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Introduction

Haploid plantlets are characterized by a single set of chromosomes instead of the classical situation with two sets of chromosomes, one from the male and one from the female parent. A doubled haploid (DH) is literally an organism whose haploid genome has been duplicated, thus recovering the usual ploidy state of the species (diploid, tetraploid, hexaploid, etc.) necessary for achieving fertility (Figure 1; see Chapter 1). The main interest of DH plants is their perfect homozygosity. This implies that agriculturally interesting characters observed on a DH plant will be transmitted in a uniform manner to all its offspring. DH plants provide thus a rapid way to fix characters, making them particularly interesting for both genetic and breeding studies (see Section 2). DH technology requires three main steps: [START_REF] Geiger | Doubled haploids in hybrid maize breeding[END_REF] the generation of a haploid, (2) detection of haploid embryos/plantlets, and (3) restoration of the ploidy level through chromosome doubling (Figure 1). This chapter will present the powerful capacities of maize to induce haploid embryos in planta, thanks to so called "haploid inducer lines" (or "inducer lines"; see Chapter 1).

Although these original haploid induction systems arose spontaneously in maize, their efficiency was improved, thanks to breeding, to meet DH technology needs for industrial breeding [START_REF] Geiger | Doubled haploids in hybrid maize breeding[END_REF][START_REF] Chaikam | Doubled haploid technology for line development in maize: technical advances and prospects[END_REF].

The occurrence of haploid individuals was first reported in 1922 among offspring of the diploid flowering plant Datura after cold treatment [START_REF] Blakeslee | A haploid mutant in the jimson weed[END_REF]. It was only 3 decades later that Chase pointed out for the first time the value of maternal maize haploids for use in breeding programs and genetic studies [START_REF] Chase | Monoploid frequencies in a commercial double cross hybrid maize, and in its component single cross hybrids and inbred lines[END_REF]. Modern DH programs use either in vitro or in vivo methods to generate haploid plants (see Chapter 1). The in vitro approach generally relies on the regeneration of plantlets from gametophytic tissues, i.e. microspores from anthers and egg cells from ovules to produce paternal and maternal haploids, respectively (see Chapter 1). Even though in vitro methods are used in a wide range of crops and represent the only available method for quite a few of them (see Chapter 2) [START_REF] Maluszynski | Published doubled haploid protocols in plant species[END_REF][START_REF] Jacquier | Puzzling out plant reproduction by haploid induction for innovations in plant breeding[END_REF] they have the main disadvantage of being strongly dependent on the genotype, thus limiting their uses.

Maize DH programs used for a long time both in vitro (see Chapter 31) and in planta haploid induction methods, but at the dawn of 21 st century, the in planta approach based on haploid inducer lines clearly started to dominate [START_REF] Jacquier | Puzzling out plant reproduction by haploid induction for innovations in plant breeding[END_REF]. In these in vivo methods, only a simple pollination of the line of interest by the inducer line is enough to obtain haploid embryos [START_REF] Chaikam | Doubled haploid technology for line development in maize: technical advances and prospects[END_REF][START_REF] Jacquier | Puzzling out plant reproduction by haploid induction for innovations in plant breeding[END_REF][START_REF] Gilles | Haploid induction in plants[END_REF][START_REF] Kalinowska | State-of-the-art and novel developments of in vivo haploid technologies[END_REF]. Two types of haploid inducer lines are available in maize to generate paternal and/or maternal haploid embryos [START_REF] Coe | A Line of Maize with High Haploid Frequency[END_REF][START_REF] Kermicle | Androgenesis Conditioned by a Mutation in Maize[END_REF]. The following sections will describe [START_REF] Geiger | Doubled haploids in hybrid maize breeding[END_REF] the multiple applications of maize haploid inducer lines, (2) the restoration of ploidy (i.e the genome doubling step) and especially recent advances in spontaneous doubling in maize, and (3) novel insights in the pathways operating in maternal haploid inducer lines with a highlight on recently identified molecular players.

Current and future applications of maize DH technology

The most important feature of DH technology is the creation of perfectly homozygous individuals, which have two (or more, in polyploid species) identical alleles at all loci. DH plants harbor a fixed genome and after self-pollination their offspring will constitute a uniform population. This feature has been exploited in many ways in genetic research and plant breeding.

Use of maize DH in genetic studies

The basis of applied genetic studies is to correlate genotype and phenotype. Accurate doubling of unique alleles in DHs rapidly reveals desirable as well as deleterious alleles [START_REF] Chang | Molecular genetic approaches to maize improvement[END_REF]. Therefore, the easy and accurate fixation of genomes makes DH lines particularly efficient in a wide range of genetic approaches: identification of genes responsible for a given character, gene stacking, marker identification, quantitative trait loci (QTL) analysis, linkage disequilibrium studies, epistasis studies, and the development of genetic maps [START_REF] Liu | Maize Doubled Haploids[END_REF][START_REF] Forster | Doubled Haploids in Genetics and Plant Breeding[END_REF]. Examples of DH use for QTL analysis are the identification of genomic regions involved in resistance to European corn borer [START_REF] Foiada | Improving resistance to the European corn borer: a comprehensive study in elite maize using QTL mapping and genome-wide prediction[END_REF], drought tolerance [START_REF] Tsonev | Genomics Assisted Improvement of Drought Tolerance in Maize: QTL Approaches[END_REF] or forage quality [START_REF] Torres | Cell Wall Diversity in Forage Maize: Genetic Complexity and Bioenergy Potential[END_REF]. Regarding the use of DH plants in genetic fixation and backcross programs, [START_REF] Lübberstedt | Application of doubled haploids for target gene fixation in backcross programmes of maize: Doubled haploids for target gene fixation[END_REF] showed that the interest of this approach increases with the number of genes to be introgressed into the recipient germplasm [START_REF] Lübberstedt | Application of doubled haploids for target gene fixation in backcross programmes of maize: Doubled haploids for target gene fixation[END_REF]. Backcross programs are particularly interesting in scientific studies for the creation of near isogenic lines (NILs) which allow to compare the effect of different alleles for a given locus in the same genetic background. But backcross schemes are also important in plant breeding as explained next.

Use of maize DHs for breeding F1 hybrids

Since Chase's work during the late 40's [START_REF] Chase | Spontaneous Doubling of the Chromosome Complement in Monoploid Sporophytes of Maize[END_REF][START_REF] Chase | Production of Homozygous Diploids of Maize from Monoploids1[END_REF], DH technology has been used for the creation of homozygous inbred lines (Figure 2). F1 hybrids are derived by crossing two genetically different inbred lines. F1 hybrids display "hybrid vigor" or heterosis, i. e. a superior phenotype relative to either inbred parent [START_REF] Shull | What is" heterosis[END_REF], which is especially significant for maize inbred lines belonging to different heterotic groups [START_REF] Duvick | The Contribution of Breeding to Yield Advances in maize (Zea mays L.)[END_REF].

Hybrid development requires two main steps: (1) development of inbred lines and, (2) crosses of selected parents to generate hybrid seed. DH technology represents a significant shortcut for the first step, since it allows the obtaining of pure inbred lines in 2 generations instead of the 4 to 8 generations of self-crossing in conventional breeding schemes such as single-seed descent (SSD) [START_REF] Geiger | Doubled haploids in hybrid maize breeding[END_REF][START_REF] Gilles | Haploid induction in plants[END_REF][START_REF] Bordes | Doubled-haploid versus single-seed descent and S1-family variation for testcross performance in a maize population[END_REF] (Figure 2). Importantly, DH breeding enables early evaluation of phenotypic traits on homogenous progeny. Earlier phenotypic selection could even be done of the first DH plants (and not their progenies) for simple trait such as disease resistance. In planta maternal haploid induction is usually done on a highly heterozygous plant (which could be a F1 hybrid) with shuffled alleles presenting valuable traits (Figure 2). The resulting maternal haploid plants have thus unique but distinct combinations of different alleles from this interesting parent due to recombination and segregation during female meiosis. Chromosome doubling allows for fixation of the advantageous trait. The use of molecular markers and genomic selection allows now to select the desired genetic combination and to make yield potential predictions in order to identify the best DH candidate lines to be used as inbred lines. Additionally, DH breeding permits higher exploitation of genetic variability and is less subjected to selection bias during the process compared to the SSD method [START_REF] Bordes | Doubled-haploid versus single-seed descent and S1-family variation for testcross performance in a maize population[END_REF]. Whereas in maize DH lines are used as parents for commercial hybrids, in other species DH lines can be directly commercialized as cultivars.

