Occurrence and mechanistic basis of 2n gamete formation in apple (Malus x domestica Borkh.)
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Abstract
In plants, aberrations in reproductive genome stability can lead to the formation of 2n gametes, which are considered an important driver for polyploidization and speciation. The formation of 2n gametes is often controlled by genetic determinants, nevertheless can also be affected by external factors such as abiotic stress. 2n gametes are highly interesting from a breeding perspective as they form a route for polyploidy induction which often confers beneficial agronomical traits, like increased yield and enhanced stress tolerance. In apple, the existence of several triploid genotypes, including many highly valued commercial cultivars like ‘Jonagold’ and ‘Boskoop’, indicates for the occurrence of 2n gametes in the germplasm, however, little is known about their frequency, specific origin, and mechanistic basis. In order to gain more insights into the occurrence and natural genetic variation in 2n gamete formation in apple, we have screened the REFPOP population, a genetically diverse reference collection of apple cultivars, for alterations in reproductive genome stability via an integrated approach involving pollen size analysis. Accessions showing significant production of 2n gametes are further characterized using cytological analysis of microsporogenesis and –gametogenesis as well as via spore genotyping. In the screen performed in 2021 we have identified multiple apple accessions that produce a significant proportion of larger pollen grains which is indicative for 2n gamete formation. Preliminary cytological characterization of male meiosis of one of these lines has revealed enlarged and doubled tetrads as well as meiocytes with a duplicated chromosome set, indicating for ectopic occurrence of pre-meiotic genome doubling. These results are the first report of the characterization of 2n gamete formation in the apple germplasm, and provide evidence for the occurrence of pre-meiotic doubling as a mechanistic basis underlying 2n pollen production in apple. In addition, the natural variation in 2n gamete formation in the apple germplasm forms a fundamental basis for elucidating underlying cellular and genetic mechanisms, and thus may provide novel insights on the regulation of reproductive genome stability, with implications for apple genome evolution and breeding.
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INTRODUCTION
Apple (Malus 𝗑 domestica Borkh.) is the fourth most produced fruit in the world, after tomato, banana and watermelon, with a total production of over 86 million tonnes in 2020 (FAOSTAT, 2022,). While over 10 000 different apple cultivars have been documented, only a limited set is used for commercial production. Most of the older apple cultivars like ‘Golden Delicious’ and ‘Granny Smith’ are chance seedlings resulting from random pollination and empirical selection. Later, specific parent lines were selected and intercrossed in order to obtain progeny with desirable traits (Goulão et al., 2001). While apple breeding was originally focused on good fruit quality and agronomical characteristics, resistance to the most common pathogens like fire blight (Erwinia amylovora), apple scab (Venturia inaequalis) and powdery mildew (Podosphaera leucotricha) is becoming increasingly important (Kellerhals et al., 2008). Additionally, global warming has led to an increase in extreme weather events including drought and extreme temperatures which are important abiotic stress factors that are detrimental to fruit production (Bellard et al., 2012; Mihaljević et al., 2021). Also, the reduced availability of synthetic products, and particularly pesticides, forms a major challenge for guaranteeing fruit quality and productivity in apple in the upcoming decades. Consequently, apple breeding objectives should be constantly updated and also include increased resilience to biotic and abiotic stresses (Kellerhals et al., 2020). In a wide range of plants, polyploids, i.e. plants with three or more chromosome sets, have been observed to show an increased resilience to both biotic and abiotic stresses. Polyploid accessions of citrus (Citrus sp.), Spathiphyllum wallisii and poplar (Populus usseriensis) have been found to have a higher tolerance to drought stress as compared to diploids (Van Laere et al., 2011; Lourkisti et al., 2020; Xu et al., 2019). In citrus it was shown that polyploids also better cope with cold stress (Lourkisti et al., 2020). Triploid cultivars of watermelon (Citrullus lanatus) show an increased resistance to Fruit Blotch Organism as compared to reference diploid cultivars, and triploid lime is more tolerant to Huanglongbing or ‘yellow dragon disease’ (Garret et al., 1995; Sivager et al., 2020). For apple specifically, it has been shown that autotetraploid variants of specific apple cultivars are more tolerant to salt and drought stress compared to their diploid counterparts (Chen et al., 2017; Xue et al., 2015). Autotetretraploid apple cultivars have also been found to be more resilient to major diseases, including apple scab (Venturia inaequalis), Alternaria alternata and Colletotrichum gloeosporioides (Chen et al., 2017; Švara et al., 2021).
The presence of multiple chromosome sets often leads to an increased heterozygosity with associated heterosis effects, and can also lead to more variation in the expression of dosage regulated genes. Additionally, the presence of more than two sets of chromosomes also implicates a strong gene redundancy which may confer masking of recessive alleles, introduce additional intra-locus effects, and trigger gene subfunctionalization (Adams and Wendel, 2005; Comai, 2005; Osborn et al., 2003).  Therefore, ploidy breeding could provide an invaluable tool to further exploit the available genepool in order to tackle the challenges posed by climate change and changed legislation to apple production.
