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Introduction

Plant breeding programs are currently integrating haplomethods in order to quickly obtain homozygous plants and to thus reduce the time required for commercial registration of new cultivars [START_REF] Echávarri | Enhancement in androgenesis efficiency in barley (Hordeum vulgare L.) and bread wheat (Triticum aestivum L.) by the addition of dimethyl sulfoxide to the mannitol pretreatment medium[END_REF]. The production of doubled haploids (DH) has therefore become a key tool for the improvement of the breeding process. Since the first report of microspore-derived embryos from Datura anther culture in 1964 [START_REF] Guha | In vitro Production of Embryos from Anthers of Datura[END_REF], androgenesis has been applied to a wide range of plant species [START_REF]Doubled Haploid Production in Crop Plants[END_REF]. This technique is based on a microspore switch from the gametophytic pathway, resulting in mature pollen formation, towards the sporophytic pathway that leads to embryo production. This switch results from the application of a suitable stress on microspores at a precise developmental stage. Thus, all microspores, from the mid-uninucleate to the early binucleate stage, depending on the species, are potentially capable of forming embryos [START_REF] Touraev | Initiation of microspore embryogenesis by stress[END_REF][START_REF] Indrianto | Tracking individual wheat microspores in vitro: identification of embryogenic microspores and body axis formation in the embryo[END_REF], but only a minority of them actually acquire this embryogenic competence. In Brassica, a heat shock from 30 to 35°C is usually applied [START_REF] Custers | Temperature controls both gametophytic and sporophytic development in microspore cultures of Brassica napus[END_REF][START_REF] Leroux | Inhibition of ethylene biosynthesis enhances embryogenesis of cultured microspores of Brassica napus[END_REF], while a cold treatment or an osmotic shock is used for many cereals. In the wheat androgenesis process, the stressed microspores are then plated and require ovary co-culture to survive and develop in in vitro culture [START_REF] Bruins | Isolated microspore culture in wheat (Triticum aestivum L.): the effect of co-culture of wheat or barley ovaries on embryogenesis[END_REF][START_REF] Hu | Improvement of isolated microspore culture of wheat (Triticum aestivum L.) through ovary co-culture[END_REF]. Throughout the process, androgenesis efficiency is influenced by many factors such as the quality and physiology of donor plants [START_REF] Touraev | The microspore: A haploid multipurpose cell[END_REF], genotype [START_REF] Dwivedi | Haploids: Constraints and opportunities in plant breeding[END_REF], the developmental stage of microspores [START_REF] Datta | Androgenic haploids: Factors controlling development and its application in crop improvement[END_REF], stress-inducing pretreatment [START_REF] Jähne | Cereal microspore culture[END_REF] and culture conditions [START_REF] Kumari | Albinism in Plants: A Major Bottleneck in Wide Hybridization, Androgenesis and Doubled Haploid Culture[END_REF]. The achievement of this technique lies in the success of embryogenesis induction as well as in the regeneration of doubled haploid plants. Consequently, DH protocol development and optimization can be difficult, time-consuming and expensive.

In addition to being an essential tool for breeders, androgenesis, in particular, is an interesting way to study embryogenesis without the interactions of seed tissues, allowing the exploration of the underlying plant development process [START_REF] Olmedilla | Microspore Embryogenesis[END_REF]. Isolated microspore cultures allow an easy monitoring of microspores and their development, becoming a model to investigate embryogenesis, particularly in the early stages, in numerous cellular and molecular studies [START_REF] Testillano | Microspore embryogenesis: targeting the determinant factors of stressinduced cell reprogramming for crop improvement[END_REF][START_REF] Rivas-Sendra | Embryogenic competence of microspores is associated with their ability to form a callosic, osmoprotective subintinal layer[END_REF][START_REF] Pauls | When microspores decide to become embryos -Cellular and molecular changes[END_REF][START_REF] Sánchez-Díaz | Microspore embryogenesis in wheat: new marker genes for early, middle and late stages of embryo development[END_REF]. During the androgenesis process, many cellular and structural changes are visible in wheat.