Use of maize DH for cytoplasmic male sterility transfer

Cytoplasmic male sterility (CMS) refers to male sterility (non-functional pollen) caused by mitochondrial DNA mutation [START_REF] Weber | Today's Use of Haploids in Corn Plant Breeding[END_REF]. Since mitochondria are usually inherited from the female, CMS is maternally inherited. Hybrid seed production at field scale requires inbred females to be emasculated in order to prevent self-fertilization and to ensure crosses with the male inbred line.

CMS of the female parent circumvents the need for manual or mechanical emasculation [START_REF] Bohra | Cytoplasmic male sterility (CMS) in hybrid breeding in field crops[END_REF]. In addition, in order to restore the fertility in hybrids, the male parent has to carry fertility restoration gene(s) [START_REF] Bohra | Cytoplasmic male sterility (CMS) in hybrid breeding in field crops[END_REF][START_REF] Laughnan | Cytoplasmic Male Sterility in Maize[END_REF]. 

Maize genome editing in recalcitrant lines using DH technology

Genome editing provides a means to precisely modify genomes of living organisms, especially thanks to the CRISPR/Cas9 system, which is efficient and easy to use [START_REF] Doudna | The new frontier of genome engineering with CRISPR-Cas9[END_REF][START_REF] Manghwar | CRISPR/Cas System: Recent Advances and Future Prospects for Genome Editing[END_REF]. In plants, however, delivery of the CRISPR/Cas9 editing machinery is often an obstacle for efficient genome editing. Indeed, delivery is conditioned by the ability to transform the species of interest and to regenerate plants from tissue culture [START_REF] Ji | Achieving Plant Genome Editing While Bypassing Tissue Culture[END_REF]. In the case of maize it is especially challenging to edit a desired genotype/line, because numerous maize germplasms are recalcitrant to genetic transformation and/or regeneration [START_REF] Ikeuchi | Molecular Mechanisms of Plant Regeneration[END_REF]. Haploid inducer lines were recently used by two groups to overcome this problem and to edit recalcitrant germplasm [START_REF] Wang | Development of a Haploid-Inducer Mediated Genome Editing System for Accelerating Maize Breeding[END_REF][START_REF] Kelliher | One-step genome editing of elite crop germplasm during haploid induction[END_REF]. The transgenic editing cassette is introduced into the haploid inducer lines by direct transformation if possible or by introgression from a transformable line. Pollen from this transgenic haploid inducer is then used to fertilize and directly edit elite germplasm. In the proofs of concept reported, only a small proportion (~3%) of maternal haploid embryos generated were found to be edited [START_REF] Wang | Development of a Haploid-Inducer Mediated Genome Editing System for Accelerating Maize Breeding[END_REF][START_REF] Kelliher | One-step genome editing of elite crop germplasm during haploid induction[END_REF].

Subsequent genome doubling then leads directly to DH plants homozygous for the desired edits.

In addition, the edited plants do not contain the transgene that provoked the editing, since the paternal genome is lost during the haploid induction process. Since the molecular mechanism behind maize haploid induction has still some unknowns (see Section 4.2) [START_REF] Jacquier | Puzzling out plant reproduction by haploid induction for innovations in plant breeding[END_REF], it remains unclear whether the sperm cell delivered directly the CRISPR machinery (Cas9 protein and sgRNA) into the egg cell, or it was transcribed and translated from the transgenic paternal genome within the egg cell before being eliminated/lost [START_REF] Jacquier | Puzzling out plant reproduction by haploid induction for innovations in plant breeding[END_REF]. To sum-up, the advantages of using haploid-inducer lines to mediate genome editing are: (1) any maize genotype can be edited, (2) the editing cassette is lost directly in the first generation of the edited plant, and (3) edited alleles are homozygous due to DH technology.

Maize DH technology step by step

The implementation of an in planta haploid induction system in DH breeding programs requires three critical steps: (1) a good haploid inducer line to generate sufficient haploids embryos, (2) a reliable method to detect haploids among the offspring, and (3) an efficient way to double chromosomes of haploids plantlets (Figure 1).

Maize haploid inducer lines

In planta haploid induction consists of the production of viable seeds that contain haploid embryos, triggered by intraspecific crosses using a so-called haploid inducer line (see chapter 1).

Haploid inducer lines are limited to a handful of species (see Chapter 1) [START_REF] Jacquier | Puzzling out plant reproduction by haploid induction for innovations in plant breeding[END_REF][START_REF] Ishii | Haploidization via Chromosome Elimination: Means and Mechanisms[END_REF], and maize has a prominent position since two types of haploid inducer lines were found during the longstanding history of maize genetic research:

(1) A maize haploid inducer line (stock-6) which produces haploid embryos of maternal origin, i.e having solely the maternal genome [START_REF] Coe | A Line of Maize with High Haploid Frequency[END_REF]. This line is used as male parent in the crosses.

(2) A maize haploid inducer line (indeterminate gametophyte 1) which produces haploid embryos of paternal origin (although some haploid embryos with maternal origin are also produced), i.e. having solely the paternal genome, but maternal cytoplasm [START_REF] Kermicle | Androgenesis Conditioned by a Mutation in Maize[END_REF]. This line is used as female parent in the crosses.

Historically, the first spontaneous maternal haploid embryo was reported in maize [START_REF] Randolph | Some Effects of High Temperature on Polyploidy and Other Variations in Maize[END_REF]. It was only 15 years later that Chase proposed how this developmental defect could be exploited as DH in breeding [START_REF] Chase | Production of Homozygous Diploids of Maize from Monoploids1[END_REF]. Chase reported a spontaneous maternal haploid production at a frequency of 0.1% in some maize germplasms [START_REF] Chase | Monoploid frequencies in a commercial double cross hybrid maize, and in its component single cross hybrids and inbred lines[END_REF]. Despite some commercial success in breeding [START_REF] Chang | Molecular genetic approaches to maize improvement[END_REF], the low spontaneous haploid induction frequency severely limited the spread of DH technology at this period. The true birth of maize haploid inducer lines dates to 1959, when Ed Coe reported that stock-6 was able to induce about 2-3% of maternal haploids [START_REF] Coe | A Line of Maize with High Haploid Frequency[END_REF]. Further breeding of stock-6

permitted the selection of lines with higher induction rate, with an average of 8% for RWS for instance [START_REF] Lashermes | Genetic control of maternal haploidy in maize (Zea mays L.) and selection of haploid inducing lines[END_REF][START_REF] Hu | The Genetic Basis of Haploid Induction in Maize Identified with a Novel Genome-Wide Association Method[END_REF][START_REF] Röber | In vivo haploid induction in maizeperformance of new inducers and significance of doubled haploid lines in hybrid breeding[END_REF]. Regarding the ability to induce paternal haploid embryos, this property was discovered during the phenotypic characterization of the ig1 mutant [START_REF] Kermicle | Androgenesis Conditioned by a Mutation in Maize[END_REF]. The ig1 haploid inducer line presents a relatively low haploid induction rate of ~3% and is quite variable depending on the genetic background [START_REF] Pollacsek | Management of the ig gene for haploid induction in maize[END_REF]. In conclusion, maternal haploid production represents presently a very widely used tool in maize breeding, whereas paternal haploid embryos could be used for CMS conversion (see Section 2.3).