Even though tetraploid apple genotypes have an overall increased resilience to biotic and abiotic stresses, these plants are not suited for commercial production due to their weak growth, short shoots, low amount of flowers, and large, watery fruits (Podwyszyńska and Marasek-Ciołakowska, 2021; Ranney, 2009). Therefore, ploidy breeding in apple should be focussed on the generation of triploid genotypes. Triploid apple accessions have been in use for centuries and make up a large part of the current heirloom collections. For example, between 20% and 29% of apple accessions in local collections from Spain, Portugal and the Netherlands are triploid (Ferreira et al., 2016; Ramos-Cabrer et al., 2007; van Treuren et al., 2010). In contrast, only 0.26% of the progeny from (reciprocal) crosses between the diploid cultivars ‘Gala’, ‘Fuji’ and ‘Cripps Pink’ is triploid (Considine et al., 2012). This discrepancy between the spontaneous formation and eventual selection of triploid apple accessions proves that triploid lines have empirically been selected for, i.e. due to certain advantageous characteristics such as larger fruits and strong vigour (Podwyszyńska and Marasek-Ciołakowska, 2021; Sedov et al., 2017).  Also, triploid apple seedlings show an increased resistance to apple scab compared to diploid seedlings from the same parental combinations (Sedov et al., 2017). 
In general, triploid genotypes can be generated through different methods; including endosperm culture, interploidy crosses and via ectopic production of 2n gametes, although there are no reports of endosperm culture in apple. Interploidy hybridizations, and particular crosses between a diploid and a tetraploid, are typically performed in order to generate triploid progeny, however, only to a limited extent. Most tetraploid apple accessions are the result of somatic genome duplication caused by the application of anti-mitotic agents, such as colchicine and oryzaline (Podwyszyńska and Marasek-Ciołakowska, 2021; Sedov et al., 2017). Triploid genotype formation via interploidy crosses in apple is rather slow and cumbersome compared to crosses made between diploids. At first, somatic duplication is needed in order to produce tetraploid parents. Next, these plants need to be grown and juvenility needs to be overcome in order to enable hybridization with the diploid parent, thereby adding several years to the already lengthy breeding process. Additionally, tetraploid apple trees have major drawbacks for seed production due to their weak growth, short shoot length and often small amount of buds and flowers which make it more difficult to produce large amounts of progeny (Podwyszyńska and Marasek-Ciołakowska, 2021). Finally, since tetraploid parents are often generated by somatic genome doubling, the produced 2n gametes all have a highly similar genotype, and hence do not confer much genetic variability towards the next generation.
The ectopic formation of 2n gametes in diploid plants has been observed in a wide range of plant species and families including the Brassicaceae,  Ebenaceae, Musaceae and Rosaceae (Mai et al., 2019; Pécrix et al., 2011; Raboin et al., 2005; De Storme and Geelen, 2011). The formation of 2n gametes is often genetically controlled, i.e. by mutations in genes that are essential for reproductive genome integrity, however, can be strongly affected by environmental factors like for example temperature stress. 2n gametes result from aberrations of meiotic cell division or from whole genome duplication of germ line cells, either before or after meiosis, also referred to as pre- and post-meiotic doubling, respectively. Diplogamete formation via premeiotic doubling has been described in tomato (Solanum lycopersicum) and Arabidopsis thaliana mutants which show alterations in cell plate formation (De Storme and Geelen, 2013a; De Storme et al., 2013a). Postmeiotic doubling, which results in the formation of completely homozygous 2n gametes, has been observed in potato (S. tuberosum) mcd×tbr hybrids (Bastiaanssen et al., 1998). The most common mechanism responsible for the formation of 2n gametes is meiotic restitution in which aberrations occur during meiosis which result in the formation of dyads and triads instead of the regular tetrads (Bretagnolle and Thompson, 1995; De Storme and Geelen, 2013b). Meiotic restitution has been reported in multiple plants species and can occur spontaneously as well as under different stress factors (Mai et al., 2019; Pécrix et al., 2011; De Storme and Geelen, 2011, 2013b). There are different cellular mechanisms of meiotic restitution and these can be subdivided based on the genetic make-up of resulting 2n gametes. In First Division Restitution (FDR) resulting 2n gametes are genetically equivalent to gametes formed by a complete omission of meiosis I. Homologous chromosomes are not segregated while sister chromatids are, hence yielding 2n gametes that retain a large part of the parental heterozygosity, particularly at the centromeres. In Second Division Restitution (SDR) 2n gametes are equivalent to gametes resulting from the omission of meiosis II, i.e. with lack of sister chromatid segregation yielding 2n gametes that loose parental heterozygosity at the centromeres (Bretagnolle and Thompson, 1995; De Storme and Geelen, 2013b). 
In apple, little is known about the occurrence and mechanistic basis of 2n gamete formation. However, it is reported that a large part of triploid accessions result from the ectopic formation of a 2n gamete in one of the diploid parents and its subsequent involvement in fertilization (Goulão et al., 2001; Larsen et al., 2017; Muranty et al., 2020; Podwyszyńska and Marasek-Ciołakowska, 2021). In line with this, progeny analysis of crosses between the diploid cultivars ‘Gala’, ‘Fuji’ and ‘Cripps Pink’ yielded a subfraction of triploid (3x) progeny, indicating occurrence of 2n gametes in one or several parents. It was thereby also shown that all unreduced gametes that resulted in triploid progeny were the result of FDR. However, the fraction of 3x progeny only amounted to 0.26%, and additionally aneuploidy appeared more common than eupolyploidy, indicating that parental lines also generate aneuploidy spores (Considine et al., 2012). Up till now, little studies have been performed on the cellular mechanisms underlying meiotic restitution and 2n gamete formation in apple. However, in the apple clone ‘R1-23’, derived from the self-pollination of the cultivar ‘Lowry’, five different restitution mechanisms have been discovered, two of which are equivalent to FDR and three to SDR. In this line, 11.4% of the microspores appeared enlarged, indicating for a higher ploidy level, and a large proportion of the generated progeny after self-pollination was considered triploid (54%) (Zhong et al., 1988).
The goal of this project is to assess the natural genetic variation in reproductive genome instability and 2n gamete formation in the apple germplasm. Accessions that produce a significant fraction of 2n gametes could prove to be interesting germplasm for apple ploidy breeding and will be analysed further on a cytological and genetic level in order to learn more about the underlying cellular defect and the genotypic make-up of resulting 2n gametes. 