First, an enlargement of certain cells is visible and cytoplasmic strands connecting both perinuclear and subcortical cytoplasms fragment the vacuole. The nucleus displays a central position. These so-called star-like microspores are a transient and characteristic stage that attest to the embryogenic potential of wheat microspores [START_REF] Indrianto | Tracking individual wheat microspores in vitro: identification of embryogenic microspores and body axis formation in the embryo[END_REF][START_REF] Touraev | Efficient microspore embryogenesis in wheat (Triticum aestivum L.) induced by starvation at high temperatures[END_REF][START_REF] Maraschin | Time-lapse tracking of barley androgenesis reveals position-determined cell death within proembryos[END_REF][START_REF] Seguí-Simarro | How microspores transform into haploid embryos: changes associated with embryogenesis induction and microspore-derived embryogenesis[END_REF] and can be found in other plant species such as rice [START_REF] Raina | High-frequency embryogenesis and plantlet regeneration from isolated microspores of indica rice[END_REF], rapeseed [START_REF] Zaki | Microspore-derived embryos in Brassica: the significance of division symmetry in pollen mitosis I to embryogenic development[END_REF] and tobacco [START_REF] Touraev | Initiation of microspore embryogenesis by stress[END_REF][START_REF] Touraev | Stress as the major signal controlling the developmental fate of tobacco microspores: towards a unified model of induction of microspore/pollen embryogenesis[END_REF]. Despite this, it has been reported that star-like microspores do not always produce androgenic structures in barley microspore suspensions [START_REF] Maraschin | Time-lapse tracking of barley androgenesis reveals position-determined cell death within proembryos[END_REF][START_REF] Daghma | Time-lapse imaging of the initiation of pollen embryogenesis in barley (Hordeum vulgare L.)[END_REF][START_REF] Soriano | Microspore embryogenesis: establishment of embryo identity and pattern in culture[END_REF]. Embryogenic microspores are also subjected to changes in the cytokinesis pattern, with their phragmoplast rearrangement allowing a first symmetrical division. This specific division is the first indicator of the onset of sporophytic development, in contrast with the first asymmetric division during pollen development [START_REF] Indrianto | Tracking individual wheat microspores in vitro: identification of embryogenic microspores and body axis formation in the embryo[END_REF][START_REF] Leroux | Inhibition of ethylene biosynthesis enhances embryogenesis of cultured microspores of Brassica napus[END_REF][START_REF] Pauls | When microspores decide to become embryos -Cellular and molecular changes[END_REF][START_REF] Seguí-Simarro | How microspores transform into haploid embryos: changes associated with embryogenesis induction and microspore-derived embryogenesis[END_REF][START_REF] Bonet | Structural changes during early embryogenesis in wheat pollen[END_REF]. However, various studies have reported that both symmetric and asymmetric first division could occur in embryogenic microspores, leading to embryo formation [START_REF] Soriano | Microspore embryogenesis: establishment of embryo identity and pattern in culture[END_REF][START_REF] Barnabás | Colchicine, an efficient genome-doubling agent for maize (Zea mays L.) microspores cultured in anthero[END_REF][START_REF] Gonzalez | Microspore development during in vitro androgenesis in triticale[END_REF][START_REF] Tang | Exine dehiscing induces rape microspore polarity, which results in different daughter cell fate and fixes the apical-basal axis of the embryo[END_REF], including in wheat anther cultures [START_REF] Indrianto | Tracking individual wheat microspores in vitro: identification of embryogenic microspores and body axis formation in the embryo[END_REF][START_REF] Hassawi | Microspore development in the anther culture of wheat (Triticum aestivum L.)[END_REF]. In that case, wheat embryogenic microspore nuclei actively divide and form multinucleate structures, becoming an androgenic marker easily observable in microscopy.

However, depending on the species and genotypes, multinucleate cells can be relatively poorly represented within cultures and therefore difficult to count. Androgenic microspores can also be characterized by the presence of a preprophasic band, absent in pollen, marking the position of the future cell wall [START_REF] Pauls | When microspores decide to become embryos -Cellular and molecular changes[END_REF][START_REF] Gervais | Rearrangement of the actin filament and microtubule cytoskeleton during induction of microspore embryogenesis in Brassica napus L. cv. Topas[END_REF]. In Brassica napus, studies highlight that the intine thickness increase, the specific changes in the cell wall composition and the formation of the osmoprotective subintinal layer occur only in embryogenic microspores at different developmental stages [START_REF] Rivas-Sendra | Embryogenic competence of microspores is associated with their ability to form a callosic, osmoprotective subintinal layer[END_REF][START_REF] Bonet | Structural changes during early embryogenesis in wheat pollen[END_REF][START_REF] Schulze | Flow cytometric analysis of cellulose tracks development of embryogenic Brassica cells in microspore cultures[END_REF][START_REF] Ribalta | Flow cytometry enables identification of sporophytic eliciting stress treatments in gametic cells[END_REF][START_REF] Corral-Martínez | Dynamic Changes in Arabinogalactan-Protein, Pectin, Xyloglucan and Xylan Composition of the Cell Wall During Microspore Embryogenesis in Brassica napus[END_REF].These numerous morphological, structural and biochemical alterations can be used as markers to finely study the embryogenic development of microspores and to improve embryo yields. To track and elucidate intracellular changes that occur during microspore embryogenesis, these approaches require various microscopic approaches and are sometimes coupled with sample fixation or monolayer microspore culture [START_REF] Indrianto | Tracking individual wheat microspores in vitro: identification of embryogenic microspores and body axis formation in the embryo[END_REF][START_REF] Daghma | Time-lapse imaging of the initiation of pollen embryogenesis in barley (Hordeum vulgare L.)[END_REF][START_REF] Daghma | Cellular dynamics during early barley pollen embryogenesis revealed by time-lapse imaging[END_REF]. However, these methods remain cumbersome, time-consuming and complex to set up.

