombardment, protoplast transfection with polyethylene glycol, and microinjec-
tion. However, the Agrobacterium-mediated transformation is the most widely utilized
approach. The use of genetic-engineering approaches has allowed the successful transfer
of numerous transgenes into elite potato cultivars including pest and disease resistances,
abiotic stress resistance, quality attributes for improved processing, nutrition, and appear-
ance, and novel products for biopharming [184]. Although successful developments have
been obtained for a wide range of phenotypic traits, only a few genetically modified (GM)
potato varieties are commercially available. These are InnateTM potatoes in the US, with a
resistance to black spot bruise and lower levels of asparagine and reducing sugars (low
acrylamide), and a PVY-resistant variety in Argentina. The reason for this paucity of vari-
eties could stem from a combination of factors, such as public perception and the significant
costs associated with the regulatory frameworks required to obtain GM approval [185,186].

Genome-editing technologies offer promising capabilities in genetic engineering, en-
abling precise modifications of targeted sequences. This technology possesses immense
potential to tackle numerous concerns related to cost, time, and complex biosafety issues
commonly associated with traditional transgenic strategies. Additionally, the continuously
evolving CRISPR−Cas toolbox has enabled multiple applications in plants, including the
knockout and knock-in of target genes, modulation of gene expression (i.e., inhibition
or activation), genome base editing, and many others [187,188]. Of the several methods
described for potato genome editing [186], the transfection of protoplast using ribonu-
cleoproteins (RNPs) composed of guide RNAs and the Cas nuclease is one of the most
promising tools to achieve this goal, producing a high number of edited plants without
the integration of foreign DNA, a major methodical problem for trait stability, off-target
mutagenesis, and governmental regulations [189].

In potatoes, substantial advancements have been realized through genome editing [190],
particularly in enhancing traits related to tuber quality. Notable achievements encompass
the modification of starch content [191], increased resistance to bruising (resulting in
reduced enzymatic browning) [189], and enhanced tolerance to cold storage achieved
through the targeted knockout of the Vacuolar Invertase gene (VInv) [192].

Today, genome editing offers a range of methodologies tailored to the nature of the
genetic modification and complexity of the targeted trait. While knocking out individual
genes to provide a beneficial phenotype is simple, engineering complex traits is more chal-
lenging. For instance, knockout mutants of susceptibility genes (S-genes) for Phytophthora
infestans such as StDMR6-1 and StCHL1, or for Potato Virus Y (PVY) such as viral factors
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P3, CI, Nib, and CP, have proven to be effective in eliciting resistance and robust tolerance
responses [193,194]. In contrast, the engineering of potatoes resilient to extreme tempera-
tures and tolerant to drought and soil salinity remains somewhat limited, as the genetic
bases of these traits are complex and not all genes involved have been identified [66].

Synthesizing an apomixis-like phenotype in a sexual plant requires the concurrent use
of distinct gene-editing methodologies. At least three meiotic genes must be knocked out
to generate the MiMe phenotype. Then, depending upon the strategy selected to mimic
parthenogenesis and trigger endospermogenesis, tissue-specific promoters, and targeted
gene replacement for a gene such as BBM, plus the use of Cas9 to recruit demethylases that
erase genomic imprinting on repressed female genes and trigger autonomous endosperm,
are also required [123].

In recent years, significant advances in gene-editing technology have expanded the
possibilities for editing multiple genes simultaneously, whether targeting a single complex
trait or multiple distinct traits. For instance, a study by Ly et al. [192] successfully edited
the VInv and Asparagine Synthetase 1 (AS1) genes associated with acrylamide production.
Massa et al. [195] simultaneously knocked out Polyphenol Oxidases (StPPOs) and VInv
genes in cultivars Spunta and Atlantic to enhance industrial and nutritional potato quality.
Similarly, Zögön et al. [196] demonstrated the simultaneous editing of six genes, resulting
in conspicuous phenotype alterations for a tomato de novo domestication assay. These
studies lay the foundation for exploring multiple combinations of edited genes that could
yield complex phenotypes, such as apomixis in potato.

In all the above described applications, a critical bottleneck is the regeneration of
edited plants, which is genotype-dependent. This can restrict the strategies available to
introduce apomixis in a certain specific potato variety or to break down the pollen–pistil
incompatibility between species. Hence, preliminary protoplast extraction and regeneration
assays are recommended in order to identify a specific genotype or genotypes for genome-
editing applications. Recent findings of genetic factors that enhance the regeneration rates
of transgenic plants [197] may provide a biotechnological alternative to overcome genotype
regeneration constraints, and pave the way for the development of genotype-independent
gene-edited products.

8. Concluding Remarks

Even though classic breeding will continue to be a major tool in potato development,
the modulation of reproductive genes through new technologies enables new breeding
schemes and can provide alternatives to time-consuming and resource-intensive crossings
and backcrossings. The advent of diploid F1 hybrids allows the production of genetically
uniform cultivars for propagation by true potato seed (TPS). Combining this technology
with new ones focused on editing genes of interest can allow breeders to quickly improve
on existing varieties, thereby increasing the rate of genetic gain.

Synthesizing apomixis in potato may help underpin and reinforce the transition
to a diploid hybrid crop with the multi-generational propagation through true seeds.
Alternatively, it can help breeders to capture a highly heterozygous, genetically designed
background through TPS without losing heterosis. Having an apomictic potato able to
fix the genomic attributes in a seed will reduce production costs and protect the varieties
from pathogens. The identification of potato genes or orthologs with known functions
during meiosis and embryo development is a suitable strategy to induce changes like
those observed in natural apomicts. Gene editing has been successful in inducing changes
in potato reproductive traits, and novel methodologies that allow simultaneous changes
in multiple genes provide an excellent framework for inducing complex traits such as
apomixis. In addition, potato species show a remarkable reproductive diversity, and their
ovules have a propensity to develop apomixis-like phenotypes which could be further
exploited to build in an apomixis phenotype. Future efforts to understand the genetic basis
of this diversity will help scientists to induce and modulate such phenotypes. Detailed
phenotypic analyses of reproductive stages and cellular changes are required to identify
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associated genes in genomic screens that could be targeted for site-directed mutagenesis.
The collection of such phenotypic data must be allied to genebanks in two ways, first, as
providers of accessions to be screened for reproductive variability, and, later, as repositories
of well-characterized genotypes to make them available for scientists or breeders seeking
innovation and market opportunities.
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