MATERIALS AND METHODS 
Plant material 
The apple REFPOP germplasm collection was used for this experiment. This collection consists out of 269 apple accessions from all over the world (Jung et al., 2020). In March and April 2021, flowers in the balloon stage were harvested from 152 REFPOP accessions (50.9652N, 4.8758E). Additionally, flowers were sampled from diploid and tetraploid ‘B3F44’, ‘G58’ and ‘Gala’ trees which were located in the orchards of Better3fruit NV in Rillaar, Belgium (50.9637N, 4.8839E). The autotetraploid lines have previously been generated by anti-mitotic agents, and tetraploidy was confirmed through flow cytometry in earlier experiments. 

Pollen size analysis
Flowers were dissected and anthers were dried in a 2ml tube for 24h-48h after which they were stored at -20°C until analysis. Dried frozen anthers were thawed and rehydrated in a pollen collection buffer modified from (Lim et al., 2020) containing 17% sucrose, 1.625mM boric acid, 0.5M EDTA and 0.1% Triton X-100 at pH 7.5. Anthers were allowed to rehydrate at room temperature after which they were grinded manually and the suspension was passed through a 100µm mesh filter to isolate the pollen grains. The resulting pollen suspension was then centrifuged and the supernatant was removed. Afterwards, the pellet was resuspended in 100µl of the aforementioned pollen collection buffer and the suspension was pipetted on a 96 well plate. Individual wells were imaged using the Leica DMi8 microscope system (Leica Microsystems). For each ploidy variant of ‘B3F44’, ‘G58’ and ‘Gala’, 50 hydrated pollen grains were manually measured using ImageJ (Schneider et al., 2012). In order to quantitatively describe the pollen shape, 100 pollen grains were assessed in the polar view. A Welch’s t-test was performed in R software in order to assess for differences in any of the parameters assessed between diploid and tetraploid variants (R Core Team, 2017). Data wrangling and data visualization was obtained via the ‘tidyverse’ function in R (Wickham et al., 2019).