Impedance flow cytometry (IFC) is based on the analysis of the dielectric properties of cells by application of an alternating current. This technique uses microfluidic chips containing electrodes and a microchannel of various sizes, coupled to a Coulter system. The electrode geometry, the microchannel, the buffer conductivity and the application of alternating current at adjustable frequencies first determine the system impedance. When crossing the microchannel, cell suspension modifies the system impedance, reflecting the cells' intrinsic dielectric properties. Depending on the frequency used, ranging from 0.5 to 30 MHz, IFC provides different information levels, from cell size to intracellular properties, and cell viability [START_REF] Cheung | Microfluidic impedance-based flow cytometry[END_REF]. Many studies have been carried out using IFC on microorganisms to determine cell viability and the size of yeast in bacteria suspensions [START_REF] Gawad | Micromachined impedance spectroscopy flow cytometer for cell analysis and particle sizing[END_REF][START_REF] David | Viability and membrane potential analysis of Bacillus megaterium cells by impedance flow cytometry[END_REF][START_REF] Opitz | Rapid determination of general cell status, cell viability, and optimal harvest time in eukaryotic cell cultures by impedance flow cytometry[END_REF], and to study tumor cell differentiation, apoptosis and necrosis [START_REF] Gawad | Micromachined impedance spectroscopy flow cytometer for cell analysis and particle sizing[END_REF][START_REF] Pierzchalski | Labelfree hybridoma cell culture quality control by a chip-based impedance flow cytometer[END_REF][START_REF] Crocetti | Low Intensity and Frequency Pulsed Electromagnetic Fields Selectively Impair Breast Cancer Cell Viability[END_REF][START_REF] Collins | High throughput toxicity screening and intracellular detection of nanomaterials[END_REF]. IFC was recently introduced into plant biology research and is currently used for pollen viability analysis by breeders. This technology has also proven itself to be efficient to detect pollen developmental stages, from tetrad to mature trinucleate pollen in tobacco [START_REF] Heidmann | Impedance Flow Cytometry: A Novel Technique in Pollen Analysis[END_REF]. Xu et al. [START_REF] Xu | Mapping quantitative trait loci for heat tolerance of reproductive traits in tomato (Solanum lycopersicum)[END_REF] identified the QTL qPV11 implicated in the heat tolerance of tomato pollen using IFC to phenotype the pollen viability. Moreover, IFC also detected abnormal pollen development in the case of pollen sterility of potato [START_REF] Heidmann | Impedance Flow Cytometry as a Tool to Analyze Microspore and Pollen Quality[END_REF]. Likewise, this technology assesses pollen quality by determining germination capacity and pollen viability for many species such as tomato, cucumber and sweet pepper. Heidmann et al. [START_REF] Heidmann | Impedance Flow Cytometry: A Novel Technique in Pollen Analysis[END_REF] recently demonstrated that the use of IFC as a predictive tool for tomato pollen germination is possible. This technology, non-invasive and label-free, thereby covers vast application fields in cell biology.

Using IFC analyses, we investigated the possibility to characterize the different developmental pathways occurring during wheat microspore in vitro culture. The goal was to develop a new marker to allow the early prediction of androgenic embryo yield in a quick, reliable and precise manner.

Material and Methods.

Plant material and growing conditions

Seeds of the spring wheat (Triticum aestivum L.) genotype Pavon were germinated and cultivated in a growth chamber for two weeks (17°C night, 19°C day with a 16-h light period and 70% relative humidity).

Seedlings were then transferred to four-liter pots (TREF, EGO N°120), fertilized (Horti-Cote® Plus CRF 15-6-11) and grown in a growth chamber under controlled conditions until tillering (12°C night, 18°C day, with a 16-h light period and 60% relative humidity).

Tiller harvest, pretreatment and microspore culture

Tillers were harvested approximately eight weeks after the seedlings, when the majority of anthers contained mid-to late-uninucleate stage microspores. The microspore developmental stages were checked with DAPI staining [START_REF] Vergne | Rapid Assessment of Microspore and Pollen Development Stage in Wheat and Maize Using Dapi and Membrane Permeabilization[END_REF]. Tillers were placed in jars filled with sterile water and cold pre-treated at 4°C for 21 days in the dark, according to the method used by De Buyser et al. [START_REF] Buyser | Haplodiploïdisation par culture de microspores isolées de blé in vitro[END_REF].

After pretreatment, spikes were sterilized and microspores were isolated and cultured according to Zheng et al. (modified) [START_REF] Zheng | Production of doubled haploids in wheat (Triticum aestivum L.) through microspore embryogenesis triggered by inducer chemicals, in: Doubled Haploid Prod. Crop Plants[END_REF]. Ovary co-culture was carried out with two ovaries/mL of microspore suspension [START_REF] Buyser | Haplodiploïdisation par culture de microspores isolées de blé in vitro[END_REF]. Cultures were incubated at 28°C in the dark for 30 days. The embryo yield was established at 30 days by counting the number of embryos per 10,000 microspores.

Sample preparation for IFC measurement

IFC analyses were done on samples collected 21 days before plating (D-21), just before plating (D0), and 1, 5 and 7 days after plating (D1, D5 and D7).

At D-21, microspore suspension was prepared from four freshly collected spikes to produce the baseline IFC data on microspores before androgenesis. Other samples were produced by collecting microspores from suspension cultures.