Haploid embryo/plant detection

A major bottleneck for large-scale production of DH lines using the in vivo haploid induction methods is the ability to quickly and accurately identify the small fraction of haploid embryos/plants among a large fraction of diploid embryos/plants in progenies deriving from crosses with haploid inducers. Haploid maize plants display some morphological features distinguishing them from diploid plants, for example smaller coleoptile and leave sizes, shorter plant height, lower kernel weight, sterility or even shorter stomatal guard cell length [START_REF] Coe | A Line of Maize with High Haploid Frequency[END_REF][START_REF] Weber | Today's Use of Haploids in Corn Plant Breeding[END_REF][START_REF] Coe | The detection of haploids in maize[END_REF][START_REF] Sarkar | A genetic analysis of the origin of maternal haploids in maize[END_REF][START_REF] Smelser | Weighing in on a method to discriminate maize haploid from hybrid seed[END_REF][START_REF] Molenaar | Early diagnosis of ploidy status in doubled haploid production of maize by stomata length and flow cytometry measurements[END_REF]. However, discrimination upon morphological aspects is imprecise, depends on the environment and genetics, slows down high-throughput applications and represents nonnegligible cost. Flow cytometry and genotyping are the two most reliable methods even though they are not routinely used because of their labor-intensive and costly protocols [START_REF] Molenaar | Early diagnosis of ploidy status in doubled haploid production of maize by stomata length and flow cytometry measurements[END_REF]. To remedy this limitation, methods using genetic markers have been developed and are now widely used for industrial scale DH production. Even if efficient haploid identification can be done by the human eye using recessive mutations like liguleless and glossy, causing respectively a lack of the ligule on leaves and a cuticle defect of juvenile leaves [START_REF] Coe | A Line of Maize with High Haploid Frequency[END_REF][START_REF] Lashermes | Gynogenetic haploid plants analysis for agronomic and enzymatic markers in maize (Zea mays L.)[END_REF], these detection methods are limited to basic science because they require the prior introgression of the respective mutations in lines of interest. A more recent system used by academia is based on the use of two different fluorescent proteins, one specific to the endosperm and the other to the embryo, making it possible to easily identify haploid kernels, but remaining limited due to the transgenic nature of the inducer [START_REF] Dong | Genome editing and double-fluorescence proteins enable robust maternal haploid induction and identification in maize[END_REF].

In industrial DH production, haploid detection is commonly performed using the dominant color marker R1-navajo introduced in numerous modern inducer lines. This marker confers purple/red pigmentation of the tip of the aleurone layer of the endosperm and the scutellum of the embryo.

In offspring resulting from a cross with a male inducer, pigmentation of the aleurone and nonpigmentation of the embryo indicate a kernel with putative maternal haploid embryo, identifiable by hand or using automated technologies [START_REF] Boote | Haploid differentiation in maize kernels based on fluorescence imaging[END_REF][START_REF] De | Discrimination of haploid and diploid maize kernels via multispectral imaging[END_REF]. However, despite its interest and its widespread present use, this approach is limiting for some genetic maize backgrounds which interfere with the color readout [START_REF] Röber | In vivo haploid induction in maizeperformance of new inducers and significance of doubled haploid lines in hybrid breeding[END_REF][START_REF] Chaikam | Analysis of effectiveness of R1-nj anthocyanin marker for in vivo haploid identification in maize and molecular markers for predicting the inhibition of R1nj expression[END_REF]. To overcome this limitation, other dominant color makers were harnessed, such as Pl1 (Purple1), conferring red pigmentation in roots [START_REF] Chaikam | Development and validation of red root marker-based haploid inducers in maize[END_REF]. Another method to detect haploids is based on the quantification of the oil content of the embryo coupled with the use of specifically bred high oil inducer lines [START_REF] Dong | Marker-assisted selection and evaluation of high oil in vivo haploid inducers in maize[END_REF]. Diploid embryos contain more oil than haploid embryos due to the presence of the high oil trait from the paternal genome in diploid embryos. First mentioned by Rotarenko et al. in 2007, the proof of concept and further developments to meet high throughput requirements came a few years later [START_REF] Rotarenco | The possibility of identifying kernels with haploid embryos using oil content[END_REF][START_REF] Melchinger | Rapid and accurate identification of in vivo-induced haploid seeds based on oil content in maize[END_REF]. Melchinger et al (2013) developed a method to measure oil content of maize kernels by nuclear magnetic resonance (NMR) and to automatically identify haploid kernels at high throughput. This nondestructive method allows the sorting of a haploid/diploid kernel every three seconds with less errors than using the R1-nj color marker [START_REF] Melchinger | Rapid and accurate identification of in vivo-induced haploid seeds based on oil content in maize[END_REF]. Additional studies supported this concept developing or improving similar technology to move towards high-volume selection process [START_REF] Wang | Fullyautomated high-throughput NMR system for screening of haploid kernels of maize (Corn) by measurement of oil content[END_REF]52]. Near infrared spectroscopy (NIR) and hyperspectral imaging technology has also been used to select single haploid kernels based on composition and pigmentation, and begins to be transposed to selection based on oil content [START_REF] Wang | Fullyautomated high-throughput NMR system for screening of haploid kernels of maize (Corn) by measurement of oil content[END_REF][START_REF] Cui | Screening of maize haploid kernels based on near infrared spectroscopy quantitative analysis[END_REF].These different methods offer efficient and high-speed identification of maize kernels containing haploid embryos, making in planta haploid induction viable for industrial DH production.

Genome doubling of haploids

Haploid plants can be grown, but are less vigorous than their diploid counterparts: they have thinner leaves, shorter size and are usually sterile (gametes are non-viable) because of meiotic defects [START_REF] Chase | Spontaneous Doubling of the Chromosome Complement in Monoploid Sporophytes of Maize[END_REF][START_REF] Chaikam | Chromosome doubling of maternal haploids. Doubled haploid technology in maize breeding: Theory and practice 24-29[END_REF][START_REF] Chaikam | Genomewide association study to identify genomic regions influencing spontaneous fertility in maize haploids[END_REF]. The chromosomes of haploid plants must be doubled to restore fertility. Two types of chromosome doubling methods exits: artificial chromosomal doubling using chemical treatment, or spontaneous chromosomal doubling.

Artificial doubling of haploids

Almost as early as haploids were discovered, colchicine, a cell division inhibitor, was used to artificially replicate DNA without or with defective cytokinesis, resulting in chromosome duplication without cell division, and thus in diploid restoration when used on haploid cells [START_REF] Blakeslee | Methods of inducing doubling of chromosomes in plants[END_REF].

By immersing haploid seedlings in colchicine solution, between 0 to 40% of them will have restored fertility, and therefore can be used for self-fertilization [START_REF] Chaikam | Chromosome doubling of maternal haploids. Doubled haploid technology in maize breeding: Theory and practice 24-29[END_REF]. Although colchicine treatment is at present frequently used, it has several drawbacks. Firstly, it is highly toxic and can cause environmental and health issues [START_REF] Häntzschel | Blockage of mitosis in maize root tips using colchicine-alternatives[END_REF]. Secondly, at higher doses it is also phytotoxic and regularly a considerable number of putative haploids is lost during colchicine treatment [START_REF] Chaikam | Chromosome doubling of maternal haploids. Doubled haploid technology in maize breeding: Theory and practice 24-29[END_REF].