Male meiotic cytology
On March 7th, 15th and 22nd in the year 2021 flower buds were collected from the REFPOP collection and fixed in Clarke’s fixative (3:1 ethanol:acetic acid). In order to analyze the end products of male meiosis, individual anthers were squashed in a drop of 45% (v/v) lacto-propionic orceine in distilled water and visualized using an Olympus BX40 light microscope (Olympus), equipped with a ToupCam camera (ToupTek) for microscopic imaging. For each anther, at least 100 meiocytes in the ‘tetrad’ stage were counted.
In order to further analyze the meiotic chromosome behavior of specific REFPOP accessions, male meiotic chromosomes spreads were generated according to the protocol of Ross et al., (1996) with minor modifications. In brief, individual anthers of buds in BBCH stage 53 (bud burst) (Meier et al., 1994) were washed twice in distilled water and twice in a 10mM citrate buffer. The anthers were then digested by a 0.3% (w/v) mix of cellulase RS and pectolyase Y23 (Sigma) in 10mM citrate buffer for 1h at 37 °C. Digested anthers were washed with 10mM citrate buffer after which they were macerated and spread out on a glass microscopy slide in 10µl of 60% acetic acid on a hot plate. Following sufficient spreading, cells were fixed on the slide by adding copious amounts of fresh Clarke’s fixative, after which they were allowed to dry at room temperature and then stained with a drop of Vectashield mounting medium containing 2µg/ml DAPI (Vector Laboratories). Meiotic chromosome spreads were imaged using the Leica DMi8 microscope (Leica Microsystems).



RESULTS
Effect of ploidy on pollen size and morphology
In a wide range of plant species pollen size is used as a proxy for the pollen ploidy level (Mai et al., 2019; Pécrix et al., 2011; De Storme and Geelen, 2013a). In order to confirm the positive correlation between pollen size and gametophytic ploidy level in apple, pollen grains size and morphology was compared for 3 diploid accessions and their autotetraploid variants.In all three genotypic backgrounds, i.e. ‘B3F44, ‘G58’ and ‘Gala’, the somatic ploidy level has a significant effect on the pollen size, with pollen from tetraploid lines being consistently larger as compared to pollen of their diploid counterparts.  Healthy, hydrated pollen grains of diploid  ‘B3F44, ‘G58’ and ‘Gala’ measure on average 32.8, 34.3 and 31.6µm in diameter, respectively (Figure 1a, 1b). Pollen grains collected from tetraploid ‘B3F44, ‘G58’ and ‘Gala’ are significantly larger, with healthy pollen grains having a diameter of 40.9, 42.2 and 40.6µm, respectively. These dimensions are similar to earlier reports of pollen sizes from diploid and tetraploid apple lines (Podwyszyńska et al., 2016; Wójcik et al., 2022). Overall, pollen grains from the tetraploid ‘B3F44’, ‘G58’ and ‘Gala’ variants were 1.25, 1.23 and 1.28 times larger than those from their diploid counterparts, respectively, which is similar to the size ratio observed in ornamental roses, Arabidopsis thaliana and persimmon (Diospyros kaki) (Mai et al., 2019; Pécrix et al., 2011; De Storme et al., 2013b). a
b
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Figure 1. 	a) Diameter of mature pollen from diploid (2x) and tetraploid (4x) lines of the ‘B3F44’, ‘G58’ and ‘Gala’ apple cultivars. Pollen grains of diploids are significantly smaller than pollen from tetraploids for each of the three accessions (*** p<0.001; Welch t-test). b) Microscopic images of pollen grains of diploid (2x) and tetraploid (4x) ‘B3F44’, ‘G58’ and ‘Gala’. Representative pollen diameter measurements of selected pollen grains are indicated with a double arrow with the corresponding diameter size listed. Full white arrows indicate tetracolpate pollen grains, full black arrows indicate desiccated pollen. Scale bar, 50 µm.