Samples were prepared immediately before IFC analysis: 1 mL of microspore suspension was filtered with a 70-µm filter (pluriSelect), and 2 mL of IFC buffer were added to each sample (AF4, Amphasys). An aliquot of 200 µL of each sample was used for microscopic observations.

To obtain non-viable controls that would allow a clear discrimination between viable and nonviable cells in IFC analysis, heat-treated samples were prepared and analyzed for each measurement. One mL of microspore suspension was heated at 90°C for 7 min with a thermoshaker (Grant-Bio). After cooling down to room temperature, the heat-treated samples were processed, as previously explained.

IFC analyses

Microspore suspensions were analyzed using the impedance flow cytometer device AmphaZ32 (Amphasys, Switzerland) at 0.5 and 12 MHz. Parameter settings were: trigger level: 0.1V; modulation: 5; amplifier: 5; demodulation: 0; and pump: 80 rpm. A 120-µm channel chip was used. Data were analyzed with Amphasoft, version 2.1.5.0. Integrated values of microspore impedance are represented in a graph with the phase angle in the x-axis and the amplitude in the y-axis. Various gatings such as vertical and polygons can be drawn to categorize each cell set, depending on these two parameters.

In the present study, we defined and analyzed different types of variables calculated by the software. Cell viability, expressed in percentage of viable cells, was calculated each day of analysis from seven independent microspore cultures. Polygons, referred to as P1, P2 and P3, were drawn manually using the gating tool. Each dot plot inside a polygon can be characterized by its phase angle median and amplitude median, automatically calculated by Amphasoft.

These medians represent the central value of the dot plot in the polygon. In this study, the variables, referred to as "phase angle median" and "amplitude median", correspond to means of medians from a minimum of five microspore suspensions with three technical replicates. The percentage of viable microspores out of the total number of cells was calculated for each polygon.

Staining and microscopy

Three different methods were used in visible light microscopy for microspore observations. Microspores were observed: (1) without staining; (2) with fluorescein diacetate (FDA) staining; or (3) with 4,6-diamidino-2-phenylindole, dihydrochloride (DAPI) staining. An inverted microscope (Olympus CKX41) and a microscope equipped for fluorescence illumination (Olympus BH-2) were used. A solution of 100 µL of DAPI (4mg.mL -1 ) or FDA (41.10 -3 mg.mL - 1 ) [START_REF] Heslop-Harrison | Evaluation of pollen viability by enzymatically induced fluorescence; intracellular hydrolysis of fluorescein diacetate[END_REF] were added to 200 µL of microspore samples prepared as explained above, and at least 200 microspores per sample were counted. DAPI-stained microspores were classified as uninucleate, binucleate, trinucleate and multinucleate, and the percentage of each category was calculated. Cell viability was estimated using FDA staining, as a percentage of fluorescent microspores out of the total number of cells counted. The percentage of star-like microspores within the population was determined using light microscopy at D0 only.

Statistical analyses

Seven biological replicates of microspore suspension culture were performed in this study and technical triplicates were done for each IFC measurement.

For statistical analyses, we used R software, version 3.5.0, with the Rcmdr interface and the missMDA package in R [START_REF] Josse | missMDA: A Package for Handling Missing Values in Multivariate Data Analysis[END_REF] to replace missing entries with plausible values.

Results

IFC measures cell viability in microspore suspensions.

Impedance flow cytometry (IFC) allows us to characterize cells according to their dielectric properties when they are subjected to alternating currents at different frequencies. In the first step, to discriminate viable and non-viable cells, microspores in culture medium were sampled, diluted in analysis buffer and analyzed by IFC at 12 MHz. These microspore populations were collected at different times, before and during cell culture, from D-21 to D7.

Aliquots of each sample were heat-treated to inactivate microspores and analyzed as negative controls. In the heat-treated samples, the non-viable microspore population was characterized by a homogenous IFC signal with a low phase angle and amplitude (Figure 1A). In the untreated samples, two discrete populations coexisted: one with a low phase angle and amplitude, and the other with a high phase angle and amplitude (Figure 1B). We therefore referred to the population with a low phase angle as the dead microspores and the population with a high phase angle as the viable ones.

In the second part of the experiment, a series of cell population mixtures was prepared by mixing a fresh and heat-treated microspore suspension to obtain a range from 0% to 90% of viable microspores. The 15 resulting samples were analyzed with two types of cell viability measurements: IFC at 12 MHz and FDA staining. A strong correlation between these two sets of measurements was found with r²=0.99 (Figure 1C).

These results demonstrate that IFC technology allows cell viability measurements of microspore suspensions in culture medium, from tiller harvesting until day 7 of in vitro culture.

IFC detects different microspore developmental stages during pollen formation.

IFC analyses were carried out on the gametophytic development of wheat pollen in order to identify their impedance characteristics. We collected microspores at different developmental stages, from mid-to-late uninucleate to mature trinucleate, from different sized tillers. Samples were prepared in the same conditions as previously described and the developmental stages were checked by microscopy before IFC measurement.