Nevertheless, phytotoxicity can be reduced by modifying protocols for chromosomes doubling [START_REF] Chaikam | Improving the Efficiency of Colchicine-Based Chromosomal Doubling of Maize Haploids[END_REF] (see Chapter 9). The hazardous characteristics of colchicine might be overcome thanks to other chemicals like amiprophosmethyl (APM) or pronamid, which have been shown to display rather good doubling properties at concentrations lower than those of colchicine, combined with a reduced toxicity on animals [START_REF] Häntzschel | Blockage of mitosis in maize root tips using colchicine-alternatives[END_REF][START_REF] Melchinger | Colchicine alternatives for chromosome doubling in maize haploids for doubled-haploid production[END_REF]. Physical treatments, in general, present interesting alternatives such as the use of nitrous oxide gas in particular, as this gas is considered safe and provides doubling results close to colchicine [START_REF] Molenaar | Nitrous Oxide-Induced Chromosome Doubling of Maize Haploids[END_REF].

Spontaneous haploid genome doubling (SHGD)

Another strategy to tackle colchicine limitations is through the improvement of spontaneous doubling methods. SHGD is commonly measured as haploid male fertility (HMF) because this trait is the most critical component of haploid fertility [START_REF] Chaikam | Genomewide association study to identify genomic regions influencing spontaneous fertility in maize haploids[END_REF][START_REF] Ren | QTL mapping for haploid male fertility by a segregation distortion method and fine mapping of a key QTL qhmf4 in maize[END_REF][START_REF] Wu | New Insights into the Genetics of Haploid Male Fertility in Maize[END_REF][START_REF] Yang | Genetic dissection of haploid male fertility in maize (Zea mays L.)[END_REF]. Indeed, in most maize germplasm, spontaneous chromosome doubling occurs at high frequency (above 90%) in female reproductive organs, whereas the frequency is only between 0 to 20% in male organs [START_REF] Kleiber | Haploid fertility in temperate and tropical maize germplasm[END_REF][START_REF] Ren | Mapping of QTL and identification of candidate genes conferring spontaneous haploid genome doubling in maize (Zea mays L.)[END_REF].

Therefore, recovery of male fertility is the key factor for SHGD. Recent advances in mapping QTLs implicated in SHGD are particularly interesting [START_REF] Chaikam | Genomewide association study to identify genomic regions influencing spontaneous fertility in maize haploids[END_REF][START_REF] Ren | QTL mapping for haploid male fertility by a segregation distortion method and fine mapping of a key QTL qhmf4 in maize[END_REF][START_REF] Yang | Genetic dissection of haploid male fertility in maize (Zea mays L.)[END_REF][START_REF] Wu | Mapping of maternal QTLs for in vivo haploid induction rate in maize (Zea mays L.)[END_REF]. Indeed, several QTLs with additive effect were identified and are distributed across the 10 maize chromosomes [START_REF] Ren | QTL mapping for haploid male fertility by a segregation distortion method and fine mapping of a key QTL qhmf4 in maize[END_REF][START_REF] Yang | Genetic dissection of haploid male fertility in maize (Zea mays L.)[END_REF][START_REF] Ren | Mapping of QTL and identification of candidate genes conferring spontaneous haploid genome doubling in maize (Zea mays L.)[END_REF][START_REF] Trampe | QTL mapping of spontaneous haploid genome doubling using genotyping-bysequencing in maize (Zea mays L.)[END_REF]. Exploiting the SHGD trait in DH breeding schemes constitutes an exciting step forward to move maize DH technology towards a full in planta process, at least for certain maize lines [68].

In a future time, knowledge of the genes and mechanism involved in SHGD could be combined with the trans editing tool offered by in planta haploid inducer lines (see Section 2.4). Haploid inducer lines could then simultaneously trigger haploid induction and deliver the editing machinery to (i) edit a trait of interest and (ii) create a favorable allele for SHGD directly in the haploid embryo. However, the presently low proportion of edited haploids needs to be improved for efficient co-editing. Consequently, prior introgression of SHGD QTLs in the source germplasm used in breeding programs seems more realistic at this stage, even though the deleterious effect of such introgression has to be assessed.

Towards the identification of mechanisms that trigger maize in planta haploid induction

The discovery of the two types of maize haploid inducer lines started more than 50 years ago [START_REF] Coe | A Line of Maize with High Haploid Frequency[END_REF][START_REF] Kermicle | Androgenesis Conditioned by a Mutation in Maize[END_REF]. Consequently, there is a wealth of literature trying to puzzle out the genetic tricks behind maize haploid inducer lines, especially regarding maternal haploid induction which is predominantly used in maize breeding. Since kernels having haploid embryos are products that deviate from the classical double fertilization of higher plants [START_REF] Gilles | Haploid induction in plants[END_REF][START_REF] Kalinowska | State-of-the-art and novel developments of in vivo haploid technologies[END_REF], it is first necessary to briefly describe the events of double fertilization, which is characterized by two separate and parallel fusion events between male and female gametes (Figure 3). The haploid egg cell is fertilized by a first haploid male gamete and becomes the diploid embryo (Figure 3). The diploid central cell is fertilized by a second haploid male gamete from the same pollen tube to form a nutritive tissue, the triploid endosperm [START_REF] Dumas | Fertilization and early seed formation[END_REF][START_REF] Zhou | Germline Development and Fertilization Mechanisms in Maize[END_REF] (Figure 3). The two male gametes which are named the sperm cells are delivered to the female embryo sac by the pollen tube that enters one of the two synergids [START_REF] Zhou | Germline Development and Fertilization Mechanisms in Maize[END_REF]. In maize, the two sperm cells, coming from the same pollen grain, can fuse randomly to the egg or central cell [START_REF] Faure | Double fertilization in maize: the two male gametes from a pollen grain have the ability to fuse with egg cells[END_REF]. In crosses involving haploid inducers lines, in addition to normal kernels with diploid embryos and kernels containing haploid embryos, many kernels abort or do not even develop due to different types of fertilization defects occurring in the two types of maize inducer lines [START_REF] Kermicle | Pleiotropic effects on seed development of the indeterminate gametophyte gene in maize[END_REF][START_REF] Evans | The indeterminate gametophyte1 Gene of Maize Encodes a LOB Domain Protein Required for Embryo Sac and Leaf Development[END_REF][START_REF] Xu | Gametophytic and zygotic selection leads to segregation distortion through in vivo induction of a maternal haploid in maize[END_REF]. A 2:1 balance of maternal and paternal genome in endosperm is crucial for correct seed development [START_REF] Carputo | Uses and usefulness of endosperm balance number[END_REF], which is not respected in certain outcomes of fertilization in an haploid inducing context and might explain kernel abortions.

Mechanism behind maize paternal haploid embryo induction

The induction of paternal haploid embryos has been reported to occur at a frequency of 3% in the inbred line Wisconsin-23 carrying the spontaneous mutation indeterminate gametophyte 1 (ig1) [START_REF] Kermicle | Androgenesis Conditioned by a Mutation in Maize[END_REF], Kermicle,1971). In this situation, the haploid inducer line (ig1 mutant) is used as female parent: pollen from the male parent will provide the nuclear genome of the future DH whereas the inducer line provides the cytoplasm [START_REF] Kermicle | Androgenesis Conditioned by a Mutation in Maize[END_REF] (see Section 3.1). The ig1 mutation affects drastically the embryo sac by increasing the number of nuclear divisions before cellularization, which generates an indeterminate embryo sac with extra numbers of micropylar cell, synergids, egg cells, central cells and/or polar nuclei within central cells [START_REF] Evans | The indeterminate gametophyte1 Gene of Maize Encodes a LOB Domain Protein Required for Embryo Sac and Leaf Development[END_REF][START_REF] Huang | Embryo Sac Development in the Maize indeterminate gametophytel Mutant: Abnormal Nuclear Behavior and Defective Microtubule Organization[END_REF][START_REF] Guo | Fertilization in maize indeterminate gametophyte1 mutant[END_REF]. In addition to produce male and, to a lesser extent, female haploid embryos (~0.5%), the mutant displays other phenotypes such as a high ploidy level of endosperm (45% of the seed), ~7 % of heterofertilization (a double fertilization by sperm cell from two different pollens), ~6% poly-embryony (several embryos in a unique seed), and aborted kernels [START_REF] Kermicle | Androgenesis Conditioned by a Mutation in Maize[END_REF][START_REF] Kermicle | Pleiotropic effects on seed development of the indeterminate gametophyte gene in maize[END_REF]. The ig1 mutation was cloned and IG1 codes for a LATERAL ORGAN BOUNDARIES (LOB) domain transcription factor [START_REF] Evans | The indeterminate gametophyte1 Gene of Maize Encodes a LOB Domain Protein Required for Embryo Sac and Leaf Development[END_REF]. Despite the known identity of the causal gene, the cellular and molecular mechanism that lead to paternal haploid embryos in maize still remains obscure: hypothetic pathways and scenarios have been reviewed by Seguí-Simarro [START_REF] Seguí-Simarro | Androgenesis Revisited[END_REF].