Two-dimensional microscopy imaging revealed that diploid lines of all three apple cultivars, ‘B3F44’, ‘G58’ and ‘Gala’, consistently produce tricolpate-shaped pollen grains with three equally spaced apertures that run parallel to the polar axis of the pollen grain (Simpson, 2010). The tetraploid variants of ‘B3F44’, ‘G58’ and ‘Gala’ also generate this type of pollen grains, however, in parallel also produce pollen grains that have a square-shaped morphology also referred to as tetracolpate pollen, and this at a frequency of 14.0%, 16.1% and 17.9%, respectively (Figure 1b, see arrows). In watermelon, a similar relation between pollen shape and ploidy level was reported with diploid plants producing tricolpate-shaped pollen grains while tetraploids generate square-shaped pollen that contain four colpi, however, it should be noted these tetraploids only produce tetracolpate pollen  (Nasr et al., 2004). Next to the altered shaped pollen grains, all three tetraploid apple variants also generated a significantly larger proportion of desiccated pollen grains as compared to their diploid counterparts (Table 1; Figure 1b), indicating increased male gametophytic sterility. This corroborates with previous studies in the apple cv. ‘Redchief’, in which pollen from tetraploid trees were reported to have a lower viability and germination rate compared to pollen from their diploid counterparts (Wójcik et al., 2022). 
Table 1. 	Comparison of fraction desiccated pollen grains between ploidy variants of 3 apple cultivars (* p<0.05, ** p<0.01; Welch t-test).
	Accession
	Desiccated pollen in 2x
	Desiccated pollen in 4x

	B3F44
	22.7±2.5%
	60.7±4.8% **

	G58
	22.8±1.9%
	72.6±7.1%  *

	Gala
	13.6±1.8%
	28.8±3.2%  *



Occurrence of 2n pollen production in the apple REFPOP collection
We have performed microscopy-based pollen size analysis of 152 of REFPOP lines and this analysis revealed that 9 genotypes produced between 2% and 8% of larger pollen grains, indicative for the formation of diploid or higher ploidy pollen. For one of the REFPOP accessions that produced a significant number of larger pollen grains, i.e. genotype MR1 (Male Reproduction 1), fixed flower buds at BBCH stage 53 (Meier et al., 1994) were available for cytological analysis of male meiosis. Tetrad analysis using orceine staining revealed that this accession consistently produces tetrad figures, i.e. with four equally sized spores physically enclosed in the meiotic ‘bag’, indicating for balanced meiotic cell division. However, strikingly, a large subset of tetrad figures, namely 31%, appeared significantly larger than the regular tetrads (Figure 2b), and also a minor fraction of regularly sized tetrads appeared physically linked forming so-called ‘twin tetrads’ (Figure 2c). These tetrad alterations indicate for the occurrence of ectopic genome doubling through defective cell division, either before meiosis in the meiotic progenitor cells or at the start of or even during meiosis. More detailed analysis of male meiosis in this accession using meiotic chromosome spreading showed meiocytes with a doubled chromosome number, indicating for the ectopic induction of tetraploidy, as well as normal diploid meiocytes harbouring 34 chromosomes. In parallel, male meiocytes with different degrees of nuclear fusion were observed throughout all stages of the double cell division (Figure 2e, 2f), indicating that this line exhibits defects in pre-meiotic and meiotic cell division. These observations are similar to the observations made by De Storme and Geelen (2013a) and De Storme et al. (2013a) in the tomato pmcd1 mutant and the A. thaliana et2 mutant, which show premeiotic doubling due to alterations in mitotic cell plate formation.
 	These findings indicate that the REFPOP line MR1 produces diploid pollen grains through ectopic occurrence of pre-meiotic doubling, and thus is the first report of this type of 2n gamete forming mechanism in apple. However, in order to verify this and to gain more insights into the exact underlying cellular defect and its specific penetrance at different stages in pre-meiotic and meiotic cells, further investigation is needed. It is yet also not clear whether this line also shows defects in female sporogenesis and also generates 2n embryo sacs, nor is it capacity for conferring actual events of sexual polyploidization demonstrated. 
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Figure 2. Male meiocytes of MR1 compared to the ‘control’ Gala accession which is reproductively stable. a) ‘Gala’ tetrad. b) Enlarged tetrad and normal sized tetrad of MR1. c) Twin tetrad of MR1. d) Chromosome spread of ‘Gala’ male meioctye in the diakineses stage. e,f) Chromosome spread of MR1 male meiocytes in the diakinesis stage. Scale bar=10µm.
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