Early to late binucleate microspores (Figure 2 EB, LB) showed a significant increase in phase angle compared to uninucleate microspores (Figure 2 ML/D-21). Conversely, the final stages of gametophytic development displayed a decrease in phase angle (Figure 2 ET, LT). We also noticed an increase in the amplitude signal during pollen formation (Figure 2 ET, LT), which can be explained by the increase in microspore size, as observed in microscopy (Figure 3 A,B,C). The phase angle and amplitude variations appeared to reflect cellular and cytoplasmic changes occurring within microspores, such as meiosis events, cytoplasmic activity and cell size increase. IFC therefore made it possible to monitor microspore development into mature pollen.

IFC detects different microspore development stages during androgenesis.

Microspore suspensions were analyzed by IFC throughout the androgenesis process, highlighting significant impedance variations (Figure 2 D-21 to D7). To characterize these variations, three polygons were determined manually and in a non-overlapping manner with Amphasoft interface at three precise stages of the androgenesis process. These stages were: spike collecting (D-21), microspore isolation (D0), and after five days of in vitro culture (D5).

For each polygon, phase angle and amplitude medians of all microspores present inside were averaged and used to characterize the corresponding microspore population.

The first identified polygon was called P1. It defined the viable microspore population present at the beginning of the androgenesis process at D-21. Phase angle and amplitude medians of viable cells present in this polygon P1 were 240±8 and 0.6±0.1, respectively. After stress application for androgenesis induction (i.e., pretreatment), viable microspores exhibited impedance variations from D0 to D7. First, some microspores showed an increase in phase angle at D0. This population was specified by a P2 polygon with phase angle and amplitude medians of 315±4 and 0.7±0.1, respectively. Secondly, throughout the culture, some of the viable microspores displayed a continuous increase in phase angle but also in amplitude. This cell population was characterized by a P3 polygon and by phase angle and amplitude medians of 354±1 and 2.4±0.4, respectively.

The phase angle and amplitude medians presented above were calculated and determined the day at which the polygon was defined: at D-21, D0 and at D1 for polygons P1, P2 and P3, respectively. Statistical analysis revealed that the phase angle medians are significantly different for the three polygons, while only the P3 amplitude median is significantly different from the others (Figure 4 A andB). We thus assumed that these impedance phase angle and amplitude variations reflect intracellular changes occurring within microspores during androgenesis, and could therefore be associated with biological phenomena.

Impedance variations express morphological and intracellular changes occurring within

the microspores during androgenesis.

IFC shows a decrease in microspore viability during the androgenesis process.

Microspore viability is an important parameter to monitor during the androgenesis process in order to control the quality of cell suspensions as well as the impact of the process factors. At the spike collecting stage (D-21), cell viability was 81.90% on average (Figure 5). Cell viability decreased by more than half during stress treatment under these experimental conditions (between D-21 and D0). After one day of in vitro culture (D1), no significant variation in cell viability was observed. In contrast, it significantly decreased after D1, reaching 10.4% at D7.

Microscopic characterization of intracellular changes occurring in microspores during androgenesis.

In addition to IFC measurements, microscopic studies were carried out on the wheat microspore developmental pathways during the androgenesis process (Figure 3). At D-21, the microspores observed with DAPI staining were mainly at the mid-to lateuninucleate stage, the preferential developmental stage in wheat for androgenesis induction.

Microscopic observations after stress treatment at D0 showed morphological changes within some microspores, and different types of development were visible. One part of the microspores did not seem to develop during pretreatment: these cells had a single nucleus and no vacuolization was visible (Figure 3 A). Another part of the microspores showed one or two nuclei in a surrounding position due to the presence of a large vacuole (Figure 3 B). A final microspore subpopulation exhibited a star-like morphology: significant vacuolization with cytoplasmic strands crossing through the vacuoles and connecting perinuclear and subcortical cytoplasms (Figure 3 D). Their nucleus was in a central position. During the first seven days of culture, two new types of microspores appeared: trinucleate microspores with three more or less elongated nuclei (Figure 3 C), and multinucleate microspores characterized by a nuclei number equal to or greater than four (Figure 3 E). Multinucleate microspores exhibited a gradual disappearance of vacuoles and the potential appearance of small vesicles within this cell type. Plasmolyzed cell (Figure 3 F) frequency increased throughout the culture, and less and less cells had intact nuclei visible in microscopy (data not shown). 

Microspores were categorized according to their nuclei number and cytological characteristics, and the distribution of cells in each category was calculated and expressed in percentage in

Early biological changes occurring within microspores explain impedance variations during androgenesis.

Data from IFC analyses were compared to microscopic observations to improve the understanding of impedance variations observed in microspores during the androgenesis process (Figure 6 A).

IFC measurements performed at D-21 showed that P1 polygons contained a large majority of the viable microspores, about 80% of the 81.90% viable cells. As observed using microscopy, cells were mostly uninucleate microspores. From D0 and throughout the culture, the percentage of viable microspores in the P1 polygon then decreased to reach 2%, whereas microscopic examinations revealed that the proportion of uninucleate cells remained stable during in vitro culture.