Mechanisms behind maize maternal haploid embryo induction

The maize maternal haploid induction system relies on a male gametophyte defect caused by a spontaneous mutation initially found in stock-6 germplasm [START_REF] Coe | A Line of Maize with High Haploid Frequency[END_REF][START_REF] Sarkar | A genetic analysis of the origin of maternal haploids in maize[END_REF][START_REF] Barret | A major locus expressed in the male gametophyte with incomplete penetrance is responsible for in situ gynogenesis in maize[END_REF]. The fact that kernels presenting a haploid embryo have their neighboring endosperm fertilized [START_REF] Sarkar | A genetic analysis of the origin of maternal haploids in maize[END_REF][START_REF] Barret | A major locus expressed in the male gametophyte with incomplete penetrance is responsible for in situ gynogenesis in maize[END_REF][START_REF] Zhao | Fertilization and Uniparental Chromosome Elimination during Crosses with Maize Haploid Inducers[END_REF], clearly indicates that fertilization by at least one of the two sperm cells is mandatory. Therefore, this process falls under the definition of in vivo gynogenesis, according to which at least one sperm cell is necessary for egg cell development into an embryo with exclusively maternal genetic information [START_REF] Jacquier | Puzzling out plant reproduction by haploid induction for innovations in plant breeding[END_REF].

The initial observations of sperm cell morphology from stock-6-derived lines identified 5 types of pollen grains, two types of which presented a special interest: those having one sperm cell of normal size whereas the second sperm cell was either larger (5.56%) or smaller (0.76%) [START_REF] Bylich | Existence of pollen grains with a pair of morphologically different sperm nuclei as a possible cause of the haploidinducing capacity in ZMS line[END_REF].

The authors noted that the sum of these two types was twice the induction rate (3%) and concluded that defective pollen grains were outcompeted by normal pollen grains for fertilization.

Alternatively, since defective sperm cells likely fuse randomly with either the egg cell or the central cell, the 3% of haploid embryos could reflect the situation when the "normal" sperm cell fuses with the central cell, whereas the defective sperm cell either fuses with the egg cell or otherwise triggers its autonomous development. A subsequent study went a bit further and suggested aneuploidy (unbalanced chromosome number) in some sperm cells [START_REF] Chalyk | Aneuploidy as a possible cause of haploid-induction in maize[END_REF]. Recently, single sperm cell nucleus sequencing confirmed the existence of aneuploidy and chromosome fragmentation in sperm cells of some pollen grains of inducer lines [START_REF] Li | Single nucleus sequencing reveals spermatid chromosome fragmentation as a possible cause of maize haploid induction[END_REF]. Three types of pollen grains were listed: (1) 65 to 84% of pollen harbored two normal sperm cells, (2) 11 to 15% had one normal and one aneuploid sperm cell, lacking and/or gaining some chromosomes and/or chromosome fragments and (3) in 5 to 20% of both sperm cells were aneuploid (Figure 3) [START_REF] Li | Single nucleus sequencing reveals spermatid chromosome fragmentation as a possible cause of maize haploid induction[END_REF].

Interestingly, these chromosome defects/aneuploidy were not found in the vegetative nucleus [START_REF] Li | Single nucleus sequencing reveals spermatid chromosome fragmentation as a possible cause of maize haploid induction[END_REF]. A time-course indicated that aneuploidy started to occur during the last steps of microgametogenesis (pollen maturation) around the second division [START_REF] Li | Single nucleus sequencing reveals spermatid chromosome fragmentation as a possible cause of maize haploid induction[END_REF]. Observations of defective sperm cells are compatible with the two main hypotheses historically discussed in the literature on mechanism leading to maternal haploid induction in maize (Figure 3): (1) fusion of a "defective" sperm cell with the egg cell followed by loss of the paternal inducer genome during early embryogenesis, (2) single fertilization of the central cell only leading to a functional endosperm that supports seed development and autonomous development of the unfertilized haploid egg cell into a haploid embryo. Quantitatively, only 1% to 10% of developed kernels carry haploid embryos [START_REF] Lashermes | Genetic control of maternal haploidy in maize (Zea mays L.) and selection of haploid inducing lines[END_REF][START_REF] Barret | A major locus expressed in the male gametophyte with incomplete penetrance is responsible for in situ gynogenesis in maize[END_REF][START_REF] Prigge | New Insights into the Genetics of in Vivo Induction of Maternal Haploids, the Backbone of Doubled Haploid Technology in Maize[END_REF], which makes it difficult to study the phenomena.

Nevertheless, the recent identification of molecular players causing maternal haploid induction allows to propose new hypothetic mechanisms that unify the two previous historical hypotheses [START_REF] Jacquier | Puzzling out plant reproduction by haploid induction for innovations in plant breeding[END_REF].

Molecular players behind maize maternal haploid induction

Maternal haploid induction in maize is a quantitative trait under the genetic control of multiple loci [START_REF] Barret | A major locus expressed in the male gametophyte with incomplete penetrance is responsible for in situ gynogenesis in maize[END_REF][START_REF] Prigge | New Insights into the Genetics of in Vivo Induction of Maternal Haploids, the Backbone of Doubled Haploid Technology in Maize[END_REF]. One QTL, named gynogenesis inducer1 (ggi1) [START_REF] Barret | A major locus expressed in the male gametophyte with incomplete penetrance is responsible for in situ gynogenesis in maize[END_REF] or quantitative haploid induction rate 1 (qhir1) [START_REF] Prigge | New Insights into the Genetics of in Vivo Induction of Maternal Haploids, the Backbone of Doubled Haploid Technology in Maize[END_REF][START_REF] Dong | Fine mapping of qhir1 influencing in vivo haploid induction in maize[END_REF] has by far the strongest effect since it is responsible for 66% of the genotypic variance. The causal gene behind this ggi1/qhir8 was cloned simultaneously by three independent groups and named NOT LIKE DAD (NLD), MATRILINEAL (MATL) and ZmPHOSPHOLIPASE-A1 (ZmPLA1) [START_REF] Gilles | Loss of pollen-specific phospholipase NOT LIKE DAD triggers gynogenesis in maize[END_REF][START_REF] Kelliher | MATRILINEAL, a sperm-specific phospholipase, triggers maize haploid induction[END_REF][START_REF] Liu | A 4-bp Insertion at ZmPLA1 Encoding a Putative Phospholipase A Generates Haploid Induction in Maize[END_REF]. A 4bp insertion in the fourth exon of NLD/MATL/ZmPLA1 was identified in the inducer line, causing a frameshift that adds 20 unrelated amino-acids prior to a premature STOP codon, and deletes the last 49 amino-acids. This mutation leading to a putative truncated version of the NLD/MATL/ZmPLA1 protein is found in every maize inducer line, and appears thus compulsory for haploid induction [START_REF] Gilles | Loss of pollen-specific phospholipase NOT LIKE DAD triggers gynogenesis in maize[END_REF][START_REF] Liu | A 4-bp Insertion at ZmPLA1 Encoding a Putative Phospholipase A Generates Haploid Induction in Maize[END_REF].