The majority of viable microspores at D0, about 33%, were contained in the P2 polygon. This proportion gradually decreased during microspore culture. D0 is a precise and important step in androgenesis and marks the transition between stress treatment, allowing the microspore switch towards the sporophytic pathway and in vitro culture required for embryogenic structure development. Comparison of the percentage of viable microspores in the P2 polygon and starlike microspore proportion at D0 showed a significant correlation (r²=0.88) between these two variables (Figure 6 B). The slope value of the correlation line is 0.82 and can be explained by the fact that no distinction is made between viable and non-viable microspores by light microscopy, unlike IFC analysis.

These results show that IFC can very precisely discriminate the different developing cell populations during the early stages of androgenesis. Moreover, IFC measurement at D0 is a potentially reliable predictor for microspore suspension reactivity.

The percentage of viable cells in the P3 polygon measured by IFC provides an early prediction of embryo yield.

To investigate microspore culture characterization by IFC, we studied the evolution of cells contained in polygon P3 from D1 to D7.

The highest proportion of viable microspores in the P3 polygon was reached at D1 (10%) but this proportion then dropped during culture as mortality increased (Figure 6 A). However, the phase angle and amplitude of the microspore population in the P3 polygon increased throughout microspore culture (Figure 2 

D1 to D7).

Contrary to expectations, no correlation was found between the percentage of viable microspores in the P3 polygon and the proportion of multinucleate microspores (data not shown). By comparing the IFC data of wheat gametophytic and sporophytic developments (Figure 2), we showed that no viable microspore was present in the P3 polygon during pollen formation, regardless of the gametophytic developmental stage. These results allowed us to conclude that during the androgenesis process, the cells present in the P3 polygon did not correspond to microspores developing into pollen. As previously stated, multinucleate microspores remain a very rare event to be observed by microscopy. In contrast, with IFC analysis, an average of 8,283 cells per sample was counted and an average of about 293 microspores were present in the P3 polygon at D7. The absence of correlation could therefore be explained by technical constraints based on the low number of cells counted by microscopy, insufficient to characterize the real composition of microspore populations in culture. It was therefore crucial to implement another approach to characterize the microspore population in the P3 polygon.

We decided to set up a novel statistical approach to try to connect the microspores in the P3 polygon with the reactivity level of a microspore suspension. For this advanced approach, we used classic mathematical model methods: first, a generalized linear model to predict embryo production and, second, a linear model for embryo yield prediction. We decided to fix a minimal value for cell culture reactivity for the Pavon genotype at 0.3 embryos per 10,000 microspores.

Only four of the seven biological replicates showed an acceptable level of reactivity and were used to further construct the mathematical procedure.

First, we investigated if embryo production, or lack of embryo production, could be predicted by IFC data. Statistical analysis (PCA) showed that the percentage of viable microspores in the P3 polygon at D7 was the best predictive variable for embryo production. Thus, if the percentage of viable microspores in the P3 polygon at D7 exceeds the threshold of 3.1%, the microspore suspension will produce embryos (data not shown).

Secondly, we established a mathematical model based on this same variable to predict embryo yield of a microspore suspension. In this linear model, if the percentage of viable microspores in the P3 polygon at D7 exceeds 3.1%, as previously stated, then the embryo production number by a microspore suspension can be predicted by the equation: y=6.539x-20.827, with y corresponding to the number of embryos per 10,000 microspores and x corresponding to the percentage of viable microspores in the P3 polygon at D7 (Figure 7). When applied to our four biological replicates, this mathematical model presented a high significance level (r²=0.95 and p-value=0.02).

Discussion

The first research work using IFC analyses on plant cells was published in 2016 by Heidmann et al. [START_REF] Heidmann | Impedance Flow Cytometry: A Novel Technique in Pollen Analysis[END_REF]. It reported viability measurement of pollen from different plant species at different stages of development, from tetrad to mature pollen. In our study, we demonstrated that microspore suspension viability can also be measured by IFC during the early stages of the androgenesis process. In addition, the sample preparation method described here for the first time allows microspore analysis in their own in vitro culture medium. This novel methodology preserves microspore viability during the sample preparation for IFC analysis and therefore eliminates the potential biases of damaged cells.

We easily monitored microspore viability evolution using IFC, from tiller harvesting to the first seven days of culture. The decrease in cell viability observed in our study is in agreement with other studies carried out on several isolated microspore culture systems [START_REF] Reynolds | A Cytological Analysis of Microspores of Triticum aestivum (Poaceae) During Normal Ontogeny and Induced Embryogenic Development[END_REF][START_REF] Rodriguez-Serrano | ROS, and cell death associated with caspase-like activity increase in stress-induced microspore embryogenesis of barley[END_REF][START_REF] Pérez-Pérez | Modulation of autophagy and protease activities by small bioactive compounds to reduce cell death and improve stress-induced microspore embryogenesis initiation in rapeseed and barley[END_REF]. The first viability decline (from D-21 to D0) may be associated with stress treatment effects. The inductive stress applied to microspores induces several protection and stress-response processes such as heat shock protein expression, proteolytic machinery activation and autophagy [START_REF] Testillano | Microspore embryogenesis: targeting the determinant factors of stressinduced cell reprogramming for crop improvement[END_REF][START_REF] Seguı -Simarro | Hsp70 and Hsp90 change their expression and subcellular localization after microspore embryogenesis induction in Brassica napus L[END_REF].

Studies showed that in barley microspore cultures, autophagy is induced after pretreatment and could be responsible for stress-induced cell death within these microspores [START_REF] Rodriguez-Serrano | ROS, and cell death associated with caspase-like activity increase in stress-induced microspore embryogenesis of barley[END_REF][START_REF] Pérez-Pérez | Modulation of autophagy and protease activities by small bioactive compounds to reduce cell death and improve stress-induced microspore embryogenesis initiation in rapeseed and barley[END_REF][START_REF] Bárány | Autophagy is activated and involved in cell death with participation of cathepsins during stress-induced microspore embryogenesis in barley[END_REF].

However, this stress is fundamental for the microspore switch towards the sporophytic pathway [START_REF] Touraev | Initiation of microspore embryogenesis by stress[END_REF]. It is therefore necessary to adapt the stress conditions to allow a maximum of microspore reorientation, while preserving their integrity and viability. A second viability drop is observed during microspore culture, corresponding to the degeneration and death of non-responsive and non-embryogenic microspores [START_REF] Soriano | Microspore embryogenesis: establishment of embryo identity and pattern in culture[END_REF]. Thanks to viability measurement by IFC, it is now possible to multiply stress condition tests and easily evaluate their impact on cell culture viability. IFC is therefore an advantageous tool for routinely monitoring cell viability.

During in vitro culture, microspores arrest their development, continue on a gametophytic pathway leading to pollen formation, or switch to a sporophytic program. Among the responsive microspores, some of them stop their development after only several divisions, whereas the others develop into androgenic structures [START_REF] Soriano | Microspore embryogenesis: establishment of embryo identity and pattern in culture[END_REF]. After pretreatment, the coexistence of various cell fates and types within the same microspore suspension makes it widely heterogeneous. The separation of these different structures during the early androgenic stages remains difficult at this time [START_REF] Testillano | Microspore embryogenesis: targeting the determinant factors of stressinduced cell reprogramming for crop improvement[END_REF][START_REF] Testillano | Stress-Induced Microspore Embryogenesis in Crop Plants: Cell Totipotency Acquisition and Embryo Development[END_REF]. IFC allows quick and simple cell population description on heterogeneous populations of isolated microspores in culture without cell sorting.

In this paper, we highlighted amplitude and phase angle increases in microspore suspensions during the androgenesis process and connected these impedance variations to well-known cellular mechanisms described in microspore embryogenesis. Responsive microspores undergo considerable morphological changes as well as a significant cytological reorganization [START_REF] Pauls | When microspores decide to become embryos -Cellular and molecular changes[END_REF].

The embryogenic development of microspores can actually be divided into three phases: acquisition of embryogenic potential, multinucleate structure development and embryo formation [START_REF] Maraschin | Time-lapse tracking of barley androgenesis reveals position-determined cell death within proembryos[END_REF]. Our results can be linked to the two first phases. We show that the first intracellular changes occurring in androgenesis are reflected by the significant increase in the impedance phase angle of a proportion of viable microspores. At this stage, responsive microspores are subjected to profound modifications of their genetic machinery with the repression of genes related to a gametophytic program and, conversely, the initial overexpression of stress-resistant genes and genes associated with embryogenic development [START_REF] Seguí-Simarro | How microspores transform into haploid embryos: changes associated with embryogenesis induction and microspore-derived embryogenesis[END_REF][START_REF] Ribalta | Flow cytometry enables identification of sporophytic eliciting stress treatments in gametic cells[END_REF][START_REF] Malik | Transcript Profiling and Identification of Molecular Markers for Early Microspore Embryogenesis in Brassica napus[END_REF]. These microspores display a weak metabolic activity [START_REF] Bonet | Structural changes during early embryogenesis in wheat pollen[END_REF], as reflected by the presence of cytoplasmic regions devoid of organelles and the decrease in ribosome density [START_REF] Maraschin | Time-lapse tracking of barley androgenesis reveals position-determined cell death within proembryos[END_REF][START_REF] Corral-Martínez | Novel features of Brassica napus embryogenic microspores revealed by high pressure freezing and freeze substitution: evidence for massive autophagy and excretion-based cytoplasmic cleaning[END_REF]. We demonstrate in this paper that the acquisition of embryogenic potential, represented by star-like microspores in wheat, is highly correlated with the proportion of viable microspores present in the P2 polygon, in particular at D0. IFC quickly and precisely measures the stress efficiency on microspore populations. Two reactivity markers have been identified: cell viability and cell proportion in the P2 polygon, representing responsive microspores. IFC could therefore be considered as a reliable, robust and label-free marker of the stress efficiency for Pavon microspores and could be applied to other wheat genotypes or several plant species in androgenesis.