The C-terminal region of NLD is thought to play a critical role in NLD/MATL/ZmPLA1 stability because mass spectral analysis did not detect the truncated protein in inducer pollen [START_REF] Kelliher | MATRILINEAL, a sperm-specific phospholipase, triggers maize haploid induction[END_REF], and translational fusion of truncated NLD/MATL/ZmPLA1 with fluorescent protein did not allow its cellular visualization [START_REF] Gilles | Loss of pollen-specific phospholipase NOT LIKE DAD triggers gynogenesis in maize[END_REF][START_REF] Kelliher | MATRILINEAL, a sperm-specific phospholipase, triggers maize haploid induction[END_REF]. Gene editing confirmed that loss of function of NLD/MATL/ZmPLA1 induces haploid embryos [START_REF] Kelliher | MATRILINEAL, a sperm-specific phospholipase, triggers maize haploid induction[END_REF][START_REF] Liu | A 4-bp Insertion at ZmPLA1 Encoding a Putative Phospholipase A Generates Haploid Induction in Maize[END_REF]. Confocal imaging of full length wildtype NLD/MATL/ZmPLA1 fused to fluorescent protein allowed to position NLD/MATL/ZmPLA1 protein either in cytoplasm [START_REF] Kelliher | MATRILINEAL, a sperm-specific phospholipase, triggers maize haploid induction[END_REF] or both cytoplasm and plasma membrane of sperm cells [START_REF] Gilles | Loss of pollen-specific phospholipase NOT LIKE DAD triggers gynogenesis in maize[END_REF], suggesting a role of this protein on sperm cell function. Phylogenetic analysis attributed NLD/MATL/ZmPLA1 to the protein family of patatin-like phospholipase A from group II [START_REF] Gilles | Loss of pollen-specific phospholipase NOT LIKE DAD triggers gynogenesis in maize[END_REF]. Plant patatin-like phospholipases A are known to hydrolyze one of the two fatty acid chains contained in phospholipids or galactolipids [START_REF] Scherer | Patatin-related phospholipase A: nomenclature, subfamilies and functions in plants[END_REF]. Knowing the wide range of enzymatic activity of this type of enzyme [START_REF] Scherer | Patatin-related phospholipase A: nomenclature, subfamilies and functions in plants[END_REF][START_REF] Murakami | Recent progress in phospholipase A2 research: From cells to animals to humans[END_REF][START_REF] Wang | Plant phospholipases[END_REF], it is difficult to predict the in vivo substrate of NLD/MATL/ZmPLA1, although phospholipase A2 enzymatic activity has been confirmed by an in vitro assay [START_REF] Kelliher | MATRILINEAL, a sperm-specific phospholipase, triggers maize haploid induction[END_REF]. Nevertheless, it may be speculated that loss of function of NLD/MATL/ZmPLA1 changes membrane composition and thereby plays a direct or indirect role on (1) membrane physical properties, (2) membrane lipid composition, or (3) lipid signaling.

Interestingly, the onset of expression of NLD/MATL/ZmPLA1 during late pollen development correlates with the beginning of aneuploidy and the chromosome instabilities found in sperm cells [START_REF] Li | Single nucleus sequencing reveals spermatid chromosome fragmentation as a possible cause of maize haploid induction[END_REF]. The burning question is now to find the links between NLD/MATL/ZmPLA1 phospholipase activity and sperm cell genome instability.

A second QTL named quantitative haploid induction rate 8 (qhir8), explaining about 20% of genotypic variance, was identified [START_REF] Liu | Fine mapping of qhir8 affecting in vivo haploid induction in maize[END_REF]. Interestingly, the qhir8 locus alone induces very few haploid embryos (~0.15%), but it increases haploid induction rate by 2 to 6 fold in combination with the mutant allele at the NLD/MATL/ZmPLA1 locus [START_REF] Liu | Fine mapping of qhir8 affecting in vivo haploid induction in maize[END_REF][START_REF] Zhong | Mutation of ZmDMP enhances haploid induction in maize[END_REF]. This synergistic effects indicates interaction between the underlying mechanisms and possibly even among gene products. The causal gene behind qhir8 is ZmDMP, standing for DOMAIN OF UNKNOWN FUNCTION 679 membrane protein family (DMP) [START_REF] Zhong | Mutation of ZmDMP enhances haploid induction in maize[END_REF]. CRISPR editing of ZmDMP confirmed that the loss-of-function mutant caused the boosting effect when associated with the nld/matl/Zmpla1 mutation [START_REF] Zhong | Mutation of ZmDMP enhances haploid induction in maize[END_REF]. In pollen, ZmDMP showed enriched expression in the late stage as compared to early stages of pollen development [START_REF] Zhong | Mutation of ZmDMP enhances haploid induction in maize[END_REF]. Although plasma membrane localization was demonstrated for ZmDMP:GFP in a heterologous system, not much is known regarding its mode of action. Nevertheless, the knowledge gained on the two Arabidopsis thaliana orthologs AtDMP8 and AtDMP9 greatly helps to shed light on the probable action of ZmDMP in gamete fusion [START_REF] Cyprys | Gamete fusion is facilitated by two sperm cell-expressed DUF679 membrane proteins[END_REF][START_REF] Takahashi | The male gamete membrane protein DMP9/DAU2 is required for double fertilization in flowering plants[END_REF]. AtDMP8 and AtDMP9 are involved in double fertilization and gamete interactions [START_REF] Cyprys | Gamete fusion is facilitated by two sperm cell-expressed DUF679 membrane proteins[END_REF][START_REF] Takahashi | The male gamete membrane protein DMP9/DAU2 is required for double fertilization in flowering plants[END_REF]. Loss-of-function mutants in Arabidopsis thaliana exhibited some fertilization failure, because unfused sperm cells were observed near female gametes. Despite ~38% of normal double fertilization in the atdmp8 atdmp9 double mutant, ~36% of the embryo sacs were found unfertilized, and most interestingly ~24% of the embryo sacs presented a single fertilization of the central cell, with failure of sperm cell/egg cell fusion [START_REF] Cyprys | Gamete fusion is facilitated by two sperm cell-expressed DUF679 membrane proteins[END_REF]. The remaining 2% corresponded to single fertilization of one sperm cell with the egg cell [START_REF] Cyprys | Gamete fusion is facilitated by two sperm cell-expressed DUF679 membrane proteins[END_REF]. A similar role in sperm cell/egg cell fusion has not yet been directly demonstrated for ZmDMP in maize, but the fact that atdmp8 atdmp9 double mutant is able to induce haploid embryos at low rate (~ 2%) in Arabidopsis, implies conserved function between maize and Arabidopsis [START_REF] Zhong | A DMPtriggered in vivo maternal haploid induction system in the dicotyledonous Arabidopsis[END_REF]. It is thus tempting to speculate that impairment of ZmDMP function could lead to similar central cell single fertilization in maize, especially knowing that haploid inducer lines have been shown to provoke central cell single fertilization events [START_REF] Swapna | Anomalous fertilization in haploidy inducer lines in maize (Zea mays L)[END_REF][START_REF] Tian | Heterofertilization together with failed egg-sperm cell fusion supports single fertilization involved in in vivo haploid induction in maize[END_REF]. If one considers that haploid embryos originate directly from these central cell single fertilizations and absence of sperm cell/egg cell fusion, this does not fit neither with the very low induction rate of zmdmp alone, nor with the synergistic effect of zmdmp and nld/matl/zmpla1 mutations. Additional mechanisms need to be invoked to explain the "boosting" effect of zmdmp on haploid induction. Hetero-fertilization, which is a consequence of single fertilization because it represents the fusion of central cell and egg cell with sperm cells from two different pollen tubes, may provide an explanation for the synergistic interaction between nld/matl/zmpla1 and zmdmp (see Section 4.2.4) [START_REF] Jacquier | Puzzling out plant reproduction by haploid induction for innovations in plant breeding[END_REF].

Hypothesis of paternal genome elimination/loss

One of the main mechanistic hypotheses to explain maternal haploid embryo induction is normal sperm cell fusion followed by paternal chromosome elimination during early embryogenesis (Figure 3; hypothesis 1) [START_REF] Zhao | Fertilization and Uniparental Chromosome Elimination during Crosses with Maize Haploid Inducers[END_REF][START_REF] Wedzony | Chromosome elimination observed in selfed progenies of maize inducer line RWS[END_REF][100][101]. Observations made in animal studies that revealed DNA damage as a facilitator of genome elimination in hybrid cells [102], provides a bridge between the sperm cell defects observed in pollen from haploid inducer lines and paternal specific elimination/loss in embryos [103]. Early evidence supporting the hypothesis of uniparental genome elimination during embryogenesis comes from the observation of micronuclei in putative haploid embryos [START_REF] Wedzony | Chromosome elimination observed in selfed progenies of maize inducer line RWS[END_REF] that are typical of the chromosomal exclusion reported during early embryogenesis of some wide crosses (see chapter 1) [104-106]. Using microsatellite markers, 1-2% of sorted haploid embryos were deduced to carry paternal genetic information [START_REF] Röber | In vivo haploid induction in maizeperformance of new inducers and significance of doubled haploid lines in hybrid breeding[END_REF]100,101].

Three additional studies based on different types of markers as well as different inducer lines and female parents, confirmed the presence of paternal genetic information in putative haploid embryos and showed a high variability from 1% to 43% of the embryos [START_REF] Zhao | Fertilization and Uniparental Chromosome Elimination during Crosses with Maize Haploid Inducers[END_REF]100,101,107].

Cytological observations also support the paternal genome elimination hypothesis during early embryogenesis (one week after pollination): Performing FISH (Fluorescent In Situ Hybridization) assays, one out of 11 putative haploid embryos was mixoploid (i.e. unbalanced chromosome number between adjacent cells/tissues) with 99% of the cells being haploid and 1% diploid [START_REF] Zhao | Fertilization and Uniparental Chromosome Elimination during Crosses with Maize Haploid Inducers[END_REF]. Interestingly, mixoploidy or aneuploidy was also detected in the endosperm of some aborted kernels [START_REF] Zhao | Fertilization and Uniparental Chromosome Elimination during Crosses with Maize Haploid Inducers[END_REF]. These observations suggest that a progressive loss of the paternal inducer genome is occurring in some embryos and endosperms [START_REF] Zhao | Fertilization and Uniparental Chromosome Elimination during Crosses with Maize Haploid Inducers[END_REF]. All the cited evidence leads to the following mechanistic hypothesis (Figure 3; hypothesis 1): anomalies during late pollen development due to mutation of NLD/MATL/ZmPLA1 lead to chromosome destabilization in one or both sperm cells in a subset of pollen grains. The three main types of pollen all perform normal double fertilization leading to normal kernels, defective kernels and kernels with haploid embryos. This last kernel category stems from the situation in which the two sperm cells delivered in the embryo sac have different genome stability: one is normal, the other defective.

The first one fuses with the central cell and allows for the development of a normal triploid endosperm, whereas the second one fuses with the egg cell and triggers progressive genome loss and a haploid embryo. Additional observations especially regarding fertilization defects challenged this hypothesis and suggested additional or other mechanisms (see Sections 4.2.3 and 4.2.4).

Hypothesis of single fertilization

Numerous aberrant fertilization and fusion events have been described in different maternal haploid inducer germplasms, for example twin embryos, aborted kernels, failure of fertilization, hetero-fertilization and failed egg-sperm cell fusion [START_REF] Xu | Gametophytic and zygotic selection leads to segregation distortion through in vivo induction of a maternal haploid in maize[END_REF][START_REF] Swapna | Anomalous fertilization in haploidy inducer lines in maize (Zea mays L)[END_REF][START_REF] Tian | Heterofertilization together with failed egg-sperm cell fusion supports single fertilization involved in in vivo haploid induction in maize[END_REF]108,109]. Single fertilization of the central cell only, without fertilization of the egg cell, has been hypothesized for a long time to be the event triggering maternal haploid embryos (Figure 3, hypothesis 2) [START_REF] Sarkar | A genetic analysis of the origin of maternal haploids in maize[END_REF]. The high heterofertilization rate observed in different studies using maternal haploid inducer lines may reflect failure of double fertilization and supports the single fertilization hypothesis [START_REF] Tian | Heterofertilization together with failed egg-sperm cell fusion supports single fertilization involved in in vivo haploid induction in maize[END_REF]108]. Indeed hetero-fertilization is a double fertilization but performed by two distinct sperm cells coming from two different pollen grains [110]. Experiments using two type of pollens (inducer and noninducer pollen) either by pollination with an equal mixture (1/1) [108] or by pollinating at two different time points [START_REF] Tian | Heterofertilization together with failed egg-sperm cell fusion supports single fertilization involved in in vivo haploid induction in maize[END_REF], demonstrated that pollen from haploid inducer lines leads to an average of 3-fold increase of the hetero-fertilization rate as compared to control situations. A heterofertilization rate up to 6.14 % was recorded for some crosses. Interestingly, the heterofertilization rate correlates with the haploid induction rate [START_REF] Tian | Heterofertilization together with failed egg-sperm cell fusion supports single fertilization involved in in vivo haploid induction in maize[END_REF]. In situ observations of fertilized ears by inducer pollen provides a more direct evidence of the existence of single fertilization events: some embryo sacs were found to harbor residual sperm nucleus that did not fuse with egg cell [START_REF] Swapna | Anomalous fertilization in haploidy inducer lines in maize (Zea mays L)[END_REF]. [START_REF] Tian | Heterofertilization together with failed egg-sperm cell fusion supports single fertilization involved in in vivo haploid induction in maize[END_REF] also observed division of the central cell without division of the egg cell, which might suggest single fertilization events. To sum-up, single fertilization of the central cell has been hypothesized to be sufficient to trigger egg cell development into a haploid embryo (Figure 3, hypothesis 2), whereas the symmetric situation in which the egg cell is solely fertilized provides a plausible explanation for a certain level of kernel abortion observed when using haploid inducer lines. However, the recent discovery that maternal haploid embryos can be edited via an editing machinery encoded by the paternal inducer line (see Section 2.4) [START_REF] Wang | Development of a Haploid-Inducer Mediated Genome Editing System for Accelerating Maize Breeding[END_REF][START_REF] Kelliher | One-step genome editing of elite crop germplasm during haploid induction[END_REF],

clearly rejects this single fertilization hypothesis, because paternal information must be mandatorily delivered to the egg cell for this to occur [START_REF] Jacquier | Puzzling out plant reproduction by haploid induction for innovations in plant breeding[END_REF]. But since not all haploid embryos are edited [START_REF] Wang | Development of a Haploid-Inducer Mediated Genome Editing System for Accelerating Maize Breeding[END_REF][START_REF] Kelliher | One-step genome editing of elite crop germplasm during haploid induction[END_REF], failure of sperm cell/egg cell fusion could still account for the production of part of the haploid embryos.

New hypothesis: combination of the two old hypotheses?

The knowledge gained by the recent identification of two molecular actors underlying maternal haploid induction in maize, opened up the possibility to evaluate haploid induction capacity of molecular players alone or in combination (see Section 4.2.1). This molecular dissection of haploid induction allowed to propose a comprehensive mode of action for haploid embryo production, that combined and revisited the historical hypotheses detailed above [START_REF] Jacquier | Puzzling out plant reproduction by haploid induction for innovations in plant breeding[END_REF].