From D1 to D7, a second phase angle and an increase in amplitude were observed, corresponding to the second phase of embryogenic microspore development. These microspores actively divide and their cytoplasm densifies even more with the disappearance of vacuoles and vesicle formation [START_REF] Indrianto | Tracking individual wheat microspores in vitro: identification of embryogenic microspores and body axis formation in the embryo[END_REF]. The ribosome number considerably increases, just like the nuclei number, reflecting the high cellular activity of these microspores [START_REF] Indrianto | Tracking individual wheat microspores in vitro: identification of embryogenic microspores and body axis formation in the embryo[END_REF][START_REF] Seguí-Simarro | How microspores transform into haploid embryos: changes associated with embryogenesis induction and microspore-derived embryogenesis[END_REF][START_REF] Bonet | Structural changes during early embryogenesis in wheat pollen[END_REF][START_REF] Testillano | Differentiating plant cells switched to proliferation remodel the functional organization of nuclear domains[END_REF] This data is in agreement with our IFC results: the responsive microspores presented a significant size increase during the first days of culture, as confirmed by our microscopic observations and by several studies as well [START_REF] Pauls | When microspores decide to become embryos -Cellular and molecular changes[END_REF][START_REF] Daghma | Cellular dynamics during early barley pollen embryogenesis revealed by time-lapse imaging[END_REF]. We can therefore hypothesize that these cytoplasmic rearrangements and this strong metabolic activity of embryogenic microspores are connected to the increase in the impedance phase angle and amplitude characteristics of the P3 polygon. More detailed studies could allow a finer characterization of the microspores contained in this polygon. Finally, we also highlighted a novel reactivity marker using the viable microspores detected in the P3 polygon by IFC technology to predict embryo yields in Pavon microspore suspensions. With an average of 13.5 embryos per 10,000 microspores, Pavon's embryo yields in our study fit with the other yields published for this genotype, which corroborate the reactivity threshold we set up [START_REF] Labbani | Plantes chlorophylliennes de blé dur obtenues par culture de microspores isolées : importance des prétraitements[END_REF][START_REF] Poersch-Bortolon | Androgenic response of Brazilian wheat genotypes to different pretreatments of spikes and to a gelling agent[END_REF]. To our knowledge, this is the first time that embryo yields have been predicted early and reliably in androgenesis. The predictive mathematical model proposed for the Pavon genotype is highly significant and promising, and its robustness and precision will improve over time by adding more biological repetitions.

Furthermore, additional studies are underway to adapt this model for embryo yield prediction to other wheat genotypes and other species in androgenesis. 

Figure 6 A

 6 Figure 6 A. From D-21 to D0, the proportion of uninucleate microspores dropped to approximately 78%, while the proportion of binucleate cells was multiplied by approximately 10 compared to D-21. Uninucleate and binucleate microspore proportions then remained stable during the first seven days of in vitro culture. Trinucleate and multinucleate microspore proportions never exceeded 1.5%. These forms of cell development remained rare events. Starlike microspores, a transient form of cell development, represented 41.5% of the population at D0. They were only counted at D0, even if they were still visible during the first days of culture.

  . Thus, cytoplasm conductivity and permittivity of these microspores considerably change, as shown by the IFC analyses from D1 to D7. Heidmann et al. (2016) showed, with the use of beads of different sizes, that the amplitude increases observed in IFC represented an increase in cell size.
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 1 Fig. 1. IFC discrimination of viable and dead cells in microspore suspensions. Amphasoft dot plots represent heat-treated (A) and untreated (B) microspore suspensions at D1 analyzed at 12 MHz. Vertical gating differentiates dead microspores (left) with a low phase

Fig. 2 .

 2 Fig. 2. Major stages of gametophytic and sporophytic developmental pathways of Pavon microspores analyzed by IFC. Gametophytic pathway: ML: mid-to-late uninucleate; EB: early binucleate; LB: late

Fig. 3 .Fig. 4 .

 34 Fig. 3. Developmental stages of gametophytic and

Fig. 5 .

 5 Fig. 5. Evolution of microspore viability during the androgenesis process. Mean percentages of microspore viability from D-21 to D7 were analyzed by IFC at 12 MHZ from at least five biological replicates. Each point represents an average of technical triplicates. Standard deviations (shown by error bars) were determined for each day of analysis. Data with

Fig. 6 .

 6 Fig. 6. Comparison of microspore population descriptions throughout the androgenesis process

Fig. 7 .

 7 Fig. 7. Early prediction of embryo yield for the Pavon genotype with IFC measurement. Application of a prediction model for the linear correlation between the percentage of viable microspores in the P3 polygon at D7 and the embryo yield. Four biological replicates were used to establish this mathematical model, with the average of technical triplicates for IFC measurements represented by error bars. The coefficients of this prediction model were obtained by adjusting the linear model using R software (linear equation: y = 6.539 x -20.827; p-value<0.05).

In conclusion, cellular and intracellular events that occur in responsive and embryogenic microspores throughout in vitro culture can be studied by using IFC. This technology provides a new approach to track microspore fates during androgenesis but is also an early, reliable and robust marker for efficiency evaluation of stress treatment. Using it, we demonstrated, for the first time, the possibility of early prediction of embryo yields of wheat microspore suspensions during the first seven days of in vitro culture.
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