The hypothesis of normal double fertilization, which is followed by paternal genome loss in embryos (Figure 3, hypothesis 1), might reflect the situation occurring in low haploid inducer lines, having 1-3% of haploid induction rate and carrying only the nld/matl/zmpla1 mutation [START_REF] Liu | Fine mapping of qhir8 affecting in vivo haploid induction in maize[END_REF][START_REF] Zhong | Mutation of ZmDMP enhances haploid induction in maize[END_REF]. On the contrary, modern haploid inducer lines with high haploid induction rates (8-12%) cumulate both nld/matl/zmpla1 and zmdmp mutations [START_REF] Zhong | Mutation of ZmDMP enhances haploid induction in maize[END_REF]. The fact that zmdmp in a context of wild-type NLD/MATL/ZmPLA1 induces extremely few haploid embryos (see Section 4.2.1), tends to exclude the scenario in which high haploid induction rate would be a consequence of the simple addition of haploid embryos generated from hypotheses 1 (genome loss) and hypothesis 2 (single fertilization). The synergistic effect of nld/matl/zmpla1 and zmdmp mutations on haploid induction allows to propose the following new hypothesis (Figure 3, hypothesis 3): the single fertilization event of the central cell is key to generate hetero-fertilization. Then, combining high hetero-fertilization rates with the three types of pollen grains (see Section 4.2.2) offers additional new fertilization contexts that are favorable to the development of supplementary kernels with haploid embryos. One specific case of hetero-fertilization, where central cell single fertilization by a "normal" sperm cell is followed by egg cell fertilization by a sperm cell with chromosome fragmentation, could now be seen as the main mechanism leading to haploid embryos (see Section 4.2.1) [START_REF] Jacquier | Puzzling out plant reproduction by haploid induction for innovations in plant breeding[END_REF]. In other words, central cell single fertilization offers a subsequent favorable context for seed development which would reveal haploid embryo induction when a defective sperm cell from another pollen fuses with the egg cell to pursue double fertilization. In contrast, in a situation,of no hetero-fertilization (no prior fertilization of the central cell), the arrival of two defective sperm cells would lead to aborted kernels and not to haploid embryo formation. This proposed mechanism remains of course to be experimentally validated, but it allows to revisit the action of single fertilization. Single fertilization could now be viewed as important to generate hetero-fertilizations that boost maternal haploid embryo formation (Figure 3, hypothesis 3) [START_REF] Jacquier | Puzzling out plant reproduction by haploid induction for innovations in plant breeding[END_REF].

One thing is certain: maternal haploid induction has now to be seen as a complex process having multiple facets, combining several defects during pollen development, double fertilization and early embryogenesis. Identifying additional molecular players will undoubtedly help to resolve the puzzle.

Concluding remarks

Maize haploid inducer lines have the advantage to be universal, in the sense that they permit to generate haploid embryos on any given genotype, contrary to most of in vitro methods. Both in planta and in vitro DH technology is currently intensively used to shorten breeding schemes for inbred line development and hybrid seed production [START_REF] Liu | Maize Doubled Haploids[END_REF]. The success of maize haploid inducer expanding in planta haploid induction to additional crops. Further translation to more distant dicotyledonous species seems more delicate due to difficulties to identify the functional orthologs of NLD/MATL/ZmPLA1 [START_REF] Gilles | Loss of pollen-specific phospholipase NOT LIKE DAD triggers gynogenesis in maize[END_REF]. However, this is not the case for ZmDMP, in which clear dicots orthologous genes were found [START_REF] Zhong | A DMPtriggered in vivo maternal haploid induction system in the dicotyledonous Arabidopsis[END_REF]. Interestingly, a mutant impaired in the two Arabidopsis thaliana orthologous genes AtDMP8 and AtDMP9 induces maternal haploid, although at low rate (2%) [START_REF] Zhong | A DMPtriggered in vivo maternal haploid induction system in the dicotyledonous Arabidopsis[END_REF].This recent discovery could lay the foundations for development of new in planta haploid induction systems in dicotyledonous crops. [START_REF] Li | Single nucleus sequencing reveals spermatid chromosome fragmentation as a possible cause of maize haploid induction[END_REF]. Germination on pollen grains on female silks allows pollen tubes to reach embryo sacs to release sperm cell pair. In normal double fertilization (the majority of cases), the sperm cell/egg cell fusion gives rise to the diploid embryo, and the parallel sperm cell/central cell fusion gives rise to the triploid endosperm (nourishing tissue). Hypothesis 1 speculates that double fertilization occurs, but that only one of the three possible pollen grains would induce a haploid embryo, i. e. when an aneuploid sperm cell fuses with the egg cell, whereas the normal paired sperm cell fuses with the central cell. This would lead to progressive loss of paternal genome only in the embryo, whereas the endosperm develops correctly, ensuring the production of a well-developed kernel with a haploid embryo. Hypothesis 2 speculates that

  lines was made possible by very successful breeding efforts to increase the low induction rate of the original stock-6, together with progress in methods for haploid identification by genetic markers. The limiting step for industrial DH breeding is nowadays the genome doubling method. The genetic variability uncovered for the spontaneous genome doubling trait in maize germplasm might represent a promising starting point for an efficient alternative to present chemical or physical methods of chromosome doubling [68]. Interestingly, identification of molecular players involved in maternal haploid induction has successfully permitted to translate haploid induction capacity to rice [111] and wheat [112, 113],
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 1 Figure 1. Overview of DH scheme using maize in planta haploid induction. Schematic presentation of DH technology in maize. Maize haploid kernels with haploid embryo are first generated thanks to in planta haploid induction. They are then sorted among the normal kernels before being processed for genome doubling to obtain pure homozygous DH lines.

Figure 2 .

 2 Figure 2. Rapid inbred line development using maize in planta maternal haploid inducer lines.Both single seed descent (SSD) scheme and DH scheme start with plants having interesting traits with high heterozygosity. Inbred line production using the single seed descent (SSD) scheme consists of several runs of self-fertilization of the individuals of interest. In comparison to DH scheme, the SSD method is longer in time and derived inbred lines can still have residual heterozygosity. For the DH scheme, pollen from a haploid inducer line is used for a cross with a plant with high heterozygosity, used as female. About 5-10% of the developed kernels will carry haploid embryos of maternal origin. Each haploid embryo has a different maternal chromosome/gene combination. After haploid identification and chromosome doubling, selfing the fertile plants results in homogeneous progeny of homozygous DH plants.
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 3 Figure 3. Hypothetical mechanisms behind maize in planta maternal haploid induction. Different hypotheses to explain seed-based maternal haploid embryo induction in maize. Anomalies during pollen development lead to at least three types of pollen grains with different genomic integrity in sperm cells (upper right)[START_REF] Li | Single nucleus sequencing reveals spermatid chromosome fragmentation as a possible cause of maize haploid induction[END_REF]. Germination on pollen grains on female silks allows pollen tubes
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the single fertilization of the central cell by a normal sperm cell would be sufficient to trigger autonomous development of the haploid egg cell into a haploid embryo. Recent insight into the molecular actors that control maternal haploid induction (see Section 4.2.1) not only confirms each of the two hypotheses individually but also suggests a synergistic combination, hypothesis 3, whereby single fertilization could be followed by hetero-fertilization, allowing a second pollen tube to deliver new pairs of sperm cells. In the case of a defective sperm cell, this would offer additional possibilities to be in the favorable situation depicted for hypothesis 1 (see Section 4.2.4). This unified hypothesis is supported by the observation that double mutants for the molecular players have synergistic effects. Please note that this diagram is not exhaustive and depicts only the most interesting cases.